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Abstract

In this thesis, the correlation between thtical properties anthe local morphology of
supported silver nanoparticle ensembles and Mg@films deposited on Mo(001) systems is
explored by means of Photon-STM. In thetfgsction, dome and disk shaped Ag nanoparticle
ensembles with increasing density on an alunfiimaon NiAl(110) were analyzed as well as
ordered and disordered ensembles of Ag nalimds on HOPG. The aspect ratio of the Ag
nanoparticles was found to have a significanuifice not only on the Mie plasmon resonance
of a single particle, but alsmn the electromagnetic coupling witithe nanoparticle ensembles.
The Mie resonance in the samble of dome shaped Aganoparticles shows a strong
dependence on the interparticlestdnce, where it shifts to high energies with increasing
particle density, due to destructive interferenifects. In the disk-like Ag ensembles, however,
the plasmon energy is independent of phfparticle separationThe long-range lateral
ordering of size-selected Ag nanocolloidsfagind to induce a high dipole-dipole coupling
within the ensemble. This is mainly reflectedtbg enhancement of the spectral intensity of the
in-plane Mie mode, due to constructive couplirigwever, ensembles with either well-ordered
or disordered arrangements reveal no impowdéference in their optical properties, reflecting
the weak influence of the long-range order in the particle ensemble. Thin MgO films with
different thicknesses were grown on a Mo(08Lrface. The stress resulting from the 5.3%
lattice mismatch between the MgO(001) and thg§0@a) lattice parameters is found to control
the surface morphology of the MgO film untilicknesses of around 25ML at which flat and
defect-poor films are obtained. &helaxation of the stress inths a periodimetwork in the
first 7ML of the MgO film, consisting of alternated flat and tilted mosaics. The presence of
screw dislocations, stepsiented along the MgO<100> diremtis, and tilted planes is observed
when the MgO films are approximately 12ML tkidn addition, an increse of the MgO work
function around these new surface featureseigaled from STM spectroscopy. The photon
emission induced by field-emitted electron injection from the STM tip into the MgO films is
dominated by two emission bantixated at 3.1eV and 4.4eV. To check the origin of these
bands, further experiments, namely, nucleatioAwfparticles and créi@an of F-centers on the
MgO surface, have been performed. The nucleaifohu particles at tb low coordinated sites
is found to quench the MgO optical signal, whhe creation or annihiteon of F-centers does
not alter the MgO emission bands. The 3.1eV aeditheV bands are therefore assigned to the
radiative decay of MgO excitons abrner and kink sitegnd step sites, spectively. Besides,
spatially resolved optical meagments in the tunneling moaé the STM revealed different
light emission mechanisms. These radiativecpsses are mainly related to tip-induced
plasmons that form between the tip and theddpport and to electron transitions between field-
emission-resonance states in the STM tip-Md®@ function. The signal from exciton decays at
corners and kinks of the MgO surface is hogreonly observed at excitation conditions where
the spatial resolution isralady strongly reduced.



Zusammenfassung

In der vorliegenden Arbeit wde mit Hilfe eine Photon-STM die Korrelation zwischen
optischen Eigenschaften und dekalen Morphologie arzwei unterschiedlichen Systemen
untersucht. Hierfir wurden zum einem oxidge#&rag Ensemble von Silber-Partikeln prapariert,
wobei sowohl die Partikelfon (Kuppel- und Scheibenform) als auch die deponierte
Partikeldichte variiert wereh konnte. Neben der Prap@wa solcher Partikel auf AJO;5/NiAl,
konnten sphéarische Silber-Kolloide geordrads auch ungeordnet auf HOPG aufgebracht und
untersucht werden. Dabei zeigte sich, dass das Veghitin Hohen zu Breiten nicht nur einen
signifikanten Einfluss auf die MiResonanz des einzelnen thkais hat, sondern auch die
elektromagnetische Kopplung der Partikel @nem Ensemble stark kontrolliert. Die
energetische Lage der Mie-Resonanz zeigt ithdea kuppelférmigen Ag-Partikel eine starke
Abhangigkeit vom Intepartikel-Alband, was sich in einer Vatsebung zu héheren Energien
fur eine steigende Partikeldichte aul3ert. ESolehe Abhangigkeit konnte bei den Ensembles der
scheibenformigen Partikel nicht beobachtet wardDes weiteren zeigte sich, dass, verglichen
mit den ungeordneten Ensembles, die selbstorganisierte langreichweitige Ordnung der Silber-
Kolloide auf HOPG nur einen schwachen Einfluss auf die energetische Position der Mie
Resonanz hat.Das zweite hier untersuchtste®y sind dinne MgO Filme unterschiedlicher
Dicken auf einem Mo(001) Substrat. Diesegesi ein reichhaltigedVachstumsverhalten,
welches durch eine Differenz in den Gitterkamsén von 5.3% begrindet ist und erst ab etwa
25 ML zu einem flachen und defektarmen Filimrt. Die so induzierte Spannung relaxiert bis
zu einer Dicke von etwa 7 ML in einer periathien Uberstruktur die aus abwechselnd flachen
und verkippten Ebenen an der MgO-Mo Grenzschicht hervorgeht.

Fur MgO Filme mit einer Dicke von etwB2 ML werden dann Schraubenversetzungen,
ausgedehnte verkippte Ebenen und Stufemkambit einer Orientieing entlang der <001>
Richtung beobachtet. Die optlsee Charakterisierung durch |@emission von Elektronen aus
der STM-Spitze in den MgO-Film wird dominierdbn zwei Emissionsmaxima bei Energien von
3.1 eV und 4.4 eV. Die kontrollisx Nukleation von Gold RF#&keln und die Erzeugung von
Farbzentren im MgO Film erlaubten eine Zuamdg dieser Emissionen zu strahlenden Zerfallen
von Exitonen an Ecken, Kinken bzw. Stufen des Magnesiumoxids. Solche Emissionsprozesse
konnten allerdings nur unter ristellungen beobachtet werden, benen ein gleichzeitiges
Rastern der Oberflaiche unméglich ist. i Bemoderaten Einstellungen war auch eine
ortsaufgelosten Spektroskopie maoglich, wiodann neue Emissionsmechanismen beobachtet
wurden. Dabei sind zwei Prozesse wesenilizum einen die Ausbildung von sog. Spitzen-
induzierten Plasmonen im Bereich zwisch8pitze und dem Mo-Substrat, zum anderen
strahlende Elektronentibergange zwischeag. Feldemissionsresonanzen, die sich im
Spitze/MgO-Film System ausbilden.
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Introduction and Motivation 1

Introduction and Motivation

In the last few years, a gred¢velopment in the research tools to study optical materials
on the nanoscale has been achieved, allowingra detailed knowledge dheir local optical
properties. This progress in the optical meaments was possible thanks to the large
advances in the laser technology, &f@acs, and computers on one haddl pnd in the use
of new analysis techniquesharacterized by high spatialsmution, such as, the scanning
probe microscopy, on the other ha@d34].

Optical spectroscopy with the STM has evolved into a powerful tool to measure optical
properties of a sample surface with nanometer spatial resoluijonit[allows direct
correlation between the optical arlacteristics and the strucalirproperties ofthe studied
material. This is in contrast to classiaaitical spectroscopy ntetds, where the extracted
information is averaged over macroscopic greasl often exhibit brakening effects due to
sample inhomogeneity. In terms of spatralsolution and versdity, optical emission
spectroscopy with th& TM competes only with a few other local optical methods, like the
scanning near-field optical microgpy (SNOM) and related methodsg]. Consequently, an
STM-based approach has been selected tmexfhe optical propertseof individual species,
selected from an ensemble of metal particléf Femiconductor quantum dot3][or
molecules 8,9,10].

Using such an STM approach, the relatiopdhetween the surface optical and structural
properties of two optically active systemsnvestigated in this PhD work.

The first system concerns noble metal nantigdas, which are pardularly interesting
optical objects 11]. Their optical properties exhibit dinct extinctionbands induced by
strong plasmon resonancas the visible spectrum1fl,12]. The corresponding optical
response can be understood in teahthe classical Mie theorylP], using most of the time
simple quasi-electrostatic models of the péatigolarizability and bl dielectric functions
[12]. This is in contrast to optical spectné molecules and semiconductor quantum dots,
where the interpretation often requirguantum mechanical calculatioris3]. Furthermore,
the nanoparticles play a crucialle in various applications, such as, in optical filte¥g]]
plasmon wave-guidesl$,16], Surface-Enhanced Raman Spectroscopy (SERH) pnd
photochemistry 18,19]. However, there is a strong riédaship between the geometry and
spatial arrangement of particles and theiragtbehavior. The plasmon resonance energy can
considerably shift due tchanges in the shape of a meaiticle and its surrounding medium,
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and it can also be affected by the particle density and arrangement within an eng@inble |
Hence, the optimal performance of devices base particle plasmon excitations can only be

ensured when this relationship is fully estdi@id. In this thesis, a detailed investigation of

the influence of particle shape, density, daigral arrangement on the optical behavior of

ensembles of supported silver naadjele is presented (chapt@.

The second system under investigation iwide-gap insulator, namely MgO films on
Mo(001). Also in this exampleghe application of local technigsiés desirable to explore the
optical properties of oxide materials. Metadide surfaces have been subject to a growing
interest over the last few years, becausethdir importance in different applications,
especially in the field oheterogeneous catalysi20[21]. The optical response of wide
bandgap oxides is strongly related to the preseh@mperfections in the crystal lattice, e.g.
defects or low coordinated site32,2324] and should exhibit pr@unced spatial variations
across their surface. Structural defects ast trapping centers for electron-hole pairs
(excitons), which then decay via the envssof photons with trap specific energi@s P6].
Thus far, correlation between the variousegéftypes on the surface (vacancies, corner or
step sites) and their opticaignature is only based on andoination of non-local optical
spectroscopy and model cdlations, and relies on the comparison of measured and
calculated photon energies. To verify this assignment on a purely experimental base, local
structural and optical information have to dmjuired from the insulator surface, which is in
principle feasible using light emission spestropy with the STM. Such experiments are now
discussed in chapted. The investigation reveals a correlation between the surface
morphology and optical properties of diffetignthick MgO films grown on a Mo single
crystal at the local scale.

In the first part of this manuscript (chaptier a brief overview over the theory and the
working principle of the scanning tunneling nuscope is presented. In addition, mechanisms
that govern light emission fromlifferent STM-sample junctionare described. Special care
has been taken to updatee thvailable knowledge on photon-emission mechanisms in the
STM and connect it with the results of thetudy. The details of the experimental setup,
including the different stages of samplemaration and analysis, are given in chagtein
addition, the main technical information about 8TM head as well as the optical detection
system are specified. At the end of the chapiex number of upgrades on the experimental
setup made during my PhD period are presenidhe experimental results discussed in
chapters3 and 4 are followed by a summary and outlook section.
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Chapter 1

Theoretical Considerations

|.  Scanning Tunneling Microscopy (STM)

[.1. Introduction

Since the advent of gmtum mechanics in thearly years of the 2D century, the
tunneling effect of a quantum particle tbhgh a potential barrieis recognized. The
exploitation of this effect led in 1981 to a revolutionary invention, ®E&M' [2]. Scanning
tunneling microscopy is one ofd@hmost fascinating scientifie¢hniques for the analysis of
solid surfaces as it permits the exploration ef ghirface in real space and at the atomic scale.
The two inventors of the STM, Binnig and Rohiteave been awarded with the Nobel Prize in
physics in 198677].

The large potential of the STM induced aralanche of new appltions and innovative
ideas P8,29]. Besides being a tool image the atomic structure of surfaces, the STM became
a device to locally probe other propertiesgtsas, the local densitgf states (LDOS) by
means of Scanning Tunneling Spectroscopy (SZ8)3031], optical properties by Photon-
emission STM (PSTM) J,3233], magnetic properties by fBpPolarized STM (SP-STM)
[29,34,3536], and vibrational properseof single adsorbed molecules by means of Inelastic
Electron Tunneling Spéwoscopy (IETS) 37]. Recently, the combination of STM with a
Laser source has resulted in a powerfidtrument for Raman spectroscopy of single
molecules employing Tip-Enhancdtaman Spectroscopy (TERS38[39], as well as for
optical spectroscopy in the femtosecond timesegle [

The diversity of functions and the possibilityperform measurements in vacuum, liquid,
and ambient environments at various tempeestunade the STM a valuable technique in a
variety of research fields. STM widely used for instance tavestigate quantum effects on
surfaces 40,4142], to identify active centersn heterogeneous catalysig3[4445], to
characterizen situ the surface of electrodé@s electrochemistry46,4748], and to study the
properties of biologidamolecules like DNA $#9,5051]. Furthermore, STM is, nowadays, a
potent tool for the development of futuree@ronic devices. These promising devices are
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based on atomic and molecular electronic swesciis STM permits the manipulation of atoms
and molecules on different surfacé2 p3].

[.2.  Operation principle

The idea of scanning tunneling microscoppased on the exploitation of the exponential
dependence of the transmission coefficient e€tebns through a potentibarrier (the tunnel
current) on the thickness of the barrier. Thgred small variation othe barrier thickness
results in a dramatic change in the tunnaireni. So practically, if an atomically sharp
conductive tip is brought near to the surface of a conductive sample, and if the gap distance
between the tip and the surfacevésy small (few A), electrons cannnel from (to) the tip to
(from) the surface. By applying a bias to theesample junction, the direction of tunneling is
chosen according to the signtbe bias. In a simplified desption, electrons tunnel between
the top atom of the sharp tgnd the counter atoms in therfage. The tunneling current is
therefore sensitive to the position of the tig amill vary when the tip is on the top of a
surface atom or in between two atoms. Thing scanning the surface with the tip and
measuring the tunneling current, an atomically resolved picture of the sample surface is
produced.

The STM is basically composed of thdldaing parts: (1) A sharp conductive tip, (2)
scan system that operates ireth dimensions, (3) a power sugpi4) a current amplifier, (5)
an electronic feedback loop, (6) a computerdata processing, and (7) a damping system to
suppress external vibrations. Figlré presents a schematic setup of an STM.

The scan control works with piezoelectricramics so that the tip can move with a
precision better than 0.01 A. Whikeandy piezos are responsible for the lateral scanzthe
piezo is responsible for the tip-sample separatiand is under control of the feedback loop.

The microscope can operate in two modes: @bnstant current mogdewhere the
tunneling current is set to a fixed value. The feedback loop guarantees a cohdwgnt
controlling thez piezo and therefore the distande The control signal of the Z-piezo is
recorded and translated into an image of the surface. The image contains topographic and
electronic information. (2)Constant height modewhered is fixed andl variations are
recorded.
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Figure 1.1: Schematic representation of an STM setup

1.3. Theoretical approach

With an STM, atomic scale images of difat surfaces can be produced. However, the
understanding of what is seen on these #sagnd its connectioto the real atomic
configuration of the probed surfaces is not straightforweand is in many cases rather
complicated. The complexity comes from the fH#wat the contrast as well as the lateral
resolution of the images depend on the applied bias, the tip material, and the tip-sample
distance. In other wosj STM imaging depends on the tigagple interaction defined by the
degree of overlap between electron wave fmgtiand their symmetry on both sides of the
tip-sample junction. Therefore, theoretical deting of the tunneling process in an STM
junction is necessary to enable interpretation of STM images.

Before the invention of the STM, thenneling phenomenon wadready observed in
metal-insulator-metal tunneling junctions (MIM3(]. The most used model to understand
MIM junction is Bardeen’s moddI30,54]. UsingFermi’s golden ruleBardeen calculated the
elastic tunneling current based thie overlap of the wave functions in the two electrodes of a
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MIM junction. In case of a tipamnple junction, the tunneling ent flowing between the tip
and the sample at positive sample bias written as 30]:

| === [[f(E. —eV+E)~ f(E: +E)lo; (E; —eV+E)pg(E; +E)M([ dE (1.1)

—00

Here f(E) is the Fermi-Dirac distribution, andr(E) and ps(E) are the local density of
states (LDOS) of the tipna the sample, respectiveM is the tunneling matrix element and
is defined by the integral over a surface of separ&ion

h

M= om

j (V;VY, — P V) )dS (1.2)
S

Sis an arbitrary sugice anywhere between ttie and the sample and covers the region of
significant overlap of the wave functions.

A good evaluation of thdrs matrix needs a good descragpii of tip and sample wave
functions. However, the unknowstructure of the tip apermakes the modeling of STM
images difficult. To circumvent this problefersoff and Hamann modeled the tip apex as a
spherical potential well55,56]. They assumed the resultinggem wave functions to be only
slike wave functions at the centgrof the tip apex curvature. The forfh.1) of the tunneling
current is then simplified. Abw bias, the tunneling currentamly proportional to the Fermi-
level LDOS of the sample at the center of tip curvaty{80]:

| ceV. pg(ry, Er) (1.3)

Equation(1.3) permits an easy interpretation®FM images by neglecting tip properties
and assuming that an STM image is the FermilleR®S representation of the bare surface.

Despite the successful application of thersoff and Hamann model in many cases, it
failed in predicting the observed high corrugatsonplitude in STM images of close packed
metal surfaces30D]. Chen §7] attributed this artifact to the restriction sdike tip wave
function. He successfully improved the mod® assuming localized tip orbitals oriented
towards the sample, such as the orbital of a tungsten tip.uUbsequently, depending on the
tip material, an appropriate tip orbital is chosenl a suitable model is generated, which then
reproduces the experimental resolution.
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Besides, based on the WKB (Wentzel-KramBrdlouin) semiclassical approximation,
an alternative desctipn of the tunneling current is obteid using the tunneling transmission
probability T(E,eV,Z)between two planar eleodes at temperaturetose to OK and bias
voltages lower than the workriction of both tip and sample [58]:

| o +JO-O,OT(r,EF -eV+E)ps(r,E- +E )T(EeV,Z)dE (1.4)
where
T(E,eV,Z)=ex{— ZZ;/Z_m\/%;% +%—Ej (1.5)

¢s and ¢r are sample and tip work functions, respectively, wiiles the tip—sample
distance.
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II. Image potential and field emission resonances in the STM

junction

[1.1. Introduction

Creating a surface in a crystal induces a mediibn of the electronic structure in its
vicinity, due to the interruptionf the periodic potential of éhsolid. Hence, new electronic
states appear. These states have no equoivialéhe bulk band structure. The corresponding
wave functions are peaked at the surfaceepkamd their amplitudes decay when going from
the surface towards the bulk and the vacuumef&uch a surface stahas a continuation
into the extended bulk states, the statessréace resonanc&Vhen the energy position of the
state is in the forbidden region tfe projected bulk structure, it iskeund surface state
[59,60].

In this thesis, such surfaceasts, namely image-type surfestates, are observed in STM
measurements performed over a wide-gap metal oxide (chdjptem the following
paragraphs, a brief introductido image potential states and field-emission resonances is
given.

[I.2. Image potential states

Image potential states are lazeld states in the vacuum region near the surface. They
belong to the category of bound surface statesaaa typical for metal surfaces presenting a
bandgap around the vacuum lev@d]. These states were first predicted by Cole and Cohen
[61], then treated in more details by Echnique and Peng2y, [and finally observed
experimentally by means of LEED6B] and IPES 4,65]. The nature of image potential
states is rather simple: An electron in frontleé surface induces a local positive charge in the
crystal, i.e., an image charge, figuré.
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Figure 1.2: An electron in front of the surface astiince z creates a positive charge (mirror image)
at -z with respect to the surface. The Coulantéraction between the two different charges defines
the image dipole potential.

The situation can be described as a particle in quantum well, where the particle can
occupy only discrete energy levels. In the iexpgtential case, the estron is trapped at
approximately one Bohr radius frometBurface by his own induced potent&9].

The image potential is described by:

e’ 1

U (Z) = _Fgoﬁ

(1.6)

where z = 0 marks the image plane (plane of the surface).

As presented in figurd.3, the potential resembles a central well. The solution of the
Schrédinger equation of the systeisy more complex than for the standard case of a
rectangular well. The system is treatedaimalogy to the hydrogenamh with an orbital
quantum numbdr0 [59]. Like the Rydberg states, thrergy eigenvalues are given by:

085eV 1k}
+
(n+a)  2m

En = Evac_ (17)

n is the quantum numbea;is a correction that accounts filme influence of the surface
potential. It allows a better degation of the resonant levels f0a < 0.5) [59,6266].
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Figure 1.3: Representation of the image potential form k{#f/z (dashed line) and the surface
electronic structure of a metal crystal having a band gap aroyrd Ehe first three energy levels are
also drawn.

In opposite to box-like quantum wells, here the energy eigenvalues converge
asymptotically to the continuum at the vaculaewel, i.e., the separation between the quantum
levels gets smaller when approaching B, following the -1/r* term. The last term in
equation(1.7) describes the free electron-likehbeior of the bound ettron in the plan
parallel to the surfaceln this picture,the bound states are standing electron waves
perpendicular to the surface resulting from itterference of waves reflected at the surface
potential step on one side ane timage potential wall at the othgide. In this picture, the
bandgap in the metal is needed to ensuinggh reflectance @he surface sidé&p 60].

Typical examples for metal surfaces preésgna bandgap in the dace-projected bulk
band structure around,,c are low index surfaces of nolteetals, such as the Cu(100), and
Cu(111) surfaces[/] (see figurel.4).
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Figure 1.4: Energy of the electronic states of Cu(111) and Cu(100) surfaces, as a function of the
electron momentum parallel to the surfacg.(k.c is here the energy reference; i& the dashed line.
The area in white represents the projected forbidden sf&igs

However, even for metal surfaces where nodgap exists, the image potential states are
observed. The modulation of the crystal potndue to the ion coseis found to induce a
sufficient electron reflectity on the crystal sidegg].

Image states exist for semiconducamd insulator suaices as well§9]. In this case, the
static dieletric constant is taken into account and the potentiab) becomes:

U@ =-2"=

e+l 4rne, 4{Z| (18)

The image potential states are intraadly empty due to their position abokte. They are
typically probed by IPES6465], 2PPE $6,69], or STM [70] techniques. However, with
STM, the applied electric field between the aipd the sample induces a Stark shift and the
expansion of the states, and therefore, amagite of the fundaental spectrum of the image
potential states/P]. The case of image potatstates in STM junctionis treded in the next
section.

It should be mentioned that since theage potential states are dependent orcfheany
perturbation that induces a change in therkwiunction, such agleposition of atoms,
molecules or thin atomic layers, resultsarshift of the states following the shift &fac.
Therefore, by probing the image states atimegion of work function changes can be
deduced.
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[1.3. Field emission resonances (Gundlach oscillations)

The field emission resonances (FERs) aextebnic states, which especially occur in
STM geometries where an electric field the STM junction is applied. They are
considered as the result of the shift and expanef the image potential states due to the
presence the electric field. The shifted positions can be thereforetitetyecalculated by
adding field-related correction terms to form(da7) [70,71]. In the following, an alternative
approach to the FERs, based on other corsider than imge potential states, shall be
discussed.

The FERs are variations in the tunngliconductance betwedwo electrodes of a
tunneling junction when voltages higher than the work funatiotne electrodes are applied
(figure 1.5). In 1966, K.H. Gundlach made thesfi prediction of such oscillations by
considering a mre realistic ptential barrier in the tunnelg junction and calculating the
transmission coefficient and the tunneling eatras a function of the applied bias. He
connected the conductance variaido the interference ofesltron waves reflected in the
classical part of the juncin between the two electrodé¥].

n=1 v
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Figure 1.5: Example of conductance measurementsviWithin a STM junction as a function of
applied voltage 73].
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The phenomenon could be described as follows (fidu: (i) For high biase¥,
electronswith energiesE bigger than the work functios of the electrode (the tip) have a
certain probabilityD(E,V) to tunnel to the @ssical turmg pointz,. Once they access the
classical part of the barrier (shaded area in figure 1.6), they are accelerated by the applied bias
towards the counter electrodéndtsample). The regime at wbh such electron emission is
obtained is called th&owler-Nordheim Field-Emissionegime after R.H. Fowler and L.
Nordheim who first established a theory désng and calculating the electron field-emission
from metal surfaces/f].

Energy
Evac "__x_—
P,
E.+eV—L
E,
|, A
Tip
| | > Z
0 % d

Figure 1.6: Schematic representation of the formatiorrigid Emission Resonance states in a STM
junction (Sample held at positive bias). The FBRsformed in the cksical part of the barrier

(Shaded area) between the linearly decreasing partff@dashed line) and the surface potential step

at z=d. ¢, ¢sare the work functions of the tip and the samplés the classical turning point, where

the energy of the electron is equal to the potential barrier. n denotes the number of the FERs level.
V is the applied bias. E.g.: for\é= E,, the electron energy is in resonance with the second FER level
n=2. The thick dark line delimits the trapezoidatgmial barrier. The gray dashed line represents the

form of the barrier when the imag®tential effect is considered.
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The probability D(E(z),V) expressing the electron tsanission through the potential
barrier is written as72, 75]:

D(E,V) = eX[{— Z(i—rznj T(ev_ E)l/2 dz:l (19)

If the integration uner the exponential terns calculated and undehe condition that
only electrons nedEr participate in the tunnelindd is written in the Fowler-Nordheim form
as [72,75]:

BECASS S ( 2_mj 4"
D)= 4 +E. exr{ 3l 72 oF (2.10)

F is the electric field between the electrodes; V/d; d is electrode-@&ctrode distance.

The field-emission current densiigiso called tunnel currentmgty, is determined at low
temperatures~0K) by the following expressioryB]:
Ee

[(E- ~E)D(E.U)dE (1.11)

0

em

27 °h®

V)=

After calculating the itegral, the well-knowrfrowler-Nordheim equatiois obtained 74,75]:

E /¢ )1/2 4(2mj1/2 ¢3/2
J.. =62x10° (F—t F2exg——| = | 2| amp/cm 1.12
FN 8 ¢ +E. 3\ n? eF P (1.12)

(i) Up to this point, only the electron tramission through the potential barrier, i.e., from
z=0to z=z, was considered and not through the whahction since thelassical part, from
z=7, to z=d (shaded area, figurk6), is not taken into accourdundlach has considered the
electron transport behavior insittee second region too. He callated the total transmission
coefficientD through a trapezoidal potential barrier (figiré) after solving the Schrédinger
equation for the < 0,0 < z < d, andz > dregions.

The resulting totaD shows a sinusoidal behaviai?]. The corresponding current density
can be written as/B]:

I=3,, /'ZFV;_‘;V {1—1(& +4)AE: +ev sin(A+ B) (1.13)

2 (ev-4)"
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2./¢,(eV -
whereA_S(eV ¢j ,sinB:M |73:2_me|:

eFl eV+g — g,

The electrical conductancl/dVbetween the two electrodes at voltages higher than their
work functions is T3]:

d _,V2m ¢ ( 1E +4, {4\/_(ev ¢)3’2D

av_ " erv ™ 3 n eF (1.14)

Equation(1.14) reflects clearly the oscillationstime conductance (the cosine tgrihis
variation is attributed to ettron wave interference betweenz, andz=d. The electrons in
the classical part of the junction are ly reflected at tb counter electrode£d), due to
the sharp potential change at the surfaard az=z by the potential barrier.

So, the electron waves interfere with each othleen reflected back and fourth at both
sides of the barrier. At certaconditions where the distandez (Wherez, = zy(V)) is equal to
an integer number times half of the electraavelength, constructive interferences occur and
standing waves are formed. This coincides vhiifph electron transmission, i.e., resonance
conditions. The Gundlach oscillatioase therefore more commonly call€keld Emission
Resonances (FER)Yhe FERs could not be predicted using the WKB (Wentzel-Kramers-
Brillouin) approximation, which neglects ghpartial reflectance at the surface when
calculating the electron transmission ffiméent across the potential barriétZ, 76]

The positions of FER levels=eV, (n=1, 2, 3...,) are deduced from the condition where
the term under the cosine in equat{tri4) is:

3/2
4+2m (E, - ¢,) :2”[“1} (1.15)
3 h eF 2
= By supposingr{ + 1/2)” ~ n’”® one gets the simplified formula:
JANE A
E,=¢ + (—j n*3 (1.16)
2m 2

! Even though there is no potential larat energies higher than the wdukction of the electrode, an electron

in this energy regime has still a finite probability to be reflected when leaving the region of potential barrier or
arriving to it, as quantum mechanics predicts. Theectdhce decreases exponentially with increasing electron
energy.
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The substitution oE, in equation(1.14) for the condition that the cosine terms are equal

to -1 gives:

@
dv

X

/ 3/2
(n):2 Zm‘JFN ¢t
max h 2 \3 F 2/3
Flg+| 2 (3”‘9 j n?
|l 2m 2
-1/2
1/3 213

1 h? 3reF 23
x| 1+—(Ef + +H—| |——]| n

7 B +4: ¢t(¢s [Zm] ( > j

Equation(1.17) describes the evolution of maxim amplitudes of the conductance as a
function ofn. A plot of equatiorn(1.17) is presented in figude7. Here, the electric field is
supposed to remain constant, as typicalgumed for STM measurements in the constant
current operation mode.

(1.17)

8 1 A ! T T I Ll y .
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§ ':9 i \\\A_.". —=— ¢.=4.5eV
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Figure 1.7: Amplitude of the conductance maximum of an STM junction plotted as a function of the
number of the FER level n. The evolution is ghéw three different sample work functions. Plot
parameters: E=5eV, ¢=4.5eV, F=1V/A.
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From figurel.7, the fast decrease of the amplitwdehe conductancescillation with
increasing voltage is easilgeognized (as depicted in figuteb).

The drop of the conductance @litude is related to the expamigal decrease of the partial
electron reflectance at=d with increasing energy. Additionallyt signifies that the electrons
are not as many times reflected in the higher FER levels and the resulting electron lifetime in
these levels is shorter. The electron lifetica be estimated using Heisenberg uncertainty
principle At ~ h/AE, where AE is the FWHM of the conductance peak, amdPlanck’s
constantt is typically in the order of femtosecondest16).

II.4. Image potential effect on FERs

Experimentally measured positions of FER leva an STM can be fitted using equation
(1.16) with a very good agreemt for the higher FER levelsh & 2). Hence, a good
estimation of the work function of the sample can be achiev&d However, for low FER
levels, the experiental data deviate strongfyom the theory. The deviation is due to the
image potential effect, which is not considenedhe above calculation. The presence of the
image potential causes a distortion of the trapedgdtential barrier near the tip and sample
surfaces, as shown by the gmi@dgshed line in figur&.6. This results in an over estimation of
the first FER position when using equati@nl6) [73,77].

[I.5. Tip shape influence on FERs in STM

When introducing the image dipole effect and the effective tunnelingfatba Fowler-
Nordheim field emissin current becomes$,78]:

E /¢ )1/2 4(2mj1/2 a 3/2
| =6.2><106A(F—‘ F2exp——| =—| 22— 1.18
a a®(¢, +E;) 3\ 72 eF (1.18)

1/2

wherea = (1— 38x10™* j is image effect correction factor.

t

As it can be seen in equati¢h.18), the most important tiggependanfactors are those
within the exponential factor, i.e., the fiekdand tip work functiong. So, any change iR
and/or# modifies the form of the trapezoidal poti@l barrier and therefore causes a shift of
the FER positions.
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¢ changes can be induced by adsorptioncafitaminants probably from transfer of
sample material onto the tip. The field requireditaw the same field emission current is then
[78]:

4 3/2
F,=| "2 F, 1.19
%] a1

Tip sharpness plays an importanteras well. The electric fiel& at the apex of the tip
can be written as a function of applied bvaand tip apex curvaturreas [75]:

F v (1.20)
kr
k is a geometric factork(= 5). From this simplified model it becomes obvious that a
presence of a small bump of the tip apex icaluce a considerable change of the field, and

therefore, of the FER positions.



Chapter 1 19

Ill. Light emission from a STM

[11.1. Introduction

One of the innovative applicatio$ the STM is the ability to analyze optical properties
of surfaces 3,32]. The advantage of th8TM here resids in thepossibility to perform
electronic and optical spectragses with high lateral re&dion, which allows, local
investigations of optical pperties on the nanometer scale (single atoms and molecules)
[79,80]. Indeed, light emission from a STM jurosti was observed in different expeents.
However, it was realized that the emitted ligh$ spectral distribution, and its intensity
depend not only on the properties of the sample, as for classical ¢gticaiques, but also
on the material and the shape of the STMaspwell as on the operation conditions of the
STM. In the following paragraphs, the different origins of light emission from a tip-sample
junction are briefly discussed.

Light emission from an STM junction is meated by tunneling electrons, which loose a
part of their energy within the junction. &ite are two possible mechanisms for a tunneling
electron to cause photon emission: [d¢lastic tunneling (IET)where the energy of the
electron is released in the region between tip and sample, ahdt()ectron decay (HE)
where the photon is emitted due to electron redoation just after othe tunneling process,
i.e., inside the sample, see figurd [3].

Energy
' IET HE

E.+eU

Tip

} } » Z
0 d

Figure 1.8: Two possible mechanisms for photon emission from a STM junction. IET: Inelastic
tunneling, HE: Hot electron decag]|
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The probability of IET and HE processestie STM junction can be determined by the
intensity and quantum vyield of the emitted radiation (betweéhab@ 10 photon/tunneling
electron B,81]) using theoretical models. The undentyiinelastic currentsiake only a very
small contribution to the total tunneling cemt and are therefore difficult to detect. The
photon yield also depends on the degree of aogifletween the two mechanisms mentioned
above to radiative processaghich are governed by the dieleéctproperties of the tip and
sample materials. Whereas IET is predominamhetal-metal junctions where excitations of
the free-electron gas take place, HE decagsfaund to be responsible for light emission
from semiconductor and oxide surfa@sswell as from single moleculg.

[11.2. Tip-metal junction

[11.2.1. Tip-induced plasmons (TIP)

A basic understanding of the photon ssmn from STM measurements on a metal
surface could be derived from theoretical models developed mainly by Johasisabn
[81,82]. In these models, the presence of a metapiicn close vicinty of a metal surface
results in a strong electromagnetic coupling leetvthe free electron gases in the tip and the
sample across the STM junction. This couplin@uences the tunneling @&lectrons and gives
rise to an inelastic current, which interacts and excites collective-electronic modes (plasmons)
in both sides of the cavity. This phenomenon is callggdinduced Plasmon (TIP)The
plasmon generated in such inelastic tumpmecesses can then decay radiatively.

The total radiated power (intensity of photon emission) per unit solid &hglied unit
photon energy is defined &&1]:

d’P

2 2
Mﬂc%;r E; (r,0)| 5(E - E; — o) (1.21)
where
E, 01,0 =2 [GOr®)3, (o) dr (122)
' 4re,C? | .

andgandc are the dielectric function and the light velocity in vacuum, respectively.

Equation(1.22) B1382] describes the radiated electric fidtg (r,») at positionr and
angle ¢ of the detector (figure..9). It is derived from two contribions: (i) The inelastic
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current due to electronic transitions from an initial stapan the tip with energ¥; and wave
function y, to a final state in the samglé) with energyE; and wave functiony, . (ii) The
field enhancement factoiG(6,r",w) which describes the strgth of the tip-sample
electromagnetic coupling.

'
A A"
.

b

Jif(r,!('o)

e

sample

Figure 1.9: Geometric representation of a STM junctiaf, sampie are the tip and sample dielectric
functions. The shape of the tip here is described by its aperture given by the andléhe curvature
of its apex given by the ratio b/d.and E denote the current density and the radiated electric field at

position r and angle&, respectively §2].
The tunneling current densidy(r’, w) is defined by the equatioB81]:

eh [ Oy, . Oy,
J. I", =——| —1 — L (r! .
i (', o) 2m[ peral (et A (r') (1.23)

with Z being the point where the inelastic process oc@2F |

The enhanceent functionG(4r", w) depends strongly on the deetric functions of the
tip and the sample and on the geometrytha junction. The esrgy dependence d& is
obtained by solving Laplace’s equation for the etesthatic potentials induced at the tip and
the sample surfaces using the appropriate boundary condBib82][
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Figurel.10a presents the calculated enhancement f@ctor a junction, which consists
of an iridium tip and a silver sample for diffateip radii. The Ir tipis modeled by a sphere
[81]. It is shown that the factd® increags for bigger tip radii. This is attributed to the
increase of the polarizability of the cavity. The drop in the enhancement just above 3.5eV
reveals the decoupling of the tip and sample elaagases. At this energy, where the real part
of the dielectric function of silver is equal to -2, the condition for the plasmon resonance in an
Ag sphere is reached in tlgpiasi-static regime (sedil.2.3) [12]. In other words, the Ir
sphere decouples from the Ag gden surbice, and the coherent collective electronic
excitations in the cavity vanish. This fact damtrates the predominant influence of the Ag
sample onG, sinceg; = -2 for Ir is reached at around\&eln general, the structure @ is
dominated by the complex dielectric functierof the material with smaller imaginary part
(lower damping), which is usualiyre case for the noble metaB. [
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Figure 1.10: Photon emission characteristics for artip—Ag sample junction as calculated 8]
where the tip is modeled by a sphere. Emission ahdie45°.(a) The absolute value of field
enhancement factor G just beloveth tip for different tip radii(b) Differential radiated power for

various sample bias. Tip radius 300A, tunneling current | = 300nA

From figurel.10b, which depicts calculated emission spectra for different samplddias
one remarks that the spectral distition reproduces the behavior Gfin this energy range.
Note that the maximum energy of emitted photons is limited by the energy of the highest
initial state of electrongn the tip above thé&r of the sample, and therefore kY. The
emitted light encloses, however, all possibleatde transitions between energy levels in the
window range given b¥g = Er + eUs andE; = Er (equation(1.21)). The fast increase of the
light intensity wherls is between 1.5\nd 3.5V (figurel.10Db) is explained by the increasing
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number of decay channels invaigi transitions at around 2.5eV wh&das a maximum. For

Us higher than 4V, the intensity decreases radpEcause the tip-sample distance enlarges in
order to keep a constant tuting current. This reduces tledectromagnetic coupling across
the junction and therefore reduc& which roughly follows the inverse of tip-sample
distance 81].

In conclusion, the photon éssion from metiametal junctions involving TIP is mainly
governed by three factors: First, the densitysti#dtes of tip and sample determining the
inelastic tunneling current, second, the diglecfunction of tip and sample materials
providing the field enhancementydathird, the geometry of thenction where the tip shape is
the decisive factor.

From the third point, it becomes apparent ihatuding more details on the tip shape in
the calculations leads to a better estimation of the radiation characteristics of an STM cavity.
In reference §2], the authors use the boundary geamethod, which calculates induced
charge énsity at the interfaces, and describetip shape with a hyperbolic geometry (figure
1.9). Hence, more information about the tip inflae is accessible. The aperture of the tip is
found to control the overall shaf the emission spectrum, whilee curvature of the apex
affects the intensity. Based on the simulatadrthe electromagnetic coupling within a tip-
metal junction, experimental investigationg avell reproduced for different tip and sample
material B,83], and different tip shapes including even multiple t§445]. Also, the local
electronic structure related ta distinct sample topographgnd the different cheical
composition of the sample surface is found torésponsible for the emission behavior, as
seen in atomically resolved photon emission measuren®i@&30]. Besides, the large field
enhancerant associated with TIP is exploitemiconsiderably enhance the Raman signal from
supported molecules on metal substratesTip-Enhanced Raman Spectroscopy (TERS)
experimentsf0].

TIPs are alg observed when the sample bias exceeds the sample work fuB&joftie
TIP-induced photon eission in this bias regime mediated by the field emission resonances
(FERS) (sectll.3) between the tip and sample surface, see fitjLire.

Finally, it should be mentioned that light ission from fat metal junctions can have
other sources than the TIP. A good example are the radiative electron transitions between
quantum well states formed in a metal thin filB7].
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Figure 1.11: (a) Differential conductancand(b) intensity of photons with 2.1eV energy measured as
a function of sample bias for a W-Cu(111) tehcontact. FERs positions and maxima in photon
intensities are offset by ~2.1¢(¢) Energy diagram depicting inelastic tunneling involving TIP
radiation mediated by FERs. The finaht&t Ef in the IET process is a FER st6]|

[11.2.2. Tip-metal particle junction

Persson and Baratof88] compared possible mechanisfuos light emission in the STM
by estimating the probabilities of competing edilie and non-radiativerocesses involving a
metal particle in the junction. Two major macisms between the tip and the metal particle
are taken into account, namely, inelastic tungeéind hot-electron decay. Both mechanisms
have certain probabilities to excite either dipgiirsmons or electronsle pairs. In addition,
plasmon has two ways to decay, namely rackatigcay and creation of an electron-hole pair.
The calculated probabilities for each oé$les processes are summarized in figut. Even
though, this model does not deberithe spectral and the anr distributions of the emitted
light in a realistic manner, and does nongider an eventual electromagnetic coupling
between tip and sample, like in the case d®, Tthe estimated photon emission yield is in
reasonable agreement with experimeptadton yield for Aggranular films B,88]. Whereby,
the nodel considers a large dominanceglaismon decays in the emitted radiations.
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Nevertheless, in other work$,89], the presence of theptistrongly influences the
plasnon resonance in the metal particles. This fact is attributed to the increased particle
polarizability caused by the coupling with the fiedectron gas of the tip close vicinity.

(a) Inelastic tunneling (b) Hot electron decay

Inelastic
process

2
-

*. __Plasmon
- . .
%, excitation

Plasmon
excitation

. Plasmon

hv hv
P~10° P~10°

Figure 1.12: Picture presenting branching probabilities farocesses involving excitation of dipolar
plasmons and electron-hole pairs ¥& inelastic tunneling ofb) hot electron decay. The probability
of radiative decay is indicated by the letterTPe dependence of the various probabilities on the
particle radius R is shown in addition. The plasmon frequency is designatedRadiative and non-
radiative decay of the plasmon are schenadlijcrepresented by dotleand dot-dashed lines,
respectively. The relatively high probability oélastic tunneling process results from the large
magnitude of the dipole moment associated plélsmon that facilitates dipolar excitatiorg].
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[11.2.3. Plasmons in metal particles

Metal nanoparticles exhibit special opticabperties compared to the one of the bulk.
These properties originate frooollective oscillations of anduction electrons inside the
particle, the so-calleie plasmong12]. Depending on the partictgze, two regiras of the
particle interaction with eleaimagnetic waves are defined. Tingasi-static regimewhich is
of interest in this study, is defined by thendition that the excitation wavelength is much
smaller than the particle radiust/2 >> R). In this case, the particle responds to a
homogeneous polarization of ¥slume during excitation. Thparticle experiences only the
time dependence of the field tbnot the spatial one. The ggmon mode excited at this
condition has a dipolar character. In the regime wh#Be< R, the modulation of the
electromagnetic fields occur within the particle. This results in multipolar polarization and
retardation effects of thelectromagnetic fields and leads to the excitation of higher plasmon
modes 12].

The optical response of small takparticles in the quasi-s$ia regime is well described
by the Mie Theory[90,12]. It provides an accurate description of the optical extinction
spectra of a single sphere of arbitrargtemial The theory gives a complete solution of the
Maxwell’'s equations with apppriate boundary conditions, takj into account the size and
shape of the particle, its dielectric functigia) as well as the one of the embedding medium
Em

For the simplest case of a spherical particle with ragjube polarizability is defined as
[12]:

e(w)—¢,

(04 Zastm (124)

whereas; is the classical static polaability of a metal sphere:

ay = 4neg,R® (1.25)

The optical extinction cross sectidhy: for metal particles in the quasi-static regime can
be related to their polarizability vid1]:

k4

G =kl —
ext m{a}+ 672'

o (1.26)

wherek is the wave vectork(= 2774), Im{o} and |o/* denote the imaginary part and the
square modulusf ¢, respectively.
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The first term of equation (1.26) is related to light absong(it describes electron energy
losses, such as in EELSeasurements, as welld]). The second term describes losses due to
scattering. The dipolar Mie pla®n is associated with thelectromagnetic frequency at
which the strongest absorptitwss is observed, i.e., whets, = -2 [12]. & w) is a complex
function and primarily only.q is considered for the resonance condition of the Mie plasmon.

The isotropic polarizability of a spherical particle (equatfdr24)) results in a single
opticd absorption peak, which expresses theekold degeneracy dfe corresponding Mie
mode. However, in certain cases, the partiobsds its isotropic behavior and the degeneracy
is lifted. A supported sphieal particle on a suliste is a good illustrain of such a behavior
(figure 1.13). The Van der Waals-like coupling betwékee polarized dpere and its induced
image dipoles in the substrate inducesaisotropy of the parizability. Along thez axis, the
coupling is different iom the one in thexfy) plane. While the dipole-dipole interaction
parallel to the substrate plaisedestructive, it is constructive along the z axis (figldsa).
Thus, such a coupling reduces fi@arizability of the particle pallel to the substrate plane
and increases the perpendicular one. Thislteesutwo different Mie plasmon modes where
the in-plane mode is two fold degenerateeSdtwo plasmon modes are defined as (1,0) and
(1,1) modes according td.,Mm) description, wheré. is the order of multipolesL(= 1 for
dipole modes). There ate+1 eigenmodes distingghied by the value @h[12]. The (1,0) and
(1,1) are axribed as verticabnd planar modes, respectiveAn approximate idea on the
inverse relationship betweehe plasmon resonanes and the particle patizability can be
obtained from the simplified equati¢h.27) [L2].

,  Né

w, =
ma

(1.27)

whereN denotes the total number of contloi electrons in the sphere amdis the electron
mass.

Thus, according to equatid¢h.27), the (1,0) and (1,1) modes in a supported particle are red
and blue shifted with resped¢b the fundamental Mie plas®n of an isolated sphere,
respectively (figure..13b).
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Figure 1.13: (a) Representation of the interaction between (1,0) and (1,1) dipole modes and their
induced image dipoles in the substrate (dottedw)rdVhereas the interaction strengthens the (1,0)
mode which increases the polarizability, it weakers(ihl) mode resulting in smaller polarizability.
Field lines for both dipole modes are drawn with weaker lifi@Optical absorption cross section
plotted for an isolated and a supported spherpaticle with arbitrary radius showing the red- and
the blue-shift of (1,0) and (1,fodes due to the presence of substrate. To emphasize the degeneracy

of plasmon modes, artificial absorption amplitudes are drawn.

However, in most cases, thebstrate provokes particle-wettintjexts, which give rise to
complex particle shapes. To estimate the rewplohanges in polarizability, the particle is
considered to have an ellipsoidal or trated ellipsoidal shape (oblate/prolat@L]. The
extracted polarizability for an ellipstal particle along its principal axes=(a,b,9 is
described by12]:

e(w)-¢
= m V. .
a; =&, £+ [8(60) _ 5m] Li particle (128)

V is the particle volumey=(4/3)abc The depolarization factdr; is determined by the
particle shape, whefeL; = 1. The depolarization factors of a sphere are identigat (, =
L. = 1/3).

As seen from equatioil.28), the response to an imasmg electromagnetic wave is
strongly dependent on the angleni@d between the polarizatimector of the wave and the
principal axes. The aspect ratfo(c/a, wherea=b > ¢, ora=b < ¢ for an oblate or a prolate

% In the literature, the aspect ratio is defined eitheraer as the reverse quantayc.
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shape, respectively) characterizes the polarizglafi diverse particlesvith different shapes.
This fact is related to the gdendence of the depolarization faicalong the principal axes on
the aspect raticdR]. For instance, a decrease of the aspaad when going from a sphere to

an oblate particle leads to the increase.@nd the decrease bf andL,. Thus, the (1,0) and

the (1,1) plasmon modes of suzlparticle are blue- and red-gsbd compared to the mode of

a sphere (figurd.14). This mode shift follows the same direction with a further decrease of
the aspct ratio. Note that the mode-shifteduced by the image4able coupling with the
support and by the aspect ratio @ese are in opposite directions.

{ (10)¥ |

Figure 1.14: Strength of the (1,0) and (1,1) dipoles in an oblate particle compared to those of a
spherical particle with identical volume (dottedds). The decrease of tagpect ratio c/a induces a
variation of the particle polarizability. The poiaability increases along the particle principle axes a
and b, and decreases along the c axis. This resutteiblue- and the red-shift of the (1,0) and the
(1,1) modes, respectively.

Furthermore, when a spherical particle is pnésn an ensemble of particles, additional
effects on the plasmon positions are observed. These effects originate from the interparticle
dipole-dipole interaction, whicktrongly depends on the interpele distance. As shown in
figure 1.15, coupling along and normal to a chainpafticles gives ris¢o two different
polarizabilities. The polarizaliy increases alontghe particle-connectioline and decreases
perpendicular to it. Such a coupling resultstwo energetically different (1,0) and (1,1)
plasnon modes12].

In general, in order to interpret the obserepdical behavior of a particle ensbkia all
the different interaction mechanisms cited abowesha be taken into account in addition to a
realistic description of the picle shape. Furthermore, etheffects induced by the spatial
distribution of particles asvell as the properties of th&urrounding medium have to be
considered. To fulfill this purpose, several models, such as the Maxwell-Garnett model, have
been already established enabling rather good netiapon of the optical behavior of the real
systems 11,12].



30 Theoretical Considerations

(a)

Figure 1.15: lllustration of the two different dipolar couplings in a chain of particles. While the (1,0)
experience destructive couplif@, the interaction along the chain is constructiise The white
dotted arrow represents the dipoleesigth for the isolated particl& he resulting total polarizabilities
lead to a shift of the (1,0) mode to higlesmergy and of the (1,1) mode to lower energy.

[11.3. Tip—bandgap material junctions

Light emission is also observed for madésiwithout pronounced plasmon modes. STM-
induced luminescence from bandgap materialsnanly attributed to intrinsic electronic
transitions involving interband drexcitonic recombinations ithe sample. While in case of
tip-induced plasmons the photoniegion takes place ithe region of théip-metal junction,
the luminescence from tip-semiconductor configorarelates to intrinsic properties of the
sample and no dominant influence of the STM tip is reveakRf3] The relevant
mechanisms for STM-induced luminescence freemiconducting surfaces are schematically
summarized in figurd.16. They can be organized in figategories, which depend panily
on the polarity of the applied bias and its ealith respect to the band-edges and the Fermi
level position within the bandgap of the sample. In the first category (figliéa), a fraction
of tunneling electrons with ergies slightly exceeding theonduction band-edge recbine,
ones in the sample, with holes in the vicinitiythe valence band-edge. The recombination
results in light emission witphoton energies correspondittythe substrate bandgap34].

In the second category, photons are emittedpavdiltages equal or larger than the threshold
energy for electron-hole pair creation. This energy can be estimated usinghig)& rule,
which implies that the energy needed to createelectron-hole pair by impact ionization is
1.5 times higher than ¢hsize of the bandga@%]. The mechanism of igcategory is a two-
step process (figurk.16b). The hot electron irged fromthe tip create an electron-hole pair
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by impact ionization. The pair relaxes by givirige to band-edge minescence before the
hole recombines with anothelectron in the valence ban@q]. If the injected electron energy
is twice the threshold energy, the probabilityget the same luminescence is multiplied by
two, i.e., every tip electron can stimulate tweotton-hole pairs simultaneously in the sample
material P6].

(a) (b) (c)
Tip GaAs Tip CdS

E, —
—
el E.
(d)
Tip
E:

o |

Figure 1.16: Band diagrams and mechanisms for tunneling-induced luminescence in several band-
gap materials(a) GaAs. A tunneling electron from the tip the conduction band-edge recombines
radiatively with an existing hole at the valence band-edge (near the Fermi [@4eljld) CdS: When
an injected electron from the tip to the sample carries enough energy, it can create by impact
ionization an electron-hole pair across the bandgapich then relaxes by emitting a phot®@6]. (c)
CdS: At positively biased tip, light can be emittdd the recombination of an electron from the
conduction band-edge (near the Fermi level) with the keft by an electron that has tunneled to the
tip [96]. (d) p-Si or n-Si: Hot electronsl and2 are injected from the tip. Electrdhundergoes an
Auger transition creating and electrdnand a holel',. Electron2 radiatively recombines with',
which may have drifted to the accumulation zd@%.[(e) p-Si: At negatively biased tip, Zener
tunneling of electron% and2 occurs. Electrorl undergoes an Auger transition creating and electron
1'and a holel',. Electron2 radiatively recombines with', or with a hot hole3, tunneled from the tip
(dotted arrow)[93]. The figures were adapted from the sited references.
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The light emission in the thirdategory occurs when the tipabiis lower than the valence
band-edge of a semiconductor having the Féemel near the condtion band-edge (figure
1.16¢). In other words, the emission proceggdaplace when the atlate value of the tip
biasV is approximately equal t&{-E,)/e. Here, holes are creatbg electron tunneling from
the valence band of the sample to the tip. tEdds from the Fermi level can then recombine
with the created holes leading to photon emiss9&h. [

The two remaining categoriesre characterized by the foation of the electron-hole
pairs via an Auger-like excitatm. The radiative recombinati involves more electrons and
holes than in the previous categori®3][ Figure1.16d describes the mechanism where
electrons injected frorthe n@atively biased tip have eneegi high enougko induce Auger
ionization processes. The hole resulting frons throcess recombines radiatively with a
second injected electron from the tip.n&lly, the mechanism depicted in figuilel6e
concerns onlyp-doped semiconductors. For a positively biased tip, the energy bands of such
semiconductors are strongly benfls a consequence, the &g effect or tunneling of
electrons from the valence band to the cotidncband becomes pobi. Ones in the
conduction band, these electray@n energy when movingwards the junction. A hole can
be created when one of the energetic electnoiergoes an Augeramsition. A second Zener
electron can then recombine radiatively wikle created hole. Besides, light emission can
alternatively be generated llge recombination of a Zenearineling electron with a hole,
which has tunneled from the tip (figuliel6e) P3]. In the fourth and the fifth categories,
figure 1.16d andl1.16e, respectively, the radiativeopesses indge a set of electron
transitions leading to high-energy light emission in the ultraviolet re8gje [

In other phton emission processes fraeamiconducting surfaces, the STM tip is found
to be implicated. For example, at certaiperation conditions, different than those for
luminescence excitations, the decdyocalized plasmons excited below the tip is found to be
responsible for the detected light from Si(1113A) reconstructed surfac®7]. In other
experinents, the emission of iar polarized light ’im a STM junction made of a tungsten
tip and a Si(100) surface is observed. Tlghtliis emitted via direct electron transition
between tip states and localized statethefsample in an inelastic mann&8p9].

All the mechanisms described above carprinciple, apply folSTM tip—oxide junctions,
where particularly electron-hofmirs (excitons) could play amportant role for the observed
optical activity (see chag, sectlll.3).
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Chapter 2

Experimental Setup

|.  The UHV system

The UHV system of the Photon-STM consistdwo chambers, the preparation chamber
and the STM analysis chamber. The two chamberseparated by a gatave (figure 2.1).

Il. The preparation chamber

In the preparation chamber, all tools to manipulate and clean the sample are available. A
vacuum of ~5x18° mbar is ensured by a turbo-molecular pump (pumping speed 150 liter/s).
The sample surface can be cleaned by argorspoitering and annealing cycles, and/or by
flashing to high temperatures. Since all partthim high temperature heating stage are made
from molybdenum, the sample can be flasteetemperatures as high as 2500K. The heating
is realized by electron bombardment: The sanpleeld at a high bs (from 100 V to 2000
V) and a tungsten filament, heated by a curmn~1.5A to stimuhite thermal electron
emission is placed near to its backside. Theityuafl the sample surface in terms of cleanness
and long-range order of theystal structure is checked bgeans of Low Energy Electron
Diffraction (LEED). There are sexad additional facilities in the preparation chamber to
control the sample properties. For film pdsition, two electron beam evaporators are
available as well as leak Ilvas to introduce reactive g@s. Thus, different compound
materials with varying stoichiometries can fxepared. The thickness of deposited films is
controlled via evaporation ratand exposure time. Sampleeparations at temperatures
between 100K and 600K can beafoemed when the sample isclated on the copper head of
the manipulator. This tempeuaé range is reached eithby liquid nitrogen cooling or
heating with a tungsten filament. Themigerature is measured by a chromel (NiCr
alloy)/alumel (NiAl alloy) thermocouple (Type K). For highéemperature preparations, the
sample is put in the high temperature heating stage. Temperature measurements in this stage
are done with a pyrometer. To allow the pregian and the analysis of different samples
without breaking the vacuum, ansple garage able to stoe# maximum five samples is
available.
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Figure 2.1: Schematic representation of the experimental setup
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lll.  The photon-STM chamber

This chamber contains the STM head and the optical detection system.
[11.L1. The Microscope

The STM head is realized as a Besocke or beetle-type S0WB|.[It consists of four
piezo-ceramic tubes. Three piszare responsible {© carry the sample and its molybdenum
holder, (ii) to approach and withdraw the sample from the STM tip, and (iii) for the lateral XY
motion. The fourth piezotube cas the tip. The motion of this piezo is restricted to the Z
direction. As depicted in figer2.1, the Z piezo is placed in the center, and, the three outer
piezos form an equilaral triangle around theentral one. The tip—sample approach and
withdrawal is realized by turning the samplate via a coordinated rion of the three outer
piezos. Three ramps on the lower side of thepda plate transfer the turning into a linear
motion and the tip—sample distambecreases or increases degirg on the turning direction
(figure 2.1). The electric contact to the samplenade through stainkesteel balls (radius =
1mm) located at the top side of the outer pieZ@savoid contact withhe inner electrode of
the piezos, a circular sapphireskliis put between the balls atite piezos. Only one ball is
connected through the piezo-tubes to the sampke daitput of the STMlectronics. The two
other balls are discoested. The isolation of the STNtom acoustic and mechanical
vibrations is based on (i) a spring suspensioupled with an eddy-ctent damping system
and (ii) a rigid STM head built on a heavy batse (~1kg). This vibrational isolation system
is sufficient to achieve high stifity during STM measurement8(0]. The reduction of the
electronic noise is achieved by a good electric shielding of all STM connections as well as all
electronic control devices, and hyoiding electrical ground loops.

The STM head can be coolddwn to ~100K via a liquid-nitsgen flow-cryostat, which
surrounds the whole microscope. The tempeeais measured with a Pt100 sensor. The
working pressure in the Photon I@Tchamber is in average below 2xfbar.

The STM images are recorded arehted using the WSxM software(1].
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[11.2. The optical system

The ability to tune the tip-sample distancethis STM setup allowswo modes of light
excitation in the sample: (1) The tunmgi mode, where relatively normal tunneling
conditions (voltages up to 10V and currentiole5nA) are used tonduce photon emission
from local surface regions ¥1nnf). (2) The field-emission ode, where the tip-sample
distance is enlarged ome hundred nanometers and a bias ranging from 25V to 250V is
applied to the tip to adjust a current oband 1nA. The field-emitted electrons bombard the
sample with high energy inducing a numlmér phenomena, among them, characteristic
radiative excitations of the sample. Depending on the tip-sample distance, the information
obtained in this second mode resultsira larger excition area (up to21um?).

To collect the emitted photons from the tip-sample junction, the STM head is surrounded
by a parabolic mirror (mirror 1), with the tipasiple junction adjusted in the focal point.
Mirror | directs the emitted light to a secondadaolic mirror (mirror Il) outside of the UHV
chamber through a quartz window.€Tlight is then focused aither a spectgraph coupled
with a liquid-nitrogen-cooled charge-coupled/iide (CCD), or, on a phiomultiplier tube. All
emitted photons in a solid angle of ~3sr, delimited by emission angles between 0° and 60°
with respect to the sample surface, eslected. Mirror | is made of an AlIMgcompound,
which has a very low thermal expansion coefficient, coated with an aluminum film. The
optical reflectivity of the Al coating varies froB5% near the UV regiaio 92% in the visible
region [L02]. The spectrograph (PI/ActoBP-2156 is a grating dispersion device. Two
gratings with 150 grooves/meach and blazed at 300nm &@Dnm can be used. The CCD
chip (PI/ActonSpec-10:10pis characterized bg resolution of 1340x100 pixel, with a pixel
size of 20x2Qim?. The sensitivity throughout the opticglstem covers the wavelength range
between 200nm to 1000nm (1.2eV to 6eV). Beasitivity curves of the optical system are
shown in figure2.2. The photomultiplier tube is a side-on type (HamanRa49. It covers
the spectral window betweel85nm and 900nm with a maximuresponse at 400nm. Its
sensing area is a multialkali photocathode >@rnt size. The amplification system is based
on a circular arrangement of 9 dymsdresulting in a gain of 10TheR2949is characterized
by a low dark current (2nA) and aittra-fast response (2.2ns).
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Figure 2.2: Measured sensitivity curves of the optisgstem of the photon-STM for the two different
gratings in the spectrograph

V. Upgrade of the experimental setup

The Photon-STM chamber used for my experiments was built by Dr. Niklas Nilius during
his PhD work (2001)1/02]. During my PhD (2004-2008), seakimprovements have been
made on the experimental setup, such as:

e Completion of the optical detection sgst with a photomultiplier, which allows
photon detection simultaneously with topaginic scanning withhigh sensitivity
(Photon-mappinyg (see figure2.3). For this purpose, the sample is scanned with
reduced speed (~20nm/s) anéleled feedback loop and tpaoto-multiplier signal is
detected at each pixel of the STM imade. increase the signal to noise ratio, the
photon signal is low-pass fileed with a time constant dfOms before read into the
STM controller.

Furthermore, it is possible to conductotwomplementary measurements from the
same surface area by just turning the milk@nd switch from the spectrograph to the
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photomultiplier. Such combined measurements allow optical spectroscopy and spatial
localization of the optical sours@n the surface via photon-mapping.

Operating the liquid-nitrogecooling system of the STMead in a continuous manner

to enable standard STM measurements at ~100K.

Improvement of the vibrational isolah system of the STM by adding an eddy-
current damping system to the previous spring suspension,

Construction of a high tempsure heating stage to prepare samples out of refractory
metals,

Improvement of the protection of the optisglstem against external shay light,
Construction of a simple &ttronic device to control ¢hsample bias and generate
voltage pulses to prepare the STM tip in a more controlled way.

Figure 2.3: First combined imaging/photon-mapping measunents performed with the photon-STM.
On the left side, STM topography image of suggabsilver particles on a thin alumina film; on the

right side, the corresponding photonmap recorded simultaneously. Image s&GnBt
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Chapter 3

Geometry Effects on Optical Properties of Ag

Nanoparticles

l. Introduction

Metal nanoparticles can begmared by several techniqudd] The choice of a suitable
preparation method is often crucial for tlfebrication of ensenibs with well-defined
properties. In order to accomplish a detailed stigation of the influence of particle shape,
density, and lateral arrangement on the aaptibehavior, supported silver nanoparticle
ensembles have been prepared using two difféezhniques: (i) Vapor deposition of Ag on
an alumina film grown on NiAl(110), and (iighemical synthesis of Ag nanoparticles
followed by a deposition on HOPG. The vapor dépos has the advantage that it enables a
good control of the shape, siznd density of the particle ensembles, but the disadvantage
that preparation of ensembles with regularipi@rtarrangements and aihsize distribution is
difficult. On the other hand, ¢hrather new concept of making metal particles in a colloidal
solution, successfully enabled the formation darge regular network gbarticles. In fact,
Professor Pileni from the University of Pahas first demonstrated the possibility to self-
assemble colloids into ordered 2Ddd 3D patrticle structured(3,104]. However, the inter-
particle distance is hardly tunable in th&gpproach and requires the recourse to polymer
substrates to be controlleti(5]. Furthermore, the opticalqperties are alted by the ligand
shells @aound the particles compared to pure particles prepared by vapor deposition.
Nevertheless, a reliable comparison between results from particle ensembles prepared by the
two approaches can be made.

Our study on density effects on the optical prapsrcovers Ag particle densities ranging
between 0.510"'cmi? and 1k10"cmi?, while keeping the particle shape and size relatively
constant. The dependence of the electromaguoetipling in ensemblewsith either round or
flat particles on the interparteldistance is investigated. Béss, the influence of the long-
range order on the optical propestief dense ensembles of sphaliAg particles is explored
as well. The combination of scanninginneling microscopy ral photon emission
spectroscopy, as possible withe Photon-STM, was parti@uly suited for simultaneous
topographic and optical charactetina of the particle ensembles.
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lI.  Shape and density effects

[I.L1. Particle support: The alumina film

As support material for the bare Ag particewell-ordered alumina film has been used.
The alumina film is formed by oxidizing trearface of a clean NiAl(110) crystal following
the recipe given in 106]: Prior to film growth, tB NiAl surface is cleaned by
sputtering/annealing cles, and its quality is checkdy means of LEED. The NiAl(110)
surface is then exposed to 1200 Langmuir gfaDa temperature &50K, and annealed at
1000K for 5min. This simple procedure resultsimwell-ordered and amically flat alumina
film with a thickness of ~5A. Daito the two fold symmetry dfie NiAl(110) surface, the film
grows in two domains (A and B) ro¢al by 48° against each other andtBy°® with respect to
the [110] direction of the support. Hence, twonkis of defect lines are observed on the
surface of an alumina film(i) Anti-phase domain boundar¢APDB) between identical
domains, and (ii) reflection domain boundariéBDB), which separates domains with
different orientationas shown in figur@.1. The exact stoichiometry of the alumina film is
not Al,O3 but rather AJoO;3[107].

APDB

Figure 3.1: 80x80nnt STM topographic image of an alumifian grown on a NiAl(110) surface
[108]. On the image, two domains tilted by 48° agaéash other can be distinguished from the
direction of the charactestic line structure. Tharrows indicate reflection domain boundaries (RDB)
and anti-phase domain boundaries (APDB).
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The anti-phase domain boundaries have a wreléred atomic structure, resulting from
the insertion of a row of O and Al atomsthre topmost layer between two neighboring unit
cells of the alumina film. The wis inserted either along tiehort principal vector or along
the diagonal of the alumina unit cell. This cesmighe formation of straight or zigzagged
boundaries, respectively109]. The APDB appear brighth the STM topographic iages
(figure 3.1) at positive sample bias. This brigigpearace of the APDB is caused by the
existence of defect-induced energy states enbdindgap, which originatfrom a deviation of
the film stoichiometry along these defect lin&3(Q].

II.2. Ag particle deposition on the alumina film

[1.2.1. Experimental aspect

The Ag particles were deposited on the alumina film by thermal sublimation of pure
silver (99.95%) using an electron beam erafor available in the preparation chamber
(chap.2, sectll). During the evaporation process dgr, only neutral Ag atoms are created
since its sublimation energy (~280 kJ/molmsich lower than the ionization energy (~731
kJ/mol). However, in order to monitdne outgoing atomic flux, a fraction of Adgons is
artificially created inside the evaporator byeirsecting the Ag flux ith energetic electrons.
Based on our own measurements, the atornic #irriving at the sample surface contains
~99.5% neutral Ag atoms plus ~0.5% of'Agns. The Ag coverageas calibrated by dosing
Ag on clean NiAl(110), wherat grows in a layer-by-layefashion and the amount of
deposited Ag can be directly estimated from STM images.

A typical STM topographic image aft&g deposition is shown in figur&2. As reported
previously [6], Ag particles are inhomogeneously distributed on the alumina surface and
mainly nucleate at defect lines leaving the cdghe surface almost uncovered. This results in
a high local particle density and the formatiorpafticle chains decdiag the defect lines.
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Figure 3.2: 200x200nn? STM topographic image @fg particles supported on AD:5/NiAl(110). The
typical defect lines present in the alumina film act as nucleation sites for Ag particles (inhomogeneous
nucleation).

[1.2.2. Control of particle shape

The shape of a supported metal nanoparticle on an oxide surface depends on the
thermodynamic growth mode of the metal on thasticular surface. The different growth
modes are governed by the surface free eneofjiree oxide suppork, the metabr, and the
metal-support interface;, and can be differentiated into the Volmer-Weber mode (3D
aggregates) and the Frank van-der Merwe m@de layer by layer growth). Whereas the
metal grows into 3D aggregates for »n > %, 2D growth occurs if + ym < 5% [43,111].

Silver growth on the alumina follows the 3D gitbmmode, as its surface free energy is higher
than the one of the oxide, and as its adhesion to the alumina surface il BjwJsing the
Young-Dupré equation

Eaoh = 7m (L+ COSO) (3.1)

which connects the adhesion eneigy, of the metal tothe support tox, [43,111], an
evaluation of the contact angéeof an Ag particle on AlD3; can be made (figurg.3). With
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Eaan Of Ag/AILO; equal to 328107 J/nf and yay between 81410° J/nf and 926:10° J/nt
[112], the calculated has a value of ~127°, which is contipée with the formation of rather
dome-like aggregates with a lar@peight to diameter ratio. €hprediction is verified by the
experimental results, for insta@ by topographic STM image8]] The value ofaumir iS in
the range 650-928.0° J/nf[112], and therefore usually lowtran those of metal surfaces.

Metal particle

Figure 3.3: Schematic representation of a metal particle on a flat surfaces, , andy represent
surface free energies of the support, the inatad the metal-support interface, respectivélg.the
contact angle.

Apart from dome-shaped Ag particles, Agtpdes with a disk-like shape are prepared
under defined deposition parameters. In this expnt, the shape of deposited Ag particles is
controlled via the sample potentids( with respect to the potential of the Ag crucible in the
evaporator V). It was found that wheNs is equal toV,, dome-like particles are formed,
whereas at a negatiwg potential with respect t¥, the formation of disk-like particles is
observed. Figure8.4a and3.4b show a dome-like and a disk-like Ag particles deposited on
Al;10013/NiAI(110), respectively. Herethe two types of particle shape were prepared
following the same depositigorocedure except for thé. For the dome-like preparatidf.
was set to OV\(sc= Vs- V), and for the disk-like onég,. was -800V. The height profiles of
the two particles presented in figiBelc clearly demonstrate the shape difference.
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Figure 3.4: 25x25nnf STM topographic images () a dome-like andb) a disk-like Ag particles on
alumina film on NiAl(110)(c) Corresponding height profiles of thoparticles. The measured widths
are not corrected for tip convolution effect.

The dependence of particle shape on the bias diffeNniserationalized as follows: At

Vsc = 0V, the Ag ions land on the alumina surface only with their thermal energy, as the

neutral Ag atoms, and have no obvious eff@actthe growth of the Ag particles. A = -
800V, the positive ions are accelerated towattte support and hit the sample with high
energy. The impact of ions has two effects whead to the formation of disk-like particles:
(1) Local destruction of the @hina surface structure indag new nucleatiorsites with a
larger Ag—AlL¢O13 adhesion energyl[L3]; (2) creation of holes arglructural damage in the
already existing particke During the restructuring procestthe Ag deposit, the holes are
filled with material from higher-lying particle regions causing a flattening of the particle.
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11.2.3. Control of particle density

The second issue in this experiment is to \thgyparticle density while keep the patrticle
size and shape constant. For this purpose, weatieck the particle density by tuning the Ag
deposition temperature, modifying the densitynotleation sites, and in the support adjusting

the evaporation flux of Ag. While samples with low particle densities are prepared at

temperatures of up to 500K, the ones with highsities are obtained by cooling the sample
to temperatures below 200K. Additionallyjew nucleation sites were created via
bombardment of the oxide surface with energeticigins (500eV) prior deposition. Suitable
combinations of the different deposition paréene allowed a density variation in steps of
around 1.810"'cm?.

Figure3.5 shows a set of STM topographic imagkag particle ensembles supported on
an AhgO13/NiAI(110) film depicting samples withdifferent particle densities. Whereas
particles in figuresS.5a t03.5f have dome-like sipes, those in figures 3.5g3di are rather
disk-like. The particle density varies between x110"cm? and 8.&10"cm? in the
preparations (a) t¢f), and between 3:80"cm? and 10.610cm? in (g) to (i). Due to the
presence of additional nucleation sites by® Agns during the pregation of disk-like
particles, densities lower than 810"'cmi? could not be achieved.

From the STM topographic images taken fa thfferent preparations, we made number
of observations concerning arrangement, shapedandity of the particles. First of all, no
ordered arrangement of particles is found om skirface. Disk-like particles exhibit large
[111] top facets, which is the one with the |I®veurface energy for A¢fcc crystal) and the
crystallographic plane is deduced from thexdgonal Wulff shape of particles (see figure
3.50) §3,111,113114].
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Figure 3.5: 100x100nni STM topographic images of dome-like (a—f) and disk-like (g—i) Ag particles
on AhgO5 with increasing density. The densit y varies from0® to 8.0x10™ cm? and 3.510™ to
10.0x10" cmi? for (a) to (f) and (g) to (i) preparations, respectively
(Scanning conditions: ddmpe= 1V, | = 0.05nA, Ptlr tip)
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The procedure, aiming to keep the dengitg only varying paranter in all different
preparations, led to satisfactory results, eghgcior dome-like particle ensembles. In figure
3.6, a summary of measured heights and diarsetfdome-like and disk-like particles in the
different preparatins is presented.
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Figure 3.6: Average particle height and diameter fafferent particle densities. Closed and open
symbols assign to dome-like and disk-like partiblgpes, respectively. Thelisdines are guides to
the eye. Whereas the heights were directly oredsfrom STM topographic images, the diameters
were derived assuming ellipsoidal particle shape (see the text).

Each data point in this figure is an avexagf approximately 25 single-particle height
measurements. Since the heighg, plarticle density, and the tbrsg coverage are known, the
diameter could be deduced by assumingeliipsoidal particle shape. From figuB6, the
dome-like particles have a rather regular sizethie different densitiesyhile for the disk-like
ones, the size distribution is comparatively &ardNevertheless, the particle aspect ratio
(height/radius) remains relatively constant floe two different shapes over the full density
range. The dome-like and the digke particles are characterized by an aspect ratio of ~0.55
and ~0.3, respectively.
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[1.3. Optical properties

In order to analyze the effeof particle-particle interaction on the optical properties of
dome-like and disk-like Ag particle ensembleptical measurements were performed in the
field-electron-emission regie of the STM (cha®, sectlll.2) with the tip bias and the field-
emission current set te240V and 1nA, respectively. Ahese conditions, the tip-sample
distance is adjusted to ~300rand the field-emitted electrospread over a surface area of
about 100.000nfmi.e., ~610" electrons/nimpinge on the surfacevery second. Typical
photon emission spectra recorded from ensendfle®me-like and diskike particles with
different densities are presented in fig@&. A pronounced emission line between 330nm
and 350nndominates the spectréhis photon emission is attrited to the radiative decay of
Mie-plasmon in the Ag particles exaildy the field-emitted electrons (chdp.sectlll.2.3).

Even though the radiative response has theesangin in dome-like and disk-like
ensembles, the energy of emitted photons fierént. Furthermore, with increasing the
density of dome-like particles from &850 to 10<10"cm? the Mie energy shifts from
3.50eV+ 0.02eV (354t 2nm) towards higher energies and reaches 3.66e\02eV (338t
2nm) as depicted in figurd.7a. For disk-like particles, ehcorresponding plasin peak is
around 3.75e\t 0.02eV (330t 2nm), which is higher in energy compared to the dome-like
ensembles. However, no apparent peak shitvealed when increasing the particle density
in this case (figur8.7b).
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Figure 3.7: Normalized optical spectra of Ag particles ong@hs/NiAl(110). The spectra are
presented as a function of increasing partidéssity from the top to the bottoga) from 0.5¢10™ to
10x 10" cm? for dome-like particles anb) from 3.5¢10'' to 11x10" cm? for disk-like particles.
Increasing particle density leads a blue shift of the characteristic emission line for dome-like
ensembles, but does not affect the peak positioase of disk-like ensembles. The measurement
conditions were k)= -240V, I= 1nA, accumulation time= 60s.
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The difference in the optical response for thféedent preparations is better seen in figure
3.8. The figure describes the evolution of e resonance position fdroth particle shapes
as a finction of particle density. The indicated energy positions were determined by fitting the
peak in the optical spectrattva Gaussian curve for all the different preparations.
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Figure 3.8: Evolutionof the energy of the (1,0) plasmon mode as a function of particle density for
dome-like (closed squares) and disk-like (open squamgparticles. The dotted line represents a fit
with a power low dependence between the eneiiffyastul the interparticle distance d. The shift
results from the dipole-dipole interaction and is found to be proportional fsde text). The fit was
performed after converting the measured degsito interparticle distances assuming a square
network of particles. Dashed and dotted lines stmvsimulated behavior of the plasmon energy with
density as calculated with the GranFilm prografrl§.
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[1.4. Discussion

As the mean size and shape of Ag partioleere kept approxini@y constant when
increasing the particle density, the blue shifth&f plasmon energy for dome-like preparations
is mainly attributed to the electric dipolepdie interactions, i.e., the coupling between the
plasmon dipoles in the Ag particles.

Increasing the particle density is equivalenatdecrease of the imtparticle distance and
hence a strengthening of the dipole-dipole diogp The blue shift of the Mie resonance
observed for dome-like particles results fraandestructive dipole-dipole coupling that
enhances when the dipoles approach each ofhe.behavior is typical for the interaction
between the (1,0) Mie modesneighboring paitles (Chapl, sectlll.2.3), thus providing a
clear indication that the @asued photon emission in the spedsalue to the radiative decay
of the (1,0) Mie mode. The latter conclusiis supported by the lfowing observations as
well: (i) The disk-like particles are characterizgda smaller aspect ratio than the dome-like
ones. The energy of the (1,0) mode for flatteriplag is expected to bagher than for round
ones (Chapl, sect.lll.2.3). This is in agreement witthe observation in th experiment
(figure 3.8). (i) The field-emitted electrons frorthe tip impinge perpendicular to the
substrate plane and thus preferentially extite (1,0) mode. The in-plane oscillations are
primarily excited by secondary processes, &gt electron thermalizatip and the excitation
cross-section is much lower. (iii) The photorteidtion system in thexperimental setup is
more sensitive to light emitted from the (L/f@dode, as the corresponding radiative decay
results in a photon emission paealto the substrate plane. &ldecay of the (1,1) mode, on
the other hand, results inpnoton emission normal to the striage surface and is therefore
mainly blocked by the STM head.

The energy increase of the (1,0) modedome-like particles is caused by the additional
energy due to the dipole-dipoieteractions between the (1,0) plasmons as the interparticle
distance decreases. In the general case, thedtberanergy between twidentical dipoles at
a distancel from each other is proportional p3.d3, wherep is the electric dipole moment.
However, when assuming a square particle ndtwibie fit of the measured increase of the
plasmon energy reveals a dependence accordidgtdor dome-like particles (figur8.8,
dotted line). Thus, in a 2D twork of Ag particles, the gbole-dipole interaction energy
increases slower than for two is@dtdipoles as aifiction of distance.

For disk-like particles, a blue shift of the, @L mode with increasing density is expected
as well. However, no shift could be resolvedsiniikely due to the weaker coupling. As the
average height of disk-like pgaies is ~30% smaller thanahof the dome-like ones, the



52 Geometry Effects on Optical éjverties of Ag Nanopatrticles

corresponding of the (1,0) mode is, substantially, @ler too. Consequently, the energy of
dipole-dipole interaction is milost two times smaller thafor the round particles of
comparable densities. In addition, the recorhikel resonance is situated near 3.76eV, which
corresponds to the surface plasmon resonance in a continuous Ag film, dep@®aches
zero. This energy marks therefore the uppeit loh plasmon excitationgn silver surfaces
[12,116]. Besides, the absence of #tstould be related to thdightly increasing aspect ratio
measured for increasing densities (fig@.6), which lowers the Mie (1,0) energy and thus
conpensate the shift due to the dipole-dipole interaction.

The blue shift of the (1,0and the red shift of (1,1) @mon modes with increasing
particle density have been observed befordilmographically fabricated particle ensembles
[117,118119]. Whereas the large pahicsizes and the intergerle distances in those
experinents needed an interpretation of the agdtdata within the framework of retardation
and multipole effects4[3,118], a treatment within the dipoégproxination was sufficient in
ref.[119]. In our experiment, the particles haraller sizes compared to the emitted photon
wavelengths. Therefore, the system is viewethe quasi-static regie and only the dipolar
effects have to be considered.

Our interpretation of the expmental results is supported by model calculations for the
optical properties of dome-like and disk-likgrticle ensembles, as performed with the
GranFilm program J15]. The code permits the determination of the pxdhility of
supported particles. The basie&of the calculation method isdonsider truncated spheres,
oblate or prolate spheroids geometries of the supported pelgs, and solve the Laplace
equation for the electrostatic potential in the quasi-static regime. The mathematical form of
the potential is described as a series expansion in a multipolar basis in either spherical or
spheroidal coordinates to accofmt different particle shape415,120].

We computed the plasmon energiesAgf particle ensembles on a bulk,@®k substrate
by calculating the absorption coefficient fararying densities using experimentally
established bulk diettric functions 121], and neglecting the NiAl substrate. As no specific
lateral arragement of the prepared particias observed on the substrate, the mean field
approach was chosen to desciibeir inhomogeneous lateralkttibution. The particles were
modeled as truncated spheroditermined by a perpendicular ) and a parallelr()) radius
corresponding to the experimengarticle height and radiusgspectively. Hence, the dome-
like particles are characterized by>r| and the disk-like particles boy <r.

Several combinations of radii were tested in order to reproduce the experimental results.
However, optimum agreement was achieved dotya narrow range of radii. In figui@8,
two curvesare shown represtng the calculated evolutioof the plasmon energy with
particle density for the dome-like (dashed liaey the disk-like (dastetted line) particles.
The theoretical curves describe the measwutath rather well, and thus, illustrating the
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dominant role of the dipole-dipglinteraction in the experimenthe experimental data point
at a density of 1.3410""cm? deviates to higher energi&®m the calculated evolution for
round particles. This emphasizes the increaseitlgaparticle couplinglue to the high local
density, as the Ag patrticles preferentiallyclaate along the defedines of the alumina
surface (figure8.2 and3.5).

The optinal input values of particle radii were = 46A, r| = 32A, andr, = 27A,r|| =
40A for round and flat particle shapesspectively. The calculated valuesrpfoverestimate
the measured heights by almost a factotvad. This means larger dipolar moments are
needed to reproduce the experimental energy positions of the (1,0) plasmon. This effect is
attributed to the neglect ahe NiAl support below the AD; film in the calculations.
Therefore, the induced image dipoles in the NiAl were not taken into account. As the image
dipole couples constructively with the driving@Ldipole in the particle, it enhances the total
polarizability of the system (Chaf, sectlll.2.3). To judge the importace of this effect, we
simulated the case of Ag particles deposited directly on a NiAl supgptinig this model to
the experimental dependence of the plasmarggnon the density leads to a much better
agreement between calatéd und measured shaptsresults in arr; = 33A for the round
andr, = 20A for the flat particles, which are coarpble with the heights deduced from the
measurements. However, computed line widths and energy positions of the Ag Mie plasmon
deviate more strongly from the experimemntadults for a NiAl support compared to.B%
surface. This underlines the combined influence of the oxide film and the metal substrate on
the optical properties of the supported Ag particles.
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lll. Effect of long-range order

[l1.1. Ag nanoparticle synthesis

The silver nanoparticles used to fabricated-range ordered ensembles were prepared in
the research group of Professor Pileni at theversity of Paris.The nanoparticles were
synthesized in a chemical approach usingd#verse micelle technique. The reverse micelles
are water droplets stabilized in oil by means stiHactant. They are used as micro-reactors
to realize the synthesis of silver nanoparticlea chemical reductiohe synthesis procedure
is described in reference$2,123]. It can be summarized fdlows: Two mcellar solutions
of surfactants/isooctane {d;s) and water having the same molar ratlWW =
[H2O)/[surfactant] = 40 are mixed togethe@ne solution contains 30% Silver-bis(2-
ethylhexyl)sulfosuccinatéknown as Ag(AOT) or gH37/0;S-Ag) and 70% Sodium-bis(2-
ethylhexyl)sulfosuccinatéknown as Na(AOT) or &H3;0;S-Na) as surfactants. The second
solution contains 100% Na(AOT) ara sufficient amount of hydrazine {N;) solved in
water. The role of hydrazine is to reduce thé Agtions and break the bonding to the AOT.
Silver reduction is achied during the collisions betweerffdrent micelles, which permit the
exchange of their aqueous nuclei. The procedesults in the form@n of Ag nanoparticles
with an average diameter &nhm and a size sliribution of about 43%. To extract the
particles, dodecanethiol {§1,5SH) is added just aftehe particle formation. Because of the
strong affinity of their SH head-group to silver, the dodecanethiol ch#tash to the particle
and form a monolayer around the surfactant is sfrwards removed by precipitation in
ethanol. Repeated size-selective precipitapoocesses followed by centrifugation yield a
size distribution about 8%. E€hparticles are afterwardiispersed in hexaneg¢ldi4 and a
homogeneous colloidal solution is obtained.

[11.2. Ag nanoparticle deposition

The deposition of the Ag nanoparticlessadone in ambientonditions. Afew micro-
liters of low concentrated colloidal solutions were dropped onto the surface of HOPG (Highly
Ordered Pyrolytic Graphite) surface. Prior to deposition, the HOPG was prepared by stripping
off the upmost graphite layevath adhesive tape. In figui29, a STM topographic image of
a clean HOPG surface is presented.
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Figure 3.9: 100x100nhSTM topographic image of the HOPG surface prepared by peeling off the
surface and introducing it into the UHV chambereTimage describes the morphological state of the
HOPG surface after its preparation. The surface is characterized by flat and large terraces separated

by randomly oriented step edges caused by surface peelrd).4V, | =0.35nA, PtIr tip.

Two different colloidal soltions, extracted before nd after the size-selective
precipitation processes, wereaiyred. The correspondingarticle size ditributions in the
solutions are therefore 43% and 8%, respectively. The samples are introduced into the
vacuum 1h after the depben, so that the hexane evap@sibutside the vacuum chamber.
Figures 3.10a and3.10b show TEM (Transmission Etean Microscopy) inages of a
monolayer of poly- and mono-dispersed payticles deposited on HOPG. Whereas no long-
range order is olesved in figure3.10a, a hexagonal 2D superstwie is notied in figure
3.10b. This self-organization @iarticles is induced by the aihsize distribution. fie TEM
observations are confirmed by STM measoents, as illustrated in figur8sl0c and3.10d.
The preparations shown in figur8sl0a and3.10c are namedisordered ensemblan the
following, while the ones in figures10b and.10d are termedrdered ensembles.
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Figure 3.10: (a andb) 300x300nrhTEM images of a monolayer of Agnoparticles synthesized by
the reverse micelle technique deposited on HOPG with (a) 43% and (b) 8% size distr{owtitid)
75x75nmM STM topographic images of similar preptioms as in (a) and (b), respectivelys0.4V,
I=0.5nA, Ptlir tip. The drawn hexagon in (d) empiaas the hexagonal network with a 7nm lattice in
which the particles arrange themselves.

The hexagonal organization oktlparticles in the orderedssmble is characterized by a
lattice constanbf 7nm (figure3.10d) and a mean particle density of about 2B05cm™.
This organization is induced by the presenfehe dodecanethiol chains attached to the
particles, as the surrounding hydrocarbon chaintect the particles from surface wetting and
coalescence, and preserve their shape and sreatthe highest density. Hence, as modeled
in figure 3.11 [124], the Ag patrticles keep their sphefishape, which is important for their
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optical properties. Furthermore, the dodecanethiol chains of adjacent particles imbricate and
ensure a minimum separation between the partflabout 2nm. This value plus the particle
diameter (5nm) fixes the lattice constantlod Ag particle netwdr on the HOPG support to

7nm, and also determines the interpartiséparation normal to thsurface in case of a
multilayer deposition. The rather big Ag pele-HOPG spacing leads to a weak coupling
between the particles and the support. Téfiect is also experienced during the STM
measurements where imaging was only sgge for optimized tunneling conditions.
Although, the ligand shell presesut additional difficulty for tunnang, due to their insulating
character and their swaying movement.

Dodecanethiol
shell Znm

Figure 3.11: Schematic model of Ag colloids on HOPG
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[11.3. Optical properties

As in case of Ag particles pregal by vapor deposition on alumina (sebt.the optical
properties of ordered and disered Ag nanopartie ensembles on HOPG were analyzed by
bombardment with field-emitted electrons frone tBTM tip. In order tanvestigate the effect
of the lateral size of the excited ensembldlenoptical response, tHfield-emission bias was
varied from -90V to -160V for a current adjedtto 1nA. This is achieved by setting the STM
tip-sample distance to valuestween ~100nm and ~250nm, sattthe analyzed area varies
roughly between ~10.000 Anand ~70.000 nfn No electron-induced daage is noticed in
STM images taken after each spectroscopic oreasent. The recorded optical spectra are
presented in figure3.12. The spectra were fitted wittvo Gaussians to detmine the
respective peak positions and intensities. Ths&on spectra from the ordered ensemble are
characterized by a maximum at 3.6e\M0.02eV (345nmt 2nm) and a shoulder at around
2.47eV + 0.02eV (500nm= 2nm) (see figure3.12a). The full-width-at-half-maximum
(FWHM) of the high-energy peak is approximately three times smaller than the one at low
energy. The total emission yield increases eendtially with electron energy, but no obvious
change of the spectral shape and peak positions is observed. Thus, no effect related to the size
of the ensemble is seen in the optical response within the analyzed area range. For the
disordered particle ensembles, the optical measurements show a qualitatively similar behavior
compared to the ordered ensemble (figBré2b). The most pronounced difference is the
reduced intensity of the low energy shoulden the ordered ensdites, the intensity ratio
between low energy and high-enemgaks is found to be 0.45. &equivalent ratio drops to
0.35 for the disordered ensemble. Furtheemothe high-energy peak for disordered
ensembles is slightly blue shifted to 3.65¢\0.02eV (340nmt 2nm) and slightly more
intense.
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Figure 3.12: Photon emission spectra @) an ordered andb) a disordered 2D monolayer of Ag
particles on HOPG. The particles were excited infibkel-emission regime with different tip voltage.
The current was adjusted to 1nA for 60 seconds recording time.
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[11.4. Discussion

The photon emission from both ensembles sgaed to the radiative decay of the Mie
plasmon in the metal particfesThe plasmons are excited by the field-emitted electrons
injected into the sample surfaeath high kinetic energy (chafd, sect.ll.2.3). Apparently,
the plasmn is split into two modes sep&rd by an energy gap of about 1.1eV. Using
equation(1.24), the position of the Mieesonance in a single splaaii slver particle can be
estimated when taking into account the presefcmdecanethiol shelAssuming a dielectric
function of the surrounding medium af= 2 [124], the calculated fund#ntal Mie mode is
found to be at 3.2eV. This position is red-shifted compared to the calculated Mie position for
the same particle in vacuum (3.5eV), emphiagi the role of the dodanethiol shell that
increases the particle polarizability.

Since the Ag colloids do not wet the HOPG drdis and remain spherical, a splitting of
the fundamental Mie mode into the (1,0) andYInodes due to particle shape anisotropy can
be neglected. In addition, thet@naction of the Ag particles with the image dipoles (chap.
sect.lll.2.3) in the HOPG substrate is weak apdds to agditting of the Mie Mode of only
some meV 125]. However, the close packing of tparticles, especially for the ordered
ensermbles, is undoubtedly the origin of strong dipole-dipole interastim the ensemble
layer. This results in two Mie modes, nam#ig (1,0) and (1,1) modes, which are blue- and
red-shifted with respect to tfandamental plasmon in an isolated sphere, respectively (see
chap.1, sect.lll.2.3). Therefore, we assign theghrenergy photon-emission peak observed
here to the (1,0) mode, and the shoulder at low-energy to the (1,1) mode. This conclusion is
supported by the high intensity of the od{ptane (1,0) mode at 3.6eV, since it is
preferentially excited ithe experiment (sedt.4).

The peak assignemt to the different Miemodes can be verified experimentally by
analyzing the polarization of the emitted light, as shown for the ordered ensembles in figure
3.13a. The experiment was done by placing a GlamPson polarizer ahe entrance slit of
the spectrograph. The emission peak at 3.6®Ws the expected intensity variation for linear
polarized light as a function of the polarization anglgl126]: I(#)= |, sir’é (figure 3.13b).

The maximum intensity is found when the pdaation angle is around 90°. According to the
geometry of our optical setup, the onlght able to pass thaolarizer at 90° ig-polarized
light resulting from an emissin involving the (1,0) plasmon, wit oscillates perpendicular
to the surface. The small emission yieldtloé low-energy peak and background intensity in
this energy range prevented similar investigations for the (1,1) mode.

3 Except the Bremsstrahlung radiation observed around 250nm in the spectra.
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Figure 3.13: (a) Polarization angle dependence of the lightission from an ordered monolayer of
Ag colloids on HOPG excited ligld-emitted electrons from the STM tip. Tip bias and electron
current were set to -220V and 1nA. The backgronddpendent of the polarization is subtracted.
Peak positions are slightly red-shifted due to a geometrical effersted the presence of the polarizer
at the spectrograph entrandd) Intensity variation of the main peak in (a) as a function of

polarization angle.

Experimental and calculated reflectivity spagerformed for an dered network of Ag
nanoparticles on HOPG, revealed ehstions comparable to our&2@ 127]. Herby, the
calcuated positions for low- and high-energeaks were found to be at 2.38eV and at
3.34eV, respectively, while the experimentaigvealed peak positions are at 2.15eVand
3.50eV. The second peak appeared only when the incoming angle @fptblarized
excitation light is suitable to excite the penglicular plasmon mode in the particles. The
discrepancy between measured and calculated resultd2#127] is attributed to the
inappropriate description of thmlarizalility of the single particle on the HOPG, which treats
the environment as a homogeneous medium agtkets the real staaky of the dielectric
layers. An additional deviation could arise from the use of simplified dielectric functions for
the ligand shell.

No pronounced effect of the regular verslisordered arrangemenf particles on the
optical properties could be established froor experimental data. Apparently, the splitting
of the fundamental Mie plasmonassubtle indicator for changesthe particledensity, but is
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less sensitive to the long-range order in thdiga ensemble. The average inter-particle
distance was found to be comparable in mrdeand disordered ensembles, which might
explain the similar plasmon emges observed for both prepacats. On the other hand, small
variations in the plasmon position are likdly be covered by the large FWHM of the
experimental peaks. The absence of long-ramder in the disordered ensembles is, however,
reflected in the intensity loss of the low-egyeshoulder. In a perfect hexagonal network, the
(1,1) mode gains intensity thi respect to the (1,0) modéecause of the constructive
coupling, and therefore the enhancement, ofrtk@ane oscillations. The out-of-plane modes,
on the other hand, experienee destructive coupling. In assemblies with broader size
distribution, this effect is pHly suppressed due to a detugiof the plasmon energies and
hence a reduced coupling efficiency betweeighteoring particle dipoke Consequently, the
energy splitting as well as the intensity rédtetween the (1,1) and the (1,0) emission peaks
decrease in ensembles withoutderange order. This is in Egement with the experimental
results (figure3.12b).

The rather large FWM of the emission peaks of the Ag nanoparticles on HOPG is
mainly attributed the dodecanethiol environment, which decreases the plasmon lifetime by
inducing an additional dampin,12,124,128]. This fact becomes apparent when comparing
a spectrumof an ordered ensemble of Ag cadle with a one of bare Ag particles vapor
deposited on an alumina film (sekt2). Such a comparison is presented in figguk4, where
a nornalized spectrum from an ordered Ag calll ensemble with a particle density of
23.5¢<10"cm? is shown next to spectrum of a demsand Ag particles on alumina (density
10.1210"cm?) (sect.11.3). Regardless the differences in particle size, shape and density
between the two samples, the FWHM of the@)Ipeak for the Ag colloids is found to be
bigger by a factor of three withgpect to the bare particles.

Another obvious difference in figure 3.14 resides in the absence of the (1,1) mode in the
spectrumof Ag/Al10019/NiAI(110). This underlines again ehstrong influence of the dipole-
dipole coupling in the dense iveordered Ag particle kger, which leads to a huge
amplification of the photon emission yieldom the (1,1) plasmons. The corresponding
spectral peak becomes therefore visible ia #ipectra despite the unfavorable detection
symmetry as well as the small excitation crossiseof the (1,1) mode in our optical system.
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Figure 3.14: Comparison between normalized emissiogctia from a monolayer of ordered Ag
colloids on HOPG and a dense Ag patrticle enserabjpgported on alumina. The fitting of a Gaussian
curve to the (1,0) peaks gives a FWHM of ~58mnthe colloids and ~20nm for the bare patrticles.
The appearance of the (1,1) peak in the top specemphasizes the strong interparticle dipole-dipole
coupling in the ordered and close packed partialeer, which render its detection possible.

In the light of the above ressltwe discuss the optical regse from a single particle and
a 3D structure consisting o multilayer of Ag colloids on HOPG in the following
paragraphs.

An optical spectrum of a single Ag particletiin an ordered ensemble is presented in
figure 3.15a. It was measured with a low excdatibias (15V) and a rather high current
(5nA). The high current was required to in@edhe entted-photon yeld from the single
emission center above the optiaitection limit. At theseconditions, structural damage
cannot be excluded. The spectral characteristiessimilar to the particle ensemble spectra
obtained at higher electron enerdiere, the two peaks are at 3.18&\0.02eV (390nmt
2nm) and at 2.1e¥ 0.02eV (590nmt 2nm). Whereas, the high-energy peak is attributed to
the (1,0) mode, the origin of the low-ener@ature is unclear although its position would
correspond to the (1,1) mode. As discussed @pploton emission from the (1,1) of a single
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particle is not expected to be detected. Threegfthe low-energy peak (2.1eV) is, more likely,
the result of a coupled elestnagnetic mode between the tip and the sample (tip-induced
plasmon (TIP), see chap.l sdtt2.1) and does not represent an intrinsic excitation of the Ag
particle. The position of (1,0) plasmon is r&ufted by 0.42eV with respect to the spectra
obtained from the Ag ensemble, but it is simitathe calculated position for a single particle.
Nevertheless, the particle cannot be considerésbéated, since it is within the ordered layer,
and therefore it should undergoupling-effects with the imagdipoles inducedy its (1,0)
mode in the neighboringarticles. However, the small amge of the (1,0) peak position
compared to an isolated paliaeveals the weak coupling with the induced images diploes.
This is in contrast with the simultaneous exaita of an ensemble of ordered particle, where
the (1,0) mode of every particixperiences an efficient desttive coupling with the dipoles

of the neighboring particles. On the other, also the presence ahdtadlic tip near the
particle might influence the polarizability of the systelr$9].
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Figure 3.15: Photon emission spectrum(a) a single Ag particle within an ordered layer of Ag

nanoparticles angb) a multilayer of size-selected Ag nanoparticles, on HOPG. The spectra were

obtained after particle excitation in (a) the tunneling regimg£U5V, 1=5nA), and (b) the field
emission regime.

Multilayer samples were prepared by droppadpighly-concentrated colloidal solution
on the HOPG support. Based on the conceatrarequired for the deposition of one
monolayer, the thickness of timeultilayer film was estimated to be between 5 to 10 layers.
The insufficient conductance of the thickdmfiprevented the recardy of STM topographic
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images. However, as shown in figuel5b, optical measuremenigre possible due to the
increased mean free path of theemgyetic feld-emitted electrons. The optical response is
characterized by a red shift of the two emissieaks as well as by an intensity increase by a
factor of 25 compared to thmonolayer films. The elevatadtensity reflects the increased
number of photon emission centers. The higihd the low- energy peaks in the multilayer
sample are detected at 3.06&\0.02eV (405nmt 2nm) and at 2.21e¥ 0.02eV (560nmt
2nm). The red shift of the (1,0) mode is foundoe 0.55eV, which is more pronounced than
the shift of the (1,1) mode (0.3eV). Thisfegft is mainly attributed to the additional
electromagnetic coupling inducdyy the particle over layerd.hereby, the (1,0) and (1,1)
modes experience coupling efts that are opposite to tbees in the monolayer. Plasmon
modes of particles in different layers couple constructively for the out-of-plane modes and
destructively for in-planenodes. In other words, in an infinite 3D particle ensemble, the
coupling effects should be compensated and thexeily one peak isxpected to show up in
the optical emission. Indeed, the energy sdjmardetween the two plasmon modes decreases
from 1.1eV in the monolayer to 0.85eV in thlenfof 5-10 layers. Apparently, since fora 5 to
10 layers thick film an energy gap between XB0d the (1,1) modes still exists and much
higher thickness are required to convelfyeetwo modes into a one single mode.

The plasmon energy of an infinite 3D padi@gglomeration can be estimated using the
following formula, deduced from MaxweBarnett’s effective medium theor$q]:

()= 1+ 2fA(w)

“ ‘"1 fA(0)

(3.2)

hereby f is the filling factor defined a$ =V, es/Vam With V is the volume,and
A = a(w)/3e,6, - &nis the dielectric function of the surrounding mediug,is the effective
dielectric function, andx(w) the polarizability of an isolatl single particle. The Maxwell-
Garnett’s effective medium theory is only valid for snall

For the given parametefs: 0.27 (only the metal part difie colloid is considered) ang,
= 2, the calculated plasmon position for an infinite multilayer of Ag ordered nanoparticles is
found to be 2.9eV which is 0.3eV lower than for an isolated patrticle.
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V. Conclusion

We have studied the influence of the getmcal configurationof supported silver
nanoparticles on their optical behavior. Thidée& of aspect ratiodensity, and lateral
arrangement of the particles in the ensemi@es investigated by ¢hphoton-STM technique.
Hence, a direct correlation could be mdokween the imaged topography of the particle
ensemble and its optical spectrum obtained escitation with field-emitted electrons from
the STM tip. Dome and disk shaped Ag particles on@\B/NiAI(110) with increasing
particle density were prepared. The respectiveghadspect ratios were in average ~0.55 and
~0.3. To account for lateral arrangement effects, Ag colloidal ensembles with a spherical
particle shape were deposited on HOPG satestr The size-selected Ag colloids self-
assemble on the HOPG surface and form a close-packed hexagonal network.

The recorded optical spectra were domidatg the (1,0) Mie plasmon excitations. The
resonance position of the observed Mie masidound to be strongly dependent on the
electromagnetic coupling betwetire plasmon dipoles in partislevith high aspect ratio. The
strength of the coupling turned out to be governed by the interparticle distance only in the
dome-like particle ensemble. For the disk-ligarticles, no evident effect on the optical
spectra is remarked when vargithe particle densityf his marks the reduced influence of the
dipole-dipole interaction betweentexmely flat particles. On ¢hother hand, the regular array
of Ag nanopatrticles is found tmduce a high dipole-dipoleoupling within the ensemble.
This leads to the enhancement of the speattahsity of the (1,1) Mie mode, due to the
constructive in-plane ampling. However, ensembles witlitheer well-ordered or disordered
arrangements exhibit in general a similar optggctral distributiomnd reveal no important
difference, which reflects the weak influencelu# long-range order of jparticle ensembles.
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Chapter 4

Morphological and Optical Properties of MgO
Thin Films on Mo(001)

l. Introduction

Magnesium oxide is considerexs a prototype material favide band-gap insulators
[129130]. The reason is its simpéomnic configuration consistop of two atoms in the unit
cell of a cubic structure (figurd.2). This quality makes it easier to be studied both
experinentally and theoreticallyand therefore, develop a gosi@rting point to approach the
more complex systems. In addition, magnesaxide is gaining more and more attention in
fields like heterogeneousatalysis as bare oxidel31,132133] or as support for metal
particles [134,135,136,37], and in the field of photocatalysi$38]. It is also considered to
be a very good insulator bamien the high-perfanance magnetitunnel junctions used in
spintronic devices1[39,140,141142].

The properties of MgO, such as optical pariance and¢hemical reactivity, are mainly
determined by the type of fdets present in the surfac21[143]. The nature of these defect
sites on M@ single crystal and film surfaces afready probed usindifferent techniques,
namely, electron-energy-loss spectroscopy (EELLE%]130], infrared spectroscopy (IR) on
adsorbed molecules145146], metastable impact electron spectroscopy (MIEB)7],
scanning tunneling rmroscopy ad spectroscopy (STM/STS156], electron paramagnetic
resonance (EPR)Lf8], and by cathodoluminescenaedgphotolunmescence spectroscopy
[149,150151].

The analys of the MgO surface on thin MgO films deposited on metal substrates has the
advantage of avoiding electrical charging andered during the experiments on single MgO
crystals RO]. The ideal preparation technique shibploduce filng with a similar surface
structure as for a single crystal. However, theppration of such films is not an easy task,
since many parameters have to be controll&@]. The main issue is to use a metal substrate
that ischaracterized at the same time by (gnaall lattice mismatchvith the MgO film to
avoid strain effects, (ii) a gh melting temperature that allows high-temperature annealing to
improve film quality, and (iii) a low affinity to oxygen.



68 Morphological and Optical Propersi®f MgO Thin Films on Mo(001)

MgO thin films were deposited mainly on Ag(001)15B,154,15556], Fe(001)
[140,157], and Mo(001) 158,159160] substrates, resulting lattice mismatches of 3.0%,
3.7% and 5.3%, respectively. Ag(001) seems to be the most suitable substrate. However, this
is only the case for very thin MgO films (3ML to 8M[1§1]). The low Ag melting point
prevents fromannealing thicker films angmproving the film structure. The molybdenum
substrate is in this case better suited.

Theoretical as well as experimental studieewed that MgO thin-films exhibit the same
chemical features as single MgO crystdl67], but they differ in certain properties (like the
CO binding energy on ¢&hsurface), due to the higloncentration of dects in the films 163].
However, despite the psibility to treat the M@ films at high temperatures on Mo substrates
and reduce the number of defects, the pragsemf the MgO/Mo system have not been
extensively studied in the past.

Our work represents the first investigation af tptical properties of extended- as well as
local-areas of MgO thin films with diffené thicknesses deposited on Mo(001). Moreover,
using the photon-STM, a corrélan between the optical behavior and the morphology of thin
MgO films could be made.

In this chapter, we first dcuss the evolution of the gMo(001) film morphology as a
function of thickness. Thereby, Low &my Electron Diffracobn (LEED) and Grazing
Incidence X-ray Diffraction (GIXD)}echniques are used to analyze the film crystallographic
structure, while STM is employed to depittte local topography of the film surface.
Afterwards, the optical characteristics of the MgO film is explored for various film
thicknesses. The optical activity of MgO films sémulated by electron injection from the
STM tip in both the field emssion and tunneling modes (chapsect.lll.2). By performing
field-emission excitations, theites responsible fahe optical activity oMgO are identified
using two complementary approaches: (i) A dimotelation of the optical response with the
features visible in surface imiag. (i) Analysis of the nuckgion behavior of gold particles
on MgO films and its effects on the intrinsic Mdight emission. Thexploration of the Au
nucleation behavior provides not only information about the optically active MgO center, but
at the same time, enables to link these centers to the preferential nucleation sites of Au on
MgO.

Besides, by performing STM measuremeirtsthe tunneling mode, we explore the
possibility to locate theoptically active centers in the MgO surface by simultaneous
topographic and optical measurements.

In the following, a short introduction intbe general MgO propées shall be given.
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I.1. Magnesium oxide (MgO): Bulk vs. Surface

In the calculated phase diagramtbé magnesium-oxygen system, showrfiguire 4.1
[164], magnesium oxide with a stoichiometry of /&g (or MgO) is the only stable phase.
Other phases with higher oxygen camttexist, but are only staklea tight temperature range
(see Tablel.1) [165,166167]. An experimentally determingzhase diagrarof the system is
so far not established.

The magnesium oxide in its stable MgO ph&s®ne of the most abundant oxides in
earth’'s crust. It is knownn mineralogy under the namdPériclase”. It is found to be
structurally stable up to essures as high as 227GR&{], which makes it a model system
for the resarch on materials at ultrahigh peses, both experimentally and theoretically
[169].
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Figure4.1: Calculated phase diagram of the Mg-O systég¥]. The pure magnesium has an hcp
structure, a melting point at 923K, and a boiling point at 1373K. L1 assigns to liquid magnesium, L2
to liquid MgO, and G to the gas phase. The gas phase is assumed to consist of,NUg™ O, Q

and G species 166].
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Phase Crystallographic Structure Melting/Dissociation
Type a (A) ¢ (A) temperature (K)
MgO NaCl (B1) 4213 £0.002 / 3100 melt.
MgO, FeS, 4.844 / 373 dis.
MgO, hex 11.44 12.6 243 dis.

Table 4.1: The different magnesium oxighases at atmospheric pressui®$,166,167,170]

MgO is a highly ionic compound. The difence in electronegativity between the
magnesium (1.32) and oxygen (3.44) atoms, &dee to the electronic configurations of
Mg(1£25°2p°3<%) and O(182p%, results in a strong ionic bound: The two electrons from
the Mg 3s orbital are transfered to the O 2p one. The radii ratio betWeghaBA) and M§"
(0.86A) ions favors the Mg ions to be accommodated in an octahedral site betweerf'six O
ions, i.e., leading to their arrangementairrocksalt (NaClype) structure (figuret.2). The
rocksalt configuration allows an optimm interaction between the magnesium and oxygen
ions, where every cation/anion is coordimiatath six neighbong anions/cations.

Figure 4.2: Crystallographic structure of bulk MgO. Theenstitial octahedral sites of an fcc (face-
centered cubic) network of O ions are occupieddoyions forming a rocksalt structure. The bold
lines delimit the unit cell of the fcc structure. Tdemter of the fcc unit cell constitutes an interstitial

octahedral site.
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With a bulk bandgap of 749®.7eV at OK [L71], the MgO is a very good insulat@1].

The low- and high-energy edges of the bapdgre dominated by the oxygen 2p and the
magnesium 3s states, respectively. The aned to the bandgap ielectron excitation
processes in MgO is the interatomic chargestiemenergy, which locally transforms the bond
Mg*—O” into Mg'—O [21]. In figure4.3, experimental as well as calculated energy diagrams
of bulk MgO are presented.

As summarized in figurd.3a, the MgO bandgap and the energy positions of the valence
and the conduction band-edges can beseé fran a simple ionic picturel[72]. The model is
mainly based on the calculatiari the Madelung potdial for each ion type with respect to
the vacuum level. This calculation resultsaitbandgap of about 24eV, which is, however, far
higher than the real valu@’.9eV). The Madelung potentias defined in equatio@.1)
describes the Couldmforce experienced by an Kfer an G ion due to the presence of all
neighboring ions in &laCl-type network.

Ze*M
4reof,
where
]
M=2+2 (4.2)

thereby,z is the ion chargeg, the elementary chargg;, distance to the closest iokt, the
Madelung’s constant; ang distance to theion. For a NaCl-type structumd ~1.74758.

In the above estimation of the Madelung poténtiae ions were taken as point charges,
i.e., there is no spatial distribution of the charge within the ions. However, the charge
distribution around each ias delocalized and can be polarizeith respect to a free ion, as a
reaction to the electric fieldsf neighboring ions. This polarization of the charge cloud
reduces the Coulomb forces compared to atpdharge field. As a result, the Madelung
potential, and therefore the calied bandgap, decreases. Howgwdespite this correction,
the experimental value of the MgO bandgaystii overestimated. Abetter approached is
obtained when the effect of the overlap betwienorbitals is taken into account (figyr&a)

[172].
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Figure 4.3: (a) Derivation of the valence and conduction band energies in Mg@][ In comparison
with the original figure 172], the reference on the energy scalshited from the vacuum level to the
valence band edge by about 7.8&).An approximate energy-level diagram of MgO based on XPS
(X-ray Photoemission Spectroscopy) measuremény [(c) Calculated bad structure of bulk MgO
along high symmetry lines in the Brillouin zorde/J. (d) Calculated partial and total density of
states of bulk MgQ174.
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Because of the high ionicity of MgO, theaee strong Coulomb forces aiming to maintain
local charge neutrality in the bulk and the surface. Therefore, thestabdt surface is the
non-polar surface, where eactape has zero net chargg0]. This is the case for the low
index (00} surface. The (001) surface is chargritral and has no net dipole moment in any
direction, since it is atomically flat and comtaian equal number of Mg and O ions. The ions
of the (001) surface are fivefold coordinated (5C), which is lower than in the bulk (6C).
Nevertheless, their oxidatiores¢ is found to beaarly the same as the bulk, i.e., M§" and
O? [21,144]. However, the (001) surface is chaesized by a decrease of the energy gap,
which becomes 6.2eV1§4154]. This fact is attributed ta balance between a reduction of
the Maclung potential near the surface, differences in thé MY charge transfer for
surface and bulk ions, and the polarization ef wave functions of the surface ions towards
the vacuum 144]. The (110) surface is clgar reutral as well. It iconstituted of alternating
rows of magnesium and oxygen ions in thé ] direction. However, it is less stable than the
(001) surface because the ions are only fourtmdrdinated (4C) and because of existing
dipole moment perpendicular to the atomiwso The high stability of the (001) surface has
been proven experimentally. Burning maguoasiin air produces MgO smokes, which are
small sized (<0.pm) single-crystal cubes, exhibiting mairfl400} faces [L75,176].

.  Morphology of MgO thin films on Mo(001)

1.1. MgO film preparation

Before MgO deposition, the Mo(001) single crystal is prepared by repeated cycles of
annealing at 1300 K in an,@tmosphere and flashes tB0PK in UHV. This produces a
sharp p(1x1) LEED pattern of the bcc Mo(0@ibd a surface with laegterraces delimited by
monatomic steps (figuré.4). A clean Mo(001) surface carsalbe obtained by perforng
sputter — anneal cycles followed by flashe2890 K. However, while the first method of
surface cleaning is found to beitable when the Mo crystal iBeshly introduced into the
UHV, the second way is very efficient to takeay deposited material and retrieve a clean
Mo(001) surface. In the literaturepitaxial growth of MgO isealized over avide range of
oxygen pressures and substrate temperatai®q.[Epitaxial MgO films have been achieved
using techniques such as pulsed-laser depositio®] [ molecular beam epitaxy of evaporated
MgO [179], and magnetron sputterinffMgO or Mg targets180]. The growth from an Mg
metal source is found to require low backgroundspuee due to the strong affinity of Mg to
oxygen [L77].
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In our experiment, MgO films with differetiickness are grown at room temperature by
reactive deposition of evaporated Mg in anp@rtial pressure of 1x1énbar. Magnesium is
thereby evaporated from a crucibleabted by electron bombardment (chapsect.lll.2).
After deposition, the sample @&nealed for 10m at 1100K toimprove the crystallinity of
the film. The nominal thickres of the MgO film is defir as the product of the MgO
deposition rate and exposure tiniée deposition ratis determined fronsub-monolayer film
preparations, where the MgO coveragdirectly deduced from STM images.

Figure 4.4: 250x250nni STM topographic image of a cledo(001) surface and its corresponding
LEED pattern (120eV) obtained after surface cleaning, as described in the text.

[1.2. Structural and topographical characterization

[1.2.1. Results

Figure4.5shows a series of LEED patterns of Mg{in8 with increasing thickness. In all
cases, the patterns show hi@pots having a squarex( structure, and high spot intensity-
to-background ratio. The x1) structure indicates the nearly-identical size of the primitive
cells of the clean Mo substrate and the MgO filfhis results from an epitaxial growth of
MgO, where the MgO(001) plane grows pahtb the Mo(001) stiace, and the MgQ10)
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direction aligns with M@00. Such an epitaxy is favoured by the small mismatch (5.3%)
between the Mo-Mo (3.147 And 0-O (2.98 A) distances the (001) plane and along the
Mo(100) and MgQ110 directions, respectively. For theksaof clarity, i crystallographic
directions in the following paragraphse given with respect to the MgO.

(a) 1.5ML (b) 3ML (c) 6ML

Cent.
spot "8

(d) 12.5ML (e) S50ML

Figure4.5: LEED patterns of MgO films on Mo(0pfbr a primary electron energy,E55eV: (a)
1.5ML, (b) 3ML,c) 6ML, (d) 12.5ML, ande) 50ML. The dotted white arrow in (a) marks a spot of a
p(2x1) superstructure. The indicated crystallograpbrientations are given with respect to the MgO.

The structure change of the LEED spotsaasunction of the film thickness can be
classified in three thickness regimes. The first range is between 0.85ML and 6ML. Here, the
spots show an anisotropic broadening aldhg [100] direction duego the presence of
satellites. The size of thauiidamental spots decreases bmadt a factor of three when
increasing the film thickness from 1.5ML &ML. Besides, at low coverage (figufeba) a
p(2x1) superstructure is observed. This strucisientatively attributed to the foation of
an Mg-Mo interface-layer.

Additional observations are made on the sgwracteristics when changing the electron
beam energy (figuret.6): (i) The distance of each dite from the central spt stays
unchanged on the LEED screen. (ii) The centratspf the reflexeappear or disappear
depending on film thickness. (iii) When the film is around 3ML thick (figu&a), distinct
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additional satellitesdrome visible along th@ 10 direction at high ectron energy (140eV)
that are inside the square formed by {h80 satellites. It has to be noticed that all the
observed LEED spots follow the same describeldavior, and the (0,Epot, shown in figure
4.6, is only chosen for its clarity on the LEED images.

(b) 6ML

Figure 4.6: Behavior of the (0,1) LEED spot as a function of electron primary energy from MgO films
with (a) 3ML and(b) 6ML.

A second category of the LEED spots starts to be observed when the film thickness
reaches approximately 10ML. At this thickneds size of the typical LEED spots seen for
the thinner films becomes so alinthat the satellites beo® undistinguishable from the
central spot. On the other haradh anisotropic broadening tife spots start to appear along
the (110 direction. The broadeningvolves to clear shouldefsr thicknesses around 12ML
(figure 4.5d). With further increasingf the thickness, the shoulder®we towards the central
spot and finallydisappear at arour@BML. Neither the shoulder to central spot distance, nor
the structure of the reflexes —unlike for thinfiens— is affected by the variation of the LEED
electron energy. Finally, for films consisting ofore than 23 layers a sharp (1x1) pattern
appears in LEED, indicating a flaté&adefect-poor surface structure (figur&e).

The STM aalysis of the evolution othe MgO film morphology as a function of
coverage revealed a rich behavior. Thislation is summarized in figure 4.7, where
topographic STM images of stypical film morphologies areresented. Figure 4.7a shows
that a film with a coverage di.85ML exhibit squared islands different lateral sizes and
shapes and with edges oriented along(ft@¥) direction. With inceasing the coverage by
about a factor of two, the film morphologyariges from an island-like configuration to a
more or less closed film exhibiting few rangular holes. The holese confined by non-polar
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Figure4.7: 100x100 nmi STM images elucidating the evolution of the morphologiepbsited MgO thin films on Mo(001) as a function of
coverage(a) 0.85 ML (I = 0.05nA, U = 2.7V)b) 1.75 ML MgO (1 = 0.06 nA, U = 3.0V). A zomhthe dashed square is presented in figure 4.8
(c) 3.75 ML MgO (1 =1.26 nA, U = 3.5V}d) 6 ML (I = 2.0nA, U = 3.6V(e) 70x70 nnf, 12.5ML (I = 0.6nA, U = 4.8V)f) 30ML (I = 0.15nA, U =
12.5V). Annealing temperature: (a) 1000K, (b)- (f)1100K. Thleheld and the dotted arrows indie screw dislocations and at¢itl region,
respectively. The bold solatrows indicate the Mg@00) direction.
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(1000 edges (figure 4.7b). In addition, a cheddaard pattern formed of bright and dark
rectangles with a periodicityof approximately 80A along Mg@00 (or 55A along
MgO(110) is discernable on the filmlrhe sides of the checkesrard pattern are oriented
parallel to the(100) directions (figure 4.7b). For MgO coverage of around 4ML, a regular
square pattern aligned with tigl0) direction, and with the sansze as the checkerboard
structure, becomes visible on the almdssed film (figure 4.7c). Figuré.8 illustrates a local
trangtion from the checkerboard structure te tbquare pattern after an increase of the MgO
thickness by 1ML. The visibility of the sgua structure is apparently enhanced by an
electronic effect, as larg@gographic contrast is only obtad for sample voltages around
3.5V. The images of 4ML thick films also revahke presence of irreqailly oriented defect
lines between large islands of the film (the diamks in the image). These lines are named in
the next paragraphs as domain boundaries. THe féM exhibit the samesquare network as
observed at 4ML, however, heitee contrast between the brigintd the dark areas forming
the network is less pronounced even at optimum scanning conditions (figure 4.7d). At this
coverage, the film is completely closed drek of uncovered areas. Furthermore, unlike for
the 4ML films, most of the presewlislocation lines align along th@00) directions. In
addition, screw dislocations are observed at some parts dfirth (dashed arrow in figure
4.7d). The periodic structures seen from 1MI6KL thickness are found to be perturbed and
discontinuous when going from an islaidanother across the domain boundaries.

The next typical morphology of the Mg@nh is observed for coverages around 12ML
(figure 4.7e). Here, the square patternnist distinguishable anymore, apart from few
exceptions when it faintly appeared. The desricentration decreases dramatically and the
domain boundaries are now all oriented along ¢h@Q directions. Particularly, screw
dislocations are recognized amalst every starting point of aféet line (see dghed arrow in
figure 4.7e). This is accompanied byckear tilting of corner regions along th@10
directions. Above 12 ML film titkness, the oxide gradually dtato flatten and the global
roughness starts to decrease. The STM imag@e30ML thick film (Figue 4.7f) shows rather
flat area separated by trenches oriented along(t6 directions. However, due to the
vanishing conductivity othe thick oxide films, STM exparients are rather difficult and are
performed at high sample bias, where electrans injected balligcally into the MgO
conduction band and propagatehe tip-induced electric fidltowards the Mo support.

According to the STM observations, the growth of the MgO film undergoes the following
steps: (1) Nucleation of MgO isids; (2) closing of the film and formation of a wetting layer;
and (3) growth following a layeryblayer-like fashion. It has tbe noticed, however, that the
layer by layer growth is not perfect. Some loywéanes remain incomplete although the next
layer starts to nucleate already (figyt8).
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Figure 4.8: 19x19nnf zoom of the indicated area in figure 4.7. The figure shows a part of a 1.75ML
MgO film. It illustrates the local transition from a checkerboard-like to a square network for an
increase of the local thickness by 1ML. Peependicular arrowsndicate the Mg@.00) directions.

Figure 4.9: 180x180nni STM topographic image of a Mo(001) substrate covered with 6ML of MgO,
(1=0.4nA, U =3.7V).
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In order to obtain more details on the evantof the MgO film structure as a function of
thickness, we have performed Grazing diecice X-ray Diffractin (GIXD) analysi$ on the
MgO/Mo(001) system. Figuré.10shows a series of GIXD curves recorded for several MgO
films having different thickness. Th&IXD measurements haveeen performed using a
photon energy of 18keV. The incidence angle ®4$6° with respect to the sample surface.
The GIXD data provide a quarditve description of the relaxation of the MgO lattice
parameter with film thickness (figue10b). Already at 1ML MgO, the lattice parameter is
found to be larger only by1.6% (smaller bw3.7%) than the bulk Mg@Mo) parameter. The
lattice then relaxes rapidly towards the biigO the lattice constant with increasing the
thickness from 2ML to 7ML. Between 15ML a@bML the relaxation proceeds slower. At
25ML the MgO lattice parameter is still not coetely relaxed, since it remains around 0.5%
larger than for bulk MgO (figurd.10b). Furthermore, a satellipeak appears on the GIXD
curves betwen the MgO and the Mo Bragg peaks (figdirg0a), denoting the presence of a
periodic structure of the samperiod asthe Moiré structure of the MgO(001)/Mo(001)
system.
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Figure 4.10: (a) GIXD spectra of MgO/Mo(001) thin fisrwith increasing thickness. The spectra
represent radial scans along the (h,0,0.03) diectaround the (200) molybdenum Bragg peak (r.l.u.
states for reciprocal lattice units). The satellites intkcthe presence of a pedic structure of the
same size as the one observed with SBMEvolution of the MgO lattice constant along the
MgO(100) direction with film thickness. The lattice constant is extracted by fittings of the Mo and the
MgO peaks with Gaussian curve.

4 The GIXD experiments were done at the ESRF in Grenoble at the beamline BM32, in collaboration with the
groups of Prof. S. Valeri (University of Modena-Italy) and Prof. G. Renaud (ESRF, Grenotde)Fra
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[1.2.2. Discussion

Schematic superposition of a MgO(001) lage = 4.213A) on top of a Mo(001) surface
(a = 3.147A) with Mg@100//Mo(110 results in a square coincidence structure, a so-called
Moiré pattern. In this struate, the oxygen atoms of the ®dayer and the Mo atoms sit on
top of each other every 19 oxygen or 18 Mo aaucording to the 5.3% lattice mismatch
(figure 4.11). Thus, the Moiré pattern has a pdigity equal to 19x4.213A = 18x4.45A

80A along the Mg@LOO) direction or equal to 19x2.98A = 18x3.142A56.6A along
MgO(110).
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Figure 4.11: Atomic representation of a MgO(001) layer with the bulk lattice parameter on top of a
Mo(001) substratga) A top view(b) a cross section view along the (100) plane (dashed line in (a)).
The atomic periodicity of the surface is modulated by a larger periodicity of 80A aloripfie
direction corresponding to the Moiré pattern. The Mgras are hidden in (ah order to increase the
contrast of the Moiré structure.
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In a LEED analysis, a Moiré pattern wouldsult in additional diffraction spots, or
satellites, around the maimMgO and Mo reflexes181]. The positions of these spots on the
LEED screen follow the sanenergy-dependenaes the main spots, whereby the distance
ratio between the (0,0) to (0,1) and (0,0) te Moiré spot remains cotast with energy. In
other words, the Moiré LEED spots have a congtasttion in the surfacBrillouin zone as a
function of the LEED primary energy. However,onr analysis, the LEEBatellites of the
MgO film in the thickness regime betwe@&B5ML to 23ML do not follow the expected
behavior of a Moiré pattern. Indeed, the saeefositions move inside the Brillouin zone and
depend linearly on the primaryeetron energy, as shown in figudel2. This behavior is
typicd when the film comprises tilted mosaic$8R]. Thus, the prepared MgO films with
coverages saller than 23ML contain mosaics tilted along th€0 for 1ML to 10ML and
along the(110 direction for 10ML to 23ML thickness (figur¢.12). The tilting angles are
easily extracted from the variation of the satellite spot position in the Brillouin zone with
respect to the corresponding LEED energyténo = AK,, / AK | ,« the tilting angle). The
extracted tilting angles for the differefitlm thicknesses are indicated on figufel2. The
calcuation of « is done by considering the Brillouin rz® of the reciprocal lattice of the
Mo(001) surface.
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Figure 4.12: Measured positions of the satellites of thdJLEED spot with respect to the Brillouin
zone shown as a functiontbe Ewald’s sphere radius{, =+v2mE/7, E: LEED primary electron

energy). The considered satellites are those alonglib@ direction for a MgO coverage of 1.5ML,
3ML, and 6ML, and the ones alofhl0) for a 12.5ML film. The linesra linear fits to the data and
yield the tilting angles with respect to a flat (001) surface.
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Similar LEED patterns were reped earlier for MgO/Ag(100)183] and MgO/Fe(100)
[184] and were assigned to the formation of tilted mosaics as well. The tilted mosaics form
between a dislocation network in order tcees the stress induced by the lattice mismatch.
This mechanism to release the misfit-inducedsst is not only observed for MgO thin films,
but a general phenomenon of thin epitaxial filh84,186187]. With the STM, the presence
of tilted regions in the MgO films is verified only for coverages higher than 10ML (figure
4.7e). The measured tilting angles from STMages of a 12.5ML thick film range from 1.7°
to 2.7°, which is in a good agreement with tesults obtained by the LEED. For example, the
tilted plane indicated in figure 4.7e is inclined by about 1.9%esits corner is 0.4nm higher
than the point where it starts to be flatfgel2nm away. Besides,ghilting angle along the
MgO(100 and along the MgQ@10 is found to decrease with increasing MgO film thickness
from 0.85ML to 6ML and from 10M to 23ML, respectively (figuré.12). This observation
is also noticed in reference$82-185]. The flattening of the téd nosaics with increasing
coverage is attributed to the weakening ofdtrain field with the ditance from the interface
where the strain is generatelBfl]. Hence, the MgO film othe Mo(001) gradually relaxes
with thickness. This conclusion is vakdied by the obtained GIXD data (figutel0b).

STM imaging of a Moiré structure, as shown in figdr&1, would result in alternating
bright and dark areas having the saperiodicity as the Moiré unit cell7f,71]. However,
even if such a periodic structure is observed in the STkbes (Figures 4.7b,c,d), it cannot
be easily related to the simplified Moiré model. The Moiré presented in figlileresults
from a coincidence between a MgO layewihg the bulk lattice parameter and the Mo
substrate. Yet, it is found that the first MgQdas do not have a bulkttece constant (figure
4.10b). The MgO bulk lattice parameter is restlonly for coverages higher than 15ML. So,
the observed periodic network ihe thin MgO filns has to be explained by a more refined
model. It is rather interpreted as periodiemains induced by a relgu distribution of the
strain fields, which are generated by the lattnismatch. To describe this distribution, a
structure model is needed. We propose in figrE3 a model, which schematizes the
relaxation of the MgO film for thicknessestieeen 1ML and 4ML. As a first approximation,
the mismatch in the thermal expansion coefficients between the Mo and the MgO, and the
elastic properties of the Mare ignored. Also, it is supposédat the Mo structure at the
interface stays unchanged andddformations induced by the strain occur in the MgO film.
The model is based on a straiddmee, in every unit cell of ehnetwork, betweer{i) A strain
driven by the Mo affinity to oxygen whichrids to induce a pseudomorphic growth of MgO
(18 MgO over 18 Mo cells). (ii) A counter stragmerted by the intrinsic Mg-O bonds to have
the bulk binding distance amdnstruct 19 MgO over 18 Mo cellBy considering the scheme
in figure4.11, the one or the other strain typentitates, depending on the relative position of
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the O atoms with respect to the Mo ones. Thus, when the O atoms are at the atop sites, the
bonding to the Mo is high. This results in a reduced Mo-MgO separation distance and a
stretched MgO lattice. In thapposite, at the hollow site regis, the bonding to the substrate

is weaker. Therefore, the Mo-MgO separatioslightly bigger andhe Mg-O bond length is
shorter than at the atop sites. Such a depece of the interfacialistance between an
epitaxial film and the substrate on the stgi between film and support atoms has been
already discussed for NaCI/Ag(00X1] and Pd/MgO(001)1[88] systems.

(a)

Tilted mosaic [001]
Gl 25 > «Mg «O eMo
<2y e . [100]

Re
1MLE e
(b) 1ML 2ML 3ML
|' |
‘ - == —— J| -] _I.—-r ——————— *--.I [ P e e o e o it L i

Figure4.13: Schematic description of the relaxationMigO/Mo(001) thin films as a function of the
thickness. The relaxed MgO films aremied of alternating high and low flat areas, with a periodicity
of 80A along the100) directions, separated by tilted regions (mosaics). With increasing film
thickness, the mosaics decreaselination and increase in sizéa) Atomic representation of the
cross section view along the 80A long dashed line ir(t§p)lop view depictions of an 16060%
area of 1ML, 2ML and 3ML films.
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The intermediate regions between the hollow atop sites are now swgj to tilting with
respect to (001) plane as a result of thengied interface distant®tween atop and hollow
sites. Also, these regions experience anlamg strain caused by the enlarged Mg-O bond
distance in the atop regionshich compresses the holloweas. Thus, the tilting might
increase to release this stress. This indadesther lengthening of the MgO-Mo separation in
the hollow region. The weaker MgO adhesion ® Mo in the hollow regions with respect to
the atop ones therefore results in high and low areas corresponding to hollow and atop
regions, respectively. These areassaearated by tilted planes (figutel3).

The tilt is considered tbe only along th€100) directions, as the LEED measurements
imply it for thinner films (figure4.12). Nevertheless, this predetid tilt orientation can have
as origin the elastianisotropy of the MgO. The Young’s modulust bulk MgO along the
(100 direction is 27% ad 40% lower than alon@l10) and(111) directions, respectively
[189]. Accordingly, an anisotropistress relaxation isare likely to happen. The relaxation
then occurs along the <100> directions whdre MgO film has the smallest stiffness.
Considering only tilted areas alotige <100> directions leads smuare shaping of the high
and the low areas, as observed in STM and shown in fglib.

The experimentally observed decrease of fliagiangle with filmthickness (0.85ML to
6ML) is also pointed out in the model (figu4el3). We presume that the weakening of the
stran with increasing film thickness induces the flattening of tilted mosaics, which is
accompanied by an adaptation of the lattice parameter in atop and hollow r&gind his
results in a continuous increasetloé lateral size of the tiltethosaics while they flatten until
a complete flattening of thehwele film surface. The relaxation model presented above (figure
4.13a) is also in accordance with theasured tilt angles fro LEED (figure4.12). For 1ML
thick films, the tilt of 5.2° mvolves a mosaic of 10.52A (twmé a half MgO unit cells). This
results in a height difference of 0.95A betweka atop and the hollow areas. Besides, this
height difference could alsmduce a variation of the worfikinction between the two areas
[71]. This could be responsible for the enth&TM topographic ctrast observed at a
certain sarple bias (sectll.2.1). As the positions of théeld emssion resonances (FER)
depend on the sample work function (chhpsectll.3), a resonant state on top of one of the
two areas could bhit at ths bia$, which then provokes an increase of the STM-junction
conductivity. In addition, the difference in the real topographic height, out of FER conditions,
is possibly enhanced by the difference ia éhectronic distribution in the two areas.

° MgO Young’'s modulus is equal to 248.17GPa, 316.36GPa, and 348.92GPa along the <100>, <110>, and
<111> directions, respective]¥89]. GPa for Gigapascal.

® More likely, the resonance is reached in the high regions; otherwise, the topography condchebwe been
compensated.
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Figure4.13b presents top views of the MgO fifor thicknesses of 1ML, 2ML, and 3ML
accordng to the relaxation model. It alsonas to give a better understanding of the STM
topographic images taken for approximately theesghicknesses. A simple simulation of the
STM image of figure4.8, using the 1ML and the 2Mtop view images of figuret.13b, is
shown in figure4.14. A better modeling of the MgO surface than in figdrg4b would
require the consideration of the electroicucture of the oxide surface and the bias
dependence of the contrast.

(a)

Figure4.14: (a) An enlarged area from the STM image in figure 4.8 presenting the coexistence of the
checkerboard-like (left) and the squaitkel (right) structures(b) Simulation of the structures in (a) by
using the 1ML and the 2ML images of figdté&3b.

For the sub-monolayer films, the superstue periodicity wasot observed on the STM
images (figure 4.7a), sinceettaverage terrace width of therrfeed MgO islands is smaller
than the superstructure perid@h the other hand, it is remarked that the maximum lateral size
of the small square-shaped islands is around«40A. Yet, this is the size of a square area of
the checkerboard superstructure withoutediltmosaics around it. €hefore, this size
maximum reflects the size limit of MgO pseudomorphic growth on the Mo substrate. The
(100 oriented edges of these islands reftaetdominance of nopelar step edge21].

After the identificatiorof the stress release in the ®lo(001) films for low coverages
(1ML to 6ML), the stress relaxation for a furthacrease of the thickness can be understood
as follows. The top layers of thicker films ayetting flatter and flatter and the stress-induced
periodic structure will always be located ag thirst interface layers. This explains why the
periodic structure remainsgsible in the GIXD analysi$or all coverages (figurd.10), thanks
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to the large penetration depthtbe X-ray radiation. With th8TM, the periodic structure was
barely seen at coverage of 12.5ML. In additithe screw dislocations, which start to be
observed at around 6ML coverage and became fidedahe 12.5ML thick films (figure 4.7),
are rather interpreted as being the residlthe accommodation gbhase-misfit between
merging strain-relaxed MgO islands vitag different superstructure phase$9(Q]. The
accomnodation of the phase-misfit takes also plecthe thinner films (1ML to 6ML), but in
a different manner. As they are characteriagd smaller stiffness than the thick on&91],
the nerging thin islands are able to relieve tisfit from the border side into the volume.
This may explain the observed perturbationhef periodic superstructure in the STM images
across the domain boundaries (figures 4.7c andgihe stiffness increases, the relaxation of
the misfit between the islands more and more concentdtaround the domain boundaries,
and the screw dislocations are more probableappear. The stiffness behavior is also
reflected by the random alignment ofetllomain boundaries aalg non-polar and polar
directions in the thinner films (1ML to 4ML). The existence of polar edges can also be
favored by a stabilization rolplayed by the metal suppoit92]. The stiffness increase and
the decoupling from the metal substrate, whiebdme more efficient with the film thickness,
force the edges of the domain boundaries nbralong the non-polatirections, which are
the(100 (figures 4.7d and 4.7e).

The above interpretation of the straidas@ation behavior othe MgO/Mo(001) films
should be, in the future, checked by an experialentvestigation of thelastic properties of
the films and by a suitable theoretical treatment.

In the next paragraph, the LEFiattern behavior shown in figue6 is discussed in the
light of the relaxatioimodel presented above.

Figure4.15 shows a two-dimensional fast Foutransfornation (2D-FFT) of an ordered
network of points on the top of which a checkentobpattern is superiposed. The orientation
and the periodicity of themodel structures in figurel.15a correspond to the atomic
configuration of an MgO wnolayer and thestrain-induced periodic superstructure, as
presented in figurd.13. The 2D-FFT picture (figu#15b) simulates the LEED pattern from
the proposed relation model, without taking to account the 3D character of the surface.
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[010]

Figure 4.15: (a) Outline representation of the atomic and stranduced structures in a 1ML thick
MgO film according to the relaxation modé@) 2D-FFT of image (a). Figure (b) represents a LEED
simulation of (a).

At the first glance, the supdngcture periodicity present on the FFT image seems to do
not exist on the recorded LEED patterns of figdr&é. This would mean that the periodic
network observed on the SThages at low covages, as well as from GIXD measurements,
does not produce any structure in LEED. Heere a careful examination of the LEED
patterns challenges this statement. A supdérposof a point array corresponding to the
superstructure periodicity on the experimehaED pattern reveals that every LEED reflex
might be formed by a number sfiperstructure spots (figu4el6). The remark is valid for the
LEED patterns with different priary energiesand from different MgO thicknesses (figure
4.16). So, the periodic network observed on3fi&1 images at low coverage contributes to
the LEED pattern. Nevertheless, despite the concordance of the last conclusion, two
phenomena, which depend on the film thicknessl&tD energy, still neetb be clarified:

(i) The unexpected presence of superstructuoésspith high diffractio-order (up to the'3
order with respect to the main reflexes), figdré6c. Generally, the convolution between the
diffraction intensity due to an ateacarrang@ment and a superstructure (like in figdré5a)
makes only the two first orders of the superstructure appearing on the LEED 4@8pI{ii)
The absence/presence of ssuperstructure spots along 4.0y directions.
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(a) 3ML/50eV (b) 3ML/140eV

(c) 3ML (d) 6ML

Figure 4.16: (a) and(b), superposition of a periodic structure on top of the LEED patterns of a 3ML
thick MgO/Mo(001) film taken at (a) 50eV and {d0eV electron energy. &lsuperposed structure
has the same periodicity and the orientatiothef strain-induced checkerbahiike structure (figure
4.13). The white straight lines liait the surface Bribuin zone(c) On the left side, zooms into the
areas framed with white dotted lines in (a) and Bot the sake of clarity, schematic reproductions of
the zoom-figures are presented on the right side.grhy regions represent the illuminated areas in
LEED. (d) Similar treatment of (c) made on the LEED patterns of a 6ML MgO/Mo(001) film. The
identical shape of the spot profiles of the 3ML ftb0eV and of the 6ML film at 140eV indicates
alike scattering conditions. The maximum order of diffraction spots due to the superstructure
increases with LEED energy andateases with film thickness.
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The first fact can be understood by congiuterthe presence of tilted mosaics. As
discussed above, these mosajeserate diffraction satellitest fix positions on the LEED
screen for different LEED energies (figure$ and4.12). Thus, more high-order LEED spots
of the superstructure might be fed by the intensity of the satellites with increasing energy.
Furthermore, since the satellite positions mmxeards the fundamentapots with increasing
film thickness (figured4.12), the maximum order of treb<erved diffraction spots becomes
lower for thicker films.

The second phenomenon is rather complexiargtill under investigation. However, it
may be understood as follows: The appeegaand disappearance of LEED spots with
varying the primary energy could be due to khewn variation of the EED spot intensities
versus incident elean energy (so-calledl(V) curve), as induced by single and multiple
electronic scattering in the filnl94]. In this case, thKV) curve of an MgO film modulated
by the strain-induceduperstructure has to loalculated and compared to the experience. On
the other hand, when only the single scatterinthefelectrons is considered, the presence of
a regular height variation on the surface induceghase and out-of-phase interferences of
the scattered electrons at different energie33]. In the out-of-pha&s conditions, every
fundamental spot splits into two spots aloegch direction of height variation (figudel?).
Hence, according to thelaxation model (figurd.13), the periodic distribution of high and
low areas along th@ 00 directions in the MgO thin films auld lead to the ditting of every
fundamental LEED spot into four spots (twpots along the [100] and two others along the
[010]) at the out-of-phase condition. So, if wensider the (0,1) spaif the LEED pattern
from a 3ML MgO film (figure4.16), then the missing centraltensity at 50eV nght be
related to an out-of-phase scattering of ¢éhectrons. The in-phase condition could now be
reached at 140eV, when the central intenappears. The in-phase and the out-of-phase
conditions correspond to scattering phdses nandS = n+ 1/2 (: integer), respectively.
Taking S = 1/2 for 50eV and5 =1 for 140eV results in a height difference of about 1A. In
other words, the average height difference between the low and the high areas in the 3ML
MgO film is 1A. Performing the same kit calculation for the 6ML film, and takirg = 1/2
for 140eV, gives an average height differenfebout 0.5A. Theses heights are in a good
agreement with the proposed relaxation model (figut8).

"s=4d. K, /2n,dregular distance between the atomic plakegperpendicular momentum of the electrons. In
the actual casel represents the step height.
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(a)
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Figure4.17: (a) A cross section of a surface consisting of a regular step array(uide
corresponding 2D reciprocal lattice with the Ewalghere. With the shown position of the Ewald
sphere, the (0,0) reflects thephmase condition, and the (1,0) the out-of-phase condition between

adjacent terraces. Figure reproduced frof9].
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lll.  Optical properties of MgO/Mo(001) thin films

l1I.1. Electroluminescence of MgO films

[11.1.1. Results

Electroluminescence measurements areopeid on thin MgO films grown on Mo(001).
The photon emission is excited via electrondtign from the STM tip into the MgO surface
in the field-emission regime (ch&p.sect.lll.2). Emission spectra are acquired for electron
energies ranging between 40eV and 200eMfeblg current and acquisition tamare limited
to 1nA and 60s, respectively, to reduslectron-induced damage of the filmh9b]. With
increasing electron energy, arponential increase of the photgeld is observed. However,
the spectral characteristic ofetlemission remains unchanged. FigdrE8a presents a series
of photon enssion spectra takesit —200V tip bias for MgO film with increasing thickness.
Spectra excited with lower electron energ{d®eV) are qualitatively similar, but show
reasonable signal to noise ratios ofdy extended accumulation times (figudel8b). In
almost all spectra, two emission bands afentified, located aund 280nm (4.4eV) and
400nm (3.1eV), respectively. M increasing film thicknessboth bands gain intensity,
whereby the low-energy band at 3.1eV is mofeciéd. Saturation of the total emission yield
as a function of film thickness is observed for films thicker than 40ML.

As geometric and electronic tip propertidglgly vary from one experimental run to
another, the set-up does not allow for a quatitié comparison of the emitted light intensity.
This means, identical bias/current conditiomght yield different enssion cross-sections.

Besides, the Bremsstrahlung created by thectioje of high-energy electrons into the
sample has to be taken into account as amtditisource of high-engy photon emission. The
cut-off of the optical system (ch&p.sectlV) creates an artifiegil maximum between 250nm
and 270nm that might contribute the 280nm band. The effect is strongest for thin MgO
layers, because the Bremsstrahlung is moretefédg produced by eleatn injection into the
underlying metal support.
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Figure 4.18: Photon emission spectra collected fréah MgO films with increasing thickness for a
constant excitation bias (k* -200V),(b) a 100ML thick MgO film (k= -40V). All the spectra were
taken for a field emission current of 1nA and an accumulation time of 60s.

[11.1.2. Discussion

Optical measurements of a freshly cleaddO(001) single cryal reveals no photon
absorption and low reflection in the visibledathe near ultraviolet range, and the optical
activity starts only when thenergy of the exciting photonstetrons is clos to the MgO
bandgap, where excitonic processes start to take pl&&3. [However, measurements from
high-surface-area MgO saes, such as powder2] and smokes (hanocube&y§], reveal
a lumnescent spectrum, when excited by UV light with energies, much lower than the
bandgap of the bulk solid. These new lumasge bands are tracedch to local surface
states induced by the presence of surface plafects, which locallynodify the electronic
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charge distribution. The most important qoidefects on an MgO(001) surface can be
classified into three typed43]: (i) lons with reduced coomttion, (ii) ion vacancies, and
(iif) adsorbed species (elgydroxyl groups, impurity atoms).

The first category concerns the sites whidae ions are no longer fivefold coordinated
(5C) but in low coordinationThese sites are encounteredng edges (4C), steps (4C), at
corners (3C), and kinks (3C) (figu#el9). The typical steps on \§001) surface align ast
of the time with the(100) direction, which is the most stable direction, since the ion
coordination is reduced as little as possible, and the stoichiometry of the crystal is maintained
along it, resulting in a zero dipole momedL1].

4C site

3C site N (step)
i - 5C site
(terrace)

s
R R ORRRI
’&‘?;2 el e e e
’N'\\

3C site

(corner) F-center

4C site
(edge)
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,‘9’/.
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©O0ion
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Figure 4.19: Model surface showing the different low-coordinated ion sites and a neutral F center on
an MgO(001) surface.

The second category of defects refers igato single oxygen vacancies, which are
usually calleccolor centersor F centers(F assigns téarbe a German word meanirmaplor).
The F center can exist as neutoale, where two electrons residé the defect site, or as
charged center having one or zero electrons.drast two cases, thefdet has a net charge
of +1 or +2, P1], and is denoted'for F** center, respectively.
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The creation of an F center in the MgO lattice is accompanied by a relaxation of the
lattice aiming to maintain local charge neutraliBil43]. An F center can be created at
different oxygen sites in the Mg@herefore, it can be 6CC54C, or 3C coordinated as well.

The local alteration of the surface electronicatite as induced by the presence of the defect
generates new energy states inside the bandgap. Figure 4.20 shows calculated energy states of
F and F centers as well as of excitonic statesated at terraces and corners of the MgO
surface 197].

Surface Corner
E (eV) Exciton | |

A (calc.)

0 IP Vacuum
A A A A A A level
(exper.)4
-1 Exciton
(exper 4 calc.)

F center F center

-6 H F’ center Corner
: F" center

Surface Valence Band

Figure 4.20: Diagram showing ab-initio calculated energgsitions of different defect states in the
MgO surface. IP (lonization Potential). Figure reproduced frd@7]

Based on this theoretical modelintpe recorded photon emission (figu#€l8) can be
attributed to two processes, ih involve either low coordinatiestes or F centers. The first
step in both processes is themation of surface excitons cted from the interaction of O
ions with the impinging electrons. Tledy, electron transition from the*Cons (Valence
band) to the neighboring M@ ions (Conduction bal) takes place. The excitons are
dominantly excited at terracdes (5C sites), which represent the most abundant surface sites.
The created excitons on the MgO surface are mobile and can diffuse away from their
excitation points in a random-walk type of motioP5]. The diffusion stops when the
electron-hole pair is trapped at defect ge. The trappingoccurs because of the locally
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reduced bandgap and the iésg enlarged exciton bindg energy at the defec2q]. The
defect sites are therefore prefietial recorbination centers for surface excitons and dominate
the emission characteristics of MgO. dome photoluminescence measurements on defect-
poor MgO nanocubes, two emission bands Hasen identified at 3.84eV and 3.2eV and
assigned to the radiative recombination otiemns at 4C edge and 3C corner sites,
respectively 2523]. This interpretation is in accomize to previous data on Mg®nekes
[150] and theoretical calculation9197]. Slightly different redts were reported by other
groups, with enission bands somewhat red-shifte 3.2eV for the 4C and 2.7eV for the 3C
emission centers2P,133]. On the other hand, an emission band at 3.2eV detected for MgO
single crystals was claiga to origina¢ from an emission mechanism involving ¢enters
[198,199].

During our spectral acquigin, an area of aroundufn® is exposed to 1nA flux of field
emitted electrons. It results &n electron exposure of abd@@0 electrons per surface oxygen
atom every second. For a tipabiat -200V, oxygen atoms are Highrobable to desorb from
the MgO surface, creating color cemstén an Auger-like proces200]. Yet, if the observed
photon erission (figure4.18) involves F and ‘Fcenters, the emission intensities should
increase rapidly during the acquisitionmé. However, none of the MgO recorded
electroluminescence spectra shows such a behavie photon yields as well as the spectral
characteristics of the MgO emission were found to be constant over the acquisition time.
Moreover, at low tip bias (e.g.: -40V), tloeoss section for F center creation is sm20Q],
and in spite of this, clear characstic spectra aadd be obtained (figurd.18b). Furthermore,
the intentioml creation or annihilation of €enters in the whole surface does not produce any
change which could relate exciton decayhatse centers. Indeed, as presented in figlze,
color cerers have been intentionally createdo the MgO surface by exposing the film
during 10 minutes to a flux afnergetic electrons (1mA/300eV). Compared to the spectrum
taken before electron bombardment, the emissitamsity from the bombarded film is found
to be smaller. This points to a minor ralé surface color centers in the emission process
detected here. The reverse approach, nantedyremoval of potential colour centers by
healing MgO films in 1x10 mbar oxygen, led to a similabeclusion, as the emission yield
was not completely quenched even after prolongedxXposure (figuret.18b). All these
observations suggest that F centers formethgwgpectral acquisition are not the main cause
of the light emission, and thus, they are duteit as the dominant source for light emission
observed in this experiment from the MgO surface.
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Figure 4.21: Photon emission spectra from a 30ML thick MgO film,£4240V, | =1nA). The
experiment is performed to check the role of comters in the electroluminescence of MgO films.
Upper curve: As prepared film, central curvetek electron bombardment (1mA/300eV/10min) to
create color centers, and lower curve: After exposure to 45 Langmug &nnihilate the color
centers. Neither the changes in the spectral simpehe intensity variation correspond to an
electroluminescence mechanimt involves color centers.

The two bands in the optical emission spectra are therefore interpreted as signature of
radiative exciton decays at low-coordinated Mgites. The emission peak at 3.1eV agrees
well with the main feature detected inepious photoluminescence experiments on cube-
shaped MgO nano-crystal$33,25201]. Based on model calculatis, this band has been
assigned to erssion centers located &C corner sites in the MgO surfa@b]. The second
peak neasured at 4.4eV in this experimenirigerpreted as an assion pathway involving
higher coordinated sites. Similar bands in photonescence spectra have been attributed to
emission from 4C anion sites loedtat MgO step edges befo5p01]. An unambiguous
assignnent of the optical pathway is not possiblere due to the lessgular film morphology
compared to the well-defined MgO nanocubes.

MgO Iluminescence peaks observed in our grmnt are generallyed-shifted with
respect to earlier phdtaninescence data. A number of reasamght be responsible for this
discrepancy. The limited thickss of the MgO film suppati by Mo(001) crystal might
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enable interactions between electron-hole pairs in the oxide and their image in the highly
polarizable metal support, which coutht to reduced excitation energies.

Finally, the observed dependence of the emisgield on the film tickness is connected
to the probability for a surfacexciton to reach a low-coortated step or corner after
activation on a distant terrace site. This probability depends on the lifetime of the electron-
hole pair and theurface morphology. In the case wfra-thin MgO films on Mo(001), the
exciton lifetime is governed by the presencenom-radiative decay channels provided by the
metal support (Landau damping). The excitoretithe, and thereforéts probability to
undergo radiative recombination, increases when the MgO surface is spatially decoupled from
the Mo substrate via a thick oxide spacer. Takavior is reflected in our observation where
the emission yield initially increases witiim thickness but saturates for higher MgO
coverage. The influence of the metal suppopaaently vanishes for films containing more
than 40 layers, which enables a rough edtonaof the interaction length between MgO
surface excitons and electroniaccgations in the Mo support.
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[11.2. Au deposition and MgO optical behavior

[11.2.1. Au particle deposition

The Au particles are prepared via vapopaktion from the gas phase onto MgO films
held at room temperature. To identify the natiten sites of the Au particles, two deposition
schemes are employed: (i) Au evaporation with a negative palteriti-800eV applied
between sample and gold doser (referred tspgttered sample’) and (ii) deposition with
doser and sample hold at the same potentiérfexl to as ‘non-sputtered sample’). In the
first procedure, a small amount of Aions formed in the evaporation proces.5%) is
accelerated towards the MgO surface and cremddgional defects, éiog as potential Au
nucleation sites (chad.sectll.2.2). In the second case, nucleation takes place exclusively on
the pre-existing adsorption sites of the oXidla. The anount ofdeposited Au on MgO was
varied between 0.06ML and 2.50ML. The Aoverage is calibrated via Au deposition onto
clean NiAl(110), where gold grows in a layer-byda fashion. The coverage is then directly
determined from STM images via the size of the 2D Au islands. To explore the influence of
the MgO thickness on the Au nucleation bebgvAu deposition is investigated on 12.5ML
and 25ML thick MgO films.

Figure4.22 shows a series of STM topographiages of MjO films after deposition of
Au with increasing coverage. The figure revehtt already a deposition of small amounts of
Au onto the MgO surface (0.06ML) leads to the formation of aggregates. The Au particle
density is rather similar for sputtered andn+sputtered samples in this growth stage.
However, the particle arrangement distinctyveiffers for the two Audeposition procedures:
the Au particles are nearly homogeneously disted on the steps, corners, and terraces of
the MgO surface when Au is sputter-deposit@d.the non-sputtered samples, Au exclusively
nucleates along step edges and at cornes, sithile almost no particles nucleate on the
terraces. The difference can be attributed éoptesence of artificiadurface defects that are
created by the impact of energetic’Aons during sputter-depoisih of Au. On non-sputtered
samples, heterogeneous nucleation takes platteedow-coordinated sites that exist on the
as-prepared MgO surface (selit2). The absence of Au particles on the MgO terraces
suggests that point defects are either notlavi@ or unimportant for the Au nucleation at
roomtemperature. Besides, no obvious effaftthe MgO thickness othe nucleation of Au
particles are noticed ondke non-sputtered films.
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Figure 4.22: 23x23nnf STM topographic images of MgO films grown on Mo(001) after deposition of
Au with a coverage, from left to right, of 0.06ML, 0.6ML and 2.5Mi=483.0 V, | = 0.05nA). The
MgO films are 12.5ML thick in (a-f), and have actriess of 25ML in (g-i). While particles in (a-c)

are prepared by a sputter deposition of Au, they are grown in thermodynamic equilibrium in (d-i).
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From the STM measurements, the density, shape,size of the gmsited Au particles
are found to be dependent on the coverage, on the depositi procedure, and on the MgO
thickness. The evolution of the structural propertiéthe differently demited Au particles is
reported on figuré.23. The figure shows that at low Aoverage (around 0.06ML), the Au
atons assemble into small, flat islands, rating enhanced metaldoke adhesion as induced
by the Mo support below the oxid2(2]. Extended 2D islands, as in case of Au on a 3ML
thick MgO film on Ag(001) 161], are not detected here. Thisviation is attributed to the
larger thickness of our MgO films with respect to the cited experiment, which reduces the
influence of the metal support.

When 0.5ML to 1.0ML Au is deposited, thggaegates quickly thicken to compact three-
dimensional particles. These particles are charaed by a height teadius ratio of around
0.5 and 0.7 for non-sputtered and spetiesamples, respectively (figue23c). Following
the WUIff construction principlethe aspect ratio decreaseghwincreasing adhesion at the
metal-oxide interfacelfl1,114]. Therefore, the lower aspeatio observed on non-sputtered
sanples indicates relatively strong Au-MgOtenactions at steps and corners, while the
binding of particles to artificial defects isroparatively weak. The more prominent difference
between sputtered and non-sputtered sample idréstic change in particle density (figure
4.23a). For the sputtered sdeg the density sharply ireaises with mtal exposure and
peaks at approximately 65xt6n7. For non-sputtered sampleébe nucleation density rises
only slowly and levels out at a value of 15X, which is four times smaller than for
sputtered samples.

For an Au coverage larger than 1ML trard growth regime becomes noticeable. The
particles develop into large crystallitestiivihexagonal or polygonahapes, indicating the
formation of (111) oriented facets. In additiorg fharticle density starts to decline again as a
result of coalescence between neightgraggregates on ehsurface (figuret.23a). The
coalesence is also responsildier a gradual reduction of the piate’s aspect ratios (figure
4.23c). Due to intergrowth, the lateral pddiaimension drasticallyincreases while their
height stays approximately constant. Th&edence between sputtered and non-sputtered
samples is less apparent in the high-coverage regime, which indicated that the morphology is
not influenced by details of thmucleation behavior anymore.

The effect of MgO thickness for non-sputtessainple on Au particle geometry can be
rationalized as follows: Au particles on thick lay€25ML) exhibit larger aspect ratios (more
3D-like), than those grown onitmer films (12.5ML) (figure4.23c). This observation is
attributed toa slight increase of the Aug® binding strength on ittmer films due to a
residual influence of the Mo support which indueeBiattening of the péicles accading to
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Wulff's principle [111,114]. With increasing oxide thickneshie Mo contribution vanishes
and Au particles grow with 3D shepas expected for Au on bulk MgOL[L].
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Figure 4.23: (a) Particle density(b) averaged particle height, ar(d) aspect ratio of Au particles on
12.5ML and 25ML thick MgO films. The particles arther prepared by sputter- or non-sputter
deposition of Au. These data are derived fi®fM measurements as shown in figh2. The lines

are guides tdhe eye.
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[11.2.2. Au-dependent evolution of MgO optical behavior

Figure4.24 presents typical optical spectra ofMthin films after exposure to increasing
amount of Au following the two different mamsediscussed befor@he optical emission
from MgO films was stimulated by injection of field-emitted electrons from the STM tip. The
spectra were recorded using a grating speapgblazed at 500nm, unlike the data shown in
figure 4.18 and4.21, where a blazing of 300nm was used (¢hagect.lll.2). As the optical
sensitivity of the 500nm grating is highdsttween 500nm and 700remd declines around
400nm (chaj2, sect.ll.2), the spectrum of bare Mgkleibits an asymmetric emission line
with a weak shoulder around 550nm. Also, thsitian of the intrinsic MgO emission from
the corner sites is systengily shifted from 400nm (3.1eMto about 420nm (2.95eV), and
the typical luminescence at 280nm (4.4eV) fredye sites is almost completely suppressed.
The use of the 500nm blazed grating is moé&daby its high opticakensitivity between
600nm and 650nm range, where theitims of the optical respoesof the Au particles is
expected; while the sensitivity of the 300nm blazed grating is comparatively small in this
range (chafz, sectlll.2).

It becones clear from figurel.24, that the emission spectrwof MgO is considerably
altered upon gold deposition. Already in tlmv-coverage regime, a new emission line
emerges in the wavelength region betwd&f®nm and 650nm (2.0eV to 1.9eV). With
increasing Au exposure, this peg&ins intensity withrespect to the MgO related feature and
finally dominates the optical spectra for 2. 6Mominal Au thickness. The new emission line
is attributed to the radiativeeday of Mie plasmons, excited iretiu particles byhe electron
injection (chapdl, sect.lll.2.3). The emission here casponds to the (1,0) Mie plasm
mode, because electron injectifrom the tip exclusively extes this mode. The plasmon
energy of a spherical Au particle can béneated for a given dielectric surrounding using
formula(1.24). Assuming an Au particleé@ronment composed from 30% Mg@ (g0 = 3.2)
and 70% vacuum, the plasmon energy computé&2®eV, which is in reasonable agreement
with the peak position observéa the optical spectra. Tressignment of the new emission
line to Mie-plasmon excitations in Au partislés corroborate by the observation of similar
features in the optical respen®f Au particle ensemblesn various dielectric supports
[203204]. In this section of thishapter, the focus is mainly on the influence of nucleation
and growth of Au partickeonthe optical activity of MgO films. It is not aimed to discuss the
evolution of the Mie energy positicof the Au particles as the function of their aspect ratio
and density for the differg preparations (figurd.23c). The effects of the morphology of the
particle ensefmle on the Mie plasmon energyJeaalready been discussed in details for
similar systems in the previous chapter (cBap.
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Figure 4.24: Normalized photon emission spectragried for MgO thin films covered by an
increasing amount of Afa) Sputter-deposition of Au onto a 12.5ML thick MgO f{llo).Non-sputter
deposition of Au onto a 25ML thick film. The spectra were taken for a field emission current of 1nA
and tip bias of i, = -200V with an accumulation time of 60s. The spectra are fitted with an
asymmetric and a symmetric Gaussian to acctarrthe MgO and the Au contribution, respectively
(as shown for the central spectrum). The largangles mark the maximum position of the respective
fits in all spectra.

The general evolution of the MgO luminescerwith increasing Au exposure, where the
Au Mie plasmon radiation gains intensity with the detriment of MgO emission line, is rather
similar for sputtered and non-sputtered samp\eszertheless, a more careful evaluation of
the spectra provides valuable insights inte growth characteristics of gold in both cases.
The analysis is performed by the deconvolutiof the emission spectra into intensity
stemming from low-coordinated MgO sitesida intensity related to Au Mie plasmon
resonance. To model the MgO contributidghe photon emission of the bare oxide is
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described by an asymmetric Gaussian peakii@hm. This spectral shape is kept constant
during the following fitting proceder, modifying only position anohtensity of the peak as a
function of Au load. A Gaussian curve witdjustable heightwidth and energy position
(confined to a range between 500nm and 700nm) is used to account for the Au spectral
contribution. The sum of both components rejoices the experimental spectra and allows a
separation of the total photon response into a MgO and an Au portion. The fitting procedure
of the optical spectra revealed a red shifihef MgO emission line from 420nm for bare MgO

to 455nm for films covered with 2.5ML of Au. €hshift indicates changdn the dielectric
environment and the local electronic structure of the MgO emission centers during Au
exposure. This provides a first evidence f@ $trong interaction beten the optically active

MgO sites and the Au deposits. Also, the Miagphon energies change considerably with
increasing Au coverage. For non-sputtered sasnpihe plasmon shifts from 2.0eV to 1.85eV
with increasing Au coverage, due to the initradrease and then thelagve stabilization of
particle aspect ratio as seen in figdt@3c. For sputtered samples, the Mie energy is around
2.0eV at low and high Au coverage, but runs throughranmum of 1.8eV at approximately
0.5ML Au thickness. The decrease of the plasmoergy is connected to the formation of Au
particles with large aspect ratio€)(7) in this intermediate growth stage (figdr23c).

To quantify the evolution change of the ®Igemission intensity as a function of Au
coverage, the relative intensities of the fitted Au and MgO peak argasiyo) are plotted
in figure 4.25. The relative intensity®' is defined as the ratio betweenfor Avgo and the
integral intensity(AvgotAaw), i.€.,1a0® = Aau/ (AugotrAay) andlvgo® = Awgo / (AvgotAau).

Since the sum ofx,/® andlygo® is equal to 1the plots in figure4.25 follow a mirror-like
fashion.

Figure 4.25 shows that the MgO intensity follows the same general trend for sputtered
and non-sputtered sghes as well as for thima thick MgO films: TheMgO-related signal is
reduced more or less rapidly from 1.0 for biktgO to ~0.4 for an Au coverage of 2.5ML.
The non-zero MgO signal even at high coveramgkcates that a fractioof optically active
centers survives between thertides. The quenching rate tfie MgO signal is, however,
rather different for the varioysreparation procedures. The fastdecay is observed for thick
MgO films and a non-sputter deposition of gold, where the intensity decreases roughly
exponentially with Au coverage (figuré.25, dotted line). For thin films and sputtered
sanples, the intensity declines more gradyalhd follows a nearljinear dependence on the
Au load (figure4.25, dashed and solid lines). Thd#ference is esily understood on a
qualitative lase: For Au deposition in thermodymic equilibrium (non-sputtered sample), the
particles nucleate at intrinsic MgO bindisges (heterogeneous nucleation) (sét2.1).
These nuclation sites are apparently identical to the optically active centers in the oxide
surface, as manifested by the rapid decdythe MgO emission intensity during Au
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deposition. So obviously, the characteristic Mgi@ission centers are located at edge, corner,
and kink sites, and seem to play an importafé in the Au nucleation process on the MgO

surface.

-
o
1

0.8 -

0.6 -

..,
.....

83,

G
B

Relative intensity

.,

—_ 12'.5ML MgiO, sputt'ered
---12.5ML MgO, non-sputtered
--------- 25ML MgO, non-sputtered

LEPOH S

00 05 1.0

15 20

Au nominal thickness (ML)

2.5

Figure 4.25: Relative contributions of the MgO and Au-derived photon signals to the integral
emission intensity as a function of Au coverddge open symbols depict the relative MgO intensity
and the closed symbols are for the Au values. The lines are guides to the eye. As the Au coverage
increases, the MgO emission is quenched. Thediglitted from MgO reduces most rapidly for thick
MgO films, where Au particles nucleate exclusivelgdge, corner, and kink sites. This behavior
confirms the location of the opticallytae centers on these low-coordinated sites.

For thinner MgO films, the Au nucleation chaeacstic is altered by the influence of the
Mo support and the resulting increase of the Au-MgO adhesion. As a consequence, the
nucleation process is not exslvely governed by low-coordited sites any more, but also
takes place at MgO terracez0P]. As five-fold coordinated teace sites are not relevant for
the enmssion properties of MgO, the optical resge declines less rapidly with increasing Au
load than on thick films. This trend is furthemplified for a sputter&position of Au onto the
MgO films. The impact of high-energy Auons creates new binding sites in the oxide
surface, which compete with tiv@rinsic nucleation centers awliminish their importance in
the particle formation process. Consequendw-coordinated MgO sigeremain empty even
for higher Au loads and contindie contribute to the optical sigh#hus leading to the slower

decline of the MgO emission signal.
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The reason for quenching the MgO photon emais$br increasing Au coverage might be
related to (i) an opening of naadiative decay channels foapped excitons involving the
Au particles, or to (ii) a change in the efecic configuration of lav-coordinated MgO sites
covered by the Au preventing trapping of ean&. Exciton decays involving the Au particles
is the more plausible proesand could evenxplain the relativelystrong Mie-plasmon
emission detected from rather small particles. In this scenario, excitonic modes trapped at
particle binding sites could enhance the &tmn cross-section ofthe Mie plasmon. A
possible influence of Au deposidready in the creation process of excitons is excluded here,
because MgO terrace sites governing the exciton formation are only sparsely covered with
particles. The second possibilityould infer that the excitonsreated at the terraces should
decay with energies that are higliean from the 3C and 4C sitds.this case, a blue-shifted
of MgO emission line should be observed. As tiue-shifted emission is in disagreement
with the obtained results (figude24), the possibility (ii) is discarded.

The Au nucleation behavior on MgO/Mo(001) deduced fthenpresent experiments is in
general agreement with earlier experimental theoretical studies. Erogeneous nucleation
was observed for various metals on the Mg@ase, indicating the dominant influence of
oxide defects in the indl adsorption proces411205]. For thin MgO films on Ag(001), the
defect-assisted nucleation of Awasdirectly derived from the quenching of the paramagnetic
F" defect signal in MgO with increasing Au loa20B]. The importance of oxygen vacancies
and low-coordinated edge and corner sitesttier adsorption of metal atoms has also been
predicted by theory and traced back to a stiongease of metal-oxide interactions at surface
defects 136207].
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[11.3. Photon mapping and local spectroscopy with the STM

In order to localize the light emission-censteon the MgO surface, we have performed
spatial-resolved optical anais while imaging the surface topography of a 12.5ML thick
MgO film using the photon-STM. In the nexwo sections, we W& carried out this
measurement by using two different STM tipaterials, Au and Ag. The study includes
photon mapping as well as optical spectopscof the MgO surface. The STM tips were
obtained by electrochemical etogiof Au and Ag wires. All ta data presented below were
obtained at liquid nitrogen temperature.

[11.3.1. Au tip—MgO junction

Optical maps of the MgO film taken with a gold tip for increasing sample bias are
presented in figure 4.26 together with thedrresponding topographic images. Intensive light
emission starts to be detected when the satvipereaches about 4.5V and stays detectable
until 7V. The spatial distribution of the emdtdight on the MgO surface strictly depends on
the bias, i.e., the optical activity of a defire@a is controlled by the sample bias. In the low-
bias regime, the emission is spatially confitedthe center of large oxide terraces. The
optically active area increasestiwsample bias until the whole top-most MgO layer appears
bright at around 5V. Further increase of ttidtage causes a rapid decrease in the emission
intensity at the upper oxidertaces, while areas around the désltion step regions become
bright. These dislocation stepse induced by the formation strew dislocations at MgO
grain boundaries that are typical for MgO/Mo(O@ilmns with thickneses around 12ML (see
sect. I1.2). Around 6V, light emission is restred only to the edge lines. The spectral
distribution of the eitted light is found to bendependent of the STM tip location on the
MgO surface and of the sample bias. The emittgadt is not compatible with the intrinsic
emission properties of the MgO surface, as illustrated by figure 4.27. The emission spectra
obtained at 5V to 7V saple bias peak at around 750nm-800nm (-\I)6evhich is strongly
red-shifted compared to exciton decay at eor(8.1eV) and step sites (4.4eV) (see sect.
11.1.2).

In additionto the light emission contrashe MgO surface topography is found to exhibit
strong bias dependency (figur@@). Whereby, at the light ession onset in the photon maps
an artificial increase of the topographic Heigs observed in STM imaging. The same
observation is made whemlhit intensity drops-off.
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Figure 4.26: 40x40nnf topographic images and correspondingofim maps of a 12.5ML thick MgO filior different sample bias taken
with Au STM tip. The tunneling current was set to 2nA
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Figure 4.27: Typical photon emission spectrum fromtfuMgO/M0(001) junction measured while
tunneling with 5V sample bias and 2nAremt. The MgO thickness amounts to 12.5ML.

The contrast variation in the MgO surface tapiny as a function of sample bias and at
different place on the MgO surface (figure 4.26)attributed to spal variation of the
conductivity of the STM junction. Furthermorafter depositing more than 2ML of MgO on
the Mo(001) surface, the work function of the Mo reduces from 4.53eV to 2Z88Y. [Thus,
the used sample bias to exdight emission is higher thathe MgO/Mo(001) work function.

At this condition, the electron transport frahee STM tip to the sample most likely involves
field-emission resonance states (FER) (see thapect. I1.3). Such resonances are
charaterized by a high electron transmission probability and carry a large portion of the
electron current at elevated voltages. The Ipasition of FERs can be determined from
distance-versus-voltage spectra (dz)dthaken with enabled feedback loop. Thereby, sharp
augmentations in the conductance induce suddi@mges in the tipasnple separation (z),
which cause then pronounced maxima in the dz/dhkctra. Figuret.28a shows typical
dz/dUs curves measured on flat MgO terraces andlislocation step regions. The FERs on
the different places of the MgO surface are clesVealed by the oscillatory behavior of the
conductance. The spectra obtained from boticgsd are similar; however, the FER positions
are shifted against each othiey ~0.5eV in the presentespectra. As FER energies are
sensitive to the workunction (see equatioh.16), these shifts indicatespatial radulation of

the work function on the MgO surface. Whgoing from a terrace to a dislocation step
region, the work functioneems to higher by ~0.5eV.
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Figure 4.28: (a) Conductance of the Au—MgO tunneling junction (dz/&s a function of the sample
bias measured at a terrace and in a dislocation step region on the surface of a 12.5ML thick MgO
film. z is tip—sample distance in the STM. A current of 20pA was stabilized by the feedback loop during
spectral acquisition. The height signal was euically differentiated. Maxima in the dz/dkpectra
correspond to field emission resonandé&s.Photon intensity versus bias plot acquired with a
photomultiplier tube. Light emission maximum at each probed position occurs around the energy of
the second FER level.

In general, the work function is found to de@se at steps, as observed for metal surfaces
[209]. This variation is attributed to the smoothing of the charge distribution around the step,
inducing a dipole mment directed inwardthe surface which reduces the work function
(Smoluchowski smoothing?[L0]). However, the variation in thiecal work function at defect
regions might have different origins. Qr and p-doped semiconductor surfaces, work
function changes are traced bdokthe appearance of surface states within the bandgap that
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are localized exclusively at the step edd&kl[212213]. Whereas fon-type semiconductors
the charges in these states induce band bending towards highgiegmwhich results in an
increase of the work function, for thgtypes the work function decreases, as the band
bending occurs towards lower energig$1,212213]. The increase of the work function at
steps om-GaAs surface is found to be 0.45eNth Kelvin probe spectroscop®13], which

is in agreement with the measuarents on the MgO surface (figu4€28a). However, filled
surface states have nadn detected on the MgO surface so far.

Alternatively, the presence of negative dem on MgO dislocatiostep regions would
also provide a conclusive explanation o€ tlocal work function increase. Such excess
charges induce a local dipole moment that henqglectron extraction from the film. These
charges could exist as hon-compensated chaejged to oxygen exces#ther in the screw
dislocation cores or along thgrain-boundary steps (see figu#e29). Such a non-
stoichiorretry at defect regions have beenated for oxide crystals having a strong ionic
character, like the-Alumina [109,110,214,21216]. The existence of such localized charges
on the MgO dislocation step regis is, however, not verified;arefore, the precise reason for
the local work function in@ase at the MgO/Mo(001) sade is not clear yet.

Work function

Dislocation Grain bound
Screw dislocation step\ rain boundary

core

/ Flat terrace

=) - MgO island

Negative
excess [
charges

Figure 4.29: lllustration of the work function increase at screw dislocation cores and dislocation
steps at a grain boundary of the MgO surfatiee sketch is made in the (100) plane, which
corresponds to the slip plane of the screw didiocs for a 12.5ML thick MgO film on Mo(001). The
represented negative excess charges are relataddcal non-stoichiometry characterized by

magnesium deficiency.
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When correlating the bias-dependence ef Au tip-MgO conductace and the observed
light emission intensity, as shown in figude28, it appears that the maximum of emitted
photon yield is obtained when the bias isusd the second FERwel. Furthermore, the
separation between the first and the second EkBls is found to faly correspond to the
energy of emitted photons. Therefore, the detetitgd emission is atibuted to radiative
electron transitions from the second to the HER level. The MgO film gives rise to FERs
with long electron lifetimes, due to the smpénetration probability of electrons from the
FERs into states of the insulating oxide d@hd limited number of alternative propagation
channels. As a result, radiative transitionslgictrons between FER levels become possible
and contribute to the photonsponse from the MgO surface. This mechanism is comparable
to the light emission observdétbm quantum well states im Na overlayer on Cu(1118T],
but it is rather untypical fometal junctions, due to the pmxe of efficient non-radiative
recombination channels. In a strictly 1D pietuthis radiative transitions between FERs are
dipole forbidden. The dipole selection rules hosvever softened by the influence of the tip
and the resulting 3D character of FER levelsfromt of the sample. Neverthess, as it is
performed in case of Na thin film on Cu(11D1[], these radiative transitions and the
resulting emnssion yield need to be verifidy quantitative calculations in the future.

The exact position of FERs depends on tip shape and tunneling current and can vary by
several tens of an eleah-volt in different experimental runs (chapsect.ll.5). Therefore,
the photon energy from transitis between FERSs in figu#e28 does not exactly correspond
to the level separation deduced frdaidU; spectroscopy.

The spatial dependence of the light enaissirom the MgO surface in the photon maps
(figure 4.26) can now be traced back te ttependence of the FERs on the work function
variation across dislocation stegpgions. With increasing samepbias, radiative electron
transitions initially occur in the center &figO terraces, characterized by a small work
function and low-lying FER levels. Then the second FER is reached for the whole MgO
terrace, which brightly contrasts against dislmzastep regions in the photon maps. A further
voltage increase shifts the resonance conditiaduglly to the dislocain step regions, which
subsequently appear brighterthe optical measurements.

On the other hand, the detecteght could follow another mcess. The process consists
of the opening of inelastic tunimgy channels involving radiatevtip-induced plasmons (TIP)
(chapl, sect. 111.2.1). High photon yields are expected velwventhe final state of the inetas
tunneling process matches a FER (see figuté). The Au tip and Mo surface would play the
active parts in supporting TIPs, while the MgO layds as dielectric spacer in addition to the
vacuumgap between tip and sample. The tip dominates the spectral characteristics of emitted
light, because the small imaginary part of fe dielectric functiondrastically reduces the
plasmon damping in éhgold electrode (chapsectlil.2.1). The detected light emission is in
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general agreement witkarlier experiments, where opticamission peaks at approximately
800nm were observed from tunneling @is containing a Au electrode3,218219].

In summary, the emission light from the Ap—MgO surface detected in our experiment
is related either to radiative transitionstaeen field-emission resmances (FERS), to tip-
induced plasmons (TIPs) in the tip-sample cavity, or to the two processes at the same time,
where the radiative electron transition couldeidanced by the TIP due the energy matching
of the two phenomena. To check these assiomg a second set of experiment has been
performed with Ag tips (setll.3.2).

111.3.2. Ag tip—MgO junction

The use of silver as STM tip extends theldienhancement in the tip-sample cavity to
higher energies (up to 3.5eV, see figurd0) compared to a gold tid(Q]. This might
facilitate the detection of high frequency iopt modes like MgO excitons, which were not
seen for Au tips.

As summarized in figuré.30, the topographic imagesdathe photon maps obtained with
an Ag tip shows siitar behavior as the one fan Au tip. However, light emission is detected
in the bias range from 4.5V to 14V, in contréstthe Au tip (from 4V to 7V). For bias
voltages higher than 8V, the STM spatial tegon decreases, while photons are still emitted.
In figure 4.30, the photon map taken at 8.5V showat tight is still déected whereas the
spatial contrast has vished. For biases giner than 14V, scanning becomes unstable and the
tip can only be positioned atlseted points above the surface.
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Figure 4.30: 50x50 nnf topographic image and o@sponding photon maps taken at different sample
bias from a 12.5ML thick MgO film using a Ag #pcurrent of 2.0nA was used in all measurements.
In the upper half of the photon map at 8&¥maller current of 0.2nA wsaused for some lines to

define the dark level of the photon signal.

The spectral distribution of the emitted liglorr different sample bias is presented in
figure 4.31. Compared to the Au—MgO junction, the v Ag as tip raterial results in a rich
spectral behavior exhiing a strong dependence on theiaton bias. At tle emission onset
around 4.5V, a single peak appeiarthe spectrum at 920nm (1.38ethat gradually shifts to

lower wavelengths with increasing voltage.
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Figure 4.31: (a) Electro-luminescence spectra as a funcobexcitation bias from a 12.5ML thick

MgO film deposited on Mo(001). The electron curreas set to 2nA, the accumulation time per
spectrum was 120s.
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This trend is interrupted aund 5V, when a second peak emerges at 700nm (1.8eV) in the
spectra and quickly develops into the domirfaature. The peak runs through a pronounced
intensity maximum between 6.5V and 6.8V igtion bias without canging its wavelength
position and decrease again witinther bias increase. At 7V, a faint shoulder around 500nm
(2.5eV) becomes visible, whicihen develops int@ broad peak visible over a large bias
range (7.5V to 13V). Additional photon intensity is observed between 400nm and 450nm
(~3eV) for excitation voltagesave 10V, however, only with sth@mission yield. In the far
field-emission regime (25V < dXk100V), the later emissiorepk becomes very intense and
slightly blue-shifts to 400nm (3.1eV).

To illustrate the evolution oflifferent spectral components as a function of excitation
bias, the emission spectra were deconvoluted into a set of Gaussian curves. To account for the
different spectral lines in the spectra, four &aans were necessary to reproduce the intensity
distribution for all bias voltages. The evoluti@f theses emission lines as a function of
sample bias, as derived from the fitting procedure, is summarized in 4igze

In the following, the origin of the diffent spectral coponents is discussed.

The long-wavelength emission (850nm-920nm) detéébr low excitation bias is neither
compatible with the intrinsic MgO emission noithwoptical modes excitein the silver tip.
Based on its distinct blue-shift and intensity decrease with increasing sample bias, the
emission is assigned to tip-induced plasmons (TIPs). The Ag tip and the Mo sample are
actively involved in TIP excitations, while ghMgO film only acts aslielectric spacer in
addition to the vacuum gap between tip and sample.

A distinct influence of the dielectric Mg@ayer on the TIP emission characteristic is
revealed, however, from the spectra. The ofsas of 4.5V is unusually high for TIP-
mediated emission, which starts at much lower voltages in pure metal-metal junctions
[33218]. Taking only energy conservation arguments atcount, the onset is eeqied to be
at 1.3V, when electrons havermally enough energy to eixe the 900nm photons. The high
onset bias in the present case is attributethéoabsence of final states for inelastically
tunneling electrons inside the MgO band gdpe excitation probability for TIP modes
becomes relevant only when the inelasticallyneling electrons have enough energy to reach
the MgO conduction band aftan energy transfer tthe TIP. From thisonsideration, the
position of the conduction band edge can be detedrfrom the difference between the onset
bias and the TIP energy to be at 3.2ehhis value is veried by elastic tunneling
spectroscopy, where a pronoungezhk at 3.1eV marks the ondet electron tansport into
the MgO conduction band (figur€.33a, dashed line). Assuming & be in the midgap
position, a total band gap of 6.4eV is dedufedthe 12.5ML thick MgO film, which is
smaller than the bulk value of 7.9el5(,144].
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Figure 4.32: Evolution of the emission intensity with gaxtgon bias for selected wavelengths, derived
from the deconvolution of the spectral series shown in figLae.

The emission peak at 700nm is not compeativith a TIP-mediated process, because
neither its sharp intensity variation with sambpias, nor its constant peak position fit into the
general picture of coupled plasmon modesatipearance falls into the bias regime, where
field-emission resonances (FERstart to control the electron transport between tip and
sample. Typical conductance measurementthefAg tip—MgO junction taken on an MgO
terrace position are presented in figdr83a. As observed for the Au tip-MgO junction (sect.
[11.3.1), the conductance is characterized by catoilhs de to transport via the FERs. Similar
to the results for the Au tip, a shift ofetlFERs to higher energies is observed when
measurements are done on a dislocesitep region (data not shown here).

In contrast to the Au tip-MgO junction (sedtl.3.1), here the characteristic 700nm
photon peak is clearly red to radiative electrotransition fromthe 29 to the £ FER level.
This conclusion is based on the foliogy reasons: (i) According to dz/ddpectra, electron
population of the ® FER and transition to the'level becomes possible at 5.5V-6.0V, in
good agreement with the visibility onset tife 700nm peak. (i) The energy separation
between the ® and £' FER amounts to approximately 1.6eV, which closely matches the
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energy of the photon peak (1.7eV). (iii) The tiaterial affects only slightly the emission
behavior, in contrast to thexpectation of a TIP-mediatgaocess. A pronounced emission
peak of comparable wavelendgth750nm) was also detected fine Au—MgO junction (sect.
[11.3.1). (iv) The photon energy stays nearly constahen increang the bias from 5.5V to
more than 7.0V and moving the resonance ttmmd from the MgO terraces to dislocation
step regions. It should be emphasized thatbias range for exciting the 700nm emission
peak is mainly determined by variations time FER energy position at different surface
locations, such as terraces, stegnd dislocations. The intriesividth of the FERs plays only
a negligible role for the excitation bias range.
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Figure 4.33: (a) dz/dU, spectra taken on top of a MgO terrace on Mo(001) (I = 50pA). While the

maximum in the dashed curve marks the onsitedigO conduction band, the solid line covers the
range of the lower field-emission resonandgb¥ Energy diagram of the Ag tip—MgO/Mo(001)

junction. Different emission channels that might dbnte to the photon signal from the junction are

indicated for different sample bias..Channell corresponds to a TIP-mediated process involving
inelastic electron tunneling. Chanrizmarks radiative transition between two field-emission
resonances. Only transition from th¥ & the ' FER level is shown here. Changdllustrates the

radiative decay of an electron-hole pair. The change in tip-sample distance with bias voltage is
omitted for clarity.

The 700nm peak decreases sharply in intemsityias voltages above 7V, when electrons
from the tip cannot populate th&"ZFER any more. On the otheand, a step-like increase of
the emission yield of 500nm photons is observed at 7V. This emission might be explained by
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radiative transitions from the3to the £ FER level, which gives rise to an emission of
500nm (~2.47eV) photons, according to theeleenergies deduced from the dz{dpectra.
Besides, radiative transitions from th8 ® the 2 FER level leads to a photon emission at
roughly 1500nm (~0.82eV). Since the spectral winadthe optical system limit is at around
1000nm (chap2, sect.ll.2), radiative transitions betweer’ &nd 2 FER states cannot be
detected. So, the 500nm emission line is attlpastly assigned to éhonset of radiative
transitions from the'3to the f'level. A distinct spectral signature, as revealed for fi¢o2
1*' FER transition, is not observed in this biasge. The large widtand small intensity of
the 500nm peak might be owed to the short electron lifetime iNtHER level. This is due,
for instance, to easier electron penetration th®oMgO film. The effet could be amplified
due to the existence of competing decay channels like transitions td'tfER level,
coupling to TIP modes of similar energy, othanced scattering witblectron-hole pairs in
the Mo support. Only occasionally, transitions between thergl £' FER give rise to a
pronounced emission peak as shown in figlu@t. The morphological peculiarity of the
MgO region that favors this particulezconbination channel is not known.
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Figure 4.34: Photon spectrum showing a high contribution of radiative electron transitions from the
3to ' FER levels in the emission process frontigMgO junction. The electron current was set
to 2nA, the accumulation time per spectrum to 120s.
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The 500nm emission peak could also be cdiblgawith radiative TIP modes. Using the
model described in chaptérsectionlll.2.1, the TIP position foan Ag-Mo junction without
MgO film is computed to be 355nm (3.5eMhe emission at 500nm (~2.47eV) peak would
therefore be red-shifted by 1eV compared tattie®retical value. Such deviation is, however,
expected from the influence of the MgO filom the plasmon position. The MgO dielectric
layer formed by the MgO film increases tpelarizability of the tip-sample cavity with
respect to a vacuum gagumfo=10 versusac=1) and shifts the TIP mode to lower energies. A
similar behavior is well known for plasmon patans in metal particles that are embedded in
a matrix with a high dielectric constait].

The amission line at around 420nm becomes$yatistinguishable at excitation voltages
beyond 10V. It gradually shifts towards 400nvhile developing into the dominant feature
for excitation energies above 25eV, where tip influence on the emission process can be
excluded due to the macroscopic tip-samgdparation. The position of the 400nm peak
points to the intrinsic optical emission of thigO film that has beeassigned before to the
radiative decay of extins trapped at three-fold coandied oxygen ions located at corners
and kinks of the MgO surfacell(1.2). The visibility of the 400nm photon peak only for
excitation energies above 10eV is not in canflivith an exciton-mdiated light emission
channel. The excitons are stimulated by inotp@nization of valene-band states via the
injected electrons, which require a minimum &ton energy of approximately 1.5 times the
energy of the MgO surface bandgap, i.e.x@.8eV = 9.3eV (see chdp.sect.lll.3). High
excitation cross-sections are only achievedatsiderably higher impact energies, which
suggest the importance of secondary processes, such as electron cascades and Auger decays,
for the exciton stimulation (chép.sectlll.3).

In conclusion, the observed cplax optical behavior of the Ag—-MgO STM junction
(figure 4.31) does not follow a single emission mechanibuit, involves several channels that
are active in different sample bias windowhese emission charleeare schematically
elucidated in figure.33.
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V. Conclusion

The relationship between the optical properties and the surface morphology of MgO thin
films deposited on Mo(001) was investigated fdfedent film thicknesses. As a first step, the
film surface topography and crystallographicusture were explored using STM and Low
Energy Electron Diffraction (LEED) as well & azing Incidence X-ray Diffraction (GIXD)
techniques, respectively. @Hfilm morphology is found talepend on the number of MgO
layers and passes through different stagéh increasing thickness, whereby the MgO
follows a layer-by-layer growth fashion. &hstress resulting from the 5.3% mismatch
between the MgO(001) and the @01) lattices relaxes by indng a periodic superstructure
at the MgO/Mo interface. This relaxation structure consists of alternated flat and tilted
mosaics involving the first 7ML of the Mg@m. For film thicknesses around 12ML, the
MgO topography starts to present new feagurnamely screw dislocations, MgO<100>
oriented steps, and tilted goles. Flat and defect-podvigO films were obtained for
thicknesses higher than 25ML.

Using the Photon-STM, the optical propertasthe MgO films were then analyzed by
optical excitation with field-emitted or tunnelirgectron injection from the STM tip. In the
field-emission excitation regime, the spectratidbution of the emitted light from differently
thick MgO films are dominated by two emissibands located at 3.1eV and 4.4eV. These
bands are assigned to the radiative decay oD Mgcitons at 3-fold and 4-fold coordinated
sites (corner, kinks, and step sites) and atoE-center sites for the following reasons: (i)
Nucleation of Au particles dhe low coordinated sites quenshtbae MgO optical signal, and
(if) creation or annihilatiorof F-centers in MgO surface é® not alter the MgO emission
bands. By performing optical excitation the tunneling mode, diéfent light emission
mechanisms have been identified in an STMMO thin film junction, where Au and Ag
tips were used. The onset of each mechamsfaound to be dependent on the applied STM
bias. At low sample bias, thaptical response is determinég tip-induced plasmons that
form between the noble metal tip and the Mo support and are weakly altered by the presence
of the oxide layer. A dominant emission chanagpears at bias voltagjeat which electron
transport in the junction is determined bgldiremission resonances (FERs). Due to the
insulating character of MgO, the FERs ar#fisiently decoupled from the metal support to
enable radiative electron traneits between higher and lowewdds. A local increase of the
MgO work function across the sttural surface defects is dedudeaim the shift of the FER
positions to higher energies. The optical signal related to excitons trapped at corners and kinks
of the MgO surface are stimulated only by thgedtion of electrons at high sample bias,
where the tip-sample distance is large. Th&uilts in a spatial refdgion in the photon maps
that is not better than 1nm, preventthg localization of the emission centers.
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Summary and Outlook

Summary

The influence of the local mphological structure on the opdicproperties is studied
using the Photon-STM for two systems: (1) faiped silver nanoparticle ensembles, and (2)
MgO thin films deposited on Mo(001).

To study the influence of parté&c aspect ratio othe optical response to injected field-
emitted electrons from the STM tip in Ag particle ensembles, dome- and disk-like particle
ensembles with different densities were e on an alumina film grown on NiAI(110).
The resonance energy of the excited Mie plasmdhe round Ag particle ensemble is found
to shift to higher energies when the particlesity increases. Such a shift is absent in the
case of the disk-like particle ensemble,e@ing an efficient electromagnetic coupling in
ensembles of particles characterized by higleetsgatios. Besides, optical experiments were
performed on ordered and disordered spherfgl nanocolloids, prepared by a reverse
micelle technique, on HOPG. The long-rang ordkethe size-selected Ag nanocolloids is
found to weakly influence the Mie energy positi@sscompared to disordered ensembles.

In the thin MgO films grown on Mo(001l)a periodic superstruate consisting of
alternated flat and tilted mosaics generates at the MgO-Mo interface. This superstructure
results from the relaxi@n of the stress caused by th8%. misfit between the MgO(001) and
the Mo(001) lattice constants. The tiled mosaicadually flatten vth increasing the MgO
thickness. The film surface levels off completalythicknesses above 7ML. However, for a
12ML thick MgO film, other features, such asrew dislocations, tilted planes, and steps
oriented along the <100> MgO directions, alearly observed on the surface. These features
are induced by the merging oflared MgO islands. Flat and feet-poor MgO films are only
obtained for thickness above 25ML. The typitight emission spectra obtained from the
MgO films are characterized by two emissiomdis located at 3.1eV and 4.4eV. Further
experiments, namely, controlled Au nanopéeticucleation and creation or removing of F-
centers on the MgO surface, were performed to check the origin of the MgO optical response.
The radiative exciton decay at the low coortidasites in the MgO siace, such as steps,
corners, and kinks, is deduced to be the sooftbe detected emitted light. The localization
of the emission centers in the tunneling mode@ld¢mot be achieved, since the intrinsic MgO
emission is detected only farrtneling conditions where the spati@solution is significantly
reduced. Nevertheless, by perfong spatially resolved optical measurements other light
emission processes have been identified. Thadmtive mechanisms relate to tip-induced
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plasmons excited in the cavity between theMSip and the Mo support, and to radiative
electron transitions between field-emission-resonance states that form in the STM tip-MgO
film junction. The dependence tfe latter process on the sample work function allowed the
observation of a local increase of the ™gvork function around the structural surface
defects.

Future prospects

Although the initial aim of this work is ess@lly achieved, there are still some open
points, which should be investigated in thwture in order to reach better understandings,
especially concerning thaptical properties of the MgO/Mo(001) system.

Two prospects for future experimts are listed in the following:

e Determination of the light ession centers in the MgO surfac@wo possible
experiments may elucidate this point. (i) Perform atomically resolved optical
measurements in the low bias regime, arghte excitons by apphg short pulses of
high bias. The pulsed bias should be larganttine MgO bandgap tme able to create
excitons, and the pulse duration has to be shorter than the response time of the STM
feedback loop to avoid tip crashes or untgdnchanges in the STM junction. (ii) Use
of another simple oxide that is characted by a smaller bandgap to enable exciton
creation at much smaller excitation voltages than in case of MgO. A potential
candidate for suclan experiment is barium alé (BaO), which has a banddapf
around 4eV, corresponding to half the MgO bandgap.

¢ |dentification of the stoichiometry of the MgO surface structural-defécsoticed
in this work, the local MgO work function feund to increase when going from a flat
terrace to screw dislocation or dislocatioapstegions. This fact is tentatively traced
back to local nonstoichiometry in thesegions while no evidence is provided.
Atomically resolved STM measurements tbese defects igonjunction with DFT
calculations might give bettenformation on this point.

"R.J. Zollweg:Optical Absorption and Photoemission of Bam and Strontium Oxides, Sulfides, Selenides,
and Tellurides” Phys. Rev111(1958)113.
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