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Abstract

This thesis studies the modification of the surface work function from the perspective of its
potential application to the field of energy generation. In this case, improving thermionic
electron emission from diamond surfaces is the focus of this thesis, as a diamond based
device can be used for power generation when implemented as a thermionic energy
converter. The success of diamond-based thermionic energy converters strongly relies on the
quality and stability of the diamond surface, which has to provide a low work function and a
negative electron affinity. These characteristics, low work function and negative electron
affinity, are achieved by terminating the diamond surface with a monolayer of hydrogen.
However, the poor stability of this surface at high temperatures, at which a thermionic energy
converter would operate, is the main drawback for the successful development of diamond-
based devices.

Thermionic emission from diamond surfaces was studied, culminating with the proposal of a
new theoretical model for thermionic emission from hydrogenated diamond surfaces. This
new model, to the best of the author's knowledge, is the first to successfully reproduce the
behaviour of the thermionic emission current from hydrogenated diamond surfaces, including
the decrease of emission current due to the desorption of hydrogen. As a consequence, the
new model allows the extraction of additional information about the surface properties of
diamond, like the hydrogen activation energy of desorption E4 or the Richardson constant A.
Additionally, it is now possible to relate the components of the emission current with certain
surface phases or chemical states of hydrogen on the diamond surface. This finding led to the
conclusion that, for <100> single crystal diamond, most of the emission at high temperatures
comes from flat terraces with a C(100)-(2x1):H reconstruction. Therefore, in order to
improve thermionic emission from diamond, surface treatments should be applied to the
surface to promote the formation of this surface phase. In addition, single crystal diamond
proved to be a much better emitter than polycrystalline diamond by emitting 1.5 mA/cm? as
compared to 0.3 mA/cm? emitted by the polycrystalline diamond.

An alternative method for the modification of the surface work function was investigated in
order to assess its potential application to diamond surfaces. This method consists on the use
of light excited plasmo-electric potentials. This phenomenon is quite novel, so the research
on this thesis is more focused on increasing our understanding of the physics of this effect
that on its immediate application to diamond surfaces. Hence, plasmo-electric potentials on
silver nanoplates deposited on indium-tin-oxide were analysed. By studying the transient
behaviour of plasmo-electric potentials, it was found that they are surprisingly long (z = 100
s), which is unusual for a plasmonic-based effect, that normally operates on the picosecond
regime. It was concluded that this was caused by the charge transport characteristics of the
nanoplate-substrate interface. This is because plasmo-electric potentials are caused by the
transfer of electrons in or out the nanoplate, which modifies its electrochemical potential and
in turn its work function. Moreover, it was found that plasmo-electric potentials are present
on the same nanoplate with opposite signs, which is believed to be caused by impurities
deposited on the surface of the nanoplate. Lastly, in order to apply plasmo-electric potentials
to improve thermionic emission more research is needed to better understand the physics of
this phenomenon. However, it was found that plasmo-electric potentials could have a strong
relation with plasmon-assisted catalysis, which could open a new and exciting pathway for
novel research.
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I do not pretend to start with precise questions.
I do not think you can start with anything
precise. You have to achieve such precision as
you can, as you go along.

-Bertrand Russell

Introduction

This chapter begins with the definition of key surface science concepts that are relevant to this
work. Then an explanation of the physics of electron emission is provided, with an emphasis on
thermionic emission, followed by a summary of the main properties of diamond. After that, the
field of plasmonics is briefly introduced. Subsequently, the last section of this chapter identifies
the aims and motivations for thisthesis.

1.1 Surface concepts

1.1.1 Work function

The work function (WF) of a surface is a property that accounts for the minimum energy that is
necessary to remove an electron from that surface and place it at an infinitely large distance from
the surface’. Another way of visualising the concept of WF is examining the potential
experienced by an electron at a surface-vacuum interface. The electrons in the near surface of a
bulk material experience a periodic potential caused by the positively charged atomic nuclei, but
as they approach the surface they encounter a surface potential barrier that is responsible for
keeping electrons from escaping the solid. This surface potential barrier isthe WF (see Fig.1).

The expression for the WF, derived by Lang & Kohn?,is:

¢=A4p-—p (LD



where ¢ is the WF, A¢ is the change in electrostatic potential across the surface dipole layer
created by the spillage of electrons at the surface, | is the electrochemical potential and ji is the
chemical potential. Additionally:

A=p—p(-o) (1.2)

where ¢(-o<) the potential of an electron deep in the bulk or the mean interior potential (see

Fig.1).

The concept of WF is key for the present work and is examined more thoroughly in Chapter 5.

Figure 1: Plot of the electron potential on the interface between a metal and vacuum. The left side of the plot represents
the potential of an electron in the bulk material g(-==) while the right side represents the potential of an electron in
vacuum g(+o0). u is the electrochemical potential, f is the chemical potential and g is the WF.

1.1.2 Electron affinity

Traditionally, electron affinity (EA) is known in the field of chemistry as the amount of energy
released or spent when an electron is added to a neutral atom or molecule in a gaseous state to

form anegative ion”.

X+e >X +Ep (13)



However, in both surface and solid state physics, EA is the energy necessary to move an electron
from the edge of the conduction band at the surface of a solid to the vacuum, and is represented
asy (see Fig.2)"

I Evac

Figure 2: Schematic band diagram of a semiconductor surface. g is the WF, y is the EA, eVs is the band bending, E; the
Fermi level, Ec the conduction band minimum and E,, the valence band minimum.

This concept isrelated to the WF by the following expression:
¢p=x+eV;+(E.—Ep) (14)

where ¢ is the WF, €V is the band bending and (Ec - Ef) denotes the difference between the
Fermi level and the conduction band minimum. Similarly to the WF, the EA is also greatly
affected by surface states.

In semiconductors, the EA value can be made negative via surface modification. This has the
effect that the vacuum potential energy level lies below the conduction band minimum at the
surface, so there is a much reduced barrier for the emission of the electrons into the vacuum of

thermalised e ectrons from the conduction band minimum®.



1.2 Electron emission

The emission of electrons from the surface of a material can be triggered by a number of physical
mechanisms. These mechanisms all have in common the fact that they need to supply energy to
the electrons residing inside the material to surmount a surface potential barrier. The electrons on
the near surface of any solid experience a periodic potentia generated by the atomic nuclei, but as
they approach the surface they encounter a potential barrier. This barrier is responsible for
keeping the electrons from escaping the solid (see Fig.1). Therefore, if an electron isto leave the
solid and be emitted, it must overcome this surface potentia previously defined above as WF.

There are four main mechanisms to overcome this surface potential: photoelectric effect,

secondary electron emission, field emission and thermionic emission.

EFa.r_ri_i_ . |

s

X

Figure 3: Surface potential energy near a metal-vacuum interface. The dashed curved line represents the surface
potential barrier of the surface (eVy(x)), while the solid curved line represents the same but with an electric field of
strength E applied. ¢ is the WF, ¢ represents the WF lowering due to the applied electric field, E,,. is the energy of the
vacuum level and Eg,,,; is the Fermi level. The horizontal axis represents the distance from the surface whose zero is on
the intersection with the vertical axis.

In the case of field emission®, a strong electric field is applied to the surface of the solid, which
lowers the surface potential barrier to such an extent that electrons can surmount the barrier via

quantum tunnelling and be emitted without the supply of additional energy. Conversely, in the



other three cases (photoelectric effect’, secondary electron emission® and thermionic emission),
electrons are supplied with additional energy so that they can overcome the existing surface
potential barrier (see Fig.3). In the case of photoelectric effect this energy is provided by incident
photons while in secondary electron emission the energy is provided by incident primary

electrons or ions’.

1.2.1 Thermionic emission

Thermionic emission (TE) is the phenomenon by which electrons are thermally induced to be
emitted from the surface of a material. If the temperature of a certain material increases, so does
the energy of its electrons and if this energy is higher than the surface potential barrier or WF,

electrons will be emitted.

The research of TE phenomena started in the 19" century, when Becquerel, and later on
Guthrie™, reported that in the vicinity of incandescent objects there was evidence of electrical
charge being generated. Their reports were followed by others developed by Geitel & Elster in
the 1880s where the charge collected by a metallic plate in the vicinity of an incandescent object
was examined under various conditions™. At the same time, TE was observed by Edison which
led the TE phenomenon to be labelled by Preece™ as the Edison effect.

Later, with the discovery of the electron by Thomson™ it was possible for Richardson to
elaborate a more detailed theory of TE that led to the development of the following equation,
known as the Richardson-Dushman equation™* (RDE):

J(T,¢) = AT?e" T (L5)

where Jisthe TE current per square meter in Amperes, A is the Richardson constant, ¢ is the WF

of the emitting surface, T is the temperature of the surface and k is the Boltzmann constant.

The equation above describes pure TE. There are, however, aso hybrid TE processes. One of
these is photon-enhanced TE™, which uses thermal energy to thermionically emit photo excited
electrons. Conversely, we have field-enhanced TE!, which uses an electric field to lower the

surface potential barrier causing an increasein TE current.

1.2.2 Applications of thermionic emission: thermionic energy converters

The first application of TE was devised by Edison, who patented a voltage regulating device'®. A
few years later Fleming patented the vacuum tube or diode which was used to rectify an

alternating current’. This component quickly became an essential part of most of the electronic



devices in the first part of the 20™ century, finding applications in radio, television, anaogue

computers and radars.

Emitter Collector

Heat In Heat Out

Figure 4: TEC diagram consisting of two parallel plates electrically connected through an electrical load. Heat is
transferred into the emitter to increase its temperature and cause TE.

Thermionic energy converters (TEC) are another important application of TE. TEC directly
convert heat into electricity by making use of the TE to move electronic charge from a hot
electrode to a cooled electrode where kinetic energy is dissipated and potential energy carried by
the charge is passed through an electrical load to generate power (see Fig.4).

The ssimplest configuration of a TEC is two parallel plates separated by a small distance that are
electrically connected to a load. One of the plates is then heated to the point where it starts
emitting electrons via TE while the other plate is kept cool and harvests the electrons emitted by
the opposite plate. The former plate is called the ‘emitter’ and the latter * collector’.

The surface of the emitter should have a WF as low as possible to maximise emission current. For
that purpose, traditionally TEC are constructed in an enclosed chamber filled with alow pressure
of caesium gas. Caesium has the property of lowering the WF of metals when it is bonded to its

surface'®. However, its bond to the surface is weak and it evaporates easily at high temperatures.



Therefore, the presence of caesium gas generates a dynamic equilibrium between evaporation and

adsorption that ensures that the caesium coverage of the emitter is maximised.

The TEC has no moving parts and it is fairly ssmple to fabricate, which increases the reliability of
the device. Thisled in the 1980s to the development of TEC for aerospace applications generally
using radioactive sources as a heat source'®®. Additionally, some researchers have also tried to
develop TEC for domestic use” using gas cogeneration techniques achieving efficiencies of
13%%*, However, TEC technology never made it to the consumer market and has been relegated
to niche applications.

1.2.3 Thermionic emission from H terminated diamond

Diamond can work as a thermionic emitter but TE from diamond was found to be dependent on
its surface termination. More specifically, hydrogen termination was explored. The hydrogen
termination lowers the WF of the surface and causes it to have a negative electron affinity (NEA)
that enables TE**?® as mentioned earlier in this chapter. NEA occurs when the WF of a surface
has such a value that the vacuum energy level lies below the conduction band minimum so that it

is easy for electrons in the conduction band to escape to vacuum?.

Field-assisted TE has been reported for nitrogen doped diamond films with a hydrogen
termination®. In several of these studies the fitting of the RDE to the TE data produced val ues for
the WF of diamond of ~ 1.5eV %, 1.9 eV ® and 1.44 eV *.

Boron-doped diamond without hydrogen termination was tested for TE® at temperatures above
1000 °C and the results showed that there is indeed TE. But the emission is of just a few
nanoamps, which is well below the reported values for other dopants, and the work function
provided by the RDE fitting was 4.43 eV.

Phosphorus-doped hydrogen terminated diamond has been found to exhibit thermionic emission
with a WF of 1.18 eV *. A similar result is found for sulphur doped hydrogen terminated
diamond®, in this case with aWF of 2.5 eV.

Therolein TE of the interface between the diamond and the substrate used to support it was also
studied by Koeck et al®. It was revealed that the substrate material has a substantial influence on
the maximum current. Thisis, of course, under the assumption that the charge is supplied to the

surface through the substrate-diamond interface.

Summarising, nitrogen-doped diamond with hydrogen termination seems to have the best TE

generating higher currents than other alternatives. However, the desorption of hydrogen at high



temperatures hampers the viability of the use of diamond as a thermionic device. This is because
the desorption of hydrogen leads to the loss of NEA and the decay of TE current in a short period
of time*. This matter will be discussed in depth in Chapter 4.

1.3 Diamond
1.3.1 General properties

Carbon occurs in nature either combined with other elements, making some compounds that are
essentia to life, or existing in a purer form like graphite or diamond. In its ground state, carbon
has six electrons (C: 1s?25?2p?), of which two are core electrons and four are valence electrons
distributed among s and p orbitals. When carbon bonds to carbon, these valence electrons form
either 3-fold or four-fold coordinated structures. On the graphite case, carbon atoms have an sp?
hybridisation where the atoms are covalently bonded to the three nearest neighbours laying on the
same plane forming a honeycomb network, while the remaining electron forms a p orbital
perpendicular to this plane. This fourth electron is weakly bonded and makes graphite electrically

conductive.

Figure 5: Diamond atomic structure.



Conversely, when carbon has an sp® hybridisation, the four electrons are bonded to the four
nearest carbon atoms forming a ¢ covalent bonded structure which is known as diamond (see
Fig.5). This structure is a face centred cubic lattice (FCC) with a unit cell length of ap = 3.57 A at
room temperature® containing eight atoms and a bond length of 1.54 A. This gives diamond a

mass density of 3516 kg/m® and an atomic number density of 1.76 x 10%° cm®,

This high density is responsible for the outstanding properties of diamond. Diamond is one of the
hardest known materials with a value of 10 on the Mohs hardness scale. The densely packed
structure of diamond creates an ideal medium for the propagation of phonons and that is the
reason for diamond’ s extremely high thermal conductivity, that can be as high as 2000 W/mK  at

room temperature®.

1.3.2 Diamond doping

Diamond is a wide-bandgap semiconductor with a bandgap of 5.47 eV *. Similarly to other
semiconductors, the electrical properties of diamond can be modified via doping of the lattice

with impurities.

It is possible to create p-type diamond by doping it with boron, which replaces one of the carbon
atoms on the lattice. Boron is a substitutional dopant that has three valence electrons and
therefore it acts as an acceptor. The activation energy for the boron impurity is 0.37 eV above the
valence band of the diamond which makes it a shallow acceptor®’. Moreover, boron incorporates
very well into the diamond lattice during the growth of diamond with chemical vapour deposition
methods. This allows for high atomic concentrations (10'°- 10** at/cm®) allowing boron doped

diamond to have metallic conductivities of the order of 5-100 mQ *.

Regarding the n-type doping of diamond, there are several elements that can incorporate into
diamond and act as a donor impurity. But so far the most successful candidate has been nitrogen,
which incorporates substitutionally on diamond with ease. However, nitrogen is a deep donor that
lies 1.7 eV below the conduction band. This means that at room temperature there are no
impurities ionised and the nitrogen-doped diamond is an insulator. It is then necessary to increase
the temperature of the doped diamond up to around 300 °C to start ionising nitrogen impurities
and increase electrical conductivity. This means that the use of nitrogen doped diamond in

electronic devices, like p-n junctions, is not feasible.

Apart from nitrogen, there are other elements that could be used to obtain n-type diamond such as
phosphorus or sulphur. But their activation energies, 0.6 eV for phosphorus® and 0.5-0.75 eV for

sulphur® are still too high for the material to be usable at room temperature. Therefore, more
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research is still needed on this topic, both experimentally and theoretically, to produce a reliable
n-type diamond.

1.3.3 Diamond surface

The electronic properties of a surface are largely determined by its atomic structure. Normally,
un-terminated surfaces have a high energy because of the presence of dangling bonds. In order to
stabilise the surface, it reconstructs by forming new bonds or it is passivated with adsorbates. In
the case of diamond and its <100> surface, the key interest for this thesis, each carbon atom has
two dangling bonds. This leadsto a (2x1) reconstruction* that was experimentally confirmed a
couple decades later by Bobrov et al*>. Moreover, if the diamond surface is terminated by
hydrogen, the surface reconstructs with a C(100)-(2x1):H structure® as shown in Fig.6.

The hydrogen termination of the diamond surface confers on it some interesting properties,
including that the EA of the surface becomes negative by shifting the vacuum level below the
conduction band minimum of the diamond. Therefore, it is a property with important implications

for applications like electron emission* or renewable energy?.

Figure 6: Surface atomic structure of hydrogen terminated diamond on the <100> orientation: C(100)-(2x1):H. Grey
spheres are carbon atoms and white spheres are hydrogen atoms.

The reduction of the EA to achieve an NEA is strongly linked to the reduction of the WF (see
sect.1.1.2) and it is caused by the formation of a surface dipole'®. When hydrogen bonds to the
carbon atoms on the surface, it loses its electron to the carbon. This causes the hydrogen to be

positively charged while the carbon is negatively charged. Thus, they form a dipole pointing
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inwards into the surface. This dipole lowers the surface potential barrier of diamond and

consequently reduces its WF and EA™.

Ancther property of hydrogen terminated diamond is the fact that the surface becomes insulating
while under vacuum conditions. Conversely, if the surface is exposed to air, p-type conductivity
is detected. This change in the surface behaviour was shown to be caused by the presence of

adsorbates and gave rise to the development of the 'transfer doping model**®.

1.4 Plasmonics: interaction between light and nanoparticles

Theillumination of a metallic nanoparticle with light causes the conduction e ectrons of the metal
to interact with the incident electromagnetic radiation. For the case of extended metal surfaces,
this interaction drives a propagating collective oscillation of electrons known as surface plasmon
polariton™. In the case of metallic nanoparticles, these eectron oscillations are confined within
the extent of the nanoparticle, being unable to propagate outside the boundaries of the particle
and in turn are termed localised surface plasmons (LSP)*®“. These LSP, aso referred to as
"plasmonic antenna effect” by some authors™, are interwoven with other effects that are present
when exciting nanoparticles with light, including electric field enhancement and hot carrier

generation are the two most important of these effects.

The confinement of the electron oscillation in such a limited volume creates a resonance that
leads to the appearance of highly localised intense electric fields called ‘nodes or *hot spots >

These nodes have been mapped via electron energy 10ss spectroscopy (EELS)%*°3

, Scanning near-
field optical microscopy (SNOM)>* and other techniques™ for a range of different morphologies
and materials. Moreover, this loca-field enhancement effect has been applied to the devel opment
of surface enhanced Raman spectroscopy™. This was possible thanks to the fact that intense fields

greatly amplify the Raman signal to the point that single molecules can be detected®”®,

The excitation of LSP on nanoparticles significantly increases the interaction of the latter with
incoming photons which might excite electrons out of their primitive energy level. The newly
created electron-hole pairs are referred to as ‘hot carriers >, These have high energies, above the
Fermi level, and decay through electron-electron and el ectron-phonon interactions on a timescale
of a few nanoseconds®®®*. Photocatalysis®®®®, localised heating®™®’ or photovoltaic devices®®
are afew examples of applications of the hot carriers. However, recently a new effect associated
with LSP apart from the two mentioned above has been reported. This effect is termed

plasmoel ectric potential and is discussed in detail in Chapter 5.
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1.5 Motivation and outline of this thesis

The overarching objective of this thesis is to study the modification of the WF for energy
applications. But the thesis revolves around TE from diamond, which, as other TE materias, has
a strong dependence on the property of WF. In this thesis we examine two methods of modifying
the WF of amaterial. Oneis the traditional method of chemisorbed adsorbates while the other isa
recently reported phenomenon called plasmo-electric potential (PEP). An outline of the content of
thisthesisis detailed below.

Chapter 2 introduces the theory behind the experimental methods and analysis techniques used
in thisthesis.

Chapter 3 is the first experimental chapter and reports on the development of a plasmonic
heating system used to test some of the diamond samples used in Chapter 4.

Chapter 4 describes an aternative model for TE that accounts for the effect of hydrogen
desorption on the TE current and alows the extraction of parameters like WF and hydrogen

energy of desorption from TE data.

Chapter 5 examines the possibility of using PEP to lower the WF of a surface for TE
applications. This chapter is exploratory and studies the nature of the PEP in depth to gauge the
possibilities of its applications.

Chapter 6 summarises the results of the previous chapters and proposes several possibilities for

future work.
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Acronyms

WEF: Work Function

EA: Electron Affinity

TE: Thermionic Emission

RDE: Richardson-Dushman Equation

TEC: Thermionic Energy Converters

NEA: Negative Electron Affinity

FCC : Face Centred Cubic

LSP: Localised Surface Plasmons

EELS: Electron Energy L oss Spectroscopy
SNOM: Scanning Near-Field Optical Microscopy

PEP: Plasmo-Electric Potentia
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A tidy laboratory means a lazy chemist.

-Jons Jacob Berzelius

Experimental Methods

This chapter begins with a detailed description of the instrument used to perform heating and
thermionic emission measurements that was designed and built during this PhD. In the following
sections, there is an explanation of the main characterisation techniques used in this work with an
emphasis on scanning probe microscopy techniques. Lastly, there is a general explanation of the
microwave plasma reactors used to modify the diamond surface and a section on sample
preparation.

2.1 Thermionic Energy Converter simulator

The thermionic energy converter simulator (TECsim) isatest rig used for controlled laser heating
of different materials in a vacuum environment while measuring their temperature and thermionic
emission (TE) in real time. The TECsim is also equipped with a residual gas analyser (RGA) so
that it is possible to monitor in real time the concentration of different gases inside the testing

environment.

The main advantages of the TECsim are the fast heating rate due to its laser heating system, low
thermal inertia, very accurate temperature control (temperature is maintained within a + 0.1 K
interval from the temperature setpoint), programmable temperature ramps and very low electrica
noise due to a double thermo-electrical decoupling. The distance between the sample and the
collector of electrons can also be remotely controlled before and during the experiment with a

motorised mechanism.
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The heating and thermionic tests described in this thesis were all carried out using the TECsim.
This system was designed to provide atesting platform for both the plasmonic heating structures
described in Chapter 3 and the different thermionic materials described in Chapter 4. Owing to its
specific characteristics the system can aso be used to perform temperature programmed

desorption® experiments.

This system operates in high vacuum (HV) conditions. This is necessary as in thermionic
emission the mean free path of electrons needs to be long enough to alow them to travel from the
sample cathode emitter to the collector electrode, which are separated by a gap 200 pm

Otherwise, collisions with gas particles would reduce the mean free path making measurements

impossible.

Figure 1: TECsim vacuum chamber and CO, laser source.

2.1.1 Chamber and vacuum system

The sample stage and collector assembly of the TECsim is enclosed in a stainless steel vacuum
chamber. The chamber has a 6-way cross shape and an approximate volume of 7 - 8 L. The
chamber is pumped by a turbomolecular pump (Edwards, Edwards EXT 75DX CF63) in series
with a scroll pump (Leybold, Scrollvac SC 30D) which was also used to establish rough vacuum.
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The pressure is measured with a Penning gauge for pressures above 1x102 mTorr and with a

Pirani gauge for pressures below that. The base pressure for the system is P~1x10" mTorr.

In order to vent the chamber, air was admitted through a needle valve. Severa borosilicate
viewports are installed on the chamber in order to have optical access to the sample for
temperature measurement purposes using optical pyrometry. Ceramic insulated feedthroughs are
used to feed all the electric signalsin and out of the chamber.

2.1.2 Sample stage and collector assemblies

The TECsim, depicted in Fig.8, has been designed to support a standard sample size of a 10 x 10
mm sguare. But other sizes are also possible with a simple modification of the set-up. The sample
sits on top of a quartz plate to minimise thermal heat conduction losses and to achieve electrical
insulation from the chamber. The sample is fixed in place with molybdenum (Mo) clamps
attached to the quartz plate. The area of the quartz plate under the sample has been machined so

that it ishollow to provide adirect optical path for the laser for heating purposes.

The quartz plate is attached onto a detachable stainless steel ring that can be easily removed from
the system to facilitate sample exchange. This ring sits on a second machined quartz plate to
again avoid thermal loss and achieve electrical insulation from the surroundings. These two
guartz plates form a double thermo-electrical decoupling layer that is key to achieve a system
with low electrical noise. Experience with similar systems showed that spurious leakage currents
are amajor problem on TE measurements, and so the TECsim was designed to avoid these with
the double decoupling layer. Quartz was chosen as the material for the decoupler due to its
excellent electrical and thermal (=~ 1.5 W m™ K™) insulating properties’. However, the softening
point of quartz is around 1050 °C, where it begins to lose mechanical stability. This limits the
maximum temperature at which the TECSim can operate.

The second quartz plate sits on a square stainless steel frame connected in the corners to four
stainless steel rods that make the sampl e stage to be suspended from the top flange of the vacuum
chamber. This flange is removed and place on a specia holder so that easy access to the whole
sample stage attached to it is possible while in air. Electrical contact is made to the sample
through the Mo clamps that are connected to an electrical connector made of copper wire via a
tungsten (W) wire to avoid melting due to the high working temperatures of the device. A
thermocouple is fixed to the first quartz plate so that the thermocouple junction is firmly pressed

against the sample to ensure correct temperature measurement.
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Figure 2: TECsim sample stage and collector assembly. (Left): CAD model. (Right): Final parts assembled.

On top of the sample stage sits the collector assembly. The collector electrode harvests the
electrons emitted by the sample during TE experiments. The collector assembly consists of a
stainless steel electrode connected to a copper connector via a W wire in a similar fashion to the
sample clamps described previously. The collector is cylindrical and is easily interchangeable. A
series of collectors with different diameters were manufactured for this project in order to be able

to adapt to different sample sizes.

The collector is attached to a thermo-electrical decoupler made out of borosilicate machinable
ceramic known commercially as MACOR, which is designed to be cylindrical. This MACOR
decoupler has the same function as the quartz decoupler but for this case, more specific shapes
were required that could only be obtained by machining. Thus, the use of MACOR allowed for
precise mechanical machining despite being a ceramic insulator. This decoupler is connected to a
vacuum-compatible motorised linear shift (Thorlabs.Inc, Z825BV). So in this case the decoupler
has a double function: it avoids any electrical noise from reaching the collector and protects the
motor from the high temperatures achieved on the collector. Temperatures on the collector can
reach a few hundred degrees in the worst case while the motor's maximum working temperature

isaround = 60 °C.

This motor controls the size of the vacuum gap between the sample emitter cathode and collector
in real time both prior to and during experiments. The motor has a theoretical linear resolution of
40 nm but the actual resolution is limited by the backlash of the reduction gear box inside the
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motor so that the real value of the linear resolution~isl um. This motor is mounted on a
thermo-electrical decoupling MACOR square plate that is attached to the 4 stainless steel rods
suspended from the top chamber flange and positioned above the stainless steel frame of the
sample stage.

Figure 3: TECsim assembly with linear motor, collector assembly and sample stage attached to the top flange of the
chamber. The Au mirror is mounted on a special mirror mount attached to the chamber on a fixed position.

2.1.3 Heating/Laser system

Heating of the emitter cathode samples was achieved by using a continuous wave CO, laser
(Synrad, Firestar V40 series) with wavelength of A= 10.6 um (infrared and invisible to the eye)
and an output power of P= 40 W. The advantages of using alaser heating system are discussed in
Chapter 3. This laser is linearly polarised with a TEM 00 mode. The beam diameter is 2.5 mm
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and the beam divergence is < 7 mrad. This laser is air cooled and remotely controlled with a
control unit supplied by the same manufacturer. The laser beam is guided towards the chamber by
2 gold-coated copper mirrors and feeds into the chamber through a ZnSe window (Thorlabs.Inc,
WG71050-G). Once inside the chamber, the beam is defected upwards by an gold coated copper
mirror so that it can reach the sample mounted on the sample stage.

Figure 4: Laser beam path inside the TECsim.

The gold mirror inside the chamber is mounted on a precision vacuum-compatible mirror mount
(Thorlabs.Inc, Polaris K1 kinematic mount) that is attached onto a 25 mm diameter beam pole.
This beam pole is mounted on a custom-made mechanism that allows for easy mirror alignment
as well as a solid and mechanically stable mounting point. It was necessary to build such a
mechanism because of the reduced dimensions of the chamber and the absence of any mounting
points for the mirror on the inner surfaces of the chamber.

The laser could heat any material as long as it possessed a fair absorbance at the wavelength of
the laser. However the main samples used for heating were free-standing polycrystalline boron-
doped diamond (BDD TM100, Element 6) and molybdenum (Mo) plates. Boron-doped diamond
(BDD) has a high absorbance due to its high doping level and high number of grain boundaries
and lattice dislocations. Conversely, Mo plates are quite reflective at the wavelength of the laser.
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So in order to reach high temperature, a laser surface modification process had to be applied to

their back surface before use. Thisis discussed in depth in Chapter 3.

2.1.4 Electrical configuration

The TECsim operates on a pseudo open-circuit configuration where the different elements are
connected in series. The circuit starts from the collector and ends at the sample. Although thereis
no physical connection between sample and collector across the gap, when thermionic emission
occurs, electrons travel from the sample to the collector through the vacuum closing the electrical
circuit. This causes the gap to behave like a voltage controlled current source, regulated by the
voltage bias applied by a power supply.

The collector is electrically connected to a regulated variable linear DC power supply (Mastech,
HY 3003D) so that the collector can be positively biased to attract the electrons emitted from the
sample. The power supply is connected in series to an ammeter (Keithley 2750, Tektronix) that
then returns the connection to the sample. The error of the reading on the range of the

measurements for thisthesisis calculated asfollows: € = + (6 x 10™ x reading + 6 x 10™)

Ammeter

T" /Ellector
= P
Bias — e e e e

B \Enitter

Figure 5: TECsim electric circuit diagram.

2.1.5 Temperature measurement

For the experiments carried out in the TECSm, temperature is one of the most important
experimental parameters. In TE experiments, the emission current is a quadratic function of the
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temperature, making the current extremely sensitive to temperature. For heating experiments the
importance of measuring the correct temperature is obvious. Therefore great care had to be taken
to achieve accurate temperature readings.

The temperature of the samples on the TECsim is measured simultaneously with a thermocouple
(TC) and a pyrometer. The TC is a standard type-K thermocouple with a measurement range
from -200 °C to 1350 °C. It is clamped on the quartz plate that supports the sample in such a way
that the TC junction is pressing firmly against the sample to ensure a good contact throughout the

experiment.

The temperature is also monitored with a two colour pyrometer (Spotmeter R160, Land
Instruments International. Ltd). This pyrometer has two detectors each sensitive to a different
wavelength: detector 1: A;= 1.0 um and detector 2: A,= 1.5 um. This allows the pyrometer to
work in ratio mode, so that the measurements are independent of the different emissivities of the
material for the different wavelengths of emitted radiation and therefore improving the accuracy
of the measurements. The temperature range of the pyrometer combining the two detectorsis 250
°C - 1600 °C, while the ratio mode range is 550 °C - 1600 °C. The resolution of the pyrometer is
R = 0.1 K and the uncertainty U = 2.5 x 10° x T or 2 K, whichever is higher.

This pyrometer has an adjustable focal length ranging from 300 mm to 0. The spot size of the
pyrometer, the circular area over which the thermal radiation is collected to perform the
measurements, is dependent upon the focal distance reaching a minimum for a circle 2 mm in
diameter and a focal length of 300 mm. Due to design constraints the pyrometer measures the
samples from the side, and as the samples are typically only 0.5 mm high, they represent a
difficult target for optical pyrometers. For the correct operation of the pyrometer, the target object
has to fill as much as possible of the spot size to provide accurate readings. In our case the target
areais smaller than the spot size, but as the pyrometer is a 2-colour type, it counteracts the effects

of apartially filled area.

2.1.6 Residual Gas Analyser

The TECsm has a residual gas anayser (RGA) (Dycor LC-D series RGA, Ametek.Inc)
incorporated onto the chamber. This RGA carries out gas mass spectrometry on the residual gases
inside the vacuum chamber, and it can detect variations of the partial pressure of gasses in red
time. Thisis used to detect molecules desorbing from the sample surface. The RGA used for this
study can detect atomic/molecular masses ranging from 1 amu to 100 amu. The working pressure

rangeis 1 x 10" mbar to 1 x 10 mbar. The RGA uses e ectrons emitted from a hot filament to
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ionise the gas molecules present in the chamber, which are then directed towards a quadrupole
mass analyser that filters the ions according to their mass to charge ratio (m/z) so that they are

registered by a detector.

2.1.7 Control and automation system

The TECsim is a semi-automated system which can be programmed to automatically perform a
series of heating-cooling routines while recording a series of variables, like temperature or
current, for later analysis. The automation of the TECsim has been implemented using LabView
(Labview, National Instruments), a visual programming language. A specific program, or virtual
instrument (V1) for the case of LabView, has been created to control the TECsm. This VI
interfaces with most of the devices that are connected to the TECsim allowing data acquisition
and instrument control. The data acquisition or inputs for the VI are: thermocouple, pyrometer,

ammeter, and pressure gauge; while the instrument control or output isthe CO, laser.

Thermocouple —— 0

Pyrometer ————— > System
Controller ———— Laser Power
Ammeter —— | (LabView)

Pressure gauge ——

y
PID
Temperature Laser Power . Sample
Set point —(O—=| Controller TECsim Temperature
(subsystem)

Figure 6: (Top): Inputs and outputs of the TECsim system controller. (Bottom): PID regulator diagram.

The VI has implemented a proportional integral derivative (PID) closed-loop controller that
adjusts the laser power to maintain the temperature of the sample at the desired value indicated by
a setpoint. The controller can maintain the sample temperature within 0.1 K of the setpoint value.
This PID controller is aso used to created heating-cooling routines for the sample, allowing
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multiple ramp-up, hold and ramp-down events to be performed according to a pre-programmed

sequence.

2.2 Work function measurements techniques

When measuring the work function (WF), there are two clearly different sets of techniques:
absolute methods and relative methods. As the name indicates, the absolute methods provide an
absolute value of the WF, whereas the relative methods provide a value relative to a reference
electrode. So to obtain the absolute value, it is necessary to calibrate the reference electrode
against a sample of known WF. The absolute methods rely on electron emission from the sample
under examination. This electron emission can be stimulated thermally (thermionic emission),
with high electric fields (field emission) or with light irradiation (photoelectron emission). The
relative methods rely on the contact potential difference between a sample and a reference
electrode that are ohmically connected. Among these types of methods is the vibrating capacitor
method, also known as the Kelvin probe method. The following is an explanation of some of the

methods relevant to this study.

2.2.1 Thermionic emission

When a homogeneous monocrystalline metal surface is heated to a high enough temperature,
electrons may leave its surface if their thermal energy has increased enough to overcome the
potential energy surface barrier of the solid. This phenomenon is called thermionic emission

(TE). The current density per unit areais given by the Richardson-Dushman equation®:

_%_
] =AT?%e kT (2.1)

h3 cm?K (2.2)

where A is the Richardson constant, T is the temperature in Kelvin, ¢ isthe WF of the surface, kg
is the Boltzmann constant, e is the electron charge, m is the electron mass and h is the Planck
constant. A typical TE experiment (see Fig.5) consists of two parallel plates separated by a small
vacuum gap of less than 1 mm. One electrode is the heated sample or ‘emitter’ and the other is
the cooler ‘collector’. The emitter is heated to a certain elevated temperature so that it emits
electrons that are harvested by the collector. Subsequently, the current can be plotted against
temperature. Then, by fitting the Richardson-Dushman equation to the current plot, the absolute
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value of ¢ can be found. This method has been employed during this PhD and carried out on the
TECsim apparatus described previoudly.

Once the TE starts, the gap between emitter and collector is filled with a cloud of electrons that
prevent the electrons emitted from the surface reaching the collector due to Coulomb repulsion.
This is known as the 'space-charge effect’. To mitigate this space charge, a small accelerating
electric field needs to be applied between the emitter and the collector. However, this voltage
lowers the potential barrier of the surface by the so called Schottky effect* so a correction must be
applied to find the real WF value from the TE experiment (see Fig.7).

EFt-::.r_r_rJ.i__...____

Figure 7: Schottky effect diagram. Variation of the surface potential energy on a metal surface. V,(x) is the image
potential, V(x) is the corrected potential if an electric field E is applied, x, is the position of the potential maximum, eV..

is the position of the vacuum level, g, is the vacuum permitivity, E; is the Fermi level and 6¢) is the WF decrease due to
the applied external field.

If we assume that the surface potential has an inverse hyperbolic shape:

e
lémeyx

Vo(x) = (2.3)

where Vy(X) is the image potential, V(x) is the corrected potential in an electric field E is applied,
Xo IS the position of the potentiadl maximum, €V, is the position of the vacuum level, g, is the
vacuum permitivity, Eg is the Fermi level and 8¢ is the WF decrease due to the applied electric
field.
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If an electric field E is applied, thisleads to alowering of the potential barrier by:

[

An alternative method of finding the value of the WF, apart from fitting the Richardson-Dushman

op=e

(2.4)

equation to the data, is to measure the saturation current J for different temperatures T and
electric fields E. Then it is possible to plot Inj vs E§ , which is called a Schottky plot, to
extrapolate the value of J for E=0 for a number of different temperatures. Then, these values of
J(E=0)=Jp are used to build a Richardson plot or ln;—‘; Us % The dlope of this plot leads to a
value called the Richardson WF or ¢*.

d(in %)] o

a(r)

OMES —kBl

By combining Eq.3 and Eq.5 we obtain:

p=¢ +T (%) (2.6)

which relates the true WF, ¢ with the Richardson WF, ¢ *. However, the term dg/dT is not
constant with temperature so the assumption that for T—0, ¢*= ¢ is not necessarily true.

2.2.2 Ultraviolet Photoelectron Spectroscopy

Ultraviolet photoel ectron spectroscopy (UPS) makes use of the photoelectric effect. If an electron
on the surface of a material absorbs an incoming photon and acquires enough energy to overcome
the surface potential barrier (WF), the electron can be gected from the material. This

phenomenon was explained by Einstein in 1905, who introduced the following formula:
Ex=hv—¢ (2.7)

where, Ei is the kinetic energy of the emitted electrons. h the Planck constant, v the frequency of
the incoming photon and ¢ the WF of the surface. UPS can be used to determine the absolute WF
of a surface by illuminating it with a helium | source lamp with an energy of 21.22 eV and
analysing the electron emission intensity | vs Ex. This gives an averaged absolute value for the

WEF of the surface.
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2.2.3 Kelvin probe & the vibrating capacitor method

This technique is based on the vibrating capacitor method developed by Kelvin® and Zisman'.
This method produces a relative value between the WF of two surfaces. the sample and the

reference electrode. This valueisthe contact potential difference or CPD.

CPD = ¢ ref — ¢sample (2.8)

This CPD creates an electric field between the two electrodes. The implementation of this
technique is as follows. Two parallel plates are brought to within a close distance, one being the
reference electrode and the other the sample to be analysed. These two plates are connected with
an ammeter and a DC voltage source. The plates can be vibrated relative to each other causing a
periodic change in the gap that separates them (see Fig.8). The two plates form a capacitor with a
capacitance C given by:

Aplate

C = gg (2.9)

where ¢, is the relative permittivity, & is the vacuum permittivity Ayxe IS the area of the plates and

d is the gap distance between the plates.

Reference Sample

electrode )

-
d=d(t)

Figure 8: Vibrating capacitor method diagram.
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If one of the plates vibrates with respect to the other, the gap between the plates changes and so
does the capacitance. This in turn, creates a current through the circuit connecting the plates,
given by:

i=V

plates E (2-10)

where Vpaes is the potential difference between the two plates given by the sum of CPD and

compensation voltage from the voltage source (Veomp):

V

plates — CPD + Vcomp (2.11)

Therefore, in order to obtain the CPD, Vcomp has to be adjusted so that Vxes and consequently the

current flow drop to zero. This means that:

CPD = ~Veomp  (2.12)

2.3 Atomic force microscopy

Following the ground-breaking invention of the scanning tunnelling microscope by Binnig
Rohrer® in 1982, atomic force microscopy (AFM) was developed a few years later in 1986 by
Binnig, Quate & Berger®. In AFM, a cantilever terminated by a sharp tip is brought to contact
with the surface and rastered across it while mapping its topography, achieving a lateral and
height resolution of less than a nanometre. There is a number of subtypes of AFM but this study
is concerned with non-contact AFM (nc-AFM) and its variant Kelvin probe force microscopy
(KPFM).

2.3.1 Non-contact AFM

Asits name indicates, in nc-AFM the tip does not touch the sample, which avoids the wearing of
the tip and makes it convenient for hard and soft samples. However, it needs a high quality factor
Q, which usually can only be obtained under vacuum conditions. There are two modes of
operation: amplitude modulation and frequency modulation, but we are only focused on the
frequency modulation mode that was first introduced by Albrecht et al*® in 1991.

In frequency modulation mode, a cantilever is vibrated at its near resonant frequency with an
amplitude of a few nanometres. Then, when the tip gets closer to a surface, the vibration

frequency of the cantilever changes producing a frequency shift (Af) with respect to the natural
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frequency due to van der Waals forces arising from the interaction between tip and surface. This
occurs in such away that the closer the tip of the cantilever is to the surface the larger the change
in resonant frequency. Moreover, as the tip operates at very close distances from the surface, the

interaction forces are repulsive, which causes a negative frequency shift (0 > Af).

Therefore, by using a phase-locked loop that tracks the cantilever's resonance frequency it is
possible to control and maintain the tip-surface distance and scan it across the surface using either
a constant height or a feedback mode. We can describe the oscillation of the tip by its equation of

motion:;

mw,

mZ + Z+ kz = Fs + Fycos(wgt) (2.13)

where k is the cantilever spring constant, Q the quality factor, Fs the tip-surface interaction, Fothe
amplitude of the driving force, m the mass of the cantilever,and wq the angular frequency of the

driving force. The natural frequency of the cantilever in free space without tip-sample interaction

(F=0) is
k
(l)o = 27Tf0 == mr (2.14‘)

where m* is the specific mass of the cantilever that takes account of its geometry. However, when

the tip is close to a surface, it interacts with a number of short-range and long-range forces like
van der Waals forces, electrostatic forces or chemical binding forces, among others. Thesein turn

change the resonant frequency of the cantilever.

Solving Eq@.2.13 for small amplitude oscillation and small force gradients we obtain an
approximation for the frequency shift, which shows that attractive forces alter the frequency shift

towards lower frequencies and vice versa:

_fo0Fs
2k 0z

Af, = (2.15)

2.3.2 Kelvin probe force microscopy

KPFM is an implementation at small scale of the Kelvin probe method or vibrating capacitor
method (see sect.2.2.3) using nc-AFM developed initialy by Nonnenmacher et al ™. With KPFM
it is possible to perform simultaneous mapping of the topography of the surface and the local WF.
However, the lateral resolution of the WF mapping is lower than that of the topography due to the

fact that both the area under the tip and its surroundings contribute to the WF value.
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In our implementation of the Kelvin method, the vibrating capacitor is formed by the sample and
the vibrating cantilever. But in this case, instead of using the current between the two capacitor
plates as a control parameter, KPFM uses the electrostatic force. In this way, the extreme
sensitivity of nc-AFM to force gradients can be fully exploited. Two voltages are applied to the
tip simultaneoudy in KPFM: A compensation DC voltage (V4) and an AC excitation voltage
with an amplitude Vo and a frequency ws. This oscillating voltage induces a cantilever
oscillation with the frequency w4.. SO, if we consider the tip-sample system as a capacitor, the
electrostatic force between the platesis™:
F, = —%g—g [Vge — CPD + V. sinwgt]?  (2.16)

where Z—j is the capacitance gradient between tip and sample. The CPD is:

CPD

— % — (¢sample - ¢tip)
e

. (2.17)

where e isthe electron charge.
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Figure 9: Block diagram of the KPFM electronic set up. Dashed lines correspond to frequency-modulation mode and
dashed-dotted line to amplitude-modulation mode. Taken from™.

36



If we divide Eq.2.16 into different components we have:

ac[1 , V2
Fae = =5 |5 Wae = CPDY?* + 7|5 (2.18)

oc
F,,. =-— i (V4e — CPD)V, . sin wy, .t ; (2.19)

aC V2

200 = 5, 4 OS 2wt (2.20)

If nc-AFM is operating in frequency-modulation mode, the applied oscillating voltage results in
an oscillation of the frequency shift of the cantilever Af with afrequency w4 that is detected with
a lock-in amplifier. So according to EQ.2.16 and EQ.2.19 the signal is proportiona to the force
gradient:

oF,  0°*C

Afo(wac) 97 = ﬁ(Vdc — CPD)V,Sin wyt (2.21)

The w4 has to be chosen carefully, asif it is too low there will be cross-talk with the topography
signal, while if it is too high the signal intensity of the electrostatic force decreases, which
hampers the frequency-shift detection. Therefore, by monitoring the frequency shift of the
cantilever and applying a compensation voltage V. it is possible to determine the CPD between
the tip and sample. This can be used to calculate the WF of the sample by calibrating the tip

against amaterial with a known work function.

2.3.3 Laser-assisted KPFM

For this study we have used a laser to excite samples made of nanoparticles deposited on
semiconducting films while scanning them with KPFM. This technique, although it has some
similarities with surface photovoltage microscopy™® and might be confused with it, it is

substantially different from the latter both in its goals and implementation.

Here, we used laser-assisted KPFM (LA-KPFM) in order to study the plasmoelectric potentials™

generated in nanoparticles upon illumination (see Fig.10).
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Figure 10: Laser assisted KPFM diagram.

For our setup, a continuous wave infrared diode laser with circular polarisation and a maximum
output power of 11.8 mW, measured after the fibre, was coupled to a multimode optical fibre
with a core diameter of 50 um to guide the beam towards a "cage" optical system. This "cage"
system is equipped with a beam collimator and an optical lens (f=300 mm) used to focus the
beam onto the surface of the sample through a borosilicate viewport (the sample isinside a UHV
chamber). The beam arrives at the sample with an oblique angle of 28° relative to the surface of
the sample, and the plane of incidence forms a 63° angle from the longitudinal axis of the sample.
Under these conditions, the laser spot on the sample is an ellipsoid with a short axis ok1.4 mm

and a long axis 6f3 mm. The KPFM measurements were performed in the centre of this
ellipsoid. In order to avoid any light contamination, all the viewports of the vacuum chamber
were sedled to stop light entering the chamber. The pressure gauge of the system was aso
switched off due to the fact that it is an incandescent filament that emits radiation at the resonant

frequencies of our sample.

LA-KPFM was performed using platinum-iridium-coated silicon cantilevers (PPP-NCHPY,
Nanosensors) with a frequency of f ~300 kHz, a force constant of F, = 10-130 N/m and a tip

radius R; < 25 nm. The KPFM was operated in frequency modulation mode withaVy, =1 V.

2.3.4 Tip calibration procedure

In order for KPFM to provide absolute values of WF, the WF of the tip of the cantilever hasto be
calibrated against a surface of known WF. For this study, highly oriented pyrolytic graphite

(HOPG) was used as a calibration source. HOPG is a convenient source for calibration as it is
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easy to clean in UHV conditions and not prone to contamination. HOPG was annealed at 500 °C
for 16 h in UHV until the pressure of the chamber was 1 x 10° mbar. Then, it was allowed to
cool down for 1 h while the pressure of the chamber decreased rapidly to 8.4x10™* mbar.

For the tip calibration, a series of 12 KPFM point scans were performed on the cleaned HOPG.
Each scan was 150 x 150 pixels which equates to 22500 pixelslimage. Then each image was
post-processed by fitting a Gaussian function to the CPD histogram to extract the peak value of
the CPD measured with the tip. Once all the images were post-processed, the average of all the
peak values was calculated as CPDyip.Hope = 0.3796 €V with a standard error of SE = 0.00469 eV
(see Fig.11).

As HOPG has a WF of ¢opc ~ 4.6 eV* | the WF of the tip was calculated with the following

formula:

CPD = Byopc — Drip (2.22)
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Figure 11: Example of a Gauss function fitting to the CPD distributions of one of the calibration point scans in HOPG.
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where CPD is the contact potential difference as measured by KPFM, ¢pops IS the HOPG WF
and ¢y isthe WF of the tip. The WF of the tip was estimated to have a value of ¢y, ~ 4.22 eV.

2.3.5 Instrument: Scanning Probe Microscope Omicron VT XA

The LA-KPFM measurements performed in this PhD were carried out using a SPM Omicron VT
XA (Scientia-Omicron, Germany). This instrument isa UHV scanning probe microscope that can
perform a number of different techniques including: nc-AFM, KPFM, contact mode AFM and
conductive AFM and STM.

The instrument is equipped with the following in situ surface fabrication techniques:

-Quad e-beam evaporator (Mantis Depositions, Quad): This hosts 4 independent crucibles to
perform physical vapour deposition with metals or organic substances that can be controlled

individually.

-Single e-beam evaporator (Focus, EFL 3): Used for physical vapour deposition. It has a single
crucible and it is mounted facing the scanning stage so that evaporation can performed while

scanning.

-Oxygen cracker (Mantis Deposition Ltd, MGC-75): This ionises oxygen gas molecules to

produce a stream of atomic oxygen that can be directed towards the sample.

Figure 12: Omicron VT AFM XA Scanning probe microscope.
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-Argon sputterer: Thisionises Ar gas and accelerates the ions directing them against the sample.

It isalso used to clean surfaces.

-Heating arm: This instrument can heat samples up to 1500 °C and it is used to anneal samples
and to remove adventitious contaminants from the surface of samples.

The Omicron microscope can control the temperature of the sample while it is being analysed
within a temperature range from 30 K to 500 K. For sample cooling, a helium flow cryostat is
fitted, while heating is achieved using a closed feedback loop controlled heating resistor. All the
systems described previously are encased in a stainless steel UHV chamber. The chamber
vacuum is maintained with a series of pumps. The chamber has a rotary pump that lowers the
pressure down to 1x10 mbar connected to a turbomolecular pump that takes the pressure to the
1x10° mbar regime. An ion pump lowers the pressure further to 1x10™° mbar. The final base
pressure of 5x10** mbar is achieved by the periodic activation of a titanium sublimation pump

every 12 hours.

In order to isolate the system from mechanical vibrations, the instrument is mounted on top of a
23 tonne concrete sab suspended on pneumatic actuators that acts as a low-pass frequency filter
for mechanical vibrations, so that only vibrations with a frequency lower than 16 Hz can bypass
the dlab and reach the instrument. The instrument is also equipped with an optical system to feed
alaser beam into the chamber and focus it on the sample (see sect.2.1.3) to enable the realisation

of LA-KPFM experiments.

2.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was developed by Siegbahn 2° in the 1950s, and it is a
photoel ectron spectroscopy technique that provides information about the elemental composition
of amaterial and the electronic or oxidation state of those elements as well as other information.
Its original name ‘electron spectroscopy for chemical analysis (ESCA) was more specific in
showing the capabilities of thistechnique. XPSis avery surface sensitive technique, as it samples
only the first 10 nm of material. This number can be reduced by performing XPS at a grazing
angle to reduce the penetration depth of the X-rays. The XPS technique is based on the
photoelectric effect and the sample is excited with X-rays, in contrast to UPS explained earlier
(see Sect.2.2.2) which uses ultraviolet light. In XPS, the X-rays are used to extract the core

electrons from the different elements and these are then analysed to measure their kinetic energy,

41



Ex. From knowledge of the kinetic energy, it is possible to obtain the binding energy (Ey) of the
core electrons:

Ek = hv - Eb - ¢ (2.23)

where h isthe Planck constant, v the frequency of the incoming X-ray photon and ¢ the WF of the
analyser. Then the electron intensity signal is plotted against E,, where the peaks of the plot
represent the binding energies of the different elements present in the sample. Usualy, a wide
scan is performed first to have a preliminary idea of the elements present in the sample, followed

for a series of scans focused on the energy ranges of interest at higher energy resolution.

The light source used for these experiments is either a non-monochromatic Mg-K (1254 eV) or a
monochromatic Al-K (1487 eV) source. As mentioned earlier, XPS can offer information on the
oxidation state of the components of a sample. Each element has an associated binding energy,
but the oxidation state of the atoms will shift the binding energy on the XPS spectra. If thereisan
increase in the negative charge of an atom, the binding energy will shift toward lower values, and
vice versa. Lastly, XPS is a technique that requires ultra-high vacuum to work, because electrons
need to have along enough mean free path so that they can travel through the focusing lenses and
electron energy analysers that are necessary to implement this technique.

2.4.1 Instrument: nanoESCA

The nanoESCA?' system is a multipurpose instrument that implements several surface analysis
techniques. Among these techniques are UPS, XPS, angle-resolved photoelectron spectroscopy
(ARPEYS) and low energy electron diffraction (LEED). The unit employed for the experiments in
this PhD was a nanoESCA markl located in CEA-Saclay (France) composed of two UHV
chambers. One chamber is used for sample preparation while the other is used solely for sample
analysis. The preparation chamber is equipped with the usual surface preparation techniques such

as sample heating or Ar sputtering.

The analysis chamber is equipped with an energy-filtered photoelectron emission microscope
(EF-PEEM) with a double hemispherical analyser?. The samples can be excited with an X-ray
source, a He | source or a Hg source. This configuration allows WF mapping with an energy
resolution of <100 meV , latera resolution of=<200 nm , and elemental mapping with the same
lateral resolution. Traditional UPS and XPS are also possible. The instrument operates under

UHV conditions with a base pressure of ~ 5x10™! mbar.
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2.5 Electron microscopy and associated techniques
2.5.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a microscopy technique that creates images of a sample
by rastering a focused electron beam over its surface. SEM can achieve a resolution of around 1
nm. This technique is performed under high vacuum conditions to provide a mean free path for
electrons long enough that they can travel through the multiple electromagnetic lenses that focus

and guide the beam of electrons without suffering collisions.

The samples need to be conductive, at least on their surface, and properly grounded, otherwise
samples will charge up and start hampering the imaging process. The typical SEM apparatus has
an electron gun that generates electrons. This can be made out a Tungsten filament that generates
electrons by thermionic emission or a lanthanum hexaboride LaBg crystal that generates electron
with the same mechanism. Electrons produced in the electron gun are focused by condenser
lenses and then pass through deflector plates that scan the el ectron beam across the sample. Once
electrons hit the sample they produce, through a series of elastic and inelastic scattering,
secondary electrons that are captured by the secondary electron detector in order to form an

image of the sample.

Other types of electrons are also produced, such as Auger electrons that carry information on the
elemental composition of the surface, or backscattered electrons. Fluorescence X-rays are also
produced as a result of the electron-beam-sample interactions. These X-rays can be used to
analyse the chemical composition of the sample through a technique called energy dispersive X-

ray spectroscopy (EDX or EDS).

2.5.2 Transmission Electron Microscopy

In transmission electron microscopy (TEM), a beam of electrons is passed through a thin sample
and are subsequently detected by a CCD to form an image of the sample. The sample is usualy
deposited on a support grid made typically of copper on other material with low reactivity. For
the electrons to be transmitted through the sample, it needs to be very thin. This limits the use of
TEM to small structures (thickness= 100 nm) or requires elaborate sample preparation
procedures (e.g. ion-beam thinning) to adapt the sample to this technique. TEM is able to achieve
very high resolution, reaching atomic resolution in some cases®,

Similarly to the SEM, the electrons are generated by a W or LaBg electron gun and are then
focused and shaped into a beam by a series of electromagnetic lenses and passed through the
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sample to finally reach an electron detector. TEM also needs high vacuum to guarantee a long

mean free path for electrons.

2.5.3 Electron Energy Loss Spectroscopy

A technique closely associated with TEM is electron energy loss spectroscopy (EELS). EELS
provides information about chemical composition and also oxidation states of the atoms present
on the surface of a sample®*. This technique is usually implemented on the same instrument used
for TEM. When a beam of electrons with a narrow range of kinetic energies passes through a
TEM sample, they will experience inelastic scattering causing an energy loss. This can be caused
by a series of phenomena like phonon excitation, plasmon excitation, inner- and intra-band
transitions and inner-shell ionisations. The energy of the transmitted electrons is detected by an
electron spectrometer, and by analysing the spectra it is possible to discern the binding energies

corresponding to the atoms present in the sample.

2.6 Fourier Image Spectroscopy

In order to characterise the optical response of a certain material, in our case a silver nanoplate-
indium tin oxide system discussed in Chapter 5, a custom-built Fourier image spectroscopy
setup® has been used. This setup provides information on the reflectance/transmittance and
absorbance of light for arange of wavelengths and angles of incidence of the incoming light. This
technique has been implemented by using a white-light transmission microscope with a high
numerical aperture (NA) (NA=0.75) objective lens as collector and alow NA objective (NA=0.1)
as condenser. A quantitative measurement of the angular reflectance or transmittance in a
specular configuration can be obtained by scanning the back focal plane image of the high NA
collector with a fibre-coupled spectrometer. In our case the experiments were carried out at
normal incidence, with awhite-light source and in transmission mode.

2.7 Microwave Chemical Vapour Deposition Reactor

Microwave chemical vapour deposition reactors (MW-CV D) use concentrated microwave power
inside a resonator chamber to create gas plasmas at high temperature. Although normally used for
diamond film synthesis, the technique is applicable to other substances. In this work we used a

MW-CVD reactor to hydrogen terminate the surfaces of diamond samples by exposing their
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surfaces to hydrogen plasma for a period of time. This plasma was generated and maintained in a
custom-designed MW reactor®® with a power of 2 kW and at 2.45 GHz power supply (Muegge
GmbH) and generator (see Fig.13).

Figure 13: Microwave CVD reactor used for hydrogen termination of diamond surfaces.

The reactor isin the form of avertical cylinder with an approximate volume of = 0.6 L, while the
MW power is fed into the top of the chamber via a waveguide and antennae, through a quartz
window which acts as a vacuum seal. The gas (hydrogen in our case) flow into the chamber was
controlled with mass flow controllers and fed into the chamber with stainless steel pipes. The
chamber is pumped down through a flexible stainless steel pipe by a two-stage rotary pump
(Edwards E2M8). Stable pressure during operation is achieved with a feedback-loop-controlled
throttle valve between the pump and the chamber. The temperature of the substrate is monitored

in real time by a one-colour pyrometer.

2.8 Laser micromachining system

A laser micromachining system (Alpha 532, Oxford Lasers) has been used to produce gratings on
molybdenum foil. The system has a frequency-doubled Nd:YAG diode-pumped solid-state laser
with a wavelength of 1=532 nm. The laser is Q-switched and can be pulsed at different
frequencies (1-50 kHz). The energy per pulse can also be controlled. The output power is>2.5W
@ 10 kHz and the laser spot has a circular shape and a diameter of around ~ 5 um. The sampleis
mounted on an electronically controlled stage that allows for movement in the x and y directions.

The range of movement is 150 mm for both axes and the movement resolution is around~ 1 pm.
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The stage and the laser are mounted on a granite frame to dampen mechanical vibrations, while

the frame itself is enclosed in a protective metallic enclosure.

Figure 14: Laser micromachining system used in the fabrication of plasmonic gratings.

2.9 Sample preparation
2.9.1 Molybdenum gratings

Plasmonic gratings were prepared on 10 x 10 mm squares of 99% pure molybdenum foil
(Goodfellow, Cambridge. Ltd) anneal tempered, with a thickness of 250 um. The 10 x 10 mm
squares were cut from a 100 x 100 mm foil by a water-jet cutting system (Physics Dept
workshops), as mechanical methods were found to distort the samples. The substrates have aso
been cut by laser micromachining using a Nd:YAG laser system (see sect.2.8) at 74.4 Jcm?, 1
kHz repetition rate and with a laser firing distance of 0.2 um. The flatness of the samples was
essential, as the laser machining process used to engrave the gratings is extremely sensitive to the
position of the sample relative to the focal point of the laser.

The Gaussian spatial energy distribution of the laser-beam profile combined with the high
ablation threshold of molybdenum, allowed us to obtain features smaller than the laser spot size
at the focus position. In order to obtain the same groove morphology in all samples, they have all
been produced with the same laser firing frequency (15 kHz) and 8 passes per groove. Using a 5-

um-diameter laser spot with a40 mm focal lens we can obtain circular features with a diameter of
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3 um on the molybdenum substrate. Following there is a table summary with the laser

manufacturing parameters for the samples produced.

Table 1: Set of plasmonic gratings produced in molybdenum substrates. A and U are the values of the laser attenuators,
Epuise is the energy per laser pulse, Speed is the laser spot speed when patterning the sample, d; is the laser firing
distance, pitch is the period of the patterned grating and FF is the filling factor (see Ch.4 sect 3.3.1). For the samples in
the light blue background the FF is kept constant while the pitch is varied and for the samples in light red background
the pitch is kept constant and the FF is varied.

e Speed (o Pitch FF
Sample A(%) | U(%) | (w/pulse) (mm/s) (um) (um)

P10.6_FF80 20 55 10 15 1 10.6 80
P10.5_FF80 20 90 15.6 15 1 10.5 80
P10.4_FF80 20 90 15.6 15 1 10.4 80
P10.3_FF80 20 91 15.6 15 1 10.3 80
P10_FF20 20 100 28 22.5 1.5 10 20
P10_FF50 45 100 50 22.5 1.5 10 50
P10_FF80 30 100 30 15 1 10 80

2.9.2 Hydrogen terminated diamond

Two different types of samples were used in order to fabricate hydrogen-terminated diamond
samples. single-crystal and polycrystaline (microcrystalline) diamond. The former is a square
nitrogen-doped single-crystal diamond grown by the high temperature high pressure method?’
(purchased from Element Six, UK) with a thickness of500 pm and lateral dimensions of
9.5x9.5 mm. The polycrystalline samples used a free-standing boron-doped diamond (BDD)
purchased from Element Six (TM100, square slab 10x10 mm) with a thickness of =500 pm) onto
which was deposited a thin film of =2 um of nitrogen-doped diamond using the MWCVD reactor
in the School of Chemistry). ThisBDD substrate was chosen because of its high laser absorbance.
As the samples were intended for TE testing on the TECSm system described previously
(Sec.2.1) that employs a laser heating system, maximising the absorbance of the sample is an

important feature of the substrates.

The hydrogen termination process was performed in a MW-CVD reactor described previously
(see Sect.2.7) by exposing the diamond surface to a hydrogen plasma. The process had three

steps:
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1-Surface cleaning: MW Power Pyw=900 W, hydrogen pressure py=62 Torr, substrate
temperature Tg,,=720°C, timet;= 120 s.

2-Hydrogen termination: Pyw=680 W, P4=20Torr, Tg,=450°C, time t,= 240 s.

3-Cool down: Pyw=0 W, P4=20 Torr, Tgp—20°C, time t3= 120 S.

Following the termination process the samples would be immediately stored under Ar to prevent

surface contamination.

2.9.3 Silver nanoplates on Indium Tin Oxide

Flat silver nanoplates (NanoComposix 1050 nm, PVP NanoXact Silver Nanoplates, mass
concentration 0.022 mg/ml) have been selected as plasmonic resonators in order to avoid sudden
height variations during the KPFM measurements. The KPFM technique requires conductive
substrates, therefore the silver nanoplates have been prepared on top of a transparent conductive
substrate formed by 100 nm of indium tin oxide (ITO) with a fully oxygenated surface on top of
glass substrate (ITO glass substrate, Ossila).

The colloids with a diameter of 170 nm were deposited by the centrifuge sedimentation method?®®.
The substrate was immersed in a 300 pl solution of silver nanoplates colloids diluted by 600 mL
of deionized (DI) water with the ITO side towards the rotation axis. Then, 60 uL of 0.1 M HCI
was added and the vials were immediately centrifuged at 6000 rpm for 13 minutes. The sample
was finally rinsed thoroughly with DI water. The remaining water was evaporated by placing the
sample on a hot plate at 80 °C. A sample control was also prepared following the same procedure

except with the ITO/glass substrate immersed just in DI water and 60 uL of 0.1 M HCI.

48



Acronyms

TECsim: Thermionic Energy Converter simulator
TE: thermionic Emission

UHV: Ultra High Vacuum

BDD: Boron Doped Diamond

TC: Thermocouple

VI: Virtual Instrument

PID : Proportional Integral Derivative

AFM: Atomic Force Microscopy

nc-AFM: non contact-Atomic Force Microscopy
KPFM: Kelvin Probe Force Microscopy

HOPG: Highly Oriented Pyrolytic Graphite

UPS: Ultraviolet Photoel ectron Spectroscopy

XPS: X-ray Photoel ectron Spectroscopy

SEM: Scanning Electron Microscopy

EDX or EDS: Energy Dispersive X-rays Spectroscopy
TEM: Transmission Electron Microscopy
MW-CVD: Microwave Chemica Vapour Deposition

NA: Numerical Aperture
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Every mathematician knows
it is impossible to understand
an elementary course in
thermodynamics.

-V.l. Arnold

Molybdenum gratings as
plasmonic heaters

In this chapter, a laser powered heating method for diamond thin films based on plasmonic
gratings is described. This method was developed and optimised in order to carry out the
thermionic emission tests described in Chapter 4, for which high temperatures (=~ 1000 °C) and
accurate temperature control were necessary. This chapter begins with a short introduction to
plasmonic coupling and plasmonic heating followed by a derivation of the equilibrium thermal
equation for the considered thermal system. A morphological and optical characterisation of the
plasmonic samples is then presented along with simulations of the behaviour of the samples with
different design parameters. Finally, the results of heating experiments for the different samples

are presented, discussed and compared with the thermal model for the system.

3.1 Introduction

3.1.1 Plasmonic heating

Surface plasmon polaritons (SPP) (see Ch.1 sect.1.4) are known to produce localised heating
effects’. When a SPP is excited on a metallic grating or nanoparticle, electrons are brought up to
high-energy states out of equilibrium. After a few picoseconds, the excited electrons decay
through electron-electron and electron-phonon interactions causing the energy of the electrons to
be transmitted to the metal lattice”. This produces an increase of the temperature of the metallic
substrate®.
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Plasmonic heating has a number of advantages that made it a suitable candidate to be used as the
heating technique to carry out thermionic emission experiments in diamond thin films. The
heating is performed using a laser. Given the small mass of the samples, the laser enables a very
fast and precise control over the sample temperature thanks to the very low thermal inertia of the
system and the fact that the laser power can be changed instantly. Furthermore, the laser cannot
produce any spurious currents on the sample that could affect the measurement of thermionic
currents. Thisis not the case with resistive heaters, for example, traditionally used for this kind of

experiments.

Diamond thin films can be grown in a variety of substrates like tungsten, molybdenum,
platinum?*, copper, silicon or silicon carbide®. Usually, plasmonic structures are fabricated in
noble metals like gold, silver or platinum® but their low melting points & 1000°C) make them
unsuitable for high temperature applications. Molybdenum (Mo) was the material selected to
implement the plasmonic heating method because it is an optimum substrate for diamond
growth”®, it is arefractory metal with good mechanical and thermal stability at high temperatures

and its optical propertiesin the far infrared are suitable for plasmonic excitation®*° (see Fig.1).

Plasmonic grating

N
BLE S 888 8 B

Diamond film

Figure 1: Diagram of the final heating system with a plasmonic grating patterned on one side of a Mo substrate; while
the other side is used to grow a diamond film.

Heating of the Mo substrates was performed with a high power CO, laser, and in order to achieve
high temperatures (= 1000 °C), their absorptivity for the wavelength of the CO, laser (1 = 10.6
pm) was increased by patterning plasmonic gratings™. These gratings were patterned on the back

of the substrate, opposite to the side where the diamond is grown (see Fig.1).

The heating efficiency of refractory microstructures by excitation of SPP in the far infrared (1 =
10.6 pm) is studied in this chapter. More specifically, the dependence of the maximum
achievable temperature with the period and filling factor (FF) of the structure will be investigated.
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3.1.2 Light coupling by plasmonic gratings

SPP are collective electron oscillations propagating in the interface between a metal and a
dielectric. They are caused by the coupling of electromagnetic radiation (light) to the free
electrons of the metal 2.9

In order to create a SPP at an interface, it is necessary to match the in-plane momentum
k.=|k|-sin6 of the incoming photons and the propagation constant of the SPP at the interface .
There are a variety of strategies to achieve this, but in this case the grating coupling method was
the selected option. This method involves structuring or patterning the metal with periodic
grooves™'*, Other aternatives for light coupling, like prism or nanoparticle coupling, were not

adequate for the experimental conditions of the thermionic emission tests.

A patterned structure can achieve momentum matching when the following condition is fulfilled:
B=k,=|kl-sinf+vg (3.1)

where g = 2n/a is the reciprocal vector of the grating, v = 1,2,3,... , a is the periodicity of the

structure on the interface, k is the incident wave vector and kj is the in-plane propagation wave
vector M. In essence, when light with a wavelength A is to be coupled by the grating method to an
interface to excite a SPP, a structure needs to be patterned on the surface with a period a = 1 with

a< i

Mo

Figure 2: Diagram of momentum matching of light and SPP with the grating technique. K is the total momentum of the
incident photons and k, is the x or component or momentum component parallel to the interface between metal and
dielectric, while a is the period of the patterned structure or grating.

In our case, the condition of Eq.1 isfulfilled when a= 10.6 um. Once the coupling conditions are
satisfied, the incoming light is trapped on the interface between metal and air (or vacuum),

enhancing the interaction of light with the Mo substrate.
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3.2 Sample characterisation

3.2.1 Morphology of molybdenum gratings

A series of linear gratings have been produced in molybdenum to study the effects of the plasmon
coupling conditions. The parameters studied were the period or pitch and the filling factor (FF) of
the structure. FF is the ratio between the filled space and the unfilled space of the periodic
structure asit is depicted in Fig.3 (Right) and expressed in Eq.1.

Period variation Filling factor variation
1 a | a
pEpEmnE. | BEREE
.a. 2.
: : I azl
dy
_ i mom |l

Figure 3: Representation of the two grating parameters studied in this chapter. (Left): Variation of the period or pitch of
the structure. (Right): Variation of the filling factor.

a;
FF =—-100 (3.2)
a;

Two batches of samples were produced: the first batch had a fixed FF=80% while the period of
the structure was changed from 10.3 um to 10.6 um. For the second batch, the period was fixed at
10 pm and the FF was changed from 20% to 80% (see Ch.2 sect 2.8.1).

Fig.4 shows optical microscope images of the surface of bare unpatterned Mo (a) and three
different preliminary grating couplers with; a 10.6 um pitch (b), 15.0 um pitch (c) and 20.0 um
pitch (d). All of them show the same groove geometry with slight local differences due to the

surface roughness of the bare molybdenum substrates.
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a) b)
- -

c) d)
|| ||

Figure 4: Optical microscope images of gratings patterned on Mo substrates with FF=80 for different periods: a) Bare Mo
substrate and laser-structured samples with periods of: b) 10.6 um, c) 15.0 pm and d) 20.0 pm. Objective magnification
50x. Scale bar 25 pm.
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Figure 5: SEM image of a plasmonic grating patterned on a Mo substrate Period= 10.6 um , FF=20%.
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The morphology of the samples will be the convolution of the engraved pattern and the intrinsic
surface morphology of the molybdenum substrate. This adds some randomness to the samples but
the effect is constant across all samples and shouldn't hinder the analysis of the laser coupling.

Fig.5 shows a high-magnification SEM image of a plasmonic grating on a Mo substrate with a
FF=20% and a period of 10.6 um. As it can be seen, the structure of the grating is periodic even
though the surface of the gratings is not uniform due to the fabrication process. Ultimately, this
could lead to increased absorption due to light scattering.
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Figure 6: Surface profilometry data of the bare Mo substrate (Top) and of the plasmonic grating structures (Bottom).
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Surface profile measurements were performed on the bare Mo substrate and on the Mo gratings to
characterise the roughness of the bare Mo and the depth of the grooves of the gratings. The peak
to valley roughness of the bare Mo substrate is: 1 um (see Fig.6). Conversely, the depth of the
grooves on the gratings was found to change depending on the width or FF of the grating due to
the laser fabrication method. The depths of the groovesrange from= 2 pmto~ 5 pm.

3.2.2 Simulations of molybdenum gratings: effect of period and filling factor

Simulations of the optical response of the plasmonic gratings on Mo were carried out by finite
element analysis to confirm the values of the design parameters of the gratings. The effects of
different periods and different FF were studied.

The first series of simulations were concerned with the effect of changing the period on the
plasmonic structure while keeping the FF and the depth of the grooves constant. Fig.7 shows the
reflectance plots for polarised light perpendicular to the gratings at normal incidence for gratings
for arange of periods between 10 um and 11 pum. The depth of the grooves and the groove width
are kept constant at 1 um and 5 pum, respectively.

period (um)
108 A
— 10.7
—10.6
— 105 1
-->[ 104 |
— 10.3
—10.2 7
— 10.1

Reflectance

0.8 -

| |
10.0 10.5 11.0 11.5 12.0
Wavelength (um)

Figure 7: Simulation of reflectance vs wavelength plots at normal incidence for polarised light perpendicular to the
plasmonic grating for gratings with different periods. All gratings have a depth of 1 um and a groove width of 5 um. Note
how the absorption peak changes as the period of the grating is changed. Vertical black arrow shows the position of A =
10.6 um and the horizontal arrow indicates the optimum theoretical grating period. ¢
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It can be seen on Fig.7 that the period of the grating has a strong influence on the reflectance
peak. As the period of the structure increases the peak of the reflectance increases accordingly
amost by the same magnitude. According to the simulation and taking into account that the
wavelength of the laser to be coupled to these gratings is 10.6 pum, the optimum grating period
seemsto be~ 10.4 um. Thisisin agreement with the plasmonic theory explained in sect 3.1.2.
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Figure 8: Change of the reflectance with the variation of the groove width on the grating. The simulation is done for
normal incidence with the linear polarisation of the laser perpendicular to the plasmonic grating. The vertical axis
represents the width of the grooves on the grating, the horizontal axis is the wavelength and the colour scale bar is the
reflectance. The period of the grating was kept constant at 11 um while the depth of the groove was kept at 0.5 um. The
width of the groove is varied between 2 and 9 um. Simulation provided by collaborator Sara Nufiez Sanchez.

Conversely, Fig.8 represents the change of the reflectance peak with the variation of the FF. The
vertical axis represents the width of the grooves on the grating, the horizontal axis is the
wavelength and the colour scale bar is the reflectance. The period of the grating was maintained
constant at a value of 11 um, the depth of the groove was kept at 0.5 um and the width of the
grooves was varied between 2 to 9 um.
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The plot shows how the reflectance peaks are affected by changes on the width of the grooves.
Increasing the width initially shifts the resonance wavelength towards higher values. But shortly
after reaching a value of 4 um, the resonance wavelength returns to its origina value, which
suggests that increasing the width of the groove too much seems to degrade the effect of the
grating. This is manifested by the uniform high reflectance across the whole range of
wavelengths. This means that the light is not absorbed anymore and the effect of the grating has
ceased to function. Therefore, in principle the best design for a grating should be one with a FF of
50% or higher.

3.3 Theoretical thermal analysis: equilibrium equation

The thermal system that is being considered hereisa 10 x 10 mm square Mo foil with athickness
of 0.25 mm. The only energy input to the system is the laser focused on the patterned side of the
foil. Conversely, there is heat loss via radiation through all the surfaces of the foil and heat loss
via conduction through the parts of the foil in contact with the sample holder. The experiments
are carried out under high vacuum condition (see Ch.2 sect.2.1.1), so there is no heat loss due to

convection.

Once the illumination of the laser is activated, a steady state is eventually reached. From that
point on the energy balance of the system can be expressed by the following equation:

Plaser =R Plaser + Prad + Pcond (3-3)

where P 1S the power of the incident laser, R is the reflectivity of the patterned side of the foil
for the wavelength of the laser (A = 10.6 um), P is the radiation heat loss and Pgong iS the
conduction heat loss (see Fig.9).

> R*Plaser
P, ——> .
laser —— Mo foil — Pcond
—_—
> PRad

Figure 9: Diagram of the different heat fluxes on the Mo substrate thermal system. P, is the power of the incoming
laser, R is the reflectivity on the grating side for the wavelength of the laser, P4 is the heat loss due to conduction
losses and P,,q is the heat loss due to radiation losses.
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The heat |oss due to radiation can be expressed by:
Praq = eno0A(T* = T¢2) (3.4)

where & ~ 0.1 is the total hemispherical emissivity of the Mo, ¢ =5.670367 x 10 is the Stephan-
Boltzmann constant, A = 2 x 10* m? is the radiation area of the foil, T is the steady state
temperature of the foil in Kelvin and T, = 300 K is the temperature of the surroundings, which in

this case is the wall of the vacuum chamber (see Ch.2 sect.2.1.1).

The emissivity of the Mo is dependent on the surface oxidation® and the temperature™’ as well as
roughness. In our case the surface is very lightly oxidised and the emissivity can be calculated by
the formula proposed by Paradis et al*®. The values of emissivity vs temperature according to this
formula are plotted in Fig.10. If we take into consideration that radiation is not relevant at low
temperatures (T < 350°C), it is possible to fix the emissivity at a value of ¢ = 0.1 taking into
account the range of temperatures that were reached during the thermionic emission experiments.
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Figure 10: Plot of the total hemispherical emissivity € versus temperature T. According to the formula by Paradis et al®,
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Heat loss by conduction happens through the quartz sample holder where the sample rests.
Hence, it is possible to model this heat |oss as a heat flux through a "uniform wall" with a known
thermal conductivity and a certain contact surface area between the foil and the quartz sample
holder. Therefore, the heat |oss due to conduction is given by*®:

KQuartzAc(T - Tcold)
Pcond = t

(3.5)

where Kquat, = 1.5 W/mK ? is the thermal conductivity of the quartz holder, A. = 4.96 x 10° m? is
the contact area between the Mo foil and the sample holder, T is the temperature of the Mo fail,
Teold = 300 K is the temperature at the other side of the wall (in this case at the other side of the
quartz substrate) and t ~ 1.5 x 10 m is the thickness of the quartz substrate.

If we replace the terms of EQq.3.4 and Eq.3.5 in Eq.3.3, rearrange the terms and take into account
that Aps = 1-R, we obtain:

2e0A K A 2e0A K A
P T) = T4 + Quartz ‘1c T — ( 4 Quartz T ) 3.6
laser( ) Aabs Aabs t Aabs Cc Aabs t cold ( )
which we can simplify to:
Plaser(T) = C4T4 + G, T —-C, 3.7)
where:
2e0A K A 2e0A K A
Quartz ‘1c 4 Quartz
Cy = , =2 =( —T) 3.8
* Aabs ! Aabs t 0 Aabs ¢ Aabs t cotd ( )

The coefficient C, in EQ.3.8 represents the contribution of radiation to the heat loss while C;
represents the same for conduction heat loss. However, both of them are influenced by the
absorbance of the grating Aqs, as the other parameters are constant. Therefore, if the coupling
conditions of the grating to the incoming radiation are improved, Aas should increase, causing a
reduction of C, and C.

Fitting Eq.3.6 to the plots of T vslaser power for different samples and examining the values of
C, and C; should provide an indication of the variation on Ag,s due to the different grating

coupling conditions.
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3.4 Heating experiments

3.4.1 Polarisation dependence

The laser used for the heating experiments is linearly polarised and in order to couple to the
plasmonic grating the polarisation needs to be perpendicular to the grooves of the grating because
otherwise the incident light won't be able to couple to the plasmon™. Therefore, in order to
determine the presence of plasmon coupling due to the grating on the Mo substrates, a grating
with a period of 10.6 um and a FF of 80% was tested with the laser polarisation parallel and

perpendicular to the grooves.

The experiments in this and the following sections have been performed using the TECsim
instrument (see Ch.2 -Sect.2.1).
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Figure 11: Steady state temperature vs laser power plot of a Mo substrate with a FF=80% and a period of 10.6 um. The
sample was tested with the laser polarisation parallel to the grating (red circles) and perpendicular to it (blue triangles).
The black squares are the temperatures for a bare Mo substrate included as a reference. The error in the temperature
axis (Y axis) is 2°C for T < 527°C and 2.5 x 102 x T for T > 527°C. Which at the maximum temperature of this plot is 2.4°C.
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The experiments of this and the following sections were carried out using the following method:
the samples were introduced on the TECsim under high vacuum conditions. Then they were
illuminated with a linearly polarised high power laser (A = 10.6 pm) with the polarisation
perpendicular (or parallel, just in this case) to the gratings at a fixed power until the steady state
regime was reached. It was then when the temperature was recorded, right before increasing the
laser power to achieve the next testing temperature. The laser power used ranged from O W to 35
W.

Fig.11 shows the steady state temperature vs laser power plot for the sample described above. It
confirms the presence of a clear difference between the parallel and perpendicular test, which is

consequence of increased absorbance caused by the plasmon coupling on the grating.

The increase of temperature for the parallel test in comparison with the bare Mo might be caused
by the scattering of light inside the grooves (see Fig.5) and a potential misalignment of the
grating with respect to the laser polarisation.
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Figure 12: Steady state temperature vs laser power of Mo substrates with different grating periods and a FF=80%.
(Insert): Maximum steady state temperature achieved at maximum laser power P,,= 35W. The error in the
temperature axis (Y axis) is 2°C for T < 527°C and 2.5 x 102 x T for T > 527°C. Which at the maximum temperature of this
plot is 2.4°C.
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3.4.2 Period variation

The effect of the period of the plasmonic grating on the maximum temperature achieved by the
patterned Mo substrate is studied in this section. Gratings patterned with periods ranging from
10.3 umto 10.6 um and a fixed FF = 80% have been tested on the TECsim instrument (see Ch.2 -
Sect.2.1).

The steady state temperatures vs laser power of Mo substrates with gratings of different periods
and that of a bare Mo substrate are plotted on Fig.12. All Mo gratings cause an increase of the
steady state temperature when compared to the bare Mo substrate.

The temperature of all samples seems to follow the same trend. The sample that achieves the
highest temperature T =~ 712 °C while at the maximum laser power is that with a grating period of
10.6 pum. The sample with a period of 10.4 um, however, reaches an aready satisfactory
temperature, very close to that achieved by the sample with a period of 10.6 pm. This agrees with
the results of the ssimulation presented in Sect 3.3.2.
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Figure 13: Temperature vs laser power plot of a Mo substrate for a grating with period of 10.6 um and FF=80% (green
diamonds). Fit of thermal balance equation (Eq.6) to the data (black solid line). The error in the temperature axis (Y axis)
is 2°C for T < 527°C and 2.5 x 10™ x T for T > 527°C. Which at the maximum temperature of this plot is 2.43°C.
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The steady state temperature vs laser power for a Mo substrate with a grating period of 10.6 pm
and FF=80% together with the fit of the thermal balance equation (Eq.3.6) to this data is plotted
in Fig.13. As it can be seen in this figure, EQ.3.6 reproduces well the behaviour of the

temperature with the variation of laser power.

The temperature set of data plotted in Fig.13 seems to have two regimes. The first regime occurs
at low powers below P =~ 10 - 12 W during which temperature follows a linear trend. However,
temperature has an exponential decay trend when in the second regime, which ranges from Pjaeer =
10 - 12 W up t0 Piaer = 35 W. These regimes are a consequence of the dominant heat transfer

mechanism at different temperatures.

At low P and temperature the main heat loss mechanism is conduction, that is governed by
Eq.5. In this case, the relation between P and T in EQ.3.6 is dominated by the second term C,,
which is linear. Furthermore, as the Py, and temperature increase radiation becomes relevant as
a heat loss mechanism and the first term of Eq.3.6, C, starts dominating. Causing a change on the

temperature trend due to the radiation heat |oss that tends to a saturation point.

The coefficients C, and C; of EQ.3.6 obtained from the fitting of the data represented in Fig.12
are plotted in Fig.14. The theoretical interval of values for the coefficients are C4 ~[1.134 x 1072,
1.134 x 1079 and C; =~ [0.0297, 2.976]. These values are obtained under the assumption that Ags
= [0.01, 1] while the other parameters remain constant as they are known. When comparing the
theoretical intervals with the values obtained in the fittings, both C, and C; are in excellent

agreement as all values are within the theoretical interval.
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Figure 14: Values of the coefficients C, and C; of Eq.6 obtained from the fitting of the Eq.6 to the data shown in Fig.12.
The error for C, in Bare Mo is 1.71 x 10" and decreases to 2.62 x 10" for the period 10.6 um. The error for C, in Bare
Mo is 1.43 x 10” and decreases to 1.13 x 10 for the period 10.6 um.
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Both coefficients plotted in Fig.14 show the same trend as their values decrease as the period of
the gratings increases. This decrease is caused by the rise of the absorbance Ay, Of the plasmonic
grating. As shown on the equation bellow, an increase on Ag,s Will cause C4 and C; to decrease.

2e0A K A
C4 - ) C1 — Quartz ‘1c
Aabs t

(3.9)
Aabs

3.4.3 Filling factor variation

The effect of the FF of the plasmonic grating on the maximum temperature achieved by the
patterned Mo substrate is studied in this section. Gratings patterned with FF of 20%, 50% and
80% and a fixed period of 10.6 um have been tested on the TECsim instrument (see Ch.2 sect
2.1)
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Figure 15: Steady state temperature vs laser power of Mo substrates with different FF and a period of 10.6 pm. (Insert):
Maximum steady state temperature achieved at maximum laser power Pj,...= 35W. The error in the temperature axis (Y
axis) is 2°C for T < 527°C and 2.5 x 102 x T for T > 527°C. Which at the maximum temperature of this plot is 3.18°C.
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Fig.15 shows the plot of the steady state temperatures of Mo substrates with different FF vs laser
power. The first thing that stands out is the fact that decreasing the FF increases the maximum
temperature at P, = 35 W. In principle this contradicts the results of the simulation shown in
Fig.8 that predicts that decreasing the FF to low values would decrease the absorbance.

This discrepancy is explained by the different depths of the grooves of the gratings across
samples consequence of the fabrication method, as already mentioned in sect.3.3.1. Because of
this, the experimental results are not directly comparable with the simulation. Furthermore, the
irregular or textured surface of the grooves (Fig.5) significantly increases the scattering inside the
grooves, which in turn increases the effective absorbance of the grating as the grooves are made
wider. But this is not taken into account in the smulation as it assumes a groove with an ideal

smooth surface.

The temperature optimisation at 35 W was achieved when reducing the FF to 20% with a period
of 10.6 um, which seems to generate the best results. Moreover, qualitatively, the data on Fig.15
are analogous to those of Fig.12. Two different regimes can be identified in both sets of data. One
at low temperatures at which conduction heat loss dominates and the second, that occurs at higher

temperatures and is dominated by radiation heat |oss.
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Figure 16: Values of the coefficients C, and C; of Eq.6 obtained from the fitting of the Eq.6 to the data shown in Fig.15.
The error for C, in Bare Mo is 1.71 x 10" and decreases to 4.3 x 10 for the FF20. The error for C, in Bare Mo is 1.43 x
10 and decreases to 5.58 x 10 for the FF20.

The thermal balance equation (Eq.6) was fitted to the data in Fig.15, to extract the parameters C,
and C; shown in Fig.16. As discussed in the previous section, the theoretical interval of values for
the coefficients are C, ~ [1.134 x 102, 1.134 x 1079 and C; = [0.0297, 2.976]. So, when
comparing the coefficients of Fig.16 with the theoretical interval values, C, is again in excellent
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agreement with the interval. Even though C; goes a bit lower than the lower theoretical range, it

largely agrees with the values of the theoretical range.

The trend of both coefficients is ssimilar to the one described in the previous section and it can
also be explained by an increase in the absorbance of the grating. However, in this case the

increase in absorbance is caused by the decline of FF.

3.5 Conclusions

In this chapter, plasmonic gratings on Mo substrates with different periods and FF have been
tested by performing laser assisted plasmonic heating tests. According to the presented data, the
maximum temperature is achieved on a configuration where the period of the grating is 10.6 pm
and the FF = 20%. This will be the configuration selected to be used on future experiments for
thermionic emission tests. The maximum recorded temperature was T = 1011 °C. Which was the

target temperature that was sought for the thermionic experiments.

Plasmonic coupling is the main light absorption mechanism. But it was also found that scattering
plays a significant role on the light absorption process, as it considerably contributes to the total

absorption.

The plots of T vs laser power show two different regimes. One occurs at |ow temperatures where
T follows a linear trend and the dominant heat 1oss mechanism is conduction. Conversely, at
medium or high temperatures, radiation dominates as a mechanism of heat loss and the data

follows an exponential decay trend.

This heating method can be used for applications that require a fine a quick control of

temperatures over an extensive temperature range like thermal programmed desorption®#

thermal assisted catalysis'.

or
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Acronyms
SPP: Surface Plasmon Polariton
FF: Filling Factor

FTIR: Fourier Transform Infrared Spectroscopy
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Essentially, all models are wrong, but some are useful.

-George .P. Box

An alternative

thermionic emission model
for hydrogen terminated
diamond surfaces

This chapter begins with a brief introduction to the field of thermionic emission on diamond and
the challenges and limitations of its current theoretical model. Then a new theoretical model for
thermionic emission from unstable surfaces is presented in detail. After that, the model is
validated and tested against thermionic emission data collected from <100> single crystal and
polycrystalline diamond. Finally, in view of the experimental results and the information obtained

with the new model aroute to improve thermionic emission devicesis proposed.

4.1 Introduction

Thermionic emission (TE) from diamond surfaces has been studied for more than a decade now*
and the overall state of the field has been reviewed in Chapter 1 Sect.1.2.3. In that section, the
effects of different dopants on TE were discussed as well as the crucia role of the surface of
hydrogen terminated diamond on the capability of the diamond to emit. Furthermore, it was
highlighted that the main drawback that kept TE from diamond to be applied on devices was the
fact that the hydrogen termination would disappear at moderate and high temperatures. This
would nullify the TE capabilities of the diamond surface due to the loss of the negative electron
affinity (NEA) and the increase of the work function (WF) (see Ch.1 sect1.1.1 and sect 1.1.2).
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This fact is clearly seen on atypical TE plot of current (J) vs temperature (T), where after the TE
current initially increases exponentially with temperature, at some point at high temperatures the
current starts to decrease. When it reaches zero, the diamond surface becomes unable to emit

again until the surface is re-terminated with hydrogen.
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Figure 1: Current vs temperature plot of a typical thermionic emission experiment on diamond. Note the steep fall of
thermionic current at =<790°C due to hydrogen desorption.

The phenomenon of hydrogen desorption from diamond surfaces and its influence on TE current
has, to the author's knowledge, only been studied by Paxton et al. Paxton studied the hydrogen
desorption kinetics of hydrogen bonded to diamond while performing TE experiments. They were
able to extract desorption energies for the hydrogen? and deuterium® bonded to polycrystalline
diamond. However, their studies did not take into account the effect of the coverage on the
emission nor the rate of desorption calculations. So, as they mention in their article, their results
are to be taken with caution.
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Although it is clear that hydrogen and its desorption kinetics have a critical role on the TE from
diamond surfaces, the understanding of this convoluted phenomenon is still shallow. In addition,
there are no theoretical models that can relate the TE current from hydrogen terminated diamond
and the process of hydrogen desorption. Furthermore, the application of the traditional
Richardson-Dushman equation (RDE) (see Ch.1 sect.1.2.1) to experimental data ignoring this
convolution of phenomena might lead to an incorrect extraction of parameters like the WF and

the Richardson constant A.

In this chapter, an aternative version of the Richardson-Dushman equation (RDE) is presented.
This alternative version takes into consideration the effects of hydrogen desorption kinetics on the

TE and reproduces the experimentally-observed behaviour of the current.

4.2 An alternative model for thermionic emission from unstable
surfaces

The TE current from the surface of asolid is generally explained by the RDE*:

J=J(T) = ATZe_% (4.1)

where J isthe TE current per square centimetre in Amperes, A is the Richardson constant, ¢ isthe
WEF of the emitting surface, T is the temperature of the surface and k is the Boltzmann constant.
However, the RDE assumes a stable surface, which means that the WF and the Richardson
constant are constant for any temperature or don't change much. Also, it doesn't contain any terms
related to the variation of the emitting area. Therefore, it is reasonable that the RDE cannot dedl
with unstable emitting surfaces asit is not really equipped for it.

In this section two different approaches to tackle this problem are presented, explaining their pros

and cons and possible applicability to unstable surfaces.

4.2.1 1st approach: variation of the emitting surface area

The first approach to this problem was developed by the addition of a new term on the RDE that
accounts for the variation in the emitting area as hydrogen desorbs. This was modelled as the
variation of the hydrogen surface coverage 6 with temperature following the Wigner-Polanyi
equation”. The expression for the TE current from a monocrystalline uniform surface would be as

follows:
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J=J(T,0) = (Arze-%)- 6 (42)

where 6= 6(T) is the surface coverage of hydrogen, which decreases according to certain
desorption rate as temperature increases. If we take into consideration the fact that the surface is
not uniform because of the presence of several crystallographic orientations, the equation can be

expressed on a more general form:

J= Z (ATZe‘%) 0, (43)

i

where:

Z 0,=1 (4.4)

1

represents the coverage of the different emitting areas and ¢; is the work function associated to
such aress.

This approach is based on equations developed by severa authors®® for the TE of patchy
surfaces. It takes into consideration the presence of areas with different WF, coverages and
desorption parameters and the fact that the total TE current is a convolution of the contributions
of all these.

However, although the physics of the different processes seemed to be conceptually correct and is
represented in the equation, the equation failled to reproduce the features observed in
experimental data. This led to the development of a second approach described in the next

section.

4.2.2 2rd gpproach: variation of the work function

The second approach modulates the TE current of the RDE by changing the value of the WF as
function of hydrogen desorption. For a uniform monocrystalline surface, when an adatom bonds
to the substrate there is a charge transfer between adatom and substrate. The direction of this
transfer is determined by the electronegativity of the atomsinvolved. In our case, hydrogenisless
electronegative than carbon so an electron is transferred to the substrate, leaving hydrogen with a
positive charge and carbon with a negative charge. This creates a surface dipole that points
towards the substrate and lowers the surface potential barrier and consequently the WF. As a

result, the electron affinity of diamond becomes negative (see Chl sect.1.1.2).
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This dipole theory of adsorbates has been explained by Gurney® using a quantum approach and
by Langmuir’® using a more classical approach. In addition, there is a significant amount of
literature studying the effect of surface dipoles on the WF of alkali metal systems adsorbed on

113 molybdenum®**® and other metals'®™8, These studies measured the dependence of

tungsten
the WF of a surface on the adsorbate coverage. Kroger et al, for example, studied the effect of
adsorbed lithium on molybdenum <110> *° and showed that as the surface coverage of lithium
increases in the range of low coverages, the WF of the surface decreases rapidly at the beginning
but the slope becomes smaller shortly after that. Then the WF reaches a minimum at 6 = 0.4 to

then increase dightly, as can be seenin Fig.2.

The variation of the WF is generally described by?:

b = o — e’;—znp (4.5)

where ¢ is the WF of the surface depending on the dipole density, ¢ is the initial WF of the bare
unterminated surface, e is the elementary electron charge, p, is the dipole moment of the

adsorbate-surface complex, & is the vacuum permeability and n, isthe area density of the dipole.

Mo(110)/Li _

Work function change / eV

0.0 0.5 1.0 1.5 2.0
Coverage @/ ML

Figure 2: WF change of Mo <110> upon adsorption of lithium atoms. Circles: experimental data. Black solid line: Fit to
the Topping model. Dashed line: guide to the eye. Taken from®.

According to Eq.4.5 the WF decline should be linear but because the density of the surface

dipoles increases, a depolarisation effect comes into play which causes a decrease of the
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magnitude of individual dipoles. This effect has been explained by Topping et al~ and for a

closed packed hexagonal lattice, it is summarised on the following equation®:

0

p,
¢(9) = ¢y —e—ng
€ (1 +8.9ayn. 293/2)

(4.6)

where ns is the density of surface atoms, 6 is the fractiona coverage and og is the electronic
polarizability of the adsorbate-surface complex. This model agrees with experimental data at low
coverages but deviates dightly for higher values (see Fig.2). Nevertheless, it is considered a valid
model and it is widely used nowadays.

Hence, once it is established that the WF of a surface depends on the coverage of the adsorbate, it
is possible to introduce a new term on the RDE for the WF based on Eq.4.6:

J=J(T,¢) = AT26_$ (4.7)

At this point it is worth briefly analysing the RDE from a mathematical point of view. The
exponential term of the equation has a value close to zero at low temperatures. But this value
quickly approaches 1 when the product KT is close or higher than the value of ¢. The exponential
term acts as a mathematical switch that activates the quadratic dependence of the current J with
the temperature T; while the value of the WF sets the threshold for this activation. Therefore, by
tuning this threshold it is possible to smoothly active or deactivate the TE current J.

It is now necessary to define how the coverage of the adsorbate will change depending on the
temperature of the surface. The adatoms have a finite bond strength and an associated activation
energy for desorption (ED), Eq4. Therefore, if the temperature increases, the thermal energy might
be sufficiently high to overcome the ED and consequently, break the chemical bonds that keep
the adatom attached to the surface. The mathematical description of this processis shown below:

We can define the desorption rate r as the variation of surface coverage 6 with timet:

B dé 48
r= T (4.8)

and if we assume that the temperature of the surface T varies linearly with time we have:

T(t) =T, +pt (49)
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where Ty is the initial temperature and f is the heating rate of the surface in K/s. Differentiating
Eqg. 4.9 with respect to time we obtain:

1
dt=gdl | if f=1= dt=dl (410)

and therefore:
do = —rdT  (4.11)

If now we take into account the Wigner-Polanyi equation®:

— n _E_d
r=v0"% kT  (4.12)

where v is the rate constant or frequency factor in s, n is the order of the reaction, T is the
temperature of the substrate in Kelvin, k is the Boltzmann constant and Ey is the ED in eV/mol

and combine it with Eg.4.11, we have:

E,
do = —vOre K dT  (4.13)

If we now apply integrals on both sides of Eq.4.13 we finally conclude that:

T2
E
0(T) = 6, — f vOre KT AT (4.14)

T1

where 0 isthe initial coverage of the adsorbate.

Eqg.4.14 represents the surface coverage of an adsorbate on a surface that is being heated at arate
of = 1 K/s between the temperatures T, and T». If we now combine Eq.6, 7 and 14 we obtain:

T2 on -Zd
00—, vOTe KTdT
¢O_egzns
0

3
3/ T2 _Eq /2
1+8.9agny 2| o[, vO™e KTdT

J=]J(T,¢) = AT?e” kT (4.15)

But Eq.4.15 can be simplified if we approximate Eq.4.6 with a linear piecewise function that
approximates the shape of ¢(6) (see Fig.2) so that:
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$o—A0; 0<0<0,

#(0) = (4.16)
G +BO; 0, <6<1

where:

¢0_¢m_ _¢F_¢m
o ,B——l_gm (4.17)

A=

and ¢, is the WF of the unterminated surface, ¢, is the WF minimum at low coverages, ¢, is the

coverage for the WF minimum and ¢¢ is the WF of the surface when 6=1.

Considering al of the above, we can write a generalised version of the modified RDE:

(6:(T)
J=J(T,¢) = ZAiTZe‘% (4.18)

where ¢; isgiven by Eq.16 and ¢, is given by Eq.4.14.

This mathematical description of the TE based on RDE should describe the TE current from a
surface that relies on adsorbates to be able to thermionically emit electrons. This model is
applicable to unstable surfaces with adsorbates that have patches with different WF and initial
coverages. From now on we will refer to this model as the alternative Richardson model (ARM).

4.3 Thermionic emission from hydrogen terminated <100> single
crystal diamond

In order to ascertain the validity of the ARM described in the previous section, it was applied to
experimental TE data obtained from hydrogen terminated single crystal diamond (SCD). In our
case, the substrate is a free standing nitrogen doped <100> SCD grown by the HPHT method”?*,
with an approximate doping concentration of 300 ppm of nitrogen. The substrate has a squared
shape (= 9.8 x 9.8 mm) with trimmed corners and a thickness of = 400 um (see Ch2. sect.2.8.2).

SCD is an ideal substrate for this validation because its surface has a well-defined structure
without grain boundaries or different crystallographic orientations. This restricts the possible
number of components to be fitted by the ARM in the experimental data. These take the form of
peaks on the TE plots with different WF or desorption characteristics. Furthermore, without grain
boundaries and the presence of few defect states, the bulk properties of SCD are uniform. In the
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case of HPHT diamond, the amount of hydrogen trapped in the lattice is lower than that of CVD
growth?®, which reduces the possibility of having unwanted hydrogen retermination from bulk
hydrogen diffusing towards the surface.

4.3.1 Comparison between Richardson-Dushman Equation and the
alternative Richardson model

Fig.3 shows the plot of TE current J vs temperature T for the hydrogen terminated SCD substrate
previously described. The SCD was heated from 300°C (573 K) to 920°C (1193 K) at arate of 1
K/s and cooled down to 300°C (573 K) at the same rate. The TE current from the single crystal
starts around 450 °C (723 K) and peaks at 787°C (1060 K) with a maximum current of Jmax =
1.53 mA/cm?. All of the adsorbed hydrogen is desorbed in one heating run after which the

diamond no longer emits unlessit is reterminated with hydrogen.

T T T T T T T T T
0.0016

- m  Experimental (Run 5) .
0.0014 | RDE .
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| (Alem?)
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Figure 3: TE current from SCD. Black thick line: experimental data. Red line: RDE fit to experimental data. The RDE was
fitted to data up to T = 1050 K as it cannot reproduce the steep current decrease after that temperature. The quality of
the fit is R> = 0.92. The current uncertainty at the peak is 6.9 x 107 A.
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The same figure shows the fit of the RDE to the experimental data. The free parameters on the
fitting were the Richardson constant A and the WF ¢. The former was left to range from 1 to 150
Alcm? K2 while the latter could vary between 0.5 to 5 eV. The values obtained from the fitting
were A =1 A/lcm? K2 and ¢ = 1.751 eV with afitting quality of R? = 0.92. The value of the WF
seems reasonable. However, the value of A is two orders of magnitude lower that the theoretical
value® A = 120 A/lcm? K? and its value is limited by the lower bound of the allowed range. It was
found that the value of the Richardson constant would always be fixed to the lower bound of the
range; and changing this lower bound would cause the change on the WF. Furthermore, looking
at the plot it is evident that the fit is not good as it greatly underestimates the emission at
temperatures between 850K - 1020K and overestimates it above 1020K.

Also, the fitting of the RDE was constrained to temperatures below 1050K because after that
temperature the emission decreases due to hydrogen desorption and the RDE cannot reproduce
that effect. Because of the facts explained above, the parameters extracted from the experimental

data with the RDE are not accurate and possibly erroneousin the case of A.

The same experimental data is plotted in Fig.4 but this time the ARM is used to fit the data. The
data were fitted with the minimum number of peaks which in this case was two and the R? of the
fit is R? > 0.999. The piecewise function approximating the variation of the WF with hydrogen
coverageis (see £0.4.19):

7-116; 0<6<05
$(6) = (4.19)

1+460; 05<6<1
which means an initial WF of ¢o = 7 €V, a WF minimum of ¢, = 1.5 eV at a hydrogen coverage
of O, = 0.5 and afinal WF of ¢ = 2 €V for 6 = 1. The estimation of these parameters was carried
out by a preliminary fitting of the RDE at temperatures below 900 K where the effects of
hydrogen desorption are still negligible.

The hydrogen coverage of the surface was calculated with EQ.4.14 assuming an order of

reaction?®2®

of n = 1. The free parameters for the fitting were: the Richardson constant A;, the
desorption energy Eg, the prefactor of the Wigner-Polanyi equation »; and the initial hydrogen

coverage of each phase 0.
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Figure 4: TE current from SCD. Black thick line: experimental data. Red line: ARM fit to experimental data. Pink dotted
line: 1% component of the ARM. Cyan dotted line: 2™ component of the ARM fit. The quality of the fit is R? > 0.999. All
the adsorbed hydrogen was desorbed on the first cycle. The current uncertainty at the peak is 6.9 x 107 A. The fit of the
model has been performed by the collaborator Julian Anaya Calvo.

The ARM fits very well the experimental data, especially the final part of the curve, where the
hydrogen desorbs quite fast. The approximation of the WF variation with coverage made with
Eq.4.19 is aso satisfactory. The parameters extracted from the fitting for the two peaks are
summarised in Tab.1.

Table 1: Parameters obtained by the fitting of the ARM to the TE experimental data plotted in Fig.4.

Peak A (Alem?K?)  Eg(eV/mol) v (U9) 0o
1 79 3.245 3.42x10% 0.4391
2 79 3.51 2.7x10% 0.4358

89



The value of A is very close to the theoretical 120 A/cm?® K? for both peaks. The prefactor v is
also very close to its theoretical value”? » = 1x10" s™. Even when assuming the two peaks have
the same WF and similar initial coverage, the desorption energy is different. This reflects the fact
that the hydrogen is bonded into the diamond surface in two different ways but this will be
discussed in more detail in the next section.

Table 2: Parameters obtained by the fitting of the ARM to the TE experimental data of SCD on three heating runs. The
SCD was reterminated with hydrogen before each new run. The data from Fig.4 and Tab.1 corresponds to the 5" run.

Run 4 5 6

Peaks 1 2 1 2 1 2

A (Alcm? K?) 79 79 79 79 79 79

Eq (eV) 3.245 3.520 3.245 3.510 3.245 3.530

v (U9) 342x 108 275x10% | 352x 108 27x10% | 33x10® 27x 10"
6o 0.4310 0.4303 0.4391 0.4358 0.4391 0.4340

Regarding the stability of the values from Tab.1, the SCD was tested 6 times but the first three
runs showed inconsistencies. Because of that, only the data from the last three experiments were
fitted with the ARM. In the last three runs the free parameters were nearly identical, as can be
seen in Tab.2. The small differences in emissions seem to be accounted for by very small
variations of theinitial coverage of the two surface phases associated to the peaks. Therefore, the
ARM is not only consistent with the values but also successful in reproducing the experimental
data.

4.3.2 Desorption Kinetics and hydrogen species in <100> single crystal
diamond

The surface of hydrogen terminated <100> SCD reconstructs as a C(100)-(2x1):H surface, where
carbon atoms form dimer rows along the atomically flat terraces on the surface and are terminated
by hydrogen atoms. This has been observed via scanning tunnelling microscopy by several
groups®®®! that inferred that for C(100)-(2x1):H, hydrogen is bonded to carbon atoms as a
monohydride® (see Fig.5).
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Figure 5: Representation of the C(100)-(2x1):H surface reconstruction for <100> SCD. Light blue spheres: hydrogen
atoms. Grey spheres: carbon atoms.

In principle, it would be reasonable to expect that al of the hydrogen atoms on the surface have
the same desorption energy as they all have the same C-H bond. However, if we use the values
for the parameters Ey, v, and 6 extracted using the ARM from the experimental TE with Eq.4.12
and Eqg.4.14, we can reconstruct the desorption plot for hydrogen on <100> SCD that would
typically be obtained in a temperature programmed desorption (TPD) experiment®* (see Fig.6).

The desorption rate for hydrogen in <100> SCD is plotted in Fig.6 (Top), where we can clearly
see two desorption peaks associated with two ED (see Tab.1). The peak at lower temperaturesis
denoted P1 while the one at higher temperatures is denoted P2. This plot agrees with the findings
of Bobrov et al that reported the absence of hydrogen on the surface of <100> SCD following an
annealing at 950°C 3. Studies by Thomas et al®® on <100> SCD also report similar results , but
their data shows only one wide peak, which might be the result of the convolution of the two
peaks plotted in Fig.6 (Top). Conversely, on another study they report a TPD spectrum with a
more complex structure” but they concluded that the cause for that was the progressive
degradation of the surface due to rehydrogenation cycles. However, their rehydrogenation process
was very aggressive and this degradation is not present in our case. In this thesis the
rehydrogenation process is done at 450°C during 4 minutes (see Ch2 sect.2.8.2) while their
reported method was performed at 900°C for 30 minutes. Su et al®* aso carried out TPD
experiments on <100> SCD and described a wide peak composed by two convoluted peaks which

agrees with the findings presented here.
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Figure 6: Top: Desorption rate plot for hydrogen on <100> SCD reconstructed from the parameters extracted using the
ARM from the experimental data shown in Fig.4. Bottom: Coverage plot for hydrogen on <100> SCD reconstructed from
the parameters extracted with the ARM from the experimental data shown in Fig.4. The two components in dotted
colours (P1 and P2) correspond to the two peaks shown in Fig.4 and have the same colour codes to aid with comparisons
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Regarding the origin of the two desorption peaks there are two possible theories that are

explained below.

If we examine the <100> SCD surface, we can have the following configurations. a carbon dimer
with a double bond C=C without hydrogen, an incomplete carbon dimer with one hydrogen HC-
C* and afully terminated dimer with two hydrogen atoms HC-CH. But we are only interested in
those containing hydrogen and hence, the last two. According to preliminary ab initio simulations
of the C(100)-(2x1):H reconstruction of the <100> SCD surface carried out by our group, the
desorption energy from the fully terminated dimer is higher than that of the incomplete dimer.
This agrees with previous ab initio studies reporting dissmilar values for the two dimer
configurations. While the incomplete dimer has a ED of 3.43 eV * and 3.868 eV **, that for the
fully terminated dimer is4.28 eV * and 4.137 eV .

According to this theory and the results from the ARM, there should be two dimer phases on the
<100> surface, either in the form of discrete patches or mixed across the surface with
approximately equal initial coverage (see Tab2). But this prompts the question of why there are
so many incomplete dimers on a hydrogen terminated surface. This has been discussed by
Dawnkaski et al®” and others® and apparently it is possible to have high concentrations of
partially terminated dimers, at least at low coverages.

The second theory to explain the presence of two peaks on the desorption plot has been proposed
by Su et al®. In their study, they performed TPD on <100> SCD and obtained one broad peak for
the desorption diagram, which was found to be the convolution of two smaller peaks. They claim
that the peak at higher temperatures is caused by the desorption of hydrogen on the flat terraces
with a C(100)-(2x1):H reconstruction and fully terminated dimers. While the peak at lower
temperatures is caused by hydrogen desorption from the domain boundaries of those terraces,

meaning atomic steps and defect sites.

The reported ED for these two peaksis 3.25 eV for the low temperature peak and 3.46 eV for the
peak at higher temperature. These values are practically the same as the ones reported on this
thesis: 3.245 eV for the low temperature peak P1 and 3.5 eV for the high temperature peak P2.
The density of atomic steps on the <100> SCD surface is sufficiently high, according to STM
images of <100> SCD surfaces®®, to support the presence of a desorption peak associated with
thistype of defect.

In view of the two theories explained above, both seem reasonable and are supported by

experimental and theoretical evidence. For the moment, it seems sensible to leave it as an open
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guestion as to which one is correct until further evidence is collected in the form of either

experiments or ab initio ssimulations.

Table 3: Values of ED and frequency prefactor for hydrogen adsorbed on <100> SCD reported in the literature.

Source Eq (eV) v (U9) Method
Bobrov et al*’ 3.816 1x10" TPD
Suetal® 3.25-3.46 1.4x10" TPD
Thomas et al*® 3.154 1x10" TPD
Schulberg et al*® 3.55 0.9x10" TPD
Yang et al*° 3.46 1x10™ TPD

The magnitude of the desorption energies extracted from the ARM are in agreement with the
values reported in the literature for hydrogen adsorbed on the <100> SCD surface that has been
hydrogen terminated with the microwave plasma method (see Ch2. Sect.2.8.2). Some of these
values are summarised in Tab.3. However, the values reported by Paxton et al, who also used TE
to measure the desorption energy, do not agree with the ones in this thesis. This might be caused
by the fact that they assumed a constant desorption rate for all coverages when making the
calculations.

4.4 Thermionic emission from hydrogen terminated polycrystalline
diamond

The TE of hydrogen terminated nitrogen doped polycrystalline diamond (PCD) was also tested
and the ARM was applied to the data obtained from the experiment. The nitrogen doped diamond
film was grown with the hot filament method*** on a free standing boron doped diamond
substrate (see Ch2. Sect2.8.2). Hydrogen termination was carried out with microwave generated
hydrogen plasma as in sect.4.3. TE tests were performed several times on each of the five
different samples used with rehydrogenation of the surface before every experiment. Results were

guite consistent so a representative set of data obtained in only one of the tests is presented here.
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The methodology of the experiment is similar to the one followed in Sect.4.3 with a constant
heating rate of 1K/s. However, the cooling rate is faster and therefore, some hydrogen remains on
the surface after the first heating cycle and it takes afew more cycles to desorb it completely. See

below the first two heating cycles for one of the samples.
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Figure 7: TE current from PCD. Black thick line: experimental data. Red line: ARM fit to experimental data. The dotted
lines represent the different contributions to the TE current from different surface phases. This plot corresponds to the
1% heating cycle. The quality of the fit is R* > 0.999. The current uncertainty at the peak is 6.21 x 107 A. The fit of the
model has been performed by the collaborator Julian Anaya Calvo.

For the sake of clarity, it is convenient to point out that in the case of SCD, experimental 'runs
consisted of only one 'heating cycle' while in this case one experimental 'run' consists of several
'heating cycles.

Fig.7 plots the TE current of the first heating cycle for hydrogen terminated PCD. When
comparing the maximum emission achieved by the PCD with that of the SCD, having been tested
under the same conditions, it becomes clear that the SCD performs much better. The SCD
achieves a maximum current of 1.5 mA/cm? while PCD only produces 0.3 mA/cm?. Because of
that, a potential diamond-based TE device would be more efficient and capable of producing
higher current levels if made of SCD. On the subsequent heating cycles, without hydrogen
retermination, the emission will substantially decrease with each cycle.
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Asisshown in Fig.7, when applying the ARM to the PCD datait is necessary to use five peaks to
be able to reproduce the experimental data with an R* > 0.999. But this does not come as a
surprise as the surface of a PCD is much more complex than of a SCD surface. In addition to the
presence of different surface crystallographic orientations, there are also dislocations, grain
boundaries and possibly graphitic areas where the hydrogen can bond and be desorbed upon
heating. Therefore, the interpretation of the parameters extracted using the ARM must be
undertaken with caution and being aware of the complexity of the PCD surface.

Table 4: Parameters obtained by the fitting of the ARM to the TE experimental data of PCD on the 1** heating cycle. The

PCD was not reterminated with hydrogen before each new cycle. The data from Fig.4 and Tab.1 corresponds to the 2nd
cycle.

Peak 1 2 3 4 5
A (Alcm? K?) 79 79 79 79 79

Eq (€V/mol) 2.980 3.250 3.370 3.425 3.540

v (Us) 5.15 x10% 5.15 x10% 35x10"8 1.8 x10% 1.8 x10%
6o 0.440 0.438 0.430 0.419 0.390

The emission in PCD starts earlier that in SCD due to some peaks with low ED that completely
disappear after the first heating cycle. The values for the Richardson constant and the frequency
prefactor for the peaks are within the expected range and are similar to that of SCD. A summary

of al the parameters can be found in table 4.

Regarding the values for the ED, the values for the 2" and 5™ peaks appear in the data from SCD
with the same energies, so we could assign them to phases present on the <100> surface. Peaks 3
and 4 could be assigned to other orientations like <111> or <110> as their desorption energies lay
in the same range™“. In the case of the 1% peak, the one with the weakest desorption energy, we
could venture to say that it might correspond to hydrogen weakly bonded to graphitic regions or
sp2 carbon on the grain boundaries.
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Figure 8: TE current from PCD. Black thick line: experimental data. Red line: ARM fit to experimental data. The dotted
lines represent the different contributions to the TE current from different surface phases. This plot corresponds to the
2" heating cycle. The quality of the fit is R” > 0.999. The fit of the model has been performed by the collaborator Julian
Anaya Calvo.

It might seem surprising that the sum of the values for al the peaks is higher than 1 on the initial
coverages of the different phases. However, this atypical value could have the following
judtifications. Firstly, the peak-to-valley roughness of the PCD is of the order of microns, which
greatly increases the surface areain the diamond surface and with it, the apparent coverage. And
secondly, it is possible that hydrogen migrates on the surface while the desorption is taking
place®. This would mean that the coverage for one peak is transferred to the next instead of being
desorbed; causing the coverage to appear higher than it actually is. This would not be
unreasonable as the high number of defects on the surface would allow hydrogen atom to hop

from site to site without the need for much energy.

On the 2™ heating cycle for the PCD shown in Fig.8 we can appreciate that out of 5 peaks, only
two of them remain. These are peak 4 and peak 5, the ones with the highest desorption energy.
Naturally, the initial coverage decreases with respect to the 1% cycle and with it, the maximum
emission has decreased significantly. On the 3™ cycle, not shown for the sake of brevity, the
peaks 4 and 5 are still present but with less coverage as more hydrogen desorbs. This shows the
consistency of both the ARM and the TE data.
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4.5 Possible surface optimisation routes for application in devices

In view of the information obtained by the application of the ARM to the SCD TE data, it is
possible to assign TE current peaks to specific hydrogen chemical states on the diamond surface.
This information might help to find ways to improve the TE performance of the surface and

increase the chances of SCD to be used on a thermionic device.

In the case of SCD, we find that most of the emission comes from a peak with a desorption
energy of Eq ~ 3.5 eV. In addition, this peak most probably corresponds to the hydrogen bonded
on the fully terminated carbon dimer present on the flat terraces of the <100> SCD surface, which
represents about half of the surface coverage. The other half is accounted for by either incomplete
hydrogen dimers or dimers near the atomic steps and phase boundaries. Consequently, in order to
increase the emission, a surface treatment could be tailored to favour the creation of more flat
terraces. An example of the effect of increasing the coverage of the flat terraces is shown in Fig.
9. This figure plots the simulated TE current from a hydrogenated <100> SCD surface for
different surface coverages of the flat terraces mentioned above. The plot was made assuming a

constant heating rate of 1 K/s asin the experiments presented in the previous sections.
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Figure 9: Simulated TE current plot from a hydrogenated <100> SCD surface assuming that only the flat terraces act as
electron emitters. This corresponds to Peak 2 in Table.1 with an E4 = 3.52 eV. The different lines represent the TE current
for different values of initial surface coverage of flat terraces. The simulation has been performed by the collaborator
Julian Anaya Calvo.
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From the plot, we can conclude that increasing the coverage of the flat terraces from the actual 6
~ 0.43 up to # =~ 0.55 would increase the maximum emission three orders of magnitude. This

could obviously have a tremendous impact on a potential diamond based thermionic device.

Additionally, if we examine Fig.6 (Top) that shows the desorption rates for the hydrogen in the
flat terraces, we can see that at T = 950 K (677 °C) the desorption rate is still negligible. Hence,
this would be the optimal working temperature for a potential device. If now we look back at
Fig.9 and assume a surface coverage of 0.55 and a working temperature of 950 K, it would mean
that the SCD could be constantly emitting a current of J ~0.9 A/cm? and this might open the door
for SCD to be used on applications that were out of reach until now.

4.6 Conclusions

A modified Richardson-Dushman model has been applied to TE data from SCD and PCD
proving that not only it can successfully reproduce the behaviour of the TE current but also
extract significant amounts of information when compared to the regular RDE, especialy in the
case of SCD. However, the model still needs further improvements so that the WF can also be
included as a free parameter when performing the fitting or to enable the use of Eq.6 to account

for the WF variation with the coverage, instead of an approximation of Eq.16.

Overall, the ARM has proven to be a good tool for surface analysis capable of obtaining
information typically restricted to TPD experiments. Moreover, it is possible that due to the high
sengitivity of TE current to hydrogen coverage, a TE experiment coupled with the ARM might be
even more sensitive than aregular TPD. On atypical TPD experiment the desorbed species must
travel towards a quadrupole mass analyser of a specific detection efficiency, which might
generate a delay that would shift the desorption peaks towards higher temperatures, leading to an
overestimation of ED values. But in the case of TE this does not happen as the change TE current
is detected instantly. Nevertheless, the use of the ARM is restricted to materials capable of
producing a TE current, and this significantly limitsits field of application.

Finally, a route for the improvement of the TE current from <100> SCD surfaces has been

proposed, which could enable the use of this material in novel devices.
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Acronyms

TE: Thermionic Emission

WEF: Work Function

NEA: Negative Electron Affinity

RDE: Richardson-Dushman Equation

ED: Energy for Desorption

ARM: Alternative Richardson Model

SCD: Single Crystal Diamond

HPHT: High Pressure High Temperature
CVD: Chemica Vapour Deposition

TPD: Temperature Programmed Desorption

PCD: Polycrystalline Diamond
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It is a capital mistake to theorize
before you have all the evidence.
It biases the judgment.

-Arthur Conan Doyle

Work function tuning via
Plasmo-electric potentials

In this chapter, a new method to tune the work function of surfaces is studied. This involves the
use of light-induced plasmo-electric potentials. As a first approach we focus on the study of
plasmo-electric potentials on silver nanoplates and the effects over their work function. More
specifically, we study the transient behaviour of plasmo-electric potentials on the nanoplates and

analyse the causes for the observed behaviour.

The chapter starts with an introduction and review of the field of plasmo-electric potentials
followed by the characterisation of the samples used in this chapter. Then experimental data on
the transient behaviour of plasmo-electric potentials under different illumination and temperature
conditions are presented. Subsequently, a mathematical model for the transient behaviour of the
potentials is discussed along with the processes occurring on the silver nanoplate-substrate
interface. Finally, the last section reports on the heterogeneous local behaviour of the plasmo-

electric potentials for a single nanoplate.

5.1 Introduction

5.1.1 Plasmoelectric potentials: State of current research

Plasmo-electric potentials (PEP) were first reported by Sheldon et al in their seminal paper. PEP
manifests itself as an induced electric potential on a nanoparticle whose LSP modes are being

excited via laser illumination. Sheldon et al studied a particle-on-film system of Au nanospheres
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deposited on an ITO/glass substrate, illuminated with a tuneable laser, with a Kelvin probe force
microscope (KPFM). KPFM?, as described in Ch.2, is a an atomic force microscopy variant used
to measure both surface potentials and surface topography which is described in detail later on
and in Ch.2.

Sheldon et al observed that upon illumination there is a shift in the surface potential (SP) of their
nanoparticle array of a few tens of milivolts. According to their findings the SP shift shows a
dependence on the laser power and on the excitation wavelength. Moreover, the induced SP shift
appears to be negative -with respect to the SP in the dark- when the illumination wavelength sits
below the plasmonic resonance frequency and positive when the illumination wavelength is
above the latter. In addition, there was no SP shift when exciting the nanoparticles at their
resonant wavelength. It is worth noting that all the results presented in their study are for a

steady-state regime.

Sheldon et al presented a model for the PEP effect that was further elaborated by van de Groep et
al in a later publication®. Their proposed model approaches the PEP effect from a thermodynamic
point of view and concludes that PEPs are caused by a light driven change in the particle charge.
From their findings it appears that this charge flow is thermodynamically favoured to occur under
illumination. The model from van de Groep et al is fairly comprehensive and although it offers a
reasonable explanation of PEP, it doesn't reproduce some of the trends observed on the
experimental data shown by Sheldon et al such as the smooth decay of the magnitude of PEP

when the excitation wavelength moves away from the resonance wavelength of the nanospheres.

The PEP field is still at an early development stage where detailed research on different particle-
substrate systems is yet to be done. Moreover, the relation between PEP and other plasmonic
driven processes has not been studied to this date. This means that further research is needed in

order to fully comprehend this phenomenon and its interactions with other fields.

5.1.2 Methodology of the experiment

The PEP manifests itself as a change on the work function (WF) of the Ag nanoplate under
illumination. KPFM was the technique of choice to monitor and map these changes. Apart from
monitoring changes in the WF, KPFM can simultaneously map the topography of the sample (

). It is worth pointing out that KPFM doesn't measure WF but the WF difference
between sample and probe, which is called the contact potential difference (CPD). Therefore, in
order to know the absolute WF value of the sample it is necessary to calibrate the probe against a

reference sample of known WF. However, on this study, we focus on the shift of the WF (A¢)
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which happens to be equal to the CPD shift. So no calibration is needed for our experiment as A¢
=ACPD=PEP.

In order to study the PEP, a particle-on-film system was used. This system is composed of Ag
triangular nanoplates capped with a polyvinylchloride (PVP) layer deposited on an indium tin
oxide (ITO) substrate. The nanoplates have an approximate diameter of 180 nm and a height of
~20 nm ( ).

The samples were placed inside an ultra high vacuum chamber where they were scanned with the
KPFM until a suitable Ag nanoplate could be selected for the experiment. Two main experiments
were carried out: WF mapping of the Ag nanoplates with and without illumination and PEP
transient measurements. For the latter, the tip of the KPFM probe was placed on a point of
interest atop the plate. After that, the sample was exposed to cycles of darkness-illumination -
darkness while the KPFM recorded the WF changes (A¢) on the selected point. The total cycle
time was of 2400 s (40 min), starting with 300 s (5 min) of darkness to establish the CPD
baseline, 1500 s (20 min) of illumination and 1000 s (15 min) of darkness. The sample would be
left to settle down for a minimum of 20 min between experiments. The laser used for illumination
was a circularly polarised continuous wave diode laser with a wavelength 980 nm and a

maximum power density of ~ 90 mW/cm? ( ).

As the WF is highly sensitive to surface contamination, the experiments were carried out under
ultra high vacuum conditions (UHV) to minimise the influence of absorbed species present on the
samples during experiments. Low temperature experiments were also carried out by cooling the
sample with LHe down to 30K and following the same procedure described above to study the
influence of temperature in PEP transients. The effect of the laser power density was also studied

by performing illumination cycles at different powers.

5.2 Sample characterisation

5.2.1 Silver nanoplate distribution and morphology

Samples consisting of Ag nanoplates deposited on ITO were characterised to learn their
distribution and morphology prior to the examination with KPFM. Fig.1 shows an SEM image of
Ag nanoplates deposited on ITO. This image shows that the nanoplates are evenly distributed
across the substrate apart from some localised aggregates. Some spherical particles present on the

sample show a white colour on the image. We believe that these particles are a residue from the
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nanoplate synthesis process. Preliminary electron energy loss spectroscopy (EELS)
measurements confirmed the presence of crystallised salt particles that could correspond to the
spherical particle observed in Fig.1. Nevertheless, the topographical mapping capability of KPFM

allowed us to select the correct nanoplates based on their morphology.

a5.8kY 19,909 1pm WO 16mm

Figure 1: SEM image of Ag nanoplates deposited on ITO. The nanoplates show an homogeneous distribution apart from
localised aggregates. Some white spherical particles are also present, which are believed to be crystallised salt residues
from the nanoplate synthesis process.

The morphology of a typical Ag nanoplate used for this study is shown on Fig.2. This figure
shows the 3D rendering of the Z channel of the KPFM which maps the topography of the sample.
As it can be seen the Ag nanoplate has a truncated triangular shape with a length from base to
apex of around ~ 220 nm. This agrees with the specifications provided by the manufacturer®. The

thickness of the nanoplate is = 16 nm.

The surface of the nanoplate is smooth but it presents some flat wide bumps or protuberances that
account for around 30% of the surface of the nanoplate. Fig.3 shows the height profile across a
typical Ag nanoplate deposited on ITO. As can be seen from the height profile of the Fig.3, these

protuberances have a height of =1.3 nm relative to the surface of the plate.
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Figure 2: 3D rendering of the topographical image (Z channel) acquired with KPFM of a typical Ag nanoplate deposited
on ITO.
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Figure 3: Height profile of a typical Ag nanoplate deposited on ITO. The profile was extracted from a KPFM topographical
image. The excerpt shows the profile path over the nanoplate. The profile shows the position and height of
protuberances on top of the nanoplate.

Ag nanoplates were also characterised with transmission electron microscopy (TEM) prior to
deposition on the ITO substrate. Fig.4 shows a TEM image of a typical Ag nanoplate from the
colloidal solution deposited on carbon film. The TEM image shows good agreement with the
Fig.4 in terms of morphology and dimensions of the Ag nanoplate. The plate appears to be a
single crystal with the <111> orientation with no visible twinning, dislocations or bending

contours”.
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Figure 4: TEM image of a typical Ag nanoplate from the colloidal solution used for this study. The nanoplate appears to
be a single crystal with the <111> orientation facing upwards. No twinning or dislocations are visible.

5.2.2 Optical properties of silver nanoplates

The optical response of the sample with Ag nanoplates deposited on ITO was measured at normal

incidence by a Fourier image microscope® ( ).

In Fig.5 (right) we can see that the optical response for the Ag nanoplate colloidal solution, as
supplied, shows a maximum extinction coefficient at ~1050 nm *. Once the nanoplates have been
deposited on ITO, the extinction peak is shifted towards lower wavelengths and situated around
810 nm (see Fig.5 (left)).

This difference is caused by the change in the medium surrounding the nanoplates™®. It is
important to note that once the nanoplates have been deposited, they form aggregates which have
different resonant wavelengths than individual nanoplates. Which causes the optical response plot
to be a convolution of the responses of individual nanoplates and the different aggregates. The
red line in the same figure indicates the wavelength on the laser used for illumination. The fact
the laser excitation is not on a resonant peak is advantageous as according to Sheldon et al’,

excitation on resonant wavelengths does not produce a PEP response.
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Figure 5: Optical response of Ag nanoplates. Left: Ag nanoplates deposited on ITO. Red line represents the excitation
wavelength of the laser. This measurement has been carried out by the collaborator Sara Nufiez Sanchez. Right: Ag
nanoplates in colloidal solution (according to the supplier)A.

5.3 Mapping of plasmoelectric potentials on Ag nanoplates

In Fig.6 (left) is shown the WF map of a typical Ag nanoplate deposited on ITO. It is observed
that there is a clear WF contrast between the WF of the Ag nanoplate and that of the ITO. The
nanoplates have a triangular shape which indicates that the top of the nanoplate corresponds to
the <111> crystallographic plane'®. When compared to the <100> and <110> planes, the <111>
has the higher WF for most of the metals'’. However, the absolute WF value of the Ag <111>
plane varies greatly depending on the purity of the metal and, of course the surface cleanliness.
For a pure, clean <111> Ag single crystal, the WF is ~4.46 eV after a number of cleaning
cycles®. But if the Ag is untreated, the WF can range from 4.56 to 4.78 eV '3 in cases where
there are contaminants like carbon or sulphur. Taking into account that there is a capping layer of
PVP, the effect upon the WF of Ag would depend on its thickness. According to manufacturer
estimates, this thickness is between 1-2 nm. For the case of PVP capped ITO for example, PVP
causes a reduction in the WF*** So it could be expected that a similar effect happens for
polymer capped metals as was reported by Zhou et al®.

In our Ag nanoplates, according to the KPFM data, the WF of the Ag ranges between 4.35 to 4.60
eV. These values lie within the expected range for a Ag surface which may have a PVP capping
layer as explained earlier. As a result, we consider that the flat areas of lower WF within the Ag
nanoplates correspond to either Ag <111> or PVP capped PVP-Ag <111>. While the areas with
higher WF matching with the surface protuberances correspond to PVP accumulation,

contamination or dislocations as mentioned above. This matter will be discussed in more detail in
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Sect.5.6. Conversely, the WF of the ITO substrate is ¢;ro = 4.60 eV, which seems to agree with

17-21

the values reported in the literature for oxygen terminated ITO substrates
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Figure 6: Work function map of a Ag nanoplate on ITO. (Left): without illumination. (Right): With illumination.

In order to crosscheck the WF values obtained via KPFM, the WF of the Ag nanoplates was
measured with an energy filtered photoelectric electron microscope (EF-PEEM). Ag nanoplates
were deposited on a highly oriented pyrolytic graphite (HOPG) substrate leading to a full
coverage of the latter. The WF values obtained for the nanoplates (see Fig.8) range between 3.9
to 4.35 eV, which are lower that the values shown by the KPFM by around =~ 0.3 eV. However,
this disparity of values is expected when comparing the results from the two techniques'®?. For
that reason, the WF values from both techniques are considered sufficiently close to be

satisfactory.

When comparing the WF maps of the Ag nanoplate with and without illumination in Fig.6 (left)
and (right), it can be seen that there is a slight difference between the two images. This difference
can be better appreciated on the respective WF histogram plots in Fig.8. Fig.8 (Top left) plots the
WF histograms for the same Ag nanoplate with and without illumination. Where the WF shows a
clear shift towards lower WF values caused by the laser illumination. By fitting a series of
Gaussian functions in both profiles it is possible to find the relative shift of each peak. Which is
of the order of =20 meV. The illumination also causes a peak at 4.91 eV to vanish while a new

peak at 4.36 eV appears.
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Figure 7: (Top): Work function maps of Ag nanoplates deposited on highly oriented pyrolytic graphite (HOPG) performed
with an energy filtered photoelectric electron microscope (EF-PEEM). The field of view is 17 um. The HOPG is completely
covered with Ag nanoplates. This image has been taken and processed by collaborator Mattia Cattelan. (Bottom): WF
histogram of the image on top.
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Figure 8: Histograms made from WF maps performed with KPFM shown in Fig.6. (Top left): Work function histogram of
an Ag nanoplate on ITO with (red line) and without (black line) illumination. (Top right): Table containing fitted Gaussian
peaks to the work function histograms of an Ag nanoplate on ITO with and without illumination. (Bottom left): Gaussian
peaks (green lines) fitted to a work function histogram of an Ag nanoplate without illumination (black line). The red line
is the cumulative fit peak. (Bottom right): Gaussian peaks (green lines) fitted to a work function histogram of an Ag
nanoplate under illumination. The red line is the cumulative fit peak. The histograms are made with data from the top of
the Ag nanoplate, so there is no convolution with the ITO substrate.

According to the data plotted in Fig.8 it could be concluded that illumination indeed causes a shift
in the WF of the Ag nanoplate towards lower WF. Therefore, a PEP with a magnitude of 20 meV
seems to be present. However, the WF peaks on the histograms are very convoluted and this
could mean that subtle changes in WF might be overlooked. Therefore, in the next section (Sect
5.3), the WF shift of the Ag nanoplate due to illumination is examined on specific points to

determine if the WF shift matches the one described above and its time dependent behaviour.
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5.4 Time dependent single point studies of plasmo-electric potentials

5.4.1 Transient behaviour of plasmo-electric potentials

Fig. 9 shows the evolution of the WF shift (A¢) of a representative point on the surface of an Ag
nanoplate for different illumination intensities when it is exposed to a cycle of darkness-
illumination-darkness. The points chosen for these experiments are located in flat areas of the Ag
nanoplate in order to avoid the protuberances likely caused by contamination. Consequently, the
data presented in this section corresponds to either PVP-Ag <111> or Ag <111>. The data are
normalised to the initial WF value and for the sake of clarity the plotted magnitude is the absolute
value of WF change (JA¢|) but the WF shift is actually towards smaller WF values. Ag is in fact
the PEP as this WF or potential variation is plasmon/light driven as it only manifests itself under
illumination conditions. As can be seen in Fig.9, once illumination is switched on, |A¢| starts to
increase following an exponential decay trend until it finally saturates reaching a saturation

voltage V. This saturation voltage is actually the magnitude of the PEP.
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Figure 9: Work function shift transients on a single point on top of the Ag nanoplate for different illumination intensities.
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When illumination is switched off, |A¢| starts decreasing following again an exponential decay
trend until it returns to its initial value. When the laser power is 53 mW-cm™ or lower, the Ve is
smaller than 10 mV and shows little power dependence. Also the transient curves at such low
powers show no clear shape and interpretation of the data becomes difficult. The power
dependence and general shape of the transients described above is consistent for all the transient
measurements carried out on different Ag nanoplates across the sample.

5.4.2 Power dependence of plasmo-electric potentials on silver nanoplates

Regarding the dependence of the magnitude of PEP with the illumination intensity (I.), Fig.10
shows a plot of Vs against I.. The plot shows a strong dependence of PEP with I This

reinforces the idea of the light/plasmon driven nature of PEP.
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Figure 10: Saturation voltage (Vs,) vs lllumination intensity (/,) plot. Green line shows the allometric function fitted to
the data represented by pink squares.
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An allometric function (Eq.1) was fitted to the Vg data showing that there is a power law

dependence with an exponent of B= 4.5.

PEP =V, =A-1? (5.1)

These results are along the lines of those described by Sheldon et al®

who report a power
dependence for the PEP. Moreover, the theory of PEP developed by van der Groep et al® links
this dependence to the thermal equilibrium conditions - balance between heat input by the laser
and the heat loss by radiation - that occur at different particle temperatures. According to his
theory, the PEP for different powers increases rapidly at low powers to then reach a plateau.
However, in our case, that behaviour was not seen. This could be because the investigated range

of powers was not wide enough to reveal the plateau.

5.4.3 Time constants for the activation and relaxation of plasmo-electric
potentials

Upon examination of the PEP transient plots in Fig.9, what immediately stands out is the fact that
the time constants for the "activation' (zon) and 'relaxation’ (zorr) of PEP are surprisingly long for
a plasmonic driven phenomenon. Plasmons activate and decay in femtoseconds®*, and the
plasmon induced hot carrier generation is a process that operates on the same time scale®.
Therefore, one would expect the PEP to behave similarly or at least with a delay in line with the

timescales mentioned above. Nevertheless, the ton for PEP is of the order of hundreds of seconds.
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Figure 11: Time constant vs lllumination intensity plot. The black squares represent the activation time

constants (Ton) and the red squares represent the relaxation time constants (Togp).



In Fig.11 we can see the evolution of 7oy with I where it shows a positive dependence. The PEP
'relaxation’ time (zorf), although it initially shows a positive dependence, it decreases in its values
obtained for higher intensities. Nonetheless, its values are still over a 100 s. Far from the time
regime expected for a plasmon driven effect. Values of 7oy and zopr for intensities below 65
mW/cm? could not be extracted from the transient data due to not being able to fit the capacitor

model to the data.

It is also observed in Fig.11 that zor is consistently lower than 7oy for all illumination intensity
values, which can also be appreciated in Fig.9 where the transients have an asymmetric shape.
Furthermore, the difference between activation and relaxation time constants Az increases with
higher illumination intensities. This behaviour is consistent in all the measurements that were
performed for this study. The behaviour of 7oy and zorr, could in some way indicate that the PEP,

although an outcome of plasmonic excitation, is not a direct consequence of it.

5.4.4 Temperature dependence of plasmo-electric potentials on silver
nanoplates

The examination of the shape and behaviour of the PEP transients presented until now, together
with the well known heating effect of plasmonic excitation®, lead us to consider that PEP might
have been caused by a local temperature increment on the nanoplate. To support this theory, is
worth mentioning that the shift of WF due to temperature changes has been widely reported in the
past’’*°. Moreover, the increase of Vg with increasing laser powers agrees with this hypothesis;
because higher laser power implies a higher temperature achieved on the nanoplate, and therefore
a greater WF shift.

However, the fact that the zorr decreases when laser power is increased, seems to contradict the
temperature hypothesis. A higher laser power would produce a higher temperature which means a
larger amount of thermal energy stored on the nanoplate. In addition, if the dissipation of thermal
energy is done through the same Ag nanoplate-PVP-1TO interface and assuming a constant
contact thermal resistance, the heat dissipation rate should be constant. Therefore, the larger the
amount of stored energy the more time it will take to dissipate. Yet the data in Fig.11 shows the

opposite behaviour.

As a consequence of this conundrum, the PEP transient was measured at different initial
temperatures; ranging from room temperature to 80K. The experiment followed the same

methodology described previously in sect.5.1.2. The sampling point was kept constant on the
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same nanoplate during this experiment for all the temperature range. Starting at room temperature
and after an initial transient measurement for the reference, the sample was cooled down and
stabilised in darkness conditions. Then another transient measurement would follow and so on,
for all the range of temperatures tested. All measurements were performed at an I, = 89 mW/cm?.
The execution of this experiment proved to be quite challenging due to the continuous thermal
drift of the sample. It was required to scan the sample continuously at high speed in order to
follow an specific Ag nanoplate. In addition, as the sample cools down it was necessary to

periodically retune the cantilever as its resonant frequency changed with the decreasing

temperatures.
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Figure 12: Work function shift transients on a single point on top of a Ag nanoplate at different temperatures for a
constant illumination intensity of /, = 89 mW/cmZ.

The results from the transient experiments at low temperatures are plotted in Fig.12. The first
conclusion that can be extracted from the data is that, even at low temperatures, PEP are still
present. However, due to the thermal drift problem mentioned earlier, the amount of information

that can be extracted from the low temperature data is limited. Nevertheless, from Fig.12
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(T=147K -B) it can be calculated that Vs .+ = 0.0785 eV for low temperatures. This is very close
to the value for room temperature Vg rr = 0.0824 eV. With a variation of just AV = 4 meV, that
could be considered negligible. Moreover, the transient for T = 147 K, (147k -B) plotted in solid
red line, shows that the activation time constant oy Lt = 223 s is also similar to that of room
temperature oy rr = 255 S. Also, 7orr is as well smaller than zon causing an asymmetry on the

transient just like the room temperature case.

The thermal equilibrium of the system at low temperatures is different than that at room
temperature. So if the PEP are caused by a temperature increase and the initial temperature of the
Ag nanoplate is =200 K lower, it should cause an appreciable increase of the activation time
constant zon. But that effect appears to be absent. Furthermore, the low temperature of the
substrate increases the amount of heat lost through the Ag nanoplate-PVP-ITO due to heat
conduction. And if we take into account that the energy input to the nanoplate is the same as at
room temperature, the temperature achieved by Ag nanoplate should be lower than at room
temperature. This would cause the PEP at low temperatures to be of lower magnitude that that at
room temperature if the temperature hypothesis was to be correct. But again, this effect wasn't

observed.

Therefore, if PEP was a pure temperature driven phenomenon, its magnitude at low temperatures
should be lower and its activation time constants higher. Consequently, according to the data
collected at low temperatures, the temperature does not appear to influence or be the ultimate
cause of the PEP.

5.4.5 Thermal simulations of silver nanoplates on ITO

Despite the conclusions of the previous section, the laser heating of a system of Ag nanoplates on
ITO was simulated by finite element analysis to find out if the thermal transient of the nanoplates
was similar to the PEP transient. Such an analysis could indicate a possible relationship. The
simulation included an Ag nanoplate capped by PVP over an ITO substrate heated by a laser
beam with the same characteristics and incident angle as the one used on the transient

experiments.

The initial thermal simulations of an Ag nanoparticle in contact with an ITO substrate showed
that both heating and cooling transients would take place in less than a second. That is, the
heating and cooling were nearly instantaneous. This would mean that, according to the
simulation, the thermal barrier between nanoplate and substrate has to be very high in order to
cause a transient as slow as seen experimentally considering conduction as the most relevant heat

loss mechanism for this system.
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In view of the results of the first simulation, a second simulation was done but this time the
nanoplate was separated from the substrate and was isolated in free space without any physical
contact with any object. The intention of the second simulation was to mimic the worst possible
scenario with an infinite thermal barrier between nanoplate and substrate and check if the
transients could be reproduced. The only mechanism of heat loss for the nanoplate in this
situation is radiation, and its magnitude depends directly on the value of the emissivity &. Hence,
under these assumptions a number of simulations were carried out varying the emissivity of the
Ag in order to reproduce the experimental data. The results are shown in Fig.13 where the

temperature of the Ag nanoplate is plotted for different cases.
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Figure 13: Finite element analysis simulation of the thermal transient for a laser heated Ag nanoplate suspended on free
space for different emissivity (£) values. The temperature refers to the temperature of the Ag nanoplate. (Pink spheres):
assumed thermal transient normalised and calibrated from experimental PEP transient data for /, = 89 mW/cmZ. (Black
dotted line): simulated transient for € = 0.02. (Grey solid line): simulated transient for £ = 2x10™®. (Blue solid line):
simulated transient for £ = 2x10™. (Red dotted line): simulated transient for € = 2x10°. This simulation has been carried
out by collaborator Julian Anaya Calvo.

The pink spheres on the plot of Fig.13 represent the hypothetical temperature transient for the Ag

nanoplate. This transient assumes the same shape than that for the PEP at I, = 89 mW/cm? The
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maximum temperature achieved by the transient has been calibrated with WF measurements at
elevated temperatures carried out in the nanoESCA intrument (see Ch2 sect.2.4.1). According to
which a temperature of T = 120°C would cause a A¢ = 0.9 ¢V (data not shown).

The black dotted line represents the thermal transient for the Ag nanoplate with the typical Ag
emissivity®! & = 0.02. As the plot shows the transient is extremely fast and very different from the
experimental transient. This is reasonable because the mass of the nanoplate is very small and has
almost no thermal inertia so it can be heated really fast. Furthermore, the surface/volume ratio is

very high for the nanoplate which favours the radiation heat loss.

If we try to find the emissivity that would reproduce the cooling transient time constant (blue
line), the emissivity has to be as low as ¢ = 2x10”° . And if we wanted to reproduce the heating
transient (red dotted line) it would be necessary to use an emissivity of ¢ = 7 x 10°. Therefore, it
is not possible to reproduce the heating and cooling transients with the same emissivity.
Furthermore, the values needed to reproduce either of the transients are so low that they are not
physically possible. Consequently, we can conclude that according to the thermal simulations
explained above, the PEP transients cannot be caused by a temperature transient due to the laser
heating of the Ag nanoplate.

5.4.6 Work function shift transients on ITO

In order to assess how the ITO substrate can be affected by PEP generated in the Ag nanoplates,
single point WF shift transient measurements were performed on ITO. It should be noted that
ITO is a semiconductor that does not support plasmons in the wavelength range of the laser used
for the experiments presented here. Therefore, it is not possible to generate PEP on ITO with our
current setup. This is the reason why in this section the |A¢| represents just WF shift on ITO and
not a PEP.

Two samples were used for this experiment: one sample of ITO substrate with Ag nanoplates
deposited on it and another sample of bare ITO with no nanoplates. On the former sample, the
sampling point was chosen so that it was equidistant from all the surrounding Ag nanoplates by at

least 300 nm. On the latter sample, the sampling point was chosen at random.

Fig.14 shows the WF shift transients measured on top of ITO for different laser powers on the
two samples described above. We only plot the curves for illumination intensities of 89 m\W/cm?
and 76 mW/cm? as they are the most representative. The Fig.14 (Top) plots the |A¢| for ITO on a
bare ITO sample whereas Fig.14 (Bottom) plots the same but for a sample that has Ag nanoplates

on ITO. The WF variations seen on Fig.14 (Top) can be attributed to the random drift of the
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KPFM probe or to random electrical noise. However, in Fig.13 (Bottom) we can see two
distinctive sets of peaks right after activation and deactivation of the illumination over the

sample.

Immediately after the activation of the laser, the WF changes quickly to then return to its initial
value despite the illumination being still active. The same effect is observed upon deactivation of
the illumination. These peaks are present for the 100% and 75% power curves and appear to have
a shorter activation time when compared with the Ag nanoplate transients. The fact that the WF
shift on ITO only occurs when Ag nanoplates are present and when there is a change in
illumination suggest that this WF shift is caused by one of the effects associated with plasmonic
excitation on nanoparticles. Namely, intense localised electric fields, hot carrier generation,

localised heating or PEP.

Regarding the localised heating hypothesis, if this was the case, it could be assumed that the first
peak is caused by a sudden change of temperature which in turn changes the WF. However, it
doesn't explain why the WF decreases after the initial rise. If it was purely a thermal effect, the

WEF shift should be maintained during the illumination period.

Concerning hot carrier generation, it is possible to make the same reasoning as for the localised
heating. The hot carrier generation is constant with illumination. So its effects over the ITO

should be constant as well, as long as illumination is active.

If localised electric fields are examined as the possible explanation, it is possible to argue that the
intense fields created on the nanoplates attract charge carriers from the ITO bulk towards the
surface producing a band bending that shifts the WF. This mechanism would act as sort of a
"surface bias". However, the electric fields on the nanoplates are constant while the illumination
is present. So, the effects of the "surface bias" - the WF shift- should be constant as well. But this
is not the case. Thus, it is probable that localised electric fields alone are not the cause for

observed shift.

Connecting the behaviour of the ITO to PEP seems a bit premature at this point, as the nature of
the PEP transient is still not clear. But this matter will be discussed again later in the chapter once

the causes of the PEP transients have been elucidated.
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Figure 14: Work function shift transients on a single point of ITO carried out with KPFM. (Top): On a sample of bare ITO.
(Bottom): On a sample of ITO with deposited Ag nanoplates surrounding the sampling point.
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5.4.7 Tip repulsion effects during plasmo-electric potentials measurements

During the PEP transient measurements performed with KPFM, it was observed that the height of
the tip of the cantilever would increase during the illumination period to return to its original
height once the laser had been switched off. This height shift would be slow, taking several
minutes. The height shift turned out to be a function of the laser power density. So that increasing

power densities produce an increase in the height shift.
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Figure 15: KPFM tip height shift against illumination intensity plot. (Black squares): Height shift on top of bare ITO. (Red
circles): Height shift on top of an Ag nanoplate.

In Fig.15 are plotted the height shifts for different illumination intensities for two cases: tip above
ITO on a bare ITO substrate (not plasmonic) and tip above a Ag nanoplate (plasmonic) on an ITO
substrate. As it can be seen on the plot, the height shift follows the same trend and has
approximately the same magnitude in both cases, on top of a plasmonic particle and on top of a
non plasmonic substrate. Consequently, the height shift experienced by the tip of the cantilever
cannot be attributed to a plasmonic effect or be related to PEP. The causes of this behaviour to
remain unknown and are out of the scope of this study once it was confirmed that there is no
relation with the PEP.
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5.5 Plasmo-electric potential transient model

5.5.1 Discussion about the nature of plasmo-electric potentials: Factors
influencing the work function

In view of the data presented up until now, it seems that the WF shift of Ag nanoplates under
illumination or PEP is indeed a light/plasmon driven phenomenon. Now we present a critical
discussion of the factors that influence WF that could be responsible for observed experimental
results. The expression for the WF can be written in the following form according to Lang &
Kohn®:

¢=¢(0)—pu (52)
or
¢=A0p—p (53)

where ¢ is the WF, A¢ is the change in electrostatic potential across the surface dipole layer
created by the spillage of electrons at the surface, ¢(=) is the potential of an electron in vacuum,
| is the electrochemical potential and i is the chemical potential. From these relations the

chemical potential may be expressed as:

fi=p—p(=0) (54)

where ¢(-==) is the potential of an electron deep in the bulk or the mean interior potential. See

Fig.16 below, for a diagram of all these magnitudes.

Figure 16: Plot of the electron potential on the interface between a metal and vacuum. The left side of the plot
represents the potential of an electron in the bulk g(-e) while the right side represents the potential of an electron in

vacuum @g(+o°). u is the electrochemical potential, ﬁ is the chemical potential and (/5 is the WF.
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According to the formulae above, the WF has two main components: a surface component A¢
and a "bulk" component also called chemical potential i which depends on p. Therefore, any

changes in the WF must have its origin in one or both of these factors.

i) The surface component A¢ relates to an electrostatic surface dipole that modifies the
WEF depending on its magnitude and direction. It is therefore very sensitive to adsorbed atoms or

34,35

molecules on the surface®, their surface coverage®*® and surface chemical reactions™.

In our case this surface component could be influenced by a photon stimulated desorption

37-39

process® % or a thermally stimulated desorption®®**

that would cause surface atoms or molecules
to leave the surface and result in its surface dipole changing. However, this is unlikely to be the
reason because even if we assume that the photon stimulated desorption or thermally stimulated
desorption does happen; this hypothesis does not explain how the WF is restored to its initial

value in such a short time (low value of zorf).

If molecules or atoms are desorbed from a surface under UHV conditions, they will most likely
adsorb onto the walls of the chamber and not return in the short term. Due to the low pressures it
is not possible for them to re-adsorb onto the surface in a matter of minutes. This is related to the
molecular flow regime present at UHV pressures and to a concept termed "average time for a
monolayer"*. This is defined as the average time that would take for atoms/molecules present in
a vacuum chamber to form a monolayer on a surface. Under our experimental conditions the
average time for a monolayer is longer than 15 h. This makes it unlikely that the recovery of a

surface can occur in a matter of a few minutes.

In our case, the Ag nanoplates have a layer of PVP encasing them. So an additional mechanism
that could cause a surface dipole change is an interaction of one the PVP bonds with the incoming
light that somehow changes its molecular dipole. But, PVP light absorption spectra from
FTIR** does not show absorption at the wavelength used for this study, which supports the idea
that there should be no interaction of light with the PVP. Also the time scale of this type of
process should be shorter than those we observed.

Light driven stereoisomerisation®*

is a process that entails the change of the three dimensional
arrangement of a molecule that could lead to a change in the molecular dipole and consequently
in the surface dipole. Regarding the formation of an isomer due to light excitation, the author is
not aware of any reports on this matter regarding PVP. Moreover, PVP does not have any double
bonds that could allow the formation of an isomer. On top of that, Sheldon et al* reported PEP on

Au nanoparticles that are free of a PVP capping layer. In addition, preliminary measurements of
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PEP carried out on Au nanorods free of PVP (data not shown) display roughly the same

behaviour as the Ag nanoplates. So light driven isomerisation of PVP is not the cause of PEP.

Another possible cause for the change of the surface component could be the intense localised
electric field generated by the plasmons. These fields would cause either a localised surface band
bending or a rearrangement of the charge density on the surface leading to a change on the
surface component. However, if this was the cause the change would be instantaneous due to the

high electron mobility of metals . Which does not match with the experimental results.

Therefore, we can conclude that the surface component of the WF is not responsible for the

observed transient response.

i) The chemical potential, i, depends on the electrochemical potential p according to

Eq.4. And the electro chemical potential is the partial derivative of the Helmholtz free energy?’:

oF
u=-—| =F(N+1)—-FWN) (5.5
aN T,V
where F is the Helmholtz free energy, N is the number of electrons in the system, T is
temperature and V is the volume of the solid. Therefore, p is a function of temperature (T) and
electron number (N). Consequently a change in T or N could contribute to a WF variation.

One of the damping mechanisms for plasmonic processes is the creation of hot carriers® that in
turn decay by electron-electron and electron-phonon interactions®*’. This decay ultimately leads
to an energy transfer from the hot carriers to the nanoparticle crystal lattice causing a local
increase in the temperature of a nanoparticle?®*®, It is also well known in the field of surface
science that the WF of metals changes with temperature as it has been reported since the 70's %'~
% Consequently, it is a fair hypothesis that plasmon decaying processes could increase the
temperature of the nanoparticle and as a result change its p and therefore the WF. However, the
experiments and simulations shown previously ( ) seem to reject this

supposition.

Concerning the change of the electrochemical potential due to a variation in the number of
electrons of the system N; there could be a sort of electrochemical reduction of the ITO by the Ag
which would modify the charge of the Ag nanoplate. But there is a PVP capping layer that should
prevent this from happening by avoiding direct contact between nanoplate and substrate.
Additionally, this type of reaction should not take place at low temperatures or be extremely

slow. As usually chemical reaction Kkinetics have a strong dependence on the temperature of the
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environment***, but this contradicts the results of our experiments at low temperature (see

).

Examining the PEP transient data in Fig.9, it is possible to infer that the time scales of the PEP
are relatively long because they could be related to a transport process of some sort with a limited
transport rate. The two main transport processes that can be occurring on the Ag nanoplate-PVP-
ITO system are either heat transport or charge transport. Heat transport is indeed occurring but
temperature has already been discarded above as the cause for PEP. Therefore, it seems the PEP

transients are possibly caused by a charge transport phenomena.
Consequently, for the reasons presented above, the following can be concluded:

The WF variation of Ag nanoplates under laser illumination detected on the transient
experiments; must be caused by a temperature independent, plasmon driven charge transfer from
the substrate to the nanoplate or vice versa. This causes a charge accumulation or depletion that

modifies the electrochemical potential on the Ag nanoplate and in turn its WF.

This conclusion chimes with the explanation proposed by van der Groep et al® regarding charge

being the cause of the u shift.

NOTE: As an aside, it is worth mentioning that the electrochemical potential p is often assigned
the same value as the Fermi energy level Eg. But, they are in fact of different magnitudes. A brief
explanation of these two quantities will follow in order to clarify the matter and avoid any

confusion. The subsequent analysis is for metals as semiconductors require a different approach.
The electrochemical potential has already been defined and the E is equal to*:

50.1eV
Erp=—— (5.6)

(/a,)”

where rs is a measure of electronic density, and a, is the Bohr radius. Er and p have the same
value at T = 0 K, so that:

1T1_r3(1)u =E, (5.7)

However, they diverge at higher temperatures, T > 0 following the expression:

LIRS
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Fortunately, this divergence is only relevant at very high temperatures T > 10* K. And at room
temperature the difference between these two magnitudes is around 0.01%°. Therefore, although
in the range of temperatures of this study it is possible to use Er and p indistinguishably, it is

sensible to know their differences.

5.5.2 Capacitor model

In order to clarify the PEP transients and taking into account the conclusions of the previous

sections, the following model is proposed:

When a LSP is excited on a metallic nanoparticle deposited on a semiconductor substrate via light
excitation, it causes charge to be transported through the nanoparticle-semiconductor interface
following an exponential decay trend. This process continues until a saturation point is reached

where the charge of the nanoparticle Q, is no longer neutral.

Qn = Qsat = Nsat - No 0 = Nsat * No (59)
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Figure 17: Diagram of the light driven charge transfer process on the Ag nanoplate-PVP-ITO system.
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This additional charge Qs shifts the electrochemical potential pu of the nanoparticle and in
consequence its WF. When the light excitation is deactivated, the LSP disappears and the
nanoparticle-substrate system, now in an out-of-equilibrium state due to an excess of charge on
the nanoparticle (Q, # 0), returns to the initial uncharged state by expelling the redundant charge
back to the substrate by Coulomb repulsion. As a result, the nanoparticle-semiconductor system

behaves effectively like a nanocapacitor (NC).

In this process, the substrate operates as an electron reservoir for the nanoparticle. In the
particular case that is being studied here, the dimensions of the substrate are much larger in
comparison with the nanoparticle. Thus the substrate is not affected by the electron transfer with
the same intensity as the nanoparticle. For this study the substrate was always connected to
ground so any substantial charge imbalance on the substrate would quickly be eliminated by

expelling or drawing charge to ground.

By assuming that the system behaves like a NC, it is possible to perform a more in depth analysis
of PEP transients and the factors that might influence them. Our system consists on an Ag
nanoplate separated from the ITO substrate by a thin layer of PVP. Hence, we can consider the
nanoplate to be one of the plates of the NC, the ITO substrate to be the counter plate while the
PVP would be the dielectric between the plates. The Ag nanoplate would charge through the PVP
layer so we can approximate our case to that of a typical RC circuit where there is a capacitor in
series with a resistor. Then we can use the formula for the time dependent voltage of a charging
(Eq.5.10) and discharging (Eq.5.11) RC circuit®*:

t

Von(®) = Vege (1= € 7Ton)  (5.10)

t
Vorr(t) = Vsar e TorF (5.11)

T=RC (5.12)

where V(t) is the time dependent voltage between the plates, Vg is the voltage across the resistor
or saturation voltage, R the resistance of the Ag nanoplate-PVP-ITO junction, C the capacitance
of the system and = RC is the time constant that indicates the time required to charge/discharge
a capacitor up to 63.2% of its initial value. The subscripts 'ON' and 'OFF' represent the
"activation™ (laser ON, 300 < t < 1500s) and the "relaxation” (laser OFF, 1500 < t < 2400s) parts
of the transient curve. When these equations are applied to the system, V(t) represents the time
dependent PEP Vpgp(t) and Vi, the final magnitude of the PEP.
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Fig.18 shows the PEP transient of an Ag nanoplate under an illumination intensity of 89 m\W/cm?

fitted with Eq.5.10 and 5.11. The equations fit closely the transient data and allows the extraction
of the parameters Vg, ton and zorr used for the elaboration of Fig.10 and Fig.11. The same
procedure was used with transients at different illumination intensities with equally successful

results. Therefore, it is possible to confirm the validity of the model.
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Figure 18: PEP transient plot of an Ag nanoplate on ITO. (Black): Transient data. (Red line): Fit of Eq.10 to the activation
part of the transient. (Green line): Fit of Eq.11 to the relaxation part of the transient. (Blue thin lines): Confidence
intervals of the fittings.

5.5.3 Capacitance of the silver nanoplate-PVP-ITO system

We can determine the theoretical value for the capacitance of our NC by applying:

A
C = g8, —plate (5.13)
dgap
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C= (5.14)

SIS

where C is the capacitance of the NC in Farads, &(f=0) is the relative permittivity of PVP for a
frequency of 0 Hz, &, = 8.854187817 x 1072 F/m is the vacuum permittivity, Az is the area of
the plate in m* and dg, the distance in meters between the Ag nanoplate and the ITO substrate.
For PVP ¢(f=0) has reported values of** ¢, =2.37 and®* & =3. So an intermediate value of &(f=0) ~

2.7 was chosen to perform the calculations.

In Fig.19 are plotted the capacitance values of the Ag nanoplate-PVVP-1TO system for a range of
different gaps calculated using Eq.5.13. If we assume a gap of dg,, = 1.5 nm, the values of the

capacitance for our system are around C ~ 3.5 x 10™° F.
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Figure 19: Capacitance values for the Ag nanoplate-PVP-ITO system for various gap distances calculated using Eq.13.
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Figure 20: (Top): Charge transferred to/from the Ag nanoplate depending on illumination intensity. (Bottom): Number of
electrons transferred to/from the Ag nanoplate depending on illumination intensity.
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A consequence of a very small capacitance is that only a small amount of charge is needed to
charge the capacitor (Eq.5.14). In our case, if we take into account the experimental value of the
saturating voltage of the NC (Vs) and the capacitance C, it is possible to estimate the
accumulated/depleted charge or the number of electrons transferred to/from the nanoplate. Fig.20
(Top) shows the number of electrons transferred to/from the nanoplate for different illumination
conditions. If the accumulated/depleted charge on the nanoplate is divided by the electron charge
we find the number of electrons transferred to the nanoplate. Fig.20 (Bottom) plots the number of

electrons transferred to the nanoplate that cause the PEP.

In this case, the number of electrons transferred to/from the Ag nanoplate sits below 200. This
contrasts with the numbers reported by van der Groep et al® on their calculations, where they
predicted the transfer of approximately eight electrons for particles with a diameter of around 200
nm. However, the systems and conditions in both studies are different which might be the cause
for the discrepancy. For example, their system has a spherical nanoparticle which means that the

contact area between nanoparticle and substrate is orders of magnitude smaller that in our case.

5.5.4 Electric field and energy storage on the Ag nanoplate-PVP-ITO
junction

The charge transport process through the Ag nanoplate-PVP-ITO interface triggered by laser
illumination causes, once equilibrium has been reached, an accumulation of charges with
opposite sign at both sides of the interface. If we assume that this charge is positive in the metal
and negative on the semiconductor. For the metal, this charge is concentrated on the superficial
layers but for the semiconductor the size of the electron enriched zone depends on the doping
level. However, for the sake of simplicity in the following analysis, it is assumed that the charge
of the semiconductor is also concentrated on the surface.
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Figure 21: Charge diagram on the Ag nanoplate-PVP-ITO system.
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These two charge densities of opposite sign create a strong, constant and highly localised electric
field at the interface of the system and more specifically on the PVP region. If we assume that the
charge is concentrated in a thin sheet on the surface of the metal and on the interfacial region of

the semiconductor, the charge density per unit area p in C/m? is:

_Q
p=7 (515

And the magnitude of the electric field E in VV/m for a gap d is:

(5.16)

al <

E =

For the case of 1. = 89 mW/cm? the charge density is p = 1.31 x 10 C/m?. Which leads to an
electric field of |E|]= 5.5 x 10" V/m.

Furthermore, one of the applications of capacitors is the storage of energy. In our case, the energy

stored on the nanocapacitor is:

Q
W = j V(Q)dQ =%ch (5.17)
0

where W in Joules is the energy stored on the capacitor, V is the voltage across the plates and Q is
the stored charge in Coulombs. For I, = 89 mW/cm? we obtain a value of W = 1.44 x 10" J of

stored energy.

5.5.5 Electron transport on the Ag nanoplate-PVP-ITO junction

Knowing the capacitance C of the system it is possible to determine the value of the resistance
experienced by the electrons being transferred to the nanoplate as R = z/C. For an illumination
intensity of 1. = 89 mW/cm?, this renders Ron = 7on/C = 7.3 x 10'" Q and Rogr = 70re/C = 2.96 x
10%" Q for the activation and relaxation transients respectively. In view of these values, two main
facts stand out: First, the value of both resistances is significantly higher that the bulk resistivity
of PVP (Rpve = 1 x 107 Q) and second, they are unequal. The matter of the high resistance will be
discussed in the this section while the disparity between their values is addressed in sect.5.5.6 and
sect.5.5.7.

The Ag nanoplate-PVP-1TO junction is a case of a thin insulator film between two conductive
materials. And provided the film is thin enough and the potential barrier low enough it is possible

for electrons to move through the junction via quantum tunnelling™. If this was the case, it would
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explain why the resistance values of the junction are significantly higher than the ones expected
from bulk PVP.

In order to establish what type of electron transfer mechanism is taking place on the junction, one
can examine the conductance of the junction and compare it with the conductance quantum (G,)
%57 which is the quantised unit of electrical conductance corresponding to a quantum point
contact. If the conductance of a quantum point contact G is equal or less than G, means that the
tunnelling probability is equal or less than 1 and therefore that the electron transport method is
indeed quantum tunnelling. If the conductance G is higher that G, means that the electron

transport method is not tunnelling but ballistic conduction or possibly other mechanisms.

The total conductance of a system is the summation of the conductances of all the parallel
qguantum channels, which in our case would be the PVVP molecules: G=N Gpyp. The problem with
this approach is that it assumes that all P\VVP molecules are perpendicular to the nanoplate and
have a connection with nanoplate and substrate. But, in the case of PVP, the capping layer is
arranged in a disordered manner>®®. This makes the assumption mentioned above incompatible
with the observed arrangement. For this reason, the whole Ag nanoplate-PVP-1TO junction was

considered as an individual quantum channel in order to facilitate its analysis.

Ggap “R

gap

= AG, (5.18)

2e? .
Go=——=7748-105S  (5.19)

The conductance of the junction is expressed in Eq.5.18 as the inverse of the resistance of the gap
calculated previously. With Gg,, being the conductance across the junction, A is a prefactor, Gy is
the conductance quantum, e is the charge of the electron and h is the Plank's constant. The
prefactor A is used here as a comparative term between Gy, and G,. When the value of the
prefactor is A > 1 it means that the conduction across the junction is not tunnelling. Whereas if A
< 1, the probability of an electron crossing the junction is less than 1, meaning that the charge
transport is done by quantum tunnelling. In our case, the prefactor has a value of A =~ 1 x 10,

confirming the tunnelling hypothesis.

Furthermore, tunnelling charge transfer has been reported to result in high apparent resistivity on
a number of conductor-insulator-conductor systems with values of the same order of magnitude

as the ones reported here> 3,
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Normally, for gap distances over ~ 0.7 nm, tunnelling should be negligible. But in this case there
is a quantum molecular junction so that electrons can travel between particle and substrate
through the molecular orbitals of the PVP. The PVP molecules lower the potential barrier for the
electrons making possible the electron transport®.

Quantum tunnelling on plasmonic structures has been widely reported for plasmonic structures
such as metal particle dimers® and bow tie structures®™. However, these publications work in the
AC regime with charge transfer at high frequencies. In contrast, this study is a case of DC charge
transfer as the value of the time constant z shows. Moreover, some works report charge transfer
from substrate to particle on a particle-on-mirror system similar to ours®®®’. But in their case, the
substrate material is a metal that supports plasmon excitation and can be coupled to the
nanoparticle on top, which is fundamentally different from our case as the ITO substrate is a

semiconductor and does not support plasmons.

5.5.6 Rectification at the Ag nanoplate-PVP-ITO junction

Using the time constant values of the activation and relaxation transients, it is possible to
calculate the resistance experienced by the electrons travelling through the Ag-PVP-ITO interface
by applying Ri = #/C. Then, by applying Eq.5.22 for t=0, it is possible to determine the
maximum current during the transient which happens right at the beginning of the curve. Pairing
the values of maximum current I; with their associated saturation voltages Vs i it is possible to

build an 1/V plot with the current-voltage characteristics of the interface.

I _Vsati —%
(O =—2"em (522)

4

Fig.22 represents the I/V characteristic of the Ag nanoplate-PVP-ITO interface. The points on the
negative side of the voltage axis correspond to the activation time constants for different power
densities, while the points on the positive side of the voltage axis correspond to the time constants
of the relaxation transients at different power densities. The points closer to the vertical zero axis
correspond to lower power densities and vice versa. Although, for low powers the plot seems
fairly symmetric, for high powers there is a discrepancy with the current on the positive side of
the voltages being double that on the negative side. This behaviour resembles in some ways that
of a rectifying junction. This, ideally, allows current to flow in one direction but not in the

opposite one.
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Figure 22: I/V characteristic of the Ag nanoplate-PVP-ITO interface. The values on the left of the vertical central axis
correspond to the values of activation time constants while the values on the right correspond to relaxation time
constants. All the data points are associated with different power densities. The points closer to the central vertical axis
correspond to lower power densities and vice versa.

When a metal is deposited on the surface of an n-type semiconductor, there is a charge transfer of
electrons from the particle to the semiconductor or vice versa until an equilibrium is reached by
creating charged areas of opposite sign in both sides of the interface. The amount and direction of
charge moved through the interface depends on the relative position of the Fermi Levels of metal
and semiconductor. This is called metal-semiconductor junction or Schottky Junction (SJ)** and
has been reported by Kittel & Roduner® and others® for a number of combinations of different
metallic nanoparticles and semiconductors. SJ can present both ohmic or rectifying behaviour
depending on the doping level of the semiconductor, the type of metal and the surface states of
the metal-semiconductor interface™. So if the SJ is rectifying, electrons trying to cross the SJ will
experience a different resistance depending on which way they are crossing due to an asymmetric

potential barrier, in which case, the SJ forms a Schottky diode.
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The fact that the Ag nanoplate-PVP-ITO system fulfils the conditions for the formation of a SJ
and that it shows a rectifying behaviour, Ron # Rorr, leads to the idea that a rectifying SJ might
be present. In our case, the SJ appears to create an asymmetric potential barrier on the Ag-PVP-
ITO junction (Sect.5.5.7) so that electrons tunnel more easily from the Ag to the ITO than vice
versa causing a rectifying behaviour that explains the asymmetric shape of the activation and

relaxation transients.

Schottky diodes operate basically in two modes: Reverse mode and Forward mode. In reverse
mode, electrons travel from the metal to the semiconductor through a potential barrier ¢, of fixed
magnitude called Schottky barrier. In Forward mode, electrons travel from the semiconductor to
the metal by overcoming a barrier ¢; that is smaller than that for Reverse mode. This causes the
current to be higher in Forward mode than in Reverse mode. Taking this into account, it is
possible to infer that the ‘activation' transient is operating in Reverse mode while the 'relaxation’

transient operates in Forward mode.
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Figure 23: Band diagram of the Ag-PVO-ITO junction showing the potential barriers for the electrons under different
conditions. p,, is the electrochemical potential for Ag, uo is the electrochemical potential for ITO, CB is the conduction
band, VB is the valence band, E, is the band gap, ¢, is the potential barrier for an electron that wants to move from the
Ag to the ITO also known as Schottky barrier and ¢; is the potential barrier for an electron that wants to move from the
ITO to the Ag. t; represents the time when the illumination is activated while t, represents the time when illumination is
deactivated. For a clearer picture of t; and t, see Fig.26.
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During the activation transient, electrons flow from the Ag nanoplate towards the ITO (see
Fig.23) and accumulate on its surface. This shortage of charge lowers the Fermi level of the Ag
nanoplate (...or increases the Fermi level of ITO, depending on the reference point) and on the
other side of the interface the excess charge reduces the surface band bending of the ITO until an
equilibrium is reached. This causes that the interface potential barrier for electrons on the
semiconductor ¢; to be lowered. As the laser is switched off, the excess electrons on the ITO start
returning to the Ag nanoplate. However, as the potential barrier for the electrons has been
lowered, they can flow more easily towards the metal. Consequently, if the laser power density is
increased, more electrons travel to the semiconductor which lowers the potential barrier for the
semiconductor even further. This causes the relaxation time to decrease with increasing
illumination power density. It is also worth mentioning that the difference between the Fermi
levels of the metal and semiconductor when the illumination is active corresponds to the value of

the PEP. Which, under under illumination attains the value of V.

The shape of the I/V curve in Fig.22 exhibits a behaviour that deviates from that of the ideal
rectifying Schottky diode since the reverse current is not much lower than the forward current.
However, this can be explained by the fact that for small sized SJ, its properties change with
respect to macroscopic junctions®® . For nanoscale SJ, quantum tunnelling is the relevant charge
transport mechanism which causes the reverse current to be proportionally higher than on their
macroscopic counterparts as it has been shown by Smit et al’.

Although a feasible reason for this disparity of resistance and potential barrier values has been
explained above, the author would like to note that ours is not a classical electronic system but a
plasmo-electronic system. Where a number of diverse effects are simultaneously taking place in
different realms. Namely: LSP generation, charge transfer via quantum tunnelling and possibly
band bending shifts due to charge accumulation/depletion. For this reason, the understanding of
the phenomena on the junction calls for a more comprehensive analysis that is outside of the

scope of this thesis and is material for further research.

5.5.7 Energy barriers at the Ag nanoplate-PVP-ITO junction

The physics of charge transfer between two conductors separated by a thin insulating film have
been studied in depth by Sommerfeld & Bethe’, Holm™ and later expanded by Simmons”. Who
found that the current that flows through a junction is dependent on the relative permittivity of the

insulator, the gap distance and the voltage bias between electrodes.
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Here we used Simmons's formula modified by Peng’® for the tunnelling between conductors (on
its low voltage variant) to obtain a rough estimate of the height of the potential barrier (¢) of the
Ag-PVP-ITO junction in both directions:

J =Jo|[@re NP = (@, + V)eN@ V] (5.20)

e A= 4mtAsvV2m
" 2mhAs B h

Jo (5.21)

Where J is the current, ¢ is the height of the potential barrier and As is the gap distance. Fig.24
plots the potential barrier for the activation and relaxation transients against gap distance. We can
see that the barrier height is highly dependent on the thickness, specially for small gaps. If we
assume a gap of = 2 nm, the barrier heights for the activation and relaxation transients are
respectively: gpon = 4.192 eV and gorr = 4.029 eV. Which means a Ap = 0.163 eV.
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Figure 24: Ag-PVP-ITO barrier height against gap distance plot. Insert: Magnification of the plot on the 14-25 A range.
(Black line): Barrier height of the activation transient. (Red line): Barrier height for the relaxation transient.
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These values show that there is a slightly asymmetric potential barrier on the junction which
accounts for the different behaviour of activation and relaxation transients. Furthermore, these
values show that electrons at room temperature (or at a few hundred °C) cannot overcome the
potential barrier. Therefore, tunnelling seems like the only method of charge transport through the

interface.

Conversely, it is worth considering that hot electrons with high energy produced on the Ag
nanoplate might be able to overcome the potential barrier. The energies of the hot electrons
produced on Au and Ag depend greatly on the size and the shape of the nanostructure. And they
range from 1 eV to 4 eV ", So, as the potential barrier on our system is above the higher range
for the hot electron energy, the contribution of hot electrons to the charge transport will be in

principle considered negligible
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Figure 25: Representation of potential barriers between nanoplate and ITO.

5.5.8 Equivalent circuit of the system

Taking into consideration the conclusions from previous sections, the behaviour of the Ag
nanoplate-PVP-ITO system regarding the PEP transients is technically a rectifying SJ or Schottky
diode that is switched from reverse to forward and vice versa by plasmonic effects. However, this
basic representation is not very useful when trying to model the data acquired from the system.
Therefore, in this section it is proposed an equivalent electrical circuit describing the system with
regards to PEP with its associated equations. The equations and the equivalent circuit are based
on the theories and data presented on this study. So extending their use to other systems must be

done with care until further experimental data can provide a more solid foundation.
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Figure 26: Diagram for a generic PEP transient.

If we consider a generic PEP transient curve like the one depicted in Fig.26, the activation

transient (t; <t < 1,) can be described by the following equation:

__t
Veepon (8) = Veep,, <1 —e TON) (5.23)

If we take into account that Vpep ¢ iS @ function of the illumination intensity (I.) as shown

previously (sect 5.4.2) and that 7oy and zorr are also dependent on I
Veep sat = Vpep sac(IL) = a- If (5.24)
Ton = Ton(I) = Roy() - C  (25)

where a and b are coefficients. Then we obtain:

t
Vpepoy () = Vpep, (IL) * (1 —e RON(IL)'C) (5.26)

Equally, the relaxation transient is described by:

__t
Veepops (£) = Vpgp,,, (I) - € RorrlL) ¢ (5.27)
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Summarising:

t
|(VPEP0N(t) = Vpepy,, (L) - (1 —e RO”(’L)'C) ti <t <t

Vpep(t) = { (5.28)

¢
l Vorposr (1) = Vpgp,, () - € ForrlL)C, t, =t

This set of equations (Eq.28) describe the behaviour of the Ag nanoplate-PVVP-ITO system and

can be translated into the circuit diagram depicted in Fig.27.

On the diagram, the PEP on the Ag nanoplate is modelled as a capacitor that charges through a
resistor and discharges through a difference resistor. This scheme is achieved by placing two
ideal diodes (with a zero forward threshold voltage) on each of the resistors' path with opposite

direction.

Ideal diode /\ | Torry \/ Ideal diode

Figure 27: Equivalent circuit for the Ag nanoplate-PVP-ITO system regarding the PEP. The capacitor voltage represents
the PEP.

Before proceeding any further, it is worth mentioning that at first glance the NC model proposed
here might look similar to the model proposed by Benz et al”® for coupled plasmonic systems,
where they modelled plasmonic nanojunctions using capacitors and resistors®’. However, the two

models are intended to explain different phenomena despite being applied to similar but not
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comparable systems. Thus the two models don't enter in any contradiction. Benz et al elaborated
a model to explain coupled plasmonic structures such as particle dimers or particle-on-
mirror(metallic) systems; where dipoles induced by the excited nanoparticle can couple to the
image charges on the substrate. But in our case, PEP is the phenomenon to be explained, the
substrate is a semiconductor which is not a plasmonic material and it cannot couple to the
plasmon. Also, their model works on the AC high frequency regime whereas the NC model

works on the DC regime with electrostatic conditions.

5.6 Heterogeneous behaviour of plasmoelectric potentials on a single
nanoplate

Illuminating the Ag nanoplate-PVP-ITO system causes a shift on the WF of the nanoplate that
was identified as a PEP and explained on the previous sections. However, during this study it was
found that upon illumination, in some spots on the nanoplate the WF would decrease while in
others it would increase. Which is equivalent to having positive and negative PEP on the same
nanoplate. This section examines this phenomenon and puts forward a hypothesis to explain this

surprising behaviour.

5.6.1 Local dependence of the plasmoelectric potential sign

During this study, it was found that the sign of the PEP is different depending on the sampling
point within the same Ag nanoplate. In Fig.28 is plotted the WF map of a single Ag nanoplate
(without illumination) and the sampling points were the PEP transients were measured along with
an indication of the PEP sign on each point. The PEP sign direction and magnitude are consistent

and repeatable on each point. This behaviour is also present at low temperatures.

One of the first observation that can be made in Fig.28 is the fact that there seems to be a
correlation between the initial WF of the area (without illumination) and the sign of the PEP. For
example, red arrows in Fig.28 indicate sampling points where the WF increases during
illumination. And all the red arrows are on areas where the initial WF is 4.5 eV or higher.
Conversely, blue arrows are located in areas where the WF decreases under illumination. And the

initial WF of those areas is 4.3 eV or lower.
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Figure 28: WF maps of an Ag nanoplate without illumination. Blue downward arrows indicate sampling points where the
WF decreased under illumination. Red upward arrows indicate sampling points where the WF increased under
illumination. The centre on the arrows is the actual sampling point.
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Figure 29: Comparison between topographic (left) and WF maps (right) of a Ag nanoplate. The black lines with double
arrows point areas with protuberances on the Z image and their corresponding WF values on the WF map. The units of
height on the z image are nm and the units of WF on the right image are eV.
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Furthermore, we can examine the topographical map for the Ag nanoplate acquired
simultaneously with WF maps and compare it with the latter. In Fig.29, the image comparison
shows that areas with high WF painted in blue on the WF maps match in the topography maps
with areas corresponding to small protuberances on top of the plate. These protuberances have a
height of =2 nm (see sect 5.2.1) with respect to the top of the plate and are quasi-circular with

diameters between 20 to 40 nm.

Another visualisation of this correlation is presented in Fig.30, where a WF map has been
overlaid on top a topographical image rendered in 3D. Here it is possible to see the areas with
high WF (blue and green colour) match the protuberances of the surface. While the rest of the

plate is flat and has a lower WF.

Figure 30: WF map overlaid on top a 3D rendering of a topography map of an Ag nanoplate. The image was elaborated
with KPFM data.

Consequently, according to the data shown above, the local polarity of the PEP sign seems to be
linked with areas that have a specific WF value which in turn match topographical features on top

of the nanoplate.

An important aspect of the finding of PEP transients with opposite sign is the fact that they were
not detected in the initial WF maps with and without illumination presented in sect.5.3 and
especially in Fig.8. On the WF histograms of Fig.8 the WF peaks are so convoluted that it is not
possible to detect the small peaks shifting to higher WF. This indicates that when studying PEP
on nanoparticles with KPFM one has to proceed with caution.
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5.6.2 Power dependence of plasmonic potentials on the protuberances of
silver nanoplates

The PEP on the protuberances of the Ag nanoplate (see Fig.31) show a dependence with power,
as the PEP studied on the Ag nanoplate plateaus. Although these transients seem to lose their
shape at lower illumination intensities earlier than those in the plateaus. Their saturation voltages
Ve are plotted in Fig.32 along with those for the plateaus for comparison. Even though the
saturation voltage for the plateaus seems to be higher at low illumination intensities. At higher
illumination intensities it falls behind those of the plateaus. Furthermore, saturation voltages for
the plateaus had a power dependence with an exponent of 4.5. Whereas the protuberances, still

have a power dependence but with a lower exponent with a value of =2.5.
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Figure 31: Work function shift transients on a single point on top of a protuberance of the Ag nanoplate for different
illumination intensities (/,).
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Figure 32: Saturation voltage (V) plots. (Pink squares): V,,; for PEP transients on protuberances. (Orange squares): V,,,
for PEP transients on Ag nanoplate plateaus. Green line shows the allometric function fitted to the data represented by
pink squares.

Regarding the time constants for the activation and relaxation transients, they seem to be
somehow higher on the protuberances (see Fig.33). Meaning the PEP in the protuberances are
slower that in the plateaus. However, it is difficult to reach a final conclusion with the present

data, SO more experimental work is required on this regard.
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Figure 33: Time constant against lllumination intensity plots. (Left): Activation time constants (Toy). for protuberances

(green triangles) and the plateaus (red triangles). (Right): Relaxation time constants (Torg) for protuberances (pink
triangles) and the plateaus (blue triangles).
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5.6.3 Possible explanations for this phenomenon

According to the data presented until now, the sign of the PEP on the Ag nanoplate has a local
dependence and it is related to the protuberances on the Ag nanoplate surface. These
protuberances cannot be Ag (deformation or a dislocation of the Ag lattice) as if this was the case
the PEP should have the same behaviour as the Ag on the plateaus. This is so because all the Ag
on the nanoplate shares the same Fermi level. And the PEP is caused by a shift of the Fermi level.
Therefore it cannot shift upwards in some places and downwards in other locations.
Consequently, the protuberances have to be composed of a different material than the Ag

nanoplate.

There is a number of substances that could be the origin on the protuberances. The PVP capping
layer could be thicker in some parts of the plates so that it has a bulk behaviour, electronically

speaking, rather than that of a thin film.

The Ag nanoplate synthesis by wet chemistry methods leaves residues that are not totally filtered
out of the final product. So part of these residues could have deposited or attached to the Ag
nanoplate and created the protuberances. These residues could be AgNO; for example as it is
used commonly on Ag nanoparticle synthesis as a source of Ag atoms’®, or even extremely small

Ag nanoparticles.

During the preparation of the samples, the colloidal Ag nanoplate solution was diluted and a very
small quantity of HCI added to the mixture to prevent aggregation during the deposition process.
So it is also a possibility that CI” ions have diffused through the PVP capping layer and reacted
with Ag to for AgCl islands on the surface of the nanoplate.

Concerning the mechanism of how the protuberances also experience PEP. There are in principle

two potential mechanisms:

-The protuberance is made of a plasmonic material and interacts with the incoming
radiation: In this case, the protuberance is interacting with the incoming radiation on its own,
somehow independently of the nanoplate. Therefore, a plasmon appears on the protuberance and
causes an independent PEP by the same mechanism as the nanoplate. In this case the nanoplate
would replace the ITO as a charge reservoir, and the characteristics of the transient would be

determined by the nature of the protuberance-Ag interface.

-The protuberance is not a plasmonic material or if it is, it does not interact with the
incoming radiation: In this case, the shift of the Fermi level, has to be caused by a charge transfer

process with the Ag nanoplate excited by the laser. But while the nanoplate loses electrons and
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lowers its Fermi level, the protuberances gain electrons and raise their Fermi levels. So, if we
imagine a sort of junction between Ag and protuberance where there is a charge double layer,
akin of that of a pn junction or Schottky junction. The opposite behaviour of the Fermi level shift
for the nanoplate and the protuberance under illumination shouldn't be possible. Which discards

this hypothesis.

Therefore, the explanation for this phenomenon could be that the material of the protuberance
somehow functions as an electron reservoir like the ITO substrate. Therefore, once the nanoplate
is illuminated, it expels electrons towards wherever it can, including the protuberances. This
causes the Fermi level of the protuberances to increase with the excess electrons while the Ferni

level of the nanoplate decreases.

To sum up, this effect is very intricate because of the multiple physics involved and because the
dimensions of the system place it already on the quantum realm. Where counterintuitive effects
might be taking place that cause this phenomenon. Therefore, further studies targeting this

specific matter are necessary to shed light over physics that govern it.

5.7 Conclusion

In this chapter, the PEP transients of Ag nanoplates on ITO under different illumination

intensities have been studied as a potential method to tune the WF.

In order to explain the PEP transients it was proposed that the Ag nanoplate-PVP-ITO system
behaves like a nanocapacitor. Whose charging and discharging is triggered by laser illumination.
The PEP were found to happen at low temperatures. Which confirmed that the cause for the PEP
is not temperature related. The time constants for the activation and relaxation time of the PEP
are of the order of hundreds of seconds and follow a decaying exponential trend. Which is
believed to be caused by the slow charge transport rate through the nanoplate-1TO interface.

Upon analysis of the Ag-PVP-I1TO interface, it was concluded that the charge transfer mechanism
is quantum tunnelling. Which in turn explains the high resistance of the PVP interface and the

high values of the time constants.

Furthermore it was reported that the sign of PEP has a local dependence within the Ag

nanoplates. The sign inversion is related with protuberances on the surface of the Ag nanoplate
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that could made of a different material than Ag. However, the mechanism for this phenomenon is

still not clear.

This study was the first one to date that studied the PEP transients on nanoparticles. Its results,
summarised above, shed light over the mechanics of the still novel field of PEP and offer
possibilities to open new research paths. The fact that there are PEP of opposite signs on a
nanoparticle can have important implications for plasmon assisted catalysis®®®* | where the WF of
the catalyst has important implications for the charge transfer with reactants. Also the reported
time constants for some plasmon assisted catalytic processes with nanoparticles are of the same
order of magnitude as the ones reported here®. Which points to a possible relation of plasmon
assisted catalysis with PEP. Furthermore, Transient measurements of PEP seem a good tool to
study the properties of molecular thin films. These could be placed on the interface between
nanoparticle and substrate so that the transients would carry information about their electronic

properties.
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Acronyms

LSP: Localised Surface Plasmon.

PEP: Plasmoelectric Potential.

SP: Surface Potential

UHV: Ultra High Vacuum

ITO: Indium Tin Oxide

WEF: Work Function

CPD: Contact Potential Difference

PVP: Polyvinylchloride

EELS: Electron Energy Loss Spectroscopy
TEM: Transmission Electron Microscopy
EF-PEEM: Energy Filtered Photoelectric Electron Microscope
NC: Nanocapacitor

SJ: Schottky Junction

156



List of figures

Figure 1: SEM image of Ag nanoplates deposited on ITO. The nanoplates show an homogeneous
distribution apart from localised aggregates. Some white spherical particles are also present, which are
believed to be crystallised salt residues from the nanoplate synthesis process..........cccocvevevveverennnns 110

Figure 2: 3D rendering of the topographical image (Z channel) acquired with KPFM of a typical Ag
nanoplate deposited ON ITO. ..o st s e et e be e e e sresreebesre s 111

Figure 3: Height profile of a typical Ag nanoplate deposited on ITO. The profile was extracted from a
KPFM topographical image. The excerpt shows the profile path over the nanoplate. The profile shows
the position and height of protuberances on top of the nanoplate..............ccccceveve e, 111

Figure 4: TEM image of a typical Ag nanoplate from the colloidal solution used for this study. The
nanoplate appears to be a single crystal with the <111> orientation facing upwards. No twinning or
dIiSIOCALIONS Are VISIDIE. ... .eieciice ettt re et nrenns 112

Figure 5: Optical response of Ag nanoplates. Left: Ag nanoplates deposited on ITO. Red line
represents the excitation wavelength of the laser. Right: Ag nanoplates on colloidal solution
(2cCOrding t0 the SUPPHEN)?. ........cveiveeeceeeeeeceee ettt 113

Figure 6: Work function map of a Ag nanoplate on ITO. (Left): without illumination. (Right): With
THTUMINALION. ..ttt b et et et en e et e s b e benae ettt ne e 114

Figure 7: (Top): Work function maps of Ag nanoplates deposited on highly oriented pyrolytic
graphite (HOPG) performed with an Energy filtered photoelectric electron microscope (EF-PEEM).
The field of view is 17 um. The HOPG is completely covered with Ag nanoplates. (Bottom): WF
histogram of the IMAgE ON TOP. ..ocviiiii e st e e et sreereesrenre s 115

Figure 8: Histograms made from WF maps performed with KPFM shown in Fig.6. (Top left): Work
function histogram of an Ag nanoplate on ITO with (red line) and without (black line) illumination.
(Top right): Table containing fitted Gaussian peaks to the work function histograms of an Ag
nanoplate on ITO with and without illumination. (Bottom left): Gaussian peaks (green lines) fitted to
a work function histogram of an Ag nanoplate without illumination (black line). The red line is the
cumulative fit peak. (Bottom right): Gaussian peaks (green lines) fitted to a work function histogram
of an Ag nanoplate under illumination. The red line is the cumulative fit peak. The histograms are
made with data from the top of the Ag nanoplate, so there is no convolution with the ITO substrate.

Figure 9: Work function shift transients on a single point on top of the Ag nanoplate for different
HIUMINALION INTENSITIES. ...c.vi it sttt e e st e st e et e be e e sbeeteesbesaeeseesre e 117

Figure 10: Saturation voltage (V) vs lllumination intensity (1) plot. Green line shows the allometric
function fitted to the data represented by pink SQUAIES..........ccooiiieiiiiiie e 118

Figure 11: Time constant vs lllumination intensity plot. The black squares represent the activation
time constants (zon) and the red squares represent the relaxation time constants (tor). «...oooevevvereenee. 119

157


file:///C:/Users/bacaloura/Documents/THESIS%20&%20projects/thesis/5-%20WF%20studies%20on%20Nanoplates/5-%20WF%20studies%20on%20nanoplates_Final.docx%23_Toc481698555
file:///C:/Users/bacaloura/Documents/THESIS%20&%20projects/thesis/5-%20WF%20studies%20on%20Nanoplates/5-%20WF%20studies%20on%20nanoplates_Final.docx%23_Toc481698555
file:///C:/Users/bacaloura/Documents/THESIS%20&%20projects/thesis/5-%20WF%20studies%20on%20Nanoplates/5-%20WF%20studies%20on%20nanoplates_Final.docx%23_Toc481698557
file:///C:/Users/bacaloura/Documents/THESIS%20&%20projects/thesis/5-%20WF%20studies%20on%20Nanoplates/5-%20WF%20studies%20on%20nanoplates_Final.docx%23_Toc481698557

Figure 12: Work function shift transients on a single point on top of a Ag nanoplate at different
temperatures for a constant illumination intensity of 1. = 89 MW/CIM?. ........cc.cocerveveeceeereeeeeeinene, 121

Figure 13: Finite element analysis simulation of the thermal transient for a laser heated Ag nanoplate
suspended on free space for different emissivity (¢) values. The temperature refers to the temperature
of the Ag nanoplate. (Pink spheres): assumed thermal transient normalised and calibrated from
experimental PEP transient data for 1, = 89 mW/cm?®. (Black dotted line): simulated transient for ¢ =
0.02. (Grey solid line): simulated transient for & = 2x10™. (Blue solid line): simulated transient for & =
2x107. (Red dotted line): simulated transient for & = 2X10°. .........c.cooorrereereeecee e 123

Figure 14: Work function shift transients on a single point of ITO carried out with KPFM. (Top): On a
sample of bare ITO. (Bottom): On a sample of ITO with deposited Ag nanoplates surrounding the
L0 0] T a0 oL ] | SRS 126

Figure 15: KPFM tip height shift against illumination intensity plot. (Black squares): Height shift on
top of bare ITO. (Red circles): Height shift on top of an Ag nanoplate............cccocevvvivvienineeiesne 127

Figure 16: Plot of the electron potential on the interface between a metal and vacuum. The left side of
the plot represents the potential of an electron in the bulk g(-00) while the right side represents the
potential of an electron in vacuum @(+o0). W is the electrochemical potential, u is the chemical
potential aNd @ IS TE W, ... et 128

Figure 17: Diagram of the light driven charge transfer process on the Ag nanoplate-PVP-1TO system.

Figure 18: PEP transient plot of an Ag nanoplate on ITO. (Black): Transient data. (Red line): Fit of
Eq.10 to the activation part of the transient. (Green line): Fit of Eg.11 to the relaxation part of the
transient. (Blue thin lines): Confidence intervals of the fittings. .........ccocviiiiii i 134

Figure 19: Capacitance values for the Ag nanoplate-PVP-ITO system for various gap distances
Calculated USING EG.L3. ..ottt sttt e s be e e st e e be e be s be et e te e e nrears 135

Figure 20: (Top): Charge transferred to/from the Ag nanoplate depending on illumination intensity.
(Bottom): Number of electrons transferred to/from the Ag nanoplate depending on illumination
1] 45T 4/ SRS PTPRPP 136

Figure 21: Charge diagram on the Ag nanoplate-PVP-1TO SYStEM. ........ccccereriieininiiineseneee 137

Figure 22: 1/V characteristic of the Ag nanoplate-PVVP-ITO interface. The values on the left of the
vertical central axis correspond to the values of activation time constants while the values on the right
correspond to relaxation time constants. All the data points are associated with different power
densities. The points closer to the central vertical axis correspond to lower power densities and vice

Figure 23: Band diagram of the Ag-PVO-ITO junction showing the potential barriers for the electrons
under different conditions. pag is the electrochemical potential for Ag, Wiro is the electrochemical
potential for ITO, CB is the conduction band, VB is the valence band, E, is the band gap, ¢y is the
potential barrier for an electron that wants to move from the Ag to the ITO also known as Schottky
barrier and ¢; is the potential barrier for an electron that wants to move from the ITO to the Ag. t;

158



represents the time when the illumination is activated while t, represents the time when illumination is
deactivated. For a clearer picture of t; and t; S8 Fig.26. ........ccveiviiiiiiiiiereeeeee e 142

Figure 24: Ag-PVP-ITO barrier height against gap distance plot. Insert: Magnification of the plot on
the 14-25 A range. (Black line): Barrier height of the activation transient. (Red line): Barrier height

TOr the relaXation trANSIENT. ........ooiiieee et e e sre s e te e e eeseeeneeneeeees 144
Figure 25: Representation of potential barriers between nanoplate and ITO. ........c.cccccevvveveiveiennns 145
Figure 26: Diagram for a generic PEP tranSient. .........cocoiiiiiiiiiiese e 146

Figure 27: Equivalent circuit for the Ag nanoplate-PVP-ITO system regarding the PEP. The capacitor
VOItage repreSENtS the PEP........oov ottt pe e 147

Figure 28: WF maps of an Ag nanoplate without illumination. Blue downward arrows indicate
sampling points where the WF decreased under illumination. Red upward arrows indicate sampling
points where the WF increased under illumination. The centre on the arrows is the actual sampling
0101 ] PSSP ST PRSP PR PR PRPRPPPO 149

Figure 29: Comparison between topographic (left) and WF maps (right) of a Ag nanoplate. The black
lines with double arrows point areas with protuberances on the Z image and their corresponding WF
values on the WF map. The units of height on the z image are nm and the units of WF on the right

Lo To L LAY SRS 149

Figure 30: WF map overlaid on top a 3D rendering of a topography map of an Ag nanoplate. The
image was elaborated With KPFM ata. ..........cccceiiiiiiiiciiec et s 150

Figure 31: Work function shift transients on a single point on top of a protuberance of the Ag
nanoplate for different illumination iNteNSItIES (11). .ooveveiiiieeiicce e 151

Figure 32: Saturation voltage (V) plots. (Pink squares): Vs, for PEP transients on protuberances.
(Orange squares): Vs, for PEP transients on Ag nanoplate plateaus. Green line shows the allometric
function fitted to the data represented by Pink SQUArES..........cccciiieieiiiiic i 152

Figure 33: Time constant against lllumination intensity plots. (Left): Activation time constants (zon).
for protuberances (green triangles) and the plateaus (red triangles). (Right): Relaxation time constants
(zore) for protuberances (pink triangles) and the plateaus (blue triangles). ........ccocevvvviieieiieienns 152

159



References

1.

10.

11.

12.

13.

Sheldon, M. T., van de Groep, J., Brown, a. M., Polman, A. & Atwater, H. a.

Plasmoelectric potentials in metal nanostructures. Science 828, (2014).

Nonnenmacher, M., O’Boyle, M. P. & Wickramasinghe, H. K. Kelvin probe force
microscopy. Applied Physics Letters 58, 2921 (1991).

van de Groep, J., Sheldon, M. T., Atwater, H. A. & Polman, A. Thermodynamic theory
of the plasmoelectric effect. Scientific Reports 6, 23283 (2016).

Nano Composix. 1050 nm Resonant PVVP NanoXact ™ Silver Nanoplates. 92111
Available at: https://tools.nanocomposix.com:48/cdn/coa/Silver/Nanoplates/1050
Resonant PVP_NX_Low_ Ag_ Plates DMW0162.pdf?012 445.

Rodriguez-Gonzalez, B., Pastoriza-Santos, I. & Liz-Marzan, L. M. Bending Contours
in Silver Nanoprisms. The Journal of Physical Chemistry B 110, 11796-11799 (2006).

Lopez-Garcia, M. et al. Enhancement and Directionality of Spontaneous Emission in
Hybrid Self-Assembled Photonic-Plasmonic Crystals. Small 6, 1757-1761 (2010).

Maier, S. A. Plasmonics: Fundamentals and Applications. 1, (Springer US, 2007).

Barnes, W. L. Surface plasmon—polariton length scales: a route to sub-wavelength
optics. Journal of Optics A: Pure and Applied Optics 8, S87-S93 (2006).

Kreibig, U. & Vollmer, M. Optical Properties of Metal Clusters. 25, (Springer Berlin
Heidelberg, 1995).

Pastoriza-Santos, |. & Liz-Marzan, L. M. Colloidal silver nanoplates. State of the art
and future challenges. Journal of Materials Chemistry 18, 1724-1737 (2008).

D. Steiner, E. P. G. An Equation for the Prediction of Bare Work Functions. Proc. 27th
Conf. on Phys. Electronics 160-168 (1967).

Chelvayohan, M. & Mee, C. H. B. Work function measurements on (110), (100) and
(111) surfaces of silver. Journal of Physics C: Solid State Physics 15, 2305-2312
(1982).

Dweydari, A. W. & Mee, C. H. B. Work function measurements on (100) and (110)

160



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

surfaces of silver. Physica Status Solidi (a) 27, 223-230 (1975).

Shim, J. W. et al. Polyvinylpyrrolidone-modified indium tin oxide as an electron-
collecting electrode for inverted polymer solar cells. Applied Physics Letters 101,
73303 (2012).

Lampande, R., Kim, G. W., Pode, R. & Kwon, J. H. Effectiveness of a
polyvinylpyrrolidone interlayer on a zinc oxide film for interfacial modification in
inverted polymer solar cells. RSC Adv. 4, 49855-49860 (2014).

Zhou, Y. et al. A Universal Method to Produce Low-Work Function Electrodes for
Organic Electronics. Science 336, 327-332 (2012).

Sharma, A., Kippelen, B., Hotchkiss, P. J. & Marder, S. R. Stabilization of the work
function of indium tin oxide using organic surface modifiers in organic light-emitting
diodes. Applied Physics Letters 93, 163308 (2008).

Destruel, P. et al. Influence of indium tin oxide treatment using UV—-ozone and argon
plasma on the photovoltaic parameters of devices based on organic discotic materials.
Polymer International 55, 601-607 (2006).

Schlaf, R., Murata, H. & Kafafi, Z. . Work function measurements on indium tin oxide
films. Journal of Electron Spectroscopy and Related Phenomena 120, 149-154 (2001).

Kim, S. Y., Lee, J.-L., Kim, K.-B. & Tak, Y.-H. Effect of ultraviolet—ozone treatment
of indium-tin—oxide on electrical properties of organic light emitting diodes. Journal
of Applied Physics 95, 25602563 (2004).

Sugiyama, K., Ishii, H., Ouchi, Y. & Seki, K. Dependence of indium-tin—oxide work
function on surface cleaning method as studied by ultraviolet and x-ray photoemission
spectroscopies. Journal of Applied Physics 87, 295-298 (2000).

Andrade, H. D. et al. Use of energy-filtered photoelectron emission microscopy and
Kelvin probe force microscopy to visualise work function changes on diamond thin
films terminated with oxygen and lithium mono-layers for thermionic energy

conversion. International Journal of Nanotechnology x, 1-12 (2014).

Sheldon, M. T. et al. Nanophotonics. Plasmoelectric potentials in metal nanostructures.
Science (New York, N.Y.) 346, 828-31 (2014).

161



24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Brown, A. M., Sundararaman, R., Narang, P., Goddard, W. A. & Atwater, H. A.
Nonradiative Plasmon Decay and Hot Carrier Dynamics: Effects of Phonons, Surfaces,
and Geometry. ACS Nano 10, 957-966 (2016).

Brongersma, M. L., Halas, N. J. & Nordlander, P. Plasmon-induced hot carrier science
and technology. Nature Nanotechnology 10, 25-34 (2015).

Link, S. & El-Sayed, M. A. Shape and size dependence of radiative, non-radiative and
photothermal properties of gold nanocrystals. International Reviews in Physical
Chemistry 19, 409-453 (2000).

Holzl, J., Schulte, F. K. & Wagner, H. Solid Surface Physics. 85, (Springer-Verlag,
1979).

Malov, J. I., Shebzukhov, M. D. & Lazarev, V. B. Work functions of binary alloy
systems with different kinds of phase diagrams. Surface Science 44, 21-28 (1974).

Shott, M. & Walton, A. J. Changes in the chemical potential of tin on becoming
superconducting. Physics Letters A 60, 53-54 (1977).

Hill, R. V., Stefanakos, E. K. & Tinder, R. F. Changes in the Work Function of Iron in
the a=y Transformation Region. Journal of Applied Physics 42, 4296-4298 (1971).

Ramanathan, K. G., Yen, S. H. & Estalote, E. A. Total hemispherical emissivities of

copper, aluminum, and silver. Applied Optics 16, 2810 (1977).

Lang, N. D. & Kohn, W. Theory of Metal Surfaces: Work Function. Physical Review
B 3, 1215-1223 (1971).

O’Donnell, K. M. et al. Diamond Surfaces with Air-Stable Negative Electron Affinity
and Giant Electron Yield Enhancement. Advanced Functional Materials n/a-n/a
(2013). doi:10.1002/adfm.201301424

Maier, F., Ristein, J. & Ley, L. Electron affinity of plasma-hydrogenated and
chemically oxidized diamond (100) surfaces. Physical Review B 64, 165411 (2001).

Ibach, H. Physics of Surfaces and Interfaces. (Springer Berlin Heidelberg, 2006).
d0i:10.1007/3-540-34710-0

Tsiplakides, D., Neophytides, S. & Vayenas, C. G. Investigation of electrochemical

162



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

promotion using temperature- programmed desorption and work function
measurements. Solid State lonics 136-137, 839-847 (2000).

Rehn, V. & Rosenberg, R. A. in Synchrotron Radiation Research 1, 327-381 (Springer
UsS, 1992).

Pate, B. B., Hecht, M. H., Binns, C., Lindau, I. & Spicer, W. E. Photoemission and
photon- stimulated ion desorption studies of diamond(111): Hydrogen. Journal of
Vacuum Science and Technology 21, 364-367 (1982).

Hoheisel, W., Jungmann, K., Vollmer, M., Weidenauer, R. & Tréger, F. Desorption
stimulated by laser-induced surface-plasmon excitation. Physical Review Letters 60,
1649-1652 (1988).

King, D. A. Thermal desorption from metal surfaces: A review. Surface Science 47,
384-402 (1975).

Thomas, R. E., Rudder, R. A. & Markunas, R. J. Thermal desorption from
hydrogenated and oxygenated diamond (100) surfaces. Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films 10, 2451-2457 (1992).

Oura, K., Katayama, M., Zotov, A. V., Lifshits, V. G. & Saranin, A. A. Surface
Science. (Springer Berlin Heidelberg, 2003). doi:10.1007/978-3-662-05179-5

Sivaiah, K., Kumar, K. N., Naresh, V. & Buddhudu, S. Structural and Optical
Properties of Li+:PVP & Ag+: PVP Polymer Films. Materials Sciences and
Applications 2, 1688-1696 (2011).

Taylor, L. S. & Zografi, G. Spectroscopic characterization of interactions between
PVP and indometacin in amophous molecular dispersions. Pharmaceutical Research
14, 1691-1698 (1997).

Crivillers, N. et al. Photoinduced work function changes by isomerization of a densely
packed azobenzene-based SAM on Au: a joint experimental and theoretical study.
Physical chemistry chemical physics : PCCP 13, 14302-14310 (2011).

Masillamani, A. M. et al. Light-induced reversible modification of the work function
of a new perfluorinated biphenyl azobenzene chemisorbed on Au (111). Nanoscale 6,
8969 (2014).

163



47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

Méjard, R. et al. Energy-Resolved Hot-Carrier Relaxation Dynamics in
Monocrystalline Plasmonic Nanoantennas. ACS Photonics 3, 14821488 (2016).

Adleman, J. R., Boyd, D. A., Goodwin, D. G. & Psaltis, D. Heterogenous catalysis
mediated by plasmon heating. Nano Letters 9, 4417-4423 (2009).

Coates, D. An electron microscopy study of the low temperature catalyzed steam
gasification of graphite. Journal of Catalysis 80, 215-220 (1983).

Tysoe, T., Yee, G. & Casanova, R. Low temperature methane production by the
catalyzed reaction of graphite and water vapor. 77—78

Neil W. Ashcroft and N. David Mermin. Solid state physics. (Saunders College, 1976).

Hugh D. Young, Freedman A., R. & Ford, A. L. University physics with modern
physics. (Addison-Wesley, 2013).

Rawat, A., Mahavar, H. K., Tanwar, A. & Singh, P. J. Dielectric relaxation studies of
polyvinylpyrrolidone ( PVP ) and polyvinylbutyral ( PVB ) in benzene solutions at
microwave frequency. Indian Journal of Pure and Applied Physics 52, 632-636
(2014).

Khan, W. S., Asmatulu, R. & Eltabey, M. M. Dielectric Properties of Electrospun PVP
and PAN Nanocomposite Fibers at VVarious Temperatures. Journal of Nanotechnology
in Engineering and Medicine 1, 41017 (2010).

Bohn, D. Quantum theory. (Dover Publications, 1989).

Pérez-Gonzalez, O. et al. Optical Spectroscopy of Conductive Junctions in Plasmonic
Cavities. Nano Letters 10, 3090-3095 (2010).

van Wees, B. J. et al. Quantized conductance of point contacts in a two-dimensional
electron gas. Physical Review Letters 60, 848-850 (1988).

Feng, H. & Fichthorn, K. a. Adsorption of Polyvinylpyrrolidone on Ag Surfaces:
Insight into a Structure-Directing Agent. Nano letters 12, 997-1001 (2012).

Sheng, P., Sichel, E. K. & Gittleman, J. I. Fluctuation-Induced Tunneling Conduction
in Carbon-Polyvinylchloride Composites. Physical Review Letters 40, 1197-1200
(1978).

164



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Zhu, X. et al. Nanostructural instability of single-walled carbon nanotubes during
electron beam induced shrinkage. Carbon 49, 3120-3124 (2011).

Sheng, P. Fluctuation-induced tunneling conduction in disordered materials. Physical
Review B 21, 2180-2195 (1980).

Bao, W. S., Meguid, S. A., Zhu, Z. H. & Weng, G. J. Tunneling resistance and its
effect on the electrical conductivity of carbon nanotube nanocomposites. Journal of
Applied Physics 111, (2012).

Hwang, J., Shim, Y., Yoon, S.-M., Lee, S. H. & Park, S.-H. Influence of
polyvinylpyrrolidone (PVP) capping layer on silver nanowire networks: theoretical
and experimental studies. RSC Adv. 6, 30972-30977 (2016).

Brooke, R. J. et al. Single-Molecule Electrochemical Transistor Utilizing a Nickel-
Pyridyl Spinterface. Nano Letters 15, 275-280 (2015).

Wu, L. et al. Fowler—Nordheim Tunneling Induced Charge Transfer Plasmons
between Nearly Touching Nanoparticles. ACS Nano 7, 707-716 (2013).

Sigle, D. O. et al. Observing Single Molecules Complexing with Cucurbit[7]uril
through Nanogap Surface-Enhanced Raman Spectroscopy. The Journal of Physical
Chemistry Letters 7, 704-710 (2016).

Benz, F. et al. Nanooptics of Molecular-Shunted Plasmonic Nanojunctions. Nano
Letters 15, 669-674 (2015).

Kittel, T. & Roduner, E. Charge Polarization at Catalytic Metal-Support Junctions.

Part A: Kelvin Probe Force Microscopy Results of Noble Metal Nanoparticles. Journal

of Physical Chemistry C 120, 8917-8926 (2016).

Hégglund, C. & Zhdanov, V. P. Charge distribution on and near Schottky
nanocontacts. Physica E: Low-dimensional Systems and Nanostructures 33, 296-302
(2006).

Tung, R. T. The physics and chemistry of the Schottky barrier height. Applied Physics

Reviews 1, 11304 (2014).

Pérez-Garcia, B., Zufiga-Pérez, J., Mufioz-Sanjosé, V., Colchero, J. & Palacios-Lidén,

165



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

E. Formation and Rupture of Schottky Nanocontacts on ZnO Nanocolumns. Nano
Letters 7, 1505-1511 (2007).

Smit, G. D. J., Rogge, S. & Klapwijk, T. M. Scaling of nano-Schottky-diodes. Applied
Physics Letters 81, 3852-3854 (2002).

Sommerfeld, A. & Bethe, H. in Aufbau Der Zusammenh&angenden Materie 333-622
(Springer Berlin Heidelberg, 1933). doi:10.1007/978-3-642-91116-3 3

Holm, R. The Electric Tunnel Effect across Thin Insulator Films in Contacts. Journal
of Applied Physics 22, 569-574 (1951).

Simmons, J. G. Electric Tunnel Effect between Dissimilar Electrodes Separated by a
Thin Insulating Film. Journal of Applied Physics 34, 2581 (1963).

Zhang, P. Scaling for quantum tunneling current in nano- and subnano-scale plasmonic
junctions. Scientific Reports 5, 9826 (2015).

Clavero, C. Plasmon-induced hot-electron generation at nanoparticle/metal-oxide
interfaces for photovoltaic and photocatalytic devices. Nature Photonics 8, 95-103
(2014).

Benz, F. et al. Generalized circuit model for coupled plasmonic systems. Optics
Express 23, 33255 (2015).

Saidi, W. A., Feng, H. & Fichthorn, K. A. Binding of polyvinylpyrrolidone to Ag
surfaces: Insight into a structure-directing agent from dispersion-corrected density
functional theory. Journal of Physical Chemistry C 117, 1163-1171 (2013).

Mukherjee, S. et al. Hot electrons do the impossible: Plasmon-induced dissociation of
H 2 on Au. Nano Letters 13, 240-247 (2013).

Mukherjee, S. et al. Hot-electron-induced dissociation of H2 on gold nanoparticles
supported on SiO2. Journal of the American Chemical Society 136, 64-67 (2014).

Christopher, P., Xin, H. & Linic, S. Visible-light-enhanced catalytic oxidation
reactions on plasmonic silver nanostructures. Nature Chemistry 3, 467-472 (2011).

166



| see no good reason why the views given in this
volume should shock the religious feelings of
any one.

-Charles Darwin

Conclusions

This thesis has examined the physics of two methods for the modification of the work function of
a surface. One of them is well established and uses atom adsorption to modify the work function.
This method is explored in relation to its application on hydrogenated diamond surfaces
employed on thermionic emission devices. The other method consists of work function tuning via
laser exited plasmo-electric potentials, which is studied with an exploratory approach in order to
clarify the physics of this phenomenon.

In this chapter, a summary of the main findings is presented, along with suggestions for future
work that would allow to continue with the research linesinitiated in this thesis.

6.1 Use of molybdenum gratings as plasmonic heaters

In chapter 3 a method is presented for the heating of thin diamond films based on molybdenum
plasmonic gratings. This method is intended to be used primarily to perform thermionic emission
experiments on diamond thin films grown on molybdenum substrates. However, it can also be
used for other purposes such as for temperature-dependence tests to measure the resistivity of
diamond.

This plasmonic heating method is based on the illumination of a molybdenum substrate with a
high-power laser. A plasmonic grating engraved on the molybdenum is used to increase its
absorbance, which increases the maximum temperatures reached by the substrate. This alows to

extend the range of temperatures at which the test can be performed.
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This laser-based method has advantages over other heating alternatives (e.g. resistive heating).
Firstly, is does not produce leakage currents or electrical noise that could interfere with the
measurement of thermionic current. Secondly, the control of the temperature can be very accurate
as the sample temperature can be maintained within 0.5 K of the set temperature. Finally, thereis

very little thermal inertiawhich enables the use of complex heating-cooling patterns or routines.

In this thesis, we explored the heating capabilities of a number of gratings with different design
parameters, namely filling factor and grating period, in order to find the optimal values to
maximise the highest temperature that the molybdenum substrates could reach. It was concluded
that a plasmonic grating with a period of 10.6 um and afilling factor of 20% reaches the highest
temperature (T = 1011 °C), which isan increase of ~ 150 % when compared to the temperature
that a bare molybdenum substrate can reach (T = 400 °C). The range of temperatures achieved by
this method is more than sufficient to perform thermionic emission experiments on thin diamond

films.

6.1.1 Future work

A possible route to further increase the temperature range of this heating method would be the
use of tungsten instead of molybdenum as a substrate for the plasmonic grating. Preliminary finite
element simulations carried out by our group show that tungsten would increase the maximum

temperature by afew dozen degrees.

6.2 An alternative thermionic emission model for hydrogen
terminated diamond surfaces

In chapter 4 we proposed a new theoretical model for the thermionic emission from hydrogenated
diamond surfaces and validated it against experimental thermionic emission data obtained from a
hydrogenated <100> single crystal surface.

The mode currently used to describe the thermionic emission is the Richardson-Dushman
equation, which assumes that the emitting surface is stable at al temperatures. However, this
model fails to reproduce the effect of hydrogen desorption from the diamond surface on the
thermionic current. This leads to poor fittings of the experimental data and to an inadequate
extraction of parameters.
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In our proposed model, we added a new term to the Richardson-Dushman equation that accounts
for the variation of the work function as a function of the hydrogen surface coverage. The
coverage is calculated using the Wigner-Polanyi equation for desorption kinetics.

The model was validated against experimental thermionic emission data from a hydrogenated
<100> single crystal diamond surface. The result was that the proposed model is able to very
successfully reproduce the experimental thermionic emission data. Moreover, the new model
allowed the extraction of a series of parameters from the fitting, namely: Richardson constant,

initial hydrogen coverage, frequency prefactor and activation energy of desorption.

Regarding the first two parameters, their values (A = 79 Alcm? K2, v = 2.7x10" s) are very
close to their theoretical ones (A = 120 Alcm? K2, v = 1x10™ s, which gives an indication of the
good quality of the fitting and the strength of the model. The extracted values of the desorption
energy agree with the ones reported in the literature, which were obtained with temperature
programmed desorption experiments. This opens the door to the use of thermionic emission as a

tool for surface analysis, when used in combination with the new thermionic model.

The thermionic emission from the hydrogenated <100> single crystal surface was found to have
two main components with different desorption energies. One of them is likely to correspond to
the contributions from the fully hydrogenated dimers on the flat terraces of the <100> surface,
while the other component could be caused by either partially terminated dimers on the flat
terraces or fully terminated dimers on the boundaries of these terraces.

Thermionic emission from hydrogenated polycrystalline diamond was a so measured and the new
model was successfully fitted to the experimenta data, allowing the extraction of several surface
parameters. However, even though the values of the extracted parameters were reasonable, due to
the complexity of the polycrystalline surface, they have to be taken with some reserve.

When comparing the thermionic emission of single crystal and polycrystalline diamond, the
single crystal proved to be a much better emitter with a maximum current of Jya = 1.5 mA/cm?
while the polycrystalline diamond only produced 0.3 mA/cm? This means that a potential

thermionic device would be more efficient if fabricated with single crystal diamond.

The information obtained with the new thermionic model alowed us to relate emission
contributions to certain surface phases present in single crystal diamond. This gives an indication
of how to improve the efficiency of a potential device by promoting the creation of a particular

surface phase by the application of surface treatments.
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6.2.1 Future work

Although the new thermionic emission model proved to be strong there are a couple of features
that could be improved. One of them is the use of the work function as a free parameter for the
fitting, which the model cannot do at the moment. The other is the use of a cubic function to
describe the variation of the work function with the coverage, that at the moment is approximated
with alinear piecewise function. Therefore, there is still potential for further developments of the
model.

The model can also be improved by measuring the work function of hydrogenated diamond
surfaces for different coverages with ultraviolet photoelectron spectroscopy, so that this data can

be incorporated on the model to make it more accurate.

Additional thermionic emission tests should be done on the other single crystal surfaces of
diamond to gain more understanding of its surface properties and the kinetics of hydrogen

desorption.

6.3 Work function tuning via plasmo-electric potentials

The tuning of the work function via laser excited plasmo-electric potentials has been explored in
this thesis. This line of research in quite novel, so the aim was to improve the understanding of

the plasmo-electric potentialsto see if they could be applied to tune the work function.

The focus of the research was on the transient behaviour of plasmo-electric potentials upon laser
illumination on silver nanoplates deposited on indium tin oxide. It was found that the plasmo-
electric potential transient have a nanocapacitor-like behaviour with long activation and
relaxation time constants (z = 100 s). These values were found to be caused by the poor charge
transfer capabilities of the nanoplate-substrate interface. The plasmo-electric potentials are caused
by charge being transferred in or out of the nanoplates through the nanoplate-substrate interface.
Consequently, poor charge transfer properties on this interface would lead to long time congtants.
The high resistance of the interface was found to be caused by the fact that the charge transfer

mechanism is quantum tunnelling.

The maximum value of the plasmo-electric potentials under our illumination conditions (I, = 89

mW/cm?) was= 0.08 eV. V arying the illumination intensity led to the finding that both the
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magnitude of the plasmo-electric potentials and their time constants show a strong dependence

with I, which agrees with other published studies.

We aso report on the fact that the sign of the plasmo-electric potential can change within the
same nanoplate. This behaviour was unexpected and it is theorised that it could be produced by
the presence of impurities on the surface on the nanoplates.

This is the first study, to the best of the author’s knowledge, that analyses the plasmo-€lectric
potential transient behaviour on plasmonic nanoparticles. It aso offers a good insight on the
mechanism of this phenomenon by highlighting the importance of the nanoparticle-substrate
interface. We adventure to suggest that this finding could be used to study the properties of
molecular or atomic monolayers placed on the nanoparticle-substrate interface. Conversely,
taking into account the value of the time constants for the plasmo-electric potentials and some
reports on plasmon assisted catalysis, lead us to think that there could be a relation between the

two phenomena that has not been uncovered yet.

6.3.1 Future work

The field of plasmo-€electric potentials is till at an early development stage where more work

needs to be done, both theoretically and experimentally, to fully comprehend this phenomenon.

As a continuation of the experiments reported here, it would be interesting to repeat the
experiment with silver nanoplates deposited on a metal substrate instead of indium tin oxide, to

see is plasmo-€electric potentials are still present.

As mentioned on the previous section, changing the characteristics of the nanoparticle-substrate

interface with molecular or atomic monolayers, could lead to interesting findings.

Lastly, studying the possible relation between plasmo-electric potentials and plasmon-assisted
catalysis could bring a potential breakthrough in the understanding of this type of catalysis.
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