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A human being should be able to change a diaper,
plan an invasion, butcher a hog, conn a ship,

design a building, write a sonnet, balance accounts,
build a wall, set a bone, comfort the dying,

take orders, give orders, cooperate, act alone,
solve equations, analyse a new problem, pitch manure,

program a computer, cook a tasty meal, fight efficiently,
die gallantly.

Specialization is for insects.

Robert A. Heinlein, Time Enough for Love
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Chapter 1

Introduction

Abstract

Nanotechnology is a vast and multidisciplinary field bringing together scientists and engineers
from different backgrounds. It is therefore not surprising that, since its “official” beginning with
the 1959 speech by Feynman “there is plenty of room at the bottom”, we can find nanotechnology
in research fields and applications that seem to be completely unrelated within each other: from
space exploration to medicine, through food industry, building technology, and restoration of
works of art, just to name few. Not to mention the impact it had on the imaginary of science-
fiction writers, movie directors, and philosophers of science.

Among the several sub-fields of nanotechnology, one of the most prominent is the one related to
metallic nanomaterials. Thanks to their peculiar interaction with light, in fact, these materials
have been used for driving and sensing chemical reactions and nanoscale physical processes, and
they are emerging as a promising therapeutic and drug-delivery tool in nanomedicine. Moreover,
as metals are among the best electrical conductors, metallic nanomaterials found applications in
transparent electrodes as a replacement for the more expensive doped metal oxides. This PhD
thesis focuses on the synthesis, characterization, and utilization of metallic nanomaterials both
as sensors of chemical and physical processes at the nanoscale and as building blocks for trans-
parent electrodes. Among all the possible metals present on the periodic table of the elements,
our attention will be focused on gold and silver, thanks to their exceptional optical properties,
low electrical resistivity, and high chemical stability.

The structure of this thesis reflects the two main research lines in which the author was in-
terested during his PhD. In the first part, which is more fundamental, we study how we can
use metallic nanomaterials as sensors for the equilibration of photogenerated charge carriers,
a process of paramount importance in energy conversion technologies. In particular, we show
how the current widely accepted interpretation of charge equilibration at metal/semiconductor
interfaces can be challenged based on proper optical characterization of plasmon resonances and
on simple physical arguments.

The second part of the thesis is more application oriented and deals with the synthesis of silver
nanowires and their applications in optoelectronic devices. In particular, we show how it is
possible to minimize the by-products in the synthesis of silver nanowires, leading to a faster and
cheaper synthetic process. We also show how novel terahertz-based spectroscopic techniques can
be of relevance for the quality control of transparent electrodes based on silver nanowires meshes.

To do so, it is necessary to introduce some basic concepts on the physics and chemistry of these
metallic nanomaterials. In this first chapter we introduce these basic concepts. First, we give

13



14 CHAPTER 1. INTRODUCTION

an overview of the sensing ability of these nanomaterials and we explain the physics governing
their optical response to external stimuli. We then focus our attention on the chemistry involved
in the synthesis of silver nanowires and explain what are the main challenges in the field.
Finally, we conclude with an overview of the remaining chapters of the thesis.
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1.1 Plasmonic sensing

1.1.1 A challenge to common sense

In one of his many lectures, J. Robert Oppenheimer, a theoretical physicist and one of the
leading figures in the Manhattan Project, said “common sense is not wrong in the view that is
meaningful, appropriate, and necessary to talk about the large objects of our daily experience [...]
it is only wrong if it insists that what is familiar must reappear in what is unfamiliar” 1. This
statement is particularly true for nanomaterials. We always experienced as “common sense” that
gold is yellow and silver is gray. In the field of metallic nanomaterials, this “common sense” fails
us, as gold and silver nanoparticles can be red, green or blue depending on their size, shape, or
surrounding environment.

1.1.2 Optical resonances in metallic nanostructures

As any other metallic material, metal nanoparticles posses free electrons that can be put into
oscillation by their interaction with an electromagnetic field2,3. When the dimension of the
particle is smaller than the wavelength of the electromagnetic field (d < λ) and the frequency
of the field matches the frequency of the oscillating electrons, a coherent oscillation of the
free electron in the metal is stimulated, which we call localized surface plasmon resonance
(LSPR)3. These LSPRs typically appear as very intense optical extinction peaks that usually
occur between the UV and the IR part of the electromagnetic spectrum. These LSPRs are
responsible for the optical properties of metallic nanomaterials and, hence, for the seemingly
counter intuitive colors discussed in the previous section. In the simplest case of a spherical
metallic nanoparticle, its extinction cross section, which is given by the sum of the absorption
and scattering cross sections, can be written as3,4:

Cext = 24π2r3εm
3/2

λinc

εi
(εr + 2εm) 2 + εi2

(1.1)

where r is the radius of the particle, and λinc is the wavelength of the light impinging on the
nanoparticle, εm is the dielectric constant of the medium surrounding the nanoparticle, and εr

and εi are the real and imaginary parts of the particle’s dielectric constant, respectively. The
resonance condition arises when3,4

εr = −2εm (1.2)

which leads to a maximum in the extinction cross section. From equation 1.1, it is evident that
the intensity and the energy of a plasmon resonance is dependent on the material, the size, and
the shape of the metallic nanoparticle, as well as on the dielectric properties of its surrounding
medium. It is also evident why silver and gold are considered the best plasmonic materials in
the visible range. The extinction cross section is maximized when the lossy component of the
dielectric function, εi, the imaginary part, is near to zero, and when the real part, εr is negative.
Both these requirements are met by silver and gold in the visible, with silver showing an almost
vanishing imaginary component in the entire wavelength range, as can be seen in Figure 1.1.

1.1.3 Dependence of the LSPR on the charge density

The dielectric function of a material describes its dielectric response to an external electric field.
The real and imaginary components of the dielectric function are correlated to the refractive
index , n, and to the absorption coefficient, k, via:

εr = n2 − k2 (1.3)

and
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Figure 1.1: Left panel: real (black) and imaginary (red) components of the dielectric function
of gold. Right panel: real (black) and imaginary (red) components of the dielectric function of
silver.

εi = 2nk (1.4)

In the approximation of free electrons bouncing off each other in a fixed background of positive
ions, the frequency dependence of the dielectric function of a metal can be described by a simple
Drude model5,6:

εmetal (ω) = 1−
ω2

p

ω2 + iγω
(1.5)

where ωp is the frequency of the electron plasma in the metal and γ is the damping parameter
(or the collision frequency), which corresponds to the reciprocal of the relaxation time of the
free electron gas. The frequency of the electron plasma is defined as5,6:

ωp =
√

ne2

meε0
(1.6)

where n is the electron density in the metal, e is the elementary charge, me is the effective mass
of the electrons, and ε0 is the permittivity of vacuum.

In plasmonic sensing, but also for transparent electrodes discussed later in this thesis, the region
of interest is the visible range, where frequencies are of the order of 1015 Hz. Since the damping
parameter of plasmonic metals is of the order of 1012 Hz, we typically have:

ω2 >> iγω (1.7)

Combining equations 1.2, 1.5, and 1.7, and neglecting the typically small contributions of the
imaginary component of the dielectric function, one obtains:

−2εm = 1−
ω2

p

ω2 (1.8)

and reshuffling:

ωLSP R = ωp√
1 + 2εm

=

√
ne2

meε0√
1 + 2εm

(1.9)
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Equation 1.9 is one of the fundamental equations in this thesis, as it shows that LSPRs are
sensitive to the variation in the charge density inside the metallic nanoparticle and in the
dielectric properties of their surrounding medium, a concept that we will extensively employ in
Chapter 2 of this work.

1.1.4 Plasmonic sensing

Due to the LSPRs dependence on the nature of the surrounding medium and the charge den-
sity inside the metal, it is not surprising that metallic nanoparticles have been used as efficient
sensors for several chemical and physical processes4,7. Sensing can be achieved by the analysis
of the changes in the spectral position or in full width at half maximum (FWHM) of the LSPR.
Although the former approach is the most common one, we will show in this thesis that the
latter can reveal a wealth of information on the processes occurring at the nanoparticle sur-
face. For example, variations in the LSPRs of metallic nanoparticles have been exploited for
sensing the intercalation of H2 in Pd8, the adsorption of gasses9, the oxidation of CO and H2
on Pt surfaces10, the reduction of monolayers of oxides on the surface of Ag nanoparticles11,
and sub-nm strains in soft materials12. Spectral variations in LSPRs also found applications in
biochemistry as probes for unlabelled proteins in solution13 and hybridization of DNA strands14.

According to equation 1.9, it is possible to illustrate some general features of plasmonic sensing.
Thanks to their isotropic dimensions, spherical nanoparticles only show one plasmon resonance
peak, which is typically blueshifted with respect to any other nanoparticle geometry with the
same composition4,7,15,16 (Figure 1.2a). Moreover, as the diameter is increased a redshift of the
LSPR is detected4,7,15,16 (Figure 1.2b), although the magnitude of this shift is strictly dependent
on the material (i.e. the dielectric function) of the nanoparticle12, as we will show in Chap-
ter 2 of this Thesis. Metallic nanorods show two resonance peaks, one longitudinal and one
transversal, due to the different directions in which the electron density can oscillate4,7,15,16.
This behaviour has been exploited to follow the reshaping of metallic nanoparticles in solu-
tion17,18. As the nanorod is reshaped into a sphere, in fact, the longitudinal resonance peak
starts disappearing, while the transverse one increases in intensity.
The ability to ”tune” the spectral position of the LSPR by varying the dielectric function of the
surrounding medium is one of the key aspects of this Thesis, as it will be extensively shown in
Chapter 2. In general, as the refractive index of the medium surrounding thenanoparticle is
decreased, a blueshift of the LSPR is observed (Figure 1.2c).
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Figure 1.2: Calculated normalized absorption efficiency spectra for different silver nanoparticles.
a Black curve: 10 nm diameter sphere in vacuum. Red curve: 8x10 nm rod in vacuum. For the
rod, only the longitudinal peak is shown, to avoid overlapping with the LSPR of the sphere. b
Black curve: 10 nm diameter sphere in vacuum. Red curve: 50 nm diameter sphere in vacuum.
c Black curve: 10 nm diameter sphere in vacuum (refractive index 1.00). Red curve: 10 nm
diameter sphere in water (refractive index 1.33).
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1.2 Synthesis of silver nanowires

1.2.1 Transparent conductive electrodes

Transparent electrodes are an example of war technology that slowly “percolated” into civilian
daily life19,20 (Figure 1.3). These electrodes, in fact, were designed and implemented to solve
a strategic problem during World War II: how can we allow bomber airplanes to fly at higher
altitudes without the risk of having the windows of the cockpit completely frosted? For this
early application, tin oxide (SnO2) was used and the technology was kept secret till the end of
the war19,20. Nowdays, transparent electrodes are a widespread technology, with applications
that span from thin film solar cells, where they act as the front electrode, touch panels, where
they detect the pressure of a finger typically by sensing a variation of the capacity through the
glass, invisible security circuits for work of arts in museums, electrochromic mirrors in cars, and
defrosting windows in airplanes and in the freezers of supermarkets.

Figure 1.3: B-29 Superfortress heavy bomber, USAF. One of the first airplanes mounting trans-
parent electrodes as defrosters for the cockpit windows. Image from Wikipedia.

These electrodes are currently based on different technologies, from doped metal oxides, to car-
bon nanotubes, graphene, metallic meshes and, in the last years, meshes of silver nanowires19–21.
We start our discussion by pointing out what are the crucial characteristics of transparent elec-
trodes for different applications.

1.2.2 Crucial characteristics of transparent electrodes

The two fundamental characteristics of transparent electrodes are a low sheet resistance, ρS, and
high transparency, T, in the region comprised between the UV-Vis and the near-IR22–24. When
the transparent conducting layer is a thin film, it is possible to correlate the transmittance with
the sheet resistance via22–24:

T =
(

1 + 188.5σopt
ρsσDC

)−2
(1.10)

where σDC is the direct conductivity and σopt is the frequency-dependent optical conductivity.
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These transmittance measurements are typically performed at 550 nm, which corresponds to
the peak of sensitivity of the human eye. The constant 188.5 derives from the definition of the
vacuum impedance, Z0, divided by 2 to take into account that a measurement of transmittance
is made on only one side of the electrode.

The ratio between σDC and σopt is also known as the “figure of merit” (FOM) of a transparent
electrode and can be easily calculated by reshuffling equation 1.10:

FOM = σDC
σopt

= 188.5(
1√
T
− 1

)
ρS

(1.11)

From the above equation, it is clear that the higher the transmission and the lower the sheet
resistance, the higher is the figure of merit of the transparent electrode. The figure of merit
has been used as a tool to compare optical and conductive properties of transparent electrodes
made by different techniques24. Equation 1.10 is however only valid for conductive films that are
not supported on a substrates24. A convenient way to overcome the problem of the substrate-
dependence of the FOM, is to compare different electrodes simply by comparing their electrical
conductivity σ:

σ = 1
ρSd

(1.12)

where d is the thickness of the conductive film, and

T (%) = e−A = Φt

Φi
(1.13)

where A is the absorbance, Φt is the light transmitted by the sample, and Φi is the light im-
pinging on the sample.

Typically, the industrial standard20,24 for transparent electrodes is considered to be a transmis-
sion higher than 90% and a sheet resistance lower than 100 Ωsq-1 (see Figure 1.4). It is important
to stress, however, that the requirements of a transparent electrode in terms of transparency
and conductivity are highly dependent on the final application20. In the case of solar cells, for
example, the most important parameters are a high thermal stability and a high transparency,
which typically makes ZnO or indium tin oxide (ITO) the transparent conductors of choice20.
Defrosting windows in airplanes started using layers of SnO2, but they are now typically made
of ITO thanks to their lower resistance, which allows to defrost a larger area with a lower
voltage20. In the case of touch panels the important characteristics are a high conductivity
and high chemical resistance, making ZnO and ITO the materials of choice20. Up until here,
ITO appears to be the best choice for all the applications listed. However, indium, the main
component of ITO, is an expensive metal, as it is mainly produced as a byproduct of sulfidic
zinc ores. Moreover, ITO is brittle and its deposition is typically costly and time consuming.
Therefore, for applications like touch screens in mobile phones and tablets or flexible solar cells,
where a low cost of production and flexibility are desired, alternatives to ITO are currently
under investigation20,24.
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Figure 1.4: Picture of the cockpit of an A220 Airbus. Thanks to a transparency higher than
90%, ITO can be implemented as transparent electrode on top of the cockpit windows of com-
mercial airplanes without compromising pilots’ vision. Picture from Airbus’ official website:
www.airbus.com

1.2.3 Conductivity of a transparent electrode

The conductivity, σ, of a material is correlated to its carriers’ concentration and mobility6:

σ = enµn,p (1.14)

where e is the elementary charge, n is the charge carrier concentration and µn,p is their mobility.
It has to be noted that the nature of the charge carrier is not specified in equation 1.14. This
equation is therefore valid both for a metal, where the charge carriers are the free electrons,
and for a semiconductor, where the charge carriers can be electrons or holes. From the same
equation it is therefore clear that a high concentration and a high mobility of charge carriers are
paramount to achieve a high conductivity of the electrode. As electrons typically have a smaller
effective mass than holes, they show a higher conductivity with respect to holes, although the
exact values are dependent on the band structure of the material6. This means that, typically,
materials with high values of conductivities are the ones that have electrons as charge carriers.
From the above considerations it is clear, therefore, that metallic materials could be good candi-
dates for the building of transparent electrodes, thanks to their high carriers’ concentration and
mobility. However, metals are not transparent in the visible range, as the carrier concentration
also influences the light absorption by the conductor material. For a metal described by the
Drude model (see equation 1.6), in fact, the carrier concentration determines the frequency of
the oscillating electron plasma, which, in turn, influences its absorption.5,6.

In the case of a nanostructured metallic material, the plasma frequency governs the energy of
the plasmon resonance, and therefore the absorption of light:

λp = 2πh̄
ωp

(1.15)

Therefore, metallic nanomaterials could be good candidates as conductors in transparent elec-
trodes, as long as their light absorption lies outside the visible range. These properties can be
achieved by silver nanowires. The extinction peaks of silver nanowires, in fact, typically lie in
the UV region, making them transparent in the visible.

Meshes of silver nanowires are currently explored as a valide alternative to doped metal oxides
in the building of transparent electrodes, mainly thanks to their high conductivity, (tunable)
high transparency in the visible, lower cost of production with respect to standard doped metal
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oxides, and structural flexibility.21–24. Silver nanowires are typically defined21 as one dimen-
sional nanostructures, with diameters comprised between 10 nm and 200 nm, and lengths above
1µm.

From an hystorical point of view, the first methods for the preparation of silver nanowires
were adaptations of the methods used to fabricate quantum wires21, like the electrochemical
ones. However, these methods were typically resulting in a poor control of the dimesions and
uniformity of silver nanowires and complex steps of purification/separation, leading to a quest
for an easier and more reliable way of production21. Nowdays, there are several synthetic routes
for the production of silver nanowires21:

• Hard template methods, in which silver nanowires are grown into the pores of a membrane
or in carbon nanotubes;

• soft template methods, in which DNA, thanks to its high binding abilities, performs the
role of a template, driving the directional growth of the wires;

• wet chemical methods, such as the polyol synthesis, which is currently the most widely
used method for the fast and cheap synthesis of large quantities of metallic nanowires.

1.2.4 Polyol synthesis of silver nanowires: pros and cons

The polyol synthesis proved to be one of the best methods for the preparation of silver nanowires,
both in the large-scale industrial production and in research laboratories21,25,26. The main ad-
vantages of this synthetic strategy with respect to alternative routes are its simplicity, low cost
and fast production.21,25,26. The polyol method for the synthesis of AgNWs can be summarized
as follows: the surfactant polyvinylpyrrolidone (PVP) is dissolved in ethylene glycol and the so-
lution is heated to a temperature typically comprised between 160 ◦C and 170 ◦C. Subsequently,
a halide salt (NaCl, NaBr,...) is added to the solution to provide the nuclei for the growth of the
wires. Finally, silver nitrate is added and the reaction is left to proceed typically for less than
1 hour21,27–30. Figure 1.5 shows the result of our improved polyol synthesis of silver nanowires.

Figure 1.5: SEM picture of silver nanowires prepared by the polyol synthesis. The diameter
and the length of AgNWs can be tuned by varying the parameters governing the synthesis. The
AgNWs shown in the picture are ∼ 10 µm long and with a diamter of ∼ 50 nm. Image adapted
from reference31.
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It is worth noting that the polyol synthesis is a general route for the production of metallic nanos-
tructures of different sizes, shapes, and composition, not only restricted to silver nanowires25,26.
For this reason, the polyol synthesis became one of the standard routes for the production of
metallic nanostructures in research laboratories25,26 (see Figure 1.6).

Figure 1.6: Transition metals, post-transition metals, and semi-metals prepared as monometallic
particles by the polyol synthesis. Image adapted from reference26

Till this point, we briefly discussed the advantages of the polyol synthesis of silver nanowires.
However, this simple, fast and cheap synthetic route is plagued by the presence of a large
amount of by-products at the end of the process in the form of Ag nanoparticles of different
sizes and shapes21,32,33. These nanoparticles are detrimental for the performance of transparent
electrodes, as they strongly absorb and scatter visible light and decrease the transparency of
the electrode, without contributing to its electrical conductance. This results in the need to
subject the as-prepared silver nanowires to several steps of purification via centrifugation or
selective precipitation, hence increasing the time and cost of production21,32,33. Moreover, the
silver nanoparticles by-products are produced at the expense of the chemicals involved in the
reaction. Therefore, a significant fraction of the silver salts are wasted to produce by-products,
further increasing the cost of production. For this reason, the minimization of synthetic by-
products is considered one of the “holy grails” in the polyol synthesis of silver nanowires.

1.2.5 Polyol synthesis of silver nanowires: mechanism and influencing factors

To minimize the formation of by-products during the polyol synthesis, it is important to under-
stand the mechanism of the process. In the first step, the ethylene glycol (EG, HOCH2CH2OH)
is oxidized to glycolaldehyde (GA, HOCH2CHO) in presence of oxygen34:

HOCH2CH2OH −−→ HOCH2CHO + 2 H+ + 2 e− (1.16)
Glycoaldehyde is a strong reducing agent able to reduce silver ions into metallic silver via its
oxydation into glyoxal34:

HOCH2CHO −−→ OCHCHO + 2 H+ + 2 e− (1.17)

HOCH2CHO + 2 AgNO3 −−→ OCHCHO + 2 Ag0 + 2 HNO3 (1.18)
At this stage of the reaction, silver atoms start forming in solution following the reaction of gly-
coaldehyde with silver nitrate. Their concentration increases, till it reaches a supersaturation
value. In this stage of the reaction, both pentagonally-twinned and single-crystal silver nanopar-
ticles are present35. Due to their relative low surface energy, twinned silver nanoparticles are the
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most abundant in solution. These particles show two crystallographic facets, {111} and {100}35.
The surfactant (PVP) preferentially binds on the {100} facets36,37, therefore preventing these
sites to be reached by other silver atoms and forcing the growth of the nanowires along the
{111} direction. Although simple on paper, the mechanism of formation of silver nanowires is
still under debate, as it is influenced by many parameters38.

The influence of the PVP

Polyvinylpyrrolidone is an organic macromolecule that can be synthesized with different degrees
of polymerization. In general, the higher the degree of polymerization, the higher the aspect
ratio of the wires39,40. The same trend is shown by the molecular weight of the polymer, with
higher molecular weights leading to a higher aspect ratio of the wires39,40.

The influence of temperature and reaction time

As mentioned before, the first step of the synthesis is the oxidation of ethylene glycol into
glycoaldehyde, which is the reducing agent in the process34. As this oxidation reaction is tem-
perature dependent, the synthesis of silver nanowires is highly influenced by the temperature
at which it is conducted27,36,40. The polyol synthesis of silver nanowires is typically conducted
at temperatures comprised between 160 ◦C and 170 ◦C and large deviations from these tem-
peratures typically lead to sub-optimal products38. If the reaction is carried out at 100◦C, for
example, no silver nanowires can be found at the end of the reaction36. Vice-versa, when the
reaction is carried out at 185◦C, the final products is mostly composed by silver nanorods36.

Arrhenius law states that an increase in temperature leads to an increase in the rate of the
reaction, k, given by:

k = Aexp

−Ea
RT (1.19)

where T is the absolute reaction temperature expressed in Kelvin, A is a constant factor for
each chemical reaction, Ea is the activation energy of the reaction, and R is the universal gas
constant. Therefore, one would expect that at different temperatures the reaction proceeds
with different speeds and, therefore, can be completed faster or slower. However, as the reaction
mechanism is influenced by a plethora of other parameters, this straightforward relationship
between the temperature and the reaction kinetics has been difficult to prove. In Chapter 3
of this thesis, we show, among other results, that once the control of the other parameters is
achieved by the control of the reaction environment, the polyol synthesis of silver nanowires
shows a kinetic which is in agreement with the Arrhenius law.

The influence of silver nitrate

In general, the higher the concentration of silver nitrate, the shorter and thicker the wires38,41.
If the concentration of Ag+ increases faster than the ability of the {111} to accommodate the
ions, in fact, Ag+ will start reaching the {100} facet, resulting in shorter and thicker wires. One
way to mitigate this effect is to control the concentration of silver nitrate in solution by the
use of a syringe pump. The effect of the silver nitrate shown, is made more complicated by its
intimate relation with the molecular weight of PVP. It has been shown, in fact, that the ratio
between the molar concentrations of PVP and AgNO3 governs the aspect ratio of the wires,
although no consistent trend has thus been reported38,41.
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The influence of halides

Chloride anions have been found to be of paramount importance for the synthesis of silver
nanowires. So much so, that without their presence only silver nanoparticles of random sizes
and shapes are produced42–44. The exact role of the chloride anions is one of the most debated
aspects of the polyol synthesis of silver nanowires21. As it has been shown that the presence
of chloride anions has an effect on the morphology of both the products and the initial nuclei,
it has been proposed that their main role could be a stabilization of the silver nuclei by co-
ordination42–44, therefore preventing aggregation and the formation of randomly shaped silver
nanoparticles. This coordination would lead to the formation and stabilization of the pentago-
nally twinned nuclei from which silver nanowires grow. Another effect appears to be linked to
the formation of AgCl in solution21,45. Silver chloride, which can be formed when AgNO3 reacts
with a chloride salt, like NaCl, has a very low solubility product in water as well as in ethylene
glycol. Thanks to that, the addition of excess chloride ions can reduce the concentration of free
Ag+ in solution, therefore promoting a mono-directional growth of the wires as explained before.
In this respect, chloride species would act as a buffer for Ag+ in solution, controlling the speed
of the reaction. It has also been proposed that the main role of chlorides is the formation, at
the beginning of the synthesis, of AgCl nanocubes. The vertexes of these nanocubes can act as
nucleation centers and facilitate the growth of the wires. In Chapter 3 of this thesis, we will
show that the purity of chloride species is of paramount importance for decreasing the amount
of by-products at the end of the synthesis.

A completely different role is played by bromide anions. Several experimental results show
that an increase in the concentration of bromide anions leads to a decrease in the diameter of
the wires46. The explanation proposed for this effect is an increase in the nucleation events
promoted by bromide which should result in a decrease of the final diameter of the wires46.

The influence of oxygen

Pentagonally-twinned silver nanoparticles are particularly susceptible to oxydative etching per-
formed by oxygen dissolved in ethylene glycol, more than their single crystal counterparts21,47.
As the formation of pentagonally-twinned nanoparticles is crucial for the growth of silver
nanowires, the oxidative etching by oxygen should be prevented21,47. It has therefore been
proposed to conduct the reaction under inert atmosphere to prevent oxidative etching, or to
add to the solution on oxygen scavenger, like Fe or Cu ions. However, even though the oxygen
presence should be controlled to avoid etching, oxygen is still fundamental for the synthesis. As
the first step of the reaction is the oxidation of ethylene glycol into glycoaldehyde, the complete
removal of oxygen would prevent the entire reaction from happening.

The influence of the stirring speed

Finally, the product of the polyol synthesis of silver nanowires is influenced by the stirring speed
during the reaction and even by the size of the stirbar38. Although at a first glance it could
appear unlikely, it can be easily understood. As the solvent of the reaction is highly viscous, a
too slow stirring speed, or a too small stirbar, doesn’t ensure a proper mixing of the solution,
therefore resulting in a product dominated by silver nanostructures of several sizes and shapes.

1.3 Motivation and outline

The aim of the present thesis is to investigate the use of metallic nanomaterials both as charge
sensors and charge conductors.
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In Chapter 2 we show how the striking optical properties of plasmonic nanomaterials are used
to probe the equilibration of photogenerated charge carriers in metal@semiconductor core@shell
systems. Our analysis challenges the widely accepted mechanism of charge accumulation in
metal nanoparticles. In particular, we show that the majority of the variations in the optical
spectra of core@shell nanoparticles during charge equilibration is due to variations in the dielec-
tric function of the semiconductor.

We then shift our attention to the industrially relevant synthesis of silver nanowires. In Chapter
3 we report a simple and fast synthesis of silver nanowires in which the amount of by-products
is drastically minimized, allowing for a reduction in the cost and of production. Our strategy
is based on the control of the nature of the halides involved in the synthesis and the control of
the gas pressure in the reaction vessel.

In Chapter 4 we use our synthesis to produce high quality silver nanowires and build transpar-
ent electrodes. We probe the conductivity of these electrodes by means of two novel techniques,
terahertz time-domain spectroscopy and near-field microscopy and compare with benchmark
measurements provided by the typical 4-point probe. We show that terahertz time-domain
spectroscopy is a powerful contactless tool for the investigation of the conductive properties
of transparent electrodes with the advantage of being non-invasive and non-destructive. With
near-field microscopy we show that it is possible to reveal local variations in the conductivity
due to defects in the preparation of the electrodes, opening the door to a more in-depth and
quantitative characterization of transparent electrodes.

In Chapter 5 we outline the future perspectives and the new research routes opened by this PhD
thesis. In this chapter we do not simply report and discuss a list of possible future experiments,
but we present theoretical and experimental data included in two papers that are in the process
of being finalized and submitted to scientific journals by the author of the present thesis.
In section 5.1 we propose two experiments that could help in understanding the physical origin
of the charge transfer reaction in a metallic nanoparticle-adsorbate complex.
In section 5.2 we show evidences that the above mentioned charge transfer reaction can be
dynamically tuned by varying the dielectric properties of the semiconductor with UV light in
core@shell metal@TiO2 nanoparticles.
Finally, in section 5.3 we show theoretical calculations of the optical properties of AgNWs
of different lengths and shapes. As choosing the right length and geometry of AgNWs is of
paramount importance for different applications, our understanding of their optical spectra can
help in designing better optoelectronic devices.



Chapter 2

Plasmonic Nanospheres as Charge
Sensors

Abstract

Noble metal nanoparticles support localized surface plasmon resonances (LSPRs), which are
light-driven oscillations of free electrons. Thanks to their strong dependence on the metal’s
electron density, these resonances can be used to optically probe the equilibration of photogen-
erated charge carriers at metal/semiconductor interfaces, a process of paramount importance in
energy conversion and sensing applications. In practice, however, it is often difficult to obtain
quantitative insight from the observed plasmonic effects, as the spectral position, intensity and
line width of LSPRs can be influenced by different competing contributions, such as particle size
distribution, surface oxidation, and changes in the dielectric environment. Here, we develop a
two-step synthesis of Ag@TiO2 and Au@TiO2 core@shell nanoparticles, and measure their plas-
mon resonance shifts during UV irradiation and charge equilibration in the dark. We show that
the observed optical response can be fully accounted for by an accumulation of photogenerated
electrons in the TiO2 shells and that charge transfer to the metal cores is negligible, proving
that the currently accepted interpretation of the phenomenon is wrong.

This chapter is based on: Equilibration of photogenerated charge carriers in plasmonic core@shell
nanoparticles, Matteo Parente, Sassan Sheikholeslami, Guraraj V. Naik, Jennifer A. Dionne, Andrea Baldi, The
Journal of Physical Chemistry C, 2018, 122, 23631-23638

27
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2.1 Introduction

Noble metal nanoparticles strongly absorb and scatter light, thanks to so-called localized sur-
face plasmon resonances (LSPRs)2,3. These resonances are very sensitive to variations in each
particle’s surrounding medium and in their charge density, making them ideally suited as optical
probes of chemical reactions and energy conversion processes4,48–50. For example, plasmon reso-
nances have been used to detect CO and H2 oxidation on Pt10, adsorption of pure gases on Ag11,
and H2 intercalation in Pd8. In biochemistry, LSPRs have been used to detect the hybridization
of DNA strands14, conformational changes in proteins13, and the presence of unlabeled proteins
in solution51. Furthermore, reactions involving charge transfer to and from metal nanoparticles
can be optically followed thanks to the spectral dependence of the LSPR on the charge density
of the metal52,53. For example, scattering spectroscopy has been used to follow the oxidation of
ascorbic acid on single gold nanoparticles54. Recently, metal nanoparticles have been shown to
enhance exciton separation in metal@semiconductor heterostructures55–60. This exciton sepa-
ration has been used to study two different phenomena. In the first one, metallic nanoparticles
act as sensitizers for the TiO2

58–60. After the LSPR of the metallic nanoparticles is stimulated,
it can decay into energetic hot-electrons that can be transferred into the conduction band of
the TiO2

58–60. In this case, TiO2 is stimulated below its bandgap. In the second phenomenon,
which is the one we tackle in the present Chapter of the thesis, TiO2 is stimulated above its
bandgap by means of UV light. This stimulation results in the charge separation inside the
semiconductor. Such charge separation has been followed spectroscopically as a blue shift in the
plasmon resonance of Ag- and Au-decorated TiO2 nanostructures61–64. However, several ques-
tions remain on the interpretation of the observed resonance shifts during charge equilibration
in these nanoscale heterostructures. First, the observed resonance shifts often lead to the pre-
diction of large increases in the charge density of the metal nanoparticle (of the order of several
percentages)63,65,66, which, in the absence of any electrical double layer screening from counteri-
ons in solution54,67, would result in extremely high electric fields. Second, the magnitude of the
plasmon resonance shift is strongly dependent on the size of the nanoparticles48,53, leading to
large uncertainties in samples with a wide size distribution62,68. Third, the spectral shifts in the
plasmon resonance wavelength are typically accompanied by variations in the peak’s full width
at half-maximum (fwhm) and in its intensity, which are often difficult to attribute to a single
effect67,69,70. Here, we tackle these questions by studying the equilibration of photogenerated
charge carriers in colloidal suspensions of Ag@TiO2 and Au@TiO2 core@shell nanoparticles.
The narrow size distribution of our nanoparticles afforded by our two-step synthetic procedure,
allows us to derive quantitative conclusions on the mechanism of plasmon resonance shift. In
particular, we find that electron storage in the metallic cores is negligible and that the observed
LSPR shifts can be fully accounted for by the irreversible reduction of surface oxide at the
metal/TiO2 interface and by the reversible accumulation of electrons in the TiO2 shell.

2.2 Experimental section

2.2.1 Chemicals

All the chemicals have been used as received, without any further purification. AgNO3 (99.9999%),
HAuCl4 tryhydrate (≥99.9%), sodium citrate dihydrate (≥99%), tannic acid (ACS reagent
grade), TTIP (≥99.999%), and HPC (Mw ∼80000, Mn ∼10000) were purchased from Sigma-
Aldrich. TTIP was stored and handled in a glovebox to prevent any hydrolysis due to air
moisture. Dehydrated Na2SO4 (>99%) was purchased from Fluka. Ethanol (SeccoSolv dried
max 0.01% H2O) was purchased by Merck Millipore. Ultrapure water 18.2 MΩ cm was obtained
from mQ Integral Water Purification System by Merck Millipore.
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2.2.2 Synthesis of Ag nanoparticles

Silver nanoparticles were prepared by adapting a literature protocol71. In a typical synthesis,
20 mL aqueous solution made of 6.8 mM of sodium citrate dihydrate and 100 µM tannic acid is
heated to 65◦C. An 80 mL aqueous solution of 0.74 mM AgNO3 is also heated to 65◦. The two
hot solutions are mixed together under vigorous stirring and the temperature is raised untill
boiling. The mixture is kept boiling without reflux for 30 minutes then cooled down to room
temperature. The Ag nanoparticles are purified by centrifuging 25 mL of the final solution
at 7900 X g for 30 minutes, the supernatant is removed and the nanoparticles are redispersed
in 25 mL of ultrapure water. The solution is centrifuged again at 7900 X g for 30 minutes,
the supernatant is removed, and the nanoparticles are redispersed in 2 mL of ultrapure water.
Finally, the solution is filtered through 0.45 and 0.2 µm filters (Acrodisk) and the nanoparticles
are immediately used for the TiO2 shell synthesis. The final solution of cleaned Ag nanoparticles
has an optical density of ≥100 at the silver plasmon resonance and it is stable in the dark at
4◦C for about 1 week. The average size of the Ag nanoparticles is 35.6 ± 7.2 nm in diameter,
with a LSPR peak centered around 407 nm, in water.

2.2.3 Synthesis of Au nanoparticles

Gold nanoparticles were prepared by following a procedure reported in literature72. Au nanopar-
ticles are purified using the same procedure developed for the silver ones. In this case, the final
optical density of the solution is ∼5 at the gold LSPR. The average diameter of the Au nanopar-
ticles is 34.7 ± 4.5 nm with an LSPR peak centered around 527 nm.

2.2.4 Synthesis of Ag@TiO2 nanoparticles

The TiO2 shell is formed in a sol-gel reaction in which titanium isopropoxide (TTIP) is hy-
drolyzed on the surface of the purified Ag nanoparticles in the presence of water and hydrox-
ypropyl cellulose (HPC) as a stabilizing agent73. In a typical synthesis, 2 mL solution of HPC-
stabilized Ag nanoparticles with an OD = 20 at the plasmon resonance wavelength (λLSPR
= 407 nm) is obtained by dispersing the proper amount of purified Ag nanoparticles into an
aqueous solution of 1 µM HPC. A 10 mL 3.4 mM ethanolic solution of TTIP is added to the
HPC-stabilized Ag nanoparticles with a syringe pump, at a rate of 0.5 mL/min at room tem-
perature, under vigorous stirring. The final product consists of a mixture of Ag@TiO2 and
TiO2 nanoparticles. The final solution is boiled for 100 min under reflux, let cool down to room
temperature, transferred into ten 1.5 mL centrifuge vials, and centrifuged at 600 X g for 90 min.
The precipitate is redispersed to an optical density of 0.3 using 0.17 µM ethanolic solution of
HPC. An excess of anhydrous Na2SO4 is added to the Ag@TiO2 NPs to minimize water content
and the solution is then stored at 4◦C in the dark. The average thickness of the TiO2 shell is
≥8 nm, and the LSPR peak of the Ag@TiO2 nanoparticles is centered around 446 nm.

2.2.5 Synthesis of Au@TiO2 nanoparticles

Synthesis of Au@TiO2 nanoparticles has been carried out by adapting the one developed for
Ag@TiO2 for a lower starting OD. In a typical synthesis, a 2 mL solution of HPC-stabilized Au
nanoparticles with an optical density OD = 5 at the plasmon resonance wavelength (λLSPR = 527
nm) is obtained by dispersing the proper amount of purified Au nanoparticles into an aqueous
solution of 1 µM HPC. A 10 mL 0.85 mM ethanolic solution of TTIP is added to the HPC-
stabilized Au nanoparticles with a syringe pump at a rate of 0.5 mL/min at room temperature
under vigorous stirring. The solution is then boiled for 100 min under reflux. The final product
consists of a mixture of Au@TiO2 and TiO2 nanoparticles. The Au@TiO2 nanoparticles are
purified with the same procedure used for Ag@TiO2. The average thickness of the TiO2 shell is
≥12 nm, and the LSPR peak of the Au@TiO2 nanoparticles is cenetered around 550 nm.
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2.2.6 Synthesis of TiO2 thin film for ellipsometry

The film is prepared following a sol-gel procedure. In a typical synthesis, 200 µL of a 3.38 mM
ethanolic solution of TTIP are hydrolized on a glassy carbon substrate during spin coating. The
spin coating is performed for 5 seconds at 500 rpm for 3 consecutive steps. The TiO2 covered
glassy carbon is kept for 100 minutes in boiling ethanol, to reproduce the effect of ethanol
reflux at the end of the core@shell nanoparticle syntheses. The final thickness of the TiO2 film
measured by profilometry is 30 nm.

2.2.7 Charge equilibration measurements

In each experiment, we use 4 mL of Ag@TiO2 or Au@TiO2 suspensions in a 0.17 µM ethanolic
solution of HPC with an optical density of 0.3 at the respective LSPRs. The solution is ini-
tially purged for 20 min with N2, to minimize the presence of oxygen, and the N2 is continued
throughout the whole experiment. The solution undergoes 5 cycles of UV light exposure for 10
min, followed by 30 min of charge equilibration in the dark. We use 254 nm UV light from an
Oriel-Newport calibration lamp (model 6034) driven by 18 mA A/C current and filtered with
a 350 nm short-pass filter. Extinction spectra are continuously acquired every 5 s using a low
power white light source and an OceanOptics HR4000 CG-UV-NIR spectrometer.

2.2.8 SEM and optical characterizations

UV-Vis extinction spectra are acquired with a PerkinElmer Lambda 1050 spectrophotometer
equipped with 3D WB detector module. Scanning electron microscopy images are obtained using
a Zeiss Sigma field emission SEM operating at 10kV. Scanning transmission electron microscopy
(STEM) images are acquired on a FEI Verios 460 SEM equipped with a STEM retractable
detector.

2.3 Results and discussion

We first developed a two-step syntheses of Ag@TiO2 and Au@TiO2 core@shell nanoparticles
that allow to accurately control the size of the metal cores as well as the thickness of the shell.
Silver nanoparticles were synthesized by adapting a previously published method71 based on the
reduction of silver nitrate, in the presence of tannic acid (TA). The role of tannic acid is to chelate
Ag+ ions, with high Ag+/TA ratios, leading to fast nucleation of metallic silver clusters and
smaller final sizes of the nanoparticles. The final nanoparticle suspension is stabilized by citrate
anion, which acts as both reducing and capping agent. Citrate-stabilized gold nanoparticles were
synthesized following a literature method72. As-synthesized Ag and Au nanoparticles are puri-
fied by centrifugation to remove excess citrate, which can hinder the TiO2 shell formation. The
purified nanoparticles are then coated with a TiO2 shell by the sol-gel hydrolisis of an ethanolic
solution of titanium tetraisopropoxide (TTIP) in the presence of water (final ethanol:water ratio
of 5:1) and hydroxypropyl cellulose (HPC) as a surfactant73,74. The thickness of the TiO2 shell
can be modulated by the rate of the dropwise addition of the TTIP solution. The Ag@TiO2 and
Au@TiO2 nanoparticles are finally centrifuged and redispersed in an ethanolic HPC solution to
minimize the water content and remove the excess TiO2 nanoparticles which are a by-product
of the sol-gel synthesis. Scanning electron microscope (SEM) images of the Ag and Au cores
and scanning transmission electron microscope (STEM) images of the Ag@TiO2 and Au@TiO2
nanoparticles are shown in parts a and b of Figure 2.1, respectively.
For the Ag and Au cores we obtain particles with an average diameter of ∼35 nm and LSPRs of
aqueous suspensions centered at 407 and 527 nm respectively. Upon formation of a TiO2 shell,
the LSPRs red-shift by 39 nm (Ag@TiO2) and 23 nm (Au@TiO2), due to the higher refractive
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Figure 2.1: (a) SEM images of (left) Ag and (right) Au nanoparticles on silicon substrates. The
insets show the measured size distributions for Ag (35.6 ± 7.2 nm, average of 471 particles)
and Au (34.7 ± 4.5 nm, average of 280 particles). (b) STEM images of HPC-stabilized (left)
Ag@TiO2 and (right) Au@TiO2 nanoparticles dispersed on ultrathin carbon membranes. The
measured average shell thicknesses for the Ag@TiO2 and Au@TiO2 nanoparticles are 8 and 12
nm, respectively. All scale bars are 200 nm. (c) Normalized extinction spectra of (left) Ag and
Ag@TiO2 and (right) Au and Au@TiO2 nanoparticle suspensions
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Figure 2.2: Extinction spectra of (left) Ag@TiO2 and (right) Au@TiO2 nanoparticle suspensions
(black) before and (blue) after the first UV exposure for 10 min and (red) after equilibration in
the dark for 30 min.

index of TiO2 with respect to the solvent, and the signature of the TiO2 band gap becomes
clearly visible as a strong absorption in the UV part of the spectrum (Figure 2.1c). Charge
equilibration in Ag@TiO2 and Au@TiO2 nanoparticles suspensions is studied by irradiating
them with UV light under inert (O2 free) atmosphere. Ultraviolet irradiation causes electron-
hole pair formation in the TiO2 shell. The photogenerated holes are quickly scavenged away by
the ethanol. In the absence of O2, which is an efficient electron scavenger, electrons are therefore
accumulated in the TiO2 shell. We study the equilibration of these photogenerated electrons by
continously measuring the extinction spectra of the core@shell nanoparticles suspensions upon
repeated cycles of UV irradiation and equilibration in the dark. In a typical experiment, 4 mL
of solution with an optical density (OD) of 0.3 at the LSPR wavelength are sealed in a quartz
cuvette. To remove any trace of oxygen in the liquid, the ethanolic solution is purged for 20
minutes with N2 gas before UV exposure, with a needle fully inserted into the solution. During
the UV irradiation experiments, the N2 purging is kept with the needle above the solution level
to prevent the formation of the bubbles that could influence the extinction measurements. The
solution is then subjected to five consecutive cycles of UV exposure for 10 minutes followed by
30 minutes in the dark. During the course of the entire experiment, the extinction spectra are
acquired every 5 seconds using a low power white light source and a fiber optical spectrometer.
In Figure 2.2, we show the raw UV-vis spectra for both Ag@TiO2 and Au@TiO2 nanoparticles
before the measurement, after 10 minutes of UV exposure, and after 30 minutes of charge
equilibration in the dark.
Notably, for both Ag@TiO2 and Au@TiO2 nanoparticles, after 10 minutes of UV exposure
the LSPR peaks are blueshifted, the FWHMs decrease and the peak intensity increases. These
changes are partially reversible after 30 minutes in the dark. Figure 2.3 shows the time evolution
of the LSPR peak wavelength for Ag@TiO2 and Au@TiO2 over five consecutive cycles of UV
irradiation and dark equilibration.
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Figure 2.3: (a)Measured spectral positions of the LSPR peak maxima for Ag@TiO2 (blue dots)
and Au@TiO2 (red squares) nanoparticle solutions, during five consecutive cycles of UV exposure
and dark equilibration under N2 purging. The pale blue regions highlight the intervals of UV
exposure. After five UV irradiation cycles, an irreversible blueshift of ∼4 nm is present for
Ag@TiO2 nanoparticles as well as a reversible blueshift of ∼5 nm. For Au@TiO2 nanoparticles,
we observe only a reversible blueshift of ∼2 nm. Steady-state values of (b) the extinction
maximum and (c) the fwhm of the resonance peaks for Ag@TiO2 (blue dots) and Au@TiO2 (red
squares) nanoparticle solutions at the end of the UV irradiation (on) and after equilibration in
the dark (off). UV irradiation is always accompanied by an increase in the extinction maximum
and a decrease in the fwhm of the resonance peak.
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2.3.1 Reduction of native Ag2O layer on Ag nanoparticles

While Au@TiO2 nanoparticles show a reversible blueshift, the plasmon resonance of Ag@TiO2
nanoparticles only partially recovers its initial spectral position upon cycling, with a cumulative
irreversible blueshift over the five cycles of ∼4 nm. The observed difference between particles
with silver and (more noble) gold cores allows us to attribute such irreversible blueshift to the
reduction of the native Ag2O layer at the Ag/TiO2 interface. It is in fact well known that the
reduction of the native surface oxide in silver nanoparticles leads to a blueshift and an increase
in the extinction intensity of their plasmon resonances75, in agreement with our experimental
observation (See also Figure 2.2). To estimate the thickness of the reduced silver oxide, we use
Mie theory to calculate the LSPR peak position of Ag@Ag2O@TiO2 core@shell@shell multilay-
ered spheres with varying Ag2O thicknesses76. We find that an irreversible blueshift of ∼4 nm
corresponds to the reduction of an interface Ag2O layer with a thickness of ∼0.2 nm, as shown
in Figure 2.6. This roughly corresponds to a monolayer of oxygen atoms at the silver surface77.
Interestingly, the largest irreversible reduction of silver oxide occurs during the first cycle of UV
exposure, while subsequent cycles are similar in the magnitude of their reversible LSPR shifts.
Another experimental evidence supporting the claim that the irreversible LSPR shift is due to
the reduction of an interface Ag2O layer, is the fact that the initial LSPR peal position can be
recovered at the end of the experiment upon exposure of the solution to air, as shown in Figure
2.7. The absence of an irreversible component for Au@TiO2 nanoparticles suggests that their
surface is not oxidized, in agreement with both experiments and theoretical predictions for Au
nanoparticles larger than 4 nm in diameter78.

2.3.2 On the impossibility of charge accumulation in the metallic cores

Besides the irreversible effect due to the reduction of silver oxide, Figure 2.3 also shows the
reversible LSPR shifts for both Ag@TiO2 (∆λLSPR ∼ 5 nm) and Au@TiO2 (∆λLSPR ∼ 2
nm) nanoparticles solution. A generally accepted interpretation in the literature explains the
reversible LSPR blue-shifts upon UV irradiation of metal@semiconductor hybrid nanostruc-
tures with an accumulation of electrons in the metal, while holes are scavenged away by the
solvent57,63,65. In the Drude approximation, the frequency of a plasmon resonance is in fact
proportional to the square root of the charge density in the metal53. Here, however, we show
that this interpretation is incorrect and that the observed resonance shifts are inconsistent with
an accumulation of electrons in the cores.

The argument of the Fermi energy

Using Mie theory, we can calculate the charge density increase necessary to induce a 5 nm
blueshift in the LSPR of Ag@TiO2 nanoparticles. In our calculations, we use a dielectric function
of titania that we experimentally measure by ellipsometry on a sol-gel spin-coated TiO2 thin
film with a thickness of 30 nm. The dielectric function of TiO2 is showed in Figure 2.8. For
the metal cores, we fit a Drude model to the dielectric function of silver79 experimentally
obtained by Johnson and Christy and vary the plasma frequency to account for an increase
in the charge density (Figure 2.9). Assuming that the effective number of electrons per silver
atom contributing to its optical properties is approximately one80, we find that we can reproduce
the observed LSPR shift with a charge density increase of ∼2.7%, corresponding to the storage
of ∼3.5 x 104 electrons per Ag@TiO2 nanoparticle. The accumulation of electrons in a coated
metal nanoparticle leads to an increase in its Fermi energy given by81

∆EF = (2z − 1)e
8πε0(r + d)

(
d

εdr
+ 1
εr

)
(2.1)

where z is the number of excess electrons accumulated in the metallic core (z = 3.5 x 104), e is
the elementary charge (e = 1.6 x 10-19 C), r is the radius of the metal core (r = 17.5 nm), d = 8
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and εd = 26 are the thickness and the relative static permittivity of the shell82,83, and εr is the
relative static permittivity of the solvent (εr,EtOH = 24.3)84. The accumulation of ∼3.5 x 104

electrons in a single Ag@TiO2 nanoparticle would therefore lead to an impossible Fermi energy
increase in the silver core of ∼116 eV, a value which is much larger than the work function of
the metal itself (ΦAg = 4.26 eV)85.

The argument of the spherical capacitor

A similar unphysical result is obtained if we hypothesize that the holes scavenged by the ethanol,
instead of being transported away into the solvent, are localized at the TiO2/EtOH interface.
Such charge distribution would in fact minimize the electrostatic energy of the system. In this
scenario, we can treat our core@shell nanoparticles as a spherical capacitor whose plates are
separated by a distance corresponding to the TiO2 thickness (8 nm) and applying the following
equation for calculating the electrostatic potential

∆V = Q

4πε0εTiO2

(1
a
− 1
b

)
∼ 34V (2.2)

where

• Q is the total excess charge in the core needed to justify the blueshift in LSPR, equivalent
to 35000 electrons x 1.6x10-19 C/electron

• ε0 = 8.85x10-12 F/m

• εTiO2 = 26

• a = 17.5x10-9 m

• b = 25.5x10-9 m

A voltage drop of 34 V across an 8 nm TiO2 thickness corresponds to an average electric field of
∼4 V/nm, which is one to two orders of magnitude higher than the reported breakdown voltage
of TiO2

83,86.

The argument of the timescale

In Figure 2.3 it is reported the time evolution of the LSPR shifts for both Ag@TiO2 and
Au@TiO2 over consecutive cycles of UV irradiation and charge equilibration in the dark. It can
be seen that both the charging and discharging dynamics are in the order of several minutes.
Such a long timescale suggests optical effects due to either chemical or mechanical effects and
not to a simple transfer of electrons from a semiconductor to a metal.

The argument of the FWHM and of the extinction intensity

Finally, according to the Drude model and Mie theory, the LSPR blue-shift due to charge accu-
mulation in metallic nanoparticles must always be accompained by a widening of the FWHM
and a lowering of the extinction cross section67. This is the opposite of what we observe exper-
imentally, as shown in Figure 2.3, parts b and c. Upon UV irradiation of both Ag@TiO2 and
Au@TiO2 nanoparticles, in fact, we observe a narrowing of the FWHM and an increase in the
extinction cross-section at the LSPR peak. These changes are partially reversible upon charge
equilibration in the dark (see 2.5.6 for the fitting we used to extract the FWHM).

All the above considerations strongly suggest that charge accumulation in the metal cores can
be neglected and that a different mechanism must be at play.
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2.3.3 An alternative hypothesis: the swelling of TiO2 shell

To understand the physical origin of the reversible LSPR shifts, we first consider the observed dif-
ference in magnitude between the results obtained for Ag@TiO2 (∆λLSPR ∼5 nm) and Au@TIO2
(∆λLSPR ∼2 nm). It is known that the LSPR of silver nanoparticles is more spectrally sensitive
to variations in the refractive index of the surrounding environment than the LSPR of gold
nanoparticles. This can be easily modeled using Mie theory (Figure 2.10) and it is already evi-
dent by comparing the LSPR shifts observed when coating bare Ag and Au nanoparticles with
a similar thickness of TiO2. In the absence of any significant charge accumulation effects in the
metal cores, the only mechanism that can explain the observed LSPR shifts of the core@shell
nanoparticles is therefore a UV-induced change in the dielectric properties of the TiO2 shells. In
the following we will show that the reversible LSPR shifts of the core@shell nanoparticles can be
fully accounted for by the accumulation and depletion of electrons in TiO2. The accumulation
of electrons in TiO2 is typically accompained by an increase in its optical absorption in the
visible63,87–89, due to electrons trapped at Ti4+ states63. To verify that electron storage also
occurs in our colloidally prepared titania, we studied the photoresponse of TiO2 nanoparticles
without metallic cores. The absence of any plasmon resonance in their extinction spectrum
allows us to observe optical changes due to effects occurring only in TiO2. In Figure 2.4 we
show optical extinction spectra of a colloidal suspension of TiO2 nanoparticles before and after
10 minutes of UV irradiation under inert atmosphere. We observe a large extinction increase
across the visible part of the spectrum, consistent with an accumulation of electrons in the
TiO2 nanoparticles63. The UV-induced accumulation of trapped electrons in TiO2 is known to
strongly increase its hydrophilicity90–92. Our TiO2 is prepared by a sol-gel method followed by
reflux, which typically results in amorphous and highly porous shells93,94 (see Figure 2.11). A
larger wettability of such TiO2 shells would therefore induce an uptake of solvent in its pores
and a consequent thickness increase91. The swelling of TiO2 leads to a reduction in its density
and therefore a decrease in its refractive index according to the Lorentz-Lorenz equation95–97:

n2
eff − 1

n2eff + 2 = AρB (2.3)

where neff is the effective refractive index, ρ is the density, and A and B are fitted parameters
specific to TiO2

98. We performed Mie theory calculations of the extinction cross-section of both
Ag@TiO2 and Au@TiO2 nanoparticles with variable thicknesses. We find that the observed
reversible blueshifts for both Ag@TiO2 and Au@TiO2 nanoparticles can be quantitatively ex-
plained by a thickness increase in their shell of ∼0.2 nm. Such a small variation is entirely
reasonable for soft, colloidally synthesized TiO2 shells and further highlights the extreme spec-
tral sensitivity of our plasmonic core@shell nanoparticles (see figure 2.12). Furthermore, the
UV-induced increase in hydrophilicity for TiO2 has been shown to be reversible in the dark,
with slow discharge kinetics92. This is in agreement with our observed rates of LSPR redshifts,
which we attribute to the slow scavenging of the accumulated electrons in TiO2 by traces of
oxidized reactants, such as oxidized EtOH or traces of H2O and O2.

2.3.4 The role of the chemical interface damping

As we have shown in parts b and c of Figure 2.3, the UV-induced blueshift is always accompained
by an increase in the extinction maximum and a decrease of the FWHM. These effects cannot be
due to the presence of pure TiO2 nanoparticles as by-products in our core@shell nanoparticles
suspensions and clearly indicate a reduced damping of the plasmon resonance as electrons are
accumulated in the TiO2 shell. It is easy to demonstrate with Mie theory that a reduced
damping in a core@shell metal@semiconductor nanoparticle could be explained by a reduction
in the extinction coefficient of the semiconducting shell. Titanium dioxide is however almost
completely transparent in the visible, with an extinction coefficient close to zero for energies
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between 1 and 3.5 eV (vide infra). Furthermore, a decrease of the extinction coefficient of TiO2
is incompatible with the observed increase in extinction shown in Figure 2.4. We can gain an
insight into the physical mechanism of the observed decrease in plasmon damping by considering
the electronic band structure at the metal/TiO2 interface, as schematically depicted in Figure
2.4. Because of the amorphous and defective nature of the sol-gel TiO2, there are empty acceptor
levels below the conduction band99. Before UV irradiation, these empty levels can contribute
to the plasmon broadening through chemical interface damping (CID)100,101. CID is sometimes
also referred as the ”direct” mechanism of charge transfer from a metal nanoparticle to an
acceptor electronic level at its surface102, and it is known to significantly broaden the LSPR of
coated nanoparticles69,70,103–105. Upon UV irradiation in inert atmosphere, EtOH scavenges the
photogenerated holes and electrons accumulate in the midgap states. These electrons, which
are the same ones giving rise to the previously discussed increase in hydrophilicity of the shell,
prevent direct charge transfer from the metal nanoparticles to TiO2 and effectively quench
the CID mechanism. In Figure 2.3 we show that, upon UV irradiation, the line width of the
plasmon resonances of Ag@TiO2 and Au@TiO2 decrease by a few tents of meV. Interestingly,
a CID damping parameter of the order of tens of meV has also been reported for Au nanorods
coated with thiol ligands70. Furthermore, it has been suggested that a change in chemical
interface damping could also affect the spectral position of the plasmon resonance, due to the
dependence of the LSPR frequency on the damping parameter γ 70. Such dependence could in
principle qualitatively explain the observed LSPR shifts, without invoking any swelling of the
TiO2 shell. However, for silver and gold, characterized in the Drude approximation by plasma
frequencies on the order of ∼10 eV, a variation in the damping parameter of the order of tens
of meV has a negligible effect on the spectral position of the LSPR (see 2.5.11).

2.3.5 Addressing the criticism

The possible role of an electrical double layer in solution

It has been argued that such a charge accumulation in the metallic cores could be made feasi-
ble by the presence of an electrical double layer (EDL) surrounding the particle and, therefore,
screening the excess of charge. This hypothesis has been proposed in several publications dealing
with the electrochemical tuning of the dielectric functions of metallic nanoparticles. In those
publications, however, all the experiments are conducted in the presence of electrolytes, like
diethylmethyl(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide (DEME) or salts
like KNO3, KCl, and NaCl in concentrations up to 0.1 M, and in the absence of TiO2 shells66–68.
In the case of core@shell metal@semiconductor nanoparticles, there are no strong electrolytes
that can justify the formation of an EDL around our nanoparticles. The only chemical species
that could act as a weak electrolyte could be the surfactant hydroxypropyl cellulose (HPC).
However, the concentration of HPC in our system is 0.17 µM, almost three orders of magnitude
lower than the concentration of the strong electrolytes reported. Moreover, the pH of our solu-
tions is always close to neutral. Therefore, the formation of an EDL around our nanoparticles
due to the effect of UV light is highly unlikely to give any optical effect. Another argument
against the hypothesis of an EDL to explain the observed blueshifts comes from the analysis of
the timescales in which the LSPR partially recover (Ag@TiO2) or fully recover (Au@TiO2) its
initial position. As can be seen from Figure 2.3, these redshifts of the plasmon resonances are
of the orders of tens of minutes. Even assuming that HPC could act as an EDL, upon switching
off the UV light its optical effects should disappear in less than a second as HPC’s diffusion
coefficient in ethanol106 is ∼4.4x10-8 cm2/s.

Localization of charges due to the reduction of the oxide layer

It has been argued that, following the reduction of the oxide layer on top of Ag nanoparticles,
excess charges in the metal could be localized on top of the nanoparticles. However, the reduction
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Figure 2.4: (a) Extinction spectra of a suspension of colloidal TiO2 nanoparticles in ethanol,
(black curve) before and (blue curve) after exposure to UV irradiation for 10 min. The solution
is constantly purged with N2 gas to minimize the content of O2. (b) Schematic energy diagram
of the Ag/TiO2 interface (left) before, (center) during, and (right) after UV irradiation



2.4. CONCLUSIONS 39

of the surface oxide does not necessarily lead to localized charges. We can write the reduction
reaction as:

Ag2O + 2 e− = 2 Ag + O2−

The oxygen anion O2- can then be easily protonated by the solvent present in the pores of the
TiO2 shell:

O2− + EtOH = OH− + EtO−

Given the large porosity of the TiO2 shells, ∼50%, it is unlikely that these negatively charged
species remain trapped at the Ag/TiO2 interface and one could expect that they would diffuse
into the bulk of the solution.

2.4 Conclusions

We have characterized the plasmonic response of core@shell Ag@TiO2 and Au@TiO2 nanopar-
ticles, under UV irradiation in inert atmosphere. We find that the UV-induced changes in their
plasmon resonance peak position, intensity and line width can be fully explained by the ac-
cumulation of electrons in the TiO2 shells, without invoking any charge transfer to the metal
cores. The photogenerated electrons in TiO2 lead to a swelling of the shell and to the quenching
of chemical interface damping. In the case of Ag@TiO2, some of the photogenerated electrons
are also used to reduce the native silver oxide at the Ag/TiO2 interface. The use of plasmonic
nanoparticles with controlled dimensions allows us to detect surface chemical modifications
down to a single atomic layer and measure sub-nm variations in their shell thickness. A detailed
understanding of the equilibration of photogenerated charge carriers in metal/semiconductor
heterostructures is of paramount importance for the development of efficient energy conversion
materials and for the design of novel plasmonic sensors for chemical and physical processes.



40 CHAPTER 2. PLASMONIC NANOSPHERES AS CHARGE SENSORS

2.5 Supplementary information

2.5.1 Experimental setup for UV irradiation

Fiber spectrometer

UV light

Cuvette under N2 purging

White light source

Long pass filter

Short pass filter

Figure 2.5: A quartz cuvette with 4 mL of ethanolic solution of nanoparticles (OD=0.3 at the
LSPR) is kept under constant N2 purging to remove any presence of oxygen. The solution is
exposed to 10 minutes of irradiation with UV light, followed by 30 minutes of charge equilibration
in the dark. The UV light comes from a Newport 6034 Hg(Ne) spectral calibration lamp filtered
with a 350 nm short-pass filter. Extinction spectra are continuously collected orthogonally to
the UV light, using a low-power white light source and a fiber optics spectrometer (OceanOptics
HR4000 CG-UV-NIR spectrophotometer). A UV-stopping long pass filter is placed in front of
the white light to avoid any absorption in TiO2 due to the measuring light itself.
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2.5.2 Effect of silver oxide on the LSPR position of Ag nanoparticles

Upon shining UV light on Ag@TiO2 core@shell nanoparticles, electron-hole pairs are generated
inside the semiconductor. The holes are transferred to the TiO2 surface, where they can oxidize
ethanol to a variety of products, such as acetaldehyde, acetate, formaldehyde, and formate107,108.
These oxidation reactions are accompained by the release of protons in solution. For example,
for the formation of acetaldehyde we can write the following reaction:

CH3CH2OH + 2 h+ −−⇀↽−− CH3CHO + 2 H+ (2.4)

The photo-generated electrons can reduce the Ag2O layer at the Ag/TiO2 interface. The re-
duction can be assisted by the presence of ethanol or protons in the pores of the TiO2 shell,
according to the following reactions:

Ag2O + 2 e− + EtOH −−⇀↽−− 2 Ag + OH− + EtO− (2.5)

Ag2O + 2 e− + 2 H+ −−⇀↽−− 2 Ag + H2O (2.6)

The presence of an ultrathin Ag2O shell at the surface of Ag nanoparticles can significantly
red-shift their LSPRs.
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Figure 2.6: (Black dots) Measured redshift of the plasmon resonance for Ag nanoparticles as
a function of their surface percentage oxidation. The percentage oxidation is expressed as the
ratio between the thickness of the Ag2O layer and the radius of the nanoparticle. (White dots)
Redshift of the plasmon resonance peak for core@shell@shell Ag@Ag2O@TiO2 nanoparticles
with a core diameter of 35 nm and a TiO2 shell thickness of 8 nm, calculated with Mie theory.
A resonance shift of ∼4 nm roughly corresponds to a 1% oxidation, or a thickness of the Ag2O
layer of ∼0.2 nm.



42 CHAPTER 2. PLASMONIC NANOSPHERES AS CHARGE SENSORS

2.5.3 Ag@TiO2 LSPR recovery after exposure to air

Figure 2.7: Cycling of Ag@TiO2 nanoparticles with UV irradiation for 10 minutes (pale blue
region) followed by 30 minutes of charge equilibration in the dark, under constant N2 purging.
After 5 cycles the cuvette is open to ambient air and the LSPR recovers its initial spectral
position (pale red region).
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2.5.4 Dielectric function of sol-gel TiO2

We derive the dielectric function of our amorphous TiO2 by ellipsometric measurements on a
sol-gel deposited 30 nm thick TiO2 film. The film has been prepared according to the following
procedure: 200 µL of a 3.38 mM ethanolic solution of TTIP are hydrolized on a glassy carbon
substrate during spin coating (5 secs at 500 rpm for 3 consecutive steps). The TiO2 covered
glassy carbon is kept for 100 minutes in boiling ethanol, to reproduce the effect of ethanol
reflux at the end of the core@shell nanoparticle syntheses. The final thickness of the TiO2 film
measured by profilometry is 30 nm.
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Figure 2.8: (a) Amplitude ratio, Psi, and (b) phase difference, Delta, as measured by ellipsometry
(black dots), together with the fitted values (solid blue lines). From the ellipsometric data, we
use a b-spline algorithm to obtain (c, solid blue lines) the refractive index, n, and the absorption
coefficient, k, and (d, solid blue lines) the real, ε1, and imaginary, ε2, components of the dielectric
function. The black dots in panels (c) and (d) correspond to the dielectric function of sol-gel
deposited TiO2 thin film before heat treatment as reported in literature by Ozer et al..
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2.5.5 Effect of the charge density increase on the LSPR of Ag@TiO2 nanopar-
ticles

We use Mie theory to calculate the extinction spectra of Ag@TiO2 nanoparticles (35 nm diameter
core, 8 nm shell thickness) with varying charge densities in the silver cores. The dielectric
function of silver is obtained by fitting a Drude model to the literature values given by Johnson
and Christy79 in a range comprised between 2.5 eV (496 nm) and 3.5 eV (354 nm). The fitted
values are ωp=9.85 eV, εinf=5.74, and γ=0.058 eV. To account for the electrostatic charging of
the metal cores with a percentage increase, p%, we allow the plasma frequency to vary according
to

ωp = 9.85
√

1 + p/100

We find that the measured reversible blue shift of ∼5 nm (see main text) would correspond to
a charge density increase in the silver cores of ∼2.7%.
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Figure 2.9: (a) Drude model fit (blue lines) of Johnson and Christy’s dielectric function of Ag
(black dots). (b) Extinction spectra of Ag@TiO2 nanoparticles (35 nm diameter core, 8 nm shell
thickness) with charge density increases in the silver cores between 0% and 10%. Note that an
increase in the metal’s charge density also leads to a decrease in the extinction maxima and an
increase in the full widths at half maximum.
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2.5.6 Measurement of the FWHM of the LSPR of Ag@TiO2 and Au@TiO2
suspensions

The measured extinction spectra of the Ag@TiO2 and Au@TiO2 nanoparticle suspensions con-
tain several contributions:

• extinction due to the LSPR of the core@shell nanoparticles;

• light absorption and scattering in TiO2 nanoparticles;

• interband transitions in Ag and Au.

The first contribution is fitted with a Lorentzian (L), while the overall background (B) due to
TiO2 and interband transitions (IB) is modeled with a generic term (E-E0)p. The extinction
spectra as a function of energy are fitted with the following linear combination:

Ext(E) = a+ bL(E) + cB(E) = a+ b
γ

π[(E − ELSPR)2 + γ2] + c(E − E0)p

where a is a vertical offset, 2γ is the FWHM of the LSPR, ELSPR is the energy at the maximum
of the LSPR peak, and E0 and p are empirical parameters that account for the presence of a
background extinction signal. Figure below shows the results of the fitting for both Ag@TiO2
and Au@TiO2 nanoparticle suspensions before UV irradiation. It is interesting to note that
the fitted exponent for the Au@TiO2 case is lose to 2, which is the one expected for indirect
bandgap transitions109, like the ones observed in amorphous sol-gel TiO2.
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2.5.7 Ag and Au spectral sensitivity to the surrounding environment
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Figure 2.10: Normalized extinction spectra calculated with Mie theory for 35 nm diameter (a)
Ag and (b) Au nanoparticles, both in vacuum (black curve, n=1) and in ethanol (blue curve,
n=1.361). The LSPR redshifts due to the change in refractive index of the environment are 40
nm and 18 nm for Ag and Au, respectively.
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2.5.8 Electron-beam induced shrinking of TiO2

Here we show the effect of shell shrinking due to exposure to the electron beam in a SEM.
First we image the nanoparticles at a low magnification (35,000x), then we zoom in to high
magnification (500,000x) on a group of nanoparticles for ∼5 seconds, finally we zoom out to
low magnification and collect another image. The observed shrinking is likely due to solvent
evaporation under the electron beam and highlights the “soft” nature of the sol-gel TiO2 shells.

Figure 2.11: Scanning Transmission Electron Microscopy (STEM) images of Ag@TiO2 nanopar-
ticles (top) before and (bottom) after exposure to a high electron beam flux (500,000x magni-
fication for ∼5 seconds). The black arrows highlight particles for which the shell shrinking is
particularly pronounced. Scale bars are 100 nm.
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2.5.9 LSPR blueshift for Ag@TiO2 and Au@TiO2 due to electron accumula-
tion in TiO2

From the measured refractive index of TiO2 at the standard yellow doublet D-line of sodium (λ
= 589 nm) we calculate the associated density of unstrained TiO2 using the above equation:

ρT iO2 = B

√
1
A

n2
589 nm − 1

n2589 nm + 2 = 1.95g/cm3

where A = 0.29 and B = 0.61. Typical densities of crystalline TiO2 are between 4.23 g/cm3

(rutile) and 3.78 g/cm3 (anatase). Our sol-gel amorphous titania must therefore have a large
fraction of pores with a significant content of EtOH solvent. This is consistent with the measured
refractive index of ∼2 across the visible spectrum, which is about half the refractive index of
crystalline TiO2. Finally, assuming that the volume of the TiO2 shell increases from an initial
value Vi to a final value Vf, we derive the effective refractive index of strained TiO2 using
equation 2.3

neff =

√√√√√√√√
1 + 2A

(
ρTiO2

V i
V f

)B

1−A
(
ρTiO2

V i
V f

)B

Using the above equation, we performed Mie theory calculations of the extinction cross-section
of both Ag@TiO2 and Au@TiO2 nanoparticles with variable thicknesses. We find that the ob-
served reversible blueshifts for both Ag@TiO2 and Au@TiO2 nanoparticles can be quantitatively
explained by a thickness increase in their shell of ∼0.2 nm.
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Figure 2.12: (Black curves) Extinction spectra calculated with Mie theory for (left) Ag@TiO2
and (right) Au@TiO2 core@shell nanoparticles, with dimensions corresponding to the experi-
mentally measured ones. For Ag@TiO2 (35 nm diameter core, 8 nm shell thickness, ∆λLSPR = 5
nm ) and Au@TiO2 (35 nm diameter core, 12 nm shell thickness, ∆λLSPR = 2 nm) the observed
blue shift can be explained by a shell thickness increase of 0.24 nm and 0.17 nm, respectively
(blue curves).
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2.5.10 Spectral effect of the presence of TiO2 nanoparticles as by-products

A constant by-product in all our syntheses of core@shell nanoparticles are TiO2 nanoparticles of
∼64 nm diameter. It is therefore interesting to calculate how much titanium dioxide is formed
as pure TiO2 nanoparticles and how much instead is condensed as a shell on the plasmonic cores.
From the total amount of titanium precursor used, the Ag and Au nanoparticles concentrations
and the average shell volume as measured by electron microscopy, we calculate that only 0.7% of
the total amount of TiO2 that is condensed in the sol-gel reactions is wrapped around plasmonic
cores. After the centrifugation and redispersion step, this percentage increases to 1.2% due to
the partial removal of pure TiO2 nanoparticles, as can be estimated by the decrease in extinction
at the TiO2 bandgap wavelength after the centrifugation step.

Figure 2.13: Extinction spectra of Ag@TiO2 nanoparticle suspensions (black solid line) before
and (blue dashed line) after centrifugation and redispersion in ethanol.

We can therefore conclude that, even after purification of our core@shell nanoparticles, ∼99% of
the titanium dioxide present in solution is contained in pure TiO2 nanoparticles and only ∼1%
in the shells of Ag@TiO2 and Au@TiO2 nanoparticles. It is therefore very important to asses
the influence of these TiO2 nanoparticles on our extinction spectra. To do so, we focues on the
changes of the extinction spectra of our suspensions before and after UV irradiation at 800 nm.
At this wavelength, most of the extinction signal is due to the scattering of light by the TiO2
nanoparticles rather than to the LSPRs of Ag@TiO2 (λ ∼ = 446 nm) and Au@TiO2 (λ ∼ =
550 nm) or the interband transitions in Ag (λ < 350 nm) or Au (λ < 730 nm). To be more
quantitative, we can calculate the theoretical extinction cross-sections of Ag@TiO2, Au@TiO2,
and TiO2 nanoparticles in ethanol at 800 nm, using Mie theory:

• Ag (35 nm diameter) @ TiO2 (8 nm thickness): σext = 1.62x10-17 m2

• Au (35 nm diameter) @ TiO2 (12 nm thickness): σext = 5.14x10-17 m2

• TiO2 (64 nm diameter): σext = 3.90x10-18 m2

Even though Ag@TiO2 and Au@TiO2 nanoparticles have extinction cross sections at 800 nm
∼1 order of magnitude larger than TiO2, the latter are ∼2 orders of magnitude more abundant
and will therefore dominate the extinction spectra in this wavelength region. In Figure 2.14,
we compare the observed changes in the extinction spectra of Ag@TiO2, Au@TiO2, and TiO2
ethanolic nanoparticle suspensions, upon UV irradiation for 10 minutes under N2 purging. The
absolute changes in extinction at 800 nm for Ag@TiO2, Au@TiO2, and TiO2 suspensions are
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0.012, 0.014, 0.034, respectively. We can therefore deduce that the Ag@TiO2 and Au@TiO2 sus-
pensions have concentrations of TiO2 nanoparticles corresponding to ∼35% (0.012/0.034=0.35)
and ∼41% (0.014/0.034=0.41) of the concentration of TiO2 nanoparticles in the pure TiO2
suspension, respectively. These percentages allow us to estimate the relative contribution of
the TiO2 nanoparticles to the increase in extinction observed at the LSPRs of Ag@TiO2 and
Au@TiO2.

In the case of Ag@TiO2, the average LSPR wavelength before and after UV irradiation is λLSPR
= 442 nm. At this wavelength, the absolute extinction increase for the Ag@TiO2 suspension
is 0.032 and for the TiO2 it is 0.001. Since we expect that the Ag@TiO2 suspension contains
∼35% of the TiO2 nanoparticle concentration in the pure TiO2 suspension, the contribution to
the total increase in extinction by these pure TiO2 particles will be 35% of 0.001. This is about
1% of the observed increase in extinction of the Ag@TiO2 suspension at 442 nm and therefore
negligible.
In the case of Au@TiO2, the average LSPR wavelength before and after UV irradiation is λLSPR
= 551 nm. At this wavelength, the absolute extinction increase for the Au@TiO2 suspension
is 0.036 and for the TiO2 suspension is 0.019. Since we expect that the Au@TiO2 suspension
contains ∼41% of the TiO2 nanoparticle concentration in the pure TiO2 suspension, the con-
tribution to the total increase in extinction by these pure TiO2 particles will be 41% of 0.019.
This is about 20% of the observed increase in extinction of the Au@TiO2 suspension at 551 nm
and therefore (almost) negligible.

In conclusion, the increase in extinction observed at the plasmon resonance wavelengths of our
core@shell nanoparticles can almost entirely be attributed to a plasmonic effect, rather than to
a background contribution due to the presence of pure TiO2 nanoparticles in solution.
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Figure 2.14: Extinction spectra of (top) Ag@TiO2, (middle) Au@TiO2, and (bottom) TiO2
ethanolic nanoparticle suspensions (black lines) before and (blue lines) after 10 minutes of UV
irradiation under N2 purging
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2.5.11 Effect of CID on extinction spectra of Ag@TiO2 nanoparticles

Figure 3c in the main text shows that, upon irradiation with UV light for 10 minutes, the
FWHM of the plasmon resonance of Ag@TiO2 nanoparticles decreases by ∼40 meV. Here we
plot the extinction cross-section of Ag@TiO2 nanoparticles with 35 nm core diameter and 8 nm
shell thicknesses, in which the dielectric function of the silver core is approximated with the
parameters for pure silver:

• ωp = 9.85 eV

• εinf = 5.74

• γ = 0.058 + γCID eV

The calculations consider the case in which the damping parameter is the one of pure silver
(black line) and the case in which it is increased by 40 meV due to contributions from chemical
interface damping (cyan line). Interestingly, an increase in γCID of 40 meV has a negligible effect
on the spectral position of the LSPR.

360 400 440 480 520
0

1

2

3


E

x
t 

 1
0

1
4
 (

m
2
)

Wavelength (nm)

 
CID

 = 0 meV

 
CID

 = 40 meV

437.06 nm

437.15 nm



Chapter 3

Synthesis of silver nanowires

Abstract

Silver nanowires (AgNWs) combine high electrical conductivity with low light absorption and
scattering in the visible and are therefore used in a wide range of applications, from transparent
electrodes, to temperature and pressure sensors. The most common strategy for the production
of AgNWs is the polyol synthesis, which always leads to the formation of silver nanoparticles
as by-products. These nanoparticles degrade the performance of AgNWs based devices and
have to be eliminated by several purification steps. Here, we report a simple and fast synthesis
of AgNWs with minimal formation of by-products, as confirmed by the spectral purity of the
final solution. Our synthetic strategy relies on the use of freshly prepared AgCl and on the
minimisation of gas evolution inside the reaction vessel and drastically decreases the time and
cost of AgNWs production. The observed synthetic improvements can be of general validity for
the polyol synthesis of metallic nanostructures of different shapes and compositions.

This chapter is based on: Simple and fast high-yield synthesis of silver nanowires, Matteo Parente,
Max van Helvert, Ruben F. Hamans, Ruth Verbroekken, Rochan Sinha, Anja Bieberle-Hutter, Andrea Baldi,
Nano Letters, 2020, 20, 8, 5759-5764
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3.1 Introduction

Silver nanowires (AgNWs) combine high electrical conductivity with low optical extinction in the
visible, making them a cheap and flexible component of transparent conductive layers21,110–114,
strain and pressure sensors115–117, temperature sensors118, substrates for surface-enhanced Ra-
man spectroscopy119, and conductive layers in photoelectrodes for solar water splitting120,121.
Silver nanowires are typically prepared by the so-called polyol synthesis, in which silver nitrate
is dissolved in ethylene glycol (EG) in the presence of polyvinylpyrrolidone (PVP) as a stabi-
lizing agent and a metal halide21,27–30. This synthetic procedure, allows tuning of the AgNWs
thickness and aspect ratio and is typically simple and cost effective. The final product, how-
ever, is always a mixture of nanowires and nanoparticles of different sizes and shapes. These
by-products are detrimental for AgNWs-based applications and the as-prepared AgNWs are
therefore usually subjected to several cycles of purification that increase their cost and time of
production21,32,33,122. Here we present a facile synthesis of AgNWs with a diameter of 50 nm
and an average length of 10 µm with minimal formation of by-products and an extremely high
optical density of the final solution.
To minimize by-products, it is important to clarify the mechanism of nanowire formation. So
far, this task has been extremely challenging, as the nucleation and growth of AgNWs is report-
edly influenced by a wide range of factors, including the reaction temperature and time38, the
molecular weight of PVP123, the molar ratio between AgNO3 and PVP38, the injection rate of
AgNO3

29,38, the concentration of halide anions21,29,38,124,125, the formation of HNO3 during the
reaction126,127, and even the stirring speed38. In our work, we show that two often-neglected
parameters for the success of the polyol synthesis are the use of freshly prepared AgCl and
the minimisation of gas evolution inside the reaction vessel. The addition of silver chloride to
the reaction mixture is known to lead to the growth of good quality AgNWs, although its role
in the chemical process is still under debate21,38,128,129. Here we report that, due to its high
photosensitivity, the use of freshly prepared AgCl, as opposed to stock AgCl powder, drastically
reduces the amount of by-products.
Using time-resolved analysis of the optical extinction spectra and electron microscopy images
of the sample, we elucidate the shape-evolution of the AgNWs. In particular, we show that
once spherical silver seed particles are formed, the growth of silver nanowires is very fast, with
the reaction completing in 24 minutes at 160 ◦C. Moreover, after the AgNWs are formed, they
can degrade back into particles, as indicated by an increase in the full width at half maximum
(FWHM) of their optical extinction peak and an increase in the background extinction for λ >
500 nm. Interestingly, the nanowire degradation is faster if the reaction is let to proceed in an
open container, and can be minimized by sealing the vessel and therefore suppressing bubble
formation. Unlike previous reports29,38 we show that in our synthesis it is possible to control the
reaction kinetics by simply varying the solution temperature, without significantly changing the
reaction mechanism. Such kinetic control eliminates the need for slow addition of the reactants
with a syringe pump29, making our synthesis both fast and easily scalable.

3.2 Experimental section

3.2.1 Chemicals

All the chemicals are used as received, without any further purification step.
NaCl (≥99%), AgNO3 (99.9999%), Polyvinylpyrrolidone (PVP, 40000 MW) and ethylene glycol
(anhydrous, 99.8%) are purchased from Sigma Aldrich. Both ethylene glycol and AgNO3 are
stored in glovebox. Ultrapure water with a resistivity of 18.2 MΩcm is obtained from mQ
Integral Water Purification System by Merck Millipore.
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3.2.2 Synthesis of AgCl

This synthesis is performed in the dark, due to the photosensitivity of AgCl. Silver nitrate aque-
ous solution (5 mL, 0.5 M) is mixed with sodium chloride aqueous solution (5 mL, 1 M) under
stirring at 800 rpm for 1 minute. Upon NaCl addition, silver chloride immediately flocculates.
The precipitate is separated from the supernatant, washed once with ultrapure water and dried
under vacuum. The use of freshly-prepared AgCl is crucial to obtain a high yield of AgNWs as
their growth depends on the availability of pentagonally twinned Ag nanoparticle nuclei128. On
the contrary, the use of stock AgCl powders leads to AgNWs with a large fraction of by-products,
possibly due to the presence of partially photo-reduced AgCl providing non-optimal nucleation
sites (see 3.5.1 and 3.5.2)130.

3.2.3 Synthesis of AgNWs

In a typical synthesis, 0.34 g of PVP (40000 MW) are dissolved into 20 mL of ethylene glycol in
a 25 mL three-neck round bottom flask, and brought to 160 ◦C while stirring at 800 rpm. Two
of the three necks of the flask are always closed with frosted glass caps soaked in a solution of
ethylene glycol and PVP and wrapped with parafilm. Once the solution has reached a stable
temperature, an excess (25 mg) of freshly prepared AgCl is added all at once and the solution
turns from transparent to light yellow. After 3 minutes, 0.11 g of AgNO3 are added all at
once and the round bottom flask is sealed with a septum cap that is also then wrapped with
parafilm.
The reaction is left under stirring at 800 rpm at 160 ◦C and small aliquots (<0.5 ml) are
periodically taken, diluted 100 times in water, and analysed with optical spectroscopy and
electron microscopy. The first aliquot is taken after 6 minutes, as no significant colour change in
the solution is observed at the beginning of the reaction ( see the video: https://www.youtube.
com/watch?v=sfabUsWtbvo&t=14s ). Afterwards, aliquots are taken every two minutes until the
end of the reaction. The reaction mixture is left under stirring at 160 ◦C for 24 minutes.

3.2.4 Measurements

UV-Vis extinction spectra are acquired with a Perkin Elmer Lambda 1050 spectrophotome-
ter equipped with 3D WB detector module. Scanning electron microscopy (SEM) images are
acquired using a Zeiss Sigma field emission microscope operating at 5 kV.

3.2.5 Simulations

Numerical calculations of the extinction spectra of AgNWs are performed using 2D simulations
in the Lumerical FDTD software. We simulate an infinite, pentagonally twinned silver nanowire
with a circumcircle radius of 25 nm immersed in water and coated with a 5 nm thick PVP layer,
which is typical for as-synthesized AgNWs37. The corners of the pentagonal cross-section are
rounded with an optimized 10 nm corner radius, to properly reproduce the spectral features
observed experimentally. To approximate the optical extinction of wires randomly oriented in
solution, we average over two orthogonal orientations, transverse and longitudinal with respect
to the wire direction. The silver dielectric function used is from Yang131.
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3.3 Results and discussion
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Figure 3.1: Time evolution of the normalized extinction spectra for the product of the AgNWs
syntheses performed at (a) 160 ◦C and (b) 170 ◦C. All spectra are taken on aliquots of the
as-synthesized products diluted 100 times in water and are labelled with the time elapsed from
the addition of AgNO3. (c) Time evolution of the ratio between the normalized extinction at
the AgNWs resonance (λ = 377 nm) and the initial silver nanoparticles resonance (λ = 404 nm)
for the reaction carried out at 160 ◦C. (d) Comparison between the extinction spectra for the
reaction carried out at 170 ◦C after 8, 10, 14, and 30 min, highlighting the AgNWs degradation
and the formation of by-products.

Figure 3.1a and 3.1b show the evolution of the extinction spectra of the AgNWs solution during
the reaction at 160 ◦C and 170 ◦C, respectively. For the synthesis at 160 ◦C, during the initial
6 minutes after the addition of AgNO3, only Ag nanoparticles36,128 are formed, as indicated by
the symmetric plasmon resonance peak centred at around 404 nm. Between 6 and 18 minutes
from the AgNO3 addition, the spherical particles begin elongating into silver rods of growing
aspect ratios, as evidenced by the broadening and red shifting of the plasmon resonance132.
Between 18 and 24 minutes, the silver rods elongate into fully formed wires. This is indicated
by the appearance of a sharp peak at 377 nm, which corresponds to the transverse resonance
peak of the pentagonally-twinned AgNWs. The UV-vis spectra of our reaction mixture provide
qualitative insights on the nanowire yield of our synthesis. It is in fact well known that the width
of the transverse resonance peak of AgNWs, which is influenced by the presence of irregularly
shaped by-products, drastically decreases upon purification122,133. Further discussion on how
UV-vis can provide insights on the yield of a silver nanowires synthesis can be found in 3.5.3
The formation of AgNWs is accompanied by a five-fold increase of the optical density at the
resonance peak from ∼8 to ∼40 during the transition from spheres to wires (see Figure 3.11).
The nanowire optical density at the end of the synthesis is comparable with the one reported
for the large-scale synthesis of nanowires of similar diameters133 albeit with a much narrower
peak, indicating a higher yield of nanowires and a lower yield of by-products (see Figure 3.12).
The slow kinetics of the transition from silver spheres to rods and the rather abrupt transition
from rods to wires is highlighted for the reaction at 160 ◦C in Figure 3.1, where we plot the time
evolution of the ratio between the normalized extinction at the wires and sphere resonances,
377 nm and 404 nm, respectively. After 24 minutes of reaction at 160 ◦C, the silver wires slowly
degrade, as indicated by the slight broadening of the transverse peak at 377 nm, which is even
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more evident for nanowires synthesized at 170 ◦C (see Figure 3.1). Interestingly, the synthesis at
a higher temperature leads to nanowire products with identical extinction spectra in a shorter
time (see Figure 3.1), as expected for thermally driven reactions. The reaction kinetics is also
dependent on the AgCl concentration, with lower amounts leading to slower nanowire growths
(see Figure 3.7).
Figure 3.2 shows a comparison between the extinction spectrum of our as-synthesized AgNWs
and the one of purified AgNWs of similar diameters reported in the literature. The spectrum of
our as-synthesized AgNWs has the narrowest peak and the lowest extinction across the visible,
indicating the lowest amount of by-products. Interestingly, the only synthesis showing a spectral
purity comparable to ours, albeit after one step of purification, is performed in an autoclave134.
As we will later discuss, this observation further confirms the importance of suppressing gas
evolution at the end of the synthesis to minimize nanowire degradation.
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Figure 3.2: Normalized extinction spectra of AgNWs of similar diameters prepared by the polyol
synthesis: (solid) AgNWs with a diameter of 50 nm synthesized by us at 160 ◦C for 24 minutes
and without any purification of the final product, (dash) AgNWs with a diameter of 40 nm
after one purification step for a synthesis performed in autoclave at 200 ◦C for 5 hours (Jia et
al., Mater. Chem. Phys. 2017, 143, 794-800), (dot) AgNWs with a diameter of 40 nm after
four purifications steps (Sim et al., Nanoscale 2018, 10, 12087-12092), (dash-dot) AgNWs with
diameters in the range of 35-40 nm after three purification steps (Gebeyehu et al., RSC Adv.
2017, 7, 16139-16148), (dash-dot-dot) AgNWs with diameter of 52 nm after four purification
steps (Wang et al., Colloids Surf A 2019, 565, 154-161), (short dash) AgNWs with diameter of
40 nm after three purification steps (Saw et al., ACS Omega 2019, 4, 8, 13303-13308). The solid
black line indicates the optical extinction for an ideal AgNW simulated using FDTD.

Together with the measured extinction spectra of silver nanowires from different syntheses, Fig-
ure 3.2 shows the simulated extinction for an ideal infinite single AgNW with a circumcircle
radius of 25 nm immersed in water and with a PVP coating layer of 5 nm. The spectrum of
our as-synthesized wires shows a FWHM and a residual extinction above 500 nm that are the
closest to the ideal ones, indicating the lowest amount of by-products. Interestingly, our simu-
lations show the existence of a physical extinction baseline of ∼20% of the peak maximum for
50 nm silver nanowires above 500 nm. This residual extinction is therefore not due to the lack
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Figure 3.3: Scanning electron microscopy images of the products of the AgNWs synthesis after
(a) 6, (b) 10, (c) 14, and (d,e) 24 min of reaction at 160 ◦C and (f) after 10 min of reaction at
170 ◦C.

of purity of the synthetic product, but represents a physical extinction limit due to scattering
and absorption of light by the 50 nm thick wires.
The shape evolution of the silver nanoparticles into AgNWs with a diameter of ∼50 nm (see also
3.5.6) and a length of ∼10 µm is confirmed by looking at representative SEM images of the syn-
thetic products at different reaction times and temperatures, as shown in Figure 3.3. Similarly
to the case of the extinction spectra, the SEM samples are prepared without any purification
step, using the sampled aliquots diluted 100 times in water and directly drop-casted on silicon
substrates.

A key parameter for the successful synthesis of AgNWs and the minimization of by-product
formation is the control of the reaction atmosphere. In our experiments, we show that the
formation of AgNWs is followed by their slow degradation (Figure 3.4). This degradation process
is always accompanied by the evolution of gas bubbles at the end of the AgNWs growth (see
the video: https://www.youtube.com/watch?v=sfabUsWtbvo&t=14s ) and can be understood
by considering the chemical reactions involved in the nucleation and growth processes. It has
been shown that the main reducing agent in the polyol synthesis, in fact, is glycoaldehyde (GA,
HOCH2CHO), which is the product of the oxidation of ethylene glycol (EG, HOCH2CH2OH)
in the presence of oxygen at high temperatures34, as indicated by Equation (3.1):

HOCH2CH2OH −−→ HOCH2CHO + 2 H+ + 2 e− (3.1)

Glycoaldehyde is a strong reductant capable of reducing most noble metal ions34 via its oxidation
to glyoxal (GO, OCHCHO) according to Equation (3.2):

HOCH2CHO −−→ OCHCHO + 2 H+ + 2 e− (3.2)

It is important to note that both above oxidation reactions involve the acidification of the
solvent, which, in the presence of nitrate anions, can lead to the formation of nitric acid. The
nucleation and growth of silver nanoparticles and nanowires must therefore be accompanied by
an increased concentration of nitric acid in the ethylene glycol solvent, according to Equation
(3.3):
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Figure 3.4: (a) Normalized extinction spectra for the reaction performed at 160 ◦C in a (solid)
closed round bottom flask for 24 min, (dash) closed RBF for 60 min, and (dot) open RBF for
24 min. All spectra are taken on aliquots of the as-synthesized products diluted 100 times in
water. (b) SEM picture of the AgNWs synthesized at 160 ◦C for 60 min, corresponding to the
dashed line in panel (a).

HOCH2CHO + 2 AgNO3 −−→ OCHCHO + 2 Ag0 + 2 HNO3 (3.3)

At the operating temperature of 160 ◦C, however, the newly formed nitric acid can easily
decompose into oxidizing gasses and etch the silver nanowires back into irregularly shaped Ag
nanoparticles126, according to Equation (3.4):

3 Ag0 + 4 HNO3 −−→ 3 AgNO3 + NO (gas) + 2 H2O (3.4)

In a sealed reaction vessel the equilibrium constant of reaction (3.4) is influenced by the partial
pressures of the gasses evolved upon nitric acid decomposition. According to Le Chatelier’s
principle, an increase in their partial pressures will shift the equilibrium toward the reactants,
therefore preventing the degradation of the newly formed nanowires (see 3.5.7). To further
confirm our hypothesis that suppressing gas evolution leads to lower amount of by-products,
we repeated our synthesis by varying the amount of dead volume in the reaction vessel. In
agreement with the proposed mechanism above, a decrease in the dead volume, which we expect
to produce an increase in the partial pressures of NO and H2O, leads to a further decrease in
nanowire degradation (see 3.5.8).
Figure 3.4 highlights the degradation of the AgNWs due to the development of nitric acid
in solution by comparing the spectra of AgNWs suspensions after 24 and 60 minutes from
the addition of AgNO3. If the reaction is let to proceed for a total time of 60 minutes the
FWHM of the AgNWs resonance peak and the extinction above 400 nm increase, indicating the
degradation of the AgNWs with the formation of irregularly sized and shaped Ag nanoparticle.
This interpretation is corroborated by SEM images of the sample after 60 minutes of reaction,
as shown in Figure 3.4, highlighting softening and bending of the AgNWs structure due to nitric
acid etching. The proposed reaction mechanism is further supported by the large amount of
by-products formed when carrying the reaction in a completely open flask (dotted line in Figure
3.4).
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3.4 Conclusions

In conclusion, we have presented a simple high throughput synthesis of silver nanowires with
minimal by-products and with a straightforward relationship between the reaction time and the
operating temperature. Our synthesis produces nanowires suspensions with very high optical
densities and nanowire yields comparable or better than syntheses involving one or more purifi-
cation steps. Furthermore, our simplified synthetic approach avoids the use of a syringe pump,
drastically decreasing the production time and cost of AgNWs and making it more easily scal-
able toward industrial applications. The polyol synthesis is a versatile method to obtain metal
nanoparticles of different shapes and compositions42,135–138, used in a variety of applications,
from (photo)catalysis, to batteries, colour pigments, drug delivery, and sensing25,26. Nanopar-
ticle degradation by thermal decomposition of nitric acid is a problem that affects all the polyol
syntheses that involve the use of nitrate precursors, irrespective of their size or shape. Our
mechanistic insights are therefore likely to extend beyond the synthesis of AgNWs.
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3.5 Supporting information

3.5.1 Influence of the nature of AgCl

The first step in the growth of pentagonally twinned silver nanowires is the nucleation of pentag-
onally twinned silver nanoparticles. In our study we find that a key parameter to obtain a high
yield of AgNWs is the use of freshly prepared AgCl. Silver chloride, in fact, is easily photore-
duced under normal room illumination conditions into irregularly-shaped Ag nanoparticles130

that lead to the formation of a high amount of by-products as indicated by a broadening of the
transverse plasmon resonance of the wires at 377 nm and an increase in the overall extinction
for λ > 500 nm (see Figure 3.5).

Figure 3.5: Normalized extinction spectra of the product of two syntheses of AgNWs performed
at 170 ◦C for 30 minutes using (black line) freshly prepared AgCl and (red line) stock AgCl
(Alfa Aesar, 99.9%). Both syntheses have been performed in three-neck round bottom flasks
closed with glass stoppers but not sealed.

To support our proposed correlation between the photoreduction of AgCl and the amount of
by-products at the end of the process, we performed two syntheses of AgNWs by using freshly
prepared AgCl and the same AgCl that has been aged for two days under ambient illumination.
The used of aged AgCl, leads to an increase in the formation of by-products at the end of
the synthesis, as highlighted by the increase in the FWHM of the peak as well as the residual
extinction above 500 nm (see Figure 3.6).
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Figure 3.6: Normalized extinction spectra of the product of two syntheses of AgNWs performed
at 160 ◦C for 24 minutes using (black line) freshly prepared AgCl and (red line) same AgCl aged
for 2 days under ambient light conditions.

3.5.2 Influence of the concentration of AgCl

Here we study how the concentration of AgCl influences the products in our synthesis. As can
be seen in the supplementary video, a certain amount of unreacted AgCl sits at the bottom of
the flask during the reaction, highlighting the fact that we are working in excess of this chemical.
We therefore perform control experiments by decreasing the amount of AgCl used during the
synthesis from the original 25 mg to 10, 5, and 0 mg (Figure 3.7). A lower AgCl amount results
in an increase in the by-products at the end of the synthesis, as can be seen by the increase in
the linewidth of the extinction peak and by the increase in the residual extinction above 500
nm.
Interestingly, the spectra of the syntheses using 0, 5, and 10 mg of AgCl are qualitatively similar
to the spectra of our standard synthesis after 16, 18, and 20 minutes, respectively (see Figure
3.1a of the main text), suggesting that a lower AgCl concentration slows down the reaction
kinetics. A slower reaction rate at lower AgCl concentrations may be linked to the role of
chloride anions in minimizing the formation of irregularly shaped particles and promoting the
directional transformation of twinned silver nanoparticles into 1-D nanowires21.
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Figure 3.7: Normalized extinction spectra of the products of three syntheses performed at 160
◦C for 24 minutes using (black) 25 mg of AgCl, (red) 10 mg AgCl, (blue) 5 mg AgCl, and (purple)
0 mg AgCl.

3.5.3 Relationship between UV-Vis spectra and reaction yield

Here we show that if the relationship between the structural and optical properties of AgNWs
is known, UV-vis can provide statistical insights on the yield of a silver nanowires synthesis,
whereas both SEM and TEM can be misleading.
We first performed FDTD electromagnetic calculations of the optical extinction of a silver
nanowire with width and length comparable to our experimentally synthesized ones. An impor-
tant factor in modeling the optical properties of AgNWs is their pentagonally-twinned structure:
the side peak typically visible at 350 nm can in fact only be reproduced assuming a (quasi)
pentagonal cross-section. In our simulation, we have optimised the radius of curvature of the
nanowire edges (see Figure 3.8) to avoid spurious extinction peaks due to finite meshing and
multipole resonances. Furthermore, the simulated wire has a PVP shell thickness37 of 5 nm.

Figure 3.8: Schematic of the nanowire cross-section used for the FDTD simulation.

The simulations show that the extinction of a single silver nanowire is ∼3x10-13. Our final
AgNW solution has an optical density of ∼40 at the plasmon resonance of the silver nanowires
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(see Figure 3.11). Such a high value corresponds to the extinction of ∼1012 nanowires. On the
other hand, size distributions and yield analyses performed using SEM or TEM pictures are
typically based on samples sizes smaller than ∼100 nanowires112,139,140. This means that, if the
spectral information can be correlated to the structure of the wires, a single UV-vis spectrum
measured on a 100x diluted silver nanowires solution, contains as much information as ∼1010

SEM or TEM pictures.
Moreover, it is a well-known effect that metal nanoparticles tend to aggregate and self-assemble
upon drying on SEM and TEM substrates, due to minimization of surface energy, as can be
seen in Figure 3.9.

Figure 3.9: SEM images of palladium nanoparticles imaged over different areas of the same SEM
sample.

These problems of undersampling and shape selection in metal nanoparticles dried on SEM or
TEM substrates are particularly worrying when only high magnification pictures are shown, as
it often happens in the literature. We therefore argue that, if a clear understanding of the opti-
cal properties of AgNWs can be obtained, our UV-Vis spectroscopy approach offers statistically
more valuable information than electron microscopy. The spectrum of our as-synthesized wires
shows a FWHM and a residual extinction above 500 nm which are the closest to the simulated
one, indicating a minimal level of by-products even in the absence of any purification step (see
Figure 3.2). It is worth noting that our FDTD simulations accurately reproduce the measured
extinction baseline throughout the 500-800 nm range at ∼20% of the AgNWs peak, which cannot
therefore be due to residual impurities in our synthesis. To further prove the direct correlation
between the presence of synthetic by-products and the width of the plasmon resonance peak
of the silver nanowires, we performed an additional experiment in which we first synthesized
AgNWs according to our procedure and then purified them via one step of centrifugation and
redispersion in water. The comparison between the UV-Vis spectra of these two solutions is
shown in Figure 3.10 below.

After one cycle of purification, the FWHM of the resonance peak of the silver nanowires de-
creases and the shoulder at ∼400 nm disappears due to the removal of by-products. Strikingly,
the difference spectrum is similar to the one of the product of our synthesis after 6 minutes
from the addition of AgNO3 (see Figure 3.2), corresponding to spherical Ag nanoparticles (see
SEM picture in Figure 3a of our manuscript). Silver nanoparticles, in fact, are known to show
extinction spectra71 with maxima above ∼400 nm.
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Figure 3.10: Normalized extinction spectra of the as-synthesized product (black) and of the
product after one cycle of purification (dark cyan). Extinction spectrum of the difference between
the as-synthesized and the one time purified (light cyan).

3.5.4 Increase in the optical density during the reaction

The formation of AgNWs is accompanied by a drastic increase in the optical density of the
solution.
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Figure 3.11: Non-normalized extinction spectra of the synthetic product during the AgNWs
synthesis at 160 ◦C sampled at different times from the addition of AgNO3. The spectra are
measured over aliquots diluted 100x in water.

3.5.5 Optical density: comparison with literature

The high yield of our synthesis is confirmed by comparing the optical density of our final solution
with the one reported for the large-scale synthesis of nanowires of similar diameters by Sun et al.
(Chem. Mater, 14, 4736-4745 (2002))133. Unfortunately, most synthetic papers do not report
the optical density of the as-prepared AgNWs solutions before any purification step, therefore
preventing any further quantitative comparison with the literature.
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Figure 3.12: Extinction spectra normalized by the concentration of silver nitrate expressed in
molarity of the initial products of two AgNWs syntheses: (black line) AgNWs synthesized in
this study after 30 minutes of heating at 160 ◦C and (red line) AgNWs synthesized by Sun et al.
(Chem. Mater, 14, 4736-4745 (2002)) after 60 minutes of heating at 160 ◦C. Both spectra are
corrected for the dilution factors (100x in our case, 30x in the cited paper) and for the molarity
of the AgNO3 used (32 mM in our case, 23 mM in the cited paper).

3.5.6 Size distribution

Figure 3.13: Representative SEM picture of silver nanowires obtained with our synthesis. The
SEM sample has been prepared without any purification step and by diluting the final solution
of AgNWs by 100x times.
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Figure 3.14: Size distribution of the diameter of our AgNWs (average of 100 wires).

3.5.7 Pressure buid-up during the synthesis

To calculate the pressure buildup, we have to take into account the main chemical reactions
that take place during the synthesis34, as reported in the subsection above.

HOCH2CHO + 2 AgNO3 −−→ OCHCHO + 2 Ag0 + 2 HNO3 (3.5)

3 Ag0 + 4 HNO3 −−→ 3 AgNO3 + NO (gas) + 2 H2O (3.6)

These equations state that for each mole of AgNO3 a maximum of 0.75 moles of gas can be
developed. In our synthesis we use 110 mg (= 6.84x10-4 moles) of AgNO3, which therefore
correspond to 4.86x10-4 moles of gas. We perform our synthesis in a 25 ml three-neck round
bottom flask with a total volume of 47.5 mL when all the caps are inserted. As the volume of
the ethylene glycol solution is 20 mL, 27.5 mL of dead volume are left for the development of
the gasses. Assuming ideal gas behavior and negligible contributions from atmospheric H2O and
NO, 4.86x10-4 moles of gas in 27.5 mL give rise to an overpressure in our reaction vessel of ∼0.64
bar. It is important to note that this pressure build-up is the maximum that can be reached
in a sealed vessel, if all the nitric acid developed during the synthesis decomposes into gaseous
products. A pressure increase of 0.64 bar is perfectly sustainable by our 25 ml three-neck round
bottom flask, as most standard round bottom flasks can easily sustain 1 bar overpressure.
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3.5.8 Control of by-products by varying the reaction volume

Our standard synthesis is carried out in a nominal 25 mL three neck round bottom flask, which
has a real volume of 47.5 mL when all the caps are inserted. We typically perform our synthesis
in 20 mL ethylene glycol, which leaves 32.5 mL of dead volume for gas expansion. We performed
our synthesis by varying the dead volume to 22.5 mL and to 32.5 mL. When we increase the dead
volume in which gasses can expand, the reaction leads to an increased amount of by-products
(black curve), i.e. and increase in the residual extinction above 500 nm and in the linewidth of
the peak. When we perform the reaction by decreasing the amount of dead volume, we see a
lower formation of by product, i.e. a decrease in the residual extinction above 500 nm and in
the linewidth of the peak.
These finding are in agreement with our proposed reaction mechanism.

Figure 3.15: Size distribution of the diameter of our AgNWs (average of 100 wires).
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Chapter 4

Terahertz conductance mapping

Abstract

Transparent conductive layers are key components of optoelectronic devices. Here, a polyol
method is used to synthesize large quantities of monodisperse silver nanowires (AgNWs) and
these are used to fabricate transparent conducting networks over large areas. The optical extinc-
tion and terahertz (THz) conductance of these networks are simultaneosuly investigated, using
optical and THz spectroscopy, and THz near-field microscopy. The combination of optical and
THz measurements allows the identification of transparent regions with high conductance. The
THz near-field measurements reveal local variations in the THz transmission and conductance
that are averaged in far-field measurements. These results demonstrate that THz near-field
microscopy is a powerful tool for the quantitative investigation of new conductive transparent
electrodes.

This chapter is based on: Terahertz time-domain spectroscopy and near-field microscopy of trans-
parent silver nanowire networks, Niels van Hoof*, Matteo Parente*, Jaime Gomez Rivas, Andrea Baldi,
Advanced Optical Materials, 2020, 8, 1900790 (*equal author contribution)

71
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4.1 Introduction

Transparent conducting electrodes are critical components in many optoelectronic devices, in-
cluding solar cells, light emitting diodes, displays, and touchscreen panels20,112,141,142. These
electrodes are usually made of thin layers of doped metal oxides, such as indium tin oxide (ITO),
fluorine doped tin oxide (FTO), or doped zinc oxide141,143. Despite their high electrical conduc-
tivity and optical transmission, these doped oxides are typically expensive, brittle, and difficult
to integrate on flexible substrates, limiting their range of applications in optoelectronic devices.

One of the most promising alternatives to metal oxides are transparent electrodes made of in-
terconnected networks of silver nanowires (AgNWs)112. AgNWs networks combine high DC
conductance with optical transparency in the visible, low production costs, and ease of inte-
gration in flexible substrates112,141. The fabrication of nanowire networks over large areas can
be achieved with a variety of techniques, from spin-coating to spray-coating, electrospinning,
and dip-coating112,144,145. Furthermore, large-area litography and metal coating techniques are
increasingly emerging as promising alternatives146–148. However, it is not uncommon for these
deposition techniques to result in conductance that varies spatially due to local modulations in
the network thickness or connectivity. These spatial modulations of the electrical conductance
are impossible to detect with standard characterization techniques such as the four-point probe
method, in which the electrical impedence is measured using a pair of separated electrodes carry-
ing a current and sensing the voltage differences. Furthermore, although microprobes have been
developed to map conductance with high spatial resolution149, the four-point probe technique
requires electrical contact with the surface, leading to the risk of modifying the sample. These
limitations highlight the need for a contact-free and high resolution technique to map electrical
conductance over large areas. Broadband and phase sensitive spectroscopic techniques, such
as terahertz time-domain spectroscopy (THz-TDS), have emerged as powerful alternatives for
probing the complex conductivity of samples150–153. THz-TDS uses very short (single cycle)
electromagnetic pulses as low frequency electromagnetic probes to measure the electronic prop-
erties. This probing is done by measuring the attenuation and the phase of the THz pulse as it
propagates through the medium and interacts mainly with free charge carriers. A major advan-
tage of THz-TDS over four-point probe techniques is that it is a contact free technique, which
also enables an easy implementation of conductivity scans. The diffraction limit of electromag-
netic waves defines the maximum spatial resolution that can be attained for the determination
of the conductivity using far-field THz techniques. The broader character of THz-TDS and the
standard focusing optics, with relatively low numerical aperture, leads to spatial resolutions on
the order of 1 mm or larger.

Here we synthesize highly monodisperse AgNWs with a diameter of ∼50 nm and length of
∼10 µm by adapting a polyol method110. Subsequently, transparent electrodes are prepared
by spray-coating the AgNWs solution on top of 25x25 mm2 quartz substrates. The nanowire
monodispersity allows us to draw quantitative conclusions from the measurements performed
on the conductive networks. We spatially vary the thickness of the AgNWs network across the
quartz substrate, and therefore its optical transmission and THz conductance, by adjusting the
spray-coating conditions. Spatially resolved THz-TDS enables us to find the optimum AgNWs
network thickness of ∼150 nm, combining a low optical extinction (∼0.2) and a high THz sheet
conductance (∼5x10-2Ω-1), which is comparable to that of conventionally used ITO. To further
improve the spatial resolution of our conductance measurements beyond the diffraction limit,
we also perform THz time-domain near-field microscopy measurements. This technique uses a
microstructured THz detector that is scanned at a short distance (∼0.5 µm) from the surface
of the AgNW network, to measure the THz transmission and determine the broadband THz
conductance with an in-plane spatial resolution of ∼50 µm. These measurements reveal inho-
mogeneities in the THz transmission and conductance that are averaged, and therefore invisible,
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in the far-field measurements. These inhomogeneities could severely affect the performances of
optoelectronic devices and illustrate the relevance of performing spatially resolved conductance
characterization of these novel transparent electrodes.

4.2 Experimental methods

4.2.1 Synthesis of silver nanowires

Silver nanowires are synthesized following the procedure reported in Chapter 3 of this Thesis31.

4.2.2 Preparation of the transparent electrodes

The AgNWs network defining the transparent electrode is prepared with a home-made spray-
coating setup. Typically, 1 mL of AgNWs solution in methanol OD∼30 is sprayed with a
nitrogen gun at a pressure of 0.1 MPa on a quartz substrate kept at 80 ◦C and placed at a
distance of 12 cm from the noozle. The spray-coating with nanowires solution produces large
area films (∼cm2), with a macroscopic gradient in the thickness of the network, and regions
ranging from a minimum thickness of ∼50 nm in the sparsely covered region, where some wires
lay completely isolated, to a maximum thickness of ∼300 nm in the densely covered region,
where several nanwire layers are stacked on top of each other. The nanowires are deposited
on the right side of the substrate, with the thickest layer at the bottom. The left side of the
sample was covered with adhesive tape during the spray-coating. The tape was removed after
the nanowire deposition to have an uncoated area on the substrate, for a correct referencing
of the optical and THz transmission measurements. After deposition, the AgNWs network is
stored under nitrogen atmosphere to prevent degradation.

4.2.3 Optical, SEM, and AFM characterizations

The optical transmittance of the AgNWs network is measured by a Perkin Elmer Lambda 1050
spectrophotometer, equipped with both deuterium and tungsten-halogen lamps. The collimated
optical beam has a rectangular shape of ∼5x2 mm2, with the longest dimension in the vertical
position. The transmission is measured in the forward direction (zero-order transmission) and
it is normalized by the transmission through the substrate, i.e. the region without nanowires,
to obtain the transmittance.

4.3 Results and discussion

4.3.1 Optical and morphological characterization of the sample

Figure 4.1a shows the optical transmittance of a AgNWs network measured at three different
positions. The high quality and monodispersity of the nanowires can be appreciated by the drop
in transmittance at λ ∼ 387 nm, which corresponds to the transverse surface plasmon resonance
of the wires. The nanowires are deposited on the right side of the substrate, with the thickest
layer at the bottom, as can be appreciated by the increased opacity of the sample in this corner,
as the text behind becomes hardly visible. The left side of the sample was covered with adhesive
tape during the spray coating. This tape was removed after the nanowire deposition to leave an
area on the substrate uncoated with nanowires for a correct referencing of the optical and THz
transmission measurements. To compare the optical transmission with the morphology of the
sample, we have taken scanning electron microscopy (SEM) images at the same positions where
the transmission was measured. The SEM images are shown in Figure 4.1b–d, where the scale
bar legends are color coded using the same colors as for the optical measurements of Figure
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4.1a. It is important to note that the density of nanowires (volume occupied by AgNWs in the
film) remains constant in different regions and the apparently more dense images (c) and (d)
are due to a thicker nanowire stacked layer. The increase in thickness has been confirmed with
atomic force microscopy as shown in Figure 4.5.

Figure 4.1: (a) Optical transmittance spectra of transparent AgNWs networks prepared by spray
coating. The three different curves correspond to three regions of the sample with different
nanowire layer thickness. Inset: picture of the sample with the text “THz” printed behind it to
highlight the optical transparency and mark the region where measurements were taken. (b–d)
SEM pictures of the three different regions of the AgNWs network.

The inhomogeneous nanowire network requires spatially resolved probing techniques to map
changes in conductance that can be correlated with the changes in the optical transmission. In
the next section, we use far-field THz-TDS spectroscopy and near-field microscopy to spatially
resolve the THz transmission and conductance of the AgNW network.

4.3.2 Terahertz far-field spectroscopy

Far-field THz transmittance and conductance measurements of AgNWs networks have been
previosuly reported in literature154–159. In this work the far-field transmittance spectra of our
AgNWs network was measured using a conventional THz time-domain spectrometer (THz-TDS).
The setup consists of two photoconductive antennas for the generation and detection of THz
pulses, separated by collimating and focusing lenses, and with the sample placed in the inter-
mediate focus. The terahertz radiation was incident onto the sample through the substrate and
the polarization of the electric field (E-field) was originated along the vertical direction. Mea-
surements for different polarizations do not reveal significant changes in the THz transmission,
confirming the random orientation of the nanowires (see Figures 4.6 and 4.7). The focus of the
THz beam had a FWHM of ∼2 mm at peak amplitude of 0.5 THz due to the diffraction limit
and the relative low numerical aperture of the focusing optics.

To investigate the trade-off between optical transmittance and conductance, a series of measure-
ments was conducted along the gradient in thickness of the nanowires network by scanning the
sample vertically through both an optical and a THz beam. The measured transmitted THz
transients are shown in Figure 4.2. In these measurements the positions are recorded and color
coded from dark-red (y = -10 mm, corresponding to the layer thickness of 300 nm) to dark-blue
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Figure 4.2: (a) Schematic representation of the far-field THz-TDS transmission measurements
through the AgNWs network, where Tx and Rx refer to the THz emitter and receiver, respec-
tively. (b) TRansmitted THz transients for different thicknesses of the AgNWs network, from
dark-red (h=300 nm) to dark-blue (h=50 nm). (c) Transmission amplitude spectra for different
thicknesses of the AgNWs network, obtained by Fourier transforming the transients of (b)

(y) = +10 mm, corresponding to the layer thickness of 50 nm). The THz transients were Fourier
transformed to generate the transmission amplitude spectra shown in Figure 4.2. These spectra
are normalized to a reference transient that had passed through an uncoated area of the quartz
sample. The spectrum generated by the photoconductive antenna of the THz setup peaks at
0.5 THz and generates fields up to 2.5 THz. The THz field amplitude is significantly reduced as
the thickness of the AgNWs network increases, as it is expected by the increase in free carrier
absorption for thicker and more connected layers.

Figure 4.3 shows the optical extinction, defined as 1-T where T is the transmittance, and the
THz zero-order transmittance, respectively. Both transmittance spectra are obtained by divid-
ing the transmitted intensity or power spectra by a reference measured through an uncoated
area of nanowires on the quartz substrate. As expected, the optical extinction increases and
the THz transmittance drops when the nanowires network gets thicker. When integrating both
optical extinction and THz transmittance over the wavelength range displayed in Figure 4.3,
and plotting the mean values against position, we can identify an area of interest approximately
in the middle of the measured range (at y ∼0 mm). At this position the optical extinction is
relatively low (∼0.2), while the THz transmittance has dropped substantially indicating that
a percolating AgNWs network with high conductance is formed for this layer thickness. This
position corresponds to a AgNWs layer thickness of ∼150 nm, which represents only to to three
nanowires on top of each other. In the next subsection, we use high-resolution THz near-field
microscopy to reveal a detailed map of the THz transmittance and to spartially resolve the THz
conductance across the nanowires network.

4.3.3 Terahertz near-field microscopy

THz near-field micrscopy measurements can achieve a resolution that is not limited by diffrac-
tion. Depending on which technology is used, the resolution can range from tens of microns
down to the atomic scale160–162. The THz near-field microscope used in our experiments is
schematically depicted in Figure 4.4163–165. Similar to the far-field measurements presented
earlier, a THz microprobe is used to detect the polarization dependent electric near-field at a
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Figure 4.3: (a) Optical extinction spectra plotted for different thicknesses of the AgNWs network,
from dark-red (h = 50 nm) to dark-blue (h = 300 nm). (b) THz transmittance spectra at the
same positions at which the extinction is measured. (c) Spectrally averaged optical extinction
and THz transmittance, plotted against position along the gradient in the thickness of the
AgNW network.

distance of 0.5 µm above the sample166. The detected polarization is the same as the incident
polarization. The spatially and temporally resolved near-fields are collected by raster scanning
the sample through the optical axis defined by the incident THz beam and the near-field micro-
probe. Fourier analysis of the measured THz transients allows the generation of 2D transmission
and spectral maps with a spatial resolution165 of 50 µm. This resolution enables to resolve vari-
ations of the THz conductance that, otherwise, are averaged in the far-field measurements, while
still being able to map relatively large areas. The trade-off between spatial resolution and scan-
ning area makes THz near-field microscopy a very appealing technique for the investigation of
novel nanostructured materials for large area conducting electrodes. The transmission through
the AgNWs network was referenced to the transmission through the substrate measured on an
area qithout nanowires that was purposefully included in the spatially resolved map. Figure
4.4b shows such a map of the sheet conductance of the sample at 0.53 THz, where the measured
THz transmittance T(ω) is translated into the frequency dependent sheet conductance σ0(ω)
using the Tinkham formula167 (see also Figure 4.9):

σ0(ω) = ε0c0(1 + n)
(√

1
T (ω) − 1

)
(4.1)

In this formula, ε0 and c0 are the vacuum permittivity and the speed of light in vacuum, and n
= 2.11 is the refractive index of the quartz substrate. The Tinkham formula is a good approx-
imation as the nanowires network is much thinner than the THz wavelength and interference
effects within the layer can be neglected. To obtain the sheet conductance maps, we also assume
that the imaginary component of the transmission to the conductance is negligible compared to
the contribution of the real part. This approximation is justified by the pronounced decrease of
the THz transmitted amplitude as the AgNWs network thickness increases, in contrast to the
negligible phase shift. Therefore, the retrieved component of the sheet conductance is the real
component.

The gradient in conductance is clearly observed in Figure 4.4, but also spatial inhomogeneities
are visible in the near-field that were averaged in the far-field measurements. The two insets
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Figure 4.4: (a) schematic representation of the near-field THz-TDS transmission measurements
through the AgNWs network, where Tx and NF-Rx refer to the THz emitter and Near-field THz
probe, respectively. (b) 2D sheet conductance map map measured at 0.53 THz, generated by
raster scanning the sample in front of the near-field probe with a step of 50 µm. The red and
blue lines in the insets correspond to the THz transmittance recorded along the vertical (red-
dashed) and horizontal (blue-dashed) coordinates. (c) Frequency dependent sheet conductance
as recorded along the red-dashed line where the positions are marked by color coded circles in
(b), as well as the approximate layer height h.

of Figure 4.4 represent the relative THz transmittance along the dashed red and blue lines.
A comparison of the relative THz transmittance along the y-direction measured in the near-
and far-field illustrates the differences due to the spatially inhomogeneous AgNWs network.
The transmittance in the x-direction shows a sharp decrease when passing over the edge of
the AgNWs network. However, an enhanced transmittance is measured just before the edge.
This increase in transmittance is caused by the scattered THz field collected with the near-field
probe. This THz field scattering at defects and at inhomogeneities can be used to enhance
their visibility. However, they also introduce an uncertainty in the quantitative determination
of the network conductance in the proximity of the defects. To further illustrate the resolu-
tion improvement in the determination of the sheet conductance, we have also measured the
transmittance in the far-field. A comparison of the far-field and near-field conductance maps is
shown in Figure 4.10.

Near-field sheet conductance spectra are plotted in Figure 4.4 for different positions along the
y-direction at x = 3 mm. The spectra are color coded to mark the positions in which they were
taken. These positions are indicated with the color dots on the dashed vertical line of Figure 4.4.
Also the network thicknesses are indicated in Figure 4.4, where we see a high conductance for the
thicker nanowires layer and a fast drop of this conductance when the thickness is smaller than
h = 150 nm. These measurements illustrate the formation of a percolating nanowire network
or conductive film above a critical average thickness of only three nanowires, in agreement
with results already reported in literature. We have performed complementary measurements
of the sheet resistance using the four-point probe method on the thickest parts of the sample.
These measurements are displayed in Figure 4.8. The DC sheet conductance for a ∼200 nm
thick AgNWs network is 0.2 Ω-1 in reasonable good agreement with the AC THz conductance
obtained in the near-field. This agreement further supports the approximation of a real sheet
conductance made for the analysis of the near-field transmission. Therefore, we can conclude
that the THz near-field conductance mapping is a powerful method to quantitatively assess the
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quality of spatially inhomogeneous conducting layers in a contact-free way.

4.4 Conclusions

In summary, we have fabricated large area transparent conducting substrates composed of
monodisperse silver nanowires networks. These networks have been characterized using optical
extinction and THz far-field and near-field spectroscopy. By combining these techniques, we find
the optimum network thickness in terms of optical transparency and THz conductance. High
conductance in percolating AgNWs networks can already be achieved in layers with a thickness
of only three nanowires. The near-field measurements reveal an inhomogeneous response that is
averaged in the far-field measurements, illustrating the need to employ high-resolution and large
area scan techniques for assessing the quality of newly developed nanostructured electrodes.

4.5 Supplementary information

4.5.1 Atomic force microscopy

Figure 4.5: (a,c) AFM images of two different regions of the AgNWs network. (b,d) Height scans
in the same area as (a) and (c) respectively. Integrating the volume take up by the AgNWs and
diving by the effective layer height reveals that the density of the AgNWs in these two areas is
very similar at 6% and 4% respectively. The doubled peaked nanowire images are due to the
use of a double pointed AFM tip.
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4.5.2 THz transmittance for different polarizations

Figure 4.6: THz transmittance spectra measured at the same positions as the easurements
shown in Figure 4.3, but with the polarization of the incident THz beam rotated by 90 degrees.
The similar transmittance for orthogonal polarizations confirms that the nanowire orientation
is random and the THz response is isotropic.
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4.5.3 THz sheet conductance far-field

Figure 4.7: (a) THz sheet conductance measured at different positions of the nanowire network
with the polarization of the incident THz beam along the y-direction, as schematically showin
in Figure 4.2. (b) Similar measurements as in (a) but with the THz beam polarized along the
x-direction (the measurements were done by keeping fixed the polarization and rotating the
sample by 90 degrees). The similar sheet conductance for orthogonal polarizations confirms the
isotropic nanowire distribution.
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4.5.4 THz sheet conductance far-field

Figure 4.8: I-V measurements with a 4-point probe setup at three positions y∼-4 nm, -9, and
-12 on the AgNW network, with the 4 probes parallel to the x-axis (as defined in Figure 4.2).
The averaged thickness at these positions are indicated in the legend. The calculated DC sheet
resistance are 4.5, 2.9, and 3.3 Ω/sq.
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4.5.5 THz conductance maps for different frequencies

Figure 4.9: 2D sheet conductance maps measured at (a) 0.8, (b) 1.1, and (c) 1.3 THz, generated
by raster scanning the sample in front of the near-field probe with steps of 50 µm. The THz
sheet conductance at higher frequencies is very similar to that at 0.53 THz displayed in the main
text, which already shows an almost flat conductance dependence of frequency. However, the
THz scattering at the inhomegeneities and edges becomes more pronounced as the frequency
increases, as can be appreciated by the higher contrast in the maps at these inhomogeneities.
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4.5.6 Comparison between far-field and near-field conductance mapping

Figure 4.10: On the left, the 2D sheet conductance maps measured at 0.81 THz in the far-field
usong the setup depicted in Figure 4.2 and on the right the same area measured at 0.80 THz
in the near-field, which is the same as Figure 4.9. Both maps have been generated by raster
scanning and are imaging the same area with steps of 50 µm. The far-field radiation averages
out the conductance over a large area, obscuring most of the features that are resolved in the
near-field.
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Chapter 5

Future directions

Abstract

The ability of metallic nanoparticles in detecting chemical and physical processes and in con-
ducting electrical charges as well as the possibility of synthesizing them in several sizes, shapes,
and compositions, makes them a versatile platform for applications in both science and technol-
ogy. In this chapter we share some ideas on experiments and theoretical calculations that can
help in better understanding and characterizing metallic nanomaterials.
In section 5.1 we propose two experiments that could help in understanding the physical origin
of the chemical interface damping (CID) mechanism.
In section 5.2 we show experimental evidences that the magnitude of CID can be optically tuned
in metal@TiO2 core@shell nanoparticles of different sizes and shapes by varying the electronic
properties of the semiconductor.
Finally, in section 5.3 we show theoretical calculations of the optical properties of AgNWs
of different lengths and shapes. As choosing the right length and geometry of AgNWs is of
paramount importance for different applications, our understanding of their optical spectra can
help in designing better optoelectronic devices.

This chapter is partially based on:
Dynamic optical tuning of chemical interface damping, Matteo Parente*, Ruben F. Hamans*, Joost
Reinders, Andrea Baldi” in preparation (*equal author contribution)
and
On the optical properties of silver nanowires, Ruben F. Hamans*, Matteo Parente*, Andrea Baldi in
preparation (*equal author contribution).
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5.1 The physical origin of chemical interface damping

The physical origin of CID is currently one of the main open questions in the field of plas-
monics, as it was clear from the discussion at the Gordon Conference 2018 on ”Plasmonics and
Nanophotonics” and, even more, from the Faraday Discussion 2019 on ”Hot-electron science and
microscopic processes in plasmonics and catalysis”168,169.

An open question was whether this CID mechanism should be depicted as a charge transfer
reaction from the metallic nanoparticle to an acceptor state on its surface, which can either be
the conduction band or a trap state of a semiconductor or the LUMO of a molecular adsorbate,
or if it should be depicted as a near-field effect, in which the electric field ”simply” stimulates
an electronic transition in the adsorbate.

Figure 5.1: (Left) Depiction of the “indirect charge transfer mechanism”. Plasmons relax in-
ducing an electron distribution with a high concentration of low-energy charge carriers. (Right)
Depiction of the “direct charge transfer mechanism”, also called CID. The decay of a plasmon
results in the direct excitation of an electron into an unoccupied state of the metal-adsorbate
complex. Image adapted from reference170.

Several experiments could be done to help understanding the nature of CID.
One could synthesize, preferably by lithographic approaches, metallic nanoparticles with in-
creasing aspect ratios and, therefore, different plasmon resonance energies. These nanoparticles
could be subsequently coated by a thiol with a precise energy gap between the HOMO and the
LUMO orbitals. Depending on the size/shape of the nanoparticles, there should be a precise
geometry whose LSPR energy matches the gap between the HOMO and the LUMO of the ad-
sorbate, therefore maximizing the CID effect and resulting in a significant broadening of their
LSPR (see Figure 5.2).
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Figure 5.2: Simulated extinction spectra for Au nanodisks and nanorods of 40 nm thickness and
varying diameters deposited on a glassy substrate, in air. From left to right: 80 nm, 80x90 nm,
80x100 nm, 80x110, 80x120 nm, 80x130 nm, 80x140 nm, 80x150 nm, 80x160 nm, 80x170 nm,
80x180 nm.

This experiment was, in fact, underway in our lab before the COVID-19 outbreak. This exper-
imental approach would benefit from the collaboration with theoretical groups that could help
in calculating the energy levels of the particle-adsorbate complex.

It is also known that salts in solution have an effect on the kinetics and the thermodynamics of
charge transfer reactions171. If the metallic nanostructures are deposited on a substrate, like in
an EBL sample, and not subjected to collapse when the ionic strength of the solution is increased,
the above mentioned experiments could be conducted in presence of salts of different nature and
concentration. In this way it would be possible to asses the influence of the variations in the
electrostatic properties of the surrounding medium on the charge transfer reaction between the
metal and the adsorbate.

5.2 Dynamic optical tuning of chemical interface damping

5.2.1 Introduction

As discussed in Chapter 1 and Chapter 2 of this thesis, noble metal nanoparticles strongly
absorb and scatter light thanks to the so-called localized surface plasmon resonances (LSPRs).
These resonances can decay via radiation or via scattering with bulk defects or at the surface
of the nanoparticles101. Chemical interface damping (CID), also sometimes referred as “direct
mechanism” of charge transfer, is a mechanism by which LSPRs can decay by exciting a direct,
momentum-conserved optical transition at the surface of the plasmonic nanoparticle, and can
be used both for catalysis and sensing170,172–174. This transition can either be a direct charge
transfer from the metal nanoparticle to an acceptor electronic level at its surface100, or an op-
tical excitation from the HOMO to the LUMO of a molecular adsorbate or from the valence
band to the conduction band of an adjacent semiconductor168,169. Understanding this mecha-
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nism of charge transfer is, therefore, of paramount importance to maximize charge generation
in artificial devices170. Moreover, elucidating this mechanism can help in understanding the
relationship between the damping surface and the material adsorbed on it, which is still an open
question in solid-state physics173. Finally, dynamic tuning of the CID mechanism, and therefore
the dynamic tuning of the energy transfer, can be beneficial for chemical activation and sensing.
So far, the tuning of CID has been achieved by using adsorbates or the semiconductors at the
surface, with different electronegativities70,174 or different bandgaps173.

In this section we show evidences of dynamic tuning of the CID effect in metal@TiO2 core@shell
nanoparticles by modulating the electronic properties of the TiO2 shell with UV light. We show
that it is possible to switch the CID mechanism on and off depending on the electron doping
of the semiconductor and tune it toward positive or negative values depending on the plasmon
energy. To do so, we synthesize Au@TiO2 and Ag@TiO2 nanoparticles of different aspect ratios,
which allows us to tune the LSPR over a wide range of energies. We subsequently subject
these core@shell nanoparticles to several cycles of UV irradiation and equilibration in the dark,
under an inert atmosphere. Upon UV irradiation in the presence of hole scavengers, electrons
accumulate in the TiO2 shells and we observe marked variations of the FWHM of the LSPR
peaks which is indicative of the magnitude of the CID effect.

5.2.2 Results

We first synthesize Au@TiO2 and Ag@TiO2 nanospheres and Au@TiO2 nanorods by adapting
already reported methods12,175,176, which allows us to tune the LSPR from 1.5 eV to 2.8 eV.
Using Ag nanoparticles allows us to also probe LSPRs with energies higher than 2.3 eV. Fig-
ure 5.3 shows the extinction spectra for one synthesis of Ag@TiO2 nanospheres, two syntheses
of Au@TiO2 nanospheres, and three syntheses of Au@TiO2 nanorods, together with a repre-
sentative TEM picture for each nanostructure. In the case of Au@TiO2 nanorods, only the
longitudinal LSPR peak is reported, to avoid the overlapping of the transverse peak with the
LSPR peak of the spheres.

The variation of CID is studied for Ag@TiO2 and Au@TiO2 nanoparticles suspensions by irradi-
ating them with UV light in oxygen free atmosphere. The ultraviolet irradiation stimulates the
generation of an electron-hole pair in the TiO2 shell. The photogenerated holes are scavenged
away by the ethanol, therefore minimizing the charge recombination process. As oxygen is an
efficient electron scavenger, its presence during the experiment would hinder any charge accu-
mulation in the trap states of TiO2. Therefore, our experiments are conducted under constant
N2 flux. The variation of the CID is studied by continuously measuring the variation of the ex-
tinction spectra of the core@shell nanoparticles solution upon repeated cycles of UV irradiation
and equilibration in the dark. Typically, our experiments are performed on a 4 mL solution of
core@shell nanoparticles with optical density 0.3 at the LSPR wavelength, in a quartz cuvette.
To remove oxygen from the system, the ethanolic solution is purged with N2 for 20 minutes
before starting the measurements. During the irradiation experiment, the N2 is maintained
constant, but the needle is kept above the solution, to prevent bubbles from influencing the
measurements. The solution is subjected to different cycles of UV irradiation and equilibration
in the dark. The extinction spectra are acquired every timeframe using a low power white light
source and a fiber optical spectrometer. We extract the LSPR energy and the FWHM of the
resonance by fitting the extinction to a Lorentzian with vertical offset. For the Ag@TiO2 and
Au@TiO2 nanospheres we also add a phenomenological term for the TiO2 absorption to the
fitting function.

Figure 5.4 shows the corresponding time evolution of both the LSPR and the FWHM change
for the two syntheses of Au@TiO2 nanospheres and for the Au@TiO2 nanorods with the lowest
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Figure 5.3: (a) Representative TEM pictures of the core@shell nanoparticles. (b) Normalized
extinction spectra of the ethanolic solutions of the core@shell nanoparticles. From left to right:
Au@TiO2 NR1, LSPR = 1.50 eV; Au@TiO2 NR2, LSPR = 1.64 eV; Au@TiO2 NR3, LSPR =
1.73 eV; Au@TiO2 NS1, LSPR = 2.08 eV; Ag@TiO2 NS, LSPR = 2.77 eV

LSPR energy. The change in FWHM shows trends that vary strongly depending on the initial
energy of the LSPR, as shown in Figure 5.4. For high LSPR energies (Figure 5.4a), we observe
a narrowing in the resonance, i.e. a decrease in the FWHM. Conversely, for low LSPR energies
(Figure 5.4c) we observe an increase in the FWHM. This trend suggests that two mechanisms
are at play, one that causes an LSPR broadening and another that causes a narrowing, and that
an intermediate LSPR energy exists where these mechanisms cancel out, resulting in a negligible
change in the FWHM. This behavior is, in fact, what we observe for the large spheres with an
LSPR at 2.09 eV (Figure 5.4b).

Figure 5.5a shows the change in FWHM (∆FWHM) during the first cycle of UV irradiation for
all nanoparticles. As the LSPR energy decreases, ∆FWHM changes from negative to positive
(i.e. narrowing to broadening), and eventually reaches a maximum for LSPR energies around
1.6 eV. The narrowing of the resonance for high LSPR energies suggests the bleaching of a decay
channel upon UV irradiation. The reason for this behavior can be found in the properties of
the TiO2 shells. Due to the chemical synthesis that we employ, the TiO2 shells are amorphous
and defective12,93. Consequently, empty acceptor levels are present below the conduction band
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Figure 5.4: LSPR energy (top) and change in FWHM (bottom) of ethanolic solutions of (a)
Au@TiO2 NS2, (b) Au@TiO2 NS1, and (c) Au@TiO2 NR1. For (a) five UV irradiations are
performed, and for (b,c) four cycles of UV irradiation are performed. The pale blue regions
highlight the interval of UV irradiation. The scalebars for the insets are 50 nm.

of the TiO2 which can trap photogenerated electrons for very long timescales, up to several
minutes12,91,99. When these states are not occupied, they can accept an electron from the decay
of the plasmon resonance through the CID mechanism100,101 and therefore broaden the LSPR.
However, under UV irradiation in inert atmosphere and in the presence of EtOH as a hole
scavenger, the defect states of TiO2 are populated by photogenerated electrons. Once these
defect states are filled, they cannot accept electrons coming from the decay of the plasmon
resonance, thereby quenching the CID mechanism. This quenching results in an increase in the
lifetime of the LSPR, i.e. in a decrease in the FWHM of the resonance peak upon UV irradiation
(Figure 5.5b). The LSPR broadening caused by CID is expected to be maximal when the LSPR
energy matches the energy difference between the TiO2 valence band and the acceptor states,
here being the defect states of TiO2. As soon as the LSPR is shifted to lower energies, the CID
mechanism is no longer accessible, i.e. the plasmon resonance does not have enough energy to
excite an electron into a TiO2 defect state. Interestingly, instead of a ∆FWHM going to zero
for lower plasmon energies, we observe a transition from a narrowing FWHM to a broadening
FWHM (Figure 5.5a). The broadening of the resonance for low LSPR energies suggests the
addition of a decay channel upon UV irradiation, instead of the previously observed bleaching.
This behavior can again be correlated to the presence of defect states in the TiO2 shell. Even
though these states are now inaccessible via the CID mechanism, they can still be populated
by photogenerated electrons. As the defect states are just below the TiO2 conduction band,
only a small amount of energy is needed to further excite electrons from the defect states to
the conduction band99 (Figure 5.5b). This behavior is reflected in the absorption spectrum
of colloidal TiO2, in which a broad band around 1.8 eV appears under UV irradiation in the
presence of a hole scavenger87. Therefore, in such conditions, the TiO2 shell changes from being
a non-absorbing dielectric to a lossy medium at low photon energies, resulting in an increased
FWHM when the plasmon resonance is in this absorption band. Strikingly, we indeed observe a
FWHM increase for all Au@TiO2 nanostructures that have their LSPR in the absorption band
of the defect states of TiO2, i.e. for all Au@TiO2 nanorods.
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Figure 5.5: (a) Steady state values of the change in FWHM of the resonance peaks of different
Ag@TiO2 and Au@TiO2 nanostructures under UV irradiation. The line is a guide to the eye.
(b) Schematic energy diagram of the Ag/TiO2 and Au/TiO2 interface under UV irradiation.
The defect states below the conduction band are denoted by a dashed line. For high plasmon
energies the defect states can be populated via CID. When this mechanism is quenched by
UV irradiation, the resonance narrows. For low plasmon energies, the plasmon can excite a
photogenerated electron from a defect state to the conduction band, resulting in a broadening
of the resonance.
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5.3 Optical properties of silver nanowires

5.3.1 Introduction

As discussed in Chapter 3 of this thesis, silver nanowires are currently used as substrates for a
variety of applications, from transparent electrodes, pressure, temperature, and strain sensors to
Raman spectroscopy. As their optical and electrical properties are strongly dependent on their
dimensions, choosing the right length and diameter is of paramount importance, depending on
the applications. Optical simulations can therefore provide useful guidelines for the realization of
optoelectronic devices, such as conducting electrodes with high optical transparency or Raman
substrates with high field enhancement factors. Usually, the optical absorption and scattering
cross-sections of silver nanowires are simulated by approximating them to rods or to an infinitely
long cylinder177–179, often using Mie theory180,181. However, the typical method by which Ag-
NWs are produced, the so-called polyol synthesis, provides nanowires with a pentagonal cross
section31,39. This seemingly minor difference leads however to simulated extinction spectra that
differ significantly from the measured ones. The difference between measured and simulated op-
tical spectra is particularly significant for regions of the electromagnetic spectrum where small
changes in the nanowires transparency can have a major impact on the performances of opto-
electronic devices. Moreover, the distribution of the electric fields surrounding the nanowires is
shape dependent. Therefore, simulating the right geometry is of paramount importance for ap-
plications like Raman spectroscopy, catalysis, and sensing, where the distribution of the electric
fields around metallic nanostructures plays a major role182–184.

In this section, we present accurate electromagnetic simulations of the optical response of silver
nanowires of different sizes and shapes. Together with a better agreement with experimental
data, this approach also allows us to study optical features that are peculiar of the pentagonally
twinned structures. Moreover, we show that simulating a pentagonally twinned structure is not
more computationally expensive than a cylindrical one. Finally, we show the existence of a
residual extinction at wavelengths above 500 nm which scales linearly with the cross section of
the AgNWs. This residual extinction is a physical limit due to the geometry of the system and
is not, as is often assumed, due to the presence of by-products of the synthesis.

Our results can help in the design of new synthetic routes for the realization of more efficient
transparent electrodes and Raman substrates. Moreover, the deep understanding of the rela-
tionship between the optical spectra and the geometry of the synthesized structures can provide
the industry with a simple and fast tool for quality control of their synthetic products.

5.3.2 Results

We perform simulations using a finite-difference time-domain method. For the AgNW we use a
dielectric function from literature131, which is fit to a set of functions that satisfy the Kramers-
Kronig relations. Figure 5.6a shows the typical pentagonally-twinned cross section of a AgNW
with radius R simulated in this study. We also introduce a radius of curvature Rcurv to ac-
count for the smoothening of the nanowire edges typically obtained when synthesizing AgNWs
colloidally. All the simulated structures have a 5 nm dielectric shell with a refractive index of
1.56, which models the optical properties of the surfactant polyvinylpyrrolidone (PVP) around
as-synthesized AgNWs37 (Figure 5.6). We inject a broadband (320 nm – 800 nm) total-field
scattered-field source propagating towards the nanowire and monitor the absorption and scat-
tering cross sections, σabs and σsca, by placing a transmission box inside and outside the source,
respectively. From these cross sections we define the extinction cross section σext as σext = σabs
+ σsca.
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Two polarizations of light are simulated, perpendicular and parallel to the long axis of the wire.
Figure 5.6b shows the results for both polarizations, when an infinitely long nanowire is assumed.
As a starting point we use R = 25 nm, as this allows comparison to the experimental extinction
spectrum of our synthetic product reported in Figure 3.2 of Chapter 3. As the value of Rcurv
is challenging to measure experimentally, we optimize this value to give the best agreement with
the experimental spectrum, resulting in Rcurv = 10 nm. The influence of the value of Rcurv will
also be discussed later. The simulation with the light polarized perpendicularly to the long axis
of the AgNWs shows the transverse localized surface plasmon resonance, which is characterized
by a double extinction peak in the ultraviolet (UV) region (Figure 5.6b). It is worth noting
that the appearance of a double peak is due to the pentagonal cross section of the wire, as will
be discussed in more detail later. For low aspect ratio nanostructures, such as Ag nanorods,
simulations with the polarization parallel to the long axis give rise to a longitudinal plasmon
resonance. Here, we only observe broadband extinction, as the longitudinal resonance peak for
Ag nanowires lies in the infrared, which already points to the limited transparency that can be
achieved using networks of AgNWs. Nevertheless, it shows a non-negligible contribution both
in the UV and visible part of the spectrum, which we take into account in our simulations.
Averaging the extinction spectra in Figure 5.6b results in a spectrum that both captures the
experimentally observed characteristic peaks in the UV region and the residual extinction in the
visible (Figure 5.6c).

Figure 5.6: (a) Depiction of the pentagonal cross-section of the AgNWs simulated in this work.
R is the radius of the circumference that circumscribes the pentagon, Rcurv is the radius of
curvature of the vertices of the pentagon, t is the thickness of the PVP layer surrounding the
AgNW. (b) Simulated extinction spectrum using R = 25 nm, Rcurv = 10 nm, and t = 5 nm.
The light is polarized perpendicularly to the long axis of the wire (green curve), as in panel (a),
or parallel to the long axis of the wire (gray curve). (c) Comparison between an experimental
(green curve) and simulated (gray curve) extinction spectrum, both showing the characteristic
double peak in the UV region and residual extinction in the visible.

Figure 5.7 shows the simulated extinction spectra of silver nanowires with varying length, di-
ameter, and radius of curvature. For wires shorter than 1µm we observe a longitudinal plasmon
resonance in the visible region. For longer wires this resonance shifts towards the infrared and
therefore does not influence the performance of the wires in the visible region. We find that for
aspect ratios above ∼40 two-dimensional and three-dimensional simulations are in good agree-
ment (Figure 5.7a), thereby validating the use of two-dimensional simulations for the aspect
ratios typically observed in AgNW syntheses (typically between 40 and 200). Upon decreasing
the radius of the wire, we observe a blueshift of the transverse plasmon resonance, together
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with a narrowing of the peak (Figure 5.7b). This blueshift of the plasmon resonance toward
the UV region of the spectrum has been used as a justification for the need of synthesizing
thinner nanowires for applications in transparent electrodes29. Although correct, it can be seen
from Figure 5.7b that the blueshift of the extinction is only of a few nanometers. However,
upon decreasing the nanowire diameter, the major effect is a strong reduction in the residual
extinction above 400 nm. We found that this residual extinction, which strongly contributes to
the lack of transparency of AgNWs meshes, scales linearly with the cross-section of the wires
and therefore quadratically with their diameter. Our results indicate that even a slight de-
crease in the nanowires diameter could have significant benefits on the transparency of silver
nanowire-based transparent conducting layers, despite the negligible blue-shift expected for their
extinction peak. It is worth noting that this residual extinction represents a physical limit of the
system, due to the scattering of the light by the AgNWs, and cannot be decreased by purifying
the products at the end of the synthesis.
Figure 5.7c shows the result of the variation in the radius of curvature of the wires, from circular
to pentagonal with sharp corners (Rcurv = 5 nm). When the wire is simulated as an infinitely
long cylinder, only one resonance peak can be observed. As soon as the radius of curvature
starts decreasing approaching a pentagonal cross-section, additional peaks appear in the UV
region. When the wire is simulated with sharp corners (Rcurv = 5 nm), three peaks in the UV
are present. However, as can be seen in Figure 3.2 of Chapter 3, only two peaks in the UV
are present for the synthesized AgNWs, suggesting a radius of curvature around 10 nm.

To further investigate the physical properties of the resonance peaks for different radii of curva-
ture we look at the electric field distribution inside and outside the nanowires. As the resonances
in the ultraviolet region are associated with the transverse resonances of the wire (Figure 5.6b),
we monitor the field for an incoming polarization perpendicular to the long axis of the wire
(Figure 5.6a). Even for a perfect cylinder we observe an asymmetric line shape (black curve
Figure 5.7), which points to the presence of (or the interference between) multiple modes. In
fact, the energy range of the transverse resonances observed here is also the range in which
higher order modes in Ag nanoparticles are typically observed.

In Figure 5.8 we show the monitored electric field distributions around AgNWs of different
geometries. When monitoring the field at wavelengths longer than the extinction maximum,
we observe a dipolar field pattern, as indicated by the two charges in Figure 5.8a. However,
when exciting at the extinction maximum we observe a quadrupolar field pattern (Figure 5.8b).
Interestingly, a quadrupolar field pattern is also observed for both extinction peaks of the pen-
tagonally twinned wire, as is shown in Figure 5.8c,d for Rcurv = 10 nm, even though the low
energy peak around 375 nm is often attributed to a dipolar resonance185. In the transition
from a cylinder to a pentagonally twinned wire we also observe a large increase in the electric
field strength, as can be seen by a comparison between the maximum field intensities between
panels a,b and c,d in Figure 5.8. As the amount of electric field enhancement is a figure of merit
for applications in, for example, surface-enhanced Raman spectroscopy, this observation further
points to the importance of using an accurate geometrical description when trying to predict
the optical performance of AgNWs. Lastly, when further decreasing the radius of curvature
from 10 nm to 5 nm, we previously observed a further splitting in the transverse resonance
from 2 peaks to 3 peaks (Figure 5.7). This peak is not observed experimentally and therefore
we can conclude that including a 10 nm radius of curvature in these simulations is required to
accurately reproduce the optical features that are experimentally observed.
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Figure 5.7: (a) Normalized extinction of an AgNW with R = 25 nm and Rcurv = 10 nm. The
length L is (from black to green) 1µm, 2µm, 5µm, infinite. (b) Two-dimensional simulations of
the extinction of an AgNW with varying diameters. R is decreased from 25 nm to 10 nm in
steps of 2.5 nm. Rcurv is set to R/2.5. (c) Two-dimensional simulations of the extinction of an
AgNW with R = 25 nm and varying radii of curvature. Rcurv is increased from 5 nm to 25 nm
in steps of 5 nm.
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Figure 5.8: Simulated electric field distributions for a cylinder (a,b), i.e. Rcurv = 25 nm, and a
pentagonally twinned AgNW (c,d) with Rcurv = 10 nm. The incoming polarization is along the
x axis and the wavelengths correspond to extinction maxima in Figure 5.7c, with the exception
of panel (a), which is redshifted from the maximum.



Chapter 6

Summary

Thanks to the possibility of tailoring them in several shapes, sizes, and compositions, metallic
nanostructures are currently employed in many applications from the sensing of physical and
chemical processes at the nanoscale, the driving of chemical reactions, to the building of a new
generation of electronic and optoelectronic devices. For this reason, they represent one of the
most hot sub-field in the realm of nanotechnology.
In this PhD thesis we kept together the two different faces of scientific research. In the first part,
in fact, we tackled some fundamental questions and gave a contribution to the understanding
of the charge equilibration mechanism at the interface between a metal and a semiconductor.
In the second part we still tackled fundamental questions on the chemical mechanism of the
polyol synthesis of silver nanowires, but we kept an eye on the industrial relevance of the
research. We showed, in fact, how it is possible to decrease the by-products during the synthesis
of silver nanowires, which could be beneficial for the industry in terms of costs and production
time. Moreover, we showed how a novel THz-based technique can represent an alternative to
the standard 4-point probe techniques for the quality control of transparent electrodes.

In Chapter 1 we briefly introduced the optical properties of metallic nanoparticles and how
these properties can be used to sense chemical and physical processes at the nanoscale. We also
introduced the fundamental characteristics of transparent electrodes and explained how silver
nanowires represent a valid alternative to the standard doped metal oxides in the building of
novel optoelectronic devices. Moreover, we discussed how these silver nanowires are currently
produced and we highlighted the pros and cons of the standard way of producing them on an
industrial scale.

In Chapter 2 we questioned the widely accepted mechanism of charge equilibration at the
interface between a metal and a semiconductor based on simple physical arguments and we
proposed a new hypothesis. In particular, we showed that the variation in the optical spectra
of core@shell metal@TiO2 nanoparticles during the charge equilibration can be accounted for
by the accumulation of the charges in the semiconductor. In this respect, we could say that
the metallic cores play a “passive” role, only sensing the variation in the dielectric function of
the surrounding medium. Understanding the charge equilibration mechanism at the interface
between a metal and a semiconductor is of paramount importance for designing more efficient
photoconversion devices.

In Chapter 3 we reported a simple and high-yield synthesis of silver nanowires based on the
polyol method. We showed that the use of freshly prepared AgCl and the minimization of the
development of gasses during the reaction results in a minimization of the by-products during
the synthesis. Moreover, we argued that SEM and TEM techniques, which are typically used to
asses the quality of the synthetic product, can lead to a severe underestimation of the amount
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of by-products and we showed that the “simple” UV-Vis spectroscopy is a much more reliable
technique.

In Chapter 4 we showed how novel THz-based techniques can be used to measure the con-
ductivity of silver nanowires-based transparent electrodes. These techniques have two main
advantages with respect to the standard 4-point probe ones. First, they are contactless and,
therefore, not destructive for the sample. Second, the near-field technique can reveal inhome-
geneities of the electrodes due to the fabrication process that can affect the performance of the
optoelectronic devices.

Finally, in Chapter 5 we discussed about the future perspectives opened by this PhD thesis.
In section 5.1 we proposed some experiments that could help in understanding the physical ori-
gin of CID, one of the damping mechanism of plasmon resonances. As CID has been proposed as
a mechanism of activation of chemical reactions on the surface of metallic nanoparticles, under-
standing its physical origin could help in designing better photocatalysts for chemical reactions.
In section 5.2 we showed evidences that the above mentioned CID mechanism can be dynami-
cally tuned in core@shell metal@TiO2 nanoparticles by modulating the dielectric properties of
the semiconductor. Together with the experiments proposed above, this could help in under-
standing the physical origin and behavior of CID and could be beneficial for applications in
photoconversion devices as well as sensors.
In section 5.3 we showed how the optical spectra of silver nanowires are sensitive to small
variations in the geometry and sizes of the wires themselves and we therefore discussed the
importance of simulating the right geometry and dimensions. The deep understanding of the
optical spectra of silver nanowires can be beneficial both for fundamental research and applica-
tions in the industry. In fact, as we showed in Chapter 3, optical spectra can be used to asses
the quality of the synthetic product. Moreover, the understanding of the optical properties of
silver nanowires can help in designing better optoelectronic devices.
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Infine ai miei genitori. Con la consapevolezza che nessuno sforzo fatto da un figlio potrá mai
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