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ABSTRACT

Application of Nanostructured Materials and Multi-
junction Structure in Polymer Solar Cells

Yangqin Gao

With power conversion efficiency surpassing the 10% milestone for commercialization,
photovoltaic technology based on solution-processable polymer solar cells (PSCs)
provides a promising route towards a cost-efficient strategy to address the ever-
increasing worldwide energy demands. However, to make PSCs successful, challenges
such as insufficient light absorption, high maintenance costs, and relatively high
production costs must be addressed. As solutions to some of these problems, the unique
properties of nanostructured materials and complimentary light absorption in multi-

junction device structure could prove to be highly beneficial.

As a starting point, integrating nanostructure-based transparent self-cleaning surfaces
in PSCs was investigated first. By controlling the length of the hydrothermally grown ZnO
nanorods and covering their surface with a thin layer of chemical vapor-deposited SiO,, a
highly transparent and UV-resistant superhydrophobic surface was constructed.
Integrating the transparent superhydrophobic surface in a PSC shows minimal impact on
the figure of merit of the PSC. To address the low mechanical durability of the
transparent superhydrophobic surface based on SiO,-coated ZnO nanorods, a novel
method inspired by the water condensation process was developed. This method

involved directly growing hollow silica half-nanospheres on the substrate through the
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condensation of water in the presence of a silica precursor. Benefit from the decreased
back scattering efficiency and increased light transport mean free path arise from the
hollow nature, a transparent superhydrophobic surface was realized using
submicrometer sized silica half-nanospheres. The decent mechanical property of silica
and the “direct-grown” protocol are expected to impart improved mechanical durability

to the transparent superhydrophobic surface.

Regarding the application of multi-junction device structure in PSCs, homo multi-junction
PSCs were constructed from an identical polymer absorber, in which the homo-tandem
device showed an enhanced power conversion efficiency (PCE) (8.3% vs 7.7%) relative to
the optimized single junction PSC. The high open voltage (>1.8 V) achieved in homo-
tandem PSCs allowed for water splitting with an estimated solar-to-fuel conversion

efficiency of 6%.

Lastly, a hybrid tandem cell was also constructed using a polymer and a colloidal
quantum dot subcell. Different hybrid tandem device architectures were proposed and

show a promising PCE of 6.7%.
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Chapter 1

Introduction and Motivation

1.1 World Power Demand

Due to pressures of population increase and rapid economic development, the world
energy demand is projected to more than double by 2050 according to empirical
predictions of the U.S. Energy Information Administration (Figure 1.1). They calculate a
continuous power consumption of 30 terawatts (TW) even with aggressive conservation
and energy efficiency measures.’? More than 85 percent of the increase in global
energy demand occurs among the developing nations outside the Organization for
Economic Cooperation and Development, known as non-OECD. Finding sufficient energy
supplies to fulfill the ~ 14 TW energy gap by 2050 is one of society’s most daunting

challenges.

Owing to limited reserves and serious harmful environmental effects, fossil fuels
including liquid fuels, natural gas and coal are not suitable as a long-term energy source,
even though they currently account for 80 percent of the world energy. The other
conceptually viable option, nuclear power, confronts a similar situation as fossil fuels.
The terrestrial uranium resource base for nuclear power would be exhausted in 10 years

assuming an equivalent consumption speed to fulfil the energy gap.
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Figure 1.1: Summary of the projected world energy demand predicted by the U.S.
Energy Information Administration.’

Among the renewable energy sources, most yield a limited amount of practically
exploitable energy (Figure 1.2). For example, traditional sources of renewal energy

(hydroelectric, wind, geothermal) can only contribute an estimated of 2-12 TW of energy.

On the other hand, solar energy can contribute a significant impressive 600 TW of
potentially exploitable energy. Solar energy is, by far, the largest renewable source that
exists on Earth. A massive amount of solar energy, equivalent to 120,000 TW, is
delivered from the Sun to the Earth’s surface. If the solar energy can be efficiently
harvest, the world energy demand can be far more satisfied, even in the most
aggressive energy demand scenarios.? Therefore, photovoltaic technology is regarded as
one of the most promising strategies which can fulfill the long-term energy needs by

itself.
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Figure 1.2: Estimated practically exploitable energy from various renewable energy
sources.

However, due to the high production cost and low production capacity of the first
generation photovoltaics based on thick crystalline semiconductors, photovoltaic
technology cannot currently compete with primary fossil energy cost-wise. It also
cannot currently bridge the 14 TW energy gap within the next 35 years,4 as illustrated by
the following. Take the average power conversion efficiency (PCE) of 15% for
commercialized solar panel. Assuming a global average solar irradiation of 6,000 W*hr
m2day™ (the solar irradiance in Jeddah, Saudi Arabia),” a production speed of ~ 338 m?
st is required to fulfil the 14 TW energy gap. However, the annual global production
power of a photovoltaic module is ~ 40 gigawatt (GW) in 2014,° equivalent to a
production speed of 33.8 m? s™, which is at least one order of magnitude less than the

required production speed. With the aim of bringing down production costs and
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dramatically improving production capacity, photovoltaic technologies based on
solution-processable photovoltaic materials, such as organic dyes, organic
semiconductors, and quantum dot absorbers, have attracted considerable attention in
recent years. Due to the solution-processability of these materials, the economically
high throughput roll-to-roll printing process can be implemented to boost the

production capacity and reduce the production cost of the photovoltaic module.

1.2 Polymer Solar Cell

The discovery of tunable electrical conductivity in doped conjugated polymer in the
1970s paved the way for constructing cheap semiconductors from polymeric materials.”
8 With the demonstration of the photovoltaic effect in polymer solar cells (PSCs) by
using cheap polymer semiconductor as functional material to harvest light energy, PSCs
have emerged as a promising candidate for photovoltaic technology. Due to their light-
weight, mechanical flexibility, solution processability, and large-area cost-efficient

manufacture compatibility,>™*?

PSCs have garnered increasing attention in the last two
decades. Hence, it is no surprise that power conversion efficiencies of single junction

PSCs have reached up to 11%."

1.2.1 Properties of Conjugated Polymer

Conjugated polymers are organic macromolecules that are characterized by a backbone
chain of alternating single and double bonds. Several representative conjugated
polymers are shown in Figure 1.3. In the simplest case, this characteristic alternated

single and double bonding configuration leads to a linear chain of sp? hybridized carbon
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atoms with overlapped m-orbitals. The delocalized m-electrons arise from the
overlapping of m-orbitals form a conduction band, and are expected to give rise to
metallic behavior in conjugated polymers. However, many attempts to construct
conductive polymers with this extended conjugated m-electron system failed in early
years.”’16 Either bond alternation or electron correlation induce a large band gap which
forbids thermal excitation of carriers across the band gap at room temperature,

resulting in low observed conductivities.!’*®

T NN Polyacetylene

Polyisothianaphthene

Figure 1.3: Several representative conjugated polymers.

Enhanced electrical conductivity of conjugated polymer was first discovered in halogen
doped polyacetylene in the 1970s.”® By controlling the nature and concentration of the

dopant species, polyacetylene can be chemically doped to n-type and p-type by using
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electron-donating (donor) or electron-accepting (acceptor) dopants. In this way, the
electrical conductivity of polyacetylene can be controlled and varied over a range of
more than eleven orders of magnitude. Electrical conductivity as high as 560 Q' em?

has been achieved in AsFs doped polyacetylene.7'8’ 19-20

The ability to control electrical
properties in conjugated polymer can enable it to perform as an insulator, a
semiconductor or a metal. This recognition led to a sudden spurt in research, especially
related to polymer semiconductors. Consequently, a significant amount of effort was
made to explain the underlying charge-carrier transport mechanism, and numerous
types of conductive conjugated polymers were invented to overcome the air instability
problem of polyacetylene and to explore the limitation of these organic
semiconductors.”™ It turns out that the formation of defect states induced by charge
transfer between polymer and dopant species is responsible for the enhanced electrical
conductivity in doped conjugated polymers. Different from the rigid periodic structures
formed in inorganic semiconductors by covalently bonded atoms with multi-
coordinates, the two-fold coordination of bonding motifs present in conjugated
polymers is generally more susceptible to structural distortion. As a result, instead of
exciting charge carriers in terms of electrons and holes as the case in traditional
inorganic semiconductors, 'electronic' excitations in conjugated polymers always
accompanied structural distortions near the excited charge carriers. These are
collectively known as a polaron. Therefore, the charge transport in conjugated polymer

is a process that not only involves the movement of charge carriers, but also involves

moving the structural distortion together with the charge carrier. Consequently, the
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charge transport in conjugated polymers is much lower than that in inorganic
semiconductors due to the extra energy required to move structural distortion as the
polaron moves along the backbone, hopping between polymer chains. This charge
transport behavior imparts the limited conductivity in pure conjugated polymer. As
more polarons are created through charge transfer between polymer and dopant
species arising from the doping process, the conductivity of doped conjugated polymers
is enhanced. In this context, an electron refers to a negatively charged polaron and a

hole refers to a positively charged polaron.

In contrast to traditional inorganic semiconductors, polymer semiconductors have the
advantage of optical and electronic tunability through molecular engineering. By
choosing specific building blocks for the backbone and substituent groups, the
delocalization of m-electrons can be tailored, imparting conjugated polymers with a
desired energy band gap and energy level.*! This was a major reason for the rapid

growth of this active field.

1.2.2 Device Architectures

In order to convert light energy into electrical energy, the light absorbing material is
required to have separated excited and ground states. The energy gap between the two
separated states should be larger than kzT, where kg is the Boltzmann's constant and T
is temperature. In this way, the excited charge carriers formed upon photon absorption
can be maintained at a higher electrochemical energy for a long time. Hence, before

decaying back to ground state, they can be selectively collected at corresponding
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electrodes through asymmetric electronic configurations, converting the photon energy
to electrical energy. Therefore, undoped and lightly doped conjugated polymers which
possess semiconducting properties are able to act as functional photovoltaic materials

to construct PSCs.
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Figure 1.4: Device architectures of conjugated polymer-based PSCs: (a) single layer PSCs;
(b) bilayer structured PSCs; (c) bulk heterojunction PSCs.

However, the single layer PSC developed in early years, in which a single layer of
conjugated polymer is sandwiched between two electrodes with different work
functions (Figure 1.4a), gave extremely poor device performance with a low
photocurrent, even though clear photovoltaic phenomenon and reasonable open
voltage are observed.*** This was due to the intrinsic low dielectric constant of
conjugated polymers (~ 3-5), and the large binding energy (~ 0.3 eV) of the exciton
formed upon photon absorption.** In fact, the binding energy is much larger than the

thermal energy or the present built-in electric field arising from the different work
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functions of the electrodes. Hence, rather than spontaneously dissociate into free
carriers, as is the case in inorganic semiconductors, the exciton excited in conjugated
polymer is much more likely to recombine after a certain length of diffusion within the
polymer.45 Combined with the much lower electron mobility in most conjugated
polymers, only a few excitons formed near the electron-collecting electrode can be

dissociated and collected, resulting in a single layer PSC to produce very little current.

A breakthrough happened when it is found that an exciton can go through efficient
dissociation at heterojunction interfaces formed by organic semiconductors with offset
energy bands. The band offset present at the organic semiconductor interface could
provide enough energy to overcome the considerably large exciton binding energy.46 As
expected, bilayer structured PSCs, for example, in which a heterojunction formed by
two layers of organic semiconductor sandwiched between two electrodes with different
work functions (Figure 1.4b), show improved photocurrent than that of a single layer
PSC.*” Here, instead of using all conjugated polymers to construct the junction, a
combination of conjugated polymer with fullerene or its derivatives is used due to the
high electron mobility and large electron affinity of the fullerene.”® In a bilayer
structured PSC, an exciton that diffuses to the heterojunction interface before
recombining can be efficiently dissociated, resulting in oppositely charged free carriers
at each side. Once the dissociation of exciton is achieved, the resulting free carriers can
be collected at corresponding electrodes via drift, driven by the built-in electric

potential formed by the two electrodes with different work functions. However, the
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performance of bilayer structured PSC still shows limited device performance,
unsuitable for practical application. This low device performance arises from the
extremely short exciton diffusion length inherent in the polymer semiconductors.
Limited by the significant structural disorder and a short intrinsic exciton lifetime, the
exciton diffusion length in most conjugated polymer is typically on the order of 5-10
nm,*® which is much shorter than the absorption length of the material (~ 200 nm). For
this reason, only the excitons formed within 10 nm away from the heterojunction can
diffuse to the interface before decaying back to the ground state, and being split to form
free charge carriers which contribute to the photocurrent. Therefore, the effective
thickness of the semiconductor layer is geometrically constrained by the short exciton
diffusion length. Ultimately, the limited efficiency of bilayer structured polymer solar
cells is a result of the mismatch between the short exciton diffusion length and the thick

absorption length in films of conjugated polymers.

As both exciton diffusion length and absorption length arises from the intrinsic
properties of conjugated polymer, the mismatch between these two lengths can only be
solved from the geometric perspective of the device. Therefore, a new concept of
device structure, bulk heterojunction device structure (Figure 1.4c), was proposed to
solve the conflict between the short exciton diffusion length and the thick absorption
length.”®>? The bulk heterojunction structure is formed by casting a single solution
prepared by blending polymer and fullerene together. During the drying process of the

casted solution, the donor and acceptor components would demix with each other due
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to the difference in solubility and chemical potential. Ideally, each component can form
a continuous network during the spontaneous phase separation process,
interpenetrating each other on the nanoscale. This would result in pure donor and
acceptor domains co-existing alongside domains of blended donor and acceptor
molecules. Because the phase separation induced interpenetration network can be
tuned to have a nanomorphology with extensive domains on the order of 10-20 nm
(comparable to the exciton diffusion length), almost all of the excitons formed in the
active layer have the ability to diffuse to the closest heterojunction interface to produce
current. Primarily due to this property, the bulk heterojunction device structure is the
most popular adopted device structure in PSCs, and results in pronounced improvement
in device performance. However, finding the right processing conditions for a specific
polymer system to achieve the optimum bulk heterojunction morphology on the scale
of exciton diffusion length is a challenging task. Study of the blend morphology with a
variety of microscopic, spectroscopic, and X-ray scattering techniques has shown that
the blend morphology can be influenced by the choice of processing solvent,>® addition
of processing additives,> drying time,”> solute concentration, or subsequent thermal®®
and solvent vapor annealing®’ process. Until now, no robust and universal strategy has

been demonstrated to give the right bulk heterojunction morphology in PSCs.

1.2.3 Challenges and Motivation

41, 58-59

With significant advances in exploiting new materials, optimization of BHJ

61-66

morphology,60 light management and improvement in interface characteristics, the
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PCEs of single junction PSCs have approached 11%,"* the milestone efficiency for
commercialization. As this record number is quite close to the average PCE of 15% for
commercialized inorganic photovoltaic modules, it could be possible that
commercialization of PSCs would soon become a reality. However, the bankruptcy of
Konarka Technology, Inc. in late May 2012 after raising $170 million from investors,
released a somber message to the PSC research and development community: high PCE
numbers are not sufficient for the commercialization of PSCs. Instead of pursuing the
highest PCE numbers in PSCs, there are still serious issues that impede the path towards
commercialization for PSCs. Some of these are short life time, intrinsic intermittent

power supply,®’ high maintenance cost due to dust accumulation,®®®

and relatively high
production cost.”® Addressing these issues to pave the way for the commercialization of
PSCs is as important as pursuing higher PCE numbers, considering the efficiencies of
PSCs are becoming contestable with inorganic PSCs. Addressing these issues is quite
challenging and would require significant interdisciplinary work. This dissertation aims
to tackle some of these issues by focusing on the application of nanostructured

materials and multi-junction structure to PSCs as a way to reduce maintenance and

production costs.

1.3 Application of Nanostructured Materials to PSCs
In the broadest sense, nanostructured materials show structural features with sizes in
the range of 1 nm to a few hundred nanometers in at least one dimension. Novel

physical and chemical properties arise from their high surface to volume ratio and nano-
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scale confined dimensions. The mechanical, electrical, and optical properties of the
material can be manipulated, which has resulted in tremendous innovative applications.
With regards to PSCs, implementation of the unique properties of nanostructured

materials may shine a light on how to solve some of their practical problems.

1.3.1 Self-Cleaning PSCs

After the installation of solar panels, accumulation of dust, pollution, and animal matter
on the surface can seriously block sunlight and cause a dramatic decrease in efficiency
of the solar cell. A decrease of ~ 17.4%/month in the output power have been reported

in sandy areas and more than 2.3%/month in rainy ones.®®%

To keep the output power
of solar cells at a constant level, extensive labor work needs to be done to clean the
surface of solar panels, which further increase the cost of solar energy. Interestingly,
many bio-surfaces exist in nature on plants and insects that have admirable self-cleaning
abilities that keep them clean even under extreme environmental conditions. Hence,

implementing the self-cleaning strategies of bio-surfaces on solar panels is an extremely

attractive, but potentially challenging proposition.

1.3.1.1 The Self-Cleaning Surface

The unique micro/nano-structures shown in those bio self-cleaning surfaces are
believed to be one of the key factors that impart the self-cleaning ability (Figure 1.5).
These structures induce a large water contact angle with a small sliding angle, so that
surface contaminants can be flushed away as water rolling over on the surface. (Figure

1.6d).”*" Liquid wettability on micro/nano-structured surfaces has been studied well
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before the mystery of self-cleaning bio-surfaces was revealed, and two different states

were found depending on whether the liquid penetrates the underlying structure or not.”>”®

Figure 1.5: Micro/nano-structures exist on natural self-cleaning bio-surfaces: lotus leaf,
cicada wings, and mosquito compound eyes (from left to right).”*

When a liquid drop is deposited on a flat surface (Figure 1.6a), in order to minimize the
Gibbs free energy of the system, the contact angle (6,) of the liquid drop follows

Young’s equation’’:

cos(6,) = —ys';::“ (1)

, Where yg, is the solid-vapor interfacial energy, y; is the solid-liquid interfacial energy,

and y;,, is the liquid-vapor interfacial energy.

On a rough surface, if the liquid totally wets the underlying rough structure (Figure

1.6b), it is referred to being in the Wenzel state. Since there are more liquid-solid
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interfacial contacts present compared to the situation when the liquid sits on a flat

surface, the apparent contact angle, 8,, can be expressed as shown in equation (2):
cos 8 =rcosb, (2)

, Where r is the ratio of the actual liquid-solid contact area to the projected area on the

horizontal plane.

bR

Vapor  Liquid

A~\;
c) d) 8

Figure 1.6: (a) Contact angle of liquid droplet on a flat surface fulfils Young’s equation.
Two different wetting states exist when a liquid droplet sits on a rough surface: (b)
Wenzel state and (c) Cassie state. (d) Schematic illustration of the self-cleaning
mechanism when water rolls off a superhydrophobic surface.

When a liquid droplet sits on top of the rough structure without penetrating the
underlying rough structure (Figure 1.6c¢), it is known to be in the Cassie state. As air is

trapped at the interface, the apparent contact angle, 65, can be expressed per equation

(3):

cosOf =fcosbf, + f—1(3)
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, Where f is the projected surface fraction of solid at contact interface.

It can be noted that depending on the texture design of the rough surface, both Wenzel
and Cassie state can impart a very high liquid contact angle for a micro/nano-structured
surface composed by liquid-repelling material (6, > 90°). However, due to the
difference in liquid-solid contact area, Wenzel and Cassie states are different in their
adhesion behavior. Only in the Cassie state, it is possible to have a surface with
minimum interaction with the deposited liquid droplet, so that a tiny gravity force
induced by the small angle tilting enables roll-off of the liquid droplet, and removes the
contaminants deposited on the surface (Figure 1.6d). Actually, just playing with the
texture design of the rough surface by introducing so called “reentrant” or “doubly
reentrant” structures, an ultra-liquid-repellent surface can be realized for an extremely
low surface tension liquid (oy, < 15mJ m™2) irrespective of the wettability of the
composed surface materials, which further highlights the importance of micro/nano-

78-80

structures to self-cleaning surfaces. By applying an external force on the liquid

droplet deposited on the rough surface, irreversible and reversible transitions®
between the two states can be observed, which suggest that both Wenzel and Cassie
states might co-exist, represents the corresponding local free energy minima of the
system. It turns out that in which state the deposited liquid droplet sits, is not only a

78-80, 84-86 7o) Jasion 3

consideration of thermodynamics, but also a perspective of kinetics.
self-cleaning surface which is both thermodynamically and kinetically robust to support

the liquid droplet in the Cassie state is critical for practical self-cleaning applications.
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Since water has a relatively high surface tension, superhydrophobic surfaces which
shows high apparent water contact angle (>150°) and low sliding angle (<10°) are easy

to be realized on various kinds of surfaces.®’

And, also, because water falls as rain in
every part of the world, superhydrophobic surface would be a good candidate to be use

as self-cleaning surfaces in solar cell panels.

The first reported artificial surperhydrophobic surface can traced back to 1986 when
Sacher et al. reported that by depositing hexamethyldisiloxane on silicon chips in a high-
energy plasma at low temperature, a water repellent surface with an extremely high
water contact angle (~ 180°) and a near-zero roll-off angle can be obtained.’® Since then,
a broad range of technologies from top-down to bottom-up approaches have been
utilized to make superhydrophobic surfaces. In general, anisotropic plasma etching and

standard lithography procedures are widely used in top-down approaches to create the

81, 93,97-102 I 87,90-91, 103-104
7

micro/nano-structures on the surface. On the other hand, sol-ge

92, 105-107

layer-by-layer self-assembly, vapor deposition and microphase separation

techniques are commonly used to generate the micro/nano-structures on the surface

from the bottom, 5% 94 108110

Followed by hydrophobilization of the surface with a low
surface energy material, such as CF; or semi-fluorosilanes, superhydrophobic surface

can be easily obtained via both approaches.

1.3.1.2 Transparent Self-Cleaning Surfaces
Besides the requirement of a superhydrohobic surface to incorporate the self-cleaning

property into PSCs, it is obvious that the transmittance of the coating should be as high
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as possible so that the performance of PSCs will not be impacted. However,
superhydrophobicity and transparency all depend on surface roughness and so, are
generally antagonistic properties. While high surface roughness is a prerequisite to
achieve superhydrophobicity, it may also cause undesired light scattering which
diminishes the transparency of the coating. As light scattering, including Rayleigh
scattering and Mie scattering, is a function of roughness size and the refractive index of
the materials, it is critical to carefully control both the degree of roughness and the
coating-substrate  refractive index matching. To achieve the matching
superhydrophobicity and transparency, it is recommended that the rough surface
should be composed of features with a size close to 100 nm, to minimize undesired light

scattering while still preserving its air trapping ability.***
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Figure 1.7: (a) Atomic force microscopy (AFM) shows a high density of nanohair
structures on the PET surface after anisotropic oxygen plasma etching. (b)
Hydrophobilization of the nanostructured surface by CVD of semi-fluorosilanes (c)
Photographs of water droplets on the transparent superhydrophobic PET substrate after
surface hydrophobilization.*

By selective removal of the noncrystalline domain in poly(ethylene terephtalate) (PET)

sheet with anisotropic oxygen plasma etching, Teshima et al.® have created a high
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density of sub-100 nm diameter nanohair structures possessing a height of ~ 150 nm
(Figure 1.7). They imparted superhydrophobicity to the surface by modifying the rough
surface with chemical vapor deposition (CVD) of fluorosilane. In similar fashion, various
different polymers can be used to make transparent superhydrophobic surfaces. ™
Furthermore, similar geometrical nanostructures can also be made using inorganic

nanorods, such as ZnO, from hydrothermal, vapor and sputtering processes.m'120

1.3.1.3 Mechanically Durable Transparent Self-Cleaning Surface

However, since polymers are generally soft materials and inorganic nanorods are quite
fragile, they both lack mechanical robustness, which creates a big challenge for the
commercialization of their superhydrophobic coating.121 To enhance the mechanical
robustness, inorganic nanoparticles (NPs) which possess higher Mohs hardness, such as
silica, TiO,, ITO, etc. could be used as material to form the rough structure. Cao and

GaolZZ

used layer-by-layer process to deposit multilayers of silica (20 nm) and
polystyrene (PS) (60 nm) nanoparticle (NP) mixture on glass. Upon removal of the
sacrificial PS NPs by calcination at 550°C for 4 hours, a hierarchical rough structure
composed of silica NPs was obtained. Treating the film with fluorosilanes resulted in a
superhydrophobic surface with a water contact angle of more than 160° and a

.1 coated glass substrates by dip-

transmittance higher than 90%. Karunakaran et a
coating 3-Aminopropyltrimethoxysilane (APTS)-functionalized silica NPs of two sizes (20

nm and 100 nm) in sequence to create dual-scale roughness (Figure 1.8). A transparent

superhydrophobic surface was finally obtained by vapor deposition of fluorosilane.
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Figure 1.8: (a) Schematic illustration of the co-assembly of APTS-SiO, nanoparticles of
different sizes. (b) SEM image of dual-sized APTS-SiO, nanoparticles successively dip
coated onto Si wafers with 100 and 20 nm nanoparticles. (c) UV-Vis spectra of
superhydrophobic nanoparticle films dip coated in different sequences and compared to
bare glass.123

Again, the mechanical robustness of the obtained superhydrophobic surface in these
methods is quite low as the adhesion force between NPs themselves, and between NPs
and the substrate is not strong enough to survive in a simple tape peeling test.!?*
Alternatively, hybridmaterials composed of hard NPs embedded in a polymer matrix
shows a promising way to enhance the adhesion forces between NPs themselves and

125-127 . 12 . . . .
> As an example, Francisco et al."*® mixed oligodimethylsiloxane

the substrate.
modified silica NPs with poly(methyl methacrylate) (PMMA) (the binder) in solution.

Spray-coating of the mixed solution on glass resulted in a transparent superhydrophobic

surface with improved mechanical stability.
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Figure 1.9: (a) Sketch of the procedure undertaken to prepare transparent
superhydrophobic surfaces. (b) TEM image taken after the PS core has been removed by
calcination. (c) High resolution TEM image of two neighboring silica capsules connected
by a silica bridge that formed during CVD of tetraethoxysilane. (d) Particles can’t be
removed by double sided tape after binding them chemically to the surface by silica
bridges.*?®

Instead of using solid materials as construction blocks to fabricate transparent
superhydrophobic coatings, hollow structured materials with low volumetric density
values could also be used. As the hollow structured materials show decreased back

scattering efficiency and increased light transport mean free path,129

up to micro sized
roughness can be achieved with relatively high transparency, yielding a good
compromise between superhydrophobicity and transparency without sacrificing too

128 130 peng et al.”®® synthesized raspberry-like spherical

much in surface roughness.
particles by attaching nano-sized silica NPs (~ 50 nm) on the surface of micro-sized PS
spheres. After layer-by-layer processing to transfer the raspberry-like particles on top of

glass following by calcination at 350°C to remove the PS template, they obtained a

superhydrophobic surface with a water contact angle of 160° after surface
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hydrophobilization. Interestingly, the transparency of the coating was found be the
same as glass (Figure 1.9). Furthermore, they coated the surface with a thin layer of CVD
deposited silica to lock-bridge the individual hollow microspheres, which enhanced the
adhesion force between the micro structure and the substrate. After silica deposition,
the coating is reported to have survived the peeling test with double sided adhesive
tape pressed at 10 kPa and an impact abrasion test by sand grains (100 — 300 um) with
impact energy of 1.6 x 10 J. However, the high calcination temperature used to burn
off the template (350°C) is not suitable for low thermal resistant substrates, not to
mention environmentally harmful and energy demanding, and thus, is not fit for large
scale production. Furthermore, due to the spherical shape of the hollow raspberry-like
particles, which lessens the interaction between the structure and the substrate, the
ability of the coating to survive at outdoor conditions remains highly doubtful. Pursuing
new methodology to generate large scale, highly transparent and mechanically robust
superhydrophobic surfaces is still ongoing, which should provide a boost for the

development of self-cleaning PSCs.

1.3.2 Light Trapping by Nanostructured Materials

Besides incorporating nanostructured materials at the outmost surface of PSCs to
impart the self-cleaning property to PSCs, embedding nanostructured materials inside
the PSCs is also useful. Preliminary reports on enhanced light absorption in
nanostructured PSCs indicate that light trapping can be realized by embedding

nanostructured materials inside the PSCs to further enhance the PCE. Actually, light
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management has already been shown to be a successful strategy in the development of
low cost highly efficient crystalline silicon solar cells. The most mature crystalline silicon
solar cells available on the market are constructed with a thickness of 180-300 um to
reach maximum light absorption. This results in both a high production cost and film
quality requirement. Effective light management, including anti-reflection and light
trapping realized by light scattering at the micron-size textured surface, is able to
enhance light absorption inside the absorber, reducing the film thickness as well as
production cost. Based on statistical ray optics analysis, the maximum achievable
absorption enhancement for a solar cell can be estimated by Yablonovitch limitation of

4n%, where n is the refractive index of the absorbing material.****32

In PSCs, limited by the trade-off of a strong interference effect and low carrier
mobilities, the optimum photoactive layer thickness for state-of-the-art material
systems is normally around 100 nm, resulting in low absorption efficiency between 60%
to 80%.3**3 Therefore, light management is also considered as an important strategy
to further enhance the PCE of PSCs. However, light management achieved in crystalline
silicon solar cell based on micron-scale textured surface is not suitable for PSCs because
of their high surface roughness. New light management strategies based on
nanostructured materials have been proposed and are considered to be promising for

66, 136

PSCs, but are still under development due to difficulties in their integration. Several

groups have shown light absorption enhancement by integrating the nanostructured
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materials inside PSCs to boost the PCE.®* ¥71%3 Chen et al.'*® incorporated

nanoimprinted deterministic aperiodic nanostructures (DANs) into single-junction PSCs
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Figure 1.10: (a) Schematic illustration of the fabrication process flow for a
nanostructured PSC with nanoimprinted DANs. (b) AFM image of the subsequently spin-
coated PTB7-Th: PC;1BM active layer on top of the nanoimprinted nanostructured ZnO
layer. (c) Current density versus voltage (J-V) characteristics of PSCs in nanostructure
and flat device configuration, recorded under 100 mW cm™> AM 1.5G simulated solar
illumination. (d) Absorption spectra of the devices with and without nanoimprinted

DANs, and absorption enhancement.**
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with poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b'] dithiophene-co-3-
fluorothieno [3,4-b]thiophene-2-carboxylate]:[6,6]-phenyl-C71-butyric acid methyl ester
(PTB7-Th:PC;1;BM) blend as the photoactive layer (Figure 1.9). Compared with the
reference device with a flat bulk heterojunction structure, they achieved enhanced light
absorption in nanostructured PSCs, yielding an 18% increase in photocurrent without
sacrificing the charge transport properties. The light absorption enhancement was
stated to be caused by self-enhanced absorption due to collective effects of the pattern-

induced anti-reflection, light scattering as well as the surface plasmonic resonance.

1.4 Application of Multi-junction Structures to PSCs

As mentioned previously, even though the PCEs of single junction PSCs have approached
the 10% milestone for commercialization, the relatively high production cost remains as
the major challenge. Kalowekamo and Baker”® performed analysis on the production
cost of PSCs and found that the cost of transparent conductive substrate occupies a
large percent of the materials cost (34-36%). Meanwhile, the PSCs module cost is
inversely proportional to the PCE. Hence, enhancing the PCE of PSCs is one of the most
straight forward ways to reduce the module cost. To further enhance the PCE of PSCs,
the issues of unsatisfying light absorption limited by the trade-off of strong interference

effects and low carrier mobilities present in PSCs have to be addressed.**** T

o)
overcome the light absorption problem as well as reducing the production cost, multiple

PSCs connected in series with complementary absorbing photoactive layers stacked on

top of the same transparent conductive substrate have been explored. This multi-
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junction structure can also reduce thermalization loss of photonic energy during the
photon-to-electron conversion process, resulting in PCEs that outperform the Shockley—
Queisser limit. Indeed, the PCE of multi-junction PSCs are approaching the 12% mark in

recent years.l‘m'149

On the other hand, due to the daily and seasonal variability in solar irradiation, solar-to-
electricity supply is intrinsically intermittent. To address this challenge, several
important factors should be considered to utilize solar energy for world energy demand.
Fundamentally, solar energy conversion, storage and distribution should have minimal
environmental effect. A cost-effective way to achieve this ideal on the terawatt scale is
quite challenging. A promising solution lies in the conversion of solar-to-chemical
energy, which can be stored easily, transported effectively, and used upon demand.®”
150-151 Particularly, solar driven water splitting attracts much attention as the only waste
product upon utilization of hydrogen is water. As photoelectrochemical water splitting is
normally done in an alkaline solution with inert electrodes, byproduct/side reactions can
be diminished and the Faradaic efficiency is high enough to reach more than 90%.%***
Faradaic efficiency characterizes the fraction of charge involved in a desired
electrochemical reaction divided by the total charge transferred into the electrolysis
system. Although efficient photoelectrochemical water splitting with solar-to-fuel
efficiency of 18.3% has been realized using an AlGaAs/Si tandem solar cell,*>> the high

cost of commercialization still remains a concern. As PSCs has potential in large-area

cost-efficient manufacturing, combining PSCs in photoelectrochemical water splitting
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will benefit both. Regarding the energy barrier that exists in water splitting, a minimum
potential of 1.23 V is required to provide the thermodynamic driving force, but 1.4-1.9V
is needed in practice because of overpotentials due to reaction kinetics.®” Most of the
reported high efficient polymer tandem solar cells cannot reach such a high voltage at
their maximum power point, and so, triple-junction solar cells have often been used.
Einster has shown an estimated solar-to-fuel efficiency of ~3.1% can be achieved by
using a triple-junction PSC composed of one layer of a large bandgap polymer and two

layers of small bandgap polymers.156

1.5 Objective and Organization of the Dissertation

This dissertation is divided into four chapters to accomplish two major goals in reducing
the maintenance and production costs for PSCs. The first two chapters are aimed at
developing environmentally robust transparent superhydrophobic coating which can be
applied to PSCs to exhibit self-cleaning. In order to achieve this goal, three conditions
should be fulfilled at the same time. First, the superhydrophobicity should be achieved
(high water contact angle > 150° with low sliding angle < 10°) to impart self-cleaning.
Second, the coating should be highly transparent so that the performance of PSCs won’t
be impacted. Lastly, the coating should be robust to the outside environmental
conditions. This includes and not limited to the resistance to UV irradiation and
mechanical impact. Although there has been extensive research about the development

of superhydrophobic coatings, the consideration of transparency and environmental
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robustness has not been completely explored. The first two chapters make

contributions towards those issues.

Specifically, chapter 2 describes a strategy to turn a UV-sensitive transparent
superhydrophobic surface into a UV-resistant one without impacting the transparency
of the coating. In this chapter, the correlation of transparency and superhydrophobicity
with respect to the length of ZnO nanorod is checked. ZnO nanorods with proper
lengths are used to construct transparent superhydrophobic surfaces. As ZnO are
typically prone to UV-triggered photo-oxidation reactions, the wettability of the
constructed surface is altered from superhydrophobic to superhydrophilic under UV
irradiation. To circumvent this shortcoming, a thin layer of chemical vapor deposited
SiO, is proposed to cover the surface of the ZnO nanorods and act as a physical barrier.
In this method, we created a highly transparent UV-resistant superhydrophobic surface
which shows minimal impact on the figure of merit of the PSCs. Double-side tape
peeling test shows decent adhesion of the nanostructure to the substrate. However, the
sand bursting test shows the nanorod structure is more or less fragile to survive under

high energy impacting conditions.

To achieve a mechanically robust transparent superhydrophobic coating, we proposed a
novel methodology in chapter 3 to form arrays of hollow silica half-nanospheres via the
breath figure approach. In our methodology, chemical vapor deposition of silica is
performed at the same time as the formation of breath figures through water

condensation. In this way, a thin layer of silica is formed to cover the condensed nano-
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sized water droplets. Upon removal of the condensed water by simple evaporation in
vacuo leaves arrays of hollow silica half-nanospheres on the surface. Nano-indentation
performed on the hollow silica half-nanosphere shows a decent Young’s modulus of ~
52 GPa. As the formed silica half-nanosphere is hollow, transparent superhydrophobic

coating was realized with submicron sized half-nanospheres.

The second objective of this dissertation is related to our group’s interest in developing
highly efficient multi-junction PSCs which is the focus of chapters 4 and 5. We show that
an enhanced PCE can be realized by stacking multiple active layers on the same costive
transparent conductive substrate. To successfully stack multiple active layers from
distinct solution and processing conditions, an efficient recombination layer which can
physically separate and electrically connect each subcells should be developed for multi-

junction PSCs.

Specifically, chapter 4 describes the construction of homo multi-junction PSCs from an
identical polymer absorber, which shows an enhanced PCE (8.3% vs 7.7%) compare to
an optimized single junction PSC of the same polymer absorber. Combined optical and
electrical modeling is utilized to simulate the multi-junction device performance, and
shows acceptable consistency with the experimental results. Furthermore, due to the
high open voltage (>1.8 V) achieved in homo-tandem PSCs, homo-tandem driven water
splitting in an electrochemical cell with an estimated solar-to-fuel conversion efficiency

of ~ 6% was achieved.
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In chapter 5, a polymer:fullerene bulk heterojunction is joined together with colloidal
guantum dots (CQD) to construct a CQD—polymer hybrid tandem. Compared to the
strong absorption in the visible range by the polymer, CQD showed extended absorption
in the near-infrared range. Combining CQD with polymers would open the path towards
the construction of efficient hybrid tandem devices that combine the advantages of
both parts. Different device architectures to construct the hybrid CQD-polymer tandem

are proposed and tested in this chapter.
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Chapter 2
Highly Transparent and UV-Resistant
Superhydrophobic SiO,-Coated ZnO

Nanorod Arrays

(Paper published in ACS Applied Materials & Interfaces)™’

2.1 Introduction

Superhydrophobic coatings can have a significant impact on the development of glass

158-161 162-163

and plastics with self-cleaning and anti-fogging properties, while also adding

167-170
In

value to a wide range of tribological’®*'® and microfluidics applications.
superhydrophobic coatings, hierarchical roughness introduces multiscale voids and

gaps, trapping air at the material-water interface and, in turn, inducing high contact

angles (>150°) with water droplets, low contact angle hysteresis and sliding angles.

The design and development of self-cleaning coatings for use in solar panels is especially
important given that nearly half of the overall power conversion efficiency of solar
panels can be lost due to dust accumulation every year.® In addition to the water- and

dust-repellent property requirements, superhydrophobic coatings for photovoltaics
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must be highly transmissive to both visible and near-IR light as well as being UV-
resistant and durable. A few recent studies discuss transparent superhydrophobic

128, 160, 171

coatings applied to photovoltaics. One promising approach utilizes solution-

processed SiO,-coated polymer microbeads that can be made hollow by calcination of

28 The resulting microcapsules can be bridged in a CVD

the polymer template (350°C).
step with SiO, precursors to yield a mechanically resistant and highly transparent
coating that can be applied to organic photovoltaic (OPV) devices on glass.128
Meanwhile, approaches by which highly transmissive and nanostructured coating
materials can be produced in a sequence of low-temperature steps (<150°C) would

make them applicable to a variety of flexible plastics, which is one of the key directions

of research in the OPV community.'”

Nanostructured oxides such as ZnO and TiO, possess high band gaps and, as a result,

117, 173-175
d

high visible transmissivities, and can be either solution-processe or

105, 176

hydrothermally grown using established methods. Notably, as light scatters across

oxide arrays, parasitic reflectivity is suppressed, such that nanostructured oxides can be

177-1 . .
8 Here, we describe the preparation of a

used to improve the transparency of glass.
highly transmissive (avg. 93-95%) and UV-resistant superhydrophobic coating based on
SiO,-coated ZnO nanorod arrays grown on ultra-thin seed layer (~ 5nm), and
demonstrate that the presence of the superhydrophobic nanocomposite does not

significantly impact the figures of merit of OPV devices. We also show that the

sequential steps used for the preparation of the SiO,/ZnO nanocomposite can be



51

reproduced on a thin transparent sheet (2x2”) of PET, which retains its
superhydrophobicity upon repeated bending, suggesting that the superhydrophobic

nanocomposite can be applied to flexible photovoltaics and displays.

2.2 Experimental Section

2.2.1 Preparation of the SiO,-coated ZnO Nanorod Arrays

Materials: Zinc nitrate hexahydrate (Zn(NOs),-6H,0, 98%) was purchased from Fisher
Chemicals. Hexamethylenetetramine ((CH;)gNs, 99%) and ammonium hydroxide
(NH40OH, 20% in water) were purchased from Acros. Acetone, isopropanol, chloroform,
chlorobenzene, 1-chloronaphthalene, tetraethyl orthosilicate (Si(OC,Hs)s, 98%), and 1H,
1H, 2H, 2H-perfluorodecyltriethoxysilane (PTES) (98%) were purchased from Aldrich.
(6,6)-phenyl-C71-butyric acid methyl ester (PC;1BM) was purchased from SOLENNE.
Poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) PEDOT:PSS (Clevios™ P VP Al
4083) was purchased from Heraeus. Extran 300 detergent was purchased from EMD. All
of the chemicals were used as received without any purification. Milli-Q water with a
resistivity >18.0 MQ-cm was used in the preparation of aqueous solutions. The glass
slides were purchased from VWR (VistavisionTM) and the flexible sheets of polyethylene
terephthalate (PET; thickness: 0.1 mm) were purchased from Goodfellow (ES301400).
The adhesion tape used for the “scotch tape” experiment was purchased from 3M

(Scotch (3M) Permanent Double Sided tape #34-8507-8235-9 1/2 wide).

Deposition of the ZnO Seed Layer: Bare glass slides and tin-doped indium oxide (ITO, 15

Q sq ') patterned glass substrates were first scrubbed with a diluted Extran 300
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detergent solution to remove organic residues, and then immersed in a sonication bath
of diluted Extran 300 for 15 min (Branson 5510). Next, the substrates were rinsed under
flowing deionized water for 5 min and sonicated for 15 min each in baths of acetone and
isopropanol. After a final last 5 min rinse in flowing deionized water, the substrates
were dried under nitrogen. Regarding the ITO-coated glass: the ITO side was covered
with a thin layer of PMMA drop-cast from a chloroform solution (0.25g/ml) in order to
protect the conducting oxide during the sequential steps used for the preparation of the
ZnO nanorod arrays. The substrates were placed in the sputtering chamber (Equipment
Support Co., Cambridge, England) at a distance of 15 cm from the ZnO target. The
chamber was evacuated to 6x10° Torr and refilled with argon to 5 mTorr, the pressure
at which the deposition of the seed layer was processed (room temperature, RF power
of 50 W). The thickness of the seed layer was adjusted by controlling the deposition

time and checked by ellipsometry (M-2000, J.A. Woollam Co.).

Hydrothermal Growth of the ZnO Nanorods: The substrates coated with ZnO seed layer
were suspended upside down in a container filled with an aqueous solution of zinc
nitrate hexahydrate (0.025 M) and hexamethylenetetramine (0.025 M) at 90°C. The
time of ZnO nanocrystal growth was varied from 0 to 1h in order to yield nanorod arrays
of various lengths. Next, the substrates were removed from the hydrothermal bath and
thoroughly rinsed under flowing DI water. Regarding the ITO-coated glass: the drop-cast

thin layer of PMMA protecting ITO was carefully peeled off. Finally, the substrates were
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dried under nitrogen and finally heated to 100°C in a vacuum-oven (3h) to remove

residual water.

Deposition of the SiO, Scaffold: Samples with ZnO nanorod sizes optimized for
transparency (growth time: 25 min), either on bare glass slides or on ITO-coated glass,
were used for the next steps. Regarding the ITO-coated glass: the ITO side was covered
with a thin layer of PMMA drop-cast from a chloroform solution (0.25 g/ml) to protect
the conducting oxide during SiO, deposition and treatment with PTES. Next, the
nanostructured substrates were subjected to UV-ozone for 15 min to activate the SiO,
surface, and were then placed in a glass chamber, between 2 vessels containing 1 mL of
tetraethoxysilane (TEOS) and 1 mL of ammonia, respectively. The glass chamber was
slowly evacuated to 160 Torr and maintained at room temperature. The SiO, deposition

time was varied between 1h and 12h to yield SiO, scaffolds of various thicknesses.

Passivation of ZnO/SiO, with PTES: The ZnO-nanostructured substrates (with or without
SiO;) were placed at the center of a petri dish with 2 mL of PTES in ethanol (1%, v/v)
drop-cast on the edge. 2 mL of water was carefully drop-casted around the samples,
avoiding contact with the PTES drops while providing a moist atmosphere. The petri dish
was then covered and heated to 140°C (1h) in an oven in order to achieve the PTES
surface passivation. Finally, the nanostructured substrates were carefully rinsed with
acetone and further sonicated in acetone for 5 min to remove (i) unreacted PTES and (ii)

the PMMA layer on the ITO-coated glass substrates.
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2.2.2 Characterization Procedures and Supporting Analyses

Equipment and Characterization: Optical transmittance measurements were performed
with a Cary 6000i UV-Vis-NIR spectrophotometer under normal incidence (ZnO
nanostructured side). The reflectance measurements were performed with a Lambda
950 UV-Vis spectrophotometer (PerkinElmer) equipped with an integration sphere. The
static contact angle was measured with a DSA100 from KRUSS, using DI water droplets
of 2 uL. Note: when water droplets could not readily be transferred to the surface of the
nanostructured substrate due to the superhydrophobicity of the surface, tweezers were
used to gently tap the tip of the needle producing the droplets and to allow droplet
deposition. As the droplets immobilized on the surface, the static contact angle was
measured. The sliding angles were measured on 2 pL water droplets that were placed
on the flat surface that was progressively tilted at a rate of 0.2°/s, and the angle at
which the first of several droplets started to slide on the surface was recorded as the
sliding angle (results averaged over a minimum of 3 measurements). Atomic force
microscopy (AFM) was performed with a Dimension Icon scanning probe microscope
(BRUKER) in tapping mode, and a high aspect ratio antimony-doped Si cantilever with a
spring constant of 42 N/m (TESPA-HAR, Veeco) was used for the analyses; the radius of
the tip was less than 10 nm. Scanning electron microscopy (SEM) was performed with a
FEI Nova Nano 630 equipped with a through-lens detector; the acceleration voltage was
tuned to 1-5 kV, spot size: 0.5-1.5, working distance: 1-3 mm. In the cross-section SEM
characterizations, Pt was sputtered on the sample to compress the charging effects

(deposition time: 20 s; current intensity: 5mA). X-ray diffraction (XRD) experiments were
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carried out on a high-resolution D8 Discover from BRUKER with a Cu Ka radiation point
source (k = 1.5406 A); the scan range was set between 25 and 90 and a scanning rate of
1s/step was used for the measurements. A focused ion beam (FIB, Helios 400s, FEI) was
used to prepare the samples for cross-sectional transmission electron microscopy (TEM)
by a “lift-out” protocol. Prior to FIB milling, samples were coated with a polymer
photoresist (PMMA) to protect the SiO,-coated ZnO nanorod surface. The lamellae were
thinned with a Ga ion-beam (30 kV, 0.28 nA) and cleaned at an accelerating voltage of 2
kV and a current intensity of 47 pA. High-resolution transmission electron microscopy

was performed on a Titan ST, working at an accelerating voltage of 300 kV.

Water drop and sand bursting test: For water drop test, a plastic baker with bottom part
punched by densely packed needles was used as the container. The bottom of the baker
is circle in diameter of 10 cm. The size of the formed water droplet was calculated from
the weight of a number of the water droplets and takes the average. Water droplet with
average diameter of 3.2mm was used. The container fulfill with water was positioned 7
m on top of the test surface to simulate the rain fall. For each test, 1.2 L of water is used
for each time, and the water is finished in 10 min. The static water contact angle and
sliding angle was checked before and after each test. For sand bursting test, sea sand
collected from KAUST beach was used. The size of the sand grains varies from 200 um to
500 um with an average size of ~ 350 um obtained from the statistical counting under

optical microscopy. The sand drops from 10 cm high and impact on the test surface in
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45°. For each sand bursting test, 45 g sand grains are used. The static water contact

angle and sliding angle was checked before and after each test.

2.3 Results and Discussion
As part of the ZnO nanorod hydrothermal growth process, a seed layer of ZnO must be
deposited on pre-cleaned glass (Figure 2.1a, step 1) to lower the activation barrier for

81 Here, the seed layer was deposited by magnetron sputtering (see

crystal nucleation.
Experimental Section), and the dependence of seeded-glass transmissivity on the
thickness of seed layer was examined by UV-Vis spectroscopy. Figure 2.1b shows that
the substrate transmittance gradually decreases as the thickness of the seed layer
increases, indicating that the seed layer should be as thin as possible in order to
minimize both the parasitic absorption and reflection. With the refractive index of ZnO

182 the reflection of incident light at the air-ZnO interface is expected

on the order of 2.0,
to be greater than that at the air-glass interface. For example, in glass coated with a 50
nm seed layer (Figure 2.1b, orange curve), 10% (avg.) loss in transmittance is detected in
the visible region (400-800 nm), while the transmittance drops by ca. 50% in the UV
region, thus significantly reducing the number of photons transmitted to the active layer
of any solar cell in this portion of the spectrum. In contrast, when the seed layer
thickness approaches 5 nm (Figure 2.1b, red curve), the transmissivity of the ZnO-coated

glass is nearly equivalent to that of glass alone across the full spectrum (300-800 nm),

with a minimal transmittance loss near the band gap of ZnO. Meanwhile, the seed layer
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Figure 2.1: (a) Schematic description of the preparation of superhydrophobic SiO,-
coated ZnO nanorod arrays on glass (PTES= perfluorodecyltriethoxysilane).
Transmittance spectra of ZnO seed layers of various thicknesses (c) Transmittance
spectra of ZnO nanorod arrays grown on 5 nm ZnO seed layer with different growth
times. Inset: SEM cross-section of ZnO nanorods obtained after 25 min. (d) Evolution of
the static contact (M) and sliding (V) angles of PTES-treated ZnO nanorod arrays grown
on 5 nm ZnO seed layer for various growth times. Inset: Photograph of a 2 uL water
droplet placed on selected PTES-treated ZnO nanorod arrays. (e) Evolution of the
surface roughness (RMS) () and average nanorod length (by SEM) (@) in relation to
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should be sufficiently stable, that is, thick enough, to allow effective and homogenous

Zn0 nanorod crystal growth by the hydrothermal approach.183

Experimentally, we found
that a thickness of a few nanometers is required. We thus set the seed layer thickness at

5 nm in all following steps.

To develop a superhydrophobic coating with the highest possible level of transparency,
a tradeoff between sufficient surface roughness and excessive scattering caused by
overly long ZnO nanorods must be found. Figure 2.1c shows the evolution of the
substrate transmittance as a function of the time allowed for crystal growth upon the
seed layer (Figure 2.1a, step 2), and indicates a continuous loss of optical transmittance
in the UV region as longer nanorods are formed. Interestingly, beyond 10 min of

nanocrystal growth, the ZnO-coated glass substrate becomes more optically transmissive
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Figure 2.2: Enlarged transmittance spectra of ZnO nanorod arrays (non PTES-treated)
grown on a 5 nm seed layer with different growth times.
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than bare glass in the visible region. This effect can be attributed to the graded

transition of refractive index across the nanostructured coating acting as an anti-

180, 184

reflecting material at the interface between glass and air. Meanwhile, as

nanocrystal growth extends to 1h, the nanorod length reaches ~ 500 nm on average
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Figure 2.3: (a) Cross-section SEM image of ZnO nanorod arrays grown on a 5 nm seed
layer with a growth time of 25 min. (b) X-ray diffraction patterns of ZnO nanorods
(grown for 25 min on a 5 nm seed layer) with various SiO, deposition times (non-PTES-
treated). (c) Effect of the volume of water droplets on the sliding angle (PTES-treated
Zn0 nanorods, grown for 25 min, on a 5 nm seed layer). (d) AFM image (5x5 um) of ZnO
nanorods grown on a 5 nm seed layer with a growth time of 25 min (non PTES-treated).
Note: Imaging of the actual topography of the nanostructured surface is limited by the
aspect ratio of the cantilever, yet a relative RMS roughness can be inferred from the
measurement.
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(Figure 2.2), thus falling in the range of visible light wavelengths and resulting in

12 The higher degree of visible transparency is achieved

significant parasitic scattering.
after 25 min of nanocrystal growth (Figure 2.2), as the nanorods reach a critical average

length of ~ 240 nm with their diameters on the order of 30 nm (Figure 2.1c, inset,

and Figure 2.3a): transmissivity values in the 93-95% range, compared with 91-92% for

uncoated glass. The XRD analysis of the corresponding nanostructured glass (Figure
2.3b) shows a pronounced diffraction peak at 20=34.4° corresponding to the (001)
crystal plane of ZnO and only a weak diffraction peak at 26=62.8° assignable to the (103)
plane, indicating that most of the ZnO nanorods grow vertically on ZnO-seeded glass;

this result is also shown qualitatively by SEM (Figure 2.1c).

It is worth noting that the surface of as-prepared ZnO nanorod arrays is hydrophilic,**®

meaning that water droplets will rapidly wet ZnO-coated glass in spite of the
hierarchical roughness of the nanostructured oxide. Hydrophilic substrates exhibit small
water contact angles and large sliding angles and, as such, they can easily accumulate
water and dust. To circumvent the combined effect of polar hydroxyl groups at the ZnO
surface and the capillary forces inducing the wettability, the nanorods are coated with a
monolayer of perfluorodecyltriethoxysilane (PTES). At the ZnO nanorod surface, the
PTES monolayer reduces the surface energy of the oxide,® and is expected to impart
the superhydrophobicity. Figure 2.1d describes the superhydrophobic behavior of the
perfluorinated ZnO nanorod arrays on glass as a function of the time allowed for crystal

growth. While simple ZnO-seeded glass fluorinated with PTES (t=0) shows low static
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Figure 2.4: Transmittance spectra of SiO,-coated ZnO nanorods (grown for 25 minona 5
nm ZnO seed layer) for various SiO, deposition times. Inset: TEM image of SiO,-coated
ZnO obtained after 3h of SiO, deposition. (b) SEM image (top-view) of the SiO,-coated
ZnO obtained after 6h of SiO, deposition. (c) Evolution of contact angles and surface
roughness (RMS) in PTES-treated SiO,-coated ZnO nanorod arrays (grown for 25 min on
5 nm ZnO seed layer) for various SiO, deposition times: static contact angle (), sliding
angle ('Y), surface roughness (<*). (d) Evolution of contact angles on PTES-treated SiO,-
coated ZnO nanorod arrays with UV irradiation time (365 nm, ~ 2 mW cm™) (e) SEM
image of the Si0,/ZnO nanocomposite surface after application and subsequent
removal of a scotch tape pressed at 10 kPa for 1 min: the adhesive (dark region) peels
off and remains bound to the nanostructured coating. (f) Magnified SEM image showing
that the integrity of the nanorod arrays is retained under the bound adhesive (darker
regions).



62

contact angle values of 120°, static contact angles greater than 150° can be reached
rapidly beyond 5 min of nanocrystal growth. Meanwhile, the ZnO-nanostructured glass
remains dominated by large sliding angle values greater than 20° during the first 20 min
of nanocrystal growth, and it is only after about 25 min that the nanorod arrays become
truly superhydrophobic, with static contact angles greater than 150° (as high as 157°,
Fig. 2.1d inset) combined with markedly low sliding angles on the order of 10° and less
(estimated from 2 uL water droplets). The influence of droplet size on sliding angle
measurements is emphasized in Figure 2.3c. These results confirm that the surface state
can be changed from Wenzel to Cassie-Baxter as the ZnO nanorods grow in length, that
is, as the surface roughness increases as shown in Figure 2.1e. Figure 2.3d provides a
topological depiction of the ZnO arrays after 25 min of growth by AFM from which the
room mean square (RMS) roughness can be calculated. Considering both the high
degree of transparency retained by the ~ 240 nm-long ZnO nanorod arrays obtained
after 25 min of hydrothermal growth and their excellent superhydrophobic properties
reached upon perfluorination with PTES, we used these arrays in the following steps and

discussions.

While ZnO nanorods are typically prone to UV-triggered photo-oxidation reactions,*®®*%’

this shortcoming and the resulting gain in hydrophilicity can be circumvented by
protecting the nanocrystal surface with a thin layer of UV-resistant material acting as a

105, 176

physical barrier. Here, we chose to protect the ZnO surface by a thin layer of SiO,

(Figure 2.1a, step 3) deposited by CVD from tetraethoxysilane in the presence of
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ammonia (see Experimental Section).128 The XRD pattern of the SiO,-coated ZnO
nanorods with varying SiO, deposition times (t=0, 3h, 6h, 9h, 12h) is shown in Figure
2.3b, where the gradual reduction in the (001) diffraction peak intensity can be
attributed to the screening of the ZnO nanorods by SiO,. Figure 2.4a shows that layering
SiO, on the ZnO nanorods does not further reduce the overall transmissivity of the
nanostructured glass substrate. Thus, even after 6h of SiO, deposition at an estimated

growth rate of ca. 1 nm h™, the transmittance of the coating remains on the order of 45%

Counts

Figure 2.5: TEM image of ZnO nanorods (grown for 25min, on a 5nm seed layer) with
SiO, deposition times of a) 3h, b) 6h, c) Energy-dispersive X-ray spectroscopy (EDX)
spectrum of ZnO nanorods obtained after a SiO, deposition time of 6h.
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(avg.) in the UV region and on the order of 93-95% across the visible region; the
thickness of the SiO, layer deposited after 3h and 6h was determined by TEM and the
imaged SiO,-coated ZnO nanorods are shown in Figure 2.5, along with the energy-
dispersive X-ray (EDX) analysis. As expected, the reflectance data shown in Figure 2.6
indicate that SiO,-coated ZnO-nanostructured glass is less reflective (4-5%) than bare
glass (8-9%). However, Figure 2.6 also indicates that the drop in the visible transmissivity
of the SiO,-coated ZnO nanorods beyond 6h of SiO, deposition (Figure 2.4a) can be

correlated with an appreciable gain in the reflectance after the critical SiO, layer thickness
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Figure 2.6: Reflectance spectra of SiO,-coated ZnO nanorods (grown for 25 min on a 5
nm ZnO seed layer) for various SiO, deposition times (non-PTES-treated).

is reached. This empirical observation is in agreement with the coarsening of the ZnO
nanorod diameter upon SiO, deposition (Figure 2.4b) and with the corresponding

reduction of RMS roughness as shown in Figure 2.4c upon SiO, deposition. The SEM
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cross-section of the SiO,-coated ZnO nanorods shown in Figure 2.7 emphasizes the
coarsening of the nanorod arrays resulting from 9h of SiO, deposition. In such
conditions, the nanorods are almost fully bridged by SiO,, while a rather continuous top
layer of oxide starts forming, which is expected to increase the overall reflectivity of the

coating. Figure 2.4c confirms that, upon perfluorination of the SiO, layer with PTES

Figure 2.7: a) SEM image (top-view) of ZnO nanorods (grown for 25 min, on a 5 nm seed
layer) obtained after a SiO, deposition time of 3h. b) Cross-section SEM image of ZnO
nanorods (grown for 25 min, on a 5 nm seed layer) with SiO, deposition time of 3h, and
c) 9h.
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(Figure 2.1a, step 4), the SiO,-coated ZnO composite becomes superhydrophobic. While
the static contact angle of ca. 157° remains fairly constant for SiO, layer thicknesses in
the range 1-6 nm, the sliding angle reaches values as low as ca. 7° (~2-3 nm) and then
increases gradually when the SiO; layer thicknesses surpass ~6 nm. With a sliding angle
larger than 40° after 6h of SiO, deposition (~7-8 nm), the superhydrophobicity of the
nanostructured glass is compromised. This observation is consistent with the significant
coarsening of the ZnO nanorod diameter upon SiO, deposition (Figure 2.4b).
Importantly, Figure 2.4d shows that thin SiO; layers of ca. 1 nm (1h deposition) are

sufficient to protect the ZnO nanorod surface and to avoid the dramatic increase in

Container
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Figure 2.8: (a) Sketch of the setup used to perform water drop and sand bursting test.
(b) SEM image of the surface after sand bursting test shows collapsed SiO,-coated ZnO
nanorods.

hydrophilicity caused by UV-triggered photo-oxidation reactions. In parallel, the

adhesion of the SiO,-coated ZnO nanorod arrays to glass substrate was qualitatively
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assessed with a “scotch tape” experiment in which the adhesive tape was pressed at 10
kPa against the nanostructured surface for 1 min (see details in Experimental Section).
Figure 2.4e shows that, upon removing the tape, the adhesive peels off from the
backing material and remains bound to the SiO,;-coated ZnO nanorod arrays. The
magnification of the nanostructured coating under the bound adhesive shown in Figure
2.4f confirms that the integrity of the nanorod arrays is retained. The mechanical
robustness of the superhydrophobic surface was checked by the water drop and sand
bursting tests (Figure 2.8a, see details in Experimental Section). In the water drop test, a
high density of water droplets with an average diameter of 3.2 mm is released from 7 m

above the test surface to simulate the impact of rain fall on the surface. Owing to the

Table 2-1: Summarized static water contact angle and sliding angle for PTES-treated
SiO,-coated ZnO nanorod arrays before and after the water drop test.

Static CA (") Sliding angle (°)
Sample
Initial ~ Aftertest Initial  After test
Silica 1h 156.9 156.4 14.5 13.5
Silica 2h 155.4 155.7 7.3 8.2
Silica 3h 157.7 157.9 8.1 8.5

air-induced deformation, the largest possible rain drop formed in nature is less than 5
mm in diameter, and the typical terminal velocity of the rain drop is in the range of 9-10

-1 188-189
ms- .

If the water droplet is considered as a rigid sphere and the air friction force is
simplified in the form of F,;,. = Cnr?p,;,v?2, in which C is the drag coefficient and has a

value of 0.21 for an intermediate water droplet, r is the radius of the droplet, p,;; is the
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air density with a value of 1.2 kg m™. A water droplet with diameter of 3.2 mm dropped
from a height of 7 m would have an end velocity of ~8.7 m s™.** Therefore, the
performed water drop test can simulate well the impact of rainfall on the surface. The
static water contact angle and sliding angle were checked before and after the water
drop test, and the results are shown in Table 2.1. The indistinguishable change in
characteristic angles before and after the water drop test demonstrates the stability of

the transparent superhydrophobic surface in rainfall.

Besides rainfall, impact from high-speed aerosol particles in air is another frequently
occurring natural event. To check the resistance of the transparent superhydrophobic

surface to the impact of high speed aerosol particles, the sand bursting test was performed.

Table 2-2: Summarized static water contact angle and sliding angle for PTES-treated
SiO,-coated ZnO nanorod arrays before and after the sand bursting test.

Static CA (°) Sliding angle ()

Sample
Initial After test Initial After test

Silica 1h 156.97 156.25 14.5 41.4

Silica 2h 15549 1556563 7.3 33.6

Silica 3h 157.73 157.95 8.1 28.1

In this test, a continuous flow of sand grains in diameter of 200- to 500-um hit the test
surface at an angle of 45° from an elevated height of 10 cm, and the characteristic
angles are recorded before and after the test. From the summarized results in Table 2.2,
it can be clearly seen that the surface lost its superhydrophobicity after the sand

bursting test. All of the water sliding angles increased to a value much higher than 10°,
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Figure 2.9: (a) Schematic of a BHJ polymer solar cell including the SiO,/ZnO
nanocomposite. (b) Water droplets positioned on the front of the superhydrophobic
device remain perfectly spherical. (c) J-V characteristic of a superhydrophobic (SH) cell
(@) superimposed on that of a bare reference (Ref.) cell (HM); AM 1.5G solar
illumination (100 mW cm™). (d) EQE spectra of the SH cell (@) and the Ref. Cell (H). (e)
Water droplets positioned on a bare transparent sheet of PET (2x2”). (f) Droplets
positioned on superhydrophobic PET (static angle: 160°). (g) PET retains its
superhydrophobicity upon repeated bending (>200 times).
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even though the static water contact angle is consistently higher than 150°. The
collapsed SiO,-coated ZnO nanorods at the collision region shown in the SEM image
(Figure 2.8b) reveal that the loss in superhydrophobicity is mainly caused by structural
deformation under high-energy impact. Here, we note that making a mechanically
durable superhydrophobic coating is a challenging task in the field and novel strategies

need to be developed to improve the mechanical properties of the nanostructure.

To demonstrate the minimal impact of the presence of the superhydrophobic nanorod
arrays on solar cell performance, we prepared bulk-heterojunction (BHJ) devices with
the polymer donor PBDTTPD'°*? and the fullerene acceptor PC;;BM (see device
fabrication in the Experimental Section). The configuration of the OPV device including
the SiO,/ZnO nanocomposite is shown in Figure 2.9a; Figure 2.9b shows perfectly
spherical droplets positioned on the front surface of the superhydrophobic device (static
angle: 157°, sliding angle: 13°). The superhydrophobic cell (red curve, circles) and bare
reference cell (blue curve, squares) under AM1.5G solar illumination (100 mW cm™)
(Figure 2.9c) exhibit equivalent current-voltage (J-V) characteristics with comparable
PCEs of 6.9% and 6.8%, respectively — values comparable within the limits of
experimental accuracy. In parallel, their external quantum efficiency (EQE) spectra
(Figure 2.9d) show comparably broad and efficient EQE responses — with values >60% in
the 370-630 nm range, and peaking at ca. 70% at 550 nm, which confirms the minimal
impact of the presence of the superhydrophobic nanorod arrays on solar cell

performance.
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Ultimately, approaches to the preparation of highly transmissive superhydrophobic
coatings in a sequence of low-temperature (<150°C) steps may be applicable to a variety
of flexible plastics, which can serve as front cell and backing materials in the
manufacture of flexible displays and solar cells. Noting that ZnO nanorod arrays can be

grown hydrothermally on various plastics such as PET,™

polydimethylsiloxane
(PDMS),*** and polyimide,195 we considered reproducing the sequential steps used for
the preparation of our SiO,-coated ZnO superhydrophobic coating on a thin transparent
sheet of PET (2x2”). Under the same experimental protocol (see details in Experimental
Section), the PET surface, initially hydrophobic (Figure 2.9e), became superhydrophobic
while retaining its high visible transmissivity (Figure 2.9f). On PET, the excellent static
contact angle of 160°, comparable to that obtained earlier on glass (157°), was found to

be relatively invariant upon repeated bending (Figure 2.9g; >200 times), a promising

result in the context of future flexible thin-film device applications.

2.4 Conclusion

In summary, we have described the preparation of a highly transmissive (avg. 93-95%)
and UV-resistant superhydrophobic coating based on SiO,-coated ZnO nanorod arrays.
On the one hand, we showed that the highest degree of coating transparency can be
achieved upon carefully optimizing (i) the seed layer thickness and (ii) the size of the
ZnO nanorods. On the other hand, we emphasize the critical dependence of the
superhydrophobicity on (i) the ZnO nanorod length, (ii) the thickness of the SiO; layer

and (iii) the presence of a UV-protective layer (here SiO, — only a few nm suffice) for the
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Zn0 nanorods. The superhydrophobic SiO,/ZnO nanocomposite has minimal impact on
solar cell device performance under AM1.5G illumination, and the sequential steps used
for its preparation are applicable to both glass and plastics — thus validating the
suggestion that the superhydrophobic arrays can be utilized in flexible displays and solar

cells.
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Chapter 3
Arrays of Hollow Silica Half-
Nanospheres via the Breath Figure

Approach

(Paper published in Advanced Materials Interfaces)™®®

As shown in the previous chapter, a highly transparent and UV-resistant
superhydrophobic surface constructed from SiO,-coated ZnO nanorod arrays can be
integrated into PSCs to impart a self-cleaning property without degrading the figures of
merit of the PSCs. However, the nanorod structure is fragile to high-energy impacting
conditions. Therefore, harder construction materials, different nanostructures, and
novel strategies should be developed to improve the mechanical properties of the

superhydrophobic surface.

In this chapter, we show a novel methodology by which hollow silica half-nanospheres
can be directly grown on the substrate to create a durable transparent

superhydrophobic surface.



74
3.1 Introduction
A breath figure (BF) is a pattern that results from condensation on a cold surface; for
example, the fog formed when a person blows on a cold window is a breath figure.
Depending on the wetting characteristics of the surface, either a uniform film of liquid
or an array of droplets can be formed. Because the nucleation and growth of liquid
droplets that develop on de-wetting surfaces is of fundamental interest, there has been

197-202

much research on the growth mechanism of BFs since the first investigation

reported by Lord Rayleigh in 1911.%%

In parallel, since BFs are simple (experienced
daily), fast (formed instantly), and surface-dependent bottom-up (nucleation and
growth) approaches to generating hundreds and thousands of liquid droplets on the nm
and um scales, there has been significant interest in finding key practical applications
over the years.?**?°® Although BFs have long been used as an effective way of detecting
oil contamination on glass down to the monolayer scale, it was only after Francois and
coworkers showed that highly ordered and continuous honeycomb-structured films can
be produced from BFs that the process began to garner broader attention across the
scientific community.206 In their report, a solution of star-shaped polystyrene was drop-
cast under moist air flow, yielding a highly regular hexagonal pattern of water droplets
self-assembled on the thin film of polymer solution by simple evaporative cooling. The
authors showed that the imprint of water droplets can be replicated by selective
precipitation of the polymer at the water/polymer solution interface. As water

evaporated, arrays of hexagonally ordered and bowl-shaped or spherical pores —

reminiscent of a honeycomb structure — formed throughout the hardened polymer film.
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Since the pioneering work by Francois and coworkers, several reports have described
the development of porous honeycomb-structured patterns by the BF approach on

207-214

various types of materials, and a number of important applications have emerged

such as the manufacturing of highly ordered nano- and micron-sized templates,n‘r"217

micro lenses,?'® and superhydrophobic coatings.”*****

Despite significant effort to broaden the range of materials and substances that can be
used to form porous honeycomb structures via the BF approach in the last decades,”*®
222223 the lack of new findings in this area has limited pursuits of novel architectures and
key applications. In this report, we describe an alternative method by which BFs can be
used to produce arrays of hollow silica half-nanospheres. In our method, the
nanostructured pattern of silica half-spheres is deposited on a glass substrate following
a CVD protocol performed at room temperature (20°C) while the BF is formed (i.e., the
two processes are concomitant). During the process, the air/water interface on each
water droplet provides a reactive surface for the hydrolysis of the silica precursor,
resulting in the formation of a thin shell of silica around the water droplets pertaining to
the BF. Upon removal of the condensed water by simple evaporation in vacuo, an array
of hollow silica half-nanospheres remains on the substrate. We find that a wide size
range of half-nanospheres (100-700 nm) can be formed on glass by controlling the
relative rates of water condensation and hydrolysis from silica precursors (a process

carried out at room temperature). In parallel, we find that the presence of surface

heterogeneities evenly distributed across the substrate is a determining factor in the
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formation of the BF templates achieved via our approach, whereas in conventional BF-
forming approaches, the condensation of water droplets is triggered by the temperature
difference at the air/substrate interface induced upon evaporative cooling of a thin film

of liquid already on the substrate.?!!

The scalability of our process is demonstrated on
glass substrates as large as 7.5 cm x 3 cm onto which continuous arrays of hollow silica
half-nanospheres are produced (the scale is limited only by the dimensions of the CVD

chamber). With their high specific surfaces, low volumetric density values, and low

refractive indices, hollow nanostructures find use in a wide range of applications,

224-225 6

including photonics and optoelectronics, surface catalysis,”*® and transparent

nanostructured coatings (e.g., superhydrophobic, anti-fouling).'*®

We expect that our
method of forming arrays of hollow half-nanospheres via the BF approach will be

applicable to various other oxides and a broad range of substrates including large-area

flexible plastics.

3.2 Experimental Section

Materials: Zinc nitrate hexahydrate (Zn(NO3),-6H20, 98%) was purchased from Fisher
Chemicals. Hexamethylenetetramine ((CH2)¢Ns, 99%) and ammonium hydroxide
(NH40H, 20% in water) were purchased from Acros. Acetone, isopropanol, chloroform,
chlorobenzene, 1-chloronaphthalene, tetraethyl orthosilicate (TEQS) (Si(OCyHs)s, 98%),
1H,1H,2H,2H-Perfluorooctyltriethoxysilane (PTES) (98%), and 1H,1H,2H,2H-
Perfluorododecyltrichlorosilane (PTCS) (97%) were purchased from Aldrich. Extran 300

detergent was purchased from EMD. All of the chemicals were used as received without
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further purification, unless otherwise mentioned. Milli-Q water (DI water) with a
resistivity >18.0 MQ-cm was used throughout the substrate cleaning steps. The glass
slides were purchased from VWR (VistavisionTM), the fused silica slides were purchased

from Antek Optics, and the silicon wafers were purchased from Luva system. Inc.

Substrate cleaning and hydration/dehydration pre-treatments: All bare glass slides were
examined via short-wavelength UV light in order to differentiate between the “air-side”
surface and the “tin-side” surface (inherent to the glass-making process), and the “air-
side” surface was systematically used in all experiments. The glass slides, and the fused
silica and silicon (with thermal oxidized layers of ca. 200 nm) substrates were thoroughly
scrubbed with a diluted solution of Extran 300 detergent, and were then immersed in a
sonication bath of diluted Extran 300 for 20 min (Branson 5510) to remove all organic
residues. Next, the substrates were rinsed under flowing deionized water for 5 min and
sonicated for 20 min in acetone and isopropanol baths. The substrates were immersed
in isopropanol and left in the solvent for no more than two days before use. All of the
substrates were dried under nitrogen flow before use. Hydration of the glass slides was
carried out by i) immersing of the substrates in DI water, and ii) heating the substrates
immersed in DI water to 85°C for a period of 24 h. Dehydration of the glass slides was
carried out by heating the substrates at 500°C for a period of 3 h (under atmospheric

conditions).

Synthesis of silica nanoparticles: 0.5 M TEOS solution diluted in ethanol and 0.5 M

ammonia in ethanol prepared by diluting 20% ammonia solution in ethanol was first
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prepared. The particle synthesis was initiated by mixing equal volumes of the prepared
TEOS and ammonia solution with stirring at room temperature. The reaction was last for

one day to ensure complete condensation of the precursor.

PTCS vapor deposition step: The vapor deposition of PTCS was carried out in a
deposition chamber placed under inert atmosphere in a glovebox filled with nitrogen
(H20 < 0.1 ppm) in order to exclude the possibility that moisture affects the process. A
deposition chamber (chamber diameter: 15.3 cm, height: 7.6 cm) equipped with a
temperature-control stage, pressure-control valves and a flowmeter was used for the
PTCS deposition step. The inside of the chamber was thoroughly cleaned with solvents
between experiments. Before each deposition, the chamber was set under vacuum and
pre-heated to the desired temperature for 2 h to remove any residual trace of moisture.
Clean substrates with no pre-treatment were placed in a closed petri dish and annealed
at 120°C for 2h in air and were then transferred to the glovebox (within 1 min).
Hydrated glass substrates (85°C in DI water for 24h) were dried under nitrogen flow and
quickly transferred into the glovebox (within 1 min). Dehydrated glass substrates (500°C
for a period of 3 h in air) were taken out of the oven at ca. 120°C and quickly transferred
into the glovebox (within 1 min). The substrates were then placed on the heating stage
of the deposition chamber inside the glovebox and left on the stage for ca. 3 min before
the PTCS deposition step. Next, a vial filled (Fisher Scientific, Product NO. 14-955-330,
20 mL) with PTCS (200 pL) was placed in the center of the deposition chamber and the

chamber was rapidly evacuated and set under reduced pressure (ca. 130 Torr reached in
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ca. 40 s, evacuation rate was controlled by flowmeter), thus initiating the deposition
process. Upon reaching the desired PTCS deposition time, the chamber was slowly
vented over ca. 4 min, and the substrates were taken out of the glovebox for the next
deposition step. Post-deposition cleaning process was done by immersing the PTCS

modified substrates in ethanol and sonicated for 1 h.

TEOS vapor deposition step: The substrates were placed in a second deposition chamber
(chamber diameter: 10 cm, height: 12 cm) on a stage between two vessels containing
tetraethoxysilane (TEOS, 1 mL) and an aqueous solution of ammonium hydroxide (20%
w/v, source of ammonia, 1 mL), respectively. The chamber was then slowly evacuated
over ca. 3 min to reach a reduced pressure of ca. 100 Torr, and the pressure valve was
closed and the substrates were exposed to the water, TEOS, and ammonia vapors for
the desired TEOS hydrolysis time. Upon reaching the desired TEOS hydrolysis time, the
pressure was reduced back to its initially set value in the chamber (ca. 100 Torr, for ca. 3
min) to remove the vapor contents from the chamber. The chamber was vented, and
the substrates were taken out of the chamber. All of the procedures were processed at
room temperature (20°C). Note: A TEOS deposition time of 3 h was found necessary to
form arrays of hollow silica half-nanospheres with a concentrated solution of
ammonium hydroxide (20% w/v), while a TEOS deposition time of 6 h was found
necessary to form arrays of hollow silica half-nanospheres with a diluted solution of

ammonium hydroxide (2.5% w/v).
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Preparation of transparent superhydrophobic surface from hollow silica half-
nanospheres: Substrate with grown hollow silica half-nanospheres in size of ~ 700 nm
was used. The substrate was immersed in 0.1 M HCI solution for 1 min to be positively
charged, and then rinsed with DI water. After that, the charged substrate was immersed
in the prepared silica nanoparticle solution for 1 min to attach the silica nanoparticles
on the surface of the half-nanospheres following by rinse with DI water. The rinsed
substrate was then placed at the center of a petri dish, and PTES in ethanol (1%, v/v, 2
mL) was drop-cast in places across the petri dish, around the substrate. Water (2 mL)
was also carefully drop-cast around the substrate so as to induce a moist atmosphere.
The petri dish was then covered and the closed vessel was placed in an oven and heated
to 140°C for 1 h under atmospheric conditions. Finally, the hydrophobilized substrate
was carefully rinsed with acetone and further sonicated in acetone for 5 min to remove

unreacted PTES precursors.

Preparation of the superhydrophobic array of PTES-modified ZnO nanorods: A 5 nm
seed layer of ZnO was sputtered on pre-cleaned glass slides (Equipment Support Co.,
Cambridge, England). Next, the substrates were suspended with the seed layer face
down in a vessel filled with an agueous solution of zinc nitrate hexahydrate (0.025 M)
and hexamethylenetetramine (0.025 M) at 90°C. After 1 h, the substrates were removed
from the hydrothermal bath and thoroughly rinsed under flowing DI water. The
resulting ZnO-nanostructured substrates were placed at the center of a petri dish, and

PTES in ethanol (1%, v/v, 2 mL) was drop-cast in places across the petri dish, around the
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substrate. Water (2 mL) was also carefully drop-cast around the substrate so as to
induce a moist atmosphere. The petri dish was then covered and the closed vessel was
placed in an oven and heated to 140°C for 1 h under atmospheric conditions. Finally, the
ZnO-nanostructured substrates were carefully rinsed with acetone and further
sonicated in acetone for 5 min to remove unreacted PTES precursors. The resulting

superhydrophobic substrates showed static water contact angles of ca. 160°.

Optical, morphology and nanoindentation characterization: Optical transmittance
measurements were performed with a Cary 6000i UV-Vis-NIR spectrophotometer under
normal incidence. AFM characterization was performed with a Dimension Icon scanning
probe microscope (BRUKER) in the tapping mode, and an antimony-doped Si cantilever
with a spring constant of 42 N/m (TESPA, Veeco) was used for the analysis; the standard
radius of the tip was 8 nm. Particle analysis of PTCS aggregates was carried out by
processing the AFM images with the offline data processing software NanoScope
Analysis from Bruker. Nanoindentation was performed with Dimension lcon scanning
probe microscope (BRUKER) working in nanoindentation mode, a hand-crafted high
force diamond cantilever with a spring constant of 150 N/m was used (DNISP). The
deflection sensitivity was determined by collecting force plot on silicon substrate. The
morphology of the surface was first imaged in tapping mode, and then the cantilever
was located on top of a well-shaped sphere by repeatedly zooming in. During the force
measurements, the substrate was repeatedly moving up and down, and the change of

cantilever deflection signal was recorded with the height position of the scanner. From
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the deflection sensitivity and spring constant, the cantilever deflection signal was
converted into force and the load/unload force vs indentation depth curve was
obtained. By fitting the linear part of the load/unload force curve with Hertz model, the
Young’s modulus of the silica shell was extracted. SEM characterization was performed
with a FEI Nova Nano 630 equipped with a through-lens detector; the acceleration
voltage was tuned to 1-5 kV, spot size: 0.5-1.5, working distance: 1-3 mm. In the cross-
section SEM characterizations, Pt was sputtered on the sample to compress the
charging effects (deposition time: 25 s; current intensity: 15 mA). Particle analysis
including particle area distribution, average particle area, and particle-to-glass coverage
was carried out by analyzing the SEM images with the Java-based image processing
program Imang) 1.47v (National Institutes of Health, USA). TEM characterization was
carried out with a Titan CT operating at an accelerating voltage of 120 kV. TEM sample
preparation: the hollow silica half-nanospheres were lifted off from the substrates and
were dispersed in ethanol before being solution cast on the TEM grid (Cu-300CN, Grid-

Tech).

3.3 Results and discussion

The protocol established to form arrays of hollow silica half-nanospheres via the BF
approach involves three steps (Figure 3.1a). First, the surface of the glass substrate is
modified and made hydrophobic by depositing a thin layer of
perfluorooctyltrichlorosilane (PTCS) under reduced pressure — this step is aimed at

facilitating the formation of the BF (Figure 3.1a, step 1).1® Second, the PTCS-coated
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glass substrate is placed into a deposition chamber with separate ammonium and
tetraethyl orthosilicate (TEOS) sources, and the setup is evacuated (Figure 3.1a, step 2).
In this closed chamber under reduced pressure, the aqueous ammonium and TEQOS
solutions release water, ammonia and TEOS vapors. Compared with TEOS (boiling point:
166°C, molecular weight: 208.33 g/mol), water has a lower boiling point, and high water
vapor pressures can be reached rapidly in the closed chamber. As a result, water
condenses on the PTCS-modified glass substrate before the TEOS counterpart. In the
presence of ammonia vapors, the TEOS precursor then undergoes hydrolysis at the
air/water interface. As shown in Figures 3.1b and 3.1c, the outcome of this in-situ
hydrolysis step depends on the morphology of the deposited PTCS film: while PTCS-
modified glass subsequently subjected to a post-deposition cleaning process (see
Experimental Section) shows low RMS roughness values characteristic of a smooth
surface (Figure 3.2a; RMS= 1.73 nm) and is not amenable to the development of
nanostructured patterns via the BF approach (Figure 3.1b), the “as-cast” PTCS-modified
glass shows the presence of PTCS aggregates evenly distributed across the substrate
(Fig. 3.2b; RMS= 4.33 nm) and can yield arrays of water droplets enfolded in thin shells
of silica (Figure 3.1c). Here, we note that, as predicted by nucleation theory, water
condensation does not occur on perfectly smooth surfaces unless the temperature

difference between the vapor and the solid surface reaches ca. 25 K.1%8

In the last step,
the deposition chamber is set to a higher vacuum and the water template (BF) is

stripped, yielding a dense array of hollow silica half-nanospheres on the PTCS-modified

glass substrate (Figure 3.1a, step 3).
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Figure 3.1: (a) Schematic illustration of the stepwise process of forming hollow silica
half-nanospheres via the BF approach on PTCS-modified glass substrates (PTCS =
perfluorooctyltrichlorosilane, TEOS = tetraethyl orthosilicate). (b) SEM image of a PTCS-
modified glass substrate subsequently subjected to a post-deposition cleaning process
(see Experimental Section), before exposure to an atmosphere saturated with water,
ammonia (from a 20% w/v ammonium hydroxide aqueous solution) and TEOS vapors (3
h, room temperature, under ca. 100 Torr): the substrate is not amenable to the
development of nanostructured patterns via the BF approach. Scale bar: 2 um. (c) SEM
image of an “as-cast” PTCS-modified glass (presence of PTCS aggregates) after exposure
to the same TEQOS precursor under the same conditions: arrays of silica “nanodomes”
can be observed across the substrate. Scale bar: 2 um. Inset: Magnified cross-sectional
SEM image of one of the silica “nanodomes”, emphasizing the hollow nature of the
nanostructures; Scale bar: 150 nm.

227-230

As stated in previous studies, the PTCS aggregates shown in Figure 3.2b to be

evenly distributed across the glass substrate may result from the self-polymerization of
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PTCS monomers induced during the vapor-deposition of the precursor, and they may
only be physisorbed on the surface of the substrate. The vapor deposition of PTCS was
performed under inert atmosphere (N,) inside a glovebox (H,0< 0.1 ppm) in order to
exclude the possibility that moisture would affect the process. Under these conditions,
well-dispersed PTCS aggregates were formed on the surface after 1 h of deposition at
90°C under reduced pressure (ca. 130 Torr) (Figure 3.2b). Although a variety of
organosilanes have been reported to form spherical aggregates on various surfaces,??”
230 none of the reported precursors has been found to develop the aggregate assemblies
with the narrow size-distribution depicted in Figure 3.2b (31.4+5.46 nm). Such regularity
in size and coverage may be the result of the specific set of experimental conditions
used, but could also stem from the nature and surface composition of the substrate
itself as organosilane precursors are known to bind to surfaces via hydroxyl groups. In
contrast to most of the reported work in which silicon substrates with a native oxidized

231-232 . . .
d,2¥%? our first set of experiments was performed on soda lime glass. In

layer are use
order to probe the effects of surface type and composition on the deposition of PTCS
from the vapor phase, PTCS was deposited on several substrates — fused silica, silicon
substrate with a thermally oxidized layer, borosilicate glass, and soda lime glass —
following a 1 h vapor-deposition step at 90°C (parallel depositions in the same
chamber), and the resulting morphologies were systematically examined by AFM.

Different morphologies (i.e., aggregate distributions and sizes) were found on different

substrates, including a smooth surface on fused silica (Figure 3.3b), well-dispersed
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Figure 3.2: AFM images (1x1 um) of (a) PTCS-modified glass after extended sonication in
ethanol (1 h; see Experimental Section), (b) “as-cast” PTCS-modified glass composed of a
continuous and dense pattern of PTCS aggregates (pattern obtained after 1 h of vapor
deposition of PTCS at 90°C under a pressure of ca. 130 Torr), (c) “as-cast” PTCS-modified
glass with aggregates formed on a hydrated glass substrate, (d) “as-cast” PTCS-modified
glass with aggregates formed on a dehydrated glass substrate (see substrate
preparation in Experimental Section), and (e) three-dimensional AFM image (1x1 um) of
the “as-cast” PTCS-modified glass with aggregates formed on a dehydrated glass
substrate. Scale bar (a-d): 200 nm.

aggregates (ca. 27 um'z) with average heights of ca. 5 nm on the silicon substrate

(Figure 3.3c), more densely distributed aggregates (ca. 87 pm™) with average heights of
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ca. 7 nm on borosilicate glass (Figure 3.3d), and even higher densities of aggregates (ca.
290 pm™) with average heights of ca. 15 nm on soda lime glass (Figure 3.2b). Overall,
these results show that the morphologies resulting from the deposition of PTCS from
the vapor phase are surface dependent. It is also worth noting that the smooth
morphology obtained on fused silica contrasts with the patterns of aggregates of

different sizes formed on the different types of substrates, and that these empirical

2.8 nm

51nm

Figure 3.3: (a) AFM image (3x3 um) of “as-cast” PTCS-modified glass composed of a
continuous and dense pattern of PTCS aggregates formed on a dehydrated glass
substrate (pattern obtained after 1 h of vapor deposition of PTCS at 90°C under a
pressure of ca. 130 Torr); Scale bar: 600 nm. (b-d) AFM images (1x1 pm) of various PTCS-
modified substrates (patterns obtained after 1 h of vapor deposition of PTCS at 90°C
under a pressure of ca. 130 Torr): (b) fused silica, (c) silicon substrate with ca. 200 nm
thermally growth oxidized layer, (d) borosilicate glass substrate; Scale bar (b-d): 200 nm.
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observations point to a “nucleation-and-growth” mechanism sensitive to the substrate
surface, ruling out the assumption of physisorbed aggregates formed in the vapor
phase. We also noted that the same PTCS aggregates can form at the back of the
substrates — a surface area that is not readily accessible to PTCS aggregates that would
form from the vapor phase. This parallel observation further suggests that the PTCS

aggregates are more likely to form directly on the vapor/glass surface.

The effect of surface hydroxyl groups was probed by first examining a soda lime glass
substrate hydrated by heating the substrate in deionized water at 85°C for 24 h and

second a soda lime glass substrate dehydrated at 500°C for 3 h, 231232

PTCS aggregates
formed upon a 1 h vapor-deposition step at 90°C on the hydrated and dehydrated
substrates (parallel depositions in the same chamber) showed very distinct distribution
patterns, as illustrated in Figures 3.2c and 3.2d. The hydrated substrate led to the
development of well-dispersed aggregates (ca. 59 um™) (Figure 3.2c) with average
heights of ca. 15 nm, while the dehydrated one promoted the formation of densely
distributed aggregates (ca. 798 um™) with comparable average heights of ca. 15 nm
(Figure 3.2d). It is also worth noting that the hydrated glass that was subsequently
dehydrated also led to the formation of densely distributed aggregates, and vice versa.
While the interplay between surface hydroxyl groups and the development of PTCS
aggregates may be explained in terms of surface energy and remains a matter of

discussion, these results clearly emphasize the requirement for a thorough surface

treatment (i.e., hydration or dehydration) before the PTCS vapor-deposition step in
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order to yield reproducible patterns of PTCS aggregates on glass substrates. The
uniformity of the resulting assemblies of PTCS aggregates on dehydrated glass is
emphasized in Figures 3.2e and 3.3a (AFM image, 3x3 um). In light of these empirical
observations, and considering the net propensity of thermally annealed substrates to
promote the development of densely-distributed PTCS aggregates, we used dehydrated

glass in all following experiments, unless otherwise mentioned.
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Figure 3.4: AFM images (1x1 um) of distinct patterns of PTCS aggregates obtained on a
dehydrated glass substrate after (a) 5 min, (b) 10 min, or (c) 30 min of vapor deposition
of PTCS at 90°C under a reduced pressure of ca. 130 Torr. Scale bar (a-c): 200 nm. (d)

Height histograms associated with PTCS vapor-deposition steps of 30 min and 1 h at
90°C.
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The growth process of PTCS aggregates on glass was inspected by systematic AFM
imaging of the patterns produced by vapor deposition steps of 5 min (Figure 3.4a), 10
min (Figure 3.4b), 30 min (Figure 3.4c), and 1 h (Figure 3.2d) on several substrates
placed in the deposition chamber (sequential depositions) at 90°C under reduced
pressure (ca. 130 Torr). Figure 3.4 depicts the rapid kinetics of aggregate formation,
with aggregate densities of ca. 107 um'2 achieved after only 5 min of PTCS deposition
from the vapor phase. The density of aggregates then increased by a factor of 5 in the
following 5 min to reach aggregate densities of ca. 494 um'2 after 10 min of PTCS
deposition. Higher aggregate densities of ca. 754 pm™could be reached after 30 min,
leveling off at ca. 798 um™after 1 h of PTCS deposition. Surprisingly, the aggregate size
did not change significantly as a function of deposition time, and the particle size
distributions remained relatively narrow and comparable between substrates: 23.3+6.6
nm after 5 min, 23.0+7.2 nm after 10 min, 21.8+8.3 nm after 30 min, and 22.6£9.7 nm
after 1 h. These results suggest that both kinetic and thermodynamic considerations
factor in the formation of PTCS aggregates, and may rapidly limit the size of the
developing aggregates via two competing actions: 1) the frequency of attachment of the
organosilane precursor at the specific conditions of temperature, pressure and
precursor concentration in the vapor phase set during the deposition step, and 2) the
formation of new stable aggregates (dependent on the surface free energy). Figure 3.4d
shows the height histograms of the PTCS aggregate patterns obtained after the 30 min
and 1 h deposition steps and account for the aggregate size distributions across the

substrates (expressed in % of the total number of heterogeneities scanned by the AFM
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tip) as a function of the aggregate height profile. With the radius of the AFM tip in the
size range of the scanned aggregates, height analyses provide a more accurate
description of the size distribution of the patterns compared with width analyses. Here,
both height histograms include a sharp distribution of small-sized features (<5 nm on
avg.) associated with the glass roughness and a broader distribution of larger features

(>5 nm on avg.) pertaining to the PTCS aggregate patterns. These two histograms are

2.0
—30°C
i _60°C
K15 —90°C
_120°C
S0l
[@)]
ie]
0 0.51
2)=
0.0

0 5 10 15 20 25 30 35
Height (nm)

Figure 3.5: AFM images (1x1 um) of distinct patterns of PTCS aggregates obtained on a
dehydrated glass substrate after 1 h of vapor deposition of PTCS at (a) 30°C, (b) 60°C,
and (c) 120°C under a reduced pressure of ca. 130 Torr. Scale bar (a-c): 200 nm. (d)
Height histograms associated with PTCS vapor-deposition steps of 1 h at various
temperatures ranging from 30°C to 120°C, in 30°C steps.
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very comparable, indicating equivalent pattern compositions: relative densities of
aggregates per size, size distribution and relative aggregate-to-glass coverage (inferred
from the relative ratio of the two main peaks in each histogram) and in turn indicating

that a critical density value of PTCS aggregates is achieved in 30 min.

The dependence of temperature on the growth of PTCS aggregates on glass was also
examined by systematic AFM imaging of the patterns produced by vapor deposition
steps of 1 h on several substrates (sequential depositions) at 30°C (Figure 3.5a), 60°C
(Figure 3.5b), and 120°C (Figure 3.5c) under reduced pressure (ca. 130 Torr). As
illustrated in Figure 3.5, the vapor deposition of PTCS at lower temperatures — 30°C and
60°C — yields patterns of smaller-sized aggregates with average heights of ca. 5 nm and
ca. 7 nm, respectively, and narrower aggregate size distributions (16.4+5.7 nm and
19.2+7.0 nm, respectively), compared with the large-sized aggregates with average
heights of ca. 18 nm and broader size distributions (28.2412.6 nm) obtained at 120°C.
The corresponding aggregate densities achieved after the 1 h PTCS deposition step are
ca. 1026 um'2 at 30°C, ca. 815/um2at 60°C, and ca. 473 um'2 at 120°C. The net increase
in the average aggregate size and related decrease in aggregate densities across the
glass with increasing temperature can be linked to the higher surface diffusion rates of
the organosilane precursor expected at higher temperature. Figure 3.5d shows the
height histograms of the PTCS aggregate patterns obtained upon 1 h deposition steps at
30°C, 60°C, 90°C and 120°C and emphasizes the significant shift in the average aggregate

size towards larger size values with increasing deposition temperature. The histogram
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also shows the corresponding increase in relative aggregate-to-glass coverage (inferred

from the relative ratio of the two main peaks in each histogram).

As illustrated in Figure 3.1a, following the surface modification step via vapor deposition
of PTCS, the glass substrate is placed into a second deposition chamber (see details in
Experimental Section) along with an aqueous solution of ammonium hydroxide (20%
w/v, source of ammonia) and the tetraethyl orthosilicate (TEOS) precursor at room
temperature (20 °C). The pressure in the chamber is then reduced (ca. 100 Torr). In the
presence of PTCS aggregates distributed across the glass surface and acting as
“nucleation” sites, water droplets can easily condense and form a BF on the glass in
spite of the absence of a temperature difference at the air/substrate interface. Upon
exposure to the moist atmosphere saturated in water, ammonia and TEOS vapors for 1
h, the PTCS-modified glass substrate goes from initially transparent to translucent,
indicating that water droplets have formed on the substrate — a process expected to be
accompanied by hydrolysis of the TEQS precursor in the presence of ammonia at the
air/water interface along with formation of a thin shell of silica (SiO;) around individual
water droplets. In the following few hours (1-6 h), the pressure within the chamber is
reduced back to its initially set value (ca. 100 Torr) to remove the vapor contents from
the chamber, and the translucent glass substrates become transparent again, suggesting
that the water droplet volumes are also removed. As shown in Figure 3.6a, SEM imaging
of the corresponding substrates (initially modified via PTCS deposition at 120°C for 1 h

under ca. 130 Torr) shows arrays of randomly distributed silica “nanodomes”. Figures
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3.6b shows the SEM cross-section of the arrays and indicates that the silica
“nanodomes” formed on PTCS-modified glass are hollow, as would be expected upon
removing the water droplet volumes during the chamber evacuation step. Such arrays

are referred to as “arrays of hollow silica half-nanospheres” in all following experiments.

Figure 3.6: (a) SEM image of an array of hollow silica half-nanospheres formed on a
dehydrated and PTCS-modified glass substrate (deposited at 120°C for 1 h, under ca.
130 Torr) upon 3 h exposure (room temperature, under ca. 100 Torr) to an atmosphere
saturated in water, ammonia (from a 20% w/v ammonium hydroxide aqueous solution)
and TEOS vapors, resulting in the hydrolysis of the TEOS precursor and in the formation
of a thin shell of silica (SiO,) around individual water droplets. Scale bar: 4 um. (b) Cross-
sectional SEM image of the same array of hollow silica half-nanospheres. Scale bar: 1
um. (c) TEM image of the hollow silica half-nanospheres lifted off of the PTCS-modified
glass substrate. Scale bar: 600 nm. (d) SEM image of an array of hollow silica half-
nanospheres formed on PTCS-modified glass substrate prepared following the same
protocol as described in (a) and subjected to TEOS hydrolysis for only 1 h (20% w/v
ammonium hydroxide solution, room temperature, under ca. 100 Torr). Scale bar: 4 um.



95

Figure 3.6c shows several half-nanospheres lifted off the PTCS-modified glass and
imaged by TEM (see details in Experimental Section), indicating that the nanostructures
possess a uniformly thin silica shell of ca. 30 nm thickness. Figure 3.6d depicts an array
of partially collapsed silica half-nanospheres obtained upon a short hydrolysis step of
only 1 h and emphasizes the requirement for longer TEOS deposition steps in order to
form nanostructures that are sufficiently thick to maintain their integrity during the
chamber evacuation process. The particle analysis (Figure 3.7) associated with Figure
3.6a shows a relatively broad particle size distribution with a mean surface area of ca.

0.259 um?” and a relative particle-to-glass coverage of ca. 57%. Earlier work on the
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Figure 3.7: Area distribution map of silica half-nanospheres formed on a dehydrated and
PTCS-modified glass substrate (deposited at 120°C for 1 h, under ca. 130 Torr) upon a 3
h exposure (room temperature, under ca. 100 Torr) to an atmosphere saturated in
water, ammonia (from a 20% w/v ammonium hydroxide aqueous solution) and TEOS
vapors.



96

201 (3s opposed to the PTCS aggregate-

temperature gradient-induced BF process
promoted approach discussed throughout our study) has shown that the relative
particle-to-glass coverage of condensing water droplets on glass gradually increases in
the early stages and levels off at ca. 57% after tens of seconds (scaling stage). This
coverage estimate in the scaling regime (where the pattern characteristics, including
particle size distributions and surface coverage, become independent of particle size),
originally reported for water droplets of tens of microns,?®® is consistent with the
relative particle-to-glass coverage inferred from the particle analysis pertaining to the
array of half-nanospheres shown in Figure 3.6a, albeit with water droplet-templated
feature sizes on the order of only 500 nm. In our experimental protocol, the high
particle-to-glass coverage achieved with sub-micron sized water droplet templates could
be the result of the PTCS aggregate-promoted BF approach used to develop and rapidly
immobilize the pattern of water droplets formed on the glass substrate. We also note
that, among all of the techniques known to date for the study of water condensation
233-237

processes, our experimental protocol provides a powerful tool for ex-situ analyses

of water condensation in the very early stages.

We now turn to examining the parameters that govern the average size and the
particle-to-glass coverage values associated with the formation of arrays of hollow silica
half-nanospheres on PTCS-modified glass. The SEM images in Figures 3.8a, 3.9a and 3.9b
compare the patterns of silica half-nanospheres obtained from various PTCS-modified

glass substrates produced at 30°C, 60°C and 90°C, respectively. Given that the size and
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density of PTCS aggregates distributed on glass substrates depend upon the deposition
temperature (see Figure 3.5), each substrate yields a different pattern of silica half-

nanospheres under fixed conditions of TEOS hydrolysis (3h, 20% w/v ammonium hydroxide
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Figure 3.8: SEM images of several arrays of hollow silica half-nanospheres formed on
dehydrated and PTCS-modified glass substrates and upon various TEOS hydrolysis
conditions: (a) PTCS-modified glass: 1 h PTCS deposition at 30°C and under ca. 130 Torr /
TEOS hydrolysis step: 3 h exposure (room temperature, under ca. 100 Torr) to an
atmosphere saturated in water, ammonia (20% w/v ammonium hydroxide solution) and
TEOS vapors. Scale bar: 1 um; (b) PTCS-modified glass: 1 h PTCS deposition at 30°C and
under ca. 130 Torr / TEOS hydrolysis step: 6 h exposure (room temperature, under ca.
100 Torr) to an atmosphere saturated in water, ammonia (diluted ammonium solution:
2.5%) and TEOS vapors. Scale bar: 1 um; (c) PTCS-modified glass: 1 h PTCS deposition at
120°C and under ca. 130 Torr / TEOS hydrolysis step: 6 h exposure (room temperature,
under ca. 100 Torr) to an atmosphere saturated in water, ammonia (diluted ammonium
hydroxide solution: 2.5%) and TEOS vapors. Scale bar: 4 um; (d) UV-Vis-NIR
transmittance spectra of selected PTCS-modified and nanostructured glass substrates.
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solution, room temperature, under ca. 100 Torr), and it can be observed that patterns of
increasingly large PTCS aggregates tend to yield arrays of increasingly large half-

nanospheres.

Figure 3.9: SEM images of several arrays of hollow silica half-nanospheres formed on
dehydrated and PTCS-modified glass substrates and upon various TEOS hydrolysis
conditions: (a) PTCS-modified glass: 1 h PTCS deposition at 60°C and under ca. 130 Torr /
TEOS hydrolysis step: 3 h exposure (room temperature, under ca. 100 Torr) to an
atmosphere saturated in water, ammonia (20% w/v ammonium hydroxide solution) and
TEOS vapors. Scale bar: 2 um; (b) PTCS-modified glass: 1 h PTCS deposition at 90°C and
under ca. 130 Torr / TEOS hydrolysis step: 3 h exposure (room temperature, under ca.
100 Torr) to an atmosphere saturated in water, ammonia (20% w/v ammonium
hydroxide solution) and TEOS vapors. Scale bar: 4 um; (c) PTCS-modified glass: 1 h PTCS
deposition at 60°C and under ca. 130 Torr / TEOS hydrolysis step: 6 h exposure (room
temperature, under ca. 100 Torr) to an atmosphere saturated in water, ammonia
(diluted ammonium hydroxide solution: 2.5%) and TEOS vapors. Scale bar: 2 um; (d)
PTCS-modified glass: 1 h PTCS deposition at 90°C and under ca. 130 Torr / TEOS
hydrolysis step: 6 h exposure (room temperature, under ca. 100 Torr) to an atmosphere
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saturated in water, ammonia (diluted ammonium hydroxide solution: 2.5%) and TEOS
vapors. Scale bar: 4 um.

In parallel, the particle-to-glass coverage increases as follows: ca. 26% on PTCS-modified
glass produced at 30°C (Figure 3.8a), ca. 41.2% (mean surface area of ca. 0.026 pm?) on
PTCS-modified glass produced at 60°C (Figure 3.9a), and ca. 63.2% (mean surface area of
ca. 0.133 pm?) on PTCS-modified glass produced at 90°C (Figure 3.9b). In a parallel
attempt to control the size of the silica half-nanospheres by changing the TEOS
hydrolysis conditions under set PTCS-modified substrate parameters (1 h, 30°C, under
ca. 130 Torr), we examined the effect of partial pressure in the ammonia precursor in
the vapor phase by diluting the concentration of the agueous ammonium hydroxide
solution to only 2.5% w/v (here, we note that a longer TEOS hydrolysis time of 6 h is
required to achieve nanostructures that are sufficiently thick to maintain their integrity
during the chamber evacuation process, see Figures 3.6a and 3.6d). Comparing the SEM
images in Figure 3.8a and 3.8b reveals that larger-sized silica half-nanospheres can be
produced from the diluted ammonium precursor solution — an experimental result that
emphasizes the importance of reaching a critical concentration of ammonia at the water
droplet/air interface in order to effectively catalyze the TEOS hydrolysis step and
immobilize individual water droplets in thin shells of SiO, at the early stages of
condensation. Importantly, this alternative approach provides another means of
controlling the size of the silica half-nanospheres independently of the substrate
parameters. The SEM images in Figures 3.8b, 3.9¢c, 3.9d and 3.8c compare the patterns

of silica half-nanospheres obtained from various PTCS-modified glass substrates
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produced at 30°C, 60°C, 90°C, and 120°C, respectively, and with a lower partial pressure
in the ammonia precursor (diluted ammonium hydroxide solution: 2.5% w/v) during the
TEOS hydrolysis step. Here again, each substrate yields a different pattern of silica half-
nanospheres under the fixed conditions of TEOS hydrolysis (6 h, 2.5% w/v ammonium
hydroxide solution, room temperature, under ca. 100 Torr), and it can be observed that
patterns of increasingly large PTCS aggregates tend to yield arrays of increasingly large
half-nanospheres. In parallel, the particle-to-glass coverage increases as follows: ca.
27.3% on PTCS-modified glass produced at 30°C (Figure 3.8b), ca. 57.4% (mean surface
area of ca. 0.063 um?) on PTCS-modified glass produced at 60°C (Figure 3.9c), ca. 63.6%
(mean surface area of ca. 0.222 pm?) on PTCS-modified glass produced at 90°C (Figure,
3.9d), and ca. 61.4% (mean surface area of ca. 0.481 um?) on PTCS-modified glass

produced at 120°C (Figure 3.8c).

The UV-Vis-NIR transmittance spectra shown in Figure 3.8d indicates that the arrays of
hollow silica half-nanospheres obtained from various PTCS-modified glass substrates
affect the optical absorption of glass to a negligible extent. The minimal optical footprint
of the nanostructured patterns can be explained on the basis of the thinness of the SiO,
thin shells (20-30 nm) formed concurrently around the water droplets during the BF
process. It is worth noting, however, that larger hollow silica half-nanospheres induce a
slight decrease in the 300-600 nm wavelength range, likely due to enhanced Mie
scattering as the size characteristics of the nanostructured pattern approach the

wavelength of visible light. The excellent optical transmittance of the nanostructured
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glass substrates suggests that the arrays of hollow silica half-nanospheres obtained via
the BF approach will be amenable to a wide range of applications for which surface
engineering and light management strategies are important parameters, including
optoelectronic and photonic thin-film devices and light-harvesting modules. Specifically,
we show that these hollow silica half-nanospheres can be used to construct transparent
superhydrophobic surfaces. Benefit from decreased back scattering efficiency and

increased light transport mean free path arise from the hollow nature,'* and up to
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Figure 3.10: (a) SEM image of hollow silica half-nanosphere attached with 40 nm silica
nanoparticles. (b) Photo of water droplet positioned on the transparent
superhydrophobic surface. (c) Load force recorded during the nanoindentation process
and fitted with Hertz model. (d) Deformation formed on the half-nanosphere.
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micrometer sized roughness can be achieved with relatively high transparency, yielding
a good compromise between superhydrophobicity and transparency without significant
loss in surface roughness. Therefore, glass coated with hollow silica half-nanospheres of
~700 nm in diameter was used to obtain a hierarchical structured surface by
electrostatically attaching 40-nm silica nanoparticles on the surface (Figure 3.10a, see
details in Experimental Section). By modifying the surface of the resulting hierarchical
structure with PTES, a transparent superhydrophobic surface with a static water contact

angle of 155° (Figure 3.10b) and a sliding angle of 9° was achieved.

To check the mechanical property of the hollow silica half-nanosphere, nanoindentation
characterization was performed by AFM. By fitting the linear part of the recorded load—
force curve with the Hertz model, a Young’s modulus of ~52 GPa was extracted (Figure
3.10c). Clear deformation was observed when the applied force exceeded the endure
limitation of the half-nanosphere (Figure 3.10d). With the decent mechanical property
of silica and the “direct-grown” protocol, the hollow half-nanosphere imparted
transparent superhydrophobic surface is expected to yield improved mechanical
properties. Considering large-scale applications, we also note that the patterns of silica
half-nanospheres described throughout this work have been found to be continuous,
homogenous and consistent between experiments. Our attempts to produce the same
arrays on larger glass substrates (7.5 cm x 3 cm, scale limited only by the dimensions of

the CVD chamber) have shown the same level of consistency.
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Figure 3.11: SEM image of an assembly of hollow silica half-nanospheres formed on a
superhydrophobic array of perfluorodecyltriethoxysilane (PTES)-modified ZnO nanorods;
Scale bar: 5 um. Inset: Magnified cross-sectional SEM image of one of the apparent silica
“nanodomes”, emphasizing the hollow nature of the nanostructures; Scale bar: 500 nm.

Finally, to demonstrate that this approach to nanostructuring surfaces with hollow half-
nanospheres can be applicable to a broader range of surfaces, including highly
nanostructured substrates, we produced BF-templated arrays of hollow silica half-
nanospheres on a superhydrophobic surface composed of ZnO nanorods. The SEM
images in Figure 3.11 show the perfluorodecyltriethoxysilane (PTES)-modified ZnO

nanorod array:;157

onto which a pattern of hollow silica half-nanospheres has been
induced (see details in Experimental Section). The SEM cross-section in the inset of
Figure 3.11 confirms that the apparent silica “nanodomes” formed on PTES-modified
Zn0 nanorods are hollow, as expected from our prior observations of arrays of hollow

silica half-nanospheres formed on various PTCS-modified glass substrates. Here, we

note that it was not necessary to modify the PTES-functionalized ZnO nanorod arrays
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further with PTCS aggregates, because of the highly nanostructured and hydrophobic

nature of the substrate used, promoting the BF process.

3.4 Conclusion and Perspectives

In summary, we have shown how arrays of hollow silica half-nanospheres can be
produced on various substrates via the BF approach. In our approach, forming the
hollow nanostructured assemblies on glass substrates requires that the glass be
modified with PTCS aggregates evenly distributed across the glass surface, and we
discussed how PTCS aggregate size and density as well as aggregate-to-glass coverage
influence the development of the BF-templated arrays of hollow silica half-nanospheres,
including the size of the half-nanospheres. As the hollow nanostructured assemblies are
produced in a concurrent BF process and hydrolysis step under a saturated atmosphere
of TEOS precursor and ammonia vapors, the size of the half-nanospheres also depends
on the local concentration of ammonia at the water droplet/air interface. A critical local
concentration of ammonia is important to catalyze the TEOS hydrolysis step and
immobilize individual water droplets in thin shells of silica at the early stages of
condensation. Importantly, this second approach provides another means of controlling

the size of the silica half-nanospheres independently of the substrate parameters.

Arrays of hollow silica half-nanospheres obtained via the BF approach may be amenable
to a wide range of applications for which surface engineering and light management
strategies are important parameters, such as optoelectronics, photonic devices and

light-harvesting modules. In parallel, we note that condensation processes are of
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fundamental interest, and that among all of the techniques known to date, our
experimental protocol may provide a powerful tool for the ex-situ analyses of
condensation in the very early stages. Future work will emphasize approaches that can
improve the uniformity and periodicity of the hollow nanostructured assemblies on
various surfaces and will examine the possibility to form arrays of half-nanospheres with
functional metal oxides amenable to charge storage and solar energy conversion

processes.
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Chapter 4
Homo-Tandem Polymer Solar Cells
with Voc > 1.8 V for Efficient PV-

driven Water Splitting

(Manuscript submitted to Advanced Materials)

4.1 Introduction

Bulk heterojunction (BHJ) polymer solar cells (PSCs) are set to deliver lightweight,
mechanically flexible, solution-processable photovoltaic (PV) modules that could
ultimately be produced via large-area, high-throughput and cost-efficient printing

-10, 12, 172, 1 238-2 . . .
910,12, 172,190, 238239 £ these reasons, PSCs are emerging as a promising

techniques.
alternative to their inorganic counterparts in the context of renewable energy
generation. Considerable advances in the exploitation of new design principles and

4,39, 190, 240-242 o ntimization of BHJ morphology,®®” %% better light

materials,
. . . 1 247-2
management and improved interface materials,®" ®* & 2420 haye launched power

conversion efficiencies of single-junction PSCs past the 10% milestone. Despite rapidly

increasing PCE values, the modest EQE of the photoactive layers remains one of the
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major challenges towards improving the overall PCE and transitioning PSCs to the
marketplace. Limited by optical interference effects and relatively modest carrier
mobilities (103-10° cm?(Vs)?), optimum photoactive layer thicknesses for polymer-
fullerene BHJ systems are in the range of 100-130 nm, resulting in incomplete light
absorption in the visible spectrum (only 60-80% of incident photons are usually
absorbed).’***% Multi-junction PSCs can circumvent some of these challenges by
combining several subcells in series without the use of non-optimal, thick active layers.
With the appropriate set of recombination layers and interlayer/electrode materials

148, 251:236 mylti-junction PSCs absorb light more effectively and

(and layer thicknesses),
can yield PCEs >11%."** 1% 27 |f enabled by PV modules, the conversion of solar energy
to chemical energy — effectively stored, transported and used upon demand — provides
a promising solution to the challenge of intermittent solar-to-electricity supply.®” %!
PV-driven electrochemical water splitting produces hydrogen and oxygen fuels by
dissociating water, while converting and storing solar energy with water as the only
byproduct. While PV-driven electrochemical water splitting with solar-to-fuel
efficiencies (1) >18% has been achieved in recent years with AlGaAs/Si tandem solar
cells,>® high production costs are currently limiting the transition of this concept to the
large-scale, PV-driven production of chemical fuels. Because PSCs have the potential for
large-area, high-throughput, cost-effective manufacturing, their use as PV modules to

assist the electrochemical water splitting process could significantly reduce the costs of

solar conversion to chemical energy.
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In principle, a standard cell potential of 1.23 V is required for the dissociation of water
under ambient conditions (25°C); however, overpotentials due to reaction kinetics raise
this threshold to 1.4-1.9 V.*’ To date, neither single-junction nor tandem high-efficiency
(PCE >5%) PSC devices have provided sufficient open-circuit voltage (Voc) to attain this

1.4-1.9 V threshold at their maximum power points.145’ 191,253, 257-264

This high operating
voltage can, however, be achieved with triple-junction PSC modules. For example,
Janssen and coworkers recently demonstrated an estimated solar-to-fuel efficiency of ~
3.1% with a triple-junction PSC composed of a high-bandgap polymer subcell stacked
with two low-bandgap subcells of the same polymer (PCE 5.3%)."*® Because in multi-
junction PSCs the photocurrent is limited by the lowest current among the photoactive
layers, which is determined by the fraction and energy of photons available for each
layer, stacking more subcells gradually decreases the overall photocurrent of the multi-
junction PSC. As a result, in a PV-driven electrochemical cell, a higher voltage may not
be able to compensate for a low photocurrent and thus, solar-to-fuel conversion
efficiency may be reduced. Therefore, tandem PSCs composed of subcells that employ
wide-bandgap polymers are inherently fit for PV-driven water splitting applications: a

high photocurrent can be achieved while simple tandem PSC modules may have

sufficient operating potential to drive the water splitting process.

In this report, we demonstrate high-voltage tandem and triple-junction PSCs by using
one of the highest-Voc, high-efficiency (PCE>7.5%; single cell) polymer donors in BHJs

with fullerenes (e.g., PC71:BM), namely poly(benzo[1,2-b:4,5-b’]dithiophene—thieno[3,4-
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clpyrrole-4,6-dione)'?* 191192 24>:246, 265271 (pghTTPDP). While the efficiency of PBDTTPD-
based single-junction PSCs is limited by incomplete optical absorption, we show that
homo-tandem PSCs with MoOs/ultrathin Al/ZnO intermediate recombination layers can
achieve higher PCE values. As PCEs improve from 7.7% (single cell) to 8.35% for homo-
tandem PSCs, the concurrent Voc increase from 0.92V (single cell) to 1.84V enables the
dissociation of water in an electrochemical cell with an estimated solar-to-fuel

conversion efficiency of ~ 6%.

4.2 Experimental Section

4.2.1 Materials and Synthesis

Materials: Acetone, isopropanol, chloroform, methanol, chlorobenzene, 1-
chloronaphthalene, zinc acetate dehydrate (=99.0%) and potassium hydroxide (=85%)
(KOH) were purchased from Sigma-Aldrich. (6,6)-phenyl-C71-butyric acid methyl ester
(PC71BM) was purchased from Nano-C. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate), namely PEDOT:PSS (Clevios™ P VP Al
4083) was purchased from Heraeus. Extran 300 detergent was purchased from EMD. All
chemicals were used as received without further purification. Milli-Q water with a
resistivity of >18.0 MQ-cm was used. The polymer donor, poly(benzo[1,2-b:4,5-
b’ldithiophene—thieno([3,4-c]pyrrole-4,6-dione) (PBDTTPD), was synthesized in our

laboratories.

Zn0 Nanoparticle Synthesis: ZnO nanoparticles were prepared using the sol-gel method

described in prior published work.?”? The synthesis was carried out in a 500 mL round
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bottom flask immersed in an oil bath. In general, zinc acetate dihydrate (2.95 g) was
dissolved in methanol (125 mL) and heated at 60 °C; a solution of KOH (1.48 g) in
methanol (65 mL) was added in 10 min to the zinc acetate dihydrate solution under
vigorous stirring. With addition of KOH solution, the mixed solution became cloudy as
zinc hydroxides formed, but became translucent ~ 5 min after complete addition of
KOH. After ~1.5 h, the nanoparticles started to precipitate and the solution became
turbid. The reaction was stopped after 2 h and 15 min and the solution was left to
precipitate overnight. Thereafter, as much of the supernatant liquor as possible was
removed, and the bottom precipitate was re-dispersed in 120 mL of methanol and
decanted into four centrifuge tubes. After centrifuging at 4300 rpm, the supernatant
was discarded and the nanoparticles were rinsed with fresh methanol. This
centrifugation and rinsing step was repeated two more times, and the nanoparticles
obtained were finally dispersed in methanol to form a 10 mg mL™ solution. The solution

was sonicated for 10 min each time before the spin-coating process.

4.2.2 Solar Cell Device Fabrication and Characterization

Substrate preparation: The solar cells were prepared on glass substrates with tin-doped
indium oxide (ITO, 15 Q sq ') patterned on the surface. The substrates were first
scrubbed with diluted Extran 300 detergent solution to remove organic residues and
then immersed in an ultrasonic bath of diluted Extran 300 for 15 min. Next, the samples
were rinsed in flowing deionized water for 5 min and sonicated (Branson 5510) for 15

min each in successive baths of acetone and isopropanol. After a final 5 min rinse in
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flowing deionized water, the samples were dried with pressurized nitrogen before being
exposed to a UV-ozone plasma for 15 min. An aqueous solution of PEDOT:PSS (Clevios P
VP Al 4083) was spin-cast at 4,000 rpom onto the substrates and baked at 140°C for 15
min. Immediately after baking the substrates, the samples were then transferred into a

dry nitrogen glovebox (<3 ppm O,) for active layer deposition.

Blend solution preparation: The blend solution was prepared in the glovebox using the
PBDTTPD polymer donor and the PC;;BM acceptor. The PBDTTPD polymer and PC7;BM
were dissolved in chlorobenzene containing 5% (by volume) of 1-chloronaphthalene
(CN) additive, and the solutions were stirred overnight at 115°C. Optimized devices were
prepared using a polymer:PC;:BM ratio of 1:1.5 (by weight) with a concentration of 20

mg mL™.

Single-junction devices: The active layers were spin-cast on PEDOT:PSS-coated ITO
substrates from the prepared blend solution at 90°C using a programmable spin coater
from Specialty Coating Systems (Model G3P-8); various spin-coating speeds were used
to get the required thickness. The samples were dried at room temperature for 1 h and
then placed in a thermal evaporator for evaporation of a 7-nm layer of calcium at 0.3 A
6

st and 120-nm layer of aluminum electrodes at 5 A stata pressure less than 1x10

Torr. Following electrode deposition, samples underwent J-V testing.

Homo-tandem and triple-junction devices: After spin coating the first active layer, the
samples were allowed to stay in a vacuum for 10 min to remove any residual solvent

and then ZnO nanoparticles were spin-coated on top. Next, the samples were placed in
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a thermal evaporator, a 1-nm layer of Al was evaporated at 0.3 A s™, and a 16-nm layer
of MoOs was evaporated at 0.3 A s~%; the next active layer was spin-coated. The same
procedure was repeated for the triple-junction device. Next, the samples were placed in
a thermal evaporator for evaporation of a 7-nm layer of calcium at 0.3 A s and a 120-

nm layer of aluminum electrodes at 5 A stata pressure less than 1x10° Torr.

Characterization of J-V, EQE and IQE: J-V measurements of solar cells were performed in
a glovebox with a Keithley 2400 source meter and an Oriel Sol3A Class AAA solar
simulator calibrated to 1 sun at AM1.5 G with a KG-5 silicon reference cell certified by
Newport. EQE measurements were performed at a zero bias by illuminating the device
with monochromatic light supplied from a Xenon arc lamp in combination with a dual-
grating monochromator. The number of incident photons on the sample was calculated
for each wavelength by using a silicon photodiode calibrated by NIST. After obtaining
the EQE of the device, active layer absorption was calculated by subtracting the parasitic
electrode absorptions simulated by transfer matrix modeling and the total device
reflectance characterized by a Cary 6000i UV-Vis-NIR spectrophotometer equipped with
an integration sphere. The IQE of the devices was inferred from the measured EQE of

the devices and the calculated active layer absorption.

Optical characterizations: Optical transmittance measurements were performed with a
Cary 6000i UV-Vis-NIR spectrophotometer under normal incidence. The reflectance
measurements were performed using the same spectrophotometer equipped with an

integration sphere. Optical characterization of the active layer was performed by an
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ellipsometer and UV-Vis spectrometer equipped with an integrating sphere. Multi-
sample analysis was used to extract a reliable refractive index of the active layer from
the ellipsometer characterization. In general, Si substrates with different thicknesses of
oxidized layers (from 2nm to <150 nm) were cleaned following the same steps as those
for cleaning ITO substrates. The blended solution was spin-coated on top of the cleaned
Si substrates, and the samples were characterized by an ellipsometer under various
incident angles (Woollam M2000 spectroscopic ellipsometer). The obtained
ellipsometric angles for each sample were fitted at the same time by a point-to-point
model, where the same optical constants were assumed for all active layers. The
Kramers-Kronig (KK) consistency was verified using the WVASE32 software. Extinction
coefficients were extracted from the absorption of the active layer obtained from the
integrating sphere, and film thickness was investigated by atomic force microscopy

(AFM, Dimension Icon).

PV-driven Water Splitting Study: A platinum wire and nickel foam were used as cathode
and anode for water electrolysis, respectively. The cathode and anode of the solar cell
were connected to their corresponding electrodes via standard wires, and the solar cell
was illuminated by a solar simulator (Peccell Technologies, PEC-L15) to mimic 100 mW
cm™ AM1.5G illumination. Two Keithley source meters were used to record the current
and voltage generated by the solar cell when the depth of electrodes was varied inside

the