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ABSTRACT

Tip-enhanced Raman spectroscopy (TERS) is a promising new scan-
ning probe technique for the investigation of the vibrational proper-
ties of molecules on surfaces. TERS possesses both, a very high sensi-
tivity - down to the single molecule level - and a spatial resolution in
the 10nm range.

In contrast to most TERS studies, we perform our experiments un-
der ultra-high vacuum (UHV) conditions to ensure a high sample
quality. Therefore, we have added a preparation chamber to the exi-
sting UHV-TERS set-up. Large parts of the work were devoted to
improving the capabilities and the manageability of the UHV-TERS
device.

We have chosen the fullerene Cg, on a Au(111) surface as sample
system. From a large body of literature the vibrational as well as the
adsoption properties of Cg, are well understood. Compared to other
molecules studied in UHV-TERS, C¢, has a much smaller Raman
cross-section. This allows to test if our experiment can be applied to
a larger class of molecular adsorbates with comparably small Raman
cross-sections. To separate the signals of Cg, from those of foreign
molecules, we have recorded time-resolved series of tip-enhanced Ra-
man (TER) spectra. For the analysis we select series showing the typ-
ical vibrational features of Cg, that were stable over several seconds
to minutes.

TER spectra of Cg, show a remarkable dependence on the bias volt-
age applied between tip and sample, indicating a significant influ-
ence of the tip-sample separation on the signal strength, even on a
sub-nanometer scale.

Measurements on different morphologies of Cg, on Au(111) exhibit
shifts for certain Raman peaks that are discussed in the context of dif-
ferent adsorption sites and polymerisation in the Cg, adlayer.

Finally, we present experiments, in which scanning tunneling mi-
croscopy images of Cg, on Au(111) and TER spectra were acquired
from the same spatial region. These results can act as the point of de-
parture for future measurements with simultaneously recorded TERS
maps and topographic images, that allow a correlation between chem-
ical and structural information on the nm scale.
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ZUSAMMENFASSUNG

Spitzenverstarkte Raman Spektroskopie (tip-enhanced Raman spec-
troscopy, TERS) ist eine vielversprechende, neue Rastersondentechnik
fir die Untersuchung von Schwingungseigenschaften adsorbierter
Molekiile. TERS verfiigt tiber eine hohe Empfindlichkeit, bis hin zur
Einzelmolekiildetektion, bei einer Auflosung im 10 nm-Bereich.

Im Gegensatz zu den meisten TERS-Studien fithren wir unsere Ex-
perimente im Ultrahochvakuum (UHV) durch. Um eine gute Proben-
qualitdat zu gewdhrleisten, wurde die bestehende UHV-TERS Appa-
ratur um eine Priparationskammer erweitert. Ein substantieller Teil
der Arbeit bestand in der Erweiterung der experimentellen Moglich-
keiten, sowie der Handhabbarkeit des UHV-TERS Gerites.

Wir haben das Fulleren Cg¢, auf einer Au(111) Oberflache als Proben-
system gewdhlt. Aus der umfangreichen Literatur sind die Schwin-
gungs- und Adsorptionseigenschaften von Cg, bekannt. Im Gegen-
satz zu in anderen UHV-TERS Experimenten verwendeten Molekii-
len, hat Cg, einen sehr kleinen Raman Streuquerschnitt. Dieser Sach-
verhalt erlaubt es, die Moglichkeiten unseres Experiments fiir eine
grofie Klasse von Adsorbaten mit vergleichbar niedrigen Streuquer-
schnitten zu untersuchen. Um Signale von Cg, und Fremdmolekiilen
voneinander zu trennen, haben wir zeitaufgeloste Reihen von spitzen-
verstarkten Raman (TER) Spektren aufgenommen. Nur die fiir Ce,
charakteristische Spektren, die iiber mehrere Sekunden bis Minuten
stabil waren, wurden zur Auswertung herangezogen.

Die Abhingigkeit der TER Spektren von Cg, auf Au(111) von der
zwischen Spitze und Probe angelegten Spannung weist auf einen er-
heblichen Einfluss des Spitze-Probe-Abstandes auf die Signalstirke
hin, auch im Sub-Nanometersbereich.

Unterschiedliche Cg,-Bedeckungen ergeben Energieverschiebungen
einiger TERS-Banden. Dies wird im Zusammenhang mit verschiede-
nen Adsorptionspldtzen und einer moglichen Polymerisierung der
Cgo-Schichten diskutiert.

Zuletzt werden Experimente prasentiert, in denen rastertunnelmi-
kroskopische Bilder von Cg, auf Au(111) und TER Spektren an der
gleichen Stelle der Probe aufgenommen wurden. Diese Ergebnisse
liefern einen Ausblick auf Korrelation von struktureller und chemis-
cher Information im nm Bereich.
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INTRODUCTION

Tip-enhanced Raman spectroscopy (TERS) is a combination of three
interesting scientific fields: Raman spectroscopy, scanning probe mi-
croscopy (SPM) and plasmonics providing remarkable enhancement
effects for optical processes. For molecules exhibiting high resonance
Raman cross-sections, TERS enables the identification of molecules
on surfaces down to the single molecule level at a spatial resolution
of about 1onm. For molecules exhibiting only normal Raman cross-
sections, TERS still permits spectra to be recorded for submonolayer
coverages with a resolution of about 10 nm. In other words, TERS
operates in a nano scale regime providing chemical and structural in-
formation. Figure 1 illustrates the concept of TERS.

Raman spectroscopy is based on the inelastic scattering of photons,
called the Raman effect, to honor its discoverer, Sir Chandrasekhara
Venkata Raman [1-3]. When light scatters from a molecule, some
photons transfer a portion of their energy to the molecule by excit-
ing molecular vibrations. The remaining energy is emitted simultane-
ously as a frequency shifted photon. By detecting the energy of the
scattered photons one can, hence, determine the vibrational modes
of the molecules. As vibrations are characteristic for molecules and
their physical and chemical states, Raman spectroscopy nowadays is
a routinely used technique for chemical analysis that is appreciated
by scientists in many fields of biology, chemistry and physics [4].

As it is a linear optical spectroscopy, the spatial resolution of Ra-
man spectroscopy is restricted by the Abbe diffraction limit to about
half the wavelength of the light involved [5]. Normally, visible to near
infrared light is employed in a Raman experiment and, hence, the
spatial resolution is in the 200 to 500 nm range. Another limitation of
Raman spectroscopy is that its efficiency is extremely small, i.e. un-
der typical conditions only large amounts of sample molecules can
be detected with this technique.” In fact, for the first 45 years after
the discovery of the Raman effect it was believed that the detection of
monolayers of molecules adsorbed at surfaces would not be possible
with this technique.?

As a rule of thumb, for a 1 W laser line incident on a suitable sample, the return is
about 107"° W of inelastically scattered light.

An exception is the investigation of powder samples where the surface area is so high
that a very high concentration of adsorbed molecules exist in the probed volume [6]
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FIGURE 1: Scheme of tip-enhanced Raman spectroscopy (TERS). a) Ra-
man scattering experiment. b) Scanning probe microscopy (SPM). c)
Combination of SPM with Raman spectroscopy to TERS. TERS pro-
vides a high spectral sensitivity (left inset) together with topographic
data (right inset).



INTRODUCTION

An analytical tool that is routinely used for the characterization
of molecules on (semi)conducting surfaces is the scanning tunneling
microscope (STM) [7-10]. The STM is the type of SPM used for the
experiments presented in this thesis. An atomically sharp metal tip is
scanned across the surface of the sample at about 1 nm distance, while
a bias voltage is applied between tip and sample. Due to the quan-
tum mechanical tunneling effect a small current, that exponentially
depends on the tip sample separation, flows between tip and sample.
Because of this exponential distance dependence, the tip can be posi-
tioned very precisely over the sample with the aid of a piezo motor
and scanner. Employing an STM, topographic images of surfaces and
adsorbates can be obtained with atomic resolution. An identification
of different chemical species is, however, not trivial with STM.

To investigate adsorbates on surfaces it would be beneficial to have
a technique at one’s disposal that combines the high content in chem-
ical information of Raman spectroscopy and the high spatial resolu-
tion of an STM.

Optical measurements below the Abbe limit can, e.g., be performed
with a scanning near-field optical microscopes (SNOM). These de-
vices make use of evanescent waves that are produced when light
tunnels through the very small aperture at the end of a tapered op-
tical fiber [11-15]. The resolution is essentially controlled by the size
of the aperture. Theoretically, using smaller and smaller apertures
any resolution could be achieved. However, the smaller the aperture
the lower is also the fraction of the transmitted and back-scattered
light. Moreover, there are also technical limitations in the fabrication
of such small apertures. In practice, the resolution achieved is usually
in the several 10nm range [16].

Because of the low efficiency of the Raman scattering mentioned
above, a Raman experiment on (sub)monolayers of molecules on plane
surfaces can only be successful if the scattering process can be en-
hanced significantly in some way.

One enhancement mechanism that has been known for quite some
time is the resonance Raman (RR) effect [17]. When the incoming
light is in resonance with an electronic transition of a molecule, the
inelastically scattered fraction of the light can be augmented by up
to five orders of magnitude [18]. However, it is not allways possi-
ble to employ RR because the laser has to be chosen according to
the probe molecule and the RR effect is governed by selection rules
different to normal Raman spectroscopy. Especially when more than
one molecular species with separate electronic transition energies are
to be probed, the RR approach is no longer applicable. Furthermore,
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strong fluorescence may often arise and obscure any resonance Ra-
man scattering. Only recently, Le Ru ef al. developed a method to mea-
sure resonance Raman spectra and cross-sections even in the presence
of overwhelming fluorescence with continuos wave excitation [18]. Be-
fore this invention, time-resolved techniques had to be employed to
measure RR spectra of the most efficient flurophores [19—25]. There
are further drawbacks of using or relying on a RR effects: because
the molecules studied with RR absorb a lot of energy, photochemical
processes, dissociation, degradation and photobleaching may distort
adsorbates themselves as well as their structural arrangement.

Surface-enhanced Raman spectroscopy (SERS) is another enhance-
ment effect and was discovered in the mid 1970s [26, 27]. At rough
surfaces or colloids made of coinage metals the fraction of Raman
scattered photons can be enhanced tremendously [26, 27]. It has been
established that SERS is in fact a combination of several different ef-
fects. It is generally accepted that an electromagnetic enhancement
effect gives the strongest contribution to the enhancement of up to a
factor of 10" [28]. The metal nano structures that compose the SERS
substrate act as optical antennas [29, 30] for electromagnetic radiation
in the visible wavelength range, much in the same way that radio an-
tennas work for radio waves. Free radiation is effectively transduced
to a near-field in the vicinity of the nano structure. This near-field
drives the excitation part of SERS by an enhanced rate. The scattering
part is enhanced as well by coupling the scattered photon near-field
via the nanostructure to the far field.

In 2000, Stockle et al. were the first to publish experimental work
where the tip of an atomic force microscope (AFM) was used as opti-
cal antenna to enhance the Raman scattering of molecules adsorbed
on a surface, thus tip-enhanced Raman spectroscopy was born [31].
As the near-field close to a single nano-particle (the tip of an AFM or
STM ) is responsible for the enhancement effect, the spatial resolution
of TERS is approximately the size of this particle, typically around 10
to 1oonm. In the first year after its invention, three other research
groups published their TERS results [32-34].

TERS as an experimental tool has diversified in many directions
and is now employed by physicists, chemists and biologists [35—46].

To investigate the interaction between molecules and surfaces, a
high degree of control of the sample preparation and low amounts of
contamination are required. An ultra-high vacuum (UHV) environ-
ment provides these conditions. The first publications on UHV-TERS
stem from our group [40, 47]. One part of this thesis is about the im-
provements made to the set-up used for these first UHV-TERS exper-
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iments. The chellanges involved in performing TERS measurements
under UHV conditions can already be estimated by the fact that up to
this date, more the 10 years after the first TERS experiments, only five
groups have published results of UHV-TERS experiments [40, 41, 47—
51].

In many TERS studies, and in particular in UHV-TERS experiments,
a combination of the two aforementioned enhancement mechanisms
were used, i.e. the substances under observation exhibit a RR effect.

We have chosen the Fullerene C4, as a model molecule, because
it belongs to the large class of molecules having rather low Raman
cross-sections of < 1073 em2 sr. In a long term view, TERS is be-
coming a general analytical tool only if it is not restricted to Raman
scatterers exhibiting many orders of magnitude higher cross-sections,
such as the typical dye molecules commonly used in UHV-TERS ex-
periments. Hence, on the one hand, TER studies on Cg, represent a
much more challenging task than TERS on dyes. On the other hand
Ceo offers the advantage of a large body of literature about its prop-
erties. In particular, Cg, is well characterized by Raman and other vi-
brational spectroscopies [32, 52—65]. The growth and structure of Cg,
on Au(111) have been studied by STM [66—68]. Cg, forms stable two-
dimensional islands of monomolecular thickness, which grow from
the step edges of the substrate onto the terraces. This is an ideal start-
ing point for our studies, because by varying the size of these islands
the ratio between step- and terrace-adsorbed molecules can be varied
and that should permit spectroscopic analysis.

The thesis is organized as follows: The fundamentals needed to un-
derstand TERS are addressed in Chapter 2. A description of the UHV-
TERS set-up and its operation is presented in Chapter 3, including a
report of the most important improvements. Some of the details of
tip preparation with different etching methods are explained in more
detail in the appendix Section A.3. Important steps of the alignment
of the optical set-up are also presented in the appendix Section A.1
and Section A.2

Chapter 4 reports the experimental results. We present UHV-TER
spectra of molecules (Cg,) that do not show resonance Raman contri-
butions at the excitation laser wavelength. In addition, for adsorbed
Ceo we show the full spectral window between 200 cm™ and 1600 cm™
containing more than 20 TERS peaks and shoulders [41]. This com-
plements previous TERS publications, where merely smaller spectral
clips for undefined Cg, samples are presented [32, 63—65]. Chapter 4
is divided into five sections:



Section 4.1 explains general observations in TER spectra of Cq, on
Au(111) and compares them to the literature. Section 4.2 shows the
mode of data acquisition and treatment. In Section 4.3, experimen-
tal results are reported and discussed that concern the response of
TER spectra of Cg, on Au(111) on a number of external parameters.
In Section 4.4 STM imaging is used to characterize the compositions
of the Cg, adlayers on Au(111) surfaces, which were then spectro-
scopically analysed. Finally, in Section 4.5, experiments are presented
where STM images and TER spectra of C¢, on Au(111) are directly
correlated.

The conclusions from this work are presented in Chapter 5, fol-
lowed by an outlook.



EXPERIMENTAL TECHNIQUES AND THEORY

Tip-enhanced Raman spectroscopy (TERS) is a recent development
in the field of surface-enhanced Raman spectroscopy (SERS). It over-
comes most of the drawbacks of other SERS techniques, such as the
restriction to rough sample surfaces. It also bears the possibility to
perform a local Raman spectro-microscopy with resolutions in the
10Nnm range.

Any TER set-up is the combination of a scanning probe micro-
scope (SPM), a plasmonic near-field tip that mediates the enhanced
inelastic light scattering (to be described below) and a Raman spec-
trograph. The SPM serves to position the near-field tip accurately
over the sample surface. This tip is responsible for the physical ef-
fect behind TERS, which is the same as in other SERS experiments:
incident monochromatic light couples to oscillations of the free elec-
trons in the metal tip, so-called localized surface plasmon-polaritons
(LSPP). These plasmon-polaritons produce a highly enhanced electro-
magnetic field near the tip apex. Raman scatterers in this "hot spot"
[69] are exposed to the enhanced incident field. Simultaneously, the
induced dipole couple back to corresponding surface plasmon modes
of the tip, such that also the inelastically scattered light is strongly
enhanced. The Raman spectrograph then serves to block out the elas-
tically scattered light and to detect the inelastic components. These
carry the information about the vibrational modes of the sample use-
ful for chemical identification.

Since the invention of TERS, different SPMs have been used in ex-
perimental set-ups. These SPMs are scanning tunneling microscopes
(STM) [7-10] and atomic force microscopes (AFM) [70]. We have cho-
sen an STM in our set-up. The fundamental concept of this device is
presented in Section 2.1. Section 2.2 then gives a short introduction
into Raman spectroscopy. Finally, SERS and TERS are discussed in
Section 2.3.
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2.1 SCANNING TUNNELING MICROSCOPE

The scanning tunneling microscope (STM) was invented in 1982 by
Binnig and Rohrer [7-10]. In 1986 they were awarded the Nobel Prize
in physics for providing the world with this intriguing development.
Soon STM has been developed into a well-established tool for the
characterization of surfaces of conducting and semiconducting sam-
ples by imaging them with sub-nanometer resolution. The principle
of operation of the STM is depicted in Figure 2. The physical princi-
ple used in STM is the quantum mechanical tunneling effect through
a small potential barrier. Piezo elements are employed to position a
sharp metal tip over the sample at a distance of about one nano meter
(tunneling gap) with very high precision. The tunneling effect allows
electrons to pass into the classically forbidden zone of the tunneling
gap and to reemerge at the other side. If a bias voltage (Ug) in the
range of some mV to some V is applied between tip and sample a
current (tunneling current 1) can be detected. The magnitude of the
current depends exponentially on the tip sample separation. The ef-
fect is in fact so pronounced that the major part of the tunneling
current flows through the single atom that is closest to the sample.
An electronic feedback loop uses the tunneling current as an input
signal to keep the tunneling gap constant by adjusting the position
of the tip along the direction of the surface normal (z-direction). By
scanning the tip over the sample surface at constant tunneling cur-
rent and recording the z-position of the tip at each point (Figure 2
b)), an STM topography image of the surface can be acquired. Figure 2
¢) shows such a topographic image of Cg, molecules absorbed on the
terraces of an Au(111) surface.

In the following the theory behind the STM technology is discussed.
One of the first theoretical works regarding the interpretation of STM
results is by Tersoff and Hamann [72]. Their calculations are based
on an many particle approach of Bardeen [73] to describe the tunnel-
ing process in a metal-insulator-metal tunneling junction. Tersoff and
Hamann [72] give a very demonstrative description of the tunneling
process in STM, that is reproduced in the following:

If the electron wave functions to either side of the tunneling gap are
Y, and ¥, respectively, and the bias voltage Ug is applied across the
gap, first order perturbation theory leads to the following expression
for the tunneling current:

2me

o= F(E (1= F(Ey+els)) M P8 (Ea—Ey) (1)
w,v
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FIGURE 2: Scheme of the mode of operation of an STM. The image
is an adaptation from [71]. a) the positioning mechanism with the
feedback loop. b) close up view of the tunneling gap with movement
of the STM tip during the scan and the recorded hight signal. ¢) STM
image of Cg, molecules adsorbed at step edges of an Au(111) surface.
For improved visibility of the Cg, molecules a gradient of the image
is added to the topographic image.
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FIGURE 3: Energy diagrams for the tunneling process. Adapted from
[71]. a) positive sample bias voltage. b) negative sample bias voltage.

f(Ey) : Fermi function
Up : applied voltage
M v : tunneling matrix element between

states W, and V.

Figure 3 shows an energy scheme for the tunneling process for posi-
tive (a) and negative (b) sample bias voltage. @5 and @ are the work
functions of the sample and the tip, respectively. Ug is the bias volt-
age, Er the Fermi energy. Shaded blue areas symbolize the electron
density of the tip and the sample. Blue arrows stand for the tunnel-
ing electrons, where the length of the arrow is the tunneling rate at
the given energy. The tunneling rate of electrons close to the Fermi
energy of the electrode that is higher in energy is higher than at lower
energies. All electrons in the energy window [Ef, Ef 4+ Ug] contribute
to the tunneling current.

For low bias voltages (Ug) like they are typical in STM measure-
ments and low temperatures (T — 0,Ug — 0) only states near the
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Fermi energy Ef are important and the Fermi function can be approx-
imated by a step function. Equation 1 then simplifies to

_271

Iy = —-e’Up ;IMwlzé (Ev —Ep) 8 (E, —Ef) (2)

Bardeen [73] evaluates the tunneling matrix element
h c * = (/%
Moy = 5 | dS (tyuvwv —\yvku), 3)

where ¥, and ¥, are the wave functions of the two electrodes. The
integral is taken over a surface S separating the electrodes.

Tersoff and Hamann assume special forms of the wave functions to
apply the theory to the case of STM [72]. The wave function of the
surface under consideration decays exponentially outside the metal
and is given by

Y, = Q;% Z agexp {— (k2 + |12|| + GIZ) : z} exp [i (EH + G) i’] (4)

G

Q : sample volume

k=h" (Zmd))% : inverse decay length of ¥, in vacuum
) : work function

12” : surface Bloch wave vector of the state
G : surface reciprocal lattice vector

Note, that this is a completely general form of a wave function that
decays exponentially away from the surface.

The wave function of the tip is not known in general. It is mod-

eled to be of spherical symmetry and decays exponentially into the
vacuum

1 _ oL

Y. =0, * cekRexp [kR] (k¥ — 7o) ! exp [—k[F— 73] (5)
Q4 : probe volume (6)
R : radius of curvature, assumed to be >> k™!

ct ~ 1 : normalisation factor

11
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FIGURE 4: Image adapted from [72]. A scheme of the tunneling junc-
tion is shown. The tips center of curvature is vy and its radius R. The
minimal distance between tip and sample is d.

In Figure 4 [72] a scheme of a tunneling junction is shown. The tip
has a spherical termination of radius R. g is the center of curvature
and d the tip-sample distance.

Using Equation 4 and Equation 5 Tersoff and Hamann [72] deter-
mine the matrix M,y and calculate the tunneling current to

I, = 32 Te?Up 2Dy (Ef) R%k % exp [2kR] Z W, (7o) 126 (Ey — Ef)
%

(7)

D¢ : density of states per unit probe volume of the probe

The sum in Equation 7 constitutes the local density of states (LDOS)
of the sample at the Fermi energy and at the position of the tip. For
constant current I; the tip moves on a surface of constant LDOS. Con-
sidering that [V (xo) |  exp [-2k (R+d)] in Equation 7 the follow-
ing relationship between tunneling current, bias voltage and tip sam-
ple distance is obtained:

I < Uge 2kd (8)

Hence, the tunneling current I; is proportional to the bias voltage Ug
and depends exponentially on the tip sample distance d. Because of
this exponential relationship small changes in the tip-sample separa-
tion lead to well measurable changes in the current that allow for a
sensitive control of the tip-sample separation with sub-atomic preci-
sion.

The precise control of the tip position at a nanometer to sub-nano-
meter distance to the sample surface makes the STM an ideal tool
for the positioning of a near-field tip in a TERS experiment, where
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the tip has to be close to the Raman analyte for the enhancement to
be effective. Another advantage of using an STM to control the tip
position is, that it allows to record topographic images of the same
sample that is also probed with TERS. We make use of this option
extensively in the experiments described in this work: samples are
first characterized with STM before TER spectra are taken.
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2.2 RAMAN SPECTROSCOPY

Most of the light that is scattered from a molecule will have the
same frequency as before scattering. Only an extremely small part
of light will be inelastically scattered, i.e. these photons are shifted
in energy by the energies of molecular vibrational excitations. This
phenomenon was discovered by Sir Chandrasekhara Venkata Raman
1928 [1-3]. Raman was awarded the Nobel Prize in physics only two
years later for this discovery that is named after him the Raman effect.

The following paragraphs presents a classical treatment of the light
scattering from molecules that is found i.e. in [74].
An external electrical field E induces a dipole moment

h= «E, )
in the molecule. Here, the polarizability « describes the extent to
which the external field drives the electron density of the sample out
of its equilibrium distribution, i.e. the situation without the presence
of field E. The polarizability is not a static quantity but may change
with the nuclear motion of the molecule as the electronic density ad-
justs to the momentary nuclear position adiabatically.
The Taylor expansion of the polarizability « around the equilibrium
nuclear position Qo is written as

aoc> 1 ( %o > , 3
XY qs q-q'+0 .
(aq w 72 aqaq7) 4o 11 (a”)

(10)

Here, Q is the collection of all normal coordinates q of the system.

If the system is moved out of its equilibrium position Q¢ along co-

ordinate q it will perform oscillations that can be approximated as
being harmonic with frequency wg:

N
a=a(Q+)
q=1

q =qo-cos(wqt). (11)

For monochromatic radiation the electric field of the incident light
can be described by

E =Eo-cos(wot), (12)

with Eo the amplitude and wy the oscillation frequency. Truncating
Equation 10 after the linear term and inserting it together with Equa-
tion 11 and Equation 12 into Equation 9 yields the following form for
the induced dipole moment

ox

(Xo+<> ~q0~cos(wqt)]-EO'COS(CUOU- (13)
90

H(t) = 3
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Using the trigonometric expansion of the product of two cosine
functions Equation 13 can be written as

i (t) =ao - Eo - cos (wot) (14)

1 /0x =
n (aq>qo~q0'Eo~COS [(wo — wq) 1

1 /0« =
B i ~do-Ep - .
+2<aq)qo qo - Eo - cos [(wo + wq) t]
The time dependent induced dipole moment will act as a secondary

source of radiation. Equation 14 consists of three terms that describe
the components of the scattered radiation:

1. The first term produces light at the initial frequency wy, i.e. it
describes the elastic component of the scattered radiation, an
effect called Rayleigh scattering.

2. The second term of Equation 14 oscillates with a frequency that
is by w4 smaller than that of the incident laser light. That means
that the light produced by this term is red-shifted with respect
to the laser and it is called Stokes scattering. Via the wq de-
pendence the second term of Equation 14 contains information
about the vibrational eigenmodes of the system under observa-
tion.

3. The last term of Equation 14 behaves almost the same as the
second, but the frequency of the scattered light is shifted by w
to the blue and is called anti-Stokes scattering. In contrast to the
Stokes scattering, in anti-Stokes scattering the initial states are
vibrationally excited states of the molecule. As the occupation
of thermally excited vibrational states follows a Boltzmann dis-
tribution the anti-Stokes components are less intense than the
Stokes components.

The following considerations will focus on the Stokes component
of the scattered light for simplification and because it is the part of
the spectrum that is investigated in the experiments described in this
work. The corresponding second term of Equation 14 is:

— okKkes ] a“ E
gstokes (1) | <aq> “do - Eo - cos [(wo — wq) t]. (15)
qo

-2
A Hertzian dipole with dipole moment

i = focos [wt] (16)
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emits, integrated over all directions, the average power of

I
P = (17)

6m-€g-c3’

with the average over an entire oscillation cycle P = %ué. Insertion

of Equation 15 into Equation 17 produces

2 2
p__ G0 (0T 42
P=t8m e <6q>qo (wo = wq)”-Eo (18)

for the average power of the Stokes radiation. In Raman experiments,
the observed intensity 15t°*¢s is proportional to the average power P
emitted by the induced Stokes dipole moment. Hence,

2
IStOkES o <Z:C) . (wo — wq)4 . E(z) (19)
qo

Equation 15 and Equation 19 present the central elements of Raman
spectroscopy. Equation 15 gives the general form of the inelastically
scattered radiation. The Stokes light is produced by a normal mode
q of the system at a frequency wo — wgq. It is customary to display
Raman spectra in intensity over energy hw. To be able to directly read
off the vibrational energies hw involved, usually a relative energy
axes is employed, named Raman shift, i.e. the energy of the incident
laser radiation minus the energy of the scattered light. Equation 15
also provides the selection rules for Raman scattering. In order to
show up in a Raman spectrum, a given normal mode q must have
the property that the partial derivative of the polarizability taken at

equilibrium position qo does not vanish, (g—‘;‘) # 0. Equation 19
90

shows the dependence of the Raman intensity on the frequencies w
and wq involved and the power of the incident laser E3. The Stokes
intensity grows linearly with laser power but with 4th power of the
difference frequency (wo —wgq).
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In the previous two sections two main ingredients of TERS, namely
scanning tunneling microscopy and Raman spectroscopy have been
considered. In order to make TERS work these two components have
to be combined by a common element: an STM tip that also works as
a near-field tip. The role of the near-field tip in TERS is two-fold. Firstly,
it enhances the detected Raman signal by many orders of magnitude.
Secondly, the tip allows to measure Raman spectra from a region that
can be much smaller than the diffraction limit of the light involved.
The fundamental concepts behind these effects will be outlined in this
section.

The total cross section for normal Raman scattering of molecules is

extremely small; it is in the range of 103! to 10~ 2 cm?. Thus, large
amounts of sample molecules are needed for a reasonable signal.
In surface science the interaction between molecules and surfaces is
of particular interest. That means, (sub)monolayers of molecules ad-
sorbed at surfaces are the desired subject of investigation. For usual
Raman spectroscopy however, such coverages mean that maximally
10° to 10% molecules are located within the focal region. Thus, a mono-
layer of molecules having a normal Raman cross section of about
10~ 3°cm?, will produce count rates of Raman photons of less than
one count per second. In order to still be able to use Raman spec-
troscopy in such cases one has to use some kind of enhancement
mechanism. One possible mechanism is the resonance enhancement of
the Raman effect. If the exciting light is tuned into resonance of an
electronic transition of the molecule under investigation, the Raman
cross section can be augmented by as much as five orders of mag-
nitude [18]. However, not for all molecules of interest it is possible
to use this approach of molecular resonances, since many electronic
resonances occur in the ultraviolet frequency regime.

Another way to enhance the Raman signals on surfaces is SERS: In
the mid 1970s relatively intense Raman signals were discovered by Mc
Quillan et al. [26] and Fleischmann et al. [75] for molecules adsorbed
on rough silver electrodes. The authors interpreted the gain in Ra-
man signal as stemming from the enlarged surface area of rough sur-
faces and, hence, from the increased number of scattering molecules.
Jeanmaire and Van Duyne, however, repeated the experiments care-
fully and calculated the factor by which the normal Raman signal
had to be multiplied in order to show the observed intensities [27].
The signal from the rough surface was 105 to 10° times higher than
that expected from a monolayer on a smooth surface. As this gigan-
tic enhancement could not be explained by an increased number of
molecules adsorbed on rough surfaces, a new but at that time un-
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known surface-enhancement effect had to be the reason.

By now SERS is a widely applied technique in many fields of
physics, chemistry and biology. There are two mechanisms involved
in SERS: (i) an electromagnetic (EM) enhancement effect and (ii) a chem-
ical or first layer enhancement (CE) effect.

CE in SERS comprises all enhancement mechanisms that are due
to the interaction of the molecule with the surface upon adsorption.
Only the first layer of molecules on the surface is subject to this group
of effects. For SERS substrates that show a large EM enhancement
like rough silver or gold surfaces the EM effect is dominant. For tran-
sition metal substrates the EM effect is rather low and the chemical
enhancement gains ascendancy [76]. One important contribution to
the chemical enhancement is the dynamical charge transfer (CT) be-
tween molecule and metal substrate that can lead to a resonant Ra-
man scattering. It was first proposed by Burstein ef al. [77]. Billmann
and Otto inferred from electrochemical SERS experiments that the
contribution of the CT effect to the total enhancement of Raman sig-
nal in SERS is one to two orders of magnitude [78-80]. As for the
systems investigated in the current work the EM enhancement mech-
anism is far more pronounced than a possible chemical one, the chem-
ical enhancement is no further discussed here. Readers interested in
learning more about the chemical enhancement are referred to the ar-
ticle by Otto et al. in Topics in Applied Physics: Surface-Enhanced Raman
Scattering [76].

The main effect resulting in SERS is the EM enhancement in the
vicinity of metal clusters with a size range between some nanome-
ters and several hundred nano meters. It turns out that this enhance-
ment effect is only present for certain types of metals, most notably
gold and silver, but also copper, aluminum, lithium and some oth-
ers. Gold and silver are in fact the most commonly used materials
in SERS. Silver is of advantage when operating with visible light be-
low 600 nm wavelength. For wavelength larger than 6oonm gold has
optical properties comparable to silver. In the experiments described
in this work gold was used as an "active" material and a laser wave-
length of 632.8 nm.

In order to understand the EM enhancement it is illustrative to
consider a small metal sphere in an electric field. This sphere then
serves as a model for both, a rough surface in conventional SERS and
a near-field tip in the case of TERS.

The problem is treated in many textbooks. For example in the text-
book by Novotny and Hecht Principles of Nano-Optics the authors use
an electrostatic approximation to calculate the field distributions in
the proximity of an illuminated metal sphere [81]. This approxima-
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tion is only suitable if the sphere is much smaller than wavelength Ao
of the illuminating light (R << Ap). In the following the findings of
Novotny and Hecht are reproduced:

The dielectric function of the metals sphere is €1 (w) and depends
on the frequency w. The dielectric constant of the surrounding medi-
um, €3, is assumed to be constant, real and positive. The incoming
electric field Eg = Eq - iy is polarized along the x direction. 7y is the
unit vector in x direction. For the problem of SERS and TERS only
the electric field E outside the sphere is of importance, because in
this region the interaction with the Raman scatterer will occur:

€1 — €2 R3

E=Eo fix+ —
O X T e £ 26y 13

Eo (2cos0 - 1. + sin® - fig) . (20)
Here, 6 and r are the polar angle and radial distance in spherical co-
ordinates (1,0, $), respectively. i, and flg are the unit vectors in the
respective directions indicated by their index. The first term in Equa-
tion 20 is simply the incoming field Eq. The second term describes the
scattered field. It is the field of a dipole stimulated by the incoming
field ﬁo and situated in the center of the sphere,

ﬁ:ezoc(w)ﬁo. (21)

Just like in the case of Raman spectroscopy (Section 2.2) « is here the
polarizability that describes the response of the electrons inside the
sphere to the external field,

3 e (w)—e
o (w) =4megR e (@) 1 2¢s
The dependence on the frequency w is here given explicitly only for
€1 because €5 is assumed to be constant.

The dielectric constant of the surrounding medium is assumed to
be positive and close to one, €2 ~ 1. The denominator of Equation 20
then becomes zero when €1 = —2, in which case the polarizability «
goes to infinity. Gold and silver are excellent materials for SERS be-
cause their dielectric functions €7 (w) meet the resonance condition of
Equation 20 for frequencies w in the visible range of the electromag-
netic spectrum, while at the same time the damping of induced oscil-
lations at these frequencies is small in these materials. The quantum
of the electronic oscillations associated with the induced dipole mo-
ment of Equation 21 and the electromagnetic field oscillations that are
coupled to them are called localized surface plasmon-polaritons (LSPP).
They result in an augmented electric field distribution in the vicinity
of the metal particle. A particle that supports LSPP is called plas-
monic particle. If E is the field in the absence of the plasmonic parti-
cle and Ep the field in its presence then the quotient

|Ep|
= — 2
9= ey (23)

(22)
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is called the local field enhancement. As a consequence of the en-
hanced electromagnetic field close to the plasmonic particle, a mole-
cule in the vicinity of such a particle is exposed to an enhanced power
density P o< E4 = g?EJ. The inelastically scattered light again couples
to the LSPP of the particle and is, hence, also amplified. If Iy is the
intensity of the Raman signal without the particle and Ip the SERS
intensity, then the enhancement factor (EF) is defined as the quotient

EF = I x g*. (24)

Io
The proportionality in Equation 24 is a commonly assumed relation
between EF and g [82-85]. This g* dependence of the EF is responsi-
ble for the enormous signal enhancements in SERS. For a more elabo-
rate discussion of the g* behavior of the EF and deviations thereof the
interested reader is referred to the discussion of Le Ru and Etchegoin

[85].

Even though the example of the small metallic sphere that was just
presented is very illustrative and explains the source of the EM effect
in SERS, the local field enhancements gsphere for a single sphere are
not very high. Much greater values for g are achieved in nanometer
sized gaps between coupled plasmonic particles. The EM enhance-
ment can be so high that the detection of single molecule (SM) SERS
signals becomes possible [86]. The simplest plasmonic structure with
a nanometer gap is a dimer of two metallic spheres.

Le Ru and Etchegoin compare in a recent article [35] the enhance-
ments for a sphere, a dimer and an ellipsoid. The figure 1 of their
work [35] is reproduced here as Figure 5. The dimer consists of two
silver spheres of 30 nm radius ( Figure 5 b)) with a separation of 2 nm;
the isolated silver sphere has a radius of 30nm ( Figure 5 a)) and the
ellipsoid is an elongated silver nano particle (prolate spheroid, radii
20 and 6onm, Figure 5 ¢)). Additional information is noted in the cap-
tion of Figure 5 that is also reproduced from the original work, where
some symbols were adapted to the nomenclature of this thesis. The
maximal EF is here denoted Fy, qx and the average over the entire sur-
face of the particle (F). A logarithmic false color scale shows the local
EF distribution. While for the single sphere the Fy,qx is 4.8 x 10%, for
the elongated particle it is 2.6 x 107 and for the dimer it is 4.9 x 109.
The quantity p(F > Fy,4x/10) gives the percentage of the surface of
the respective particle, where the EF F is larger than a tenth of Fiqx;
agp is the relative area of the minimal surface on the particle from
which 80 % of the SERS signal would originate for a homogeneous
coverage of the particle with the Raman analyte. Both these quanti-
ties are measures for the localization of the EF.

Not only is the maximal EF five orders of magnitude higher for the
dimer than for a single sphere, but at the same time the EF distribu-
tion is much more localized for the dimer than for the monomer. Both
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the higher F.,qx and the stronger localization are consequences of a
coupling of the two spheres constituting the dimer.

In the case of gap-mode TERS the plasmonic tip couples with a
plasmonic substrate. This also leads to much stronger enhancements
of the Raman signals compared to TERS with substrates that do not
show pronounced plasmon resonances [90]. The resolution of TERS
is also higher in gap-mode TERS [90].

Downes et al. calculated for an Au tip with 20 nm radius at 1 nm
distance to an Au surface a lateral resolution of 2.4 nm using a finite
element method [91]. Notingher ef al. [9o] compared the resolution for
substrates that do or do not support LSPP. The authors determined
for an Au tip with 20 nm radius lateral resolutions of 18.5 nm and
8 nm for a glass an Au substrate, respectively. This calculation qual-
itatively confirms the observation in Figure 5 that the localization of
the EF is stronger for the coupled plasmonic structure than for the
single sphere. For a combination of Au tip and Au substrate at close
distance and in resonance with the exciting laser the localization of
the near-field and, hence, the resolution is the highest [9o]. The 8 nm
resolution in this gap-mode situation for a tip with 20 nm radius is
close to the 10 nm resolution calculated by Pettinger ef al. [39] for the
same tip radius.

FIGURE 5 (facing page): Image and image caption reproduced from Ref.
[35] with permission. Some of the symbols used in the original image
caption are replaced by the respective symbols used in this work.
Examples of calculated enhancement factor (EF) distributions around
hot spots for three model surface-enhanced Raman spectroscopy
(SERS) substrates immersed in water: (a) a silver sphere (radius
3onm), (b) a silver dimer of spheres (radius 3onm, gap 2nm), and
(c) a silver prolate spheroid (radii 20 and 6onm) representative of
elongated or tip-containing nanoparticles. Calculations are performed
using Mie theory [87], generalized Mie theory [88], and the T-matrix
method [89], respectively. The excitation wavelength is taken at the
dipolar localized surface plasmon resonance, which provides the max-
imum SERS EF. The logarithmic false color maps show graphically the
surface SERS EF distribution [in the g*-approximation [85]]. The plots
next to them provide a more quantitative visualization of the hot-spot
localization effect, showing the SERS EF in the plane of incidence as
a function of arc length, L (along the surface). The most important
characteristics of the hot spot are indicated in each case: Maximum
SERS EF, Finax, surface-averaged SERS EF, (F) (over the entire parti-
cle), and other hot-spot localization metrics as discussed in the text.
These plots demonstrate how extreme the SERS EF distribution can
be, especially when large SERS EFs are present. For example, in the
case of a dimer, the SERS EF decreases by a factor of 10 for a molecule
that is only 5 nm away from the point of the largest EE.
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Hartschuh et al. [92] determined the lateral resolution in their ex-
periment with a tip of 15 nm radius to be 20 nm by comparing TERS
maps with AFM images of single-walled carbon nanotube (SWCNT)
bundles. Stadler et al. [93] report a resolution better than 12 nm. These
experimental values favor the more conservative theoretical results of
Notingher et al. [go] and Pettinger et al. [39].

The near-field in the vicinity of the metallic tip apex decays rapidly,
having a profile analogous to that of an induced dipole and its im-
age dipole. For a homogeneous coverage of the sample surface with
Raman analytes Pettinger et al. [94] calculate a dependence of the
Raman signal on the tenth power of the tip-sample separation (more
precisely: ~ (Rs +d) "9, where Ry is the radius of a spherical tip apex
and d is the gap width between tip and sample). This was verified
experimentally for tip-sample distances between 1 and 20nm, where
the intensity of the Raman peaks has dropped by about two orders
of magnitude [94, 95]. In Chapter 4 we will show that also smallest
changes on the sub-nanometer scale at nm distance lead to remark-
able differences in the signal strength of TERS.
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To perform a TERS experiment under UHV conditions an elaborate
experimental set-up is required. For such an experiment it is essential
to position a plasmonic near-field tip accurately in close proximity to
the sample, to illuminate the tip with a laser, to collect the scattered
light from the tip-sample junction and to analyze this light spectrally.

The positioning of the tip is performed by a scanning tunneling
microscope (STM) and for the analysis of the scattered light a Raman
spectrograph is used. The STM and the spectrograph are combined
by a set of optical elements that we will, in the following, denote as
Raman detector head (RDH). The RDH focuses the laser onto the tip-
sample junction and collects scattered photons from the same region.
Then it guides the inelastically scattered portion of these photons to
the spectrograph. For normal Raman experiments often spectrograph
units are used where all the elements building the RDH are already
built in.

For TERS experiments it is of significant advantage to separate the
RDH and the spectrograph constructively. This is because an STM
can be more easily combined with a RDH than with the entire Ra-
man spectrograph. While it is already challenging enough to realize
this under ambient conditions, the aim to perform the experiment in
UHYV adds further constructive requirements. Central problems to be
solved are, e.g. how to illuminate the tip of the SPM with the exci-
tation laser and how to efficiently collect light that is scattered from
the junction between the SPM tip and the sample surface inside a vac-
uum chamber. To the authors notice, at the moment, there are only
a few research groups around the globe that have successfully im-
plemented such an experiment and published UHV-TERS measure-
ments [40, 41, 47-51, 96]. They have addressed this problem in differ-
ent ways. In this chapter, our experimental set-up and its operation
will be described.

The first successful realization of a UHV-TERS experiment was
achieved by Jens Steidtner as part of his PhD thesis [40, 47, 96], car-
ried out at the Fritz-Haber-Institute. He was inspired by the experi-
mental set-up of Lieb et al. [97] and used a custom made STM with
an integrated piezo-controlled parabolic mirror by DME (Danish Mi-
cro Engineering). The goal of the original experiment was to realize a
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proof of concept of UHV-TERS.

The motivation to perform TERS studies under UHV conditions is
the ability to investigate well defined samples such as smooth, crys-
talline surfaces covered with ordered layers of adsorbates and low
levels of contamination. In order to achieve this, it is necessary to pre-
pare samples under UHV conditions, which was not possible with
Steidtner’s set-up. Instead, samples and tips where prepared under
ambient conditions and then transferred into the UHV chamber for
measurements.

During the course of my work, Steidtner’s set-up was modified sig-
nificantly. The most significant improvements are listed below:

1. improved control of the sample preparation,

2. higher stability and more functionalities for the scanning tun-
neling microscope (STM),

3. a faster alignment of the TER optics,

4. reduced laser intensities (below 1 W) during the focusing of
the parabolic mirror,

5. more readjustment possibilities of optics inside the vacuum cham-
ber from outside,

6. improved sensitivity of the detection system and

7. improved preparation of plasmonic near-field tips.

In the following sections the UHV-TERS system will be described
in detail.

3.1 VACUUM AND SUPPORT SYSTEM

This section will deal with aspects of the experimental set-up re-
lated to vacuum. Furthermore, the support system, i.e. the frame that
holds the vacuum chambers and the external vibrational damping
systems will be described. Figure 6 and Figure 7 present photographs
of the initial experimental set-up and the machine in its current state.
Schematic drawings of the set-up are shown in Figure 8 and Figure 9.
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Our UHV-TERS system consists of three chambers:

1. the main chamber (MCh), in which the measurements are per-
formed,

2. a load lock (LL) used to transfer samples and tips into and out
of the main chamber and

3. a preparation chamber (PCh) that holds all the tools necessary
to prepare the sample under UHV conditions.

Load lock and preparation chamber are each connected to the main
chamber via the gate valves (GV1 and GV2). All three chambers are
mounted onto a frame (F) of aluminium profiles that can be isolated
from the floor of the laboratory by two independent vibration iso-
lation systems: an active vibration isolation (AVI) and a pneumatic
vibration isolation (PVI).

The main UHV chamber is designed as a sphere of 50cm diameter,
having a number of ports. There are several prominent axes, all run-
ning through the center of the sphere and the center of a particular
port. Among them are the vertical axis (z) and a first horizontal axis
(x). The x-axis connects the load lock (LL) system with the STM and
the RDH (more details in Section 3.3). A second horizontal axis (x’)
runs in an angle of ca. 30° to the first one. Along the x’-axis the sam-
ple preparation unit is mounted and connected to the main chamber
via a gate valve (GV2) (see Figure o).

The main chamber contains the STM and the RDH. Both devices
were installed on a common platform which in turn is mounted ver-
tically on a DN200oCF flange. The whole unit can be moved along
the first horizontal axis (x) into and out of the main chamber, guided
by a rod that is attached to an external frame construction above the
chamber (the crane in Figure 7, not shown in the schematic drawings
Figure 8 and Figure 9). Smaller flanges are connected to the flange
holding the STM and RDH. They carry the feedthroughs for optical
fibers (FPMC and FMM) and electrical wiring for STM and mirror
holders.
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Ficure 6: Photograph of the original UHV-TERS experiment from
Jens Steidtner [96].

&

FiGure 7: Photograph of the current UHV-TERS set-up. Details are
given in the schematic drawings Figure 8 and Figure 9. Some im-
portant elements are labeled: MCh: main chamber; PCh: preparation
chamber; LL: load lock; T1 and T2: transfer rod No. 1 and 2; the crane
is used to move the STM and the RDH out of the MCh for mainte-
nance.
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| <

FIGURE 8: Schematic drawing of the UHV-TERS set-up. Side view.
The individual parts are labeled: AVI: active vibrational isolation;
PVIL: pneumatic vibrational isolation; F: frame of aluminum profiles;
IP: ion getter pump; TP7o0: turbo molecular pump; GV1: gate valve
No. 1; GV3: gate valve No. 3; LL1-LL6: load lock ports 1-6; TP150:
turbo molecular pump; MCh: main chamber; WSt: wobble stick;
MW200: CF200 window; CSTM: connectors for STM; FMM: vacuum
feedthrough for multimode fiber; FPMC: vacuum feedthrough for po-
larization maintaining fiber; T1: transfer rod No.1; red dashed lines
show the main axes x and z.
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FIGURE 9: Schematic drawing of the UHV-TERS set-up. Top view. The
individual parts are labeled: TP300: turbo molecular pump; GV1: gate
valve No 1; GV2: gate valve No 2; LL1-LL6: load lock ports 1-6; CC:
cold cathode pressure gauge; MCh: main chamber; WSt: wobble stick;
MW200: CF200 window; MW100: CF100 window; MW 40: CF40 win-
dow; CSTM: connectors for STM; FMM: vacuum feedthrough for mul-
timode fiber; FPMC: vacuum feedthrough for polarization maintain-
ing fiber; IG1: ion gauge No.1; PCh: preparation chamber; HL: halo-
gen lamp for sample heating; SpG: Sputter gun; PW1: window; PWa:
window; Evap: evaporator; GV4: gate valve No. 4; IG2: ion gauge No.
2; TC: thermocouple connectors; TM: transfer magnet for movement
of the sample along and rotation around the x/ axes; PAO: platform
holding the external alignment optics; T1: transfer rod No.1; T2: trans-
fer rod No. 2; TSP: titanium sublimation pump; red dashed lines show
the main axes X, y and x/; z/ and y/: translation stage in the two direc-
tions perpendicular to the x/-axis.
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Along the vertical axis (z) a cylindrical chamber is mounted from
below to the main chamber via a DN200CF flange, which in addition
carries a turbo molecular pump (TP700), an ion getter pump (IP) and
a titanium sublimation pump (TSP). In order to avoid that vibrations
of the TP700 disturb STM and TERS experiments, a gate valve (GV3)
in between the main chamber and the TP700 has to be closed and the
TP700 has to be shut down during the measurements. Then only the
IP pumps the main chamber.

Along the same vertical axis, but on top of the chamber, a wobble
stick (WSt) is mounted. It is used to move the sample around inside
the chamber and has a travel of 165 mm, an angular range of 45° and
can be rotated by 360°.

A fourth axis (y) is oriented perpendicular to both the vertical (z)
and the first horizontal (x) axis. Along the y-axis there are ports to
which a DN20oCF flange (MW200) and a DN100oCF flange (MW100)
are mounted; both flanges are equipped with windows providing vi-
sual access during the sample transfer from and to the load lock and
the preparation chamber. A smaller window (MW4o0) in 45° to the x-
axis and 45° upwards serves the same purpose. Through the largest
window (MW200), light can be coupled out of the RDH into the align-
ment optics that is placed outside the chambers.

The pressure in the main chamber is measured with a Bayard-
Alpert ion gauge (IG1) from ALM. The pressure during measure-
ments was in the low 1079 mbar range. A quadrupole mass spectrom-
eter (QMS) is located between the ion gauge (IG1) and the wobble
stick (WSt). It is used for analysis of the residual gas in the chamber
and for leak checking.

The load lock (LL) consists of a DN63CF six-way cross piece (ports
LL1 - LL6). It is connected to the main chamber, opposite the flange
holding the optical platform with the STM on the x-axis.

A gate valve (GV1, between LL1 and the MCh) separates the two
chambers. The load lock is pumped with a turbo molecular pump
(TP150) located underneath LL6. The upwards facing flange (LL5) al-
lows fast access for sample and tip exchange via a Viton sealed lid. A
cold cathode ionization gauge (CC) is used to measure the pressure.

After the load lock has been vented with nitrogen and a new sam-
ple and/or a new tip has been inserted, it is pumped down into the
low 10~®mbar pressure range within half an hour before the tip or
the sample is transferred into the main chamber.
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On the port LL3, located opposite LL1, the linear transfer rod (T1)
is mounted. The sample carrier on its head can carry two samples
and one tip, allowing them to be moved between LL and MCh.

Preparation chamber: In order to carry out UHV-experiments it is es-
sential that samples are prepared under UHV conditions. For the orig-
inal set-up this possibility was not envisaged. During the course of
this thesis a preparation chamber (PCh) was constructed and installed.
It allows to prepare crystals by Ar™ sputter-cleaning, annealing and
the evaporation of molecules (such as C¢, molecules) onto the surface.

The preparation chamber is a cylindrical piece and is connected to
the main chamber via another DN63CF in an 30° angle (x') to the
main axes defined by the transfer rod of the load lock (x-axis). A gate
valve (GV2) separates the main and the preparation chamber and is
closed during the sample preparation. It is opened for sample transfer
between the two chambers and during the measurements. The gate
valve to the turbo molecular pump (TP300) that pumps the prepa-
ration chamber is then closed and the pump (TP300) is shut down
to avoid vibrations. The preparation chamber is pumped during the
measurements via the main chamber by the ion getter pump (IP). A
separate ion gauge (IG2) is used to measure the pressure in the prepa-
ration chamber.

The sample holder with the sample is connected to a transfer rod
(T2) that can be moved along x” and rotated by 360°. In addition, us-
ing a translation stage (z’,y’), the rod can be moved in two directions
perpendicular to x’ by a few centimeters. In that way the sample can
be moved towards different preparation instruments described below.

Thermocouple wires attached to the transfer rod connect the ther-
mocouple pins (see design of the sample holder in Figure 14) of the
sample holder to a thermocouple feedthrough (TC) at the end of the
chamber. An external voltmeter is connected to the TC allowing to
monitor the temperature of the sample during the preparation proce-
dures.

To exchange the sample between the main chamber and the prepa-
ration chamber, the transfer rod T2 is moved through the open gate
valve into the main chamber where the sample holder can be picked
up with the wobble stick (WSt).

A halogen heating lamp (HL) (Osram, XENOPHOT, HLX 64635,
150W, 15V) is connected to one top flange of the preparation cham-
ber on the vacuum end of a linear transfer. For heating, the sample is
moved into the focus of the lamp and the heating power is controlled
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by means of an electrical power supply.

Another flange on top of the chamber is equipped with a sput-
ter gun (SpG), to which an argon gas cylinder is connected via a
leak valve. The optimal position for the sample for sputtering is de-
termined by visual inspection of the light emission from the sputter
focus. For the sputtering the sample is moved to the focus of the sput-
ter gun. The ion current that flows between sample and sputter gun
is measured with an ampere meter connected between the chamber
ground and the thermocouple (TC) at the vacuum feedthrough.

A Knudsen cell filled with Cs, is used as an evaporator (Evap) for
the molecules. The evaporator is mounted on yet another linear trans-
fer on a flange opposite of the load lock. To dose Cg, molecules onto
the sample, the evaporator is preheated to 240 °C, while the surface
of the sample is rotated in the opposite direction and moved as far
away as possible from the evaporator along x’. Once the evaporator
has reached the desired temperature, the sample is positioned in front
of the evaporator with a distance of 10cm and the surface facing to-
wards the molecule source.

Clean Au(111) surfaces are prepared by repeated cycles of sput-
tering (3omin at 2 X 10”5 mbar Ar pressure, 1.5kV and 6nA) and
annealing of the crystal (1omin at 400 °C). Cg, molecules are dosed
at a constant temperature of ~ 240 °C. The degree of surface coverage
is controlled by the evaporation time and inspected using the STM.

33



34

EXPERIMENTAL

3.2 THE SCANNING TUNNELING MICROSCOPE

The scanning tunneling microscope (STM) together with the position-
ing system of the parabolic mirror is custom made from DME (Danish
Micro Engineering A /S, Denmark). It is designed in such a way that
the tip is inserted into the scanner from the rear side. The scanner it-
self is located behind the parabolic mirror, such that the tip protrudes
into the curved part of the mirror. Figure 10 is a drawing of the mirror
with the tip holder and tip.

FIGURE 10: Drawing of the parabolic mirror with tip. Through a hole
along the mirror axis the tip in the tip holder protrudes into the
curved part of the mirror. A metal plate covers most of the flat rim of
the mirror. Only a small section of the rim is visible at the top.

During the course of my PhD the STM scanner was replaced once.
We worked in close collaboration with DME to adjust the parameters
of the new STM until a coarse approach of the tip towards the sample
did no longer damage tip and sample.

The electronics of the STM were also upgraded to a newer ver-
sion of the DME controller (C-26, including new software: Scan Tool).
The operator has now more options to control the device. Many func-
tions of the STM can be automated with the help of user-programmed
scripts. We have developed several programs, including one which is
used to clean the tip by applying a sequence of voltage pulses. An-
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FIGURE 11: Determination of the zero of bias voltage. The voltage was
scanned up and down between —25mV and —6mV in increments of
0.2mV resulting in the 20 red traces. An average is given in black. The
offset in bias voltage is determined to —16 mV.

other of these programs can be employed to compensate for a drift be-
tween tip and sample during the scanning; a third program measures
current voltage curves. For the voltage dependent measurements pre-
sented in Section 4.3 it is important to know the zero point of the
bias voltage accurately. For this purpose, current-voltage curves are
recorded. The location of the physical zero of the bias is where the
tunneling current crosses the zero-current line. Figure 11 shows such
a measurement. The nominal value of the zero bias voltage is —16 mV.
The bias voltages reported in this work are corrected for this small
value if they are in the 10mV range where the difference is of crucial
importance.

Another feature of the upgraded version of the STM controller is
the option to switch off the feedback loop and move the tip in all tree
directions using the software interface. This is important for the fo-
cusing procedure (to be described in Section 3.3), because it allows to
retract the tip from the surface without involvement of the coarse ap-
proach piezo motor. This feature of the controller is also employed to
move between different parts of the scan area without actually scan-
ning the surface. These and several other features of the new software
were implemented by DME on our request.

All STM images in this thesis are constant current images, i.e. dur-
ing the horizontal scan of the tip over the surface the tip hight is
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F1GURE 12: C4, monolayer on a screw dislocation of a Au(111) sur-
face. The typical hexagonal pattern of the molecular layer is clearly
visible on three terraces. The right terrace appears mainly in black to
improve contrast for the other two that cover most of the area shown.
Tunneling conditions: Ug = —2V, Iy = 0.1nA.

regulated in order to keep the tunneling current constant. The con-
stant current mode is also employed during TERS experiments, un-
less stated otherwise. An example of a calibrated and drift corrected
STM image is presented in Figure 12. It shows a monolayer of Cq,
grown in the well known [66, 67] closed packed hexagonal structure
on an Au(111) surface exhibiting a screw dislocation. A Cg, molecule
is missing in the layer close to the vertex. The film is distorted in the
vicinity of the vacancy. Two white lines mark rows of neighboring
molecules to the right of the defect and comprise an angle of about
5°. For comparison, a third white line on the left hand side of the im-
age shows a region with no defect. More STM images are presented
in Chapter 4.
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The sample holder plays a crucial role in the experiment because its

design must ensure several functional properties, namely: a) keeping
the sample in place during the experiment, b) transferring the sample
from air into UHV and vice versa, c) transferring the sample between
preparation and measurement chambers, d) allowing the illumination
of sample and tip and the collection of scattered light, e) reading the
sample temperature during the preparation process. These features
and functions of the sample holder will be described in the following.

FIGURE 13: Previous designs of sample holders. a) design by Jens Stei-
dtner. As compared to the original design, b), there are only three
instead of four bars in the light path and there is an extra aperture to
allow light to pass to the plane part of the parabolic mirror. This re-
flex is a crucial mean for focusing the parabolic mirror. Image adapted
from [96] with kind permission of Jens Steidtner.

The sample holder was originally delivered by the company DME
as part of the UHV-TERS system. A drawing of the original design
is shown in Figure 13b). Three ceramic disks in front of the sample
holder and two small metallic cylinders on its sides are used to keep
the sample in place inside the STM. In addition, the sample holder
has a handle on top. With the aid of this handle and of the wobble
stick (WSt), the sample holder can be held and moved around inside
the main vacuum chamber (MCh). For example, it can be picked up
from the sample transfer rod and placed inside the STM for measure-
ments. While the bias voltage Ug is applied to the sample via the
metal body of the sample holder the three ceramic discs insulate the
sample electrically against the rest of the set-up.

Two main changes were made in the design of the sample holder
by Jens Steidtner when he set up the first version of the UHV-TERS
system. His sample holder is displayed in Figure 13a). First, an extra
aperture was cut into the body of the holder. This permits to illumi-
nate a part of the plane mirror rim of the parabolic mirror. The result-
ing light reflex plays an important role for the focusing procedure of
the parabolic mirror. The second modification was the replacement of
the four bars by three to get a larger aperture for light collection.
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As part of this thesis work the sample holder was improved consid-
erably (see Figure 14). In the new construction of the sample holder,
the three ceramic discs are replaced by small screws with ceramic
ends. By turning the screws in and out, they serve two adjustment
purposes.

First, the three ceramic discs define the two angles between the
sample surface and the scanning plane of the STM. Figure 15 shows
the situation of the sample holder facing toward the parabolic mirror
(PM). A metal plate in front of the PM is fixed parallel to the scan
plane of the STM. The ceramic spacers are in contact with this plane
thus defining the angles between STM and sample planes.

Second, the distance between the side cylinders and the plane de-
fined by the ceramic discs determines the vertical position of the sam-
ple relative to the PM. This distance has to be chosen in such a way
that the sample surface is positioned in the focal area of the parabolic
mirror.

As the focal point is located inside the arching of the mirror (the
opening angle of the mirror is larger than 9o°, see Figure 15) the sam-
ple has to reach into the bow. This necessity explains why the sample
is mounted on a small, central tube. This tube is connected to the
body of the holder by three thin bars. Although this tube as well as
the thin bars are obstacles in the light path, this construction permits
the collection of a large fraction of the scattered light by the parabolic
mirror (NA~1) and to reflect a great part of it backwards where it is
collected for spectral analysis.

The angle between sample surface and scan plane should be as
small as possible for two reasons: a) to minimize the slope in the
STM image; this holds especially for scanning larger areas, where a
steep slope means the z-piezo may reach its limits. b) to minimize
the slope between the sample plane and the xy-plane of the PM. This
is important and time saving for the optics adjustment procedure,
because less refocusing has to be done after the focus of the PM is
moved onto the tip-sample junction.

Two tools where designed to find the optimal position for the three
screws before the sample holder with the gold crystal is inserted into
the UHV system. The first tool helps to adjust the angles between the
plane defined by the ceramic ends of the screws and the sample sur-
face (see appendix Section A.1). The second tool simulates the case of
the sample inside the STM and is used to find its correct vertical po-
sition with respect to the parabolic mirror (see appendix Section A.1).



3.2 THE SCANNING TUNNELING MICROSCOPE

FIGURE 14: New design of the sample holder. Important elements are
labeled. Abbreviations are: CT - ceramic tube, TCW - thermocouple
wire (chromel and alumel respectively), Ins - Insulators and TCP -
thermocouple plug.

Another improvement of the sample holder is related to the sam-
ple preparation. In order to have an good control over the cleanliness
of a surface, it needs to be prepared under UHV conditions. To that
end a preparation chamber was attached to the set-up. A detailed de-
scription of the design and functionality of the preparation chamber
was given above. In order to clean crystal surfaces they are repeatedly
sputtered with Ar ions and annealed. The sputtering current and the
sample temperature have to be monitored during these operations.
The temperatures are measured using a thermocouple.

A wire each of chromel and alumel are spot welded together at one
end, which is the point where the temperature is measured. This con-
tact is inserted in a 0.3 mm bore at the side of the crystal. The wires
are insulated from each other and from the body of the sample holder
and then guided in an aluminium oxide double tube along the side
of the metal tube holding the sample. On the backside of the sample
holder the wires are each spot welded to a metal plug (TCP) of the
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same respective material. The plugs are insulated from the metal part
of the sample holder by ceramics. In the preparation chamber these
plugs are connected to matching sockets on the head of the trans-
fer rod. From there, thermocouple wires are guided to a flange and
fed through (see CT in Figure 9) to the air side of the chamber. By
measuring the voltage between the external wires the temperature of
the sample inside the preparation chamber can be determined. In the
case of sputtering, the thermocouple wires are used to monitor the
current that flows between sputter gun and sample.

TC \ _ ‘ ‘ (/‘A \\\\ \

| | ‘ s — sample
ceramic holder

FIGURE 15: Arrangement of tip, parabolic mirror, sample, the metal
reference plane and the new sample holder. The lower part of the
image represents a cut through sample, tip-holder and PM.

The sample - an Au crystal with an (111) oriented surface - has a
mushroom shape (Figure 15 ). Its head is cylindrical with a diameter
of 3.5 mm and a hight of 1.5 mm. The little shaft is a rod of 1.7 mm di-
ameter and 3 mm hight. This sample is inserted into the central tube
of the sample holder and tightened by two M1 screws. Due to the
smallness of the arrangement the angle between the plane defined by
the three ceramic discs and the sample surface can not be adjusted
with a high accuracy when fixing the crystal on the holder.

The tip holder was also delivered with the UHV-STM by DME. Orig-
inally, it consisted of a tube with an outer diameter of 1 mm, an inner
diameter of 0.5 mm and a length of 10 mm that was pressed into the
central hole of a disc of 0.5 mm thickness and a diameter of 3mm
(see Figure 15). The tips etched from 0.25 mm diameter Au wire were
attached by kinking the wire twice and clamping it into the tube.
Such a procedure creates wires with their final tip ends usually being
off center. For the scanning and recording of STM images, this does
not pose a problem. However, for focusing light onto the tip by our
particular parabolic mirror set-up it is required to mount and fix the
tip along the central axis of the tip holder. For this purpose, new tip
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holders were produced with an inner diameter of 0.3 mm. The wire of
0.25 mm diameter with the sharp tip end can thus be affixed centrally
on the holder axis.

3.3 UHV-COMPATIBLE RAMAN DETECTION SYSTEM

As already explained earlier, TERS is a combination of an SPM (in our
case an STM) with a Raman experiment. The light of the laser used
in this scattering experiment has to be focused onto the tip-sample
junction and the scattered light has to be collected and anlysed by a
spectrograph.

The current experiment is performed under UHV conditions. Con-
sequently, the sample and the tip and, hence, the STM are located in-
side an UHV chamber. The illuminating laser and the spectrograph,
on the other hand, are placed outside the chamber. So the laser beam
has to be guided into the UHV chamber and the scattered light out
of the chamber to the spectrograph.

To collect as many of the scattered photons as possible, a high nu-
merical aperture (NA) focussing element has to be used. In the cur-
rent case this is an on-axis parabolic mirror (PM) with an opening
angle of slightly over 9o° that is located between STM scanner and
sample (see Figure 10 and Figure 15). Through a hole in the mirror,
the STM tip is approached to the sample. The focusing of the mirror
onto the sample is accomplished by controlling the two tilt angles and
the distance to the sample with three piezo-motors. With two further
piezo-motors the mirror can be moved along the surface plane of the
sample to position the focus on the tip-sample junction. The mirror is
not only employed for the collection of scattered photons, but also to
focus the laser onto the tip for the excitation of TER scattering. The
big advantage of this PM over a lens objective is, that with the PM al-
most all scattered photons (apart from a small fraction that is blocked
by the sample holder, see Figure 14 and Figure 15) are collected.

For vibrational isolation (additional to the two elements described
above), the STM is suspended with springs. There is, hence, no sta-
ble relation between the unit of the STM with the PM and the two
elements, laser and spectrograph, outside the chamber. In order to
focus the incoming light optimally and guide the scattered light onto
the entrance slit of the spectrograph, such a stable relation has to be
established. This is achieved by guiding the laser light into and the
scattered light out of the chamber with optical fibers. The vacuum
ends of the fibers are then fixed in relation to STM and PM. A num-
ber of other optical elements are placed in the UHV chamber. Their
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function is described below.

The entire optics inside the chamber - denoted Raman detection head
(RDH) in the following - is mounted onto a platform in form of a
stainless steal plate that is firmly attached to the STM and suspended
by springs for vibrational damping. A scheme of the optical set-up is
depicted in Figure 16 and will be explained in the following.

A helium neon (HeNe) laser with 632.8 nm wavelength and a power
of about 13 mW is used as a light source, which is positioned outside
the chamber on an optical table. The laser defines the starting point
of the optical path through the whole set-up. The endpoint is a spec-
trograph located outside the UHV chamber, a Shamrock 303 form
L.O.T.-Oriel with an Andor Newton EMCCD detector (A-DUg71N-
BV).

After passing through an electro-mechanical shutter, the laser is
coupled into a polarization maintaining single mode fiber (PMC1)
with 4.4pum fiber core and a numerical aperture (NA) of o.12. The
fiber is connected to an attenuator (At) (Schifter+Kirchhoff) and then
re-coupled into a polarization maintaining fiber (PMC2). This fiber
passes through a Viton sealed vacuum feed-trough in a DN4oCF
flange into the UHV chamber. An identical feed-trough guides a mul-
timode (MM) fiber (MM1) that carries the optical signal scattered by
the sample from the UHV to the spectrometer.

On the bottom side of the platform there are two collimators with
1oomm focal length. They produce collimated beams of 25 mm di-
ameter. A Dove prism is mounted in front of each collimator. The
prisms optically connect the bottom with the upper side of the plat-
form (Note that the prisms are not shown in the schematic draw-
ing Figure 16. Instead the beam collimators are drawn on the upper
side of the platform, for simplification). That means the incident laser
beam is sent from the bottom to the upper part of the optical platform
and vice versa for the scattered light beam. This construction allows
to exploit the limited space in the main chamber effectively by using
both sides of the platform.

The next element in the beam path after C1 is a laser line filter (LF).
It cleans the beam spectrally from plasma lines of the HeNe laser and
possible Raman and fluorescence light from the fiber. For this reasons
it has to be placed on the UHYV side, after the laser light has passed
through PMC1.

Up to this point the polarization of the beam is linear and perpen-
dicularly oriented with respect to the platform. However, such a con-
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FIGURE 16: Schematic drawing of the Raman set-up. The grey box rep-
resents the main vacuum chamber. It contains the optical elements
of the Raman detector head (RDH) and the STM. In the upper left
part of the scheme the alignment optics are shown. In the lower part
of the scheme the lasers and the fiber connections are drawn. The
multimode fiber (MM1) of collimator (C2) is connected to the adjust-
ment laser (AL) during the alignment and to the spectrograph during
the measurements. Individual elements are labeled as: STM: scanning
tunneling microscope; PM: parabolic mirror; CP: compensation plate,
BS: beamsplitter ; M1-3: mirror No. 1-3; REF1 and 2: Raman edge fil-
ter No. 1 and 2; LF: laser line filter; RP: quasi-radial polarizer; C1 and
2: collimator No. 1 and 2; HeNe: Helium-Neon-laser; At: laser atten-
uator; PMC1-3 polarization maintaining fiber No. 1-3; AL: alignment
laser; MM1 and 2: multimode fiber No. 1 and 2; L1 and 2: lens No. 1
and 2; CCD: alignment CCD (charge-coupled device) camera.

figuration breaks the rotational symmetry not only of the beam, but
also of the PM, the sample and the tip and, thus, must have some im-
pact on the size, shape and intensity distributions in the focal region.
For optimal focussing, the desired polarization is a radial polarization
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of the incident laser beam. In this experiment a so-called quasi-radial
polarization is used, as an approximation to the radial polarization.
For that purpose, a four-segmented polarization retarder (RP) is em-
ployed. Its mode of operation and the resulting polarization is de-
picted schematically in Figure 17.

polarization
retarder

p-polarized

e

‘ pseudo-

radially
polarized

FIGURE 17: Mode of operation of the quasi-radial polarizer (RP). Red
discs symbolize a cut through the propagating laser beam. Black ar-
rows show the orientation of the field strength at a particular plane
perpendicular to the direction of propagation (red arrows). The black
short lines on each segment of the polarization retarder indicate the
fast direction of the respective A/2-plate.

The initially linear and up-wards directed polarization is altered
locally within the beam by each of four A/2 plates.; i.e., the laser
beam is then segmented into four quarters. The black short lines on
each segment of the polarization retarder indicate the respective fast
direction of the element.Each quarter of the beam exhibits still lin-
ear polarization, but it is spatially rotated by 9o° relative to that of
the neighboring quarters. The resulting polarization is called quasi-
radial, because it is composed of a finite number of segments with
the field vector pointing in the radial direction of the beam. In a ra-
dial polarization the electric field vector points at each position of
the beam in the radial direction. Because the incident beam arrives
with quasi-radial symmetry at the sample surface and forms the fo-
cus, a strong electromagnetic field is created inside the focus that is
mainly oriented perpendicular to the sample surface and parallel to
the near-field tip. This provides, an excellent excitation configuration
of plasmonic modes of the tip and is, therefore, particularly suitable
for TERS.

Figure 18 is a scheme of the focusing of radially polarized light with
a high NA parabolic mirror. Sample and tip are plotted in yellow. Red
arrows indicate the direction of propagation of the laser beam. The



3.3 UHV-COMPATIBLE RAMAN DETECTION SYSTEM

parabolic mirror

- !

)x incoming laser beam

A

tip
sample

electric field vector

F1GURE 18: Focussing of radially polarized light with a parabolic mir-
ror. A cut along the axis of the parabolic mirror is depicted. Red
arrows show the direction of propagation of the laser beam. Black
arrows represent the electric field strength at particular positions.

black arrows show the orientation of the electric field strength at the
respective point in space. The resulting polarization of the focus on
the sample is parallel to the tip.

The next optical elements after RP, denoted as M1 and REF1 are
at this stage both acting as mirrors. They are mounted on piezo con-
trolled mirror mounts. Using these elements, the quasi-radially polar-
ized beam is directed towards the parabolic mirror. The employment
of piezo controlled mounts represents a considerable improvement
over the original set-up where no motorized mounts were used. The
UHYV system has to be baked at temperatures above 100 °C to obtain
low pressures. The precise alignment of optics can easily be lost af-
ter the chamber has cooled down again. The piezo motors allow to
compensate for misalignments after the bake-out. The possibility to
realign these optical elements from outside the chamber can save a lot
of time, because it avoids the breaking of the vacuum and a repeated
bake-out of the chamber.

The beam splitter (BS) and the compensation plate (CP) are em-
ployed in the adjustment procedure and will be described in the next
section.

For the remaining part of the explanation of the optical set-up we
assume that the central axis of the parabolic mirror is oriented par-
allel to that of the incoming beam. Furthermore, we assume that the
focus of the mirror is located in the surface plane of the sample.

Because of the quasi-radial polarization of the incoming beam, the
main component of the electrical field in the focus is parallel to the
mirror axis and perpendicular to the sample surface, see Figure 18.
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This is the optimal illumination condition to couple the light to the
tip that acts as an optical antenna [81] and creates an intense near-
field between tip apex and sample surface. A detailed account of this
is given, i.g. in the doctoral thesis of Andreas Lieb [98] and in ref. [97].

The light is reflected from the sample and travels back to the pa-
rabolic mirror from where it leaves as a collimated beam along the
mirror axes. It travels back until it reaches the Raman edge filter.

If a tip is positioned inside the focus in tunneling contact with
the sample, and if there are Raman scatterers underneath the tip, en-
hanced inelastic light scattering (i.e. TERS) can occur. The scattered
light is then collected by the parabolic mirror, in addition to the re-
flected light.

The fraction of the light that is red-shifted passes through the Ra-
man edge filter without major losses. From the light at the original
wavelength only a very small fraction is transmitted. The transmitted
light will be filtered further by a second Raman edge filter (REF2) (i.e.
the laser content is further reduced) and the second collimator passes
it into the MM fiber (MM1). On the air side the MMa1 is connected
to another MM fiber (MM2), which is attached to the entrance op-
tics of the spectrometer. This consists of a fiber connector and a lens
to match the NA of the spectrometer. The light spot on the entrance
slit of the spectrometer has a width of 100 um. The spectrograph dis-
perses and focusses the multichromatic light onto different pixels of
the EMCCD chip.

Alignment of the optical set-up. So far, the optical set-up was descri-
bed in its aligned configuration. In order to establish the alignment,
all the components have to be positioned accurately.

For the alignment further auxiliary elements are needed. An ad-
ditional laser (AL) at 67o0nm is employed as a reference beam. It is
coupled via the optical fibers PMC3 and MMz1 to the collimator Caz.
The wavelength is chosen to be close to that of the Raman laser, but
red-shifted to such an extent that it passes through the Raman edge
filters (REF1 and REF2).

A part of the beams (i.e. the reference beam from C2 and the Ra-
man laser from C1), that is reflected from the PM, is coupled out of
the vacuum chamber by a beamsplitter (BS). It is guided by three mir-
rors (only two are depicted here: M2 and M3) onto lenses (L1 and L2)
and from there onto a CCD chip. The intensity pattern on this cam-
era is employed to find the correct positions of the adjustable optical
elements. The entire procedure involves many steps and is described
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in more detail in the appendix Section A.2. In the following, a brief
summary is presented.

As a first step, the optical axis of the parabolic mirror is positioned
to coincide with the axis of the reference beam from Cz. For that pur-
pose the reference beam is focused by the parabolic mirror onto the
sample surface. This ensures, that later on the inelastically scattered
light is efficiently coupled by C2 into the multi mode fiber MM1. In
the next step, the HeNe laser beam from C1 is aligned with the refer-
ence beam from C2 by moving the piezo controlled mirror M1 and Ra-
man edge filter REF1. As a consequence,, the illuminating HeNe laser
is now also focused onto the sample. In this configuration (once MM1
is disconnected from PMC3 and reconnected to MM2) already normal
Raman and fluorescence experiments can be performed. To conduct
TERS experiments a near-field tip made of gold is approached to the
sample by the scanner of the STM. By moving the PM along the two
directions perpendicular to the beam axis, the focus of the incident
laser is centered around the tip. The last step that is needed before
TER spectra can be recorded is connecting the MM1 to MM2 (and,
hence, disconnecting it from PMC3). Further details of the alignment
are given in the appendix Section A.2.

Near-field tips for TERS. The tips that are used in TERS experiments
have to fulfill a number of criteria that exceed the ones for standard
STM tips. In Section 2.3 the general idea behind TERS was presented.
One of the main features of a TERS tip is that photons from the in-
coming laser can efficiently excite surface plasmon polaritons (SPP)
of the tip, which are localized in a small volume near the tip apex
and the sample surface. These SPPs are then scattered inelastically by
nearby molecules. These inelastically scattered SPPs radiate as pho-
tons, which can then be collected, detected and analyzed. For an ef-
fective excitation and high localization of SPPs the material and the
shape of the tip has to be properly chosen. As material gold is em-
ployed in our experiments because it supports such optical processes,
especially in the red and near infra-red part of the electromagnetic
spectrum, where the frequencies of our HeNe laser and of the Stokes
scattered light are located. The shape of the tips is fabricated by elec-
trochemical etching of gold wires with a concentrated HCl/Ethanol
solution. The exact procedure as well as some modifications thereof
is presented in the appendix Section A.3.

Figure 19 shows three SEM (scanning electron microscope) images
of a suitable tip. The tip has a smooth surface and especially the last
2um show an almost perfect conical shape that ends in a hemisphere
of about 20nm radius. The smooth surface ensures that no disturb-
ing SERS signals are to be expected from the shank. The only "nano-
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F1GURE 19: Three SEM images of a tip etched from Au wire in differ-
ent magnifications. The last 10 um, a), of the tip have a very smooth
surface. Especially the last 2pum shown in b) form a almost perfect
cone. From the highest resolution image, c), the radius of the tip is de-
termined to 20nm. The same images together with images on larger
scale are presented in Figure 59. I want to thank G. Weinberg and W.
Frandsen for the acquisition of all the SEM images presented in this
work.

particle” on the tip is its apex. As the polarization in the focus of the
illuminating laser is chosen to be parallel to the tip axis, the incident
photons can efficiently couple to SPPs, which concentrate at the tip
apex and, hence, produce a strong near-field in its surrounding.
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In this work we have studied the vibronic properties of Cg, at Au(111)
by gap-mode TERS experiments. Figure 20 shows the molecular struc-
ture of Cg,. It has a rather small Raman cross-section of do/dQ =
7.2x 10" cm? st [62] T at the wavelength (632.8 nm) of our HeNe
laser. To the best of our knowledge all reports of TERS under UHV
conditions existing so far refer to experiments with molecules ex-
hibiting a large resonance Raman (RR) effect and having, hence, a
large cross-section already without an additional surface enhance-
ment [40, 48, 50, 51]. In the UHV-TERS studies of Steidtner et al., for
example, the dye molecule brilliant cresyl blue (BCB) was used as Ra-
man scatterer [40]. RR cross-section values for this molecule are not
available in the literature. But BCB closely resembles the dye molecule
Nile Blue (NB), both in structure and in optical absorption properties
[99]. It is, hence, a reasonable assumption that they will also exhibit
comparable RR cross-sections. NB has a differential RR cross-section
of 2.2 x 107 cm? sr™* [18]. That means the Raman cross-section of
the dyes at resonance is about 3 x 10% times higher than the one of
Cso under our experimental conditions.

FIGURE 20: Structure of a C4, molecule. Image adapted from ref. [53]

1 This value of do/dQ = 7.2 x 107%% cm? sr™" is experimentally determined in ref. [62]
for the Ag(2) mode of Cg, at 1469cm™ . In the same article also a theoretical value
of do/dQ = 9.6 x 1073°cm? sr™* is given based on DFT calculations. The fact that
the theoretical value is roughly a factor of seven smaller than the experimental one
is explained by a mild pre-resonance Raman effect that is not accounted for in the
calculations.
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F1Gure 21: TER spectrum of Cg, on Au(111). The blue trace shows a
spectrum when the near-field tip is retracted from the surface. In the
red trace the tip is in tunneling distance of the sample (ca. 1nm). The
integration times are 30s and 80 s respectively for the blue and the red
trace. The spectra are normalized to the laser lines at zero Raman shift.
Tunneling conditions during recording the red trace: Ug = —4mV,
It ~ 10nA. The tunneling current is only approximated, because in
the presented case the feedback of the STM was switched off.

In this context the first important result of this work is that UHV-
TERS can be performed even for sub-monolayer coverages of Cg, on
Au(111). A TER spectrum of Cg, adsorbed at Au(111) is presented in
Figure 21. The spectrum is taken on a sample with low coverage of
Ceo like that shown in the STM image Figure 22 a). The lower trace
in Figure 21 shows a spectrum acquired when the tip is retracted
from the surface. Apart from the laser line at zero Raman shift only
a broad and very weak background is visible. The upper trace (red)
shows a spectrum for a tip that is in tunneling distance to the surface.
It exhibits a set of TER lines with high intensities and the overall spec-
tral pattern resembles a normal Raman spectrum of Cg, [53], as will
be illustrated below. The spectra of (sub)monolayers of Cg, that are
presented here cover the full spectral window between 200cm™ and
1600 cm™* of first order Rama features [41]. 2
The motivation to use a Raman scatterer that does not exhibit a res-
onance enhancement and to operate in an UHV environment in our
experiments is the following. It is of interest to make the TERS tech-
nique applicable to a large set of Raman scatterers, in order to inves-
tigate their interactions with surfaces by measuring their vibrational

Earlier TER studies on Cg, refer to undefined Cg, adlayers and show only smaller
spectral clips. None of them are performed under UHV conditions [32, 63—65]
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spectra on a small scale. Most of the molecules in question will not
show a resonance enhancement. Even if they do, once more than one
species is under investigation in the same experiment it is unlikely
that their electronic resonances overlap and not all of them would
benefit from a resonance enhancement equally well. In addition, in
TERS experiments the laser frequency and the plasmonic material
of the tip (and possibly sample) are chosen in a way that the laser is
within the plasmonic spectrum of the tip. Hence, in most of the imple-
mentations of TERS experiments the laser frequency is fixed. In order
to make additionally use of a resonance Raman enhancement one has
to choose the Raman scatterer so that its electronic resonance includes
the laser frequency. This is often done in TERS experiments by choos-
ing appropriate dye molecules, but restricts the set of possible an-
alytes tremendously. However, when using non-resonant molecules
in TERS experiments, the role of contaminating molecules becomes
more pronounced as compared to the case of resonant molecules. This
is because the Raman cross-section and, hence, the TER spectra of
such impurities can become comparable or larger than the ones of the
molecules under investigation. It becomes, hence, more important to
have a good control over the cleanliness of the sample. Our approach
is to conduct both, sample preparation and TERS experiments, under
UHYV conditions to minimize contaminations. Additionally, working
in an UHV environment insures that reactive molecules, e.g. oxygen
are absent during the experiment. The presence of oxygen is known
to lead to a faster photo-degradation in certain TERS experiments

[40].

The STM images in Figure 22 illustrate nicely the main features of
two different cases of sub-monolayer coverages of Cg, on Au(111).

The growth of C¢, on Au(111) has been studied extensively in a
series of papers by Altman and Colton [66-68]. At low concentration
of Cg, on the surface the molecules first adsorb at step edges, pref-
erentially first at fcc sites of the reconstructed surface before the hcp
sites are populated [66]. This leads to a dashed pattern like that seen
in the central and lower left regions of Figure 22 a). With growing
surface density of molecules the gaps in the decoration of the step
edges are filled like in the lower part of Figure 22 a). Eventually two-
dimensional islands start to grow away from the step edges onto the
gold terraces. Where two steps come close, a formation of islands is
favored [67], as also observable in Figure 22 a) inside the red circle
labeled B. Panels b) and c) present the same STM data in two differ-
ent contrast settings to focus on different features of the image. In the
lower left corner of panel b) large islands of Cg, are seen to cover a
series of steps completely with a dense layer. The central part of the
image is almost free of molecules with a small number of exceptions.
Figure 22 c) focuses on the Au(111) surface in the central part of the
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FIGURE 22: STM images of an Au(111) sample with a low (a) and
high (b and c) coverage of Cg, molecules, where c) is the same image
as b) but exhibits the image data with higher contrast to improve
the visibility of the Herringbone structure of an uncovered Au(111)
terrace. Tunneling conditions for all images: Ug = —2V, Iy =0.07nA

image. The well known (22 x v/3) surface reconstruction of Au(111)
is clearly present, indicating a clean surface. Only in some places, es-
pecially at kinks in the reconstruction, individual molecules or small
clusters appear as white spots.

Assuming a tip radius of r¢;, = 20nm, the area from which the
TERS signal originates has a radius of rtgrs ~ 10nm [39]. In Fig-
ure 22 three areas of this size are indicated with red circles. The TERS
enhancement factor (EF, see Equation 24 in Section 2.3 for definition)
can be estimated from the TERS intensity, the intensity of the Raman
background, the focus area and the TERS area [39]. As no Raman sig-
nal is detectable in the background (see blue trace in Figure 21) the
noise level of the background spectrum serves as upper limit for the
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background Raman signal. The focus radius is assumed to be 150 nm
based on measurements conducted by Jens Steidtner [47, 96]. Using
these numbers a lower limit for the TERS EF is calculated to be 3000.
This is two to three orders of magnitude lower than the highest EF
(1.6 x 10°) reported with the old version of the experimental set-up
under similar experimental conditions for the dye molecule brilliant
cresyl blue (BCB) [96]. The last statement does, however, not mean at
all that the actual enhancement factor in our current experiment is
worse than in previous measurements. The Raman cross-section of
BCB is about 3 x 10* times higher than that of Cg,. In a TERS area
like B or C in Figure 22 there are about 200 to 300 Cg, molecules,
in the case of area A even only about 40 (the distance between two
neighboring Cs, molecules is ~1nm in the islands). That means de-
tecting a (sub)monolayer of Cg, could correspond to a 100 fold higher
sensitivity than that needed for the detection of a single molecule of
BCB [40, 96].

However, it is also possible that the resonance enhancement and
electromagnetic (EM, see Section 2.3) enhancement do not combine
strictly multiplicatively. For example the resonance Raman effect could
experience some quenching in analogy to the quenching of fluores-
cence of molecules adsorbed on metals. In this case, the value of four
orders of magnitude for the expected quotient of TERS signal inten-
sities of BCB and Cg, would have to be reduced. Even if a factor of
100 is lost due to some quenching of the resonance Raman effect, the
EF in our Cg, experiments would be still of comparable magnitude as
the EF ~ 1.6 x 10° reported for BCB by Jens Steidtner [40, 96].

The rest of this chapter is organized in the following way. First, the
main features of a C¢, TER spectrum are discussed and compared to
Raman spectra of Cq, from the literature in Section 4.1. Section 4.2
then describes the way the data were collected and analyzed. The re-
sponse of TER spectra of Cg, on variations of external parameters is
discussed in Section 4.3. Section 4.4 deals with the spectra of different
surface coverages and degrees of polymerization of Cg, on Au(111).
Section 4.5 focuses on experiments where STM images and TER spec-
tra were acquired from the same spatial region.
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4.1 GENERAL FEATURES IN TER SPECTRA OF Cgo ON Au(111)

In this section the main features in TER spectra of C¢, on Au(111)
are discussed.

The steep edge at about 110cm™ in the spectrum in Figure 21 re-
sults from the two Raman edge filters (see Section 3.3) that suppress
light at higher energies (including in particular the laser line, yet this
line remains still present in the spectra and, thus, serves as a marker
for the zero position). Between 240cm™ and 1580 cm™ about 20 TER
peaks and shoulders are seen that will be discussed in the following.
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FIGURE 23: TER spectrum of Cg, on Au(111) with peak assignment. a)
Spectrum (full green) with background (green checked pattern). Tags
give the group theoretical names of irreducible representations of the
full icosaeder group Iy,. b) Spectrum with the background subtracted
(black trace and green filling) and fitted curve as sum of the peaks in
¢) (red trace). c) Fitted peaks. Light grey vertical lines mark the fitted
peak positions. The colored vertical lines in b) indicate peak positions
of isolated Cg, from [100]. Blue lines correspond to Raman active Ag
modes, green lines to Raman active Hg modes and red lines to Ty
modes that are IR active. Dark grey lines indicate some of the "silent"
modes that are not optically active for isolated C,.
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Figure 23 shows another TER spectrum of C¢, on Au(111) to dis-
cuss the main features. In panel a) the recorded spectrum is given as
black trace. The black dashed line and the green checked pattern rep-
resent the background of the spectrum that was determined by em-
ploying an R routine [101]. A broad and relative intense background
signal (ranging from 20 % to more than 100 % of the maximal TERS
peak intensity) is a well known and characteristic feature of SER spec-
tra in general and in TERS in particular, while in normal Raman spec-
tra such a background is absent. The origin of the background in
SERS and TERS is still under debate [102-104]. One possible source
for the background could be a remnant of fluorescence.

To improve the visibility of the spectral features in Figure 23 they
are colored in full green, while the background is shown by a green
checked pattern. The symmetry group of an unperturbed Cq, molecu-
le is the full icosaheder group Ij,. On this basis, the group theoretical
names of irreducible representations of the I, group are assigned to
the peaks in tags, instead of the actual reduced symmetry of adsorbed
Cgo which is unknown. This correlation is justified, because most of
the observed vibrational frequencies are very close to those reported
for isolated Cg, molecules. For convenient comparison, these labels
also contain the position of the fitted peaks and in brackets below the
corresponding values for isolated Cg, from a publication of Menen-
dez and Page [100] that we take as a reference. Isolated Cg, has ten Ra-
man active modes. These are two totally symmetric Az modes (Ag(1)
and Ag(2)) and eight fivefold degenerate Hg (Hg(1) through Hg(8)).
Further four modes are infrared (IR) active: T;y(1) through T,4(4).
These are each threefold degenerate.

A Cg, molecule consists of 60 carbon atoms and has, hence, 180
degrees of freedom. Accounting for three translations and three rota-
tions this leaves 174 vibrational degrees of freedom. Because of the
degeneracies resulting from the high symmetry these correspond to
only 46 distinct vibrational modes. Only the 14 modes mentioned
above are optically active. The remaining 32 vibrations are not ob-
served in first order IR or Raman spectra and are, therefore, often
called "silent" modes. However, the original symmetry can be re-
duced, for example for a Cg, crystal, for a C¢, sample containing
13C atoms 3 or for Cg, molecules that are adsorbed on a surface. In
such cases some of the "silent" modes can become Raman active. The
same holds for modes that are - in the I, symmetry - IR active, they
can become Raman active when the symmetry is reduced. A reduced
symmetry can also result in the splitting of degenerate modes.

Because of the natural abundance of ~ 1.1 % of '3C, 34.7% of Cg, molecules contain
a single 13C atom and another 11.2 % contain two [62].
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Panel b) shows the spectrum with the background subtracted (black
trace and green filling) and a fit- curve as sum of the individual peaks
in ¢) (red trace). The colored vertical lines indicate peak positions
from ref. [100]. Blue lines correspond to Raman active Az modes,
green lines to Raman active Hg modes and red lines to T,, modes
that are IR active. Dark grey lines indicate some of the "silent" modes.
In panel c) the fitted peaks are displayed.

As TERS is operating on the nanoscale, a number of experimental
parameters are not (much) under control, such as the tip quality and
possible contaminations on the tip. Although, the experiments are
performed under UHV conditions, some degree of contamination of
the surface can also not be excluded. Unless stated otherwise, the ex-
periments presented in this work are performed without knowledge
of the exact amount and arrangement of Cg, molecules during the
TERS measurements, because in the majority of experiments no STM
measurements were performed of the same sample location. Rather,
the sample was characterized before the TERS measurement by STM,
in order to establish the amount of C¢, molecules and the composi-
tion of the Cg, layer. Exceptions to this are discussed in Section 4.5,
where STM images and TER spectra are correlated.

single intense spectrum
with 0.5s integration time

sum of 30 weaker spectra
with 0.5s integration time each

Intensity / arb. units
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FIGURE 24: A single intense TER spectrum next to the sum of thirty
weaker spectra. The red trace is offset vertically for clarity.

It is also difficult to determine the exact position of the near-field
tip in relation to the focus. This is an issue intrinsic to the current
experimental set-up, where the relative position between focus and
tip is not locked during the relative movement between sample and
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tip. It is, hence, difficult to determine the exact laser power density at
the tip location.

Because of all the uncertainties described above, the measured TER
intensities span a large range from being undetectable even with sev-
eral minutes integration time to being intense enough to show all
the major Raman bands in 0.5s. An example of an intense spectrum
taken with o0.5s integration time is shown in Figure 24 next to a sum
of 30 consecutive weak spectra.
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F1GURE 25: Two TER spectra from two different samples with high cov-
erages (about half a monolayes) of C4, on Au(111). The two spectra
are normalized to the intensity of the lowest TERS peak at 260cm™
to facilitate the comparison. Bias voltage, tunneling current and in-
tegration time are given in the legend. Data presented here and in
Figure 21 are acquired each with a different tip on a different sample.

Figure 25 shows two more TER spectra of C¢, on Au(111). Both
spectra are acquired from samples with a high coverage of Cg, of
about half a monolayer. Different tips and different samples are used
in each of the two experiments and the one reported in Figure 21.
While the tunneling parameters during the experiment in Figure 21
are with a bias voltage of Ug = —4mV and a tunneling current of
about Iy = 10nA rather exotic, the spectra in Figure 25 are recorded
under conditions that are common also for the acquisition of STM
images. For better comparability the two spectra in Figure 25 are nor-
malized to the intensity of the lowest TERS peak at 260cm™. The
blue trace was recorded in 25s. It is very similar to the spectrum
in Figure 21: the background is rather broad and flat and the peaks

57



58

RESULTS

are much more intense than the background. For the red trace on the
other hand, a much higher integration time of 500 s was needed. Here,
the background peaks at lower Raman shifts of around 400cm™. The
background reflects the localized surface plasmon-polariton (LSPP,
see Section 2.3) spectrum of the tip. This also explains the reduced
relative intensities of the TERS peaks at higher Raman shifts in the
red compared to the blue spectrum. The LSPPs of the tip-sample
combination are responsible for the EM enhancement effect behind
TERS (see Section 2.3). The spectrum of these LSPPs defines the de-
pendence of the EM enhancement on energy and, hence, the relative
intensities in TER spectra. In general we observe a high variation of
absolute and relative intensities in the TERS spectra for different tips.

Contaminations on both the surface and the tip can also produce
strong TER signals that may become equal or higher in intensity or
even stronger than the spectra of adsorbed Cg, aimed for. Finally,
for various reasons Cg, molecules might degrade and show altered
spectra. Simple averaging or increasing the integration time would
result in spectra that contain all such contributions. To exclude the
undesired signals as much as possible, the following routine was em-
ployed: I) recording a time series of spectra with an integration time
of 0.5s each and a number of 100 to 1000 subsequent spectra (see the
next section for some examples). II) Visual inspection to identify re-
gions of temporal stability as well as regions containing foreign peaks.
III) Only stable sequences that show all the main TERS bands of Cq,
are averaged over to gain a higher signal to noise ratio.

All TER spectra presented so far where acquired with this method.
An average of all stable spectra exhibiting Ce, characteristics, that we
recorded at various samples with many different tips, is presented in
Figure 26 along with a SER spectrum from Cg, on Au colloids from
Luo et al. [105] and a FT-Raman spectrum of Cg, at room temperature
from Parker et al. [106].

As this TER spectrum is an average over many different tips and
surface compositions, it is comparable to the case of SERS on col-
loids where many "hot spots" are sampled simultaneously. Indeed,
our spectrum in a) resembles closely the SER spectrum [105] in b). A
comparison of curve a) with the FT-Raman spectrum [106] in c) shows
first of all a significant broadening of all TERS peaks and substantial
changes in relative intensities of the Raman bands. Some of the lines
are also frequency shifted, most notably the strong Ag(2) mode at
1470cm™" is shifted by more than 10cm™ to lower energies in the
SER and TER spectra. Possible reasons for such a frequency shift will
be addressed also in Section 4.4. A third difference in SERS and TERS
as compared to a normal Raman spectrum of Cg, is the appearance
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F1GURE 26: Comparison of average TER, SER and FI-Raman spectra of
Ceo. @) Average TER spectrum. b) SERS of Cg, on gold colloids [105].
¢) FT-Raman spectrum of Cg, at room temperature from ref. [106].

of extra peaks. These can be attributed either to a peak-splitting as
result of a lifting of degeneracies or to an activation of "silent" modes.
Both are consequences of a symmetry reduction from the high I, to
some lower one. Possible origins for the change in molecular symme-
try will be discussed in Section 4.4.
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4.2 TIME SERIES OF TER SPECTRA

This section reports the most common observations in time series of
TER spectra and describes the way we analyze and interpret them.
Figure 27 and Figure 29 show two examples of relatively stable spec-
tral series as intensity plots in a gray scale, where white corresponds
to low, and black corresponds to high intensity.

100 -

No. of spectra
S /Wi
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Raman shift/ cm”

FIGURE 27: Intensity plot of a time series of TER spectra of Cg, on
Au(111) with transient lines not belonging to Cg,. The integration
time is 0.5s. The left axis gives the number of the spectra and the
right one the elapsed time. The horizontal is the spectral axis giv-
ing the Raman shift in wavenumbers. Red trace: integrated spectrum
from spectrum o to 50. Green trace: integrated spectrum from 64 to 69.
Both spectra are normalized to the intensity of the laser line for com-
parison. Red arrows point to peaks that are not identified with Cg,
lines. Tunneling conditions: Ug = —0.2V, Iy = 0.1nA. A difference of
the green and the red trace is shown in Figure 28.

The x-axis represents the spectral direction while the left y-axis
shows the number of the spectra and the right y-axis the elapsed
time. In Figure 27 a series of 100 spectra is presented. For the first 65
spectra only the characteristic spectral lines of Cg, are observed. The
relative intensities of the Raman lines and the background are very
stable as seen from the homogeneity of the intensity plot along the y
axis. An integrated spectrum is plotted as a red trace on top of the
intensity plot. Between spectrum 64 and 8o a set of new lines appears
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Ficure 28: Difference spectrum of the green and the red spectrum in
Figure 27. The black arrows point to the new lines. Red arrows show
lines at or close to the positions of the Raman peaks of C¢, with the
corresponding symmetry assignment.

and disappears again. The green trace in the upper part of the image
shows the integrated spectrum between spectrum 64 and 69. Four
sharp new peaks at 993cm™, 1146 cm™, 1503 cm™" and 2145cm™ are
observed.

Figure 29 depicts a similar situation as Figure 27. Only in Figure 29
a different set of lines appears for a short period of time. Again the
red trace is the summed spectrum over the spectra before the extra
lines appear and the green trace the one over the spectra with the ad-
ditional lines at 1315cm™, 1366 cm™ and 1638 cm™. Also, the Ag(2)
mode at 1460cm™ of the green spectrum is more intense than that
of the red one. A zoom of Figure 29 into the spectral region of the
additional peaks is shown in Figure 30.

This closer look reveals that at least two of the new lines are not sta-
ble over the entire span of their existence. The peaks F and H around
1366cm™" and 1638 cm™", respectively, wander about spectrally in a
synchronous manner. The red and the green trace on the upper part
of the intensity plot are the same as in Figure 29. The blue trace in the
lower part presents their difference. While it is very difficult to iden-
tify the molecular species that produce these Raman lines, the sharp-
ness and the synchronous behavior of the lines suggest that they stem
from a single variety of molecules. The three most probable sources
for these molecules are I) contaminations of the near field tip from
the etching process; II) contaminations on the sample surface due to
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FIGURE 29: Intensity plot of a time series of TER spectra of Cg, on
Au(111) with transient lines not belonging to Cg,. The green trace
is the integrated spectrum over spectra 64 through 87. The red trace
over the spectra between 50 and 64. Both spectra are normalized to the
intensity of the laser line for comparison. The new lines are labeled E
through H.

either insufficient cleaning of the Au(111) sample, an adsorption of
foreign molecules during the evaporation or from the rest gas in the
vacuum chamber; III) a reaction product from C,.

In both difference spectra described above there are some peaks that
are at or very close to the positions of Cg, Raman peaks. These are
indicated by red arrows and the usual labels Hg(6), Ag(2) and Hg(8).
This might hint towards an origin of additional peaks from deriva-
tives from Cg,. At this point however, this can not be proven and the
appearance of the Cq, peaks in the difference spectra can be coinci-
dental.

The sudden appearance and vanishing of the additional lines ex-
cludes a situation where the entity producing these lines is fixed to
the surface and the tip drifts over it. The tip drifts rather slowly with
not more than 1 nm per second and the near-field underneath its apex
has an intensity gradient on the 10nm scale. This would result in a
slower intensity dynamics of the lines on the order of 10s. Instead
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F1cure 30: Close-up of the region of Figure 29 containing additional
peaks.

the foreign Raman lines are probably caused by molecules diffusing
in and out of the hot spot, either on the sample surface or on the tip.

The spectral wandering of the lines indicates a change of the corre-
sponding molecules. As the change in spectral position is continuous,
as seen from Figure 30, a chemical reaction as a cause is unlikely.
More probably these changes reflect a slowly changing interaction
of the molecules with their surroundings; for example a drifting of
molecules through the electric field gradient around the tip apex.

Finally, the sharpness of the lines and the fact that they wander but
do not split or broaden supports the assumption that a rather small
number of molecules, if not a single molecule, is behind this effect.
A synchronous behavior of a larger amount of identical molecules is
less likely.

Additional peaks appear in the vast majority of spectral series that
we recorded. For rather stable series they present like in the examples
described above: a small number of lines not generic to Cg, appears
for some seconds, fluctuates in intensity and spectral position and
then disappears again. But the spectral changes can be also more
drastic. Figure 31 and Figure 32 show two such cases.
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FiGure 31: Time series of TER spectra exhibiting a lot of spectral
changes. The red trace is an average over the entire series.
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F1GURE 32: Time series with sudden jumps between stable regions of
different TER spectra. Red trace: average spectrum of the first 200
spectra. Green trace: average spectrum of the stable region between

spectra 394 to 667.
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In Figure 31, apart from a large number of Raman lines, that appear
and disappear at various positions the intensity plot also presents
dark and bright lines along the horizontal direction. They show sud-
den changes in the broad background of the spectra, that often co-
incide with the appearance or vanishing of Raman lines. A spectral
series like in Figure 31 was not further considered for analysis be-
cause of its instability. The red trace on top of the intensity plot is an
average over all 700 spectra. The general shape reminds that of a Cg,
spectrum, but the features are very weak, rendering a definite assign-
ment to modes of Cg, difficult.

Figure 32 shows a case where the spectral features change several
times abruptly, without any change of external parameters, while
the spectra are stable for many seconds to minutes in between these
jumps. The red trace is the integrated spectrum over the first 220 spec-
tra and the green one over the last 270 spectra. The former shows the
characteristic peaks of Cg,, the latter only some of them. The sudden
changes between otherwise stable spectra are probably caused by tip
configuration changes, such as a pick-up or change of molecules at
the tip apex.

Unless stated otherwise, all spectra presented in the following stem
from time series of spectra that are stable over several seconds to
minutes. Spectra are then integrated over the stable region to gain a
better signal to noise ratio.
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4.3 DEPENDENCE OF TER SPECTRA ON EXTERNAL PARAMETERS

There are a few, more global parameters that influence TERS of Cg,
at Au(111) such as the incident intensity of the illuminating laser, the
tunneling current and the bias voltage of the STM. A fourth param-
eter is the distance between STM tip and surface, which is, however,
controlled by the preset tunneling current and the bias voltage. Only
if the feedback of the STM is switched off, an external control of this
distance is possible to some extent.

Influence of laser power on TERS and tip heating: First the response
of TER spectra to the change of the power of the illuminating laser is
investigated. Figure 33 shows a set of TER spectra each for different
laser intensities. The red traces show the original data and the black
traces correspondingly smoothened curves, added to guide the eye.
The lowest spectrum is taken at an initial power Iy of about 0.5 mW.
This spectrum is rather noisy, but the Ag(2) mode can be clearly dis-
tinguished. For the next spectrum the laser intensity is increased by
a factor of 2.8. Now all major Raman lines of Cg, are visible. In the
middle spectrum the laser is turned on to its full power of 3 mW. For
the remaining spectra the laser power is turned down again.

Across the series there is no obvious frequency shift of the Raman
lines nor a change in relative intensities, nor a change of the shape of
the broad background. The absence of any such effect is important for
the comparison of spectra that were recorded at different positions of
the sample. The focus of the illuminating laser is about 300nm in di-
ameter. When moving to a new place of the sample with the STM tip,
the focus stays fixed in relation to the sample. Hence, the tip will in
general be exposed to a different laser intensity after the change in
position.

While the TER spectrum of Cg, seems to be unaffected by a change
in laser power, there is a strong effect of the laser on the tip itself
in form of heating. The heating of the tip was investigated using an
Au(111) sample without Cg, molecules and a TERS tip like those em-
ployed for the TERS measurements. Figure 34 shows an STM image of
the surface in two versions. The right one presents the raw data and
the left shows the same data set, but a line mean filter was applied
that equalizes the mean value of each scan line (horizontal direction).
The graph below shows a line cut along the slow scanning (vertical)
direction at the position of the blue arrow in the STM images and
averaged over the width of the blue box. After about 13 nm the laser
is turned on to its full power by opening an electromechanical shutter.
Due to photo-heating the tip extends. The z-piezo retracts in order to
maintain the preset tunneling current. This retraction is seen in the
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FiGure 33: Consecutive TER spectra at different laser intensities. Rela-
tive laser intensities are specified next to the traces. Iy ~ 0.5 mW. Each
trace is averaged over a different number of spectra taken with o0.5s
integration time each. The total integration time for the individual
spectra are from the lowest to the topmost: 5.55, 65, 85, 4.55 and 32s.
The spectra are normalized to the laser peak at zero Raman shift.

raw image as a apparent change in surface height. The scan of the
entire image took about five minutes. After this time the expansion
of the tip has not stopped yet. At the end of the scan the tip has
extended by 14 nm (we observe an expansion for all tips under illu-
mination. The amount, however, varies largely between 1 and 14 nm).
Judging from the continuous expansion over many minutes and re-
calling the fact that no influence of the TER spectra on laser intensity
was observed (Figure 33 and corresponding discussion above), that
would indicate a significant heating, it is concluded that the expan-
sion is not due to a major increase in temperature of the final tip end
on a nano- to micrometer scale. Rather, a large portion of the gold tip
wire is heated by a few centigrades only. Interesting is the fact, that
no lateral offset of the tip is seen in the STM image: the monatomic
step in the left image continues in a straight direction after the laser
in switched on. This is important to guarantee that the spectra in the
intensity-dependent measurements in Figure 33 are indeed taken on
the same position on the surface.
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F1GUrE 34: Expansion of the near-field tip through heating with the
illuminating laser. The two STM images are produced from the same

data set recorded with an STM and an Au tip on an Au(111) surface.

The left image (a) represents the raw data while in the right image
(b) a line mean filter was applied that equalizes the mean value of
each scan line (horizontal direction). c¢) shows a line cut along the
slow scanning (vertical) direction at the position of the blue arrow in
the STM images and averaged over the width of the blue box. After
about 13nm the laser is turned on to its full power by opening an
electromechanical shutter. Due to photo-heating the tip extends. The
z-piezo retracts in order to maintain the preset tunneling current. This
retraction is seen in the raw image as a apparent change in surface
height. The scan of the entire image took about five minutes. After
this time the expansion of the tip has not stopped yet. d) Cooling of
a tip after the laser was switched off suddenly. Tunneling conditions:
Up =—2V, [{ =04nA.



4.3 DEPENDENCE OF TER SPECTRA ON EXTERNAL PARAMETERS

Influence of tunneling parameters on TERS: In this section the respon-
se of the TER spectra of Cg, on changes in the three parameters tun-
neling current, bias voltage and tip-sample separation is investigated.
Figure Figure 35 shows an intensity plot of a time series of TER spec-
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FIGURE 35: Intensity plot of a time series of TER measurements. The
left y-axis shows the ordinal number of the spectrum, while the right
y-axis shows the elapsed time. The integration time for each spectrum
is 0.5 seconds. Horizontal lines in red identify the positions in time
where a parameter was changed. The sets of parameters tunneling
current (I¢) and bias voltage (Ug) for the areas a) through f) are: a)
It = 1nA, Ug = —0.004V, b) I} = 1.7nA, Ug = —0.004V, c), I =
0.7nA, Ug = —0.004V, d) It =0.2nA, Ug = —0.004V, e), [ =0.2nA,
Up = —0.584V and f), [t =0.2nA, Ug = —0.004 V.

In the lower part of the picture two traces are shown. The red one
(indicated by I)) is the sum of all the spectra up to the lowest red
line. The green trace II) is constructed from I) by subtracting the
background.

tra taken while the STM tip was laterally fixed in tunneling contact.
The acquisition time for each spectrum is 0.5 seconds. Red horizontal
lines indicate the moment of a deliberately taken change in either tun-
neling current or bias voltage. For the first 500 spectra (250 seconds),
i.e. for the entire area below the first red line, the tunneling condi-
tions (Iy = 1nA, Ug = —0.004 V) are not changed. A sum of all these
500 spectra (red trace) and its background corrected version (green
trace) are drawn on top of the intensity plot, where the intensity is
given in arbitrary units. The typical lines for Cg, that were discussed
in Section 4.1 are clearly seen. Evidently, the spectra are relatively sta-
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ble over a time period of 250 s. How little their main features change
can be seen more clearly in Figure 36: Area a) of Figure 35 was parti-
tioned into 10 successive areas of 50 spectra each, which then where
summed over to produce the 10 traces that are displayed.

Intensity / arb. units
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FIGURE 36: Series of average spectra from Figure 35 before current and
voltage are changed. Each of the ten TER spectra in this figure results
from binning 50 successive spectra from area a) in Figure 35. For
improved visibility on each original trace (green) a smoothed version
of the same spectrum is drawn in black and the broad background
was subtracted.

A high temporal stability of both, spectral position and intensity
of the Raman lines is compulsory for experiments where external pa-
rameters such as tunneling current, bias voltage or laser intensity are
changed.

At the first three red lines in Figure 35 the tunneling current was
changed from initially Iy = 1nA successively to Iy = —1.7nA (area
b)), It = 0.7nA (area c)) and Iy = 0.2nA (area d)) while keeping the
bias voltage fixed at Ug = —0.004 V.

No obvious change in the Raman spectra can be seen apart from
a gain in intensity of a peak around 966 cm™ that could be assigned
to the silent mode Gy (4) at 961 cm™ for isolated Cg, [100]. Alterna-
tively, this peak could also be of foreign origin like the transient peaks
discussed in Section 4.2.

The same data are presented again as average spectra in Figure 37.
Here, the first spectral trace a) is identical with the last trace of the
stable series in Figure 36. Traces b) through f) are sums over the re-
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F1cure 37: Dependence of TER spectra on changes in tunneling cur-
rent. Average spectra of the data presented in Figure 35. Bias voltage
Up = —0.004 V for all traces. The tunneling current for the individual
traces is: a) [t = 1nA, b) It = 1.7nA, ¢) I =o0.7nA, d) Iy =o0.2nA.

spective regions in Figure 35. As these regions do not all contain the
same number of spectra, the sum spectrum is normalized by dividing
through the number of spectra.

At the red line between regions d) and e) in Figure 35 the bias voltage
was changed from Ug = —0.004V to Ug = —0.584 V and again back
to Ug = —0.004 V at the last red line between e) and f).# The effect on
the TER spectra is clearly visible in both Figure 35 and Figure 38, that
shows the corresponding average spectra. While there is an over-all
loss in intensity from d) to e) the peaks on the high-energy (higher Ra-
man shift) side of the spectrum decrease more drastically than those
on the low-energy end. The effect is so drastic that the lowest Raman
line at 260cm™ appears to be hardly altered in Figure 35, while the
three highest lines that are clearly visible for very small bias voltage
seem to be lost in the noise for Ug = —0.584 V (region e) in Figure 35.
In the average spectrum f) of Figure 38 some of the high-Raman shift
peaks can be made out again.

Note, that these bias values are corrected for the offset of —16 mV discussed in the
context of Figure 11.
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Ficure 38: Dependence of TER spectra on changes in bias voltage.
Average spectra of the data presented in Figure 35. Tunneling current
It = o0.2nA. The bias voltage for the individual spectra is: d) Ug =
—0.004V, e) Ug = —0.584V and f) Ug = —0.004 V. The background
(determined with a routine described in ref. [101]) is drawn as black
trace for each spectrum. To compare the shapes of the backgrounds,
the background of e) is also drawn as red trace on the spectra d) and
f).
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Most likely, the TER intensity dependence on the bias voltage is
not caused by the voltage (or electric field) change as such, but by
the change of the tip-sample distance that is induced by the volt-
age change in order to keep the tunneling current constant. It is
known that TERS signals show a strong distance dependence. In
ref. [95] for example, the distance dependence of TER spectra of co-
adsorbed guanine and perchlorate is observed on a scale between
1nm and about 20nm and found to agree with theory that predicts
a Iters o (Rg 4+ d)~ 10 distance dependence of the TERS intensity
ITers on the tip-sample separation d, where R; is the radius of the
tip apex.

In the current experiment, however, the distance changes on a sub-
nanometer scale (about 0.3nm). The plasmon mode spectrum of the
system composed of gold tip and Au(111) surface changes when their
distance is altered. The smaller the distance the more intense the plas-
mons become, leading to an increased enhancement of Raman spec-
tra. At the same time the plasmon modes shift to the red with decreas-
ing distance, in agreement with the findings of [95]. This leads to a
more pronounced enhancement of the modes having higher Raman
shifts.

Also the change in tunneling current results in a modification of
the tip-sample separation. That no changes are observed for different
currents can be explained by the fact, that the maximal change in cur-
rent was only a factor of 8.5, while the bias voltage was changed by a
factor of almost 150.

To investigate this close-range distance dependence further the fol-
lowing experiment was performed. A gold near-field tip was appro-
ached to an Au(111) surface with a low coverage of Cg, like shown in
the STM image in Figure 22 a). The experiment will be explained in
detail in the following and the results are depicted in Figure 39. Panel
a) shows an intensity plot of the series of TER spectra over a period of
about 300s. The spectral pattern of Cg, is clearly visible. The observ-
able intensity changes are consequences of changes in the tip-sample
separation. In panel b) two cuts along the time axis are presented.
These cuts show the time variation of the Ag(2) peak at 1450cm™
and of the Hg(8) peak at 1560cm™. These time variations are in-
duced by distance variations imposed manually on tip sample gap.
Details of the experiment will be given below. In order to lower the
noise level of both traces in b) the data matrix represented in a) was
first decomposed by a singular value decomposition (SVD) [107, 108]
and then reconstructed using only the five strongest components that
carry most of the spectral information of the matrix plotted in a). In
this way the noise contained in the spectra is eliminated to a large
extent (actually, the noise contributions are shifted by the SVD rou-
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FIGURE 39: Response of TERS to changes of the tip-sample separation.
a) Intensity plot of a time series of TER spectra of Cg, on Au(111). b)
Cuts along the time axes through the time series at spectral positions
1450cm™" (blue trace) and 1556 cm™" (green trace). c) Average spec-
tra over regions of comparable intensity indicated by capital letters
in panel b). d) Development of the intensities of six TERS peaks indi-
cated in the legend. Further explanations are found in the main text.
Bias voltage Ug = —0.04 V.

tine to higher components of the decomposition that are not used for
reconstruction). The reconstructed data set is only used to produce
the two traces in panel b). All other panels contain the original data.
The Ag(2) band obviously is split into two as seen more clearly in
the enlarged spectrum D of Figure 39c¢) in Figure 40. We will call the
intense peak at about 1450cm™ "Ag(2)a" and the shoulder at about
1460cm™ "Ag(2)b". The splitting of the Ag(2) line might be a result of
the presence of two different adsorption sites of Cg, on Au(111). This
point will be addressed in Section 4.4. The blue trace in Figure 39b)
is at the spectral position of the Ag(2)a band, the green trace at the
position of the Hg(8) mode. Average spectra over the time intervals
indicated by red ellipses and capital letters in b) are plotted in panel
c). Panel d) then shows the peak heights of selected Raman bands for
the five spectra in c). At positions labeled with a red "r", the tip was
retracted until no tunneling current could be measured.

The actual course of the experiment was performed as described
in this paragraph: Once the tip had been moved into the tunneling
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FIGURE 40: The spectral region of the Ag(2) mode of spectrum D from
Figure 39c) is shown in detail. The Ag(2) mode is split into a peak at
1450cm™ " and a shoulder at 1460cm™. Fitted with four Lorentzian
functions.

regime, the bias voltage was set to Ug = —4mV and the tunneling
current to It = 0.1nA. A stable sequence of TER spectra was recorded
for about 10s and is shown in region A of Figure 39. Next, the feed-
back loop of the STM was switched off and the tip was retracted until
no tunneling current could be measured. As a consequence the TER
signal disappeared completely, see the first region labeled "r".

At ~ 305, the tip was again approached closer to the surface un-
til the tunneling current came close to the threshold of the pream-
plifier of the STM of 13.5nA. The TERS signal increased drastically,
see region B. As the feedback loop of the STM was off, drift in the z-
direction was not compensated. Hence, the tunneling current changed
upon changing the tip-surface distance. The tunneling current fluctu-
ated and decreased (not recorded), accompanied by a simultaneous
decrease in TER intensity. This decline in intensity is seen in the slope
in Figure 39 b) between regions B and C. When the current dropped
to only some nA, the tip was approached again until a high current
value was established, which was accompanied by an increase of the
TER signal (see region D). During the entire time, TER spectra where
recorded subsequently, and each of them with o0.5s integration time.
Between D and E the system was again left to itself, showing - aside
noise - a constant intensity level that deceased at some instances more
or less stepwise. After the region E the tip was approached again
closer to the surface until after point E a tunneling current around
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10nA was flowing. For the rest of the time series the tip was retracted
twice until no tunneling current was detected (regions "r") and appro-
ached again into tunneling.

The effect of the tip-sample separation on the signal strength is
again illustrated by the average spectra in Figure 39 c). The lowest
trace belonging to region A is multiplied by two for convenient com-
parison with the other spectra.

All peaks gain intensity from A to B, then decrease again in C,
before they become intense once more in D and weak in E. For six
Raman bands (Hg(1), Hg(7), Hg(8), Ag(1), Ag(2)a and Ag(2)b) this
sequence of up and down of the TERS intensities is presented in Fig-
ure 39 d). The depicted values are the peak heights of the respective
Raman modes evaluated by fitting the spectra with Lorentz peaks like
exemplified in Figure 40 for the four highest modes of spectrum D.

This experiment illustrates nicely that there is a strong dependence
of the TERS intensities on the tip-sample separation in gap-mode
TERS in the tunneling distance regime below 1nm. This close-range
distance dependence has consequences for TERS as an analytical tech-
nique. First of all it allows to measure TERS signals of molecules
with smaller Raman cross-sections because the signal enhancement
can be increased simply by changing the tunneling conditions. Sec-
ondly it shows that care has to be taken in the interpretation of TERS
maps. Usually synchronous to the TERS maps a topographic image
is recorded. When operating in gap-mode, the Raman analyte is ad-
sorbed on a plasmonic surface. While recording a topographic image,
the tip-sample separation is modulated, which can lead to a modula-
tion of the TERS signal strength that can not be correlated with the
amount of Raman scatterers inside the TERS radius. Hence, care has
to be taken when TERS maps are employed to measure the lateral
resolution of the particular TERS experiment.
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4.4 TERS OF Cgo ON Au(111) FOR DIFFERENT SURFACE COMPO-
SITIONS

In this section TER spectra from samples with three different surface
composition of C4, on Au(111) are discussed:

Type I: Samples with a low coverage of Cg,, where the molecules
mainly adsorb at step edges of Au(111).
Type II: Samples with higher coverages of C,: in this case the molecu-
les form larger two-dimensional islands of monomolecular thickness
that expand from step edges onto terraces.
Type III: Sample of type II that was five days old and showed clear
changes of the two-dimensional island composition: the originally ho-
mogeneous, hexagonal structure is transformed to a more amorphous
pattern. TERS experiments had been performed on the sample on sev-
eral days before. However, the changes in the Cg, layer are not due
to photo-degradation, because they are observed at several positions
of the sample. To change the position on the sample, it was retracted
by several millimeters and then again fixed in the STM. The probabil-
ity to arrive at the same sample area of 1 um twice is, hence, near zero.

An example of an STM image of a type I sample was presented
above on page 52 in Figure 22 a). Monoatomic steps of Au(111) are
decorated with thin lines of molecules, mostly one and sometimes
two molecules in width. Occasionally, smaller islands grow from the
step onto a terrace.

Panel a) of Figure 41 presents a close up of the same sample posi-
tion as Figure 22 a) . The hexagonal arrangement of the small island
is clearly seen. In panel c¢) an STM image of a surface with roughly
50% of a monolayer of Cg, is shown, obviously a type II sample. The
largest fraction of the molecules is organized in large islands. Only
5% to 10% of the molecules are in contact with a step edge of the
substrate.

The STM image in panel b) shows an intermediate step between a)
and c). While some of the steps are still only decorated by a single
row of molecules, at other steps elongated islands grow from the step
onto a terrace. For this case no TER spectra where recorded and, thus,
will not be discussed in the following. However, the image in panel
b) shows nicely that those Cg, molecules that are attached to a step
edge in a single row appear a bit larger in the STM image. Equally, for
islands: the row of molecules that is in contact with the Au(111) step
edge show up a little bit elevated. Finally, panel d) shows a surface
five days after the preparation, a prototype of a type IIl sample. The
homogenous film in c) has clearly evolved into a granular structure.
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FIGURE 41: STM images of different surface compositions of Cg, on
Au(111). a) Sample with low coverage and mainly step decoration
with Cg,. b) Intermediate surface density of Cg, molecules. c) about
50 % coverage with Cg,, fresh sample. d) sample with ~ 50 % coverage
of Cg, after five days in UHV. Tunneling conditions: a) and b) U =
—2V, Iy =0.07nA, ¢)and d) Ug = —2V, [{ =0.1nA

The following observation is noteworthy. Neither type I nor type II ex-
ist in pure form. That means on a sample with step decoration there
are always a few small islands and for a sample with larger islands
there is still a certain amount of molecules that is in direct contact
with the step edges. However, in an average of many spectra taken
on surfaces of type I the step decoration dominates, while for II the
main part of the spectrum stems from molecules on terraces organ-
ised in close-packed islands.
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FIGURE 42: Averaged TER spectra of three different types of samples.
Type I: Low Cg, coverage, mainly step decoration. Type II: High cov-
erage (~ 0.5 monolayer). Type III: Sample with high coverage and
signs of decomposition in STM images; sample was five days old and
stored under UHV conditions. The trace colors blue, red and green
refer to type I, type II and type III samples. Panel a) and b) present
overviews over the entire spectral range from 200cm™ to 1700cm™.
For convenient comparison, in both panels a) and b), the two spectra
are separated by a vertical offset. Panels c) through h) show details
of specific spectral regions. Curves with the same color belong to the
same data set. The spectra in panels c) through h) are normalized to
the Hg(7) peak. For better comparison some spectra are additionally
multiplied by the indicated factors.
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Figure 42 presents the TER data to the three different surface config-
urations. The spectra in the upper row show the entire spectral region
of interest of the C¢, Raman spectrum from 200cm™ to 1700em™,
while the remaining six panels show zooms into specific subregions.
The red trace in all panels corresponds to an average of 22 spectra
(each of them is already averaged over a stable region) of type II sam-
ples, recorded at two different days. The green trace is an average of
23 spectra of type IIl samples all taken at the same day and the blue

trace is an average of 14 spectra from type I samples taken at one day.

First, the difference between spectra of high (red trace, type II sam-
ples) and low (blue trace, type I sample) C¢, coverage of the Au(111)
surface is discussed. Panel a) in Figure 42 shows that the two spectra
resemble each other closely. The most prominent distinction is a dif-
ference in relative intensity for several Raman bands, most notably of
the ratio between the two Az modes and other vibrational modes. A
second distinction consists of a shift of the Ag(2) mode by 10cm™ in
the red spectrum with respect to the blue one. Panel c) presents the
expanded spectral region between 1300cm™ and 1600cm™. In ad-
dition, to facilitate the comparison of relative intensities, the spectra
are normalized to the height of the Hg(7) peak at 1420cm™. While
the Ag(2) mode for type Il samples (high C6o coverage, red trace)
is located at 1460cm™, for the surface with mainly step decoration
the same mode is far less intense and appears at 1450 cm™" with only
a weak shoulder at 1460cm™. Like in Section 4.3, these two modes
are denoted Ag(2)a and Ag(2)b, respectively. The line at 1460cm™ is
interpreted as the Ag(2) mode of molecules forming islands on a ter-
race of Au(111). The 1450cm™ line (Ag(2)a) in the blue spectrum is
assigned as the Ag(2) mode stemming from type I samples, i.e. from
molecules adsorbed at a step edge. The appearance of the shoulder at
1460cm™" (Ag(2)b) is then due to a certain amount of molecules that
are not located at the step edges, but organized in islands. That no
sign of a shoulder at 1450cm™ is observed in the red spectrum can
be explained by the fact that the fraction of molecules adsorbed at
step edges for samples with high coverage of Cg, is much lower than
the fraction of molecules that build islands in low coverage samples.
This is obvious from the STM image in Figure 22 a), where the num-
ber of molecules in the islands is roughly the same as the number of
molecules in contact with a step edge. On the other hand, for panel
c) of Figure 41, only 5% to 10% of the molecules are in contact with a
step edge of the substrate.

The Hg(8) mode around 1560cm™ is slightly shifted to lower en-
ergies in the blue spectrum. Because of the broadening of the same
line the exact shift is not determined (The broadening could be due
to the appearance of a new Raman active band, that we observe occa-
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sionally at different positions between the Ag(2) and the Hg(8) mode.
The origin of this band is not clear at the moment).

Panel e) of Figure 42 shows the spectral region around the Ag(1)
mode. Here the blue trace (type I samples) was amplified by a factor
of 1.5 with respect to the red one to facilitate the comparison, as it is
also done in panel g). Both the Hg(2) and the Ag(1) mode are shifted
to lower values for the step decorated (type I, blue trace) surface by
almost 5cm™. The Ag(1) mode has also lost in intensity relative to
neighboring modes.

In panel g) the lowest part of the TER spectra is presented. The
Hg (1) mode is split into three lines due to a reduction of the molecu-
lar symmetry, [109]. The intensity of the main Hg(1) line is reduced in
the blue spectrum as compared to the red one, while all three Hg(1)
derived lines stay at the same spectral position. The broad peak at
around 340cm™ is not present in Raman spectra of Cg, crystals, but
it is reported in SERS studies on Au substrates. Two silent modes of
isolated Cg, are known around the position of this peak. An activa-
tion of one or both of them due to a reduction of symmetry could
explain the appearance of the TERS feature. In the step edge spec-
trum (blue) this line is less broad than for the corresponding terrace
spectrum (red).

Next, the right column of Figure 42 which presents the same spec-
tral sections as the left column is discussed. The green spectrum stems
from a sample with clear signs of a change in composition of the C,
adlayer in the STM images, like illustrated in Figure 41d). We inter-
pret this modification as a polymerization of the Cg, molecules. The
red spectrum is the same as in the right column. In Figure 42d) the
high energy region around the Ag( 2) mode is shown. Here again, the
intensities are normalized to the height of the 1420cm™ peaks for
comparison. The Ag(2) line of the polymerized sample is consider-
ably reduced in intensity and downshifted by 1ocm™ to 1450cm™.
Notice that compared to the corresponding blue spectrum in pane
c), the Ag(2) line of the green spectrum does not show a shoulder at
1460cm™", but is a single smooth and broad band. The Hg(8) line is
also downshifted but only by about 5cm™. The T, (1) and the Ag(1)
mode, shown in panel f), experiences about the same amount of fre-
quency shift. The Ag(1) mode is also reduced in intensity. In panel h)
again the lower part of the spectra is shown. All peaks of the poly-
merized spectrum here are shifted by about 2cm™ with respect to
the spectrum of the fresh sample. The triplet of Hg(1) derived lines
also is broadened; what is seen as a small peak in the red spectrum
is now a broad shoulder.
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The TER spectra of step decoration (blue, type I samples) and poly-
merized Cg, (green, type III sample) resemble one another in many
respects. The main difference is that the type I spectrum exhibits
sharper features. In panel h), showing the low Raman shift region
of the TERS spectra, one can see that the type III spectrum is shifted
to smaller Raman shifts compared to the type II spectrum, while the
features of the blue spectrum coincide with those of the red one in
energy.

It is possible that what we interpret as spectra of Ce, at Au steps

is in fact also a spectrum from polymerized Cg,. Different adsorp-
tion geometries for Cg, at step edges in comparison to those at ter-
races could favor the polymerization. A similar effect is known for
bulk Cg, samples. There, the photo-polymerization is observed only
in a temperature window between about 260K and 370K [110]. The
hindering of the polymerization at low temperatures is explained by
a phase transition between a room temperature fcc lattice structure
with one molecule per unit cell and a low temperature sc structure
with four molecules per unit cell. In order for the polymerization to
take place, double bonds of neighboring molecules have to be par-
allel and less than 4.2 A apart [111]. For the low temperature phase
of crystalline Cg¢, this criterium is not met. For temperatures above
100 °C the covalent bonds of the polymer break again and the pris-
tine monomer form of the sample is restored [112].
Altman and Colton conclude from STM measurements that the rota-
tional orientation of Cg, molecules adsorbed in monolayer islands on
Au(111) changes on a time scale of minutes [67]. The interaction of
the molecules with the surface leads to a relative orientation of neigh-
boring molecules that could hinder a possible photo-polymerization.
The slow change of the orientation of adsorbed molecules can explain
the polymerization on the time scale of days. Only when the relative
orientation of two adjacent molecules is right, they can form covalent
bonds to form polymers. As the reorientation of Cg, happens on the
time scale of minutes, the probability for finding a correct orientation
and distance between two adjacent Cg, molecules is rather low and,
thus, there is a rather low polymerisation rate. On step edges, how-
ever, different relative orientations of molecules can favor or hinder
the polymerization.
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Frequencies
c°f isolated From this work Pressure-polymerized C60
s0 Molecules [109]
[100]
I, symmetry I I 111 DS o T R
255 253 247 2561 : 258 243
267 268 266 269i 2561 279; 273
278 o
272 Hg(1) 294 294 287 295i 2745 282, 306
342 Ti(1) 344| 344| 339 338 346 L 3
353 Gu(1) 365! | 363!
390 393 3921 | |
403 Hy(1) 402 402! i !
424 426 425 4281 | | 415
I
433 Hq(2) 438 445 459 450 4521 453 453
485 Gg(1) 479 478 471 | 470
496 A1) ase6| 4aso| as3| 490 488 487 487
so8| 511|506 i i 3
526 Ti,(1) 522 524 520 5280 530! 532! 523
534 H,(2) 546! 543! 5381 533
553 Ta(1) 556| 556 558 | i !
567 Gy4(2) ; 5 !
568 Ti4(1) 5GIE 562i 588E 595
575 Tu(2) 573 576! 577 565! 555
613! 614! 605! 608
668 Hy(1) 668 668! 654! 663
709 H,(3) 704| 707 709 708! 714! 713! 719
711! 716! 716! 718
736 Gy(3) 726 729 733 738! 747! 743
743 H,(4) 743 748 | | |
755! 7531 743]
772 Hy(4) 766 769 766 770; 748; 7683 749
796 T34(3) 778\ 780 778\
831 T.,(2) 839 820 ! ! !
877 864 920! 924! 932! 998
961 Gy(4) 963 962 954 943! 945! 955! 956
984 A, | | |
1024| 1023 | | |
1079 Gy(4) | | ;
1099 Hgy(5) 1091| 1099 1093 1102; 1109 11093 1077
1137 1137 : : !
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Frequencies

of isolated . Pressure-polymerized C60
Cso molecules From this work l:’[121,9]
[100]
I, symmetry I I III DS o T R
1182 T,,(3) 1193 1180 1189 1189, 1195; : 1206
1205 Ts,(4) i i i
1223 Hy(5) 1234 1235 12331 1243 L1222
1240 1246  1260! 1263
1252 Hy(6) 12501 12601 12591 1229
1289 Ty (3) ; ! !
1309 Gy(5) 1283} | E
| 12970 1296 1292
1310 Gy(5) 1310| 1304 ! 13100 1308, 1315
I 13190 1342
13211 1326! 1346/ 1306
1344 H,(6) : ! !
1345 Ts34(4) 13481 13501 1328 1354
1396| 14031 1396 |
1425 Hy(7) 1423| 1425| 1423| 1424; 1432 i 1381
1429 Ty, (4) 1426!  1426! ;
1450 E E E
1470 A, (2) 1459 1462| 1451| 14620 14570 1449) 1406
1482 G,(6) i i i
| | 1465 1493
1525 T3, (5) 1523 1518 | |
| 1544 1538
1569 H,(7) 15561 15601 | 1550
1575 Hy(8) 1560| 1564| 1560| 1570 1572, 1573 1567

TaBLE 1: Table of Raman lines of Cg,. The first two columns give the
Raman shifts for isolated Cg, molecules in cm™ and the assignment
according to the irreducible representations of the molecular symme-
try group Ij,. The next three columns contain the values extracted
from the spectra presented in Figure 42 for the three surface types.
Boldface numbers indicate peaks and shoulders that are clearly vis-
ible, while weaker features are in normal font. Reference values of
Ceo dimers (DS), linear (O), tetragonal (T) and trigonal (R) polymers
are presented in the last four columns. These values for dimers and
polymers are reproduced from [109].
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Table1 presents the fitted peak positions of the three average spec-
tra that are shown in Figure 42 in the columns labeled I through III
for the corresponding sample compositions (type I, type II and type
III samples) discussed above. In the first column reference values for
the undisturbed Cg, molecule and the labels according to representa-
tion theory are given. The last four columns contain Raman modes
for Cg, dimers (DS) and the three different Cq, polymers: linear (O),
tetragonal (T) and trigonal (R), according to ref. [109]. The features
found in spectrum II fit best to values of the Cg, dimer. This can be
caused by a possible photo-dimerization of the Cg, layer. Another ex-
planation could be that the interaction of the Cg, molecules with the
Au(111) surface has a similar symmetry breaking effect as the forma-
tion of Cg, dimers; i.e. the same selection rules would apply for both
cases. The Ag(2) modes around 1450cm™ in spectra of type I and
III fit best to the presence of T polymers. The existence of this type
of polymers can also explain the granular structure of the Cg, layer
observed in STM images, i.e. Figure 41. In order to form tetragonal
polymers the Cg, molecules have to give up the hexagonal arrange-
ment of the pristine Cg, monolayer. On the other hand is it not clear
why the tetragonal polymer should be favored over a trigonal poly-
mer when starting from a hexagonal film.
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4.5 CORRELATION OF STM IMAGES AND TER SPECTRA

An important goal for TERS experiments is to record STM images and
maps of TER spectra from the same area of the sample. This would al-
low the correlation between chemical information, given in the form
of vibrational spectra, and structural information from topographic
images on a nanometer scale.

The correlation of topographic and TERS images was already ac-
complished for samples with higher Raman cross-sections under am-
bient conditions. An example is the imaging of the G” band of a single
wall carbon nano tube bundle by Hartschuh ef al. [92].

During the final drafting of this theses Zhang et al. have published a
UHV-TERS study where they present TERS maps with sub-molecular
resolution [51]. To achieve the necessary sensitivity for such an exper-
iment they use a special double-resonance mechanism.

An important prerequisite for correlating TERS maps with STM im-
ages is the ability to either record STM images before and after the
TERS measurements or to record TER spectra during the acquisition
of STM images. A requirement for the simultaneous STM and TERS
experiments is the capability of recording STM images while the tip
is illuminated. In the following three experiments are presented that
demonstrate all the aforementioned prerequisites.

First, the experiment summarized in Figure 42 and already pub-
lished in ref. [41] is discussed. Figure 43a) shows an STM image of
two islands of Cg, molecules adsorbed at a step edge of an Au(111)
surface. One island is on the upper terrace, the other on the lower
terrace. The individual molecules are clearly visible and are arranged
in the well known hexagonal structure. After the STM was taken the
tip was positioned in the center of the image and TER spectra were
recorded for about 40s. These spectra are presented in panel c). Each
trace is an average of 16 successive spectra of 0.5s integration time
and has a temporal overlap with its neighbors of 3s. The red trace at
the bottom of the image is the earliest and the blue trace on top is the
last average spectrum. The typical TERS features of Cg, are visible.
Immediately after the TERS measurements another STM image was
recorded; it is displayed in panel b). The same double island is still
present. Because of a small drift of the tip the islands appear off-set by
some nm towards the lower left of the image. Some of the molecules
seem to have disappeared, but the image quality does not permit
to count the exact number. Especially in the right island less of the
individual molecules are discernible and some undefined structures
appear. These differences in the two images could point to some mod-
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FIGURE 43: Series of STM images and TER spectra of a Cg, island
on Au(111): a) STM images before and b) after the TER spectra were
recorded. c) Series of TER spectra. More information is given in the
main text. Figure and caption adapted from ref. [41]. Time per spec-
trum: 8s. Overlap of neighboring spectra: 3s. Tunneling conditions:
Ug =0.3V, It =0.7nA

ification of the molecules. During the course of the experiment, the
TER intensities dropped in general. In addition, the features just be-
low 8oocm™ loose a large portion of their intensity. Simultaneously,
the two peaks around 1200cm™ vanish almost completely. Hence,
both TER spectra and STM images indicate a change in the compo-
sition of the Cq, islands. However, in both, the STM images and the
series of TER spectra the main features remain stable. This experi-
ment demonstrates that it is indeed possible to take TERS spectra
from Cg, and correlate them directly with the topographic structure
of the adsorbate on the surface.

The next experiment provides evidence that an illumination of a
TERS tip during an STM measurement does not necessarily introduce
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FIGURE 44: STM Image of Cg, on Au(111) during illumination. a) STM
image. At the beginning the laser power is set to about 150pW. At
the position indicated by a red dashed line the laser power is slowly
increased to around 5oopW. b) line profile along the direction in-
dicated by the blue arrow in a). Tunneling conditions: Ug = —2V,
It =o0.07nA

changes of the sample. Figure 44 shows STM data of a compact Cg,
monolayer on an Au(111) surface during illumination of the tip. In
panel a) the STM image is presented and the hexagonal arrangement
of Cg, molecules is visible. A step edge of the underlying Au(111) sur-
face appears as the zig-zag pattern in the upper quarter of the image.
A Dblue arrow indicates the direction of a line cut through the topo-
graphic data presented in panel b). The blue box shows the width that
was averaged over to produce the blue trace in b). The laser power
was around 150 uW in the lower two thirds of the STM image and
was increased to about 500 pW afterwards. This is indicated by the
red dashed line in panel a) and the red arrow in panel b). After the
laser power is increased the tip expands by about 0.4 nm. This expan-
sion presents itself as an apparent upwards bending of the surface
like discussed earlier in the context of Figure 34.

In a third experiment, TER spectra are recorded during the acquisi-
tion of STM images. The results are presented in Figure 45. Panel a)
and b) show two successive STM images. The imaging conditions are
I{ = 0.1nA and Ug = —1V in both cases. The Au(111) surface shows
many narrow steps that are covered by a closed monolayer of Cg,
molecules. There are no major differences between the two images.
Most structural details are present in both images. Panel c) shows a
time series of TER spectra recorded during and shortly after the two
scans. The acquisition time per spectrum is 10s. The first 22 spectra
beneath the first white horizontal line are recorded during the first
scan; the next 22 spectra between the two white lines during the sec-
ond scan. The remaining six spectra are recorded immediately after
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FIGURE 45: Simultaneous STM and TERS measurements. a) and b)
are two successively recorded STM images. During and after the scan
TER spectra were recorded and are presented in ¢) as an intensity plot.
The white vertical lines in ¢) indicate the end on the scans. The inte-
gration time for each spectrum is 10s. An average over all 50 spectra
is shown as a red trace on top of the intensity plot. Tunneling condi-
tions: It =o0.1nA, Ug = —1V. Laser power about 3 mW.

the scans with the tip at rest in the center of the image under the same
tunneling conditions used for the scanning. An average spectrum of
the entire series of 500s duration is displayed as a red trace on top of
the intensity plot. The typical features of a TER spectrum of Cg, are
clearly visible. The broad background peaks at low Raman shifts of
about 500cm™ and declines towards higher Raman shifts. Not only
the background but also the Raman peaks are of reduced intensities at
higher Raman shifts than closer to the laser line. This observation was
already discussed in Section 4.1 in the context of Figure 25. The broad
background reflects the plasmon spectrum of the tip-sample configu-
ration. These plasmons are responsible for the TERS effect and lead
to TERS EF that depend on energy. Consequently Raman peaks at po-
sitions where the background is more intense are also more enhanced
than at spectral positions with a lower intensity of the background.
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The presented experiment illustrates nicely that simultaneous STM
imaging and TERS is possible without introducing changes of the
sample like seen in Figure 43.

All three experiments presented in this section show, that simul-
taneous recording of TERS maps and topographic images is within
reach with the current experimental set-up.



CONCLUSION AND OUTLOOK

Tip-enhanced Raman spectroscopy (TERS) belongs to the most in-
triguing recent developments of analytical tools for surface science.
For TERS, a sharp tip of suitable material and shape is required that
supports the excitation of surface plasmons and, thus, the creation
of enhanced near-fields. Such near-field tips act as optical antennas
to enhance Raman signals of adsorbed molecules by many orders of
magnitude. Controlled by a scanning tunneling microscope (STM),
the tip is positioned over the surface of interest and facilitates spec-
troscopic studies with a spatial resolution in the 1onm range and, in
some cases, even with single-molecule sensitivity.

In this work we have included an existing UHV-TERS module in
a larger UHV set-up that allows in situ sample preparation. This al-
lows a fabrication of samples with well defined composition. During
the course of this rebuilding, the existing UHV-TERS module was im-
proved considerably in terms of experimental capabilities and man-
ageability. Details are discussed in Chapter 3 and Appendix A. In
particular the preparation time for an experiment was considerably
reduced by optimizing the adjustment optics and procedure. A time
consuming breaking of the vacuum in the case of a misalignment of
the optical elements inside the vacuum chamber is avoided by estab-
lishing more control over these elements from outside the chamber.

We have chosen Cg, on Au(111) as a model sample system to
test the potential of our device. There exists a large body of litera-
ture about the vibrational properties of Cg,. From STM studies it is
known, that C¢, forms stable, two-dimensional islands of monomolec-
ular thickness at room temperature. If TERS is to be used as a stan-
dard tool, it has to allow the investigation of vibrational properties of
a wide class of adsorbates, in particular those with small Raman cross-
sections. In contrast to the molecules studied in all prior UHV-TERS
experiments, Cg, does not exhibit an resonance Raman effect under
our experimental conditions. Compared to BCB for example, the Ra-
man cross-section of Cg, is four orders of magnitude lower. The de-
tection of TER signals from (sub)monolayers of C, is, hence, a good
test for the sensitivity of our device. At the same time, possible con-
taminations on sample or tip can have comparable or higher Raman
cross-sections as Ce,. In fact we observe a large amount of spectra of
unknown origin. To surmount this problem, we record time series of
TER spectra. Stable series that show the typical features of Cg, are
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selected for further analysis. A large fraction of rather stable series of
Ceo show undefined peaks that shift continuously in energy. They are
interpreted as foreign molecules that diffuse through the TERS area
and experience changing interactions with their surrounding.

The recording of time series of TER spectra is also used to inves-
tigate the response of TERS from Cg, on changes of the external pa-
rameters tunneling current, bias voltage and tip-sample separation
(Section 4.3). While minor changes in the tunneling current leave the
spectra unchanged, we find that a change of the bias voltage between
—4 and —6oomV has a huge effect. The peaks in the higher energy
part of the spectrum lose most of the intensity, while the intensities at
smaller Raman shifts decrease much less. This effect can be explained
by a change of the plasmon resonance in the coupled plasmonic sys-
tem of gold tip and gold surface due to the alteration of the gap in
between them. At smaller bias voltage the tip is closer to the surface
and the plasmon resonance is more intense and shifted to the red
(higher Raman shifts). The change of this gap-mode plasmon is also
reflected in a corresponding change of the shape of the broad TERS
background.

An experiment where the tip-sample distance was deliberately al-
tered confirms the strong dependence of the TERS signals on sub-
nanometer changes in the tip-sample distance in the tunneling regime.
Previous experiments have so far only investigated the range between
1 and 20nm tip-sample separation. Our results can prove vital to the
interpretation of TERS maps that are recorded simultaneously with
topographic images. While recording a topographic image the tip-
sample gap is modulated which can have a strong impact on mea-
sured TERS intensities.

TER spectra and STM images of Cg, on Au(111) are analyzed in Sec-
tion 4.4 for three different surface coverages of Ceo: I) at small surface
density of Cg, only the step edges of Au(111) are decorated with thin
lines of one or two molecules width, II) for a much larger coverage
extended islands of Cg, cover the Au(111) terraces, and III) samples
of type II) that are several days old and show major changes in the
Ceo film structure. The hexagonal arrangement of the molecules in
two-dimensional islands has disappeared and is replaced by a gran-
ular structure. The corresponding TER spectra reflect the differences
especially between the fresh sample with extended islands and the
aged sample.

The TERS features of the aged sample can be explained by a poly-
merization of the Cg, molecules, which can also explain the changes
observed in the STM images. The differences between the TER spectra
of the step-decorated sample and the polymerized one are very sub-
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tle. The relatively low Raman shift for the Ag(2) mode at 1450cm™ is

attributed to Cg, molecules adsorbed at steps. A shoulder of the Ag(2)
mode at 1460cm™ is interpreted as a contribution of Cg, molecules
an terraces.

However, because of the close resemblance of these spectra with
spectra from polymerized samples of type III), a polymerization of
type I) sample can not be excluded.

Finally, in Section 4.5, three further experiments were discussed
that show that the prerequisites for TERS mapping are fulfilled. The
first experiment consists of a series of STM images and TERS mea-
surements of an island of Cg, molecules adsorbed at an Au(111) step
edge. After a first STM image, TER spectra are recorded for about
40s before a second STM image is taken. The two images show essen-
tially the same features. The structure of the island has only changed
slightly and the total number of molecules seems to have changed
by a minor amount. Also the series of TER spectra indicates some
changes of the Raman features. The main characteristics of Cg,, how-
ever, persists over the entire sequence of spectra.

The second experiment shows an STM image of a closed layer of
Ceo molecules on Au(111) recorded while illuminating the tip. An in-
crease of laser power during the scan presents as an apparent slope
in the topographic image that can be attributed to an extension of the
STM tip due to heating. This observation shows that the tip is indeed
exposed to the laser radiation, but the observed structure of the ad-
sorbate layer is not affected, it remains stable. In the third experiment,
a series of TER spectra was acquired during and after two STM im-
ages where recorded on a stepped region of a sample covered with
a complete monolayer of Cs,. The STM images have molecular reso-
lution and do not show signs of major changes in the composition
of the Cg¢, layer. The corresponding TER spectra are very stable over
the entire 500s of the experiment and show the typical features of C,.

The studies presented in this thesis open multiple perspectives for
further experiments in the field of UHV-TERS. It was shown that
molecules with relatively low Raman cross sections can be investi-
gated with TERS under UHV conditions. A cleaning of the near-field
tips in UHV before the experiments is likely to further reduce contri-
butions of contaminations in the spectra.

Experiments with different molecules and substrates could eluci-
date the mechanism behind the close range distance dependence of
TERS spectra that we describe in Section 4.3.

A simultaneous recording of STM images and TERS spectra, as
shown in Section 4.5, can help to resolve the question whether Cg,
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molecules adsorbed at step-edges show really a downshifted Ag(2)
mode compared to terrace-adsorbed molecules. In particular, if TERS
spectra are taken at different positions of the scanned sample area,
maps with local vibrational, and hence, chemical information on the
1onm scale can be produced.

TERS mapping can also shed light on the bias-induced polymeriza-
tion and fragmentation of adsorbed Cg, molecules in analogy to that
reported by Nakaya et al. [113].



APPENDIX

The sample holder was described in Chapter 3. In order to facilitate
the focussing procedure of the parabolic mirror (PM), it is important
to align sample surface and xy-plane of the PM movement. This is
achieved by moving three ceramic tubes on the sample holder. The
position of these tubes defines in the same time the vertical position
of the sample in the STM. This position has to be adjusted as well,
in order to allow the STM tip to be approached in the center of the
sample. Two tools were constructed to help with these adjustments.

A.1 SAMPLE MOUNT ADJUSTMENT

The angle adjustment tool is schematically shown in Figure 46. A laser
is coupled to a collimator that produces a wide beam, running up-
wards. Opposite of the collimator is a mirror with a central bore of
1cm diameter. Note, the mirror plane and backside of the mirror are
parallel. The sample holder is put with the ceramic ends of the screw
on the rear side of the mirror. The sample sticks through the hole.
The beam passes through a beamsplitter and hits the mirror and the

sample holder
P reflex from
mirror
mirror
@—

sample

. —

reflex from

beam splitter ~ Sample
collimator

> o

FIGURE 46: Tool to minimize the angle between sample surface and
parabolic mirror.
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sample. Then it travels back to the beamsplitter. The reflected part is
observed on a screen. The reflex from the mirror will appear as a ring
because of the bore. The light reflected from the sample is seen as a
small spot. By moving the three screws the sample reflex has to be
moved into the center of the ring. The sample is then adjusted paral-
lel to the mirror as well as to the plane defined by the three ceramics.
Hence, when the sample is moved inside the STM unit, its plane will
be also parallel to the scan plane. Next, the sample holder is inserted

sample holder

sample

slope

FI1GURE 47: Tool for adjusting the vertical position of the sample in the
STM.

into the vertical adjustment tool Figure 47 to control the vertical posi-
tion with respect to the parabolic mirror. Turning all the screws by the
same amount this can be optimized. The two steps, the adjustment of
the angles and of the vertical position, have to be repeated until the
desired result is obtained. Each screw is then fixed by a counter screw.
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A.2 ADJUSTMENT OF THE OPTICS

In Chapter 3 a short summary of the alignment and focussing of the
optical set-up was given. In this section we describe the necessary
steps in detail.

As a first step the tip has to be brought as close as possible to the cen-
tral axis of the parabolic mirror (PM). This is done before the sample
is inserted into the STM. Only then there is visual access through the
big window (MW200) and the beam splitter (BS) into the inner part of
the PM. Let us introduce a new co-ordinate system here referencing
to the movements of PM and tip. It is depicted in Figure 16. At the
beginning, the mirror must be placed in its most backward position
along the z direction. By moving along x and y directions, the PM can
be centered around the tip holder. If this is not done , the risk is high
that in a later step of the adjustment the PM is moved too far to one
side and presses the tip holder against the wall of the hole of the PM
(this not only short-cuts the tunneling current, but may also damage
the scan tube of the STM). Afterwards, the prepared sample can be
inserted.

For the adjustment of the RDH two additional elements are em-
ployed. The first is an adjustment laser (AL). The second element is
alignment optics that is located mainly outside the vacuum chamber:
a beam splitter (BS) on the platform between PM and REF1 directs
half of the light (that is reflected/generated by the sample and then
reflected by the PM) out of the main chamber through the window
(MW200). The rest of the optics is outside. Once the light has passed
the window, it is guided by three mirrors (only two, M2 and M3, are
shown in the schematic view in Figure 16 for simplicity) onto a lens
(L1). A CCD camera is positioned in front of the lens at its focal dis-
tance, such that a collimated beam entering the lens produces a small
focus spot on the CCD.

The idea of the focusing procedure is that, when a parallel beam
is well focussed onto the sample by a PM, then reflected as well as
the (inelastically) scattered light emitted by the sample will be con-
verted again to a collimated beam by the PM. This collimated beam
produces, as just stated, a small spot on the alignment CCD. In cases
where the PM is not focussed, other patterns will appear on the CCD.
These are used as a guide to move the PM until it is focussed onto
the sample, as described below. When the sensitivity of the CCD is
adjusted correspondingly one can work employing very low intensi-
ties (below 1 uW) during the alignment process. The intensity of the
HeNe laser can be set by an attenuator (At). The intensity of adjust-
ment laser can be altered by an internal device.
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The possibility to align the RDH optics by using very low incident
intensities represents an improvement over the original adjustment
process, where significantly higher laser powers had to be used (in
order to detect low intensity reflexes on a simple screen). This en-
sures that the sample is not exposed to two much light which could
lead to some photodegradation of the sample already before a TERS
measurement [39, 40].

A diode laser with 660nm is used as an adjustment laser (AL). It is
coupled to a polarization maintaining fiber (PMC3) that is connected
to the multi mode (MM1) fiber attached to the second collimator (C2).
Because its wavelength is a little longer than that of the HeNe laser,
it passes through the Raman edge filters without substantial losses.
Next, by moving the PM this beam can be focussed onto the sample.
Three piezo motors that walk along the axes of the PM are used to
move it towards the sample and adjust its angular position. Initially,
on the alignment camera a pattern of ring segments is seen (see Fig-
ure 48).

FIGURE 48: First adjustment steps. Images from the alignment camera.
The bright small spot stemms from the plane part of the parabolic
mirror, the ring pattern from the parabolic part.

Such a pattern indicate that the mirror is so far away from the sam-
ple that the incident light misses the sample and that the axes of PM
and the collecting collimator C2 are not parallel. Yet, a small part
incident light is reflected by about 45° and will travel more or less
horizontally to the other side of the PM, is reflected again and sent
backwards along the alignment path. This part of light forms the ring
pattern in Figure 48a. When moving the PM closer to the sample the
pattern shrinks. Eventually a new series of ring segments emerges
from the periphery of the CCD chip when light is reflected from the
sample (see Figure 48b) and c).

The elongated spot on the images stems from the plane rim of the
PM (see description of the sample holder above and Figure 15) and
serves as a reference during the focusing procedure. The PM is fur-
ther moved towards the sample and tilted, such that the reference
reflex moves into the center of the ring structure and the ring con-
tracts around it (see Figure 48¢c).
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By continuing the adjustment procedure, the ring system is further
shrunk and the sensitivity of the CCD is adjusted to compensate for
the increase in light density due to the focusing) until a circular spot
of minimal size is seen, that coincides with the reference reflex (see
the transition from Figure 49a to Figure 49b).

FIGURE 49: Comparison of pattern for slightly defocussed and fully
focussed parabolic mirror. a) slightly defocused and b) focused
parabolic mirror. ¢) enlarged view of the area indicated by the white
square in b). d) reference reflex when light from parabolic mirror is
blocked.

To check the adjustment, the part of the light reflected from the
parabolic part of the mirror must be blocked. Only the reference reflex
should then be visible at the same position. And vice versa, when the
reference reflex is blocked (compare Figure 49¢ with Figure 49d.

At this stage, the adjustment laser is focused onto the sample and
light emitted from the focal region can be collected into the fiber
MMa1. Once it is re-connected to the spectrograph via MM2 record-
ing of spectra is possible, i.e. the adjustment of the light collecting
path is done. But a second adjustment procedure needs to be com-
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pleted: Getting the incident HeNe laser light into the focus.

For that purpose the shutter of the HeNe laser is opened and two
more reflexes appear. One from the parabolic and one from the plane
part of the mirror, Figure 50a. At that stage it is important to make
the axis of the incident HeNe beam parallel to that of the PM (which
is already adjusted).

F1GURE 50: Alignment of HeNe laser with axis of the parabolic mirror.
a) apart, b) close, c) aligned.

By moving the piezo controlled Raman edge filer (REF1) and plane
mirror (M1) the angle between these two axes can be minimized (see
Figure 50a, b and c).

If successful, the focus of the HeNe coincides with that of the ad-
justment laser. The final adjustment is accomplished when all four
spots are at the same position like shown in Figure 50c.

One can see now the diffuse spot of the AL in the background of
the sharper spot from the HeNe. In the latter case the four individual
spots appear when only one of the lasers illuminates the sample and
the reflexes of the PM are either blocked ore not. In this configuration
it is already possible to make normal Raman experiments.

The final step that is needed before a TERS measurement can be
performed is to bring the focus onto the tip. To do this an additional
lens (L2) is inserted into the adjustment optics between L1 and the
CCD. It moves the focus of the beam away from the CCD, so that
on the CCD a cross section of the diverging beam is recorded. Fig-
ure 51a) shows this cross section: a disk with six shadows, like spokes
in a wheel, with an angle of 60° between them. Three of them are
produced from the three bars of the sample holder before the light ar-
rives at the PM. The three others are created after the light is reflected
from the PM, from the sample and from the PM again, when the light
passes the sample holder on the way to the collecting collimator (C2).

For the next step, the tip is a approached to the sample. Once the tip
it is in tunneling contact, the feedback of the STM is switched off and
the tip is retracted with the z-piezo of the scanner as far as possible.
The tip apex is now several 100nm away from the surface. It can not
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be left in tunneling because the noise introduced by the step motion
of the PM would cause the tip to crash into the sample. When the tip
is in this position it intersects the beam converging towards the focus
and the diverging beam reflected from the sample, thus producing
two new shadows in Figure 51b.

Moving the PM along the horizontal (vertical) axes these shadows
will move, like the hands of a watch, towards the vertical (horizontal)
axes when the tip gets closer to the focus (see Figure 51b). In close
proximity to the focus the tip-shadows vanish because most of the tip
holder and the tip wire has entered the conical volume along the cen-
tral axis of the PM that is not illuminated due to the shadow of the
sample. Yet, a large amount of the incident light is scattered by the
tapered part of the tip close to its apex. This elastic scattering causes
also the first three shadows to disappear. Figure 51c shows this stage
of the focusing process: a disc with three shadows caused by the bars
of the sample holder after the light has left the PM. The tip is now
already very close to the focus.

For the final step of the focusing L2 is removed from the adjust-
ment optics. The resulting image is shown in Figure 52b.

FIGURE 51: Light pattern depending on the distance of the tip to the
focal region: a) tip far from the focus. b) Tip some pm away from the
focus. c) Tip close to the focus or in the focus. The shadow of the tip
is not longer visible because most of the tip is in the shadow of the
sample. Due to the scattering of the incoming light from the tip also
the first three shadows are lost. They are created by the bars of the
sample holder when the incident light passes them the first time. The
three remaining shadows stem from the sample holder after the light
has left the PM.
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The central region shows the ring structure of a slightly defocused
PM. Towards its upper right there is an interference pattern of the
light scattered by the tip. Moving the PM along x and y the pattern
will follow the movement until the center of the pattern coincides
with the reflex from the focus. For the case that the PM is slightly de-
focused, the procedure of focusing the mirror and moving the focus
onto the tip has to repeated several times before an optimal result is
reached. At this point two of the aforementioned improvements be-
come very important. I) the tilt angle between the sample surface and
the x,y plane of the mirror movement should be as small as possible
to ensure that during the x and y movement the focus does not drift
too far away from the sample. This is ensured by aligning the sample
in the sample holder with the angel adjustment tool (see Figure 46).
IT) The tip has to be as close to the center of the PM axes as possible
before the focusing starts. Here, the new design of tip holders is very
helpful, because it avoids to clamp the tip wire into too big a bore,
which causes it to be off center. It is also important to ensure that
both the mirror and the tip are centered along the common central
axis as much as possible before the focusing procedure is started.

FIGURE 52: Images of the focused situation from the adjustment cam-
era. a) The parabolic mirror is slightly defocused and the tip is dis-
placed from the center. The reflection of the tip appears to the upper
right of the focus as a series of interference circles. b) Shape of the
focus, when the tip is retracted by three steps of the piezo motor (ca.
3um). ¢) The tip is approached to the sample in the center of the focus.

Finally, the focus looks like in Figure 52c). In panel b) the tip is
retracted by three steps of the piezo motor. In panel c) the tip is ap-
proached to the sample. The spot has clearly increased in size and
intensity.

Note: the situation can look slightly different every time. Probably
due to different tip shapes, positions of the sample holder and exact
placement of the parabolic mirror. But the general patterns can be
recognized.

At this final stage, both the incoming HeNe laser and the AL are fo-
cused onto the tip. Once the MM has been disconnected from the AL
and reconnected to the spectrograph, spectra can be recorded. Thus,
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TERS, photon STM and other tip-enhanced studies can be performed.
For the photon STM no exciting laser is needed. Hence, the steps in-
volving the HeNe laser can be omitted in the procedure and the AL
can be used to focus onto the tip.
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A.3 TERS TIPS

For TERS, as the name already suggests, tips play a very important
role. Their ability to enhance the Raman signal by several orders of
magnitude decides over success or failure of the experiment. During
TERS experiments under ambient conditions it is usually not difficult
to exchange a tip if it does not work. For a UHV-TERS set-up like the
one we are using a tip exchange is much more complicated for several
reasons: a) the old tip has first to be removed from the vacuum cham-
ber using the linear transfer and load lock system; b) a new tip has
to be inserted, again via the load lock and linear transfer system in-
cluding pumping down. c) re-alignment of optics and PM is required.
The whole exchange process usually takes half a day. While already
in normal TERS experiments a method for the reliable production of
TERS active tips is important, for the UHV-TERS it is even more cru-
cial due to the reasons just stated. The problem of producing reliable
tips for TERS experiments is not yet resolved. Wang ef al. write in ref.

[114]:

"It should be noted that even after several years’” development of
TERS, how to produce TERS tips with high quality and reproducibil-
ity is still a central problem bothering most TERS scientists. Therefore,
it is not surprising that at the SM-SERS and TERS symposium held
in Tsukuba in 2006, the concluding remark was ‘tip, tip, and tip!!!.” "

Although, the method they describe in the same paper is an impor-
tant progress towards reliable tips, the above statement is still valid
today.

In TERS experiments tips play a double role. For one, they are used
in the STM (or AFM in other set-ups) for the topographic imaging of
the surface. For this purpose, (STM) tips must have a sufficient electri-
cal conductivity along the tip shaft, mechanical stability and suitable
atomic structure at the tip apex, in the sense that the tip end is made
of a single atom that protrudes far enough below all the others. This
atom is the closest to the sample. Most of the tunneling current will
then flow through this atom due to the exponential distance depen-
dence of the tunneling effect. Because of this it is possible a achieve
fairly good STM images with tips that are simply cut with a scissor
from a piece of wire. In a TERS experiment the tip has to fulfill a sec-
ond requirement: it has to work, in accord with the sample and the
surrounding medium, as a excellent near-field antenna permitting
plasmonic excitations. Essentially, the efficiency of this antenna is de-
termined by its plasmon mode density that depends on a number of
parameters: on the material and the shape of the tip at the scale of
several nanometers to micrometers, on the material and the shape of
the sample (whether it is flat sample or a nanometer sized particle or
a cluster of nanoparticles); quite important is also the gap between tip
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and the sample. In order to create an sufficient enhancement, the plas-
mon mode density has to be high for both, the frequency of the laser
and the frequencies of the inelastically scattered light that is to be
observed. We use a HeNe laser of 632.8 nm wavelength. The Raman
lines to be observed are shifted by about —100 to —2500cm™". Hence,
the plasmon mode density should be high in a region between 632.8
and 750nm. In this region gold and silver are almost equally strong
in plasmonic activity. Gold is chosen as a tip material because it is
less reactive than silver and does not form oxide layers. For the same
reason and because it is rather easy to clean from undesired adsor-
bates, the (111) surface of single crystalline gold has been chosen as
the substrate for the Cg, (sub)monolayers.

Most research groups working in TERS use one of two different
types of tip preparation. The first is evaporation of silver or gold onto
some tip like a silicon cantilever of an AFM or a tungsten tip. The no-
bel metal forms randomly distributed clusters on the surface of the
tip. These work as an assembly as the optical antenna. The second
common class of tip producing techniques are based on the electro-
chemical etching from gold or silver wires. Electrochemically etched
Au tips are also used in this work. The general shape of these tips is a
conus that terminates in a semi-sphere forming the tip apex. The cone
angle, the radius of the apex but also the crystalline structure of the
tip and its surface roughness determine the plasmonic properties. The
shape of the tips can be determined by scanning electron microscopy
(SEM). However, during the SEM imaging a carbon layer grows on
the tip surface. Such tips can produce intense SER and TER signals
of amorphous carbon and would disturbe the TERS measurements.
Thus, tips that were in the SEM were not used in our experiments.
Instead tip etching methods are developed that produce reliable tips
with high yields. For TERS experiments tips produced with the most
reliable method are used, but not studied with SEM.!

Unfortunately, a presumably appropriate shape of the tip alone
does not guarantee its suitability as a TERS tip. Many groups re-
port this phenomenon. For example Hartschuh ef al. write [92]: "Even
though all metal tips were fabricated using the same procedure and
appeared equally sharp in scanning electron microscopy images, the
observed enhancement factors varied from tip to tip. In fact, only 20-
30% of the tips we studied produced an appreciable enhancement."
Tips are mostly etched from as purchased wires. Due to the wire pro-
duction through drawing, they consist of small crystalline grains with
stress build up within them. Roy et al. report [116] that if the grain

A possibility of using tips after their characterization with SEM would be to remove
the carbon layer. To some extend this can be done by plasma etching. But a cor-
responding device is not available in our laboratory. Another option would be to
sputter clean the tip. This technique can also be used to further sharpen the tips

[115].

105



106

APPENDIX

size is comparable to or smaller than the wavelength of the electron
oscillations this influences the plasmonic structure of the produced
tips. They note that annealed Au wires have much bigger grains and
less stress. Tips etched from these have a higher chance of having a
single crystal tip end, which leads to more reliable TERS activity.

We have used both, as purchased and flame annealed Au wires for
tip-etching. Annealed gold wire, however, is very soft and difficult to
handle. Especially, it is quite delicate to mount such soft tips into the
tip holders with the success rate being near zero. The tips used in our
experiments are all etched from the untreated wire.

The first method we have investigated is that of Bin Ren et al. [117]
and its improvement by Wang ef al. [114]. A 10 ml glass beaker is filled
with the etching solution, a 1:1 mixture ofe pure ethanol and fuming
HCl. A gold ring of 2cm diameter from 1 mm Au wire is placed in
the surface of the solution. A piece of Au wire of 0.25 mm diameter
is vertically centered in the ring and submerged by 2 mm below the
surface of the solution. Between ring and tip-wire a voltage of 2.3V
is applied, with the tip being positive polarized. Two different power
supplies have been compared. The first is manufactured by the elec-
tronic laboratory (Elab) of the FHI. It includes an electronic switch
that opens the etching circuit once the etching current drops below
a pre-set value to prevent over-etching of the tip. The second power
supply is a potentiostat as described in ref. [114]. It is connected to an
external switch box that also opens the etching circuit when a current
threshold is underrun. The difference here is that the voltage is held
very reliably at a constant value with the potentiostat. By employing
the potentiostatic power supply and applying a suitable constant volt-
age, the etching process is accompanied with current oscillations like
those described in ref. [114, 117]. A typical current signal of an entire
etching cycle is presented in Figure 53.

The oscillations are offset from zero current by a monotonously
declining background value. The appearance of the oscillations indi-
cates that the etching process happens synchronously over a large
part of the surface of the wire. Otherwise only an average current
would be recorded. The oscillations are a consequence of the forma-
tion and dissolution of an AuCl film that passivates the Au surface
[114, 117, 118].
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F1GURE 53: Current oscillations recorded during the etching of the tip

presented in Figure 59. The entire etching process takes about 4.5 min.

The current drops to zero when the switch opens the etching circuit
after the final piece of the tip wire has fallen off.
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FIGURE 54: Higher time resolution of an area in the middle of the
etching cycle. Evenly spaced peaks indicate a homogeneous etching
of the wire.
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F1cure 55: End of the etching cycle. The peaks are wider spaced than
at earlier times during the etching (Figure 54). Smaller, evenly spaced
peaks have appeared between the main etching peaks. These indicate
that the tip is about to break. The sharp drop of the current at the
right is the opening of the switch that prevents over-etching of the tip.
The threshold was set just below the current base line of 1.5 mA.
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F1GURE 56: Close view of one current peak during the etching process.
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It takes about 4.5 to 6 min to prepare one tip with this method. If
the etching process is stopped before the final piece of the wire drops
off, the etched wire looks like in Figure 57 and Figure 58 (all images
of tips are presented at the very end of this section). The lower part
of the wire is homogeneously etched into a thinner cylinder. In the
meniscus region where the wire gets in contact with the electrolyte
surface, the wire is tapered but has a rather rough surface. In this
region, the etching speed seems to be faster.

Towards the end of the etching process (Figure 55), the peaks of the
oscillations are spaced wider apart than at earlier times (Figure 54)
and a number of equally spaced smaller peaks appear between two
of the major ones. This can be used as an indicator that the wire is
about to break. When the lower part finally tears off the current sud-
denly drops and the switch opens the circuit. Hence, the etching is
stopped instantly to preserve a sharp tip end.

While we where able to produce good tips also with the first volt-
age supply (Figure 59) the employment of the potentiostat and the
monitoring of the current oscillations have allowed us to adjust the
etching parameters. As a result, five out of six tips have smooth sur-
faces and small tip radii of below 40nm, four of them around 20nm.

Images of tips prepared with as purchased wire are shown in Fig-
ure 59 for the potentiostat and in Figure 60 for the Elab voltage sup-
ply. The tip shown in Figure 59 has been fabricated during the etching
process shown in Figure 53 through Figure 56.

Tips made of flame annealed Au wire were only produced with the
Elab power supply; therefore, no information of the current response
during the etching is available. In Figure 61 and Figure 62 three im-
ages of such a tip at different scales are shown.

On the large scale (Figure 61) clearly large crystallites of up to
100um in size are seen. The etching process seems to work prefer-
entially along certain crystal directions and at grain boundaries. As a
result smooth surfaces and sharp edges are observed. Striking is the
observation that the roughness seen on the upper part of the taper of
tips from non-treated Au wire (Figure 58) are not present in the an-
nealed tips. Especially the holes along the wire axes have disappeared.
This points to the fact that these features are caused by preferential
etching along certain crystal directions and that the crystallites in the
not annealed wire are elongated along the wire axes and rather small
(several 100nm) in diameter. Although some grain boundaries in the
former type are clearly visible, it could still be possible that not all
boundaries are seen. To further analyze this it would be necessary
to perform an electron backscattered diffraction analysis, like done
in ref. [116]. The authors of this paper conclude that tips that were
etched from annealed wires are likely to have a single crystal at their
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end. They note that these tips are more reliable in TERS experiments
than others. However, they do not discuss wether there is a difference
in TERS quality for different crystal orientations of the tip end.

Figure 63 and Figure 64 shows another tip prepared from annealed
wire. It exhibits a much higher surface roughness than the example
shown before. This difference could be a consequence of different
crystal orientations and preferential etching along certain crystal axes.
It would be very interesting to test these tips in TERS experiments
and to determine the crystal orientations to find an answer to the
question how to produce reliable tips for TERS. For the technical rea-
sons stated above this was not done.

Too large a surface roughness, in particular close to the tip apex,
may cause another problem: SERS signals from possible contamina-
tions of the tip surface.

The observation that the surface of the piece of the wire that was
submerged into the solution during the etching is smoother than the
rest led to the idea to try a two-step process of tip etching based on
the above technique. The tip is first etched like before. But before the
tip cuts off the etching is stopped and re-started after the wire is sub-
merged a little bit further into the solution. The idea here is that the
smoother etching process that works on the submerged part will now
finish the etching, thus yielding smoother tip tapers. SEM images of
such a tip are displayed in Figure 65.

The surface of the tip is indeed smooth over a much larger length.
A second neck has formed, like expected, higher up the wire. The
final tip, however, is rather blunt. So this route was not further pur-
sued.

The second etching method that was tested is the one of Eisele et
al. [119]. A 90 % aqueous solution of KCl is used as the etchant. The
set-up is composed of two platinum rings that are positioned in a
vertical distance of 7mm from each other. The Au wire is placed in
the center of both rings. Each ring is wetted with the etching solution.
Between the upper ring and the tip wire a voltage of 10V is applied,
the tip being positive. The lower ring serves as an indicator if the
wire is cut: once it is cut, a circuit that is closed between the tip wire
and the lower ring is opened, because the lower part of the wire has
dropped. Using the same switch-off box as in the first method, the
etching circuit is opened to avoid over-etching. Eisele et al. reports
that for 0.1 mm Au wire the etching takes about 10 min and the lamel-
las in the rings have to be re-wetted up to 8 times.
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As in our set-up tips of 0.25 mm diameter are required, we have
tested the method with wires of this diameter. Naturally, the etching
takes much longer (~1h) and the lamellas have to be re-wetted with
etchant much more often. For this reason this modification of the
method is rather time consuming. Another problem was that while
the tip is smoothly etched at the upper lamella, it was also etched
about 1mm above at a second point. The etching there was much
rougher and often caused the wire to break at this point, not the de-
sired one, leaving a frayed end of the wire that could not be called
a tip. This problem could be solved by cleaning the wire every time
the lamella broke with a beam of ultra pure water. This was done to
wash off a yellow bead that formed during the etching process above
the upper ring on the Au wire that was assumed to be responsible for
the unwanted etching.

An image of a tip prepared with this method is presented in Fig-
ure 66. Panel a) shows the almost perfect cone of the last 50 um of the
tip. The surface appears very smooth. Apparently, there seems to be
no preferential etching like in the first method described above. The
dents on the last 1opm are probably from imperfections like micro-
fractures in the wire used. In panel b) the last pm is shown. The
radius of the tip end is about gonm.

Both the surface smoothness and the sharpness of the tip are of de-
sired qualities for TERS experiments, but this technique is very time
consuming and high-maintenance. Therefore, we have not followed
this investigation further.

For the second etching method, there seems to be no preferential
etching of certain crystal directions, while the first one is more easy to
handle and in particular does not need maintainence during the etch-
ing. Thus, we have tested a combination of the two. The set-up of the
first (one ring in the surface of the etching solution in a beaker) is used
with the etchant (aqueous solution of KCl) solution of the second. No
faster etching at the miniscus is observed but rather the entire wire
that is submerged into the solution is homogeneously etched. Conse-
quently no neck in the wire is formed that would lead to a braking of
the wire and the formation of a sharp tip. Obviously, this technique
is not suitable for tip preparation.

As a conclusion, for our purposes, the etching after Wang et al. [114]
provides the best way to produce good tips in a reliable fashion and
with justifiable effort.
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F1cure 57: SEM image of the result of the etching process when it
is stopped before the final end of the wire has dropped. The wire
was not annealed before the etching. A neck was etched into the wire
where a miniscus of the solution had formed on the wire. The down-
wards pointing taper in the center will eventually form into the tip.
The step in the taper is caused by a slipping of the miniscus during
the process. The part of the wire that was submerged into the solution
during the etching is evenly etched into a smooth cylinder.

ag Det| WD File [E— P —
1000x ETD|19.3 mm| Au5-100705_003.if*

FIGURE 58: Close-up view of the unfinished tip presented in Figure 57.
There is a large difference in the roughness between the conical part
at the top and the cylinder at the bottom. The surface of the taper is
structured with vertical grooves. Also tiny pores along the wire axes
can be seen. These features are a consequence of preferential etching
of certain crystal direction. See the discussion in the text for more
details
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FIGURE 59: Series of SEM images of a tip etched with the potentiostat
as power supply from an as purchased drawn Au wire. During the
etching of this tip, the current oscillations displayed in Figure 57 were
obtained. The magnification increases from the upper left to the lower
right. On the larger scales (a) through c)) the roughness of the cone-
surface can be seen. The last 10 um, d), of the tip have a very smooth
surface. Especially the last 2 um shown in e) form a almost perfect
cone. From the highest resolution image, f), the radius of the tip is
determined to 20nm.
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Au8-002 15.0kV x50.0k SE(M) 1.00um Au8-003 15.0kV x200k SE(M) 200nm

FIGURE 60: Two SEM images of a tip etched with the Elab power sup-
ply from an as purchased drawn Au wire. Left panel: the surface is
smooth over the last ym. Right panel: the radius of the tip as deter-
mined by the image in panel b) is about g0nm.

295x/15.0kVIETD|9.0mm 7 001t |

FIGURE 61: Large scale SEM image of a tip etched from a flame an-
nealed Au wire. Large crystallites of up to 10opum are visible. The
surface structure is completely different than that of non annealed
tips (see Figure 58 and Figure 59). Different crystal orientations can
be inferred from the step patterns of individual grains.
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F1GUure 62: Higher resolution SEM images of the same tip as in Fig-
ure 61. In the left panel different crystal facets and a single grain
boundary 30 pm from the tip end are seen. The right panel shows the
smooth tip end with a radius of 25 nm.

FIGURE 63: SEM image of another tip etched from a flame annealed
Au wire. Again grain boundaries and different crystal faces can be
seen.
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F1GUrE 64: Higher resolution SEM images of the same tip as in Fig-
ure 63. The left panel shows the last soum. The surface is clearly
much rougher than for the tip in Figure 62. This is probably a result
of the orientation of the crystals in that region and of a etching mech-
anism that works preferentially in particular crystal directions. The
right panel shows a very fine tip end of about 10nm radius, although
the material near the end consists of bumps of several 100nm in size.

14-003 5.0kV x100 SE(M) 5 30.0um

Ficure 65: SEM images of a tip etched with the two step etching
process described above. The shape is even and the surface is very
smooth, but the tip radius inferred from the right panel is about 1 pm.
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FIGURE 66: SEM images of a tip prepared by etching with KCI solu-
tion. Left panel: the last 5o pm have an almost perfect conical shape.
Right panel: both smoothness of the surface and radius (40nm) are
promising for TERS.
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