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Abstract

Understanding the complex interplay of electrical and chemical reactions at the
electrochemical interface is essential to optimize electrochemical devices in a large vari-
ety of applications ranging from energy-conversion to catalysis and synthesis. However,
there is a lack of analytical techniques providing a full picture of the electrochemi-
cal interface. Tip-enhanced Raman spectroscopy (TERS) is a surface-specific vibra-
tional spectroscopy providing chemical information with (sub)monolayer sensitivity
and nanometric spatial resolution. TERS has been applied mostly to interrogate in-
terfaces in air and ultra-high vacuum studies, but the characteristics of the technique
make it an ideal candidate to study electrochemical interfaces. The objective of this
work is to develop a TERS system able to work in electrochemical environment.

As a first step, a TERS setup operating in a simplified liquid/solid interface is
developed. Despite a focus distortion at the air/liquid interface, which leads to a
reduction of the scattering intensity by a factor of 3, we are able to efficiently collect
TER spectra from few hundreds of small resonant and non-resonant molecules ad-
sorbed at flat gold electrodes. Low TERS intensity in liquid can be compensated by
phase modulation of the beam, however, enhancement factors of 105 can be reached
with the setup without distortion correction. In air, TERS intensity has been found
be proportional to d−10, being d the tip-sample distance. In STM-based TERS, the
gap distance is determined by the STM bias voltage and tunneling current, however,
no systematic analysis on the dependence of the spectral features into these parame-
ters was available up to now. By a series of experiments in argon and water, we find
that the distance-dependent model is valid also in liquid experiments. Working at
tunneling currents higher than 1 nA and bias voltages lower than 0.1 V results in an
efficient rise of the TERS intensity in both air and liquid experiments. In this work
we demonstrate systematic and reproducible TERS characterization of solid/liquid
interfaces.

Finally, we demonstrate the extension of the system to electrochemical environ-
ment. As a test experiment, we measure a monolayer of adenine on a Au(111) electrode
in acidic media. EC-TERS data combined with theoretical simulations offer a full pic-
ture of this electrochemical interface. We find that protonated adenine is physisorbed
into the gold substrate in a tilted configuration at potentials lower than the potential
of zero charge, and it adopts a vertical orientation at higher potentials. After depro-
tonation at 0.6 V (versus Ag/AgCl), neutral adenine is chemically adsorbed at the
surface with a planar orientation.

The results obtained in this thesis demonstrate the promising capabilities of the
instrument to characterize liquid and electrochemical interfaces, providing a general
overview of chemical conversion, electron transfer reactions and orientation at the
interface. The extension of TERS to electrochemical and liquid environments paves the
way for powerful in situ chemical nano-characterization of a wide range of electrified
interfaces.
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Chapter 1

Introduction

The scientific method requires the direct observation of natural processes to
either validate existing theories or discard them and formulate new hypotheses.
It is therefore essential to develop techniques and instrumentation that allow us
to observe the physico-chemical process that we are interested in. While great
technical progress has yielded techniques that can access atoms and molecules in
their characteristic length scales, or at extremely high temporal resolution, the
access to fundamental processes in the nanoscale is, in many cases, limited to
ultrahigh vacuum (UHV) and low-temperature studies. Gaining understanding
about real-life applications and devices requires the extension of experimental
techniques to realistic working conditions. The main motivation of the present
thesis is the technical development of a spectroscopic method able to access
the electrochemical (EC) interface in situ with nanoscale spatial resolution and
sub-monolayer sensitivity, where traditional surface science methods operating
in UHV conditions provide just a crude approximation of the real interplay
between electrode and electrolyte at the interface during redox reactions.

Electrochemistry is the working principle of many important applications nowa-
days, ranging from energy conversion devices to green catalysis or synthesis. In
order to optimize the macroscopic efficiency of electrochemical devices and reac-
tions, we need to observe and understand the complex electrochemical interface
where the electron transfer and chemical reactions take place. Despite its im-
portance, there is a lack of analytical techniques able to provide a complete
picture of such interfaces in the nanoscale. The ideal tool would provide con-
trol of the EC environment to trigger redox reactions at will, combined with
in situ observation of the nanoscale processes resulting from such reactions.
Motivated by the need for developing methodologies to access the electrochem-
ical interface with nanoscale sensitivity and resolution, we have developed a
unique instrument extending a conventional tip-enhanced Raman spectrometer

11
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12 Introduction 1.1

to electrochemical conditions.

Part of the content of this thesis is reproduced/adapted from published
work. [1–4]

1.1 Motivation: towards full understanding of
the electrochemical interface.

Electrochemical systems appear in many different disciplines and applications
such as, for example, electrocatalysis, [5] biological membrane behaviour [6] or en-
ergy conversion [7]. Independently of the system considered, the most important
common element is the electrochemical interface. It is at the interface between
the electronic conductor electrode and the ionic conductor electrolyte where the
interplay between electronic and chemical processes during an electrochemical
reaction takes place. Therefore it became very clear in the last decades that fun-
damental understanding of the processes at the electrochemical interface could
lead to a huge revolution in industry and science by tailoring (electro)active
interfaces meeting specific application needs. Despite its importance and the
extensive research triggered lately aiming to elucidate the specific interactions
taking place at the EC-interface, a complete molecular understanding is far
from being achieved. The reason behind this is that, due to its complexity,
the understanding of the interfacial dynamics requires several capabilities to be
achieved in one single instrument.

More specifically an ideal tool that would provide all the molecular information
needed about the interfacial processes should count with the following capabil-
ities:

• High sensitivity to detect and characterize species at very low concentrations
at the interface and distinguish them from the bulk contribution of the
solution.

• Chemical specificity to identify chemical species and characterize their in-
teractions with the environment.

• Nanoscale chemical resolution to identify reactive species and sites.

• In situ working conditions to trigger and control the electrochemical reac-
tions, i. e. electron transfer and chemical conversion.

Until this day, many different techniques have been employed in order to dis-
entangle the complex interfacial processes, that combine one or more of the
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1.1 Introduction 13

previously mentioned capabilities. Cyclic voltammetry (CV) is traditionally
used in electrochemistry to get thermodynamic and kinetic information about
the interface and the reactivity of the electrode with spatial resolution in the mm
to nm range. [8] In the last decades, CV has been combined with surface-science
instrumentation to improve our knowledge about the electrochemical interface.
EC-Scanning probe microscopy (EC-SPM) provides topological images in situ
that can be used to distinguish reactive sites with atomic spatial resolution, [9]

even providing video of electrochemical reactions at molecular scale; [10] however
without specific chemical information. Scanning electrochemical microscopy
(SECM) [9,11] and electrochemical scanning flow cell (ECSFC) [12] provide high
spatial and temporal resolution to obtain additional insight into electrochemical
conversion reactions; however individual reactive sites are not accessible with
a detection sensitivity limited to the ppm range. Recently, in situ X-ray scat-
tering tools reaching molecular spatial resolution have been used to reveal the
surface structure and chemical composition of electrochemical interfaces. [13–15]

While promising, X-ray studies in electrochemistry are scarce because they are
synchrotron-based.

Vibrational spectroscopies provide the chemical information required to char-
acterize molecular species and their interactions at the interface. Electrochem-
ical infrared (IR) [16,17] and nonlinear sum frequency generation (SFG) spec-
troscopy [18–20] provide the required chemical information of the surface. Gen-
erally, they access a limited spectral range in the low energy region, and due to
the strong IR absorption of water, working in aqueous electrolytes is challenging
because water bands can mask the signature of adsorbates at the interface.

Raman spectroscopy can be also used to characterize electrochemical systems,
despite its inherent low scattering cross-sections. [21–23] Being conventional Ra-
man a technique only suitable for bulk measurements, near-field Raman tech-
niques are being developed to access the molecular fingerprint of interfacial pro-
cesses. Tip-enhanced Raman spectroscopy (TERS) offers the required chemical
information with (sub) monolayer sensitivity and nanometric spatial resolution,
and therefore fulfills three out of the four capabilities of our “ideal” tool.

Based on the combination of an SPM with a Raman instrument, TERS uses
the near-field created at the apex of a nanometric tip to act as a nanoantenna
that amplifies the Raman scattering of the molecules at the tip-sample gap
by several orders of magnitude. [24–26] While ultra-hight vacuum (UHV) and
air studies are increasignly used in surface science, [27–30] accessing solid-liquid
interfaces and electrochemical systems remains difficult and only a few studies
have been reported, due to the complexity of the experiments and the technical
challenges that the solid-liquid interface entails. [1,31] The motivation of this
work is, precisely, to address this problem and develop a TERS instrument
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14 Introduction 1.2

able to work under electrochemical conditions, providing a full nanoscale in-
situ characterization of the electrochemical interface. To achieve it, great care
had to be put into the different technical challenges, how to overcome them and
couple efficiently the main players of an EC-TERS instrument: SPM, Raman
platform and electrochemical environment.

1.2 Thesis outline

In the present work, all the steps in the instrument development are detailed
and the performance of the setup tested in different reference experiments.

In Chapter 2 the most relevant theoretical aspects of TERS, SPM and elec-
trochemistry are treated. They are intended to introduce the basic knowledge
required to understand the following chapters. Additionally, a review of the
most common experimental configurations of a TERS setup is provided, fol-
lowed by a discussion of how ultra-high vacuum (UHV) and air-system can be
adapted to work in liquid environments.

Chapter 3 has been devoted to the development of the setup, since it is a major
part of the work done during this Ph.D. project. All details of our setup are
given, with a special focus on technical challenges and the way to overcome
them. One of the main issues when performing TERS in liquids is the distortion
of the focus point in the air/glass/water interface. Spherical aberrations of the
focus lead to a decrease of the detected Raman intensity. We are developing a
procedure to correct the aberrations by phase-modulation of the laser beam. In
Section 3.2, the origin of the focus distortion and the details of the modulation
strategy are treated. Practicals details regarding sample and tip preparation
are also included, as well as information about the experimental procedure and
measurement.

The remaining chapters deal with the experiments done with the instrument
to evaluate its performance and potential. While the final motivation is to ac-
cess electrochemical interfaces, liquid TERS already provides a great technical
progress and at the same time is an intermediate step in the building process. In
Chapter 4, the initial trials of the machine on a simplified solid/liquid interface
are provided. The chapter is focused on the comparison of in-air and in-liquid
experiments to quantify the effect of the focus aberrations and other experimen-
tal parameters. Results from liquid TERS of resonant and non-resonant species
are presented. [1] The discussion is focused on the comparison between air and
liquid results and resonant versus non-resonant detection.

In Chapter 5 we evaluate the relation of the TERS setup and the scanning tun-
neling microscope (STM), the SPM technique used in our home-build liquid
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1.2 Introduction 15

(EC)-TERS setup. [3] In particular, we analyze how the STM parameters (tun-
neling current and bias) can affect the intensity and position of the Raman peaks
in the TER spectra. The effect of each parameter is evaluated independently
and a comparison between air and liquid results is provided.

Finally, in Chapter 6 we present a proof-of-principle of the EC-TERS setup used
to successfully measure the electrochemical response of a monolayer of adenine
in acidic media. [4] The experiments performed allow the understanding of the
adsorption process of the DNA base in terms of chemical interaction and orien-
tation with respect to the electrode. Supported by theoretical simulations, the
results obtained provide a detailed overview of the physico-chemical processes
at the interface as a function of sample potential.
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Chapter 2

Fundamentals

This chapter contains an introduction to the theory behind TERS, STM and
electrochemical methods, as well as the fundamental aspects of experimental
configurations of TERS instruments. Some of the figures and content of this
chapter have been previously published in ChemElectroChem, 4 (8), 1814-1823,
2017, http://onlinelibrary.wiley.com/doi/10.1002/celc.201700293/
full and reproduced here with permission from Wiley. [2]
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18 Fundamentals 2.1

2.1 Introduction

Electrochemistry is the area of physical-chemistry dealing with the interplay of
chemical and electrical reactions. As defined by Schmickler and Santos, elec-
trochemistry is the study of structures and processes at the interface between an
electronic conductor (the electrode) and an ionic conductor (the electrolyte). [32]

In order to understand an electrochemical system, one should then concentrate
on studying the electrochemical interface. In an electrochemical cell, charge
transfer across the interface between the electrode and the electroactive species
in the electrolyte occurs accompanied by different chemical changes at the sur-
face. These interfacial events are usually complicated, composed of different
reaction steps including mass transport of electroactive species to the inter-
face, adsorption, electron transfer, reorientation, desorption and diffusion of
the products back into the bulk electrolyte.

Traditional electrochemical methods such as cyclic voltammetry, consist of trig-
gering electrochemical reactions by tuning the Fermi energy of the electrode.
The corresponding current flow resulting from charge transfer across the in-
terface is evaluated. CV provide information about the charge transfer (or
electrical current) as a function of electrode potential, however, it does not
provide specific chemical information about the species being formed or the ge-
ometry/structure of adsorbates at the electrode. To gain a deeper insight into
the electrochemical reactions, a combination of EC methods with other surface-
specific techniques is common in electrochemical research. [33,34] In order to fully
characterize the interface, we need a technique providing chemical information,
with (sub)monolayer sensitivity (as to access the few species at the interface
and distinguish them from bulk contributions) and, ideally, nanometric spatial
resolution (to analyze the behavior of different adsorption sites), with potential
control to induce and control the EC reactions.

As discussed in Chapter 1, different SPM and vibrational spectroscopic methods
are commonly used in electrochemistry. [33,34] Raman spectroscopy, an inelastic
scattering process (Fig. 2.1 a), is a good candidate because it provides a chemical
fingerprint of the system studied, covering a broad spectral range including
solid-state vibrations (phonons in the low-energy range), organic and inorganic
molecules and ions up to the range where vibrations of water can be detected.

The main challenge to apply Raman spectroscopy to surface studies is to over-
come the low scattering cross-sections, that generally require high concentration
of analytes to produce a detectable signal. In order to access interfacial infor-
mation, where few molecules are present, the sensitivity of the technique should
be boosted. Enhanced Raman techniques such as surface and tip-enhanced Ra-
man spectroscopy (SERS and TERS, Fig. 2.1 b and c, respectively) provide the
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c. tip-enhanced Raman

a. conventional Raman spectroscopy

b. surface-enhanced Raman
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Figure 2.1. a: Raman spectroscopy is based on the inelastic scattering of light
from a sample. Molecules are excited from the vibrational ground-state (ν0) to a
vibrational excited state (ν1) whose energy difference matches the one between in-
cident and scattered photons (ωinc − ωsc, Raman shift). Raman spectra cover a
broad energy range, including solid-state phonons or metallic substrate-adsorbate in-
teractions, the molecular fingerprint region, and high-frequency modes of CH/OH.
To investigate a small amount of scatterers at interfaces or in confinement, the weak
Raman scattering can be enhanced by near-field (surface- or tip-enhanced Raman,
SERS/TERS) approaches. In b: SERS and c: TERS, field enhancement is achieved
through the excitation of surface plasmons at rough surfaces or in a tip-sample gap,
respectively. Reprinted with premission from ChemElectroChem, 4 (8), 1814-1823,
2017, http://onlinelibrary.wiley.com/doi/10.1002/celc.201700293/full. [2]

sensitivity required to analyze the electrochemical interface.

Tip-enhanced Raman spectroscopy is a near-field vibrational spectroscopy tech-
nique. [35–37] It overcomes the low sensitivity of conventional Raman spec-
troscopy by using the nanometric tip of an SPM to generate a near-field around
the tip apex that acts as a nanoantenna, also called hot-spot. Raman signals
from species within the near-field are enhanced by factors of 107-1010 with re-
spect to conventional Raman (a comparison of a conventional Raman spectrum
and a TERS spectrum is given in Fig. 2.2). TERS is a surface specific technique
where monolayer and even single molecule detection is possible. [38]

TERS evolved from the discovery of SERS in the 1970’s. [21,22,39,40] In SERS
multiple hot-spots are created by roughening metallic electrodes. SERS was

http://onlinelibrary.wiley.com/doi/10.1002/celc.201700293/full
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Figure 2.2. Example of TER spectrum of a monolayer of malaquite green isoth-
iocyanate (MGITC) on Au(111) electrode (red) in comparison with a conventional
Raman spectrum of the same sample (blue).

the first Raman technique reaching sub-monolayer sensitivity. The working
principle of SERS is the excitation of localized surface plasmons (LSP) in metal-
lic nanostructures, and therefore SERS is limited to studies on metallic rough
electrodes. [41,42] TERS was developed 15 years ago to overcome this limita-
tion. [43–47] By using a single, movable hot spot, i. e. the tip apex of an SPM,
the high sensitivity is ensured without limitations to any specific substrate or
sample. Additionally, the localized nature of the near-field gives the instrument
nanometric spatial resolution. TERS has, in principle, all the ideal require-
ments of an instrument to study electrochemical interfaces if operated under
electrochemical conditions.

Generally, there is a growing interest to move to surface-specific Raman stud-
ies in solution, as air and UHV conditions are crude approximations only for
systems where water or supporting electrolyte are essential components of the
complex interface. A systematic implementation of solid/liquid TERS setups
would allow gaining essential information of many biological, electrochemical or
catalytic interfaces where insight in the surface (physico)chemical processes is
highly desired. However, despite great technological progress, TERS applica-
tions in liquid environments still remain scarce. The complexity of the TERS
experiment itself combined with the additional requirements that the liquid en-
vironment entails can explain the long struggle of the community to achieve
solid/liquid TERS.
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The challenges to extend the setup to EC and liquid environment will be treated
extensively in Chapter 3. In the remaining of this chapter, the basic theory
about TERS and its components is presented. It starts with a brief introduction
to the principles of interfacial electrochemistry, STM and Raman spectroscopy,
followed by an extensive review about the principles of near-field Raman and
TERS and its practical implementation.

2.2 Interfacial electrochemistry and cyclic
voltammetry

In this section, the basic concepts in electrochemistry needed to understand the
experimental work presented in the following chapters of this thesis are intro-
duced. The field of electrochemistry is broad and many important concepts are
missing in this description, for more detailed information the reader is referred
to specialized literature. [32,48,49]

In electrochemical studies, we aim to elucidate the processes at one elec-
trode/electrolyte interface of interest. In practice, every electrochemical cell
consists of two electrodes separated by an electrolyte (with the corresponding
electrode/electrolyte/electrode interfaces) which are externally connected by a
conductive wire. Generally, a potential difference between the electrodes (cell
potential) can be measured and represents the energy available to move charge
between them. There are two types of electrochemical cells: galvanic and elec-
trolytic cells. In galvanic cells, spontaneous reactions occur at the surface of
the electrodes resulting in a net current flowing through the connecting wire.
Batteries and fuel cells are the typical examples of galvanic cells, where chem-
ical energy is converted into electrical energy. In electrolytic cells, applying
an external potential between electrodes larger than the open circuit potential
(potential difference measured between electrodes when no current is flowing
between them), drives the electrochemical reactions. [48]

To study the reactions taking place at one electrode-electrolyte interface, the
potential between the working electrode (the one under study) and a refer-
ence electrode is controlled and tuned. The potential applied to the working
electrode results in a change of its Fermi energy, EF , which induces electron
transfer between the electrode and electroactive species in the electrolyte. Con-
sider the specific example of an electrode at a specific potential U0. The EF
of the electrode at this potential lies between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the
electroactive species at the interface in the solution side, as depicted in the
left part of Fig. 2.3. By changing the potential of the electrode to more posi-
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tive values than U0, its EF decreases. If the potential applied is large enough
an oxidation (or anodic) current is obtained as a result of electron transfer
from the electrolyte to the electrode. Similarly, a potential more negative than
U0 rises the EF . A reduction of the species in the solution can occur and a
cathodic current is obtained flowing from the electrode to the electrolyte, as
shown in Fig. 2.3, right. The potential ramp can be accompanied by different
chemical changes at the interface such as adsorption/desorption of molecules or
ions, change of oxidation state, synthesis of new species or reorientation of such
species at the interface. The goal of electrochemical surface studies is to induce
and monitor such reactions to characterize the electron transfer and chemical
reactions occurring as a function of electrode potential. [32,49]

E

EF

Electrode

Species 
in electrolyte

HOMO

LUMO

Usample>U0

Usample<U0

E

EF

HOMO

LUMO
e-

E
EF

HOMO

LUMO

e-

Oxidation

Reduction

Usample=U0

Figure 2.3. In electrochemistry, applying a potential to the electrode (Usample)
results in a ramp of Fermi energy (EF ) with respect to the equilibrium position, U0.
Depending on the sign of the potential, oxidation or reduction of the species in the
solution occurs. Left: At a given potential U0, the interface is at equilibrium with
EF of the electrode lying in between highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of the electroactive species at
the interface. Right: When Usample is more positive than U0, EF decreases to a level
where the electrons in the HOMO flow to the electrode resulting in a oxidation process
(reduction of the electroactive species happens when Usample is more negative than
U0, rising EF of the electrode to a level where electrons can flow from the electrode
into the LUMO of the species in solution).

The most common method to characterize the reactions taking place at the
interface is cyclic voltammetry. In this technique, a three-electrode configura-
tion is adopted, connected as shown in Fig. 2.4a to a potentiostat. The basic
concept is to trigger and monitor electrochemical reactions occurring at the
interface between the electrolyte and the working electrode (WE). The poten-
tiostat controls the energy of the WE by applying a voltage between WE and
a reference electrode (RE). The RE, with a fixed constant composition, has a
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constant potential that allows tuning precisely the potential of the WE. No cur-
rent flows through the RE, which is kept at a constant potential by connecting
it to a high impedance point. [50,51] The current then flows between WE and the
counter or auxiliary electrode (CE). The electrochemical properties of the CE
should not affect the WE, and therefore the only requirement is that the prod-
ucts originated at its interface do not interact with the WE. The electrodes are
mounted in an electrochemical cell filled with the electrolyte. The electrolyte
consists of a solvent containing ions able to transport charge between electrodes.
To choose an appropriate electrolyte, properties as the solubility of the analyte
and its redox activity or electrical conductivity have to be considered. [32,49] The
potentiostat controls the potential of the WE that is scanned linearly at a con-
stant rate back and forth between two vertex values, Fig. 2.4b. The current of
electrons flowing through the electrode is measured versus time and plotted as
a function of applied potential in a cyclic voltammogram, Fig. 2.4c. The CV
contains information about kinetics of the electron transfer reactions and redox
potentials of the electroactive species. [32,49]

Potentiostat

RE CE
WE

V I
EWE vs. RE IWE=ICE

EC cell

a EWE
time

EWE

IWE

b

c

Figure 2.4. a: sketch of the three electrodes configuration in a potentiostat; WE,
CE and RE are the working, counter and reference electrodes, EWE and IWE are the
potential applied and resulting current in the WE. b: In CV the potential of the WE is
ramped linearly back and forth between two vertex values versus time. The measured
current flow is plotted versus applied potential in a cyclic voltammogram (c).

The current recorded in a CV is a convolution of faradaic and non-faradaic pro-
cesses. Faradaic currents originate when electrons are transferred between WE
and electrolyte, as for example in an oxidation or reduction process. Faradaic
currents obey Faraday’s law: the amount of oxidized or reduced species at the
surface of the electrode is proportional to the current of electrons across the in-
terface. [48] Faradaic currents appear in a CV as anodic and cathodic peaks. The
peak height is proportional to the surface coverage (concentration per surface
area) and the scan rate. Integration of the peak area gives information about
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the charge transferred per unit of area across the interface. [51] At some poten-
tial ranges no charge transfer between electrode and electrolyte occurs, and yet
an external current might be measured by the potentiostat. These currents are
due to non-faradaic processes. Adsorption/desorption at solid/liquid interface
or formation of the electrochemical double layer (EDL) are typical examples
producing non-faradaic currents in the CV. When a potential is applied to the
electrode a charge separation occurs at the interface: the electrode, generally a
metal, has an excess charge that is balanced in the solution side by ions of oppo-
site charge forming the EDL. The movement of charges to accumulate in both
sides of the interface (electrons in the electrode side or ions in the solution side)
produces an external current in the circuit even when no charge transfer across
the interface occurs. This process is similar to the charging/discharging of an
electrical capacitor. A capacitor is composed of two metallic electrodes sepa-
rated by a dielectric material. When a potential is applied between electrodes,
charges of opposite sign accumulate at each electrode according to the relation
q = C ·E, being E the potential applied, q the charge stored and C the capaci-
tance of the system indicating the ability of the capacitor to store charges. The
charging process results in a current through the electrical circuit. The charging
of the EDL appears in the CV as a constant capacitive current symmetric with
respect to zero for positive and negative potential ramps. [33,34,48,51] In Chapter 6
a practical example of how reorientation of molecules at the electrode surface
can affect the capacitance of the EDL is shown.

2.3 Scanning tunneling microscopy

SPM techniques are routinely used nowadays to study surfaces with sub-
nanometric spatial resolution. In every SPM technique, a tip is scanned over the
sample under investigation to interrogate the surface, either in direct contact
or at sub-nanometric distance. The nanometric tip apex interacts with atoms
and molecules in the surface and by monitoring such interactions one can gain
information about the topography of the system as well as electronic properties
with lateral spatial resolution determined by the tip dimension. There are two
main types of SPM that are used in TERS: atomic force microscopy (AFM)
and STM. The main difference between them is the feedback mechanism used
to keep the tip-sample distance. In this work, we use an STM-based setup,
and therefore in the following the discussion is focused on this type of SPM
technique.

Invented in 1982 by Binnig and Rohrer and awarded a Nobel Prize in 1986, [52]

STM has become nowadays a basic characterization technique in surface sci-
ence. The physical principle behind STM is to measure quantum tunneling of
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electrons through a classically forbidden energy barrier. According to quan-
tum mechanics, when two metals are separated by vacuum, if the gap between
them is close enough for their molecular orbitals to overlap, there is a non-zero
probability of electrons (with energy, E, lower than the barrier height or work
function φ) tunneling between them. In the gap region, the wave function,ψ(z),
decays exponentially with distance according to [53]

ψ(z) = ψ(0) · e−
√

2m(φ−E))
~ ·d (2.1)

with m the electron mass and ~ Planck’s constant equal to 1.35·10−34 Js.

In STM, tunneling between the tip and the sample under investigation is mea-
sured. Practically, if tip and sample are placed close to each other and we apply
a bias voltage (Eb) between them, the Fermi levels of tip and sample will get
misaligned and, depending on the sign of the voltage and the gap distance, elec-
trons will tunnel from tip to sample or viceversa. This process is schematically
depicted in Fig. 2.5.
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z
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Figure 2.5. Schematic representation of the tunneling current in STM. Tip and
sample are separated by a gap of width d. φt and φs are the work functions of tip
and sample, respectively. When a bias voltage, Eb, is applied to the sample, the Fermi
level (EF ) moves and electrons can tunnel from tip to sample in case of positive bias
(a) or viceversa in case of negative bias (b). The tunneling current depends on the
gap distance, the value of Eb applied and on the availability of empty states in tip and
sample, or LDOS, illustrated in the figure by the red shadowed areas.

The tunneling current (It) decays exponentially with the gap distance and can
be calculated by taking into account the density of states of the sample (LDOS)
as: [53–57]
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It ∝ eEb · ρ(EF) · e−β·d ∝ eEb · ρ(EF) · e−1.025
√
φd (2.2)

e is the elementary charge, β is the tunneling decay constant, β = 4π
h

√
2mφ and

ρ(EF) is the local density of states (LDOS) at the Fermi level.

The exponential dependence of It on the gap width is responsible for the high
vertical resolution of the STM: decreasing the tip-sample gap by 1 Å results
in an increase of the tunneling current by one order of magnitude. The gap
distance is precisely controlled with a piezoelectric positioning system, which
adjusts the tip position according to the feedback provided by the tunneling
current.

To obtain the topography of the surface, the STM can operate in two modes:
constant current and constant height. The experiments performed in this the-
sis were done in constant current mode, where the feedback loop adjusts the
position of the tip to keep constant the tunneling current (set-point current) as
the tip is scanned along the sample horizontally. The STM collects the vertical
movements of the tip during scanning to retrieve the sample topography. Alter-
natively, the STM can be operated in constant height mode, where the feedback
loop is disconnected and the tip vertical position is fixed while scanning, mea-
suring a current map of the surface. This mode allows fast measurements due
the lack of feedback mechanism, however scanning very rough samples (over few
nm roughness) can result in a tip crash. Due to the dependence of the tunneling
current on the density of states of the sample, the features in STM images are
a convolution of topography and electronic structure. [52,58,59]

2.4 Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopic technique based on the in-
elastic scattering of light. As such, Raman scattering is instantaneous, i. e. it
does not imply the absorption of a photon as it is the case for other molecu-
lar spectroscopies like IR or fluorescence. It was first discovered by the Indian
physicist Sir Chandrasekhara Venkata Raman in 1928, who was awarded the
Nobel Prize for this discovery two years after.

When visible light interacts with a molecule, most of the incident photons are
elastically scattered with the same energy in a process commonly known as
Rayleigh scattering. Some small portion of the photons can promote electrons
in the ground state to excited vibrational states, and therefore undergo inelastic
scattering. The scattered photons will then have lower energy (Stokes scatter-
ing) than the incoming photons. In the same way, incoming light can interact
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with a vibrationally excited molecule to bring electrons back to the ground
state, and the scattered photon in this case will have higher energy than the in-
coming (anti-Stokes scattering). From the energy difference between incoming
and scattered radiation, a magnitude called Raman shift representing the vibra-
tional energy of a mode, a unique vibrational spectrum containing structural
information of the system under study can be recovered and used as a power-
ful characterization tool. Fig. 2.6 shows the energy diagrams for the different
scattering processes described.

ω0

ωs<ω0

Stokes Raman

ω0

ωs>ω0

anti-Stokes Raman

ω0

ωs=ω0

virtual state

Rayleigh

ν0

ν1

ν2S0

S1
E

Figure 2.6. Energy diagram of elastic (left) and inelastic (center and right) scattering
by molecules. Raman spectroscopy is based on inelastic scattering of light where
incoming photons provoke transitions of electrons between the different vibrational
levels (ν0, ν1, ν2) of the molecule.

Mathematically, we can describe this process using a classical electromag-
netic approach. [42,60] When a external electromagnetic field, ~E, impacts on a
molecule, it induces a dipole moment, ~µ, according to:

~µ = α~E (2.3)

where α is the polarizability tensor describing the tendency of the electron
density in the molecule to be distorted by the field. The polarizability is not
a static parameter since it can change with the molecular oscillations, i. e. as
the electron density adjusts to the nuclear motion. We can then express it as a
Taylor expansion with respect to the normal nuclear coordinates:

α = α0 +
∑
k

(
∂α

∂Qk

)
0
Qk + 1

2
∑
k,l

(
∂2α

∂Qk∂Ql

)
0
QkQl . . . (2.4)

α0 is the value of α at equilibrium, Qk, Ql . . . are the normal coordinates of
vibration associated with the molecular vibration frequencies of ωk, ωl . . . , and
the subscript 0 indicates the equilibrium configuration. Neglecting higher-order
terms than the linear (electric harmonic approximation), equation 2.4 can be
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rewritten for one specific normal mode, Qk, as:

αk = α0 + α′kQk (2.5)

where α′k =
(
∂α
∂Qk

)
0

is the derived polarizability. Vibration coordinate Qk can
be approximated as harmonic around the equilibrium position, Qk0 :

Qk = Qk0 · cos(ωkt) (2.6)

Additionally, for monochromatic incident radiation, ~E can be described by:

~E = ~E0 · cos(ω0t) (2.7)

Combining equations 2.5,2.6 and 2.7 into 2.3, we obtain:

~µ = [α0 + α′kQk0 · cos(ωkt)] ~E0 · cos(ω0t) (2.8)

Using trigonometric relations, equation 2.8 can be written as:

~µ =

Rayleigh︷ ︸︸ ︷
α0 ~E0 · cos(ω0t)

+ 1
2α
′
kQk0

~E0 · cos[(ω0 − ωk)t]︸ ︷︷ ︸
Stokes Raman

+ 1
2α
′
kQk0

~E0 · cos[(ω0 + ωk)t]︸ ︷︷ ︸
anti-Stokes Raman

(2.9)

Equation 2.9 represents the induced dipole moment of a molecule in presence
of an external EM field. This dipole is a radiation source with three terms
describing different components of scattered light. The first term represents the
elastic scattering (Rayleigh scattering), a radiation with the same frequency, ω0,
as the incoming field. The other two terms describe respectively Stokes and anti-
Stokes Raman, i. e. inelastically scattered light at a frequency lower or higher
than the incoming field, as depicted in figure 2.6. Stokes radiation is red-shifted
with respect to the incoming light and represents the scattering resulting from
promoting an electron from the fundamental to a vibrationally excited state.
In contrast, anti-Stokes Raman results from the relaxation of molecules from
a vibrationally excited mode to the fundamental, being therefore blue shifted
with respect to the incoming light.

From this simple classical approximation, we can understand the selection rule
for a mode to be Raman active: a mode is Raman active if there is a change
in the polarizability tensor upon vibration, i. e. α′k 6= 0 in equation 2.9. For
a more precise treatment of the scattering process a full quantum mechanical
description is required. Such a discussion is beyond the scope of this work, and
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therefore it will not be treated in this dissertation. For a detailed review the
reader is referred to the works by D.A. Long and E. Le Ru. [42,60]

From the quantum mechanical theory of Raman scattering, other phenomena
as resonance Raman scattering (RRS) can be theoretically understood. Briefly,
RRS is detected when the incoming wavelength has an energy equal to a molec-
ular electronic transition, i. e. in Fig. 2.6 the incoming photons possess enough
energy to excite the molecules from S0 to S1. The intensity of the spectra
from resonant molecules can be several orders of magnitude higher than nor-
mal (off-resonance) Raman intensities, and therefore RRS is very convenient to
compensate for the generally very low Raman signals. Dye molecules are typ-
ical examples of resonant molecules in Raman. D.A. Long provides a detailed
description of RRS in his book. [60]

2.4.1 Characteristics of the Raman spectrum

The Raman shift, defined as the loss (gain) of energy of the incoming photons
after Stokes (anti-Stokes) scattering, ER = E0−ES or νR = ν0−νS, is tradition-
ally expressed in wavenumbers (cm−1) rather than frequency and corresponds
to the energy of the vibrational mode. In a simplified model, one can compare
a molecular vibration to an oscillating spring where the oscillation frequency
follows the relation ν =

√
k/m, being k the spring constant and m the mass.

Therefore, from the obtained vibrational frequencies of the Raman spectra, we
can gain information about the interaction strength and the masses of the atoms
involved in them. For example, vibrations involving double and triple bonds
appear at higher wavenumbers than single bonds, while vibrations involving
heavy atoms have lower Raman shift than the lighter ones.

A Raman spectrum consists of a plot of Raman intensity as a function of Raman
shift, i. e. scattered intensity versus energy (or frequency). Peaks correspond-
ing to the active molecular vibrations appear in the spectrum with different
intensities, with a certain broadening usually defined as the full-width at half
maximum (FWHM) of the peak. The broadening originates because excited
states do not have infinite lifetime and therefore their energy is not exactly
defined. As a consequence, a distribution of photons with energies centered
around a central value νR is detected. Typical values of FWHM in Raman
oscillate between few wavenumbers and few dozens. [42,60]

The power of Raman spectroscopy to efficiently characterize samples relates to
the fact that the parameters defining a peak or vibration (position, intensity, and
FWHM) strongly depend on the morphology and composition of the sample.
For example, the chemical environment of the molecule probed affects the peak
position. Changes in interaction strength between molecules and environment
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(for example the substrate), or in general, any chemical reaction altering the
molecular structure results in shifts of the position of the Raman lines (changes
of m and/or k result in a shift of the frequency according to ν =

√
k/m). FWHM

contains information about the crystallinity or purity of the samples. Since it is
inversely proportional to the lifetime of the photon in the excited state, generally
ordered samples (as crystalline solids) have narrower peaks than the amorphous
configuration. The intensity of a Raman band depends on incident power,
frequency, polarizability, temperature and scattering cross-section (defined as
the ratio between incident power and scattered power, σ = Pscat/Pinc). The
latter is usually treated in its differential form to account for the directionality
of the scattering radiation:

dPsca

dΩ (Ω) = dσsca

dΩ (Ω)Sinc

Due to the complex relation of the intensity with different parameters, compar-
ing Raman intensities between experiments requires fixing some experimental
variables such as incident power or polarization, simplifying the dependency of
the intensity on different parameters. Different normalizations can be applied
to the spectra to analyze the meaning of intensity changes between different
experimental conditions. For example, normalizing spectra to incident power
can be used to analyze photodegradation of the sample, while normalization to
a specific band intensity emphasizes relative band intensity changes. If analyzed
carefully, the intensity changes of a specific band can provide information about
the geometry of the sample (orientation of molecules with respect to the incom-
ing field) through its dependency with the polarizability tensor. A detailed
explanation of this through a practical example is shown in Chapter 6.

2.5 Tip-enhanced Raman spectroscopy

The main disadvantage of conventional Raman spectroscopy are the inherent low
scattering cross-sections of vibrational modes of non-resonant organic molecules
(in the range of 10−29 to 10−32 cm2) [42] making it a low-sensitivity technique
that can only be used to characterize bulk solid samples or highly concentrated
solutions.

Enhanced-Raman techniques (SERS and TERS) make use of nanometric metal-
lic structures to enhance and localize the electromagnetic (EM) field, lead-
ing to hot-spots acting as nano-antennas. An optical antenna is an object
that converts between freely propagating (far-field) and localized (near-field)
optical radiation. [61] The Raman enhancement factor produced by the opti-
cal antenna is calculated as the square of the field enhancement, i. e. g2 with
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g= Eenhanced/Eincident = Enear−field/Efar−field. [62] The nano-antenna en-
hances the incident field, g2

inc, that interact with the sample resulting in near-
field scattered radiation which is again coupled by the antenna into the far-field
and enhanced accordingly, g2

sc . Thus the total Raman enhancement factor is
g4 assuming ginc=gsc. [63–65] Raman signals from species in the hot-spot (near-
field) are enhanced by factors of 107-1010 in comparison to conventional Raman.
In this way, the technique can be extended to surface studies, where monolayer
and even single molecule detection is possible. The tip apex of an SPM is the
nano-antenna in TERS systems where the far-field light is focused into a highly
enhanced and localized near-field region extending in the three spatial directions
a few nm from the tip apex. The localization of the near-field around the an-
tenna is the origin of the nanometric spatial resolution of near-field techniques.
Spatial resolution (vertical and lateral) is treated in following sections.

The Raman enhancement is a combination of two main mechanisms: EM and
chemical enhancement, with the EM enhancement being the main contribution
to the total field enhancement. The chemical enhancement contributes to the
overall enhancement by one or two orders of magnitude, while the rest is at-
tributed to the EM enhancement. [42,63] The EM enhancement is based on the
resonant excitation of LSP at the tip apex. The chemical enhancement corre-
sponds to changes of the polarizability tensor upon adsorption of the molecule
onto the metal (as a result of a charge-transfer between metal and adsorbate),
in such a way that the modified polarizability is more resonant with the incident
light than the original. [42,66–68]

Plasmons are defined as quantum quasi-particle representing the elementary ex-
citation, or modes, of the charge density oscillations in a plasma [42] or, in
simpler terms, plasmons are collective oscillations of the free electron gas in a
metal. Different plasmons exist depending on their characteristics: When the
plasmons are confined to a surface, we call them surface plasmons (SP), while
if the surface is also confined (as in a nanoparticle or at the apex of an SPM
tip) we talk about localized surface plasmons. The latter are the ones involved
in the field enhancement in TERS and SERS. Plasmons are charge oscillations
and therefore are also EM-field. As such, external fields like propagating light
can interact with plasmons and excite them resonantly under appropriate con-
ditions. Exciting directly SP at a planar surface is not possible due to momen-
tum mismatch at the interface.To overcome this issue, momentum matching
techniques as Otto or Kretschmann configurations can be used to excite SP
at planar interfaces. [42] The conservation laws are relaxed when considering a
metallic object with smaller dimensions than the excitation wavelength, as for
example a nanoparticle. In this case, LSP can be excited by incident propa-
gating light. The excitation of LSP results in a strongly enhanced EM field
confined to the surface of the nanoparticle that originates from resonant energy
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transfer between the incident light and the LSP. [36]

For the application of TERS, metals whose surface plasmon resonances lie in
the visible frequencies are preferred. This is the case for coinage metals, with
Au and Ag the commonly used materials for tips in TERS. The plasmonic
resonances of the system depend on the material chosen, the size and shape of
the tip and the surrounding dielectric medium.

2.5.1 Vertical resolution

The TERS intensity, ITERS , has been shown inversely proportional to the 10th
power of the tip-sample separation: [69–72]

InormTERS ≈
(

1 + d

ρ

)−10
(2.10)

with d the gap distance and ρ the dipole radius (approximately the tip radius).
Eq. 2.10 is derived from the consideration of an incident field exciting the LSP at
the tip apex. When the LSP are excited, free electrons in the tip apex oscillate
confined into the dimensions of the nanoparticle. This effect can be modelled
as an oscillating dipole radiating an EM field (near-field) which decreases with
the distance to the center of the dipole as I∝R−3 (for this model the tip apex in
TERS is considered a sphere, and R=rtip+d, being d the gap distance). Multi-
plying this dependency by the Raman enhancement g4 described previously, we
reach ITERS ∝R−12. By integrating over the surface area probed, the R−10 ex-
pression is obtained. For a detailed discussion of this model and considerations,
the reader is referred to previous works. [63,70–72]

2.5.2 Lateral resolution

To address the origin of high lateral resolution of TERS, the concepts of near-
field and far-field focus need to be clarified. Abbe limit of diffraction defines
the maximum resolution that can be achieved with far-field optics. The lateral
resolution achieved with a far-field focus is defined as ∆X = 0.61λ/NA, with
NA the numerical aperture of the focusing element. Practically, this reaches
an approximate resolution of λ/2 which leads to values in the range of 200-400
nm. [36] This limit is overcome in near-field approaches, where the confinement
of the field to the nano-antenna (near-field focus) push this limit down and
spatial resolutions of few nanometers and even sub-nm can be achieved.

The near-field or enhanced focus, of radius ref , is the projection of the near-field
on the surface. The TERS radius, rTERS , defined as the distance from the center
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of the near-field focus where the TERS scattering intensity decays up to 1/e of
the maximum value, gives the lateral spatial resolution of TERS. In a simplified
model, the the near-field is considered to be confined around the whole extension
of the tip apex, ref=rtip, and the resolution is given by the tip dimensions.
However, much lower TERS radii are found experimentally. Tip radius between
10 and 50 nm are standard in TERS experiments and lead to spatial resolutions
in the range of 3-15 nm. [73–75] Different theoretical models have been proposed to
calculate the spatial resolution, considering the tip size and geometry and other
parameters such as the substrate employed or the gap distance. Considering
the R−10 model described in the previous section, one can estimate rTERS to
be approximately half of rtip. For a standard tip size of 20 nm, this leads to
a resolution of 10 nm. [63] This is a conservative estimation of the achievable
resolution with a given tip. In practice, sub-nanometer resolution has been
achieved with 25 nm tips in gap mode configuration, allowing chemical mapping
of single molecules. [27] In the next section, we describe gap-mode configuration
in TERS and how it leads to improved spatial resolutions.

2.5.3 Gap-mode configuration

The nano-antenna in TERS converts freely propagating optical radiation into
a localized near-field and vice versa. This concept can be extended to the
substrate in the gap-mode configuration.

Upon tip illumination, a surface charge density is induced in the tip apex, that
can be considered a point dipole. Since the gap distance is in the nanometric
range, an image dipole is induced in the substrate if made out of a metal, usually
the same as the tip. The tip-substrate plasmons are not independent in this
situation, but a new hybrid mode called gap-mode plasmon is formed. Metallic
substrates that exhibit gap-modes present stronger field confinement in the gap,
leading to improved spatial resolution and higher enhancement factors. [65]

The lateral confinement of gap-modes has been found proportional to
√
rtipd,

being rtip the tip apex radius and d the gap distance. [65,76,77] This relation
implies that the field confinement can be tuned by changing the tip-sample
gap and the tip radius, and therefore the spatial resolution can be improved by
minimizing the tip-sample gap. [65,77] For a tip radius of 10 nm the model predicts
a decrease of the lateral confinement of the near-field at gap distances lower than
6 nm (classical electrodynamics sets a lower limit of the confinement that reaches
a minimum at 0.3 nm gap distance). A resolution of 3.5 nm is obtained for a
gap distance of 0.5 nm. For gap distances over 6 nm the confinement reaches the
limit of an isolated tip apex (normal LSP mode). [77] Because of the localization
of the near-field to a smaller region, the field density in the gap is higher and
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the Raman signals from the molecules in the gap are further enhanced.

2.6 Implementation of TERS setup

Up to know TERS has been treated from a theoretical point of view. In the
remaining of the chapter, the main experimental considerations to take into
account when building a TERS setup are detailed.

Since the first experimental reports on TERS [43–47], many efforts have been car-
ried out to develop the technique into a standard characterization tool in surface
science to study different systems in biology, physical-chemistry and materials
science [26,78–85]. In air and UHV, TERS setups have been adjusted to meet
the specific requirements of the system under study by, for example, choosing
between STM or AFM probes for field enhancement, employing different illu-
mination configurations, tuning the excitation laser wavelength or varying the
substrate. [35–37]

The choice of experimental features and their combination (optical illumination
in combination with SPM method, tip material, and excitation wavelength)
define the versatilities and limitations of the resulting system. [35–37]. In this
section, the different configurations of TERS systems routinely employed in
air and UHV are introduced emphasizing their advantages and disadvantages.
Additionally, a review of the few reports on liquid and electrochemical TERS is
given, focusing on how the common TERS configurations have to be adapted
in each case for experiments at the solid-liquid interface.

2.6.1 Illumination geometry

The way in which the light is coupled to the tip, or the illumination geometry,
can heavily influence the TERS efficiency and poses limitations regarding the
kind of samples that are accessible with a TERS instrument. The light can
be focused/collected in transmission mode (bottom illumination) or reflection
mode (side and top illumination) as sketched in Fig. 2.7. [37,86,87]

In bottom illumination, Fig. 2.7 left, the tip-sample gap is illuminated from
underneath the sample (usually with a radially polarised beam) and the back-
scattered light is collected through the same path. [80,88] In general, this illumi-
nation is limited to transparent samples but does not have space constraints;
therefore it is possible to use high numerical aperture (N.A. in the range of
1.4-1.6) and small working distance objectives providing high collection efficien-
cies, i. e. the collection efficiency determines the amount of scattered radiation
collected. In addition small laser focus are obtained, minimizing far-field con-
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tip

objective

Bottom illumination Side illumination Top illumination

Figure 2.7. Possible illumination geometries in a TERS experiment: bottom (left),
side (center) and top illumination (right).

tributions. [35,37,89] The requirement of transparent samples makes it difficult to
work in gap-mode configuration. Nevertheless, Deckert and coworkers found
a way to measure opaque samples in gap-mode with a transmission setup. [90]

They use an opaque sample on a transparent substrate. The focused laser passes
through the transparent side of the sample and is reflected into the tip apex by
a dichroic mirror. The TERS signal is collected in the same way.

In side illumination, Fig. 2.7 center, opaque samples are accessible by focusing
the laser (p-polarised) into the tip apex with a long-working distance objective
at angles in the range of 45-70◦ relative to the tip axis. [1,27] Limited by spatial
constraints due to the SPM head, smaller N.A. objectives (generally less than
0.55) are used with the consequent loss of collection efficiency. The illumination
angle makes the focus spot larger and elliptically shaped, resulting in larger far-
field contributions. These limitations can be overcome by working in gap mode
since thick metallic substrates can be used in this configuration (as explained
in Section 2.5.3). [35,37,89]

Optimal plasmon excitation for TERS requires a large component of polar-
ized light parallel to the long tip axis. [87,91] This is the reason why in side-
illumination the focusing angle is kept in the range of 45-70◦ with linearly
polarised light (p-polarization). In bottom illumination, the high N.A. and
radially-polarised light used is beneficial since it creates strong logitudinal field
along the tip axis. [37,86]

In top illumination, Fig. 2.7 right, the laser illuminates the sample parallel the
surface normal. [75,92] This configuration allows TERS acquisition from opaque
samples and improves the focus quality (with symmetric focus spot). Despite
implemented with long working distance objectives, top illumination generally
leads to higher TERS collection efficiency since larger N.A. (up to 0.7) than in
side illumination is possible. As a disadvantage, to avoid shadowing effects, the
tip must be tilted in this configuration. [35,37,89]
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A special type of top illumination consists of using a parabolic mirror instead
of a lens for focusing and collection of light. Thanks to the high N.A. of the
parabolic mirror (up to 1), the laser is tightly focused into the tip apex. A
hole is drilled in the mirror to accommodate the tip. Accurate alignment of the
mirror is required to avoid aberrations of the focus point and can be achieved
by the use of piezo-stages. [37,93,94]

2.6.2 SPM technique and tip production

Mainly, TERS systems use STM or AFM as the feedback mechanism to con-
trol the tip-sample gap in TERS experiments. [35,36,86,87] In STM, the tunneling
current between tip and sample is the feedback that maintains the gap distance
and therefore is limited to conductive or semiconductive samples. STM-TERS
usually provides signal enhancement around two orders of magnitude higher
than AFM-based configurations [95,96] and high spatial resolution has been re-
ported in STM-based systems because of the sharpness of the tips and the better
control of the gap distance. [27,35,37]

AFM-TERS has a force-controlled feedback mechanism. [35,36,86,87] It is based
on the interaction between tip and sample topography with resulting change
in amplitude/phase (tapping mode) or in deflection of the cantilever (contact
mode). It can be combined with any illumination geometry and it has no specific
sample requirements (no conductivity is required). If operated in contact mode,
the tip can get easily contaminated by picking adsorbates from the substrate.
AFM-based setups operating in shear-force mode (SFM) [97] have also been re-
ported. [98,99] In SFM, the tip is mounted into a tunning fork that oscillates
laterally, generating a shear-force between tip and sample used as a feedback
mechanism.

Obviously, tip production and quality is very different depending on the SPM
technique used and plays a role in the choice of SPM for a TERS system since
it affects production costs and reproducibility. [100] Full metallic tips are used in
STM-TERS, produced by electrochemically etching metallic wires, i. e. by an-
odically dissolving the metal wire in an etching electrolyte. [101,102] The etching
procedure is routinely employed due to its simplicity, however, experimental
factors such as the composition of the etching solution, etching voltage, con-
centration of the chemicals, temperature or cut-off method can affect the final
shape and size of the tip which might affect TERS experimental reproducibility.
In AFM-TERS the most usual strategy consists of coating commercial silicon
cantilevers with gold or silver by thermal evaporation or chemical deposition.
Alternatively, fabrication of specialized cantilevers optimized for TERS applica-
tions has been achieved by functionalizing AFM tips with nanoparticles (by in
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situ pick-up or selective deposition). Fully gold cantilevers specially optimized
for TERS applications have also been reported. [103]

Tip material and excitation wavelength: The material of the tip deter-
mines the excitation wavelength required for optimal LSP excitation. Gold and
silver are the most common material used in TERS because of their LSP reso-
nances in the visible region, high free electron density and stability. [100] Many
parameters such as the size and shape of the antenna and the surrounding di-
electric influence the plasmonic resonances. In general, gold tips produce high
enhancement in the red region, while the optimal enhancement for silver lies in
the green frequencies. While silver produces stronger enhancements than gold
and can be effectively used over a wider range of frequencies, it degrades faster,
and therefore the usable lifetime of gold tips is longer which makes it a more
convenient material if long experiments are required.

2.6.3 Experimental challenges

Given the small distance between tip and sample in TERS from sub-nm
to few nm, it is possible that the tip picks up molecules from the sub-
strate/environment. This contamination is an issue since the goal of the ex-
periment is to analyze substrate/adsorbate interactions, while molecules at the
tip contribute to a SERS near-field signal from the tip. Therefore every TERS
experiment is routinely followed by checks for tip contamination by acquiring
TER spectra with the same tip on clean substrates, or spectra when the tip is
retracted by few nanometers.

Additionally, the gap distance should be controlled since it affects the spectral
features. Blue shifts of the background maximum and strong reduction of both
the background and peak intensities result from a gap distance increase. There-
fore it is important to ensure stable gap distance when comparing results from
different experiments. In Chapter 5 a detailed discussion about the relation
between TERS signals and gap size is presented.

Other sources of signal fluctuations such as drift of the SPM tip or molecular
blinking must be taken into consideration as well. Temperature fluctuations
in the environment can cause severe drifts of the tip that results in variable
signals as the tip moves and collects enhanced Raman signal from different
parts of the sample. In general, the effect of the drift can be evaluated by
systematically acquiring SPM images through the course of an experiment to
ensure stable positioning. In addition, factors such as diffusion, photo bleaching
or photo damaging of the probed molecules can result in strong fluctuations of
the TERS bands. [104,105] Performing UHV and low-temperature experiments
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reduce these effects. In air, acquisition of spectra at different powers can be
done to control if and how molecular species have been damaged.

2.6.4 Moving into liquids

Over the last years, few groups are working on exploring how different experi-
mental configurations can be tuned to work in liquid and EC-TERS conditions.
The first report of solid/liquid TERS was published in 2009 by Zenobi and
coworkers. [31] A bottom illumination geometry in an AFM-based TERS system
(Fig. 2.8a) allowed the authors to efficiently measure a monolayer of thiophenol
on a thin, optically transparent Au substrate with Raman enhancement factors
of 5 x 103. In 2013, Nakata et. al. used a similar setup to detect lipid bilayers
on mica in native aqueous environment [106].

In 2015, the groups of Ren and Van Duyne published independently the first
electrochemical TERS (EC-TERS) studies. [88,107] Van Duyne and coworkers
reported an AFM-based solid/liquid TERS under potential control to probe the
nanoscale redox behavior of Nile Blue dye molecules. [88] They efficiently monitor
the reduction and oxidation of the probed molecules in the EC-TER spectra
and follow the oxidation of few molecules by plotting TERS voltammograms.
A year after, the setup was employed to measure nanoscale spatial variations in
the formal potential of single Nile Blue molecules. [108]

Ren’s group reported for the first time an STM-based TERS approach to inves-
tigate an electrochemical interface. The use of a solid, atomically flat Au(111)
substrate is enabled by a home-built fiber-based setup that features a slightly
inclined substrate geometry to allow efficient light coupling from the side of the
STM tip (Fig. 2.8b). They measure the TERS response of 4-PBT (aromatic
molecule) at two different potential values. Protonation and deprotonation of
the adsorbates are deduced from the measured TER spectral changes.

Top illumination in liquids has been reported recently in STM [109] and AFM-
based systems [110]. In both cases, the thickness of the liquid layer was minimized
by adding a small droplet of liquid on the sample as a way to reduce optical
distortion (Fig. 2.8c).

The AFM bottom illumination approaches used by Zenobi and Van Duyne pose
significant milestones in the development of solid/liquid TERS. The use of an
AFM-based transmission configuration limits the user to optically transparent
substrates and often provides lower signal enhancement than STM-based config-
urations [95,96] as discussed above. Nevertheless, TERS was efficiently measured
in transparent substrates, with no additional enhancement by gap-mode con-
figuration. In addition, in electrochemical AFM no tip coating is required as is
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a b c

Figure 2.8. a: AFM-based bottom illumination setup from Zenobi’s group.
Reprinted with permission from Ref. [31], copyright 2009 John Wiley & Sons, Ltd.
b: STM-based system in side illumination reported by Ren and coworkers, reprinted
with permission from Ref. [107], copyright 2015 American Chemical Society. c: STM
in top illumination approach, reprinted with permission from Ref. [110], copyright 2016
American Chemical Society.

the case for STM systems. The EC-STM in side illumination of Ren’s group
is more versatile in terms of sample choice. However, it requires tip coating to
prevent Faraday currents flowing through the tip. Additionally, spherical aber-
rations of the focus point at the air/liquid interface appear in side illumination,
decreasing the intensity of the TER spectra. By placing the tip close to the
glass window of the liquid cell, focus distortion is minimized. To achieve it, the
substrate was tilted by 10◦ thus affecting scanning capabilities.

The previously described works set the basis for systematic EC-TERS exper-
iments, however, the system is still far from being fully understood and de-
veloped. There is still a lack of comparative EC-TERS studies on different
molecules and environments. While AFM based EC-TERS has been demon-
strated in different labs, only Ren and coworkers have reported an STM based
EC-TERS system. Focus distortion in side-illumination and Faraday currents
through the tip in EC-STM make difficult systematic development of this kind
of instruments.

Motivated by the need of expanding further our knowledge on the main mecha-
nisms affecting EC-TERS we reported our first liquid-TERS results in 2016, in
a side illumination configuration with an STM-based setup similar to Ren’s ap-
proach, however with no substrate tilting. [1] We offered a comparison between
air and liquid results of resonant and non-resonant adsorbates to quantify en-
hancement factors and loses due to focus distortion. Additionally, in 2017 we
published TERS experiments of molecular monolayers in controlled environ-
ments (argon and water) to explore the effect of the STM parameters in the
liquid-TERS response. [3] Finally, we published the first STM EC-TERS study
STM with a continuous potential ramp. The system was used to understand
molecular reorientation of adenine molecules under potential control. [4] These
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experiments are the subject of Chapters 4, 5 and 6 respectively. This thesis
is devoted to the description and discussion of those experiments. In the next
chapters, the setup development itself is described in detail followed by all the
experimental findings.
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Chapter 3

Setup development and
instrumentation

The development of an EC-TERS system is one of the principal goals of the
present work. Therefore, this chapter is dedicated to the introduction of our
home-build setup, experimental details and technical challenges faced during
the building process. The content of this chapter has been partially published
previously in Refs.[1] and [4]. Text and figures are adapted with permission
from Analytical Chemistry, 88, 7108-7114 (2016), http://pubs.acs.org/doi/
abs/10.1021/acs.analchem.6b01080, Copyright 2016 American Chemical So-
ciety; [1] and from Angewandte Chemie Int. Ed., 88, 7108-7114 (2016), http://
onlinelibrary.wiley.com/doi/10.1002/anie.201704460/abstract, Copy-
right 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. [4]a

athe reader is referred to the American Chemical Society and Wiley-VCH Verlag GmbH
& Co. for further permissions regarding these materials
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3.1 Tip-enhanced Raman spectrometer

Our STM-based setup is built in standard side illumination configuration, with
a red laser linearly-polarized coupled to electrochemically etched gold tips. The
main limitation of the STM is the requirement of conductive samples, how-
ever, electrochemical interfaces always feature a (semi)conductive electrode. We
implemented an STM based system to take advantage of the generally higher
enhancement factors (around two orders of magnitude) reported in air for STM-
systems. [95,96] With side illumination we are able to work with opaque samples,
which is a clear advantage in electrochemistry to analyze the behavior of thick
metallic substrates, and benefits TERS measurements by making gap-mode ex-
periments feasible. Side illumination is also an advantage with respect to top
illumination because it allows us to work with bulk electrolyte solutions instead
of being limited to thin liquid layers where diffusion processes are modified. The
choice of gold tips coupled to a red laser was based on the quick degradation of
the alternative silver tips. The main disadvantages of the chosen configuration
are the optical distortion of the focus point in side-illumination in liquid and the
necessity of applying an insulating coating layer to the tips. The tip coating is
needed to prevent Faraday currents at the tip that would make impossible the
detection of tunneling currents in the pA-nA range. These effects and the strat-
egy we follow to overcome them are discussed in the following sections together
with a full description of the different elements in the setup.

3.1.1 Optical setup and liquid cell

The main optical elements of the TERS setup are schematically depicted in
Fig. 3.1. The setup, mounted on an optical table with active vibration isolation
(TMC, CleanTop), is based on the coupling of a commercial STM (Keysight
technologies GmbH, former Agilent 5420, equipped with a bipotentiostat for
EC experiments) with a red He-Ne laser (632.8 nm; REO LSPR-3501, 35 mW
maximum output power, p-polarized). The only modification of the commer-
cially available STM for TERS usage that we performed is a few-mm elongation
of the tip holder to stably accommodate the long and thus particularly fragile
Au tips (visible in Fig. 3.2a). The elongation of the tip holder is required to
fit the long working-distance objective in the limited space left by the STM
head, ensuring mechanical stability during experiments. As a result, in our
design - different from the setup geometry presented by Zeng et. al. [107] with a
10◦ substrate inclination - the flat-lying surface of the original STM geometry
is maintained, thus preserving the (µm-large) scan-range specifications of the
STM.
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Figure 3.1. Top: schematic depiction of our home-built TERS setup in a top view.
Bottom: detail of the coupling between incoming beam, back-scattered light and STM
in a frontal view.
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A laser clean-up filter (Semrock MAXLINE LL-632.8-25.0M) and different gray
filters for laser beam power control (Thorlabs, filter wheel FW212C) are in-
stalled at the exit of the laser, which is directed towards the STM tip-apex in
a side illumination configuration (55◦ between incoming beam and surface nor-
mal). Incident laser and scattered light are focused/collected through an Olym-
pus 50X long-working distance objective (WD=10.6 mm, NA=0.5). Mirrors,
pinholes and other standard optical elements were purchased from Thorlabs.
A long-pass filter (Semrock RazorEdge ultra steep long-pass edge filter LP02-
633RE-25) and a dichroic long-pass beam splitter (Semrock RazorEdge Dichroic
LPD02-633RU-25) with cut-off values of 79 and 156 cm−1, respectively, in the
detection path filter out the Rayleigh elastic scattering. A Horiba iHR 550 spec-
trograph (equipped with 3 different gratings of 600, 1200 and 1800 g/mm) with
a nitrogen-cooled CCD camera (Symphony II, Horiba) is used as a detector.

We have designed a special sample cell for the experiments in liquids shown in
Fig. 3.2. The cell consists of two parts: the main body made of KEL-F and a
glass window (coverslip 22x22 mm2, 170 µm thick, Carl Roth) that is pasted to
the main body with UV glue (Loctite 3321). The angle of the cell wall is such
that the laser beam is perpendicular to the glass surface. The cell and the glass
window can be cleaned separately. An O-ring is placed between substrate and
cell to prevent solution from leaking.

b
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STM

Sample

55°

a STM Coated
 tip

O
bj
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light
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Figure 3.2. a: Solid/liquid TERS sample cell. b: 3D-schematic representation of the
side illumination geometry. c: Side view of the liquid cell indicating dimensions. Re-
produced with permission from Analytical Chemistry, 88, 7108-7114 (2016); Copyright
2016 American Chemical Society. [1]

3.1.2 Focusing procedure

The laser is focused precisely onto the tip apex in two steps: first, images of tip
and focus are collected in a CMOS camera for a coarse focusing; second, a fine
tuning of the focus is performed by optimizing TER spectra. For the first step,
a white-light fiber (KL 1600 LED, Schott) is placed opposite to the objective at



i
i

“thesis˙electronic” — 2018/4/23 — 12:17 — page 45 — #45 i
i

i
i

i
i

3.1 Setup development and instrumentation 45

an angle of 55◦ to the sample surface normal, as shown in the bottom part of
Fig. 3.1. The white light illuminates the tip from the opposite side of the laser,
it is then reflected by the sample into the objective and reaches a CMOS camera
(EoSens MC 1362, Mikrotron) through a beam splitter (Fig. 3.1). In this way,
an image of the shadow of the tip and the laser focus is produced, as shown
in Fig. 3.3. The two tips (and laser spots) seen in the images are the tip and
its mirror image in a Au(111) single-crystal substrate for different tip-sample
distances. For experiments in liquid, due to the translucency of the KEL-F the
liquid cell is made of, the intense white light of the fiber can penetrate through
the cell walls to the sample and create similar images of tip and focus on the
CMOS camera as for air experiments.

in air in watera b

Figure 3.3. Microscope images of the tip-focusing process in air (a) and in water
(b) when the tip is retracted more than 3 µm (left), approaching the surface (middle),
and in tunneling conditions (right). Reproduced with permission from Analytical
Chemistry, 88, 7108-7114 (2016); Copyright 2016 American Chemical Society. [1]

The STM rests on an x,y-piezo stage (custom-made by Steinmeyer Mechatron-
ics, former Feinmess Dresden, Fig. 3.1) that allows positioning of the STM, i.e.
of the tip with respect to the focus, with 3 nm precision over a maximum dis-
tance of 10 mm. An additional piezo stage serves as a base for the objective
arm and moves the focus in the z-direction. In this way, focus (objective) and
tip (STM) can be moved independently from each other to find the appropriate
focus position on the tip apex while monitoring the focusing image with the
CMOS camera. With our setup design, this focusing procedure works well both
in air and in water, Fig. 3.3. The images in the CMOS can be used to find
approximately the position of tip and laser spot to excite the LSP and generate
a near-field signal, however being based only on the microscopic images of the
camera it is difficult to find the optimal TERS enhancement.

A second focusing step is done for fine-tuning of the focus based on the TER
spectra collected with the spectrograph and the CCD camera. It consists of
moving the piezo-stages (in the 3 directions independently) and monitoring
the TER spectral response to maximize peak intensity, i. e. the optimal focus
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corresponds to the most intense spectrum. For this step, the beam splitter is
moved out of its position to collect all scattered radiation.

3.2 Focus distortion

As previously mentioned, one of the main problems arising when using a side
illumination configuration in a liquid TERS experiment is the distortion of the
focus point when the beam has to pass through different interfaces. [111–113] In
our experimental configuration, spherical focus aberrations leading to a dis-
tortion of the focal plane occur because of refractive index mismatch at the
air/glass/water interfaces. According to Snell’s law, the rays of the laser beam
will be differently refracted at the glass window depending on their incidence
angle to the surface normal, i. e. outer, middle and central parts of the laser
beam will be focused to different optical planes, δf, and far away from the
nominal focal plane (NFP) in air, [111–113] as graphically displayed in Fig. 3.4a.
As the incidence angle to the air/glass interface decreases from the rays in the
outer part of the objective window to the ones in the center, the refraction angle
decreases in the water interface as predicted by Snell’s law:

nair · sin(θinc) = nglass · sin(θglass) = nwater · sin(θwater) (3.1)

sin(θwater) = nair

nwater
· sin(θinc) (3.2)

With n being the refractive index, θinc the incidence angle and θglass, θwater
the refraction angles in the air/glass and glass/water intefaces respectively.
This results in a larger working distance in liquid with respect to air (NFP-
δf distance) and an aberrated focus point in liquid, where concentrical rings
of the beam (rays with same incidence angle) are focused in a range of focal
planes determined by δf. Given the characteristics of the objective (NA=0.5,
WD=10.6 mm), the outer rays have an incidence angle of 30◦ with the glass
window. δf between incident light at 30◦ and 1◦ can be calculated from simple
geometrical considerations and applying equations 3.1 and 3.2. Considering for
example a light path in air of 5 mm before finding the glass window, the pene-
tration depth in water oscillates between 7.14 and 7.29 mm resulting in a δf of
152 µm. Experimentally we observe an aberrated focus in water for a range of
140 µm upon vertical movement of the objective, in agreement with the previous
estimation. The distance from δf to the NFP is 1.72 mm.

The magnitude of the total focus aberrations due to refractive index mismatch
(δf) scales with increasing beam path after the interface, i. e. penetration depth
in glass and water. [111,112,114] In Fig. 3.4b two examples are shown where the



i
i

“thesis˙electronic” — 2018/4/23 — 12:17 — page 47 — #47 i
i

i
i

i
i

3.2 Setup development and instrumentation 47

nair=1

nwater=1.33

δf

NFP

glass (n=1.52)

a b
nair=1air water

glass

δfNFP

NFP δf

Figure 3.4. a: Spherical aberrations of the beam in liquid experiments arise from
refractive index mismatch at the air-glass-water interface. b: The magnitude of the
aberrations, or distance between the focal planes of outer and central rays in the beam
(δf), scales with path in the liquid layer (the glass thickness of 0.17 mm is constant in
our setup). NFP is the nominal focal plane in air.

objective is placed close (blue) or far (red) from the glass window. If the liquid
cell is positioned close to the objective, the beam path in liquid is larger and δf
increases as well as its distance to the NFP (blue). If the liquid cell is placed far
from the objective (red, pink), the beam path in liquid is small and δf decreases.
For a path in air of 10 mm, we obtain a penetration in water of 646 µm and δf
of 13.4 µm, in contrast with the values for a 5 mm path in air given above.

Larger focus aberrations (may) lead to less efficient plasmon excitation due to
a loss of photons in the center of the focus point, and, consequently, to lower
TER enhancement. Ideally, the water layer thickness should be as short as
possible, a strategy followed by Ren and coworkers in their STM-based setup,
Fig. 2.8b. [107] They work with a water layer of 1 mm ensuring minimal aberra-
tions, by illuminating at 90◦ with respect to the tip axis. To achieve this, the
substrate is tilted to couple the beam to the tip apex.

The penetration depth in water in our experimental configuration is primarily
determined by the given liquid-cell geometry (the dimensions of the cell are
given in Fig. 3.2c). The width of the cell is 18.5 mm (bottom part) and 11.6 mm
(top part). The tip (holder) is placed at ca. 1 ± 0.5 mm from the top edge of
the glass window. This is the minimal distance that still ensures that no acci-
dental collisions that could very easily damage the tip during the experiment.
Performing simple geometrical calculations, we can estimate a liquid layer of
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6.5 mm if the tip is exactly positioned 1 mm away from the top of the glass
window. The liquid layer in our instrument is therefore considerably large and
results in spherical focus aberrations that are clearly observed experimentally,
as obvious in Fig. 3.5, where back-reflected focus images of the CMOS camera
are shown for the air (a) and liquid cases (b). While the light in air is efficiently
focused in a circular single focus point, in the case of water obvious spherical
aberrations appear in the shape of concentrical circles.
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Figure 3.5. Images of the focus points taken with the CMOS camera in a: air
at 127 µW, exposure time 10 µs, S/N=21 and b: water at 600 µW (at the exit of the
objective), exposure time 40 µs, S/N=11. c: Lateral profile of the focus (black) fitted to
a Gaussian profile (red) in air (d: water). Reproduced with permission from Analytical
Chemistry, 88, 7108-7114 (2016); Copyright 2016 American Chemical Society. [1]

The average size of the focus point in air and in water can be deduced from
the pictures in Fig. 3.5. From each image, five different profiles at different
angles were extracted, an example of which is included in Fig. 3.5c and d.
The estimated focus size corresponds to the average full-width-at-half-maximum
(FWHM) extracted from Gaussian fittings to each of the different profiles mea-
sured. For the air focus, an average focus radius of 507 ± 80 nm is obtained
while in water, the radius is found to be 590 ± 65 nm. Note that in the water
calculation, only the area of the central peak is considered since the intensity
of the further rings is smaller than the intensity at FWHM of the central spot.
From these numbers, we can deduce that the larger focus in liquid implies a
smaller photon density in the central spot (where the nanometric tip is placed).
Additional power losses have to be considered from the photons focused on the
outer rings of the aberrated focus in liquid. Therefore an important decrease if
the TERS intensity in liquid experiments is expected.
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Surprisingly, we realized that the effect of aberrations in our experiments is
not significant enough to completely inhibit TERS signal in liquid. In our ex-
perimental configuration, we can obtain enough near-field signal to form spec-
tra with acceptable S/N ratio, despite the intensity reduction due to spherical
aberrations. The magnitude of the loss of TERS intensity in liquid experiments
versus air experiments is extensively discussed in Chapter 4. Provided that col-
lecting TERS in liquid is possible despite focus distortion, in order to compare
results from different experiments it is required to keep the aberrations con-
stant: great care has to be taken to reproducibly control the distance between
the glass window and tip apex (water layer thickness).

As a control experiment, we have compared the intensity of the central far-field
focus peak (curve in Fig. 3.5 d) for different tip positions at 0.5, 1 and 1.5 mm
distance from the window edge, corresponding to water layer thicknesses of
6.05, 6.5 and 6.9 mm, respectively. We assume that we can control the rel-
ative position tip-glass window with a precision of ± 0.5 mm. The obtained
peak intensities (after flat background subtraction) show no significant varia-
tion with water layer thickness under the given experimental conditions, with
142 ± 23 cts/a.u. (for 6.05 mm), 146 ± 14 cts/a.u. (for 6.6 mm) and 147 ±
23 cts/a.u. (for 6.9 mm). The standard deviations result from measuring five
different foci for each water layer thickness. From this control experiment, we
conclude that small variations of water layer thickness due to the positioning
of the tip with respect to the glass window, do not affect the intensity in the
center of the focus (region used for generating the near-field), and therefore the
TERS intensity.

3.2.1 Aberration correction

While focus aberrations don’t prevent the detection of liquid-TERS spectra,
they play an important role in reducing the TERS intensity in liquid experi-
ments in comparison to air (as it will be demonstrated in the following chapters).
Focusing in liquid requires training and experience. Generally, the TERS inten-
sity detected in liquid experiments is few orders of magnitude lower than in air.
Ideally, if we got rid of the aberrations, the success rate of liquid experiments
would increase and get closer to the one in air. We are working on a strategy
to correct the aberrations by means of a spatial light modulator (SLM). Based
on liquid crystal technology, an SLM can change the phase and amplitude of
the beam pixel by pixel in an independent manner, which can be used to prec-
ompensate the spherical aberrations of the focus by finding the optimal phase
value for each ray of the beam. [113,115–117]

The SLM (Boulder Nonlinear Systems, BNS-XY-PH-P256 in reflective mode,
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Figure 3.6. The SLM is mounted on the optical table in reflection mode before the
dichroic mirror. Inset: Schematic of the SLM correction strategy. When the SLM is
not used, the focus in liquid is distorted and presents spherical aberrations, if the op-
timal phase of the pixels in the SLM is found, the aberrations can be precompensated.

phase modulator) is mounted in the optical setup before the dichroic mirror,
as shown in Fig. 3.6. The goal is to select the optimal phase for each pixel,
resulting in the best (least aberrated) focus point, Fig. 3.6 inset. To find the
appropriate phase, we have implemented an iterative method based on the step-
wise sequential algorithm reported by Vellekoop et. al. , using the images of the
focus point or the TER spectra as feedback. [116] More specifically, the phase of
a pixel in the SLM is scanned while the others are kept constant and the result
evaluated through the feedback mechanism. Then, for each pixel, based on the
feedback result, the optimal phase value is selected and the process repeated
for all remaining pixels in the SLM. Once all pixels have been evaluated, the
optimal phase for each of them is applied and used as starting modulated SLM
image. The pixel-by-pixel scan is repeated up to three times to improve further
the results.

As feedback mechanism, we have used the images of the focus in the CMOS
camera (as the ones in Fig. 3.5) being the optimal value of phase the one pro-
ducing higher intensity in the center of the focus point. This algorithm is fast
(in the order of few minutes) since the time required to obtain images in the
CMOS camera is in the range of ms. Many parameters can be tuned in the SLM
modulation algorithm to optimize the correction which have also an effect on
the iteration time. With 256x256 pixels, the SLM is divided into larger super
pixels to reduce dimensionality and hence the number of superpixels is one of
the adjustable parameters (matrixes of 8x8, 16x16 and 32x32 have been tested).
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Additionally, the different phases applied to each pixel has to be adjusted (typ-
ical values oscillate between 10 and 30 different phase values per pixels) as well
as the region of interest (ROI) optimized in the CMOS image. Acquisition pa-
rameters of the CMOS images such as exposure time and framerate can also be
tuned, changing the laser power accordingly. While this is a work in progress
and some combinations still need to be tested, generally, an intensity increase
in the center of the focus is achieved after 3 iterations of the algorithm.

As an initial approach, the modulation algorithm was tested on conventional
Raman experiments to evaluate its capability to confine a distorted far-field
focus. Fig. 3.7 shows the result of SLM modulation on conventional Raman
spectra of MoS2 nanotubes on Au(111) using the focus image as optimization
feedback in air and water experiments. In air, the optimal focus was found
and manually distorted by a vertical movement of the z-position of the objec-
tive. The distorted focus (with the light distributed over a larger area on the
sample with smaller photon density) was used as a starting point for the mod-
ulation. In water, the spherical aberrated far-field focus was used as a starting
point. The SLM correction always increases the intensity in the center of the
focus point (evaluating an area of 500 nm diameter in the center of the focus).
If,mod/If,inital oscillates between 1.7 and 2.55 in this particular experiment, as
indicated in the graphs for each case.
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Figure 3.7. Representative examples pf conventional Raman spectra of MoS2 nan-
otubes on a Au(111) substrate corresponding to distorted focus (black) and corrected
focus (red) in air (a and b) and water (c) using as a feedback mechanism the images
of the focus in the CMOS camera. If,mod/If,inital indicates the increase of intensity
in the center of the focus point after SLM modulation in each case. The modulation
always results in an increase of intensity in the center of the focus, however this does
not result in an increase of Raman intensity.

Despite the intensity increase in the focus, a rise of the Raman signal is not
always obtained. In Fig. 3.7a, a successful experiment is shown where the inten-
sity of the focus doubles after one modulation. As a result, the Raman spectrum
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is enhanced as well. Figs.3.7b and c, in air and water respectively, show the
opposite trend. In both cases, the intensity at the center of the focus increases,
but the resulting Raman spectra present lower intensities. This behavior can
be partially explained by the inhomogeneous coverage of MoS2 tubes on the
substrate: a more confined and intense focus might result in a smaller amount
of tubes being within the far-field focus and producing signal.

Samples with homogeneous coverage, like molecular monolayers on a flat sub-
strate, give better results with this modulation algorithm. As an example, the
effect of the focus correction in a TERS experiment of a monolayer of thiophe-
nol (PhS) on a Au(111) electrode in air is presented in Fig. 3.8. The increase
of TERS intensity for 3 consecutive modulations using the images of the focus
as feedback is shown. The initial (non-corrected) spectrum is showed in black
and the modulated ones in pink-red. An obvious increase of TERS intensity is
achieved by sequentially optimizing the intensity of center of the far-field focus
(where the tip is later placed to generate the near-field). The intensity of the
stronger bands at 998, 1020 and 1074 cm−1 increases by a factor of 6.2, 4.5 and
10 after 3 iterations, respectively. More importantly, the appearance of a pre-
viously undetected band at ca. 415 cm−1 in the second and third modulations
proves the capability of this correction strategy to improve the sensitivity of
TERS experiments.

While promising, the modulation based on the focus images not always results
in an increase of TERS intensity as the case of conventional Raman experiments
in inhomogeneous samples. Further experiments need to be done to find the
appropriate parameters for optimal correction and to understand how a far-field
focus correction affect the intensity of TERS bands and backgrounds. As an
alternative approach, we have tried to directly use the TER spectra as feedback
mechanism and select the phase value for each pixel based on the maximum
intensity of the TERS bands. While this method produces better results in
recovering TERS intensity losses, the iteration algorithm takes longer (usually
several minutes), since the acquisition time of TER spectra is in the order of
seconds.

To use this modulation, one has to decide which part of the spectrum is gonna
be optimized by the algorithm. TERS experiments of a monolayer of PhS on
Au(111) were performed to test the new approach. In Fig. 3.9a, results of an
optimization based on maximizing the total intensity of the spectrum (including
the background and all Raman bands) is shown. After 2 iterations convergence
was reached. In this case, the intensity of the same bands considered before at
998, 1020 and 1074 cm−1 increases by a factor of 3.13, 8.21 and 4.01 respectively.
If the intensity of a single band is used as feedback mechanism (Fig. 3.9b),
the intensity increases by a factor of 1.34, 1.84 and 1.31 for the at 998, 1020
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Figure 3.8. Effect of SLM modulation on the TERS spectra of a monolayer of thio-
phenol on Au(111) using focus image as feedback mechanism. Initial TERS spectrum
before modulation (tunneling parameters: 1 nA and 0.1 V, black) and spectra after the
first (pink),second (red) and third (dark red) phase modulations in the SLM taking as
optimal phase level for a pixel the value providing the highest intensity at the center
of the focus point on the CMOS camera.

and 1074 cm−1 peaks respectively after one iteration. Further optimization by
additional iterations was not successful. In both cases, the band at 415 cm−1 is
recovered after the modulation.

So far all the tests performed with a modulation based on spectral features
have resulted in a rise of TERS intensity. The modulation has still to be tested
adjusting the variables such as the number of super pixels, number of phases
in the SLM or spectral region optimized. This approach is very recent and we
have not found yet the optimal modulation strategy, however it is likely more
appropriate for TERS optimization given the preliminary results: it always
results in a Raman intensity increase in contrast to the modulation based on
focus optimization where roughly 50% of the times tested, the focus intensity
increase did not relate to a TERS intensity increase.

In view of the results presented, we conclude that beam modulation is a promis-
ing strategy not only to compensate the losses of intensity due to focus distortion
but also to push the TERS sensitivity to higher limits in air, liquid, and elec-
trochemical environment. In the remaining of this thesis, all the experimental
results presented were obtained without beam correction.
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Figure 3.9. Effect of SLM modulation on the TERS spectra of a monolayer of
thiophenol on Au(111) using spectral features as feedback mechanism. Left: initial
TERS spectrum (tunneling parameters: 0.5 nA and 0.1 V, black) and spectra after
the first (red), second (dark red) phase modulations in the SLM taking as a feedback
the overall Raman counts (including peaks and background). 5 sec. acquisition and
500µW. Right: Same selecting as a phase level for a pixel the value providing the
highest intensity of the Raman band at 999 cm−1 (background subtracted). 1 sec acq.
and 200µW.

3.3 Electrochemical TERS

EC-TERS experiments are performed on the previously described optical setup
and the electrochemical control is provided by the bipotentiostat of the STM.
Therefore the only modification with respect to the liquid and air experiments
consist in operating the STM in electrochemical mode and placing the counter
and reference electrodes on the same liquid cell described above.

In the bipotentiostat, tip and sample are both working electrodes and their
potentials can be controlled independently versus the RE, while they are related
through the bias potential, Eb, applied to generate tunneling conditions:

Eb = Esample − Etip (3.3)

Esample = WE2 −RE (3.4)

Etip = WE1 −RE (3.5)

Fig. 3.10 shows an sketch of the setup (left) and the relations between potentials
of the sample, tip, RE and bias (right).
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Figure 3.10. left: sketch of the EC-TERS configuration and electrodes. Reproduced
with permission from Angewandte Chemie Int. Ed., 88, 7108-7114 (2016); Copyright
2017 Wiley-VCH Verlag GmbH & Co. KGaA. [4] Right: zoom into the tip apex region,
indicating Faraday currents (If of tip and sample) and tunneling current (It); adapted
from [34].

When ramping Esample during an EC-TERS experiment, given the previous
relations, it is possible to operate either at constant Eb and variable Etip, or
vice-versa. Operating at constant bias has the advantage of keeping constant
the tip-sample distance. This is important because the gap distance affects
greatly the intensity of the TERS peaks (this topic is treated in detail in Chap-
ter 5); if the gap distance is affected as a result of tuning the bias, intensity
changes in the spectra cannot be unambiguously attributed to changes in the
electrochemical interface but to a combination of both surface chemistry and
gap distance change. Therefore, we operate always at constant Eb. In this con-
figuration, when the potential of the sample is ramped, the system has to adjust
automatically the tip potential to keep their difference, Eb, constant. In turn,
changing Etip may induce electrochemical processes at the tip, that depending
on the potential range scanned can result in a tip contamination. For example
if, as a result of varying Esample, molecules are desorbed from the electrode
surface, these can be adsorbed at the tip surface. Molecules adsorbed around
the nanometric tip apex, where the nearfield is created, produce SERS signal,
thus the measured nearfield spectra in this situation contain signal from the
molecules at the sample surface and the tip apex. It is therefore important that
prior to starting an EC-TERS experiment, we know the voltammetric response
of the system so the potential values (Esample range and Eb) are chosen to min-
imize or prevent possible electrochemical reactions in the tip. The sign of the
bias can be changed to keep the tip potential higher or lower than the sample
depending on what is more convenient for the specific system probed, and the
magnitude of the bias can be chosen so the potential range applied to the tip
does not reach electrochemical processes at the tip (choosing a range where no
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oxidation/reduction peaks appear).

Additionally, in an EC-STM experiment, Faraday currents at the tip surface
(If,tip in Fig. 3.10) have to be minimized to maintain the tunneling current
through the tip as the main current contribution. Note that only the total
current through the tip can be measured by the STM (tunneling current between
sample and tip and Faradaic/non-Faradaic processes contribute to the total
current measured) and the value obtained provides feedback to the STM to
adjust the gap distance. The leakage current (defined as every contribution to
the total current flowing from/to the tip not coming from the tunneling process,
i. e. Faradic and non-Faradaic currents) has to be at least couple of orders of
magnitude lower than the tunneling current, so the tip-sample distance can be
controlled properly (If,tip <<It). To do so, the tips in EC experiments are
coated with a protective insulating layer that leaves exposed only the tip apex
to allow tunneling current in the gap region. The process is explained in detail
in the next section.

3.3.1 Electrodes in EC-TERS experiments

Due to the limited space in the liquid cell, we need to use micro electrodes.
In the experiments presented in this work, a gold wire (Mateck, 5N, 0.25 mm
diameter) is used as the counter electrode (CE) and cleaned prior to use by soft
flame annealing for a few seconds followed by rinsing with MilliQ. A homemade
Pd/H2 wire is used as RE.

The RE is prepared electrochemically before use. A palladium wire (Mateck,
0.25 mm diameter, 99.95% purity) is flame annealed and rinsed with Milli-Q
water before immersion in a 0.1M H2SO4 solution. A ring-shaped Au wire (0.25
mm diameter, 5N purity, Mateck), cleaned in the same way, is immersed in the
solution and used as a counter electrode. A voltage of 5 V is applied between
the Pd wire and the Au CE during 5 min approximately to allow hydrogen
adsorption. During hydrogen adsorption visible bubbles are produced around
the Pd wire. Bubbling starts increasing slowly after potential is applied until
a strong flow is observed. After few minutes, the amount of bubbles decrease
and the electrode is ready. At this moment the Pd wire is taken out of the
acid, rinsed with Milli-Q and mounted into the EC-TERS cell immediately
after preparation.



i
i

“thesis˙electronic” — 2018/4/23 — 12:17 — page 57 — #57 i
i

i
i

i
i

3.4 Setup development and instrumentation 57

3.4 Tip preparation

To achieve a TERS active tip (with a sharp symmetrical pencil-shaped apex),
we perform electrochemical etching of gold wire in a 1:1 solution of ethanol and
fuming HCl. [100,101] Au wire of 0.25 mm diameter (5N purity, Mateck) is cut
in pieces of roughly 1.5 cm length (the length is determined by the dimensions
of our sample cell). The wire is cleaned by rinsing with ethanol and MilliQ
water and a soft flame annealing. Another gold wire of 0.5 mm diameter (5N
purity, Mateck) is bent in a circular shape and used as counter electrode. The
tip is held vertically in the center of the circular counter electrode, a couple of
mm inside the solution as shown in Fig. 3.11; this scheme ensures a symmetrical
etching of the wire. A constant DC voltage of 2.4 V is applied between elec-
trodes to drive the electrochemical etching. The etching device that supplies
the voltage between electrodes is a home-made DC (variable) voltage genera-
tor, which allows monitoring the electrochemical current flowing through the
tip. Fig. 3.12 shows a typical current-time curve for a complete tip etching,
lasting around 6 minutes. The average of the measured current decreases with
time as the wire is getting etched at the air-electrolyte interface and less surface
is exposed to the solution, red line in Fig. 3.12. When the neck is thin enough,
the lower part falls down and no more current is measured. The etching device
takes the measured current as a feedback to control the etching process: when
the current detected drops close to zero, the voltage is switched to open circuit
potential automatically and the tip is pulled up from the solution by a magnet
connected to it and controlled by the etching device. After etching, the tips are
rinsed with MilliQ to remove any residual etching solution.

CE
tip
+ -

Figure 3.11. Electrodes geometry for tip etching.

In Fig. 3.12 (inset), a detail of the current measured during few seconds is given.
As observed, a high frequency oscillation of the current is measured with average
value decreasing over time as a result of etching. The oscillations originate
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Figure 3.12. Typical current versus time curve obtained while etching a gold wire
to produce a TERS tip. The red arrow indicates the end of the etching when the
measured current drops to zero. The red line indicates the linear decrease of the
average current with time. Inset: detail of the etching current during 5 seconds period
showing the high frequency oscillations resulting from a change of concentration of
Cl− locally around the gold surface.

from depletion and resupply of Cl− around the gold wire during the etching,
as a consequence of the electrochemical reactions taking place in the described
system: [101,118]

Au + 4 Cl– AuCl –
4 + 3 e–

Au + 2 Cl– AuCl –
2 + e–

AuCl –
2 + 2 Cl– AuCl –

4 + 2 e–

While etching the gold wire, these reactions consume a large amount of Cl− at
the interface, leading to a local decrease of [Cl−] next to the gold surface which
leads to the formation of gold oxides. Gold oxides passivate the surface resulting
in a decrease of current. [100,101,119] As the Cl− ions are resupplied from the bulk
solution, oxide dissolution is facilitated leaving the bare gold exposed with the
consequent current increase. This process is repeated constantly leading to the
observed oscillations.

This method has been used for producing TERS probes for STM for years,
however reproducibility of tips has been found to be extremely dependent on
the experimental parameters such as etching voltage, concentration of chemicals,
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temperature, bubble formation in the counter electrode as a result of reduction
reactions etc. [118] In our experience, not more than 50% of the tips produced
leads to large TERS enhancement, and therefore for a TERS experiment several
tips need to be prepared. This is the first step of tip preparation needed for air,
liquid and EC experiments.

3.4.1 Tip coating

In the case of electrochemical experiments, an insulating coating layer has to
be applied to the whole wire except for the apex, to prevent leakage currents
interfering with the tunneling current that keeps the tip-sample distance. The
requirements for the coating material are:

• To be electrically insulating chemically and stable (not dissolving) in the
electrolyte.

• To be clean in order not to contaminate the electrodes and electrolyte.

• To be a non-fluorescent material to avoid fluorescence background in the
TER spectra. Fluorescence is around 1010 times stronger than Raman, and
therefore if present, it may easily mask the weak Raman peaks.

The common coating materials used in EC-STM, such as Apiezon wax, Epoxy
or nail-varnish [34,120] are insulating and prevent Faraday currents, however not
suitable in our experience for TERS applications either because they produce
fluorescence backgrounds or because they dissolve in our electrolytes. We found
that Zapon lack (CLOU, Germany) fulfills all the requirements and can be used
as an effective coating material for the TERS probes.

The coating method is the same as used in EC-STM applications. A thin
insulating coating layer of Zapon lack is applied onto the etched Au wires in the
following way (Fig. 3.13): A small droplet of Zapon is poured into the groove
of a U-shaped Cu wire with a 2 mm wide groove. The Zapon droplet spreads
inside the groove forming a thin layer. The bottom part of an etched Au tip is
held vertically (perpendicularly to the Cu-wire groove), with the apex pointing
up, moved sideways into the droplet of Zapon, and pulled down through the
Zapon droplet. When the bottom part of the tip is inside the droplet of Zapon,
the etched tip should go down slowly at a constant speed and vertically in order
not to bend the tip apex, allowing all surface area of the wire to go through
the Zapon droplet, including finally the apex at the end (top part). While the
tip goes down, a thin layer of Zapon attaches to the walls of the Au wire while
the tip end stays free of Zapon because surface tension on the sharply curved
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apex breaks the coating. (In the experiment, the coating-free apex allows the
tunneling current to pass). The coating procedure is repeated three times, with
a waiting time in between of 3 to 5 minutes to allow the layers to dry. While
waiting, the tips are kept vertically, with the apex pointing up, to allow excess
Zapon to flow down the wire until dried. Fig. 3.13 a-c shows images of the
coating process, d and e show SEM images of an etched and coated tip apex in
different magnification scales. Fig. 3.13 d, shows the opening of the coating at
the tip apex of approximately 10 µm. In Fig. 3.13 e, a tip apex of around 50
nm diameter can be seen.

a b c

100 nm

2 μm

d e

Figure 3.13. (a)-(c) sequence of images of the coating procedure. (d) and (e) SEM
images of a Zapon-coated Au tip. Red dashed line in (d) indicates where the coating
ends. Reproduced with permission from Analytical Chemistry, 88, 7108-7114 (2016);
Copyright 2016 American Chemical Society. [1]

As explained Section 3.3, the requirement for a coating to be valid is that it
keeps the leakage current significantly lower than the tunneling current. The
coating procedure is, as the etching one, highly dependent on experimental
conditions such as the viscosity of the zapon, groove width, user etc. Even in
the same batch of tips, only a percentage of about 50% of them finish with an
aproppriate coating. In our experiments, we measure the leakage currents in the
STM oscilloscope prior to tunneling conditions. Normally, in electrochemical
conditions we work at constant current mode with setpoint values, It, of around
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1 nA. Therefore every tip with leakage currents larger than 100 pA is discarded
for TERS and re-coated. In Fig. 3.14, the current measured for a well-coated
(top) and a bad-coated tip are presented as an example.
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Figure 3.14. Leakage currents flowing through a well coated tip (top) and a bad
coated tip (bottom). Recorded with the STM, at Esample=0.65 V and Etip=0.30 V in
electrochemical mode, on a gold substrate in contact with 0.01M H2SO4.

While the coating is strictly needed only for electrochemical experiments (MilliQ
water has high resistivity over 18 MΩ/cm and therefore the leakage should not
be predominant in pure liquid experiments), the coating layer results in more
robust tips that, in our experience, are more difficult to damage. Therefore we
use coated tips for all our experiments to provide endurance and robustness to
the tips.
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3.5 Sample preparation: cleaning procedure,
substrates and monolayers

3.5.1 Contamination issue

In a TERS experiment, we usually aim to capture Raman signals from a very
small number of molecules. This great feature that yields sub-monolayer and
even single molecule sensitivity, involves also a challenging issue: surface con-
tamination of just a few molecules, can show up in the TERS spectra and mask
the bands of the system under study. It is therefore of great importance for the
reproducibility and success of our experiments to work under very clean con-
ditions especially since we work in air and liquid environments where ambient
contamination can easily affect the results. This requirement for TERS experi-
ments is also a must in electrochemistry where contamination of the electrolyte
can greatly affect the surface properties being measured.

Therefore, a crucial step in all our experiments is to clean carefully all parts
and tools used. Gloves are worn at all times to avoid contamination of com-
ponents, Teflon tools are used whenever possible and fine metallic tweezers are
wrapped with Teflon tape. All glassware, Teflon tools, liquid cell, coverslips
and substrates have to be cleaned from any organic contaminant. We achieve
it by immersing them in piranha solution (H2SO4 : H2O2 of 3:1) over night,
followed by rinsing in boiling MilliQ water (Ultrapure water, Millipore-Q with
a resistivity higher than 18 MΩ/cm). Non-delicate parts such as glassware and
Teflon tools are kept together in pyranha in large glass beakers (2-5 L). Pyranha
is removed carefully and the whole container is fully rinsed at least 4 times to
remove all leftovers of piranha. After that, the container (with the tools in-
side) is filled with MilliQ and heated in a hot plate until the water boils. The
boiling water is removed and the whole process (rinsing and boiling) repeated
consecutively for 3 times. To prevent damage of the delicate components, gold
substrates and liquid cell are rinsed separately for several minutes with MilliQ at
ambient temperature, followed by rinsing with approximately 50 mL of boiling
MilliQ (heated separately in a clean beaker). H2O2 (18304, 34.5-36.5%) from
Sigma-Aldrich and sulfuric acid (purity ≥95%) from FisherChem are used for
piranha preparation. Starting clean does not ensure cleanliness of the surface
and electrolyte during the hour-long experiments. In order to keep the surface
free of contaminants, we apply a gentle argon flow on top of the sample/liquid
cell through a Teflon tube placed right next to the white light, as seen in Fig. 3.2
a.
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3.5.2 Substrate preparation and monolayer adsorption

In all the experiments presented in this thesis, we work with gold substrates.
Au(111) is easy to prepare and clean. It allows us to work in gap-mode, and
its structure is well-defined which facilitates the interpretation of results. A
cylindrical (10 mm diameter, 4 mm height) Au(111) single crystal of 5N purity
(Mateck) is used as substrate in all experiments. Once cleaned, the single
crystal is flame-annealed according to the Clavilier method, [121], cooled in Ar
atmosphere (5N, Westfalen) for 5 to 10 minutes and either immersed in the
respective adsorbate solution or kept clean immersed in MilliQ water in a clean
container.

For adsorption of a molecular monolayer, the clean gold electrode is immersed
in an aqueous (or ethanolic) solution containing the species under study for a
specific amount of time dependent on the particular system. The specific details
of each experiment will be provided in the corresponding chapter.

3.6 Conclusions

The combination of a Raman platform with an SPM and the electrochemi-
cal/liquid environment results in a large list of possible combinations of exper-
imental configurations. In this chapter, an overall introduction to the main
experimental aspects of a TERS instrument is provided and followed by exten-
sive discussion about the advantages and challenges of our particular setup.

Because of the side illumination, we can access opaque samples, however at
expenses of an intensity decrease in liquids due to focus distortions. The STM
provides high enhancements but requires a tip coating to operate.

Given the building details and introduction to our approach, the following chap-
ters are focused on evaluating the performance of the setup. In Chapter 4, the
initial trials of the machine on a simplified solid/liquid interface are provided.
The chapter is focused on the comparison of in-air and in-liquid experiments
to quantify the effect of the focus aberrations and other experimental parame-
ters. Chapter 5, motivated by the results of Chapter 4, focuses on analyzing the
effects of STM parameters (bias and tunneling current) on the TER spectra.
Last, in Chapter 6, electrochemical experiments are introduced and the poten-
tial of the setup to interrogate molecular reorientation and chemical changes
demonstrated.
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Chapter 4

Tip-enhanced Raman
spectroscopy in liquids

A first step toward the development of an EC-TERS setup is to optimize TERS
experiments at solid/liquid interfaces. On the one hand, liquid-TERS reveals
a new exciting field of application of the technique with more realistic working
conditions than air and UHV experiments for many real-life systems. On the
other hand, it allows to compare the enhancement and near-field effects in
liquid versus air (or UHV) and evaluate the effect of aberrations in the overall
device sensitivity without additional complications such as leaking currents or
chemical conversion at the surface. To prove the efficiency of our setup in
liquid environment, showcase resonant dyes are first measured, followed by the
more general case of non-resonant adsorbates. The results suggest that beam
aberrations due to the presence of the aqueous phase are small enough not
to limit TER signal detection while the STM parameters are found to play a
crucial role for solid/liquid TERS sensitivity. Raman enhancement factors of 105

at µW laser power demonstrate the great potential of presented experimental
configuration for solid/liquid interfacial spectroscopic studies.

The content of this chapter has been published previously in Ref.[1]. Text
and figures are reproduced with permission from Analytical Chemistry, 88,
7108-7114 (2016), http://pubs.acs.org/doi/abs/10.1021/acs.analchem.
6b01080, Copyright 2016 American Chemical Society. [1] a

athe reader is referred to the American Chemical Society for further permissions regarding
these materials
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4.1 Materials and methods

The reference samples discussed in this chapter are monolayers of malachite
green isothiocyanate (MGITC) and thiophenol (PhS) on Au(111) single crys-
tals. These systems have been studied widely with TERS in air [122–124] and thus
are useful to benchmark the instrument performance in terms of stability and
sensitivity. Both species are known to form chemisorbed monolayers through
stable S-Au bonds which limits molecular desorption in the liquid experiments.
MGITC is electronically resonant with the excitation wavelength, which signif-
icantly facilitates signal detection as it leads to approximately two orders of
magnitude higher TER enhancement than for nonresonant species. [125]

MGITC was purchased from Setarech Biotech. All other chemicals were pur-
chased from Sigma-Aldrich in the highest purity available. MilliQ water was
used for the liquid experiments. 5·10−5 M and 10−5 M ethanolic solutions of
MGITC and PhS, respectively, are freshly prepared before use. After annealing
of the substrate, it is left in the solution for 12 hours and then rinsed carefully
with ethanol to remove multilayers.

Since the goal of these experiments is to evaluate the performance of the sys-
tem in air versus liquid environment, we compare spectra taken in air and in
water with the same (coated) tip, normalized to the same acquisition condi-
tions. Before spectral acquisition, STM imaging is performed to localize a flat
gold terrace where the spectra are taken. To prevent sample degradation, the
laser beam is turned on only for the focusing procedure and spectra acquisition,
and off for STM imaging and waiting time between air and liquid experiments.
For both air and water experiments, a gentle argon flow is injected into the
cell-sample environment to prevent oxidation and/or contamination of tip and
sample.

4.2 Resonant liquid TERRS: MGITC/Au(111)

4.2.1 Results

As shown in Fig. 4.1, the quality of the STM images obtained in air (a) and
water (b) with long Au TERS tips is reasonable. Atomically flat terraces and
monoatomic Au steps (average height of 0.19± 0.05 nm in air and 0.18± 0.02 nm
in water) can be discerned proving that our solid/liquid TERS setup design
does not compromise the STM performance. Atomic resolution to visualize
individual molecules cannot be reached in these experiments due to the soft
gold tip, its length and the fact that the STM is not completely isolated from
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the environment to reduce acoustic and mechanical noise.
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Figure 4.1. (a) STM image in air (top left), individual plots of the profile lines
drawn in the STM image (top right), average profile (black) and fitting (gray dotted
line) to a step function to estimate the height of the Au steps (bottom). (b) Same in
MilliQ. Reproduced with permission from Analytical Chemistry, 88, 7108-7114 (2016);
Copyright 2016 American Chemical Society. [1]

To calculate the height of the terraces of the Au(111) substrate, we analyzed
five individual line profiles in the air image and six in the water image using the
image processing software Gwyddion. The settings of the STM were adjusted
in each case to produce the best image quality (Eb=0.4 V, It=0.1 nA in air,
Eb=0.44 V, It=1.22 nA in water), and the images were flattened and denoised by
2D-FFT filtering. 30-pixel wide lines were employed for the individual profiles,
plotted next to the STM images in Fig. 4.1. To estimate the average height of
the steps observed in the images, the profiles were fitted to a step function and
the height measured for each of them. Averaging the heights measured along
the steps, we obtained 0.19 and 0.1 nm for air and water images, respectively,
in agreement with the expected value of 0.2 nm from literature. [126] In Fig. 4.1
(bottom) an average of the individual curves as well as the fitted step functions
are presented for both air (a) and MilliQ (b).

Fig. 4.2 shows TER resonant (TERR) spectra of MGITC/Au(111) in air
(a, black) and in MilliQ (c, blue). Individual spectra are Savitsky-Golay
smoothened (least-squares fit of second order polynomial to domains of 11
data point size). The acquisition parameters used in the experiments were
3 s exposure time and a power at the exit of the objective of 150 µW for air
(700 µW for water); for clear comparison, all spectra are normalized to 2 mW
laser power and 1 s acquisition time. The corresponding far-field spectra at a
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Figure 4.2. Raman spectra of MGITC/Au(111) in air (a,b) and in MilliQ (c,d); e:
tip check. a: TERR in air (Ebias=0.4 V, It=0.1 nA); b: far-field Raman with 20 nm
tip retraction in air; c: TERR in MilliQ water (Ebias=0.04 V, It= 1.2 nA); d: far-
field Raman with 20 nm tip retraction in water. All spectra are normalized to 2 mW
power and 1 s acquisition time, and y-offset for clarity. Inset: MGITC. Reproduced
with permission from Analytical Chemistry, 88, 7108-7114 (2016); Copyright 2016
American Chemical Society. [1]

tip-sample distance of 20 nm are shown below the respective near-field TERR
spectra (b: air; d: water; a zoom into the far-field spectra with better visible
far-field signals can be found in Fig. 4.3). Eb and It were chosen such as to
achieve most stable imaging, or tip-sample gap (air: It =0.1 nA, Eb =0.4 V;
water: It =1.2 nA, Eb =0.04 V).

The TERR spectra show a clear fingerprint of the dye molecules in both air
and water where all main MGITC bands are well resolved and band positions
agree excellently with the ones reported previously. [122,123] The 1:3 ratio of the
band intensities at 1584 and 1615 cm−1 indicates a chemically intact MGITC
monolayer with no signs of degradation. [78]

After all experiments, the tip cleanliness was checked in a TERS experiment
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Figure 4.3. Far-field Raman scattering from MGITC/Au(111) in air (left) and in
water (right) with Lorentzian fits to the most prominent bands. The fitting values are
used to calculate the EF. Reproduced with permission from Analytical Chemistry, 88,
7108-7114 (2016); Copyright 2016 American Chemical Society. [1]

on a clean Au(111) surface to ensure that the MGITC spectra resulted from
molecules on the Au(111) substrate and not on the Au tip (Fig. 4.2e). Note that
in our lab, the spectral signal-to-noise obtained under identical TER conditions
shows a maximum variation of about 30%, independent of the user and chemical
system under study, that can be mainly ascribed to variations in tip and focus
qualities. To minimize the influence of underperforming tips and suboptimal
focusing on the results presented in this study, we employ the same tip for all
experiments of one type of molecule and compare and analyze spectra with best
signal-to-noise ratios.

4.2.2 Discussion

Rather surprisingly, the normalized TERR scattering intensity in water is
roughly double than the one in air. In principle, one would expect a signal
reduction because of the beam aberrations at the air/glass and glass/water in-
terfaces in the beam path between objective and tip apex that are present when
working in the given side illumination geometry. Indeed, the tip-retracted far-
field Raman signals are found to be reduced in water by factors between 3.3
and 4.9 compared to air due to the focus distortion (calculated for the four
prominent bands at 801, 1175, 1584 and 1615 cm−1 as shown in Fig. 4.3).

This unexpected behavior can be explained by taking a closer look at the
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tip-sample gap resulting from the chosen STM parameters for TERRS of
MGITC/Au(111) in air (It = 0.1 nA, Eb=0.4 V) and in water (It=1.2 nA,
Eb=0.04 V) which are known to affect TER spectral responses. [127]

The tunneling barrier in vacuum (and, at a first approximation, in air) can be
described by Eq. 2.2 as explained in Chapter 2: [120,128]

It ∝ eEb · ρ(EF) · e−β·d ⇒ d ∝ ln(Eb

It
) (4.1)

being the gap distance d, tunneling decay constant β, e the elementary charge
and ρ(EF) the local density of states (LDOS) at the Fermi level.

Consequently, the tip-sample distance is directly proportional to ln(EbIt ) and
therefore, in vacuum, for φ values of the most common metals, an increase in It
(decrease in Eb) by a factor of 10 brings the tip a few Å closer to the sample.

Quantifying precisely the difference in the gap distance in air compared to the
one in water is challenging since for the liquid experiment further parameters
need to be taken into account: The tunneling barrier, φ, has been observed to
be smaller in liquid due to tunneling processes via intermediate states. [129,130]

For the system gold/water/gold, φ is expected to depend also on Eb. [131] Fur-
thermore, for small gap distances as the ones we expect in water given the high
set point and low bias, the It/Eb(d) curve does not show an exponential behav-
ior and new models need to be considered. [132,133] Thus, establishing φ for the
liquid case is not straightforward. Nonetheless, to provide a crude approxima-
tion following the exponential model, a lower φ in water results in a larger gap
distance, while higher It and lower Eb lead to a smaller tip-sample distance in
water compared to air. Since the product I/E is 0.25 in air and 30.5 in water
while φ values of Au are of comparable magnitude in air

√
φ ≈=

√
4.8 = 2.1 and

in water
√
φ ≈

√
1.8 = 1.34, [131] we conclude that tunneling setpoint and bias

voltage have a more significant effect on the gap size than the work function.

Qualitatively, from the given STM parameters, it is safe to deduce that the
tip-sample distance is smaller for the in-water than for the in-air experiment.
The TER(R) signal intensity is known to increase exponentially with decreasing
tip-sample distance. [71,72,134–136] Thus, under the given experimental conditions
in water with a comparatively smaller tip-sample distance, the sample produces
stronger TERR signals than in air which can overcome the signal loss due to
beam path aberrations. The observed shift of the TERR background maximum
toward higher wavenumbers in water (788 cm−1, or 1.861 eV) compared to air
(649 cm−1, or 1.878 eV), see Section A.1, is also in line with a smaller tip-sample
gap in water [71,72], supporting our argumentation.

An overview of the discussed effects that the various experimental parameters
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Experimental parameter TER intensity TER background maximum
↑ focus aberrations ↓ n.a.
↓ work function, φ ↓ blueshift

↑ tunneling setpoint, It ↑ redshift
↓ tip-sample bias, Ebias ↑ redshift

Table I. Effect of experimental parameters on TER scattering intensity and back-
ground maximum (gap plasmon resonance) location.

have on the TER scattering intensity and the location of the background maxi-
mum is given in Table I and can be summarized as follows: 1) Focus aberrations
lead to a TER signal decrease while leaving the spectral background maximum
(i.e. imprint of the gap plasmon resonance) unaffected. 2) A smaller work func-
tion (as is the case for water vs air environment) ends up in a larger tip-sample
distance, which in turn results in a smaller TER signal and a blueshift of the
background maximum (when keeping Ebias and It the same). 3) Regarding the
STM parameters, an increase in It and a decrease in Ebias independently lead
to a smaller tip-sample distance and thus to an increase in TER signal and a
redshift of the spectral background maximum. Following Table I, our results
show roughly twice the TERR scattering intensity from MGITC/Au(111) in
water than in air. This effect can be explained if one considers the given ex-
perimental parameters (chosen such as to ensure optimally stable tunneling).
A quantitative systematic investigation of the influence of the STM parameters
on the TER response is extensively discussed in Chapter 5.

Note that, in principle, changing the gap medium from air to water could also
strongly influence the Raman enhancement as the plasmon resonance frequency
depends on the dielectric constant of the surrounding medium. However, cal-
culations for a Au-water-Au system, essentially identical to the one presented
here, show that 632.8 nm excitation produces comparable values for Raman en-
hancements in air and water, despite an overall redshift of the LSP resonance
distribution. [107] Assuming the calculations hold for our system, we expect the
effect of the different dielectric constants in air and water on the TERR signal
intensity to be negligible.

Enhancement factors

Comparing the TERR/far-field intensity contrast and taking into account the
respective scattering areas, we calculate Raman enhancement factors (EFs) for
four bands that are distinguishable from the noise in the retracted spectra for
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band contrast air EF air contrast water EF water
801 cm−1 9.9 1.6·104 87 1.9·105

1175 cm−1 11 1.8·104 107 2.4·105

1364 cm−1 9.5 1.5·104 244 5.4·105

1615 cm−1 11.6 1.9·104 158.5 3.5·105

Table II. TERR/far-field contrast and Raman enhancement factors(EF) for
MGITC/Au(111) in air and in water.

both air and water according to the expression: [137]

EF = (ITERR − Ifarfield
Ifarfield

)(Vfarfield
VTERR

) (4.2)

The first term in Eq. 4.2 (ratio between integrated intensities) is called contrast
(factor). The scattering volumes of far-field and TERR can be approximated
by areas for monolayer adsorbates, as is the case here, resulting in Afarfield

ATERR
=

(RfarfieldRTERR
)2. We consider a far-field focus radius of 500 nm in air and 590 nm

in water (measured from the CMOS images of the focus in air and water as
explained in Chapter 3) and a tip radius of 25 nm (as deduced from SEM images
of the tips, see Chapter 3). As described in Chapter 2, the TERR scattering
radius is calculated as 1

2Rtip. [95]

The calculated values of contrast and corresponding EFs are displayed in
Table II. For the four peaks considered, the EFs in water range from 1.9·105

to 5.4·105 while the values in air lie between 1.5·104 to 1.9·104. The one order
of magnitude difference in the EFs can be explained by taking into account the
following considerations: 1) the increase of the TERR signal intensity, 2) the
decrease of the far-field signal and 3) the increase of the area of the far-field
focus in water with respect to air. These values are reasonable compared with
previous reports in literature for similar systems (Au tip-Au substrate, STM-
TERS), where values between 103 and 107 have been achieved in air for resonant
molecules. [95]

To summarize this section, the presented solid/liquid TERS setup provides very
good Raman enhancement and allows to collect excellent signal-to-noise TERR
spectra from MGITC/Au(111) in water. The losses due to the distortion of the
focus (as clearly observed in the far-field signal) can be overcome with STM-
TERS by the choice of proper STM parameters which have a notable effect
on the tip-sample distance and thus on the resulting TER(R) signal. In the
remaining of the manuscript, we explore the possibilities of solid/liquid TERS
for a more generic adsorbate case, namely, non-resonant PhS monolayer samples.
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4.3 Non-resonant TERS: thiophenol

4.3.1 Results

Fig. 4.4 shows TER spectra of PhS/Au(111) in air (a: black) and in water (c:
blue) as well as the corresponding far-field Raman spectra at 10 nm tip retrac-
tion (b: air; d: water). Excitation power and acquisition time were 260 µW and
5 s in air (840 µW and 10 s in water) for both TER and far-field experiments.
Note that all shown spectra are normalized to 260 µW and 5 s integration time
and the water results are multiplied by a factor of 20 for clarity.
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Figure 4.4. Raman spectra of PhS/Au(111) in air (a,b) and in MilliQ (c,d). a: TER
in air (Ebias=0.1 V, It=0.1 nA); b: far-field Raman with 10 nm tip retraction in air; c:
TER in water (Ebias=0.1 V, It=1 nA); d: far-field Raman with 10 nm tip retraction
in water. All spectra are normalized to 260 µW power and 5 s acquisition time (water
spectrum: x20) and y-offset for clarity. Inset: PhS. Reproduced with permission
from Analytical Chemistry, 88, 7108-7114 (2016); Copyright 2016 American Chemical
Society. [1]

Both air and water TER spectra allow unambiguous identification of PhS: For
TER scattering in water, the aromatic ring vibrations at 998, 1022, 1073 and
1573 cm−1 and a weaker band at 1113 cm−1 are observed which are the typically
employed marker bands of PhS [124]. In the air spectra, additional bands appear
at 418, 691 and 1469 cm−1 (see Table III).

Contrary to the case of MGITC, the detection of a monolayer PhS/Au(111)
in the far-field is not possible because of the smaller scattering cross-sections
and lack of electronic resonance enhancement. Note that the undulated back-
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Position
(Blum 2013)

Position air
(cm−1)

Position water
(cm−1) Assignment

417 418 - νCS + νAuS
692 691 - δCCC + r − i− d
999 998 998 r − i− d+ νCC
1022 1022 1022 νCC + δCH
1074 1073 1074 νCC + δCH

1114 1113
1473 1469 - δCH + νCC
1581 1573 1573 νCC

Table III. Band assignment of PhS based on Refs. 124,138,139. r-i-d: ring in plane
deformation; ν: stretching; δ: bending

ground is instrument-induced by beam interference on the dichroic filter. Sim-
ilar background undulations are observed also for MGITC/Au(111) (Fig. A.1),
despite less obvious due to the much stronger resonant signal. STM images
of PhS/Au(111) in air and in water reveal flat terraces and monoatomic steps
similar to the ones observed for MGITC.

4.3.2 Discussion

We evaluated the setup performance by comparison of air and water TER ex-
periments following the analysis reported in the interlaboratory TERS study
on PhS/Au(111) in air. The mentioned study aimed at exploring the repro-
ducibility of TERS results of different setups and experimental configurations of
experienced TERS groups by Blum et. al. and constitutes an important step to
establish a standard quality check of results produced by new instruments. [124]

We fitted the five strong modes (vertical dashed lines in Fig. 4.4) with Lorentzian
functions to extract relative peak positions and intensities. An overview of
the results for peaks 998 (P1), 1022 (P2) and 1073 cm−1 (P3) is presented in
Tables III and IV.

The reported peak positions, the results both in air and in water show perfect
consistency with previous studies [124]. The relative band intensity P3/P1 in air
is 1.21 compared to 1.35±0.31 reported, indicating excellent performance of the
setup in air. While the P2/P1 ratio does not change much switching from air
(0.65) to water (0.71), the intensity of P3 is lowered in the liquid experiment,
resulting in relative intensity factors of 0.52 for P3/P1 and 0.73 for P3/P2, a
factor 2.4 lower than the ones found in air. In Ref. 124, an average value of
1.35 ratio P3/P1 is given for the entire study; however, the average values from
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intensity ratio air water air [124]

P3/P1 1.21 0.52 1.35±0.31
P3/P2 1.85 0.73 -
P2/P1 0.65 0.71 -

Table IV. Relative peak intensities for three PhS marker bands P1: 998 cm−1, P2:
1022 cm−1, P3: 1073 m−1 for TERS in air and in water. Literature values from Ref.
124 are listed for comparison.

individual setups range from 0.83 to 1.66, and individual spectra averages on
different setups lie between 0.61 and 2.25. While our in-air and in-water results
are thus both comparable to values reported in Ref. 124, the origin of the large
variance of P3 intensity between individual measurements remains unclear.

For PhS/Au(111), the overall TER scattering intensity in water is reduced by
a factor of ca. 20 and the background maximum is blueshifted compared to
air. These results can be discussed and explained qualitatively by the chosen
experimental parameters, following the overview given in Table I. An intensity
decrease is expected when switching from air to water because of the focus
point aberrations. Regarding the STM parameters in the PhS experiments
(again chosen to give the most stable STM tunneling), the STM set-point was
0.1 nA in air and 1 nA in water, and the bias voltage was 0.1 V both in air and
in water. In the case of MGITC the larger intensity in the liquid experiments
is attributed to the large difference in set-point and bias that can overcome
the reduction of the work function in the liquid environment. In contrast, in
the case of PhS, the variation in It is smaller and Eb was kept constant. Thus
changes in φ are expected to play a more dominant role. As a result, for the PhS
experiments, the tip-sample distance is expected to be larger in water compared
to air which is consistent with the observed TER signal intensity drop.

Moreover, the difference in the position of the Lorentzian-shaped background
maximum (Fig. A.2 and Table I) supports this conclusion: the maximum of the
more intense TER spectrum in air appears at higher wavenumbers than the
water maximum (690 cm−1, or 1.87 eV, in air versus 511 cm−1, or 1.90 eV, in
water). This blue shift of the TER background indicates a larger tip-sample
gap in water resulting in lower TER enhancements. [71,72]

4.4 Conclusions

The system’s performance was benchmarked by measuring monolayer adsor-
bates of both resonant MGITC dye and non-resonant PhS on optically non-
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transparent Au(111) single crystals in water. We observed that beam aberra-
tions due to the presence of the liquid phase reduce the (conventional) far-field
response by a factor three, as expected due to severe far-field focus distortions.
Interestingly, these distortions were found to play only a minor role for near-
field Raman measurements. Our setup design allowed us to obtain excellent
signal-to-noise ratios in the TER responses from both resonant and non-resonant
molecules, with Raman enhancement factors in the order of 105. Furthermore,
we noticed that the chosen STM parameters have a significant influence on the
TER signal intensity as sample bias and tunneling current directly affect the
tip-sample distance and thus the field (and Raman) enhancement.

In order to understand better the effect of the STM parameters on the TERS
signal and how they can be used to maximize signals in air an liquid, we per-
form a series of experiments to systematically vary Eb or It while monitoring
the TERS response. The experiments and results obtained are described in
Chapter 5.
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Chapter 5

The effect of STM
parameters on the TERS
signal

In the previous chapter, higher intensity in liquid spectra than in air was found
for MGITC, in spite of the expected decrease in liquid due to focus aberrations.
This observation is initially attributed to a tip-sample distance change due to
the tunning of the STM parameters. In order to verify and understand this
hypothesis, new experiments evaluating the effect of tunneling current, It, and
bias voltage, Eb, on the TERS signal are performed and detailed in this chapter.
More concretely, the dependence of TER spectra of a monolayer of thiophenol
at a Au(111) electrode on the STM parameters It and Eb is systematically eval-
uated, comparing experiments in inert gas (Ar) and in water. We analyse the
trends of intensity changes when varying It and/or Eb. A theoretical model of
these effects allows us to predict optimal STM parameters in TERS experiments
to exploit maximum signal enhancement and thus experiment sensitivity.

The content of this chapter has been published previously in Ref.[3]. Text
and figures are reproduced with permission from Faraday discussions, 205,
233-243 (2017); http://pubs.rsc.org/en/content/articlelanding/2017/
fd/c7fd00164a#!divAbstract, published by the Royal Society of Chemistry. [3]

a

athe reader is referred to the Royal Society of Chemistry for further permissions regarding
these materials
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5.1 Introduction

The unexpected high intensity recorded in the initial liquid TERRS experiments
of resonant molecules reported in Chapter 4 was qualitatively attributed to a
change in gap distance in air versus water due to the settings of the STM (Eb
and It) applied in each environment. While logical, this hypothesis was not
evaluated experimentally. In this chapter, we perform a series of experiments
to explore the effect of tuning these parameters on the TER spectra. Since the
extremely high intensities detected in liquid were attributed to this effect, a
further understanding can be efficiently used to improve TERS enhancement.

As detailed in Chapter 2, maximizing the enhancement in a TERS experiment
is possible by minimizing the gap distance between tip and sample. [69–72,136]

The TERS intensity, ITERS , is inversely proportional to the 8th to the 10th
power of the tip-sample separation following Eq. 2.10: [70,71]

Inorm
TERS ≈

(
1 + d

ρ

)−p
(5.1)

with d the gap distance, ρ the dipole radius (approximately the tip radius) and
p = 10 for fully incoherent scattering.

Additionally, in STM the gap distance depends on the tunneling parameters, It
and Eb. Electron transport between electrodes separated by a thin insulating
film in the low bias range is described by Eq. 5.2: [53,54,57,140]

It = Eb

R(z0) · e
−β·d ⇒ d = 1

β
ln
(

Eb

It · R(z0)

)
(5.2)

where R(z0) is the junction resistance at the landing position, z0, and β is the
tunneling decay constant, β = 4π

h
√

2mφ, with φ the work function or barrier
height, m the electron mass and h Planck’s constant. According to equation
Eq. 5.2, the tip approaches the sample with increasing It or decreasing Eb. Com-
bining eqs. (5.1) and (5.2), we derive an expression relating the TERS intensity
to the gap distance in constant current mode experiments:

Inorm
TERS ≈

[
1 + 1

ρβ
[ln(Eb)− ln(It)− ln(R(z0))]

]−10
(5.3)

Equation (5.3) predicts the behavior of the TER signal intensity as a function
of gap size as determined by the STM parameters. Despite its potential im-
pact on increasing TERS sensitivity, only a few studies have reported how TER
spectra vary with chosen It and Eb [1,27,127,140] and a systematic study for both
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It and Eb under identical conditions (same tip, same sample) is still lacking.
In general, the expected trends were observed in individual studies, i.e. an
increasing It results in a rise of peak and background intensities as expected
from the corresponding gap distance decrease, [27] and a similar effect has been
observed upon decreasing the bias voltage. [127] For a monolayer of azobenzene,
an unexpected deviation from the STM-parameter dependent distance relation
was observed where ITERS decreased with increasing bias voltages faster than
would be expected from a mere gap size increase. [140] The quantitative discrep-
ancies between model and experiment were suggested to arise from molecular
bending induced by the local electric field in the tunneling region created by Eb.
Hence, the relation between Eb and ITERS was suggested to be a convolution
of different effects including gap distance and related variation of the near-field
enhancement magnitude and molecular reordering.

Here, we perform experiments with the same tip and sample tuning system-
atically Eb (It) while keeping It (Eb) constant and evaluate the effect of these
changes in the spectral response of PhS. We find an increase of TER intensity
upon set-point increase or bias decrease as expected from a gap-distance reduc-
tion. The relations obtained follow the theoretical model considering a simple
gap-distance change when tuning the mentioned parameters.

5.2 Materials and methods

Sample preparation

Ethanol (purity 99.9%) and thiophenol from Sigma-Aldrich and MilliQ were
used in the experiments. The annealed substrate was immersed into 1 mM
ethanolic PhS solution for 8 hours and rinsed extensively afterward to remove
adsorbate multilayers. The sample was mounted immediately after preparation.
A gentle flow of Ar (5N, Westfalen) was poured over the sample during the
experiment (except during spectral acquisition) to prevent contamination.

Experimental procedure and analysis

Ar and water experiments were performed on different days and with several dif-
ferent tips following the same procedure and preparation. For each experiment,
different series of It (Eb) ramps at constant Eb (It) were taken.

Tuning Eb in our STM is achieved by grounding the tip and ramping the sample
potential. Due to technical constraints, tuning the bias voltage by changing the
potential of the tip while keeping the sample potential constant is only possible
in electrochemical mode.

Each experimental series consists of TER spectra taken at different values of
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It (or Eb) cycled at least once from high to low values and vice-versa. It was
ramped between 0.1 and 1.8 nA with constant Eb of 0.02 V, 0.04 V and 0.1 V.
Eb was ramped between 0.02 and 0.5 V at constant It of 1.3, 0.8 and 0.3 nA. For
each combination of values, 5 consecutive spectra were taken and the average
used for fitting purposes. STM parameters were ramped in tunneling conditions,
and all spectra in one series were taken at the same location on a flat terrace
of the Au(111) substrate as determined by STM topographic imaging prior to
the experiment, and with the same far-field focusing conditions. The far-field
spectra (acquired by retracting the tip 20 nm from the tunneling position) were
taken several times during a series by disabling the feedback mechanism of the
STM (no motor retraction) to prove cleanliness and stability of the tip during
the hour-long experiments.

The same band fitting (masks, background, and constraints) was performed on
all spectra of different series and days using IgorPRO (wavemetrics). Unless
stated differently, the results presented in the figures correspond to averages
of spectra taken with the same tip under the same conditions (of Eb and It)
during scans up and down, and the errors correspond to the statistical standard
deviation. Spectra were acquired with integration times of 5 seconds in Ar and
of 30 seconds in water with 600µW excitation power at the exit of the objective.
In the figures, they are presented normalized to the same time and power. Note
that signal losses are expected when working in liquid due to beam aberrations
and far-field focus distortion as discussed in previous chapters. [1,113]

5.3 Results

The system under study in this work is a monolayer of thiophenol (PhS, inset
Fig. 5.1) adsorbed at a Au(111) single crystal. This sample was chosen because
of the strong chemisorption of PhS at Au through the S atom, providing sta-
bility of the monolayer and a strong and reproducible TER signal suitable to
perform hour-long experiments where many combinations of STM parameters
can be explored with the same tip. Additionally, the extensive TERS litera-
ture of PhS/Au(111) facilitates band assignment and comparison with previous
results. [1,31,124] Note that MGITC, the resonant adsorbate used in Chapter 4
degrades easily with increasing laser power and exposure time. [105,141] Therefore
it is not a good reference sample for the present experiments since collecting
spectra for all combinations It /Eb in the same sample and with the same tip
takes long time which makes convenient the choice of a more stable adsorbate.

Fig. 5.1 shows examples of raw TER spectra acquired during series of A) varying
It at constant Eb =0.04 V and B) varying Eb at constant It =1.3 nA in Ar (green)
and in water (blue). The most prominent bands of PhS are visible with high
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Figure 5.1. Raw spectra recorded in Ar (green) and in water (blue) for A: It ramp
at constant Eb of 0.04 V, B: Eb ramp at constant It of 1.3 nA. For each series, 20 nm
retraction spectra (far-field) are included in black. Gray rectangles indicate marker
bands. Spectra are y-offset for clarity. Inset: PhS chemical structure. Reproduced
with permission from Faraday discussions, 205, 233-243 (2017); published by the Royal
Society of Chemistry. [3]

signal-to-noise ratio (S/N) in all spectra and are in agreement with previous
TERS reports for PhS/Au(111). [1,31,124]

All spectra exhibit two prominent bands at ca. 245 (δCS+νAuS) and at 997 cm−1

(r-i-d +νCC). In Ar, the spectra show also two weak, broad bands at ca. 390
(γCH) and at 1024 cm−1 (νCC + δCH). [142] The liquid spectra features a broad
far-field band at low wavenumbers (see retracted spectra, black), partially mask-
ing the 245 cm−1 Au-S band that here is visible only as a shoulder. This far-field
peak is present in all liquid and electrochemical spectra acquired in our lab [1]

and can be attributed to the aqueous work environment. Details of the fitting
of Raman bands partially masked by this broad feature in liquid is reported
in Section A.2. In the water spectra, the peak at 1024 (νCC + δCH) is more
prominent than in Ar, and an extra mode at 1074 cm−1 (νCC + δCH) shows up.
The weak broad band at 390 cm−1 is not present in the liquid spectra, but an
additional sharp peak appears at ca. 420 cm−1 (νCS + νAuS).b

bIn the literature, different TER spectral signatures for PhS/Au have been reported whose
chemical origin has remained unclear. [124] Within our lab, we also detect day-to-day variations
of the spectral signature of PhS mainly in relative intensities, as obvious when comparing the
TERS results of PhS presented in the previous and the present Chapters. As discussed in
the previous chapter, these changes might be attributed to variations in the tip geometry or
sample preparation and therefore, the more accurate way to proceed is to compare, as far as
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Here, we focus the discussion on the relative intensity changes of the Au-S
mode at 245 cm−1 and the ring-in-plane deformation mode at 997 cm−1 that
are present both in liquid and in Ar spectra and are therefore ideal for singling
out the influence of STM parameters in different environments. Additionally,
given the technical specifications of our instrument, the mode at 245 cm−1 can
be used as direct reporter on the effect of the sample potential on the adsorbate-
substrate interaction.

Fig. 5.1A includes three example spectra at increasing It (from bottom to top)
in Ar and in water each. Increasing the tunneling current set-point results in
an increase of the marker bands for both Ar and water experiments. Similarly,
ramping the bias voltage to lower values increases the intensity of the marker
bands (Fig. 5.1B). These trends are in qualitative agreement with the expected
decrease of the gap distance upon It increase or Eb decrease as deduced from
Eq. 5.2. To gain quantitative insight into this relation, Lorentzian band fittings
have been performed for the different series and are discussed in the rest of the
chapter.

5.4 Discussion: fitting results

In Fig. 5.2 we present the integrated intensity of the 245 cm−1 (A) and 997 cm−1

(B) bands as a function of It for constant values of bias voltage in Ar (0.02 V
green, 0.04 V dark blue, 0.1 V purple) and water (0.04 V, light blue) and the
integrated intensity of the 245 cm−1 (C) and 997 cm−1 (D) bands as a function
of Eb for constant values of tunelling current in Ar (0.3 nA orange, 0.8 nA red,
1.3 nA black) and water (1.3 nA, light blue). All Ar results presented in this
figure were acquired on the same day and with the same tip at different locations
of a flat Au(111) terrace while the liquid results were taken on a different day
with a different tip.

5.4.1 Influence of the tunneling current in the TERS re-
sponse

We find that the ITERS increases upon current increase as expected from a gap
distance reduction, eqs. (5.1) to (5.3). In Ar, the absolute TERS intensity of the
245 cm−1 peak increases linearly with It, while in water the intensity remains
almost unchanged (Fig. 5.2 A). The slopes obtained by linear fits, indicating

possible, spectra acquired in the same conditions (tip, sample). The TERS community is at
the moment making efforts to develop reference samples for TERS instruments in order to
establish standards for the reproducibility of the technique.
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Figure 5.2. A: Integrated intensity of the 245 cm−1 mode (B: 997 cm−1) as a function
of It at constant Eb values of 0.02 V (green), 0.04 V (dark blue), 0.1 V (purple) in Ar
and 0.04 V in water (light blue). C: Integrated intensity of the 245 cm−1 mode (D:
997 cm−1) as a function of Eb at constant It values of 0.3 nA (orange), 0.8 nA (red),
1.3 nA (black) in Ar and 1.3 nA in water (light blue). Normalized to the same power
and integration time. Averaged results from spectra taken in scans up and down are
presented with standard deviation as error. Solid lines represent linear fittings (A and
B) and exponential fittings (C and D) of the experimental data points. Reproduced
with permission from Faraday discussions, 205, 233-243 (2017); published by the Royal
Society of Chemistry. [3]
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the rate of growth, are 20±3, 23±3 and 31±4 counts/nA at 0.1, 0.04 and 0.02 V
respectively in Ar, and 0.4±2 at 0.04 V in water. This band is covered in liquid
by a far-field feature that hinders the fitting procedure, being a possible cause
for the large difference in trend (note that the liquid results in Fig. 5.2 A are
multiplied by a factor of 5 to facilitate the comparison, much weaker intensities
were detected in liquid). The total intensity increase of the 245 cm−1 peak in
the current range scanned is 70%, 107% and 131% in Ar at 0.02 V, 0.04 V and
0.1 V, respectively, and only 23% in water.

The 997 cm−1 peak (Fig. 5.2B) increases linearly with It in Ar and water with
slopes of 14±3, 13±4 and 26±3 counts/nA at 0.1, 0.04 and 0.02 V, respectively,
in Ar, and 10±6 at 0.04 V in water. The slower growth of this peak with
current leads to slightly lower absolute intensity gains: 81%, 57% and 73% in
Ar at 0.02 V, 0.04 V and 0.1 V respectively and 76% in water. These results are
summarized in Table I

Eb/V slope/counts·nA−1 Increase ITERS/%
245 cm−1 997 cm−1 245 cm−1 997 cm−1

0.1 20 ± 3 14 ± 3 131 73
0.04 23 ± 3 13 ± 4 107 57
0.02 31 ± 4 26 ± 3 70 81

0.04 (water) 0.4 ± 2 10 ± 6 23 76

Table I. Results of linear fittings to the ITERS vs It data points of Fig. 5.2A and B

The constant value of Eb applied while varying the current has an influence
on the absolute TERS intensity. For higher voltages (0.1 V, purple) the overall
intensity detected is smaller than for lower values (0.02 V, green) in agree-
ment with the relative larger tip-sample gap at high Eb. Additionally, the rate
of growth of both bands (slopes in the fittings) is higher at 0.02 V, by 31%
(245 cm−1) and 50% (997 cm−1).

When comparing the two peaks analysed, we observe that the slopes and per-
centage of signal gain are higher for the Au-S mode, that is thus more affected
by the current ramp. Note that this hypothesis does not hold in the case of
liquid experiments where a slope close to zero is obtained for the 245 cm−1

peak. The results of the 997 cm−1 peak show a very similar trend between Ar
and water results. This mode is more intense in the liquid spectra where the
low wavenumber region is affected by a broad far-field contribution (Fig. 5.1).
In view of this, we assume that the intensity results of the 245 cm−1 mode in
water are possibly affected by the fitting procedure and conclude that the effect
of ramping It in the TERS intensity is similar in Ar and water, with average
values of intensity gain (taking into account both bands and different values
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of Eb applied) of 87% in Ar and 76% in water (discarding in water the results
obtained from the 245 cm−1 band).

Therefore in a TERS experiment, higher values of tunneling current are pre-
ferred if the maximum enhancement is sought both in Ar and liquid experiments.
Tuning the current to large values (larger than 1 nA) decreases the gap distance
and achieves very high intensities without inducing any obvious chemical change
that might further alter the signal intensity or band position (as will be dis-
cussed in Section 5.6) while the tip-sample separation is still large enough to
prevent tip crash or contamination.

5.4.2 Influence of the bias voltage on the TERS response

Decreasing Eb reduces the tip-sample gap size and therefore results in an in-
crease of ITERS , eqs. (5.1) to (5.3), as observed in Fig. 5.2C and D. From the
figure, it is apparent that the choice of It has a negligible effect on the TERS
intensity over the investigated Eb range, in contrast to ramping It where ITERS
was higher for lower Eb values. The orange, red and black curves in Fig. 5.2D
for the 997 cm−1 (taken at 0.3, 0.8 and 1.3 nA, respectively) overlap. For the
245 cm−1 peak, the overall intensity at 1.3 nA is lower than the intensity at
0.3 nA and 0.8 nA.

The integrated intensity as a function of Eb shown in Fig. 5.2 C and D shows
very different behavior than the results obtained when ramping It. It is obvious
from the figures that the trend of ITERS upon bias increase deviates from the
linearity obtained when tuning the tunneling current (Fig. 5.2 A and B). In Ar,
the intensity decrease of the 245 cm−1 peak can be modeled with an exponential
decay function for all values of constant It. In contrast, the water results show
an initial decrease in the range 0.02-0.1 V and the band intensity grows again
at 0.5 V. As discussed, the fitting of this band is not straightforward due to a
broad far-field feature in the low-wavenumber region, and therefore the results
are not as reliable as for the 997 cm−1 mode. The band intensity of the 997
peak shows an exponential dependence with Eb in Ar and liquid experiments.

When decreasing the bias, the absolute intensity of the 245 cm−1 is increased by
478%, 300% and 539% at It values of 1.3, 0.8 and 0.3 nA, respectively in Ar and
28% in liquid. I ters of the 997 cm−1 mode shows a weaker dependence on Eb.
The absolute intensity of this mode rises by 80%, 73% and 108% at It values of
1.3, 0.8 and 0.3 nA in Ar, respectively and 47% in water at 1.3 nA. The results
are summarized in Table II

In average (considering both bands and the different values of constant It ap-
plied), the intensity increase achieved during bias ramp is 263% in Ar and 47%
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It/nA Increase ITERS/%
245 cm−1 997 cm−1

0.3 539 108
0.8 300 73
1.3 478 80

1.3 (water) 28* 47

Table II. Absolute intensity increase of the Raman bands obtained when decreasing
the bias value from 0.5 V up to 0.02 V. *Note that this value is calculated considering
the initial decrease from 0.02 V to 0.1 V.

in liquid, in contrast with the values of 87% in Ar and 76% in water obtained
in the variable current series presented in previous section. In view of these
results, it seems obvious that the value of Eb applied in a TERS experiment is
much more likely to influence the near-field enhancement and thus the intensity
detected than the tuneling current in the ranges explored in these experiments.

When searching for the highest sensitivity in a TERS experiment, higher values
of It (higher than 1 nA) and lower values of Eb (under 0.1 V) are preferred being
Eb the more critical parameter compared to It regarding TER signal intensity.
Interestingly, we find that the described effect on ITERS is lower in water than
it is in Ar for the given parameter space. Further investigations exploring the
ranges of It > 1.7 nA and Eb < 0.02 V in water could provide more insight on
this observation. In general, this first systematic qualitative evaluation allows
us to quantitatively correlate the effect of both It and Eb on ITERS .

5.5 Distance dependence model

Up to now, a general description of the data was provided where, in the range
scanned, Eb seems to influence the TERS response more than It. In the following
paragraphs, the discussion is focused on relating the data obtained with the
simple mathematical model of Eq. 5.3.

Fig. 5.3 shows the integrated intensity of the 245 cm−1 (A) and 997 cm−1 (B)
bands as a function of Ln(It) for constant Eb in Ar (0.02 V green circles, 0.04 V
dark blue squares, 0.1 V purple triangles) and in water (0.04 V light blue di-
amonds). Note that these are the same results as in Fig. 5.2 A and B but in
logarithmic scale; in linear scale, ITERS as a function of It shows a linear in-
crease upon current increase. A logarithmic x-axis scale has been chosen in this
case based on the gap-distance dependence on It and Eb according to Eq. 5.3.
Similarly, Fig. 5.4 displays the integrated intensity of the 245 cm−1 (A) and
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997 cm−1 (B) bands as a function of Ln(Eb) for constant values of tunneling
current set-point in Ar (0.3 nA orange triangles, 0.8 nA red circles, 1.3 nA black
squares) and water (1.3 nA light blue diamonds).
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Figure 5.3. A: Integrated intensity of the 245 cm−1 mode (B: 997 cm−1) as a function
of Ln(It) at constant Eb values of 0.02 V (green circles), 0.04 V (dark blue squares),
0.1 V (purple triangles) in Ar and 0.04 V in water (light blue diamonds). Averaged
results from spectra taken in scans up and down are presented with standard deviation
as error. Fittings to Eq. 5.3 are included (solid lines). Reproduced with permission
from Faraday discussions, 205, 233-243 (2017); published by the Royal Society of
Chemistry. [3]

To evaluate if the dependence of the TER signal intensity on tunneling current
set-point and bias voltage follows a simple distance dependence in the case of
PhS/Au(111), we fitted the experimental data from Figs. 5.3 and 5.4 with
Eq. 5.3 (solid lines in figures) in a free fitting, obtaining ρ, β and R(z0) for each
of the series. The averaged fitting results are summarized in Table III for the
current set-point and bias voltage ramps, for different bands and different values
of It or Eb from two different experiments in Ar (with different tips) and one in
water. All fittings were performed with the same initial guesses of the fitting
parameters (ρ=15 nm, β=0.3 Å−1 and R(z0)=50 MΩ). As obvious, the fitting
function describes accurately the experimental data in all cases.

The obtained values for the tip radius (i.e. dipole radius ρ) from different days
(including air and water results), in average 17± 3 nm are in agreement with the
average tip sizes produced in our lab as estimated from SEM images included
in Section 3.4. [1]

The fitting procedure returned values of β of 0.32 and 0.33 Å−1 in air and in
water, respectively. The tunneling decay constant, β, has been measured ex-
perimentally for a number of similar molecules in previous works. Frisbie et
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Figure 5.4. A: Integrated intensity of the 245 cm−1 mode (B: 997 cm−1) as a function
of Eb at constant It values of 0.3 nA (orange triangles), 0.8 nA (red circles), 1.3 nA
(black squares) in Ar and 1.3 nA in water (light blue diamonds). Averaged results
from spectra taken in scans up and down are presented with standard deviation as
error. Fittings to Eq. 5.3 are included (solid lines). Reproduced with permission
from Faraday discussions, 205, 233-243 (2017); published by the Royal Society of
Chemistry. [3]

al. [143] found an average β=0.4 Å−1 for alkanethiols of different lengths, with
a tip-to-tip variation in the same range as we find for different days. In [140],
β=0.27 Å−1 was reported for an azobenzene monolayer on Au(111). Electro-
chemical experiments of similar aromatic molecules give values of β between
0.35 and 0.57 Å−1. [144,145] Our β values lie well within the reported variability.
The small discrepancies between the above mentioned reported values can be
due to differences in chemical structure, orientation or packing of the monolayer
that directly affect the electron transport in the junction. [140,146,147] Interest-
ingly, the obtained decay constant values in Ar and in water experiments are
very similar, despite the smaller values of the work function that are expected
in liquid. [129–131]

The values for the junction resistance at landing position obtained from the
fittings are 30 and 16 MΩ for air and liquid, respectively. Contact resistance
R(-z0)c literature values between 0.1 and 50 MΩ have been found for similar
molecules, among which ≈0.1 MΩ for the PhS/Au(111) system. [143,148] Higher
values are expected for R(z0) since here molecular length and gap distance are
also considered. Toccafondi et al. [140] recently reported R(z0) to be 694 MΩ
for azobenzene /Au(111) in a Eb-dependence TERS study. Compared to the

cWhile R(-z0) accounts for the resistance of the junction in contact between tip and sample,
the parameter in Eq. 5.3, R(z0), is the junction resistance at landing position.



i
i

“thesis˙electronic” — 2018/4/23 — 12:17 — page 89 — #89 i
i

i
i

i
i

5.6 The effect of STM parameters on the TERS signal 89

ρ / nm β / Å−1 R(z0) / MΩ
Ar (day 1) 14 ± 3 0.27 ± 0.07 34.5 ± 20
Ar (day 2) 17 ± 6 0.36 ± 0.12 24.5 ± 10

Ar (average) 16 ± 2 0.32 ± 0.05 30 ± 7
Water 20 ± 2 0.33 ± 0.04 16 ± 4

Table III. Averaged fitting parameters for the data points in Figs. 5.3 and 5.4. ρ
dipole radius; decay constant β = 4π

h

√
2mφ and R(z0) tunneling resistance at landing

position.

literature values, the experimental values of 30 and 16 MΩ that we obtain in
Ar and in water, respectively, lie well within the expected range, considering
that PhS is shorter than azobenzene. Furthermore, a lower resistance in water
is in agreement with a better electric conductivity of MilliQ (resistivity of ca.
18 MΩ) compared to Ar.

In summary, the fittings quantitatively describe our experimental data points.
Additionally, the values of the fitting parameters obtained are in agreement
with literature values for both Ar and water for current set-point and voltage
ramps. Therefore it can be concluded that the TER signal intensity follows the
expected distance-dependent relationship of Eq. 5.3 for both in-Ar and in-water
It and Eb ramps. Additional geometric effects such as molecular bending that
has been reported for longer molecules [140] do not need to be taken into account
in the case of PhS/Au(111).

5.6 Effect of STM parameters on the Raman
frequencies

In Fig. 5.5 we present the Raman shift of the 245 cm−1 as a function of It (A)
for constant values of bias voltage in Ar (0.02 V green, 0.04 V dark blue, 0.1 V
purple) and water (0.04 V, light blue), and as a function of Eb (B) for constant
values of tunelling current in Ar (0.3 nA orange, 0.8 nA red, 1.3 nA black) and
water (1.3 nA, light blue). C and D show the equivalent shifts for the 997 cm−1

peak.

From the figure, it is obvious that, in addition to changes in ITERS , we also
observe a shift of the 245 cm−1 band as a function of Eb. In the series of
measurements at constant Eb and variable It shown in Fig. 5.5A, the 245 cm−1

mode appears at a constant position throughout the scanned set-point range.
However, the peak maximum is shifted to lower wavenumbers upon Eb increase.
This effect is obvious in the series of measurements at constant It and variable
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Figure 5.5. Raman shift of the 245 cm−1 as a function of It (A) for constant values
of bias voltage in Ar (0.02 V green, 0.04 V dark blue, 0.1 V purple) and water (0.04 V,
light blue), and as a function of Eb (B) for constant values of tunelling current in
Ar (0.3 nA orange, 0.8 nA red, 1.3 nA black) and water (1.3 nA, light blue). C and
D show the equivalent shifts for the 997 cm−1 band. Averaged results from spectra
taken in scans up and down are presented with standard deviation as error. Solid lines
represent linear fittings (A, C and D) and exponential fittings (B) of the experimental
data points. Reproduced with permission from Faraday discussions, 205, 233-243
(2017); published by the Royal Society of Chemistry. [3]
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bias presented in Fig. 5.5B. The position of the band at 245 cm−1 experiences
a large red-shift upon bias increase independently of the environment or the
value of constant set-point applied. The total shift within the potential window
scanned is ca. 14 cm−1. In contrast, no notable Raman shift is detected for the
997 cm−1 band (Fig. 5.5C and D).

Tuning the current does not drastically affect the position of the bands at
245 cm−1 (A) and 997 cm−1 (C). The curves can be fitted to linear functions
with slopes close to zero (Table IV). The largest shift is experienced by the
245 cm−1 mode at 0.1 V, however the shift is as small as 1 cm−1 through the
whole current range scanned. Such small variations in peak positions while
ramping It, together with the fact that the intensity changes discussed follow a
relation as expected solely from a gap distance change, indicate that no chemi-
cal interaction is occurring while ramping the tunneling current. Ramping the
bias voltage results in similar linear dependence of the position of the 997 cm−1

band (fitting results are included in Table IV), while it induces shifts in the
245 cm−1 Au-S mode.

Eb/V slope/cm−1·nA−1

245 cm−1 997 cm−1

0.1 0.9 ± 0.9 0.2 ± 0.3
0.04 0.1 ± 0.6 -0.4 ± 0.04
0.02 0.6 ± 0.3 0.01 ± 0.1

0.04 (water) 0.01 ± 1 -0.2 ± 0.2
It/V slope/cm−1·V−1

245 cm−1 997 cm−1

0.3 n.a. 1.7 ± 0.8
0.8 n.a. 0.7 ± 0.5
1.3 n.a. 2.2 ± 0.8

1.3 (water) n.a. 0.6 ± 0.5

Table IV. Results of linear fittings to the Raman shift vs It data points of Fig. 5.5
A and C, and to the Raman shift vs Eb data points of Fig. 5.5 D.

The fact that only the 245 cm−1 band shifts and this happens only when Eb is
ramped, can be explained by the changing interaction strength of the S-Au bond
when ramping the substrate potential (here Eb due to the technical specifications
of our instrument). A similar effect has been found in the electrochemical TERS
study for the N-Au interaction of adenine/Au(111) presented in Chapter 6. [4]

To quantify the influence of the STM parameters on the position of the TERS
bands, it would be interesting to quantify the binding strength between PhS and
Au as a function of substrate potential in future experiments and theoretical
simulations. An overall increase of the Raman shift in all experiments in water
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with respect to the corresponding measurements in argon is found. This effect
is currently under investigation by performing DFT calculations.

5.7 Conclusions

We have systematically studied the behavior of STM-TER spectra as a function
of bias voltage and tunneling current set-point in Ar and in water experiments.
In both cases, for the PhS/Au(111) system, ITERS follows a dependence on
the STM parameters in line to what would have been expected from a simple
gap-distance reduction upon set-point increase or bias decrease.

In water, the intensity changes are found in general more moderate than in
Argon experiments. Regarding the absolute intensity increase, tuning the bias
voltage in the 0.5 to 0.02 V range results in an exponential band intensity in-
crease while tuning the current set-point in the range of 0.1 to 1.7 nA shows a
linear dependence in Ar. In practice, both parameters can be tuned to achieve
optimal enhancement factors in STM-TERS experiments with best results ob-
tained for It >1 nA and Eb <0.1 V for the given PhS/Au(111) system under
study. If changing the bias voltage is achieved by tuning the potential of the
sample with respect to the tip - as often the case with commercial STMs -, the
interaction strength of the PhS-Au bond is altered when changing Eb. This
results in Raman shifts of the Au-S stretch vibration while the other band po-
sitions in the spectrum remain unchanged. We conclude by pointing out the
possibilities that a smart choice of STM parameters has for ultrasensitive TERS
studies of solid/liquid interfaces and/or single molecules.



i
i

“thesis˙electronic” — 2018/4/23 — 12:17 — page 93 — #93 i
i

i
i

i
i

Chapter 6

EC-TERS: Potential
induced molecular
reorientation

In the present chapter, the capabilities of the EC-TERS are tested on a mono-
layer of adenine on Au(111). We can detect the vibrational fingerprint of less
than 100 small, non-resonant adenine molecules, which gives information about
their adsorption geometry and chemical reactivity as a function of applied po-
tential. Combining experimental and simulation data, we conclude that proto-
nated physisorbed adenine assumes a tilted orientation at low potentials while
it is vertically adsorbed around the potential of zero charge. Further potential
increase induces adenine deprotonation and reorientation to a planar config-
uration. The extension of EC-TERS to the study of adsorbate reorientation
significantly broadens the applicability of this advanced spectroelectrochemi-
cal tool for the nanoscale characterization of a full range of electrochemical
interfaces. This work demonstrates the capabilities of the setup to efficiently
characterize these interfaces and is an important technological advance for the
electrochemical and TERS scientific communities.

The content of this chapter has been published previously in Ref.[4]. Text
and figures are reproduced with permission from Angewandte Chemie Int.
Ed., 88, 7108-7114 (2016), http://onlinelibrary.wiley.com/doi/10.1002/
anie.201704460/abstract, Copyright 2017 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. [4]a

athe reader is referred to Wiley-VCH Verlag GmbH & Co. for further permissions regarding
these materials
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6.1 Introduction

One crucial parameter that determines surface reactivity or device functionality
in a large variety of applications, such as heterogeneous catalysis, electrochemi-
cal energy conversion, biotechnology or molecular electronics, is the adsorption
geometry of the (re)active molecules. For example, it has been suggested that
the spatial tilt of π-bonds with respect to the substrate strongly influences the
catalytic activity or electron conductance of adsorbates. [149–151] Accessing ad-
sorbate orientation in relation to specific surface sites in situ or in operando
is a first crucial step towards controlling interfacial geometries for improved
device architecture. However, suitable in-situ techniques to study molecular
orientation at well-defined adsorption sites are still scarce. Surface-specific
in situ Raman- or IR-based linear and nonlinear vibrational spectroscopies
(EC-SERS, EC-SEIRAS, EC-SFG) provide the required sensitivity and chem-
ical specificity for investigating molecular geometries at potential-controlled
solid/liquid interfaces at the ensemble level, i.e. the signals represent an av-
erage response from a large amount of molecules and surface sites present in
the focus spot. [16,23,152,153] EC-SPM enables the visualization of individual ad-
sorbate structures with nanometer spatial resolution, albeit at the expense of
chemical specificity. [154,155]

TERS offers an elegant solution to achieve both the required surface
(sub)monolayer chemical sensitivity and nanometer resolution. Our EC-TERS
system, enables the study of the potential-dependent behavior of small non-
resonant molecules adsorbed at an opaque substrate. As a showcase, we monitor
the EC-TERS response of a monolayer of the DNA base adenine adsorbed at a
well-defined Au(111) single crystal. Given the importance of understanding the
interactions between DNA bases and noble metals for biosensing applications
and for the development of biocompatible materials, [156,157] it is surprising that
the DNA base orientation with respect to the Au surface (e.g. upright, tilted,
flat) and the chemical state of the DNA base (e.g. (de)protonated, anionic)
has remained a point of controverse discussion, despite extensive efforts to
characterize the system with traditional CV approaches in combination with
SPM or (ensemble) spectro-electrochemistry. [158–166]

EC-TERS offers the unique advantage of placing the near-field probe at a loca-
tion of interest chosen according to the SPM topographic information gathered
simultaneously. In contrast, in EC-SERS and EC-SEIRAS studies the substrate
roughness leads to an inherent variation of the geometry of the surface adsorp-
tion sites. Thus, a broad distribution of molecular adsorption geometries is
probed. Our approach enables selectively monitoring of potential-dependent
TER spectral changes from less than 100 adenine molecules adsorbed at a
Au(111) terrace due to a uniform adsorption geometry at the Au(111) surface
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an averaging effect from different substrate/adsorbate geometries is limited.
The experimental EC-TERS results are complemented with density functional
theory (DFT) gas-phase approximations for data analysis and interpretation.

6.2 Materials and methods

Sample preparation

Ethanol (purity 99.9%) and adenine (A8626, purity ≥ 99%) from Sigma-Aldrich
were used for sample preparation. To deposit the adenine monolayer, the an-
nealed and clean substrate (Section 3.5.2) was immersed in 1 mM ethanolic so-
lution of adenine for 8 hours and rinsed extensively with ethanol to remove
multilayers. The sample was mounted in the home-made liquid cell described
in Section 3.1.1 and Fig. 3.2.

0.01 M H2SO4 was used as electrolyte and degassed with Ar (Argon 6.0,
A00560150 Westfalen) before use. A gold wire (Mateck, 5N, 0.25 mm diam-
eter) was used as micro counter electrode and a homemade Pd/H2 wire as ref-
erence electrode (electrode preparation described in Section 3.3) mounted into
the liquid cell immediately after preparation. For convenience, all potentials
are reported vs Ag/AgCl 3 M. In order to convert properly between electrodes
the voltage between the Pd/H2 and a commercial Ag/AgCl (SI Analytics, 3 M
KCl) was measured and found to be equal to 0.2± 0.01 V.

To keep cleanliness during the experiment, a soft Ar flow (0.5 bar through a
0.5 cm diameter Teflon tube) was always poured on top of the EC-cell except
during spectral acquisition and STM imaging to ensure stability and prevent
the tip from crashing.

Experimental procedure

The sample was mounted into the setup and directly immersed in electrolyte at
0.2 V vs Ag/AgCl. The tip was approached into tunneling conditions.

To keep the gap distance constant (requirement explained in Section 3.3), we
fixed Ebias at 0.4 V and It at 1.35 nA throughout experiment. Due to the elec-
trode configuration, the system adjusts the potential of the tip accordingly
while ramping the sample potential to keep a difference of 0.4 V between Etip
and Esample, according to the relation Etip=Esample-Ebias (see Section 3.3).

CVs were recorded periodically during the course of the experiment to check the
state of the monolayer. After a first CV, STM images were acquired to find a
spot for spectral acquisition in the middle of a flat Au(111) terrace. Topograph-
ical images at different sample potentials were taken. These images do not show
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any differences at the spatial resolution reached with our device. A second CV
was taken after the images and right before spectral acquisition. Afterward,
EC-TER spectra were acquired while ramping the sample potential. For each
potential value, approached (TERS) and 20 nm retracted (by disabling piezo-
control) spectra are taken to check the tip cleanliness. All spectra presented
here were acquired at a laser power of 1.77 mW (at the exit of the objective,
losses are expected at the sample due to the liquid cell) and acquisition time of
5 s; an average of 5 spectra is presented for each potential. No further correc-
tion has been applied. After spectral acquisition, an additional CV is recorded.
The tip cleanliness was checked in an air TERS experiment on a clean Au(111)
substrate after the EC-TERS experiment.

6.3 Results

A neutral adenine molecule is depicted in Fig. 6.1a. All spectra were recorded
with the tip located in the center of a flat Au(111) terrace (Figure 6.1b, white
dot) as confirmed by EC-STM imaging prior to and after spectral acquisition.
The STM image shows the Au(111) electrode flat terrace and step (of approx-
imately 0.2 nm height as shown in the profile plotted in 6.1b, right), however
the resolution does not allow identification of individual adenine molecules.

Figure 6.1c shows EC-TER spectra recorded at different sample potentials
(Esample) in chronological order of acquisition from bottom to top. At low
potentials, one prominent peak is present at ca. 736 cm−1 (ring-breathing), and
weaker bands appear at around 1320 cm−1 (CN and CC stretch) and 1464 cm−1

(N7-C8 stretch, C8-H bend and NH2 scissor), in agreement with previous re-
ports of adenine/Au(111). [125,165,167–169] At all potentials, a broad band fea-
tures below 300 cm−1 that can be decomposed into three components with help
of Lorentzian band fitting (Figure 6.1d): The two peaks located at 172 and
220 cm−1 are also observed in all far-field spectra acquired upon tip retraction
and do not show any potential-dependent changes; as their molecular origin is
unclear, they will not be discussed further. Notably, the fitting reveals a near-
field band at ≈ 260 cm−1 at potentials > 0.6 V that has been assigned to Au-N
interactions. [169] Details of the fitting of the low wavenumber region are given
in Section A.2.

Fig. 6.1c displays example of spectra at different sample potentials. During
the experiment, several ramps from low to high potentials and vice-versa were
taken during a total time of 40 minutes, in order to verify the reproducibility and
stability of the spectral changes. Fig. 6.2 shows the intensity evolution of the
ring-breathing mode (736 cm−1) during the mentioned up and down potential
ramps. For each spectrum acquired (horizontal axis represents the temporal se-
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Figure 6.1. a: neutral adenine sketch. b: Left: 228x228 nm2 STM image
(Esample = 0.5 V, Ebias = 0.4 V, It = 1.35 nA); white dot indicates EC-TERS position.
Right: Au step profile as indicated in STM image. c: EC-TER spectral evolution upon
Esample potential ramp (1.77 mW laser power, 5 s acquisition time). d: Lorentzian
band fitting example for the low wavenumber region at 0.2 and 0.8 V Esample. Re-
produced with permission from Angewandte Chemie Int. Ed., 88, 7108-7114 (2016);
Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA. [4]
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quence of measurements) the corresponding potential (white dots, right vertical
axis) and the integrated peak intensity (black dots, left vertical axis) are plot-
ted. For sufficiently high potentials, the 736 cm−1 peak disappears, to appear
again upon potential decrease. The trend is consistent during the whole exper-
iment. Importantly, the full band intensity can always be recovered, indicating
a constant surface coverage upon potential ramps.
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Figure 6.2. Overview of the sequence of EC-TER spectra at different potentials.
Integrated intensity of the 736 cm−1 ring-breathing mode (solid dots joined by solid
line, left vertical axis) as a function of the consecutive measurements at different
potentials (empty circles, dashed line, right vertical axis). Reproduced with permission
from Angewandte Chemie Int. Ed., 88, 7108-7114 (2016); Copyright 2017 Wiley-VCH
Verlag GmbH & Co. KGaA. [4]

To analyze the spectral changes as a function of Esample, we plot amplitude and
peak frequency of the 260, 736 and 1464 cm−1 modes obtained from Lorentzian
fits (Fig. 6.3, fitting details in Section A.3). The corresponding CV recorded at
50 mV/s inside the EC-TERS cell is shown as inset in Figure 6.3B.

The CV exhibits the two well-known peaks at 0.36 and 0.62 V (0.34 and 0.59 V)
in the anodic (cathodic) scan direction [160,161,163]. The first peak can be at-
tributed to an increase in capacitance as a result of molecular reorientation from
a physisorbed tilted arrangement to a vertical geometry around the potential
of zero charge, [170] such that more Au surface is exposed to the adenine-free
electrolyte, in agreement with previous studies. [159,161,171] The second peak at
around 0.6 V results from deprotonation and partial charge transfer from ade-
nine to the Au electrode (around 0.68 electrons per molecule as determined
by Aldaz and corworkers [172]). [159,161,171] Note that the oxidation of adenine
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Figure 6.3. a: Raman shift and b: integrated intensity of the the 260 cm−1 (blue),
736 cm−1 (purple) and 1464 cm−1 (green) bands as a function of sample potential.
Error bars result from fittings. CV of a monolayer of adenine on Au(111) in 0.01 M
H2SO4, v = 50 mV/s (b, inset). Reproduced with permission from Angewandte Chemie
Int. Ed., 88, 7108-7114 (2016); Copyright 2017 Wiley-VCH Verlag GmbH & Co.
KGaA. [4]

to its oxo forms occurs at potentials higher than 1.2 V, i.e. outside our po-
tential window. [173,174] Importantly, the CV was identical before and after the
EC-TERS experiment (after ramping up to 1.2 V several times), indicating that
(partial) Au oxidation does not alter the adenine behavior at the electrode (see
Section 6.3.1 for further details).

The Au-N mode at ca. 260 cm−1 only appears after the second anodic peak
and blue-shifts from 245 cm−1 at 0.6 V to 274 cm−1 at 1.2 V (Figure 6.3a, blue)
while maintaining a constant intensity (variations within the noise level, Figure
6.3b, blue). In contrast, the intensity of the 736 cm−1 mode shows a maximum
at 0.3 V (Figure 6.3b, purple). It shows an initial intensity increase from 0.2 to
0.3 V. In the region between the two anodic peaks in the CV (between 0.36 and
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0.62 V), the band significantly drops in intensity and further decreases after
the second peak at a less pronounced rate before disappearing at potentials
> 1 V. Furthermore, the band shows a small, but measurable blue shift from
734.6 cm−1 at 0.3 V to 736.4 cm−1 at 1 V (Figure 6.3a, purple). The 1464 cm−1

mode shows a constant intensity between 0.2 and 0.6 V. It vanishes at 0.8 V to
reappear at 1 V (Figure 6.3, green). This band blue-shifts by ca. 10 cm−1 at
high potentials.

6.3.1 Cyclic voltammetry of adenine/Au(111)

The EC-TERS system is designed to provide optimal spectroscopic results, thus
the performance of STM imaging and voltammetry are limited by the require-
ments of the optical setup. The CV shown in Fig. 6.3 is taken in the EC-TERS
liquid cell, which has a capacity of less than 10 mL of electrolyte. The elec-
trolyte is degassed prior to insertion in the TERS cell and Ar flow is poured on
top of it during the experiment to avoid oxygen contamination of the solution.
In spite of these precaution measures the voltammetry results acquired in the
EC-TERS cell are not as precise as they would be in a standard electrochemical
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Figure 6.4. Comparison of the CV of pristine Au(111) (yellow) and a monolayer
of adenine in Au(111) (black) in 0.01 M H2SO4 acquired up to 0.9 V and in the full
potential window. Scan rate 20 mV/s. 4 cycles for each CV are included. Reproduced
with permission from Angewandte Chemie Int. Ed., 88, 7108-7114 (2016); Copyright
2017 Wiley-VCH Verlag GmbH & Co. KGaA. [4]
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cell. To corroborate the previous results, CVs of the same gold electrode used in
the EC-TERS experiments are taken in a standard EC cell using a potentiostat
(Schlumberger/Solartron 1286). The results are displayed in Fig. 6.4.

Cyclic voltammograms of a monolayer of adenine adsorbed in Au(111) in
adenine-free electrolyte in the low potential region up to 0.9 V and in the full
potential range up to 1.2 V are included in black. In yellow, the corresponding
CVs of pristine Au(111) in the same electrolyte are displayed. These data are
obtained in adenine-free electrolyte (0.01 M H2SO4) with Au wire as a counter
electrode and a Ag/AgCl 3 M reference electrode.

The voltammetry of Au(111) shows the expected shape (Fig. 6.4, yellow): [175,176]

a first peak is observed around 0.41 V that results from the lifting of the Au
surface reconstruction. The peak at 0.8 V is due to sulfate adsorption. Upon
further potential increase, oxidation of the Au surface is observed. The first
peak at 1.13 V corresponds to the first electron transfer (OH deposition) and
a second peak starts to rise at higher potentials but its position cannot be
determined in the investigated potential range. The second peak corresponds
to the transfer of the second electron for Au oxide formation. The corresponding
reduction peak in the cathodic scan is observed at 0.81 V.

The CV of adenine/Au(111) (Fig. 6.4, black) shows a markedly different be-
havior than the pristine Au crystal. The measured currents are higher in this
case than in the previous one. Like in the CVs acquired in the EC-TERS cell,
we observe two distinct reversible peaks at ca. 0.36 and 0.62 V in both anodic
and cathodic scan directions. The CV taken in the EC-TERS cell (displayed
in Fig. 6.3) is nicely reproduced in the conventionally recorded CV (comparison
in Fig. 6.5). The peaks are also visible in the full potential range CV, however,
partially masked by the strong current increase above 0.9 V. This oxidation
peak can be attributed to an increased charge transfer from the NH2 lone pair
of adenine to the Au d*-band and/or Au surface oxidation.

6.4 Discussion

Different phenomena, like changes in surface coverage, chemical conversion,
molecular reorientation and charge effects, could account for the observed
potential-dependent spectral changes.

Similar intensity variations of the ring-breathing mode have been attributed
to changes in the coverage in an adenine-containing electrolyte in an ensemble
study. [165] As we work in adenine-free electrolyte, an increase in coverage would
be uniquely due to molecular diffusion. By integrating over 5 s per spectrum
and averaging over 5 spectra per data point, however, we average over random
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Figure 6.5. Comparison of the CV of adenine/Au(111) recorded in the standard
EC cell (black & grey) with the CV taken in EC-TERS cell during TERS experiment
(green). Reproduced with permission from Angewandte Chemie Int. Ed., 88, 7108-
7114 (2016); Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA. [4]

fluctuations produced by diffusion into and out of the hot spot. Furthermore,
the recovery of the 736 cm−1 upon sweep reversal (Fig. 6.2) and the constant
intensity of the other Raman peaks (Fig. 6.3) as well as of the CV features
(Section 6.3.1) corroborate that the surface coverage in the near-field region
remains constant throughout the hour-long experiment set.

According to literature, one adenine molecule occupies a surface area between
0.41 nm2 (upright) and 0.55 nm2(flat). [172] The TERS spatial resolution for
small, non-resonant molecules in a Au-tip/Au-sample gap lies in the order of
a few nm where the near-field is sufficiently strong to provide detectable TER
scattering. [177–180] With an effective TERS scattering radius of 6 nm, we es-
timated that the number of probed adenine molecules is in the range of 50
and 70, demonstrating the extreme sensitivity that our EC-TERS setup holds
particularly for non-resonant species.

6.4.1 Adenine protonation and shift of Raman bands

In acidic media, (de)protonation from N1-protonated to neutral adenine has
been suggested to occur upon potential sweep at around 0.6 V. Deprotonation
facilitates chemisorption with a partial charge transfer from N lone-pairs of
adenine to d* band of Au(111) at higher potentials. [160–162,165] As a transition
between protonated, neutral and partially oxidized adenine may induce band
shifts, we have performed gas-phase DFT calculations (details in Appendix B)
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to compare the Raman shifts predicted for cationic, neutral and N1-protonated
molecules.

Giese et al. used theoretical DFT data to assign their experimental bands at
ca. 723 and 1483 cm−1 to the theoretically calculated ring-breathing mode (at
726 cm−1 in their calculations) and to the str. N7-C8, bend C8-H and sciss. NH2
(at 1524 cm−1 in the calculations). [168] Similarly, we assign the experimental
modes at 736 and 1464 cm−1 to the simulated modes around 723 cm−1 (ring-
breathing) and at ca. 1513 cm−1, respectively, based on the mode displacements
returned by the calculations (shown in Fig. 6.6, with exact frequencies in the
calculations at 725.71 cm−1 and 1514.03 cm−1 for the neutral adenine molecule)
in agreement with previous reports. [167,168]

Neutral 1514.03 cm-1Neutral 725.71 cm-1

Figure 6.6. Atomic displacements calculated for the modes at 725.71 cm−1 (ring-
breathing) and 1514.03 cm−1 (str. N7-C8, bend C8-H and sciss. NH2) of neutral
adenine assigned to the experimental bands at 736 and 1464 cm−1. Reproduced with
permission from Angewandte Chemie Int. Ed., 88, 7108-7114 (2016); Copyright 2017
Wiley-VCH Verlag GmbH & Co. KGaA. [4]

The DFT calculations predict a blue-shift from 721.69 (1511.89) cm−1 for the
protonated molecule to 725.71 (1514.03) cm−1 for the neutral case to 731.72
(1569.53) cm−1 for the cation. Note that adenine is not fully oxidized within
our potential window as discussed earlier; the cation calculation merely serves
to confirm the trend of the Raman shift due to deprotonation and partial charge
transfer upon chemisorption. This trend is in qualitative agreement with the
blue-shifts of 2 and 10 cm−1 observed experimentally for the 736 and 1464 cm−1

modes, respectively.

In addition, previous pH-dependent SERS experiments showed that at low pH,
the intensity ratio of the 1320 and 1350 cm−1 bands is higher for the protonated
species than for neutral adenine. [169] Fig. 6.7a shows the fitting results of the
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bands at 1320 and 1350 cm−1 in our experiments. The intensity ratio between
them (I1320/I1350), presented in Fig. 6.7b, decreases upon potential increase.
This observation further supports the conclusion that at potentials < 0.6 V,
adenine molecules are protonated. After deprotonation at ca. 0.6 V neutral
adenine is detected.
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Figure 6.7. a. Fitting results of the two bands at 1320 (blue) and 1350 cm−1(orange).
Band position indicated in solid circles, solid line and intensity indicated with open
circles and dashed lines. b. Intensity ratio between bands at 1320 and 1350 cm−1.
Reproduced with permission from Angewandte Chemie Int. Ed., 88, 7108-7114 (2016);
Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA. [4]

While potential-induced deprotonation explains the observed band shifts and
small variations in relative band intensities, it does not account for the drastic
intensity changes of the prominent ring-breathing mode.

6.4.2 Molecular reorientation and induced intensity
changes

The Raman scattering intensity is proportional to the 4th power of the po-
larizability. [42] Because of the tensorial nature of the polarizability, potential-
dependent molecular reorientation is expected to manifest itself in strong inten-
sity changes as observed in the EC-TER spectra, provided the tensor elements
exhibit anisotropy that is largely maintained upon adsorption. Note that in
TERS, the excitation (near-)field is oriented parallel to the surface normal. [28]

As such, the field efficiently excites vibrations with large polarizability compo-
nents in the long tip axis (surface normal). For example, in-plane modes (as
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the ring-breathing mode of adenine at 736 cm−1) appear more intense in the
Raman spectrum if the molecular plane is oriented parallel to the incident field,
i. e. if the molecules stand vertically on the substrate, with the molecular plane
parallel to the long tip axis. In contrast, the mode does not appear in the
spectrum if the molecules stand horizontally in the surface, with the molecular
plane perpendicular to the tip axis. With knowledge of the respective Raman
polarizability tensors of the vibrational modes of interest, the molecular orien-
tation of the few molecules in the nanometer-confined near-field spot at the flat
Au(111) terrace can be deduced from the observed intensity changes. [27,28]

As a first approximation, we have calculated the transition polarizability tensors
of the 723 and 1513 cm−1 modes of an isolated molecule in protonated and
neutral forms with DFT. Details of the calculations and the complete tensors
are given in Appendix B. In our calculations, x,y,z is the coordinate system on
the molecule. The z-axis is perpendicular to the rings’ plane (containing the
x-/y-axes, with y (short axis) parallel to the C4−C5 bond (Fig. 6.8a and d).
X’, Y’ and Z’ represent the fixed axes of our experimental configuration. The
Y’-axis is parallel to the long axis of the tip (and therefore the excitation field)
and the X’,Z’-axes define the plane of the substrate surface.

The diagonal elements of the Raman tensors for the 723 cm−1 mode show a
pronounced anisotropy between the x,y-plane of the adenine rings and the z-
component for both protonated and neutral species with a ratio of αxx : αyy :
αzz = 3:3:1. The Raman tensor of the 1513 cm−1 mode shows a pronounced
anisotropy within the x,y-plane with a ratio of 14:1:1 for the neutral form of
adenine and 20:2:1 for the protonated case.

We have calculated the intensities of the 723 and 1513 cm−1 modes (neutral and
protonated) for an upright to planar transition in two situations:

1. for the y-axis of the molecular plane initially parallel to the excitation field
(Y’) and a tilt angle, θ, around the x-axis of the molecule (Fig. 6.8a)

2. for the x-axis of the molecular plane initially parallel to the excitation field
(Y’) and a tilt angle, θ, around the y-axis of the molecule (Fig. 6.8d).
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Figure 6.8. a: Schematic depiction of a rotation of the adenine molecules around the x-axis (d: y-axis) of the molecule, the excitation
EM field is polarized in the Y’-direction. Orientation-dependent calculated Raman intensities of the 723 cm−1 (b) and 1513 cm−1 (c)
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rotation around the y-axis (d). The experimental data points (black or red solid circles) of both modes are included for comparison. The
gray shaded areas indicate the potential region where deprotonation is expected. Reproduced with permission from Angewandte Chemie
Int. Ed., 88, 7108-7114 (2016); Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA. [4]
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Fig. 6.8b displays the simulated intensity variation of the 723 cm−1 mode (c:
1513 cm−1) for rotation 1. The ring-breathing mode intensity is largest for a
tilt angle of θ = 0◦ and slowly decreases with molecular reorientation to a flat
configuration at θ = 90◦. The simulation results for protonated (purple solid
line) and neutral adenine (blue solid line) show the same trend. The experimen-
tal data (black solid circles) are included in the graph and match perfectly the
obtained trends with low potentials corresponding to small tilting angles (ver-
tical arrangement). The agreement is also good considering the deprotonation
occurring between peaks in the CV (gray shaded area). The lower band intensity
of the ring-breathing mode at 0.2 V (red solid circle) below the potential of zero
charge, which has also been observed in previous EC-SERS experiments, [165,181]

is consistent with a tilted physisorbed adsorbate orientation as deduced from
EC experiments and discussed above. In other words, the experimentally ob-
served 736 cm−1 band intensity behavior as a function of increasing potential
can be explained with adenine reorientation from tilted to upright to flat with
respect to the Au(111) surface.

The simulation results for the 1513 cm−1 mode show that for both the proto-
nated and neutral cases, the peak intensity drops to zero at intermediate angles
between ca. 40◦ and 60◦ while at smaller or larger angles, the peak is expected
to have higher intensity (Fig. 6.8c). The experimental data show such behavior:
the peak vanishes at 0.8 V while at lower and higher potentials the measured
intensity is constantly higher. The quantitative deviation between the absolute
intensity values of experimental and simulations for this mode may be related to
the fact that the gas-phase simulations do not take into account any molecule-
molecule or molecule-substrate interactions. The 1513 cm−1 mode involves the
NH2 moiety that has been suggested to enable adenine adsorption on Au. [166]

Therefore this vibration is expected to be more affected by the exclusion of the
electrode in the simulations than the delocalized ring-breathing mode. Simula-
tions of adenine at solid/liquid interfaces beyond gas-phase calculations could
give polarizability tensors describing better the experimental results.

The results for the ring-breathing mode at 723 cm−1 for rotation 2 (Fig. 6.8d) are
shown in Fig. 6.8e and are equivalent to the results obtained for rotation 1. This
results are expected since the x and y components of the polarizability tensor
are very similar (αxx,neutral = 0.879261 ≈ αyy,neutral = 0.968468 and αxx,prot =
0.919670 ≈ αyy,prot = 0.995191, Appendix B). The trends of protonated and
neutral adenine are similar and consistent with the experimental data points
for an increasing tilt angle θ with increasing potential.

The results for the 1513 cm−1 mode presented in Fig. 6.8f, show that for both
neutral and protonated species, the intensity of the band is expected to decrease
upon angle increase, with higher absolute intensity values for protonated than
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for neutral adenine. The different behavior between rotation 1 and 2 arises
from the fact that αxx is, for both protonated and neutral case, one order of
magnitude higher than αyy and αzz. Comparing the results of the simulations
in Fig. 6.8 f with the experimental data, we observe that the agreement between
them is qualitatively worse than the one obtained for rotation 1 presented in
Fig. 6.8 c. In the experiment, the mode at 1464 cm−1 is present through the
whole potential window at constant intensity, except at 0.8 V when it van-
ishes, behavior that is qualitatively consistent with the simulation results for
the geometrical configuration of rotation 1.

Based on the described observations, we conclude that the adenine monolayer
transitions from a vertical to a planar orientation with respect to the gold
electrode upon potential increase (and deprotonation) with the y-axis in the
molecular plane (short axis of the adenine plane) initially parallel to the long axis
of the tip (Y’-axis). Note that while in reality, the molecule can obviously also
adopt an off-axis geometry (including rotation around the defined axes), these
two simplest approximations discussed here already describe the experimental
data surprisingly well.

Adenine reorientation from vertical to horizontal upon potential increase above
0.3 V is further supported by analysis of the low-wavenumber mode at ca. 260
cm−1. This band has previously not been investigated experimentally in detail,
despite the wealth of information it contains about the adsorbate-substrate in-
teraction. Interestingly, the Au-N mode only appears at potentials >0.6 V
after deprotonation. The significant blue-shift from 245 to 274 cm−1 can be at-
tributed to a strengthening of the Au-N bond with increasing potential, i.e. an
increasing interaction between the N lone pairs and the metal d*-band that re-
sults in a planar orientation of adenine. Coordination of neutral adenine through
the amino group N10 and N1 at potentials above the anodic peaks in the CV
is consistent with all observed trends. The lack of the Au-N mode at poten-
tials <0.6 V is in line with weakly physisorbed adenine where the monolayer is
stabilized by π-d* adsorbate-substrate or π-π intermolecular interactions at po-
tentials below or around 0.3 V, respectively. [159,164,166] Figure 6.9 summarizes
the adsorption/reaction model of the potential-dependent, reversible adenine
(de)protonation and reorientation as deduced from our EC-TERS results.

6.5 Conclusions

To summarize, we have demonstrated how the EC-TERS setup can be efficiently
used to study the electrochemical behavior of small non-resonant molecules
at electrified interfaces with a few nanometer spatial chemical resolution and
< 100 molecules sensitivity. For the showcase adenine/Au(111) system, EC-
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Esample vs Ag/AgCl / V
0.2 0.4 0.6 0.8

+ H+

- H+

Figure 6.9. Proposed potential-dependent adsorption/reaction model for ade-
nine/Au(111). Reproduced with permission from Angewandte Chemie Int. Ed., 88,
7108-7114 (2016); Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA. [4]

TERS in combination with DFT results allow us to deduce a reversible adsorp-
tion/reaction model where protonated adenine is adsorbed at atomically flat
Au(111) in a tilted geometry at low potentials and in an upright configuration
with its short molecular axis perpendicular to the surface around the potential of
zero charge. Upon potential increase, the molecule adapts a flat adsorption ge-
ometry with strong Au-N interactions between deprotonated adenine molecules
and the gold substrate. With this important extension of EC-TERS capabilities
to evaluate adsorbate orientation and chemical conversion as a function of po-
tential, in-situ local chemical information at the nanoscale becomes accessible
for a full range of electrochemical systems.
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Chapter 7

Outlook

The work presented in this thesis demonstrates the efficient extension of a stan-
dard TERS system operating in air to work in liquid and electrochemical envi-
ronment. The liquid and EC-TERS experiments described offer an overview of
the challenges that need to be taken into account when building an EC-TERS
setup and the way to interpret the obtained results.

In Chapter 4, a systematic characterization of liquid TERS is offered. We find
that, in side-illumination instruments, focus distortion in liquid results in a re-
duction of TERS intensity by a factor of 3 with respect to air. Despite intensity
decrease, reproducible liquid TERS for resonant and non-resonant species has
been shown with enhancement factors as high as 105. In order to correct fo-
cus distortion, phase modulation of the beam with a spatial light modulator is
being tested. Our preliminary results show the power of this approach recover-
ing TERS intensity lost by focus distortion. In air, beam modulation can also
be used to raise the weak intensities or Raman bands. This approach offers a
promising tool to increase TERS sensitivity in air and liquid experiments.

The TERS intensity has been found to depend on the gap distance by a factor
∝ d−10 in air. The gap distance in STM is indirectly set by adjusting the
bias voltage between tip and sample and the tunneling current. In Chapter 5
we test the dependency of TERS intensity on these parameters in experiments
performed under controlled Ar atmosphere and in water. We find that the
dependency of the TERS intensity on bias and tunneling current follow a simple
distance dependence model in both argon and water experiments. In the range
of values scanned (tunneling current between 0.1 and 1.8 nA and bias voltage
between 0.02 and 0.5 V), the bias voltage is found to affect stronger the intensity
of Raman bands than the tunneling current. We find that working at bias lower

111
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112 Outlook Chapter 7

than 0.1 V and tunneling current higher than 1 nA maximizes TERS intensity
while the resulting gap distance is still safe enough to avoid tip crash into the
sample.

In Chapter 6 a proof-of-principle EC-TERS experiment is presented. EC-TERS
from a monolayer of adenine in a Au(111) electrode in acidic media combined
with DFT calculations provide a deep characterization of the electrochemical
interface. We find that the molecular orientation changes as a function of ap-
plied potential. Tilted physisorbed adenine is protonated in the surface at low
potentials. After passing the potential of zero charge a vertical arrangement is
adopted. Increasing further the potential of the sample, adenine deprotonates
resulting in chemisorption in a tilted orientation. These results show the im-
pressive capabilities of our EC-TERS to characterize electrochemical interfaces.
TER spectra combined with CV provide complete information about the chem-
istry, electron transfer and geometry of the molecular monolayer at the surface
as a function of electrode potential.

This work offers important information about the characteristics of TERS spec-
tra in liquid and electrochemical environments. The presented results together
with the recent work of other groups on EC-TERS set the bases for the use
of TERS in realistic working conditions. While EC-TERS has been shown in
side, top and bottom-illumination, with STM and AFM-based systems many
aspects of the instrument still remain unexplored. Gap-mode experiments or
resonant molecules have been mostly reported, and the feasibility of the exper-
iments for combined non-resonant and no gap-mode experiments need still to
be investigated. Ideally, 2D EC-TERS mapping of electrochemical interfaces
may offer additional insight into the role of, for example, individual active sites.
The differences between air and electrochemical experiments in terms of back-
ground changes could also offer additional information about the enhancement
mechanisms in liquid and used for further optimization. As shown in Chapter 6,
theoretical calculations are essential in EC-TERS to interpret the experimental
results. We use a simplified model based on isolated gas-phase Raman response
of the molecules studied. However, it is important to develop the used models
to take into account the real system studied: near-field Raman, adsorbate-
substrate ensemble and surrounding dielectric (electrolyte). While the work
is not yet finished and further development and characterization are required,
EC-TERS is now a reality that can be used to study important electrochemical
systems and to answer important open questions in catalysis, energy-conversion
schemes, biology or synthesis.



i
i

“thesis˙electronic” — 2018/4/23 — 12:17 — page 113 — #113 i
i

i
i

i
i

Appendices

113



i
i

“thesis˙electronic” — 2018/4/23 — 12:17 — page 114 — #114 i
i

i
i

i
i



i
i

“thesis˙electronic” — 2018/4/23 — 12:17 — page 115 — #115 i
i

i
i

i
i

Appendix A

Spectral analysis

In this appendix all the details of spectral analysis used during Chapters 4, 5
and 6 are expained.

All the analysis for the different experiments was performed using default and
user-programmed functions of Wavemetrics Igor Pro 6.34A and 7. Additionally,
some functions of LabSpec 6 (the software of the Horiba spectrograph/CCD de-
tection system) were used for preliminary analysis as smoothening or despiking.

In general, all the peak fittings presented through this thesis correspond to
Lorentzian fittings, i. e. fitting of the data points to a Lorentzian function with
expression:

y(x) = y0 + A

(x− x0)2 +B
(A.1)

The parameter x0 corresponds to the maximum of the Lorentzian function (or
peak position/frequency), y0 corresponds to the baseline, while A and B give
information about the height (I), the area and the FWHM of the fitted peak:
FWHM = 2

√
B and I = A/B.

Igor Pro has defined functions (MultiPeakFitting) to fit peaks in a spectrum,
where the baseline is adjusted by the user and constraints (exact value or ranges
of height, position, FWHM etc.) can be applied. If not stated differently,
the peaks in the spectra presented in this thesis are free fits (no constraints)
of reduced spectral ranges (chosen to contain the specific peak and enough
data points before and after to determine the S/N ratio of the spectrum). A
linear baseline is applied since the reduced fitting range hides the large and
inhomogeneous TERS backgrounds.

The following sections explain specific details about important (or unconven-
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tional) fitting procedures.

A.1 Background fitting

This section contains the information about background fittings of the TER
spectra in air and water for PhS and MGITC in Chapter 4.

For a given pair of TER spectra (air and water for the same molecule), the same
mask was applied to exclude the Raman intense bands that could lead to fitting
errors. The remaining data points of the spectrum were fitted with a Lorentzian
function (Eq. A.1). A Lorentzian function has been found to describe well the
shape of experimental TERS backgrounds.

The original spectra of MGITC together with the fitting and the position of
the maximum for air and water are presented in Fig. A.1. To compare the two
spectra, we normalized them to the 1175 cm−1 band (indicated with an asterisk
in the graph). In Fig. A.2, the spectra and fittings for the PhS experiments are
shown. Table I contains all the parameters returned by the fitting procedure.

I /
 a

.u
.

260024002200200018001600140012001000800600400200

Raman shift/cm
-1

*

x0
air=649.68±13.7 cm-1

x0
water=788.29±7.43 cm-1

Figure A.1. TERR spectra of MGITC/Au(111) in air (light red) and water (light
blue) normalized to the 1175 cm−1 band (marked with an asterisk). Lorentzian back-
grounds in air (red) and water (blue) with their maximum positions. Reproduced
with permission from Analytical Chemistry, 88, 7108-7114 (2016); Copyright 2016
American Chemical Society. [1]
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x0
air=690.95±60.8 cm-1

x0
water=511.74±8.44 cm-1

I /
 a

.u
.

Raman shift/cm
-1

1600140012001000800600400200

Figure A.2. TER spectra of PhS/Au(111) in air (light red) and water (light blue).
Lorentzian backgrounds in air (red) and water (blue) with their maximum positions.
Reproduced with permission from Analytical Chemistry, 88, 7108-7114 (2016); Copy-
right 2016 American Chemical Society. [1]

A.2 Low wavenumber fittings in liquid and elec-
trochemical experiments

As shown in Chapters 5 and 6, all our Raman experiments performed in liquid
environment (far-field and near-field) feature a broad background component
at low wavenumbers.

This region is of special interest for our experiments since the stretching vibra-
tions of Au-S and Au-N (corresponding to the adsorbate-substrate interaction
for the molecules probed) lie within the same region, and therefore are difficult
to analyze without developing an appropriate fitting method.

In general, the low-wavenumber region has two components:

i) A fixed component which is also present in the far-field spectra, which does
not show any near-field enhancement and does not change upon potential (or
STM parameters) ramp. Since this broad feature is identical in the retracted
and TER spectra, we treat it as a fixed background component.

In the case of adenine in Chapter 6 we use an average of the retracted spectra
at different sample potentials (far-field spectra) which were identical within
the noise level. A free fitting in this region (between 155.64 and 309.79 cm−1)
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y0[counts] A[counts·cm−2] x0[cm−1] B[cm−2]
MGITC

Air TERS
11009
±65.1

1.09 · 1010
±9.04 · 108

649.68
±13.7

4.43 · 106

±2.55 · 105

MGITC
water TERS

831.8211009
±12

1.62 · 109

±7.31 · 107
788.29
±7.43

1.58 · 106

±5.7 · 104

PhS
Air TERS

772.82
±207

1.39 · 109

±8.91 · 10−5
690.95
±60.8

1.90 · 106

±0.06
PhS

Water TERS
1074.6
±3.3

1.45 · 108

±1.14 · 107
511.74
±8.44

9.8 · 105

±5.64 · 104

Table I. Parameters of the background fittings plotted in Figs. A.1 and A.2

returns 2 Lorentzian peaks at 172.17 cm−1 (FWHM = 49.02, Area = 2793.8) and
220.22 cm−1 (FWHM = 80, Area = 2479.3). The fitting results are presented
in Fig. A.3. The results of the retracted spectra describe perfectly the low-
wavenumber feature of the TER spectra (as shown in Fig. 6.1 d). We therefore
fit the TER spectra by constraining the previously described peaks at 172.17
and 220.22 cm−1 as a background component and allowing the fitting to find
new near-field bands.

For the PhS measurements in liquid of Chapter 5 we follow a similar approach.
More specifically we use all the collected far-field spectra in liquid to fit the
constant components and fix them on the fitting procedure of the TER spectra.

ii) For adenine, a near-field band is found at potentials Esample > 0.6,V whose
Raman shift and intensity are potential-dependent (as shown in Fig. 6.1). For
PhS in Chapter 5, a near-field band is found at ca. 255 cm−1 which shifts
considerably as a function of Eb.

The origin of the constant feature (in far-field and near-field) is at present
unclear. We observe the same feature in all solid/liquid experiments performed
with our setup but not in air. They presumably originate from the aqueous
environment, where the thermal fluctuation and composition of the solvent is
expected to affect the spectral features.

A.3 Potential-dependent adenine bands: peak
fitting

The discussion of the EC-TERS spectra of adenine contained in Chapter 6 is
largely based on the intensity changes and frequency shifts of the bands, and
therefore some details of the fitting results are provided in this section.
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FWHM: 49.02
Area: 2793.8
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Area: 2479.3

Residuals

Figure A.3. Fitting of the far-field (20 nm tip retraction) spectrum of ade-
nine/Au(111) in H2SO4 (0.01 M). Reproduced with permission from Angewandte
Chemie Int. Ed., 88, 7108-7114 (2016); Copyright 2017 Wiley-VCH Verlag GmbH
& Co. KGaA. [4]

For a given potential, the spectrum used for the fitting is a result of an aver-
age of 5 individual spectra taken consecutively. The spectra have been fitted
applying masks to reduced frequency ranges in order to avoid errors induced
by the changing TERS background. The 736 cm−1 mode is fitted as a sin-
gle Lorentzian peak in the region between 690.74 and 793.01 cm−1, assuming
a linear background. The region between 1273 and 1508 cm−1 is fitted with
Lorentzian peaks and linear background (between 1 and 4 peaks are obtained
from the free fittings depending on the sample potential analyzed).
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Appendix B

DFT calculations

In this appendix details of the simulations presented in Chapter 6 are included.
Theoretical calculations included in this work are performed by collaborators.
Dr. Tatsuhiko Ohtoa and Dr. Yuki Nagatab made the orientation dependent
DFT calculations. Dr. Denis Andrienko c made the simulations of the adenine
Raman spectrum for protonated, neutral and anionic species. Their work (sim-
ulations, figures and text) is included here for a proper understanding of the
experimental results.

Neutral (charge 0, S = 0) and N1-protonated (charge +1, S = 0) and cation
(charge +1, S = 1/2) molecules were first optimized using the B3LYP func-
tional and aug-cc-pVTZ basis set using the GAUSSIAN09 package. [182] The
pre-resonance Raman intensities (averaged over molecular orientations) were
computed by evaluating polarizability derivatives by numerically differentiating
the analytic dipole derivatives with respect to an electric field. The result-
ing Raman spectra are shown in Fig. B.1A. To estimate the effect of long range
interactions, were performed the same calculations using the CAM-B3LYP/aug-
cc-pVTZ functional/basis set. As Figure SB.1B shows, no significant differences
in relative spectral shifts were found.

The orientation-dependent Raman intensity was calculated by transferring the
molecular polarizability calculated in the molecular frame to that in the lab
frame. The rotation of the polarizability can be estimated from:

αlab = AtαmolA

aGraduate School of Engineering Science, Osaka University, Toyonaka, Japan
bMax Planck Institute for Polymer Research, molecular spectroscopy department, Mainz,

Germany
cMax Planck Institute for Polymer Research, polymer theory department, Mainz, Germany
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Figure B.1. Calculated Raman spectra using the B3LYP functional (A), and the
CAM-B3LYP/aug-cc-pVTZ functional/basis set (B). Reproduced with permission
from Angewandte Chemie Int. Ed., 88, 7108-7114 (2016); Copyright 2017 Wiley-VCH
Verlag GmbH & Co. KGaA. [4]. By Dr. Denis Andrienko.

where αlab is the polarizability tensor in the lab frame, αmol is the polarizability
in the molecular frame, A is the rotational matrix converting from the molecular
frame to the lab frame. Since in this study we rotated along y and x-axes, the
corresponding rotational matrix Ay or Ax, respectively, renders to:

Ay =

 cos(θ) 0 sin(θ)
0 1 0

−sin(θ) 0 cos(θ)



Ax =

1 0 0
0 cos(θ) −sin(θ)
0 sin(θ) cos(θ)



B.1 Polarizability tensor

The simulations of the neutral adenine returned vibrational modes at 725.71
and 1514.03 cm−1. The transition polarizabilities for these modes are reported
in eqs. (B.1) and (B.2), respectively. The simulations of the protonated adenine
for the same modes returned bands shifted to 721.69 and 1511.89 cm−1. The
respective transition polarizabilities for the protonated molecule are reported in
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eqs. (B.3) and (B.4), respectively.
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calculations
B

.1

αij(Neutral, 725.71) =

 0.879261 0.243536 0.228457 · 10−3

0.243536 0.968468 0.384041 · 10−2

0.228457 · 10−3 0.384041 · 10−2 0.278196

 (B.1)

αij(Neutral, 1514.03) =

 −0.239922 · 101 −0.341878 · 10−1 0.198503 · 10−2

−0.341878 · 10−1 −0.177500 −0.179628 · 10−2

0.198503 · 10−2 −0.179628 · 10−2 −0.195549

 (B.2)

αij(Prot, 721.69) =

 0.919670 0.130127 −0.728378 · 10−3

0.130127 0.995191 −0.210687 · 10−2

−0.728378 · 10−3 −0.210687 · 10−2 0.280621

 (B.3)

αij(Prot, 1511.89) =

−0.276388 · 101 −0.526311 0.295483 · 10−2

−0.526311 −0.264349 0.669949 · 10−3

0.295483 · 10−2 0.669949 · 10−3 −0.149078

 (B.4)
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44. R. M. Stöckle, Y. D. Suh, V. Deckert, R. Zenobi, Chemical Physics Letters
2000, 318, 131–136.

45. N. Hayazawa, Y. Inouye, Z. Sekkat, S. Kawata, Optics Communications
2000, 183, 333–336.

46. M. S. Anderson, Applied Physics Letters 2000, 76, 3130–3132.

47. B. Pettinger, G. Picardi, R. Schuster, G. Ertl, Electrochemistry 2000, 12,
942–949.

48. A. J. Bard, L. R. Faulkner, Electrochemical Methods: Fundamentals and
applications, Wiley, 2nd ed., 2001.

49. D. A. C. Brownson, C. E. Banks, The Handbook of graphene electrochem-
istry, Springer, 1st ed., 2014, pp. 23–78.

50. Handbook of Reference Electrodes, (Eds.: G. Inzelt, A. Lewenstam,
F. Scholz), Springer, 2013.

51. I. V. Pobelov, PhD thesis, Rheinisch-Westfalischen Technical University
of Aachen, 2008.

52. G. Binnig, H. Rohrer, C. Gerber, E. Weibel, Physical Review Letters 1982,
49, 57–61.

53. E. Meyer, H. J. Hug, R. Bennewitz, Scanning probe microscopy: the lab
on a tip, Springer, 1st ed., 2004.

54. J. G. Simmons, Journal of Applied Physics 1963, 34, 1793–1803.

55. J. Bardeen, Physical Review Letters 1961, 6, 57–59.

56. J. Tersoff, D. Hamann, Physical Review Letters 1983, 50, 1998–2001.

57. R. L. McCreery, Chemistry of Materials 2004, 16, 4477–4496.

58. L. Bürgi, H. Brune, K. Kern, Physical Review Letters 2002, 89, 1768011–
1768014.

59. T. Aoki, T. Yokoyama, Physical Review B 2014, 89, 1554231–1554235.

60. D. A. Long, The Raman effect: A unified treatment of the theory of Raman
scattering by molecules., Wiley, 1st ed., 2002.

61. R. L. Olmon, M. B. Raschke, Nanotechnology 2012, 23, 1–28.

62. L. Novotny, N. van Hulst, Nature Photonics 2011, 5, 83–90.



i
i

“thesis˙electronic” — 2018/4/23 — 12:17 — page 129 — #129 i
i

i
i

i
i

Bibliography 129

63. K. F. Domke, PhD thesis, Freien Universität Berlin, 2006.

64. N. Mauser, A. Hartschuh, Chemical Society Reviews 2014, 43, 1248–1262.
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