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Abstract
This thesis reports on the electronic properties of surface state (SS) electrons near
one-dimension gratings; and the opto-electronic properties of metallic systems, and
molecular emitters, inside the plasmonic nano-cavity of a Low-Temperature (LT)
Scanning Tunneling Microscope (STM) in Ultra-High-Vacuum (UHV) conditions.
The thesis can be divided in three blocks.
First, the scattering of Cu(111) surface state (SS) electrons near the edges of TCNQ
molecule islands is investigated. By means of Quasi Particle Interference (QPI), and
1D Fourier-Transform of dI/dV spectra, it is found that the band structure of the
quasi-free Cu(111) SS electrons, follows a discrete set of energy bands, originating
from Bragg diffraction at the edges of the molecule islands.
Second, the light emission of noble metal surfaces, is studied as a function of
the tunneling parameters. We have focused on the interpretation of the slow decay of the light intensity towards the quantum cut-off for 1e− processes, the overbias emission, and the quenching of luminescence after the maximum of the photon
yield. Also, the effects on the light emission properties due to the adsorption of ultrathin layers, on top of noble metal surfaces, are studied for two cases: Au islands on
Ag(111), and NaCl bi-layers on Au(111).
Third, the luminescence of electronically decoupled C60 nanocrystals is characterized. At positive bias above a certain threshold voltage, the spectral distribution
of the emitted light is dominated by a series of sharp resonances, that are unambiguously identified with molecular fluorescence of C60 molecules. We show that
the emission type can be switched in a controlled way from plasmonic to molecular
with the tunneling parameters, in a fixed excitation position.
As a general remark, the results presented in this thesis contribute to the better
understanding of the opto-electronic properties of model systems, at the atomic and
molecular level.
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Resumen
En esta tesis se estudian las propiedades electrónicas de los electrones de estado de
superficie en las cercanias de redes de difracción unidimensionales; y las propiedades
opto-electrónicas de sistemas metálicos, y emisores moleculares, incluidos en la nanocavidad plasmónica de un microscopio de efecto túnel operado a baja temperatura
y en ultra alto vacío. Esta tesis se puede dividir en tres bloques.
En primer lugar, se ha investigado la dispersión de los electrones del estado de
superficie de Cu(111) en las proximidades de los bordes de islas de moléculas de
TCNQ. Mediante técnicas basadas en la espectroscopía túnel, se ha encontrado que
la estructura de bandas de los electrones quasi-libres del estado de superficie de
Cu(111), está formada por un conjunto discreto de bandas, que tienen su origen en
la difracción de Bragg en los bordes de las islas de moléculas.
En segundo lugar, se ha estudiado la emisión de luz de superficies de metales
nobles, en función de los parámetros túnel. El foco se ha puesto en la interpretación
del decaimiento lento de la intensidad de luz cerca del corte cuántico asociado a
procesos de un electrón, en la región de emisión por encima del corte cuántico, y en
el decaimiento de la intensidad de luz integrada más allá de del máximo de eficiencia
de excitación.
En tercer lugar, se ha caracterizado la luminiscencia de nanocristales de C60 desacoplados electrónicamente. A voltajes positivos por encima de cierto valor umbral,
la distribución espectral de la luz emitida está formada por una serie de resonancias
estrechas, que han sido unívocamente identificadas con la luminiscencia molecular
de moléculas de C60 . Hemos demostrado que se puede cambiar entre luminiscencia molecular y plasmónica de manera controlada mediante la modificación de los
parámetros tunel, en una posición de excitación fija.
Como comentario general, los resultados presentados en esta tesis contribuyen al
entendimiento de las propiedades opto-electrónicas de sistemas modelo en la escala
de átomos y moléculas individuales.
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Chapter 1

Introduction
1.1

Motivation

The discretization of electronic energy levels, is a key ingredient towards the control of the electronic and light emission properties of nanostructures, which has
implications in the fields of nano-photonics, quantum optics, and quantum information [1–3]. In this context, band structure engineering is a powerful strategy
to design and fabricate nano-materials with pre-defined opto-electronic functionality. While the light emission of metallic nanostructures is related to collective
excitations, i.e Surface Plasmon Polaritons (SPPs) and Localized Surface Plasmons
(LSPs), the light emission of semiconducting Quantum Emitters (QEs) such as single
molecules, molecular nanocrystals, or organic quantum dots, is related to excitons.
Due to the fast development of quantum technologies, the study of the coupling
between QEs and plasmonic nano-cavities is attracting a lot of attention. When the
size of the optical resonators is comparable to the dimensions of the QEs, the interaction between excitons and plasmons becomes stronger, giving rise to a quantum
coherently coupled system [4–6]. The study of these coherently coupled (plexcitonic)
systems is pushing the development of applications based on single photon emitters
[7], detection of single molecules [8], light energy harvesting [9], or photon-based
quantum technologies [10].
An ideal experimental technique to investigate the opto-electronic properties of
metallic and semiconducting nanostructures is the Scanning Tunneling Microscope.
The role of quantum size effects on the electronic structure [11, 12], as well as the
electro-luminescence induced by the tunnel current [13, 14], can be studied with
unbeatable spatial resolution at the single atom and molecule level. The driving
mechanism behind the high optical lateral resolution of STM induced luminescence
(which is far beyond the Abbe diffraction limit [15]) relies on the local character of
the tunnel current as an excitation source, and the spatial confinement of the electromagnetic fields inside the tunnel junction, which behaves as a plasmonic nanocavity,
due to the close proximity between the tip and the sample. Since the tip-sample distance can be controlled with sub-angstrom precision, the coupling strength between
a QE and the plasmonic cavity modes can be tuned. Thus, the weak and strong
coupling regimes of coherently coupled systems can be accessed in a unique experiment. Also, the frequency of the plasmonic resonances can be detuned with respect
to the frequencies of the QEs by controlled tip forming procedures, which change
the plasmonic response of the nanocavity. Therefore, STM offers a rich playground
to study the opto-electronic properties of entangled plasmon-exciton systems, where
the coupling strength and detuning can be accurately controlled.
Alongside with the mentioned applications, the basic knowledge of light-matter
interactions of nanostructures, plays a fundamental role in a wide range of fields
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such as optical nano-antennas, solar-energy-harvesting, display technology, sensing
and catalysis, or bio-medicine, just to mention a few.

1.2

Outline of the Thesis

This thesis is organized as follows:
Chapter 2 is divided in two parts. In the first part, a brief theoretical introduction
to understand the working principles of STM is made. The tunnel current flowing
between the tip and the sample is described within the Tersoff-Hamann approximation, and the scanning procedures to obtain topography-related images are presented. Scanning Tunneling Spectroscopy (STS) naturally arises as a method to measure the Local Density of States (LDOS), by taking the derivative of the described
tunnel current. The second part of the chapter deals with the light emission of a
model STM tunnel junction. To understand the physical origin of the emitted light,
some basic concepts of plasmonics are reviewed, namely, Localized Surface Plasmons (LSPs), and Surface Plasmon Polaritons (SPPs).
In Chapter 3, the experimental facilities of the Photon STM laboratory held at
IMDEA Nanoscience are presented, focusing on the Ultra High Vacuum (UHV)
Low Temperature (LT) Scanning Tunneling Microscope (STM). Special importance
is given to the design and functionality of the optical set-up to detect the light
emitted from the tunnel junction, that has been built from scratch during the first
years of this thesis. The spectrometer, the Charge-Coupled-Device (CCD), and the
Avalanche-Photon-Diode (APD), used to analyze the outcoming beam of light, are
briefly discussed. Also, the tip fabrication procedures used to electrochemically etch
W and Au tips suitable for light emission experiments are described.
In Chapter 4, the scattering of Cu(111) surface state (SS) electrons near the edges
of TCNQ islands is studied. The results are compared with the interference at the
bare Cu(111) atomic-height step edges. The dispersion relation of the SS electrons is
investigated by two STM-related techniques. First, the band structure along the direction perpendicular to the molecular edges, is experimentally obtained by taking
the 1DFFT of dI/dV spectra at increasing distance from the edge of molecules. Second, the momentum transfer space is analyzed by taking the 2DFFT of lock-in maps
revealing the standing waves distribution near the the edges of the TCNQ islands.
We introduce a simple model based on Bragg scattering of SS electrons with a 1D
periodic array of scatterers, to explain the experimental data. It is demonstrated that
our model predicts the quantization of the parallel component of the momentum
near the edges of the TCNQ islands, and therefore the appearance of a discrete set
of energy bands.
The plasmonic response of metallic tunnel junctions is investigated in Chapter
5. In the first part of the chapter, the role of the tip shape, and the dependence
of the light emission on the tunnel current and bias voltage, are studied. Then, we
propose a simple model based in Fermi statistics, that is used to understand the slow
decay of the spectra towards the quantum cut-off for 1e− processes, the increase of
light intensity with the voltage, and the over-bias emission. In the second part of
the chapter, the spatial modifications of the plasmonic excitation efficiency of noble
metal surfaces are investigated. Also, the changes in light emission induced by the
growth 2D layers on top of noble metals are studied for two systems: Au islands on
top of Ag(111), and NaCl bi-layers on top of Au(111).

1.2. Outline of the Thesis
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In Chapter 6, the light emission of electronically decoupled fullerene nanocrystals is studied. Under adequate conditions, the spectral distribution of the emitted
light consists of a series of narrow emission lines, which are compared with Raman
spectroscopy from the literature, revealing the excitonic nature of the luminescence.
We then propose a model to explain the observed sharp voltage threshold for molecular luminescence at positive polarity, and the plasmonic emission at negative bias.
Afterwards, the evolution of the light emission with the tunnel current is tracked,
where a transition between plasmonic and molecular luminescence is also observed,
as for the bias voltage. Finally, the local modifications of the molecular fluorescence
are investigated.
The general conclusions of this thesis are written in English in Chapter 7, and in
Spanish in Chapter 8.
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Chapter 2

Scanning Tunneling Microscopy
and Light Emission
In this chapter, the basic principles concerning Scanning Tunneling Microscopy
(STM) and Scanning Tunneling Luminescence (STL) are shown. Based on the work
by Bardeen a simple expression for the tunnel current within the Tersoff and Hamann
approximation is presented. General understanding of STM data naturally arises
from interpretation of the tunneling current expression. The two methods for producing topography related images with a Scanning Tunneling Microscope are reviewed, namely, the constant current and constant height modes. It is emphasized
that the produced images are not a simple reproduction of the samples topography
but a convolution of its physical corrugation and electronic properties. Afterwards,
it is shown how the LDOS energy dependence, and therefore the electronic properties of the system, may be tracked by means of Scanning Tunneling Spectroscopy
(STS). Also, the not so common use of STM as a local probe technique for the study
of light emission is presented. Surface Plasmon Polaritons (SPP) and Localized Surface Plasmons (LSP) are introduced as key concepts to understand the light induced
by inelastic tunneling electrons in the tip-sample nanocavity. Finally, the versatility
of STM as a multi functional technique to study the electronic and optical properties
of surfaces is stressed.

2.1

Scanning Tunneling Microscopy

Scanning Tunneling Microscopy (STM) is a local probe experimental technique to
study surfaces at the atomic scale. Since its invention in 1981 by G. Binning and H.
Roher at IBM Zürich [16] it has become one of the most successful and worldwide
used surface science techniques. The discovery earned its authors the noble prize in
1986. A Scanning Tunneling Microscope (for now on also denoted STM as the corresponding technique) is in essence formed by a sharp metallic tip used as a mobile
electrode, the probe, and a conducting substrate, the sample under analysis. The
tip is usually placed at a distance of few Angstroms from the substrate and a bias
voltage is applied between the two electrodes, as schematically presented in figure
2.1 a). The corresponding energy diagram for a positive bias, Vbias > 0, is depicted
in figure 2.1 b). In this figurative configuration, the occupied part of the electronic
Density Of States (DOS) corresponds to the gray shadowed areas, up to the Fermi
level, EF , after which, all states are empty until the vacuum level, Evac , is reached.
The tip and sample work functions are φt,s respectively.
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Figure 2.1: STM tunnel junction. a) Schematic representation of the tunnel junction in a
STM where a bias voltage, Vbias , is applied between the tip (green electrode) and sample
(silver electrode). b) Energetic scheme of the tunnel process for electrons going from the tip
to the sample.

Following classical mechanics no current would be detected in such scenario
since the two electrodes are separated by the vacuum and form an open circuit.
However, due to the short distance between tip and sample electron tunneling can
take place and in such case a current is detected, namely the tunnel current It . The
quantum mechanical tunneling effect is depicted in figure 2.2 for an electron traveling in one dimension (1D). In this illustration regions (I) and (III) represent the tip
and sample, where the electron is assumed to move freely, and region (II) the vacuum gap. The electron, represented by its wave vector ϕ( x ), with energy below the
potential barrier U0 , travels from left to right.

Figure 2.2: Quantum tunnel effect. An electron represented by its wave function ϕ( x ) with
energy lower than U0 is able to traverse the potential barrier of width L due to the quantum mechanical tunnel effect. The probability of finding the electron inside the classically
forbidden region (II) decays exponentially with the distance.

For this text book problem the probability of finding the electron inside region
(II) is not zero and is obtained from the transmission coefficient by solving the corresponding 1D time independent Schrödinger equation
h

−

i
h̄2 d2
+
U
(
x
)
ϕ( x ) = Eϕ( x )
2m dx2

(2.1)
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where E is the electron energy and U ( x ) the one dimension potential of figure 2.2.
Since the barrier divides space in three inequivalent parts, the solutions for each
region are given by

ik1 x + re−ik1 x

 ϕ I (x) = e
ϕ( x ) = ϕ I I ( x ) = Aek2 x + Be−k2 x


ϕ I I I ( x ) = teik1 x

if x < L
if 0 < x < L
if x > L

in which k1 and k2 are the wave numbers related to the energy by
s
s
2mE
2m(U0 − E)
;
k2 =
k1 =
2
h̄
h̄2

(2.2)

(2.3)

In region (I) the electron is described by a combination of two plane waves, one
traveling rightwards and the other leftwards (reflected electron) with amplitude r.
Only one wave with amplitude t is considered in region (III) because there is no other
reflecting interface. Inside the potential barrier, region (II), the solution consists of
an evanescent wave. This already points that the probability of finding the electron
inside the classically forbidden region decays exponentially with the distance to the
wall. Continuity conditions of the wave functions and their derivatives at x = 0 and
x = L implies that

1 + r = A + B



 Aeik2 L + Be−ik2 L = teik1 L
(2.4)

k 1 (1 − r ) = k 2 ( A − B )



k ( Aeik2 L − Be−ik2 L ) = k teik1 L
2
1
Solving the set of equations 2.4 for the transmission amplitude yields a transitivity
of
4k21 κ 2
T1D = |t|2 = 2 2
(2.5)
4k1 k2 + (k21 − k22 ) sinh(k2 L)
For E > U0 the transmissivity reaches unity in the asymptotic limit, whereas for
E < U0 it decays exponentially. If considering a strongly interacting barrier, i.e
weak tunneling, κL >> 1, and then
T1D ∼ e−2k2 L

(2.6)

One of the fundamental aspects of STM can already be extracted from equation
2.6. The transmission of electrons through the barrier exponentially decays with
the width of the barrier, which is the vacuum gap for STM.

2.1.1

Tersoff and Hamann Model

A model to describe the tunnel current for vacuum tunneling between a real solid
surface and a model probe was developed in 1983 by Tersoff and Hamann [17]. In
first order perturbation theory the tunnel current can be expressed as
IT =

2πe
h̄

∑ f (Eµ )[1 − f (Eν − eVbias )]| Mµ,ν |2 δ(Eµ − Eν )

(2.7)

µ,ν

where f is the Fermi-Dirac distribution, Vbias is the applied bias voltage, and Eµ,ν
are the energies of the states ϕµ,ν from the tip and sample respectively. Mµ,ν are the
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matrix elements between states of the probe and the surface which Bardeen showed
to be [18]
Z
h̄2
~ ϕ∗µ )
~ ϕν − ϕν ∇
(2.8)
| Mµ,ν | =
d~s( ϕ∗µ ∇
2m
where the surface integral is performed over a surface plane separating the volume
of the tip and the sample. At low bias and low temperature, the largest contribution
to the tunneling process mainly occurs for electrons at the Fermi level, therefore
Eµ = EF and Eν = EF , so that the tunnel current can be approximated by
IT ≈

2π 2
e V ∑ | Mµ,ν |2 δ( Eµ − EF )δ( Eν − EF )
h̄
µ,ν

(2.9)

The difficulty to calculate the current from equation 2.9 lies on the evaluation of the
matrix elements. In the Tersoff-Hamann model this is done by considering the tip as
a locally spherical potential well (s-wave approximation) of radius R and center of
curvature ~
r0 , placed ar a distance d of nearest approach to the surface. Under these
assumptions the tunnel current can be expressed as
IT ∝ Vρt ( EF )κ −4 e2κR ∑ | ϕν (~
r0 )|2 δ( Eν − EF )
ν

κ=

q

2mφ/h̄

(2.10)

2

where κ is the decay constant (analog to k2 from the previous example), φ is the work
function of the tip and sample (assumed to be equal), and ρt ( EF ) is the tip DOS per
unit volume at the Fermi level. The summation term on equation 2.10 is by definition
the sample Local Density of States (LDOS), ρs (~
r0 , EF ), and since the corresponding
wave functions decay exponentially into the vacuum, ρs (~
r0 , EF ) ∝ exp[−2κ ( R + d)],
and consequently
(2.11)
IT ∝ Ve−2κd
Thus the tunnel current is roughly speaking proportional to the bias voltage and decays exponentially with the tip to sample distance. Even though equation 2.11 has
been derived with many assumptions (zero temperature, low bias and s-wave approximation) it is a useful rule of thumb to qualitatively understand how the tunnel
current changes when varying the gap voltage or the tip-sample distance.

2.2

Imaging Modes

One of the most notorious capabilities of Scanning Tunneling Microscopy is to produce topography related images with atomic resolution. To this purpose the tip
electrode is scanned over the sample while recording the variations of one tunneling
parameter (tunnel current or gap distance) with the other two kept constant at each
spot of the topography. The high lateral resolution achieved on STM comes from
the very precise movement of the tip, which is done by piezoelectric materials (for
a more detailed description go to chapter 3), and the local character of the tunnel
current. There exist two operating modes: the constant height and constant current
modes. In the first one, the tip to sample distance is kept constant while recording the tunnel current variations at each topography spot at a given voltage. In the
second method, the tunnel current is kept constant at each point and the tip height
variation is recorded also at a fixed voltage.

2.2. Imaging Modes
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Figure 2.3: Imaging modes. a) Constant height mode. The tip is scanned over the surface
at a fixed height z0 while recording the tunnel current at a fixed bias. The tunnel current is
bigger in the upper terrace than in the lower one because the gap distance is shorter. Images
produced in this way represent variations of the tunnel current over the surface at a fixed
tip height. b) Constant current mode. For the tunnel current to be constant while scanning
the surface at a certain voltage, the circuit is closed by a feedback loop controller so that the
tip-sample distance is adjusted at each point. Images produced in this way represent tip
height variations at constant LDOS.

Figure 2.3 a) illustrates a scan line in the x direction perpendicular to a surface
step in the constant height mode. Because the tip height is constant, z = z0 , the gap
distance is reduced when the tip is at the upper terrace, and therefore from equation 2.11 the tunnel current increases. Following this method, images are produced
by plotting the tunnel current variations as a function of the tip position over the
sample plane. However this acquisition mode has the potential risk of tip crashing when scanning corrugated samples. To overcome this issue, images are usually
recorded in the constant current mode. The same scan line as in the previous case
is shown in figure 2.3 b) for the constant current mode. Since now the tunnel current is kept constant, IT = I0 , the tip height has to be adjusted at each topography
point. The current set by the experimentalist is also referred to as current set point.
Images produced by this method consist on plotting the variations of the tip height
over the surface plane at a given tunnel current and bias voltage. Because the tip
follows the corrugation of the sample, images produced in this way are usually referred to as "topography" images. Nevertheless it is important to keep in mind that
the corrugation followed by the tip does not come exclusively from the topography
but also from the electronic structure. Strictly speaking the images produced in the
constant current mode represent the tip height variations at a constant LDOS. All the
topography images shown in this Thesis are recorded in the constant current mode.
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Figure 2.4: Scheme of the feedback loop circuit in a STM. Illustration of the feedback loop
circuit in the STM. The tunnel current enters the feedback loop controller which adjusts the
tip height at each topography point to keep constant the set point value.

A schematic illustration of the feedback loop circuit used to keep constant the
tunnel current while scanning is shown in figure 2.4. The parts inside the blue
shaded square are located inside the STM chamber (see chapter 3) and the rest are
outside. First, for a given bias voltage, the tip height is regulated so that the tunnel
current matches the one chosen by the experimentalist. Afterwards, the tip scanning
begins. At each point of the topography the tunnel current is measured and if it
has changed with respect to the previous point, the tip height is corrected until it
matches again the set point. The feedback loop forms a closed circuit in which the
tip height is constantly regulated through the whole image.

2.3

Scanning Tunneling Spectroscopy

In this section it is presented how the LDOS can be probed by means of Scanning Tunneling Spectroscopy (STS). Generally speaking it consists on recording the
derivative of the tunnel current while ramping the bias voltage. STS is a very powerful technique that allows to probe the LDOS for occupied and empty states within
the same experiment, thus enabling to study the conduction and valence bands. It
can for example be used to measure surface, interface, or image states of 2D samples,
energy gaps, molecular orbitals of adsorbed organic molecules and compounds, or
localized energy levels of nanostructures such as quantum dots, just to mention
some examples. One of the big advantages of STS is that since the tip is a mobile
electrode, not only the energy dependence of the LDOS can be tracked, but also its
spatial dependence with atomic resolution. As will be seen in chapter 4 this characteristic can be further exploited to obtain information of scattering processes and
band structure determination locally. In the following, a demonstration of the proportionality between the LDOS and the derivative of the tunnel current is given.
The Tersoff-Hamann theory provides a good qualitative understanding of the
tunnel current behavior. However, the low bias voltage limit consideration is often
violated in STM experiments. It has to be taken into account that at higher voltages
tunneling occurs for electrons with energy EF up to EF − eV. Equation 2.10 was
generalized by N. Lang integrating over the available energy range [19]
IT ∝

Z eV
0

dEρt ( E − eV )ρs (~
r0 , E )

(2.12)

where the zero of energy has been set at the Fermi level for simplicity. Because not all
states have the same probability to traverse the vacuum potential barrier the sample
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LDOS is usually expressed as follows
ρs (~
r0 , E) ∝ ρs (~r, E) T

(2.13)

in which ~r is the projection of the tip position vector over the sample plane, and T
is the transmission factor that takes into consideration the different tunneling probability of the states.
Since the tunneling problem is not restricted to 1D, equation 2.6 for the transmission factor can be generalized to 3D by subtracting the energy of the electron motion
in the surface plane, due to the band structure of the electrodes [20]. Following the
free electron approximation, (see Chapter 4) the energy becomes
0

E = E − Ek = E −

h̄2 2
k
2m k

(2.14)

0

where E is the energy associated to the perpendicular motion of the electrons, and
E is the total energy. Therefore, by inserting equation 2.14 into equation 2.6, the
transmissivity reads
r
h
i
m
2
(2.15)
T (d, E, V, k k ) = exp − 2d
(
φ
+
φ
+
eV
−
2E
)
+
k
s
t
k
h̄2
where an average potential barrier has been considered, U0 = 1/2(φt + φs + eVbias ),
to take into account that the potential barrier is not square [figure 2.1 b)]. An important consequence of the electronic motion parallel to the surface plane, is that the
probability to traverse the tunnel barrier depends on the parallel component of the
momentum.
From the generalized expression for the transmission factor, the tunnel current
can be written as follows
IT ∝

Z eV
0

dEρt ( E − eV )ρs (~r, E) T (d, E, V, k k )

(2.16)

Equation 2.16 expresses that the tunnel current is proportional to the LDOS of the
sample for all states included in the energy window opened by the bias voltage,
weighted by the DOS of the tip, and the transmission factor. It is important to notice
that not all electrons have the same contribution to the tunnel current, as seen from
equation 2.15. Electrons with low k k values, which originate from states at the Brillouin zone center, have a larger contribution due to their increased transmissivity.
Also, at higher energies the transmission coefficient becomes larger and the tunnel
current decreases.
The behavior of the tunnel current with the bias voltage is schematically represented in figure 2.5.
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Figure 2.5: Voltage dependence of the tunnel current. Energy diagrams of the tunnel junction of a STM for three bias voltage cases. The arrows represent the tunnel current, and their
sizes the corresponding magnitude depending on the energy. a) For V = 0 the Fermi levels
of both electrodes are aligned and there is no net flow of electrons. b) At negative voltage,
electrons flow from the occupied states of the sample to the empty states of the tip. c) When
the bias is positive, electrons flow from the occupied states of the tip into the unoccupied
states of the sample.

When no voltage is applied between both electrodes [figure 2.5 a)], no net current
is detected because the Fermi levels are aligned, preventing electrons from tunneling. In the case that a finite voltage V is applied, the tip and sample Fermi levels
separate in energy by eVbias , and tunneling becomes possible. Depending on the bias
polarity, electrons will flow in one ore another direction. If the voltage is positive
[figure 2.5 b)], the Fermi level of the tip crosses the Fermi level of the sample, and
electrons flow from occupied states of the tip to empty states of the sample, probing
the empty states of the sample. For negative voltages [figure 2.5 c)], the Fermi levels
unbalance in the opposite direction, and electrons flow from occupied states of the
sample into empty states of the tip, thus probing the samples occupied states. The
process at negative polarity, can also be visualized as tunneling of holes from the tip
to the sample.
Since all states in the eVbias energy window contribute to the final value of the
tunnel current, it is not straight forward to extract information of the LDOS of the
sample at each energy. Despite of this, the LDOS of the sample at each energy can
be accessed performing the derivative of equation 2.16. By assuming a featureless
tip DOS and a weak energy dependence of the transmission factor, the derivative of
the tunnel current reads
dIT
∝ ρs (~r, E) T (d, E, V, k k )
dE

(2.17)

which directly proportional to the LDOS of the sample.

2.3.1

The Lock-in Amplifier

Since the tunnel current in a STM experiment is a small quantity, usually in the pAnA regime, its derivative is experimentally obtained by means of a lock-in amplifier
to increase the signal to noise ratio. In a general sense, lock-in amplifiers are used
to measure the amplitude and phase of an electrical oscillating signal. The input
signal that wants to be measured is probed by a periodic reference and the result is
measured by the lock-in amplifier with respect to it. The general scheme indicating
the different stages of a lock-in amplifier in a STS experiment is shown in figure 2.6.
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Figure 2.6: Lock-in scheme. Schematic representation of the different stages in a lock-in
experiment. Vsig (ω, t) is the signal that wants to be analyzed and Vre f (ω, t) is the reference.

In the first stage, the bias voltage is modulated by a reference signal
Vre f (ω, t) = Vmod sin(ωt + α)

(2.18)

of frequency ω, phase α, and amplitude Vmod , so that it becomes an AC signal
Vac (t) = Vbias + Vmod sin (ωt)

(2.19)

Vbias is now the DC component around which the time dependent voltage Vac (t) oscillates. Due to the modulation of the bias voltage, the tunnel current also oscillates
at the reference frequency, IT → I (ω, t). Since the amplitude of the voltage modulation is in the mV range, tunneling can still be considered at a fixed voltage value of
Vbias , and the oscillating tunnel current can be expanded in Taylor series as follows
I [Vbias + Vmod sin(ωt)] ' I (Vbias ) +

dI (Vbias )
Vmod sin(ωt)+
dV

d2 I (Vbias ) 2
Vmod sin2 (ωt) + . . .
dV 2

(2.20)

where the third term can be safely neglected because Vmod << 1.
In the second stage, the time dependent tunnel current is passed through a preamplifier where it is amplified and converted to a voltage signal, Vsig (ω, t) = GI (ω, t),
where G is the amplification factor.
The third stage corresponds to the multiplication of the voltage signal, Vsig , by
the reference signal, Vre f . The resulting expression follows
Vsig × Vre f ' I (Vbias )Vmod sin(ωt + α) +

2
Vmod
dI (Vbias )
cos(α)
−
2
dV

2
Vmod
dI (Vbias )
cos(2ωt + α)
2
dV

(2.21)

The last stage consists on passing the product of the two signals through a low
pass filter, typically with the cut-off frequency at ω/2. After it, all oscillating terms
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at frequencies higher than half the reference frequency are filtered, and the resulting
signal reads
V2
dI (Vbias )
Vsig × Vre f ' mod cos(α)
(2.22)
2
dV
The output of the lock-in amplifier is a signal that is proportional to the derivative of
the tunnel current, that following equation 2.17, is proportional to the LDOS of the
sample. Therefore, the LDOS of the sample can be experimentally obtained following a lock-in scheme.
Note that the product of the two signals also depends on the relative phase between the signal and the reference through the cos α term, which means that the signal can be maximized by adjusting the phase between both signals (phase shifter).
Because of this, the lock-in technique is also referred to as phase sensitive detection.
An intuitive illustration of how the derivative of the tunnel current can be obtained by modulating the bias voltage is depicted in figure 2.7.

Figure 2.7: Tunnel current response to voltage modulation. When the bias voltage is modulated by an oscillating reference signal (black sine waves) the tunnel current also becomes
1,2,3
periodic with the same frequency (blue sine waves). Since the resulting amplitude, Vsig
,
depends on the slope of the IT versus V curve (red plot), the product of both signals is proportional to the derivative of the tunnel current (blue curve).

The red graph at the left represents an example of the tunnel current as a function
of the bias voltage. The black sinusoids correspond to the modulated bias voltage
from equation 2.19, and the blue ones to the tunnel current response, with ampli1,2,3
tudes given by Vsig
. It is observed that the amplitude of the modulated current
becomes larger for rapid changes of the tunnel current, as plotted in the blue shaded
graph in the right hand side. Since the amplitude is dependent on the slope of the
IT versus V curve, it is therefore proportional to the derivative of the tunnel current.

2.3.2

Elastic and Inelastic Tunneling

So far, only elastic processes in which energy is conserved in the tunneling process
have been considered. However, part of the energy of the tunneling electrons may be
lost inside the tunnel barrier, due to electron interactions with elementary excitations
[20]. Therefore, two types of tunneling can be distinguished, elastic and inelastic.
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These two transitions are represented in the schematic illustration of figure 2.8 a).
For elastic tunneling, the electron traverses the vacuum barrier and appears in the
other electrode with the same energy as a "hot electron", which further relaxes to the
Fermi level. In the case of inelastic tunneling, a quantum of energy, E = h̄ω, is lost
inside the vacuum gap and the electron appears in the other electrode with a lower
energy.
The bias voltage dependence of the tunnel current for an inelastic transition is
shown in figure 2.8 b). Starting from zero bias, the tunnel current increases linearly
with the voltage until the energy of the excitation is reached. At the corresponding
threshold bias, Vbias = ±h̄ω/e, the inelastic channel opens up so that more electrons
can tunnel, and the current increases, which is traduced in a kink in the IT versus
Vbias curve. Since the fraction of inelastic tunneling electrons is very small, typically
speaking less that 1%, the second derivative of the tunnel current is taken to stress
the kink. As shown in the graph, the fingerprint of inelastic tunneling is an antisymmetric peak in the second derivative of the tunnel current at the energy of the
excitation, because inelastic processes can occur for both senses of the tunnel current. These excitations can be very diverse, going from individual processes such
as molecular vibrations [21], or collective modes such as phonons, or plasmons [22].
However, detection of such processes becomes a hard task due to their low contribution to the tunnel current, and entanglement with elastic transitions.
A different way to study inelastic processes in STM is by analyzing the light
emitted by the tip-sample nanocavity while tunneling. This technique is usually
termed Scanning Tunneling Luminescence (STL). To this purpose a light collection
system has to be implemented in the STM, to collect the emitted light (see chapter 3).
Since by definition the detected light is produced by the loss of energy of tunneling
electrons, STL is thus a technique which is sensitive to inelastic processes.

Figure 2.8: Inelastic tunneling. a) Energy diagram for elastic and inelastic tunneling. In the
first case, energy is conserved during the tunneling process, whereas in the second one, a
quantum of energy, h̄ω, is lost inside the vacuum barrier. b) Schematic representations of
the tunnel current, first, and second derivatives, as a function of the bias voltage.
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Scanning Tunneling Luminescence

The fact that light is emitted when a current is passed through a tunnel junction was
first found in 1976 by Lambert and McCarthy [23]. In this pioneering work, broadband light emission was detected from a metal-insulator-metal tunnel junction. It
was not until the late 80’s that light emission was detected from the tunnel junction
of a STM by Gimzeswski, Berndt, and co-workers [13, 24].
Unlike other optical spectroscopic techniques, the excitation has a local character,
thus enabling to select the probed structure with atomic scale spatial resolution. Due
to the proximity of the tip and sample electrodes, and the high lateral resolution of
STM, optical information can be obtained with sub-nanometer spatial resolution,
thus overcoming the Abbe diffraction limit [25].
The general scheme of a Scanning Tunneling Luminescence (STL) experiment
is shown in figure 2.9, which is analog to a conventional STM experiment but with
the addition of a light detection system. While tunneling under adequate conditions,
photons (red wave) can be excited inside the tunnel junction and guided to an optical
spectrometer (for experimental details go to chapter 3). There, light is diffracted into
its different components by a diffraction grating and analyzed by a detector. In this
way, wavelength resolved spectra can be obtained at a given position of the tip and
tunneling conditions. At this point it is important to notice that strictly speaking the
position at which the tip injects electrons or holes does not need to be the exact same
as the position where photons are emitted from.

Figure 2.9: STL general scheme. Illustration of photon emission and detection on a STM.
The light induced by the tunneling electrons is guided to an optical spectrometer where it
decomposes onto its different wavelengths and is analyzed by a detector. The light is generated in the tip-sample nanocavity and detected in the far field outside the STM chamber.

2.4.1

Basics of Plasmonics

To understand how light is generated in the tunnel junction of a STM a brief introduction on plasmonics will be given. The concept of plasmon was first proposed in
1952 by Pines and Bohm when studying the density fluctuations of a dense electron
gas [26]. Plasmons, in the general context, are collective electron oscillations, which
constitute quantized modes. Thus, a plasmon can be considered as a quasiparticle. If
the oscillations occur in the bulk, they are referred to as bulk plasmons, whereas if it
is on the surface, they are termed Surface Plasmons (SPs). SPs are collective electron
oscillations at metal-dielectric interfaces.

2.4. Scanning Tunneling Luminescence

17

An illustrative scheme of a SP wave is shown in figure 2.10 a), where the charge
oscillations are represented by the plus and minus signs. Propagation of SPs along
the metal surface produces an electromagnetic field with the same frequency as the
charge wave. Hence, the correct name for these excitations is Surface Plasmon Polaritons (SPPs), due to the interaction of the charge and electromagnetic waves. The
associated electromagnetic wave is composed of a transverse magnetic field, By , and
an evanescent electric field away from the surface [figure 2.10 b)]. δm,d are the penetration depths into the metal and dielectric respectively. Because the field in the
z direction is near field in nature, dissipation of power away from the interface is
minimized.
The dispersion relation of a SPP is shown in figure 2.10 c), together with the
dispersion of free propagating light. Following Maxwell equations, the frequency of
a SPP can be expressed as
r
ed em
ωsp = ω0
(2.23)
ed + em
where em and ed are the dielectric constants of the metal and dielectric respectively,
and ω0 is the frequency √
of free propagating light. The SPP frequency reaches an
asymptotic value of ω p / 2 (assuming a Drude model for the dielectric function of
the metal, and ed = 1), where ω p is the plasma frequency.
The momentum of the free propagating light, k0 , is always lower than that of
the SPP, k sp , which prevents the conversion of SPPs to light, because the energy
and momentum can not be conserved at the same time. Coupling to light is not allowed unless a momentum mismatch is introduced. Three routes have been mainly
followed to overcome this momentum mismatch. First, passing light through a coupling prism to enhance the incident momentum [27]. Second, scattering with subwavelength defects or protrusions to lower the SPP momentum [28]. An third, periodic patterning of the surface with nanostructures [29].
When the size of a system that hosts SPP modes is smaller than the wavelength
of the SPPs, confinement effects take place. As a result, a Localized Surface Plasmon
(LSP) is developed, and the surface charges oscillate in a bounded region.
In the case of excitation with light waves, such confinement is produced when
the size of the system that hosts the SPP is comparable or smaller than the wavelength of the probe light. For visible light this occurs in the nm range. Unlike SPPs,
LSPs can couple to light because the momentum is not so well defined due to the
confinement.
A schematic illustration of a LSP in a spherical metallic nanoparticle is shown
in figure 2.11. The surface charge oscillations are represented by the gold and blue
shadowed regions away from the metal nanoparticle (golden sphere). As for SPPs,
an electromagnetic field is induced by the motion of the surface charges, whose electric field is represented by the black sinusoid. The blue arrows indicate the intensity
of the electric field. The associated magnetic field is traverse.
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Figure 2.10: Surface Plasmon basic concepts. a) Illustration of a SPP. The collective surface
charge oscillations are represented by the plus and minus signs, and the associated electric
field by the closed loops. The magnetic field is transverse, ~B = By , and points in the direction
out of the paper. Electrons or photons (blue) can excite SPPs. b) Plot of the perpendicular
component of the electric field, Ez , as a function of the distance to the surface. The evanescent
character of the field in the z direction reveals the non radiative nature of SPs. δm,d are the
penetration depths into the metal and dielectric respectively. c) Solid curve: SPP dispersion
relation. Dotted curve: free propagating light line. Note the momentum mismatch between
the SPP branch, k sp , and the light, k0 .
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Figure 2.11: Localized Surface Plasmon. Schematic illustration of a LSP. The surface charges
oscillate collectively around the spherical nanoparticle (gold and blue shadowed areas). The
electric field is represented by the black sinusoid and the intensity by the blue arrows. The
corresponding magnetic field is traverse as in the case of SPP and points in the direction out
of the paper. The interaction of the charge and electromagnetic waves form the LSP.

2.4.2

The STM Plasmonic Nano-cavity

The tunnel junction of a STM is in a reasonable approximation analog to the case of
a metal spherical nanoparticle (the tip) in close proximity to an infinite metal plane
(the surface). Due to the short distance between the two objects, the LSP modes of
the tip interact with the SPP of the sample, thus giving rise to cavity modes localized at the tunnel junction. Such localized plasmon modes have been studied by
Rendell et al. [30] following the geometry presented in figure 2.12 a). The angular
distribution of the corresponding radiated power is plotted in figure 2.12 b), with
the position of the lobe at ≈ 55◦ .

Figure 2.12: Model geometry of a tunnel junction. a) Simple geometrical construction of a
STM tunnel junction. The tip is represented by the sphere of radius r placed at a distance d
from the surface plane. b) Angular distribution of the power radiated from the junction in
a). Figure adapted from [30].
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In the work of Rendell, it was found that the resonant frequencies of the cavity
modes can be expressed as
s
tanh(n + 1/2) β 0
ω LSP = ω p
(2.24)
e0 + tanh(n + 1/2) β 0
where e0 is the vacuum dielectric constant, n is a quantum number describing the
plasmon mode, and β 0 is defined by

d
β 0 = cosh−1 1 +
a

(2.25)

with a the sphere radius of curvature and d the vacuum gap. In typical STM experiments the tip-sample distance is of a few Å while the tip radius is of the order of
hundreds of nm, meaning that it is reasonable to assume that d << a, and therefore
r
2d
(2.26)
β0 ≈
r
Taking into account this assumption and considering the lowest energy mode, n = 0,
the cavity plasmon frequency reads
ω LSP

n =0

 d 1/4
ω p  d 1/4
=√
= ωsp
2a
2 2a

(2.27)

which is a function of the SPP frequency (equation 2.23), the sphere radius of curvature, and the vacuum gap. Equation 2.27 expresses that the cavity plasmon red
shifts for bigger sphere radius of curvature, or smaller vacuum gaps. Within this
simple model, a very important result concerning the light emitted from a STM already shows up: the spectral position at which the plasmon mode appears depends
on the exact tip geometry.
It can be demonstrated that the lowest plasmonic mode corresponds to a dipole
oscillating perpendicular to the surface plane with a lateral extension given by
√
l = ad
(2.28)
For typical values of the tip radius of curvature, and the vacuum gap, the lateral
extension of the LSP modes is of the order of tenths of nm.
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Experimental set-up
An important part of this thesis has been the design and construction of an experimental set-up to collect the light emitted inside the tunnel junction of an Ultra-HighVacuum (UHV) Low-Temperature (LT) STM. The Photon-STM experimental set-up
of IMDEA Nanoscience used during this thesis is shown in figure 3.1. The set-up can
be divided into two independent parts. One part being under UHV conditions (STM
and preparation chamber), and the other part in air (ex-situ light detection system).
In the first section of this chapter the UHV system is introduced. The preparation
chamber with all its instrumentation for sample growth and characterization, and
the Omicron LT-STM used for the measurements, are presented.
In the second section, the procedure used to electrochemically etch gold and
tungsten tips suitable for light emission experiments is shown.
In the third section, a detailed description of the light detection system implemented to extract light from the STM tunnel junction is presented. The spectrometer,
Charge-Coupled-Device (CCD), and Avalanche-Photon-Diode (APD) used during
this thesis are introduced. Also, the ways in which the signal to noise ratio can be
improved by tuning the acquisition parameters are be shown. Finally, the procedure
that has been developed to connect the MATRIX electronics of the Omicron STM to
the spectrometer is commented.
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Figure 3.1: The Photon-STM laboratory at IMDEA Nanoscience. Photograph of the whole
experimental set-up used during this thesis. 1: optical table containing the ex-situ light detection system. 2: Omicron Low Temperature STM. 3: Preparation chamber fully equipped
for sample growth. 4: Rack of electronics. It is important to remark that the whole laboratory is placed on top of a floor of concrete which is isolated from the rest of the building. The
STM, preparation chamber, and optical table, are on top of pneumatic legs that isolate the
experimental set-up from the floor of the laboratory.

3.1

The Ultra-High-Vacuum System

The UHV system in the Photon-STM set-up consists of two independently pumped
chambers, separated by a gate valve. Samples are cleaned and grown in the socalled preparation chamber, where the crystalline quality and chemical composition
can also be checked by means of surface science techniques such as LEED and Auger
spectroscopy. The samples are measured in the STM chamber, which hosts an Omicron LT-STM.

3.1.1

Need for UHV

In the field of surface science, a surface or interface in the presence of air is far away
from a simple system due to the multiple interactions with the environmental particles. All kind of species will uncontrollably adsorb into the top layers of the material
so that the surface under investigation is destroyed. Therefore, to study clean and
crystalline surfaces, the preparation as well as the measurements have to be done
in the best possible vacuum conditions to avoid contamination. An estimation of
how "good" has to be the vacuum to maintain clean a surface for a certain period of
time can be estimated using the kinetic theory of gases and the Boltzmann velocity
distribution. The flux of particles of a certain gas can be expressed as follows
F= √

P
2πmk B T

(3.1)
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where F is de flux of particles (m−2 ×s), P is the pressure (Pa), m is the mass of
an individual gas particle (kg), k B is the Boltzmann constant (J×K−1 ), and T is the
temperature (K−1 ). Since N2 is the principal component of air, it can be assumed that
in average m = 28 a.m.u, and considering a temperature of 300 K
F = 3 × 1020 × P( Torr )

(3.2)

Equation 3.2 states that for a gas pressure of P = 10−6 Torr, the surface gets covered
by 3 × 1014 particles each second, which corresponds to the approximate number
of particles contained in one Mono-Layer (ML). Therefore, the pressure has to be
lowered in order to be able to perform experiments for longer periods of time with
the sample clean. From equation 3.2, for a pressure of P = 10−10 Torr, which defines
the UHV regime, it will take several hours to adsorb 1ML.

3.1.2

The Pumping Stages

In order to achieve UHV conditions, several pumping stages have to be connected.
• The rough vacuum is made by a membrane pump, reaching a value of 10−3
Torr.
• The high vacuum, 10−8 − 10−10 Torr, is achieved by pumping the system with
a turbo molecular pump. This pump gradually compresses the residual gas
by a series of rotating turbine blades at 820 Hz. The exit of the turbo pump is
connected to the membrane pump.
• The UHV regime, 10−11 Torr, is reached by means of an ion pump. At its
interior the residual gas is ionized and directed to a solid state electrode of Ti
by a strong electrical potential of 7 kV where it sticks. However, to enter the
UHV regime, a bake-out of the system is needed in order to remove the slowly
desorbing air molecules attached to the interior of the stainless steel walls of
the UHV chambers. Typically, 24 hours were needed to pump the adsorbed
contaminants.

3.1.3

Pressure Measurement in UHV

Pressure measurements are made by hot cathode ionization gauges, which are the
most sensitive devices for low pressure measurements. Most of them are based in the
hot-cathode Bayard–Alpert gauge, which is composed of three electrodes, namely
the collector, the filament an the grid. Electrons emitted from the filament are accelerated to the anode grid by a high voltage, which produces ionization of the residual
gas upon collisions. The ionized gas is guided to the collector, and the electrons that
do not produce ionization to the grid. The current measured at the collector is proportional to the amount of residual gas on the chamber, and therefore proportional
to the pressure.

3.1.4

The Preparation Chamber

The preparation chamber is devoted to clean and grow samples in a controlled way,
under UHV conditions. The most important parts of the preparation chamber are
highlighted in colors in the photograph of figure 3.2.
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• The green valve separates the STM chamber (left), where the samples are measured, from the preparation chamber (right), where the samples are fabricated.
Fresh and clean surfaces are prepared by standard cycles of sputtering with 1.5
keV Ar + ions, and thermal annealing (at different temperatures depending on
the substrate), inside the preparation chamber.
• Gases of Ar atoms, and O2 and CO molecules, are introduced inside the preparation chamber in a controlled way through leak-valves (violet).
• Samples are transferred from the preparation chamber to the STM chamber under UHV conditions with a manipulator (dark blue). The slot where samples
are inserted in the manipulator is in thermal contact with a Pyrolitic-BoronNitride (PBN) heater, to anneal the samples by radiative heat transfer.
• The crystallinity of the samples can be checked by Low Energy Electron Diffraction (LEED), and the chemical identification of adsorbates by Auger Electron
Spectroscopy (AES). The LEED/AES from Specs is colored in red.
• Organic molecules and metals can be deposited with a commercial KENTAX
evaporator (light blue) by means of physical vapor deposition. This evaporator
has three cells in its interior and each of them is refrigerated by a cooling circuit
to avoid cross contamination during sublimation. In this thesis it has been used
to sublimate TCNQ, C60 and NaCl.
• The chemical composition of the residual gas of the chamber is analyzed by
means of a quadrupole-mass-spectrometer (cyan).
• STM tips are heated by means of direct current instead of radiative heat transfer for technical purposes. To do so, a piece of Ta is put in direct contact with
the STM tip, so that a closed loop is formed and current can be passed. The
moving stage used to approach the Ta piece is highlighted in yellow.

Another important part of the preparation chamber is the load-lock entrance,
which allows to insert and remove samples from UHV without the need of breaking
vacuum. This small chamber is connected to the preparation chamber by a valve,
and is independently pumped by a membrane and turbo-molecular pump. High
vacuum can be done in this chamber under 2 hours, which allows a fast transfer of
samples from air to UHV.

3.1. The Ultra-High-Vacuum System
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Figure 3.2: The preparation chamber. Photography of the preparation chamber. The principal components are highlighted by colors. Green: valve connecting the STM and preparation
chambers. Light blue: KENTAX evaporator. Red: LEED/Auger device. Violet: leak valve
and a high purity bottle of argon. Cyan: quadrupole mass spectrometer. Dark blue: manipulator ended in a resistive PBN head.

3.1.5

The Low Temperature STM

The Omicron LT-STM hosted inside the STM chamber is shown in figure 3.3 a). The
cryogenic part is composed of two concentric cryostats. To measure at 77 K, both
cryostats are filled with liquid nitrogen, whereas to measure at 4.5 K, the inner cryostat is filled with liquid helium and the outer one with liquid nitrogen. The hold
time of the STM at 4.5 K is of about 50 h. The helium level is measured with a
helium depth indicator (Twickenham Scientific Instruments).
The STM head is hosted inside the cup of the lower part of figure 3.3 a), in the
middle of two rotating shields (in thermal contact with each cryostat) that enable the
sample insertion. The circular holes are made to optically access the interior of the
STM to allow a direct visualization of the tunnel junction.
Figure 3.3 b) displays a photograph of the STM head where its principal parts
are numbered.
• 1 : STM tip. The tip is magnetically attached on top of a piezoelectric tube
that allows for the fine movement, on top of a motorized table, that allows for
coarse motion in a macroscopic scale.
• 2 : Sample stage. Samples are inserted inside the STM head through two black
rails placed above the tip.
• 3 : Lens holder for the first collection lens inside UHV.
• 4 : Bottom of the cryostat: Block of Au-coated stainless steel in thermal contact
with the cryostats.
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• 5 : Spring suspension system.
• 6 : Eddy current damping mechanism.

Since in a STM experiment the tunnel current reacts exponentially to distance
changes, mechanical isolation of the tunnel junction from the environment is mandatory. The whole vibrational isolation of the STM is composed of four stages. First,
the floor of concrete on top of which the whole laboratory is built provides mechanical decoupling from the rest of the building. Second, the three pneumatic legs over
which the whole UHV system is floated, isolates from the laboratories own floor.
Third, the springs that leave the STM hanging. And fourth, the Eddy current damping mechanism to damp the oscillations of the springs.
In the Omicron LT-STM, the sample is grounded, and the voltage is applied to the
tip. The pre-amplifier offers two ranges for current measurement, from few pA to 3.3
nA, and to 333 nA. There are also two available ranges for the bias voltage, ±1 V and
±10 V. The parasitic capacitance between the tip and the sample can be compensated
to avoid cross-talk between the gap voltage and the tunnel current. The derivative
of the tunnel current is done with an external lock-in amplifier (Stanford SR830).
The temperature inside the STM is measured with a LakeShore 325 temperature
controller, by means of a silicon diode placed in the sample stage.

Figure 3.3: The LT-STM. a) Photograph of the LT-STM outside from its stainless steel chamber. The elongated silver cylinder hosts two concentric cryogenic cryostats. The golden bottom cup is composed of two rotating shields, that enable to inset samples inside the STM.
b) Photograph of the STM head where the different parts have been labeled by numbers. 1:
tip; 2: sample stage; 3: lens holder; 4: bottom of the cryostat; 5: spring suspension; 6: Eddy
current damping mechanism.

3.2

Preparation of STM Tips

Maximum lateral resolution in STM is achieved by using metallic sharp tips. The
most common method for fabrication of sharp tips is electrochemical etching. A
general scheme of the set-up used to fabricate W and Au tips is depicted in figure
3.4 a). The piece of wire (W or Au) that will become the tip is connected to a cathode
electrode of the same material. Both electrodes are submerged in a solution, and
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an alternating voltage is set between them, so that the etching process begins. The
length of the submerged part of the wire can be adjusted with a micrometer screw.
Depending on the material of the wire, two slightly different process have been
followed.
• W tips: a solution of KOH in water is used as the electrolyte. The wire is
introduced 4 mm inside the solution, and slightly pulled upwards with the
micrometer screw so that a meniscus appears, due to surface tension. The
etching process finishes when the meniscus breaks, and the tip is the piece of
wire that was inside the solution.
• Au tips: the electrolyte is a solution of HCl and ethanol. In this case the Au
wire is put in contact with the solution, so that a meniscus is formed in the opposite direction as for W tips. The etching process finishes when the meniscus
breaks, and the tip is the part of wire that was outside the solution.
Smooth and sharp W tips were easily prepared. Figure 3.4 b) displays a SEM
image of a sharp W tip just after the etching process. A magnified view of the apex
of the same tip is shown in figure 3.4 c). It is observed that for this particular tip,
the apex has two protrusions in the µm-scale. After the etching process, W tips were
cleaned under UHV conditions to remove contaminants. First, sputtering with 1.5
keV Ar + ions was done for 1 hour. The subsequent thermal treatment was done by
direct current heating, to avoid damage of the tip-holder used to transport the tips
inside UHV. Flashes of direct current up to 17 nA were made, by making an electrical
contact with a Ta piece, as previously mentioned. The temperature of the tip during
the flashes was above 1500 K, as deduced from its bright-yellow color. Finally, to
increase the plasmonic response of W tips, controlled indentations in noble metal
substrates was done.
Au tips were also used due to their higher plasmonic response in comparison
with W tips [31], because of the lower imaginary part of the dielectric function of
Au in the visible range. Although Au tips were not as sharp as W tips, they provided a similar mechanical stability, and the same high lateral resolution could be
achieved. A typical Au tip is displayed in the optical microscope image of figure 3.4
d). Undulated shapes formed during the etching procedure were typically found.
The UHV cleaning procedure consisted in Ar + sputtering cycles. No direct current
flashes were applied due to the high conductivity of Au.

Figure 3.4: Preparation of STM tips. a) Diagram of the electrochemical etching set-up used
to fabricate STM tips. The displayed parameters for the alternating voltage and current are
for a gold wire of 0.4 mm of diameter and a solution of HCl in ethanol. b) SEM large scale
image of a W tip after preparation. c) Zoom of b) where a double tip can be resolved in the
µm-scale. d) Gold tip as seen from a conventional optical microscope.
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Light Detection System

The light detection system consists of a series of lenses and mirrors to guide the
light emitted in the tunnel junction to a spectrometer and a CCD, where it is analyzed, as shown in figure 3.5 a). Light emitted from the tunnel junction [photograph
in figure 3.5 b)] is first collected by an in-situ lens inside UHV [photograph in figure
3.5 c)], that has a numerical aperture of N A = 0.34. The lens had to be mechanically trimmed to fit inside the Omicron lens holder of 9 mm of diameter [32]. The
corresponding solid angle of collection is 0.26 sr. The lens is made out of a type of
Borosillicate glass (BK7). Due to its very low thermal expansion coefficient, BK7 is a
convenient material to avoid damage of the lens during cooling or bake-out.
Once light is focused by the in-situ lens, it traverses two BK7 view-ports at the
STM rotating shields, and exits the UHV environment through a window of the
chamber made of the same material. The beam of light is then guided through the
lenses and mirrors of the ex-situ part of the set-up [photograph in figure 3.5 d)], to
the detection system. All the optical components of the ex-situ part of the set-up
are placed on top of a pneumatic table from Thorlabs to isolate from mechanical
vibrations.
It is true that the ex-situ part of the system could have been simplified by just
focusing the outcoming beam of light from the UHV lens into an optical fiber, with
its end at the entrance of the spectrometer. It was decided to guide the light by
means of mirrors and lenses to conserve its polarization, and therefore to be able to
study the polarization state of matter at the nanoscale in future experiments.

Figure 3.5: Photon detection set-up. a) Scheme of rays of the light emitted from the tunnel
junction. The upper right corner is an illustration of the tip-sample cavity. The beam of light
(dashed lines) is first focused by an in-situ lens of 20 mm of focal length inside UHV, that is
placed 30 ± 5 mm away from the center of the sample stage, forming an angle of 70◦ with
respect to the long axis of the tip. It then passes through a view-port (gray rectangle) , and it
is further guided ir air through a series of plane-convex lenses (blue half-circles) and plane
mirrors (blue rectangles). Finally the light enters the spectrometer to be analyzed. All the
lenses and mirrors of the ex-situ part of the set-up were purchased from Thorlabs, and have
a diameter of 0.5 inch. The first ex-situ lens has a focal length of 300 mm, and the second
one of 200 mm. b) Photograph of the tunnel junction. c) Photograph of the in-situ lens inside
UHV. d) Photograph of the ex-situ light detection system in air. The optical elements are
highlighted in colors as a guide to the eye. Red: mirrors and lenses; purple: CCD; yellow:
spectrometer.
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It is very important that the elements that form the optical path do not absorb
light in the wavelength regime that is going to be analyzed. The reflectivity of the
SiO2 -coated aluminum mirrors, and the transmission of the BK7 lenses and viewports, are shown in figures 3.6 a) and b) respectively. It can be observed that the mirrors have a high reflectance, and the lenses have a high transmission, in the whole
wavelength region of interest.

Figure 3.6: Reflectance and transmission efficiencies. a) Reflectance of the SiO2 -coated
aluminum mirrors. b) Transmission of BK7. The graphs are taken from the web page of
Thorlabs (https://www.thorlabs.com).

3.3.1

Spectrometer

A spectrometer is an experimental device used to study the wavelength distribution of a given light source. The separation of light into its different components
is achieved by diffraction with a grating, and the detection is done with a ChargeCoupled-Device CCD.
A scheme and a real photograph of the interior of the used Andor Shamrock
500 spectrometer is shown in figures 3.7 a) and b) respectively. Our spectrometer
is equipped with three diffraction gratings mounted on a turret, that can be rotated
by means of a mechanical motor to select the wavelength region of interest, and to
switch between gratings. The grating turret can also be set to a position where no
diffraction occurs, so that the integrated light intensity signal, or 2D images, can be
recorded with the CCD.
The two collimating mirrors inside the spectrometer are standard Al + MgF2
coated mirrors.
The aperture for the incoming beam of light is controlled by a slit at the entrance
port, and the exposure is regulated by a mechanical shutter at the exit port.
The three diffraction gratings mounted in our spectrometer have groove densities of 150, 300 and 1200 l/mm, with a bandpass of 331, 163 and 38 nm respectively,
and the blaze at 300 nm for the first one, and at 500 nm for the other two. The 150
l/mm grating was used for survey spectra to cover the widest possible wavelength
range. The 300 and 1200 l/mm gratings were used to measure narrow emission lines
as those arising from molecular luminescence (see Chapter 6).
The efficiency curves of the three gratings mounted in our spectrometer are shown
in figures 3.8 a), b) and c). The 300 and 1200 l/mm gratings are more sensitive to the
red and near infra-red part of the spectrum than the grating of 150 l/mm.
The reflectivity of the collimating mirrors inside the spectrometer as a function
of the wavelength is shown in figure 3.8 d). In the wavelength region of interest the
reflectivity is above 86 %.
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Figure 3.7: The Andor Shamrock 500 spectrometer. a) Scheme of the Andor Shamrock 500
spectrometer where its fundamental components are numbered. 1: entrance slit; 2 and 4:
collimating mirrors; 3: grating turret composed of three gratings; 5: exit port; 6: Newton
EMCCD. The yellow paths highlight the propagation of the beam of light, and the black
arrows the direction. b) Photograph of the interior of the spectrometer corresponding to
the area inside the dashed square in a). Component number 7 corresponds to a motor for
rotating the grating turret.

Figure 3.8: Optical efficiencies. Efficiency plots of the gratings mounted in our Andor
Shamrick 500 spectrometer. Data taken from the Andor specifications manual. a) 150 l/mm
grating with the blaze at 300 nm and a bandpass of 331 nm. b) 300 l/mm grating with the
blaze at 500 nm and a bandpass of 163 nm. c) 1200 l/mm grating with the blaze at 500 nm
and a bandpass of 38 nm. d) Reflectivity of the Al-coated collimating mirrors inside the
spectrometer.

3.3.2

Charge-Coupled-Device

The detection of light is performed using a Newton Electron Multiplying ChargeCoupled-Device (EMCCD) attached to the exit port of the spectrometer. From a
general point of view, a CCD is a device that converts light into an electrical signal
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that can be digitized. Essentially a CCD can be divided in two parts: the sensor and
the readout register.
• Sensor: it is the photo-active region where incoming light is converted to electrical charges. The area of the sensor is divided into a pixel grid, each pixel
being a p-doped MOS capacitor.
• Readout register: it is where the charges from each pixel are read and digitized
previous to entering a computer where the image is formed.

Figure 3.9: Readout protocols of a CCD. a) Illustration of the readout protocol of a CCD
divided in steps. Each square in the matrix corresponds to one pixel. The rows are labeled
by xi and the columns by y j , with i, j the number of pixels in the photo-active region. For
visual simplicity, the sensor is represented by a 4 x 4 grid. The separate bottom row is
the readout register, which is physically separated from the sensor so that no light is able
to traverse. The black circles represent trapped charges at each pixel. When the sensor is
exposed to light, a pattern of electronic charges is built, as show in the upper left image.
In the first step, the lowest horizontal frame (x4 ) is vertically shifted to the register. In step
two, the charges in the register are shifted horizontally so that the charge in the left pixel is
moved to the amplifier output node. Subsequently the signal is passed through an Analog
to Digital Converter (ADC) and read out. After the first pixel has been read, steps 2 and 3
are repeated until the register is emptied. In step 4, the frame is vertically shifted again so
that now x3 is passed to the register. The whole process is repeated until all the frames have
been read out. b) Schematic diagram for an EMCCD. The only difference with respect to a
conventional CCD is the addition of an extra array of pixels after the register and before the
ADC for electron multiplication.

The readout protocol scheme in which the photo-generated charges in a conventional CCD are digitized, is depicted in figure 3.9 a).
For low light conditions and ultra-sensitive detection, an extra gain section before the Analog to Digital Converter (ADC) can be added, as sketched in figure 3.9
b). These kind of CCDs are referred to as EMCCDs, and offer a much higher amplification of the detected light. The amplification process is based on electron impact
ionization, that causes the generation of new electrons. This process occurs before
the digital conversion to increase the signal to noise ratio and reduce noise.
The sensor of the Newton EMCCD has an area of 25.6 x 3.2 mm, and is composed
of 1600 x 400 square pixels, with an area of 16 x 16 µm/pixel. To increase low light
performance, the sensor is back-illuminated. Apart from the electron multiplying
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gain, the signal can be amplified by a factor of up to four at the amplifier output,
before the charges enter the gain register.
The Electron Multiplying EM gain curve at -70 ◦ C is show in figure 3.10. As expected for an avalanche type phenomenon, the number of created electrons increases
faster as the gain is increased (note the logarithmic scale). Our EMCCD was typically operated with a setting of EM=200, which means that for each photo-generated
electron, 100 electrons are created in the gain register prior to readout.

Figure 3.10: Electron Multiplying CCD. Electron multiplication gain curve at -70◦ C. For a
gain setting of EM=200, 1 e− approximately creates an avalanche of 100 e− . Data taken from
the Andor specification manual.

Cooling is essential for thermal noise reduction, as charges in the photo-active region can also be thermally generated, giving rise to the so-called dark current. Therefore our CCD is refrigerated by means of thermo-electric cooling, and a minimum
temperature of -100 ◦ C, with simultaneous water refrigeration, can be achieved. The
suppression of dark current with temperature is shown in figure 3.11 a). A noise reduction of six orders of magnitude is obtained when cooling the sensor down to -80
◦ C (operating temperature in all experiments).
An important aspect of a CCD is the material of which its pixels are made of.
The Newton EMCCD uses silicon-based technology, which means that conversion
of photons into charges is most efficient in the visible and near infra-red part of the
spectrum. The quantum efficiency of the sensor is displayed in figure 3.11 b). For
the back illuminated sensor, a maximum efficiency higher than 90 % is achieved in
the visible range.
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Figure 3.11: Dark current and Quantum efficiency of the CCD. a) Dark current temperature
dependence. b) Quantum efficiency plot of the sensor. The green curve corresponds to the
back illuminated sensor type mounted on our CCD. Data taken from the Andor specification
manual.

3.3.3

Avalanche-Photon-Diode

The integrated light intensity at all wavelengths was also recorded by
means of an Avalanche-Photon-Diode (APD), placed before the last ex-situ focusing
lens. An APD is a photo-detector that converts light into an electrical signal. Unlike CCDs, the sensor is not devided into pixels, and it is formed by a silicon-based
photodiode. The APD used during the experiments is a Variable Gain Photoreceiver
from FEMTO, that enabled fast measurements with exposures of a few ms.

3.4

Optimization of Optical Signal-to-Noise Ratio

Since STM induced photon emission has a very low quantum efficiency (∼ 10−5
photons per tunneling electron), reduction of noise to the lowest possible level is
critical. As it has already been pointed out, thermal noise can be drastically reduced
by cooling the sensor, which minimizes the dark current. There are other types of
noise that also contribute to the total level of noise.
Readout noise arises from the process of passing charges from one pixel to another, and can be minimized by reducing the speed at which charges are shifted inside the sensor. The vertical shift speed, which controls how fast charges are shifted
from one row to another inside the sensor, is reduced to the minimum value (57.68
µs). The horizontal pixel shift readout rate, which defines the rate at which pixels
are read from the shift register, is set to the lowest frequency (50 kHz at 16-bit).
Since the light emitted from the tunnel junction only arrives to
∼ 20 − 40 pixels out of the 400 pixels that the sensor has in the vertical axis, the readout noise can be further improved using the so-called Multi-track
mode. This mode allows to "crop" the sensor to a smaller effective area. Pixels that
do not receive light are discarded from the readout process, and therefore do not
contribute to the final value. Also dark current noise is minimized in this way.
Stray light from the laboratory can be minimized by controlling the aperture of
the slit at the entrance of the spectrometer. Figure 3.12 a) shows an image of the tipsample cavity taken with the CCD with the slit fully open, and figure 3.12 b) shows
the same image but with the slit more closed, in the measuring position.
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Signal-to-noise ratio can also be increased by increasing the exposure time of
the spectra, so that more charges are accumulated in the photo-active region, or by
adding several curves so that white noise is statistically minimized. The amount of
detected signal can also be increased with the tunneling parameters.

Figure 3.12: Tip-sample cavity as seen with the CCD. a) Image of the STM tip and its
reflection recorded with the CCD operating in the image mode. To produce the image, the
tip-sample cavity is illuminated with an external light source, and the slit at the entrance of
the spectrometer is fully open. b) Same image as in a) after closing the slits until only the
etched end of the tip visible.

3.5

Simultaneous Acquisition of STM and STL Data

One of the big advantages of STL compared to most optical techniques is that the
excitation process that induces light emission can be controlled with sub-nanometric
lateral precision. Therefore, a protocol to link STM and light emission measurements
is developed, enabling to record the exact position of the tip over the sample for each
light emission spectrum.
The Newton EMCCD is externally triggered with a voltage pulse generated by
the MATRIX electronics of the STM, each time a spectroscopy curve is launched with
the STM software. The tunneling parameters are kept constant during spectroscopy,
as a tool to produce external voltage pulses to trigger the CCD, at fixed values of
the tunnel current and bias voltage. Since the Omicron software saves the position
of each tunneling spectrum, this can be used to recover the position of each light
emission spectrum. To do so, Dr. Koen Lauwaet elaborated a Labview code to be
able to analyze the combined STM and STL data with the WSxM software [33].

3.5.1

Photonmap

Photonmaps display the light intensity distribution as a function of the wavelength
and the position of the tip. Wavelength resolved spectra are recorded as a function
of the position of the tip, together with the corresponding topography image in the
constant current mode. Photonmaps allow to study the distribution of the emitted
light as a function of the position of the excitation source, at each photon energy.
These kind of measurements are time consuming, since the acquisition time of a
single spectrum can already be large. The photonmaps shown in this thesis had a
duration of 10-20 h.
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3.5.2
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Light Intensity Map

Light intensity maps display the integrated light intensity as a function of the position of the tip together with the corresponding topography image in the constant
current mode. The light intensity can be experimentally measured by taking the
integral of wavelength resolved spectra, by setting the grating to the zeroth order
mode and collecting the signal with the CCD, or by collecting the signal with the
APD. Light intensity maps acquired with the APD have the big advantage that can
be produced much faster than photonmaps, due to the low exposure time needed at
each pixel to have a good signal to noise ratio.
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Chapter 4

Discrete Electronic Sub-bands
without Confinement
Band engineering is a powerful strategy for the development of materials with controlled electronic properties. This can be done by stacking of thin films, alloying of
different materials, molecular synthesis of organic semiconductors, or lateral confinement in regions smaller than the coherence length of electrons. Forcing electrons
to stay in nanometer sized regions gives rise to profound modifications in the electronic density of states and therefore the band structure. Confinement, in general,
produces discreteness of the possible momentum and energy values, giving rise to
so called "quantum-size" effects. Such effects are a key ingredient to understand
phenomena as diverse as, the optical and transport properties of Quantum Dots,
Wires and Wells, or the oscillatory behavior of the superconducting transition temperature in thin films. In solid state materials, this discretization is usually achieved
by reflection of electron waves at the surface or interface of different materials. In
this scenario, two or more confining interfaces are always present. More than one
boundary is needed to allow interference of incoming and reflected electron wave
functions. In this chapter, it is presented a new way of band structure engineering
of solids, in which only one confining interface is necessary. The boundary element,
consists of a 1D periodic array of scatterers, i.e a one dimension grating, on top of a
surface. In this scenario, the in plane momentum of the electrons is quantized, and
consequently a set of sub-bands appears. It is demonstrated, that by following this
simple procedure, the band structure at the surface of solids may be designed in a
rational and controlled way, only by adjusting the period of the diffraction grating.

4.1

The Cu(111) Surface

Copper is a Face Centered Cubic (FCC) metal, whose (111) close-packed surface corresponds to a hexagonal arrangement of atoms. Figure 4.1 a) displays an atomically resolved STM image, of the Cu(111) surface, with a measured nearest neighbor
distance of a = 2.5 Å. The obtained lattice parameter is in agreement with values
reported in the literature. The white star at the bottom right corner of the image
indicates the high symmetry directions of the substrate. In addition to the atomic
periodicity, an oscillatory pattern with a large spatial period shows up. This extra
modulation appears due to the standing waves created by scattering of the surface
electrons with point-like defects [34, 35].
In order to produce high quality surfaces, with terraces of hundreds of nanometers in lateral extension, the Cu(111) substrate was previously cleaned under standard UHV procedures. Specifically, samples were prepared by alternating cycles of
Ar+ bombardment at 1.50 keV, followed by thermal annealing at 500 ◦ C.
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The reciprocal space of the atomically resolved image, has been reconstructed by
performing a Two Dimension Fast Fourier Transform (2DFFT), as shown in figure
4.1 b). The discrete maximums inside the white dashed squares, correspond to the
reciprocal lattice of the atomic periodicity. As expected for a hexagonal arrangement
of atoms, its corresponding Fourier space has also hexagonal symmetry. The central
contour highlighted by the white dashed circumference, is the reciprocal space fingerprint of the isotropic scattering of electrons with the two point-like defects. Since
the period in real space of the interference pattern, is much larger than the interatomic spacing, the ring falls inside the hexagonal pattern in the reciprocal space.
By construction of the reciprocal space, the radius of the circumference is inversely proportional to the associated wavelength of the standing waves. Since the
bias voltage at which the image has been taken is very low, it is reasonable to assign the circular feature to scattering events at the Fermi level. Therefore, the Fermi
wavelength of Cu(111) surface electrons, is considerably larger than the inter atomic
spacing.

Figure 4.1: Cu(111) surface. a) High resolution STM image acquired in the constant current
mode. Individual atoms, as well as an electron interference pattern, can be observed at the
same time. Tunneling parameters: Vbias = 10 mV; IT = 300 nA; 12.3 nm x 12.3 nm. b) 2DFFT
of the left image displaying its corresponding reciprocal space. Discrete spots (white dashed
squares) correspond to the periodicity of the substrate, and the ring like structure (white
dotted circle), to the isotropic scattering of electrons with the point like defects.

4.1.1

The Surface State and the 2DEG

Electrons at the solid-vacuum interface of a material, behave differently from those
at the bulk. Because of this, they receive a proper name: surface state (SS) electrons. The rupture of periodicity of the top most layer of a crystal, results in a loss of
translational symmetry. Due to this change in geometry, the potential landscape for
electrons changes dramatically, thus influencing the electronic structure.
A schematic energy diagram of the potential of a solid, across the direction perpendicular to its surface plane, is shown in figure 4.2 a). The periodicity of the potential inside the bulk of the crystal, is suddenly broken at the surface, where the
potential has been reproduced by a step-like function. The height of the step, is the
vacuum potential, which corresponds to the energy needed for an electron to leave
the surface of the solid.

4.1. The Cu(111) Surface
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It can be demonstrated that new solutions of the Schrödinger equation are found
close to the surface, as shown in figure 4.2 b). Contrary to Bloch waves, which propagate through the bulk and decay otherwise (upper panel), SS waves are spatially
localized at the solid-vacuum interface, with an exponential decay towards the bulk
and vacuum (lower panel).

Figure 4.2: Surface and bulk states. a) Schematic representation of the potential energy
landscape along the axis perpendicular to the surface plane. The bulk potential is depicted
by an oscillatory function, and the surface potential by a sharp step. b) Upper panel: bulk
state described by the real part of a Bloch wave. Lower panel: surface state wave function.

Since surface states are spatially confined in two dimensions, they can be described by a set of wave vectors parallel to the surface plane. All noble metals (gold,
silver and copper), display surface states along the Γ − L line in the bulk band, centered at the Γ point [36]. The solutions of the Schrödinger equation for such states,
consist of delocalized sp-like electrons, confined by the vacuum potential on the one
side, and the bulk projected band gap on the other. Historically, noble metal surface
states, are referred to as Shockley surface states [37].
Surface states in noble metals have been extensively studied through the years,
by several experimental techniques, such as STM [34, 38, 39], or Angle Resolved
Photon Emission Spectroscopy (ARPES) [40–42]. In all cases, a parabolic dependence
of the energy with respect to the momentum, has been reported. Deviations from a
parabolic tendency, have been only reported at sufficiently high energies, far from
the surface Brillouin center [43].
Due to the good agreement between theory and experiments, the energetics of
noble metal Shockley surface states, can be described by a two dimension electron
gas (2DEG). Within this formalism, electrons are described by plain waves, and are
considered as quasi-free particles. The interactions are included in an effective mass
term, as if electrons were non-interacting Fermions, with a modified mass.
By solving the time independent Schrödinger equation, assuming that the potential is zero inside the surface plane, and infinite otherwise, the dispersion relation
for the 2DEG reads
E(k) = E0 +

h̄2 2
h̄2 2
k
=
E
+
(k + k2y )
0
2m∗
2m∗ x

(4.1)

Here, E0 is the bottom of the band (conduction onset), m∗ , is the electron effective
mass, and k x , k y , are the in plane components of the momentum.
Figure 4.3 shows a three dimensional plot of equation 4.1, displaying the paraboloid
dependence of the energy with respect to the momentum. The yellow circumference,
corresponds to a constant energy contour, and the blue parabola, to the projection of
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the band structure over a given k x plane. In this plot, the zero of energy corresponds
to the Fermi level. The associated Fermi momentum, k F , corresponds to the radius
of the momentum distribution at the Fermi energy (yellow circumference).

Figure 4.3: The 2DEG dispersion relation. Energy dispersion relation, E(k x , k y ), following
equation 4.1. The yellow circumference is a constant energy cut, and the blue parabola, a
projection of the band structure over a given k x plane.

For Cu(111), it has been reported, that the conduction onset appears at E0 =
−0.45 eV, and that the effective mass for electrons is m∗ = 0.42 me [34, 40–42]. The
conduction onset would be the minimum of the blue parabola, and the effective
mass would be determined by its aperture.
The distribution of the number of states at each energy, is given by the Density
of States (DOS), which for a 2DEG reads
ρ2DEG ( E) =

m∗
πh̄2

(4.2)

From equation 4.2, it is deduced that the DOS of a 2DEG is independent of the energy. This means that the number of available states is fixed for all energies.
When performing STS on a clean Cu(111) surface, an abrupt increase in the differential conductance at around 450 meV below the Fermi level is observed, as shown
in figure 4.4. This increase is produced at the onset of the surface state, where a new
tunneling channel for electrons opens. The shape of the curve is in good agreement
with the DOS of a 2DEG, described by equation 4.2.

4.1. The Cu(111) Surface
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Figure 4.4: STS of the Cu(111) Shockley surface state. Differential conductance spectrum,
acquired at a fixed position in a defect free area, on a clean Cu(111) sample. Set point parameters: Vbias = 1.4 V; IT = 0.6 nA; 150 points; Vmod = 10 mV.

4.1.2

Quasiparticle Interference

Unlike other experimental techniques, STM allows for a complete study of occupied
and unoccupied electron energy levels, within the same measurement. Moreover,
since it is a local probe technique, spatial band structure analysis can be carried out.
This further enables to observe position dependent effects, that would be washed
out in averaging techniques.
A STM related procedure to reconstruct the dispersion relation at the surface of
a material, is referred to as, Fourier Transform Scanning Tunneling Spectroscopy
(FT-STS), or Quasiparticle Interference (QPI).
If the surface of the Cu(111) crystal was a perfect infinite plane of atoms, the
only manifestation of the surface state in STS, would be the abrupt onset of the conductivity, and no momentum dependent information could be extracted. However,
when electrons scatter into defects, e.g. adatoms, steps, vacancies, dislocations, etc,
a stationary wave pattern is formed. In this scenario, the momentum dependence
is manifested via interference of incoming, and reflected electron waves. This phenomenon, produces oscillations in the Local Density Of States (LDOS), which can be
tracked by local STS, making possible the band structure determination.
The spatial distribution of the LDOS, can be followed by recording lock-in maps
at different energies. Figure 4.5 a) displays a lock-in map, where scattering of electrons with a mono atomic height step edge, and a point-like defect, can be observed.
The interference pattern is formed by superposition of plane and circular waves, due
to reflections with the step edge and the point defect respectively.
The reciprocal space of the standing wave distribution is shown in figure 4.5
b), which has been obtained by taking the 2DFFT of the lock-in map. The image
displays a circular contour, together with two discrete FFT maximums, in the direction perpendicular to the step edge. These Fourier space representations, are the so
called quasiparticle interference (QPI) maps, in which a quasiparticle consists of a
single interference event.
To interpret the data, it is important to notice that since the lock-in image corresponds to an interference process, the QPI map will not contain direct information
of the momentum, but instead of the momentum transfer, ∆~k, connecting the initial
and final states. This vector can be decomposed into two orthogonal components as
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∆~k = (∆k k , ∆k ⊥ )

(4.3)

In this notation, the subindex parallel or perpendicular refers to the orientation with
respect to the step edge long axis, and will be used throughout the whole chapter.
The axes of the QPI map are thus the two momentum transfer components, and
the false color scale the FFT intensity. The QPI circular contour, can now be assigned
to a momentum transfer, whose modulus is the same in all directions (isotropic scattering). Still, this information is extremely valuable since the wave vectors involved
in the scattering process, can be recovered by definition of the momentum transfer
vector
∆~k = k~f − ~k i
(4.4)
in which k~f and ~k i are the momentum vectors of the initial and final states of a given
scattering event.
The experimentally measured radius of the circumference, follows exactly ∆k =
2k E , which from equation 4.1 reads
s
2m∗ ( E − E0 )
kE =
(4.5)
h̄2
Thus confirming the validity of the 2DEG approximation for the description of the
Cu(111) surface state. The magnitude of the momentum transfer is therefore fixed
by the energy, i.e the bias voltage. Equation 4.5 expresses that the radius of the constant energy circumferences, increases at increasing energy. From this expression,
the paraboloid band structure may be reconstructed, by measuring the radius of the
QPI constant energy circumferences, at different energies.
Since all the intensity of the QPI map is distributed along the perimeter of the 2k E
radius circle, this means that only elastic back-scattering events can take place. These
processes, exclusively couple electrons with the same energy and opposite wave
vectors. There are no other possible scattering configurations, that would contribute
to the 2k E perimeter, since any other process, would give rise to FFT intensity at the
interior of the circumference.
Besides the isotropic scattering, there is a privileged geometry defined by the two
discrete FFT maximums. These two points lie also in the constant energy circular
contour, but with zero parallel momentum transfer, so that ∆k = ∆k ⊥ = 2k E . This
particular scattering event is represented in figure 4.5 c), where an incident electron
(blue arrow) perpendicular to the step edge, with momentum k i = k E , undergoes
elastic back-scattering (green arrow). Since the scattering is elastic, the modulus of
the momentum is conserved, and therefore k f = k E . The back-scattering condition
imposes that the reflected electron points in the opposite direction of incidence. The
momentum transfer associated to this process, is represented by the red wave vector,
whose magnitude is ∆k = k f − k i = 2k E . Following [44], the step edge thus behaves
as if it was a reflector, upon which electrons phase shift −π.

4.1. The Cu(111) Surface
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Figure 4.5: Cu(111) LDOS. a) Lock-in map displaying the LDOS, near a step edge. Interference between a plane and circular wave fronts is observed. Tunneling parameters:
Vbias = 0.3 V; IT = 0.6 nA; Vmod = 14 mV; 40 nm x 20 nm. b) QPI map obtained by performing a 2DFFT of the lock-in map. c) Schematic representation of the scattering process
that gives rise to the discrete FFT maximums in the QPI map. Blue and green arrows indicate the initial and final wave vectors of an electron involved in the scattering process, with
a magnitude given by k E . The red arrow indicates the corresponding momentum transfer,
with modulus 2k E .

4.1.3

Dispersion Relation

To further investigate the scattering process, local dI/dV ( E, x ) spectra, at increasing
distance from a Cu(111) step, can be recorded, where x is the direction perpendicular
to a step edge.
A grid of equally spaced spectra, has been recorded along the white dashed line
in figure 4.6 a). The intensity of the differential conductance, with respect to the
energy, and the distance to the step, are represented in the upper panel of figure 4.6
b). As a convention, the step edge has been chosen to be placed at x = 0. These kind
of maps are produced by horizontal stacking of individual STS curves, one after
another, at increasing distance from the step. The false color scale corresponds to
the intensity of the dI/dV ( E, x ) signal, where white color means high intensity, and
black means low. All spectra show the onset of conductivity at about 0.45 eV bellow
the Fermi level, characteristic of the Cu(111) Shockley SS [34]. For higher energies,
the differential conductance oscillates, with a period that decreases with increasing
energies. In other words, the distance to the step at which a particular wavefront is
located, increases at lower energies.
The amplitude dependence of the LDOS with distance, is emphasized at the bottom panel of figure 4.6 b), which displays a constant energy profile at -100 mV. A
monotonic decrease of the amplitude is evidenced. This observation resembles the
well known Friedel-type oscillations [45], which are produced by screening of 2DEG
conduction electrons, to compensate for the potential energy difference at the step.
Each profile is essentially reproduced by a Bessel function, with an argument of 2k E
[34].
The evolution of the LDOS with energy, has been rationalized in the upper panel
of figure 4.6 c), by performing a line-by-line FFT at each energy. The horizontal axis
is now the momentum transfer perpendicular to the step, ∆k ⊥ , the vertical axis remains unaltered, and the color code is the FFT intensity. Here, an inverted color scale
has been used, where black means high intensity, and white means low. Upon this
transformation, a parabolic dispersion of the energy, in the direction perpendicular
to the step edge, is observed, which corresponds to the band structure of Cu(111).
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Since from the QPI maps, only elastic back-scattering processes take place, for
direct reflections with the step edge, ∆k k = 0, and ∆k ⊥ = 2k ⊥ . Therefore, the energy
dispersion relation can be expressed as a function of the perpendicular momentum
E(k ⊥ ) = E0 +

h̄2
h̄2
2
∆k
=
E
+
(2k ⊥ )2
0
2m∗
2m∗

(4.6)

The blue parabola, superimposed in the upper panel of figure 4.6 c), is a plot of equation 4.6, with values for the free fit parameters, m∗ = 0.45me , and E0 = −0.45 eV.
The results for the effective mass, and the conduction onset, are in good agreement
with those reported in the literature [34, 40–42].
The fact that only one frequency contributes at each energy, is highlighted in the
horizontal cut of the band structure, in the lower panel of figure 4.6 c). The two
observed peaks at positive and negative momentum values, correspond to a single
frequency value.

Figure 4.6: Cu(111) band structure. a) STM image of a bare Cu(111) step edge. Tunneling
parameters: 8 nm x 20 nm, IT = 1.4 nA, Vbias = 1.4 V. b) Upper panel: stacking of forty
equally spaced dI/dV spectra as a function of the distance to the atomic step. Each individual curve corresponds to a vertical profile. Spectra have been recorded following the 20 nm
length white dashed line in a). Spectroscopy settings: IT = 1.4 nA, Vbias = 1.4 V, Vmod = 14
mV. Lower panel: horizontal cut of the upper panel for a bias voltage of -100 mV. c) Upper
panel: line-by-line FFT of the data of b) revealing a parabolic band structure (blue curve)
with effective mass of 0.45 me , and a conduction onset at E0 = −0.45 eV. Bottom panel:
horizontal cut of the upper panel for a bias voltage of -100 mV.

The momentum resolution in the band structure representation, is given by the
length of the line over which spectra have been taken. The longer the line, the higher
the resolution. However, the maximum length over which scattering is still measurable depends in two factors. First, the coherence length of electrons, above which
the phase and therefore the interference are lost. And second, the presence of other
nearby scattering centers (contaminants, steps, dislocations, etc), that could also contribute to the standing wave pattern, modifying the LDOS. Because of these constrains, it is very important that the studied scattering center, is surrounded by a big
area of clean substrate (at least of the order of the coherence length of electrons). The
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extremal momentum values, are only limited by the separation between consecutive
curves. The closer the spectra are acquired, higher momentum values are reached.

4.2

Self Assembly of TCNQ Molecules on Cu(111)

Discretization of the momentum values of a 2DEG, has been achieved by the fabrication of 1D arrays of scatterers, which leads to the appearance of a set of new
sub-bands. This has been done by exploiting the self-assembly protocols of organic molecules on metallic substrates. Specifically, tetracyano-p-quinodimethane
(TCNQ) molecules on Cu(111), organize in such a way, that one dimensional gratings form at the edges of the self-assembled 2D molecular crystals. This section is
devoted to the characterization of the morphology of TCNQ on Cu(111).
TCNQ molecules (Sigma Aldrich) were sublimated at 90 ◦ C for 10 minutes, from
a resistively heated crucible, into a clean Cu(111) substrate. During this process, the
substrate was kept at room temperature. The Cu(111) surface was prepared following standard UHV procedures, as previously detailed. Once the sample was grown,
it was transferred without breaking the UHV to the STM, where it rapidly cooled
down to liquid helium temperature, to be measured.
Figure 4.7 a) displays a representative STM image, of the self-assembly of TCNQ
molecules on Cu(111), under the specified growth conditions. The islands were typically bigger than 100 nm in lateral extension, and formed by the intersection of
patches with different orientations, as indicated by the colored lines following the
long axis of each domain. It is observed that all the domains are rotated ∼ 14◦ ,
with respect to the atomic periodicity of the surface (black star). In total, six rotation
domains were seen.
Isolated islands of molecules at the interior of a flat terrace were rarely found.
The molecules tend to aggregate into large islands that extend away from the step
edges [46]. The particular ordering of the molecules, drastically depends on the
temperature of the substrate while sublimation. Different phases have been reported
for other deposition conditions, or post annealing treatments [47].
A closer view of the self-assembly of the TCNQ molecules, is shown in the STM
image of figure 4.7 b). The corresponding unit cell is represented by the white rhomboid, with a measured long diagonal of 48.36 Å, and a short diagonal of 17.41 Å, in
good agreement with the literature.
Although sub-molecular spatial resolution can be observed, no gas phase like
orbitals are distinguished, contrary to what happens in a not so reactive surface as
graphene on Ru(0001) [48]. This is a consequence of the strong electron acceptor
character of TCNQ in the presence of noble metal surfaces [49–52]. The observed
sub-molecular resolution, is in good agreement with previous STM simulations, taking into account molecule-substrate interactions [47].
The reciprocal space of the molecular periodicity is shown in figure 4.7 c), which
has been obtained by taking the 2DFFT of the topography image. The First Brillouin
Zone (FBZ) is depicted by the gray shadowed hexagon. The yellow lines have been
included as a guide to the eye.
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Figure 4.7: TCNQ on Cu(111). a) TCNQ self assembled island displaying three orientation
domains. The black star represents the high symmetry directions of Cu(111), and the green,
blue and white lines, the long axis of the corresponding molecular patch. Vbias = 1.4 V; It =
150 pA; size=80 nm x 80 nm. b) Sub molecular resolution topography image. Vbias = −0.1
V; It = 150 pA; size=12 nm x 12 nm. The unit cell is reproduced by the white rhomboid. c)
Reciprocal space of the molecular periodicity, obtained by performing a 2DFFT of b). The
First Brillouin Zone is represented by the gray shadowed hexagon.

As shown in figure 4.8 a), the edges of the TCNQ islands are not simply the termination of the 2D self-assembled crystals. Instead, a 1D reconstruction is formed,
with a modified separation between molecules.
The Fourier space of the 1D reconstruction, as well as of the bulk of the island,
are shown in figure 4.8 b). The upper panel displays the 1DFFT, over the black line of
the reconstruction, and the lower panel, the 2DFFT of the area contained in the black
box. A correspondence between the periodicities of the molecular edge, and the bulk
of the island, can be deduced. While the black vertical marks can be understood as
the projection of the bulk reciprocal space, over the edge direction, a new set of peaks
indicated by red marks, appear halfway. These red marks exclusively correspond to
the periodicity of the 1D reconstruction, and appear at integer multiples of 1.8 nm−1 ,
which corresponds to a 3.5 nm periodicity in real space. Thus, the island edge is a
1D reconstruction of the bulk 2D crystal, with a lattice constant of a = 3.5 nm. Note
that the lattice parameter of the TCNQ edge, is twice the length of the 2D unit cell
short rhombus diagonal.
Figure 4.8 c) shows a magnified STM image of a TCNQ edge. It can be deduced
that the 1D unit cell of the TCNQ edge, consists of three molecules: one parallel
to the edge, and two forming an angle of ∼ 36◦ in the shape of a V. The primitive
translational vector, goes from the vertex of one pair of molecules in a V shape, to
the next one.
By inspection of the surrounding clean surface area, a complex interference pattern can be deduced, which totally differs from the standing waves in the proximity
of a bare Cu(111) step edge. Standing waves surrounding individual adsorbates, or
linear arrays of molecules, have been previously studied [11, 34, 46, 53, 54]. However, in all cases, the wave fronts followed 1D continuous curves over the surface,
with a monotonic decay over the distance. Instead, for the presented 1D reconstruction, a more complex interference pattern, consisting in a 2D array of maximums
and minimums is observed.
The non trivial standing wave pattern close to the TCNQ edges, evidences an
active role of 1D reconstruction, on the electronic properties of the Cu(111) 2DEG.
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Figure 4.8: 1D reconstruction of molecular edges. a) Topography image of a TCNQ selfassembled island, surrounded by a clean Cu(111) area. The edge of the island is not simply
the termination of the 2D crystal, but instead, a 1D reconstruction is observed, with a period
of a = 3.5 nm. Tunneling parameters: Vbias = 1.4 V; IT = 150 pA; 30.2 nm x 30.2 nm.
b) Upper panel: 1DFFT of the black line scan over the edge reconstruction on a). Lower
panel: 2DFFT of the bulk of the island. The black marks, can be understood as a projection
of the bulk reciprocal space, over the edge direction. The red marks, exclusively arise from
the periodicity of the 1D molecular reconstruction, at the edge of the island. c) Topography
image at low bias, revealing a complex interference pattern due to the scattering of electrons
with the 1D reconstruction. Tunneling parameters: Vbias = 100 mV; IT = 150 pA; 26.3 nm x
8.6 nm.

4.3

Bragg Scattering at Molecular Edges

In order to investigate the peculiar standing wave pattern near the edges of the
TCNQ islands, dI/dV ( x, E) curves, and lock-in maps at different energies, have been
recorded near the 1D reconstruction.

4.3.1

Sub-bands without Confinement

Figure 4.9 a) displays the edge of a TCNQ island, surrounded by a clean Cu(111)
area, where a series of dI/dV ( x, E) spectra have been recorded along the white
dashed line. The length of the line over which STS has been acquired, is shorter
than in the Cu(111) step case, due to the presence of nearby contaminants from the
sublimation process. Limiting the distance thus ensured, that the standing wave
pattern close to the 1D reconstruction, was not altered by surrounding impurities.
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The differential conductance as a function of the energy, and the distance to the
TCNQ edge, has been plotted in the upper panel of figure 4.9 b). All spectra show
the onset of conductivity 450 meV bellow the Fermi level, but now, a complex evolution of the LDOS takes place. Kinks or discontinuities of the LDOS appear. Also, as
shown in the lower panel, the amplitude of the oscillations does no longer decrease
monotonically with the distance. Both effects are compatible with the superposition
of waves with different wavelengths at a given energy. The additional faint oscillations bellow the conduction onset, may be ascribed to contributions from bulk states
[55].
These observations become clearer in the band structure representation of figure
4.9 c), which has been obtained by performing a line by line 1DFFT, as previously detailed. Apart from the surface state (blue parabola), two new dispersing sub-bands
are found in the explored energy range, that were not present for scattering with the
Cu(111) step. Following equation 4.6, the experimental data can be reproduced by
three parabolas, with similar effective masses (0.45 me ), and onsets at -450, -380, and
-180 meV respectively.
The band structure along the direction perpendicular to a Cu(111) step edge,
has been included in figure 4.9 d), as a comparison with the TCNQ case. From the
constant energy cuts of the lower panels, it is clear that unlike reflections with a bare
Cu(111) step, when electrons scatter with a TCNQ edge, more than one frequency
contributes depending on the energy.

Figure 4.9: Discretization of energy levels. a) STM image of a TCNQ edge surrounded by
a clean Cu(111) area. Tunneling parameters: 10 nm x 20 nm, IT = 1.4 nA, Vbias = 1.4 V. b)
Upper panel: stacking of dI/dV ( x, E) spectra as a function of the distance to the molecular
edge. Spectra have been recorded following the 10 nm length white dashed line in a). Spectroscopy settings: IT = 1.4 nA, Vbias = 1.4 V, Vmod = 14 mV. Lower panel: horizontal cut
of the upper panel for a bias voltage of -100 mV showing that the LDOS does not decrease
monotonically with the distance. c) Upper panel: line by line 1DFFT of the data of b) revealing the existence of three sub-bands with similar effective masses (about 0.45 me ), and band
bottoms at -450, -380, and -180 meV (blue, red, and green parabolas). Bottom panel: horizontal cut of the upper panel for a bias voltage of -100 mV. d) Upper panel: band structure for
scattering with a straight Cu(111) step taken from figure 4.6, for comparison with the TCNQ
case. Lower panel: horizontal cut of the upper panel at -100 mV.
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Quantization of the Parallel Momentum Transfer

The origin of the two new sub-bands has been further examined by analyzing the
interference of electrons in the proximity of the TCNQ edges.
Figures 4.10 a), c) and e), reproduce lock-in maps taken at -190, -100, and -40
mV respectively. Such maps reveal a 2D distribution of the LDOS, contrary to the
1D wave fronts at the bare Cu(111) steps. As the Fermi level is approached, the
interference pattern becomes more compact, which can be understood as a result of
the mixing of more wave vectors.
To rationalize the changes in the stationary wave patterns, the 2DFFT of each
lock-in map has been represented in figures 4.10 b), d) and f). The QPI maps reveal discrete pairs of FFT maximums, whose number and position depends on the
energy. The discrete points appear over a faint circular background, attributed to
isotropic scattering with randomly distributed point-like defects. Since most part
of the intensity of the QPI maps is distributed over the 2k E radius circumferences,
elastic back-scattering plays a dominant role.
When taking the 2DFFT in regions farther to the island edge, the discrete FFT
maximums gradually disappear, so they can be attributed to scattering of surface
state electrons with the edge of the TCNQ 2D crystals.
The parallel momentum transfer, ∆k k , for all measured discrete FFT maximums,
is an integer multiple of G = 1.8 nm−1 , independent of energy. Moreover, it is observed that each pair of maximums appears whenever the constant energy circles
crosses one of the horizontal dashed lines, separated by 2π/a, that represent the
reciprocal space of the 1D TCNQ edges. Since 2π/a = 1.8 nm−1 = G, within experimental error, the parallel component of the momentum transfer of the discrete
maximums, is determined by the reciprocal space of the 1D reconstruction.
When comparing the QPI maps with the dispersion relation with k ⊥ [figure 4.8
g)], a clear correspondence between the observed features is found. The projection
over the ∆k k plane of each discrete FFT maximum of the QPI map of figure 4.8 f)
, intersects a different sub-band at the corresponding energy (blue dashed line), as
indicated by the colored vertical arrows. Therefore, the observed sub-bands, correspond to the quasi-free dispersion relation of Cu(111), at the quantized values of
∆k k,n .
The experimentally observed quantization of the parallel momentum transfer
from the QPI maps, can be expressed as follows
∆k k,n = nG

(4.7)

where n is an integer number, and G = 1.8 nm−1 , is the separation between discrete
FFT maximums along the direction parallel to the molecular edge.

50

Chapter 4. Discrete Electronic Sub-bands without Confinement

Figure 4.10: Interference caused by the 1D reconstruction. a), c) and e) are constant energy lock-in maps, recorded at −190, −100, and −40 mV respectively, with the feedback
loop closed. b), d) and f) are the corresponding QPI maps, obtained by taking the symmetric 2DFFT of the lock-in maps. g) Band structure along the direction perpendicular to the
molecular edge. The projection of each FFT maximum of the QPI map shown in f) over the
∆k k plane, intersects a different sub-band at the corresponding energy (blue dashed line),
as indicated by the colored vertical arrows. This demonstrates that the observed sub-bands,
correspond to the quasi-free dispersion relation of Cu(111), at the quantized values of ∆k k .

Due to the quantization of the parallel momentum transfer, the dispersion relation of the Cu(111) 2DEG, near the edges of the TCNQ islands, thus reads
E(k ⊥,n ) = E0 +

h̄2
h̄2
2
(
2k
)
+
(nG )2
⊥
2m∗
2m∗

(4.8)

The dispersion relation can now be visualized as a set of 2DEG-like energy bands,
with onsets at
h̄2
∆En =
(nG )2
(4.9)
2m∗
For n = 0, then ∆E0 = 0, and the original 2DEG dispersion relation is recovered
(equation 4.6). For n = 1 and n = 2, it is obtained that ∆E1 = −380 meV, and
∆E2 = −180 meV, which is in perfect agreement with the experimentally observed
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energy onsets of the sub-bands of figure 4.9 c). Therefore, the dispersion relation
with k ⊥ , near the edges of the TCNQ islands, is reproduced by equation 4.8.
From equation 4.9, the bottom of each band depends on the integer number n,
and the reciprocal lattice constant of the reconstructed edges, G. When the periodicity of the 1D array of scatterers is short, G becomes large, and therefore the onset
of the sub-bands appears at a higher energy. For example, to be able to measure the
n = 1 sub-band at 1 eV, the period between scatterers has to be a = 0.75 nm. Since
islands of molecules typically form compact edges, with a short distance between
molecules, the discretization of the band structure has remained elusive in previous
reports [46, 53, 54, 56]. Thus, our observation of sub-bands, is only possible due to
the large periodicity of the TCNQ edge.

4.3.3

The Laue Condition and Back-scattering

The quantization of the parallel momentum transfer is strongly reminiscent of the
Laue condition for diffraction, of a 2D wave with a 1D crystal. Equation 4.7 is then
the condition for constructive interference, in which the integer number n, is the
Bragg diffraction order. The observed discrete FFT maximums of the QPI maps,
therefore arise due to elastic Bragg scattering, which further clarifies why the discrete spots appear whenever the reciprocal space lines of 1D molecular edges, are
intersected by the constant energy circles.
To rationalize the distribution of intensity of the QPI maps, the presented experimental results can be compared to a Low Energy Electron Diffraction (LEED)
experiment, where the 2D waves correspond to Cu(111) SS electrons, and the 1D
crystal, to the edges of the TCNQ islands. However, contrary to what happens in
usual diffraction experiments, the incidence angle can not be chosen, and electrons
will arrive to the TCNQ edges from all possible directions in the free-molecule areas
[upper panels of figures 4.11 a-d)].
Due to the Laue condition for constructive interference, and the energy conservation for elastic scattering, the momentum of a diffracted electron, k~f = (k k, f , k ⊥, f ), is
fixed by the momentum of incidence, ~k i = (k k,i , k ⊥,i ). This can be better understood
in the Ewald constructions of the lower panels of figures 4.11 a-d), plotted for an energy of -40 meV and n = 1. In this construction, the different scattering geometries
are reproduced by translating the constant energy circles for the SS electrons, across
the reciprocal space of the 1D molecular edge (vertical dashed lines). The circles
are drawn in such a way, that the incidence momentum vector (blue) coincides with
one rod of the reciprocal space. Hence, following the Laue condition and energy
conservation, the momentum of the diffracted electron (green), is determined by the
intersection of a constant energy circle, with another reciprocal space line, separated
by nG, from the one corresponding to the incident momentum. The momentum
transfer vector (red), ∆~k, is simply drawn by connecting the vertex of the incidence
momentum vector, to the diffracted one.
As seen from the Ewald sphere constructions, each incidence angle will lead to a
different momentum transfer vector. The modulus of the momentum transfer vector
takes the maximum value, ∆k max = 2k E , for an elastic back-scattering configuration [figure 4.11 c)], due to the coupling of diametrically opposed vectors, for which
~k i = −k~f , and k k,i = k k,i = nG/2.
The limiting scattering geometries, are those for which the incident or diffracted
momentum vectors, are parallel to the molecular edge. Grazing incidence geometry
is shown in figure 4.11 a), for which k k,i = ±k E , and k k, f = ±k E ± nG. The plus
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or minus signs have been included to indicate the two possible orientations of the
incidence vector. For grazing reflection [figure 4.11 d)], the parallel components of
the momentum, before and after diffraction, are given by k k, f = ±k E , and k k,i =
±k E ± nG. These two limiting configurations give the minimum values of modulus
of the momentum transfer vector, ∆k min .

Figure 4.11: Scattering geometries compatible with diffraction. a-d) Scattering geometries calculated for an energy of -40 meV, and n=1 in the Laue condition. The upper panels
correspond to a real space representation of the scattering process, where the orange area
represents the TCNQ edge, and the blue area, the surrounding Cu(111) surface. Incident
(diffracted) electrons are represented by the light blue (green) vectors. The bottom panels represent Ewald-sphere constructions, where the vertical dashed lines are the reciprocal
space of the 1D reconstruction, and the circles the constant energy contours of the 2DEG. The
momentum transfer corresponds to the red vectors. a) and d) Limiting scattering geometries,
corresponding to grazing incidence, and grazing reflection, respectively. b) Intermediate
scattering geometry. c) Back-scattering configuration. e) Left hand side: continuous variation of the perpendicular momentum transfer, compatible with the Laue condition from the
previous analysis. Right hand side: QPI map at -40 mV. f) Origin of the discrete sub-bands as
the intersection between the SS paraboloid, and planes at the quantized values of the parallel
momentum.

Figure 4.11 b) represents an intermediate geometry in between pure
back-scattering, and grazing incidence or reflection. From this Ewald construction,
there is a set of possible scattering configurations, compatible with the Laue condition and energy conservation, which produce a continuous variation of the perpendicular momentum transfer, extending into the interior of the constant energy
circles.
All the possible values that the momentum transfer can take for n = 1, are represented in the left part of figure 4.11 e), and compared to the experimental data from a
QPI map at the corresponding energy, at the right part. Although some intensity extending to the interior of the constant energy contour is experimentally observed, the
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largest fraction of intensity is localized at the perimeter of the circumference. Therefore, Bragg scattering with the TCNQ edges, is dominated by elastic back-scattering
processes, for which the parallel component of the momentum of the incident and
diffracted electron are quantized in units of G/2.
Due to the already described scattering process, the electronic structure of the
Cu(111) SS electrons nearby the edges of the TCNQ islands, is thus discretized. This
is shown in the 3D representation of figure 4.11 f). Each discrete sub-band is obtained
from the intersection of the 2DEG paraboloid, with a set of equally spaced planes of
constant k k = nG/2. The dispersion relation with k ⊥ of figure 4.9 c), corresponds to
the projection of the band structure over the (E,k k ) plane, and the QPI maps, to the
projection with respect to the (k k , k ⊥ ) plane.
At this point, it is important to mention, that the chemical nature of the molecules,
has not been taken into account. The 1D reconstruction of the TCNQ edges has been
treated as a periodic array of point-like scatterers, giving an excellent agreement between the model and experiments. Hence, the presented discussion can be extended
to other systems with other molecules, without loss of generality.
The variation of the perpendicular momentum transfer, for a given diffraction
order, can be obtained in a more rigorous way, by expressing ∆k ⊥ , as a function of
the parallel component of the incident momentum
q
q
∆k ⊥,n = k ⊥, f − k ⊥,i = k2E − (k k,i ± nG )2 − k2E − k2k,i
(4.10)
Equation 4.12 is represented in figure 4.12 a), for an energy of -110 meV, that allows
for diffraction order n = 2. Each curve presents one maximum, and two minimums
at the k k,i extremal points, for all the diffraction orders. If the derivative of equation 4.10 with respect to k k,i is set to zero, the maximum perpendicular momentum
transfer is found at
nG
k k,i = ±
(4.11)
2
which corresponds to elastic back-scattering, in agreement with the previous analysis. This is consistent with the strong localization of the intensity of the QPI maps
at the circles of constant energy. In this configuration, the maximum perpendicular
momentum transfer takes the value of
s




nG
nG 2
∆k ⊥ k k,i = ±
= ∆k ⊥,max = 2 k2E −
(4.12)
2
2
Taking into account equation 4.10, the oscillations of the LDOS near the edges
of the TCNQ islands, in the direction perpendicular to the edge, can be modeled
following [34]. The coherent superposition of incoming and scattered electrons, by
a hard wall barrier extending infinitely along the step parallel axis, with a constant
phase shift of −π upon reflection, can be written as follows
LDOS( E, x ) ∼ ρ2DEG (1 − rJ0 (∆k ⊥ x ))

(4.13)

where ρ2DEG is the DOS of the 2DEG given by equation 4.2, r is the reflectivity of
the barrier, x is the distance to the step along the perpendicular direction, and ∆k ⊥
is given by equation 4.10.
In the asymptotic, limit J0 (∆k ⊥ x ) can be substituted by cos(∆k ⊥ x ). Since the experimentally measured quantity from the lock-in maps, is proportional to the square
of the modulus of the LDOS, the oscillations are thus proportional to cos2 (∆k ⊥ x ).
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Figure 4.12 b) shows the oscillations of the LDOS as a function of the incident
parallel momentum, and the distance to the edge, for n = 1 (red box) and n = 2
(blue box). The LDOS oscillates with a constant period for a large range of incidence
geometries, that only changes in the proximity of the boundaries.
Following [57] the probability for finding an electron at a distance x, from the
island edge, is given by the incoherent summation of the modulus square of every
wave function, for all k k,i values. The results of such superposition, for the two
investigated diffraction orders, are plotted in figure 4.12 c). The probability oscillates
with a well defined wavelength, and an amplitude that decreases with distance,
being indistinguishable from a Bessel function for distances larger than 2-3 periods.
Figure 4.12 h) shows the result of Fourier transforming each probability. Both
curves display an asymmetric sharp peak, that decays slowly for lower perpendicular momentum transfer values. Each curve peaks at ∆k ⊥ |max 4.12, that occurs when
k k = ±nG/2, thus confirming that back-scattering is the most dominant scattering
channel, for the diffraction of electrons with the 1D TCNQ edges.

Figure 4.12: Perpendicular momentum transfer. a) Perpendicular momentum transfer, ∆k ⊥ ,
as a function of the parallel momentum of an incident electron, k k,i . The blue, red, and green
curves, correspond to the n = 0, 1, 2 diffraction orders. b) Coherent superposition of incident
and scattered wave functions, with respect to k k,i , and the distance to the edge x. The first
diffraction order (n = 1) is plotted at the left side, enclosed in a red dotted contour, and the
second order (n = 2), is plotted at the right side, enclosed in a green contour. c) Incoherent
summation of all oscillations in b), for the two diffraction orders under analysis. d) FFT
of the curves in c). The maximum is achieved when k k,i = nG/2, for pure back-scattering
processes.
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Conclusions

In this Chapter it is shown that the band structure of 2D electrons, can be discretized
without confinement, by the fabrication of a 1D periodic array of scatterers, that can
be created by exploiting the self-assembly protocols of organic molecules.
Scattering of 2DEG electrons with 1D periodic edges leads to quantization of the
momentum transfer parallel to the edge. This observation is consistent with the Laue
condition for constructive interference, of 2D bound electrons, with a 1D crystal.
The momentum transfer discretization further induces the appearance of new subbands, at an energy higher than the surface state. It has been demonstrated that the
sub-bands originate from Bragg diffraction of quasi-free two dimension electrons,
being elastic back-scattering the most dominant processes.
It is demonstrated that the positions of the sub-bands are fixed by the lattice constant of the 1D diffraction grating. This means that a change in the interface periodicity would thus give rise to a complete new set of discrete bands. The only condition
for this effect to be observed, is that the period of the 1D array is comparable in size
to the Fermi wavelength of the electrons.
By incoherent superposition of states compatible with the Laue and
back-scattering conditions, it is confirmed, that the most dominant scattering processes, are those for which the parallel momentum, is an integer multiple of half the
reciprocal space vector magnitude.
Since the angle of reflected electrons is fully determined by the period of the 1D
edges, patterning of these nano-architectures may allow for the control of electron
beams. The self-assembly approach is a promising method to build controlled 1D
arrays, since organic molecules form a rich playground for surface pattering. In
principle, this scenario could be harnessed to build monochromators or filters for
2D electrons, in analogy with optics. The results presented in this chapter hence
open a new avenue for designing materials with controlled band structure.
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Chapter 5

Plasmonic Light Emission
Although STL on noble metals has been reported since the late 80’s [24], there are
still open questions about the nature of the emitted light, as well as the behavior with
the tunneling parameters. It turns essential to fully characterize the plasmonic properties of STM metallic tunnel junctions, since in complex systems involving for example organic molecules, quantum dots, or novel 2D materials, the opto-electronic
properties are determined by the interaction of the plasmon cavity modes with the
discrete quantum levels of the specific system.
In the first part of the chapter, the luminescence from noble metal surfaces is
studied in detail. The role of the tip shape in the spectral distribution of the plasmonic resonances is reviewed. While the light intensity changes with the tunnel
current, and the peaks of the spectra slightly shift, the maximum energy of the emitted photons is controlled by the bias voltage. The slow decay of the emitted light, in
the high photon energy side, towards the quantum cut-off, is rationalized following
a simple model based on Fermi statistics. The origin of the measured small overbias region, is discussed in terms of thermal effects, and multi-electron processes.
Combined STL and STS measurements are conducted to understand the origin of
the sudden decay of the photon yield, in the 3-4 V voltage range.
In the second part of the chapter, the spatial modifications of the plasmonic excitation efficiency, are tracked for different systems. First, the observed quenching
of light intensity when charge carriers are passed through defects on noble metal
surfaces, such as point-like adsorbates, or step edges, is reviewed. Next, the influence of 2D layers, on top of noble metal surfaces, has been studied for Au islands
on Ag(111), and NaCl bi-layers on Au(111), respectively. Since the Au islands are
metallic, and the NaCl layers are dielectric, the plasmonic response of each system
is totally different. Theoretical simulations have revealed, that the angular dependence of the emitted light, plays a crucial role in the determination of the intensity
of the emitted light.

5.1

Excitation of Plasmons in STM

It is nowadays well established that light generated in the tunnel junction of a STM
formed by a noble metal substrate and a metallic tip, is of plasmonic origin. These
plasmons are spatially localized inside the tunnel junction, and can be visualized
as arising from the coupling between propagating SPPs at the substrate-vacuum
interface, and LSPs oscillating in the tip apex [58].
Light in STM is excited by tunneling electrons, which in the case of metallic
tunnel junctions can couple to plasmon modes by energy transfer processes. The
possible mechanisms in which energy can be transferred to excite a plasmon cavity mode, by a tunneling electron in a STM geometry, were studied by Persson and
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Baratoff [59]. In their work, the tunnel junction was modeled by a metallic sphere
representing the tip, separated by a small distance from an infinite plane representing the sample. Figure 5.1 shows an energy diagram of the two possible pathways
which can give rise to photon emission. Process number one (black arrows) consists
of elastic electron tunneling, followed by radiative recombination of the hot electron.
In process number two (blue arrows) the electron tunnels inelastically loosing part
of its energy inside the vacuum barrier, which is invested in plasmon excitation. It
was analytically demonstrated that although both processes contribute to the total
radiated power, plasmon excitation in STM is dominated by inelastic transitions,
over hot electron decay, by three orders of magnitude. Therefore, the light detected
in the far field, mostly corresponds to the decay of dipolar plasmon modes, excited
by inelastic tunneling electrons. The fact that hot electron decay is not a dominant
channel for light emission, can be understood taking into account the short lifetime
of excited states in metals, which prevents photon emission by electron-hole pair
recombination.

Figure 5.1: Plasmon excitation in a STM metallic tunnel junction. Energy diagram for the
two pathways that can lead to photon emission from a metallic tunnel junction in a STM.
a) Hot electron injection (process 1, black arrows). b) Inelastic tunneling (process 2, blue
arrows).

5.2

The Role of the Tip Shape

The spectral distribution of the cavity plasmon modes in STL, is dominated by the
exact geometry of the tip. This is shown in figure 5.2, where two spectra have been
recorded at the same tunneling conditions, with two different tips, over a clean
Ag(111) sample. The differences in both curves originate from the strong dependence of the localized modes at the tip, with the geometry.
There have been efforts both, theoretically and experimentally, to try to rationalize the plasmonic response of STM metallic tunnel junctions depending on the
geometry of the probe tip.
From the theory side, a detailed study of the role of the tip shape in light emission
from a STM, was made by Aizpurua et al. [60]. In the work of Aizpurua, the tip was
modeled using a hyperbolic shape, and the tunnel current was described following
an extension of the Tersoff-Hamann theory. It was found that the position of the
cavity plasmon modes is mainly determined by the aperture of the tip, while the
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intensity is dominated by the curvature of the apex, which is given by the ratio
between the center of the hyperbola, and the tip-sample distance. By changing the
angle of aperture, it was found that not only the plasmon resonances shift, but also
their shape changes. As will be seen in chapter 6, tuning the plasmon resonances
by controlled tip forming procedures, will allow us to optically resolve decoupled
organic molecules through a wide energy range.
From the experimental side, Ushioda et al. studied the origin of multiple peaks
on STL from a Au(111) surface with different gold tips [61]. STL spectra were shown
toghether with SEM images of the tip just after each experiment. The origin of
multiple peaks was rationalized as arising from confinement of different number
of plasmonic modes, over two length scales, the so-called tunneling gap, and the
electromagnetic gap. However, a clear experimental relationship between the tip geometry and the shape of the corresponding STL spectrum in metals is still missing.
As pointed out in [62], a more accurate geometrical characterization of the tip may
be needed to understand the plasmonic response in STL experiments. The authors
demonstrate that light can be confined in sub-nanometer regions (termed "picocavities"), which ultimately determine the extreme electromagnetic coupling.

Figure 5.2: Role of the tip shape in STL. Photon energy resolved single spectra recorded
with two different tips on Ag(111), under the same tunneling conditions: Vbias = -2.0 V; IT =
65 pA; exposure time = 50 s.

5.3

Dependence of Light Emission on the Tunnel Current

When increasing the tunnel current, an evident increase of intensity of the emitted
light is observed. This is shown in figure 5.3 a), where spectra at different currents
have been taken on a Ag(111) sample, at a fixed bias voltage. The increase in intensity is mainly due to two factors: the larger flux of tunneling electrons, and the reduced tip-sample distance. An increased number of tunneling electrons is traduced
in an increased number of inelastic transitions, that contribute to the photon emission process. The reduced vacuum gap distance produces an enhancement of the
electromagnetic coupling, so that the radiative decay of the plasmonic resonances is
more efficient.
Apart from the change in intensity, a small red-shift of the resonances at increasing tunnel current is noticed, which originates from the change in the tip-sample
distance. This effect is highlighted in figure 5.3 b), where each spectrum has been
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normalized by its corresponding tunnel current, to show the influence of the electromagnetic coupling. The observed red-shift is in agreement with equation 2.27.
An increase in the tunnel current produces a decrease of the vacuum gap, and since
ω LSP ∝ d1/4 , the photon energy decreases.

Figure 5.3: Tunnel current evolution of light emission. a) Light emission spectra recorded
at 2, 10, 20, and 30 nA respectively. Vbias = 2.0 V; exposure time = 50 s. b) Same spectra as in
a) but normalized by their respective tunnel currents.

It is also noticed that the shift of the normalized spectra becomes less pronounced
as the tunnel current increases. This observation can be understood from the logarithmic dependence of the tip-sample distance with the tunnel current, from equation 2.11.
Changes in intensity of the normalized curves are less significant than for the
raw data, because the light intensity is proportional to the tunneling current, as expected for one-electron (1e− ) processes [63]. The observed increase of light intensity
with the tunnel current, is thus mainly due to the bigger flux of electrons, which is
traduced in the generation of more photons. This effect is practically independent of
the tip-sample distance.

5.4

Dependence of Light Emission on the Voltage

The voltage at which the tunnel junction is biased sets the energy of the tunneling
electrons, which determines the energy of the emitted photons. In this section, the
plasmonic luminescence of noble metal tunnel junctions, is characterized as a function of the bias voltage.

5.4.1

The Cut-off Relation and Photon Yield

For low voltages above the onset of light emission, a cut-off in the high photon energy side of the plasmonic spectra is observed, as shown in figure 5.4 a). The cut-off
shifts to higher energy at increasing bias voltage following the relation
h̄ωco = eVbias

(5.1)

Here, h̄ωco , is the cut-off energy, which coincides with the highest detected photon
energy, h̄ωmax , evidencing the dominant role of 1e− processes (h̄ωmax = h̄ωco =
eVbias ).
The measured cut-off relation originates from the excitation process itself. Since
photons are excited by inelastic tunneling electrons, which carry a maximum energy
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of eVbias , one-electron energy transfer processes, can generate at most photons with
an energy of h̄ωmax = eVbias .
Apart from the quantum cut-off relation, a continuous increase of the intensity
at increasing bias is also observed in this voltage range.

Figure 5.4: Evolution of plasmonic emission with the voltage. Light emission spectra
recorded over a clean Ag(111) substrate, at the indicated voltages. IT = 50 nA; exposure
time = 0.7 s. a) At low voltages, a high-energy cut-off is observed, which continuously shifts
to higher photon energies. Also, the light intensity increases at increasing bias. b) When
the plasmonic resonance is fully developed, only a small increase in the overall intensity
is found. c) Then, saturation takes place, and the intensity no longer increases. d) After a
certain voltage, the intensity of the emitted light starts to decrease.

When the bias voltage allows to excite the full plasmonic cavity mode, the maximum photon energy does no longer shift, as shown in figure 5.4 b). Instead, a small
increase of the light intensity is observed.
At higher voltages the intensity gets saturated, and the spectral distribution of
the emitted light does not change with the applied bias. This is shown in figure 5.4
c), in which the different curves are practically indistinguishable.
At even higher voltages, the intensity of the fully developed plasmonic emission
starts to decay [figure 5.4 d)]. Note that the shape of the spectra do not change
appreciably once the plasmonic mode is fully developed.
To rationalize the evolution of the light intensity with the energy of the tunneling
electrons, it is useful to represent the integrated light intensity as a function of the
bias voltage. Such representations are referred to as the photon yield, which can be
experimentally obtained in two ways: either by collecting the emitted light before
it separates into its different components inside the spectrometer, or by numerical
integration of individual spectra at each voltage.
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Figure 5.5 a)-c) shows the photon yield for the three noble metal (111) surfaces,
obtained by numerical integration of single spectra at each voltage, as the ones indicated by the blue curves. The three curves are qualitatively identical. For low voltages after the onset of light emission, the intensity increases monotonically. Then,
a plateau-like region is reached, where the intensity almost does not vary. Afterwards, there is a sharp decrease of intensity in a short voltage range, until no light
is detected, defining a high-bias cut-off. The exact positions of the onset of light
emission, the plateau region, and the high-bias cut-off, are mostly determined by
the spectral distribution of the emitted light, that is controlled by the shape of the
tip.
The evolution of the spectra across the four regimes discussed in figure 5.4, can
be followed through the photon yield representations:
• The first increase of the photon yield, is due to the increase of intensity associated to the cut-off shift at low voltages after the onset of light emission. The
dominant role of 1e− energy transfer processes, is confirmed by the intersection of each individual spectra with the photon yield, at the cut-off relation.
• When the plasmonic spectrum is fully developed, the increase of intensity is
less pronounced, and therefore the photon yield grows slower.
• The plateau-like region corresponds to the saturation of intensity.
• Finally, the decrease of intensity from the plateau region to the high-bias cutoff, corresponds to the quenching of the plasmonic luminescence.

5.4.2

Probability of Photon Excitation by Inelastic Tunneling

Inelastic transitions that couple the Fermi levels of the tip and the sample, give rise
to the highest energy photons, h̄ωmax , that define the cut-off relation. Due to the
thermal smearing of the Fermi distribution, f ( E), close to the Fermi level, one could
naively expect that the decay of intensity in the high photon energy side would have
an intrinsic width of the order of ∼ k B T, for 1e− processes. However, this is not the
case, and a much slower decay is observed.
To address the experimental observations of the slow decay of light intensity towards the quantum cut-off, and the overall increase of intensity at increasing voltage
(between the onset of light emission and the plateau region of the photon yield), a
simple model based on Fermi statistics has been developed.
The energy diagram of an inelastic transition giving rise to photon emission with
energy h̄ω, is shown in the upper part of figure 5.6 a). It is observed that the lower
the energy of the inelastic transition, more initial and final states can contribute to
the the generation of photons, for 1e− processes.
From the energy diagrams, the initial and final states are linked by the relation
0
E = E + h̄ω − eVbias .
The final state of the system after each tunneling event, consists of a hole in the
occupied part of the tip DOS, and an electron in the empty states of the sample.
Therefore, the statistical probability, PT;Vbias (h̄ω ), for such transitions reads
PT;Vbias (h̄ω ) =

Z +∞
−∞

[1 − f ( E)] × f ( E + h̄ω − eVbias )dE

(5.2)

5.4. Dependence of Light Emission on the Voltage

63

Figure 5.5: Photon yield of noble metals. Plasmonic emission for the three noble metal
(111) surfaces. The black curves represent the photon yields, obtained by integration of
wavelength resolved spectra, like the ones depicted by the blue curves (vertically offset for
clarity), at every bias. The photon yield for the three noble metals is qualitatively the same.
At low voltages, the photon yield increases. In this regime, each spectra intersects the photon
yield at exactly the high photon energy cut-off, where h̄ωmax = eVbias . Then, the photon yield
reaches a plateau, after which, it rapidly decreases, until no light is detected, defining a high
voltage cut-off. a) For Ag(111), IT = 50 nA; exposure time = 0.7 s. b) For Au(111), IT = 10
nA; exposure time = 10 s. c) For Cu(111), IT = 30 nA; exposure time = 0.7 s.

where T is the temperature, and f ( E) is given by
f ( E) =

1
e E/k B T

(5.3)

+1

The subscripts in PT;Vbias (h̄ω ) are used to stress the parametric dependence of the
probability distribution function, on the temperature and the voltage. The integration limits of equation 5.2 have been extended to infinity, to take into account all
possible inelastic transitions involving a quantum of energy h̄ω. By solving the integral, equation 5.2 can be analytically expressed as follows
PT;Vbias (h̄ω ) =

h̄ω − Vbias
e

h̄ω −Vbias
kB T

(5.4)

−1

The blue curve in figure 5.6 a) is a generic plot of equation 5.4. It can be observed
that the probability of inelastic tunneling decreases as the photon energy increases,
and goes to zero as the quantum cut-off is approached.
Since light in STM is generated by inelastic tunneling electrons, this means that
not all the detected photons are generated with the same probability. To take this
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effect into account, the Optical Density of States (ODOS) of the system, has to be
multiplied by the probability distribution function, evaluated at the excitation voltage. This is shown in figure 5.6 b), where the upper panel corresponds to a fictitious
ODOS, and the lower panel to its product with the probability distribution function
(blue dashed line). PT;Vbias (h̄ω ) not only determines the position of the cut-off, but
also the speed of the decay of the light intensity in the high photon energy side.

Figure 5.6: The probability of inelastic tunneling. a) Representation of the probability
distribution function, PT;Vbias (h̄ω ), for a bias of 2.1 V, and a temperature of 4.5 K. As the
photon energy, h̄ω, approaches eVbias , the probability of inelastic tunneling compatible with
photon emission, is progressively reduced. This is because the range of available states
that can contribute at a given photon energy is narrower, as indicated by the red dashed
areas. b) Fictitious ODOS, of the tip-sample nanocavity. c) Modification of the ODOS by the
probability distribution function at 2.1 V and 4.5 K (blue dashed line), for excitation with
tunneling electrons.

Based on the previous arguments, the ODOS of the STM tunnel junction, can be
obtained from our experimental data following
ODOS =

I pl (h̄ω )
P pl (h̄ω )

(5.5)

where I pl (h̄ω ) is the spectral distribution of the measured fully developed plasmonic
resonance, and P pl (h̄ω ) is the probability for inelastic tunneling evaluated at the
corresponding voltage. Therefore, the light intensity as a function of the photon
energy, at each voltage, can be predicted from
Ith (h̄ω ) = A ×
where A is a normalization factor.

I pl (h̄ω )
× PT;Vbias (h̄ω )
P pl (h̄ω )

(5.6)
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To confirm the validity of our model, equation 5.6 has been applied to the fully
developed plasmonic resonance shown in figure 5.7 a). The results are summarized
in figure 5.7 b), where the black curves correspond to experimental spectra at increasing bias, and the green curves to the spectral distribution predicted by our model.
The agreement between the experimental data, and the calculations from our model,
through the whole measured voltage range, is quite remarkably, thus confirming its
validity.
Due to the simplicity of the model, several conclusions can be extracted.
• The slow decay of the high photon energy side towards the quantum cut-off, is
determined by the probability of inelastic tunneling. Therefore the exact shape
of the tail of the plasmonic resonances is due to thermal effects.
• The increase of the overall light intensity at increasing voltage, is understood
from the larger fraction of initial and final states that contribute to inelastic
tunneling at lower photon energies. Since a voltage change produces a rigid
shift of the probability function, the probability of inelastic tunneling at a given
photon energy is higher for higher voltages, which is traduced in the generation of more photons.

Figure 5.7: Cut-off shift and probability distribution. a) Fully developed plasmonic resonance at 3.5 V. b) Black curves: Individual spectra taken at increasing voltages, from 1.85
to 2.80 V, in steps of 0.05 V, on a Ag(111) sample. IT = 80 nA; exposure time = 20 s. Green
curves: spectral distribution of the emitted photons following equation 5.6. A normalization
factor has been applied so that green and black curves have the same area.

Close to the quantum cut-off, when h̄ω ∼ eVbias , there is a non-zero probability
of inelastic tunneling, given by
PT;Vbias (h̄ω ∼ eVbias ) ∼ k B T

(5.7)

This means that at finite temperatures, the light intensity at the cut-off position
is not zero, and over-bias emission (h̄ω > eVbias ) can be detected for 1e− processes
, whose origin is exclusively thermal. The higher the temperature, the more intense
the over-bias emission.
The effects of the temperature dependence of the probability of inelastic tunneling, on the spectral distribution of the emitted light, are shown in figure 5.8. At low
temperature, the highest energy photons have an energy of h̄ωmax ∼ eVbias , which
coincides with the cut-off position given by equation 5.1. As the temperature increases, the light intensity at h̄ω = h̄ωco increases, and more energetic over-bias
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photons are emitted, due to the smearing of the Fermi functions close to the Fermi
level. At room temperature, the thermal over-bias reaches ∼ 100 meV.
Since the presented experiments have been conducted at 4.5 K, the predicted
over-bias region is very narrow (green curve), and h̄ωmax ' h̄ωco = eVbias . Although
our model is able to reproduce the essential features of the plasmonic emission, i.e
the increase of intensity with the bias and the slow decay towards the cut-off, there
is a small fraction of intensity that falls beyond the maximum predicted photon energy. The physical origin of the over-bias intensity not captured by the model will
be discussed in the following section.

Figure 5.8: Over-bias emission and temperature effects. The black curve corresponds to
the high photon energy side of the experimental spectrum of figure 5.7 b) at 2.4 V. h̄ωco
marks the energy of the quantum cut-off. The green, blue, and red curves, correspond to the
calculations following equation 5.6 for 4.5, 77, and 300 K. As the temperature increases, the
decay of the spectral distribution becomes slower, and the over-bias region increases.

5.5

Over-bias Light Emission

Over-bias light emission consists by definition of photons whose energy is greater
that the energy of the individual tunneling electrons. The small over-bias region of
a plasmonic spectrum recorded at 4.5 K is highlighted in figure 5.9 a), where the the
maximum photon energy is about ∼ 5 meV above eVbias .
The light intensity as a function of the bias voltage and photon energy is shown
in the false color representation of figure 5.7 b). This kind of plots are obtained by
horizontal stacking of individual spectra at each bias voltage, as the one shown in
figure 5.7 a). A horizontal profile thus represents an isochromatic photon yield, and
a vertical profile a wavelength resolved spectrum at a given bias. The black solid line
indicates the quantum cut-off for 1e− processes. It can be appreciated that over-bias
emission is detected through the whole voltage range, and that its intensity is not
homogeneous.
The integrated light intensity for photon energies below and above the cut-off,
have been represented with respect to the bias voltage in figure 5.9 c). Both curves
have totally different behaviors. While the integrated intensity for h̄ω < eVbias continuously increases with the bias voltage, it has a complex evolution for h̄ω ≥ eVbias .
Interestingly, the shape of over-bias integrated intensity, resembles that of a wavelength resolved spectrum.
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The light intensity when h̄ω = eVbias at each voltage, is compared with the fully
developed plasmonic resonance in figure 5.9 d). The intensity at the cut-off condition
follows the shape of the plasmonic resonance, and even the fine structure details,
characteristic of the specific cavity mode, are reproduced.
This behavior can be rationalized taking into account expressions 5.6 and 5.7
from the previous section. When h̄ω ∼ Vbais , then PT;Vbias (h̄ω ∼ eVbias ) ∼ k B T,
which is independent of the photon energy. Hence, following equation 5.6, the intensity at the quantum cut-off should be proportional to the intensity of the fully
developed plasmonic resonance at each photon energy
Ith (h̄ω = Vbias ) ∝ I pl (h̄ω )

(5.8)

thus confirming our experimental observation. It can be concluded that the evolution of the over-bias light intensity with the bias voltage, is mostly dominated by
thermal effects.
Contrary to our observations, it has been reported that the integrated light intensity above the quantum cut-off, decreases monotonically at increasing voltage [64].
However, from the wavelength resolved spectra presented in the cited article, it is
not clear that the maximum integrated intensity of the over-bias region is found at
the lowest voltage.
To model the experimental data in the cited article, the light emission from a
Au-Au tunnel junction, was rationalized by a power spectral density function. Such
analytic expression was achieved considering the fluctuation-dissipation theorem
for the shot noise of the tunnel current, and the occupation numbers for inelastic
tunneling events given by Fermi statics.
Since in our experiments the detailed shape of the fully developed plasmon resonance is reproduced by the over-bias photon yield, with higher energy resolution
than in [64], we believe that our simple model captures the essential physical picture
of the thermal over-bias light emission of noble metal tunnel junctions.
Although our model already predicts some over-bias emission for 1e− processes
due to thermal effects, the measured spectra always displayed a larger maximum
photon energy, than the predicted one. Therefore, there must by another contribution to the over-bias emission apart from the thermal.
The first experimental observation of over-bias emission from a STM tunnel junction was made in 1998 by Pechou et al. [65], in which the observed energy offsets
between the quantum cut-off and the maximum photon energies were tentatively
attributed to Raman diffusion of the emitted photons. Also, black-body like radiation has been invoked to explain over-bias emission [66].
Over-bias light emission can also be originated by multi-electron processes, in
which interacting electrons may generate photons of an energy higher than eVbias .
Several mechanisms have been proposed as the origin of photons with an energy
up to h̄ω = 3eVbias . Hot-electron-hole cascades, [67–69], coherent two-electron tunneling process based on dynamical Coulomb blockade [70, 71], plasmon-induced
electron-electron interactions [72], or coherent multi-electron scattering of local plasmon polaritons [73], has been proposed. It is important to mention, that the large
fraction of over-bias emission in the cited reports, was detected for tunnel currents
of the order of the quantum of conductance.
Since our experiments are done in the tunneling regime, multi-electron processes
are less probable, and therefore the expected contribution to the over-bias photon
emission is lower, as shown in figure 5.10 a).
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Figure 5.9: Over-bias voltage evolution. a) Spectrum at 2.25 V in which a small over-bias
region (purple) can be appreciated. Inset: magnification of the over-bias region. Photons up
to ∼5 meV above the cut-off are detected. b) Light intensity as a function of the bias voltage
and the photon energy (wavelength). IT = 80 nA; exposure time = 20 s/curve; voltage
from 1.8 to 3.0 V in steps of 0.05 V. The black dashed line represents the quantum cut-off. c)
Integrated light intensity for photon energies bellow the cut-off (black) and for the over-bias
region (blue). d) Comparison of the fully developed plasmon cavity mode (black) with the
light intensity at the cut-off condition (blue).

If the measured excess over-bias not captured by our model had a multi-electronic
origin, it should scale with the tunnel current following a power-like law with an exponent greater than one
β
(5.9)
Iint = γIT
Here, Iint is the integrated light intensity, and γ, and β are the fitting parameters.
The integrated light intensity for photon energies above and below the cut-off,
has been represented in figure 5.10 b). Both curves have been fitted to the power law
of equation 5.9, giving exponents of β 1 = 1.01 ± 0.01, and β 2 = 2.0 ± 0.2. The integrated intensity below the cut-off scales linearly with the tunnel current, whereas it
scales quadratically in the over-bias range, which is the typical fingerprint of twoelectron processes. Therefore, it is most likely that the over-bias emission not captured by our statistical model, has a multi-electronic origin.
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Figure 5.10: Over-bias tunnel current evolution. a) Photon energy resolved spectra
recorded at 50 nA over a Ag(111) sample. Vbias = 2.0 V; exposure time = 50 s. Inset: magnified view highlighting the over-bias light emission. b) Integrated light intensity for photon
energies above (black) and below (red) the quantum cut-off, as a function of the tunnel current. The squares are the experimental data, and the solid lines the fit to the power law of
equation 5.9.

5.6

Light Emission and Field Emission Resonances

To understand why the photon yield suddenly decreases after the plateau region,
light emission spectra have been recorded up to 10 V, which is the maximum voltage
at which the tunnel junction can be biased.
The light intensity distribution as a function of the photon energy and the bias
voltage, is shown in the upper panel of figure 5.11 a). Although the light intensity
after the high-bias cut-off goes to zero, light emission is again detected at higher
voltages. This is better illustrated in the photon yield of the lower panel, where the
intensity after the high-bias cut-off has been multiplied by a factor of 20.
To increase the signal to noise ratio of the light emission above the high-bias cutoff, spectra have been recorded at a higher tunnel current, as shown in figure 5.11
b). It can be observed that he light intensity oscillates with the bias voltage, and that
a new set of quantum cut-off relations appear [74], which follow
h̄ωmax,n = eVbias − En ;

n = 1, 2, 3, . . .

(5.10)

Here, En indicates the position of a given Field Emission Resonance (FER) [75].
From the corresponding photon yield shown in the lower panel, it can be noticed
that light intensity never goes to zero once the field emission regime is entered.
Figure 5.11 c) displays two representative spectra from the tunneling (black) and
field emission (red) regimes, taken from the upper panel of figure 5.11 a). Although
both spectra look very similar, which means that the plasmonic origin is the same,
there are some differences, which may arise from changes in the tip sample distance.
The mechanism for light emission after the high-bias cut-off, is depicted in the
energy diagram of figure 5.11 d). Light is detected when the energy difference between the Fermi level of the tip, and a given FER, is enough to excite the cavity
plasmon. The voltages at which light is observed after the high-bias cut-off, depends on the geometry of the tip, and the tunnel current set-point, that determine
the positions of the FERs.
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Figure 5.11: Quantum cut-off relations and field emission resonances. a) Upper panel:
light intensity as a function of the voltage and the photon energy measured over a wide bias
range, on a Ag(111) sample. IT = 5 nA; exposure time = 5 s/curve; voltage from 1.4 to 9.0
V in steps of 0.1 V. The superimposed solid white line indicates the quantum cutoff given
by h̄ωmax = eVbias . Lower panel: Photon yield from a). The red part of the curve has been
multiplied by a factor of 20 to highlight the reappearance of detected light above 6 V. b)
Upper panel: Light intensity in the field emission regime recorded at a higher current than
in a,) to increase the signal to noise ratio. IT = 50 nA; exposure time = 15 s/curve; voltage
from 4.5 to 10.0 V in steps of 0.1 V. The three white solid lines represent the quantum cut-offs
associated to tunneling through the FER energy levels, h̄ωmax,n = eVbias − En , where n =
1, 2, . . . denotes a specific FER. Lower panel: Photon yield from b) revealing the oscillatory
nature of light in the field emission regime. c) Representative spectra of the fully developed
plasmon in the tunneling (black), and field emission regimes (red), taken from a). d) Energy
diagram illustrating the generation of light by inelastic tunneling through the first FER.

While the oscillations of light intensity in the field emission regime are understood as arising from inelastic tunneling events through the FERs, the high-bias cutoff is not.
The sudden decrease of light intensity at the high-bias cut-off, has been attributed
to a loss of electromagnetic coupling due to changes in the tip-surface distance [13,
74, 76, 77]. It has been argued that when the tunneling electrons enter in resonance with the first FER, the tip retracts to keep constant the tunnel current, which
produces a loss of electromagnetic coupling between the tip and the sample, thus
quenching the plasmonic luminescence. However, this explanation is not compatible with the reappearance of light emission at higher voltages, since the tip-sample
distance is even larger, and the electromagnetic coupling is weaker.
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To understand the origin of the sharp decay of light intensity towards the highbias cut-off, the integrated light intensity recorded with an APD, has been acquired
together with dI/dV spectra.
As the tunnel current increases, the overall integrated light intensity increases,
as shown in figure 5.12 a). This behavior is expected, due to the increased flux of
inelastic tunneling electrons.
The simultaneously recorded dI/dV curves, display the characteristic FERs, which
gradually shift to higher energy at increasing tunnel current, due to the Stark effect
[75], as shown in figure 5.12 b).
Figure 5.12 c) shows the fitting of two representative STS curves at 50 and 100
nA, to Voigt functions (purple peaks). The green component is a fixed contribution
that does not shift with the electric field, so it must have a different origin [78] (note
that in Ag(111) there is a projection of an edge of a bulk band at around 4 V). From
the fitting procedure it is quantified that the n = 1 FER of the spectrum at 100 nA, is
shifted ∆E = 60 meV to higher energy with respect to the spectrum at 50 nA.

Figure 5.12: The integrated light intensity and field emission resonances. a) Integrated
light intensity curves taken with an APD for tunnel currents from 10 to 130 nA over a Ag(111)
sample. Each curve consists of 400 points in the range from 1 to 10 V, with an exposure time
of 40 ms/point. b) Simultaneously acquired STS. c) Fit of the 50 and 100 nA STS curves
with Voigt functions to quantify the Stark shift of the FERs due to the change in the electric
field. d) Comparison of the normalized photon yields (upper panel), and the corresponding
normalized dI/dV spectra, for 50 and 100 nA. Both sets of curves, shift to higher voltage at
increasing tunnel current, as appreciated in the magnified inset.

By normalizing the integrated light intensity curves, it is observed that the decay of light intensity after the plateau region, shifts to higher voltage as the tunnel current is increased. This is shown in the upper panel of figure 5.12 d), for the
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discussed two representative cases. The same ∆E = 60 meV shift towards higher
energy, is observed both in the integrated light intensity curves, and in the corresponding normalized dI/dV spectra (lower panel). Also, the decay of the integrated
light intensity begins when the tail of the first FER starts to show up, and reaches its
minimum value precisely at the center of the resonance.
Based on the presented results, the following conclusions can be extracted:
• From the fact that the integrated light intensity starts to decay at the beginning of first FER, and it reaches its minimum at the resonance position, it is
concluded that the observed quenching of light emission is due to tunneling
through the n = 1 FER.
• The ∆E = 60 meV shift towards higher energy, of the analyzed integrated
light intensity and dI/dV curves, further confirms that the quenching of light
emission near the high-bias cut-off is due to tunneling through the first FER.
• The decrease of the integrated light intensity after the plateau region, can not
be attributed to the loss of electromagnetic coupling between the tip and the
sample, due to the reappearance of light at higher voltages, in which the tipsample distance is even bigger.
• The abrupt quenching of light emission after the first FER, can be understood
as originating from a branching ratio of the tunnel current. Just after the
plateau region, electrons have enough energy to start tunneling through the
tail of the n = 1 FER. However, inelastic processes that couple the Fermi level
of the tip and the tail of the first FER, do not carry enough energy to excite
the plasmon cavity modes. As a consequence, there is a fraction of the tunnel current that does not contribute to the photon excitation process. The light
still detected in this voltage range is thus induced by the inelastic tunneling
electrons from the Fermi level of the tip to the Fermi level of the sample. At
increasing bias, tunneling through the first FER becomes more probable, and
the branch of current that does not contribute to photon generation increases.
Finally, when the tunnel junction enters in full resonance with the FER, no light
emission is detected.
• Beyond the high-bias cut-off, light emission is generated by inelastic tunneling
electrons from the Fermi level of the tip, to a given FER, as confirmed by the
new quantum cut-off relationships.

5.7

Local Modifications of Plasmonic Excitation Efficiency

The general purpose of this section is to exploit the high lateral resolution of the
STM to locally study modifications in the plasmonic light emission, in metallic samples that are not homogeneous. Specifically, variations due to point-like defects and
atomic height steps on noble metal surfaces, and 2D adsorbed layers, that locally
modify the dielectric properties, are investigated.

5.7.1

Defects in Noble Metals

Figure 5.13 a) displays a topography image of two flat Ag(111) terraces separated
by a step of mono-atomic height (lower image), and the isochromatic light intensity
spatial distribution at 625 nm (upper image), from an energy cut of a simultaneously
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recorded photonmap. It can be noticed that the light intensity is homogeneous in
the defect free areas of both terraces. Also, the topographic features of the surface,
i.e the step and the point-like defects, are mimicked by the light intensity spatial
distribution, where a quenching of the luminescence is observed.
To stress the coincidence between the topographic and optical features, the integrated light intensity along the black line of the photonmap cut, and the derivative
of the corresponding height profile, have been plotted together in figure 5.13 b). Both
curves match with sub-nanometer resolution, evidencing the unprecedented optical
lateral resolution that can be achieved with STL.
The light intensity, as a function of the photon energy, along the black dashed line
marked in the photonmap image, is shown in figure 5.13 c). The decrease of light
intensity indicated by the white vertical arrows, occurs at the location of the two
punctual defects marked by circles in the photonmap image. The abrupt decrease of
intensity corresponds to tunneling through the step.
Apart from global changes in the light intensity, the shape of the plasmonic resonance is unaltered, as shown in figure 5.13 d). This is to be expected, since the
typical lateral extension of the plasmonic cavity modes is of the order of tenths of
nm, as can be deduced from equation 2.28. Therefore, it is more likely that the observed changes of intensity of the emitted light have an electronic origin, rather than
plasmonic.
Several origins have been attributed to the sharp optical lateral resolution
achieved in STL. In [79], modifications in the light emission in the scale of tenths
of nm, have been associated to a plasmonic origin, while local changes have been
attributed to variations in the LDOS, that modify the branching ratio for elastic and
inelastic tunneling. For atomic height steps, it has also been discussed that a change
in the direction of part of the tunnel current, may lead to a reduction of light intensity. Electrons with larger k k are less efficiently coupled to the perpendicular dipolar
plasmonic cavity mode.
In [80], it was argued that the contrasts observed in a reconstructed Au(110) surface, could be interpreted in terms of local variations of the electromagnetic coupling
between tip and sample. Later, the same authors reinterpreted their results in terms
of the local electronic structure and its effect on the elastic and inelastic tunneling
channels [81].
More recently, confinement of surface state electrons in Au(111) nanostructures
has been observed in STL [82]. The sub-nanometer spatial variations of the light
emission were attributed to inelastic tunneling from the Fermi level of the tip directly
to the surface state of the sample. It was proposed that the SS affected the density of
final states for inelastic tunneling.
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Figure 5.13: Photonmap of noble metals. a) Photonmap of a clean Ag(111) surface, where
two flat terraces separated by a step of mono-atomic height can be distinguished. Size = 50
nm x 26 nm; IT =6 nA; Vbias =2.6 V; exposure time = 1 s/curve. Lower panel: topography
image. Upper panel: cut of the photonmap at a wavelength of 625 nm. b) Comparison
of the integrated light intensity (blue) along the black line in a), and the derivative of the
corresponding height profile (black). c) Spatial distribution of light intensity along the black
line in a), as a function of the photon energy. The small decrease of intensity indicated by
the two white arrows coincides with the positions of the point-like defects marked by circles
in a). The abrupt quenching of luminescence takes place at the step. d) Single spectra taken
at the positions marked by the colored dashed lines in c).

5.7.2

Au Islands on Ag(111)

Engineering of the light emitted from tunnel junctions formed by noble metal substrates can be achieved by adsorption of 2D layers. Here, the plasmonic response of
Ag(111) has been modulated in a controlled way by the growth of 2D Au compact
islands.
Samples were grown by sublimation of Au atoms onto a clean Ag(111) substrate
held at room temperature. The electron-beam evaporator used for the sublimation,
was built during this thesis.
A representative STM topography image of the Au/Ag(111) system is shown in
figure 5.14 a). The light violet regions correspond to 2D Au islands, which are in
direct contact with the clean Ag(111) surface (dark purple). The yellow patches are
small Au islands that have nucleated on top the first Au layer. Probably, the 2D Au
islands are not exclusively formed by Au atoms, and instead, some kind of alloy with
Ag atoms is formed, as deduced from the voids that appear in the Ag(111) terraces,
and the irregular shape of the step edges. It is most likely that the concentration of
Ag atoms is higher at the necks of the 2D Au islands, due to the different contrast in
STM images.
From the height profile of figure 5.14 b), it is deduced that the 2D Au islands are
formed by 1ML of Au atoms. Since the lattice constants perpendicular to the surface
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Figure 5.14: Au islands grown on Ag(111). a) STM image of several Au islands grown
on top of Ag(111). Size = 100 nm x 100 nm; Vbias =1 V; IT =0.1 nA. b) Height profile taken
along the white dashed line in a). c) High resolution STM image displaying the characteristic
herringbone-like reconstruction of the 1ML height Au islands. Size = 20 nm x 20 nm; Vbias =0.38 V; IT =63 pA. Inset: atomically resolved image revealing a hexagonal packing. Vbias =1
V; IT =0.1 nA. c) STS curves on a Au island (red) and on the Ag(111) substrate (black).
The new interface state at the Au-Ag interface is shifted to lower energy with respect to the
Ag(111) Shockley surface state.

of Ag and Au are very similar (4.08 and 4.08 Å, respectively), it could have been
expected that the height of the 2D Au islands was the same as a Ag(111) step. Thus,
the Au islands behave as a dielectric layer, since the tip sample distance has to be
reduced to keep constant the tunnel current.
A characteristic herringbone-like reconstruction is observed at the surface of the
2D Au islands, as shown in figure 5.14 c), which is reminiscent of the Au(111) surface. Since the surface lattice constants of Ag(111) and Au(111) are very similar (2.89
and 2.88 nm, respectively), it is reasonable that the mismatch between both layers induces a herringbone-like reconstruction as in Au(111). An atomic resolution image
is shown in the inset, which reveals the hexagonal packing of atoms.
The electronic properties of the system are investigated by STS, as shown in figure 5.14 d). Spectroscopy on top of the Ag(111) substrate reveals its characteristic
Shockley SS, with the energy onset 70 meV below the Fermi level. On top of the 2D
Au islands, an interface state develops, whose energy onset is found at -195 meV.
The interface state lies in between the SS of Ag(111) and Au(111), which means that
there is a big overlap between the wave functions of the 2D Au islands and the
Ag(111) substrate. The shorter apparent height of the 2D Au islands with respect to
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a Au(111) step, is understood from its reduced DOS.
The plasmonic response of the system has been studied by means of STL. Figure 5.15 a) displays a topography image that has been recorded while acquiring a
photonmap, where several 2D Au islands can be observed.

Figure 5.15: Photonmap of the Au/Ag(111) system. a) Topography image displaying several
2D Au islands on top of Ag(111), taken simultaneously with a photonmap. Size = 100 nm
x 88 nm; Vbias =3.0 V; IT =1 nA; exposure = 1 s/curve. b) Isochromatic light intensity
spatial distribution at 625 nm. The light intensity is greater when electrons are injected on
the Ag(111) substrate than in Au. c) Spatially averaged wavelength resolved spectra from
the photonmap. d) Comparison of the light intensity distribution along the dashed line in
b), and the corresponding height profile, marked by the dashed line in a).

The isochromatic light intensity spatial distribution at 625 nm is shown in figure
5.15 b). When electrons are injected in the Au islands, the detected light intensity is
reproducibly lower than in Ag(111). The frontiers between the 2D Au islands and
Ag(111) surface in the photonmap are very sharp, enabling a clear recognition of all
the topographic features. Apart from the reduced intensity at the 2D Au islands, the
same decrease of intensity is found at the bottom right corner of the image, which
corresponds to Au atoms that have nucleated at a step edge of the Ag(111) substrate.
Note that the luminescence is abruptly quenched at the steps between the Au islands
and the Ag(111) substrate, in the same way as for mono-atomic height steps in noble
metals. Also, the necks of the 2D Au islands appear brighter than the bulk of the
island, with an intensity similar to the Ag(111) substrate.
The spatially averaged spectra for the 2D Au islands and the Ag(111) surface
are shown in figure 5.15 c). The main difference between both curves is that the
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light intensity when electrons are injected in the Au islands, is a 33% lower than
in Ag(111). Besides that, the shape of the spectra is conserved, due to the large
lateral extension of the plasmon cavity modes, in comparison with the size of the
Au islands.
A comparison between the isochromatic light intensity at 625 nm along the
dashed line of the photonmap image, and the corresponding height profile, is shown
in figure 5.15. d). The coincidence between the topographic and optical features is
quite remarkable. While the Au layer nucleated at a step edge of the Ag(111) substrate, is roughly at the same height as the Ag(111) terrace, the reduction of light
intensity is the same as for the 2D Au islands. This observation already excludes
that the observed sharp contrast are due to changes in the tip-sample distance.
It is clear that the achieved optical lateral resolution has to be produced by a
locally varying magnitude, due to the sharpness of the observed features. A possible explanation could rely on the difference in atomic polarizability between Au
and Ag. It is well known that the imaginary part of the dielectric function of Au is
larger than for Ag, which means that has a bigger optical absorption. This argument
goes in the same direction as the experimental results: light is more intense when
the excitation source is over the Ag(111) substrate. Following this hypothesis, the
photonmap would thus reveal the spatial distribution of the dielectric function at
the nanoscale. However, more experiments are needed to confirm this idea. It is
important to mention that from the presented experimental data, a LDOS effect can
not be excluded as the origin of the observed optical contrast.

5.7.3

NaCl Bi-layers on Au(111) and the Angular Dependence of the Emitted Light

As a previous step to study the light emission from electronically decoupled organic molecules, the plasmonic properties of ultra-thin NaCl layers have been investigated.
NaCl forms compact non-polar (100)-terminated 2D islands, with a
square unit cell, in which the first adsorbed layer already has a height corresponding
to 2ML. The growth of NaCl layers will be detailed in Chapter 6. For what concerns
to this section, the sample consists of a clean Au(111) surface partially covered by
2ML NaCl patches.
The spectral distribution of the emitted light is reported in figure 5.16 a), where
two representative spectra over the NaCl patches and the Au(111) substrate are
shown. It is systematically observed that when electrons are injected over the NaCl
bi-layers, the detected light is 70% more intense than when electrons are injected
over the Au(111) substrate. Our results are in apparent disagreement with those reported by Schneider et al. [83], as shown in figure 5.16 b). Moreover, when the tip
is over the NaCl bi-layers, it is further from the Au(111) surface, and a decrease in
emission could have been expected.
The isochromatic light intensity spatial distribution at 600 nm is shown in the
upper panel of figure 5.16 c), and the light intensity distribution along the dashed
line, as a function of the wavelength, is shown in the lower panel. The darker areas
correspond to the Au(111) surface, and the brighter ones, to a series of NaCl-covered
steps of the underlying substrate. Like in the case of Au islands on top of Ag(111),
the shape of the plasmonic resonances remains unaltered, and only differences in
light intensity are appreciated. Also there is a quenching of the light intensity at the
steps.
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To understand the apparent incongruity between our experimental data, and
previous results from the literature, it is important to take into account the dielectric
nature of the NaCl layers. A strong angular dependence of the emitted light can in
principle be expected, in analogy to what happens in classical physics when a ray
of light traverses two media with different index of refraction. Since the solid angle of detection of our experimental set-up is different from that of reference [83],
a strong angular dependence of the emitted light could explain both experimental
results. To shed some light into this issue, theoretical studies have been carried out
in collaboration with Dr. Christin David.

Figure 5.16: STL of NaCl bi-layers on Au(111). a) Wavelength resolved spectra with the tip
positioned on top of the Au(111) substrate (black), and on top of a NaCl bi-layer (red). Both
curves have the same shape but considerably differ in the absolute value of the intensity.
Vbias =2.4 V; IT =1.5 nA; exposure time = 1 s. b) Contrary to the measurements shown in a),
Schneider et al. [83] detected a more intense signal when the tip was placed over the Au(111)
substrate. c) Upper panel: isochromatic light intensity spatial distribution at 600 nm, taken
from a photonmap. The left area corresponds to clean Au(111) and the right area to a series
of steps covered by bi-layer NaCl. Lower panel: spectral distribution of the emitted light
along the dashed line in the upper panel. Only changes in intensity and not in shape are
appreciated.

The general scheme of the tunnel junction and detector used in the calculations
is depicted in figure 5.17 a). The size of the detector (diameter of the in-situ lens)
defines the angle of collection (AOC), which in our case is AOC = ±16◦ . The angle
of detection (AOD) is defined as the angle between the surface normal vector and
the position of the detector, which is AOD = 70◦ . An advantage of theory is that the
AOD, which is fixed in most experimental designs, can be varied, so that the angular
dependence of the emitted light can be tracked.
The STM tip has been modeled by the geometry shown in the left panel of figure
5.17 b), which enables to tune the shape of plasmonic cavity resonances by changing
the tip opening angle. z is the geometrical coordinate perpendicular to the surface,
which is placed at z = 0, so that the adsorbed layers are at z > 0. The image in the
right panel displays a magnified view of the tunnel junction geometry.
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Photon emission from the modeled STM tunnel junction has been theoretically
calculated within the Boundary Element Method (BEM) framework [84]. Figure 5.17
c) shows a series of spectra for electrons injected over the Au(111) surface (left panel)
and over the NaCl bi-layer (right panel), for different values of the AOD. As the detection angle is increased, the light intensity grows in both cases. However, although
the light intensity when AOD < 60◦ is greater for electrons injected through the
NaCl bi-layers, this situation is inverted for AOD > 60◦ .
The AOD dependency of the integrated light intensity is shown in figure 5.17
d). For the curves calculated with our angle of collection (AOC = ±16◦ ), and those
calculated with the angle of reference [83] (AOC = ±23◦ ), there is an angle of detection above which an inversion of the light intensity takes place. Changes in intensity
with the angle of detection are a clear manifestation of the angular dependence of the
emitted light. The predicted inversion point is a direct consequence of the different
angle of emission for NaCl and Au(111).

Figure 5.17: Simulations of the angular dependence of light emission. a) Schematic representation of the geometry of the tunnel junction and detector used for the simulations. The
angle of collection (AOC) is set by the diameter of the lens, and the angle of detection (AOD)
by its relative position with respect to the surface normal vector. b) Left panel: geometrical
representation of the STM tip. The tip opening angle is a free fit parameter. Right panel:
lateral view of a layered sample. The surface of the substrate is placed at z = 0. c) Photon energy resolved spectra simulated using the Boundary Element Method. Left: Au(111).
Right: NaCl bi-layer. d) Integrated light intensity as a function of the AOD. The black and
gray curves have been calculated with our angle of collection (AOC= ±16◦ ), and the red
and garnet curves with the angle of reference [83] (AOC = ±23◦ ).

Another interesting observation is that the inversion point appears at higher values of the AOD, as the AOC is increased. For the collection angle in [83], the emission is greater for electrons injected over the Au(111) surface when detected from
55◦ to 90◦ , which is in agreement with the reported data. For the collection angle of
our experimental set up, light is more intense for NaCl than for Au(111), when the
detection angle is below 60◦ . However, in our experimental set-up AOD= 70◦ , and
more light should be detected for electrons injected over the substrate. This small
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angular discrepancy between our experimental results and the simulations can be
understood as arising from an effective reduced angle of collection. This is reasonable, since chromatic aberration reduces the numerical aperture of lenses, and the
tunnel junction is not exactly placed at the focal point of the in-situ lens. Therefore,
our effective solid angle of collection is reduced, which is traduced in a lower AOC,
and consequently, to an inversion point at higher detection angles, as measured experimentally.
From the presented simulations a general remark can be made. For a correct
interpretation of STL experiments, both, the angle of detection, and the angle of
collection [as defined in figure 5.17 a)] must be taken into account, as well as the
angular dependence of the emitted light. The apparent incongruity between our
data and the results in [83], therefore arises from the different angles of collection
and detection of both experimental set-ups.

5.8

Conclusions

The general purpose of this chapter has been to address some open questions concerning the physical mechanisms involved in the light emission of metallic STM
tunnel junctions.
The slow decay of the spectral distribution of the emitted light towards the quantum cut-off for 1e− processes, is rationalized with a simple model based on Fermi
statistics. It is demonstrated that the excitation of photons by inelastic tunneling
electrons, that obey Fermi statistics, is at the origin of the observed slow decay of
light intensity. From our model, the measured increase of light intensity with the
voltage is understood from an increased probability of inelastic tunneling.
As a consequence of the finite temperature at which experiments are carried
out, over-bias emission is already detected for 1e− processes. However, the measured maximum photon energy exceeds the value predicted by our model. From the
cuadratic increase of the integrated light intensity with the tunnel current, it is most
likely that the excess over-bias not captured by our model, has a multi-electronic origin. Therefore, the detected over-bias may be a combination of thermal effects and
multi-electron processes.
We have observed that the integrated light intensity of noble metal surfaces shifts
to higher energy at increasing tunnel current, in the same way as the n=1 FER, due
to Stark shift. This observation is a clear evidence of the active role of the first FER
in the quenching of light emission after the high-bias cut-off.
The photon yield decrease when the tunnel junction enters in resonance with the
first FER, can not be attributed to a loss of electromagnetic coupling, since it is not
consistent with the reappearance of light at higher voltages. The observed behavior
can be understood as arising from a branching ratio of the tunnel current.
Engineering of the emitted light from metallic tunnel junctions can be achieved
by incorporation of ultra-thin layers. Specifically, the luminescence of a Ag(111)
surface is modulated by the growth of 2D Au islands of 1ML in height. When electrons were injected over the Au islands, a lower intensity is detected, with respect
to the Ag(111) substrate. It is proposed that the sharp optical contrast observed in
the photon maps may arise from differences in the dielectric functions of Au and Ag.
Further experiments are needed to confirm this hypothesis, although it envisions the
possibility of chemical identification in STM.
The angular dependence of the emitted light is manifested in the light emission
of NaCl-bilayers on top of Au(111). Theoretical calculations raise a general message
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for interpreting STL experiments. Both, the angle of collection, and the angle of
detection, must be considered when analyzing the intensity of the emitted light, due
to the non isotropic nature of the generated photons.
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Chapter 6

Switching Plasmonic and
Molecular Luminescence
The progressive miniaturization of opto-electronic components requires a profound
understanding of the interaction of charge and electromagnetic waves at the nanoscale. Concentration of light to sub-wavelength regions is at the origin of a wide
range of applications, such as, bio-sensing, energy harvesting, optical antennas, or
display technology. In most cases, confinement of electromagnetic radiation is typically achieved by exploiting the plasmonic properties of nano-structures.
The close proximity between the tip and the sample of a STM allows to study the
luminescence of single emitters, which is enhanced by the localized cavity plasmon
modes at the tunnel junction. Mastering the light emission properties from individual quantum emitters is an important issue, both, from the fundamental point of
view, and for future applications in opto-electronic circuitry or quantum computing.
In this chapter, the electronic and optical properties of individual C60 nanocrystals, have been investigated by means of Scanning Tunneling Microscopy, and Scanning Tunneling Luminescence.
A simple model of the tunnel junction based on two capacitors in series, is developed to quantify the shift of the molecular orbitals with the applied bias voltage. The
predictions from our model are independently confirmed by STL measurements.
The observed sharp emission lines have been identified with fluorescence of the C60
molecules, and their respective lower energy vibrations. It is shown that depending
on the stabilization tunneling parameters, the emission type can be switched in a
controlled and reversible way from molecular to plasmonic.

6.1

Molecular Luminescence

Molecular luminescence consists on the emission of photons by a molecule or group
of molecules, that relax from an excited to a lower energy state. The excitation process can be carried out either by photons (photo luminescence) or electrons (electro
luminescence).
Depending on the nature of the electronic transitions, two main emission types
can be distinguished: fluorescence and phosphorescence. Both processes are schematically shown in figure 6.1. The potential wells described by S0 , S1 , and T1 , correspond
to the lowest two singlet states and the first triplet state, with their corresponding
vibrational sub-levels (blue horizontal lines). The dashed upwards arrow indicates
the absorption process in which an electron promotes from the ground state to an
excited state. Following Kasha’s rule, the red arrows represent fast radiation-less
transitions, in which an electron relaxes to the lowest vibrational sub-level, within
the excited electronic energy level.
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If the spin multiplicity of the initial and final states involved in the radiative transition is opposite, the associated light emission is referred to as fluorescence, which
always occurs between singlet states, S1 → S0 . When both spins have the same sign,
such transitions are prohibited due to the Pauli exclusion principle. However, intersystem crossing can take place due to spin-orbit coupling, and an electron in the
excited singlet state, S1 , may fall into a triplet state, T1 , of different multiplicity. After the spin flip process, both spins have opposite sign, and the radiative transition
is possible, T1 → S0 , giving rise to phosphorescence. The main difference between
fluorescence and phosphorescence is the lifetime of the excited state, which for the
former case is in the order of ns, and for the later, it can even be in the order of hours.
In general, molecular luminescence involves an electron in an excited state, and
a hole in a lower energy state, coexisting at the same time. Since both carriers have
opposite sign, they will be attracted due to Coulomb interaction. As a consequence,
a neutral charge bound state is formed, whose associated quasi-particle is referred to
as an exciton [85]. Depending on the spin multiplicity, we can therefore distinguish
between singlet and triplet excitons (see figure 6.1). In this context, fluorescence is
the result of the decay of a singlet exciton, and phosphorescence, of a triplet exciton.
An important consequence of the Coulomb interaction, is that the exciton binding energy is smaller than the energy difference between the molecular states before
the formation of the bound state. This energy mismatch is at the origin of the difference between the electronic and optical band gaps.

Figure 6.1: Fluorescence and phosphorescence. Energy diagram for fluorescence and phosphorescence. The ground state of the system, as well as the first excited singlet and triplet
states, are denoted by S0 , S1 , T1 , respectively. The red downwards arrows correspond to fast
radiation less transitions between vibrational energy levels (blue lines), and the black ones to
slower radiative transitions. In fluorescence, the radiative transitions occur between energy
levels with the same spin multiplicity, S1 → S0 , (singlet to singlet), whereas in phosphorescence, the excited and ground states have opposite spin multiplicity, T1 → S0 , (triplet to
singlet). In a quasi-particle picture, the singlet and triplet excitons that give rise to molecular
light emission, are represented in the right hand side of the image.
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Electronic Decoupling Strategies in STL

For molecular luminescence to occur, an electron and a hole need to coexist in different energy levels for a certain period of time, so that a bound state is created, i.e
an exciton.
When molecules are in direct contact with a metallic surface, energy transfer
processes with the substrate quench their intrinsic luminescence. In a STM configuration, charge carriers can undergo fast transitions between the two metal electrodes
through the molecular orbitals, so that plasmonic cavity modes are excited. In that
case, a suppression of intensity of the plasmon modes [86–88] or an increment [89,
90] has been reported.
In order to achieve carrier lifetimes compatible with electron-hole recombination, the organic molecules must be to some extent electronically decoupled from
the underlying metallic substrate. To this purpose, different strategies have been
developed, which are summarized in figure 6.2.
One of the most followed approaches, is to adsorb organic molecules on top of
metallic substrates partially covered by ultra-thin insulating layers. Depending on
the chemical nature of the emitters, and the growth conditions, individual molecules
[figure 6.2 a)], or organic nanocrystals [figure 6.2 b)], will grow on top of the insulating layers. STL from organic emitters adsorbed over NaCl layers [83, 91–97],
ultra-thin alumina [14, 98, 99], and KCl [100], has been reported.
Lifting of organic emitters has also been explored to study molecular luminescence. As seen in figure 6.2 c), the protocol consists on picking a chain of molecules
with the tip electrode, and retract to the vacuum side, until certain units of the molecular chain detach from the surface. When this happens, the emitters are no longer
in direct contact with the substrate, and intrinsic molecular luminescence may be
detected [101–103].
Multi-layer growth of organic molecules has also been employed to study molecular luminescence [7, 104–107]. In this configuration [figure 6.2 d)], the top most
layer of molecules is electronically decoupled from the metallic substrate by the intermediate layers, that act as a spacer.
Finally, chemical functionality has also proven to be a successful route towards
decoupling of organic emitters, by linkage of anchoring groups [108, 109]. This is
illustrated in figure 6.2 e), in which the blue ellipse corresponds to the emitter, and
the red circles, to the decoupling organic ligands.

Figure 6.2: Electronic decoupling from metallic substrates. a) Adsorption of individual
organic molecules on a metal substrate partially covered with ultra-thin insulating layers.
b) Nanocrystals growth on top ultra-thin insulating layers. c) Lifting of organic compounds
with the STM tip apex. d) Multi-layer growth of organic molecules. e) Self-decoupled organic molecules.
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Growth of Electronically Decoupled C60 Nanocrystals

Fullerenes are a family of organic molecules composed exclusively by carbon atoms.
Depending on their arrangement, they receive different names. For example, spherical fullerenes are referred to as Buckminsterfullerenes, and cylindrical, as carbon
nano-tubes. Fullerenes were first theoretically predicted in 1970 by Eiji Osawa, although his work was unnoticed in the scientific community because it was written
in Japanese. The experimental discovery was made in 1985 by Kroto et al. measuring
time-of- flight mass spectroscopy from laser evaporated graphite [110]. The authors
detected clusters composed of 60 carbon atoms, C60 , and proposed a stable structure composed of 32 faces, 12 of which were pentagonal and 20 hexagonal. Kroto,
Curl and Smalley were awarded with the noble prize in chemistry in 1996 for their
discovery.
The first chemical synthesis of C60 molecules was made on 1990 by Kramster et
al. [111] by heating graphite rods. In this way, the authors were able to produce C60
crystals with hexagonal symmetry, confirmed by time-of-flight mass spectroscopy
and transmission microscopy.
C60 fullerenes have been extensively studied in the last decades due to their potential applications in different areas. In chemistry, they are used in catalysis or water purification. In bio-medicine, soluble C60 molecules are used as drug carrier and
delivery systems, imaging agents, or free radical sponges for numerous pathological
conditions caused by oxidative damage. In the field of photovoltaics, C60 -polymer
based devices have developed one of the highest efficiencies in organic solar cells.
Also, the ultimate limit of miniaturization for transistors has been demonstrated for
single fullerene molecules in contact with two gold electrodes [112].
The purpose of the following sections, is to study the opto-electronic properties
of individual C60 nanocrystals, to increment the knowledge of the light emission
mechanism at the single molecule level.

6.2.1

The NaCl Template

The C60 nanocrystals were electronically decoupled from the Ag(111) substrate by
ultra-thin NaCl layers, which already in the bi-layer coverage display an electronic
band gap of 8.5 eV, as in the bulk phase [113].
NaCl was sublimated from a resistively heated crucible at 450 ◦ C, with the sample kept at room temperature, during 40 minutes. Rectangular non-polar (100)terminated NaCl islands of different heights were formed, as shown in figure 6.3
a). The inset shows an atomically resolved image displaying the expected rectangular unit cell vectors, (a = 0.37 nm, b = 0.40 nm), in good agreement with the
inter-atomic distance of bulk NaCl.
Figure 6.3 b), displays the height profile over the white dashed line in the topography image. The gray background represents the corrugation of the underlying Ag(111) substrate, and the colored regions, NaCl islands of different heights.
The yellow steps have an apparent height of 0.35 nm, which corresponds to bi-layer
NaCl. The orange and garnet areas correspond to 3 and 4ML of NaCl, in which each
additional layer increments the total height in 0.11 nm [114].
By performing STS close to the Fermi level, surface state features are seen in
the substrate, and in the NaCl patches. A representative spectrum of each region
is plotted in figure 6.3 c). The black curve corresponds to the well known Shockley
surface state of Ag(111), with its energy onset at -70 meV. For NaCl, a similar increase
of the DOS is observed, although for occupied states, with an onset at 90 meV above
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the Fermi level. This resonance corresponds to an interface state located between the
NaCl layers and the Ag(111) surface. Due to the higher dielectric constant of NaCl
compared to vacuum, the surface potential changes, and the interface state is shifted
towards higher energy with respect to the silver surface state [115]. This observation
has also been reported for NaCl layers on Au(111) [116] and on Cu(111) [117].

Figure 6.3: Ultra-thin NaCl layers on Ag(111). a) Large scale topography image of the
Ag(111) surface partially covered by rectangular (100)-terminated NaCl islands. Vbias = 3.0
V; IT = 30 pA; 500 nm x 500 nm. Inset: atomically resolved image of the NaCl square lattice.
Vbias = −3.0 V; IT = 100 pA; 4 nm x 4 nm. b) Height profile over the white dashed line
in a). The gray shadowed area corresponds to the underlying Ag(111) corrugation, and the
yellow, orange and garnet regions, to 2, 3 and 4 NaCl layers. c) STS taken over the Ag(111)
substrate (black), and over a 2ML NaCl island (red).

6.2.2

Morphology of C60 Nanocrystals

The nanocrystals were grown by deposition of C60 (Sigma Aldrich) on top of the
previously commented NaCl template. Molecules were sublimated from a resistively heated commercial KENTAX evaporator, during 1 min, with the sample kept
at room temperature. After the deposition, the sample was transferred to the STM,
at 4 K, to be measured.
A representative image of the overall looking of the samples is shown in figure
6.4 a). On the clean surface areas, molecules form close-packed structures, growing
from the step edges. Molecules on top of the NaCl layers organize into nanocrystals
of two or more layers in height.
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As shown in figure 6.4 b), the nanocrystals have different sizes. All of them
have characteristic truncated triangular, hexagonal, or branching structured shapes.
Nucleation occurs at the edges of NaCl patches, or at the positions of the underlying
steps of the substrate, which are visible due to the carpet-like growth of NaCl. The
nucleation pattern is analog to what happens for C60 nanocrystals on top of KBr
macroscopic crystals [118, 119], and for C60 nanocrystals on top of NaCl ultra-thin
layers on top of Au(111) [120].

Figure 6.4: C60 nanocrystals on NaCl/Ag(111). a) Representative topography image displaying C60 molecules on top of Ag(111), and on top of NaCl. b) Large scale topography image
displaying several nanocrystals of different shapes and heights. 3.0 V; 30 pA; 500 nm x 500
nm for a) and b). c) Prototypical 2ML height C60 nanocrystal. The white area is adsorbed
over a 3ML NaCl patch, and the yellow one, over 2ML of NaCl. 2.5 V; 30 pA; 60 nm x 60
nm. d) Upper panel: molecular self assembly of the topmost layer of the nanocrystal shown
in c). 1.5 V; 60 pA; 10 nm x 7 nm. Lower panel: magnified view of each type of molecule,
revealing three different adsorption geometries.

No isolated molecules were found on top of the insulating layers, most likely
due to diffusion at room temperature during the growth process.
Figure 6.4 c) displays a compact nanocrystal, formed by vertical stacking of C60
fullerenes. By compact, it is meant, that the surface area of all the layers that form
the nanocrystal is the same. The surface of the nanocrystal follows the corrugation
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of the underlying NaCl template. Part of the nanocrystal is on top of 2ML NaCl
(yellow), and part on 3ML NaCl (white). Also, the moire pattern of the underlying
NaCl layers is slightly visible through the nanocrystal.

Figure 6.5: Types of C60 nanocrystals. a), c), and e) are STM images of the C60 most predominant structures found in the sample. b), d), and f) are the corresponding height profiles
along the red dashed lines indicated in each topography image. a) Self assembled islands
of 1ML of C60 molecules on top of the Ag(111) surface. -3.00 V; 30 pA; 190 nm x 190 nm. c)
Compact nanocrystal with a height of 2ML of C60 molecules, nucleated at the edge of a 3ML
NaCl patch. 2.50 V; 30 pA; 80 nm x 80 nm. e) Non-compact nanocrystal with regions of 3ML
and 2ML of C60 molecules. 2.25 V; 30 pA; 100 nm x 100 nm.

All the observed nanocrystals, independently of their shape and size, are (111)
terminated nanostructures with bulk like FCC structure. Figure 6.4 d) displays the
hexagonal self-assembly of the top most layer of the nanocrystal shown in figure
6.4 c). The measured nearest neighbor distance between molecules is of 0.95 nm.
Depending on the adsorption configuration, three types of molecules can be distinguished, as highlighted in the lower panel. The molecular orientation of the two
lobed structure corresponds to two hexagons facing towards the STM tip, the three
lobed structure to one hexagon, and the one lobed structure to a hexagon and a pentagon [120].
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To determine the exact morphology of the observed C60 nanostructures, a careful
analysis of their corresponding height profiles has been carried out, as summarized
in figure 6.5.
Figure 6.5 a) displays a topography image of C60 molecules directly adsorbed
on top of the clean Ag(111) surface. The molecules form close-packed assemblies
running along the step edges, that act as a nucleation center. Self-assembled islands
placed at the interior of a terrace were rarely found. The unit cell of the C60 islands
on Ag(111) is identical to the unit cell of the nanocrystals. The height profile along
the red dashed line is shown in figure 6.5 b). From the plot, it is deduced that the
apparent height of the islands (orange) is 0.55 nm, with respect to the silver surface
(gray), which corresponds to 1ML of molecules. The 0.23 nm gray step is a monoatomic height step of the Ag(111) surface.
A topography image of a typical compact nanocrystal, with triangular truncated
shape, is shown in figure 6.5 c), and the corresponding height profile along the red
dashed line, is plotted in figure 6.5 d). The yellow area indicates the contour of the
NaCl template, which is followed by the nanocrystal (orange). The measured apparent height of the nanocrystal is of 1.80 nm with respect to the 2ML NaCl surface,
and of 2.10 nm with respect to the 3ML NaCl surface, corresponding to a nanocrystal
with a height of 2ML of C60 molecules. It is observed that the relative height between
the two NaCl surfaces is 0.10 nm, whereas it is of 0.30 nm between the C60 surfaces,
evidencing the strong electronic contribution to the total height.
Nanocrystals with larger apparent heights were also observed, as the one shown
in figure 6.5 e). While the external perimeter of the nanocrystal has the shape of a
truncated triangle as in figure 6.5 c), its surface is no longer compact. The edges of
the upper layer are irregular, and do not follow the contour of the lower layers. From
the line profile in figure 6.5 f), it is observed that the surface of the nanocrystal is
divided into two heights. The step at 1.80 nm corresponds to a 2ML C60 nanocrystal,
and the step at 2.50 nm, to a third layer of molecules. It is easy to distinguish between
compact 2ML C60 nanocrystals, and irregular nanocrystals with molecules in third
layer, due to their larger relative height, and the irregular contour shape of the upper
layer.

6.3

Light Emission of Individual C60 Nanocrystals

Injection of charge carriers through the C60 nanocrystals by the STM tip, under adequate conditions, leads to light emission detectable in the far field. As will be seen
in the following sections, the nature of the emitted light strongly depends on the
specific tunneling parameters.

6.3.1

Molecular Fluorescence

The spectral distribution of emitted light, when electrons carrying enough energy
are injected by the tip over an electronically decoupled nanocrystal, is shown in figure 6.6 a). The first thing that calls the attention is, that unlike the broad plasmonic
emission from metallic tunnel junctions (Chapter 5), the curve displays four well defined and sharp resonances. The spectrum is dominated by an intense peak located
in the high energy side, followed by three less intense resonances at lower energy.
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Figure 6.6: Molecular luminescence of individual C60 nanocrystals. a) Single spectrum
recorded on top of a compact 2ML C60 nanocrystal, on top of a 3ML NaCl surface, on top
of Ag(111). Vbias = 5.0 V; IT = 600 pA; exposure time = 100 s. The experimental data (gray)
are fully reproduced by a set of four Lorentzian sharp peaks (red, orange, pink, and dark
blue), and two broad Gaussian peaks (green). The black curve is the cumulative fit. b) Same
curve as in a) referenced with respect to the main emission line (red peak), and expressed
in cm−1 . The light blue superimposed curve corresponds to a Raman spectrum of solid C60
taken from the literature [122].

The whole spectrum can be nicely reproduced by a set of four sharp Lorentzian
peaks, and two broad Gaussian resonances. The position of the maximum (xc ), the
Full Width Half Maximum (FWHM), and the area of each peak, are listed in table
6.1.
The most intense peak (red Lorentzian), which appears at around 1.83 eV, resembles the Molecular Fluorescence (MF) of bulk C60 single crystals, which has been
interpreted in terms of the decay of Frenkel excitons [121]. To confirm the molecular
origin of the observed light emission, the frequency shifts of the low energy peaks
with respect to the most intense resonance, have been plotted in figure 6.6 b). By
comparison with a Raman spectrum of solid C60 (light blue data [122]), it is clear
that the lower energy resonances correspond to luminescence from different vibrational energy levels. Hence, the red peak can be identified with the main fluorescent
emission line (S1 → S0 ), the orange peak with the Hg (1) mode, the pink peak with
the A g (1) mode, and the blue peak with the Hg (4) mode [123]. The physical meaning of the two green Gaussian peaks used as a background will be explained later.
The principal features of the presented light emission can be fully understood
as arising from fluorescence. However, it has been previously reported that STL of
individual C60 nanocrystals on top of NaCl/Au(111), can either be originated by fluorescence or phosphorescence [91]. Four years later, the same group published that
the observed differences between the light emission spectra may have been originated by changes in the plasmonic nanocavity modes [83]. The topic was more
recently revitalized by a different research group [124], which performed theoretical
calculations, claiming that luminescence from C60 molecules could also arise from
phosphorescence, T1 → S0 , as in the original experimental report.
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Peak number
1
2
3
4
5
6

xc (eV)
1.8291 ± 0.0001
1.7961 ± 0.0004
1.764 ± 0.001
1.7383 ± 0.0004
1.738 ± 0.007
1.83 ± 0.01

FWHM (meV)
14.5 ± 0.8
14 ± 2
22 ± 2
13 ± 2
128 ± 5
82 ± 5

Area (a.u)
2.7 ± 0.2
0.9 ± 0.2
0.7 ± 0.2
0.6 ± 0.2
2.8 ± 0.3
0.8 ± 0.4

Table 6.1: Fitting parameters of spectrum of figure 6.6 a).

6.3.2

Broad-band Plasmonic Light Emission

When the electrons injected by the tip do not carry enough energy to excite an
electron-hole pair in the nanocrystal, no fluorescence signal is detected. Instead,
broad and featureless light emission is obtained, as shown in the blue curve of figure 6.7 a).
The spectral distribution consists of a broad and featureless peak. Moreover, the
spectrum has the same shape as the light emission detected with the tip over the
NaCl template. Therefore, the origin of the detected light is also plasmonic. The fact
that both spectra have been acquired at different voltages will be further elaborated.
As shown in figure 6.7 b), the plasmonic response can be fitted by two broad
Gaussian components. Interestingly, the same two peaks used to fit the spectrum,
are the ones used as a background in the molecular fluorescence spectrum shown in
figure 6.6 a).

Figure 6.7: Plasmonic luminescence of individual C60 nanocrystals. a) Normalized spectra recorded with the tip over a NaCl bi-layer (black curve), and over a compact 2ML C60
nanocrystal (blue curve), at the voltages specified in the legend. b) Spectrum shown in a)
fitted by two Gaussian peaks (green).

6.4

Electronic Properties

The electronic properties of the nanocrystals have been investigated by means of
Scanning Tunneling Spectroscopy. In this section, a simple model to quantify the
potential drop across the insulating region of the electronically decoupled nanocrystals is developed.

6.4. Electronic Properties

6.4.1
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Molecular Orbitals of C60 Nanocrystals

STS on the C60 nanocrystals reveals several interesting features, as shown in figure
6.8. First, the Lowest Unoccupied Molecular Orbital (LUMO), and the LUMO+1, are
located at around 0.7 and 2.3 eV above the Fermi level, respectively. No clear fingerprint of the Highest Occupied Molecular Orbital (HOMO) was detected. Second,
both molecular orbitals appear splitted, most likely due to Jahn-Teller distortion effects [125]. And third, a region of Negative Differential Resistance (NDR) appears
between 1.1 and 1.6 eV. In this region (gray shaded area), the differential conductance decreases with increasing voltage, which is characteristic of electronically decoupled systems. The emergence of a NDR region has been attributed to the lack
of metallic DOS in the presence of sharp molecular resonances, in a double tunnel
barrier configuration [126].

Figure 6.8: Molecular orbitals of C60 nanocrystals. dI/dV curve revealing the first two
unoccupied molecular orbitals. The LUMO and LUMO+1 appear splitted possibly due to
Jahn-Teller distortion. A NDR region is found between 1.1 and 1.6 eV.

6.4.2

Dragging of Molecular Orbitals by the Electric Field

Appearance of a region of NDR, and the observation of molecular fluorescence, already indicates that the C60 nanocrystals are indeed electronically decoupled from
the metallic substrate. The definitive confirmation comes from the observed uniform
expansion of the molecular orbitals when changing the electric field. Figure 6.9 a)
displays a series of dI/dV curves taken at increasing tunnel current (increasing electric field), in which a continuous shift of the LUMO and LUMO+1 to higher energies
can be deduced. This means that the tunnel junction acts as a voltage divider, in
which part of the potential drops in the vacuum side, and part in the decoupling
region.
Figure 6.9 b) schematically represents the energy diagram for electrons tunneling from the tip to the sample across an electronically decoupled C60 nanocrystal.
The HOMO and LUMO of the uppermost molecules are depicted by the blue and
red resonances. The oblique prolongations represent the band bending of the conduction and valence bands across the bulk of the nanocrystal. For simplicity, it has
been considered that the uppermost C60 layer of the nanocrystals lies on top of an
effective insulating barrier, formed by the lower layers of molecules, and the NaCl
spacer. The potential drop across this effective insulating barrier is Vins , and across
the vacuum gap, Vvac .
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Figure 6.9: Double tunnel barrier mechanism. a) STS curves taken at the tunnel current
set point values indicated in the legend. A continuous shift of the LUMO and LUMO+1
resonances is observed. b) Energy diagram of the double tunnel barrier mechanism for an
electron tunneling from the tip to the sample. The HOMO and LUMO of the uppermost
molecules are depicted by the blue and red resonances respectively. The oblique prolongations represent the band bending of the conduction and valence bands across the nanocrystal
respectively.

To establish a relationship between the voltage drops across each barrier, the
tunnel junction can be approximated by two parallel-plate capacitors in series, one
representing the vacuum gap, and the other, the insulating barrier [127, 128]. Within
this simple textbook model, the voltages at each barrier follow a linear relationship
Vbias = Vvac + Vins

(6.1)

Since the potential across the insulating region is a fraction of the applied bias voltage, the following expression can be written,
Vins = αVbias

(6.2)

and taking into account equation 6.1,
Vvac = (1 − α)Vbias

(6.3)

where the coefficient α expresses the amount of voltage that drops across the insulator barrier.
By taking into account the basic relationships between voltages, charges, and capacitances of two parallel-plate capacitors in series, the coefficient α can be expressed
as follows
Cvac
α=
(6.4)
Cvac + Cins
where Cvac and Cins are the capacitances at the vacuum side and at the insulating
region respectively. Equation 6.4 imposes two boundaries for α, so that 0 ≤ α ≤ 1.
The upper limit, α = 1, would mean that 100% of the applied bias drops through
the insulating barrier, as if there was no vacuum gap. The lower limit, α = 0, would
mean that the voltage entirely drops across the vacuum gap, as if no insulator was
present.
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Equations 6.2, 6.3, and 6.4 express that tip-sample distance changes modify the
voltage distribution across each barrier. As a result, the molecular orbitals of the
uppermost C60 molecules shift with the current set point, as shown in figure 6.9 a).
Note, that in the presented model, the potential drop across each barrier is exclusively controlled by the coefficient α.
In order to predict the position of a given molecular orbital, measured with respect to the Fermi level of the substrate, as a function of the applied bias voltage,
it is more convenient to rewrite equation 6.1 in other terms. This can be done by
multiplying equation 6.1 by the electron charge, and inserting expression 6.2 for the
potential drop at the insulating region
E − EF,s = eVbias = Ei + αeVbias

(6.5)

Here, E is the energy of the tunneling electrons measured with respect to the Fermi
level of the sample, EF,s . Ei is the energy of the molecular orbital in question, measured with respect to the chemical potential of the nanocrystal, which from the energy diagram of figure 6.9 b) is by definition
Ei ≡ eVvac,i = (1 − α)eVbias,i

(6.6)

where the subindex "i" has been now included to distinguish the voltages corresponding to specific molecular orbitals.
From equation 6.5, the voltage at which each molecular orbital is measured, is
fully determined by the coefficient α. We here propose a simple method to numerically estimate α, by combining STS and Inverse Photon Emission Spectroscopy
(IPES) data. The essential idea behind this approach, is to compare the energy difference between any two molecular orbitals, measured in presence, or in absence, of an
applied external electric field. In this sense, IPES will give the "unperturbed" energy
difference between the two levels, and STS will give an overestimated value due to
the dragging of the molecular orbitals with the electric field. Subtraction of equation
6.6 for the LUMO+1 and LUMO reads
Ei ( L + 1) − Ei ( L) = (1 − α)[eVbias ( L + 1) − eVbias ( L)];
Ei ( L + 1) − Ei ( L)
;
e[Vbias ( L + 1) − Vbias ( L)]
∆Ei
α = 1−
e∆Vbias

α = 1−

(6.7)
(6.8)
(6.9)

where for shortness L + 1 and L refer to LUMO+1 and LUMO respectively. ∆Ei ≡
Ei ( L + 1) − Ei ( L) is the energy difference measured from the chemical potential of
the C60 molecules, and e∆Vbias ≡ eVbias ( L + 1) − eVbias ( L) is the energy difference
measured from the Fermi level of the substrate.
Recalling that no electric fields are present in IPES, the obtained energy levels
are already measured with respect to their corresponding chemical potential, so that
∆Ei can be directly obtained. From [129] it is deduced that ∆Ei = 1.1 eV. From
figure 6.8, the energy difference between the LUMO+1 and LUMO measured by
STS is e∆Vbias = 1.4 eV (at a given set point current of 0.6 nA). Therefore, following
equation 6.9, it is obtained that α = 0.21. This value expresses that 21% of the applied
bias voltage drops across the insulating barrier and 79% across the vacuum gap.
It is important to remark that the numerical estimation of α has been done by only
taking into consideration the basic equations of two capacitors in series, independent
of the molecular system. Within this method, the percentage of voltage dropped
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across each barrier may be estimated by measuring the difference in energy between
any two levels measured from IPES and STS.
Once α has been determined, the voltage at which each molecular orbital is measured, with respect to the Fermi level of the sample, can be directly obtained from
equation 6.5. The slope of each line is precisely α = 0.21, and the intercept is
E − EF,s

Vbias =0

= (1 − α)eVbias,i

(6.10)

Since the LUMO (LUMO+1) is detected at 0.5 eV (1.9 eV) by STS, the corresponding
intercept is found at 0.39 eV (1.49 eV). The intercept of the HOMO has been obtained
by subtracting the intercept of the LUMO, to the HOMO-LUMO gap measured by
PES and IPES from [129] (3.5 eV), giving a value of -3.1 eV.

Figure 6.10: Expansion of energy levels and electrostatic charging. Evolution of the molecular orbitals (blue lines) with the bias voltage, measured with respect to the Fermi level of
the Ag(111) substrate. The black line represents the total voltage drop across the double tunnel barrier. Each molecular resonance is detected in STS whenever the back and blue lines
intersect. Beyond -2.0 V the LUMO crosses the Fermi level and therefore the molecule gets
charged (gray dashed area).

The results are summarized in figure 6.10, where the blue lines correspond to the
HOMO, LUMO, and LUMO+1, and the black line to the total potential drop across
the tunnel junction, E − EF,s = eVbias .
Each molecular resonance is detected in STS at the bias voltage at which the back
and blue lines intersect. As indicated by the two vertical arrows, this consistently
occurs at 0.5 and 1.9 eV for the LUMO and LUMO+1 respectively, as measured by
STS. Interestingly the LUMO crosses the Fermi level at around -2 V, which means
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that the molecule gets negatively charged and it becomes an anion. For positive
voltages the lines never cross, which means that there are no charging effects at
positive polarity.
Since the blue line corresponding to the HOMO does not cross the black one
before -2 V, charging of the molecule will occur before the molecular orbital can
be measured. Moreover, if neglecting changes in the molecular resonances upon
charging, both lines would meet at around -4 V. These two reasons support why the
HOMO could not be detected by STS.

6.5

Opto-electronic Properties

In this section, a detailed investigation of the light emission as a function of the
tunneling parameters is presented, to study the opto-electronic properties of the C60
nanocrystals.

6.5.1

Light Emission at Positive Bias Voltage

As previously seen, depending on the energy of the tunneling electrons, molecular
fluorescence or broadband plasmonic emission was detected.
The light emission as a function of the bias voltage and photon energy at positive
polarity, for electrons injected through a compact 2ML C60 nanocrystal, is shown in
figure 6.11 a). At low bias, the emission has plasmonic character, whereas at higher
voltages, molecular fluorescence dominates, as shown in the representative vertical
profiles of figures 6.11 b), and 6.11 c). An abrupt transition between the two emission
regimes is found at 2.8 V, which defines the threshold for molecular luminescence,
Vth =2.8 V.
In the plasmonic regime, light is detected for voltages between 2.0 and 2.8 V,
where a continuous shift of the high energy cut-off is seen, as for metallic tunnel
junctions. It is observed, that the maximum photon energy does not match with
eVbias (green dashed line), as it should for 1e− processes. However, since 21% of the
voltage drops across the insulating barrier, the cut-off relation must be modified by
this factor. Following equation 6.3, the new quantum cut-off reads
0
h̄ωmax
= (1 − α)Vbias

(6.11)

which is represented by the solid yellow line. The maximum photon energy now
matches quite remarkably with the modified cut-off, thus independently corroborating the value of α obtained from STS and IPES.
When V > Vth , the molecular luminescence regime is entered. A further confirmation of the excitonic nature of the emitted light, comes from the fact that the
width and position of the main emission lines, do not change appreciably with the
applied bias. The rise in light intensity, at increasing voltage, is provoked by the
larger energy window for tunneling events, that can create electron-hole pairs.
Figure 6.11 d) displays the isochromatic light intensity across the two emission
regimes at the photon energy of 1.83 eV. At V < Vth , the photon yield follows the
expected tendency for plasmonic emission, with an observed maximum at 2.5 V. For
V > Vth there is a continuous increase of the intensity upon increasing bias voltage,
due to the different mechanism for light emission.
It is important to remark, that the two types of luminescence can be accessed,
with the tip fixed at a single excitation spot, just by tuning the bias voltage.
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Figure 6.11: Voltage evolution of luminescence at positive polarity. a) Horizontal stacking
of single spectrum recorded on top of a 2ML C60 nanocrystal for voltages from 1.6 to 5.5 V in
steps of 0.1 V. IT = 600 pA; exposure time = 100 s/curve. The green dashed line represents
the maximum photon energy for 1e− processes, eVbias = h̄ωmax . The solid yellow curve,
corresponds a modified energy cut-off, taking into account that 21% of the voltage drops
0
across the insulating region, so that h̄ωmax
= (1 − α)Vbias . The dashed vertical line at 2.8
V, marks the voltage threshold between plasmonic and molecular luminescence. b) and c)
are two representative spectra of fluorescence and broadband emission respectively, taken
from a). d) Horizontal profile at a photon energy of 1.83 eV taken from a), revealing the light
intensity across the two emission regimes.

The appearance of a sharp voltage threshold for molecular luminescence, can be
rationalized from the expansion of energy levels with the bias shown in figure 6.12
a). It is observed, that when Vbias = Vth , the energy difference between the Fermi
level of the tip, and the LUMO, is 1.83 eV, which is exactly the photon energy of
the 0-0 line, Eex = 1.83 eV. Therefore, at 2.8 V, the optical gap of the nanocrystals is
excited, and molecular luminescence is detected.
Several models have been proposed up to now, to explain STM induced light
emission from organic molecules, embedded in a double tunnel barrier junction.
However, non of them fully explain the results presented in this section.
In a number or articles [7, 91, 99], a diode like behavior has been essentially proposed. In such cases, electrons and holes are injected to the molecule at the same
time, from both electrodes, so that excitons are formed. Although this model predicts a threshold for molecular luminescence, it can not be used to explain our experimental data, since for being able to drag the HOMO above the Fermi level of the
sample, a voltage greater that 8 V would be required. This is incompatible with the
observation of fluorescence already at 2.8 V.
Light emission arising from transitions between empty excited states can also be
ruled out [14]. Transitions from the LUMO+1 to the LUMO can not give rise to the
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observed emission lines, because the energy difference between both levels is shorter
than the detected photon energy.
Resonant energy transfer of cavity plasmon modes, as a way to excite molecular luminescence, has also been proposed [95, 97, 101, 104]. In such cases, inelastic
tunneling between the two metallic electrodes, induces the excitation of a cavity
plasmon mode, which in turn promotes molecular luminescence. The issues concerning this approach, are that, it should in principle work at both polarities, and
that the energy of a single plasmon mode is not enough to promote an electron from
the HOMO to the LUMO in our case (at Vbias =2.8 V the electronic band gap is 3.6
V).

Figure 6.12: Model for molecular light emission. a) Expansion of energy levels with the
applied bias. At the voltage threshold for molecular luminescence, the energy difference
between the Fermi level of the tip, and the LUMO, is 1.83 eV, which is exactly the photon
energy of the 0-0 line. b)-d) Schematic illustration in three steps of the model proposed for
molecular luminescence. In b), an electron tunnels inelastically from the Fermi level of the
tip, to the LUMO. In c), the energy released in the tunneling event, is employed to excite the
optical gap. In d), the exciton relaxes, and light is emitted.

Based on our experimental observations, and the limitations of the
above mentioned models, we propose the following model for molecular luminescence at positive polarity. The three steps of the model are shown in the energy
diagrams of figures 6.12 b), 6.12 c), and 6.12 d). In the first step, an electron with an
energy greater or equal that 2.8 eV, tunnels inelastically from the Fermi level of the
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tip, to the LUMO of the C60 molecules. Second, the energy released in the inelastic
transition, is invested in exciting the optical gap, so that an exciton is formed. In the
third step, the electron at the LUMO, and the hole at the HOMO, recombine, and
molecular fluorescence takes place.
It is important to emphasize, that the energy released in the the inelastic transition illustrated in figure 6.12 b), is not enough to create a hole in the HOMO. This
is a consequence of the energy mismatch between the optical (1.83 eV) and electronic (3.6 eV) band gaps. The energy difference between the optical and electronic
band gaps, may be overcome by resonant energy transfer of cavity plasmon modes,
multi-electronic excitation processes, or other cooperative effects. Since molecular
luminescence was only observed when its photon energy window matched with
that of the cavity plasmons, resonant energy transfer from plasmons may be the
most likely mechanism for exciton creation.

6.5.2

Light Emission at Negative Bias Voltage

When holes instead of electrons are injected by the STM tip through the nanocrystals,
no molecular fluorescence is observed.
The light intensity at negative polarity, with the tip over a 2ML C60 nanocrystal,
as a function of the wavelength and bias voltage, is shown in the left panel of figure
6.13 a). A representative spectrum (vertical profile) at -1.9 V has been included in
the right panel. The spectral distribution of the emitted light is broad and featureless, and the high photon energy side of each spectrum, shifts with the applied bias.
Therefore, the origin of the emitted light at negative voltages, is plasmonic. The reason for non ambipolar molecular light emission, may reside in the charging of the
C60 molecules, for voltages below -2.0 V. Because of this, the molecules become conductive, and in a certain way, behave similar to a metal. Another observation comes
from the mismatch between the maximum photon energy, and the quantum cut-off
for 1e− processes (while line). It is observed that h̄ωmax < e|Vbias |.
The emission at negative voltage for the nanocrystals, is reminiscent of that of
the underlying NaCl template. The light intensity at positive polarity, with the tip
over a NaCl bi-layer, as a function of the wavelength and bias voltage, is shown in
the left panel of figure 6.13 b). The profile at 1.9 V has been included as a reference
in the right panel. Interestingly, the maximum photon energy appears shifted to
higher energy with respect to the quantum cut-off, with a gap of the same order as
for the C60 . Since the NaCl islands are thin insulating layers, they act as an extra
tunnel barrier, across which, electrons loose part of its energy. Therefore the energy
mismatch between the quantum cut-off, and the maximum photon energy for the
nanocrystals, is also due to the potential drop across the NaCl layers.
Following equation 6.11, the potential drop across the NaCl insulating layer,
from the vacuum/NaCl double tunnel barrier, may be estimated. For a bias of 1.8 V,
the maximum photon energy is 1.9 eV, thus α = 0.05, which means that 5% of the
total applied bias drops across the NaCl bi-layer.
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Figure 6.13: Plasmonic luminescence of C60 and NaCl. a) Left panel: light emission at
negative polarity as a function of the wavelength and bias voltage, with the tip over a 2ML
C60 nanocrystal. Right panel: individual spectrum from the voltage series at -1.9 V. b) Left
panel: light emission at positive polarity as a function of the wavelength and bias voltage,
with the tip over the NaCl template. Right panel: single spectrum from the voltage series at
1.9 V. The white curves indicate the position of the quantum cut-off for 1e− processes.

6.5.3

Evolution of Light Emission with the Tunnel Current

Pronounced changes in the shape of the spectral distribution of the emitted light of
the C60 nanocrystals, are also observed when increasing the tunnel current at a fixed
positive voltage.
Figure 6.14 a) displays three individual molecular fluorescence spectra, at increasing tunnel current, recorded with the tip at a fixed position. Each spectrum
has been fitted by the same set of peaks in figure 6.6. At low tunnel current, the
spectrum is dominated by the molecular fluorescence of C60 nanocrystals. However,
at increasing tunnel current, the sharp molecular lines start to loose weight with
respect to the plasmonic background, until they are hardly visible.
The detailed evolution of the light intensity, as a function of the wavelength, and
the tunnel current, is represented in figure 6.14 b). As opposed to the sharp voltage
threshold between plasmonic and molecular luminescence, a smooth crossover is
found when changing the tunnel current. At intermediate tunnel currents, the spectral distribution consists of the convolution of plasmonic and molecular emission
types.
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Figure 6.14: Tunnel current evolution of luminescence. a) Single spectra recorded over a
2ML C60 nanocrystal at 4.2 V, at the tunnel currents specified in the legend. b) Light emission
as a function of the wavelength and tunnel current, at a fixed bias of 4.2 V. Exposure time
= 100 s/curve. c) Integrated signal of the 0-0 line as a function of the tunnel current. d)
Integrated signal of the plasmonic background as a function of the tunnel current.

It is noticed, that the evolution of the integrated intensity, for the different components of each spectrum, is not equivalent. Figure 6.14 c) represents the numerical
integral of the 0-0 line as a function of the tunnel current, and figure 6.14 d), of the
plasmonic background. While the integrated intensity of the main emission line,
saturates and decreases with increasing tunnel current, the plasmonic background
increases monotonically.
A similar behavior was recently reported for local X-traps on C60 thin films, on
top of Ag(111) [107]. Quenching of molecular luminescence upon increasing the
tunnel current was rationalized in the context of exciton annihilation. Since at high
currents, the average time between injected charge carriers, τtunnel = e/IT , may be
shorter that the exciton lifetime, τex , excitons are destroyed before radiative recombination takes place.
An alternative explanation, in terms of the coupling strength between the molecular emitters, and the plasmonic cavity modes of the tunnel junction, can also be
made to explain our experimental results. Due to the short distance between the
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tip and the sample of a STM, interaction of excitons and plasmons is strong, which
results in a coherently coupled system. When increasing the tunnel current, the tipsample distance is reduced, and the coupling strength increases. As a result, the coherently coupled system has more plasmonic character, and therefore, the excitonic
emission is quenched.
To discern which of the two effects is more predominant in our system, more
experiments and theoretical support will be needed.

6.6

Spatial Variations of the Light Emission

Local modifications of the luminescence of C60 nanocrystals, have been tracked by
recording the light emission as a function of the tip position. Different topographyrelated variations of the emitted light were found, depending on the emission type.

6.6.1

Local Modifications of Molecular fluorescence

At positive polarity, molecular type luminescence was detected over the whole surface of a given nanocrystal. This is different from STL of solid C60 thin films on
Ag(111), where molecular luminescence was only detected when charges were injected through specific defects of the organic crystal [105]. In that case, excitonic
emission from X-traps was attributed as the origin of the observed luminescence.
Despite fluorescence is excited through the whole surface of the nanocrystals,
local variations of light intensity, as well as small spectral changes, are observed.
To track this modifications, a photonmap was recorded over an area covering several molecules, of a 2ML C60 nanocrystal. The topography of the corresponding
photonmap is shown in figure 6.15 a), and the isochromatic light intensity spatial
distribution at 1.825 eV, is shown in figure 6.15 b). No clear correspondence between
both images is observed.
The differences in intensity (at 1.825 eV) between the bright and dark zones in
figure 6.15 b), do not exclusively arise from changes in the excitation efficiency. As
shown in figure 6.15 c), the spectra recorded with the tip in positions A and B, differ
in the position of the excitonic line. This is more clearly seen in the magnified inset,
from which the center of the 0-0 line for the blue curve is found at 1.817 eV, whereas
for the black spectrum it appears at 1.825 eV.
From the photonmap, it is concluded, that the exact position of the sharp molecular resonances, depends on the precise excitation spot, at the molecular scale. This
result, resembles the properties of solid C60 macroscopic crystals, where a wide
range of shapes, peak intensities and peak positions, can be found, depending on
the molecular environment [121].
From the spectral changes at the nanometer scale, it can also be deduced that
the luminescence does not arise from the nanocrystal as a whole, but from single
molecules, or small groups of molecules. Variations at the single molecule scale,
may indicate that the molecular light emission originates from the decay of Frenkel
excitons.
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Figure 6.15: Molecular luminescence photonmap of C60 nanocrystals. a) Topography image corresponding to a photonmap of a 2ML C60 nanocrystal. 5.0 nm x 4.3 nm; 0.6 nA; 3.5
V; 200 s/spectrum; 20 x 16 pixels. Light intensity distribution at 1.825 eV taken from the
photonmap. c) Individual spectra taken wit the tip placed in A and B respectively. Inset:
zoomed in view. The excitonic lines of the blue and black spectra are located at 1.817 and
1.825 eV, respectively.

Apart from the small variations between individual spectra at the
molecular scale, stronger modifications in the wavelength of the emitted light were
observed depending on the nanocrystal.
Figures 6.16 a), 6.16 c), and 6.16 d), display three single spectra, recorded with
the tip over three different nanocrystals. A considerable red shift of up to 100 meV
between the main emission lines, can be deduced. This observation highlights the
important role of the shape and size of the nanocrystals, in determining the spectral
distribution of the molecular luminescence.
To investigate the origin of the observed differences between spectra taken over
different nanocrystals, the frequency shifts of the lower energy vibrations are analyzed in figures 6.16 b), 6.16 d), and 6.16 f). It is observed that the most intense vibrational modes of the presented spectra, which are Hg (1), and Hg (4), have the same
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frequency shifts in all cases. Therefore, the molecular luminescence has the same
origin for all nanocrystals. The exact position of the excitonic line thus depends on
the shape and size of the specific nanocrystal.
By comparing the frequency shift plots of figures 6.6 and 6.16, it is observed
that the vibrations appear with different relative intensities, and not all are always
present. Specifically, in figure 6.16 f), two peaks at around 1500 cm−1 appear, which
correspond to the Hg (7), and Hg (8) vibrational modes, respectively. This behavior
is typical from STL measurements of molecular emitters, since the amplification of
each transition is enhanced by the specific plasmonic nanocavity mode [104]. Therefore, modifications of the tip, can give rise to amplifications of the vibrational transitions in different energy ranges, that can be used to probe the spectral distribution
of the emitted light through a wide energy range.

Figure 6.16: Fluorescence of different C60 nanocrystals. a), c), and e): single spectra taken
over three different nanocrystals. The 0-0 line of each spectrum appears at 1.83, 1.80, and
1.73 eV, respectively. b), d), and f): frequency shifts associated to each spectrum. The main
vibrational features appear at the same relative positions in all cases.
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Plasmonic Excitation Efficiency of C60 Nanocrystals

At negative polarity, plasmonic type luminescence was detected over the whole surface of a given nanocrystal, with local variations in the light intensity. Modifications
in the plasmonic response of the system, are investigated by recording a photonmap.

Figure 6.17: Photonmap at negative voltage of C60 nanocrystals. a) Topography image of
the edge of a 2ML C60 nanocrystal taken from a photonmap. Vbias = −3.0 V; IT = 700 pA;
4.0 nm x 12.0 nm, Exposure time = 10 s/spectrum; 30 x 90 pixels. b) Slice of the photonmap
at 825 nm. c) Single spectra taken from the positions A, B, and C, marked in a). d) Horizontal
stacking of spectra recorded over the dashed squares in a) and b). The white superimposed
curve at the bottom represents the corresponding height profile.

Figure 6.17 a) displays the topography image associated to a photonmap, covering part of a 2ML C60 nanocrystal, and part of the NaCl template. The isochromatic
light intensity spatial distribution at 825 nm shown in figure 6.17 b), reveals that the
emission process is not homogeneous inside the nanocrystal. As a notation, depending of the detected light intensity at each molecule, molecules are termed "bright"
and "dark".
Three representative spectra over a bright molecule (A), the NaCl substrate (B),
and a dark molecule (C), are shown in figure 6.17 c). Although the three spectra
have the same global shape, the intensity, and the photon energy corresponding to
the maximum of light emission, are not the same.
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When the tip is over the bright molecules, light emission is even more intense
than for the NaCl template. This means that the excitation efficiency of the cavity
plasmonic modes is higher for some molecules than for the NaCl layers. The origin
of this observation will be further elaborated.
To determine the shifts between spectra, each curve is fitted by three Gaussian
peaks. Although no shift between bright and dark molecules is apparent, a rigid 30
meV blue-shift of the whole spectrum, with respect to the NaCl template is observed.
Therefore, the effect of the C60 molecules in the plasmonic response of the system, is
a blue shift of the spectral distribution, and a modulation of the light intensity.
To stress the local character of the plasmonic excitation efficiency, the light intensity as a function of the wavelength, and the position over the dashed rectangle, is
shown in figure 6.17 d). The corresponding height profile has been included at the
bottom of the graph, which highlights the coincidence between the topographic and
optical features.
To investigate the spatial distribution of the emitted light with a higher spatial
resolution, a light intensity map is recorded.

Figure 6.18: Light intensity map at negative voltage. a) Topography image of a 2ML C60
nanocrystal. Vbias = −3.0 V; IT = 800 pA; 6.3 nm x 6.3 nm. b) Light intensity map acquired
simultaneously with the topography image in a). Two lobed features can be observed. Exposure time = 1 s/pixel; 63 x 63 pixels. c) 3D representation of the topography and light
intensity spatial distribution. The relief of the image corresponds to the topography, and the
color code to the light intensity. d) Comparison of the height, and light intensity profiles,
over the rectangles in a) and b).

Figures 6.18 a) and 6.18 b) display the topography image and the integrated light
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intensity distribution, of a 2ML C60 nanocrystal. The intensity of the emitted light is
not homogeneous, and characteristic two lobed structures can be distinguished.
By merging the topography and intensity map images [figure 6.18 c)], it is observed that the two lobed structures appear inside the perimeter of some molecules,
which correspond to the bright molecules discussed in the photonmap. A comparison of the height profile, and light intensity, over the white rectangle, is made in
figure 6.18 d). It is seen, that the light intensity is not maximum at the center of the
molecules.
Interestingly, the shape of the two lobed structures from the light intensity map,
resembles the LUMO shape of the C60 molecules with two hexagons facing towards
the STM tip. This observation confirms the active role of the LUMO in the light emission at negative voltage [88, 107]. Furthermore, the fact that the LUMO resonance
crosses the Fermi level at about -2.0 V, indicates that it may act as an initial state for
the light emission process.
The measured higher light intensity over the bright molecules with respect to
the NaCl template, can be rationalized taking into account the active role of the
LUMO, in the light emission at negative voltage. If the LUMO is the initial state
for the light emission process, variations in the molecular LDOS, would give rise
to modifications in the number of electronic transitions that generate plasmons. An
increased number of initial states would yield to more radiative transitions, and
therefore, more intense light emission.

6.7

Conclusions

STM induced light emission from electronically decoupled C60 nanocrystals is
achieved at the single molecule level. It is demonstrated, that depending on the
specific tunneling parameters, it is possible to reversibly switch from plasmonic, to
molecular light emission. The emission type can be accurately controlled by either
changing the tunnel current, or the bias voltage.
At positive bias polarity, two scenarios can be distinguished. For low voltages,
the emission is plasmonic, and follows a modified quantum cut-off relationship, dictated by the potential drop across the nanocrystals and the NaCl template. Our light
emission data are in good agreement with the simple model we have proposed to
quantify the shift of the molecular orbitals with the bias voltage due to the stepped
potential drop across the tunnel barrier. At voltages above a certain threshold, the
spectral distribution of the emitted light is dominated by a series of narrow resonances, that by comparison with the frequency shifts of the vibrational energy levels measured by Raman spectroscopy, is unambiguously identified with molecular
fluorescence of the C60 molecules. Based on our model, the onset of molecular luminescence occurs when the energy difference between the Fermi level of the tip, and
the LUMO of the C60 molecules, is enough to excite the optical gap.
At negative bias, charging effects prevents molecular light emission to occur, and
a plasmonic response is only detected, in analogy to that of the NaCl underlying
layers. The resemblance between the integrated light intensity spatial distribution,
and the shape of the LUMO, suggests that it may act as an initial stage for the light
emission process.
Unlike the observed sharp transition between plasmonic and molecular luminescence induced by the bias voltage, changes in the tunnel current produce a smooth
crossover between both regimes. The contribution of each type of luminescence to
the final spectrum, can be accurately controlled with the tunnel current.
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It is also demonstrated that the exact position of the molecular emission lines,
depends on the surrounding chemical environment, at the scale of a few molecules.
As a general remark of this Chapter, the emission type and monochromaticity of
the emitted light, can be controlled on a single excitation spot, with the tunneling
parameters. The presented results may be of great importance for future applications based on single photon emitters, or quantum computing devices, which may
need to be able to switch monochromaticity in a controlled fashion.

111

Chapter 7

General Conclusions
In this thesis, we have studied the electronic and optical properties of metallic and
semiconducting systems at the nanoscale, making profit of the high spatial resolution of Scanning Tunneling Microscopy. The general conclusions of our work can be
divided in three parts.
First, we have been able to discretize the band structure of bound 2D electrons
without confinement, in the presence of a 1D array of scatterers in a non-closed
space. We have demonstrated that Bragg scattering of Cu(111) SS electrons with the
1D edges of TCNQ islands, produces quantization of the momentum values parallel
to the edge. Thus, the electronic structure of the Cu(111) electrons gets discretized.
The sub-bands originate from the intersection of the 2DEG paraboloid dispersion
relation, with constant k k planes given by the Laue and back-scattering conditions.
The presented experiments open a new and unexplored avenue for band structure
engineering of solid state surfaces, by patterning the lateral periodicity of the surfaces. Control of the direction of the diffracted electrons can in principle be achieved
by tuning the periodicity of the array of scatterers. We propose self-assembly protocols to create tunable diffraction gratings, which could be used to build filters and
monochromators for 2D electrons, in analogy with optics.
Second, we have studied the light emission of noble metal tunnel junctions to
characterize the plasmonic response of the STM tip-sample nanocavity by itself.
From our measurements, some open questions concerning the physical mechanisms
involved in the generation of light have been addressed. We have demonstrated that
the slow decay of the plasmonic spectral distribution towards the quantum cut-off
for 1e− processes, is a direct consequence of the thermal distribution of the inelastic
tunneling electrons. Although over-bias light emission is already expected at finite
temperatures, multi-electron processes also contribute to the light intensity above
the cut-off, even in the tunneling regime.
When the tunnel junction enters in resonance with the first FER, the luminescence is totally quenched, defining a high-bias threshold, which can be understood
as originating from a branching ratio of the tunnel current. The light intensity above
the high-bias cut-off follows new quantum cut-off relationships, given by the energy
difference between the Fermi level of the tip, and a given FER.
We have achieved control of the light intensity of noble metal surfaces by the incorporation of ultra-thin layers. 2D Au islands of 1ML of height produce a reduction
of the light intensity with respect to the Ag(111) support that is reproducible through
the whole surface. The sub-nanometer optical lateral resolution evidences that the
changes in light intensity must be originated by a locally varying magnitude. We
have proposed that the observed quenching may be originated by the differences in
the atomic polarizabilities of Au and Ag respectively, thus envisioning the possibility of chemical identification in STM.
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We have also investigated the light emission properties of NaCl bi-layers on
Au(111), as a previous step to study the luminescence from electronically decoupled organic molecules. NaCl bi-layers produce a change in the angle of emission
of light, which is traduced in the detection of a more intense signal, with respect
to the underlying Au(111) surface. Based on our theoretical calculations, it is concluded that the angular dependence of the emitted light plays a dominant role in the
determination of the light intensity.
Third, we have achieved molecular luminescence of electronically decoupled
fullerene nanocrystals. The samples consist of C60 nanocrystals grown on top of
ultra-thin NaCl layers, on top of Ag(111). Unlike plasmonic emission, molecular luminescence spectra reveal a series of narrow resonances at positive bias, whose energy is compatible with the excitonic emission of bulk C60 single crystals, and lower
energy vibrations. Our results are in perfect agreement with Raman spectroscopy
from the literature.
We have demonstrated that the light emission can be switched in a controlled
way from plasmonic to molecular, either by changing the bias voltage, or the tunnel
current, in a single excitation position. Upon increasing the bias voltage at positive
polarity, there is a sharp transition between plasmonic and molecular luminescence.
The threshold voltage at which molecular luminescence begins, is reached when the
optical gap is excited by inelastic tunneling electrons through the LUMO. At negative polarity, charging effects prevent electron-hole recombination, and fluorescence
is quenched. Instead, plasmonic emission is detected. The smooth crossover between molecular and plasmonic emission, upon increasing the tunnel current, can
be understood in the context of changes in the coupling strength of the coherently
coupled system formed by the molecular emitter and the plasmon cavity mode, although exciton annihilation can not be excluded, as recently proposed in the literature. We have shown that the exact energy of the molecular lines, depends on the
chemical environment at the scale of a few molecules, although the frequency shifts
corresponding to vibrations are the same in all cases.
In summary, the results presented in this thesis contribute to the field of band
structure engineering, with the discretization of the dispersion relation of 2D electrons without confinement, and to the field of opto-electronics, with the investigation of the plasmonic light emission of metallic tunnel junctions, and the luminescence of organic emitters inside a plasmonic cavity.
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Conclusiones Generales
En esta tesis, se han estudiado las propiedades electrónicas y ópticas de sistemas
metálicos y semiconductores en la nanoescala, aprovechando la gran resolución espacial de la microscopía de efecto túnel. Las conclusiones generales de nuestro trabajo de pueden dividir en tres partes.
En primer lugar, la estructura de bandas de electrones ligados en 2D se ha conseguido discretizar en la ausencia de confinamiento, en presencia de una sucesión
1D de centros de dispersión en un espacio no cerrado. Hemos demostrado que la
dispersión de Bragg de los electrones del estado de superficie de Cu(111) con los bordes 1D de islas de TCNQ, produce la cuantización de la componente del momento
paralela a los bordes de moléculas. Por lo tanto, la estructura electrónica de los electrones de Cu(111) está discretizada. El origen de las sub-bandas radica en la intersección de la relación de dispersión con forma de paraboloide del gas de electrones
2D, con los planos de k k constante determinados por las condiciones de Laue y backscattering. Los experimentos mostrados abren una nueva vía de investigación para
la ingeniería de la estructura de bandas de las superficies de los sólidos, mediante
el moldeado de la periodicidad lateral de las superficies. En principio, es posible
adquirir control sobre las direcciones de los electrones difractados cambiando la periodicidad entre los centros de dispersión. A la vista de los resultados, proponemos
protocolos de auto-ensamblaje para la creación de redes de difracción modificables,
que podrían ser usadas para construir filtros y monocromadores para electrones 2D,
en analogía con la óptica.
En segundo lugar, se ha estudiado la emisión de luz de uniones túnel formadas
por metales nobles para caracterizar la respuesta plasmónica de la nano-cavidad
formada por la punta y la muestra del STM por si misma. A partir de nuestras
medidas, hemos abordado algunas cuestiones sin responder sobre los mecanismos
involucrados en la generación de luz. Hemos demostrado que el decaimiento lento
de la distribución espectral plasmónica hacia el corte cuántico de procesos de 1e− ,
es una consecuencia directa de la distribución térmica de los electrones que hacen
túnel inelástico. A pesar de que ya se espera que haya emisión por encima del corte
cuántico a temperaturas finitas, los procesos multi-electrónicos también contribuyen
a la emisión por encima del corte cuántico, incluso en el régimen de efecto túnel.
Cuando la cavidad túnel entra en resonancia con la primera FER, la luminiscencia queda suprimida totalmente, definiendo así un límite de alto voltaje, el cuál
puede ser entendido por la ramificación de la corriente túnel. La intensidad de luz
por encima del límite de alto voltaje sigue una serie de nuevos cortes cuánticos, que
están dados por diferencia de energía entre el nivel de Fermi de la punta, y una FER
dada.
Hemos conseguido controlar la intensidad de luz de las superficies de metales
nobles, mediante la incorporación de capas ultra-finas. Las islas 2D de Au de 1ML
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de altura producen una reducción de la intensidad de luz con respecto al substrato
de Ag(111) que es reproducible en toda la superficie. La resolución óptica subnanométrica prueba que los cambios en intensidad de luz deben estar originados
por una magnitud variable localmente. Hemos propuesto que la reducción de luz
observada se debe a las diferencias en las polarizabilidades atómicas de Au y Ag, lo
que podría dar lugar a una futura identificación química en STM.
Como paso previo a estudiar la luminiscencia de moléculas orgánicas electrónicamente desdacopladas, hemos investigado las propiedades de emisión de luz de
bi-capas de NaCl sobre Au(111). Las bi-capas de NaCl producen un cambio en el
ángulo de la emisión de luz, que se ve reflejado en una intensidad detectada mayor
para el NaCl, que para el substrato de Au(111). Basados en nuestros cálculos teóricos, hemos concluido que la dependencia angular de la luz emitida juega un papel
muy importante en la determinación de la intensidad de luz emitida.
En tercer lugar, hemos conseguido obtener luminiscencia molecular de
nanocristales de fulerenos electrónicamente desacoplados. Las muestras están formadas por nanocristales de C60 sobre capas ultra-finas de NaCl, encima de Ag(111).
Al contrario que la emisión plasmónica, la luminiscencia molecular está compuesta
de una serie de resonancias estrechas, cuya energía es compatible con la emisión
excitónica de mono cristales de C60 en volumen, y vibraciones de más baja energía.
Nuestros resultados están en perfecta armonía con los datos de espectroscopía Raman de la literatura.
Hemos demostrado que la emisión de luz se puede cambiar de manera controlada de plasmónica a molecular, mediante cambios de voltaje, o de corriente túnel,
en una posición de excitación fija. Mediante cambios de voltaje a polaridad positiva,
se encuentra una transición abrupta entre la luminiscencia plasmónica y molecular.
El voltaje umbral a partir del cual la luminiscencia molecular comienza, tiene lugar
cuando el gap óptico es excitado por los electrones que hacen túnel inelástico a través
del LUMO. A polaridad negativa, los efectos de carga impiden que haya recombinación electrón-hueco, y por la tanto la fluorescencia está suprimida. Por el contrario, se detecta emisión plasmónica. La transición suave entre la emisión molecular
y plasmónica, ontenida mediante cambios en la corriente túnel, se puede entender
en el contexto de cambios en la fuerza del acoplo del sistema coherente formado por
el emisor molecular y el modo de cavidad plasmónico, aunque la aniquilación de
los excitones no puede ser excluida, tal y como se ha propuesto recientemente en la
literatura. Hemos mostrado que la energía exacta a la que aparecen las líneas moleculares, depende del entorno químico a la escala de unas pocas moléculas, aunque
los desplazamientos en frecuencia asociados a las vibraciones moleculares son los
mismos en todos los casos.
En resumen, los resultados presentados en esta tesis contribuyen al campo de la
ingeniería de estructura de bandas, con la discretización de la relación de dispersión
de electrones 2D en la ausencia de confinamiento, y al campo de la opto-electrónica,
con la investigación de la emisión de luz plasmónica de uniones túnel metálicas, y
la luminiscencia de emisores orgánicos dentro de cavidades plasmónicas.
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