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1
Introduction

1.1 The climate crisis

1.1.1 The demand for energy

The global demand for energy has seen a significant and sustained increase in recent decades,
driven by a combination of economical, technological and societal factors. 1–3 There are many
sources and forms of energy. Energy itself is never lost, but it is rather converted from one
kind into another (conservation of energy). Plants, for example, use the energy from light to
convert CO2, water, and some other nutrients into organic building blocks, allowing them to
grow. Effectively, plants convert solar energy into chemical energy which is stored in organic
molecules. When these plants die, the energy that was stored in the organic molecules is
buried in the ground. After repeating this cycle for millions of years, the remaining plant
remnants went through a process known as fossilisation, and the energy has now been stored
in the form of coal, oil, and natural gas. These fossil fuels have been the predominant sources
of energy for much of the industrial era and continue to play a central role in meeting the
world’s energy needs. 1,3,4

Fossil fuels are not sustainable since we need to wait millions of years for new fossil fuel
deposits to form. Furthermore, the extensive use of fossil fuels has led to environmental
challenges, with climate change being one of the most significant and has far-reaching
consequences. 6 The burning of fossil fuels releases large amounts of greenhouse gases into
the atmosphere of the Earth, in particular CO2 (see Figure 1.1). 5,7,8 In addition to the burning
of fossil fuels, other sources for the large amount of CO2 emissions are the result of certain
chemical reactions used in industry 9 (in particular steel production), 10 construction 8 (in
particular concrete), 11 agriculture industry, 12 and deforestation. 7 The increasing demand for
energy due to the rising population, industrialisation and economic factors in combination
with the primary use of fossil fuels resulted in a stunning 33% increase in the concentration of
CO2 in the atmosphere, since 1958. The increasing concentrations of greenhouse gases are
causing global warming, which causes the climate to change. The consequences of climate
change are diverse and far-reaching, affecting ecosystems, weather patterns, sea levels, and
biodiversity. 6
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Introduction1

Figure 1.1: Monthly average (red) and the seasonally corrected (black) atmospheric CO2
concentration in parts per million (ppm) measured at the Mauna Loa Observatory by the
National Oceanic and Atmospheric Administration (NOAA). 5 The data ranges from March
1958 to December 2023.

The Paris Agreement, adopted on the 12th of December 2015, at the 21st Conference
of the Parties (COP21) to the United Nations Framework Convention on Climate Change
(UNFCCC), represents a collective commitment by the global community to limit global
warming and reduce the impacts of climate change. 14 The primary objective is to limit the
increase in global average temperature well below 2 °C above pre-industrial levels, with efforts
to limit the increase in temperature up to 1.5 °C. Although the definition of the pre-industrial
era is not defined by the agreement, the 1850-1900 period is used as baseline by the IPCC. 6

Figure 1.2 shows the annual global temperature anomaly of the land and ocean surface for
the period 1850-2023, compared to the average temperature of 1850-1900, obtained by the
National Oceanic and Atmospheric Administration (NOAA). 13 Since 1960, there has been a

Figure 1.2: The global land and ocean surface temperature per year compared to 1850-1900
average from 1850–2023. The years which are cooler/warmer than the average years are
represented by blue/red bars, respectively. Data obtained from the National Oceanic and
Atmospheric Administration (NOAA). 13
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11.1 The climate crisis

steady and even accelerating increase of the temperature anomaly. As of December 2023, the
average global increase in temperature reached a value of +1.35 °C, 13 and it is expected that
the average global temperature will increase to +2.7 °C by 2100, 15 far above the target of 2
°C. The question is therefore not whether we reach a global temperature increase of 2 °C, but
when. The IPCC special report on the impacts of global warming of 1.5 °C above pre-industrial
levels confirms that climate change is already affecting ecosystems, people and livelihoods
around the world. 6 Furthermore, it shows that limiting global warming to 1.5 °C is possible,
but would require extraordinary transitions in all aspects of society. Therefore, humanity
should ask themselves the question how to reduce the emission of the green house gasses as
soon as possible, and how to deal with the changing climate.

1.1.2 The transition to renewable energy sources

To address the challenges posed by the current reliance on fossil fuels, there is a growing global
push toward transitioning to cleaner and more sustainable energy sources. Renewable energy
technologies, such as solar (photovoltaic 16–18 or solar-thermal 19), wind, 20hydroelectric
power, 21 and geothermal power, 22,23 offer viable alternatives that produce energy with lower
carbon emissions. The shift towards renewable energy is essential not only for mitigating
the impacts of climate change, but also for ensuring a more resilient and sustainable energy
future for generations to come.

Central to the renewable energy transition is the electrification, a strategy that aims to
replace conventional fossil fuel-powered systems with electric alternatives. 24 Electrification
is driven by the recognition that electricity, when sourced from renewable sources, can
serve as a versatile and clean energy carrier. Electric vehicles (EVs) replace combustion
engine vehicles, 25 industries are adopting electric technologies, 26 and residential areas
are increasingly relying on electricity for heating, cooling, and powering appliances. 24 The
electricity produced by these renewable sources should be capable of being transmitted and
stored for longer periods of time. The decentralisation of power generation requires complete
transformation of the electrical power infrastructure, as the current infrastructure does not
meet the requirements. 27,28 Storage of the generated electricity also faces some challenges.
Unlike traditional power plants, which typically generate electricity in real-time to match
the electricity demand, renewable sources like solar and wind farms face constraints. They
can only produce electricity when conditions, such as sunlight intensity or wind speed, are
adequate. To address this issue, short- and long-term storage solutions are crucial. Batteries,
for example, store surplus electricity during peak production times and discharge it when
needed, helping to balance short-term supply and demand in the electrical grid. As these
batteries are great for remote low-energy-consuming devices, electrical energy storage in
batteries on an industrial scale faces many challenges, such as limited energy density, resource
scarcity, toxicity, and weight. 29,30 Long term electrical storage could be done by, for example,
converting electricity into hydrogen 31 and other types of gasses and liquids (solar fuels), 32,33

or pumped hydroelectric energy storage. 29,34 These two aspects are still in need of further
development in the case of electricity. 35,36

This widespread electrification is seen as a powerful tool in the broader mission to
decarbonise economies and mitigate the impacts of climate change. As a result of elec-
trification and the general increase in electricity, the International Energy Agency (IEA)
expects that the demand for electrical energy will almost double by 2050. 4 It is therefore
of uttermost importance to generate this electricity using high-efficiency renewable sources,
and renewable energy technology should be able to be installed at a rapid rate.

3



Introduction1

1.2 Photovoltaics (PV)

1.2.1 An important renewable technology

One important source of energy that will never deplete as long as humankind will exist, is solar
energy. Each second, the Earth receives a tremendous amount of energy from the Sun (about
1.3 kW/m2). 37 The total solar power that reaches the Earth is on the order of petawatts (1015

W), which means that the energy that the Earth receives in just one hour satisfies the world
energy demand of a whole year. 38 As mentioned earlier, plants have long been harnessing
solar energy for growth, and over millions of years, this solar energy has been transformed
into fossil fuels. Instead of extracting and burning these finite fossil fuel resources, there is a
more direct and sustainable solution: converting solar energy directly into electricity using
solar cells, also known as photovoltaics (PV).

The concept of PV technology goes back almost two centuries, when in 1839 the photo-
voltaic effect was described for the first time by Edmund Becquerel. 40–42 Nearly a century later,
the first practical solar cell was developed by Bell labs. 43 However, only in the last few decades
significant breakthroughs have been made, 44 leading to high-efficiency devices (close to
the detailed balance limit) that can last more than 25 years. 3 As a result, policy makers have
started to acknowledge the potential of PV resulting in an exponential increase in installed
capacity (see Figure 1.3). The installed capacity is expected to increase to multi-terawatts in
the coming decade. 3,4,39

One of the reasons for the rapid instalment rate is the modular nature of the technology.
Unlike coal, gas, or nuclear power plants, the construction time of solar farms could be
completed in several months instead of years, 45 since the individual panels can be manu-
factured off-site using optimised manufacturing processes. Solar panels are (relatively) light
and small, which allows for easy transport around the world. Furthermore, solar cells can
be used at (remote) locations where access to the power grid is not possible. Therefore, it
could also contribute to the green development of some undeveloped countries, mainly on

Figure 1.3: Historic and modelled cumulative capacity (solid and dashed blue), and the historic
and modelled annual installation (solid and dashed orange), respectively. Adapted from Ref.
[39].
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11.2 Photovoltaics (PV)

the African continent. 46 Nowadays, solar panels have become one of the cheapest sources of
energy. 4,47–49

As the demand for solar energy continues to grow, it is expected that the installation of PV
systems will increase exponentially in the coming decades. 39 Materials such as Cadmium
Telluride (CdTe), 50 Copper Indium Gallium Selenide (CIGS), 51 Copper Zinc Tin Sulphide
(CZTS), 52 and emerging perovskite-based solar cells 53 are gaining attention for their potential
to revolutionise the industry. Perovskite materials, in particular, have attracted significant
attention in recent years due to their remarkable optoelectronic properties, including high
absorption coefficients and tunable bandgaps, and can be processed using low-cost solution-
based techniques. 53These thin-film technologies provide flexibility, making them suitable for
easy installation on almost all types of roofs, including those of air planes. 54,55 Moreover, their
lightweight nature enables rollable applications, allowing fast and temporary installations in
various settings, including agricultural fields. To fully capitalise on the exponential growth
and overcome the limitations of PV technologies, the development and adoption of these
thin-film solar technologies will play a crucial role in the accessibility and affordability of
solar energy worldwide.

Currently, silicon-based solar cells dominate the PV industry. 3 The great success of silicon
in this field can be attributed to several factors, one of which is its long-standing use in the
semiconductor industry for the manufacture of electronic chips. 56 Moreover, advancements
in semiconductor fabrication technologies have enabled the production of extremely pure
monocrystalline silicon, offering significant advantages to the photovoltaic industry.

Although silicon-based and thin-film PV technologies offer promising advantages, the
available area for PV installations remains a limiting factor, particularly in densely populated
or urban areas. Additionally, the balance of system costs currently represents a significant
portion of the overall expense associated with solar energy systems. 57 To overcome these
limitations, the efficiency of solar energy generation should be improved to extract the
maximum amount of energy from the available surface area. One approach is to enhance
the efficiency of solar cells by using a tandem configuration, in which multiple layers of
different absorbs are stacked to capture a broader spectrum of sunlight and increase overall
efficiency. 58 Silicon-perovskite tandem solar cells have emerged as a promising candidate for
exceeding the detailed balance limit, which represents the theoretical maximum efficiency of
a single junction solar cell. 59 Despite their promise, silicon-perovskite tandem solar cells still
face challenges related to stability, scalability, and manufacturing reproducibility. Addressing
and solving these challenges is an active field of research that includes research on material
synthesis, device design, and encapsulation techniques. 60,61 If successfully commercialised,
silicon-perovskite tandem solar cells could significantly increase the efficiency and viability
of solar energy systems, unlocking new opportunities for the deployment of renewable energy
in both urban and remote areas with limited available space.

1.2.2 Basic principles of solar cells

But how can the energy from the Sun be converted into usable energy in the first place?
The energy carrier of light (photons) can be converted into the energy carrier of electricity
(electrons) by what is known as the photovoltaic effect. This conversion from light to electricity
can take place in multiple materials. The material needs to be able to absorb light, hereby
generating free carriers, from which their electrical energy can be harvested.

The energy of the photons originating from the Sun span over a broad range, ranging from
the ultra-violet to the far infrared, while peaking in the visible. The broad solar spectrum is the
result of black-body radiation from the Sun at its surface temperature of 5772 K. 62 According
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Introduction1

to Planck’s law of black-body radiation, the black-body photon flux is given by:

φBB (λ,T ) = 2πc

λ4

1

exp
(

hc
λkB T −1

) (1.1)

where c is the speed of light, T is the temperature, kB and h are the Boltzmann and Planck
constant, respectively. However, not all of these photons will reach the surface of the Earth.
Part of the light is reflected into space by the atmosphere, whereas another part is absorbed by
certain gases in the atmosphere. Moreover, the solar spectrum can differ throughout the day
and year, but also depends on the location on Earth. For practical analysis purposes, reference
datasets that serve as the standard for the solar spectrum have been established. The most
practical one is the AM1.5G (air mass 1.5 global) spectra. 37 It describes the irradiance at noon
at an average lattice under clear-sky conditions, including both diffuse and direct light. The
integrated power is 1 kW/m2, which is the total power density that we practically receive on
Earth.

In semiconducting materials, the only photons from the solar spectrum that can be
absorbed by the solar cell are photons that have an energy above the bandgap of the semi-
conductor Eγ ≥ EBG (see Figure 1.4). After the absorption of a photon, the energy is therefore
stored in the semiconductor by the excitation of a negatively charged electron and a positively
charged hole, which are left behind in the conduction and valence bands, respectively. Each
photon γ excites a highly energetic electron-hole pair and, due to rapid thermalisation, they
end up with all having the same energy equal to the bandgap EBG regardless of the photon
energy. After the electron is thermalised to the bottom of the conduction band, it can lose
its energy by recombining with the leftover hole. Recombination can be either radiative
(by the emission of a photon) or nonradiative (by the emission of a phonon). The amount
of time it takes for the excited electron to lose all its energy is called the lifetime. For an
ideal solar cell, the only energy losses are the thermalisation of above-bandgap photons and
absorption losses of below-bandgap photons. Based on these losses and in combination with
thermodynamic constraints, the maximum efficiency of a single junction solar cell can be
calculated, which is given by the detailed balance limit. 63,64

Figure 1.4: Schematic of the working principle of a solar cell. Photons having an energy
greater than the bandgap excites an electron from the valence band into the conduction band.
The excess amount of energy is thermalised to the bottom of the conduction band. If the
photogenerated carriers are not extracted within a their lifetime, they recombine by emitting a
photon/phonon.

6



11.2 Photovoltaics (PV)

To extract energy from the excited electron, the electron and hole need to be separated
before they recombine. The longer the lifetime of the excited electron, the higher the chance
of the separation of the electron from the hole. Separation of the electron hole pair is possible
by having an internal electric field, often by using a p-n junction. A p-n junction could be
created by doping the silicon with impurities. These impurities create regions with excess
positive charge carriers (p-type) or negative charge carriers (n-type), by which a p-n junction
is created (homo-junction). Alternatively, a p-n could be formed by contacting two dissimilar
materials having a dissimilar bandgap (hetero-junction).

The maximum amount of electrical potential energy that can be extracted from the solar
cell strongly depends on the alignment of the energy bands within all active layers. 65 At
equilibrium, the potential energy of the electrons and holes is described by the Fermi level.
However, when the solar cell is under illumination, the system is not in equilibrium due to
the excitement of electron-hole pairs. In fact, it reaches a steady state as a function of the
intensity of light, where the number of excited electrons is constant over time. The average
energies of the excited electrons and holes can be described by the quasi-Fermi levels. 65

The difference between these two quasi-Fermi levels translates into a difference in voltage
for electric charges. This is similar to the voltage of a charged battery, where the solar cell is
continuously recharged by the incident light.

When contacting these two electric poles of the solar cell, a current can flow through an
external load. The current density that flows when the two poles are in short circuit is referred
to as the short-circuit current density Jsc. The Jsc is proportional to the amount of absorbed
photons Nγ(Eph ≥ EBG ) within a certain time frame τ, multiplied by the charge of an electron
q :

JSC =
qNγ(Eph ≥ EBG )

τ
= q

∫ ∞

EBG

φAM1.5G (E)dE (1.2)

where φAM1.5G (E) is the AM1.5G solar flux (amount of photons per unit area reaching the
solar cell per second), as function of the energy of the photon E .

In the dark and at thermal equilibrium (i.e., the cell has the same temperature as its
environment), the reverse process will occur. Namely, a (dark) recombination current density
J0 occurs via photon emission. Due to reciprocity, the rate of absorption and emission is the
same and J0 is described by:

J0 = q
∫ ∞

EBG

φBB (E ,T = 300 K)dE (1.3)

where φBB (E ,T = 300 K) is the black-body spectrum at 300 K as given by Equation 1.1.
The voltage difference between the two poles of the solar cell at open circuit is called

Voc. The Vocis determined by the difference between the quasi-Fermi levels, which results
from the photo-generated carrier density. Therefore, the Voc is a function of the incident light
intensity and is given by

VOC = kT

q
ln

(
JSC

J0
+1

)
(1.4)

The Voc does therefore not only depend on the Jsc, but also on the recombination current J0.
At similar values of the Jsc, Voc can be therefore be regarded as a measure of charge recombi-
nation, where the larger the voltage, the better the passivisation of the device. Furthermore,
the open-circuit voltage is also influenced by the series resistance RS of the device, which will
result in ohmic losses. Therefore, it is important that the charge carriers are extracted with
the least amount of electrical resistance.

Experimentally, these two solar cell parameters are extracted by performing current
density-voltage (J-V) measurements. In a J-V measurement, the current is measured as the

7
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Figure 1.5: Typical current density J- voltage V curve for a silicon based solar cell represented
by the red line. The voltage-dependent power is represented by the dashed black line. The three
marked points represent the short circuit current density Jsc, the open circuit voltage Voc, and
the maximum power point (MPP). The fill factor (FF) can be calculated from these three points.
The values of the solar cell parameters were inspired by Ref. [66].

potential is swept linearly from negative to positive values while the cell is illuminated with
an intensity of 1 Sun using a calibrated solar simulator that mimics the AM1.5G spectrum,
and the cell is kept at a temperature of 25 °C. 67 A typical J-V curve of a solar cell is shown in
Figure 1.5 represented by the red curve. The Jscand the Voccorrespond to the current density
at zero voltage and the voltage at zero current density, respectively, indicated by the blue
points. Another important point in the J-V curve is the maximum power point (MPP), which
is the maximum power density (P = J ×V , dashed black line in Figure 1.5) that the cell can
generate. The MPP (Pmax = JMPP ×VMPP ) is related to Jsc and Voc via the fill factor (FF):

F F = JMPP VMPP

JSC VOC
(1.5)

In essence, the FF is a measure of the squareness of the J-V curve, where the larger the FF, the
larger the power output.

The last and perhaps the most important descriptor of the solar cell performance is
the efficiency, η. The efficiency is defined as the amount of power the solar cell generates
normalised by the total incident power. The maximum efficiency is thus:

η= PMPP

P AM1.5G
= JSC VOC F F

P AM1.5G
(1.6)

where P AM1.5G is the incident power density of the AM1.5G spectrum and equals 1 kW/m2.

1.2.3 Critical material usage in PV

As the development of solar cell technology advances, the demand for several materials is
expected to increase significantly. 39 However, the availability of raw elements may be limited,
raising concerns about potential supply constraints as the demand for solar energy continues
to grow. 39,69 As shown in Figure 1.6, important PV materials such as indium, gallium, silver,
cadmium, arsenic, and tellurium are limited by their abundance. 68

8



11.2 Photovoltaics (PV)

Figure 1.6: EuChemS periodic table of elements illustrating the relative abundance of the
elements (the larger the box, the more abundant) and highlights potential supply issues.
Adapted from Ref. [68].

The main component in a solar cell (and probably the most predominant in terms of
quantity) is the absorbing semiconductor, such as silicon, perovskite, CdTe, or CIGS. Arsenic,
along with indium and gallium, is the main element in high-efficiency III-V solar cells and is
also commonly used as a dopant in silicon cells. 70 Tellurium is mainly used in CdTe-based
solar cells. 50 All of these are limited in abundance (see Figure 1.6), and supply is under
serious threat in the next 100 years. 68 Silicon, on the other hand, although abundant, its
use is potentially limited by geopolitical arguments. 71 In 2021, more than 70% of the global
silicon supply came from China, 72 which leaves the PV industry highly dependent on a single
country.

Aside from the light absorber, solar cells require many other layers containing various
elements to facilitate the extraction of the generated electricity from the device. These addi-
tional layers play a crucial role in transporting photogenerated carriers selectively (electrons
and holes) to large metal electrodes in the form of bus bars and fingers, where the charge is
collected and used to perform electrical work. A key requirement of these layers is that they
must be optically inactive, meaning that any photons absorbed in these layers will not be
transformed into electricity. In traditional silicon solar cells, these charge transport layers
typically consist of materials such as doped (crystalline, nano-crystalline or amorphous) sili-
con, metal oxides, microscale metal contacts, and transparent conductive materials (TCMs).
Sometimes, a combination of a few of the above are necessary to ensure high transparency,
charge collection efficiency, and efficient lateral charge transport to the macroscopic metal
electrodes.

Silver, a scarce material, is frequently used in its metal form as contact due to its excellent
electrical conductivity, great optical properties (e.g., as a back reflector), and corrosion
resistance. 73,74 Ultimately, indium could be deemed most critical due to its prevalence
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in most solar cell types and in many other (opto)electronic devices (LEDs, touchscreens, etc.)
such as TCM in the form of indium tin oxide (ITO). Indium is also one of the main elements
of CIGS based solar cells. 51

Therefore, efforts are made to mitigate material scarcity, including research on alternative
materials with similar or superior properties, recycling initiatives to recover and reuse valuable
materials from end-of-life solar panels, 3 and diversification of supply sources to reduce
dependence on limited geographic regions. Additionally, advances in solar conversion
efficiency and manufacturing processes aim to reduce the overall material consumption
per unit of energy produced, thus relieving pressure on scarce raw resources.

In this thesis, we focus on developing new materials and methods for a more sustainable
TCM production. We focus on the replacement of ITO in transparent conducting materials
used in solar cells by metal nanowire networks, as will be discussed in the next section.

1.3 Transparent conductive materials (TCM)

Transparent conductive materials (TCMs) are essential in photovoltaic applications. TCM
layers are needed at the front of a solar cell to reduce the sheet resistance of the emitter/base
layer in most solar cells, facilitating the collection of photogenerated electrons and holes, and
thereby optimising the overall efficiency of the photovoltaic device. TCMs provide efficient
lateral transport of photogenerated charge to larger metal electrodes, located either on the
sides of the solar cell or in the form of fingers and busbars across the cell. Fingers and busbars
are micro- and mm-sized metal lines that shadow part of the solar cell surface, but are so far
still essential to collect charges from solar cells. The better the TCM, the lower the density of
fingers and busbars, or may even be eliminated altogether, therefore allowing for better solar
cell performance and removing an additional fabrication step. Besides the high electrical
performance, TCMs must maintain high optical transparency to allow sunlight to reach the
absorber layer in the solar cell. Photons absorbed by the TCM is called parasitic absorption,
and it is one of the losses in a solar cell.

The field of transparent conducting materials has been mainly dominated by transparent
conducting oxides (TCOs), in particular indium tin oxide (ITO). 75–78 Because indium is a
scarce element, its usage should be minimised or substituted by other elements whenever
feasible. Furthermore, ITO faces other challenges, such as brittleness, 77,79 low infrared
transmittance, 80 and poor resource efficiency. 76,77 In summary, there is a great drive to find
alternatives to indium-based TCMs.

An alternative to ITO is fluorine-doped tin oxide (FTO), which has the potential to offer
similar electrical conductivity and transparency properties, 81 but still contains elements
with limited availability (i.e., tin) and it is hard to fabricate with low surface roughness.
Carbon-based materials such as graphene 82,83 and carbon nanotubes 84,85 have gained
recent attention for their excellent electrical conductivity and mechanical flexibility, but their
stability and the ability to obtain low sheet resistance remains a challenge. 84 The combination
of ultrathin metal films with ITO layers has also been proposed as a measure to reduce the
amount of ITO with similar electrical and optical performance. 86,87

An attractive approach is the use of nanostructured metal networks as TCMs, as they
offer unique control over the optical properties that can be exploited for light management in
photovoltaic devices. 88–90 Nanowire networks are the topic of this thesis, and it is explained
in more detail in the following section. Exploring these alternative materials and technologies
not only addresses the challenge of indium scarcity but also opens new possibilities for
improving the efficiency and performance of solar cells.
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1.3.1 Metal nanowire networks as TCM

This thesis aims to address the challenge of indium scarcity in solar cell manufacturing by
focussing on the replacement of these indium-based TCMs with metal nanowire networks.
Metal nanowire networks (MNNs) consist of interconnected metallic nanowires, typically
ranging from tens to hundreds of nanometers in diameter and several micrometers in length.
These networks are formed by assembling metallic nanowires into a mesh-like structure, often
through techniques such as solution-based deposition, printing, or self-assembly processes.
The small cross-section of the nanowires (smaller than the wavelength of visible light) results
into reduced light-matter interactions and therefore in high transparency. Metal nanowires
exhibit efficient electron transport along the length of the wires. The network geometry offers
explicit conducting pathways with large open areas, resulting in high electrical conductivity,
transparency, and mechanical flexibility.

An interesting advantage of MNNs is their inherent high design flexibility. Specifically,
the ability to control nanowire size, shape, and arrangement enables tailoring the optical
behaviour of the network to fulfil specific requirements, such as enhancing light absorption
or minimising reflection at certain wavelengths. 88,91–93 Nanophotonic engineering applied
to MNNs can transform the typically optically inactive TCM layer into an “optically smart”
component within the solar cell architecture 94 For instance, the MNN can serve not only
for charge transport, but also as a spectral splitter, selectively transmitting or reflecting
light of different wavelengths. 95,96 Another example is the use of MNNs for light trapping,
where the regular arrangement of nanowires introduces additional in-plane momentum to
incident light, enhancing the optical path length within the light absorber, thereby maximising
absorption. 91,97 Furthermore, MNNs often have a large haziness (defined as the ratio between
diffuse and total transmitted light), which is beneficial for solar cell applications. 98,99 Their
flexibility and mechanical robustness also make them ideal for flexible and lightweight solar
cell applications. 100

Nanophotonic and electrical engineering in MNNs requires high control over the dimen-
sions, shape, and arrangement of the nanowire. For PV applications, it is also important
that the fabrication method is compatible with current manufacturing processes in the
solar cell industry, including high throughput and scalability. Multiple metals have been
used for the fabrication of MNNs. With an electrical conductivity of 6.3 · 107 S/m, silver
is the best electrical conductor and is therefore the most promising MNN material. 75,101

Next to its excellent electrical properties, silver offers high chemical stability, 98 and optical
transparency due to the plasmonic resonance being outside the visible region. 88 Silver
nanowire networks offer versatility and compatibility with a wide range of substrates and
fabrication techniques, making them suitable for use in various solar cell architectures and
manufacturing processes. 98

In addition to silver, studies have also explored the use of copper because of its higher
abundance and lower cost compared to silver. However, the adoption of copper nanowire
networks still has some challenges. One significant disadvantage is its chemical stability,
particularly in the presence of moisture and oxygen, which leads to copper oxidation and
performance degradation over time. Furthermore, copper adheres poorly and can easily
diffuse into silicon, which adversely and irreversibly affecting the performance and reliability
of solar cells. 102 Thin nickel layers have been proposed to increase adhesion and act as a
diffusion barrier. Strategies, including protective coatings, are also being explored to reduce
the risk of oxidation and degradation, thereby improving the chemical stability of copper
electrodes. 103

In this thesis, we develop and investigate MNNs with PV applications in mind. However,
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it is important to keep in mind that MNNs can be used in many applications beyond solar
cells, including flexible electronics, 98,104 touchscreens, 105 and displays. 106

1.3.2 Figure of Merit (FoM) for TCMs

The two main attributes in TCMs are high electrical conductivity and high optical transparency
in the visible spectral range. Transparency and conductivity are coupled physical properties,
and therefore it is not easy to achieve high transparency and conductivity at the same time. 98

The trade-off and optimisation of transparency and conductivity have been the focus of
most TCM-related works. 107–110 To benchmark the performance across different TCMs, it is
important to define a single parameter as the figure of merit (FoM).

In 1972, Fraser and Cook defined the first FoM for a TCM using the ratio between the
transmittance T and sheet resistance R□, 111 giving equal weight to optical and electrical
parameters:

FoMFC ≡ T

R□
(1.7)

Transmittance (i.e., the fraction of light that is transmitted) in itself is ill defined here as it
may depend on the application. For solar applications, the AM1.5G averaged transmittance
is most relevant. For transparent optoelectronics, the average transmittance convoluted by
the human-eye response should be used. In either case, many works use the transmittance
value at 550 nm, as it corresponds to the wavelength with the highest irradiance in the solar
spectrum 37 and also to the wavelength to which the eye is most sensitive. R□ on the other
hand is a size-independent value describing the resistance of an equivalent thin film of
thickness t and equal length l and width w :

R = l

w tσ
w=l= 1

tσ
= ρ

t
≡ R□ (1.8)

where σ= 1/ρ is the electrical conductivity of the film, with ρ being the electrical resistivity.
The units of the sheet resistance are Ohms per square (noted as Ω/□ or Ω/sq), where the
square is dimensionless but it just indicates it is a special kind of resistance.

The definition of Fraser and Cook was simple and efficient, but its usage is rather limited.
The sheet resistance can be expressed in terms of conductivity and thickness (Equation 1.8),
and the transmittance is determined by the Beer-Lambert law for thin films. Therefore, the
FoM by Fraser and Cook can be written as:

FoMFC =σt exp(−αt ) (1.9)

where α is the optical absorption coefficient. The maximum of the FoM (∂FoMFC /∂t = 0)
occurs at a film thickness that corresponds to an optical transmittance of only Tmax = 1/e =
37%, which is very low for any practical purposes. 75,112,113 Therefore, in 1976, Haacke 113

introduced a modification by introducing an exponent to the transmission, as:

FoMH aacke ≡ T 10

R□
(1.10)

The power 10 was chosen to ensure that the maximum FoM in a given material has a
transmittance greater than 90%. 75

Later, Dressel and Grüner suggested a dimensionless FoM by considering the physical
link between electrical and optical properties. These are both determined by the response of
electrons to an electric field, either dynamic (light) or static (voltage). They define the FoM as
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the ratio between static (or DC) and optical conductivity, which are linked to sheet resistance
and the transmittance, respectively, as: 114

FoMDG ≡ σDC

σopt
= Z0

2R□
1

T−1/2 −1
≈ 188.5

R□(T−1/2 −1)
(1.11)

where Z0 is the impedance of free space, σDC and σop are the DC electrical and optical
conductivity, respectively.

Both FoMH aacke and FoMDG are widely used for TCM benchmarking. 75,107,109,110,115–117

However, these two FoMs in principle only hold for thin films. In MNNs, both FoMs can
be made arbitrarily large since by increasing the pitch and nanowire width proportionally,
transparency (considered here as the geometrical shading) is kept constant while R□ steadily
decreases. Therefore, FoMH aacke and FoMDG are not suitable for comparing TCMs based on
discontinued structures, such as MNNs. There is no universal FoM for TCMs, and it is thus
better to focus on a specific application. In photovoltaics, the power output of the device is
the parameter that needs to be maximised. Both the transmittance and the sheet resistance
of the TCM will influence the maximum power point, but one might be more important than
the other, depending on the device architecture.

Recently, a more accurate FoM for TCMs in PV applications was introduced by Anand
et al.. 112 The PV specific FoM is based on the impact of sheet resistance and transmittance
on the maximum attainable power in a solar cell, normalised to that of an ideal TCM (i.e.,
T = 100% and R□ = 0.0001Ω□−1, set for practical reasons):

FoM = PMPP (EG ,T (λ),R□)

PMPP (EG ,T = 100%∀T,R□ = 0.0001Ω/sq)
(1.12)

where EG is the bandgap of the absorber (usually Si: 1.14 eV). Therefore, this FoM has a
dimensionless value that ranges from zero to unity, where a unity value corresponds to the
power output of an ideal solar cell.

Compared to the detailed balance described previously, the extracted current in a realistic
solar cell includes the series resistance Rs in the contact layers. The maximum power is then
calculated by solving the self-consistent 1-diode implicit equation:

I = I0(T )

[
exp

(
q(V − I Rs )

kB T
−1

)]
− ISC (T ) (1.13)

where q is the elementary charge, kB is the Boltzmann constant, and T is the ambient
temperature. The series resistance Rs is linked to the TCM sheet resistance R□ and cell
dimensions, where the length lcel l and the width wcel l define the area between the fingers
and the busbars (see the sketch in the Figures 1.7a and b:

Rs = R□
lcel l

3wcel l
(1.14)

In here, the factor 3 arises from the differential of the power dissipation based on the geometry
of the solar cell. 118 For the calculation of the FoM, it is therefore assumed that the current
needs to travel a length of lcel l until it reaches a metal contact. For the calculation of the
series resistance, Anand et al. uses lcel l = 5 mm and wcel l = 10 cm as a standard. Of course,
the better the TCM, the more the cell area can be expanded and the less fingers/busbars
electrode area is needed. In general, these values must be adjusted to the architecture of the
device of interest.
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To account for the optical properties of the TCM in the calculation of ISC and I0 we
must normalise the solar spectrum and black-body radiation by the TCM transmittance,
respectively. Instead of just integrating the flux of the AM1.5G solar spectrum, the short-
circuit current density Jsc generated by the solar cell depends on the transparency of the TCM.
Therefore, the short-circuit current is given by:

ISC = JSC wcel l lcel l = q
∫ λG

0
T (λ)φAM1.5G (λ)dλ wcel l lcel l (1.15)

where T (λ) is the wavelength dependence transmission spectrum of the TCM, and λG is the
bandgap of the absorber. In a similar way, the dark current is given by:

I0 = q
∫ λG

0
T (λ)φBB (λ,T = 300 K)dλ wcel l lcel l (1.16)

as determined by the black-body radiation photon flux φBB (λ,T = 300 K) of the device at its
temperature of 300 K (see Equation 1.1).

Figures 1.7c and d show the contour plot of the PV-specific FoM as a function of sheet
resistance and transmittance for a silicon-based solar cell having 3 busbars and having either

Figure 1.7: Schematic of a silicon-based solar cell having 3 busbars a) with 95 fingers and b)
without fingers. The length and width of the unit cell is marked by the red area. Contour plot
of the PV-specific FoM for the corresponding geometries for a solar cell length and width of c)
lcel l = 0.81 mm and wcel l = 20 mm, and d) lcel l = 19.50 mm and wcel l = 156 mm. 119 The
colour bar is identical for a) and b).

14



11.4 Sustainable TCM fabrication methods: Electrodeposition

95 fingers (Figures 1.7a and c) or is finger-free (Figures 1.7b and d). 119 By comparing the two
contour plots, one can see how the choice of geometry is important to the absolute value of
the FoM, and hence, one should always specify it. Nevertheless, the absolute value of the FoM
for both contour plots is directly proportional to the power output of the device. Clearly, the
PV-specific FoM can not be made arbitrarily large, as the FoM ranges from zero (no power
output) to unity (theoretical maximum power output). Furthermore, Figure 1.7d shows that
the front metal contact can be even made finger-free as long if the sheet resistance of the TCM
is below 1Ω/□ while maintaining > 90% transparency.

On the other hand, the contour plots reveal a very important feature: for low enough
sheet resistance values, the power output is only limited by optical transmittance. The point
at which the sheet resistance can be considered low enough depends on the cell geometry,
where the larger the distance between the electrodes, the lower the sheet resistance has to
be. In the opposite case of large sheet resistance, the power output is limited by the series
resistance, and hence TCM transparency has no effect on the power output. This important
feature is lacking for the other types of FoM, as they can be made arbitrarily large by reducing
the sheet resistance to zero, even though the actual device performance is not improved.

In this thesis, we will use the PV-specific FoM introduced by Anand et al., hereby using
silicon as the absorber material and the system parameters of lcel l = 0.5 cm and wcel l = 10
cm. 112

1.4 Sustainable TCM fabrication methods:
Electrodeposition

Efficiency and sustainability are therefore key considerations in the PV manufacturing pro-
cesses. To address these challenges, fabrication methods that minimise material usage,
reduce waste, and reduce energy consumption are essential. In the literature, several fab-
rication methods have been explored to achieve random and regular MNNs. Commonly
used sputtering or thermal evaporation techniques for depositing silver onto a masked
surface present several challenges, particularly with respect to energy consumption and
material efficiency. 98,120 Sputtering and thermal evaporation of silver is energy intensive
and requires significant power to eject silver atoms from a target onto a substrate. 120,121

Moreover, substantial material wastage occurs during the lift-off process, where excess silver
is removed along with the mask, leading to inefficiencies in material use. Although screen
printing offers a more resource-efficient alternative to sputtering, it comes with its own set of
limitations. Screen printing has limited line-width capability, restricting its applicability to
produce nanosized structures. 73,122

For a more sustainable and scalable approach, solution-based growth of silver nanowires
offers a promising alternative. 76,106,123 A widely spread method involves the colloidal growth
of nanowires, where nanowires are synthesised in a solution and deposited on a substrate
using drop casting techniques, 124,125 spray coating, 126–128 or dip coating techniques. 115,129

Although this method can result in high transparency and conductivity, the arrangement of
nanowires is random, leading to low yield and high performance variations. 104,130 Also, post-
annealing or other post-treatment of the metal nanowires is often necessary to reduce contact
resistance at interconnections. 109,130–132 Moreover, controlling the sheet resistance and
transparency independently remains a challenge, limiting the optimisation of nanowire prop-
erties for specific applications. Furthermore, spatial control is challenging, as the dropcasted
nanowires result in a random network and limit their use for well-defined nanowire struc-
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tures. Direct printing techniques, such as electrohydrodynamic (EHD) printing, 107,133–135

inkjet printing, 105 and aerosol printing, 136 offer precise control over nanowire placement
and orientation, enabling the fabrication of transparent electrodes with tailored properties.
However, scalability is a great challenge for these direct printing techniques.

On the contrary, photolithography and roll-to-roll printing with UV-curable materials
allow for large-scale production of transparent electrodes with high resolution and consis-
tency. 137 A more controlled approach can be achieved by using masks during deposition,
which guide the placement of nanowires to some extent. Self-cracking techniques, 110,117

nature inspired templates, 138 bubble templates, 98 or microsphere lithography 139 have also
been used to control the arrangement of the nanostructure, resulting in more uniform and
ordered structures with enhanced electrical properties. Finally, nano- or micro-imprint
lithography, 108,140 and direct laser writing techniques 141,142 provide additional options for
patterning transparent electrodes with nanoscale precision.

A sustainable method that allows for the fabrication of well-defined silver nanowire struc-
tures is template assisted electroplating or electrodeposition. 108,143,144 Electrodeposition is
a solution-based technique that can be performed at relatively low temperatures, minimising
energy consumption compared to high-temperature deposition techniques. Lower operating
temperatures not only reduce energy costs but also contribute to environmental sustainability
by decreasing greenhouse gas emissions and energy-related environmental impacts. The
industrial use of electroplating is well established, and the technique has been employed in
various industries for more than 150 years. 145 The compatibility with current manufacturing
processes makes it an attractive option for integrating MNNs fabrication into existing solar cell
production lines. 146 Moreover, electroplating offers high throughput and scalability, allowing
for the mass production of MNNs to meet industrial demands. 147

Electroplating or electrodeposition involves depositing a layer of metal onto a substrate
by performing an electrochemical reaction controlled by the current passing through an bath
containing the metal ions. This method enables precise control over the deposition process,
resulting in uniform layers with minimal material wastage. Combining electroplating with
nanoimprint lithography is a powerful approach for the fabrication of MNNs with precise
control over size, shape, and alignment. 108 Nanoimprint lithography enables the creation of
nanoscale patterns on a substrate, which serves as a mask for the subsequent electroplating
process. 148,149 By filling these areas selectively with a metal by electrodeposition, highly
uniform and well-defined MNNs can be produced, and therefore allows for the efficient
use of materials, reducing the overall amount of precious metal (e.g., silver) required for
manufacturing. This combined approach offers scalability, high throughput, and potential
for large-scale production of MNNs with tailored properties.
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1.5 Thesis outline

This thesis focuses on the fabrication of well-defined silver nanowire grids for the use as
transparent conducting material (TCM) in PV applications, by combining substrate conformal
imprint lithography and electrochemical deposition. By focusing on the replacement of
indium with silver nanowires in solar cell manufacturing, this thesis aims to contribute to the
development of a more sustainable and resource-efficient PV technology.

In Chapter 2, we start with an overview of electrochemical theory, covering electro-
chemical reactions, thermodynamics, electrode kinetics, mass transport, and commonly
used electrochemical techniques. We then delve into the electrochemical deposition of
metals on foreign substrates, emphasising the importance of the current density distribution
on the uniformity of the deposit. Furthermore, we introduce a finite element method for
simulating spatial-temporal electrochemical responses in 2D electrodes, particularly focusing
on cyclic voltammetry and chronoamperometry. These simulations reveal that the cyclic
voltammogram for an electrode with a roughness in the order of microns is very sensitive
to the tertiary current distribution as determined by the concentration profile. Finally, we
model the double pulse experiments in nanoscale trenches, demonstrating that 1D diffusion
simulations are sufficient because the trench depth is much smaller compared to the diffusion
length.

Chapter 3 explores the electrochemical control of silver nanoparticle nucleation and
growth on ITO substrates by using the double pulse technique. We find that despite identical
technical specifications, variations in the crystalline texture of polycrystalline indium tin oxide
(ITO) substrates affect the nucleation of silver nanoparticles. Substrates with preferential lower
index surfaces exhibit significantly lower island density, a feature sensitive to nucleation pulse
potential. Conversely, island density on <111> orientated ITO remains largely unaffected
by the nucleation pulse potential, but is rather limited by diffusion and therefore by the
concentration of silver ions. These findings underscore the necessity of detailing substrate
surface properties in studies of nucleation and metal nanoparticle growth via electrochemical
processes.

In Chapter 4, we combine the double pulse method with substrate conformal imprint
lithography to fabricate silver nanowire grids for the application of transparent conducting
materials. The presented method is based on a through-the-mask electrodeposition method,
in which the mask is fabricated using substrate conformal imprint lithography (SCIL). We find
that the nucleation density of the silver nanoparticles is the key parameter for the successful
homogeneous void-free filling of the nanosized trenches in the mask. We investigated the
electrical and optical properties of the electrodeposited silver nanowire surface up to a certain
height of the nanowire, after which the resistivity is limited by the average grain size. Due to
the bottom-up nature, high aspect ratio wires could be obtained, hereby decreasing the sheet
resistance but maintaining their high optical transparency and carrier collection, leading to a
high FoM.

In Chapter 5, we describe light-matter interactions in metal nanowire grids and their
characterisation. We outline the origin behind characteristic spectral features in transmission
and how these are affected by geometry and dielectric environment. We introduce the use
of FDTD simulations to predict light transmission and absorption by the grids. We used the
simulated data to explain our experimental observations and to validate the normalisation
method to decouple light transmission of the silver nanowire grids from that of the substrate
in the experiments. Furthermore, in-situ bright-field optical microscopy and reflection
measurements were performed during the electrochemical filling of the trenches. The small
nuclei that are formed directly after nucleation strongly absorb light, resulting in a more
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darker appearance of the trenches as observed with in-situ bright field microscopy, which is
confirmed by the in-situ reflectance. When the silver particles are growing larger, they start to
reflect more and more light and appear as bright lines after merging into a single nanowire.

In Chapter 6, we take the fabrication of the silver nanowire grids one step further by
demonstrating the presented electrochemical method on TOPCon silicon solar cells. The
TOPCon solar cells are used as a platform to measure the transparency of the silver nanowire
grids in the right dielectric environment via Jsc monitoring. SR-LBIC measurements on the
patterned devices show that the transmission of the silver nanowire grids is greater than
expected from their geometrical footprint. Moreover, we investigate the effect of the nanowire
aspect ratio on the angle-dependent Jsc. We find that the Jsc is virtually constant up to an
angle of incidence of approximately 40°, after which the current drops which is attributed to
increased absorption by the silver nanowire grid.

Finally, in Chapter 7, we discuss the importance of crystallinity of silver nanowire grids.
As will be discussed in detail in Chapter 4, the resistivity is dominated by electron scattering
with grain boundaries for high aspect ratio wires. Therefore, it is important to have a grain
size larger than the electron mean free path. Instead of nucleating the silver on the substrate
by using a nucleation pulse, nanocube imprint assembly is used to predefine the location
of monocrystalline silver nanocubes on ITO substrates. Subsequently, this chapter focuses
on welding these silver nanocubes via electrochemical overgrowth. We took advantage of
the silver nucleation overpotential on foreign materials to selectively electrodeposit silver on
the nanocubes without inducing the formation of new silver nuclei on the ITO substrate. We
find indirect evidence for epitaxial overgrowth, as the electrochemically-induced grain size
increase in the nanocubes, as obtained from XRD, coincides with that from morphological
measurements (AFM and SEM).

Overall, the thesis demonstrates a scalable technique based on substrate conformal
imprint lithography and electrochemical deposition, that is energy and material efficient, for
the fabrication of metal nanowire networks which could be used as transparent electrodes for
photovoltaic applications.
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Fundamentals of Electrochemistry

We start by giving a brief introduction into electrochemical theory. We describe the definition
of an electrochemical reaction, discuss the importance of thermodynamics, electrode kinetics,
and mass transport, and describe the most commonly used electrochemical techniques. We
then focus on the electrochemical deposition of metals on foreign substrates and discuss the
importance of the current density distribution on the uniformity of the deposit. In this chapter,
we also describe a finite element method to simulate the electrochemical spatial-temporal
response in 2D electrodes, including cyclic voltammetry and chronoamperometry. From our
simulations we find that cyclic voltammogram simulations having electrodes with a roughness
in the order of microns are very sensitive to the tertiary current distribution, as determined by
the concentration profile. Finally, we use our finite element simulation platform to model the
chronoamperometry of the growth of metal in nanosized trenches, which is the main topic of
this thesis. We show that these nanosized trenches can be simply modelled by 1D diffusion, as
the trench depth is much smaller compared to the diffusion length.
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2
2.1 A brief introduction to electrochemical theory

Electrochemistry is the study of chemical reactions driven by charge transfer at a polarised
surface (i.e., the electrode) in contact with an electrolyte as a result of electrochemical
potential differences. It deals with the theory of thermodynamics, the double layer at the
electrode/solution interface, and charge transfer kinetics across the interface. Unlike in
common chemical reactions, electron transport in electrochemical reactions occurs through
electronically conducting phases, often through the use of an external circuit. Charge
transport in the electrolyte and electrode is also important, taking either place by ions in the
electrolyte or by free electrons in solids (metals or doped semiconductors). It therefore re-
quires a conductive environment consisting of (metal) electrodes and an electrolyte consisting
out of mobile ions.

2.1.1 RedOx reactions

An electrochemical process consists of two half reactions, a reduction reaction, and an
oxidation reaction. Hence, electrochemical processes are also known as redox reactions
(reduction-oxidation). A reduction reaction involves the gain of one or more electrons n from
the oxidant (Ox) to the reductant (Red),

Oxm++ne− ⇌Red(m−n) (2.1)

hereby changing the oxidation state from m to m −n. The reverse reaction in which electrons
are removed is known as oxidation. Reduction and oxidation reactions are also known
as cathodic and anodic reactions, respectively. In this thesis, we will mainly focus on the
reduction reaction of silver ions,

Ag++e− ⇌ Ag (s) (2.2)

where a silver ion is reduced to metallic silver at the electrode surface. This electrochemical
half-reaction involves not only the transfer of an electron from the electrode to the ions in
solution, but also the transfer of mass (i.e., Ag+) across the double layer, which is discussed
in the next section.

2.1.2 The electrical double layer

In this thesis, we focus on heterogeneous electrochemistry, meaning that charge transfer
takes place at a solid electrode/solution interface. This charge transfer is mainly an electron-
tunnelling (single or multiple) process between the solid and the reactant species. An effective
tunnelling process implies a sharp potential drop in the solution (i.e., within a few nanometers
close to the interface). According to Nernst theory, an immersed electrode in equilibrium
will set up an electric potential difference with the solution. Because of the different surface
potential of the electrode, the solvent and mobile ions in the electrolyte will re-distribute at
the interface to screen the electric field, resulting in what is called the electric double layer (or
EDL). The screening power (or screening length) of the solution is determined by the amount
of active mobile ions.

According to the Gouy-Chapman-Stern theory, the EDL consists of several parts: the
Stern, inner Helmoltz, outer Helmoltz and diffuse layer. When polar solvents are used, the
inner Helmholtz plane consists of a dense layer of solvent molecules, and the outer Helmholtz
plane is formed by solvated counterions bound to the interface. Specifically, adsorbed ions
that are partially desolvated form the Stern layer. The diffuse layer is formed by loosely bound

20



2

2.1 A brief introduction to electrochemical theory

ions that complete the charge screening. In equilibrium and in the absence of the Stern layer,
the electrical potential decays exponentially with distance from the electrode surface. The
characteristic length scale of the double layer screening is called the Debye screening length.

The double layer plays an important role in the electrochemical reaction as the reactant
species must be sufficiently close to the surface of the electrode for the electrochemical
reaction to occur. The buildup of ions in the double layer affects the transport of the reactant
species through the double layer, and hence the type of solvation molecules and other ions
that might be present influence the electrochemical reaction.

2.1.3 The driving force of the electrochemical reaction

The driving force behind the electrochemical reaction is the gradient in the electrochemical
potential µi . The electrochemical potential consists of a chemical and electrical potential, as
given by:

µi =µi + zi Fφα (2.3)

where µi is the chemical potential, zi is the charge number of species i , F is the Faraday
constant, andφα is the inner potential of phaseα. All species have their own specific chemical
energy. When two dissimilar materials are contacted, an electrical field is created at their
interface. At equilibrium, the electrochemical potentials are equal, and hence the difference
in chemical potential must result in a difference in inner potential, leading to a difference in
potential at the interface. The same concept holds for the metal/solution interface and hence
for the formation of the double layer. For a monovalent metal ion (M+) in solution that is in
equilibrium with the solid metal electrode, we can write

∆µM+/F =−∆φ (2.4)

The chemical potential µM+ is actually related to the activity of the species M+ by

µM+ =µ0
M+ +RT ln(aM+ ) (2.5)

where the activity is equal to aM+ = γM+cM+ , where γM+ is the activity coefficient, and cM+
is the concentration of the metal ion, R is the gas constant, and T is the temperature. We can
now rewrite Equation 2.4 as:

∆φ=∆φ0 + RT

F
ln(aM+ ) (2.6)

where ∆φ0 is defined as −∆µM+/F , and recall that the activity of the solid metal is unity. The
equation above is in the form of the Nernst equation but is now written for a single interface.
When combining two of these equations, for both the Red and Ox species, one obtains the
usual Nernst equation, which describes therefore the change in reduction potential as a
function of the concentration of the metal ion.

2.1.4 Thermodynamics: Gibbs free energy of activation

We just described how the electrical potential affects the electrochemical potential. In the
same way, an applied electrical potential affects the Gibbs free energy of the system. Consider
the Gibbs free energy curves of the Red and Ox species as shown in Figure 2.1a. The applied
external electrical potential is able to shift the Gibbs free energy curve up and down in energy.
The relation between the standard electrochemical Gibbs free energy of activation and the
electrical potential for a cathodic and anodic reaction, respectively, is given by:

∆Gi
0‡ =∆G0‡

i ±αzi F∆φi (2.7)
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Figure 2.1: The effect of the change in Gibbs free energy of activation by the applied potential E.
Inspired by Figure 3.3.2 in Ref. [150].

where ∆G0‡
i is the standard Gibbs free energy of activation of species i at the standard

electrode potential E 0 (which is a measure for how much energy is required to drive the
electrochemical reaction), and α is the charge transfer coefficient, ranging between zero and
unity. The standard reduction potential E0 is measured at 298.15 K (25 ° C), a pressure of
101.325 kPa (1 atm) and it is assumed that the activity of all soluble species is 1.000 M. 151

The charge transfer coefficient α describes how much of the applied potential is used to
change the Gibbs free energy of activation and it is a measure of the symmetry of the redox
reaction (i.e., ratio of energy being used to shift the free energy curve of the reductant/oxidant).
Therefore, α is also known as the symmetry factor.

The meaning ofα becomes clearer when considering the crossing of the Gibbs free energy
curves in Figure 2.1b. At some reaction coordinate, the Gibbs free energy curves of the Red
and Ox species in equilibrium cross. Intuitively, one would say that the energy required to
drive the electrochemical reaction is the energy difference between the lowest point of the
Gibbs free energy curve and the crossing between the two curves, which is equal to the Gibbs

free energy of activation ∆G0‡
i . However, when this energy is provided through an applied

electrical potential, the Gibbs free energy curve of the Ox species shifts to higher values
(dashed curve in Figure 2.1a). As a result, the crossing between the two free energy curves
occurs at a different reaction coordinate, and more importantly, at a different energy. This
effectively means that a larger potential must be applied than just the Gibbs free energy of

∆G0‡
i , and this additional energy is proportional to the symmetry factor α. For most systems,

the symmetry parameter α is close to 0.5 in which the system is said to be symmetric, as the
free energy curves of the Red and Ox species are shifted by the same amount. Nevertheless,
the applied electrical potential can lower the Gibbs free energy of activation and hence can
drive and control the electrochemical reaction.

2.1.5 Electron kinetics: Butler-Volmer

In addition to thermodynamics, as we have just discussed, electrode kinetics is also important
to understand electrochemical reaction rates. The heterogeneous rate constant is described
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by the Eyring equation and is given by

k = k0 exp

(
−∆G0‡

RT

)
(2.8)

where k0 is the chemical rate constant in equilibrium. As a result of the electrochemical
reaction, an electron is transferred, and hence a current can be measured. The cathodic
current density is proportional to the amount of electrons transferred per reaction n, the
heterogeneous reaction rate ν (in mol cm−1 s−1) and the Faraday constant F . The cathodic
current density is given by

jc =−nFν=−nF kcOx =−nF k0cOx exp

(
−∆G0‡

RT

)
(2.9)

where the heterogeneous reaction rate is expressed in terms of the rate constant k and the
concentration cOx of the oxidant. Note that in this thesis we use the IUPAC convention,
for which the current density of a reduction reaction (i.e., cathodic current) is considered
negative. Oppositely, the current density of the oxidation reaction (i.e., anodic current) is
positive. Using Equation 2.7, we obtain the following expression for the cathodic current
density:

jc =−nF k0cOx exp

(
−∆GOx

0‡

RT

)
exp

(−αnF∆φ

RT

)
(2.10)

where the charge number z as used in Equation 2.7, equals to the amount of electrons n
involved in the reaction.

The above equation can be simplified by grouping all prefactor constants into a single
value, defined as the exchange current density j0, and using ∆φ = E −E 0, where E is the
applied electrical potential. The difference between the standard reduction potential and
the applied electrical potential is commonly known as the overpotential η. Therefore, the
cathodic current density can be written as:

jc =− j0 exp

(−αnF

RT
η

)
(2.11)

The total current density of an electrochemical reaction is the sum of the cathodic and anodic
current densities, and is given by:

j = ja + jc = j0

[
exp

(
βnF

RT
η

)
−exp

(−αnF

RT
η

)]
(2.12)

which is commonly known as the Butler-Volmer equation. Note that the expression of the
anodic reaction is almost identical to that of the cathodic one, but is a positive contribution to
the total current density and has a transfer coefficientβ= 1−α. It is also important to note that
at equilibrium the total current density is equal to zero, hence the cathodic and anodic current
densities are equal to each other but not necessarily non-zero. Electrochemical reactions are
therefore in a dynamic equilibrium in which, for example, metal atoms on a surface can still
be deposited/stripped and thus may be constantly changing the surface morphology of the
metal electrode. Another important takeaway from the Butler-Volmer equation is that the
current density, and hence the reaction rate, of the electrochemical reaction can be controlled
by the temperature, concentration of the active species, and applied electrical potential,
where the latter has the strongest effect and can be easily controlled with an external source.

23



Fundamentals of Electrochemistry

2
2.1.6 Mass transport: Nernst-Planck equation

The previous section describes how the rate of charge transfer can be controlled by an applied
potential. We described that the cathodic current density is a function of the concentration of
the Ox species at the surface of the electrode. As the reaction evolves, the consumption of the
Ox species leads to a decrease in the concentration at the surface. As a result, a gradient in the
concentration of the Ox species has formed, resulting in the mass transport of the Ox species
toward the electrode in the form of diffusion.

In general, mass transport can occur through diffusion (gradient in concentration),
migration (gradient in electric field), or convection (fluid movement). The flux of the chemical
species by mass transport is given by

J =−D∇c + cv+ Dze

kB T
cE (2.13)

where D is the diffusion constant, e the elementary charge, E the electric field, v the velocity
field of the moving fluid, and c the concentration. The equation above describes the flux
at each position for a given moment in time. By using the continuity equation, one can
determine how the concentration will change in time as a function of the gradient of the flux
and is given by:

∂c

∂t
=−∇· J =−∇·

[
−D∇c + cv+ Dze

kB T
cE

]
(2.14)

which is also known as the Nernst-Planck equation.

For most electrochemical systems, the conductivity of the electrolyte is sufficient for the
complete screening of the electric field in the bulk electrolyte, and thus the electric field is
confined to the EDL. Therefore, ion migration is relevant only within the double layer. In the
case where the electrolyte is not stirred (i.e., no convection v = 0), the only remaining driving
force of mass transport in the bulk is diffusion.

To calculate the concentration of Ox species as a function of time near the electrode sur-
face and therefore the resulting current density, it is necessary to solve the partial differential
equation stated in Equation 2.14. There are a few special cases in which the Nernst-Planck
equation can be solved analytically. For example, when the electrochemical reaction is limited
by mass transport, the concentration of the metal species near the interface can be assumed
to be equal to zero (i.e., any ions that arrive at the interface will immediately react). Using this
condition and assuming that the concentration linearly increases from zero to the bulk value
cr ed over a distance of δ, which is known as the Nernst diffusion length. Equation 2.14 can
then be simply expressed as:

j = nF Dcr ed

δ
(2.15)

From this equation it can be seen that the ratio D/δ has the same role as the rate constant
k, except that the current is now independent of the applied potential. This means that the
current density will saturate at a finite value upon a given applied potential. Yet, note that the
Nernst diffusion layer is time-dependent, which can be estimated by:

δ(t ) =
p
πDt (2.16)

This means that upon a bias is applied, the current density shall decrease over time due to
mass transport limitations, and a steady state will never be reached. Charge transfer and
mass transport are two independent consecutive processes. The electrochemical reaction
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rate shall be limited by the slowest of the two processes. When the applied overpotential
is small, the electrochemical reaction rate is typically limited by charge transfer (electron
kinetics), while when the applied overpotential is very large, the electrochemical reaction
rate is typically limited by mass transport. For applied overpotentials in between those limits,
the electrochemical reaction rate is in a mixed control state, which is neither fully limited by
charge transfer nor by mass transport.

2.1.7 Solid-state nucleation and growth

Electrocrystallization is defined as the nucleation and growth of electrodeposition. For
electrocrystallization, active sites on the substrate are essential. At these active sites, ion
adsorption and nucleation take place. The kinetics of electrocrystallization has been a major
research topic for years. 152–156 In a simple model, the growth rate of the nuclei is assumed to
be described by first-order kinetics. The number of active growth sites as a function of time t
is given by:

Nc = N0[1−exp(−kn t )] (2.17)

where N0 is the maximum number of nuclei obtainable, and kn is the nucleation rate
constant. In the case where the nucleation rate constant is kn ≫ 1, the maximum number of
active growth sides is reached instantaneously, and hence this case is known as instantaneous
nucleation. For the opposite case, when the nucleation rate constant is kn ≪ 1, the number
of active growth sides increases linearly with time and is known as progressive nucleation.
The total current is determined by the sum of the currents of all the growing nuclei at the
active sites. For instantaneous nucleation, the resulting current transient depends only on
the growth mode of the individual nuclei (which can be 2D or 3D) 157,158. In contrast, in
progressive nucleation more nuclei are formed with time and therefore the current transient
will depend on the number of active sites at a given moment in time t . Depending on the
applied overpotential, the nucleation mode can switch from progressive to instantaneous. 153

In the following, we describe the thermodynamics framework of nucleation. There exist
two types of nucleation, homogeneous and heterogeneous. For homogeneous nucleation,
supersaturation is required, which results in solid formation in the bulk liquid, such as
precipitation of salt crystals in a supersaturated solution. For heterogeneous nucleation, the
solid material grows on the surface of a substrate, as is the case in the electrodeposition of
metals. Yet, the thermodynamics that describes the two types of nucleation are rather similar.

The change in Gibbs free energy of the solid nucleus contains two parts, the change
in Gibbs free energy due to the increase in the surface and volume of the nuclei. For most
cases, the solid state has a lower Gibbs free energy compared to the source phase (liquid,
gas, or solution) as a result of the contraction in volume. Additionally, in the initial stages of
solid-state formation, the creation of a new nucleus with a growing surface costs energy. The
Gibbs free energy for a growing nucleus with radius r can be written as:

∆G = 4πr 2γ+ 4

3
πr 3∆Gv (2.18)

where ∆GV is the reduction in chemical free energy by volume contraction, and γ is the
surface energy density. The shape of the Gibbs free energy as a function of the radius of the
nucleus is shown in Figure 2.2. Initially, creating a nucleus with a radius r costs energy due
to the relatively large surface contribution to the Gibbs free energy. There exists a critical
radius r∗ after which the nucleus becomes thermodynamically stable, i.e., an increase in
radius leads to a lower Gibbs free energy. Nuclei that have a radius larger than the critical
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Figure 2.2: The effect of the overpotentials (η1 < η2 < η3) on the radius dependent Gibbs free
energy of a spherical nucleus. Inspired by Figure 3.7 in Ref. [157].

radius are therefore stable after the growth process has been terminated. The associated
Gibbs free energy at the critical radius is called the nucleation energy barrier ∆G∗. The
expression for the critical radius r∗ and the nucleation energy barrier ∆G∗ is very similar for
both homogeneous and heterogeneous reactions. The main difference lies in the fact that, in
a heterogeneous reaction, there exists more than one type of surface/interface as the nucleus
grows on a substrate. In fact, the expressions for the critical radius r∗ and the nucleation
energy barrier ∆G∗ for homogeneous and heterogeneous reactions are coupled through the
wetting or contact angle defined by Young’s equation. 157 The nucleation energy barrier for
the heterogeneous reaction is equal to or lower than that for the homogeneous reaction.
On a highly non-wetting substrate surface, the contact area between a growing nucleus
and the substrate is minimal, and thus the nucleation energy barrier for homogeneous and
heterogeneous nucleation is equal. On the contrary, on a highly wetting substrate surface, as
is the case with epitaxial growth, the nucleation energy barrier approaches zero.

In the case of electrodeposition, we consider the reduction reaction of metal ions to metal
atoms on a (foreign) electrode, which involves heterogeneous nucleation. At equilibrium
(η= 0), there is no net driving force for the reduction reaction, so a cathodic overpotential
(η< 0) is required to drive the metal electrodeposition. By using the Nernst equation, and
considering that every transferred electron n increases the size of the nucleus by one atom,
the volume Gibbs free energy ∆GV can be written as a function of overpotential:

∆Gv (η) =−ηFρn

M
(2.19)

where ρ is the mass density, and M the molar weight. The total Gibbs free energy of nucleation
is now expressed in terms of overpotential by:

∆G(η) = 4πr 2γ+ 4

3
πr 3

(
ηFρn

M

)
(2.20)

Figure 2.2 shows the effect of the applied (negative) overpotential on the Gibbs free energy of
the nucleus. For an increase in overpotential, the strength of the volume term of the Gibbs
free energy increases, effectively lowering the nucleation energy barrier ∆G∗. Therefore, a key
takeaway from Equation 2.20 is that the nucleation energy barrier can be effectively lowered
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by a (negative) overpotential η. Equation 2.20 also implies that a non-uniform distribution of
the interface potential will result in large variations in nuclei density.

As the nucleation energy barrier is lowered by the applied overpotential, it is likely
that more nuclei are formed at higher (negative) overpotentials. At these high applied
overpotentials, nucleation takes place in a short time window, pushing the nucleation mode
toward instantaneous nucleation. In Chapter 3 we discuss the importance of the overpotential
in the nucleation of silver nanoparticles on ITO substrates and show that higher (negative)
overpotentials indeed lead to instantaneous nucleation resulting in the saturation of the
nuclei density.

2.1.8 Further reading

Most of the theory described in this chapter was obtained from the books:

• Electrochemical Methods: Fundamental and Applications, 2nd edition, by A.J. Bard
and L.R Faulkner (2000) 150

• Electrodeposition of Nanostructed Materials, by F. Nasirpouri (2017) 157

• Fundamentals of Electrochemical Deposition, 2nd edition, by Paunovic and
Schlesinger (2005) 158

• Physical Electrochemistry: Fundamentals, Techniques, and Applications, 2nd edition,
by Eliaz and Gileadi (2019) 145

2.2 Electrochemical methods

2.2.1 Electrochemical Cell

In essence, an electrochemical cell is nothing more than just some sort of container to hold
the electrolyte in place and at least two submerged electrodes. The two electrodes are typically
named differently depending on their polarity (cathode or anode for negative and positive
potentials, respectively). We call the electrode where the half-reaction of interest takes place
the working electrode (WE). The other electrode, which performs the other half-reaction
necessarily to close the current loop, is called the counter electrode (CE). Typically, the area of
the CE is made much larger than that of the WE, so that the electrochemical reaction is not
limited by the CE and thus the reaction at the WE can be properly studied.

In addition to these two electrodes, a third electrode is used to measure the potential
between the electrolyte and the WE, known as the reference electrode (RE). Measured po-
tentials in electrochemistry are not absolute and need to be specified versus some primary
reference value. An RE can only be used as a reference when the electrode has a stable and
well-defined potential in the solution, and it is not affected by the passage of a (small) current
(i.e., ideal non-polarisable electrode). The distance between the WE and RE should ideally be
small to minimise the ohmic drop that arises from the electrical resistance of the electrolyte.
If possible, an inert or supporting electrolyte is used to reduce the ohmic drop. The ions of
the supporting electrolyte should not participate in the electrochemical reaction but is only
used to increase the conductivity of the electrolyte.

The internationally accepted primary reference is the standard hydrogen electrode
(SHE). 150 However, from a practical point of view, other reference electrodes are often used.
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Figure 2.3: Schematic overview of the Nano Superfilling Electrochemical Cell (NSECC) which is
used for the fabrication of metal nanowire grids.

Throughout this thesis, we use the silver-silver chloride reference electrode (Ag/AgCl), which
is based on the equilibrium of:

AgC l (s)⇌ Ag++C l− (2.21)

This reference electrode has fast kinetics, and has a well known potential vs SHE, equal to
+0.197 V vs SHE in a saturated KCl solution. 150,159 The use of these three electrodes in an
electrochemical cell is known as the three-electrode configuration.

The electrochemical cell used in this thesis is shown in Figure 2.3, and was named the
Nano Superfilling Electrochemical Cell (NSECC). The cell was designed and manufactured
at AMOLF for this thesis. The cell has a total volume of 24 ml and the main material is
PEEK, which is resistant to most chemicals. 160,161 The viton O-ring at the bottom of the cell
determines the electrochemical active area and is equal to 0.95 cm2. A platinum disk with an
area of 3.08 cm2 was used as CE, where the distance between the CE and the WE is adjustable,
to allow the current density distribution to be tuned. A Ag/AgCl electrode (leakless miniature
ET072, EDAQ) is typically used as a reference electrode. An SP-300 Biologic potentiostat is
used to control and measure the potential between the WE and the RE or the current between
the WE and the CE, respectively. It should be noted that accurate control of the potential is
possible only through the use of the reference electrode.

2.2.2 Cyclic Voltammetry (CV)

A widely used technique to study electrochemical reactions is Cyclic Voltammetry (CV). This
technique involves a linear sweep in potential applied between the WE and RE ranging from
E1 to E2, and back to E1. The potential is swept with a constant sweep rate dE/d t , and
typically the values range from 1 to 100 mV/s. During the potential sweep, the current is
measured.
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Figure 2.4: a) A typical voltammogram for an one electron reaction. The cathodic/anodic peak
current and position are indicated by ip,c/a and Ep,c/a , respectively. The dashed black line
highlights the effect of an additional nucleation barrier. b) Corresponding time dependence
applied potential. The slope of the line is determined by the scanrate.

A typical CV for a simple one electron process is shown in Figure 2.4 by the red and blue
curves, which correspond to the reduction and oxidation reactions, respectively. When the
applied overpotential is sufficiently large, an electrochemical reaction is initiated, which
results in an increase in current density (positive or negative), as described by the Butler-
Volmer Equation 2.12. However, as time passes, the current density decreases as a result of
mass transport limitations, as described in Section 2.1.6. The mass transport limited current
density is determined by the rate of diffusion towards the electrode. Given the coupling
between time and voltage, this effect results in a peak in current density, which is known as
the cathodic/anodic peak ip,c/a for the reduction/oxidation reaction. The cathodic/anodic
peak is a function of, among others, the scan rate and the diffusion constant, which both
determine at which moment in time the electrochemical reaction becomes diffusion limited.

The CV in Figure 2.4 is typical for a one electron reversible electrochemical reaction.
However, for most electrochemical deposition systems, the metal deposition takes place on
a foreign substrate, and therefore, an additional energy is often required to nucleate on the
foreign substrate. This additional energy is refereed to as the nucleation overpotential and is
defined as:

ηnucl = |En −E 0| (2.22)

The nucleation overpotential ηnucl could be estimated from the onset potential En of the
cathodic reaction in the CV. The black dashed line in Figure 2.4 highlights the effect of an
additional nucleation energy barrier in the system. Effectively, the onset potential at which
the cathodic reaction starts is shifted towards more negative potentials, and the distance
between the cathodic and anodic peak is increased.

For more details on cyclic voltammetry, the reader is referred to the work of Elgrishi et al.,
where the authors describe a practical beginner’s guide to Cyclic Voltammetry. 162
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2.2.3 Electrodepostion, Electrochemical Deposition, and

Electroplating

The terms electrodeposition, electrochemical deposition, and electroplating are interchange-
ably used and are, in essence, a process in which a material is deposited on a substrate
through a reduction or oxidation reaction. The term electroplating is commonly used in
industry, whereas electrochemical deposition and electrodeposition are more common in
academia. There is, however, often a subtle difference in how the electrochemical reaction
is controlled. In academia, the electrochemical reaction is most often controlled by an
external applied potential, which can be accurately controlled by the use of a potentiostat
and reference electrode. In industry, for practical reasons, the electrochemical reaction is
controlled by the current flowing between the WE and CE, thereby omitting the reference
electrode. The potential and current controlled modes are known as chronoamperometry and
chronopotentiometry, respectively. In essence, the chronoamperometry mode controls the
thermodynamics of the electrochemical reaction, while the chronopotentiometry controls
the deposition rate. An important difference is that, when the electrochemical reaction is
controlled by the current, the potential is adjusted by the potentiostat so that the requested
current is reached. This could result in unwanted (thermodynamically allowed) side reactions,
such as hydrogen evolution. On the contrary, when the electrochemical reaction is controlled
by the potential, the electrochemical reaction can be driven more selectively, minimising side
reactions.

In this thesis, the electrodeposition is controlled by an applied potential. We are mainly
interested in the deposition of silver on a foreign substrate, and, as discussed in more detail
in Chapter 3, a significant nucleation overpotential must be overcome for nucleation to
occur. This overpotential can be several hundredths of mV. If the potential is kept at such
high overpotentials, the electrodeposition of silver will quickly be limited by mass transport,
resulting in dendritic growth. 163–165 To prevent dendritic growth, one should limit the
duration of the large applied potential required for nucleation. As such, applying a double
potential pulse allows for controlling the nucleation and growth independently from each
other, known as the double pulse technique. 166,167 A typical potential scheme for the double

Figure 2.5: Schematic potential scheme for the nucleation and growth pulse as used in
the double pulse technique for a low (dashed green) and high (solid red) nucleation pulse
overpotential
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pulse technique is shown in Figure 2.5, where the duration of the nucleation pulse is on the
order of 10 to 100 ms, and the duration of the growth pulse depends on the required thickness
of the deposit.

2.2.4 The importance of the current density distribution

The distribution of the current density determines the uniformity of the thickness and
morphology of the deposit. The current density distribution is strongly affected by the
composition of the bath, which determines the solution resistance and the electron kinetics.
Furthermore, it also depends on the temperature, the geometry of the substrate, and the
applied current/potential. Edge effects can present challenges, 145,168 at which the current
density could be completely different compared to locations closer to the centre of the
electrode, hence the position of the CE plays an important role in the uniformity of the
deposit.

The current, or deposition rate, is ruled by the potential drop at the (working) electrode
interface. If the electrolyte is too resistive, the resistance between the WE and CE/RE effectively
decreases the potential drop at the double layer, and hence results in lower deposition rates
than expected for the given bias. The resistance between the electrodes can be modelled by
two resistors in series: the solution resistance RS (determined by the ion concentration) and
the Faradaic resistance RF (resistance at the double layer). In a typical electrochemical cell,
the relevant scale of the solution resistance is in the order of millimeters to centimeters, while
the Faradaic resistance is only relevant in the first few nanometers from the electrode surface.
If RS ≫ RF , the process is said to occur under conditions of primary current distribution. A
broad primary current distribution usually leads to a non-uniform thickness of electrodeposit.
as the points closer to the CE/RE experience a larger potential drop over the double layer
compared to points further away, resulting in a runaway situation by means of a positive
feedback mechanism. On the contrary, if RF ≫ RS , the process is under conditions of
secondary current distribution. The limiting resistance now takes place across the double
layer, and regardless of the electrode geometry, the thickness of the deposit will be uniform.
Therefore, it is important to minimise the solution resistance RS by adding a supporting
electrolyte.

The measure of producing a uniform thickness of the deposits is known as the throwing
power. The throwing power can be divided into macro and micro throwing power. The macro
throwing power determines the uniformity of the deposit for millimeter to centimeter rough
electrodes, and is mainly influenced by the primary and secondary current distribution. The
micro throwing power controls the smoothness and brightness of the deposit, which is in the
order of nanometers to micrometers. The micro throwing power is influenced by the tertiary
current distribution, which is affected by mass transport. In the case of mass transport limited
deposition, protruding parts of the electrode shall receive a higher flux of ions compared
to valleys and hence shall grow faster, which results in a positive feedback mechanism,
making the deposits rougher if the thickness is increased. The tertiary current distribution
can be improved by increasing the metal ion concentration or by stirring the electrolyte,
which is most commonly done in industrial operations. However, (organic) additives can be
added to the electrolyte, which influences the mass transport properties. 169,170 A leveller, for
example, adsorbs strongly on the protruding parts of the electrodes and therefore reduces the
deposition rate at protruding part, resulting in a smoother deposit. 171 Complexing agents
are used to create a buffered solution, 172,173 where the metal ion of interest is bound to a
complexing agent, which could be released as soon as another ion was consumed in the
plating process, thus keeping the concentration rather constant near the surface of the
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electrode. The additives might be incorporated into the deposit and might therefore also
change the mechanical properties of the deposit. 174–176 For example, stress reducers are
used to reduce the internal stress in the deposit material, caused by lattice mismatch. There
are different types of additives available, each with their unique properties. 177,178

2.3 Numerical modelling of electrochemical processes

As described in Section 2.2.4, a uniform (tertiary) current density distribution is of uttermost
importance for the uniformity of the deposited layer. Unfortunately, most electrodes have a
rather complex geometry, which makes it hard to calculate the tertiary current distribution
analytically. 157 Instead, the tertiary current density distribution can be modelled by, for
example, using a finite element method. 179 In this section, we present a Python-based finite
element model to simulate electrochemical phenomena at 3D interfaces developed in this
thesis.

2.3.1 Discretisation of the fundamental equations

To calculate the potential-dependent current density at an electrode, we need to solve the two
main governing equations described in Section 2.1.8: Nernst-Planck equation (Equation 2.14),
which describes the time-dependent mass transport; and Butler-Volmer equation (Equation
2.12), which describes the concentration- and potential-dependent reaction rate. In other
words, solving the Nernst-Planck equation gives the concentration at the electrode at a given
time t , which is needed to calculate the reaction rate. This, in turn, modifies the reactant
concentration at the surface.

The Nernst-Planck equation can only be solved analytically for some specific set of
boundary conditions (e.g., the concentration is kept at a constant value at the surface).
However, for a more complex set of boundary conditions, the Nernst-Planck equation must
be numerically solved. To do so, we divide time and space into discrete points spaced by ∆t
and ∆x. For simplicity, we focus on the finite element model for a 1D system, but it can be
easily generalised to 2D and 3D. We also assume that diffusion is the most important mode of
mass transport. In this case, the Nernst-Planck equation is simplified to:

J =−D∇c (2.23)

which is known as Fick’s first law of diffusion. The Nernst-Planck equation is therefore written
as:

∂c

∂t
=−∇· J =−D∇2c (2.24)

which is known as Fick’s second law of diffusion. There are three different schemes to discretise
the derivative: backward-, central- or forward-difference. 180 We use the forward-difference
to calculate the concentration for the next time step using the current time step as input. The
time derivative of the concentration can then be written as:

∂c

∂t
= ∂t c =

c l+1
j − c l

j

∆t
(2.25)

where the superscript l denotes the concentration at a given time step, and the subscript
j denotes the concentration at a given position in space. To discretise the second order
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derivative in Fick’s second law, we use the central-difference scheme since it is more accurate:

∇2c = ∂2
x c =

(∂x c) j+1/2 − (∂x c) j−1/2

∆x

= 1

(∆x)2

(
c l

j+1 − c l
j − (c l

j − c l
j−1)

)
= 1

(∆x)2

(
c l

j+1 −2c l
j + c l

j−1

) (2.26)

The equation above shows that the concentration at the position j and at time stamp l
depends on the concentration of the adjacent positions. When we now combine Equation
2.25 and Equation 2.26, we obtain the following expression for the concentration at time step
l +1 and position j :

c l+1
j = D∆t

(∆x)2

(
c l

j+1 −2c l
j + c l

j−1

)
+ c l

j (2.27)

The pre-factor D∆t/(∆x)2 can be regarded as the stability factor, and must be < 0.5 to prevent
the simulation from diverging. Therefore, the maximum ∆t for a given ∆x is:

∆t < (∆x)2

2D
(2.28)

Solving Equation 2.27 requires a set of boundary conditions. In a 3D system the boundary
conditions are:

1. t = 0,∀x, y, z ∈V : c(x, y, z,0) = c0
the initial concentration at any point in the
simulation space is equal to c0

2. t > 0,∀i ∈ ∂V : ∇c(i , t ) = 0 no ions are allowed to leave the simulation space

3. t > 0,∀x, y, x ∈ El : c(x, y, z, t ) = 0
the concentration is always equal to zero inside
the electrode

4. t > 0,∀i ∈ ∂El : ∇c(i , t ) =− 1
D JOx · n̂

the concentration gradient at the electrode
surface is determined by the flux of the oxidant

where V is the simulation volume, El is volume of the electrode, and ∂V and ∂El are the
surface of the simulation volume and the electrode, respectively.

Equation 2.27 states how the concentration at position j can be found for the next
timestamp. However, this cannot be used to find the concentration at the surface of the
electrode since the adjacent grid point to the electrode lies outside the simulation volume. To
solve for the concentration at the surface of the electrode, the Bulter-Volmer equation is used.
The Butler-Volmer equation states that the flux of oxidised species JOx normal to the surface
of the electrode ∂El is equal to:

Jl
Ox · n̂ = ka c l

Red ,0 −kc c l
Ox,0 (2.29)

where ka and kc are the anodic and cathodic reaction rate, respectively, which are both
dependent on the applied overpotential. Therefore, Equation 2.29 describes how many ions
are being removed from the electrolyte at time l over a period of ∆t . c l

Red ,0 and c l
Ox,0 are

the concentrations of the reductant and oxidant at the surface of the electrode, respectively.
Yet again, we do not know the concentration of the Red and Ox species at the surface at the
timestamp l . Fortunately, we can derive the concentration of the oxidant and reductant at the
surface by using Fick’s first law of diffusion (Equation 2.23), written as:

cOx,0 = cOx,1 +
∆x

D
JOx (2.30)
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Considering that the flux of the oxidant species is equal but opposite to the flux of the
reductant species JOx =−JRed , we conclude that:

cRed ,0 = cRed ,1 −
∆x

D
JOx (2.31)

By combining Equations 2.29, 2.30, and 2.31, we find an expression for the flux of the oxidant
species consumed by the electrochemical reaction:

JOx · n̂ = ka cRed ,1 −kc cOx,1

1+ ∆x
D (ka +kc )

(2.32)

By using Fick’s first law of diffusion (See Equation 2.23), we can now calculate the new value
of the concentration of the oxidant c l+1

Ox,0 at the surface at time l +1.
Finally, the current density at a given element on the surface can be calculated by:

j = i

A
= n̂ · JOx nF =−nF

(
ka cRed ,1 −kc cOx,1

1+ ∆x
D (ka +kc )

)
(2.33)

2.3.2 Numerical simulation of cyclic voltammograms

In this section we use the previously discussed discretised equations to simulate the current
transient as a function of constant changing overpotential, e.g., a cyclic voltammogram
(CV). Figure 2.6 shows a 1D simulated CV for a single electron electrochemical reaction with
fast kinetic, along with the corresponding concentration profiles at different characteristic
moments in the CV, indicated by letters. We used the electrochemical parameters of the silver
reduction reaction (Equation 2.2). Namely, we use the standard reduction potential of silver
(E 0

Ag = 0.6 V vs Ag/AgCl 181) corrected by the Nernst equation for cOx = 100 mM, the diffusion

constant of silver ions (D = 1.6 ·10−5 cm/s) 182, and the rate constant k0 was set sufficiently
large (> 10−3 cm/s) to ensure that the reaction is diffusion limited. For simplicity, we consider
that the reduced species are able to diffuse away from the electrode. Although this is not true
in the case of electrodeposition, it applies to any ion-to-ion reaction, and it is therefore of
great value for understanding the typical shape of a CV. In reality, electrodeposition is based
on a slightly different mechanism. 183,184

The CV is initiated at point A, at which point cOx and cRed are constant in space and
have their initial values (Figure 2.6a). With time, the potential is decreased and eventually the
reduction reaction is allowed (onset potential), and a cathodic current starts to flow. Under
diffusion-limited conditions, point B describes the potential at which cOx = cRed (see Figure
2.6b) and it coincides with the reduction potential (dashed vertical line). Note that this only
holds for a (symmetric) diffusion-limited electrochemical reaction.

Point C is the moment at which the maximum current density is reached, when the
concentration gradient is the largest (see Figure 2.6c). The potential is reversed at point D and
at this moment the reaction rate is completely dominated by diffusion, since cOx is zero (see
Figure 2.6d). As the potential is reversed back to the initial value, we observe an equivalent
situation for the newly generated oxidised species. At point E, the two concentrations are
again equal, but their gradients are flipped with respect to point B. The concentration gradient
of the reductant species is the largest at the maximum anodic current density at point F. Once
back to the initial potential, the concentrations at the surface recover their initial value, yet the
concentration profile is not constant. This results in a non-zero current density and implies
that the reaction is not fully reversible. The reason lies in the fact that part of the reduced
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Figure 2.6: (a-g) Concentration profiles of the oxidant cOx (red) and reductant cRed (black) as
a function of the distance d from the electrode. The initial concentration of the oxidant species
is equal to c0 = 100 mM. h) Simulated cyclic voltammogram with a scanrate of 25 mV/s using
the parameters k0 = 0.01 cm/s, α = 0.5, and D = 1.6 ·10−5 cm2/s. The vertical black dashed line
represents the reduction potential. The concentration profiles in (a-g) correspond to the red dots
in (h) labelled by (A-G). The figure was inspired by the work of Elgrishi et al.. 162

species diffused away from the surface during the cathodic voltage sweep and do not reach
the electrode ever again to be oxidised back.

Now we look at the effect of two key electrochemical parameters on the CV shape. Figure
2.7a shows the effect of the electrochemical rate constant k0 and the diffusion constant
D. As mentioned before, the electrochemical reaction is under diffusion limitations if the
electrochemical rate constant is sufficiently large (red curve). If the diffusion constant
is reduced by a factor 5 (slow diffusion, dashed green curve), the overall current density
decreases while the potential at which the cathodic and anodic peaks occur remains the same.
Given that the reaction is diffusion-limited, the reaction rate and hence the current density
are fully determined by the diffusion flux, which depends on the diffusion constant.

Next, instead of decreasing the diffusion constant, we play with the electrode kinetics.
Decreasing the reaction rate constant by two orders of magnitude (k0 = 10−4 cm/s) results
in the reaction no longer being under diffusion-limited conditions, but rather under kinetic
limitations. As a result, the cathodic and anodic peaks are further distanced in potential (blue
curve). The potential at which the concentration is half of its initial value does not occur at
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Figure 2.7: Simulated cyclic voltammograms in 1D a) under diffusion limitations, having a
large (red) and a small diffusion constant (dashed green), and under kinetic limitations (blue).
b) Effect of the nucleation overpotential on the cathodic peak location during the first cycle (red).
The second cycle (blue) does not have a nucleation overpotential. The nucleation potential
Enucl is represented by the dashed green line, and the reduction potential is represented by the
vertical dashed black line. A scanrate of 25 mV/s was used in all simulated CVs.

the reduction potential, but rather at more negative/positive values for the forward/backward
scan, respectively.

Given our focus in this thesis on the electrodeposition of silver onto a foreign substrate, it
is important to understand the effect of the nucleation energy barrier on the shape of the CV,
which is shown in Figure 2.7b. To mimic the nucleation barrier, the standard reduction poten-
tial is judiciously made more negative by an amount of Enucl , such that the electrochemical
reaction takes place at lower potentials. The nucleation overpotential is present only when
no deposit/reductant species are present. We assume that some reduced species are left on
the electrode surface after the first CV cycle, and thus the reduction potential is gradually
decreased to its original value before the anodic reaction is initiated. For the second cycle
(shown in blue), no nucleation barrier is present. Experimentally, we observe a very similar
behaviour for silver electrodeposition, shown in Figures 3.1 and 3.10 that will be discussed in
more detail in Chapter 3.

2.3.3 Effects of electrode topography on the local electrochemical
current density

In the previous section, we considered an ideally uniform electrode surface, which is not
always the case. In this section, we discuss the effect of the electrode surface roughness by
using 2D diffusion simulations. Figure 2.8a shows the cross-section profile of the electrode
considered, which has been randomly generated with a protrusion and two depressions in
the micrometer regime. The surface of the electrode has been colour coded as a function of
the activity of the surface pixel, where darker red represents higher activity. The activity is
defined as the total amount of charge Q transferred per unit area A over the whole duration
of the simulation.

The activity profile clearly shows that the current is higher at the tip of the protrusions. A
more quantitative representation of the total charge (or surface activity) at each position of
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Figure 2.8: Two dimensional CV simulations using a custom shaped electrode. a) Shape of
the electrode including the activity at the surface. The electrode and electrolyte are represented
by grey and light blue areas, respectively. The activity at the surface is represented by red
pixels, where the brightness of the colour is a function of the activity. b) Logarithm of the
electrochemical activity along the electrode surface given in the transferred charge Q per unit
area A. c) Resulting CVs of the 2D simulation. The integrated current density is represented
by the thick black line. The current densities corresponding to the pixel at the protrusion and
depression are represented by the green and blue curves, respectively. The pixels corresponding
to the curves are marked by the arrows in b).

the profile is shown in Figure 2.8b in semilog-scale. The charge density at the protruding sites
is almost three orders of magnitude larger compared to that at the depressions.

The corresponding simulated CV at each pixel of the surface is shown in Figure 2.8c. The
current density integrated over the whole surface, i.e., the current that one would measure, is
represented by the thick black line. We used the same electrochemical parameters as for the
1D simulation of the red curve in Figure 2.4a. We find that the shape of the 2D simulated CV
is similar to the 1D simulated one, thus not revealing much information about the electrode
roughness. The CVs at the protrusion and depression are represented by the green and blue
lines, respectively. As expected, the current density at the protruding side is almost two
orders of magnitude larger compared to the current density at the depression. The reason
for the much higher current density at the protrusion is that this surface has much greater
accessibility to ions compared to the surface in the depression. In practice, the protruding
sites will therefore be more active and, in the case of metal deposition, the deposit will grow
much faster in those regions, leading to even rougher deposits. The tertiary current density
distribution is therefore key to obtain smooth deposits. Therefore, the use of additives is
essential to obtain smooth deposits.

In addition to CV simulations, where the potential is swept with a constant scanrate, we
also simulate the current density when applying a double potential pulse to an electrode with
an insulating mask, similar to what will be used in the coming chapters for the fabrication of
the nanowire grid. The insulating mask contains nanosized trenches reaching to the substrate,
which have a depth of 1 µm and a width of 100 nm. In particular, we are interested in assessing
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diffusion limitations through the mask openings during the nucleation and growth pulses.

Considering that silver ions diffuse over a distance of
p

Dt ≈ 13 µm within the time
span of 100 ms, the diffusion through 1 µm-deep trenches should not pose a significant
restriction. Consequently, the insulating mask primarily reduces the active surface area of the
electrode. Therefore, simulating the current density transient with 1D simulations suffices,
and adjusting the current density for the electrochemical active area becomes straightforward.
Figure 2.9 shows the current density transient for an 1D simulated system (black curve).
Experimental data corresponding to the filling of nano-sized trenches with silver (as will
be discussed in Chapter 4), is included for comparison (red curve). In general, we find a
good agreement between the experimental and the numerical data. A slight difference in
the current density between the experimental and numerical data is observed just after the
potential switch. This difference is likely caused by the kinetic limitations of the reaction. In
the simulations, the kinetics are infinitely fast and the rate is purely defined by the applied
potential, while in reality the kinetics are not infinitely fast and hence limit the current density.
Furthermore, the effects of the additives are not implemented in the simulation, and for
longer time scales (t > 5 s), the simulated concentration profile is expected to differ from
the experimental concentration profile. Note also that the experimental current density is
obtained by normalising the measured current by the submerged electrode area. However, the
actual current density as perceived by the bottom of the trench is much larger than reported.

The insets of Figure 2.9 show the concentration profiles during the nucleation pulse and
near the end of the growth pulse, as indicated by the black arrows. During the nucleation
pulse, the applied nucleation overpotential is large enough to drive the reaction under pure
diffusion limitations, as the concentration at the surface almost instantly drops to zero.
As discussed previously, diffusion-limited growth of silver leads to dendrite growth, and
therefore the duration of the nucleation pulse should be limited. During the growth pulse, the
concentration at the surface of the electrode is not zero, and hence the growth is kinetically

Figure 2.9: Experimentally obtained current transient (red) overlapped with the numerically
obtained current transient (black) for an experiment using the double pulse technique. The
insets shows the concentration profile of the silver ion as function of distance from the electrode,
during the nucleation and growth pulse, as represented by the arrows. The used parameters
for the 1D simulation: D = 1.6 ·10−5 cm2/s, k0 = 0.01 cm/s, c0 = 2 mM, E 0 = 0.6 V vs Ag/AgCl,
ηn = 400 mV, ηg = 15 mV, Enucl = 120 mV.
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controlled. Interestingly, both the experimental and the numerical simulations show a small
positive current density just after switching from the nucleation to the growth pulse. This is
the result of a sudden change in the rate constant in combination with the depletion of silver
ions at the surface, which results in a net oxidation reaction. However, as the concentration of
silver ions increases at the surface, at a certain concentration the reaction again becomes in
favour of silver reduction, as the growth potential is below the reduction potential.

The developed Python simulation package for the simulations of the cyclic voltammo-
grams and the chronoamperometry is available on GitHub and can be found in Ref. [185].
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3
Influence of the Crystallographic

Texture of ITO on the Electrodeposition
of Silver Nanoparticles

The electrochemical control over nucleation and growth of metal nanoparticles on foreign
substrates is an active field of research, where the surface properties of the substrate play a key
role in nucleation dynamics. Polycrystalline indium tin oxide (ITO) films are highly desired
substrates for many optoelectronic applications, for which the only parameter that is often
specified is the sheet resistance. As a result, growth on ITO is highly irreproducible. In this
chapter, we show that ITO substrates with the same technical specifications (i.e., sheet resistance,
light transmittance and roughness) and supplier may still have a different crystalline texture,
which we find it has a strong impact on the nucleation and growth of silver nanoparticles
during electrodeposition. We find that the preferential presence of lower index surfaces leads to
a few orders of magnitude lower island density, which is strongly dependent on the nucleation
pulse potential. By contrast, the island density on ITO with preferential <111> orientation
is barely affected by the nucleation pulse potential. This work highlights the importance of
reporting the surface properties of polycrystalline substrates when presenting nucleation studies
and metal nanoparticle electrochemical growth.
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3.1 Introduction

Nanometer-scale metal particles exhibit chemical and physical properties which differ sig-
nificantly from macroscopic metal phases, including strong interaction with visible light
due to their localised surface plasmon resonances. This strong optical response creates
bright colours that can be fine-tuned by the nanoparticle size and composition. In par-
ticular, silver nanoparticles (NPs) have received extensive attention since it can support
a strong surface plasmon polariton modes resulting in high quality factors, which can be
tuned all across the visible and NIR regime. 88,186 This strong and tuneable interaction of
visible light with silver NPs has found applications in sensing, 187 surface enhanced Raman
spectroscopy (SERS), 188,189 smart windows, 190–193 dynamic colour displays, 194 plasmonic
colour filters, 195 photo(electro)catalysis 196,197 and more. 198 For many of these applications,
it is essential to reliably and precisely control the size and density of silver NPs on conducting
transparent supports, such as indium tin oxide (ITO).

Electrochemical deposition is an attractive growth method owing to its inherent low
cost, minimal raw material usage, low temperatures and high throughput. Electrochemical
deposition of silver on ITO naturally leads to scattered, low density irregular island growth
owing to the low surface energy and high nucleation barrier of ITO, which poses a challenge
for smooth continuous deposits. Several works have shown that cyanide compounds and
other organic additives in the electrolyte solution can lead to high density island formation,
which can be controlled by a nucleation pulse step. 166,167,199,200 However, the high toxicity
and environmental impact of such electrolytes demands the search for more sustainable
alternatives, such as thiosulfate baths, 201 non-toxic organic additives, 202 or even plant ex-
tracts. 203 While the nucleation kinetics and growth dynamics of silver on ITO are well studied
for cyanide-based electrolytes, 166,167 nucleation studies with non-toxic and sustainable
electrolytes are scarce. 189,190,194,204,205

In all these works, attention is given to the nucleation pulse parameters (i.e., pulse
potential and time) on island density and size, while the influence of the surface properties of
the ITO substrate are highly omitted. The uncertainty in the physico-chemical properties of
commercial ITO (e.g., chemical composition, roughness or crystalline orientation) is typically
reduced down to reporting the sheet resistance and average optical transmission. There is
no straightforward connection between these characteristics and the ITO surface properties,
despite it is well known that the substrate surface plays a key role in the nucleation and growth
dynamics.

In this chapter we elucidate the impact of crystallographic texture of ITO substrates with
the same nominal specifications (i.e., roughness, sheet resistance and supplier) on silver
nucleation dynamics in a silver sulphate based aqueous solution. We find that the nucleation
density as a function of nucleation pulse potential can differ by several orders of magnitude
depending on the surface properties (i.e., the preferred ITO crystal orientation, grain size,
and grain misorientation angle). In particular we find that the ITO from batch 2 having small
randomly oriented grains, leads to a high nuclei density and diffusion coupled growth that is
barely affected by the nucleation pulse potential. By contrast, ITO from batch 1 having larger
grains with strong preference for low Miller index surfaces, leads to island densities that can
be tuned by the nucleation pulse potential. This work highlights the importance of reporting
the surface properties of ITO substrates for improved reproducibility of metal NPs growth.
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3.2 Results and discussion

Figure 3.1 shows the first cycle of the cyclic voltammogram (CV) for silver deposition in
aqueous electrolyte on two nominally equal sheets of ITO (see Experimental Section). The
CV is initiated at open circuit potential (OCP, 0.49 and 0.47 V vs Ag/AgCl for batch 1 and
2, respectively) and scanned with a scan rate of 25 mV/s toward the cathodic direction, as
indicated by the arrows. During the first cycle, silver is deposited onto the clean ITO surface
upon overcoming the onset potential for silver nucleation, as indicated by the sharp increase
in cathodic current (marked by the red and green dashed vertical lines). At more negative
potentials, the cathodic current rapidly increases after nucleation and reaches a maximum, a
characteristic of diffusion-limited growth. 162

The onset potential for silver nucleation (0.32 and 0.27 V vs Ag/AgCl for batch 1 and batch
2, respectively) is found to be more negative than the experimentally determined Nernst
equilibrium potential of silver E Ag /Ag+ (0.39 V vs Ag/AgCl). The difference between the onset
potential and the Nernst equilibrium potential is known as the nucleation overpotential
ηnucl , 206 which is typical in deposition onto foreign non-wetting substrates. The fact
that the nucleation potential is the lowest for batch 1 is in agreement with its preferential
crystallographic orientation, since the ITO from batch 1 has a greater amount of higher surface
energy planes in comparison to the ITO from batch 2 (γ(400) > γ(222)). 207,208 Nucleation
on higher energy surfaces is expected to be thermodynamically more favourable, and hence
occurs at reduced nucleation overpotentials. The ratio between the (222) and (400) peak
intensity in batch 2 (see Figure 3.6) indicates that these substrates have significantly less
(400)-oriented surface area compared to batch 1. One might thus expect that the reductive
current due to nucleation on the (400)-oriented surface in batch 2 is negligible, and most of
the current is due to nucleation on the (222)-oriented surface, which takes place at a larger
overpotential.

Figure 3.1: First cycle of the cyclic voltammogram (25 mV/s) for the silver sulphate electrolyte
containing saccharin on ITO batch 1 (red solid) and batch 2 (green dashed). The arrows indicate
the direction of the scan. The nucleation onset potential is indicated with red and green dotted
lines for batches 1 and 2, respectively. The black dotted line indicates the experimentally found
Nernst equilibrium potential E0

Ag /Ag+ .
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During the reverse scan in the cyclic voltammogram, the current transient crosses the
forward scan (i.e., crossover) in both cases. This is an indication of nucleation and growth,
where growing nuclei result into a larger surface area and hence an increase in current, and
deposition onto the already formed nuclei does not require an overpotential. 153 The total
amount of transferred charge and hence the amount of deposited silver is virtually the same
for both batches (2.61 and 2.59 mC/cm2 for batch 1 and 2, respectively). In both batches,
the current flips from cathodic to anodic at 0.37 V vs. Ag/AgCl and defines the onset of silver
dissolution. Integrating over the anodic peak current, we find that more silver is being stripped
from batch 2 compared to batch 1 (2.07 and 2.54 mC/cm2 for batch 1 and 2, respectively).
During the second cycle of the CV (see Figure 3.10 in the Supplementary Information), the
nucleation overpotential of silver deposition on batch 1 is close to zero due to incomplete
stripping (79%). Silver nuclei are still present on the surface of batch 1 at the start of the second
cycle, and therefore nucleation and growth can occur at near-zero nucleation overpotential.
However, the stripping of silver was more complete in batch 2 (98%). Therefore, almost no
silver nuclei are present on the surface at the end of the first cycle, hence the large nucleation
overpotential in the second cycle.

In the following, we study the effect of the nucleation pulse potential in the double-pulse
method 167,202 on the nucleation and growth of silver NPs on the two types of ITO substrates.
In order to qualitatively compare the nucleation kinetics in both types of ITO, we convert
all applied voltages to the overpotential relative to the nucleation overpotential ηnucl of the
respective batch. As such, the nucleation pulse overpotential ηn is defined as:

ηn = |ηn,I R −ηnucl | (3.1)

where
ηn,I R = En −E 0

Ag /Ag+ − I Rs (3.2)

where En is the applied nucleation pulse potential, E 0
Ag /Ag+ is the Nernst equilibrium

potential, I is the current during the nucleation pulse, and Rs is the solution resistance. Since
the nucleation overpotential ηnucl is defined as the difference between the onset potential
and the Nernst equilibrium potential, equation 3.1 can be simplified to:

ηn,I R = |En − I Rs −Enucl | (3.3)

Note that the exact value of the Nernst equilibrium potential is therefore not relevant for the
value of the nucleation pulse overpotential, since the term drops out from the equation.

Figure 3.2 shows representative SEM images of the silver islands on ITO obtained at
nucleation pulse overpotentials of 0.2 V (a,d), 0.5 V (b,e) and 0.9 V (c,f), for the two different
batches of ITO substrates (top and bottom rows). In line with electrochemical theory for
kinetically controlled nucleation, 154,166,209 we observe that the island density increases with
increasing nucleation pulse overpotential regardless of substrate, owing to the increased
electrodeposition kinetics as the potential is increased. At the same time, we observe that
the size of the islands decreases with increasing density (see Figure 3.12), likely as a result of
higher ion competition between nuclei as the number of nuclei increases. In fact, since we
kept the growth pulse constant for all samples, the mean island radius is fully determined by
the island density (see Figure 3.13a in the Supplementary Information).

Despite the qualitative agreement between the trends for both substrates and the fact
that electrochemical parameters were carefully kept constant throughout the study, the
island density is quantitatively not reproduced for the two ITO batches with the same
nominal specifications (roughness, sheet resistance and supplier, see Experimental section
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Figure 3.2: Representative SEM images of the silver islands on ITO from (a-c) batch 1 and (d-f)
batch 2 using a nucleation pulse overpotential of (a,d) 0.2 V, (b,e) 0.5 V and (c,f) 0.9 V.

and Supplementary Information). This is most evident by comparing the images in figures
3.2a and 3.2d, both deposited at a low nucleation pulse overpotential. Such inconsistencies
between growths on presumably equivalent substrates make the reproducibility of published
works difficult and may hamper the overall understanding of silver nucleation (and any other
metal) on ITO.

For a more quantitative assessment, Figure 3.3 shows the island density as a function
of the nucleation pulse overpotential, as extracted from the SEM images. The samples
corresponding to batch 1 and batch 2 are shown in red circles and green squares, respectively.
From the semi-logarithmic representation, one can see that for ηn < 0.8 V the island density
exponentially increases with increasing nucleation pulse overpotential for both substrates.
However, the rate of increase is much more pronounced for batch 1 compared to batch 2,
which leads to a difference of 2 to 3 orders of magnitude between particle densities for the
same (low) nucleation pulse overpotential.

Previous studies have empirically shown 154,210–214 that an exponential relationship exists
between island density and overpotential following:

Np (ηn ) = A exp

(
− 1

B
ηn

)
(3.4)

Here, A and B are voltage independent empirical parameters, where the pre-exponential
factor A is thought to be related to the surface density of available sites at OCP, and the
exponential component B is an activation term related to the electron kinetics. Equation 3.4
is valid for the assumption of instantaneous nucleation or progressive nucleation where the
nucleation pulse duration is sufficient long enough to nucleate on all active sites. Fitting our
data to the equation above, we find the inverse slope B is 259±20 and 645±84 mV/dec, and
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Figure 3.3: Island density versus nucleation pulse overpotential for batch 1 (red circles) and
batch 2 (green squares). The red and green dashed lines are the fits to the data points of batch 1
and 2, respectively. The inverse slope B is 250±23 and 625±84 mV/dec, and the pre-exponential
factor A is 4.7 ·105 ±2.2 ·105 and 3.4 ·107 ±9.5 ·106 cm−2 for batch 1 and 2, respectively. Note
that a logarithmic scale is used for the vertical axis.

the pre-exponential factor A is 4.7 ·105 ±1.8 ·105 and 3.3 ·107 ±9.0 ·106 cm−2 for batch 1 and
2, respectively. It is important to note that the two data points at the lowest nucleation pulse
overpotentials were left out of the fitting procedure because the duration of the nucleation
pulse was not long enough to complete nucleation at such low nucleation pulse overpotentials.
In other words, the island density was still not saturated within the duration of the nucleation
pulse (incomplete progressive nucleation). We therefore find that batch 1 has a greater
tunability by nucleation pulse overpotential than batch 2.

At nucleation pulse overpotentials larger than 0.8 V, the island density saturates in the
order of 109 cm−2, in both types of substrates. Considering the classical nucleation and growth
models, a saturated island density with increasing nucleation pulse overpotential indicates
that nucleation is limited by mass transport, a condition that depends on the properties of
the electrolyte and the electrochemical cell. 152–155 Under such circumstances, the island
density saturates once the diffusion zones of the islands overlap, preventing the formation
of new nuclei and resulting in a constant mean island radius with increasing nucleation
pulse potential (see Figure 3.13b). In addition to the limitations by mass transport, spurious
hydrogen evolution at high cathodic potentials may poison the ITO surface, thereby reducing
the number of active sites for silver nucleation. This effect explains the small decrease in
island density at large nucleation pulse overpotentials.

We verify the mass transport limited island density through a spatial correlation analysis
using the nearest-neighbour distance (nnd). In the case where nucleation and growth of
the islands is not limited by mass transport, the nnd distribution obeys complete spatial
randomness (CSR). 155 In other words, in a random point pattern the probability of finding n
points (i.e., islands) within a certain distance from an arbitrary island is Poisson distributed,
and has a well-defined probability density function (pdf) p(r ): 155,215

p(r ) = 2πρr exp(−πρr 2) (3.5)

where r is the distance from the central point, and ρ is the number of points per unit area
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(i.e., island density).
Figure 3.4 shows three representative nnd distributions for three different island densities

from low (a) to high (c). The solid red line indicates the Poisson distribution given by Equation
3.5. Due to the finite size of the islands, the histogram is distorted at short nnd , as indicated
by the black line that represents the mean diameter of the common island. To verify the
results from the first nnd distribution analysis, we also analysed the second nnd (i.e., next
nearest neighbours) distribution where these short nnd are less important due to the r3

dependency of the pdf function (see section 3.5.6 in the Supplementary Information). From
the histograms it seems that the nnd distribution obeys CSR in all cases. However, the high
island density distributions lack close neighbouring particles. This effect is more visible in the
cumulative distribution function (cdf) of the highest and lowest particle density, shown in
Figures 3.4d and 3.4e. While the cdf of the lowest density nnd distribution (black curve in
Figure 3.4d) falls within the confidence interval of the Poisson cdf (shaded grey area), the cdf
of the highest density nnd distribution (black curve in Figure 3.4e) clearly falls outside the
Poisson confidence interval.

Figure 3.4: Histograms of the (a-c) nnd obtained from SEM images for the island densities of a)
3.1 ·107 cm−2 (batch 1, ηn = 0.46 V), b) 1.2 ·108 cm−2 (batch 1, ηn = 0.55 V), and c) 5.6 ·108

cm−2 (batch 2, ηn = 0.67 V). The histograms are normalised and compared with the Poisson
distribution (solid red line). The black dashed line in (a-c) indicates the mean diameter of the
islands. The island density ρ, number of islands N , and the Z value are listed in each histogram.
d) and e) are the cumulative distribution functions of a) and c), respectively. The shaded area
indicates the 95% confidence interval.
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To confirm whether the island patterns obey CSR or not, we perform a Z-test, where the
Z-value is defined as:

Z = 〈nnd〉−〈nnd〉C SR√
σ2

C SR /N
(3.6)

where 〈nnd〉 is the mean value of the nnd distribution, N is the number of points in the
distribution, and 〈nnd〉C SR and σ2

C SR are the mean nnd value and variance of the CSR
probability density function. Distributions having a Z-value within ± 1.96 are considered
to be CSR with 95% confidence (two tailed test with p > 0.05). Contrarily, if Z < −1.96 the
distribution is considered to be clustered, while if Z > 1.96 the distribution is considered to
have a globally ordered structure. 155 A more detailed derivation of the first and second order
of the pdf, and the definition of the mean and variance of the distribution can be found in
Section 3.5.6 of the Supplementary Information.

The resulting Z-values for the examples shown in Figures 3.4a-c are 0.38, 4.89 and 6.4,
respectively, which undoubtedly shows that only the spatial distribution of islands having
the lowest density is completely random. The analysis of the Z-test of the first and second
nnd is performed for all samples, where the first-nnd Z-values are shown in Figure 3.5 as a
function of the island density for the two types of substrate (red circles for batch 1 and green
squares for batch 2). Second-nnd Z-values are shown in the Supplementary Information in
Figure 3.15. The Z-values for both the first and second nnd distributions indicate CSR at low
island densities and up to approximately 108 cm−2. For higher island densities, the Z-value
rapidly increases, meaning that the island distribution is becoming globally more ordered.
This ordered structure is caused by the transition from uncoupled 3D to diffusion-coupled 1D
deposition due to the overlap of diffusion zones around the growing islands. 209,213,215,216

In the regime of coupled growth, no new islands can nucleate within the diffusion zone,
hence forcing an exclusion zone between the islands and leading to a globally more ordered
pattern. It is important to note here that almost all of the batch 2 samples fall in the diffusion
coupled regime, which is in contrast to the batch 1 samples. This partly explains why the
inverse slope of the island density versus nucleation pulse overpotential is much different
from any other values found in the literature. Silver nucleation on batch 2 ITO is under mixed
kinetic/diffusion control, leading to an unreasonably large apparent inverse slope B (i.e. an
apparent small electrode kinetics).

Interestingly, a similar conclusion can be drawn from the total transferred charge during
growth as a function of the island density (see Figure 3.14 in the Supplementary Information).
Again, the two regimes can be discerned. At low island densities (i.e., below 108 cm−2),
the amount of transferred charge increases with island density. This behaviour agrees well
with the uncoupled growth regime. On the contrary, at high island densities, the amount
of transferred charge saturates. This suggests that at these densities the silver deposition is
limited by mass transport instead of by electrode kinetics, which agrees well with the diffusion-
coupled growth. In summary, both the nnd and the transferred charge analysis confirm that
island density saturation at large nucleation pulse overpotentials arises from mass-transport
limitations rather than the surface properties of the ITO substrate, therefore invalidating
Equation 3.4 to assess nucleation kinetics in batch 2. In fact, we suspect that batch 2 samples
have high electrode kinetics, where very small nucleation pulse overpotentials (< 100 mV)
can lead to very high particle densities.

We have shown that two batches of ITO sheets, even though they are from the same
supplier having the same nominal specifications, display a large discrepancy in the silver
island density for nucleation pulse overpotentials ηn smaller than 0.8 V. Batch 1 samples,
which show a preference for (400) crystal orientation having large grain sizes, display the

48



3

3.3 Conclusion

Figure 3.5: Z-value obtained from individual nnd distributions as function of the island density.
Samples from batches 1 and 2 are indicated by red circles and green squares, respectively.
Horizontal black dashed lines indicate the region for which the distribution of islands exhibit
CSR.

lowest nucleation overpotential and a kinetically-controlled island density that increases
exponentially with nucleation pulse overpotential. Contrarily, batch 2 samples with a slight
(222) preferential crystal orientation and having smaller grains show a high nucleation
overpotential. However, the fast electrode kinetics lead to such high nucleation densities
that nucleation is diffusion limited for almost all nucleation pulse overpotentials as small as
100 mV. As previously mentioned, the lower surface energy in high index surfaces imposes a
thermodynamic barrier for growth. Yet, this thermodynamic barrier may be compensated
for by high electrode kinetics. In fact, it has been reported that {222}-terminated surfaces
of ITO typically show metal sites with incomplete coordination, and are therefore expected
to be highly reactive. 217 As a result, a very high number of nuclei can be formed once the
thermodynamic barrier is overcome even with nucleation pulse overpotentials of few tenths of
mV. This concept could be extended to similar systems in which the electrochemical reaction
is limited by the electron kinetics. Therefore, we expect that the texture of the ITO substrates
also influences the growth of different materials. Despite the thermodynamic preference for
nucleating on the high surface energy facets and on the grain boundaries, from SEM and AFM
images we were not able to unequivocally identify if the islands are located on specific facets
and/or grain boundaries.

3.3 Conclusion

In this chapter, we elucidate the influence of ITO surface orientation on the growth of silver
NPs through a careful and quantitative study on nanoparticle nucleation and growth on
two batches of ITO substrates. We use seemingly equal ITO substrates (in terms of sheet
resistance, surface roughness, and optical transparency) that have a clear different surface
texture. We find that in the kinetic regime, silver nucleation dynamics are slower for ITO
films with preferential (400) orientation, leading to several orders of magnitude lower silver
island densities compared to those found in substrates having a slight preference for the (222)
orientation. We elucidate that the empirical exponential relationship between island density
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and nucleation pulse overpotential is not enough to draw conclusions on electrode kinetics,
where additional validation of the growth process is essential. We argue that the enhanced
electron transfer rates at {222}-terminated surfaces during the nucleation and growth pulses
may be responsible for the larger island density.

Beyond careful control of electrochemical parameters, here we show that neglecting
the macroscopic surface characteristics of ITO (and any other polycrystalline substrate)
can lead to major ambiguity in nucleation and growth dynamics of metal nanoparticles.
Controlling metal particle density and size is crucial in many applications. We show here
that XRD characterisation prior to deposition is a simple additional measure to tailor metal
nanoparticle electrochemical growth on ITO.

3.4 Methods

3.4.1 ITO substrates

Two sheets of ITO coated glass (KinTec, nominal sheet resistance 10-15Ω/□, 150x150 mm2)
were cut into 25x25 mm2 pieces and used as working electrodes (exposed area 0.95 cm2).
Pieces taken from the first sheet of ITO shall be referred to as batch 1, and similarly ITO pieces
taken from the second sheet are referred to as batch 2. The average root mean square (rms)
surface roughness of two batches are 2.0±0.1 and 3.4±0.2 nm, respectively, as measured
with AFM. Despite the relatively large range for the specified nominal sheet resistance, we
measured R□ = 15.8±0.2Ω/□ and R□ = 14.8±0.5Ω/□ for batch 1 and 2, respectively.

XRD and electron back-scattered diffraction (EBSD) analysis (Figure 3.6a and section
3.5.1 in the Supplementary Information) reveal that the ITO pieces from batch 1 have a strong
preference for the (400) orientation, while the ITO pieces from batch 2 have near random
oriented grains with a slight preference for the (222) orientation. All ITO pieces within the

Figure 3.6: a) 2θ scans of representative batch 1 (red) and batch 2 (green) samples with
the corresponding crystallographic orientations. b) Violin plot of the peak intensity ratio
distribution between the (222) and (400) peaks for samples from each batch. The distribution
medians and limits are marked by the bars. The vertical dotted line represents the value of the
theoretical ratio I222/I400 for powder diffraction of In2O3.
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same batch show similar XRD patterns, represented by the intensity ratio I222/I400 of the (222)
and (400) peaks in Figure 3.6b. The theoretical peak intensity ratio I222/I400 is represented by
a vertical black dashed line. The theoretical peak intensity ratio was simulated for the In2O3
crystal structure (bixbyite, space group 206, Ia3, a=10.117 nm) using CaRIne Crystallography
version 3.1.

The ITO substrates were cleaned by brushing with soap and ethanol to remove any
residual glue that was used for cutting the samples. After, the ITO substrates were sonicated
for 10 min in ultra pure water, 10 min in acetone and 5 min in isopropanol (IPA). The ITO
substrates were treated with ozone for 15 min (UV/Ozone ProCleaner BioForce Nanosciences)
to remove any organics and to activate the surface just before the start of the experiment, 218

resulting in a more hydrophilic surface.

3.4.2 Electrochemical cell and electrolyte

A custom build PEEK cell of 24 mL volume was used, using a standard three-electrode
configuration (see Figure 2.3 in Chapter 2). A Pt disc (exposed area 3.08 cm2) was used
as the counter electrode, and an Ag/AgCl electrode (leakless miniature ET072, EDAQ) was
used as the reference electrode. The miniature reference electrode was calibrated against a
saturated Ag/AgCl reference electrode (XR300, Hach) just before the start of each experiment.
All experiments were performed using a SP-300 Bio-Logic potentiostat.

An aqueous (Millipore Milli-Q® , ρ > 18.2 MΩ·cm) electrolyte containing 1 mM
Ag2SO4 (99.999%, Sigma-Aldrich), 1 mM saccharin (≥ 99%, Sigma-Aldrich), 100
mM Na2SO4 ≥ 99.0%, anhydrous, granular, Sigma-Aldrich), 38 mM H2SO4 (96%
solution in water, ACROS Organics) (pH of 1.7) was used for the electrodeposition of
silver. The solution resistance Rs was determined by electrochemical impedance
spectroscopy and was found to be 25±5Ω. The solution resistance value was used
for the I R correction of the applied potential. A double pulse method was used to
perform the silver deposition. 167,202 A nucleation pulse En was applied for 30 ms
followed by a growth pulse Eg = +0.373 V vs Ag/AgCl for 20 s, which was taken from
Kung et al.. 202 The nucleation potential En was varied between +0.2 and −0.883 V
vs Ag/AgCl. Figure 2.5 in Chapter 2 shows a schematic of the used potential scheme,
where the lowest and highest potentials are indicated by a dashed green and solid
red line, respectively. All experiments were performed at room temperature (18-21
°C) without stirring. For each experiment a fresh ITO sample was used which was
cleaned as described above. Directly after deposition, the samples were rinsed in
ultra pure water and IPA to remove any precipitation and were dried using a flow of
nitrogen gas.

3.4.3 Characterisation

Morphological and structural characterisation of the deposited silver nanoparticles
was performed using a FEI Verios 460 scanning electron microscope (SEM), operated
at 5 kV and 100 pA, using a working distance of 4 mm. Topographical maps were
obtained with atomic force microscopy (AFM), using a Bruker Dimension Icon and
a ScanAsyst-Air probe (Bruker, nominal tip radius 2 nm). Details on SEM image
processing can be found in section 3.5.3 of the Supplementary Information.
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X-ray diffraction (XRD) was performed on most ITO substrates using a Bruker
D2 Phase diffractometer. The Cu Kα irradiation was operated at 30 kV and 10 mA.
The substrates were scanned between 2θ = 25° and 70°, with 0.016° increment using
a dwell time of 0.1 s.

Electron back scatter diffraction (EBSD) patterns were collected in a FEI Verios
460 SEM, operated at 10 kV and 800 pA using a working distance of 8.2 mm, using an
Amsterdam Scientific Instruments Timepix detector. The EBSD maps were obtained
using a sample tilt of 70° relative to the electron beam, an exposure time of 10 ms,
and a step size of 20 nm. The collection and analysis was done using the software
OIM Analysis of EDAX.

Author Contributions

Y.B. and M.D. synthesised the silver particles, I.S. and H.S. performed the EBSD
measurements, I.S performed the EBSD analysis and Y.B. performed all the data
analysis. Y.B. and E.A.L. wrote the manuscript. E.A.L. supervised the project.

3.5 Supplementary Information

3.5.1 Obtaining crystallographic orientation by EBSD

Electron back scatter diffraction (EBSD) is a SEM-based technique in which the
diffraction patterns (Kikuchi patterns) of the back-scattered electrons are detected.
The diffraction pattern is a result of the interaction of inelastically scattered electrons
with the crystal structure of the sample, and hence provide information about the
type of crystal structure, lattice constant, and orientation. EBSD maps were obtained

Figure 3.7: IPF EBSD maps of a) ITO batch 1 and b) ITO batch 2, showing different
crystallographic orientation perpendicular to the ITO surface. The area of both scans is 4.17
µm2.
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by transforming the Kikuchi lines into points (Hough space), which are fitted using
the simplified crystal structure of In2O3 (a face-centered cubic 2×2×2 supercell,
space group 225, Fm3m) using a lattice constant of a = 1

2 ·10.12 Å = 5.05 Å. 207 When

using the actual crystal structure of In2O3 (bixbyite, space group 206, Ia3) in the
fitting procedure, it resulted into pseudo-symmetrical solutions which could not
be distinguished. Based on this data the software cannot distinguish the (101) and
(110) directions in the crystal, because their difference is too subtle. However, the
distinction between the (200) and (444) directions can be made, and their ratio is
not affected by fitting the data with the simplified crystal structure.

Figure 3.7 shows the crystallographic orientation along the z-axis in inverse pole
figure (IPF) maps for batch 1 and batch 2. Confidence interval (CI) standardisation
clean up was used with a CI of 0.1. After two rounds of refitting only the data with
CI > 0.1 was kept and used for the determination of grains and grain boundaries.
Grains were determined based upon 5° tolerance with a minimal size of 2 pixels. The
colours in the map represent the crystallographic orientation perpendicular to the
surface.

To get a better insight into the distribution of crystallographic orientations, we
represent every pixel from the EBSD map in Figure 3.7 by a dot in the IPF, as shown in
Figure 3.8a. In line with the XRD spectra shown in figure 3.6, we find that the surface
of batch 1 has a strong preference for the <100> orientation, while the distribution
of orientations for batch 2 seems to be more random.

Next to the orientation of the grains, we can also extract the size of the grains
from the EBSD maps. We observe a clear difference in the size of the grains between
ITO from batch 1 and 2. The average grain size is found to be 0.022 µm2, and 0.072
µm2 for batch 1 and 2, respectively. Consequently, the total length of the grain
boundaries is larger for batch 2. It is interesting to consider the misorientation of the
grains since in general a higher misorientation angle leads to higher grain boundary
energies. 219 However, this relation only holds up to a certain misorientation angle,
since for larger misorientation angles coincidence take place which results into a
maximum of grain boundary energy. Regarding electrochemical nucleation, it would
be thermodynamically more favourable to nucleate on the grain boundaries with a
higher misorientation angle. We therefore look to the grain boundary length density
for small (5-10°), medium (10-20°) and large (> 20°) misorientation angles, which is
shown in Figure 3.8b. Next to the larger grain boundary length density, batch 2 also
has a larger misorientation between the grains. These observations are in line with
the observed fast kinetics of batch 2.

To correlate the morphology of the surface with the EBSD maps, we show in
Figure 3.9 the overlap between the EBSD map of Figure 3.7a with the corresponding
SEM image. It is clear that the morphology of the ITO already reveals the location of
the grains. Furthermore, it was found that grains in the <100> and <111> direction
could be recognised by the subgrains which are vertically, or horizontally orientated
rods, respectively. The morphology of the SEM image can therefore already provide
some information about the grain size.
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Figure 3.8: a) IPF showing the distribution of orientations for ITO batch 1 and 2 samples
along the z-axis. b) Grain boundary length density for small (5-10°), medium (10-20°) and
large (> 20°) misorientation angles. The grain boundary length density is defined as the grain
boundary length divided by the area of the scan.

Figure 3.9: Overlay of the EBSD map of ITO batch 1 as seen in Figure 3.7a with the corresponding
SEM image.
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3.5.2 Cyclic voltammograms

Figure 3.10 shows the first and second cycle of the cyclic voltammogram of batch 1
(red) and batch 2 (green). Due to the incomplete stripping of the deposited silver,
the large nucleation overpotential is significantly decreased in the second cycle of
the cyclic voltammogram for both batches. This is because the silver is now also able
to nucleate on the already existing silver nuclei which were formed during the first
cycle. This effect is more pronounced for batch 1 than batch 2.

The experimental Nernst equilibrium potential E 0
Ag /Ag+ was determined by

extracting the halfway potential from the second cycle of the saccharine electrolyte.
Since for batch 2 most of the silver was stripped, the onset potential of the second
cycle is still significant and hence the cathodic peak is shifted to more negative
potentials. Therefore, for batch 2 the halfway potential of the blank electrolyte was
used instead (which is very similar to the found value for batch 1). The corresponding
free silver ion concentration was found to be 0.26 mM.

Figure 3.10: Cyclic voltammogram for batch 1 (red) and batch 2 (green). The first cycles are
represented by a solid line, while the second cycles are represented by a dashed line. The dotted
black line indicates the experimentally found Nernst equilibrium potential.

3.5.3 SEM data treatment

The obtained SEM images were analysed using a Python script, which is based on a
watershed image recognition method. From these images, the particle density and
size distribution were extracted. The SEM images were analysed using the OpenCV
package in Python (https://opencv.org/). A threshold of the raw SEM image was
obtained using the adaptiveThreshold function. The image was then split into a
sure foreground image and a sure background image. The difference between these
images was used in a watershed method to determine the contour of the edges. The
final contours and therefore the area of the particles were obtained by using the
function connectedComponentsWithStats. One example of an analysed SEM image
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Figure 3.11: Analysed SEM image from a sample corresponding to batch 1 grown at a nucleation
pulse overpotential of 0.74 V. The detected particles are highlighted by the red contour.

is shown in Figure 3.11. The contour of the found particles is shown in red. Particles
which were lying on the outline of the image were discarded from the analyses.

3.5.4 Particle size distribution

Figure 3.12 shows the size distribution of the selected samples shown in the SEM
images in Figure 3.2. The size distributions move to smaller radii as the nucleation
pulse overpotential increases. Although it seems that the distribution becomes more
narrow, the relative standard deviation (RSD = SD/rmean) is constant and might even
slightly increase (especially for batch 1). For each SEM image such a distribution is
obtained.

Per sample (applied nucleation pulse overpotential), multiple size distributions
were obtained. These distributions were merged such that there is only one size
distribution per nucleation pulse overpotential. From the final size distribution per
nucleation pulse overpotential, one can obtain the mean island radius rmean . Figure
3.13a shows the mean island radius as a function of the corresponding island density
for both batch 1 (red) and batch 2 (green). From this figure, it is clear that the mean
island radius is determined by the island density, irrespective of the used nucleation
pulse overpotential.

The mean island radius as a function of the nucleation pulse overpotential is
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Figure 3.12: Island size distribution for the selected samples as shown in figure 3.2. The first
row shows the size distribution for batch 1 (red), and the bottom row for batch 2 (green). The
mean of the distribution is indicated by the dashed black line and the value is reported next to
it together with the relative standard deviation (RSD).

Figure 3.13: Mean island radius as function of the a) island density, and b) of the nucleation
pulse overpotential for batch 1 (red) and batch 2 (green). The error bars are the standard
deviation of the mean values.

shown in Figure 3.13b. The mean island radius of batch 1 decreases with increasing
nucleation pulse overpotential up to a value of 0.8 V, after which it stays constant. A
similar trend for batch 2 is observed, although it is not clear whether batch 2 also
reaches a constant value due to the lack of data points.

57



Influence of the Crystallographic Texture of ITO on the Electrodeposition of Silver
Nanoparticles

3

3.5.5 Transferred charge calculation

The total transferred charge can be calculated in two ways. The first and simplest
method is by integrating the current to obtain the total amount of transferred charge
Q:

Q =
∫

i (t )d t (3.7)

The second method is by combining the obtained island density with the mean
radius of the particles as seen in Figure 3.13a. From these parameters, one can
calculate an effective volume by assuming that the islands are spherical.

Vest = 4

3
π〈r 〉3N = 4

3
π〈r 〉3ρA , (3.8)

where 〈r 〉 is the mean radius of the islands, and N is the total amount of islands
which can be obtained by multiplying the island density ρ with the total exposed
area A (0.95 cm2). The total amount of deposited volume can then be converted into
a expected transferred charge by using the constant of Faraday F , the molar mass
MAg and density ρAg of silver. The total expected transferred charge can then be
calculated by:

Qexp = Vest FρAg

MAg
. (3.9)

Figure 3.14a shows the amount of transferred charge (deposited silver) and Figure
3.14b shows the amount of expected transferred charge as a function of the island
density, where samples from batch 1/2 are shown as circles/squares. Here, the shade
of red/green of each data point indicates the nucleation pulse overpotential that was
used for that sample.

Figure 3.14: a) Total transferred charge, obtained from integrating the current, as function of
island density, and b) the total equivalent transferred charge, obtained from the island density
and mean radius, as function of island density. The colour bar indicates the used nucleation
pulse overpotential for batch 1 (red) and batch 2 (green) samples.
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In batch 1 samples, which exhibit a large spread in the island density for this
nucleation potential range, two growth regimes can be discerned. At low island
densities (i.e., below 108 cm−2), the amount of transferred charge increases with
island density. This behaviour agrees well with an uncoupled growth regime, where
each silver island grows independently with an unrestricted supply of Ag+ ions. By
contrast, once the island density increases beyond 108 cm−2, ion diffusion becomes
restricted by neighbouring islands, which leads to the diffusion-coupled growth
regime. Given the consistently larger density of silver islands in batch 2 samples, the
silver island growth is always in the diffusion-coupled regime in agreement with the
behaviour observed in batch 1 samples with similar island density.

3.5.6 Nearest Neighbour distance analyses

In the nearest neighbour distance (nnd) analyses, the distances between each
island and its nearest neighbour is compared to the expected values for a spatially
random point pattern to determine if the sample obeys complete spatial randomness
(CSR). For a random point pattern, the nnd distribution should follow a Poisson
distribution.

The SEM images were treated as described in Section 3.5.3, from which the
centroid of each island was extracted for all individual SEM images. The nnd was
calculated by finding the minimum distance between the centroid of a given island
and the centroid of all the other islands present in that image. In order to get a
decent number of points for the histogram, the nnd of multiple SEM images per
sample were combined to a single nnd histogram. The bin size of the histograms is
not relevant for the calculation of the Z-score (see eq 3.6), since only the mean value
of the nnd distribution is used. Hence, the number of bins was chosen to be 14 for
the histograms shown in Figure 3.4a) to c).

The probability density function (pdf) for a random pattern (Poisson distribu-
tion) is derived in the work of Guo et al., 155 and is summarised below:

The probability of finding n particles in an area A =πr 2 is given by:

f (n) = (ρA)n

n!
exp(−ρA) = (ρπr 2)n

n!
exp(−ρπr 2) (3.10)

where ρ is the island density (assumed to be zero-volume particles).
To derive the pdf for the first order, one needs to consider the probability of

finding no particles within an area of radius r from an arbitrary particle. This
probability of finding zero particles within a radius r is given by (n=0):

f (0) = exp(−ρπr 2) (3.11)

Therefore, the probability of finding at least one particle between a radius r and
r +dr is then given by:

P (r ) = 1− f (0) = 1−exp(−ρπr 2) (3.12)
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Figure 3.15: Z-value obtained from individual second nnd distributions as function of the
island density. Samples from batch 1 and 2 are indicated by red circles and green squares,
respectively. The black horizontal dashed lines indicates the region for which the distribution
of islands exhibit CSR.

At last the pdf p(r ) can be found by differentiating the equation above, and is given
by:

dP (r ) = p(r )dr = 2πρr exp(−ρπr 2)dr (3.13)

To to derive the pdf for the second and higher orders, one needs now to consider the
probability of finding at least two particles inside a radius r, which is given by:

P (r ) = 1− f (0)− f (1) = 1−exp(−ρπr 2)−ρπr 2 exp(−ρπr 2) (3.14)

and hence,

dP (r ) = p(r )dr

= 2πρr exp(−ρπr 2)dr +2ρ2π2r 3 exp(−ρπr 2)dr −2πρr exp(−ρπr 2)dr

= 2ρ2π2r 3 exp(−ρπr 2)dr
(3.15)

Once the pdf is known, the mean nnd and variance can be obtained by:

〈rC SR〉 =
∫ ∞

0
p(r )r dr

σ2
C SR = 〈r 2

C SR〉−〈rC SR〉2
(3.16)

The Z-value is defined in the main manuscript. The Z-values as function of
island density for the first nnd are shown in the main manuscript in Figure 3.5. The
Z-values as function of the island density for the second nnd is shown in Figure 3.15.
The trend of both graphs are similar, indicating that sample with a higher particle
density do in general not obey CSR.
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4
High Aspect Ratio Silver Nanogrids by

Bottom-Up Electrochemical Growth as
Transparent Electrode

In this chapter, we combine the double pulse method with substrate conformal imprint
lithography to fabricate silver nanowire grids for the application of transparent
conducting materials. We report a scalable selective area electrochemical method
for the fabrication of interconnected metal nanonetworks. The presented method is
based on a through-the-mask electrodeposition method, in which the mask is made
using substrate conformal imprint lithography (SCIL). We find that the nucleation
density of the silver nanoparticles is the key parameter for the successful homogeneous
void-free filling of the template. We independently control the density of the silver
nuclei and their growth by using the double pulse technique. The silver nanowire
grids show high transmission (95.9%) and low sheet resistance (as low as 3.7 Ω/□),
resulting into a superior Figure of Merit (FoM). Due to the bottom-up nature of this
technique, arbitrarily high aspect ratio nanowires can be achieved and therefore
decreasing the sheet resistance without affecting transmittance and carrier collection.
The presented method can be generalised to the large-area nanofabrication of any
well-defined nanostructure design of any metal transparent conducting material for
multiple applications.
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4.1 Introduction

Transparent conducting materials (TCMs) are critical components in numerous
optoelectronic devices, such as displays, 220 smart windows, 221 touchscreens, 222

(organic) light emitting diodes (LEDs), 223 and solar cells. 78,89,224–226 As technology
advances, high-quality TCMs are nowadays required to reduce power consumption
in efficient optoelectronic devices. In solar cells, high-quality TCMs are essential to
minimise power losses, particularly in those cells with the top layer having a short
carrier diffusion length, such as amorphous silicon, silicon heterojunction (SHJ),
perovskite, CIGS, or organic cells. 89,226–228 In most commercial applications, metal
oxides, and in particular indium tin oxide (ITO), have been most widely used due to
their high transmittance, good conductivity, and CMOS compatible fabrication. 78,226

However, indium is a rare element which should be replaced, 229 and after decades
of optimisation, ITO has reached its fundamental limits for transparency and sheet
resistance, where the two are linked by the ITO thickness. 230,231

In recent years, metal nanowire (NW) networks have received strong attention
due to their excellent conductivity and mechanical flexibility, which broadens the
range of TCM applications to flexible optoelectronics. 232

A wide variety of NW network geometries have been proposed in the context of
solar cell applications, which can be designed to increase device performance by
making use of nanophotonic effects such as (plasmonic) light trapping, 89,90,233 or
spectral splitting for tandem devices. 91,234 Metal NW networks can be fabricated
using solution-based processes that enable high-throughput large-scale manufac-
turing. 108 Random networks have been demonstrated by colloidal synthesis of
NWs followed by drop casting. 94,235–237 As-deposited networks often result in poor
electrical uniformity throughout the electrode, which is improved by subsequent
thermal annealing. 94,235–237 Similar to ITO, colloidal-based NW networks suffer
from a trade-off between transparency and resistance. Increasing the NW radius
or density is used to reduce sheet resistance but reduces transparency at the same
time.

On the other hand, increasing the aspect ratio of the NW cross-section offers
the possibility to break this transparency-resistance trade-off. A reliable approach
to fabricate arbitrary NW cross-sections is the use of lithography. Initial work
demonstrated the high potential of periodic silver NW networks by using e-beam
evaporation and lift-off. While post-annealing is not necessary for a low junction
resistance, this method still suffers from complex and expensive fabrication and is
limited to small NW heights (i.e., low aspect ratio of the NW cross-section) to avoid
lift-off issues. 89,231,238,239

On the contrary, template-assisted electrodeposition combines solution-based
processing with well-defined bottom-up patterning without the need for lift-off.
In template-assisted electrodeposition, tailored made trenches in an insulating
mask are conformally filled from the bottom up. Metal microwire grids have been
demonstrated by this method, where the original template mask can be even reused
multiple times by carefully peeling off the metal grid. 140,240 However, as the trenches
are scaled down to the nanoscale, achieving uniform, void-free filling over a large
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area without a seed layer remains a challenge. 241

In this work, we demonstrate the fabrication of highly performing TCMs by
combining substrate conformal imprint lithography (SCIL) with electrodeposition
as a scalable and sustainable method for the large-scale fabrication of sub-100-nm
metal nanostructures. It has been shown that SCIL can be used for imprinting
both rigid and flexible substrates up to an area of a 200 mm wafer with sub-10-nm
resolution. 148 First, SCIL is used to make an insulating template consisting of a grid
of deep nano-trenches (80 nm in width and up to 300 nm in depth). Subsequently,
these nanotrenches are selectively filled with silver by electrodeposition. Using this
method, we obtain NW grids with tailored aspect ratio wires (height to width ratio up
to ∼ 3.5). We show that the high aspect ratio silver NW grids have a superior Figure
of Merit, where we improve the sheet resistance without affecting transmittance and
carrier collection. This template-assisted electrodeposition method is therefore a
more sustainable method, enabling wafer-scale manufacturing of highly performing
TCMs.

4.2 Results and Discussion

The fabrication of the high aspect ratio silver NW grids is schematically shown in
Figures 4.1a-c. First, a PMMA/sol-gel mask on an ITO substrate was made using
Substrate Conformal Imprint Lithography (SCIL). Note that ITO was used here as
a proof of concept, but any other conductive substrate can be used, including
doped silicon (see Chapter 6). Alternatively, subsequent peel-off and transfer of the
nanowires to another substrate may be considered. 240,242 To pattern the mask, the
sol-gel layer is imprinted with a PDMS stamp with the desired grid geometry and
is then transferred to PMMA using a reactive ion etch (RIE) until the substrate is
exposed. The PMMA/sol-gel stack determines the final depth of the trench, which
in this work is typically around 300-350 nm (aspect ratio ∼4). Here, we used two
different stamps with square grids of 80 nm-wide nanowires and a pitchΛ of either
2 µm or 4 µm. Both stamps have an imprint area of 2.0×2.0 cm2. After imprinting,
the nanosized trenches are filled with silver using electrochemical deposition using
a commercial silver plating solution (see Experimental Section). The growth area is
restricted to an area of 0.95 cm2 by the O-ring used in the electrochemical cell.

To achieve high-quality, homogeneous, and void-free NW grids, we use the
double potential pulse technique to independently control the nucleation density
and the grain growth rate. 166 More details on the nucleation mechanism of silver
on ITO substrates can be found in Chapter 3. For a complete filling, the nucleation
density must be sufficiently large (> 2·109 cm−2) such that the coalescence thickness
is smaller than the depth of the trench, as schematically represented in Figure 4.1d.
On non-wetting substrates, a high nucleation density is achieved by applying a high
overpotential (En =−0.96 V) over a short period of time. Once the grids are filled
with small silver nuclei, a small overpotential (Eg =−0.06 V) is applied to slowly and
uniformly grow the nuclei until they coalesce into a connected grid. The height of
the grid is then determined by the duration of the growth pulse.
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An SEM image of a typical electrochemically-grown silver NW grid is shown in
Figure 4.1e. The grid is highly uniform over large areas (see Section 4.5.2 of the
Supplementary Information). The inset of Figure 4.1e shows that the edges of the
individual wires are straight and well defined, suggesting a highly conformal filling
(for more evidence of conformal filling, see Section 4.5.3 of the Supplementary
Information). We note that in some cases small voids can be found at the bottom
of the grid owing to the limited density of silver nuclei. More interestingly, from
the close-up SEM image, one can also see that the intersections of the individual
wires consist of a continuous deposit. This suggests that no additional resistance is
expected at the junctions.

The SEM width as a function of height is shown in Figure 4.2a. We find a clear
linear increase in width as a function of height, consistent with the trapezoidal
trench profile. By extrapolating the width to zero height, we find that the base
width of the trapezoid is 80 ± 3 nm and 78 ± 3 nm for the 2 µm and 4 µm samples,

Figure 4.1: a) Schematic representation of the SCIL imprinting procedure. b) Schematic
representation of the RIE of the mask to etch the residual layer of the sol-gel and transfer the
pattern to the PMMA layer. c) Schematic representation of the electrochemical filling of the
trenches. d) Schematic representation of the influence of the nucleation density. The top and
bottom rows show the effect of a too low and sufficiently large nucleation density, respectively.
e) SEM image of a typical template-assisted electrodeposited silver NW grid having a pitch of 2
µm. The inset shows the crossing of two NWs in more detail.
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Figure 4.2: a) Width of the wires as seen from the top (SEM) vs. the grid height obtained from
the transferred charge for a pitch of 2 µm (black circles) and 4 µm (red squares). The inset shows
the reconstructed height profile for the 2 µm pitch, including the definition of the inner angle α.
The error bar corresponds to the standard deviation of the Gaussian fit to the width distribution
obtained from the SEM images. b) Cross-sectional SEM image of a silver NW grid having a
pitch of 2 µm, height of 219 nm, top width of 98 nm and base width of 78 nm. The inner angle
α between the ITO substrate and silver NW is 92.6°. c) Height of the silver NW grids vs. the
growth time for a pitch of 2 µm (black circles) and 4 µm (red squares). The height obtained
from AFM and the transferred charge are represented by closed and open markers, respectively.
The error on the height obtained from the transferred charge method is propagated from the
error on the width, and the error on the height obtained from AFM is the standard deviation of
the Gaussian fit the to height distribution.

respectively, which agrees well with the nominal width of the stamp of 80 nm. The
reconstructed silver NW grid height profile from the width-vs-height measurements
is shown in the inset of Figure 4.2a. The inner angle α of the reconstructed height
profile is calculated to be 93.8 ± 1.4° and 93.7 ± 0.8° for the 2 µm and 4 µm samples,
respectively.

The cross-sectional SEM image of a NW is shown in Figure 4.2b. Due to the
non-perfect anisotropic plasma etch of the PMMA layer, the trench has a slight
trapezoidal profile (i.e., narrow at the bottom, wide at the top, and a characteristic
inner angle α > 90◦) that is followed by silver filling. The inner angle α extracted
from the cross-sectional SEM image is found to be αSE M = 92.6°, which is highly
consistent with that calculated from the reconstructed height. As such, the width
extracted from SEM images by using an edge detection algorithm always results in a
value slightly larger than the nominal width from the stamp (80 nm), and this value
increases as the grid grows taller.

To assess the growth rate and the effect of the geometry of the grid, we plot the
grid height as a function of the growth time as shown in Figure 4.2c. The height of
the electrochemically deposited silver NW grids was determined using two methods.
The first method calculates the height based on the total charge transferred during
the electrochemical deposition. Here, we assume a Faradaic efficiency of 100% for
the silver deposition and homogeneous growth across all the electrochemical active
areas, as such it serves as an upper limit for the height (for more details see Section
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4.5.4 of the Supplementary Information). The second method is by using atomic
force microscopy (AFM), for which the PMMA/sol-gel mask was removed. Mask
removal is unfortunately not easy for tall NWs (> 200 nm). For samples where lift-off
was unsuccessful, the height is only estimated from the integrated electrical charge
during electrochemical deposition.

Figure 4.2c shows that both the height from AFM and that from the charge agree
well with each other (validating the near 100% Faradaic efficiency and homogeneous
deposition) and scales linearly with growth time. At the early stages of growth
(growth time < 50 s), the height increases rapidly with time, indicative of the still 3D
diffusion-limited growth of individual nuclei. Under this condition, homogeneous
growth does not hold and there might be a higher discrepancy between the height
values obtained from the two methods.

Once coalescence is reached (growth time >50 s), the growth rate (given by
height vs. time slope) stabilises to a constant value, which is highly dependent on
the geometry of the grid. Note that under the same growth conditions, the growth
rate for the 4 µm pitch samples (0.64 nm/s) is almost twice as large compared to
that of the 2 µm samples (0.35 nm/s). The increased growth rate in the sparser grid
is explained by the reduced ion competition between neighbouring grid lines. In
either case, we can tune the aspect ratio of the tailored NW grid from ∼0.5 up to
∼3.5, within a maximum growth duration of 500 s. Knowing the trench geometry,
the highly reproducible and homogeneous growth enables in-situ monitoring the
grid height by using the total transferred charge.

Now, we focus on the functional performance of the NW grids as TCMs. First,
we investigate the electronic characteristics. We focus on the resistivity ρ, as it is
important not only for the electronic performance of the electrodeposited grids, but
also for assessing material quality. We obtain the resistivity from the sheet resistance

of the silver NW grid R Ag
□ by using ρ = R Ag

□ ×he f f , where he f f = hw/Λ is the effective
thickness of an equivalent silver film. Here, h is the height of the NW obtained from
the charge measurement, w is the average width of the NW, andΛ is the pitch of the

grid. R Ag
□ is in turn obtained by measuring the sheet resistance of the ITO substrate

and ITO+silver NW grids using the van der Pauw configuration just before and
after the electrochemical filling of the trenches, respectively (see the Experimental
Section for more details). The two contributions (ITO and silver grid) are decoupled
by assuming two parallel resistors. For more information on the measurement and
sheet resistance calculation, see Section 4.5.1 of the Supplementary Information.

Figure 4.3 shows the normalised resistivity as a function of the silver NW grid
height. We find that the resistivity of all samples follows the same monotonic
increase with decreasing height, irrespective of pitch, which is consistent with the
fact that electrons in smaller NWs will suffer from increased surface scattering. As a
check, we consider the model for the resistivity that includes both inelastic scattering
with the surface and scattering at grain boundaries described by the models of Fuchs
and Sondheimer 243,244 and Mayadas and Shatzkes, 245 respectively. The combined
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model results into: 246,247

ρ

ρAg
=

[
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w +h

h

λ

w
(4.1)

where ρAg is the bulk resistivity of silver (1.59 µΩ·cm), α = λ
d

R
1−R is a scattering

factor, d is the average grain diameter, λ is the electron mean free path (52-58 nm for
Ag) 108,248,249, R is the electron reflectivity coefficient (e.g., fraction of electrons that
are scattered by grain boundaries between 0 and 1) and C is a geometric constant
which is 1.2 for nanowires with a rectangular cross-section. 247,250 The parameter p
is the fraction of electrons that are specularly scattered at the NW surface.

To determine the average grain diameter d , we use the position and full width
half maximum (FWHM) of the Ag(111) X-ray diffraction (XRD) peak in combina-
tion with the Scherrer equation (see Section 4.5.5 of the Supplementary Informa-
tion). 108,202,251 Due to the overlap of the Ag(111) peak with that of the ITO, we have
grown additional samples on thinner ITO substrates (R□ =100Ω/□). The silver NW
grids grown on thin ITO substrates are represented by the green triangles in Figure
4.3 and show comparable resistivity values for the given grid height.

From the XRD analysis, we obtain an average grain diameter d of 32±2 nm,
which is much smaller than expected from the nucleation density (i.e., average
distance between nuclei is ∼130 nm for a nucleation density of ≈ 7 ·109 cm−2). This
result suggests that re-nucleation takes place during growth, resulting in a smaller
average grain diameter. Kung et al. found a similar average grain diameter, using the
same electrolyte for the electrodeposition of silver NWs. 202

Using the average grain diameter from XRD and the average NW width, Equation
4.1 is fitted to the resistivity data in Figure 4.3 (represented by the blue dashed line)

Figure 4.3: Normalised resistivity vs. the height of the silver NW grids as obtained from the
transferred charge for a pitch of 2 µm (black circles: thick ITO, green triangles: thin ITO) and 4
µm (red squares). The dashed blue line represents the best fit to the electron scattering model
using the parameters λ= 58 nm, w = 94 nm, R = 0.20, p = 0 and d = 32 nm.
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with fit parameters being R = 0.20 and p = 0. The latter indicates that electron
surface scattering is completely diffuse, which is typical for rough surfaces. 252 As the
surface scattering contribution is most relevant in shallow silver NW grids, where
the surface is roughest, it is not surprising that the fit leads to p = 0.

From our data and the model, we see that surface scattering is responsible for
the strong increase in resistivity for silver NWs with an aspect ratio ≤ 1.5, and it
stabilises to a constant value of ρ/ρAg ≈ 1.7−1.8 for NW aspect ratios ≥ 2.3. This
result highlights not only the high quality of our deposits (resistivity less than 2 times
that of bulk silver), but also the need for high aspect ratio NWs.

Now we turn our attention to the optical properties of the silver NW grids. The
transmission of the silver NW grids is obtained by normalising the experimentally
obtained transmission spectra of the silver NW/ITO/glass by the experimentally
obtained ITO reference spectra of each corresponding sample (for more details see
the Experimental Section). The normalised transmission spectra for three different
grid heights of the 2µm series are shown in Figure 4.4a. Despite the strong diffracting
nature of the sample, no diffraction signatures are observed in the transmission
spectra for all heights. This is most likely due to the fact that we use a focused non-
coherent, non-polarised light source. In general, it is found that the transmission is
quite flat over a broad spectral range of 500-1200 nm, which uniformly decreases
for increasing grid height. The dip in the normalised transmission spectra around
400 nm may be attributed to the increasing contribution of the surface plasmon
resonance (SPR) of individual silver NWs (for more details see Section 5.3 in Chapter
5). The overall trend of decreasing transmission with increasing height is also
reflected in the average transmission obtained by taking the AM1.5G spectrum
weighted average of the individual transmission spectra over the spectral range of
350-1200 nm (see Figure 5.7 in Chapter 5). The decreased average transmission

Figure 4.4: a) Normalised transmission spectra for a pitch of 2 µm for three different heights
(41, 131, and 228 nm). b) The ratio of the AM1.5G weighted transmittance spectra TAM1.5G by
its geometric shading Tg eo for a pitch of 2 µm (black circles: thick ITO, green triangles: thin
ITO) and 4 µm (red squares).
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in taller grids is mainly the result of the increased shading of the grid due to the
trapezoid shape of the wires (i.e., taller wires are wider). Figure 4.4b shows that
the average transmission is indeed very similar to that expected from geometric
shading, where Tg eo = (Λ−w)2/Λ2, with w andΛ being the width and pitch of the
grid, respectively.

Finally, we compile both the optical and electronic characteristics in the typical
transmittance vs. sheet resistance plot as shown in Figure 4.5. Here, we also include
the used ITO substrate and several other silver NW networks from the literature for
reference. In all the previous works with colloidal-based NW networks, there is a
clear trade-off between transparency and sheet resistance. Namely, resistivity is
reduced at the expense of transparency by introducing either wider or more NWs.
Similarly, the thickness is the main tuning knob for adjusting sheet resistance in ITO,
which has a direct impact on its transparency.

On the contrary, our approach reduces the sheet resistance through anisotropic
addition of material only in the vertical direction, keeping the optical footprint
(almost) untouched. As such, the transmittance of the grids and the carrier collection
are not significantly affected by decreasing the sheet resistance. While the average
transmittance is tuned by the grid filling fraction (∝ w/Λ), the sheet resistance is

Figure 4.5: Performance characterisation of the silver NW grids including similar systems found
in literature (electroless silver nanogrids, 108 evaporated silver nanogrids, 238 random silver
NWs, 253 EHD printed silver nanogrids, 135 aligned silver NWs, 133 electrospun silver NWs 254 ).
The data from this work is represented by red squares, black circles, and green triangles for the 2
µm, 4 µm and 2 µm on thin ITO, respectively. Different values of the FoM are represented by the
dashed gray lines.
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independently controlled by the NW aspect ratio (h/w). As such, by tweaking the
aspect ratio in the 4 µm pitch grid between ∼ 0.5−3.5, we cover about 2 orders of
magnitude in sheet resistance with less than 3% absolute change in transmittance.

Comparing the performance of various TCMs is not straightforward. Often, only
the sheet resistance and transparency (either at 550 nm or weighted by the AM1.5G
spectrum) are specified. Two commonly used Figures of Merit (FoM) for TCMs
are the Haacke FoM 113 and the Dressel-Grüner (DG) FoM. 114 The Haacke FoM
considers the ratio of transparency (raised to the power of 10) by the sheet resistance.
On the other hand, the DG FoM accounts for the electron response to electric fields,
either dynamic (light) or static (voltage). While the sheet resistance is determined by
electrical DC conductivity, the transmittance is determined by optical conductivity.
Both the Haacke and DG FoMs hold only for thin films. 255 In grid-like networks, their
value can be made arbitrarily large as the sheet resistance decreases by increasing
the pitch and width proportionally. In this case, transparency is maintained while
the sheet resistance is reduced. A more relevant FoM for comparing all kinds of
TCMs is defined by Anand et al., developed explicitly for assessing TCM performance
in photovoltaic applications. 112 The FoM is based on the impact of sheet resistance
and transmittance on the maximum attainable power according to the detailed
balance limit:

FoMPV = PMPP (EG ,T (λ),R□)

PMPP (EG ,T = 100%∀T,R□ = 0.0001Ω/sq)
(4.2)

where the bandgap EG of the absorber is taken to be the bandgap of Si (1.14 eV). The
maximum power point PMPP can be calculated by solving the single-diode implicit
Shockley equation, where the short circuit current ISC is calculated by considering
the transmission spectra of the TCM weighted by the AM1.5G solar spectrum, and
the series resistance of the device is determined by the sheet resistance of the TCM.
More details about the calculation of the FoM can be found in Section 1.3.2 in
Chapter 1.

FoM isolines are shown in Figure 4.5 as given by Equation 4.2. At low sheet
resistance values, the output power of the device is limited by the total amount
of absorbed photon. Therefore, for a specific solar cell configuration, improving
transparency is more important than decreasing the sheet resistance at those low
values (< 10Ω/□). Interestingly, most literature values exhibit a decrease in the exact
FoM as the sheet resistance decreases, due to a significant decrease in transmission.
On the contrary, our approach decreases the sheet resistance without compromising
transmittance and carrier collection by maintaining a constant distance from the
exciton generated in the active layer to the silver NW grid.

Table 4.1 summaries the performance of the best electrochemically grown sil-
ver NW grid (w = 99 nm, L = 4 µm, h = 345 nm), and that for similar other sil-
ver NW TCMs, as well as for 80 nm thick ITO, which is used as industrial stan-
dard. 224,226,238,256 From the table, one can clearly see how the electrochemically-
grown silver NW grid largely outperforms all other nano-scale approaches. This
result was obtained for the most sparse grid with the largest aspect ratio. We expect
that even more sparse grids (i.e., larger pitch) and even higher aspect ratios will lead
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R□ TAM1.5G FoM Haacke FoM DG FoMPV

(Ω/□) (%) (mΩ−1)

This work 3.7 95.9 179.9 2447 0.944

Aligned Ag nanowires 133 17.1 95.7 37.8 500 0.888

Cu micro grids 140 0.03 86.6 7816.5 83321 0.866

Randomly dispersed silver NWs 253 16.6 92.4 27.3 281 0.861

Evaporated Ag nanowire grids 238 17.2 87.7 15.7 162 0.819

Electrospun Ag random
nanowires 254

29.0 91.6 14.4 146 0.810

Electroless filled Ag nanowire
grids 108

7.9 82.9 19.5 244 0.805

ITO (used in this work) 9.5 83.2 17.0 208 0.804

Electrohydrodynamic printed Ag
nanogrids 135

23.5 87.8 11.7 120 0.799

ITO (industrial standard) 238 58.2 87.7 4.6 48 0.683

Table 4.1: Comparison of different silver NW based TCMs reported in literature.

to even higher FoM. However, at some point, potential mechanical and electronic
stability issues of the grids must be considered.

It should be noted that Chen et al. demonstrated electrochemically grown Cu
micro grids (L = 320 µm) using very large pitch distances that exhibit a very high
Haacke and DS FoM. 140 However, as discussed earlier, the FoM of Haacke and DS
can be made arbitrarily large by increasing the pitch. When looking at the PV specific
FoM introduced by Anand et al., despite the extremely low sheet resistance of the Cu
micro grid, the power output of the solar cell is still worse than that expected by our
nanowire grids. Furthermore, it is important to keep in mind that in solar cells the
pitch distance will be limited to the diffusion length of the minority carrier of the
underlying layer. Especially amorphous silicon, perovskite, CIGS or organic solar
cells suffer from short diffusion lengths, 89,226–228 limiting the pitch only to tens of
microns.

An additional potential advantage of silver NW grids with pitch distances of
the order of the wavelength of light (up to a few microns) is that the grid adds in-
plane momentum to the incident light that can help trap the light in thin-film solar
cells. Smart geometric designing of the NW grid can thus have dual optical-electric
functionality in thin-film solar cells.

4.3 Conclusion

In this work, we have demonstrated the large-area (0.95 cm2) fabrication of highly
performing transparent silver nanowire electrodes by using a combination of sub-
strate conformal lithography and electrochemical filling. This lift-off free and
bottom-up nature of this method has allowed us to grow grids with high aspect
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ratio NWs, resulting in highly transparent (95.9%) and low sheet resistance (3.7Ω/□)
TCMs.

We show that by increasing the height of the silver NW, the grid resistance
decreases while the NW grid footprint remains constant, without affecting carrier
collection. We demonstrate that the FoM of our silver NW grids is precisely controlled
by adjusting the grid height through the deposition time, resulting in a large PV
specific FoM.

While in this work we have mostly focused on the silver NW grid transparency,
the design can be taken a step further by incorporating smart optical functionalities,
such as tailored diffraction and other forms of light steering. The presented method
is highly scalable, and it takes advantage of the fact that nanoimprint lithography
has been demonstrated in an industrial roll-to-roll process, and electroplating is a
well-established industrial technology.

This approach can be generalised to the large-area nanofabrication of a wide
range of metals and nanostructure designs, with the potential to be used for multiple
applications. The main limitation of the method is the need for a conductive
substrate, such as ITO, to enable the electrochemical deposition. Although grid
transfer onto other substrates may be possible, we show that the grids are equally
uniform and with the same material quality when grown on substrates of higher
resistance (i.e., 100Ω/□ ITO). Consequently, we infer that uniform silver NW grids
can be grown directly on the emitter layer of a solar cell, as is shown in Chapter 6.

4.4 Methods

4.4.1 Preparation of the mask

Substrate Conformal Imprint Lithography (SCIL) was used for the fabrication of the
mask. ITO substrates (KinTec, 10Ω/□ and 100Ω/□, 25x25 mm2) were cleaned by
brushing with soap and sonicated for 10 min in ultra-pure water, 10 min in acetone,
and 5 min in isopropanol. The ITO substrates were cleaned for 1 min using an
oxygen plasma (Oxford Plasmalab 80+, 50 W, 5 mTorr) to activate the surface. The
PMMA (MW=950 A8 1:1 anisole, Kayaku Advanced Materials, Inc.) spacer was spin
coated on the ITO substrate at 2000 RPM for 45s and was baked at 150 °C for 2
min. The surface of PMMA was activated using a 30 s oxygen plasma etch (Oxford
Plasmalab 80+, 50 W, 5 mTorr ). The sol-gel (T1100, SCIL Nanoimprint Solutions)
was spin-coated on the PMMA layer at 2000 RPM for 10 s. The PDMS stamp was
pushed into the sol-gel layer and removed after 6 min of curing at room temperature.
The residual layer of the sol-gel at the bottom of the imprint was removed using a
reactive ion etch using HF3/Ar (Oxford Plasmalab 80+, 67 W, 15 mTorr) for 2 min and
30 s, and the PMMA was etched using O2 plasma (Oxford Plasmalab 80+, 200 W, 5
mTorr) for 228 s. The final depths of the trenches are between 300 and 350 nm.
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4.4.2 Electrochemical superfilling of the trenches with silver

A custom build PEEK cell of 24 mL volume was used, using a standard three-electrode
configuration (see Figure 2.3 in Chapter 2). A Pt disc (exposed area 3.08 cm2) was
used as the counter electrode, and an Ag/AgCl electrode (leakless miniature ET072,
EDAQ) was used as reference electrode. Before the start of each experiment, the
miniature reference electrode was calibrated against a saturated Ag/AgCl reference
electrode (XR300, Hach). All experiments were performed using an SP-300 Bio-Logic
potentiostat.

A commercial silver plating solution (Clean Earth Solutions™, 45.220) was
used for the electrochemical superfilling of the nanotrenches. The double pulse
method was used to control the nucleation density and the growth rate of the wires
independently. A nucleation pulse of En = −0.96 V vs Ag/AgCl was applied for
tn = 750 ms, followed by a growth pulse of Eg =−0.06 V vs. Ag/AgCl, with varying
growth time tg from 14 to 550 s.

4.4.3 Sheet resistance measurements

The sheet resistance R□ of the samples was obtained directly before and directly
after the electrochemical deposition of silver, using the van der Pauw method. Four
gold pins located at the bottom of the electrochemical cell were used to perform
a 4 point probe resistance measurement using a SP-300 Bio-Logic potentiostat. A
cloverleaf type of configuration was used, where 4 scratches were made on the ITO
substrate to make sure that the current runs through the center region of the sample.
For a more detailed description and calculation of the sheet resistance see section
4.5.1 of the Supplementary Information.

4.4.4 Mask removal

The PMMA/sol-gel mask was removed by submerging the samples (vertically orien-
tated) in 40 °C acetone for >15 min, while stirring the solution with a magnetic stir
bar.

4.4.5 Transmission measurements

The transmission spectra of the samples were obtained using a Perkin Elmer
UV/VIS/NIR Lambda 750 integrating sphere. The transmission spectra of bare
ITO/glass were obtained at an area of the sample where no mask and silver NWs
were present, while the transmission spectra of the silver NW/ITO/glass were
obtained in the center of the sample. The transmission spectra of purely the silver
NW grids were obtained by normalising the silver NW+ITO/glass spectra by the
ITO/glass reference spectra. The average transmission was obtained by taking a
weighted average using the AM1.5G spectrum φAM1.5G (λ) given by:

TAM1.5G =
∫ 1200nm

350nm T (λ)φAM1.5G (λ)dλ∫ 1200nm
350nm φAM1.5G (λ)dλ

(4.3)
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The AM1.5G weighted averaged was taken over the spectral range of 350-1200 nm to
exclude the strong absorption of the ITO/glass substrate.

4.4.6 Morphological characterisation

Morphological and structural characterisation of silver NW grids was performed
using a FEI Verios 460 scanning electron microscope (SEM), operated at 5 kV and
100 pA, using a working distance of 4 mm. An edge detection Python algorithm
was used to extract the width from the SEM images. First, a threshold was used
to convert the SEM images into a binary image. Next, the width in pixels of the
nanowires was extracted line by line for both the vertical and horizontal directions,
and transformed into the width in nanometers by using the pixel size. The average
width was obtained by extracting the expected value from a Gaussian fit to the
combined width distribution of the horizontal and vertical nanowires. The error on
the width is taken to be the standard deviation of the Gaussian fit.

Topographical maps were obtained with atomic force microscopy (AFM), using
a Bruker Dimension Icon and a ScanAsyst-Air probe (Bruker, nominal tip radius 2
nm). The height of the wires was extracted by fitting a Gaussian distribution to the
masked area corresponding to the wires on the AFM images.

4.4.7 X-ray diffraction

X-ray diffraction (XRD) was performed on silver NW grids on thin ITO substrates (100
Ω/□) using a Bruker D2 Phase diffractometer. The Cu Kα irradiation was operated
at 30 kV and 10 mA. The substrates were scanned between 2θ = 36° and 40°, with
0.008° increment using a dwell time of 0.1 s. More than 40 scans were obtained to
increase the signal-to-noise ratio. The XRD scans were corrected by subtracting the
background and removing the Kα2 peak.

4.5 Supplementary Information

4.5.1 Obtaining resistivity by the decoupling the sheet resistance

The sheet resistance R Ag
□ of the samples was obtained directly before and directly

after the electrochemical deposition of silver, using the van der Pauw method. Four
gold pins located at the bottom of the electrochemical cell, as shown in Figure
4.6a, were used to perform a 4-point probe resistance measurement using a SP-
300 Bio-Logic potentiostat. A clover-leaf type of configuration was used, where
four scratches were made on the ITO substrate to make sure that the current runs
through the center region of the sample. A representative sample after the filling of
the trenches including the 4 scratches into the ITO substrate is shown in Figure 4.6b.
The sheet resistance was calculated using the van der Pauw formula:

e−πRhor/R□ +e−πRver/R□ = 1 (4.4)
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Figure 4.6: a) Bottom of the electrochemical cell showing the O-ring (D=11 mm) and the 4
gold pins (highlighted by the dashed red circle) used for the van der Pauw measurements.
Photograph taken under b) a slight angle and c) normal incidence of a representative sample
after the filling of the trenches including the scratches in the ITO.

By assuming that the ITO substrate and the silver NW grids are two parallel resistors,
the sheet resistance of the bare silver NW grids could be calculated by:

R Ag
□ =

(
1

R I T O+Ag
□

− 1

R I T O
□

)−1

(4.5)

The resistivityρ of the wires was extracted from the sheet resistance using an effective
height as if the grids were a film:

R□ = ρ

he f f
(4.6)

where he f f = hw/Λ, where h is the height of the silver NW grids, w the average width
of the trapezoidal shaped cross section, andΛ is the pitch.

Another method to extract the resistivity is by using Kirchoff’s rules, where the
total sheet resistance is the sum of the individual wires in the horizontal direction
(resistors in series), normalised by the wires in the vertical directions (resistors in
parallel). 238 The sheet resistance R□ for a NxN network is then given by:

R□ = N

N +1
Rwi r e = N

N +1

ρΛ

wh
(4.7)

For large N, this expression is identical to the effective height method.
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4.5.2 Large area deposition

Figure 4.7: Large area SEM image of a sample having a pitch of 2 µm and a height of 219 nm.
The black spots on the sample are sol-gel slabs, which were redeposited during the removal of
the template. The wrinkles in the contrast are Moire patterns due to the overlap of the grid with
the pixels of the SEM detector.

Figure 4.8: Large area SEM image of a sample having a pitch of 4 µm and a height of 82 nm.
In this area on the sample, all the PMMA/sol-gel slabs have been successfully removed. The
wrinkles in contrast are Moire patterns due to the overlap of the grid with the pixels of the SEM
detector.
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Figure 4.9: SEM image of a typical template-assisted electrodeposited silver NW grid having a
pitch of 4 µm. The inset shows the crossing of two NWs in more detail.

4.5.3 Conformal growth

Figure 4.10: False-coloured cross sectional SEM image of a sample with pitch 4 µm, taking
with an image tilt of 45°. The silver, ITO and sol-gel are represented in gray, yellow and blue,
respectively.
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Figure 4.10 shows a false-coloured SEM image of an overgrown sample with pitch
4 µm. In this false-coloured image, silver, ITO, and sol-gel are represented in grey,
yellow, and blue, respectively. From this tilted SEM image, the conformal growth is
clearly demonstrated. The horizontal wire shows three distinct regions. The first is
a smooth wall whose smoothness is defined by the smoothness of the PMMA. On
top of that, a darker region is observed, which is an indent in the silver NW. This
indent is caused by the sol-gel layer, which has a slightly smaller trench width than
the PMMA layer. Above the indent, the silver NW start to grow out of the trench,
which results in a dome-like shaped deposit (unrestricted growth).

The reason behind this particular shape of the wire is represented in Figure 4.11.
The non-isotropic reactive oxygen ion etch results in a slight undercut, meaning that
the sol-gel layer is slightly extending further into the trench than the PMMA layer.
The electrochemical filling of the trenches is a conformal process, so the deposit
follows the shape of the template. After filling, the template is removed by dissolving
the PMMA layer in acetone. However, due to the shape of the template, the sol-gel
layer is trapped in the silver NW and therefore it is hard to remove the sol-gel. After
the sample was taken out the acetone, the sol-gel layer collapses and redeposits
onto the ITO substrate. The suggested indent in the silver NW is confirmed by the
cross-sectional false-coloured SEM image shown in Figure 4.11d

Figure 4.11: Schematic illustrating the conformal growth. a) The non-isotropic reactive ion
etch results into an undercut type of etch. b) The electrodepostion of silver is conformal until
overgrowth. c) The template has been removed by dissolving the PMMA in acetone. Due to
the encapsulation of the sol-gel by silver NW, the sol-gel layer could not by fully removed and
falls down to the substrate. d) False-coloured cross section SEM image of a sample that was
overgrown confirming the suggested cross-sectional shape.
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4.5.4 Extracting the grid height using the total transferred charge
method

The total deposited charge Q is obtained by integrating the current over the deposi-
tion time, hereby assuming a Faradaic efficiency of 100%. Using the total footprint
area of the silver NW grids Ag r i d s (homogeneous filling), the Faraday constant F ,
the amount of electrons involved n = 1, molar weight MWAg and density of silver
ρAg , the height from the transferred charge can be calculated by:

hQ = Q

nF Ag r i d s

MWAg

ρAg
, (4.8)

where

Ag r i d s =
2Λwave −w2

ave

Λ2 AEC , (4.9)

where AEC = 0.95 cm2 is the electrochemical active area, wave andΛ are the average
width and pitch of the silver NW grid, respectively. Since the cross sectional of the
silver NW is not a perfect rectangle, the average width of the silver NW was used to
obtain the total footprint area of the silver NW grids Ag r i d s . The average width is
obtained by taking the average of the width as seen from the top by SEM and the
width at the bottom of the trench (found by extrapolating to zero time in Figure 4.2a).
We therefore implicitly assume a trapezoidal shape of the wires in the calculation of
the height using the total transferred charge.

4.5.5 Average Grain Diameter

The average grain diameter was obtained by XRD using thin ITO samples (100
Ω/□). The XRD scans were corrected by subtracting the background and remov-
ing the Kα,2 peak. The average grain diameter was determined by the Scherrer
equation: 108,202,251

L = Kλ

βcos(θ)
(4.10)

where L is the average grain diameter, K = 0.9 is the Scherrer constant, λ is the
wavelength of the X-ray (λ= 0.154 nm for Cu Kα), β is the FHHM peak in radians,
and θ is the Bragg angle (half of the 2θ peak position). The FHHM β of Ag(111)
(2θ = 38.4°) was corrected for the instrument broadening by using a Corundum
reference sample using the peak at 2θ = 37.8°.
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5
Optical Properties of Silver Nanowire

Grids

In this chapter, we describe light-matter interactions in metal nanowire grids and
their characterisation. We outline the origin behind characteristic spectral features in
transmission and how these are affected by geometry and dielectric environment. We
introduce the use of FDTD simulations to predict light transmission and absorption
by the grids. We use the simulated data to explain our experimental observations and
to validate the normalisation method to decouple light transmission of the silver NW
grids from that of the substrate in the experiments.

The second part of this chapter discusses the use of in-situ bright field microscopy
to monitor the nucleation and growth of the grid formation in-situ. We show that
upon nucleation, the silver nanoparticles strongly absorb light, resulting in a sudden
decrease in reflectance. As the nanoparticles grow larger and eventually coalesce,
more light is scattered, which makes the grid pattern appear bright in the microscopy
images.
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5.1 Introduction

When light is incident on a metal, free electrons inside the metal respond to the
oscillating electric field (E-field) of the electromagnetic wave. 257 The quantum of the
collective oscillation of free electrons is called a plasmon. The characteristic plasma
frequency is given by the density of free electrons. In metals, the characteristic
plasma frequency is in the visible-UV, while in highly doped semiconductors it is in
the far infrared.

Now consider a finite-sized metal object with diameter D. The metal object
is fully reflective in the case where the wavelength is much smaller than its size
(λ << D). On the contrary, the metal object is completely transparent when the
wavelength is much larger than its size (λ>> D). In between these two cases, where
the wavelength of the incident light is in the same order as that of the (nano)particle,
a strong resonance can occur which is known as the localised plasmon resonance.

The extinction of light in these metallic nanoparticles is well described by Mie
theory, which is an analytical solution to Maxwell’s equations describing the scat-
tering of light of a plane wave incident on a spherical homogeneous nanoparti-
cle. 258,259 Figure 5.1a shows the absorption and scattering efficiency (ratio between
the absorption/scattering cross-section σ and its corresponding geometrical cross-
section σg eo) of a silver nanoparticle for different diameters. Mie theory predicts
that small nanoparticles strongly absorb light in an area that is much larger than its
geometrical cross section, whereas large nanoparticles are strong light scatters. This
optical phenomenon has many applications, 260–263 and is for example the reason
behind the colours of stained glass. 264

In the case of a NW, the excitation of localised plasmons is strongly dependent
on the polarisation of the incident light, as the resonance can only occur when
the electric-field (E-field) is polarised perpendicular to the main NW axis. The
FDTD-simulated absorption and scattering efficiency for an infinity long silver NW

Figure 5.1: Absorption (solid) and scattering (dashed) cross-section σ normalised by its
geometrical cross-sectionσg eo for a silver a) sphere and b) infinitely long wire in air for different
diameters D. The E-field is polarised perpendicular to the infinity long NW.
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is shown in Figure 5.1b, having the E-field perpendicular to the NW. The plasmon
response is similar to that described by Mie theory of a spherical particle, where
NWs with a small diameter strongly absorb light and NWs with a large diameter
strongly scatter light. Because the confinement in the NW is only in one dimension,
the absorption/scattering efficiency of the NW is smaller compared to that of the
spherical nanoparticle. In addition to the geometry of the NW, the frequency of the
localised plasmon resonance is also affected by the dielectric environment of the
NW. 265,266 The effect of the substrate on the plasmonic response in NW structures
are described in a later section.

5.2 Finite-Difference Time-Domain (FDTD)
simulations of silver nanowire grids

Finite-Difference Time-Domain (FDTD) is a 3D electromagnetic field numerical
solver to model light-matter interactions. 267 FDTD belongs to grid-based differen-
tial numerical modelling methods (finite difference method), in which the time-
dependent Maxwell’s equations (in partial differential form) are discredited using
central-difference approximations to the space and time partial derivatives. The
time-domain offers covering a wide frequency range in a single simulation. The
finite-difference equations are solved by first finding the electric-field (E-field) vector
components in a simulation volume at a given time, after which the magnetic-field
(H-field) vector components in the same spatial volume are solved at the next
timestamp. This process is repeated until a certain amount of the input power has
been dissipated, such that the transient or steady-state solution has fully evolved, as
determined by the auto-shutoff level. The result of the FDTD simulation contains
the steady-state vector field profiles for both the electric and magnetic components
at all grid points in the simulation volume. The Poynting vector describing the
power flow in the simulation can be calculated from the electric and magnetic field
components.

5.2.1 FDTD setup

In this thesis, FDTD simulations were performed using Lumerical by Ansys. 268

Periodic boundary conditions were used to simulate an infinite network that has a
span equal to the pitch of the silver NW grid. The optical constants for Si, Ag and
glass were obtained from Palik, 269 the optical constant of ITO was obtained from
König. 270 The refractive index of the background was set to unity. A broad band
(280-1200 nm) plane wave of type bloch/periodic is used at normal incidence, while
the type BFAST is used for non-normal incidence.

A typical layout of a 2D FDTD simulation of transmission through the silver
NW/ITO/glass stack is shown in Figure 5.2. In this example, the E-field is polarised
perpendicular to the NW (TE-polarised) as represented by the blue arrow. For
these simulations, the power monitor that records the transmission of the full
NW/glass/ITO stack was placed 1.22 µm below the ITO/glass interface and 100
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nm above the end of the simulation box. On the x-boundaries (perpendicular to the
propagation of light), perfectly matched layer (PML) boundary conditions with a
steep angle profile were used to prevent any unwanted backscattering at the edge
of the simulation box (represented by the orange box on top and on the bottom).
On the y-boundaries, anti-symmetrical boundary conditions were used to split the
simulation volume in half. A custom non-uniform mesh using the conformal variant
1 mesh refinement was used with a maximum mesh step of 10 nm. A finer mesh
surrounds the silver NW having a mesh step of 0.5 nm (as indicated by the orange
box around the silver NW). In the FDTD simulation, the semi-infinite glass does
not include any absorption, as the k-values were set to zero. All simulated FDTD
transmission spectra are corrected for the absorption of 1.0 mm thick BK7 glass.

5.2.2 Light transmission in silver NW grids

At normal incidence, the 2D nanowire grid may be regarded as the sum of two
orthogonal 1D arrays of infinitely-long nanowires, as long as the two grids do not
interact. Given that 3D simulations needed for a 2D grid are time and resource
intensive, we investigate the validity of the two-1D grid approach, which requires
two 2D FDTD simulations.

The two 2D simulations have the E-field polarised along (TM-polarised) and
perpendicular (TE-polarised) to the NW. The combined transmission is based on
the sum of the absorption by the two orthogonal arrays, corrected for the overlap
(i.e. at the crossings) and by the additional reflectance by the substrate (i.e. note that
substrate reflectance is accounted for twice). The combined transmission from 2D

Figure 5.2: Screenshot of the graphical user interface of the Lumerical software showing the
setup for the FDTD simulation of a silver NW grid on ITO/glass having height of 201 nm, a width
of 102 nm, and a pitch of 4 µm. The polarisation of the plane wave source is perpendicular to
the silver NW (TE-polarised), as represented by the blue arrow.
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Figure 5.3: Simulated transmission spectra with FDTD of an a) short and b) tall silver NW
grid surrounded by air. The geometry of an individual silver NW is shown in the inset. The
2D simulations having TE and TM-polarisation’s, are represented by the solid green and blue
line, respectively. The approximated 3D spectrum is represented by the dashed black line. The
spectrum obtained from the 3D simulation is represented by the red line. The horizontal dotted
black lines represent the Rayleigh-Wood anomalies of the 1D grating.

simulations at normal incidence is given by:

Ttot = 1−
(
1− w

2Λ

)
(2−T⊥−T//)+

(
1− w

Λ

)(
1−T sub

)
(5.1)

where w is the NW width,Λ the pitch, T sub is the transmission at the substrate/air
interface, and T⊥/T// is parallel/perpendicularly-polarised transmission of the silver
NW grids including the substrate, respectively. Note that this approach can only be
used for normal incidence.

Figures 5.3a and b compare the transmission spectra of two silver NW grids
in air with different NW height obtained from either a 3D simulation (red line, 3
hour computation time for the tallest silver NW) or by adding the spectra of two
cross-polarised 2D simulations (black dashed line, computation time about 5 min
for the tallest silver NW). The two spectra are in very good agreement, where most
spectral features in the 3D simulation are captured by the combined 2D one.

Looking closer at the two 2D simulations, we can also disentangle the con-
tributions from each sub-grid. When the E-field is polarised perpendicular to
the NW axis for a small NW height (green curve, labelled as TE in Figure 5.3a),
a pronounced plasmonic resonance emerges at a wavelength of approximately 400
nm. The plasmon resonance is strongly dependent on the NW width. In contrast,
the spectrum of the the TM-polarised transmittance (i.e. polarisation parallel to
the NW long axis) does not reveal the strong plasmon resonance, as the “width”
of the NW is now regarded as infinite. Instead, we observe the appearance of
lattice modes or Rayleigh-Wood anomalies (RA). An RA is the interference between
diffracted waves by the individual NWs in an array, the frequency of which is tuned
by the grid periodicityΛ. 271,272 In momentum space, incident photons on a 2D grid
gain additional momentum |Gx | = |Gy | = 2π/Λ. The RA occurs when the following
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condition is satisfied:

2π

λ0

p
ϵd = |k0 sin(θ)+ i Gx + j Gy | (5.2)

where λ0 is the wavelength in vacuum, k0 sin(θ) is the in-plane momentum of
the indecent wave having a length |k0| = 2π/λ, and ϵd is the relative permittivity
of the dielectric surrounding, which can be expressed in terms of the refractive
index for weak absorbing materials as ϵd = n2. Strong light scattering occurs at the
wavelengths at which the RA occurs.

As shown in Equation 5.2, the wavenumber at which these anomalies occur
depends on the refractive index of the surrounding medium, the momentum of
the incident plane wave, and on the periodicityΛ of the grid. For the 1D silver NW
grating surrounded by air, Equation 5.2 can be simplified to:

λi = Λ
i

(5.3)

The RA wavelengths are represented by the dotted black lines in Figure 5.3. The
lines match perfectly with the sharp changes in transmittance of the TM-polarised
spectrum, therefore confirming their RA nature. The strength of the RA is strongly
dictated by the height of the NW grid. As the height of the silver NW is increased (see
Figure 5.3b), the light-matter interaction increases, resulting in a more pronounced
RA, overshadowing the plasmon resonance even in the TE-polarised spectrum.

The RA nature of the spectral features becomes more obvious when we look at
the dispersion plot shown in Figures 5.4a-c, which show the transmittance of a 1D
silver NW grating (having a width, height, and pitch of 86 nm, 41 nm, and 2 µm),
as a function of the angle of incidence. The modes dispersion with angle is clearly
visible, which follow the expected ones for RAs as represented by the red and black
dashed lines. Similarly to Figure 5.3, the plasmon resonance is visible for all angles
of incidence in the TE-polarised spectra, while it is absent for the TM-polarised
dispersion. As a result of the plasmon resonance, the power of the indecent wave
is stored for a longer period of time in the simulation volume for the TE-polarised
simulations. For some particular angle of incidence, the simulations did not fully
converge, as more than 10−5 times the initial power was still present in the system.
This resulted in simulation artefacts that are clearly visible at an angle of incidence
of 32°, where a clear black spot is visible around a wavelength of 1050 nm.

In the 1D grating, the RAs occur at an integer times the wavevector of the lattice
(Equation 5.2). Combining the two orthogonal directions only accounts for the RA
in the orthogonal directions (±i ,0), with i = 1,2,3, ..., as highlighted by the red and
black dashed lines in the combined dispersion plot in Figure 5.4c. However, the
actual 2D grating also contains superimposed modes rising from the periodicity in
the y-direction, such as (i , j ) = (1,1), (1,2), .... Combining the 2D TE and TM polarised
transmission spectra using Equation 5.1 does not account for these superimposed
modes. Therefore, the small differences around the wavelengths of about 500, 580,
680, and 1100 nm between the 3D and the combined 2D spectra (Figure 5.3) can
therefore be attributed to these superimposed higher-order modes of RAs.
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Figure 5.4: Transmission through a 1D silver grating suspended in air as a function of the angle
of incidence for the a) TE/perpendicular, b) TM/parallel, and c) combined polarisation. The
grating has a height, width and pitch of 41 nm, 86 nm, and 2 µm, respectively. The (i ,0) modes
and (−i ,0) modes are represented by the red and black dashed lines, respectively. d) Schematic
of the 1D silver grating highlighting the used geometry and the angle of incidence.

5.3 Substrate effects on transmittance

To further investigate the physical phenomena of the measured transmission spectra
of silver NW grids on ITO/glass substrates, as discussed in Chapter 4, 2D finite-
difference time domain (FDTD) simulations were performed. In these 2D FDTD
simulations, the silver NWs have a width and height as extracted from SEM and
AFM measurements and are either placed on 180 nm thick ITO with a semi-infinite
glass substrate or surrounded by air. Figure 5.5 shows the experimental (red) and
simulated (black) transmission spectra, for a pitch of 2 and 4 µm for a silver NW grid
having a low and high aspect ratio (height over width). The spectra overlap quite
well in the spectral range of 280 to 750 nm. However, for longer wavelengths, the
measured spectrum shows a consistent lower transmission, which is explained by
the difference in the optical constants between the experimentally used ITO and the
theoretical values used in the FDTD simulations. The broad bands around 390, 460
and 620 nm in the simulated spectra correspond to thin film interference. These
overlap well with those in the experimental spectra, validating the ITO thickness of
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180 nm used in the FDTD simulations. The sharp spectral modulations appearing in
the simulated spectra are attributed to the RA anomalies. Compared to the spectra
of the grid in air from the previous section, the RAs are now less pronounced and
have additional peaks due to the presence of substrate. These sharp features are not
observed experimentally, which is likely due to the fact that a focused non-coherent,
non-polarised light is used, resulting in a broadening of the features.

Figure 5.6 shows the simulated (solid black) and experimental (solid red) nor-
malised transmission for the same silver NW grids as shown in Figure 5.5. Here, the
transmission is normalised by the corresponding ITO/glass transmission spectra (i.e.
without the grid). To validate this normalisation method, the transmission spectrum
of the bare silver NW grid in air (dashed blue) is also included. Qualitatively, the
normalised spectra and those calculated in air are in very good agreement. Looking
closer, one can note several differences in the plasmon resonance region (i.e. around
400 nm) and also in the RAs. Remarkably, the plasmon resonance around 400 nm is
not clearly prominent in any of the normalised spectra from the grids on ITO/glass,
in contrast to what is observed in the spectra of the grids in air. This is due to the
presence of the ITO substrate, which modifies the electric field along the edges
of the silver NW, thereby blue shifting and damping the plasmon resonance. Yet,
increasing silver NW height enhances the plasmon resonance excitation, given by
the increased absorption in the blue spectral range. On the other hand, the Rayleigh-

Figure 5.5: Simulated transmission spectra (black) of infinite silver NW 1D grating, having a
pitch of (a,c) 2 µm and (b,d) 4 µm, and having a geometry as specified by the inset, overlapped
with the experimentally obtained transmission spectra (red) of silver NW/ITO/glass. The AM1.5G
weighted average was taking in the spectral range of 350-1200 nm as indicated by the dashed
vertical line.
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Figure 5.6: Normalised experimental (red) and simulated (black) transmission spectra
overlapped with the simulated transmission spectra of the same silver NW grating surrounded
by air (dashed blue), having a pitch of (a,c) 2 µm and (b,d) 4 µm, and having a geometry as
specified by the inset.

Wood anomalies are more pronounced and there are more peaks in the presence of
the ITO/glass substrate. The latter is due to the fact that two sets of modes are now
available (i.e. in air and in ITO/glass), each of which has different spectral positions,
as given by Equations 5.2.

In the world of TCMs, we are mostly interested in the spectral-average of the
transparency. Figure 5.7 shows the AM1.5G weighted average of the raw and nor-
malised simulated transmission of grids on ITO/glass and in air, represented by
open red and black squares, respectively. Here, we plot the data for all samples
having a pitch of 2 µm and 4 µm. The average simulated transmission for the
grids in air (black squares) and the normalised one for the grids on ITO/glass (red
squared) overlap almost perfectly, hereby validating this normalisation method
to deconvolute the grids’ optical characteristics from the substrate. The average
normalised transmission in the experiment (red circles) is very close to that obtained
from simulations, only with slightly lower values. The difference may be due to
the different optical constants used for ITO in the simulation, as explained earlier.
The same reasoning can be used for the difference between the simulated and
experimentally obtained average transmission of the full silver NW/ITO/glass stack
(in blue). Remarkably, the average of the experimental normalised transmission is
very similar to the transmission expected from its geometric shading (based on the
width and pitch of the silver NW grating), which was discussed in Chapter 4.

So far, we have demonstrated that the presence of ITO has very little effect on
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Figure 5.7: AM1.5G weighted average transmission as function of the silver NW grating height,
for gratings having a pitch of 2 µm (left) and 4 µm (right). Experimental and simulated data is
represented by closed circles and open squares, respectively. The average transmission of the
normalised spectra and total transmission of the silver NW/ITO/glass stack are represented
by red and blue, respectively. The simulated transmission of the silver NW grating in air
is represented by open black squares. The transmission expected from geometric shading is
represented by the open green circles.

the AM1.5G weighted average transmission of the grids. In reality, these grids will
be fabricated on a substrate with a much higher refractive index compared to ITO,
such as silicon. In Chapter 6, we actually show that the silver NW grids can be
grown electrochemically directly on TOPCon solar cells that have a highly doped
n-Si surface. Silicon is not only a high index material, but also highly absorbent.

Figure 5.8: Simulated transmission spectra of a 1D silver NW grating having pitch of 2 µm on
Si (solid red), normalised for Si absorption (solid black), and free standing in air (dashed blue).
The geometry is specified by the inset.
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Therefore, we have also simulated the effect of a silicon substrate on the grids optical
performance by placing a power monitor 1 nm below the Ag/Si interface to avoid
accounting for the absorption in Si.

In Figure 5.8, we compare the transmitted spectrum of the same grid as shown in
Figure 5.5a,c suspended in air (dashed blue line) and on a Si substrate (solid red line),
and normalised by the transmittance of the Si reference (solid black line). As the
refractive index of the Si substrate is much greater than that of ITO, the transmission
spectra of the silver NW grids on the Si substrate is much lower due to the increased
reflectance. Similar to the case of ITO/glass substrates, the transmission spectrum
of purely the silver NW grating can well be approximated by normalising by the
transmission spectrum of bare Si. Therefore, we conclude that light transmission
through the grid is only marginally affected by the presence of the higher-index
dielectric substrate, once the substrate transmittance has been taken into account
(i.e., normalised spectrum).

5.4 Experimental in-situ optical properties of silver
NW grids

5.4.1 NSECC microscope

A custom-made microscope was built for the in-situ microscopy and spectroscopy
of the electrochemical filling of the trenches, which is called the Nano Superfilling
Electrochemical Cell (NSECC). A schematic overview of the used microscope is
shown in Figure 5.9. The sample is illuminated with white light (Ocean Optics,
DH-2000), where an objective (Nikon, CFI L Plan EPI CR) with a magnification of
100x and an NA of 0.85 was used to focus the white light on the sample and collect
the reflected light. Because the sample is illuminated through the back side, only

Figure 5.9: Schematic representation of the Nano Superfilling Electrochemical Cell (NSECC)
microscope. The focal length is given in mm. For a more detailed illustration of the
electrochemical cell, see Figure 2.3 in Chapter 2.
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transparent substrates can be used in the NSECC microscope. The incident light
first passes through the glass and ITO layers before being back-scattered by the
silver nanoparticles. A 50-50 beam splitter was used to send the reflected light either
to the camera or to the spectrometer. Reflection spectra were measured using a
spectrometer (Ocean Optics, Maya 2000 PRO). Custom software was used to control
and read out the data from the spectrometer (ENS monitor, developed by Sjoerd
Wouda, 2018). A CMOS camera (Basler acA1920-40um, Sony IMX249 CMOS sensor)
was used to record the bright-field microscopy videos with 40 fps. Pylon viewer
(Basler, version 6.2.0) was used to control and read out the data from the camera.

5.4.2 In-situ bright-field microscopy

In electrochemistry, the time-dependent current density carries spatially-averaged
information of the deposition, nucleation density and growth dynamics (see Chapter
2). A representative example of the first 12 seconds for the nucleation and growth
of a silver NW grid on an ITO substrate is shown in Figure 5.10 (note that the total
growth time is 50 s).

At the start of the nucleation pulse, the current density starts around -1.4 mA/cm2

and rapidly drops to -0.8 mA/cm2, due to the rapid depletion of silver ions close to
the substrate surface. After 750 ms, the applied potential is reduced to the growth
pulse potential, at which point the current density stabilises. This indicates that the
electrochemical growth is not fully dominated by diffusion, but is expected to occur
in the mixed kinetic-diffusion controlled regime. 145 Interestingly, no signs of silver
nanoparticle merging into NW grids are discernible in the current transient.

To shed light on the nucleation and growth of silver NW grids, both in-situ bright-
field microscopy and spectroscopy were used. During the deposition, a bright-field
microscopy video was recorded at 40 fps. Some frames extracted from the video are

Figure 5.10: Current density as function of time. The corresponding position of the extracted
frames as shown in Figure 5.11b-f are represented by a vertical dashed black line.
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Figure 5.11: Bright-field microscopy images recorded at different times during the nucleation
and growth of the silver nanoparticles. The image of the sample without before the experiment
is shown in a). The images shown in b-c) and d-f) were recorded during the nucleation and
growth pulse, respectively.

shown in Figure 5.11, the moment in time are indicated by the vertical dashed black
lines in Figure 5.10. The image of the sample before the start of the experiment, in
which only the PMMA mask is present, is shown in a). In this image, the PMMA
appears somewhat darker than the trenches in the mask. The width of the trenches
is smaller than the diffraction limit, so we do not have access to information within
the trench. Instead, the used pitches of 2 and 4 µm are larger than the diffraction
limit, so individual wires can be distinguished from their neighbours.

Upon nucleation, there is a sudden change in optical appearance in a time
span of about 2 frames (≈ 50 ms). As shown in Figures 5.11b-c, the trenches now
appear darker compared to the PMMA mask. This is the result of the expected
large absorption cross section of silver nanoparticles smaller than 25 nm. Because
the small nanoparticles mainly absorb light instead of scattering, the amount of
light that is reflected back to the camera decreases. After a few seconds of growth,
the silver nanoparticles start to become bigger and therefore start to scatter more
light. This is also evident in the images shown in Figures 5.11d-f, as the silver NW
grids start to become much brighter than the PMMA background. We expect that
interparticle merging takes place between 3 and 6 seconds after the start. Within
this time span, there is no sudden change visible in the current density but we see
the clear transition to bright lines in the images. While the microscopy images only
show a small fraction of the total area of the sample, the current transient averages
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the information of all growing nuclei. If the growth is non-homogeneous across
the surface, nanoparticle merging may occur at different moments in time, and
therefore the current density change due to the transition from 3D to 2D or even 1D
growth is extended over a larger time span, and hence no sudden change in current
density is observed.

Interestingly, two defects appear as the growth evolves in the images in Figures
5.11d-f, which are not observed in the early frames. These defects are unlikely to be
related to imprint imperfections, because they appear dark during the nucleation
pulse. In other words, silver nucleation is expected in these trenches. However, these
particles seem to be not able to grow larger because they remain dark. During the
nucleation pulse, a high overpotential pulse is applied, which is large enough to drive
the hydrogen evolution reaction. 181 Therefore, the surface could be locally poisoned
by hydrogen bubbles that block the diffusion of silver ions into the trenches and
therefore prevent the growth of the silver nanoparticles.

5.4.3 In-situ spectroscopy

Microscopy images provide great visual feedback, but contain rather limited informa-
tion.Therefore, reflection spectra were also obtained during nucleation and growth.
The reflectance spectrum of the sample prior to the start of the experiment was
taken as a reference. The relative changes in reflection during nucleation and growth
of the silver nanoparticles in the nanotrenches are shown in Figure 5.12. During the
nucleation pulse and the first seconds of growth (30 seconds), the spectrum rapidly
changes, after which it remains rather constant. To highlight the initial changes,
the time axis is shown in logarithmic scale. The end of the nucleation pulse and
therefore the start of the growth pulse, is indicated by the white dashed line.

Figure 5.12: Relative spectral changes over time during the nucleation an growth pulse. The
vertical white dashed line represents the duration of the nucleation pulse.
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Figure 5.13: Reflection spectra at specific moments during the growth of the silver NW wires.
The inset shows a zoomed in view which highlights the drop in reflection within the first 1.5 s of
the growth.

In general, we observe that the reflection increases over time as a result of the
increasing scattering of the silver nanoparticles and, at a later moment, the silver NW
grids. In particular, reflectance increases in the 550-700 nm range. These spectral
features become clearer in Figure 5.13, which shows the normalised reflection
spectra at a few timestamps. The inset shows an enlarged view of the spectra. In
this inset, one can clearly discern a reduced reflectance for the shorter wavelengths
up to 550 nm in the first few seconds, next to an enhanced reflectance around
650 nm. We associate the decrease in reflection at short wavelengths with strong
absorption in small silver nanoparticles at the initial stages of nucleation. The
enhanced reflectance in the 550-750 nm shows a primary peak with two side bands,

Figure 5.14: FDTD simulations of the absorption and scattering cross section of a silver
nanoparticle with a radius of a) 10 nm and b) 50 nm on ITO surrounded by water.
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the position of which red shifts within the first seconds of the experiment. Afterwards,
the main reflection peak remains at the same wavelength.

We explain the main features in the time-dependent spectra by the Mie scattering
of the silver nanoparticles. 258,259 Right after the nucleation of silver, small (10 nm)
silver nanoparticles have a very large absorption cross section at 500 nm (Figure
5.14a), which matches well with the observed decrease in reflection around 500 nm
in the in-situ reflection data. Note that for these small particles, almost no scattering
is present. As the particles become larger, scattering increases and at some point
it becomes more dominant than the absorption. Figure 5.14b shows the scattering
and absorption cross section for a silver nanoparticle of 50 nm. The scattering cross
section is now larger than the absorption cross section, showing a clear band around
600 nm, in line with the measured relative reflection spectra.

In the experiment, we expect a certain size distribution of the nanoparticles,
which broadens with time. As a result, we expect a convolution of spectral features
from all sizes, resulting in broad reflection peaks as obtained experimentally. More
detailed analysis of the in-situ spectra may be able to reveal additional information
on the size and shape of the particles, which is now difficult because of the particle
polydispersity.

5.5 Conclusion

In the first part of this chapter, the transmission spectra of the silver NW grids on
ITO/glass substrates were investigated by using 2D and 3D FDTD simulations. For
normal incidence, the 3D FDTD simulations can be well approximated by two 2D
simulations by two types of polarisation of the E-field (parallel and perpendicular to
the NW). The simulations show a strong plasmon resonance around 400 nm when
the E-field is polarised perpendicular to the silver NW. Furthermore, the silver NW
grids show Rayleigh-Wood anomalies for both the parallel and perpendicular polari-
sation of the E-field, which become more pronounced for taller NWs. Although the
plasmon resonance was also observed experimentally, the Rayleigh-Wood anomalies
were not observed experimentally, while they are clearly present in the simulations.
We address these differences to the used light source in the experiments, which is a
focused, non-polarised, non-coherent source. Overall, we have shown that the used
normalisation method is valid to obtain the AM1.5G weighted average transmission
of the pure silver NW grids, as the average transmission of the silver NW grid in air is
nearly identical to the average of the simulated normalised transmission.

Furthermore, as one of the goals is to replace the ITO by the silver NW grids, we
investigate the optical properties of the silver NW grids on silicon substrates. We find
that light transmission through the grid is only marginally affected by the presence
of the higher-index dielectric substrate, once the substrate transmittance has been
taken into account (i.e., normalised spectrum).

In the second part of this chapter, we have developed an optical microscope
for in-situ microscopy and spectroscopy of the electrochemical growth of the silver
NW grids. We used this microscope to investigate the nucleation and growth of
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silver NW grids on ITO/glass substrates. Using in-situ bright-field microscopy and
spectroscopy, we observed a sudden change in appearance of the trenches upon
nucleation and subsequent growth of silver nanoparticles, which is caused by the
strong plasmonic absorption by the silver nanoparticles. As the nanoparticles grow
larger, the amount of reflected light is increased and hence the trenches appear
brighter in the bright-field optical microscope images. Moreover, spectroscopic
analysis allowed us to probe the in-situ reflection spectrum of the silver NW grids
during nucleation and growth. We observed significant changes in reflection, verify-
ing the hypothesis of absorption and scattering by the growing silver nanoparticles.
The observed red shift in the reflection peak and the emergence of side peaks reveal
information about the size distribution and shape evolution of the growing silver
nuclei.
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6
Electroplated Silver Nanowire Array as

Transparent Electrode Without Seed
Layer on TOPCon Solar Cells

This Chapter focuses on the investigation of silver NW grids integrated into an actual
solar cell device. To do so, we first demonstrate the successful fabrication of silver
NW grids grown directly on Si-based solar cells by electrochemical deposition without
using a seed layer. We use tunnel oxide passivated contact (TOPCon) silicon cells as
a platform to measure the transparency of the silver NW grids in the right dielectric
environment via Jsc monitoring. SR-LBIC measurements on the patterned devices
show that the transmission of the silver NW grids is greater than expected from their
geometrical footprint. Interestingly, we find that the EQE at 1064 nm is increased by
the addition of the silver NW grids, as a result of the increased optical path length
leading to a higher absorption by the TOPCon solar cell. Furthermore, we investigated
the effect of the aspect ratio of the nanowire on the angle-dependent Jsc. We find that
the Jsc is virtually constant up to an angle of incidence of about 40°, after which the
current drops. From FDTD simulations, we find that the silver NW grids absorb quite
strongly at large angles of incidence due to the increased interaction cross-section.
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6.1 Introduction

As the photovoltaic market heads toward multi-terawatt production capacity, the
question of sustainable solar cell fabrication becomes more important. 39 In par-
ticular, energy usage during the fabrication process and resource availability have
become increasingly important topics. 39,69,273,274 The supply of raw materials is
limited, either for geopolitical or abundance reasons. For example, silicon is very
abundant, however, there are only a few places in the world where the quality of
the silicon is sufficient to be used in the photovoltaic industry. 71 Other elements,
such as indium, are limited by their abundance. 68 Therefore, we must develop new
strategies to reduce or even replace these elements in the design of solar cells. Thin
film-based solar cells offer several advantages in terms of resource efficiency and
energy consumption. 54,55 Several thin film solar cells based on materials from earth-
abundant elements, such as CZTS 275 and zinc phosphide (Zn3P2), 276 are being
intensively studied. Yet, these proposed solutions require a transparent conductive
material (TCM), where the most commonly used TCM is indium tin oxide (ITO).

In addition to the photovoltaic industry, ITO is used in a variety of optoelectronic
applications, such as displays, 277 touchscreens, 278 OLEDs, 279 etc. It is estimated
that in 2020, nearly half of the refined indium went to ITO targets. 280 Replacing ITO
is therefore important to secure the indium supply in the coming decades. Many
alternatives have been proposed, such as indium-free transparent conducting oxides
(Al-doped zinc oxide, 281 F-doped tin oxide 282), carbon nanotubes, 85 graphene, 82

and metal micro- and nanowires. 75,76,98,104,238 An exciting alternative are silver
nanowire (NW) networks, in particular due to their excellent conductivity and
mechanical flexibility. In combination with solution-based fabrication, silver NW
networks can be fabricated in a resource- and energy-efficient manner. 98,108

In Chapter 4, we have shown that silver NW grids can be fabricated using
template assisted electrodeposition on ITO substrates, resulting in high transparency
and conductivity by increasing the NW aspect ratio. So far, these networks have
been fabricated and characterised (sheet resistance and transparency) on sacrificial
transparent substrates, i.e. ITO/glass. 98 While it has been shown that silver NW
grids can be later transferred onto other surfaces. 242,283 the question is whether
these results can be extended to device integration. Particularly challenging are the
optical properties, which are difficult to disentangle from the substrate and may be
quite different when on top of high-index dielectric layers. Another question is the
effect of the 3D NW structure on transparency, as the structure is illuminated under
an off-normal angle of incidence. Most solar cells are installed in a fixed position,
resulting in a variable angle of incidence of sunlight up to 60°. 284 Therefore, it is
important to understand the angle-dependent light-matter interactions of the silver
NW grid.

In this work, we demonstrate the direct bottom-up fabrication and characterisa-
tion of silver NW grids on a solar cell device. We use tunnel oxide passivated contact
(TOPCon) solar cells as a platform to study the growth and optical transparency of
silver NW grids under realistic conditions. Due to the long minority carrier diffusion
length of the emitter (up to a few cm), 285 a TCM is not required for the performance

100



6

6.2 Results and Discussion

of the solar cell. Thus, the TOPCon solar cell is used as an optical detector. We
demonstrate that the direct fabrication of high aspect ratio silver NW grids on a
silicon-based solar cell is possible by using selective area light-induced plating. We
used spectrally resolved light-beam induced current (SR-LBIC) to locally measure
the transparency of the grids, and angle-dependent short-circuit current density
(Jsc) measurements to reveal the effects of the aspect ratio on transparency for large
angles of incidence.

6.2 Results and Discussion

6.2.1 Light-induced bottom-up growth of silver nanowire grids

Selective area electrodeposition of silver directly on TOPCon solar cells was achieved
by filling nanosized trenches in an insulating mask, combined with light-induced
plating (see Figure 6.1). The fabrication of the silver NW grid involves mainly two
steps:

i Mask fabrication: the mask was fabricated by imprinting a thin sol-gel layer
on a PMMA spacer layer at the emitter side of the solar cell using substrate
conformal soft-imprint lithography (SCIL). SCIL is a scalable nanofabrication
method that creates high-fidelity nanostructures over up to 6" wafers and
can create nanoscale features with characteristic dimensions as small as 6
nm. 286 After imprinting, a reactive ion etch is used to create a grid consisting
of trenches approximately 600 nm deep in the PMMA/SiO2 mask. The final
step consists of a hydrogen fluoride (HF) vapour etch to remove the plasma-
induced silicon oxide from the surface of the TOPCon cell, which is a critical
step for the electrochemical growth of silver.

Figure 6.1: Schematic diagram of the light induced plating (LIP) process including the
schematic of the device architecture of the TOPCon solar cell and the mask.
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ii Electrochemical growth of silver: the trenches were filled with silver using
potential-controlled light-induced plating (LIP). As discussed in detail in
Chapter 3, we make use of a potential pulse sequence to independently
tune the nucleation and growth conditions. However, the electrochemical
reduction of silver cannot take place on the front side of the TOPCon solar
cell because the diode configuration of the solar cell prevents the flow of
current. Upon illumination, a backflow of photo-generated electrons enables
the electrodeposition of silver in the mask openings. Potential control is
essential to regulate the kinetics during the growth pulse.

Figure 6.2a shows an SEM image of the silver NW grids fabricated on TOPCon
solar cells. The width of the wires is determined by the shape of the mask. The
sample shown in Figure 6.2 exhibits an average wire width of 199.7 ± 7.9 nm, which
is much wider than the 80 nm wire width of the stamp. This is due to the slight
nonisotropic etching of the mask, resulting in a trapezoidally-shaped trench and
thus a height-dependent wire width (see Chapter 4 for more details). The height of
the silver NW grid is fully controlled by the deposition time. Figure 6.2b shows a 52°
tilted SEM image that illustrates the high aspect ratio of the nanowire network. To
quantify the height distribution, Figure 6.2c shows an atomic force microscopy (AFM)
image of the corresponding sample shown in Figures 6.2a-b. The average height
of the silver NW grid was obtained by fitting a Gaussian to the height distribution
extracted from the AFM scan, and is found to be 425 ± 45 nm, which is about 3 times
larger than the width (i.e. AR∼3).

It can be seen that there is a wide height distribution across the wires, which may
limit the electrical performance of the grid. Although most of the trenches are filled
with silver, some spots display a lower height compared to the average, which we call
defects. An example of the height profile of a defect is shown in Figure 6.2d through
the line profile extracted from the AFM image in Figure 6.2c, indicated by the white
line between the blue triangles. In contrast to our previous work, light-induced
electrodeposition is used to enable a current flow through the TOPCon cell into the
electrolyte. Although the overpotential and light intensity conditions have been
optimised for the best growth rate, we cannot dismiss spatial inhomogeneities in
the illumination or in the charge collection by the top emitter layer. In future work,
the homogeneity of the height of the NW grid may be improved by using additives in
the electrolyte. 171

6.2.2 Ag grids performance assessment

In this work, we specifically focus on the optical characteristics of the grids in
a realistic dielectric environment, where the TOPCon solar cell underneath acts
as a photodetector. To determine the local transmission of the silver NW grids,
spectrally resolved light-beam induced current (SR-LBIC) microscopy was used to
obtain external quantum efficiency (EQE) maps. In this technique, the sample is
illuminated using monochromatic light with a spot size ranging between 100 and 220
µm. To extract the transmission of the silver NW grids, an area containing silver NW
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Figure 6.2: a) SEM image of the fabricated silver NW grids using SCIL and the LIP process with
a width of 199.7 ± 7.9 nm. b) Side view SEM image taken under an angle of 52° for a sample
with an aspect ratio of 3.0. c) AFM surface topography of an silver NW grid with an aspect ratio
of 3.0. d) Line profile taken along the segment as indicated in the AFM between the two blue
triangles as shown in c).

grids is compared with an area without silver NW grids (bare Si surface). Therefore,
part of the silver NW grids were removed using a PEEK tip to create a clear boundary
between areas with and without silver NW grids. Figure 6.3a shows a photograph of
a sample in which a part of the silver NW grid was removed. The area containing the
silver NW grid is easily recognised because of the whitish backscattering of light. The
black background is the bare Si surface, and the gray areas on the top and bottom
are the silver contact pad used to make an electrical connection to the front side of
the sample.

Figures 6.3b-f show the EQE maps for the shortest NW grid (h = 159 nm) obtained
by SR-LBIC using multiple excitation wavelengths, where the areas with and without
silver NW grids are easily recognisable. The EQE map obtained at an excitation
wavelength of 405 nm is shown in Figure 6.6 in the Supplementary Information.
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Apart from the defect in the center, the EQE obtained in the area contained silver NW
grids is homogeneous. This indicates that the transparency, and hence the width
of the silver NW grid, is quite homogeneous across the sample. The interference
fringes visible in the EQE map for an excitation wavelength of 1064 nm is expected to
be a result of small thickness variations of the double-sided polished Si wafer, since
at these wavelengths the Si solar cell becomes semi-transparent. The average value
of the EQE of the silver NW grids and the bare Si area was obtained by extracting the
expected value from a Gaussian fit to the corresponding histogram (see Figure 6.7
in the Supplementary Information) from the encircled areas in Figure 6.3. We find
that for all wavelengths, except for 1064 nm, the EQE value is slightly lower in the
area containing the silver NW grids compared to the bare Si area (see Figure 6.8a
in the Supplementary Information). In a similar way, reflection maps at different
excitation wavelengths were obtained. We find that the addition of silver NW grids
to the TOPCon solar cell reduces the average reflection of the cell, as shown in Figure
6.8b in the Supplementary Information.

To investigate the effect of the height of the silver NW grid on the EQE, we also
obtained EQE maps for the tallest silver NW grid having a height of h = 456 nm (see
Section 6.5.2 in the Supplementary Information). Again, the areas with and without
silver NW grids are easily recognisable, and interference fringes are observed for an
excitation wavelength of 1064 nm. We find that for the tallest grid height, the EQE
values within the silver NW grid area are lower compared to the bare Si area for all
excitation wavelengths.

Figure 6.3: a) The appearance of the silver NW grids on TOPCon (h = 159 nm, AR = 1.6). The
white areas on the top and bottom are the silver contact pads used to make contact with the
TOPCon cell and the silver NW grids. b-f) EQE maps of the corresponding sample. The silver
NW grid and bare Si surface areas used for the analysis are encircled by dashed white and black
lines, respectively. The excitation wavelength is noted in the top right corner. The colour bar in
the inset specifies the range of EQE values in percentage.
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The transparency of the silver NW grid Tg r i d can be estimated by taking the ratio
between the EQE of the silver NW grid and the EQE of the bare Si EQE:

EQEg r i d

EQESi
= IQEg r i d

IQESi

Ag r i d

ASi
= Ag r i d

ASi
= Tg r i d ASi

ASi
= Tg r i d (6.1)

where Ag r i d and ASi are the amount of absorbed photons in the area containing the
silver NW grid and the bare Si, respectively. We assume that the internal quantum
efficiency (IQE) is spatially homogeneous throughout the device, and therefore the
reduction in photocurrent is a direct result of the reduced amount of absorbed
photons. Therefore, we assume that the reduction in absorbed photons is purely the
result of the transmission of the silver NW grids, and hence Ag r i d = Tg r i d ASi .

Figure 6.4 shows the transparency of the silver NW grid as extracted from the
EQE maps. The AM1.5G average transmission of the shortest (h = 159 nm, AR= 1.55)
and tallest (h = 456 nm, AR= 3.22) silver NW grid are found to be 96.9±5.3% and
94.3±5.2%, respectively. For both heights, the AM1.5G average transmission is larger
than that given by the corresponding geometric shading (as indicated by the dashed
horizontal lines).

To explain such differences, we refer to the fact that the optical cross section of
nanostructures can be quite different from their geometric cross section. 88,287 For
wavelengths much larger than the NW width, the extinction cross section is smaller
than the geometric cross section. However, for wavelengths approaching the width
of the silver NW, the silver NW begins to strongly extinct light due to the excitation
of the local plasmon resonance. 88 The plasmon resonance of our silver NW grid
occurs around 400 nm (as discussed in detail in Chapter 5), at which point the grid

Figure 6.4: Transmission spectrum of the silver NW grid extracted from the EQE maps for
two the shortest (h = 159 nm, red circles) and tallest (h = 456 nm, blue circles) grid height.
The dashed horizontal lines represent the transmission expected by geometric shading (red:
shortest, blue: tallest), based on the average width. The AM1.5G weighted average transmission
is 96.9±5.3% and 94.3±5.2% for the shortest and tallest silver NW grid, respectively.
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absorbs light strongly, resulting in a lower transparency at 405 nm than expected by
geometric shading. The absorption at 405 nm is also consistent with the observed
decrease in reflection.

Interestingly, for an excitation wavelength of 1064 nm, we find that the EQE of
the shortest silver NW grid even exceeds that of the reference. A line profile from
the EQE map (thereby excluding the area containing interference) clearly shows the
jump in EQE from crossing over the bare surface to the silver NW grid area (for more
details see Section 6.5.1 in the Supplementary Information). In fact, the assumption
that the amount of absorbed photons being only affected by the transmission of
the silver NW grids does not hold at a wavelength of 1064 nm since the Si becomes
semi-transparent. At this wavelength, the silver NW grid with a pitch of 4 µm are
strong scattering objects, thereby increasing the optical path length in the TOPCon
underneath and thus resulting in a larger amount of absorbed photons. Furthermore,
the reflection at 1064 nm for the area containing silver NW grids is lower compared
to the bare Si area. Combing this with the increase of photocurrent, we conclude that
more photons have been absorbed by the Si absorber. Although the transparency
value for the shortest silver NW grids at 1064 nm may not be valid, the photocurrent
is increased as a result of the addition of the silver NW grid and is therefore beneficial
for the power output of the solar cell.

To address the effect of the high aspect ratio on the transparency of the silver
NW grids, angle-dependent short-circuit current density (Jsc) measurements were
performed. The angle-dependent Jsc is shown in Figure 6.5a. The current was
measured at 3 different spots to average out the spatial homogeneity effects of the
deposited silver NW grids. A flat reference cell without silver NW grids is also shown
as a reference (black squares connected by a solid line). In all samples, including
the flat reference, the Jsc decreases with increasing angle of incidence, mainly due
to the reduced power per unit area impinging on the solar cell, which follows as a

Figure 6.5: a) Jsc as function of angle of incidence and b) normalised by the Jsc at normal
incidence for silver NW grids having different aspect ratios. The experimental data is represented
by the circles, and the FDTD simulation is represented by the squares connected by a dotted line.
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cosine function (for more details see section 6.5.3 of the Supplementary Information).
When comparing the flat reference sample with samples containing different heights
of silver NW grids, we observed a lower value of Jsc at all angles, as expected from
the SR-LBIC data.

By normalising the measured current by that of the reference cell, we uncover
the angle-dependent silver NW grid transparency. The relative Jsc as a function of
the angle of incidence is shown in Figure 6.5b. We find that at normal incidence
the reduction of Jsc falls within less 5% for all grid heights, while the silver coverage
ranges between 6 and 10%, consistent with the SR-LBIC results. This corroborates
that the transparency of the silver NW grids is more transparent than expected from
its geometrical cross section. On the other hand, we find that the relative Jsc is fairly
angle independent for all samples up to approximately an angle of incidence of 40°
after which the relative Jsc decreases. This indicates that the transparency for even
the grid with the highest aspect ratio is very robust up to angles of incidence of about
40°.

To understand the reason behind this angle dependence, FDTD simulations have
been performed for the shortest (h = 159 nm) and tallest (h = 459 nm) silver NW
grids on Si at multiple angles of incidence. The simulated photocurrent normalised
to that of a reference without the grid is shown in Figure 6.5b as squares. We find
that the angle-dependent relative Jsc behaviour is qualitatively very well described
by the FDTD simulations. The decrease in relative Jsc at large angles of incidence can
be attributed to an increase in absorption by the silver NW grids at those angles (see
Figure 6.16 in the Supplementary Information). On the other hand, we attribute the
absolute difference between the FDTD simulated and the experimentally obtained
relative Jsc to incomplete grid coverage within the illuminated 5x5 mm2 area. There-
fore, the FDTD simulations serve as a lower limit for the relative Jsc. The operating
angle of incidence of most solar cells is as high as 60°, and therefore the effect of
parasitic absorption could be kept to a minimum.

Finally, we comment on the conductivity of the silver NW grids. The one-sun
full I-V curves of the patterned solar cell devices are shown in Figure 6.17a in the
Supplementary Information. Based on the results obtained in Chapter 4, one would
expect the sheet resistance of the silver NW grids to be < 10Ω/□, where the taller
the silver NW grids the lower the resistance. Despite the high conductivity of the
emitter in the TOPCon cell, we consistently observed an improved FF when the NW
grids are present compared to the reference. This means that the sheet resistance
of the front extraction layer is effectively decreased by the addition of the silver NW
grids. Unfortunately, the grid height inhomogeneity hampers to draw quantitative
conclusions on the effect of the grid height on the FF.

From the dark I-V curves (see Figures 6.17b-c in Supplementary Information),
we find the dark current density J0 to be greater than 1 µA/cm2, and ideality factor
n to be greater than 3. The extremely large dark current density and the shape
of the n-V curve suggest that the recombination is dominated by the edges of the
sample. 288,289 This is not surprising, given that the diffusion length of the TOPCon
cell is on the order of the size of the samples, and therefore the carriers are rapidly
distributed evenly throughout the sample. Because the edges are unprotected, they
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are very sensitive to sample handling, leading to many defects and even shunting of
the device. 290 This effectively means that the Voc, and to a lesser extent the FF, will
be dominated by recombination at the edges of the sample. Since there is a large
spread in sample-to-sample variation, no useful information can be extracted from
the Voc.

6.3 Conclusion

We have demonstrated the electrochemical fabrication of silver NW based trans-
parent electrodes on top of TOPCon solar cells which serve as platform to measure
the transparency of the silver NW grids in the right dielectric environment via Jsc

monitoring. We find that the t ransparency of the silver NW grids is greater than its
geometric filling fraction. Moreover, we find that the EQE at 1064 nm is improved
by the addition of the silver NW grids to the TOPCon solar cells, which is the result
of the increased optical path length by the diffraction of the silver NW grid. We
show that the high aspect ratio silver NW grids perform well up to an angle of 40°,
after which parasitic absorption inside the silver NW grids starts to increase. Since
for most solar cells the operating angle of incidence does not exceed 60° for direct
sunlight, the parasitic absorption can be minimised.

6.4 Methods

6.4.1 Fabrication of the TOPCon solar cells

The TOPCon silicon cells were fabricated on double-side polished float-zone c-Si
wafers (1 Ωcm, 300 µm, 100-oriented, 4 inch). On both sides of the wafer, tunnel
oxide passivated contacts were formed. The thin oxide layers were grown thermally
in a tube furnace at 600 °C. 100 nm a-Si was deposited on both sides using LPCVD,
doped by ion implantation, and crystallised after at 900 °C. The front and back sides
were doped with phosphorus (P) and boron-monofluroide (BF), respectively, to form
an n- and p- contact layer at the front and back, respectively. A 1 µm silver back
contact was made on the back side by sputtering. The layer structure of the TOPCon
cell is shown schematically in Figure 6.1. More information about the manufacturing
process can be found elsewhere. 291

6.4.2 Preparation of the mask

The TOPCon solar cells were cut into 17x17 mm pieces, after which they were
submerged in acetone and isopropanol (IPA), and dried with a nitrogen gun. The
native silicon oxide was removed by HF vapour etching (300 s, 125 mbar, N2: 1200
sccm, EtOH: 350 sccm, HF: 300 sccm). The electrochemical mask was fabricated
using substrate conformal imprint lithography (SCIL). A PMMA (MW=950 A8, Kayaku
Advanced Materials, Inc.) spacer layer was used which determines the depth of the
trenches, and was spin coated at 2700 RPM for 45 s on the poly n-Si front surface,
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and was baked at 150 °C. A sol-gel (T1100, SCIL Nanoimprint Solutions) layer was
spin coated on the PMMA spacer layer at 2000 RPM for 10s. Directly after, the PDMS
stamp was pushed into the sol-gel hereby transferring the grid pattern (pitch = 4
µm, linewidth = 80 nm) from the PDMS stamp into the sol-gel layer, and is removed
after 6 min of curing at room temperature. The residual layer at the bottom of the
imprinted trenches was removed using a CHF3/Ar reactive ion (Oxford Plasmalab
80+, 67 W, 15 mTorr) etch for 2 min and 30 s, and the PMMA was etched using an
O2 plasma (Oxford Plasmalab 80+, 200 W, 5 mTorr) until the poly n-Si front surface
is exposed. As a result of the O2 plasma etch, a small SiOx layer is formed which is
removed using another HF vapour etch just before the electrochemical filling with
silver. The final depth of the mask was around 660 nm.

6.4.3 Electrodeposition of silver

The trenches were filled with silver by electrodeposition using a commercial silver
plating solution (Clean Earth Solutions™, 45.220). Light induced plating (LIP) is used
in combination with the double potential pulse method to independently control
the nucleation and growth of the wires. 166 Since the plating occurs on the poly n-Si
front surface, a background illumination is required to open up an electrical pathway
by generating a backflow current through the p-n junction. The LIP process is shown
schematically in Figure 6.1. A nucleation pulse of En = -2.6 V vs. Ag/AgCl was applied
for tn = 750 ms, after which a growth pulse of Eg = -0.04 V vs. Ag/AgCl is applied for a
varying growth time tg from 150 to 300 s. During both the nucleation and growth
pulses, a white background illumination of 30 mW/cm2 was used (Sciencetech,
A4 Solar LightLine). Due to the high overpotential of the nucleation pulse, the
current is limited by the generation of electron-hole pairs, whereas during the growth
pulse the applied potential is the limiting factor. Details of the electrochemical cell
and double pulse technique can be found in Chapters 2 and 3, respectively. After
electroplating, the PMMA/sol-gel mask was removed by submerging the samples
(vertically orientated) in acetone (40 °C) for >15 min, while stirring the solution with
a magnetic stir bar.

6.4.4 Device characterisation

Morphological and structural characterisation of the silver NW grids was performed
using a FEI Verios 460 scanning electron microscope (SEM) using a working distance
of 4 mm, operated at 5 kV and 100 pA. An edge detection Python algorithm was used
to extract the width from the SEM images, by obtaining the expected value from
a Gaussian fit to all individual lines in the SEM image for both the horizontal and
vertical direction.

Topographic maps were obtained with atomic force microscopy (AFM), using
a Bruker Dimension Icon and a ScanAsyst-Air probe (Bruker, nominal tip radius 2
nm). The height of the wires was extracted by fitting a Gaussian distribution to the
masked area corresponding to the wires on the AFM images.
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6.4.5 EQE mapping

EQE maps were obtained using spectrally resolved light-beam induced current (SR-
LBIC) measurements using the commercially available LOANA solar cell analysis
system by pv-tools GmbH. 292 Laser light was used from six diode-lasers operation
at 405 nm, 532 nm, 670 nm, 780 nm, 940 nm, and 1064 nm, all coupled to the
sample using an optical fiber. The spot size of the laser spot ranges between 100
µm (for 670 nm) and 220 µm (for 405 nm), without using bias-light. The variation
in the laser intensity was corrected using a monitor detector. The samples were
scanned in the x-y direction which being illuminated by the monochromatic laser
light under short-circuit conditions. The samples were kept at a temperature of
25°C using a temperature controlled stage. The measured short-circuit current at an

excitation wavelength λ was scaled by the single-point EQEr e f
λ

reference spectrum
obtained in an area containing the silver NW grids see Figures 6.8a and 6.12a in
the Supplementary Information). Reflection maps were obtained using the same
LOANA system, where a Si solar cell was placed ≈ 1 mm above the surface of the
sample, having a small hole in the center for the laser light to pass. The sample
moves in x-y to map the whole area, and reflected light in a cone of about 170°
is detected. The single-point reference reflection spectrum obtained in an area
containing the silver NW grids, and the average reflectance values extracted from the
SR-LBIC measurements are shown in Figures 6.8b and 6.12b in the Supplementary
Information.

6.4.6 Angle dependence JSC measurements

A custom made holder was designed and fabricated at AMOLF (see Figure 6.18 in
the Supplementary Information). The sample is contacted from the top and bottom
using a 4 point probe configuration, where a source and measuring unit (Keithley,
2450 SourceMeter) was used for measuring the I-V curves. One-sun I-V curves were
measured using a solar simulator (Sciencetech, A4 Solar LightLine), where the angle
of incidence was varied from 0° to 65° with steps of 5°. A mask was used to limit
the illuminated area to 5x5 mm2. The intensity of the solar simulator at normal
incidence was calibrated by a reference cell (VLSI Standards, ORIEL 91150V) at a
lamp to sample distance of 18 cm.

6.4.7 FDTD simulations

To simulate the transmission spectra, Maxwell’s equations were solved numerically,
using the FDTD 3D Electromagnetic Simulator by Ansys Lumerical. 268 Periodic
boundary conditions were used to simulate an infinite network that has a span
equal to the pitch of the silver NW grid. The optical constants for Si and Ag were
obtained from Palik 269 and approximated by fitting curves to the datasets. 268 The
refractive index of the background was set to unity. A broad band (300-1200 nm)
plane wave of type BFAST is used. The power monitors that records the reflection
and transmission of the silver NW grid, is placed 300 nm above the source and is
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placed 1 nm below the Ag/Si interface, respectively, to limit the absorption by the Si.
On the z-boundaries (perpendicular to the propagation of light), perfectly matched
layer (PML) boundary conditions were used to prevent any unwanted backscattering
at the edge of the simulation box. Periodic boundary conditions were used for the
in-plane boundaries, that were over-written by the BFAST plane wave source under
off-normal incidence conditions. A custom non-uniform mesh using the conformal
variant 1 mesh refinement was used with a maximum mesh step of 10 nm.

Author Contributions

R.M. and O.H. fabricated the TOPCon solar cells. R.M. performed the SR-LBIC
measurements. Y.B. fabricated the mask using SCIL, performed the light induced
plating, I-V curve measurements, and the angle dependence Jsc measurements. Y.B.
performed all the data analysis. Y.B. and E.A.L. performed the FDTD simulations
and wrote the manuscript. B.B. and E.A.L. supervised the project.
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6.5.1 EQE analysis of the shortest silver NW grid

EQE map at 405 nm (shortest grid height)

Figure 6.6: EQE map obtained at an excitation wavelength of 405 nm for the shortest grid
height (h = 159 nm), as shown in Figure 6.3. The vertical stripes are measurement artefacts and
are excluded from the histogram analysis, as indicated by the encircled area.

EQE map data treatment (shortest grid height)

The values corresponding to the encircled areas in the maps shown in Figures 6.3
and 6.6 are represented by a histogram shown in Figure 6.7. Since the EQE map
obtained at an excitation wavelength of 405 nm contains some vertical measurement
artefacts, these areas were excluded in the histograms. The data included in the
histograms are represented by the white and black encircled area in the maps for the
area containing the silver NW grids and the bare Si, respectively. The average value
of the EQE was found by fitting a Gaussian to the histograms. The average EQE is
the expected value extracted from the Gaussian fit, and the error on the average EQE
value is taken to be the standard deviation extracted from the Gaussian fit.
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Figure 6.7: Histograms of the EQE maps, as shown in Figures 6.3 and 6.6, for different excitation
wavelengths as specified by the title of the subplots. The histograms corresponding to the area
containing the silver NW grid and the area of the bare Si are represented by the red and black
bars, respectively. The expected value from the Gaussian fit is represented by the black dashed
line and its value is noted next to it.

Single point EQE and reflection spectrum

Figure 6.8: Single-point a) EQE and b) reflection spectrum of the sample shown in the maps in
Figure 3 obtained at a spot located withing the area containing silver NW grids. The average a)
EQE and b) reflection values extracted from the EQE maps for the area containing the silver
NW grids and the bare Si are represented by the red circles and black open squares, respectively.
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EQE analysis for 1064 nm

To further analyse the EQE maps obtained at an excitation wavelength of 1064 nm, a
line profile across the interface between the bare Si and silver NW grid area in the
EQE map was extracted from the map. Figure 6.9a shows the average line profile
extracted from the marked area as shown on the EQE map in Figure 6.9b. Compared
to the map in Figure 6.3f, the map was rotated with an angle of 3.7° so that the
interface between the bare Si and the silver NW grid is vertically orientated. A box
was drawn with equal widths on both sides of the interface from which the average
vertical values of the EQE were obtained. At each horizontal value, the average
vertical value was obtained by extracting the expected value from a Gaussian fit to
the vertical line data. The mean value of the EQE in the bare Si and silver NW grid
was found to be 36.7±0.8% and 38.1±0.3%, respectively, as indicated in Figure 6.9b.
The ratio between the EQE extracted from the silver NW grid by the bare Si is found
to be 103.9±2.3%, which agrees well with the value reported in Figure 6.4. Again, it
suggests that the addition of silver NW grids to the TOPCon solar cell improves the
EQE at 1064 nm.

Figure 6.9: a) Average line profile of the EQE across the interface between the bare Si and silver
NW grid area, extracted from the EQE map shown in b) for an excitation wavelength of 1064
nm. The colour bar in the inset shows the values of the EQE in percentage.

6.5.2 EQE analysis of silver NW grid with h=456 nm

Similar to the shortest grid height, the areas with and without silver NW grids for the
tallest grid height are also easily recognisable in the EQE maps shown in Figure 6.10.
However, the area containing the silver NW grids is not homogeneous, which means
that the width or height of the grid is not homogeneous across the sample. This is
confirmed by SEM, which shows disconnected lines in areas that have a higher EQE
value. In the analysis of the EQE data, only the white encircled area was used, hereby
excluding the area that contains fabrication defects.
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Figure 6.10: EQE maps of a the tallest silver NW grid (h = 456 nm, AR = 3.2). The silver NW
grid and bare Si surface areas used for the analysis are encircled by dashed white and black
lines, respectively. The excitation wavelength is noted in the top right corner. The colour bar in
the inset specifies the range of EQE values in percentage.

Figure 6.11: Histograms of the EQE maps, as shown in Figure 6.10, for different excitation
wavelengths, as specified in the title of the subplots. The histograms corresponding to the area
containing the silver NW grid and the area of the bare Si are represented by the red and black
bars, respectively. The expected value from the Gaussian fit is represented by the black dashed
line, and its value is noted next to it.

.
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Figure 6.12: Single-point a) EQE and b) reflection spectrum of the tallest silver NW grid (h = 456
nm) obtained at a spot located withing the area containing the silver NW grids. The average a)
EQE and b) reflection values extracted from the EQE maps for the area containing the silver
NW grids and the bare Si are represented by the red circles and black open squares, respectively.

6.5.3 Angle dependence Jsc

The shape of the angle dependence Jsc curve shown in Figure 6.5a can be explained
by the angle-dependent reflection and the decrease in intensity with increasing
angle of incidence. The decrease in intensity is a result of the mask, which limits the
illuminated area A = L×L. Since the spot size of the solar simulator is much larger
than the area of the mask, with constant output power P0, the amount of photons
falling within the area of the mask decreases with increasing angle of incidence. The
intensity I0 = P0/A is calibrated to be 1.0 sun under normal incidence. However,

Figure 6.13: Effect of the mask on the transmitted intensity. The area A = L×L is defined by the
size of the mask. The area A = L×L′ normal to the light beam.
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with an increasing angle of incidence, the power P transmitted through the mask
decreases as the area A′ normal to the light beam decreases (see Figure 6.13). The
angle of rotation of the light source was chosen so that it is perpendicular to one of
the edges of the mask, as shown in Figure 6.14. Therefore, only one of the two lengths
is affected by the angle of incidence, which we call L′. The relationship between the
area A′ = L×L′ normal to the light beam and the angle of incidence is given by:

A′ = L×L′ = A cos(θ) (6.2)

and hence the power that is transmitted through the mask is given by:

P = I0 A′ = I0 A cos(θ) (6.3)

where I0 is the intensity at normal incidence. Therefore, the intensity as a function
of the angle of incidence falling onto the solar cell is given by:

I (θ) = P

A
= I0 cos(θ). (6.4)

The second effect that causes the Jsc to decrease with increasing angle of inci-
dence is due to angle-dependent reflection. The final expression for the expected
angle dependence Jsc normalised by its value at normal incidence is given by:

JSC

JSC ,0
= [1−R(θ)]cos(θ) (6.5)

Figure 6.14: Photograph of the used setup for the angle dependence measurements. The angle
of incidence can be manually be adjusted. The sample was contacted with two pins from the
top, and two pins from the bottom. A mask of 5x5 mm2 was used to limit the illuminated area.
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where R(θ) is the angle-dependent reflection and could be calculated using the
Fresnel reflection coefficient. The total (non-polarised) reflection is taken to be the
average of the reflection for TE- and TM-polarised light. The normalised Jsc as a
function of the angle of incidence is shown in Figure 6.15, and the overall shape
is quite well explained by Equation 6.5. However, minor differences are present
when comparing Equation 6.5 with the flat reference. These minor differences are
expected to be the result of some power fluctuations of the solar simulator and due
to unwanted reflection from the setup. Therefore, the relative Jsc shown in Figure
6.5b was normalised by the flat reference sample instead of by Equation 6.5.

Figure 6.15: Normalised Jsc as function of the angle of incidence. The theoretical curve for
a flat TOPCon solar cell is represented by the red solid line. The flat TOPCon reference cell is
represented by the black squares connected with a solid line, while the TOPCon cells including
silver NW grids are represented by circles connected with a dashed line.

6.5.4 FDTD simulations: angle-dependent absorption

Figure 6.16: AM1.5G weighted average absorption (1-T-R) as function of angle of incidence for
the shortest (h = 159 nm) and tallest (h = 459 nm) silver NW grid. The absorption by the silver
NW grids start to strongly absorb for angles of incidence greater than 40°.
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6.5.5 I-V Characteristics

One-sun and dark I-V curves were obtained for all samples. The I-V curve of the
flat reference cell and two representative samples are shown in Figure 6.17a-b. To
obtain the current density J , the one-sun I-V curves were normalised by their area
of illumination (5x5mm2), while the dark I-V curves were normalised by the total
sample area. From the log(J) vs V plot, the dark current density J0 and the ideality
factor can be extracted. The current density in the dark is given by:

J = J0 exp

(
qV

nkbT

)
(6.6)

where q is the elementary charge, kb the Boltzmann constant, T the temperature,
and n the ideality factor. The dark current J0 is extracted by taking the intercept
with the y-axis by fitting a line to the log(J ) vs. V between 400 and 650 mV. The dark
current J0 found for the reference TOPCon cell and samples having a silver NW grid
height of 159 and 294 nm are 2.2 ·1010, 3.7 ·109 and 8.1 ·109 fA/cm2, respectively. The
slope of this line provides information on the ideality factor n. Instead of calculating
the ideality factor n for a specific voltage range, the ideality factor was calculated by
taking the derivative of the log(J )-V plot, and is shown in Figure 6.17.

Figure 6.17: a) One-sun J-V curves for selected samples showing the increase in FF and decrease
of Jsc due to the silver NW grids (blue and red curve). b) Dark-current response of the selected
samples, showing a large recombination current. c) Ideality factor as function of voltage
extracted from the dark-current response.
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6.5.6 Illustration of the used sample holder

The sample holder used for the measurement of the angle dependence Jsc and the
I-V characteristics is shown in Figure 6.18. The sample was contacted from the
bottom and the front using 4 probes, two pins to contact the front side, and two pins
to contact the rear side. The gold pins were sputter coated with silver to prevent
direct contact of the Si with gold. The sample is placed between two plates that are
attached to each other using four magnets. A cone-like shape was removed from
the top plate to allow the sample to be illuminated up to an angle of incidence of
65°. A stainless steel mask (5x5 mm) was used to selectively illuminate the area that
contains the silver NW grids.

Figure 6.18: Cross cut of the sample holder used for the measurements of the angle dependence
Jsc and the I-V characteristics. The mask and sample are indicated by the arrows.
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7
Electrochemical Welding of Assembled

Silver Nanocubes by Nanocube Imprint
Lithography

This chapter investigates the use of monocrystalline silver nanocubes as seeds for
the electrochemical growth of silver nanowire grids with potentially higher crystalline
quality and thus better electrical performance. Nanocube imprint lithography de-
veloped by our collaborator is used to assemble colloidally-grown monocrystalline
nanoparticles with a size of 40 nm into a grid-like pattern on ITO substrates. Sub-
sequently, our investigation focuses on welding these silver nanocubes via electro-
chemical overgrowth. We take advantage of the silver nucleation overpotential
on foreign materials to selectively electrodeposit silver on the nanocubes without
inducing the formation of new silver nuclei on the ITO substrate. We find indirect
evidence for epitaxial overgrowth, as the electrochemically-induced grain size increase
in the nanocubes, as obtained from XRD, coincides with that from morphological
measurements (AFM and SEM). Our findings also underscore the critical importance
of ligand removal for the successful overgrowth and welding, also supporting the
electrochemical nature of the process.
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7.1 Introduction

As structures become smaller than the wavelength of light, the light-matter inter-
action can be controlled by their geometry (shape and size), material composition,
and the dielectric environment. 92,93,293 In particular, metal plasmonic nanoparti-
cles exhibit strong resonances. 88 By controlling the arrangement of these metal
nanoparticles on a substrate, the way in which light is scattered and absorbed can be
tuned for specific applications. 91 These include surface-enhanced spectroscopy, 294

catalysis, 295 sensing, 93 photovoltaics, 90–92 photothermal therapy, 296 and transpar-
ent conductive materials (TCMs). 75,98 Traditionally, a resist layer is patterned using
top-down techniques such as electron-beam lithography (EBL), combined with
metal evaporation followed by lift-off or selective etching. 297 Although EBL provides
excellent spatial control, it is expensive, containing multiple complex steps, and is
time-consuming. 298 Metal evaporation requires high temperature (energy intensive)
and often often leads often to poor quality, thus limiting the electrical and optical
response of the nanostructures. Furthermore, evaporation is resource-inefficient,
which is particularly problematic for large-scale applications of critical raw materials
such as silver and gold. These drawbacks hinder the employment of EBL-based
patterning combined with the evaporation technique in large-scale high-throughput
applications.

To overcome these limitations, alternative methods for metal nanostructure
fabrication have been explored. Instead of evaporation, electroplating can be used
for the fabrication of metal nanostructures. 108,143,144 Electroplating, or electrode-
position, is a widely used technique in industry, involving the reduction of a metal
ion into solid metal onto a conductive substrate to form the desired pattern or
structure by selectively filling the template. The electrochemical reaction can be
simply controlled by an external applied voltage or current, can be performed at
low temperatures, uses low-cost plating baths, and is resource efficient, as the
metal is deposited only on the conductive part of the substrate, and not on top
of the insulating template. The chemical engineering of the plating bath is highly
developed, and numerous commercial plating baths are available that offer different
material properties of the deposit. 299

Alternatively, nanoimprint lithography can be used to create templates that
contain nanoscale features, allowing for precise control over the deposition process
during electrodeposition. 148,300,301 Nanoimprint lithography offers a versatile and
efficient method for fabricating precise patterns over large areas with high resolution
and throughput and has gained attention in various fields. 302,303 It is based on a
polydimethylsiloxane (PDMS) stamp replicated from a master made once with EBL
providing excellent spatial resolution (< 10 nm), which can be reused multiple
times to create new stamps. The PDMS stamp is used to pattern a resist, and upon
curing of the resist, the PDMS stamps have transferred the nanopattern defined
by EBL, resulting in a copy of the master. The stamp can be used many times,
thus significantly reducing the cost associated with EBL. Therefore, techniques
that enable precise control over the electrodeposition process, such as the use
of templates fabricated by nanoimprint lithography, are of significant interest in
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nanofabrication and device manufacturing.
Aside from the multiple advantages of electrodeposition, such as an increased

resource efficiency compared to conventional deposition methods, this method
presents challenges in achieving uniform films with large crystal sizes. The crystal
size of the nuclei is a critical parameter that influences the conductivity in met-
als, 246,247 as was discussed in detail in Chapter 4. In the case of metal nanowires,
the resistivity is given by the inelastic electron scattering at the nanowire surface
and by electron scattering at grain boundaries, as described by the combined model
of Fuchs and Sondheimer 243,244 and Mayadas and Shatzkes 245 (see Equation 4.1).
Based on this model, increasing the average grain diameter d to values much larger
than the electron mean free path λ (d >>λ), electron scattering at grain boundaries
is minimised, and thus resistivity decreased.

An exciting approach to increase the crystal size in films and nanopatterns
is the welding of monocrystalline metal nanocubes that have been pre-aligned
with a desired pattern. These monocrystalline nanocubes are typically obtained
by solution-based colloidal synthesis, which typically results in crystals of the
highest quality, which makes them ideal for obtaining optimal performance. 304

Nanocube imprint lithography is a highly promising low-cost technique for the
assembly of these monocrystalline crystals into large-scale arrangements. 305–307

Similar to nanoimprint lithography, a patterned PDMS stamp is used to imprint a
layer of metal nanocubes capped with polyvinylpyrrolidone (PVP). The PVP ligands
are essential for the successful assembly of metal nanocubes, as they are used as
lubricants and mitigate the van der Waals forces between the substrate and the
nanocubes. 306 However, due to the use of these PVP ligands, the nanocubes are
electrically separated from each other and subsequent removal of the ligands and
welding of the nanocubes are needed.

In this work, we explore the use of electrodeposition for the overgrowth and
welding of colloidally-grown monocrystalline nanocubes arranged in nanogrid pat-
terns. The nanocubes offer a highly homogeneous initial grain size distribution. We
compare the overgrowth of the nanocubes with that of silver nanoparticles that have
been made via template-assisted electrocrystallization. SEM and AFM demonstrate
that overgrowth is possible in both cases, although we find that complete removal
of PVP ligands from the silver nanocubes is essential for enabling electrochemical
overgrowth. From detailed XRD analysis we infer the average coherent crystal size
(i.e., crystal grain size), and we find that the grain size increases in proportion the
morphology upon electrodeposition. This is an indication of epitaxial overgrowth
and is therefore highly promising for high-quality metal nanogrid fabrication. While
we do not have direct evidence of coherent welding, the presented work is a first step
toward low-cost fabrication of large-area and high-quality nanostructured metal
films for applications such as high-performance TCMs.
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7.2 Results and Discussion

Individual silver nanoparticles positioned in a grid pattern were fabricated on ITO
substrates by using two distinct methods: template-assisted electrocrystallization
and nanocube imprint lithography. These silver nanoparticles serve as seeds for the
subsequent unconstrained silver overgrowth, with the ultimate goal of nanoparticle-
nanoparticle welding and the formation of a continuously connected silver nanowire
network.

In the case of template-assisted electrocrystallization for the creation of silver
nanoparticles on a grid-like pattern, a PMMA mask featuring a grid pattern with
a pitch of 2 µm and a width of 80 nm was fabricated using substrate conformal
imprint lithography (SCIL). A low density of silver nanoparticles was then selectively
deposited within these trenches by using the double pulse method. As discussed in
detail in Chapter 3, the nucleation pulse potential plays a crucial role in determining
the nucleation density, while the growth pulse primarily influences the radius of
the nuclei without creating new nuclei on the ITO substrate. By using a nucleation
pulse potential of -0.655 V vs. Ag/AgCl, a nucleation density of approximately 4
particles per line (≈ 4 ·108 particles per cm2) is achieved. The short duration of the
growth pulse resulted in a particle size of 96±61 nm, which is much smaller than the
280 nm needed for coalescence (based on isotropic growth) and therefore results in
incomplete trench filling. After removal of the mask, the sample consists of spaced
nanoparticles arranged in a grid-like pattern, as shown in Figure 7.1a.

Later, these isolated silver nanoparticles were further grown by applying a slight
overpotential, although smaller than the nucleation overpotential of ITO, thereby
preventing the formation of new silver nuclei on the ITO substrate. Figure 7.1b
shows the silver nanoparticles after the overgrowth step. For a growth duration of
30 s, the average particle size increased from 96±61 nm to 159±78 nm (see Figure
7.7 in the Supplementary Information). The SEM images reveal that no new silver
nuclei were formed on the ITO substrate, and only pre-existing silver nanoparticles
were increased in size. With the absence of the PMMA mask, the growth of silver
nanoparticles is unconstrained, resulting in an increase in the width of the “wires.”
This can be clearly seen in the zoomed-in SEM images shown in the insets of Figure
7.1. While the particles in the inset of Figure 7.1a have a width as defined by the
width of the trench, the overgrown particles in the inset of Figure 7.1b exhibit a
more round morphology, indicative of the unrestricted growth of silver without
geometric constraints. Note that the SEM images before and after the overgrowth
were captured at different locations on the sample.

During the unconstrained growth of the silver nanoparticles, reflectance spectra
were obtained (see Figure 7.8 in the Supplementary Information). The reflectance
spectrum obtained just before the experiment was used as a reference, with all
subsequent spectra normalised accordingly. In general, an increase in reflection
across a wide spectral range from 450 to 1000 nm is observed as the silver nanoparti-
cles grow in size. Approximately 10 seconds into the growth process, a broad band
emerges in the spectral range of 500-900 nm. The increase in reflection in this range
is expected to be the result of increased scattering by the growing silver nanoparticles.
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Figure 7.1: SEM image of silver nanoparticles fabricated using template-assisted electrocrystal-
lization for a) as deposited and b) after electrochemical overgrowth with silver. The SEM images
were taken at two different spots of the sample. Silver nuclei were deposited using the silver
sulphate-based electrolyte using a growth time of 90 s, while the overgrown silver was deposited
using the commercial electrolyte using a growth time of 30 s. The inset shows a zoom-in of the
nanoparticles.

The determination of an average size for the growing silver nanoparticles proved
challenging because of the broad distribution of nanoparticle sizes. Moreover, the
morphology of the particles undergoes a transformation during growth, transitioning
from rod-shaped structures to more spherical-shaped structures.

In contrast to the electrochemically grown seeds, highly monodisperse 40 nm
large monocrystalline silver nanocubes were also used. The nanocubes were assem-
bled in a grid-like pattern using nanocube imprint lithography. The nanocube-
assembled grids contain nine areas with different pitches and widths (see Sec-
tion 7.4.2 for more details). During the synthesis and patterning stages of the
nanocubes, PVP capping ligands were used to prevent the formation of larger silver
clusters. 305–307 Furthermore, these PVP ligands act as a lubricant, and reduce the
van der Waals forces that are in play between the silver nanocubes and the ITO
substrate, 306 and therefore the ligands are essential for nanocube assembly to be
successful. However, these ligands are likely to hinder the electrical contact with the
ITO substrate and also with the solution, which is crucial for the electrodeposition.
Consequently, the ligands were removed prior to electrochemical welding of the
nanocubes.

Figure 7.2a shows a close-up view of a ligand-free nanocube assembled grid,
having a width of approximately two nanocubes (80 nm). The SEM image reveals the
presence of several defects within the imprinted grid, such as nanocube vacancies
and misalignment, which means that their crystal facets fail to align with neighbour-
ing nanocubes. These defects are expected to compromise the conductivity of the
grids, thereby reducing the performance of the Ag NW grid as a TCM.

To assess the structural changes resulting from the welding process, we per-
formed an SEM analysis before and after overgrowth with silver at identical locations
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on the sample. Figures 7.2a-b show two SEM images obtained before and after
overgrowth of the nanocube-assembled grid, respectively, after successful removal
of the ligands. No new nuclei were formed because it is thermodynamically more
favourable to deposit silver on the already existing silver nanocubes rather than
on the ITO substrate. Almost all individual nanocubes have increased in size from
an average size of 42±3 nm to 54±17 nm (see Figure 7.9 in the Supplementary
Information). This is in contrast to the lack of overgrowth when the ligands are not
fully removed (see Figure 7.10 in the Supplementary Information). Instead, here we
observe the emergence of new silver nuclei and the deposition of a black layer on
top of the nanocubes. Therefore, removal of the ligands is of utmost importance for
successful overgrowth and welding.

In the overgrown sample, we observe that the increase in size is not uniform
across all particles, where some particles experience significantly larger growth than
others. Larger nanocubes tend to adopt a more spherical shape, while smaller ones
retain their cubic morphology. Despite the overgrowth, the nanocubes in this area
do not seem to have merged into a single wire, since clear boundaries are still visible
between the nanocubes. However, we note that in some other areas of the same
sample (see Figures 7.3a and b), the interfaces between the silver nanocubes appear
faded, indicating potential merging into a single nanowire. The side-view image also
hints at merging, although individual nanocubes remain still visible.

Consistent with the observations in Figure 7.2b on the electrodeposited seeds,
larger nanocubes adopt a more spherical shape, with varying amounts of growth
between the individual nanocubes. Tilted SEM imaging further reveals height
discrepancies, as some nanocubes appear taller than others. Despite suggestive
indications of welding, confirming complete merging would require other methods.
Unfortunately, verification attempts using transmission electron microscopy (TEM)
were inconclusive, as the transfer of nanocubes to a TEM grid resulted in scattered

Figure 7.2: SEM image of silver nanocubes assembled by nanocube imprint lithography for
a sample a) after the removal of the PVP ligands, and b) after overgrowth. Both SEM images
were obtained at the same spot of the sample. Silver was overgrown for 60 s using the silver
sulphate-based electrolyte.
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7.2 Results and Discussion

Figure 7.3: A a) top-view and b) titled-view SEM image of overgrown silver nanocubes obtained
at a spot which was not affected by the electron beam prior to the welding. The silver nanocubes
were overgrown for 60 s using the silver sulphate-based electrolyte.

particles whose origins could not be definitively identified.
The main difference between Figures 7.2 and 7.3 is the fact that the area in Figure

7.2a was imaged by SEM before overgrowth, indicating that the welding process
is affected by the exposure of the electron beam of the seeds, likely due to local
carbon deposition. We have obtained SEM images across multiple grid areas on the
sample, each with different pitches and widths. Interestingly, we see that a black
layer is present in all post-welding SEM images from areas that were previously
imaged by SEM. We attribute this black layer to electron-beam-induced carbon
deposition during SEM imaging prior to overgrowth. The carbon deposit passivates
the nanocubes surface, thereby hindering the welding process. These findings
highlight the importance of thorough removal of ligands and any other organics for
effective nanocube welding.

We now further investigate the effects of overgrowth on the nanocubes. To
determine the height distribution of silver nanocubes, Atomic Force Microscopy
(AFM) images were obtained before and after overgrowth. Figures 7.4a and b show
an AFM image of the silver nanocubes assembled by nanocube imprint lithography,
before and after overgrowth, respectively. Before overgrowth, AFM gives an average
nanocube height of 38±3 nm, consistent with the nominal height of 40 nm. After
overgrowth, the average height increases to 58±4 nm, corresponding to a growth rate
of approximately 21 nm/min. Notably, height after overgrowth closely resembles
the width measured by SEM, suggesting that the nanocubes maintain their aspect
ratio. Furthermore, the roughness (Sq) of the cubes increased from 10±2 nm
during assembly to 23±5 nm after overgrowth. The increase in roughness indicates
spatial heterogeneous silver overgrowth, with some particles experiencing faster
growth, leading to a rougher surface. In applications such as transparent electrodes
composed of silver nanowires, surface roughness is a critical parameter influencing
performance, as the surface roughness increases the surface area of the wire, leading
to more electron scattering with the surface. 243,244 Therefore, the observed variations
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Figure 7.4: AFM surface topography map of a) assembled nanocubes by nanocube imprint
lithography, and b) after welding. The average height of the nanocubes before and after
overgrowth are 37.6±3.5nm and 58.4±4.2 nm, respectively. The roughness (Sq) of the nanocubes
before and after overgrowth are 10.3±1.9 nm and 23.2±5.3 nm, respectively. The silver was
overgrown for 60 s using the silver sulphate-based electrolyte.

in surface roughness underscore the importance of optimising the plating baths
to achieve the desired deposit characteristics. Additives, such as levelers, can be
introduced to promote smoother deposits. However, these additives may also impact
crystallinity, and thus resistivity via grain boundary scattering.

To investigate crystallinity, X-ray diffraction (XRD) measurements were per-
formed on the samples as-assembled and after overgrowth with silver. Figure 7.5
shows a representative XRD 2θ scan of the as-assembled nanocubes (black) next to
that of the with silver overgrown nanocubes (red) using the silver sulphate-based

Figure 7.5: XRD 2θ scans of silver nanocubes as assembled (black) and after welding (red), with
the corresponding crystallographic orientations of silver.
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electrolyte. In the as-assembled case, we observe a single peak corresponding
to (200) silver. This is in agreement with the nanocubes sitting flat on the ITO
substrate with their (100) facets. The peak width reflects the average grain diameter,
which can be extracted by using the Scherrer equation (see Section 7.5.5 in the
Supplementary Information). From the peak width analysis, we obtain an average
grain size of 40.9±1.2 nm for the assembled nanocubes, again closely matching
the height given by AFM and the nominal cube size of 40 nm, as expected in
monocrystalline nanocubes.

Interestingly, after overgrowth, the (200) silver peak is barely visible, while the
(111) silver peak dominates the diffractogram, suggesting a crystal orientation
rearrangement from the (100) to the (111) orientation. This rearrangement is in line
with the associated surface energies of the facets, where the (111) surface exhibits
the lowest energy. 308 From the peak width analysis, we find an average grain size
of 55.1±0.8 nm, matching the AFM height and the average size observed from the
SEM image shown in Figure 7.2. The same increase in grain size as in the cube
height/width suggests that the overgrowth is, in fact, epitaxial.

7.3 Conclusion and Outlook

In this work, the fabrication of patterned individual silver nanoparticles on ITO
substrates through template-assisted electrocrystallization and nanocube imprint
lithography was investigated. These nanoparticles serve as seeds for the formation
of silver nanowires by welding them together using electrochemical overgrowth of
silver, with the aim of having a larger average grain size to decrease the resistivity of
the silver nanowire network. In the case of template-assisted electrocrystallization,
silver was selectively deposited in the trenches using the double-pulse technique,
where the used nucleation pulse resulted in a nucleation density which is too low
to fill the trenches, therefore resulting in disconnected silver nanoparticles. After
removal of the PMMA mask, these silver nanoparticles were increased in size by
overgrowth using the growth pulse only. Individual particles were successfully
increased in size from 96±61 nm to 159±78 nm, while no new nuclei were formed
on the bare ITO surface.

In the case of nanocubes assembled using nanocube imprint lithography, we
show that removal of the ligands is crucial for successful welding. The SEM and AFM
measurements reveal that the overgrown nanocubes maintain their aspect ratio,
with some adopting a more spherical shape. They increased in size from 42±3 nm to
54±17 nm, which corresponds remarkably well with the average grain size obtained
from XRD measurements, which was found to have increased from 40.9±1.2 nm
and 55.1±0.8 nm. The closely obtained values suggest epitaxial overgrowth of silver.
XRD analysis also indicates a crystal orientation shift from the (100) to the (111)
orientation of silver. The AFM analysis reveals an increase in the roughness of the
overgrown nanocubes, highlighting the importance of plating bath composition to
achieve desired deposit characteristics. These findings underscore the importance
of plating bath composition on deposit properties and highlight the necessity of
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finding the balance between surface smoothness and crystallinity when optimising
plating baths for specific applications.

Despite these advances, numerous defects are present within the assembled
nanowires, which limits the electrical conductivity of the nanowires. Addressing
these challenges is crucial to realise the full potential of silver nanowire devices
in optoelectronic devices. Therefore, our study underscores the need for further
optimisation of the nanocube assembly process.

7.4 Methods

7.4.1 Template-assisted electrocrystallisation of silver
nanoparticles

Substrate Conformal Imprint Lithography (SCIL) was used for the fabrication of
the mask. ITO substrates (KinTec, 10Ω/sq, 25x25 mm2) were cleaned by brushing
with soap and ethanol, and were sonicated for 10 min in ultra-pure water, 10 min in
acetone and 10 min in isopropanol. The ITO substrates were cleaned for 10 s using
an oxygen plasma (Oxford Plasmalab 80+, 50 W, 5 mTorr) to activate the surface. The
PMMA (MW=950 A8 1:1 anisole, Kayaku Advanced Materials, Inc.) spacer was spin
coated on the ITO substrate at 1600 RPM for 45s and was baked at 150 °C for 2 min.
The surface of the PMMA was activated using a 30 s oxygen plasma etch (Oxford
Plasmalab 80+, 50 W, 5 mTorr). The sol-gel (T1100, SCIL Nanoimprint Solutions)
was spin coated on the PMMA layer at 2000 RPM for 10s. A PDMS stamp having a
grid pattern with a pitch of 4 µm with a width of 80 nm was pushed into the sol-gel
layer and removed after 6 min of curing at room temperature. The residual layer of
the sol-gel at the bottom of the imprint was removed using a reactive ion etch using
an CHF3/Ar (Oxford Plasmalab 80+, 67 W, 15 mTorr) etch for 2 min and 30 s, and the
PMMA was etched using O2 plasma (Oxford Plasmalab 80+, 200 W, 5 mTorr) for 30 s.
The final depth of the trenches is around 200 nm.

A custom-built PEEK cell with a volume of 24 mL was used for the electro-
chemical nucleation of the silver nanoparticles, using a standard three-electrode
configuration (see Figure 2.3 in Chapter 2). A Pt disc (exposed area 3.08 cm2) was
used as counter electrode, and an Ag/AgCl electrode (leakless miniature ET072,
EDAQ) was used as the reference electrode. Before starting each experiment, the
miniature reference electrode was calibrated against a saturated Ag/AgCl reference
electrode (XR300, Hach). All experiments were performed using an SP-300 Bio-Logic
potentiostat.

An aqueous (Millipore Milli-Q®, ρ > 18.2 MΩ·cm) electrolyte containing 1 mM
Ag2SO4 (99.999%, Sigma-Aldrich), 1 mM saccharin (≥ 99%, Sigma-Aldrich), 100
mM Na2SO4 (≥ 99.0%, anhydrous, granular, Sigma-Aldrich), 38 mM H2SO4 (96%
solution in water, ACROS Organics) (pH of 1.7) was used for the electrodeposition
of silver. The double pulse method was used to control the nucleation density and
the growth rate of the wires independently. 166,167 A nucleation pulse of En =−0.655
V vs Ag/AgCl was applied for tn = 30 ms, which was followed by a growth pulse of
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Eg = 0.373 V vs. Ag/AgCl for tg = 90 ms. After electrodeposition, the PMMA/sol-
gel mask was removed by submerging the samples (vertically orientated) in 40 °C
acetone for >15 min, while stirring the solution with a magnetic stir bar.

7.4.2 Nanocube imprint lithography

Silver nanocubes with a size of 40 nm were synthesised (following the procedure
of Zhang et al.) 309 and were assembled into grids using a commercial nanoimprint
lithography (NIL) setup. The nanocube assembly process is shown schematically in
Figure 7.6. First, pressurised air is used to inflate the nanopatterned PDMS stamp,
thereby creating a convex bottom surface and conformal contact as the stamp is
pressed onto the substrate. Creating this conformal contact minimises the misalign-
ment between the substrate and the stamp, thereby improving reproducibility. The
PDMS stamp contains 9 areas that each have a dimension of 500x500 µm. These
areas contain trenches in a grid pattern with pitches ranging from 1 to 4 µm and
widths between 90 and 210 nm (from 2 to 5 nanocubes) and a trench depth of 50 nm
(1 nanocube).

In phase 1, silver nanocubes are deposited onto a flat PDMS membrane and then
transferred to an ITO substrate using contact printing. Prior to the transfer of silver
nanocubes to the ITO substrate, a thin layer of around 30 nm polyvinylpyrrolidone
(PVP) was spin coated on the ITO substrate, which is essential for the proper mobility
of the nanocubes during the NIL step. PVP acts as a capping ligand, a spacer
layer (mitigating van der Waals (VDW) forces at play between the substrate and
the nanocubes) and as a lubricant. 306 A droplet of 0.01 wt% Triton X-45 in ethanol
was deposited on the PDMS stamp before pressing against the substrate at a steady
speed. The solution was used to wet the nanocubes and dissolve the PVP layer, thus
enabling the movement of the cubes.

In phase 2, nanocubes are imprinted by the PDMS stamp and pushes the
nanocubes away from the nanopatterned area if an excessive amount of PVP is
introduced in between them and the substrate, whereas they will be blocked in their
starting position if not enough PVP is present on the substrate. The magnitude of

Figure 7.6: Schematic representation of the nanocube assembly using a commercial NIL setup.
In phase 1, the nanocubes are deposited on a flat PDMS membrane and transferred to the ITO
substrate by contract printing. In phase 2, the nanocubes are imprinted by pressing the inflated
nanopatterned PDMS stamp onto the substrate. The final PDMS position (height) and PDMS
inflation are tuned to control the force exerted on the substrate. Reused with permission from
reference [306].
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the normal force applied to the substrate was controlled by setting the inflating
pressure and PDMS stamp final position. The substrate was then heated to 55 °C
for 20 min, while maintaining the PDMS position and pressure, to ensure complete
solvent drying before retracting the stamp.

7.4.3 Electrochemical welding

Prior to electrochemical overgrowth of the silver NCs, the PVP ligands were removed
by performing the following procedure: The samples were rinsed subsequently
in demi-water, acetone, IPA, and demi-water for 1 min per step. The ligands
were removed by placing the samples (ITO surface facing up) in a 100 mM NaBH4

(granular, 99.99% trace metals, Sigma-Aldrich) solution for 30 min. Subsequently,
the samples were dried using a gentle flow of nitrogen gas. Too much flow of nitrogen
gas can cause displacement of the silver NCs, because the ligands, which have been
removed, bind them strongly to the substrate.

The same electrochemical cell, as shown in Figure 2.3 in Chapter 2 and described
in Section 7.4.1, was used for the electrochemical overgrowth of the silver nanocubes.
Two electrolytes were used for the overgrowth of the silver NCs: A commercial
silver plating solution (Clean Earth Solutions™, 45.220), and a silver sulphate-based
electrolyte, as described in Section 7.4.1. For the commercial electrolyte, a potential
of E =−0.059 V vs Ag/AgCl and a growth time of tg = 30 s were used, while for the
silver sulphate-based electrolyte a potential of E = 0.33 V vs Ag/AgCl and a growth
time of tg = 60 s were used for the welding of the silver NCs.

7.4.4 In-situ reflection spectrum

In-situ reflection spectra were obtained using the NSECC microscope (see Chapter 5
and Figure 5.9 for more details). Reflection spectra were collected before, during,
and after overgrowth of the silver NCs, using an integration time of 100 ms. All
spectra were corrected by subtracting the background spectrum. The reflection
spectrum before the overgrowth of the silver NCs was used to normalise all other
spectra and was therefore used as a reference.

7.4.5 Morphological and structural characterisation

Morphological and structural characterisation of the silver NCs was performed
using a FEI Verios 460 scanning electron microscope (SEM) with a working distance
of 4 mm, operated at 5 kV and 100 pA. The size distribution was obtained using
a watershed image recognition method, using the OpenCV package in Python
(https://opencv.org/). For more details, see Section 3.5.3 in Chapter 3.

Topographical maps were obtained with atomic force microscopy (AFM), using
a Bruker Dimension Icon and a ScanAsyst-Air probe (Bruker, nominal tip radius
2 nm). The height of the overgrown cubes were extracted by fitting a Gaussian
distribution to the masked area corresponding to the wires in the AFM images. The
roughness of the samples was obtained by extracting the RMS roughness (Sq) from
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the masked area containing silver nanocubes only, using the software Gwyddion
(version 2.53). 310

X-ray diffraction (XRD) was performed using a Bruker D2 Phase diffractometer.
The Cu Kα irradiation was operated at 30 kV and 10 mA. The samples were scanned
between 2θ = 35° and 80°, with 0.0303° increment using a dwell time of 0.1 s. For
the extraction of the average grain size using the Scherrer equation, a scan range
of 2θ = 36°-40°, and 2θ = 43.5°-46.5° was used for the (111) and (200) peaks of silver,
respectively, using an increment of 0.0101°.
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7.5 Supplementary Information

7.5.1 Size distribution of overgrown nanoparticles by
template-assisted electrocrystallization

Figure 7.7: Size distribution before and after overgrowth of the silver nanoparticles fabricated
using template-assisted electrocrystallization, as shown in the SEM images in Figure 7.1. The
expected value from the Gaussian fit is represented by the vertical dashed line. The error on the
expected value is the standard deviation extracted from the Gaussian fit.

7.5.2 In-situ spectroscopy

Figure 7.8: Normalised reflection spectra obtained at different timestamps during the
unconstrained growth of the silver nanoparticles. The spectra were normalised to the reflection
spectrum right obtained before the start of the experiment.
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7.5.3 Size distribution of overgrown nanocubes by nanocube
assembly

Figure 7.9: Size distribution before and after overgrowth of the silver nanocubes assembled
using nanocube imprint lithography, as shown in the SEM images in Figure 7.2. The expected
value from the Gaussian fit is represented by the vertical dashed line. The error on the expected
value is the standard deviation extracted from the Gaussian fit.

7.5.4 Unsuccessful ligand removal

Figure 7.10: SEM image of silver nanocubes assembled by nanocube assembly for a sample a)
after the ligand removal, and b) after electrochemical overgrowth with silver. Both SEM images
were obtained at the same spot of the sample. The silver was overgrown for 120 s using the silver
sulphate-based electrolyte.
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7.5.5 Average Grain Diameter

The average grain diameter was obtained from the XRD scans. The XRD scans were
corrected by subtracting the background and removing the Kα,2 peak. The average
grain diameter was determined by the Scherrer equation: 108,202,251

L = Kλ

βcos(θ
(7.1)

where L is the average grain diameter, K = 0.9 is the Scherrer constant, λ is the
wavelength of the X-ray (λ= 0.154 nm for Cu Kα), β is the FHHM peak in radians,
and θ is the Bragg angle (half of the 2θ peak position). The FHHM β of Ag(111)
(2θ = 38.3°) and Ag(100) (2θ = 44.5°) were corrected for instrument broadening by
using a Corundum reference sample using the peak at 2θ = 37.8°and 2θ = 44.4°,
respectively.
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In recent decades, there has been a significant surge in global energy demand,
presenting challenges in sustainability and the environment. Renewable energy
technologies, such as solar, wind, hydroelectric, and geothermal power, provide
sustainable alternatives to fossil fuels with lower carbon emissions. Photovoltaic
(PV) technology, which directly converts solar energy into electricity, has seen recent
advances that offer higher efficiency and versatility. With the expected exponential
increase in installed PV capacity in the coming decade, challenges such as material
scarcity and efficiency become increasingly important.

This thesis focuses on replacing indium tin oxide (ITO) with metal nanowire
networks (MNNs) as transparent conducting materials (TCMs) for PV applications.
MNNs have gained attention due to their excellent electrical conductivity, mechan-
ical flexibility, and potential for tailored optical properties. One crucial aspect in
TCMs is striking a balance between electrical conductivity and optical transparency,
measured by the Figure of Merit (FoM). The design flexibility of MNNs allows
for precise control over optical behaviour, making them highly suitable for light
management in PV devices.

In this thesis, we propose the combination of electrodeposition with nanoim-
print lithography, as it offers a sustainable and scalable approach for producing
well-defined MNNs with precise control over size, shape, and alignment. As
demonstrated, this method enables efficient material usage, reducing the overall
amount of silver required for manufacturing while maintaining high performance.
The development of such materials and methods contributes to a more sustainable
solar energy infrastructure, aligning with global efforts towards a cleaner, renewable
energy future.

In Chapter 2 we gave a brief introduction to electrochemical theory, describing
the definition of an electrochemical reaction, discussed the importance of
thermodynamics, electrode kinetics, and mass transport, and described the most
commonly used electrochemical techniques. We then focus on the electrochemical
deposition of metals on foreign substrates and discussed the importance of the
current density distribution on the uniformity of the deposit. We also described a
finite element method to simulate the spatial-temporal electrochemical response in
2D electrodes, including cyclic voltammetry and chronoamperometry. From our
simulations, we found that cyclic voltammogram simulations of electrodes with
a roughness in the order of microns are very sensitive to the tertiary current
distribution determined by the concentration profile at the morphological
features. Finally, we used our finite element simulation platform to model
the chronoamperometry of the growth of metal in nanosized trenches, which is
the main topic of this thesis. We showed that these nano-sized trenches can be
simply modelled by 1D diffusion as the trench depth is much smaller compared to
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the diffusion length.

In Chapter 3 we dived into the electrochemical nucleation of silver on foreign
substrates, in particular ITO, using the double pulse technique. We have showed
that ITO substrates with the same technical specifications (i.e., sheet resistance, light
transmittance, and roughness) and supplier may still have a different crystalline
texture, which we found it has a strong impact on the nucleation and growth of silver
nanoparticles during electrodeposition. We found that the preferential presence
of lower index surfaces leads to a few orders of magnitude lower island density,
which strongly depends on the nucleation pulse potential. On the contrary, the
island density on ITO with preferential <111> orientation is barely affected by the
nucleation pulse potential. This chapter highlighted the importance of reporting the
surface properties of polycrystalline substrates when presenting nucleation studies
and metal nanoparticle electrochemical growth.

Next, in Chapter 4, we have combined the double pulse method with substrate
conformal imprint lithography (SCIL) to fabricate silver nanowire (NW) grids on ITO
substrates for the use as TCM for PV applications. The presented method is based
on a through-the-mask electrodeposition method, where the mask is made using
SCIL. We found that the nucleation density of the silver nanoparticles is the key
parameter for the successful homogeneous void-free filling of the template. By using
the obtained knowledge from Chapter 3, we independently controlled the density of
the silver nuclei and their growth by using the double pulse technique. The silver
NW grids show high optical transmission (95.9%) and low sheet resistance (as low
as 3.7 Ω/sq), resulting in a superior Figure of Merit (FoM). Due to the bottom-up
nature of this technique, arbitrarily high aspect ratio nanowires can be achieved and
therefore decrease the sheet resistance without affecting transmittance and carrier
collection.

Until now we had only discussed the average transmission of the silver NW
grids. However, their nanophotonic nature in combination with the periodic spacing
opens up new possibilities for light management by NW-based TCMs. Therefore,
in Chapter 5 we have described the light-matter interactions of these silver NW
grids. We have discussed the origin behind the characteristic spectral features in
transmission and how are these affected by geometry and dielectric environment.
We used FDTD simulations to predict light transmission and absorption by the
grids, and we showed that the FDTD simulated data explained our experimental
observations. Furthermore, the FDTD simulations validated the normalisation
method used in Chapter 4 to decouple light transmission of the silver NW grids from
that of the substrate in the experiments.

The second part of Chapter 5 described the use of in-situ bright field microscopy
to monitor the nucleation and growth of the grid formation. We found that the
silver nanoparticles strongly absorb light upon nucleation, resulting in a sudden
decrease in reflectance, which is observed both in bright-field microscopy and in
spectroscopy. As the nanoparticles grow larger and eventually coalesce, more light is

138



Summary

scattered, which makes the grid pattern appear bright in the microscopy images.

Up until this point, we showed that the silver NW grids are highly transparent
and conducting making them suitable for the usage of TCM in PV applications. In
Chapter 6 we went one step further by integrating the silver NW grids into an actual
solar cell device. We demonstrated the successful fabrication of silver NW grids
directly grown on Si-based solar cells by electrochemical deposition without using a
seed layer. We have used tunnel oxide passivated contact (TOPCon) solar cells as
platform to measure the transparency of the silver NW grids in the right dielectric
environment via short-circuit current density (Jsc) monitoring, and we showed
that the transmission of the silver NW grids is greater than expected from their
geometrical footprint. Moreover, we investigated the effect of nanowire aspect ratio
on the angle-dependent Jsc. We found that the Jsc is virtually constant up to an angle
of incidence of about 40°, after which the current drops. This decrease in current
density at larger angles of incidence was attributed to the increase in absorption by
the silver NW grids. Overall, this chapter showed the successful integration of the
silver NW grids into real Si-based solar cells, and even improving the performance
of the solar cell in the near-infrared spectral regime.

Finally, in Chapter 7, we investigated the use of monocrystalline silver nanocubes
as seeds for the electrochemical growth of silver nanowire grids with potentially
higher crystalline quality and thus better electrical performance. Nanocube imprint
lithography developed by our collaborator was used to assemble colloidally-grown
monocrystalline nanoparticles with a size of 40 nm into a grid-like pattern on ITO
substrates. Subsequently, we focused on the welding of these silver nanocubes via
electrochemical overgrowth. We took advantage from our knowledge obtained in
Chapter 3, and used the large nucleation overpotential of silver on ITO substrate to
selectively electrodeposit silver on the nanocubes without inducing the formation
of new silver nuclei on the ITO substrate. We showed indirect evidence for epitaxial
overgrowth, as the electrochemically-induced grain size increase in the nanocubes,
as obtained from XRD, coincides with that from morphological measurements (AFM
and SEM). Our findings also underscore the critical importance of ligand removal
for the successful overgrowth and welding.

In general, in this thesis we have reported a scalable selective area electrochem-
ical method for fabricating interconnected metal nanostructures for transparent
conducting materials. Utilising the bottom-up approach of this technique allows
for achieving arbitrarily high aspect ratio nanowires, thus reducing sheet resistance
without compromising transmittance and carrier collection. This feature proves
advantageous for integrating silver nanowire grids into TOPCon solar cells. As such,
this thesis contributes to a more sustainable solar energy infrastructure, opening up
new paths towards a cleaner, and more renewable energy future.
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Samenvatting
In de afgelopen decennia heeft een aanzienlijke stijging van de mondiale vraag
naar energie plaatsgevonden, wat uitdagingen met zich meebrengt op het gebied
van duurzaamheid en het milieu. Het gebruik van hernieuwbare energietech-
nologieën, zoals zon, wind, waterkracht en aardwarmte, biedt een duurzamer
alternatief met een lagere koolstofemissie vergeleken met fossiele brandstoffen.
De recente ontwikkelingen in de fotovoltaïsche (PV) technologie, waarbij zonlicht
direct in elektriciteit wordt omgezet, hebben geleid tot een hoger rendement en
meer veelzijdigheid in verschillende toepassingen. Doordat de geïnstalleerde PV-
capaciteit verwacht wordt exponentieel te stijgen in de komende decennia, worden
uitdagingen zoals schaarste van materialen en rendement steeds belangrijker.

Dit proefschrift heeft als doel het vervangen van indium tin oxide (ITO)
met netwerken van metalen nanodraden, die gebruikt kunnen worden als een
transparant geleid materiaal (TGM) voor PV-toepassingen. Er wordt veel onderzoek
gedaan naar deze metalen nanodraden-netwerken (MNN) vanwege de excellente
elektrische geleiding, mechanische flexibiliteit, en de mogelijkheid om de optische
eigenschappen op maat aan te passen. Een belangrijk aspect in deze TGM’s is
het vinden van een balans tussen de elektrische geleidbaarheid en de optische
transparantie, wat wordt uitgedrukt door de Figure of Merit (FoM). De flexibiliteit
in het ontwerp maakt het mogelijk om de optische eigenschappen nauwkeurig te
controleren en naar wens aan te passen, waardoor ze enorm geschikt zijn voor
lichtmanagement in PV-systemen.

In dit proefschrift bestuderen wij een combinatie van elektrodepositie met nano-
imprint lithografie, wat een duurzame en schaalbare aanpak biedt voor de productie
van nauwkeurig gedefinieerde MNN’s met precieze controle over de grootte, vorm,
en uitlijning. Dit proefschrift toont aan dat deze methode materialen op een
efficiënte manier gebruikt. Deze techniek kan de totale hoeveelheid consumptie
van zilver verminderen die vereist is voor de productie van deze TGM’s, terwijl
de uitstekende werking behouden blijft. De ontwikkeling van deze materialen en
methodes draagt bij aan een duurzamere zonne-energie infrastructuur, wat in lijn is
met de wereldwijde inspanningen naar een toekomst met schonere en duurzamere
energie.

In Hoofdstuk 2 werd een korte introductie van de elektrochemische theorie
gegeven, waarbij de definitie van een elektrochemische reactie werd beschreven.
Het belang van thermodynamica, de kinetiek van de elektrode en massatransport
zijn ook aan bod gekomen, evenals de meest gebruikte elektrochemische technieken.
Vervolgens bespraken we de elektrochemische depositie van metalen op externe
substraten en het belang van de verdeling van de stroomdichtheid voor de
uniformiteit van de depositie. Wij hebben ook een eindige-elementenmethode
beschreven om de ruimtelijk-temporele elektrochemische respons van 2D-
elektroden te simuleren, inclusief cyclische voltammetrie en chronoamperometrie.
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Deze simulaties hebben aangetoond dat de cyclische voltammogram zeer gevoelig
is voor de tertiaire stroomverdeling van elektroden met een ruwheid in de orde
van micrometers, waarbij de tertiaire stroomverdeling wordt bepaald door het
concentratieprofiel van de metaal ionen rondom de oneffenheden van het oppervlak.
Ten slotte hebben we dit eindige-elementenmethode platform gebruikt voor het
simuleren van de chronoamperometrie tijdens de groei van zilver in geulen met
een breedte van enkele tientallen nanometers, wat het hoofdonderwerp van dit
proefschrift is. We hebben aangetoond dat deze nanogeulen eenvoudig kunnen
worden gemodelleerd door 1D diffusie, voornamelijk omdat de diepte veel kleiner is
in vergelijking tot de diffusie lengte.

In Hoofdstuk 3 hebben wij ons verdiept in de elektrochemische nucleatie van
zilver op vreemde substraten, in het bijzonder ITO, met behulp van de dubbel-puls
methode. We hebben aangetoond dat ITO-substraten met dezelfde technische
specificaties (d.w.z. vierkantsweerstand, lichttransmissie en ruwheid) en leverancier
nog steeds een verschillende kristallijne textuur kunnen hebben. In dit onderzoek
concludeerde we dat de kristallijne textuur een sterke invloed heeft op de nucleatie
en groei van zilveren nanodeeltjes tijdens elektrodepositie. We hebben vastgesteld
dat de kiemdichtheid van nanodeeltjes op oppervlakken met een voorkeur voor een
lagere kristal index (i.e. <100>) varieert over enkele orders van grootte, afhankelijk
van de aangebrachte nucleatiespanning. Echter, de kiemdichtheid van nanodeeltjes
op ITO met oppervlakken met een voorkeur voor de <111> kristal oriëntatie wordt
nauwelijks beïnvloed door de nucleatiespanning. Dit hoofdstuk benadrukt het
belang van het rapporteren van de oppervlakte-eigenschappen van polykristallijne
substraten bij het rapporteren van studies naar de elektrochemische nucleatie en
groei van metalen nanodeeltjes.

Vervolgens, in Hoofdstuk 4, hebben we de dubbel-puls methode gecombineerd
met substraat-conforme imprint lithografie (SCIL) om roosters van zilveren
nanodraden op ITO-substraten te fabriceren om te gebruiken als TGM’s in PV-
toepassingen. De gepresenteerde methode is gebaseerd op elektrodepositie door
een masker, gefabriceerd met SCIL, dat de locatie van het zilver bepaalt. We
hebben ontdekt dat de kiemdichtheid van de zilveren nanodeeltjes de belangrijkste
parameter is voor het succesvol homogeen opvullen van het masker zonder
resterende gaten. Dankzij de kennis die wij in Hoofdstuk 3 hebben opgedaan,
kunnen we onafhankelijk de kiemdichtheid van de zilveren nanodeeltjes en
hun groei controleren met behulp van de dubbel-puls methode. De zilveren
nanodraadroosters vertonen zowel een hoge optische transparantie (95.9%) als een
lage vierkantsweerstand (zo laag als 3.7Ω/sq), wat resulteert in een superieure FoM.
Vanwege het selectief opbouwende karakter van deze techniek kunnen nanodraden
met een willekeurige hoge lengte-breedte verhouding worden bereikt, waardoor de
vierkantsweerstand kan worden verlaagd zonder de transmissie en het extraheren
van de lading dragers te beïnvloeden.

We hebben tot nu toe alleen het gemiddelde van het transmissie-spectrum
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van de zilveren nanodraadroosters besproken. Deze op nanodraden gebaseerde
TGM’s bieden echter nieuwe mogelijkheden voor het controleren van het licht
door hun nanofotonische aard in combinatie met de periodiciteit van de roosters.
We hebben daarom in Hoofdstuk 5 de licht-materie interacties van deze zilveren
nanodraadroosters beschreven. Hier bespraken we de oorzaak van de karakteristieke
kenmerken in het transmissie-spectrum en hoe deze kunnen worden beïnvloed door
de geometrie en de diëlektrische omgeving. We gebruikten numerieke simulaties om
de transmissie en absorptie van licht door de roosters te berekenen, en verklaarden
de experimentele waarnemingen. Bovendien hebben de simulaties de normal-
isatiemethode van Hoofstuk 4 bevestigd, waarbij we de lichttransmissie door de
zilveren nanodraadroosters ontkoppelen van die van het onderliggende substraat.

In het tweede deel van Hoofdstuk 5 werd het gebruik van in-situ microscopie
beschreven om de nucleatie en groei van de zilveren nanodraadroosters te
bestuderen. We hebben vastgesteld dat de zilveren nanodeeltjes licht sterk
absorberen direct na nucleatie, wat resulteert in een plotselinge afname van de
reflectie. Dit fenomeen werd waargenomen met behulp van microscopie en
spectroscopie. Naarmate de nanodeeltjes groter worden en uiteindelijk een geheel
vormen wordt er meer licht verstrooid, waardoor het roosterpatroon erg helder
oplicht in de microscopiebeelden.

Onze resultaten tot dusver tonen aan dat de netwerken van zilveren nanodraden
zeer transparant en geleidend zijn, waardoor ze geschikt zijn voor het gebruik van
TGM’s in PV-toepassingen. In Hoofdstuk 6 gingen we nog een stap verder door de
zilveren nanodraadroosters te integreren in een zonnecel. We hebben de succesvolle
productie van zilveren nanodraadroosters gedemonstreerd die rechtstreeks op een
silicium gebaseerde zonnecel zijn gegroeid door middel van elektrochemische
depositie zonder gebruik te maken van een initiële metaallaag. Om de transmissie
van de zilveren nanodraadroosters in de juiste diëlektrische omgeving te meten
via de kortsluitstroom (Jsc) hebben we tunnel-oxide passivated-contact (TOPCon)
zonnecellen gebruikt als platform. Hiermee hebben we aangetoond dat de
transmissie van de zilveren nanodraadroosters groter is dan verwacht op basis
van hun geometrische voetafdruk. Bovendien hebben we het effect van de lengte-
breedte verhouding van deze nanodraden op de hoek-afhankelijke kortsluitstroom
onderzocht. We hebben vastgesteld dat de kortsluitstroom vrijwel constant is tot
een invalshoek van ongeveer 40°, waarna de stroomdichtheid sterk afneemt. Deze
afname van de stroomdichtheid wordt verklaard door de toename van absorptie
in de zilveren nanodraadroosters. Over het algemeen heeft dit hoofdstuk de
succesvolle integratie van de zilveren nanodraadroosters in op silicium gebaseerde
zonnecellen laten zien, waarbij zelfs het rendement van de zonnecel verbeterd
wordt in het nabij-infrarood.

Ten slotte hebben we in Hoofdstuk 7 het gebruik van monokristallijne zilveren
nanokubussen onderzocht als kiemen voor de elektrochemische groei van de zil-
veren nanodraadroosters, die potentieel een hogere kristallijne kwaliteit hebben
en dus betere elektrische prestaties. Een nanokubus-imprintlithografietechniek
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die door onze partners was ontwikkeld, werd gebruikt om colloïdaal gegroeide
monokristallijne zilveren nanokubussen met een grootte van 40 nm samen te
rangschikken tot een rooster-achtig patroon op ITO-substraten. Vervolgens hebben
we ons gericht op het samengroeien van deze zilveren nanokubussen door middel
van elektrochemische overgroei. De kennis die we in Hoofstuk 3 hebben opgedaan,
is gebruikt om zilver selectief te groeien op de nanokubussen, zonder het creëren
van nieuwe zilverkiemen op het ITO-substraat. We hebben indirect bewijs gevonden
voor epitaxiale overgroei, aangezien de toename van de grootte van het kristal-
domein zoals verkregen uit Röntgendiffractie overeenkomt met de toename van
de grootte verkregen uit morfologische metingen (atomaire krachtmicroscopie,
scanning electronemicroscopie). Daarnaast benadrukken onze bevindingen het
cruciale belang van het verwijderen van de liganden voor de succesvolle overgroei
en samenvoeging van de nanokubussen tot één geheel.

In dit proefschrift rapporteren we een schaalbare elektrochemische oppervlakte-
selectieve methode voor het maken van onderling verbonden metalen nanostruc-
turen voor het gebruik als transparante geleidende materialen. Het selectief op-
bouwende karakter van deze techniek maakt het mogelijk om nanodraden met
een willekeurige hoge lengte-breedte verhouding te fabriceren. Daardoor kan de
vierkantsweerstand worden verlaagd zonder de transmissie en het extraheren van
de lading dragers te beïnvloeden. Deze eigenschap blijkt van groot belang voor
het integreren van de zilveren nanodraadroosters in TOPCon-zonnecellen. Als
zodanig draagt dit proefschrift bij aan een duurzamere zonne-energie infrastructuur,
waardoor nieuwe mogelijkheden worden gecreëerd voor een toekomst met schonere
en hernieuwbare energie.
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