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Introduction

1

We all witness light-matter interactions everyday in the most common things around
us, such as the blue color of the sky. Rayleigh described how light interacts with particles that are small compared to the wavelength of light, developing a theory that
ultimately explained the color of the sky.[1] Later, Gustav Mie solved Maxwell’s equations for spherical particles with wavelength-scale diameters, thereby explaining how
water droplets interact with electromagnetic radiation and form clouds.[2] Since then,
many researchers have tried to control this interaction by making nanostructured materials with dimensions comparable to the wavelength of light. This has led to the field of
nanophotonics, opening up new possibilities for a variety of applications such as optical
communication, medical science, sensing and energy harvesting. [3, 4]
A tremendous amount of metal nanostructures made from diﬀerent materials, with
diﬀerent shapes and sizes have already been synthesized with many diﬀerent techniques
such as electron-beam, nanosphere and nanoimprint lithography and colloidal synthesis.[5–8] While all these fabrication methods of nanomaterials have been extensively
used, most of them are either expensive, time-consuming or cannot reach the resolution needed for the design of very small structures. Colloidal synthesis constitutes an
exception since it is a very inexpensive method, with possibilities for the generation of
nearly any shape or size of nanostructure.[9–13] Unfortunately though, colloidal synthesis lacks full control over the design of more hierarchical nanomaterials.[14] Light itself
can be used as a tool for the synthesis of nanostructures through light-induced chemical
reactions and provide new pathways of control over this design.
This thesis deals with how optical resonances, derived from light-matter interactions,
can be used to drive localized chemistry for the synthesis of complicated nanomaterials. Such light driven synthesis is an artificial analogue of natural photosynthesis, where
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Figure 1.1. An example of Rayleigh and Mie scattering in nature, where the sky
meets the sea in Zacharo, Ilias, Greece. Photo taken by Manousopoulos P.

plants produce a wide variety of natural products using sunlight. As in natural photosynthesis, our final goal is to create a custom factory that uses light to spontaneously form a
wide variety of useful products.[15] Although nature more often uses chemical variables
to create the hierarchy and structure, this thesis is more focused on understanding the
role of the underlying nanostructures, their optical resonances and how light itself can be
used as a reactant. It therefore begins with an explanation of the diﬀerent types of resonances available in semiconducting and metallic nanomaterials, followed by how these
resonances can lead to charge generation, ultimately driving nano-localized chemistry.

1.1 Optical resonances in nanostructures
An interesting aspect of light-matter interactions at the nanoscale is the appearance
of optical resonances. An optical resonance occurs when light constructively interferes
in a cavity (or inside a nanostructure) or when light stimulates and couples to electron
charge oscillations on the surface of a nanostructure.[16] Optical resonances lead to
storage of high amounts of optical energy in specific frequencies where strong absorption
or scattering takes place. The resonant frequency depends mostly on the nature of the
optical resonator (i.e. nanostructure’s geometry and refractive index) and the refractive
index of the surrounding medium. Mie’s analytical solution to Maxwell’s equations
is the most commonly used mathematical description of the interaction of a spherical
nanoparticle or an infinite cylinder, with a plane electromagnetic wave.[2] Mie’s theory
is valid for both dielectric and metal nanostructures, whose dimensions are comparable
to that of the light’s wavelength. Even though the description of optical resonances in
metals and semiconductors can be achieved by the same theory, the origin of optical
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resonances in metals and dielectrics is quite diﬀerent, as discussed below.

1.1.1 Metals
Optical resonances in metal nanoparticles originate from their high density of free
electrons, which can oscillate resonantly with an incident electric field. The response
of the electron cloud to an external electric field can be described by the Drude model,
where electrons follow Newton’s law and act as an oscillating mass around the fixed
positive core (Figure 1.2). The external electric field causes the displacement of the
electron cloud from the positively charged core, while a restoring force (Coulomb force)
drives back the negatively charged electron cloud to the electron deficient region of the
structure causing the oscillation of the free electrons. These collective oscillations of
the free electrons in metal nanostructures are called plasmons and an optical resonance
(surface plasmon resonance, SPR) occurs when the plasmon natural frequency is equal
to the frequency of the incident light.[17, 18] According to the Drude model, the permittivity of metal nanoparticles becomes negative for incident light frequencies higher
than the SPR frequency. A negative value of permittivity means that the material does
not allow electromagnetic wave propagation in its volume resulting in confinement of
the electric field on the metal/dielectric interface. The localization of charges at the
metal/dielectric interface arising from the surface plasmons can interact with the propagating electromagnetic field in the vicinity of the nanostructure and energy transfer from
light to plasmons can take place.[19–21] Once this transfer has occurred, the plasmons
can either decay by coupling back to the light field (radiation, also known as scattering)
or by excitation of electrons into higher excited states (absorption).[22] The areas where
this “focusing” of the electric near field of plasmonic nanoparticles occurs are called
hot-spots, where the electric field enhancement can reach several order of magnitude in
subwavelength volumes.
The SPR frequency and the intensity and spatial distribution of the hot-spots strongly
depend on the charge distribution inside the metal nanostructure. The magnitude of the
charge separation inside a nanosphere in response to an electric field, or in other words
the ease with which it forms dipoles, is called polarizability. According to Mie theory,
polarizability is aﬀected by the refractive index of the metal and the surrounding dielectric medium and the geometry of the nanostructure. In nanoparticles with sizes in the
subwavelength regime, the polarizability increases with an increase in the nanoparticle’s
size leading to a lower frequency of the electron cloud oscillations. The direct impact
of the decrease in the plasmon frequency, is the shift of the SPR to longer wavelengths
(redshift).[23] The refractive index of the surrounding medium of the nanoparticle also
changes the interaction of the plasmons with the incident light, since this interaction is
mainly happening at the meal/dielectric interface. As the refractive index of the dielectric medium increases, the frequency of the plasmons decreases, due to the increasing
diﬃculty of their propagation, and the plasmons resonate with the incident electric field
at smaller spectral frequencies (redshifted SPR). [24]
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Figure 1.2. Drude model schematic representation. In a spherical metal
nanosphere the electron cloud surrounds the positive nuclei of the metal atoms (t
= 0). At time t = t1 , when the nanosphere starts interacting with an incident
electromagnetic wave, the electron cloud starts oscillating and is displaced (x the
elctron displacement) compared to the positive nuclei. After half a wavelength
period from t = t1 (t = t1 + T /2), the electron cloud is displaced towards the
opposite direction than t = t1 .

A change in the geometry of the nanostructure can also induce the excitation of more
than one optical mode.[25] For instance, two SPR peaks appear from the excitation of a
metal nanorod, related to polarization of the electric charges along its long (longitudinal
mode) and short axis (transverse mode). It has been reported that the longitudinal mode
of metal nanorods is more sensitive to a change of the aspect ratio of the nanostructure,
than the transverse mode, and can be tuned from the visible to NIR. Hybridization of
resonant modes in a nanoparticle assembly can also occur resulting in the accesibility
of more than one resonant mode. For instance, two closely spaced oscillating systems,
with similar resonant energies, can interact with each other and electromagnetic energy
exchange takes place through mode coupling.[26, 27] Spatial and spectral overlap of the
nanoparticles’ individual elementary modes is necessary for the occurrence of mode hybridization. As a result, very strong electric field enhancement and charge accumulation
(hot-spot) can be developed in the nanogap between the two nanostructures. Spectral
changes of the resonant mode of each nanoparticle rely on the alteration of the restoring
force of the electron cloud oscillation towards each direction, which can be enhanced or
decreased due to its interaction with the oscillating electron cloud of the nearby nanoparticle. An increase (decrease) in the restoring force corresponds to a increase (decrease)
in the resonant frequency, meaning a blueshifted (redshifted) resonance.
When the size of the nanostructure increases and becomes substantial compared to the
wavelength, higher order modes can be supported by the nanostructure, which appear in
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higher frequencies than the fundamental one (dipolar mode).[28, 29] The origin of these
higher order modes comes from depolarization of the electrons inside the nanomaterial.
The introduction of sharp features in a nanostructure, such as the case of nanocubes and
nanotriangles, can also change the polarization of the electrons inside the nanomaterial
and result in excitation of multipolar modes in the visible spectrum and extreme light
confinement.[30–33]

Figure 1.3. Tunable hot-spots in plasmonic nanostructures a) Scanning microscope image of Au nanotriangles with 200 nm edge and 8 nm thickness made with
colloidal chemistry. Scale bar is 200 nm. b) Fraction of absorbed power retrieved
from FDTD !simulations
! ! ! for two diﬀerent polarizations (in air), the electric field
distribution (!E 2 ! / !E02 !) of which is depicted in c), d), e) and f) for the 2 diﬀerent
SPR wavelengths (935 and 629 nm). The electric field monitor is positioned at a 4
nm height (middle of the nanostructure) and
! white arrows show the polarization
! the
of the incident electric field with intensity !E02 !.

Hot-carrier generation in metal nanostructures
After the excitation of plasmons in a metal nanostructure, the presence of imperfections in the structure, surface states or lattice vibrations lead to the dephasing of the
collective oscillations of electrons. This dephasing can occur either radiatively (light
scattering), with the emission of a photon at the same frequency as the excitation wavelength, or non-radiatively (Figure 1.4). The non-radiative decay of the plasmons mainly
takes place through Landau damping, where energy quanta from the plasmons are re-
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moved and transferred in the form of kinetic energy to conduction band electrons, exciting them to unoccupied energy states above the Fermi level. [34, 35] The generation of
highly energetic charges with Landau damping occurs the first 1 - 100 fs after the plasmon excitation and a non-thermal distribution of electrons is created above the Fermi
level of the metal. During the next few hundreds of femtoseconds (100 fs - 1 ps), the
initial non-thermal distribution changes to a Fermi-Dirac like electron distribution via
electron-electron scattering, where redistribution of energy takes place between higher
and lower energy electrons. The Fermi-Dirac distribution consists of electrons with a
temperature far above the lattice temperature. The electrons both in the non-thermal
and the Fermi-Dirac distributions are called “hot” due to their high energy and not
necessarily due to their high temperature (Fermi-Dirac distribution case). Additionally,
energy is transferred from the electrons to the lattice of the nanostructure via electronphonon interactions (1 - 10 ps) leading to an increase of the lattice’s temperature and
resulting in an equilibrium among the excited electrons. Finally, phonon-phonon interactions result in heat dissipation in the surroundings (100 ps - 10 ns). [20, 22, 36,
37]

Figure 1.4. Plasmon decay. Bottom row: Schematic of plasmon decay in metal
nanoparticles. Plasmons can decay either radiatevely, with the emission of a photon,
or non-radiatively. The non-radiative emission takes place through Landau damping
and hot-carriers are generated (1-100 fs), thermalization of carriers occurs through
electron-electron (100 fs - 1 ps) and electron-phonon (1 - 10 ps) scattering creating
a Fermi dirac distribution, to ultimately return to the equilibrium with heat dissipation to the surroundings (100 ps - 10 ns). Top row: The corresponding charge
population as a function of their energy with respect to the Fermi level of the metal
for every stage of the decay process, starting from the equilibrium.[34]

The electronic structure of metals allows mainly two transitions of electrons. The
transitions from d-bands to the sp-band, called interband, and transitions within the
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sp-band, called intraband.[38] In metal and specifically noble metal nanomaterials, dbands (i.e. energy states which belong to atoms from the d-orbitals) are located 2 - 4 eV
below the Fermi level (Ed−band , Figure 1.4).[39, 40] Transitions within the d-bands are
not allowed since all of them are already filled with electrons. Electron excitation though
within the sp-band is possible since it is only half-filled with electrons up to the metal’s
Fermi level (conduction band). As a result, depending on the photon energy absorbed
by the metal nanoparticle and the position of the electronic states, diﬀerent excitations
either interband or intraband can occur. The maximum energy an electron can have
according to the allowed transitions is equal to Ef + hv (Figure 1.4), when excitation of
electrons from the conduction band takes place (intraband). In gold the d-band lies 2.4
eV below the Fermi level, while in silver the energy needed for interband excitations is 3.7
eV. As a result, to excite electrons from the d-bands in silver a photon of at least 3.7 eV
is needed, which corresponds to a wavelength of around 335 nm, so UV light excitation
is necessary. In gold, interband excitations fall in the visible spectrum (below 517 nm),
which explains the broadband absorption of Au nanostructures in this wavelength range.
Electrons excited from the d-bands are not considered as hot because they reach energies
close to that of the Fermi level (5.5 eV for gold) and as a result they are not highlyenergetic (Ed−band + hv ≈ Ef ). Consequently, gold is considered as a material with a
higher population of energetic holes than electrons under white light illumination, while
silver has more uniform generation of both highly energetic holes and electrons.[41–43]
Nevertheless, in this thesis we are mostly focusing on gold nanostructures, due to their
high stability over oxidation, which is important for driving chemical reactions in the
presence of an aqueous electrolyte. The investigated gold nanostructures though are
excited far from their interband transitions (Eph < 2.4eV ) to ensure the predominant
generation of hot-carriers.
Hot-carriers are mostly generated at the hot-spots of plasmonic nanostructures since
these are the areas with the strongest field enhancement.[42] Nanostructures with sharp
features or assemblies of nanoparticles exhibit the strongest field enhancements through
the formation of hot-spots originating from the coupling of plasmon modes or the existence of multipolar modes. As a result, nanotriangles and nanocubes with sharp corners,
bow-tie antennas and island-like nanoparticle assemblies are excellent candidates for high
generation rates of hot-carriers.[36, 39, 44–46] The excitation wavelength strongly aﬀects
the generation rate of hot-carriers, since the amount of hot-carriers follows the absorption
spectrum of the nanostructure, where the highest amount of hot-carriers is generated
at the SPR. The electronic structure of the material in combination with the excitation
wavelength can also aﬀect the generation rates of hot-carriers as well as the hot-carrier
energy distribution. In plasmonic nanostructures excited with photon energies where
only intraband transitions take place, hot-electrons and hot-holes with continuous energy distribution (from the Fermi level up to the photon energy) are produced and this
distribution is not so sensitive to the type of material used. On the contrary, when
the excitation wavelength is within the interband spectral range, then the profile of hotelectron and hot-hole distributions is highly dependent on the material and its electronic
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structure. According to literature, materials such as gold and copper generate a high
population of highly energetic holes but a lower population of highly energetic electrons
in the interband spectral range. In silver and aluminum though, there is no diﬀerence
between the energy distribution profiles of hot-electrons and hot-holes.[40, 47, 48] The
size of metal nanoparticles also aﬀects the hot-carrier generation rate and profile (in
the interband regime). As the size increases, the homogeneous unoccupied energy state
profile of the nanoparticle results in a higher total amount of hot-carriers but with lower
energy, compared to smaller sizes, due to the higher amount of available transitions.[43,
49, 50]
Hot-carrier extraction
Extraction of hot-carriers from a metal nanostructure usually takes place through
a semiconductor (e.g. a metal oxide) placed in the close proximity of the metal.[51–
53] The presence of the semiconductor introduces new decay paths for the hot-carriers
delaying their thermalization. Instead of the fast thermalization of hot-electrons through
electron-electron or electron-phonon scattering, hot-electrons (or hot-holes) after their
photogeneration can be transferred to energy levels oﬀered by the semiconductor. Band
energy levels in semiconductor materials are not continuous as in the case of metals and
as a result two main bands appear: the conduction and the valence band. The former
consists of unoccupied energy states and the latter is fully occupied by electrons. As a
result, the conduction band of the semiconductor can host hot-electrons and the valence
band hot-holes. This transfer of hot-carriers to a semiconductor assists their separation
from the metal structure and as a result avoids thermalization. As soon as hot carriers
are injected to a semiconductor, they are converted to majority carriers, which have
much longer lifetimes (e.g. > 1 µs in anatase TiO2 ).[51, 54] In this thesis we are dealing
with only hot-electron transfer in the conduction band of a nearby semiconductor at
excitation energies lower than the bandgap energy of the semiconductor. Excitation
above the bandgap of the semiconductor would result in recombination of hot-electrons
injected in its conduction band with photogenerated holes from the excitation of the
semiconductor.
A semiconductor can facilitate hot-electron extraction from either the non-thermal distribution (before electron-electron scattering starts) or the thermal-distribution (before
electron-phonon interaction).[55] The type of hot-electrons extracted depends on the intrinsic characteristics of the metal, such as the hot-electron mean free path (the distance
electrons can travel before they collide with other electrons) and the electron-electron
scattering timescales.[43] The choice of the semiconductor is also very crucial to achieve
enhanced hot-electron extraction rates.[56–58] The energy of the conduction band of
the semiconductor has to be appropriate to allow for hot-electron transfer. Usually the
formation of a Schottky junction is used for hot-electron extraction, where the Schottky
barrier between the metal and the semiconductor allows for the transfer of hot-electrons
from the metal to semiconductor only when the energy of the former is higher than that
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of the Schottky barrier.[55, 59–62] The Schottky barrier facilitates the separation of hotcarriers from the metal by delaying their back transfer from the semiconductor to the
metal. A commonly used semiconductor is titanium dioxide (TiO2 ), mostly due to its
wide bandgap (Eg = 3.2 eV, anatase phase), the high density of states in its conduction
band and the availability of diﬀerent methods for its synthesis or deposition. [63–65]

1.1.2 Semiconductors
Semiconductor nanomaterials can also interact resonantly with light and result in
light confinement and enhanced absorption. The optical resonances of semiconductor
nanostructures can be also tuned as in the case of metals, altering the geometrical
characteristics of the nanostructures, the refractive index of the material and that of
the non-absorbing surrounding medium. Herein, we are specifically discussing the case
of vertical nanowires on a substrate, which have been extensively explored in literature
especially for applications in photovoltaics due to absorption enhancement. Vertical
nanowires can eﬃciently trap the incident light acting as waveguides and/or Fabry-Perot
cavities. The light confinement profile along the length of vertical nanowires can be also
tailored, providing a tunable landscape of absorption and charge generation useful for
spatially controlled chemical reactions.
Resonances in vertical semiconductor nanowires emerge from the coupling of light to
leaky waveguide modes supported by the nanowires. These leaky modes are actually electromagnetic confined modes, the excitation of which depends mostly on the dimensions
of the structure and on light’s polarization, wavelength and angle of incidence. Leaky
mode profile in semiconductor nanowires can be obtained by solving the dispersion relation, which is derived by Maxwell’s equations.[66, 67] In nanowires with subwavelength
diameters, excited with an electric field perpendicular to their long axis, the lowest order
leaky mode (HE11 ) is mainly accessible. The incident wave will couple eﬃciently to the
HE11 mode only when there is spatial overlap between the two and the mode can be still
excited from free space. As a result, in a nanowire with a specific diameter excited at
short wavelengths, the spatial overlap between the incident electromagnetic wave and
the supported mode is small, since the leaky mode is tightly confined in the nanowire,
leading to weak coupling. On the other extreme, longer wavelengths may not interact
at all with the broader leaky mode in the nanowire resulting in evanescent waves in the
surrounding medium. The maximum absorption should occur at the critical coupling
condition, when the loss rate from the mode to free space is the same as the loss rate
due to absorption.[68–74] Consequently, the spectral position of a resonance assosiated
with the HE11 mode is highly dependent on the diameter of the nanostructure and it
redshifts as the diameter increases (Figure 1.5b), resulting in tunable resonances ranging
from the visible to the NIR. For much larger nanowire diameters (Figure 1.5b), higher
order modes (HE12 ,HE13 etc.) can be supported by the nanostructure leading to more
than one resonant peak.
Tuning of the spatial profile of the electric field, consequently also the absorption, in a
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Figure 1.5. Leaky mode profile in vertical semiconductor nanowires. a)
Schematic illustration of the illumination configuration studied: A single nanowire
is illuminated with a plane wave propagating along a direction parallel to the axis
of the nanowire. The nanowire height is 4 µm. b) Absorption cross section data
for the nanowire as a function of its diameter and incident wavelength. The dashed
lines are the maxima of product of overlap integral between incident field and field
profile of the HE11 , HE12 and HE13 modes and the corresponding confinement
factors. c) Electric field intensity profiles across the cross section of the nanowire at
a wavelength of 700 nm for nanowire diameters of 125 nm and 300 nm. Reproduced
with permission from reference [68].

vertical nanowire can be achieved through changes in the length of the nanostructure and
introduction of tapering. In tapered nanowires, where the diameter of the nanostructure
is changing along its length, light will couple to diﬀerent HE11 leaky modes supported at
diﬀerent heights of the nanostructure.[75, 76] As a result, a change in the degree or direction of tapering can oﬀer control over the absorption profile in the nanowire. The length
of the vertical nanowire can also be a tuning parameter of the optical resonances and
the resulting absorption, due to the fact that such type of nanostructures can also act
as Fabry-Perot cavities.[77, 78] The Fabry-Perot behavior of vertical nanowires excited
from the top interface originates from the trapping of light inside the nanostructure, due
to the finite length of the nanostructure and the high refractive index contrast between
the semiconductor material and the non-absorbing surrounding medium. In a typical
Fabry-Perot cavity, light is trapped between two highly-reflective mirrors and resonances
occur when light meets its own reflections, which have a phase equal to a positive integer multiple of 2π of that of the incident light. In the case of a nanowire, the incident
light can be trapped between the top (air/semiconductor) and the bottom (semiconductor/substrate) interface and resonances can appear along its height. Absorption maxima
on the nanowire correspond to areas where the interference of the incident light with its
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own reflections is constructive and the spatial distribution of these absorption maxima
depend on the length of the nanowire, i.e. cavity. The amount of round trips of the light
inside the nanowire, before the complete attenuation of light, decrease as the length of
the nanowire increases. In that way, the Fabry-Perot supported modes in long vertical
nanowires will be quite weak and resonances corresponding to HE1m modes (where m
is the order of the mode) will be more prominent. The reflections of light inside the
nanowire and consequently the resonance and absorption maxima are also aﬀected by
the refractive index contrast of the nanowire/substrate and nanowire/medium interfaces.
Charge generation in semiconductor nanostructures
In this thesis, the absorption profile of vertical semiconductor nanostructures is tuned
by excitation of diﬀerent optical resonances, in order to manipulate the charge generation
along the axis of the nanostructures. Optical resonances are tuned to alter the absorption profile from the standard exponential decay seen with the Lambert-Beer law. By
moving absorption maxima throughout the nanowire length, it is then possible to control
where photocarriers are generated and therefore where a chemical reaction occurs for
the formation of another nanomaterial. This enables lithography-free patterning along
the length of vertical nanowires, with a spatial resolution on the order of the wavelength
of light in the material. As a result, the nanostructures can be designed appropriately
to support specific optical resonances to maximize absorption of light and/or spatially
tune the absorption profile on their volume and its proximity. [69, 79, 80]
The absorption profile in a bulk semiconductor follows Beer-Lambert law, where the
absorption is exponentially decaying as a function of the distance from the surface of
the material. The spatial tuning of the absorption profile in a bulk material is very
limited and it mostly depends on the absorption coeﬃcient and the refractive index of
the material, which in this case is considered constant for a specific wavelength. On the
other hand, the absorption profile in a vertical semiconductor nanowire can be changed
due to the supported optical resonances.[81–83] The eﬀective refractive index, which is
the ratio of the light’s phase delay in the waveguide (nanowire) to that in vacuum, is
diﬀerent than the refractive index of the respective bulk material and it also changes for
each of the supported modes in the nanowire. The eﬀective refractive index along the
length of a nanowire is altered due to the appearance of optical maxima and minima
corresponding to an excited supported mode. At optical maxima, the eﬀective refractive
index is related to the supported mode while at optical minima is similar to the refractive
index of air. As a result, an absorption spatial distribution along the nanowire’s length
can be created and tuned by exciting diﬀerent resonant modes. [71]
The absorption of a photon by a semiconductor can take place when the energy of
the former is equal or larger than the band gap energy (Eg ) of the semiconductor. The
absorption of the photon will excite an electron from the valence band of the semiconductor to its conduction band.[84, 85] If the energy of the photon is larger than Eg then
the electron excitation will take place in higher unoccupied energy states and then it
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will thermalize through electron-electron and electron-phonon scattering to the bottom
of the conduction band. As soon as the electron and hole are separated in the conduction
and valence band respectively, they are free to move, be collected and generate electricity
and participate in chemical reactions. Extraction of charges with energy in excess of Eg
has been also reported, but extraction eﬃciencies of these “hot” carriers are very low due
to their short lifetime and fast thermalization (few hundreds of ps) through electronelectron and electron-phonon interactions.[86–88] Herein we are not dealing with “hot”
carrier extraction from semiconductor nanomaterials, since the lifetime of the excitons
(around 1 µs) is already long enough for driving chemical reactions.

1.2 Driving light-induced chemical reactions with
nanomaterials
Optical resonances and localized charge generation in nanomaterials can be used to
drive chemical reactions in confined volumes, at the hot-spots of nanostructures. In that
way, spatially controlled chemical reactions with nanoscale resolution can be used for
synthesis of new materials on the optically excited nanostructures. As a result, light
combined with colloidal synthesis of nanostructures with controlled shape and size, can
constitute a tool for fabrication of complicated nanomaterials. Electrochemistry and
specifically photoelectrochemistry principles are used here for manipulation of chemical
reactions with light.

1.2.1 Redox reactions
Chemical reactions which include charge transfer with a change in the oxidation state
of an ion/molecule are called redox (reduction/oxidation) reactions. In redox reactions,
one substance gains electrons (i.e. is reduced), while another substance loses electrons
(or gains holes, i.e. is oxidized). According to the electroneutrality principle, where the
unbalance of charges in bulk matter is prohibited, for every electron removed from an
ion/molecule an electron has to be added to another one. As a result, a redox reaction
can be described by two parts, half-reactions, where one describes the oxidation and the
other one the reduction in a system and always take place simultaneously. It is possible
to physically separate the half-reactions, while ensuring electroneutrality, in a device
called an electrochemical cell. Usually, such a system consists of two electrodes (anode
and cathode), an electrolyte and an external circuit. The oxidation half-reaction occurs
at the anode, reduction half-reaction occurs at the cathode and electron flow from one
electrode to another is achieved through the external circuit. The electrolyte as an ionic
medium compensates the electron flow in the system with ionic transfer and ensures
electroneutrality.[89]
The ease with which a redox half reaction occurs is called redox potential, is measured
in volts and shows how easy a chemical species gains electrons. The redox potential on
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the vacuum scale is analogous to the Fermi level of a semiconductor, as it represents the
energy at which electrons are added to or removed from the system. Redox potentials are
conventionally presented with respect to the standard hydrogen electrode (SHE), which
is a reference electrode where the reversible H2 generation half-reaction takes place on the
surface of a Pt electrode. The redox potential of a SHE reference electrode is set to zero
(- 4.5 eV on the vacuum scale), since it is considered constant at any temperature under
standard conditions (1 bar, 1M of electrolyte).[90, 91] Any other redox potential can be
represented as the potential diﬀerence from the SHE potential, where the more positive
this diﬀerence is, the easier a chemical species receives electrons and the more negative,
the higher its tendency to lose electrons. Conventionally, the sign of redox potentials on
the SHE scale is opposite than that of the vacuum (i.e. more positive redox potential
is more negative on vacuum scale, Figure 1.6). This reference half reaction can be also
included in an electrochemical cell in the form of a third electrode (reference electrode)
to actively measure the redox potential of a half-reaction. In this thesis a silver chloride
reference electrode is used due to its stability and miniaturization ability. In the SHE
scale Ag/AgCl electrode has a redox potential of 0.197 V (Figure 1.6).

Figure 1.6. Redox potentials and photoelectrochemical cell. a) Energy
band levels of TiO2 and Si and Fermi level of Au on the vacuum scale. Also,
water oxidation and reduction potentials and reference electrode (Ag/AgCl) redox
potential on SHE scale, where 0 V corresponds to - 4.5 eV on the vacuum scale.
b) Water splitting in a three-electrode photoelectrochemical cell, with TiO2 as the
anode electrode (working electrode), a reference electrode (Ag/AgCl) and a metal
(Pt) counter electrode in contact with the electrolyte (H2 O).
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An electronic device has to be added to an electrochemical cell in order to make the
connections between the three electrodes (anode, cathode, reference), measure redox
potentials of either the anode or the cathode with respect to the reference electrode,
record the current flow in the cell as well as provide additional energy to a reaction
when it is needed (nonspontaneous redox reaction). Such a device/instrument is called
potentiostat and controls the potential between the reference electrode and the anode
(or cathode), which is called working electrode and involves the reduction (or oxidation)
half-reaction. This potential control is achieved by sending current to the other electrode (counter electrode). A potential between the reference electrode and the working
electrode can be applied when a half-reaction cannot occur spontaneously on the working electrode and extra work has to be provided. This extra potential needed to start
detecting current flow as the result of the half-reaction occurring is the redox potential
of the reaction under these specific conditions measured. [92, 93]

1.2.2 Light-driven redox reactions
The working electrode in a 3-electrode electrochemical cell can consist of materials which
can absorb light (photoelectrodes), convert photons to charges and then either directly
to electricity and/or to chemical species through redox reactions. If a redox reaction
is nonspontaneous then instead of providing the extra energy needed by applying a
potential through the external circuit, illumination of the photoelectrodes can provide
the voltage bias. It is important the materials chosen as photoelectrodes absorb photons
and generate electrons with energy equal or higher than the redox potential of the desired
reaction.[69, 92, 94, 95]
Semiconductor nanostructures
In semiconductor photoelectrodes, absorption of a photon with energy hv > Eband−gap
leads to the excitation of an electron from the valence band to the conduction band,
resulting in generation of free charges with the same energy with the photon. The photogenerated charges can reach the semiconductor/electrolyte interface, meet the molecular species and either reduce or oxidize if hv is suﬃcient, i.e. the redox potential of
the chemical reaction lies within the bandgap of the semiconductor (Figure 1.6). During
the immersion of a semiconductor in an electrolyte with redox species, band bending
will occur in order to reach an equilibrium between the Fermi level of the semiconductor
and the redox potential of the electrolyte. This band bending is responsible for the
charge separation which drives the redox reaction. Many semiconductors have bandgaps
with suﬃcient energy to drive redox reactions and some of the most commonly used are
TiO2 , a-Fe2 O3 , WO3 and ZnO.[90] Recently silicon nanomaterials attracted attention
as promising photoelectrodes mostly due to the facile nanostructuring, material abundance, tunable electrical properties through doping and the highly investigated optical
and electrical properties in the field of photovoltaics.[96, 97]
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1.2 Driving light-induced chemical reactions with nanomaterials
There are several examples of light-driven redox reactions mediated by semiconductor
nanostructures such as water splitting, CO2 reduction, water purification and ammonia
synthesis from nitrogen reduction.[98–100] Spatially selective deposition of other nanomaterials on semiconductor nanostructures was also achieved through photo-induced
redox reactions.[90] Selective deposition of diﬀerent metals and metal oxides on diﬀerent
facets of bismuth vanadate nanostructures was demonstrated, showing that each of those
facets corresponds to injection areas of either photogenerated electrons or holes.[95, 101]
Metal nanostructures
Metal nanostructures have drawn the attention in light-driven redox reactions due to the
extreme electric field enhancement in subwavelength volumes (hot-spots), their tunable
absorption across the whole visible spectrum and the generation of highly energetic carriers.[51, 102] Spatially selective chemical reactions for material overgrowth or deposition
of another nanomaterial on the hot-spots of plasmonic nanomaterials have been already
conducted. Silver nanoplate overgrowth associated with hot-electron participation was
one of the very first demonstrations that chemical reactions can be conducted localized
and at the hot-spots of plasmonic nanoparticles. Ever since, more examples came to
prove that hot-electron mediated chemistry can be controlled spatially and spectrally.
Overgrowth of gold nanoprisms, platinum nanoparticle formation on hot-spots of single
gold nanorods and reduction of diazonium salts on gold nanotriangles are some of these
examples.[103]
Photogenerated highly-energetic carriers can be extracted from plasmonic metal nanostructures to drive chemical reactions, but even with a Schottky junction assisting with
charge separation quantum eﬃciencies are typically very low.[104] These low eﬃciencies
originate from electron-hole recombination before the reaction occurs. For instance, a
hot-electron after its injection to the conduction band of a semiconductor will reach
the semiconductor interface to find adsorbed molecular species and reduce them. The
timescales of common redox reactions are 1 µs - 1 ms, usually longer than the recombination time of the electron in the conduction band with the hot-hole remaining in the
metal. This means electron-hole recombination can occur and the rate of the reaction
can be limited. The reaction rates though depend also on the time that a molecule will
“spend” at the semiconductor/electrolyte interface and if indeed adsorption of molecules
on the semiconductor or metal surface will take place or not.[105, 106] The surface of
the semiconductor and the nature of the chemical bonds can aﬀect the adsorption of a
molecular species.
There are two primary methods for reducing recombination of electrons and holes and
increasing the quantum eﬃciency in metals. The first approach includes the addition of
a cocatalyst nanomaterial to the plasmonic nanostructure. A cocatalyst is a material
which does not have good optical properties for eﬃcient light trapping and absorption,
but acts as a good catalyst in combination with a light absorbing material. The presence
of such a material can increase the kinetics of the chemical reaction facilitating lower en-
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ergy surface states for molecules to adsorb and/or desorb, resulting in chemical reaction
rates faster than electron-hole recombination timescales. Bimetallic heterostructures including both the plasmonic and the cocatalyst nanomaterial have been synthesized in
literature and explored in diﬀerent redox reactions. The second approach to decrease
electron-hole recombination in a plasmonic photocatalyst is to add an electron or hole
scavenger to the electrolyte. A hole (electron) scavenger is a molecular species with a
small enough reduction potential to be oxidized (reduced) faster than electron-hole recombination occurs. In that way, a hot-carrier has the time to participate in a chemical
reaction, while the respective hot-carrier is scavenged away by participating in a much
“easier” redox reaction.[107, 108]
In literature, both the hot-carriers and the increase of the local temperature (after the
complete thermalization of the hot-carriers) in plasmonic nanomaterials have been used
for light-driven redox reactions. The distinction though between these two plasmonic
mechanisms has raised a big debate in the field, specifically around the contribution of
each of them in a chemical reaction. In plasmonic heating, the increase in temperature
leads to an increase in the reaction rate for endothermic reactions. However, such an
eﬀect does not require optical excitation of hot carriers and can instead be achieved by
traditional heating methods. Additionally, the spatial sensitivity is often lost due to
rapid heat conduction. On the other hand, hot carrier induced chemical reactions have
demonstrated enhanced selectivity over chemical products and linear and superlinear
dependence of the reaction rate on the incident light’s intensity in contrast to traditional thermal catalysis. As a result, lower light intensities are needed to achieve high
reaction rates with hot-carriers than with a temperature increase. A comparison of the
two diﬀerent mechanisms on rhodium (Rh) plasmonic nanoparticles used for methane
(CH4 ) generation from CO2 hydrogenation, showed that hot-electrons can selectively
produce methane in contrast to thermal catalysis which resulted in a combination of
chemical products (CH4 and CO) at comparable rates.[109] The selectivity over specific
chemical products originates from the hot-carrier injection to specific molecular orbitals
responsible for the occurrence of a specific chemical reaction. In reality, it is very diﬃcult and maybe impossible to completely separate these two mechanisms: thermal and
hot-carrier-induced redox reactions in plasmonic nanomaterials. In the end, it is believed
that a synergistic eﬀect is behind the enhanced chemical reaction rates with plasmonic
photocatalysts compared to just thermal activation of chemical reactions. Eﬀorts to
separate these two mechanisms are just beginning to appear, but further work is needed
to clarify their exact contribution in diﬀerent plasmonic nanostructures. [110–112]

1.3 Motivation and outline
The aim of this thesis is to explore if optical resonances in metal and semiconductor
nanostructures can be used as a nanophotonics tool for driving spatially resolved chemical reactions for the formation of new nanomaterials.
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1.3 Motivation and outline
In Chapter 2 we fabricate vertical silicon nanowires with diﬀerent tapering angles and
first we explore their optical resonances and the absorption profile along their height with
FDTD simulations. We demonstrate the appearance of absorption maxima along the
height for 3 diﬀerent types of silicon nanostructures: nanowires, nanocones and inverted
nanocones and we use them for selective deposition of Pt nanoparticles. Excitation of
the nanostructures at two diﬀerent wavelengths, in presence of a Pt salt, reveals the
formation of metallic Pt nanoparticles as the result of the Pt salt reduction by the
photogenerated charges in silicon. The location of the photodeposited Pt is correlated
with the absorption maxima for the 3 diﬀerent types of vertical silicon nanowires.
In Chapter 3 we turn our focus to plasmonic nanoparticles. We fabricate photocathodes, made of gold nano-islands and coated with a thin TiO2 layer and we excite
them at their surface plasmon resonance in order to investigate their ability to generate
hot-electrons. We demonstrate through photoelectrochemical measurements that the
photogenerated hot-electrons can drive redox reactions and reduce a Pt salt to metallic
Pt cocatalyst nanoparticles. We also explore if this method of positioning the cocatalyst nanomaterial on the surface of the plasmonic photocathodes leads to a higher
photocatalytic activity than a random system.
In Chapter 4 we investigate if the same gold nano-islands in a slightly diﬀerent
configuration can be also used for the generation of hot-holes. By illuminating the
plasmonic nanostructures at their surface plasmon resonance, we explore the hot-hole
assisted oxidation of a manganese salt on the surface of the nanostructures. Both of the
hot-carriers are also used at the same time for simultaneous deposition of more than one
nanomaterial. We demonstrate that hot-electrons and hot-holes can also act at the same
time and drive with the same plasmonic nanostructrues more than one chemical-reaction
for deposition of diﬀerent nanomaterials.
Overall, this thesis provides evidence that manipulation of light at the nanoscale can
open new pathways for the eﬃcient design of complicated nanostructures, which cannot
be made with any other available nanofabrication method.

25

