Dissertation zur Erlangung des Doktorgrades
der Fakultét fiir Chemie und Pharmazie

der Ludwig-Maximilians-Universitdt Miinchen

Implementation and Characterization
of a New Low Temperature

Tip-enhanced Near-field Optical Microscope

von
Julia Janik
aus

Dresden

2017






Erklirung

Diese Dissertation wurde im Sinne von § 7 der Promotionsordnung vom 28. Novem-
ber 2011 von Herrn Prof. Dr. Achim Hartschuh betreut.

Eidesstattliche Versicherung

Diese Dissertation wurde eigenstindig und ohne unerlaubte Hilfe erarbeitet.

Miinchen, 30.03.2017

(Julia Janik)

Dissertation eingereicht am 31.03.2017
1. Gutachter: Prof. Dr. A. Hartschuh
2. Gutachter: Prof. Dr. J. Wintterlin
Miindliche Priifung am 22.05.2017






Abstract

The rise of nanotechnology led to the development of different techniques to analyze
nanostructures precisely. Tip-enhanced near-field optical microscopy (TENOM) is
able to characterize these structures at sub diffraction length scales with high de-
tection sensitivity. Of particular interest would be the implementation of TENOM
at low temperatures, because of the reduction of thermal broadening, the slow down
of relaxation processes and the potentially stronger localization of excited states.
This work presents the implementation of a new design for TENOM measurements
at low temperatures. The microscope shows some unique features, compared to
previous systems. Its key element is a solid immersion lens (SIL), which is introdu-
ced as dielectric substrate to achieve detection angles beyond a numerical aperture
(NA) of one. The usage of the SIL results in the problem of the path difference,
which leads to a reduced movement of the focus, while scanning the SIL. This effect
prevents the tip from staying in the laser focus during a scan, which is crucial for
a successful TENOM measurement. To overcome this problem, two independent
moving scanner stacks were implemented, controlled by the so called synchronous
scan. The fist part of this thesis focuses on the characterization of the SIL and the
optimization of the synchronous scan parameters. In the second part of the thesis,
the tuning fork based atomic force microscope (AFM) was tested at low temperatu-
res. A particular challenge was the strong increase of the quality factor of the tuning
fork at low temperatures. This was addressed by using the QQ control feature of the
measuring software. After optimizing the Q factor and the feedback parameters,
topography scans of single walled carbon nanotubes (SWCNT) were successfully
performed. These measurements show a stable topography with a height resolution
down to 0.6nm and a lateral resolution only defined by the size of the tip. The
third part of this thesis describes the final improvements towards low temperature
TENOM measurements. A second illumination channel was added, to ensure a fas-
ter and easier tip centering, while the likelihood of damaging the tip is reduced. In
addition, a mode converter was introduced, to create a radially polarized laser mode,
for the efficient generation of the tip-enhanced near-field. These improvements and
the optimization of the scan and feedback parameters, lead to the first TENOM me-
asurements at 77 K. These measurements were performed on SWCNTs and showed

a spatial resolution of the photoluminescence signal down to 35 nm.
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1 Introduction

Compared to the big innovations in history, today the revolution of technology lies
in the smallest things. Nanoscience is on of the key disciplines of the 21th century.
In 1959 Richard Feynman first brought up the topic of nanotechnoloy without using
this term. In his famous talk “There’s Plenty of Room at the Bottom” he predicted
the rise of nanotechnology. Parts of his ideas already became reality. And the field
is still expanding: In 2013 the basic research budget of the “Bundesministerium fiir
Bildung und Forschung” for nanosciences amounts to 220 million€ and in the same

year a growth of 27% in nanotechnological companies was reported [1].

But what is nanotechnology? It is a growing part of industry that focuses on nano-
sized materials. Tts field of application ranges from material science and medical
treatments to energy technique and catalytic applications. And therefore it is not
limited to physics but found its way into a plenty of research fields and applications.
They all take advantage of the unique characteristics of nanoparticles. The size
of these nanomaterials reaches dimensions below 100 nm which causes a change in
the electronic, optical and magnetic properties. In this range classical mechanical
descriptions become too inaccurate and quantum mechanical effects occur. Depen-
ding on their application nanomaterials come in different shapes, compositions and

structures.

The arise of nanostructures triggered the development of microscopes and techni-
ques to analyze and characterize them precisely. There are several techniques that
are capable of providing the desired atomic resolution. Transmission electron mi-
croscopy (TEM) has a resolution down to 0.5 A [2] and delivers information about
the crystallinity and morphology. To gain topographic information atomic force
microscopy (AFM), scanning electron microscopy (SEM) or scanning tunneling mi-
croscopy (STM) are the tools of choice. The latter also provides insight into the
electronic density of states near the Fermi energy and the spatial probability dis-
tribution of the sample wavefunction. All these techniques can determine different

properties of the sample material but none of them can image its optical properties.
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As a result, overcoming the resolution limit, given by the wavelength of light, has
been a key issue in the further development of optical microscopes. Their impor-
tance reflects in the noble price which was awarded to Eric Betzig, Stefan W. Hell
and William E. Moerner for “the development of super-resolved fluorescence mi-
croscopy” in 2014 |3|. This price awarded two super-resolution methods based on
far-field techniques such as stimulated emission depletion (STED), photo activated
localization microscopy (PALM) and stochastic optical reconstruction microscopy
(STORM) [4, 5]. Besides these far-field methods a second series of techniques, that
makes use of optical near-field interactions exist. It can be summarized with the
term scanning near-field optical microscopy (SNOM). Tip-enhanced near-field opti-
cal microscopy (TENOM) belongs to this group and it combines high sensitivity with
few nanometer spatial resolution. This technique is based on the field enhancement
locally induced by a metallic tip, due to localized surface plasmons and the lightning
rod effect. Upon laser illumination a strong electromagnetic field can be achieved
in the vicinity of the tip which leads to confinements in the range of the tip radius.
The probe is raster-scanned in small distance to the sample to enable imaging and
mapping of the spectral information. Until to date, TENOM measurements have
been performed by several groups all around the world on a wide variety of sample
material, such as single walled carbon nanotubes [6, 7], 2D materials [8, 9] and bi-
ological structures [10, 11]. In recent years resolutions down to 0.7nm have been
demonstrated [7], which stands in conflict with the established ideas of the extended
plasmonic fields. Therefore, several novel models using different phenomena have to
explain these results. Still, the enhancement mechanism is not yet fully understood

and more experiments are needed.

Semiconductor nanomaterials are of high interest, particular with regard to the mi-
niaturization of electronic components and optical applications. To fully understand
their potential, nanospectroscopic measurements have to be performed in different
environments like low temperatures and under external fields. Magnetic-field SNOM
measurements already have been reported by several groups with different systems
and materials [12-15]. Low temperature measurements have the advantage of smal-
ler line widths, due to the reduced temperature induced broadening and slowed down
relaxation processes upon cooling. Additionally, low temperatures require vacuum
or inert gas atmosphere, this improves the photochemical stability of the sample
material. Several attempts to develop cryogenic-SNOMs have been reported. Dif-
ferent types of SNOMs have been tested, all having advantages and disadvantages
depending on if they are based on an aperture [16] or scattering tip [17] or if a flow

cryostat [18] or cold finger [19] is used. Either way the conditions are challenging



and the systems have to be optimized and tested carefully, taking into account all

optical and mechanical influences.

The aim of this work is the implementation, testing and characterization of a new
low temperature SNOM setup. Compared to previous works, this setup exhibits
some new features to improve the performance of tip-enhanced measurements at
low temperatures. It also is the first setup to use an optical antenna to enhance
the signal. One main addition in the design of the microscope is the use of a solid
immersion lens (SIL) to improve the detection angle. For the characterization of the
microscope one can divide the system into two main parts. The optical detection
containing the SIL and the low temperature tuning fork AFM. Both can work in-
dependently from each other, but must be combined and work together to gain
near-field images. The performance of all microscope sections was characterized un-
der low temperature conditions and improved if necessary. At the end the interaction
of all components was tested by performing tip-enhanced near-field measurements

at low temperatures.

The thesis is structured as follows: Chapter 2 focuses on the principles of tip-
enhanced near-field measurements and additionally gives an overview over the state
of art of low temperature SNOM measurements. In chapter 3 the basic properties of
single walled carbon nanotubes are discussed containing a section on their behavior
at low temperatures. The single walled carbon nanotubes were used as a model
system because of their well known structure and behavior. Chapter 4 gives a
detailed description of the experimental setup including its electronics and describes
the sample fabrication. The results are presented in chapter 5. It is divided in the
characterization of SIL and AFM and concludes with the presentation of the first tip-
enhanced near-field measurements performed with the setup at low temperatures.
At the end the work is summarized and some ideas for further improvements are

discussed.






2 High-resolution Optical
Microscopy

The light microscope is the simplest form of an optical microscope and known for
about 400 years. It is a fundamental tool in science, since it allows the observation
of small structures and can be combined with spectroscopy to gain additional in-
formation, e.g. about electronic and vibronic excitation. In the last decades, the
structures of interest, e.g. in biomedicine and semiconductor industry, are continu-
ously getting smaller, such as nanostructures with dimensions below 100 nm. The
confocal microscope shows the best resolution among all conventional optical mi-
croscopes and allows imaging in three dimensions. This makes it an essential tool
in biology, as well as in material science [20]. Despite improvements in lens design
and detection systems the resolution limit for optical microscopy is defined by about
half the wavelength of the light. The reason is the diffraction of propagating waves

that constitute light, which cannot be compensated for.

In recent years, several techniques to overcome the diffraction boundary have been
developed. They are divided in far-field and near-field techniques. Far-field concepts
showed a rapid development over the last decade, which was highlighted by awarding
the noble prize "for the development of super-resolved fluorescence microscopy" to
Eric Betzig, Stefan W. Hell and William E. Moerner in 2014 |3]. As the name implies,
far-field techniques only detect propagating waves. Important far-field methods are
for example: stimulated emission depletion (STED), photo activated localization mi-
croscopy (PALM) and stochastic optical reconstruction microscopy (STORM) [4, 5].
These techniques are used primarily in biological applications, since they enable the
three dimensional observation of a system. Unfortunately, with decreasing sample
volume the signal intensity gets weaker, far-field methods do not offer the opportu-
nity to enhance such signals. Near-field techniques, on the other hand, exploit the
evanescent fields by using short sample-probe distances. The first near-field setup to
image single fluorescent molecules was a so-called aperture scanning near-field opti-
cal microscope (a-SNOM) [21]. This technique uses a nanometer sized aperture for

illumination, which is kept at small distance above the sample. In this configuration,
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the emitted light is collected in the far field [22]. The same aperture probes can also
be used to locally collect the light emitted by the sample. A different approach is
tip-enhanced near-field optical microscopy (TENOM) where a sharp metallic tip is
used to interact with the near-field of the sample. Due to the exponential decay of
the near-field, the distance between sample and tip needs to be small, in the range
of a few nanometers. To collect a substantial fraction of the near-field SNOM and
TENOM are limited to sub-surface studies.

The fundamentals of optical microscopy and the problem of the diffraction limit will
be discussed in the first part of this chapter using the angular spectrum representa-
tion. The following sections will focus on tip-enhanced near-field optical microscopy

and introduce the optical antenna and its role in the signal enhancement.

2.1 The Resolution Limit

To visualize the problem of the resolution limit, the angular spectrum representation
of optical fields is the mathematical technique of choice. It describes a series of free-
space propagating field components in terms of plane and evanescent waves with

arbitrary amplitudes and directions.

Einc

Figure 2.1: Schematic of the optical scattering problem.

Figure 2.1 illustrates the geometry of the problem: In the beginning we observe an
electric field E(z,y, 2) = Ej,. + Egeqr propagate from an arbitrary scattering object

at position z = 0. The z-direction is the direction of propagation and the fields may
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be collected on a detector in a zy plane at constant z. The field E can be calculated

by the angular spectrum representation at any position along the z-axis [23].

The 2D Fourier transformation of the field E at any position z is presented in

equation 2.1.

E(ky, ky; 2) = 2// 1, 2)e " Ko thuy) oy (2.1)

The equivalent inverse Fourier transformation looks as follows:

E(x,y, 2 // (ko, ky; 2)e Fam ko) gL dk, . (2.2)

In both equations presented above z and y are the Cartesian coordinates and k,, k,
the corresponding reciprocal coordinates of the wave vector k. We assume a homo-

geneous, isotropic and linear medium along the transversal plane and define

k.| = \/m — k2 4+ —k2 with Tm{k.} > 0. (2.3)

Here, k£ depends on the wavelength A\ and the refractive index n of the surroun-

TI'TL

ding medium by k& = %2, With the assumptions made above the electric field
has to satisfy the Helmholtz equation. If we insert the inverse Fourier transforma-
tion (Eqn. 2.2) in the Helmholtz equation, we gain the development of the Fourier

spectrum along the z-axis as show in equation 2.4.

E(ky, ky; 2) = E(ky, ky; 0)e#= (2.4)

E is called the angular spectrum with e*i:7

as propagator and the definition of the
propagation direction by +. The angular spectrum determines the amplitudes of the
waves, which are characterized by the wave numbers and the corresponding direction
of propagation. This helps to represent the fields by their angular spectrum for any

z values.

o0

E(z,y,z) = / / E(ky, ky; 0)e ket thoy) ik g q, (2.5)
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Equation 2.5 is the angular spectrum representation and describes the behavior of
the electric field E. Tt enables the calculation of the electric field anywhere in the
material as long as it is homogeneous, isotropic and linear. The angular spectrum
presentation contains contributions from all possible wave vectors and includes pro-
pagating waves as well as evanescent waves. The character of the wave can be
described by the z-component k., which can be real or imaginary, depending on £,
and k,. For small, spatial frequencies k2 4+ k7 < k? is valid and k. is real. In this
case the wave propagates in z-direction with an amplitude of E(k,, k,; 2z = 0) and

+ik,z

an oscillation of e . The k. component becomes complex in case of k2 4 k) > k?

and describes an exponential decay of the wave.

plan wave : e~ /(Ferthowlhilhalz g2 4 g2 < 2 (2.6)

evanescent wave : e Fem R gmlhallel g2y ged s g2 (2.7)

The description indicates that plane waves can propagate, whereas evanescent wa-
ves decay fast, exponentially with the distance to the source. Since k£ depends on
the wavelength of the light and the refractive index of the surrounding medium, a
decrease of frequency in the range of k2 + k; > (2”7”)2 with growing distance can be
observed. Far away from the source only the spatial frequencies of plane waves can
be detected. The propagation corresponds to a low-pass filtering of spatial frequen-
cies with an upper limit of k7 + k2 = k*. The increasing loss of information due
to the propagation of the wave leads to a broadening of the field distribution and,

therefore, to a loss in resolution.

The spatial resolution of an imaging system is determined by Ar, which is the
distance needed to distinguish two separate point sources in the object plane. This
distance is related to the width of the point spread function (PSF) of the imaging
system, which describes the pattern rendered by a point source. As mentioned above
the resolution of an optical system depends on the bandwidth of the detected spatial
frequencies (Ak = /Ak2 4+ Ak2). To distinguish two point sources Ar- Ak > 1 has
to be fulfilled [23]. This behavior is similar to the Heisenberg’s uncertainty principle.

To improve the resolution it is crucial to maximize the width of the collected in-plane

21mn

A7
because of the loss of the evanescent waves (eqn. 2.6, 2.7). In this case the best

wave vector components. In the far-field the upper boundary is set by k =

resolution possible is given by equation 2.8.

ATmin = i (28)

2m™n
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Additionally, the influence of the optical components in the system has to be taken
into account. In practice, the complete range of plane waves can not be collected,
due to the limited collection angle of the system. The resolution limit of a system is
thus determined by its numerical aperture NA= nsin(f). The numerical aperture is
described by the half-angle of the maximum cone of light # and the refractive index

n between sample and lens.

In the best case, the lateral resolution for conventional optical imaging systems is

given by equation 2.9.

A

A min — N _wTA
" 2rNA

(2.9)
In axial (z-direction) the focus is not a circular spot but forms an ellipse. The
best conventional microscope regarding axial and lateral resolution is the confocal
microscope. It cancels the contributions of out-of-plane emitters by incorporating
a pinhole in the detection beam path. As a result only the signals from a sample
volume located within the distance Argzpmi, are detected [24]. This distance defines

the axial resolution of a confocal microscope.

nA
Arazmin = 2NA2 (210)
Due to its improved detection behavior and the relatively easy handling the con-
focal microscope has become the system of choice for many scientific applications.
Nevertheless it can not overcome the diffraction limit or enable the detailed analysis

of materials on a length scale below A/2.

2.2 Tip-enhanced Near-field Optical Microscopy

Tip-enhanced near-field optical microscopy has been used for more than 10 years [25]
in different configurations and by groups all over the world [26-29]. The technique
provides a spatial resolution down to few nanometers and even below. It has been
demonstrated on an increasing variety of sample materials such as carbon based
nanomaterials |9, 30], inorganic nanowires [31, 32|, as well as biological materials [33,
34]. Besides the improved spatial resolution, the advantage of TENOM over the far-
field techniques is, that the signal in the vicinity of the tip gets enhanced. Therefore,
this method can be used to image weak emitters and very small sample volumes.

During a measurement a metal tip is centered in the laser focus near the sample
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surface while the sample is raster-scanned in x-y-direction. The imaging exploits the
extremely short-ranged interaction of the probe with the near-field of the sample and
additionally gains topographic information. To maintain a constant distance of a few
nanometers to the sample surface, an atomic force or scanning tunneling microscope
is used. The resolution of the method is mainly determined by the radius of the
tip and its distance to the sample surface. Due to the lightning rod effect and the
excitation of surface plasmons, a field enhancement in the vicinity of the tip can
occur, which leads to an increased resulting signal and an overall higher detection

sensitivity.

2.2.1 The Optical Antenna

The metallic tip concentrates the laser radiation to a spot below the diffraction limit
and in doing so replaces an objective or focusing lens. It converts free-propagating
optical radiation to localized energy and wice versa [35-38|, which is the definition
of an optical antenna. The antenna is introduced between an emitter or receiver and
the free radiation. It can act as emitter, enhancing the excitation of the receiver,
or as receiver enhancing the emitted light of the transmitter [39]. A scheme of
the described interaction is shown in figure 2.2. In contrast to their microwave
counterparts, the properties of an optical antenna strongly depends on the material

properties and shape, due to surface plasmon resonances [40].

For a comprehensive characterization of an optical antenna, terms of the classical
antenna theory are used and redefined. To simplify the description a dipole-like

behavior of receiver and transmitter is assumed.

The two enhanced processes, namely emission and absorption, have to be considered
in order to get a complete picture of the optical antenna enhancement. A practical
way to characterize the enhanced emission is the antenna efficiency, which is defined
in equation 2.11. It describes the ratio between the total power dissipated by the
antenna P and the radiative power P,.,q. The total power P is composed of P4

and the power dissipated through other channels for example heat Py, [37].

Prad Prad
67‘04 p— pr—
¢ P Prad + Hoss

(2.11)

The antenna’s ability to focus the radiated power into a certain direction can be
measured by the directivity D. It considers the angular power density p(6, ¢) with

0 and ¢ as the angles of the direction of observation.

10
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©o-—a —
Receiver/ Antenna
Transmitter
Radiation

Figure 2.2: Principle of an optical antenna coupled to a point-like receiver or
transmitter. The antenna can interact with the emitter as receiver or transmitter
and enhance either excitation or emission or both.

D(0,¢) = 5—p(0,¢) (2.12)

Prad

By taking the polarization into account, one can define the partial directives as

Sn(0,6), Dol0,6) = 3
rad

D€(87¢) = p¢(97 ¢) (213)

with pg and py4 as normalized angular powers.

The antenna gain GG combines the efficiency and directivity of an antenna to yield

the radiation relative to the total power.

G(0,0) = €raaD(0, 0) (2.14)

For a full description of the antenna properties the enhanced absorption has to be
discussed. The most important parameter in this process is the antenna aperture
A, which corresponds to the absorption cross section o in the presence of the tip. It
describes the efficiency with which the incident radiation is captured to excite the
receiver with the power P,,.. I is the intensity of the radiation with the polarization

n,, coming from (6, ¢) direction.

11
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PEIC
A(07¢7 npol) = Ji = UA(07¢7 npol)- (2'15)

The tip enhances the field at the absorber and by defining the field in absence of the

tip as Eg and in presence of the tip with E the absorption cross section (o) becomes

o =og|n,-E[*/|n, - E|*. (2.16)

Here, n, is the orientation of the absorption dipole and the superscript "0" indica-
tes the absence of the antenna. Equation 2.16 shows that the absorption process

depends on the incident direction and polarization of light.

If we consider the same optical frequency, a transmitting antenna is also a good
receiving antenna. More specifically, absorption and emission should follow the
reciprocity theorem. This leads to a connection between the excitation rate I'...

and its spontaneous emission rate I',..q.

exc,@(ey (b) _ Iﬂ?‘ad D@(QJ ¢)
21’0,9(67 ¢) Fgad Dg (97 ¢)

d (2.17)
The index 0 refers to one polarization state but can also be denoted ¢, which corre-
sponds to a rotation of the polarization by 90°. Neglecting the vectorial character
the spontaneous emission rate enhancement can be expressed by the local field en-
hancement factor f as f? = [',q/T°,;. This relation is also true for the excitation
enhancement in equation 2.16 with f? = T',./TY, ..
defined as the ratio between the electric field at the tip and without the tip.

The field enhancement factor is

The field enhancement of an antenna has three different contributions: the lightning
rod effect, the excitation of resonant surface plasmons and antenna resonances. The
lightning rod effect is non-resonant, depends on the tip geometry and leads to the
confinement of surface charge densities at the apex of the tip. The antenna reso-
nances occur, if the length of the antenna scales with the wavelength of the incident
light. This behavior is only true for radiowave antennas, but does not apply at
optical frequency, since at optical frequencies, metals cease being ideal conductors
and radiation starts to penetrate into the metal. As a consequence, the antenna
interacts with the effective wavelength Ay and not with the incident radiation A.
The effective wavelength shows a linear behavior with the plasma wavelength of
the metal A\, and the constants n; and n, that depend on geometry and dielectric

properties.

12
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Aeff = N1 + ng (i) (2.18)
Ap

In general, the enhanced fields of the optical antenna are highly dependent on the

shape and structure of the used antenna-substrate system and the resulting near-

field is always highly complex. Several studies have been performed to characterize

the field enhancement for different conditions [41-44].

Depending on the experimental geometry different substrates can be used. The die-
lectric properties of the sample substrate have to be considered, since they influence
the enhancement [44, 45]. Electromagnetic coupling between the charges in the
tip and the induced charges in the substrate takes place. For dielectric substrates,
Raman enhancement factors in the range of 102 — 10" have been found [28]. The
presence of a metallic substrate leads to the coupling between tip and substrate plas-
mons, resulting in the formation of the so-called gap plasmon mode. A far stronger
confinement of the field as well as higher field enhancement factors can be achieved
by using this gap mode configuration. As a result, the light in the nanogap can be
confined to dimensions smaller than the tip apex [40, 46]. Since the near-field decays
exponentially, the distance between tip and substrate has to be taken into account
and should be as short as possible. An increase in tip-substrate distance will lead
to weaker fields and a loss in resolution [43]. When the distance between tip and
substrate enters the sub-nanometer length scale, quantum mechanical effects, such

as electron tunneling and nonlocal screening, become important [47].

The following section shows how the optical antenna enhances different optical pro-

cesses.

2.2.2 Tip-enhanced Fluorescence

The fluorescence intensity depends on the quantum yield 7 of the system and the
excitation rate I'.;.. The quantum yield takes into account that not every excited

state emits a photon due to competing non-radiative losses ', (eqn. 2.19).

0 __ 1_‘7“(1d

— _rea 2.19
Frad + Fnr ( )

The fluorescence rate, i.e. the number of photons emitted per second, in the absence

of an optical antenna is given by:

13
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Frzzd

e —— 2.20
I‘rad + an‘ ( )

FFL = Fezc : 770 = Fezc
The presence of an optical antenna enhances the excitation rate, but also modifies

the non-radiative rate. The fluorescence enhancement can be written as

FGSCC 77 2 77
1% 10 o f g (2.21)

exrc

where 7 is the quantum yield in the presence of the tip. Equation 2.21 shows that the
fluorescence enhancement depends on the quantum yield of the material. Emitters
with a high quantum yield (n° =~ 1) already have a strong signal that can not be
further enhanced. In this case only the excitation rate influences the enhancement.
For weak emitters (n° < 1), such as carbon nanotubes, the enhancement is most
effective. Here, the radiative rate can be neglected in the denominator and the
quantum yield can be expressed by n = I[';44/' . Assuming that the antenna has
a small effect on the non-radiative rate the fluorescence enhancement behaves like

the Raman enhancement and scales with f* (see section 2.2.3).

2.2.3 Tip-enhanced Raman Scattering

The Raman scattering signal contains vibrational information about a sample and
can provide a unique chemical fingerprint. The Raman scattering cross section, on
the other hand, is typically low and, therefore, the signal of single molecule is often
too weak to be detected. The Raman signal intensity depends on the product of
both, the transition rates I'c;. and I'.qq, as well as the directivity Dy(6, ¢) and the
detection efficiency ny(6, @) of the setup. To derive the total signal it is necessary
to integrate over all angles since ¢ is limited by the maximum detection angle ¢,,
of the setup (eqn. 2.22). Additionally, the wavelength dependence has to be taken

into account.

2
SRamanﬂ = 1/47r//FemgFmdDgngsinQdegb (222)
0 O

Due to the low signal intensity, it is advantageous to use an enhancement mechanism.
A nearby antenna influences incoming and outgoing fields and since absorbed and
emitted photons have nearly the same energy the total signal enhancement scales

with approximately the fourth power of the enhancement factor. Equation 2.23
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2.3 Low Temperature Near-field Measurements

shows a simplified representation, where the angular and polarization dependence is

neglected.

M —~ Fezc I_\rad
Raman ™~ FO FO

exc — rad

~ f (2.23)

Tip-enhanced Raman scattering (TERS) has been used to study carbon nanotu-
bes [48], biological materials [10, 11] and other materials [49-51]. Only recently
sub-nanometer resolved optical images of single molecules [52] and carbon nanotu-
bes [7] could be shown. These measurements and other experiments that show a
nonlinear power dependence of the enhanced signal put the understanding of the
enhancement process into question. Now, new signal-enhancement concepts are
being discussed, taking into account optomechanical coupling [53, 54| or electric

field gradient [55] to explain the observations.

2.3 Low Temperature Near-field Measurements

The first single molecule detection and spectroscopy, at cryogenic conditions, has
been performed in 1989 [56] by Moerner et al., by suspending single dye molecules
in a host crystal. They took advantage of the zero-phonon lines arising at low
temperatures and their sensitivity to changes in the environment. In an ideal system
all molecules in the host system would experience the same environment and a
spectrum would show an homogeneous line width, which consists of the sum of all
zero-phonon lines. Since the host matrix is not perfectly ordered, every embedded
dye molecule will experience a slightly different local structure, which leads to a
small shift of the corresponding zero-phonon line. This results in an inhomogeneous
broadening of the spectrum of the dye molecules. By using frequency-modulation
laser spectroscopy, with a laser bandwidth smaller than the homogeneous line width
of the guest molecule, only the resonant molecules are probed. To get down to
single molecule detection the laser wavelength has to be moved to the wings of the
inhomogeneous line, where the number of resonant molecules will be reduced further.
The idea is to reduce the density of molecules excited in the confocal volume, to
reach single molecule excitation. Until now, most single molecule measurements
at cryogenic conditions are performed with far-field techniques and are already a
standard procedure. But not all molecules show sharp zero-phonon lines or are suited
to be incorporated in a matrix and are, therefore, not suited for low temperature

single molecule detection.
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2 HIGH-RESOLUTION OPTICAL MICROSCOPY

A different approach to perform single molecule measurements is to reduce the
density of the molecules deposited on the sample surface. This can be done for
room temperature as well as low temperature studies. A problem of this approach

is the loss in signal intensity with decreasing sample volume.

The first single molecule experiments at room temperature were performed later,
in 1993, by using an aperture-SNOM (a-SNOM) [21]. For this technique an optical
fiber is etched or pulled into a sharp tip and subsequently coated with a thin metal
layer. The illumination of the sample takes place via the fiber and the emitted light
is collected by far field optics. Fiber illumination suffers from low signal intensity,
because of the cut-off of propagating wave guide modes in the tapered fiber. Between
the cut-off, which is determined by a specific fiber diameter and the aperture, the

intensity decays exponentially.

The idea to implement SNOM at low temperatures is of interest, because of the redu-
ced thermal broadening and the slow down of relaxation processes. The development
of low temperature near-field microscopes has been proven to be challenging. Their
design has to be optimized taking into account the operation mode and optical con-
figuration. The first low temperature near-field microscope was introduced 1994
by Grober et al. [16]. He presented an aperture-SNOM with an optical shear-force
distance detection. For the experiments the whole microscope was submerged in a
bath cryostat. To investigate the optical properties of the system epitaxically grown
GaAs/AlGaAs wires were observed with a probe with an aperture of 250 nm. Gro-
ber and co-workers were not able to resolve single wires, but to observe the array as
a 1pm long and 500 nm broad line. In the same year, Hess and co-workers presented
a study on luminescent centers in a GaAs/AlGaAs quantum well, performed with
an a-SNOM at 2K [12]. The luminescent centers were characterized by means of
magnetic field and linewidth measurements. Spectral narrow (< 0.07 meV) distinct
emission lines were imaged with a spatial resolution of 100nm. The experiments
indicate, that the luminescence centers arise from excitons, localized at lateral in-

terface roughness.

In 1997 Gohde et al. [57] used a similar system to show shear-force topography
images of a 450 nm Al projection pattern at 22 K. Furthermore, single molecule me-
asurements on SR101 dye molecules were performed at 75 K, but due to the aperture
tip the resolution of the optical signal was above 200 nm, with a low detection ef-
ficiency. In the same year, a different approach using a flow cryostat and a cold
finger to only cool the sample, was published by Behme et al. [19]. All other parts
of the near-field setup were kept at room temperature and the whole microscope

was mounted in a vacuum chamber. An additional modification, compared to the
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2.3 Low Temperature Near-field Measurements

previous designs, is the tuning fork shear-force tip-sample distance regulation. They
performed topography measurements at a standard grating demonstrating a stable
shear-force feedback. Further, epitaxially grown GaAs wires were observed optically
with a resulting resolution of approximately 250 nm. Similar approaches were pu-
blished in 1998 [58] and 2002 [59] without considerable changes in design or new
results. Especially for experiments in higher wavelength regimes, the a-SNOM has
the disadvantage of the limited optical transmission efficiency for aperture diameters
below A/10.

In 2000 the aperture-SNOM approach was modified by adding a terrylene doped p-
terphenyl crystal at the end of the fiber probe to act as single-molecule active light
source [60]. A tuning fork shear-force AFM was used to control the probe sample
distance and a 0.8 NA objective was present to collect the emitted light. They
measured the same sample, consisting of triangular aluminum islands, at different
tip-sample distances. The best resolution achieved was 180 nm and it was obtained

for the smallest distance.

After the development of scattering-SNOM (s-SNOM) in 2002 [61], low temperature
systems based on elastic light scattering from the tip have been implemented. The
s-SNOM uses the light scattered from an illuminated AFM tip, which acts as near-
field probe. It is typically operated at IR frequencies and has a resolution only
depending on the tip radii. In the last years this technique was used for various
investigations, such as domain formations during low temperature phase transitions.
For example in 2013 Yang et al. [17] observed the metal to insulator transition
of Vo035 at 150K in the mid-IR regime. Their microscope system is based on a
dynamic force AFM with parabolic mirrors for tip illumination and light collection.
All components are mounted on a flow cryostat with a titanium housing. In 2014
Doring et al. [62] combined piezoresponse force microscopy with s-SNOM to probe
the two ferroelectric phase transitions of barium titanate domains at 263 K and
173 K also in the mid-IR regime. In this approach, the microscope is placed inside a
vacuum tube submerged in a bath cryostat. They used an AFM with interferometric
oscillation detection, which is situated outside the cryostat, and focuses the laser
through a ZnSe window. The most recent experiment was performed in 2016 by
Chen et al. [63], using a fiber coupled s-SNOM operating in reflection mode. The
system was cooled in a He bath cryostat and the experiment was performed at
10K. A gold and chromium coated fiber tip was fixed on a cantilever in a tapping
mode conformation to investigate the carrier diffusion length in GaN nanorods.
The carriers were generated by the evanescent waves, propagating from the 50 nm
aperture and the resulting emission was detected via far field detection. As a result

a critical diameter of 170 nm for the carrier diffusion in nanorods was determined.
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In 2007 Pettinger and Steidtner presented an ultra high vacuum (UHV) TERS sy-
stem, based on a scanning tunneling microscope (STM) [64]. The working principle
of a STM is based on quantum tunneling. It requires a conductive probe and sam-
ple, with a bias applied between both. If the tip-sample distance is small (few A),
a tunneling current can be detected. The current depends on the z position of the
tip, the applied voltage between tip and substrate and the local density of states
(LDOS) of the sample [65, 66]. In the work of Steidtner et al., the STM probe is
a gold tip, which also acts as optical antenna. They investigated single molecules
on a monocrystalline Au substrate and observed a lateral resolution of approxima-
tely 15nm with a Raman enhancement of ~ 10° [67]. This work was the first to
acquire STM topographs together with TERS images and it fueled the development
of STM-based TERS systems. The STM can not only be operated in UHV, but also
at low temperatures and in 2013 the first STM-controlled low temperature TERS
measurements were presented by Zhang and co-workers [52]. Their setup consists
of a UHV-STM with side-illumination on a silver tip. Zhang et al. studied single
porphyrin molecules on a Ag(111) substrate under liquid nitrogen cooling (80 K).
They demonstrated a plasmon-enhanced Raman scattering image with a resolution
of approximately 0.5nm, the same as in the corresponding STM topograph. In a
follow-up study, the group took advantage of the high resolution and distinguished
two adjacent different molecules with very similar structure [68]. The same group
demonstrated low temperature measurements on carbon nanotube with a resolution
of 0.7nm [7]. They correlated the change in the G band with strain variations due

to bending of the nanotube.

Further, cryogenic UHV-TERS has been used to study adsorbate-substrate interacti-
ons under liquid helium cooling (19K) [69]. TERS spectra of rhodamine 6G (R6G)
on Ag(111) were taken at room and at low temperatures. A shift of the Raman
peaks was observed at low temperatures and used to determine the orientation of
the R6G molecule on the substrate. Altogether, STM-based low temperature TERS
measurements have been shown to reach a spatial resolution down to 0.5nm and a
Raman enhancement factor up to 10%. This strong enhancement and confinement
probably originates from the highly confined plasmonic fields in the nanogap. These
gap-mode plasmons arise from the coupling between tip and substrate plasmons and

only occur for metallic substrates.

In summary, three different microscope approaches for low temperature near-field
measurements were developed during the last 25 years. Aperture-SNOM was the
first technique to be applied for low temperatures and several designs have been pu-
blished since then. None of these systems reached a spatial resolution below 100 nm

and most of them suffered from a low signal intensity. Later, scattering-SNOM
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2.3 Low Temperature Near-field Measurements

microscopes for low temperature applications were developed. They allow for the
investigation in the IR wavelength regime and reach higher resolutions, than the a-
SNOM. These setups were mainly used to investigate temperature dependent phase
transitions. The newest development in low temperature near-field microscopy is the
STM-based TERS microscope. This system enables single molecule investigations
at low temperature with sub-nanometer resolution and strong signal enhancement.
This behavior is based on the interaction between the metallic tip and substrate,
and it is limited to samples with a thickness below several nanometers, to allow
for efficient coupling. Additionally, the investigation of photoluminescence is not

possible, since the metal substrate would quench the PL signal.

The low temperature microscope presented in this thesis is based on a shear-force
controlled tip-enhanced microscope. The sample is deposited on a transparent and
dielectric substrate, for photoluminescence detection. To our knowledge no antenna-
enhanced near-field experiments have been performed in this configuration at low
temperatures. Since the resolution is determined by the radius of the tip, at room
temperature resolutions down to 15 nm could be achieved [31]. Additionally, a higher

detection sensitivity due to locally enhanced fields can be observed.
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3 Single Walled Carbon Nanotubes
as Model System

Single-walled carbon nanotubes (SWCNTSs) can be described as hollow cylinders,
formed by a rolled-up graphene sheet and consist only of sp? hybridized carbon
atoms. Since their discovery they have been intensively studied as nearly ideal
quasi one-dimensional model system. With diameters down to 0.5 nm and lengths
up to several centimeters, their aspect ratio results in unique optical and electrical
properties [70, 71|. These properties and the extraordinary structure of SWCNT are
discussed briefly in the following sections. The last section gives an overview of the

optical experiments performed on the behavior of SWCNTs at low temperatures.

3.1 Structure

The structure of a carbon nanotube is based on a rolled-up graphene sheet, resulting
in a seamless hollow tube. Since there are infinite ways to wrap up graphene, a
variety of SWCNT exist. The chiral index, consisting of the two numbers m and
n (n,m € Np), enables the description of all possible SWCNT chiralities. They
can be sorted in three different groups. For zig-zag nanotubes, one of both indices
equals zero and for armchair nanotubes n = m, both of these types are achiral.
Chiral SWCNT are defined by n # m and n,m # 0 and exist in two mirror handed
configurations. Next to armchair and zig-zag, they form the larges group of SWCNT

configurations.

A SWCNT can be described by its circumfential vector, which represents the di-
rection the nanotube is rolled-up and determines the nanotube circumference. It is
formed by vector addition of the two graphene lattices vectors d; and d, and the

chiral indces, as shown in equation 3.1.

Cp=mn-d,+m-as n,m € Ny (3.1)
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3 SINGLE WALLED CARBON NANOTUBES AS MODEL SYSTEM

The roll-up along the circumfential vector and the formation of the three different
types of SWCNT is presented in figure 3.1.

The chiral index can also be used to distinguish between metallic and semiconducting
SWCNTs. A broad rule can classify nanotubes according to their conductivity. For
all tubes with (n —m)mod3 = 0, no band gap is present and the carbon nanotube is

metallic. In contrast if (n —m)mod3 # 0 is fulfilled, the CNTs are semiconducting.

al\/a, zig-zag (8,0) nanotube armchair (5,5) nanotube

Figure 3.1: Schematic of the formation of SWCNTs by rolling-up the graphene
lattice. Examples for all three types of nanotubes and the underlying graphene
sheet are shown. On top, the unit cell of a chiral (6,5) nanotube is visible and by
rolling it up along the circumferential vector A and A’, and B and B’ connect to
build a hollow cylinder. For the zig-zag nanotube on the lower left, the circumfe-
rential vector corresponds to the eight-fold of the graphene lattice vector ;. The
armchair nanotube on the lower right is formed like the others with the resulting
cirality of (5,5). The figure shows the lattice vectors @; and ds in blue, the ci-
rcumferential vector éh in red and the translation vector T in green. Adapted
from |72].

The electronic structure of a nanotube can be approximated, based on graphene by
the so-called zone folding. This description takes the quantum confinement due to
the quasi 1D structure of the nanotube into account, but neglects their curvature.

Graphene is a zero-gap semi-metal, because in its Brillouin zone valence and con-
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duction band touch at the Dirac points. When a nanotube is formed from the two
dimensional graphene, the one dimension perpendicular to the tube axis is subject
to quantization. The associated wave vector k; gets quantized during the process,
with n as non-zero integer (eqn. 3.2). Due to its high aspect ratio, the parallel

component kj can be assumed to be continuous.

2mn
ki =— 3.2
T (3.2)

Line cuts of the 2D band structure of graphene can be taken to obtain the band
structure of a SWCNT. The position of these cross sections is determined by allowed
wave vectors and results in a series of subbands which form the band structure of a
carbon nanotube. When a cross section contains a Dirac point, the resulting band-
structure has no band gap and the nanotube is metallic. All other band structures
show an energy gap at the Fermi level and, therefore, belong to semiconducting
nanotubes. The resulting density of states (DOS) can be calculated from the band
structure and shows sharp peaks for every maximum and minimum. These dis-
tinctive features are called van Hove singularities (vHS) and due to their large DOS,

optical transitions preferably occur between this peaks.

3.2 Optical Properties

3.2.1 Photoluminesence

Semiconducting SWCNT can exhibit photoluminescence (PL) due to their direct
band gap. In addition efficient Raman and Rayleigh scattering can occur for all

kind of nanotubes, regardless of their band structure.

The scheme in figure 3.2 shows a simplified energy diagram for the optical transi-
tions in SWCNTs based on the free carrier model. It presents the first and second
electronic sub bands and the corresponding DOS for a single nanotube. The density
of states reflects the 1D structure by showing van Hove singularities. The absorp-
tion of light is represented by the Eoy transition where an electron and hole are
created. After a fast relaxation process a radiative Eq; transition takes place. The
emission wavelength depends on the chirality of the nanotube and is usual visible
in the near-infrared (NIR) to infrared regime (IR). The electronic transitions are
denoted corresponding to the subbands ¢ and j as E;;. One has to distinguish be-

tween longitudinal (E;;) and transversal transition (E;; with j = ¢ + 1), depending
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3 SINGLE WALLED CARBON NANOTUBES AS MODEL SYSTEM

on the polarization of the incident light. Longitudinal transitions are allowed for
light polarized parallel to the nanotube axis, whereas transverse transitions involve

perpendicular excitation and are strongly suppressed.

a) CB, b)
CB, cB,
CB,
1 1
1 I
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—— VB,
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Figure 3.2: Schematic of the SWCNT band structure, in a single-particle free
carrier description, with the first and second subbands (a) and the corresponding
electronic density of states (b).

Photoluminescence is dominated by excitons, electron-hole bound states, that arise
upon illumination. Due to the one dimensional structure of the nanotube, much
stronger Coulomb interactions occur, compared to bulk semiconductors. This leads
to an increased interaction between the charge carriers inside the material, resulting
in a substantial deviation from the free carrier model. As consequence a shift in
the optical transition energy of the photoluminescence compared to the DOS, as
expected from the free carrier model, is visible. The electron-hole-attraction lo-
wers the energy of the exciton, depending on the magnitude of the exciton binding
energy. The counteracting band-gap renormalization occurs due to electron-electron-
repulsion. Both interactions are in the range of several hundreds of millielectron
volts and depend on the dielectric environment. The electric properties of carbon
nanotubes are highly sensitive to dielectric screening since nanotubes consist only of
surface atoms. Therefore, a change in the dielectric environment leads to a change

in the optical response.

The two carbon atoms in the unit cell of a SWCN'T result in two equivalent valleys
in momentum space. Four electron-hole combinations are possible within these
valleys. Two of them are responsible for direct excitons and two of them for indirect
excitons. Within these four possible transitions only one is optically allowed, it is

labeled “bright” exciton. The other three excitons are optically forbidden and labeled
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“dark” excitons. Two of these three dark excitons can be attributed to the indirect
excitons. The energy of the two remaining direct excitons is lower compared to the
indirect excitons. Due to the Coulomb interactions in the SWCNT, the energy of the
direct excitons is slightly different, resulting in one dark and one bright exciton. The
proximity of the dark and bright state affects the optical properties of the SWCNT.

3.2.2 Temperature Dependence of Photoluminescence

The environment of a carbon nanotube can strongly influence its photoluminescence
behavior. A change in temperature results in variation of photoluminescence line-
width, intensity and emission energy. In this section a overview of the experiments

investigating the temperature dependence of the photoluminescence is provided |73].
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Figure 3.3: The temperature dependence of different photoluminescence charac-
teristics are shown, based on experiments from literature. a) The graph shows
the linear temperature dependence of the PL linewidth as measured by Matsuda
et al. [74]. b) The representation of the energy shift of the band gap for different
nanotube chiralitys [75]. ¢) Developement of the PL intensity for a (9,4) and
(10,2) nanotube upon cooling [76].

PL linewidth The linewidth of a PL peak reflects the intrinsic exciton dephasing
time and is extremely sensitive to its surrounding |74, 77]. The investigated nano-
tubes have to be single, clean and in vacuum to prevent inhomogeneous broadening.

To avoid dephasing due to collision of excitons, their number needs to be kept small,
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3 SINGLE WALLED CARBON NANOTUBES AS MODEL SYSTEM

by working in a weak excitation regime [78]. Matsuda et al. [74] were able to show a
nearly linear temperature dependence of the PL linewidth as visible in figure 3.3 a).
The plot shows the full width at half maximum as a function of the temperature
for a (10,3) nanotube. This linear behavior indicates that the exciton dephasing is
dominated by the very low energy phonon modes < kg7 and can be assigned to the
twisting mode in SWCNTs.

PL emission energy The emission energy of the PL is influenced by several fac-
tors. The most important influence on the temperature dependence of the emission
energy is the change in the band gap. This behavior arises due to electron-phonon
interactions and has been firstly investigated for bulk semiconductors [79-81|. Re-
cently, nanotubes were investigated experimentally and theoretically [75, 82, 83].
Measurements from Karaiskaj and co-workers [75] are shown in fig. 3.3b). The
graph presents the energy shift of the band gap for different nanotube chiralities
and contains the fit of the experimental values according to reference [83]. The cal-
culations are based on a two-phonon model and show a strong diameter and chirality
dependence. Altogether, all semiconducting nanotubes exhibit a blue shift of the

PL, due to an increase in band gap energy during cooling.

Also the shape of photoluminescence spectra can range from broad to narrow and
from symmetric to asymmetric upon cooling. The latest study by Vialla et al. [84]
attributes the drastic changes in the shape of the PL to the coupling of a localized
electron to a 1D phonon bath. Small changes of the low-energy phonons result in
the diversity of the PL profiles [85].

PL intensity The existence of the dark exciton state strongly affects the tempe-
rature dependence of the PL intensity |76, 86, 87|. Several temperature dependent
measurements have been performed on carbon nanotubes of different chiralities, in-
vestigating the PL intensity [88, 89]. Figure 3.3¢) presents a measurement from
Mortimer et al. [76] and shows the developement of the PL intensity for a (9,4) and
a (10,2) nanotube. The PL intensity increases with decreasing temperature, until it
reaches its maximum in a region of 10-40 K. If the temperature is lowered further, a
fast drop in PL intensity is observed. This behavior is representative for a variety of
examined nanotubes [76]. For temperatures above 50 K the increase in intensity is
dominated by the radiative decay rate of 1D excitons due to thermalization, which
is approximately proportional to 7~'/2 [90, 91|. The fast intensity drop below 50 K
can be attributed to the existence of the dark exciton state, slightly below the energy
of the bright state. An additional observation is the dependence of the energy sepa-
ration between dark and bright state on the tube diameter, which is evident in the

different positions of the maxima for different nanotubes.
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3.2.3 Raman Scattering

The process of Raman scattering describes the inelastic scattering of light by a
phonon. It can be described by a three step process. Upon illumination a photon
with w; is absorbed. It scatters inelastically while emitting a phonon with the
frequency w,y,. Finally, the scattered photon is emitted with a resulting frequency
of wy. This process, when a phonon is emitted is called Stokes scattering. Anti-
Stokes scattering takes place, when a phonon is absorbed and the emitted photon
has a higher energy than the absorbed photon. During a Raman process energy and
momentum are conserved (eqn. 3.3, 3.4). In the equation the & refers to Stokes and

anti-Stokes scattering.

hwl = hwg + hwph (33)
b=k £ q (3.4)

Single walled carbon nanotubes have a small scattering cross section, therefore, in
case of singe nanotube experiments only resonant Raman spectra can be observed.
The spectra contain information about the phonon frequencies of the SWCNT and
further allows the characterization of the nanotube in terms of doping and chi-
rality. The most prominent Raman bands are the G band, appearing at about
1580 cm ™!, the radial breathing mode (RBM) at about 70-350 cm™!, the D band at
about 1350 cm~! and the G’ band at about 2700cm~!. The G band is associated
with the C—C stretching mode for all sp? carbon atoms and also appears for grap-
hene. However the line shape of the G-band splits into two features for SWCNT,
due to the tube curvature. The two peaks can be used to identify metallic carbon
nanotubes. The radial breathing mode is characteristic for SWCNT and has a small
energy. It can be described by a breathing like motion of the carbon atoms in radial
direction and leads to an oscillation of the diameter. The frequency is directly rela-
ted to the diameter of the nanotube and can be used to calculate it. The D band
and its overtone the G” band are present in all graphite like structures. The D mode

is induced by structural defects [92].
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4 Experimental Details

4.1 New Low Temperature Microscope Setup

In order to gain tip-enhanced near-field optical microscopy images at low temperatu-
res the microscope setup needs to meet some special requirements. First, a confocal
optical scanning microscope with a high numerical aperture objective, suitable for
working at low temperature is required. Second, to assure small probe sample dis-
tances a low temperature tuning fork AFM for non-contact measurements is needed.
It has a high sensitivity to weak forces and avoids tip damage. Third, a fast tip
exchange has to be realized by short cool down and warm up times. All these points

must be considered when designing a functionable and working microscope.

The resulting system is a custom build setup which was designed in cooperation
with the company attocube. The microscope can be divided in two main segments
according to working temperature and function. The first segment is the optical
microscope head, which is situated above the cryostat on top of the microscope
stick. It contains some elements for confocal imaging and different channels for the
signal transmission in and out of the system. The second part is the low temperature
segment, with the measurement chamber at the end of the microscope stick, which is
situated in a vacuum tube. The vacuum tube has to be evacuated and is filled with
low pressured Helium exchange gas, to provide thermal coupling to the surrounding
liquid coolant. Afterwards it is submerged in the bath cryostat, which is filled with
the liquid coolant. The low temperature segment contains a tuning fork based AFM
and a low temperature suitable objective. To enable movement in all directions the
sample holder and the tuning fork each sit on x, y, z positioner stacks, which enable
coarse positioning and fine scanning. Both stacks can be moved independently but
also synchronously. This is necessary when confocal imaging and AFM measurement
are combined to obtain high resolution TENOM images. In the following sections
the structure of the microscope and the operation of its main parts is explained in
detail.
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4.1.1 Low Temperature Microscope Optics

In general a confocal laser scanning microscope is based on an objective, that fo-
cuses the excitation beam on a small spot on the sample. An optical response is
excited in the focal area and a sample image can be obtained by raster scanning the
sample through the fixed probing volume. The emitted light can be collected by the
same objective (epi detection) and is send to the detector after passing a confocal
pinhole, to improve the spatial resolution and to suppress non-focal contributions.
Alternatively, a detector with a small sensitive area can be used. To perform con-
focal measurements at low temperatures one has to take into account, that most
optical elements do not withstand these temperature conditions. In this setup a low
temperature compatible objective is used and cooled down together with the sample
inside the cryostat under inert gas atmosphere. The sample is deposited on the flat

surface of the solid immersion lens.

M2

Figure 4.1: Signal channel inside the optical head.

All remaining optical elements are organized inside the optical head, that is placed
on top of the cryostat and is operated at room temperature. The head consists
of three measurement channels and one inspection unit. Two of the measurement
channels are used for detecting the photoluminescence, either with an avalanche
photo diode (APD) or to acquire spectra via a spectrometer. The third one is the
excitation channel, which is used to couple a laser into the system through an optical
fiber. All three channel have the same basic structure as shown in image 4.1. The
fiber port (FC) connects the system with the external optics by using a FC/PC
or FC/APC connector. In front of the fiber port an objective (O) is fixed on a
z-adjustable mount for optimizing collimation or focusing. The mirror (M1) reflects

the beam at an angle of 90 degree, through two fixed filter mounts (F1, F2) and
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on a second 90 degree mirror (M2). At the end a cube mount (CM) is situated,
which can be equipped with a beam splitter or a mirror according to the required
properties. The cube also has two additional filter mounts (F3,F4), one on the side
and one on the top. The bottom of the optical head contains the inspection channel,
which can be used to image the sample surface. For this purpose it holds a webcam
and a LED which can be connected to the beam line by a flippable pellicle beam
splitter. In front of the exit of the head, two mirrors are installed, of which one is

adjustable to assure a straight vertical exit of the laser beam.

[

633 nm HeNe laser

Figure 4.2: Scheme of the low-temperature near-field optical microscope setup.
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The scheme in figure 4.2 shows the beam path of the whole microscope. The exci-
tation beam of the HeNe laser (632.8 nm) is expanded by a set of lenses (f;=30 mm;
f,=100 mm) and passes a liquid crystal mode converter (ARCoptix) to convert the
laser mode into a radially polarized doughnut mode. To maintain the polarization
a polarization maintaining panda fiber (Thorlabs, PM780-HP) is used to couple the
laser into the optical head. Inside the head the objective (Olympus Plan N 4x /
0,INA oo / - / FN 22) collimates the beam, before it is passing a laser line filter
(Semrock, 632.8nm MaxLine® laser clean-up filter). The laser beam is reflected
by a beam splitter and vertically send down into the low temperature segment,
through a vacuum optical window. Here, a low temperature objective (LT-TWDO,
NA=0.68, WD=1.61mm) focuses the beam on a solid immersion lens on which
the sample is deposited. The optical signal is collected by the same objective and
travels back up to the optical head. After passing the excitation beam splitter,
the residual laser light is blocked by a 633 nm long pass filter (Semrock, 632.8 nm
EdgeBasic™ long-pass edge filter). To divide the final signal equally between the
two detection channels a broadband 50:50 beamsplitter is situated in the lower of
both cube mounts. The beamsplitter reflects one half of the signal into the first de-
tection channel and transmits the other half, which reaches the the upper detection
channel. Both channels have an identical architecture, they use an Olympus Plan
10x objective (Olympus Plan N 10x / 0,25NA oo / - / FN 22) to couple the signal
via a multi mode fiber (MMF, wavelength range 400-2400 nm, core 105 um) into the
respective detector. The first or lower detection channel is connected to an APD
(Laser Components, COUNT-250N). For photoluminescence imaging of CoMoCAT
nanotubes (see section 3) a 863nm or a 950 nm long pass filter (Chroma, 863LP;
Thorlabs, FEL0950) was inserted into this APD detection channel. The upper de-
tection channel can be connected to a second APD or a spectrometer to analyze the
spectral composition of the signal. By using a second APD without additional filters
the second channel can be used to monitor the gold photoluminescence during tip
centering. The signal of both APDs is fed into the microscope controller by using
two different input connectors. The first APD, responsible for imaging the nanotube
photoluminescence, is connected to the counter input of the ASC500 and records
the signal intensity in counts. Since there is only one of this counter connectors, the
second APD is connected by using a ADC input of the ASC 500. This input records

a voltage value, that is proportional to the detected signal intensity.

An additional beam path introduced within this thesis work, is not shown in
image 4.2 for clarity reasons. This path was introduced to illuminate tip and SIL
from below. After the laser a flipable mirror is mounted to guide the light into a

second fiber. By using a bare fiber connector (BFT1, Thorlabs) the light is coupled
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4.1 New Low Temperature Microscope Setup

into a bare 633 nm fiber. This fiber is thin enough to pass the feedthrough and enter
the microscope. The entrance is sealed with an epoxy polymer, that keeps the fiber
fixed in place. Inside the microscope the fiber is guided down along the microscope
stick. At the bottom the fiber is fixed at the lower part of the sample holder. With
this the whole area below the SIL is illuminated. The tip casts a shadow on the
SIL surface, which can be imaged by the webcam in the inspection channel. This

construction enables the centering of the tip in the focus.

SIL

The solid immersion lens is a crucial part of the setup and, therefore, this section
will give an overview on its properties. The discussion of the antenna properties in
chapter 2.2.1 showed, that the directivity of an antenna is important for efficient
signal enhancement. In fact, as a consequence the antenna not only enhances the
spontaneous emission rate, but also influences the direction of the radiation and
changes the angular radiation pattern. Every dipole that emits into the surrounding
medium shows a characteristic angular emission pattern, which contains information
about its orientation. In reference [93] the authors could show the radiation pattern
of a single photoluminescent carbon nanotube and the influence of the antenna on

this pattern.

0

Figure 4.3: Angular radiation pattern of a photoluminescent SWCNT a) without
and b) with the influence of an antenna. The dashed line in the patterns marks
the circle where NA=1 [93].

In figure 4.3 the corresponding radiation patterns are displayed, where 4.3 a) is the
pattern without and 4.3b) the one with antenna. The dashed line in the patterns
marks the circle where the numerical aperture is unity. The undisturbed photo-

luminescence pattern of the SWCNTs shows two lobes parallel to the nanotube
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orientation. The highest signal intensity is situated in the outer ring near the criti-
cal angle. This shape can be modeled by an in-plane dipole in good agreement with
the data. The optical antenna induces two major changes as seen in image 4.3b).
First, by comparing the intensity scale, a five times increase due to the signal en-
hancement is visible. Secondly, the angular intensity distribution has changed. The
initially visible double lobe pattern is almost completely superimposed by a sharp
ring which can be described by a vertically oriented dipole [94]. It is important to
notice, that the main part of the intensity is emitted near the critical angle, above
a numerical aperture of one and, therefore, a high numerical aperture is needed to
collect the enhanced signal [95, 96].

Immersion lenses have been invented to increase the collection efficiency and accor-
dingly improve the resolution of microscopes. There are two kinds of immersion
lenses, namely the liquid and the solid immersion lens (SIL). Both types use index
matching to increase the magnitude of the detectable in-plane component of the
wave vector and to reduce refraction of light, that is associated with loss of infor-
mation. For ambient conditions oil or water objectives are used, but these are not
suitable at low temperatures and under vacuum. A convenient alternative is the
solid immersion lens, that also works in non-ambient environments. It is a half ball

shaped lens consisting of a high refractive index material.

[ Dgiy

Figure 4.4: Types of solid immersion lenses. a) Plano convex lens; where the
beam is directly focused on the flat surface. b) Super-SIL, where the light is
focused at R/n below the center of the sphere [97].

The first SIL microscope was documented by Mansfield and Kino in 1990 [98|. The
initial application was for optical storage, but soon it also was used in physics and
nanoimaging [99-101]. The idea is to focus a beam through the lens to form a spot
at its flat side. The resulting spot size is decreased by 1/n where n is the refractive

index of the solid immersion lens. Later, a second type of SIL was proposed, the so-
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4.1 New Low Temperature Microscope Setup

called super-sphere or super-SIL. It has its focus below the center of the sphere, based
on the idea that one can focus a beam inside a sphere at a distance of R/n. Both
types of lenses are shown in figure 4.4. The super-SIL has a higher magnification,
namely n? versus n, but it is less tolerant regarding spatial deviations and shows

strong chromatic aberrations |97, 102].

In the following, only the standard hemisphere solid immersion lens will be discussed,
since it is used in the present low temperature setup. As mentioned the SIL improves
the numerical aperture and, therefore, the resolution by a factor of ngrr. This means
the SIL is also able to collect a broader spectrum of the in-plane wave vectors and
higher radiation angles. Since the beam always enters the SIL normal to the surface,
according to Snell’s law no additional refraction at the air - SIL interface takes place.
If the incoming beam impinges on the flat surface of the SIL with an angle above
the critical angle 6.;;, the rays undergo total internal reflection (TIR), under the
condition that the surrounding medium has a smaller refractive index than the SIL.
Due to total internal reflection local evanescent waves are produced at the focus point
and this is the reason SIL microscopy is also referred to as near-field microscopy [103,
104].

The field distribution inside the solid immersion lens is object of several publications,
which show theoretical as well as experimental data [105-108]. In reference [109]
Vamivakas et al. developed a theoretical description to compare the fields in the

focal plane of an objective in presence and absence of a SIL.

Figure 4.5 shows the intensity distribution of a Gaussian beam, based on the calcu-
lation of Vamivaks et al. [L09] modified for our setup values. The setup properties
used are: a wavelength of 633 nm, a working distance of 1.61 mm, a numerical aper-
ture of 0.68 and the refractive index of the SIL of ng;;,=2. As result the fields in the
focal plane of the same objective focusing into air (fig 4.5a) or on the flat surface
of the SIL (fig 4.5b) are calculated. As discussed above the gain with respect to
lateral spatial resolution depends on the refractive index of the SIL. In our case the
SIL is expected to improve the focus by a factor of ng;r, = 2. This influence is
clearly visible by comparing both intensity distributions shown in the image. For
better comparison the cross section of both distributions is shown in Figure 4.5¢).
The SIL allows to collect a wider range of in-plane wave vector components and,
therefore, yields an intensity higher, than compared to the focus in air. The full
with half maximum of the curves additionally pronounces the difference in spot size,

as it decreased for the focus with SIL by a factor of ng;, = 2.

The effect of the SIL strongly depends on the distance of the sample material to the

SIL surface and on the refractive index of the material in between. The fields in the
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Figure 4.5: Representation of the intensity distribution of a focused Gaussian
beam in the focal plane a) in air b) with SIL. The calculation is based on a
MATLAB script described in reference [109]. It was modified according to the
setup values with A = 633nm, ngrr, = 2 and the objective specifications with
NA = 0.68 and a focal length of f = 1.61mm. The cross sections along the
dashed white line are plotted in c).

air gap decay rapidly, resulting in a broadening of the spot and an overall intensity
loss. Calculations show that the spot size increases by about 10% for a 100 nm air
gap [98]. For the same distance the intensity of evanescent waves falls off strongly
to about 73%. Since propagating waves decay slower, the overall intensity loss for
a 100 nm air gap is about 50% [108|. To gain the best resolution and avoid loss in
intensity the sample material has to be deposited directly on the SIL surface.

36



4.1 New Low Temperature Microscope Setup

Figure 4.6: Synchronous scanning: The path difference between the movement
of the tip and the focus can be overcome, by including a factor (in red 1/ngrr) to
modify the tip scan movement. Using this approach, the tip can be kept in the
center of the laser focus while the SIL is scanned to image the sample.

Due to its properties, in literature the solid immersion lens has been mainly used
to improve the spatial resolution of conventional confocal microscopes. In our case,
the increased collection angle is crucial to collect the tip enhanced signal and gain

near-field information.

The use of the SIL increases the amount of collected in-plane wave vector components
but it also induces a new problem, the path difference as shown in figure 4.6. During
the measurement, SIL and tip are scanned synchronously for a certain distance Ax
but the focus on the flat side of the SIL moves a shorter distance. This path
difference is defined by the refractive index of the SIL (ngrz) as Ax/ngrp. To
perform a near-field experiment it is crucial to keep the tip centered in the focus
of the laser, but this is not possible under these circumstances. A way to change
the path difference between tip and focus, is to introduce a factor that adjusts the
tip movement accordingly. This is done by the software feature, synchronous scan,

where the factor is defined by the reciprocal value of the refractive index of the SIL.

The synchronous scan is an essential part of the system and the reason why two
independently moving scanner stacks are present. With out the synchronous scan,
the path difference introduced by the SIL could not be compensated and a tip-

enhanced near-field measurement wouldn’t be possible in this configuration.
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4.1.2 Low Temperature Atomic Force Microscope

For TENOM measurements sharp gold probes can be used, to act as optical antenna
and as AFM tip. Since gold is extremely soft, the tip has to be handled with great
care, without applying high forces to it. Tuning fork based AFMs have been used in
order to preserve the tip from damage and being able to detect slightest changes in
the interaction force. Due to its high stiffness the tuning fork has a small oscillation
amplitude. A further advantage of the quartz tuning fork is that its vibration
can be monitored directly without using an external laser-based detector scheme.
The piezoelectric effect of the quartz transduces the mechanical vibration into an

electrical signal, which can easily and precisely be detected.

The quartz tuning forks used in the microscope, are the same as those used in wat-
ches. The oscillation of the tuning fork has a very small amplitude and a resonance
frequency of 32.768 Hz (2'°Hz). For the measurement, the tip is glued perpendi-
cular on the front of the upper prong. Due to the change in mass, the resonance
frequency of the tuning fork-tip ensemble shifts to lower resonance frequency values

and reduces the quality factor (Q) of the resonance.

The low temperature AFM setup can also be operated at room temperature. On the
AFM head a dither piezo is glued near the tuning fork, to excite it at its resonance
frequency. The vibration induces a small current in the tuning fork, which correlates
with the amplitude and phase of the oscillation. The tuning fork is soldered to a
small circuit board, which is connected with a coaxial cable that guides the signal
out of the microscope. Afterwards, the current is converted and amplified by a
FEMTO® charge amplifier with a gain factor of 10 V/pC. The resulting signal is
fed into the ASC 500 lock-in amplifier.

For small amplitudes the oscillation can be described by a forced, damped harmonic
oscillator with a periodic excitation at w, and a force F'. The solution of the equation

of motion results in the complex amplitude as shown in equation 4.1.

F/m

A(t) = e
() Wi — w? — iwowa /V3Q

—iwat (4.1)

The real part of the amplitude can be represented by the following equation:

A(t) = [A(t)]e™ (4.2)

where ¢ is the phase shift between excitation and deflection.
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If a force is acting on the cantilever, a change in the resonance frequency w is
induced. This leads to a decrease in amplitude and a phase shift. Based on these
parameters there are two main operation modes in dynamic-mode AFM: amplitude-
and frequency-modulation AFM. For the first mode, the tuning fork oscillates near
its resonance frequency and the tip-sample interaction is detected by a change in
amplitude [110]. A change in oscillation amplitude can be induced by a frequency
shift (conservative interaction with elastic forces), as well as by damping due to
dissipative forces. In the amplitude detection mode, one can not distinguish between
conservative and dissipative interaction [111]. For frequency modulation the shift
in resonance, induced by conservative interactions, is used as feedback. It was
first introduced by Albrecht et al. in 1991 [112], for improving measurements in a
vacuum environment. In this environment the oscillation has a high Q factor, that
makes the time response of the oscillation extremely slow and would lead to a delay
in amplitude feedback response. Both operation modes are used complementarily,

depending on the experimental conditions [113].

| — — — — — — r— — — — — — 7
|
| | Tuning Fork —|>FEMTO —L s Lock-in b o Setpoint |
| | | PI Phase Loop |
I'| Dither Piezo < | SxCiation +—— Output, +— Ab= br-do |
|
| | Af |
I | | Y |
| | z-Piezo - Uz PI Z-Control
| | | Afy, = const |
| AFM Body | | _ _ ASC500__ |

Figure 4.7: Frequency-modulation AFM. Schematic layout of the working prin-
ciple of the PLL detection and the z-control loop inside the ASC 500.

For low temperature conditions the frequency-modulation AFM is more suitable. A
phase-locked loop (PLL) is used to detect the frequency shift Af of the oscillation.
The PLL detector compares the phases between the tuning fork output signal (¢),
which is fed into a lock-in amplifier and a setpoint (¢,). To keep a constant phase
shift A¢, the excitation frequency is adjusted. In a simple theoretical model, the
frequency shift Af is proportional to the gradient of the force dF'/dz. The PL loop
feeds the signal into a PI controller or in this case the z-control loop. The z-control
loop controls the tip-sample distance by keeping the frequency shift Af,, constant.
By applying a voltage U, to the z-piezo, the tip-sample distance is changed until

the setpoint is reached. A schematic overview of the working principle is shown in
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figure 4.7. Tt represents the layout of the low temperature setup, where PLL and
z-control loop are part of the ASC 500.

Q Control

An important property of every harmonically oscillating system is the quality factor.
It describes the damping of the system and scales with the spectral width of the
resonance curve. It is defined as:

Wo

Q: Au}?

(4.3)

where w, is the resonance frequency and Aw is the full width at half maximum
(FWHM) of the resonance curve. The quality factor depends on the mechanical
properties of tuning fork (e.g. mass, stiffness), its mechanical connection to the
scan head, typically realized by soldering, the mass of the tip and the environment.
The Q factor determines the sensitivity of the force detection and the maximum
speed of a scan. Compared to ambient conditions, at which the Q factor of the bare
tuning fork is on the order of 10%, the quality factor increases when the system is
operated in vacuum or at low temperatures reaching 10% — 108, In this environment,
the influence of the quality factor leads to an extend in lifetime (7 = 2Q/w,) of the
transient state of the motion. In other words the damping of the oscillation is so
low that it leads to a delay in the feedback response. In contrast, the quality factor

is decreased in a liquid environment leading to a loss in sensitivity.

In 1993 Mertz et al. [114] introduced the possibility to control the quality factor of a
cantilever in a systematic manner, to improve the scan characteristics. The so called
Q control allows to adapt the quality factor, depending on the environmental requi-
rements. This is accomplished by adding a periodic driving signal to the excitation
frequency, with the appropriate phase. To compose this final excitation signal, a
signal adder is used. It consists of two parts: The fixed excitation at the resonance
frequency and a second part, which is developed from the tuning fork output sig-
nal. After demodulating the tuning fork signal in the lock-in amplifier, the obtained
phase and amplitude are used to construct this second part. Phase and amplitude
are fed into a phase shifter or a gain amplifier. The phase shifter adjusts the phase
according to the manual input and determines whether the damping of the system
is enhanced or reduced. The feedback gain defines the amplitude of the excitation
signal. Afterwards an oscillation generator creates a new oscillation signal from the

now modified signal components.
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In reference [115] a theoretical description of active ( control in a tuning fork based
AFM is presented. To describe the tuning fork an equivalent circuit model, also
called Butterworth-Van Dyke circuit is used. This consists of a parallel circuit
containing an LRC unit and a capacitance Cy. By applying a mechanical model,
one can relate every parameter: the inductance L stands for the effective mass, the
resistor R describes the dissipative process and the capacitance C models the spring
constant [116]. The additional capacitance (Cjy) is simply defined by geometry,
contacts and cables. By employing these parameters into the equation of motion,

the effective quality factor )’ can be approximated as

_ Q
1 —|G|(Cy sind + Q cost)’

Q' (4.4)
with Cy = Cy/C and G = GRyCwy. This equation can be used to derive a simple
correlation between the change of ()’ and the applied phase. Q factor enhancement
takes place by adding a phase shift in the range of 6, to 6, + 7 and a decrease of the
Q factor in a range of 6, + 7 to 61 + 27 with respect to the driving signal. Here, 6,

is a characteristic constant of the tuning fork and is calculated by tan 6, = —Q/C.
90°
180° 0°
270°

Figure 4.8: () control phase map to represent the change in Q factor for a given
phase shift, for the tuning fork system with an intrinsic phase shift of ; = —89.7°.
The gray area indicates where Q is deduced and the white are where it is increased.

For the tuning forks used during the measurement, Cjy =460 and Q = 90000, so 6,
can be calculated giving a value of —89.7°. The resulting behavior of @)’, relative to
the applied phase is shown qualitatively in the map in figure 4.8. This phase map
represents the change of the QQ factor in dependence of the applied phase lag, for the
system with a calculated shift of ; = —89.7°. The gray area indicates where the Q
factor is decreased by Q control with a maximized damping at approximately 180°.
In contrast, the white region represents an increase in the Q factor, which should
be highest at 0°. The Q factor at 90° and 270° should show the same value.

Image 4.9 shows the behavior of the amplitude and the phase curve for active Q

control with different phase shifts at low temperatures. The curves were recorded
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Figure 4.9: Amplitude and phase resonance curves of a tip-tuning fork system
for different @ control phase shifts at a constant gain of 0.99. The curves were
recorded at low temperature conditions (77 K) with an excitation amplitude of
220mV and a resonance frequency of 31.44 kHz. The phase shift was varied from
-180° to 180° in steps of 20°. a) Amplitude vs. frequency curves with Q factors
between 17179 and 46233. b) Simultaneously recorded phase curves.

by changing the phase shift from -180 to 180° in steps of 20°. Within this range the
quality factor was tuned from 17179 to 46233. For the smallest quality factor the
highest damping takes place and the amplitude curve is broadened. In contrast, for
the largest quality factor the amplitude curve has the smallest width and the highest
maximum. Both extremes show approximately the same resonance frequency, which
also matches the resonance frequency of the uninfluenced oscillation (not shown).
The phase difference between maximum enhancement and minimum reduction of
the Q factor is exactly 180°. Additionally to the change in Q, all curves in between
exhibit a shift of the resonance frequency. In the complete phase range, one can see
that the maximum of the amplitude curves describe a full circle. A corresponding
behavior can be observed for the phase curves. The steepness of the phase varies
with increasing or decreasing Q factor. The phase for the highest damping has the
smallest slope and vice versa. Also a shift along the frequency axis with changing

Q factor is observed.

Gold Tip Fabrication

The gold probes were etched electrochemically from a solid gold wire (Chem-
pur, 99.995%, 100 pm diameter) in fuming hydrochloric acid (Fluka Analytical,
37%) [117-119]. This method can produce gold tips down to 15nm in diameter.
The characterization of the tips was performed by scanning electron microscopy
(SEM). An example picture is shown in Figure 4.10 b). For the etching process,

the gold wire serves as anode and an additional platinum ring acts as counter elec-
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Figure 4.10: a) Scheme of the setup, used for electrochemical etching of sharp
gold tips. The gold wire acts as anode and the platinum ring as cathode. Both
wires are submerged in hydrochlorid acid and electrical pulses were applied. The
oxidation of the gold leads to a decrease of the wire diameter and the formation
of a choloroaurate complex. b) SEM image of an etched and cleaned gold tip with
a diameter of about 15nm.

trode. Both wires are dipped into a cuvette filled with hydrochloric acid as visible
in figure 4.10 a). By closing the circuit electrical pulses with a duration of 50 ps, a
repetition rate of 3kHz and an amplitude of 4V (BK Precision, 4003A) are applied,
leading to an oxidation of the gold. A tetrachloroaurate complex is formed at the
anode and the consumption of the gold leads to a decrease in the wire diameter.
At the cathode the hydronium ions are reduced to hydrogen, which results in gas
formation at the platinum wire. An optical microscope is used to observe the tip
formation and to stop the process at the right time. After removing the etched wires

from the acid they are rinsed in distilled water to clean it from impurities.

4.1.3 Electronics

Some electrical connections and main control electronics have already been mentio-
ned in the previous chapters, but for a better overview and understanding the most

important parts and connections are explained briefly in this section.

There are four electronic components responsible for controlling all movements inside
the microscope and for signal detection. The ASC500 is the key controller. It is
responsible for the x,y,z scanning piezos of the sample stack and the z-piezo for tip
height control. It also controls the tip approach, by sending the approach trigger
and monitoring the PLL and z-control feedback loops. The ASC 400 is responsible
for controlling the x and y scanning piezos of the tip stack. Two ANC 250 voltage
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amplifier are present, each connected to either the ASC500 or ASC400. They
multiply the incoming signal with a factor of 20 and send the amplified signal to
the break-out panel. The ANC 350 is a position controller and drives all six piezo-
driven stepper motors used for coarse positioning. It also reads out the position by

measuring the change in resistance of the resistive sensor.

The corresponding scheme in fig. 4.11 shows how these electronic components are
connected. The upper row represents the break-out-panel, which connects the mi-
croscope to all electrical components. There are six multi pin (12 pin) cables plugged
in between microscope and break-out-panel and they are sorted according to the sig-
nals they send or receive. The first break-out panel is responsible for the connection
of the Lakeshore 335 temperature controller with the temperature sensor and the
heater, which are both situated on top of the sample stack. The second panel get
the signals for the rough positioning and fine scanning of the sample stack, from
the ANC250 and the ANC350. Panel three is entirely responsible for the sensor
readout of the ANC350 for all six positioners. Panel four is similar to panel two,
it is responsible for the rough positioning and fine scanning of the tip stack. Panel
five directs the tuning fork excitation signal from the ASC 500 to the dither piezo
on the tip stack. The tuning fork output signal is not connected via the break-out
panel. It is directly fed into to the FEMTO voltage amplifier and afterwards send
to the ASC500. The complete system in grounded via panel 6.
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4.2 Sample Fabrication

For all measurements the sample material was deposited on the flat side of a solid
immersion lens. The used half ball lenses have a diameter of 3mm and are made
from lanthanum dense flint glass (LaSF-35) with a refractive index of 2 (Sandoz Filz
SA, Swiss). This solid immersion lens showed the best surface quality (R,=0.5nm)

in combination with a desired high refractive index (see section 5.1.1).

The carbon nanotubes used, were produced by chemical vapor deposition (CVD)
using cobalt and molybdenum as catalysts (CoMoCAT) and purchased as powder
from Sigma-Aldrich. The material is a mixture of several ciralities, but mainly
contains (6,5) SWCNTs. Due to their small size, strong van der Waals forces inte-
ract between the nanotubes, which leads to the formation of bundles. To prevent
bundling and increase solubility surfactants were used. These surfactant molecules
exhibit a polar and a non-polar end group. The non-polar part interacts with the

nanotube forming a micelle to bring the polar part in contact with the solvent.

For the preparation of the CoMoCAT sample, Sodium deoxycholate (DOC) was
used as surfactant. 0.5mg of CoMoCAT were dispersed per 0.5ml DOC solution
(lwt% in water). To separate the nanotubes the dispersion was sonicated over
20 min with 15% power (Bandelin Sonopuls HD2200/UW2200) under ice cooling.
Afterwards the samples were centrifugated for 60 min at 12000 rpm to separate from
undissolved components. The obtained supernatant was transferred to a new vessel.
The suspension was drop-casted or spin-coated onto the flat side of the SIL followed

by rinsing with water and methanol.
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5 Results and Discussion

In the following chapter the properties of the microscope are described and analyzed
in detail. In the first part of this section, the focus lies on the introduction of the
SIL into the system. The solid immersion lens is responsible for collecting the
tip enhanced light, which is emitted at large angles. The idea to use it in a low
temperature TENOM is new and its influence on the system has to be monitored.
One consequence of the usage of the SIL is the path difference between the movement
of the focus and the tip. To compensate for this problem, the synchronous scan is
introduced and suitable scanning parameters have to be found. In the second section
the low temperature tuning-fork AFM is described. As mentioned before changes in
the environment strongly influence the resonance properties of the tuning fork-tip
system. Therefore, the change of the Q factor and the effectiveness of Q control is
studied. Additionally, the stability of the feedback and the resolution properties of
the AFM at low temperatures are examined. The developments towards the first
low temperature tip-enhanced near-field measurements are presented. And finally
the first TENOM measurements at 77 K are shown and discussed.

5.1 Characterization of the Solid Immersion Lens

The use of the SIL increases the range of collected wave vectors which should lead
to an improved resolution. Additionally, the SIL acts as sample substrate and,
therefore, has to meet special requirements. The surface properties of the SIL in
connection with its refractive index is characterized to select a suitable SIL for the
low temperature measurements. Since the sample material is directly deposited on
the SIL, one has to ensure that its surface is as flat and smooth as possible. Scratches
on the SIL would lead to an accumulation of nanotubes in it. If these valleys are
deep enough, the tip can be damaged while scanning over it. The usage of the SIL
introduces a new problem: the path difference between the movement of the laser
focus and the tip. To overcome this problem two scanner are present, which move
SIL and tip independently. They are controlled by the so-called synchronous scan.

In this section the synchronous scan is tested and the parameters needed to keep the
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Table 5.1: Properties of the investigated solid immersion lenses.

Name refractive index n material supplier
Zirconia n=2.177 cubic zirconia ZrO, A.W.I. Industries
S-LAHT1 n=1.850 lanthanum dense flint glass | Sandoz fils SA

LASFN-35 n= 2.022 lanthanum dense flint glass | Sabdoz fils SA

tip in focus are optimized. Low temperature confocal scans of the carbon nanotube

photoluminescence are performed to investigated the optical resolution.

5.1.1 Surface Characterization

The solid immersion lens has to meet several quality criteria to be suited for the
planned low temperature TENOM measurements. To fit in the sample holder, the
diameter of the SIL has to be below 3mm. The refractive index of the lens should
be as high as possible, since the numerical aperture is improved by the factor of
nsrr- To ensure a stable and background free topography the surface of the SIL
has to be as smooth as possible. Large scratches can lead to a damage of the tip
during scanning. In addition, during sample deposition the nanotubes tend to fill
the valleys, which would hinder a homogeneous distribution of single nanotubes on
the substrate.

Three solid immersion lenses were investigated as possible candidates for the fol-
lowing near-field studies. In table 5.1 the tested solid immersion lenses and their

properties are summarized.

The results of the investigation on the surface quality of the SILs are assembled in
figure 5.1. First, all lenses were inspected with a camera with a magnification of 3.5
and afterwards AFM scans were performed. The optical inspection already revealed
significant differences between the SILs (fig. 5.1 a-c). The Zirconia SIL shows a clear
pattern of randomly distributed straight lines. The other two Lanthanum glass
lenses do not exhibit any comparable pattern and look more smooth. Additionally,
all SILs showed black spots, which occur from contaminations on the surface. They
could be residuals of the AFM preparation process. After the optical inspection
several AFM scans were performed on the lenses. For every lens one representative
topography image and the corresponding cross section are shown in figure 5.1d)-i).
The surface of the Zirconia SIL is completely covered with scratches of different
width and depth. These straight lines are randomly distributed and probably the
result of rough polishing. The cross section in figure 5.1 g) shows scratches as deep
as 60nm and with a width up to 0.5pm. The S-LAHT71 lens has a much smother
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Figure 5.1: Surface characterization of the three solid immersion lenses (from
left to right): Zirconia, S-LAHT71 and LASFN. The upper row (a-c) shows optical
images taken of the flat side of the SIL with 3.5 magnification. The Zirconia SIL
exhibits a distinct line pattern. The AFM scans of a 10 *10um? area are visible
in the middle row (d-f) with the corresponding cross sections taken along the
dashed line below (g-i). The LASFN SIL is showing the best surface quality and
the worst surface quality is visible for the Zirconia SIL.

surface with fewer trenches. In the topography image (fig 5.1¢) the overall surface
looks flat but on the top right and lower left thin scratches are present. They have
a dept of 10nm and a width of 80nm, as can be seen in the cross section. The
LASFN-35 topography image shows a flat surface with some small particles on top.
The impression of a smooth surface is supported by the cross section, since it shows

a nearly horizontal line.

Several of these 10%¥10 pm? AFM scans were performed and all of them were used
to statistical analyze the surface. To determine the surface quality the root means
square roughness Rgjss as well as the roughness average R, was calculated. The re-
sulting surface parameters are shown in table 5.2, together with the amount of scans
used to determine the values. The calculations confirm the observations made by eye

and during the AFM scans. The values of both roughness parameters decrease from
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Table 5.2: Roughness parameters of the investigated solid immersion lenses.

Name number of scans ‘ R, [nm] ‘ Rpyrs [nm]
Zirconia 16 14.08 18.34
S-LAHT1 10 3.29 5.18

LASFN-35 10 1.99 2.69

Zirconia to S-LAH71 and LASFN-35 SIL. The Zirconia SIL shows surface parame-
ters which are about a factor of 10 higher than for the S-LAH71 SIL. But the best
surface quality exhibit the LASFN-35 SIL with Ra =1.99nm and Rgps—2.69 nm.

In the end, despite its high refractive index the Zirconia SIL was not suited for the
planned measurements, due to its high surface roughness. The scratches are proba-
bly a result of the cutting and polishing procedure during manufacturing the SIL.
The LASFN-35 SIL showed the best compromise with a high refractive index and
the best surface properties among the tested lenses. Only a small surface roughness

is present, possibly due to better polishing performance of the manufacturer.

5.1.2 Synchronous Scan

In chapter 4.1.1 the properties and advantages of the solid immersion lens were
already introduced. The use of the SIL increases the amount of collected wave
vectors but it also induces a new problem, the path difference as shown in figure 4.6.
To perform a near-field experiment it is crucial to keep the tip centered in the focus
of the laser, but this is not possible under these circumstances. A way to change
the path difference between tip and focus is to introduce a factor that adjusts the
tip movement accordingly. This factor is called synchronous scan gain and it is
defined by the reciprocal value of the refractive index of the SIL. In case of the used
LaSFN-35 SIL with ng;p, = 2 the synchronous scan gain should be 0.5.

To image the functionality of the synchronous scan a gold tip was centered in the
focus and the gold luminescence of the tip was monitored during a scan. A repre-
sentative image with a synchronous scan gain of 0.5 is shown in fig 5.2a). The gold
photoluminescence was recorded with a 633 nm long pass filter in the detection path
and an acquisition time of 25ms. An area of 1.5%1.5 pm? was scanned. Because the
range of a typical near-field scan is equal or smaller than 1pm the development of
the intensity in this scan range should contain enough information on the effective-
ness of the synchronous scan. The tip was centered in the lower left of the scan area,
which is also the starting point of the scan. In 5.2b) two cross sections are shown

which were taken from the scan image. The black curve refers to the cross section
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Figure 5.2: a) Synchronous scan of a gold tip centered in the laser focus. To
detect the gold signal a 633 nm long pass filter and a acquisition time of 25ms
was used. The Gain setting to compensate for the path difference is 0.5. b) Cross
sections along the first horizontal (red) and vertical (black) scan line to compare
scanner performance in both directions.
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Figure 5.3: a) Photoluminescence image of a gold tip, acquired by scanning
the focus over the fixed tip. To detect the gold signal only a 633 nm long pass
filter and a acquisition time of 25ms was used. b) Cross sections of the gold
photoluminescence in horizontal (red) and vertical (black) direction. The dashed
line in the graph represents 97% of the maximal signal intensity.

taken along the bottom horizontal line and the red curve is taken along the first
column. For both directions the decrease of the signal intensity between beginning
and end of the scan is about 3%. This indicates a stable synchronous scan and
confirms that the gain value is suitable for tip-enhanced measurements. In addition,
the similarity of both cross sections and the homogeneous intensity decrease in the

scan image confirm an almost linear and uniform behavior of the sample scanners.

In image 5.3a) the photoluminescence of a gold tip without synchronous scan is
shown. The tip was centered in the middle of the scan area and kept at this position
while the SIL was scanned. In this measurement the focus raster-scanned an area

of 1.5*1.5 pm? using only a 633 nm long pass filter and an acquisition time of 25 ms.
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5 RESULTS AND DISCUSSION

The signal has a nearly circular shape and the intensity drops fast, indicating a
sharp tip. The two cross sections taken horizontally and vertically across the signal
are are shown in 5.3b). The graph contains a dashed horizontal line emphasizing a
signal loss of 3% from the maximum intensity. This measurement indicates, that a
signal decrease of the gold PL down to 97% corresponds with a spatial shift of the
tip of 50 nm. This means during a 1.5*1.5 pm? scan with a synchronous scan gain of
0.5 the tip deviates approximately 50 nm from the initial centering. Since the focus
has a size of 284 nm this value is acceptable and it should not severely influence the

near-field enhancement.

The quality of the synchronous scan depends on several factors. At first the tip has
to be centered exactly in the laser focus. Also the curvature of the SIL can effect
the continuity of the synchronous scan, since it influences shape and movement of
the focus. In other words, the performance of the synchronous scan is best if it is
performed near the center of the SIL. If these conditions are met, the synchronous

scan works well keeping the tip in the laser focus with only a small deviation.

5.1.3 Low Temperature Confocal Imaging

In this section exemplary PL measurements on CoMoCat nanotubes are presented
acquired by conventional scanning confocal microscopy. One has to keep in mind
that the scan movement of the sample holder does not equal the rastered area of the
laser. Due to the path difference between the movement of the SIL and the focus
all scans have to be recalibrated with the factor 1/ng;;. The maximal amplitude
for the x,y piezo scanner at low temperatures is 20 pm, defining the maximal scan
area of the sample. Taking the refractive index of the SIL of ng;;, = 2 into account,

the area imaged during a scan can have a maximum size of 10 pm.

In figure 5.4 two photoluminescence scans are shown. In both images the laser
raster-scanned an area of 10 *10 um?. The images were recorded using a 632.8 nm
HeNe laser, an acquisition time of 10 ms and a 810 nm long pass filter in front of the
APD, to suppress scattered laser light. The left image demonstrates what happens
if the SIL has a scratch on its surface. The nanotubes accumulate in the valleys
which makes it hard to measure single tubes. The nanotubes in the scratch show
photoluminescence and near the edges single spots indicate isolated nanotubes. But
performing tip-enhanced measurements near the edge endangers the tip. Despite
selecting the SIL with the best surface quality, irregularities during production or
wrong handling can lead to scratches on the surface of the LASFN-35 SIL.
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Figure 5.4: Photoluminescence scan of CoMoCat nanotubes deposited on the SIL
at low temperatures. These two scans show CoMoCat on two different LASFN-35
SILs. Both images have a scan range of 10*10 pm? and were acquired by using
a 810nm long pass filter and with an acquisition time of 10ms. The three cross
sections taken on the right scan are plotted in the graph below.

The right scan in figure 5.4 shows elongated structures with varying photolumines-
cence intensity. Since the used 810 nm long pass filter only selects for the nanotube
photoluminescence, it can be assumed that the observed signals originate from car-
bon nanoubes. They are evenly distributed over the substrate surface, showing
different signal intensity. Spots with the lowest signal intensity are considered sin-
gle tubes and it is expected that bundles appear brighter. The three cross sections
marked in the PL scan are presented in the graph below. They are taken from
structures with different brightness, assuming the weakest emitter is a single tube.
In this case profile 3 shows the peak with the lowest intensity. It is half as bright
as the peaks in profile 2 and 3. This leads to the conclusion that both profiles with
higher intensity contain bundles of at least two tubes. The FWHM of several pro-
files, taken perpendicular to the nanotube axis were measured and a mean value of
257nm with a standard deviation of 22nm was calculated. Neglecting the size of
the CNT perpendicular to the tube axis due to their small diameter, one can derive
a spot size of 257 nm for the laser focus on the SIL surface. Taking into account the

standard deviation, this value lies within the range of the theoretically calculated
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spot size of the focus of 284 nm. This value was calculated for a 633 nm laser with a
0.68 NA and taking the refractive index of the SIL ng;;,=2 into account. The theo-
retically calculated focus size for the same microscope but without the SIL would be
567.8 nm. Therefore, the SIL further improves resolution due to its high refractive

index.

Furthermore, in the middle of the scan area the background gets brighter. This can
be observed when the SIL is completely centered in the laser focus. In this region
probably back reflection takes place inside the SIL, leading to an enhanced radiation

at this point. Whether the SIL is centered can also be observed with the webcam.

In this section, the SIL was characterized to determine whether its optical per-
formance and surface properties are sufficient for near-field measurements. The
LASFN-35 SIL turned out to be the best candidate for near-field measurements
combining a high refractive index with a smooth surface. The high reflective index
of the SIL leads to an improvements of the resolution by a factor ng;;, = 2. The low
surface roughness of R, = 1.99 nm enables scanning the gold tip without damaging
it and should not influence the detection of nanosized structures on the surface. The
synchronous scan was tested and a suitable synchronous scan gain value was found
to compensate for the path difference between tip and focus movement. Overall the

SIL proved to be suitable for future near-field measurements.
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5.2 Characterization of the Low Temperature Atomic Force Microscope

5.2 Characterization of the Low Temperature

Atomic Force Microscope

The second important part of the microscope system is the low temperature tuning
fork AFM. Upon excitation, the resonance frequency and the resulting amplitude
and phase of the tuning fork oscillation is very sensitive to external forces acting on
the prongs of the tuning fork. Tuning fork based AFM, in which the tip is attached
to one of the prongs of the tuning fork is, therefore, capable of detecting very small
forces down to few pN [120]. But this responsiveness to smallest changes makes it
extremely receptive to variations in its environment as well as to its handling. To
investigate the stability of the AFM at low temperatures, several measurements were
performed and analyzed. At first the capabilities of the Q control and its influence
on the resonance is reviewed. The functionality of this software feature is described
in chapter 4.1.2. Q control is able to influence the  factor by adding a second
oscillation with appropriate phase shift and amplitude to the resonance frequency.
Afterwards, the stability of the tip-sample distance control loop is examined by
point and lateral measurements on a clean SIL. In the end, the overall performance

is studied by low temperature topography scans of SWCNT.

5.2.1 Resonance Stability

Low temperatures make the tuning fork more stiff and lead to an increased Q factor
of the resonance curve, of the tuning fork-tip system. Furthermore, a shift in the
resonance peak can be observed. This behavior is visible in figure 5.5, where three
resonance curves of the same tip-tuning fork system at room and low temperature
(77K) and for different gas pressures are shown. The black resonance curve was
acquired at room temperature under atmospheric conditions. The blue resonance
curve was also measured at room temperature but in the microscope stick filled with
low pressured He gas. The resonance shift between both is about 19 Hz and the Q
factor only slightly increases. The difference to the third curve is more obvious,
here the tuning fork oscillation amplitude is higher and more narrow. This curve
was recorded at 77K under low helium gas pressure. In this case the Q factor is
increased by 63%. In the course of this work an increase in Q from 20% up to 70% at
77K could be observed. This behavior is different for every tuning fork-tip system
and the weight and length of the tip as well as the soldering of the tuning fork have

a noticeable influence.
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Figure 5.5: Resonance curves of the same tip-tuning fork system in different
environments. The resonance curves were acquired under atmospheric conditions
at room temperature (black), under low pressurized He gas at room temperature
(blue) and under low pressurized He gas at 77 K (red). The cooling has the biggest
effect on the resonance curve and an increase in Q from 1200 to 2000 is observed.

In figure 5.6 two graphs are presented, containing resonance curves for different
Q control parameters at 77 K. The graph 5.6a) shows three normalized resonance
curves, one without Q control and two with active Q control and different phase
shifts. The curve without Q control is shown in black and has a Q factor of about
18000. This value is too high to perform a stable tuning fork AFM measurement.
The decay time of the oscillation is slow and leads to a delay in feedback response.
To enable a more stable feedback the Q factor has to be reduced by using () control.
The red curve shows the resonance with active Q control and a phase shift of 180°.
Due the influence of Q control the damping is increased, which leads to a drop in
the Q factor to 13000. Compared to the case without ) control the Q factor has
improved by 28%. Active reduction of the damping can also be achieved by applying
Q control and it results in an even higher Q) factor. By using a phase shift of 0° a Q
factor of 24000 can be reached. The corresponding curve is shown in 5.6a) in blue.
This resonance curve is most narrow and additionally shows strong oscillations in
the low amplitude region. These oscillations occur due to the decreased damping
and the resulting increased decay time of the oscillation. In this case, the decay
time reaches the timescale of frequency sweep of 10 ms used to record the amplitude
spectrum shown in 5.6a). The difference in phase shift between the two Q control
influenced curves is 180°. These both phase shifts represent the highest and lowest
damping, respectively and, therefore, result in highest and lowest Q factor for this
system. This connection was shown in chapter 4.1.2 where the Q control for tuning
fork based AFM was discussed.
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For the curves in 5.6a) a constant Q control gain of 0.995 was used, while the
phase was varied. In graph 5.6b) the gain was varied, while the phase was fixed at
180° leading to maximum damping. The resonance without active () control and
an excitation amplitude of 5mV is shown as black curve. It exhibits a Q factor of
11530. The other three curves were recorded with the following gain values: 0.995
(red), 0.996 (blue) and 0.997 (purple), and with a constant excitation amplitude of
300mV. With increasing gain a decrease in QQ factor occurs. In this case the values
drop from 7719 over 7118 to 6427. At the same time a drop in amplitude is visible.
A drop in amplitude corresponds to a decrease in the signal to noise ratio, however.
Therefore, a compromise between Q factor and signal to noise ratio has to be chosen.
Of course an increase in excitation amplitude can improve the signal to noise ratio

but it would also lower the sensitivity of the tuning fork.
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Figure 5.6: Resonance curves with different () control damping at 77 K. a) Re-
sonance curves with different phase shift settings used in the @Q control. The Q
factor without Q control is 18395 (black), the curve was recorded with an exci-
tation amplitude of 5mV and a resonance frequency of 31.1557 kHz. The highest
damping is observed with a phase shift of 180° and a gain of 0.995 resulting in a
Q factor of 13171 (red). The highest Q factor is 24390 (blue) with a phase shift
of 0° and 0.995 gain. b) Resonance curves with different gain settings. The curve
without active Q control (black) has a Q factor of 11530 and was recorded with an
excitation amplitude of 5mV. The other three curves were measured with active
QQ control, a constant phase shift of 180° and an excitation amplitude of 300 mV.
The gain was varied between 0.995 (red), 0.996 (blue) and 0.997 (purple).

In conclusion, the Q factor is sensitive to many influences, for example the size of
the gold wire tip, the amount of glue used and the soldering of the tuning fork. At
low temperatures the () factor typically is around 20000, too high for efficient tuning
fork detection. Therefore, the software feature () control and its influence on the
tuning fork amplitude spectrum was tested. The variation of the phase and the gain
settings have a significant influence on the resonance profile. By optimizing these
parameters the Q factor could be lowered by about 50% at best. This allowed for
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5 RESULTS AND DISCUSSION

sensitive tuning fork based AFM measurements, although at limited scan speeds.
Empirical it can be said, that the better the Q factor of the uninfluenced curve the
higher the effect of the Q control. Also the effectiveness of the ) control depends

for example on the soldering of the tuning fork and the connection quality to dither

and tuning fork.

5.2.2 Feedback Stability

The stability of the AFM measurements is extremely sensitive to changes. Imper-
fections during soldering, like cold solder joints or loss of contact during cooling due
to different thermal expansion of the components can occur. In the first hours after
cooling the formation of nitrogen gas bubbles along the microscope tube, in the
liquid coolant, can be observed as spikes in the tuning fork amplitude. If external
influences can be excluded, also a broad tip or a contaminated sample can introduce

disturbances.
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Figure 5.7: Dependence of amplitude and frequency shift as a function of tip-
sample distance. The tip was landed on the bare SIL surface with a resonance
frequency of 31.35 kHz, an excitation amplitude of 600 mV with active ) control
and a Q factor of 7800. The tip-sample distance is calculated relative to the set
point used for scanning.

Figure 5.7 presents the dependence of amplitude and frequency shift of the oscilla-
tion, on the distance between tip-tuning fork system and SIL surface. The distance
between tip and sample is calculated relative to the setpoint. For measurements
normally a setpoint between 100 and 200 mHz frequency shift was used, which is
already high enough to be detected but not too high to risk damage of the gold tip.
A change in frequency and amplitude is visible approximately 0.5 nm before the re-
lative tip-sample distance is zero. At this distance the tuning fork already interacts

with weak, far ranged forces. By further approaching the amplitude drops from
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46 mV to 36 mV and the frequency is increasing. The relative change in amplitude
of 10mV is much larger than the relative frequency shift of 5Hz. To compare the
sensitivity of both, the signal to noise ratio has to be considered as well. The appro-
ach curve of the frequency shift appears to be much smoother than the amplitude
curve. Therefore, the tip-sample distance control by detection of the frequency shift

might give the better results.
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Figure 5.8: Two AFM point measurements showing two different situations.
a) Optimized measurement without disturbances: The scan took 3min and 20s
with 10 ms acquisition time per pixel. The resulting topography is uniform with
R,= 0.14nm and Rgys = 0.18 nm. b) Feedback problems with random spikes
appearing: The scan took 5min 27.7s with 10 ms acquisition time per pixel. The
resulting topography shows height differences up to 40nm. Inside the marked
area no strong deviations are visible resulting in R, = 0.4nm compared to R, =
2.53nm for the whole scan area.

To evaluated the stability of the feedback, different tip scans were performed. At
first, a point measurement was carried out with closed feedback loop, to observe
the tip-sample distance over time without scanning either tip or SIL. Two of these
measurements are shown in figure 5.8. In fig 5.8a) topography information over
100 * 100 pixels with a sample time of 10ms per pixel were acquired. The whole
measurement took 3 min and 20s and the development of the topography over time
is quite uniform. This impression is confirmed by the surface roughness values
calculated for this measurement, the average roughness is 0.14nm and the root
mean square roughness is 0.18 nm. This measurement represents the optimized case
with refined system and feedback parameters, which is reflected in the low roughness
values. Problems in the system and the feedback loop could also often be observed,
for example in the form of random deflections during a point measurement, as shown
in image 5.8b). Here, random and timely uncorrelated spikes in the topography
can be detected, with heights of up to 40nm. Nevertheless in between the system
is quite stable, as can be seen in the area marked in red. For comparison the
roughness values for the whole image and for the highlighted area were calculated.

The complete image shows an average roughness of 2.53 nm, whereas the spike free
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region exhibit a value of 0.4 nm. These spikes are random events, which cannot be
attributed to a particular source. Either they vanish after a longer time period after
cooling and, therefore, may be a result of thermalization effects inside the system,
or in some cases only the replacement of wires, connectors or the dither piezo could

resolve the problem, indicating a electrical problem.

3.69 nm
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Figure 5.9: Raster-scan image of the gold tip over a flat and clean SIL surface.
This scan was performed with 10 ms acquisition time per pixel and an overall scan
speed of 250nm/s in synchronous scan mode. The calculated surface roughness
values are R, = 0.4nm and Rgy;g = 0.5nm.

After the point scan, the tip was raster-scanned to investigate the influence of the
movement. A 1*1pm? scan of a clean LASFN SIL is shown in figure 5.9. This scan
was performed again with 10 ms acquisition time per pixel and an overall scan speed
of 250nm/s. The image was acquired using synchronous scan, which means tip and
SIL are both moving. This measurements shows more distinct features compared to
the point measurement in figure 5.8 a). Consequently, the surface roughness values
with R, = 0.4nm and Rgp;s = 0.5nm are higher, than the values for the optimized
point measurement. This indicates an influence of the lateral scanner movement on
the system performance. These values are still small enough for the AFM to resolve
nanometer length scales.

There is a difference between the surface roughness values determined for the LASFN
SIL in chapter 5.1.1 (R, = 1.9nm, Rgys = 2.7nm) and the values calculated from
this measurement. The measurement presented here, is taken with the tuning fork
AFM at much slower scan speed and for a much smaller area. For the characteriza-
tion of the SILs a different AFM was used, with a faster scan speed. Also the SILs
in figure 5.1 showed a contamination of the surface, due to the AFM preparation

procedure. The SIL investigated in figure 5.9 should be much cleaner.
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5.2.3 Low Temperature Atomic Force Measurements

After optimizing the system parameters, in particular the Q control values, the PLL
feedback gain and the setpoint, the scan and feedback stability of the low tempera-
ture AFM is excellent and the system is suitable to resolve nanometer length scales.
To demonstrate the performance of the AFM, low temperature AFM measurements
on carbon nanotubes were performed. In figure 5.10 two low temperature (77 K)
AFM scans of CoMoCat nanotubes are shown. The measurements were performed

with different gold tips and several month apart.
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Figure 5.10: Low temperature AFM scans performed with a gold tip on
CoMoCat nanotubes on a LASFN SIL. For every scan three cross sections were
taken, with their profile presented below. a) Scan with an area of 1.6 * 1.6 1m?
with a high density of nanotubes and surface contaminations. The profiles show
nanotubes with heights between 1nm and 2.5nm and a FWHM ranging from
17nm to 46 nm.b) Scan with a size of 850 * 850 nm?, showing few straight nano-
tubes. The profiles reveal nanotubes with heights between 1 nm and 2.5nm and
a FWHM ranging from 22 to 32 nm.

In figure 5.10a) an overview of the sample topography is obtained with a range of
1.6 * 1.6 pm?. The scan revels the characteristic 1D features of several nanotubes and
some point-like contaminations, probably residual detergent. Three cross sections
were taken at different positions across four nanotubes and the resulting profiles are

presented below the scan. The most prominent feature is visible in profile three with
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a height of 2.7 nm, which indicates either a bundle of nanotubes or a single nanotube
covered with surfactant. In the same curve a second feature is present with about
0.7nm, which is close to the nanotube diameter of 0.8 nm and is thus attributable
to a single nanotube. The tip size can be approximated by the FWHM of this cross
section due to the small CNT diameter, which can be neglected. The FWHM of
the cross section taken perpendicular to the nanotube is 17 nm, which is in good
agreement with the 20 nm diameter of the tip, as measured by electron microscopy.
The height of the features in profile one and two is about 1.5nm. The second scan
image in figure 5.10b) shows a smaller area of 850 * 850 nm? with fewer nanotubes.
The cross sections again result in profiles with different height and width. The larges
feature can be seen in profile three with an height of 2.5nm and a FWHM of 32 nm.
In profile one a single nanotube is visible characterized by a height of 0.7nm and a
FWHM of 22nm. The other two features in profile two have a size of about 2nm

and are either bundles of two or single nanotubes wrapped in surfactant.

In summary, by optimizing the scanning parameters of the tuning fork AFM a good
image quality with a high detection sensitivity and a height resolution down to
0.7nm is achieved. The low temperature AFM is able to clearly resolve single carbon
nanotubes. Therefore, if configured right the system has a good low temperature

AFM performance suitable for tip-enhanced near-field measurements.
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5.3 Low Temperature Tip-enhanced Near-field Measurements

5.3 Low Temperature Tip-enhanced Near-field

Measurements

In the previous sections, the performance of low temperature AFM and the charac-
teristics of the SIL were discussed. It has been shown that by optimizing important
parameters like the QQ control values, the PLL feedback gains and the setpoint, the
low temperature tuning fork AFM is able to resolve structures below one nanometer.
Additionally, the synchronous scan was evaluated, to find the best settings to keep
the tip in the laser focus. The final step is to combine AFM and confocal imaging,
by centering the gold tip in the laser focus to gain near-field images.

In this section the last steps for the preparation of tip-enhanced near-field optical
microscopy measurements are described. This includes the development of the tip
centering procedure and the setup of a radial laser mode. And finally, the first low

temperature tip-enhanced near-field measurements are presented.

5.3.1 Tip Centering

Centering the tip in the laser focus is a crucial step to gain tip-enhanced images.
But this procedure turned out to be quite challenging, since the architecture of the
system does not allow to look inside the microscope, when it is cooled down. Already

finding and approaching the tip took quite long and often resulted in damaged tips.

To be able to observe the tip at low temperatures, an additional illumination channel
was added to the setup. An uncoated fiber is guided through an empty epoxy sealed
feedthrough into the microscope and fixed below tip and SIL at the sample holder.
This fiber is positioned to illuminate the tip from below and to cast the shadow of
the tip on the SIL surface, where it can be imaged by the integrated webcam. This
addition allows to find, approach and center the tip in short time. The advantage
is that the tip can already be seen when it is far away from the surface and because

of that, damaging of the tip can be prevented.

For a better understanding figure 5.11 gives an overview of the two possible illumi-
nation directions and the corresponding webcam images. The scheme in fig 5.11 a)
describes the standard beam path of the confocal microscope, where the laser is
focused by an objective on the flat surface of the SIL. The resulting focus can be
imaged by the webcam as seen in the image in the middle. This picture shows
the whole field of view of the webcam. For a better view of the focus the marked

area is magnified and presented next to it. This magnified image shows the focu-
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Figure 5.11: Schemes of the two possible illumination channels and their corre-
sponding webcam images. a) Standard confocal laser illumination with the laser
focused on the SIL. The field of view in the webcam is shown on the right next
to it. The marked area is magnified and shows the characteristic airy pattern of
a focused laser beam. b) New back illumination channel, introduced by adding
a fiber. The corresponding webcam image with and without a tip in the field of
view is presented to the right of the scheme.

sed laser beam and its characteristic airy pattern in more detail. The lower row
in figure 5.11 presents the newly introduced illumination path via the fiber with a
scheme on the left. The two webcam images next to it show the illuminated area: in
the middle without a tip and on the right with a tip centered and in approximately
1pm distance to the SIL surface.

After roughly centering the tip in the laser focus by using the webcam, the tip is lan-
ded and the gold PL of the tip is monitored by an APD. The landed tip is centered
with respect to the laser focus using the x,y piezos. The tip has reached the center
of the laser focus when the photoluminescence signal is maximal. This procedure
has to be done slowly and carefully to avoid damaging the tip. In figure 5.12 the de-
velopment of the gold luminescence during a point measurement with simultaneous
tip centering is visible. To highlight the intensity change during the tip centering, a
cross section was taken along the black line. The corresponding graph is shown to
the right. In the beginning the intensity is low and no signal is visible. At one point,
after approximately 7 lines, the tip comes near the focus and an intensity increase
can be seen. This signal is increased using the x,y piezos until the maximum is

reached. In line 36 the tip is retracted and landed again. The intensity drops to the
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Figure 5.12: Evolution of the gold PL intensity, while centering the tip in the
laser focus. Left: Photoluminescence intensity of a point measurement while
adjusting the tip position to maximize the gold PL signal. The scan has a size of
42 * 128 pixel with a line frequency of 0.391 Hz. Right: A cross section was taken
along the line to illustrate the intensity development over time. The initial slow
increase of the PL intensity is achieved by centering the tip with respect to the
laser focus using the x, y piezos. At about pixel 37, the tip is retracted by about
1.2pm and afterwards landed again.

same level as in the beginning of the scan suggesting a sharp tip. When a damaged
tip is centered, it can still exhibit photoluminescence far away from the surface, due
to its size. After landing the tip again the signal reaches the same value as before
indicating a stable system. When the tip is centered, the synchronous scan can be

started for tip-enhanced near-field measurements.

5.3.2 Tip-enhanced Near-field Measurements at Low

Temperature

Initially, the measurements were performed using a linearly polarized laser mode, but
no antenna-enhanced near-field signals could be observed. Efficient tip-enhancement
requires a longitudinal field but a strongly focused linearly polarized laser mode has
two weak lobes with a low longitudinal field component. Room temperature studies
using a high NA immersion oil objective showed that it is possible to record near-
field images with a linearly polarized laser mode, but in this type of measurements

the near-field to far-field ratio is typically quite low.

Theoretical simulations have shown that radially polarized excitation is needed to
gain a strong field enhancement at the end of a gold tip [121]. This higher order laser
mode has a strong longitudinal component for on-axis illumination of the tip when
focused. This favors the excitation of surface plasmons more compared to focused

linearly polarized light. To create such radially polarized beam a mode converter,
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either consisting of four A/2 wave plates or a liquid crystal mode converter, can
be used. However, both converters are too bulky to be inserted directly in the
microscope or the optical head. Therefore, the generation of the radially polarized
mode has to happen outside the system and the resulting beam has to be coupled
into a fiber to enter the microscope. It should be noted that higher order beams
are not easily coupled into the fiber and the output polarization strongly depends
on the quality of the fiber and the forces applied to it [122]. Since the higher order
laser beam has a larger diameter than the Gaussian beam of the same wavelength,
a fiber with a larger mode field diameter has to be used [23, 122|. In this case the
used fiber is a single mode fiber for 780 nm despite using an excitation wavelenght of
633nm. The output from this fiber is shown in figure 5.13. To test the polarization
distribution within the mode a polarizer was placed in front of the fiber output with
different orientations. The first image presents the radial mode without analyser
and it shows a doughnut shaped laser mode. For the analyser orientations of 0°, 45°
and 90° the resulting polarization states confirm that the mode is still radial after
the fiber, despite some small asymmetries. To ensure that the polarization does not
get altered by the laser line filter and the beamsplitter the laser mode was inspected
after exiting the optical head. These images are presented in image 5.13, too. The
output of the optical head looks still satisfying suggesting that the laser mode is

stable even after it passed the optical elements.

Radial mode

fiber
output

head
output

Figure 5.13: Image of the radially polarized laser mode after the fiber output
(upper row) and after the head output (lower row). From left to right: Radially
polarized mode. Polarization characteristics of the mode after an analyser oriented
at 0°, 45° and 90°.

By using the radially polarized laser mode for excitation first tip-enhanced near-
field measurements at 77K could be performed. In the following section several
near-field measurements at different positions are presented. In some cases two

different photoluminescence images are shown. These were acquired at the same
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5.3 Low Temperature Tip-enhanced Near-field Measurements

time with the two detection channels containing different filters. The channel called
photoluminescence 2 was equipped with a long pass filter 633 nm and was used to
center the gold tip by observing the increase in intensity of the gold signal. Channel
1 was used to specifically detect the nanotube photoluminescence. Therefore, a long

pass filter with 863 or 950 nm cut-off wavelength were implemented.
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Figure 5.14: Tip-enhanced photoluminescence measurement of CoMoCat nano-
tubes on a LASFN SIL. An area of 1.2 * 1.2pm? was raster-scanned. On the
left the confocal photoluminescence is shown. Next to it the topography and
the corresponding photoluminescence is visible. The cross sections of topography
and photoluminescence are plotted in the graph below. Both photoluminescence
measurements were performed with a 863 nm and a 633 nin long pass filter in the
detection beam.

In figure 5.14 a tip-enhanced scan together with the corresponding confocal image
is shown. In this case the photoluminescence was measured with a 863 nm long pass
filter in front of the detector. The topography shows two 12nm and 5nm thick
linear structures an several small, probably single nanotubes. The two bundles can
also be seen in the tip-enhanced photoluminescence scan. Here, the confocal far-field
background is still prominent. The confocal image and the confocal background in
the tip-enhanced scan are comparable in shape and size but shifted slightly to the
right. The presence of the background is also visible in the graph containing the
plotted cross sections. It leads to a rise in the photoluminescence signal but on top

of it two small peaks are present at the same position as the two biggest topography

67



5 RESULTS AND DISCUSSION

features. The highest topography peak has a height of 12nm and is certainly a
thick bundle of CN'Ts. The other two topography features are smaller but no single
nanotubes. They have a size of 5nm and 4nm, which is still much higher than
the 0.8 nm expected for single carbon nanotubes. In conclusion, this scan shows an
antenna-enhanced signal and by comparing topography and PL scan a localization
of the signal is recognizable but the contrast between far-field and near-field is low.

Photlinescence 1 909 counts l?hotolinesence 2 490 mv

KSR 2 CETET

630 374

124 —Topography 1.0
—DNorm. PL1 !
104 —Norm. PL2
— +0.8
E o]
g ~
+0.6
g}, 4 o4 E
52 -
= +0,2
0-
94 +0.0

0 50 100 150 200 250 300 350
Distance (nm)

Figure 5.15: Tip-enhanced photoluminescence measurement of CoMoCat nano-
tubes on a LASFN SIL. An area of 1.4 * 0.9 pm? was raster-scanned. On the
left, the topography image is presented. Next to it, the two different photolumi-
nescence channels are shown. Photoluminescence 1 was acquired with a 950 nm
and a 633 nm long pass filter and photoluminescence 2 with a 633 nm long pass
filter in front of the detector. The overlay of all three cross sections is shown in
the graph below. For a better comparison the photoluminescence intensity was
normalized.

In figure 5.15 a tip-enhanced measurement on a different sample position is pre-
sented. The topography on the left shows a single nanotube surrounded by several
particles. Both photoluminescence images represent the different detection channels
mentioned above. For photoluminescence 2 only a 633 nm long pass filter was used,
whereas for photoluminescence 1 additionally a 950 nm long pass filter was inserted
into the detection beam path. Both images show comparable behavior with a visible
near-field enhancement at the same position but not along the whole tube. Additio-
nally, the far field background is present in both channels. The cross sections taken
from all three scans at the same position of the nanotube are presented together in
the graph below. The position of the nanotube (black line) overlaps nicely with the
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intensity maximum of both photoluminescence channels. The width of the photolu-
minescence signal decreased down to 34 nm for photoluminescence 1 and to 64 nm
for photoluminescence 2 for the best case. The width of the nanotube in the topo-
graphy is 55 nm and, therefore, bigger than the photoluminescene signal in channel
1. It can be assumed that the nanotube is wrapped in surfactant which would lead
to an increase in diameter. If this is the case, the near-field would be reduced due
to the resulting dielectric shielding and increased tip-nanotube distance. In general,
this measurement shows a field-enhancement in both photoluminescence channels

with better contrast and localization than in figure 5.14.
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Figure 5.16: Tip-enhanced photoluminescence measurement of a CoMoCat na-
notube on a LASFN SIL. A 1.2 * 1.2um? large region was raster-scanned. On
the left the topography image is visible. Next to it the two different photolumi-
nescence channels are shown. Photoluminescence 1 was acquired with a 950 nm
and a 633 nm long pass filter and photoluminescence 2 with a 633 nm long pass
filter in front of the detector. Two cross sections were taken at different positions
and the resulting graphs are presented below.

In figure 5.16 the experimental results are different than in the scans before. The
topography is much more crowded with lots of particles and different-sized nano-
tube bundles. The topography image shows artifacts, indicating a non-perfect tip
shape. Additionally, the two photoluminescence channels differ substantially. Pho-
toluminescence 1 is nearly identical with the confocal image, whereas in photolu-

minescence 2 a strong signal localization is visible. The pattern in this scan nicely
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matches the topography. One explanation of why the influence of the antenna is
only visible in one channel could be, that the Raman signal and not the photolumi-
nescence is enhanced. The photoluminescence channel 2 represents all wavelengths
above 633 nm, which also includes the Raman bands at 703 nm and 760 nm, re-
spectively, in contrast in channel 1 a 950 nm long pass filter is used, which definitely
suppresses the Raman signal. Another observation is that the background of the
photoluminescence channel 2 is inhomogeneous. This behavior probably originates
from the gold luminescence of the tip, which is sensitive to even small changes in the
tip position. If the tip surface is rough, a fluctuation in the gold signal can occur,
too. To gain a better insight the cross sections, which were taken at two different
positions in the scan region, were evaluated. Both graphs contain the topography
in comparison with both PL channels. For the intensity of photoluminescence 1 a
scattered representations is used since it does not show any distinct features. As
already indicated by the scan image, the topography profile reveals structures up to
25nm in height. The comparison between topography and the PL 2 cross section
indicates a shift, which is not recognizable in the scan image. All features of the
photoluminescene are shifted by approximately 40 nm compared to the topography.
This indicates an irregular, non-conical tip shape. As a result, different features
of the tip probe the sample topography and the optical response. Moreover, ir-
regular tip shapes can even lead to spectrally dependent enhancement and image
contrast [123]. The signal in the detection channel 2 is enhanced by 18% and the
smallest FWHM obtained from the profile is 36 nm.

All three measurements presented in this chapter confirm that the tip interacts with
the optical signal resulting in localization and enhancement of the fields. The tip-
enhanced signal always could be correlated with the corresponding topography. Even
in image 5.16 a correspondence is obvious despite the shift between both channels.
All images still exhibit a substantial confocal far-field background due to a weak
enhancement and, therefore, low contrast. Up to now, the image quality and especi-
ally the contrast is not comparable to room temperature measurements. A possible
explanation for the weak enhancement is the deposition of a thin layer on the tip
upon cooling. Despite evacuating the chamber and using exchange gas with a purity
grade of 5, it is very well possible to have contaminants in the atmosphere of the
measurement chamber. These tend to absorb on cold surfaces, especially metals
since they have a high heat conductivity and cool down fast. This could lead to the
generation of a thin layer on both the gold tip and the sample surface. Since the field
enhancement strongly depends on the exponentially decreasing near-field, an incre-
ase in tip-sample distance due to this layer would strongly reduce the enhancement.

Also this layer would lead to dielectric screening resulting in a further decrease in
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the enhancement [124|. This model would explain why the enhancement is low and
why very often no field-enhancement is observed even though the tip is centered. Tt
would also explain the rather low spatial resolution obtained in the near-field images
around 50nm. To avoid this problem, a new approach during cooling is tested. The
heater included in the sample stack is used to heat the sample including the tip.
The heater is switched on while the microscope is inserted in the bath cryostat to
keep sample and tip at a higher temperature. After some time everything except
this small heated area has cooled down and existing contaminants should already be
absorbed by the cold regions. This approach was tested few times and appears to
increase the probability for successful low temperature TEMOM experiments. But

to fully evaluate the efficiency of this procedure, more measurements are needed.
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6 Summary and Outlook

The aim of this work was to implement and characterize a new microscope design
for cryogenic tip-enhanced near-field optical microscopy. The system presented, is
able to acquire tip-enhanced photoluminescence images of individual single-walled

carbon nanotubes, at 77 K and with a resolution down to 35 nm.

In the last 25 years, different designs of low temperature near-field microscopes
were presented. They can be divided in three working principles: aperture-SNOM,
scattering-SNOM and STM-based TERS. The first low temperature measurements
were performed with an aperture-SNOM, but they suffered from low signal intensity
and limited lateral resolutions above 50 nm. Scattering-SNOM is suitable for expe-
riments in the IR regime and has been used on various sample materials. The latest
development is the UHV STM-based TERS microscope. It enables sub-nanometer
resolution and strong Raman enhancement up to 10%. This behavior originates
from the gap plasmons, which are confined between the metallic tip and substrate.
With this approach, single molecule experiments could be performed. However,
this approach is limited to metallic substrates and samples with a small thickness.
Importantly, it is not suitable for the observation of fluorescence, since the metal

substrate would quench the signal.

The microscope implemented in this work is designed to detect the photolumines-
cence of samples and shows some unique features, compared to the systems presented
before. Tt contains a solid immersion lens (SIL), as dielectric substrate to achieve
collection angles larger than the critical angle 6.,.; of the objective. This is of prime
importance for the observation of the tip-enhanced signal, which is emitted prima-
rily above 0., corresponding to a numerical aperture NA >1 = nsin(0.4). The
introduction of the SIL, however, led to the problem of the path difference, which
prevents the tip from staying in the laser focus during the scan. To compensate
for this path difference, two independent scanner stacks were realized, controlled by
the so called synchronous scan implemented in the software. The microscope uses
a gold tip, acting as optical antenna, to enhance the signal in the near-field region.

For controlling the tip-sample distance a tuning-fork based AFM was employed.
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Before performing the tip-enhanced measurements, all parts of the microscope had
to be thoroughly characterized and the scan parameters had to be optimized. Fir-
stly, a suitable SIL had to be selected, combining a high refractive index and low
surface roughness. Three SILs were examined by AFM, to determine their sur-
face roughness. The Zirconia SIL had the highest refractive index (n=2.177), but
also the highest surface roughness, with a roughness average of R,=14nm. The S-
LAHT1 SIL exhibited the lowest refractive index (n—1.85) but an improved surface
roughness (R,=3.29nm), compared to the Zirconia SIL. The LASFN-35 SIL had
the best surface roughness properties (R,=1.99nm) and a high refractive index (n=

2.02), and, therefore, was chosen for near-field measurements.

The second step was to test the synchronous scan and to optimize the parameters to
keep the tip in focus during scanning. Due to the refractive index of the LASFN-35
SIL, the path difference of the focus movement is approximately half the range of the
tip scan. A synchronous scan gain of 0.5 was found to be suitable for tip-enhanced
measurements. With this value a shift in focus position of about 50 nm, for a scan

range of 1.5 nm is observed. This shift is acceptable regarding a focus size of 284 nm.

The optimization of the tuning-fork AFM performance at low temperatures formed
the next part of this thesis. At a temperature of 77K the Q factor can grow by 20 to
70% as compared to room temperature, which leads to a delay in feedback response.
The damping of the tuning fork oscillation can be influenced by using Q control, a
feature implemented in the software of the SPM controller, which is based on the
asynchronous excitation of the tuning fork. The aim is to reduce the Q factor, to
improve the response time of the tuning fork detection. Two parameters have to
be controlled in order to gain the best ) factor: the phase shift and the gain. The
highest damping is observed, with a phase shift of 180° and the gain needs to be at
least 0.99, to see a sufficient change in Q factor. If the gain is set too high, it will
result in a decrease of the signal to noise ratio. For every new tip and new tuning fork
a new gain has to be chosen in the range between 0.990 and 0.998, to obtain a small
enough Q factor with a reasonable signal to noise ratio. After choosing the right Q
control values, the phase-locked loop feedback parameters of the the force feedback
have to be optimized in order to perform stable AFM measurements. To evaluate
the stability of the AFM different measurements were performed, first on a clean
substrate, and later on single walled carbon nanotubes. The reference measurement
on the clean LASFN SIL revealed a stable and smooth topography, with a surface
roughness value of 0.4 nm. This value is smaller than the surface roughness obtained
for the LASFN SIL during characterization. This can be explained with the smaller

scan area and the different AFM technique used to scan the image. With all scan
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parameters optimized, single walled carbon nanotubes down to a diameter of 0.7 nm

could be imaged.

After optimizing the system parameters of the synchronous scan, QQ control and the
feedback, the system proofed to be suitable for measuring at low temperatures. To
gain tip-enhanced near-field images, confocal imaging and AFM have to be combi-
ned. First, the tip has to be centered in the laser focus. This step is crucial, since
only perfect centering results in a high field-enhancement. In the present setup
the tip is not visible from the outside of the cryostat, however, centering without
damaging the tip, thus, is quite challenging. In the course of this work, a new illu-
mination channel was implemented to visualize the tip shadow on the SIL surface.
This improved and sped up the tip centering process and the handling of the tip at

low temperatures.

In the beginning, tip-enhanced near-field measurements were performed using a
linearly polarized laser mode, but no antenna-enhanced signals could be observed.
A mode converter was added to create a radially polarized laser mode. This mode
has the advantage of having a strong longitudinal component for on-axis illumination
of the tip, when focused. This results in a stronger excitation of surface plasmons
and leads to a higher field enhancement at the tip. The radially polarized laser

mode was coupled into the microscope by using a polarization maintaining fiber.

These improvements in the setup and the optimization of the system parameters
lead to the first tip-enhanced near-field PL. measurements performed at 77 K. Ex-
periments at various sample positions are presented, showing a difference in image
quality. The localization of the signal, due to the interaction with the tip, led to a
resolution down to 35nm. A field enhancement up to 18% could be observed. All
images still exhibit a far-field background and weak contrast. A possible explanation
for the weak enhancement is the deposition of a thin layer of contaminant on the
tip and /or the sample, during cooling. An additional layer with a thickness of a few
nanometers, would increase the tip sample distance, leading to substantially weaker
near-field interactions. To avoid this deposition a new approach during cooling is
tested. The heater, which is included in the sample stack, was used to heat the
sample, including the surrounding tip until the other parts of the microscope inside
the cryostat are cooled. This could result in the contaminations adsorbing onto the
walls of the chamber and not the tip. This procedure appears to increase the proba-
bility of successful low temperature TEMOM experiments, but more measurements

have to be performed to fully evaluate the efficiency of this approach.

In summary, this work presented and characterized a new low temperature tip-

enhanced near-field microscope. The optimization of the measurement parameters
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6 SUMMARY AND OUTLOOK

and the improvements in the setup resulted in the first low temperature tip-enhanced
near-field measurements. The successful implementation of the microscope opens up
the way for further investigations at low temperatures. The issue of the weak field
enhancement and the heating approach have to be investigated further. In the
future different sample materials can be measured using this microscope, to gain
new insights into nanomaterial properties at low temperatures. By using liquid
Helium as coolant the operation temperature of this microscope can be decreased
even further down to 4 K. AFM measurement at 4 K have already been performed

with this system, confirming the usability of the microscope at these temperatures.
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7 Appendix A: Manual for Handling

the Low Temperature Setup

This chapter acts as manual and describes all crucial steps needed to perform tip-
enhance near-field measurements at low temperatures, including one section, which
focuses on the important software properties and gives an overview on the user inter-

face. Additionally, important error sources and measurement artifacts are discussed.

A.1 Structure and Parts of the Setup

In this section the main parts and the whole setup are shown and named. All elec-
trical and optical connections, which are important for performing a measurement

are described.

Figure A.1 shows the external beam path that is fixed on the optical table and is
responsible for coupling the laser into the fiber. The laser can be switched by a
flipable mirror between two fiber couplers. If the mirror is flipped into the beam
path, the laser is deflected to the fiber coupler responsible for back illumination.
This configuration is needed to find and center the tip via the internal webcam.
If the mirror is removed, the laser passes a beam expansion and a liquid crystal
mode converter and is coupled into the other available fiber coupler. This is the
standard configuration for confocal or tip-enhanced imaging. The liquid crystal
mode converter converts the laser polarization into a radial mode by applying a
voltage. The two wires coming from the mode converter are labeled Phase Comp.
and Rad./Azim. and have to be connected to OQutput 1 and Output 2 of the LC
Driver. The LC Driver is controlled by a laptop via USB connection. To enter the
voltage applied to the mode converter the ARCoptiz LC Driver software is used
and the following values have to be entered: Rad./Azim.= 8.8V and Phase Comp.=
1.91 V. This results in a radially polarized laser mode, but only for a wavelength of
633 nm. If other wavelengths are used, the Phase Comp. value has to be adjusted.

To do so, consult the manual of the ARCoptix Polarization Converter.
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Figure A.1: The beam path on the optical table. It is responsible for fiber cou-
pling the laser into the system. One can switch between standard laser excitation
or back illumination of the sample by flipping the mirror. The mode converter
converts the excitation beam into a radial laser mode.

The experimental section of this thesis contains a schematic overview (see 4.11)
about all important connections of the system. For operation, the electronics looks
like shown in the left image of figure A.2. All wire connections visible in this image
are set and should not be changed. The breakout panel merges all signal cables
coming from the controllers to six main cable bundles. These six cables have to
be connected to the microscope stick as visible on the right in figure A.2 using the
12 pin Fischer connectors. This figure shows the upper part of the microscope with
the optical head and all important optical and electrical connections. All connections
visible in this image need to be removed when the microscope is moved to the VUK
or inserted into the cryostat. Before starting the measurement it is important to

reconnect everything as shown.

In the optical head different types of fiber couplers are present. Each is labeled by
a sticker next to the port. The orange fibers are multimode fibers and responsible
for sending the signal to the APDs. Detection 1 is directly connected to the fiber
coupled APD, which is fixed on the optical table. The second APD has no fiber
port and the fiber coming from Detection 2 is connected to a fiber coupler where
the signal is coupled out and focused on the APD by a free horizontal beam path.
The polarization maintaining fiber (blue) is connected to the Ezcitation port of the
head. On the front of the head a switch is present that slides the pellicle beamsplitter
in and out of the beam path. While the beamsplitter is in the beampath 3% of the

signal is send to the webcam for imaging. The webcam has to be connected to the
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electronic components optical head and
and wiring top of microscope
Lakeshore ; [N Detection 2
Temperature .
Controller Detection 1
Break out panel Excitation
6x 12pin
Fischer
connector Slider for pellicle
ANC 350 beam splitter
ASC 400 Wishenm
connection
ASC 500
: Bare fiber
Tuning fork coupler
signal input
ANC 250 FEMTO
for sample Power supply
ANC 250 Tuning fork
for tip signal output
Computer 6x 12pin
Fischer
connector

Figure A.2: Left: Electronics rack containing all controller and electronic con-
nections. The wiring should not be changed. Right: Upper part of the microscope
with the optical head. All electrical and optical connections are crucial for per-
forming a measurement and should only be disconnected while the microscope is
moved.

USB port of the computer. The microscope stick contains 6 ports for the 12pin
Fischer connectors. They have to be attached following the numbers labeling jack
and plug. In addition, the FEMTO is fixed on top of the microscope stick and he
must not be removed and needs to be connected to the power supply. The tuning
fork signal coming from the microscope is sent into the FEMTO by a short BNC
cable, before the amplified signal is transmitted from the FEMTO to the HF IN
1 connection of the ASC500 by a BNC cable. On the side of the FEMTO a bare
fiber coupler is fixed and connected with the fiber used for back illumination. Before
moving, the FC/PC fiber patch cable has to be disconnected.

In figure A.3 the stacks for sample and tip movement are shown from behind. The
stacks are plugged to the microscope and the electrical signal is distributed from
the four 18pin connectors to the single components. The pin assignment is defined
in A.3. Cables with a positive voltage are labeled red and ground wires are labeled
black.

In figure A.3, on the left, the sample stack is shown. The left 18pin row of the sample
stack contains the heater and temperature sensor connections. Below a single pin
connects the head plate of the sample stack to the ground. The last three vertical

pins are responsible for reading the position of the z positioner (Res Pz). For the
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Figure A.3: Both measurement sliders, present at the bottom of the microscope
stick, are shown from behind. Left: Sample stack Right: Tip stack. The pin
assignment of the four 18 pin connectors is shown.

resistive position readout, a constant input voltage (Vy), the resulting sensor readout
(S) and a ground connection (G) are present. In this pin row some free pins are
available for additional connections. The right 18pin connector row of the sample
stack is responsible for connecting all three piezo scanner and positioner and the
position readout for x and y positioner.

On the right side of figure A.3 the tip stack is visible. The left pin row of the tip stack
is identical to the right pin row of the sample stack. It connects to the scanners,
positioners and the positioner readout. On the right side of the tip stack several
empty pins are present. Further more, the excitation signal of the dither piezo is
connected (V;;,). The single wire below connects the head plate to the ground. The
connection for the positioner readout of the z positioner can be found in the lower
left.
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A.2 General Points

e Always switch off all outputs in the software before removing cables or the

stacks
e Keep the VUK closed with a lid when not in use
e Vent the pump after it is disconnected from the system and has stopped moving

e Don’t forget to change between room temperature and low temperature set-

tings

e Flip the pellicle beamsplitter inside the optical head out of the beam path

when imaging

e The connection of dither and tuning fork cables are fragile: avoid straining or

twisting

e Switch off the halogen lamps next to the system, they interfere with the tuning

fork oscillation

e Switch off all positioner outputs during scanning they interfere with the am-

plitude
e The objective is sensitive to dust flying into it if it is kept outside the VUK

e While scanning the SIL without the tip, the tip should be retracted at least
20 steps to keep it safe

A.3 Software

In this section the main measurement software Daisy is described. If more detailed
Information are needed the Main User Manual can be consulted.

The software controls the scanning controller ASC 400 and ASC500 and the po-
sitioner controller ANC 350. To avoid interactions it is advised to switch on the
hardware in the following sequence: ASC 500, ASC 400 and ANC 350 afterwards the
two ANC250. At first the software for the ANC 350 is started, which can be found on
the desktop (C:/Program Files/atto software/ANC 350_v1442/daisy). Afterwards
the program for the ASC500 is selected (C:/Program Files/atto software/Sync test
2/ASC 500 hs/Daisy). The program takes some time to synchronize and a green
light in the lower right of the window indicates a successful connection. The pro-

file AFM2.ngp contains the main control panels for performing a measurement. It
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Table A.1: Settings for the output limit of different temperatures.
parameters | 207K | 77K | 4K

x/y max. voltage | 3V | 6.39V | 7.5V
X/y max. range 35pm | 20pm | 20 pm
z max. voltage 3V 1639V | 75V
Z max. range 3.50pm | 2pm | 2pm

is opened by clicking on the open icon () after loading two green signal lights
should be visible in the lower right. At last the program for the ASC 400 is selected
(C:/Program Files/atto software/Sync test 2/ASC 400 hs2/Daisy) and the same
profile is loaded.

In the end three windows should be open: One to control the positioner via the
ACS 350 and two windows to control the scanning. The window named Daisy Dou-
ble Device Mod@ ASCL00 SPM Controller is only for monitoring and checking the
tip movement. Here no parameter should or can be changed since it has no influ-
ence on the scan. All scan parameters are controlled by the ASC 500 and, therefore,
the Daisy Double Device Mod@ ASC 50mm SPM Controller window is the main
working interface. Both controller work in a master/slave configuration and the
program window for the ASC 400 is only required if the scanning signal is not trans-
ferred correctly and needs to be adjusted by hand.

Before proceeding with the measurements and activating the Output, some parame-

ters have to be changed in the program:

e Insert the correct Output Limits (see table A.1) and set the lever to the right

temperature range

e In the Qutput Limits also the Scanner Adjustment Speed should be lowered
to Lum/s or 500 nm/s

e In the Line View tab a sample time of 10 ms should be entered
e Got to Settings—Experiment Preferences—Counter—Exposure Time: 10 ms

Depending on the environment different output limits have to be used. They can
be changed by clicking on the corresponding button on the upper left. Table A.1

summarizes the required settings for different temperatures.
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Figure A.4: Main Panel of the Daisy program containing 6 main sections. In
the upper part of the panel the Output section, Scan Control, Z Control and the
Scan Data Display are organized. The lower half contains two tab sections, on
the left the Main function tab section and right the 1D Data Display tab section.

A.3.1 Software User Interface

In the following several screen shots of the user interface of the program are shown.
The important tabs and buttons are labeled and their task is explained. Figure A.4

shows the main window and labels the six main sections.

Output Section

The upper left of the Main Panel hosts the Output section, for the activation of the
controller outputs and changing the corresponding limits. The temperature switch
can be used to change between low and room temperature settings. By clicking
the Output Limits button a window opens where the actual output limits can be
changed (see table A.1). By checking the Output Active box all electrical outputs

can be activated. This only should be done when all important values were added

and rechecked.
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Figure A.5: The Scanner Control Panel is used to set the scan parameters and
change the scan area.

Scanner Control Panel

In the Scanner Control panel all important scan parameters can be entered. It
is shown in image A.5 in detail and labeled. The buttons to start (»), stop ()
or pause (ll) a scan can be found at the top. By pressing the pause button the
scan movement will be held at the current scan position until the scan is resumed
(») or aborted (H). In the Main Scanner Control part all scan parameters such
as number of Scan Lines and Scan Columns, Pizel Size and Sample Time can be
entered. Instead of the Sample Time related values like Line Frequency, Scan Speed
or Time per Frame can be entered in the drop down menu as well. The parameters
are all interconnected and calculated by the software. By clicking the Scan Details
button all important scan parameters are presented.

The Scan Display gives an overview of the overall scan range (red square) and the
Active Scan Area (blue square). To move, resize and rotate the Active Scan Area one
can either use the mouse or enter the desired values in Origin, Range and Rotation
of the Main Scanner Control. On the left of the Scan Display the Scan Area Size
Tools are present, which can also be used to change the Active Scan Area. The Scan
Area Zoom Tools do not change the Active Scan Area but are used to zoom in and
out of the Scan Display.
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Figure A.6: The Scan Data Display panel is used to image the scan data. Two
tabs allow to select either Frame or Line View.

Scan Data Display

The Scan Data Display consists of two windows showing the scan data (figure A.6).
One can switch between the Frame View and Line View tab depending on the needed
information. In the drop down menu the displayed signal can be selected.

In the Frame View tab the data is displayed as xy plot with a color-coded scale.
By right-clicking on the window the context menu opens. Here the color coding
can be changed and the Selection Tools can be activated. The Underground Filter
allows a simple background correction while scanning. It can be used to subtract a
constant or a linear function from each line. The Graduation Tool can be used to
change contrast, by pressing the Auto button it calculates automatically the range
of the displayed values. The Selection Tools can be divided into Zoom Tools and
Frame Tools. The Frame Tools can be used to change the Active Scan Area or start
the path mode. The Active Scan Area is altered based on the information selected

in the Scan Display. From left to right the following functions are available:

select a new rectangle for scanning

rotate the scan direction

select a new center of the scan area

start the Pathmode
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The last button on the right is only active if selections were made and is used to
accept the changes.

The Pathmode allows to select a path by clicking on one or more points in the Data
Display. The Pathmode can be controlled in the Main Function Tab named Path.

In the Line View tab the scan lines can be imaged while scanning. The updated value
is continuously displayed in a graph as signal versus position. The Scan Direction
Filter allows to choose between forward or backward scan and if switched off it
shows both lines. By right-clicking on the window the context menu opens. Here
the Ranges function can be used to adjust the scale in x and y and to change the
amount of traces shown in the graph. The display range can also be adjusted with
the Zoom Tools. The stop button () stops the display until it is cleared ()XI) or
restarted by pressing stop again.

Z Control Feedback Loop

~Z Contral

The Z Control Feedback Loop (fig A.7) is essential for con-

trolling the position of the z-piezo. One can select between

™ Loop On o

Retract I

different Input Signals, for low temperature measurements
it is advisable to use the HF 1 df signal together with the

?‘?m‘—ﬂ I_ PLL - Frequency Control. Checking the Loop On box im-
m 2.4 mediately activates the feedback loop which should only be
e done after all parameters were entered and all settings re-
o = i viewed. If the Loop On box is unchecked while the z-piezo
oI is extended, the feedback loop will be switched off and the
: m position will be held. The Retract button also deactivates
TrE— i the feedback loop while retracting the piezo to Z limit Min.
;:c:::m Samt; The important parameters for the feedback loop are the P

B and I gain values and the Setpoint, which depend on the

Slope Compensation °
‘oltage Limit: 3.0000 %

measurement conditions.

Figure A.7: Z Control
Feedback Loop panel.
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Main Function Tab Section

This section contains all main functions and can be adjusted by reordering or hiding
tabs. The most important tabs for low temperature applications are PLL, Lever

Excitation, Coarse and Scan.

PLL: In this tab the integrated Phase Locked Cm BB
—Amplitude Contral ~Frequency Control

Loop can be controlled (fig A.8). The function . P a s |-

of the Frequency Control loop is described in oo || e [ |

other parts of this thesis (see Chapter 4.1.2). .| e[
. . - ,D— 60 . X TE.UBBB iz L,

Prior to a measurement the proportional and S | em—

. . Al . I~ Pficonst W Iiw Polarity
the integral gain have to be entered and the sewor: [ov L | [ nctvae. v |2
Inv. Polarity box must be checked. The Ac- O [ i = 9
. Setpoint Modulation | Setpoint Modulation 31.4
tual Value is commonly set to HF 1 Phase.

If the phase is shifted to the resonance fre- Figure A.8: PLL tab.
quency at a phase of 0°, the setpoint should
be set at 0°. In the lower part of the panel the Setpoint Modulation button is shown.

This button opens a window that can be used to improve the feedback settings of

the PLL. This is explained in detail in Chapter A.5.4.

Lever Excitation: In this tab the tuning T ——— M=
fork excitation can be controlled and it con- rxeitation—————————— 0 Cantrol
. . Aexc (pp) |h.94004 Y Enable [~
tains the @ Control settings. The resonance e e
Feedbacklﬂ

curve can be imaged in the Resonance tab in
the 1D Data Display tab section A.3.1. The
oscillation excitation (Aezxc) influences the fi-

nal amplitude of the oscillation. It should be

—Detection

Phase shift

ID deg

Auto Phase
Integration Time |252.2 us

Prearnp Mode

Sensitivity Range I SV

IAuto vl

adjusted to get an amplitude of about 50 mV.

If the @) control is active, the excitation must
not exceed 600 mV. The Auto Phase button

is important to shift the phase to get a value of 0° at the resonance frequency. Fine

Figure A.9: Lever Excitation tab.

tuning of the frequency can be done by turning the mouse wheel and observing the
amplitude in the Line View. The settings for the mouse wheel can be changed by

performing a right click on the text field.
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% Coarse Pl 3 Coarse: The coarse tab is used
X (Axis 1) ¥ (Axis 2) 2 (Axis 3) —Autoapproach
fooeo | pemey | pewes || ssossochousks | to control the positioner movement
Ampltude Amplitude Amplitude Py 10 ms .
e e-rom—( er— T e — and the autoapproach of the tip
™ Enable I Enable I™ Enable Threshod  [tkHz
Max. Crs. Steps || Max, Crs. Steps || Max. Crs. Steps || stop Cond, [<Threshold =] _
o | —] | (fig A.10). The autoapproach al
St*_fl O 5“_f| Wl Sifl il oot R ternately controls the expansion of
b L H i g ' hamn = ,_g—_lREtra:t ~ | Coarse Adjust . .
Con ot cont s @ s | t[1]@ the z-piezo and the z-positioner mo-
B N (Y S I Y . .
vement to bring the tip near the sam-

Figure A.10: Coarse tab. ple. If the Stop Condition is met, the
system will enter the Target Mode. 1t
defines whether the feedback loop gets activated or the tip is retracted. The ap-
proach mode (Apr. Mode) defines the ramp used for the z-piezo expansion. In the
Ramp mode a constant speed is applied, which can be entered into the Speed cell.
The Loop mode uses the feedback values entered in the Z Control panel. The Z In-
put Signal is defined by the selection done in the Z Control panel. The Delay value
defines the waiting time after each coarse step and should be increased at low tempe-
ratures (to 50-100ms). The approach speed should be around 500mV /s and needs
to be lowered for big Q factors. The amount of steps per approach (Steps/Apr.) is
5 for low temperatures and 3 for room temperature. If HF 1 Ampl is selected as
input signal, the stop condition (Stop Cond.) has to be set to <Threshold and the
Threshold to 95% of the signal amplitude. If HF 1 df is selected as input signal, the
stop condition (Stop Cond.) has to be set to >Threshold and the Threshold has to
be +100 mHz.

¥ Scan M= Scan: In the Scan Tab the Synchronous Scan Ge-
Manual Positioning Synchronous Scan Geometry . . .
soiiilior— || omax [ ometry panel is important. In the Gain field the

1 I gain value for the synchronous scanning has to be

E o = - Jo— entered, in case of the LASFN-35 SIL is should be

0.5. Both Offset fields are required to fine center

the tip, which will be described in more detail in
section A.5.3.

Figure A.11: Scan tab.
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1D Data Display Tab Section

Line View: The Line View Tab simply displays data versus time. The sampling
time on the upper right corresponds to one pixel in the Line View. In the drop down

menu the input signal can be chosen.

Resonance: This tab is important s cesonance B Ed
] ) marath Df&ﬂ)ﬂ.l
to find and characterize the oscilla- - Emm
tion of the tuning fork. The selected e
. . avoTme[1oms | B
frequency window will be scanned by —

Details

pressing the start button (P). The

range of this scan is defined by the —=Elel |G E-CH]

=hle |[Falale]

inputs in the Start and End field. It Figure A.12: Resonance tab.

is advisable to select amplitude (HF

1 Ampl) and phase (HF 1 Phase) to be displayed in the windows. In the tools below
the scan window two useful Frame Tools are situated. The left one allows to select
a new frequency range at which the Start and End values will be changed automa-
tically. The right one allows to select a point in the window which will be entered
as new frequency in the Lever Excitation tab. The selections made with one of the

tools are applied by clicking the accept button.

A.3.2 Data Saving

This section will give an overview on how to save the measu-

o|m|o| 4|

red data. The four icons shown in figure A.13 are important
for triggering the data storage and defining the saving set- Figure A.13: Buttons
tings. They all can be found at various positions of the user for data storage.
interface. The three buttons containing a camera trigger

different data storage processes. The icon at the right accesses the Data Channel
Configuration dialog (DCC). Here the signals and the format they are saved in are
defined. The DCC has separate tabs for different data channels. Most important
are the Line tab on the lower half and the Scan tab in the upper half of the window.
The Scan group is responsible for all data acquired during a raster-scan. For saving
all data during a tip-enhanced experiment at least the following channels should be
selected: Z out in (Topography), HF 1 df (error signal), Counter (APD1), ADC 2
(APD2). To add more signal channels the Add button can be clicked and unneces-
sary channels can be removed by clicking the delete button at the end of the row.

In the text field in the front of the row a recognizable filename should be chosen.
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The checkboxes define the format in which the data is saved, to be sure all boxes
should be checked.

To trigger the data storage one of the three camera buttons has to be clicked. By
triggering the data storage all data of the corresponding display will be saved. For
example if the Save button is clicked in the Scan Data Display, all 2D and 1D
information will be saved. The button on the left is the Save Immediate button. It
saves the current state of the data, independent if the scan is finished or not. In the
middle the Save Delayed button is shown. It will store the data when the scan is
completed and can only be activated as soon as the data acquisition started. Upon
clicking the button an icon appears in the corresponding display to visualize that
the data will be stored when finished. The third button is the Save Repeat button.
Once it is pressed the completed data will be saved continuously. The process can

be stopped by clicking the button again.
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A.4 Preparations for Low Temperature

Measurements

In the following the most important steps for preparing the low temperature measu-
rements are listed. The details are described in this sections. During the experiments
two webcams, which use two different programs to display the stream, are used. For
the internal webcam in the head the uEye Cockpit software has to be used. The
external camera used for tip inspection at room temperature is controlled by the Ya-
wecam software. The preparation is separated into five steps, which will be explained

in more detail in the following.
1. Tuning fork soldering
2. Tip gluing
3. Centering SIL and tip

4. Transfer to vacuum chamber, pumping and exchange gas

5. Transfer to cryostat and cooling

A.4.1 Tuning Fork Soldering

This step is optional: If the tuning fork is handled with care and shows good low
temperature behavior, it is not necessary to change it. If the scan shows strange
artifacts that cannot be explained or if the Q factor is too high at low temperatures,
it is advisable to change the tuning fork. Soldering should only be done when the

head plate is removed from the stack.
Top view of the head plate Side view of the head plate

Tuning fork
solder pads

Tuning fork

Solder pads
for signal
output

Cable for
signal output

Dither piezo

Figure A.14: Side and top view of the AFM Head plate. The main connections
and solder points are named and marked.
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After carefully removing the tuning fork from its capsule, the two wires at the end
of the tuning fork are removed. To do so, use the soldering iron to heat the solder
point of the wire until it gets loose and remove it with a pair of tweezers. Now the
tuning fork has to be prepared by adding a tiny amount of solder to the solder pads,
where the wires were removed from. Also, the circuit board should contain a small
amount of solder, on the two patches where the tuning fork needs to be fixed. The
tuning fork has to be placed at the solder position without tilting or twisting and it
should be kept there in a stable position. The final soldering should be done fast,
avoiding a short circuit. Both sides of the tuning fork have to be connected properly,
but without using too much solder tin. At best, both contacts of the tuning fork
contain the same amount of solder. The optimal orientation and position of the
tuning fork is shown in figure A.14 from the side and from the top. The amount of

solder visible in this image is adequate.

A.4.2 Tip Gluing

The old tip has to be removed, before gluing the new one. To do so the tip stack
must be disconnected and removed from the microscope stick. Afterwards, the head
plate of the tip stack has to be unscrewed and the cable to the dither piezo has to
be unplugged. The four screws of the head plate should be unscrewed using the
least force possible and the stack should be placed on a soft surface. Once the head
plate is removed, the tip can be detached by using acetone and a sharp razor blade.
One has to take care, not to add too much pressure on the tuning fork. When the
tuning fork is clear of all glue residuals the head plate can be screwed back on the

stack. Make sure to fix the screws only hand tight without using too much force.

Now, the tip can be prepared and cut for gluing, this is done by the standard
procedure using gold wires not longer than 1.5mm. The setup for tip gluing is
shown in figure A.15. The tip stack is laid down on a foam material with a height
of approximately 3cm. The prepared tip is hold by tweezers, which are fixed with
magnets to the lower position of the micrometer stage, as visible in A.15b). After
checking height and position of the tip, it is glued on the upper prong of the tuning
fork using one small drop of epoxy glue. Figure A.15a) shows the view through the
microscope on a correctly positioned and oriented tip. When the glue is cured, the
tweezers and the tape can be removed and the stack can be plugged back in the
microscope. It is advisable to measure the resonance curve after gluing a new tip,

to see if the tuning fork got loose or damaged during the process.
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Figure A.15: Gluing a tip: a) View through the microscope on the glued tip.
The tip is positioned on the upper prong of the tuning fork and fixed with a drop
of epoxy glue. b) Setup for gluing a tip. The AFM stack is laid down with the
tuning fork pointing up. The cut tip is hold by a pair of tweezers, fixed on the
lower part of the micrometer stage.

A.4.3 Centering SIL and Tip

The new tip and the SIL should be centered at room temperature, prior to cooling.
The internal webcam, integrated in the optical head, is responsible for imaging the
SIL from the top, to inspect the laser focus. At first, the height of the SIL has to
be adjusted by using the z positioner, until the focus looks like in figure A.16a).
For centering the SIL in x and y direction, the SIL has to be moved until the back
reflection of the laser is visible. To see this back reflection the exposure time of
the webcam has to be increased. Figure A.16b) shows the resulting webcam image

containing the back reflection.

The tip can be additionally visualized by an external camera. This camera uses
a 6.5 zoom objective (Navitar) and images the tip and the tuning fork from the
side. Tt is used to roughly approach and center the tip. In figure A.16¢) an image,
taken with this camera at maximum zoom is shown. The tip and its reflection on
the surface of the SIL is visible. On the right of the tip, the focus can be seen as
a small red spot. For rough centering, the tip has to be positioned as shown. It
has to be on the right side of the focus and with a small safety distance from the
SIL surface. Afterwards, the integrated webcam is used to fine center the tip. For
this, the illumination path has to be changed to back illumination, by flipping the
mirror after the laser into the beam path. Now the SIL is illuminated from below
and the webcam should show a image, like in figure A.16d). By moving the tip with
the x positioner in both directions (£ 100-200 um) the shadow of the tip should

become visible in the webcam. If the apex of the tip is already centered the image
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should look like in A.16e), otherwise the shadow is much bigger and sometimes
covers the whole visible area. If no shadow appears, one has to move the tip with
the y positioner approximately 50 pm in positve direction. Afterwards again the the
X positioner has to be moved in both directions (£ 100-200 um). These steps have
to be repeated until the shadow of the tip is found. In picture A.16e), the tip is
still in a safe distance from the SIL surface. If no AFM measurements are needed at
room temperature, it is advisable to not approach the tip further to avoid damaging
it. In figure A.16e) the tip is approximately 20 pm away from the surface. For
comparison in figure A.16f) the tip is only 1 pm away from the surface. To keep the
tip safe during the microscope transfer and cooling, it has to be retracted 400 steps

in 7z direction with the positioner.

Tip

/ reflection
4

Figure A.16: Centering o tip and SIL. a) Image of the laser focus on the SIL
surface, taken by the internal camera, with an exposure time of approximately
0.1ms. b) Image of the laser focus and its back reflection on the SIL surface, taken
by the internal camera, with an exposure time of approximately 60 ms. c) Side
view on the tip and tuning fork, taken with the external camera with maximum
zoom. d) - f) Back illumination of the SIL to visualize the shadow of the tip. All
images were acquired with the internal web cam with a maximum exposure time
of 62.4ms. Different stages of finding and approaching the tip are shown.
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A.4.4 Transfer Microscope Stick to Vacuum Chamber and

Pumping Down

Before proceeding make sure the tip is retracted far enough to be safe of damage.
The next step is to secure the cables at the low temperature section with aluminum
tape, to prevent them to get stuck or cause a short circuit. The micro coaxial
connector should be fixed in the window on the front side of the low temperature
section as shown in image A.17 a). Additionally, the dither cable at the AFM stacks
to be fixed by a thin strip of tape. Image A.17 b) shows how the cables have to be

secured at the low temperature chamber.

Figure A.17: The cables in the low measurement chamber have to be secured
by aluminum tape. a) Position of the micro coaxial connector before covering it.
b) Secured cables on the low temperature chamber, ready for transfer.

Before transferring the microscope, make sure the VUK and the sealing ring are
clean and in place. The VUK should be positioned in its mount and fixed with
its bracket. It is more secure, if the transfer is performed by two people. Remove
the optical head and disconnect all cables from the microscope. Afterwards, the
microscope has to be unscrewed from the holder at four positions with equal speed.
Now, the microscope has to be moved to and inserted into the VUK. During the
transfer, vibrations have to be avoided and the microscope should not be touched

at the measurement chamber.

The setup of the vacuum chamber and its connection to the pump is shown in
figure A.18, where all important components are labeled. After the microscope is
inserted in the vacuum chamber, it should be sealed by closing the clamp hand
tight. To evacuate the vacuum chamber the pump has to be connected with the
vacuum valve. It is advisable to connect the six multi pin Fischer connectors to

the microscope during pump down. The chamber should be evacuated down to a
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overpressure valve vacuum valve

threaded ring vacuum connection

VUK bracket needel valve

pressure gauge pump valve

turbo pump
VUK

padded clamp
VUK mount

Figure A.18: Setup of the vacuum chamber and its connection to the pump. All
important components of the pump and the vacuum chamber are labeled.

pressure of 107° mbar. Careful heating of the vacuum chamber with a heat gun
improves cleanliness of the chamber. After the chamber is evacuated, pure helium
gas is inserted to improve heat exchange during cooling. A helium pressure of about
10 mbar is suitable. The helium gas cylinder is connected to the needle valve via a

pressure regulator.

A.4.5 Transfer to Cryostat and Cooling

Before transferring the microscope, make sure that all valves are closed hand-tight
and that the pump and the cables are disconnected. Check if the threaded ring and
the two sealing rings are wrapped around the vacuum chamber and fix the padded
clamp below them, but not higher than 10 cm above the lower end of the VUK. The
position of the clamp is shown in figure A.18. Remove the bracket, that keeps the
VUK in place and lift it out of the mount. Carefully lift up the vacuum chamber
and insert it into the cryostat, until it gets stopped by the padded clamp. Make sure
the clamp fixes the chamber in place and quickly connect the six multi pin Fischer
connectors to the microscope. This step is important because the piezos have to be
connected to ground while cooling. By slightly loosening the clamp one can lower
the VUK into the cryostat in a controlled manner. After approximately two-thirds
the VUK reaches the notch inside the cryostat. Here one has to carefully recenter
the VUK to fit it into the notch. After the VUK reaches the bottom of the cryostat
the threaded ring has to be screwed down to seal the cryostat and fix the microscope

in place. Now all cables and the optical head can be reconnected.
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A.5 Tip-enhanced Measurements

For liquid nitrogen a stable temperature is reached after 1.5h, but complete ther-
malization takes longer and should be observed by monitoring the tuning fork am-
plitude. As long as spikes appear in the amplitude of the tuning fork, the system is
not stable to measure.

A.5 Tip-enhanced Measurements

After the microscope is cooled down, the final steps towards low temperature TE-
NOM have to be performed. The procedure can be separated in four steps, which

will be explained in more detail in the following.
1. Center SIL and confocal inspection
2. Approach and find tip
3. Center tip for Sync scan

4. Scan parameters

A.5.1 Center SIL and Confocal Imaging

After cooling the SIL has to be recentered by using the web cam and all three
sample positioner. The steps are the same as for the room temperature procedure,
explained in A.4.3. Afterwards, a confocal scan should be performed, to check on

the alignment of the detector and the laser.

A.5.2 Approach and Find Tip

To safely approach the tip, the stack should be moved 100 pm in positive y direction.
Afterwards the tip should be approached stepwise in z direction. After every 20-30
up steps one has to look for the shadow of the tip by moving it +/- 100 pm in x
direction. The change between z approach and x “scanning” have to be repeated
until the shadow of the tip becomes visible. The approach is comparable to the
centering at room temperature explained in A.4.3. The difference is that, at low
temperatures, the tip is much further away from the SIL surface and it can not be
monitored by the external webcam. If the shadow of the tip is found, it has to be
approached further as long as it is safe. If the webcam image looks like A.16e),
it is advisable to start the automatic approach by the software to cover the final

distance.
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A.5.3 Center Tip for Sync Scan

After the scan range for the final scan is selected, the tip has to be centered. The
rough centering is done as described in A.5.2, always take care of keeping a safe
distance between tip and SIL, when using the positioner for rough centering. After
the tip is approached and the the z-piezo is retracted the tip should be approximately
1um away from the SIL.

The fine centering is done by changing the offset values in the Sync Scan Tab of
the program. The area for the sync scan and the final scanning parameters should
be selected before beginning. The scan program only applies the changes in offset
when the scan is already running. A simple point scan at the starting point of the
scan area, to center the tip is not successful. Once the scan range is changed back, a
shift of the tip position due to the programming of the sync scan occurs. Therefore,
the best way to center the tip, is to start the scan (B») and quickly press the pause
button (IM). In this way the scan program is active and immediately applies the
changes made in the Offset values, to the tip position. As soon as the scanning
movement is paused, the first step is to keep the tip retracted and center it while
observing its shadow in the webcam. Next, the tip is landed while observing the
shadow and its position is readjusted. Now, when the tip seems to be directly in
the focus, the illumination should be changed to normal laser illumination from the
top. By retracting and landing the tip, a change in the photoluminescence signal
in channel 2 should be observed. This channel only contains the 633 nm long pass
filter and is able to detect the gold signal. If the signal intensity increases while
the tip is landing, the tip is already pretty close to the center of the focus. Now,
the z piezo should be retracted and the pellicle beamsplitter in the optical head
should be carefully flipped out of the beam path. Afterwards the tip can be landed
again. Finally, by observing the gold signal, the offset values are slowly changed.
The tip should be centered perfectly when the signal is maximal. Now, the scan can
be stopped by pushing the stop button () and one can restart the scan to gain a

tip-enhanced image.
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A.6 Troubleshooting

A.5.4 Scan Parameters for Low Temperature Scanning

Lever excitation: Press the Auto Phase Button to center the resonance frequency
at a phase of 0°

Q control: Enable @, Phase — 180°, Feedback — 0.990 - 0.998

Scanner Ctrl: Scan Speed ~ 250 nm/s and sample time =n x 10 ms (with n = 1-6),
Single Scan &

Frequency Control: Loop @, P>10m (often 35m), I<1Hz (often 800 mHz),
Inv. Polarity @, Setpoint: 0deg

Z Control: Input Signal: HF 1 df, P~ 40m, I~ 1 Hz, Setpoint =200 mHz

Most of these values are for orientation since every measurement is different, but in
general it is safe to use them as starting point.

To find the right feedback parameters for Frequency Control it is helpful to use the
Setpoint Modulation below the Frequency Control settings. This opens a small win-
dow where the following settings are entered: Setpoint Mod. = Periodic Rectangle,
Period =1s, Value=5deg. In the Line View HF 1 df and HF 1 Phase should be
visible. The setpoint modulation periodically changes the phase and the reaction
of the feedback can be monitored. In the Line View of the HF 1 Phase channel a
rectangular shape should be visible. If the feedback is too fast, an overshoot at the
edges is visible. If the feedback is too slow, the edges become round. In the Line
View of the HF 1 df channel, a small overshoot is always present.

When all values are set the tip can be landed by checking Loop On in the Z Control
tab.

A.6 Troubleshooting

In general if there are problems, check for cold solder points or loose connections.
Sometimes the software and the Scan Controller need to be restarted if the system
does not respond properly. Since all optical signals are transported via fibers the

imaging is sensitive to changes of the beam path.
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Table A.2: Troubleshooting.

Error

Solution

No counts

Check the Exposure time: Settings —FExperiment Pre-
ferences —Counter —Exposure Time: 10 ms

Check the BNC and power connections

Readjust the downwards mirror in the head. It shifts
slightly if the head is moved to fast

Low PL resolution or con-
trast

Check if the mode converter is switched on and if the
mode of the laser is correct

Check if the laser is completely coupled into the fiber

Clean the objective from accumulated dust

Readjust the downwards mirror in the head. It shifts
slightly if the head is moved to fast

Resonance curve low or
unsymmetrical

Check Tuning fork soldering and connection between the
micro coax plugs

Check dither soldering and dither plug

Noise in amplitude or topo-
graphy

Check Tuning fork soldering and connection between the
micro coax plugs

Check dither soldering and dither plug

Check if the positioner outputs are all enabled

Check if the halogen lamps at the ceiling are switched
off

Thermalization after cooling down can take up to several
hours until then spikes are often visible

Positioner does not move
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Increase the the voltage for a short time up to 50V and
try to move it
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