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Zusammenfassung

Die optische Raster-Nahfeld-Mikroskopie (engl. Scanning nearfield optical mi-
croscopy (SNOM)) eréffnet neue grenziiberschreitende Moglichkeiten in der op-
tischen Mikroskopie und Spektroskopie iiber die Auflésungsgrenze hinaus. Die
Entwicklung von Geraten aus dem Bereich der Nanotechnologie mit neuartiger
Funktionsweise, Verwendung von neuen Materialien zum Aufbau dieser multi-
funktionalen Gerite und die Notwendigkeit eines besseren Verstandnisses chemis-
cher Wechselwirkungen innerhalb komplexer biologischer Systeme wie DNA, Bak-
terien, Zellen erfordern neue Methoden und Werkzeuge um die physikalischen
und chemischen Eigenschaften der Materialien auf dem molekularen Niveau zu
begreifen. SNOM bildet sich als ein Pionierinstrument fiir optische Bildgebung
in der sub-Wellenlédngen-Dimension heraus [1,2]. Bei der SNOM-Messung wird
eine, mit einer scharfen Spitze ausgestattete, Priifsonde wahrend dem Raster-
scanvorgang oberhalb der Oberfliche der Probe im Nahfeldbereich der Probe
mit Licht angestrahlt. Daher ist die Messung grundsatzlich durch das Interak-
tionsvolumen des Nahfeldes der Sonde mit einer Grofle des Spitzenradius und
der Probenoberfliche begrenzt [3]. SNOM ist im Jahr 1984 als optisches Pen-
dant zur Rastersondenmikroskopie entstanden. Die Idee wurde bereits im Jahr
1928 von E.H. Synge [4] hervorgebracht. Nach Jahrzehnten wurde diese als ein
visiondrer Weg zur Umgehung der klassischen Auflosungsgrenze der optischen
Mikroskopie erkannt [5]. Im Gegensatz zu anderen Rastersondenmikroskopiever-
fahren ist es moglich die Komplementaren informationen der SNOM ohne Vor-
behandlung der Proben und auf eine zerstorungsfreie Weise zu erhalten. Des
Weiteren kénnen die SNOM-Messungen an einem breiten Spektrum von Proben
und in ihrer natiirlichen Umgebunge durchgefiihrt werden.

SNOM wurde erfolgreich durch Spektroskopiemessungen, wie Spitzen-verstarkte
Fluoreszenz Spektroskopie und/oder Spitzen-verstirkte Raman Spektroskopie
(Tip enhanced Raman Spectroscopy (TERS)) begleitet [6], da die sichtbaren op-
tischen Wellenlangen die Energiedquivalenz im Bereich der elektronischen und der
Schwingungsiibergénge der Molekiile haben. Daher wurden simultane Messun-
gen zur Charakterisierung der Morphologie und der chemischen Eigenschaften
der Probe durchgefiihrt. Bei TERS-Messungen wird die Raman-Streuung der



Proben in nanoskaligen Dimensionen erfasst. Diese enthiillen wertvolle Informa-
tionen iiber chemische Wechselwirkungen und deshalb wird die Raman-Streuung
als Fingerabdruck der Verbindungen und Elemente eines Werkstoffes, bis hin zu
den einzelnen Molekiilen, betrachtet [7-9].

Die SNOM-Sonde kann zusatzlich zur x- und y-Richtung das Nahfeld der
Proben in z-Richtung scannen [10,11]. Daher wurde die SNOM-Feldkartierung
im 3D-Raum fiir verschiedene Proben wie Cu-Nanopartikeln [12] und Bornitrid-
Nanorohren [13] aufgenommen.

Die Auflosung der SNOM- und TERS-Instrumente wird durch die Sonden
definiert. Folglich ist die Herstellung hochwertiger und reproduzierbarer Sonden
der Kern der Entwicklung der SNOM und TERS. Es gibt vielfaltige Sonden-
typen, deren plasmonische Nanostrukturen als Antenne dienen. Diese sind fiir
die Aufnahme einer hohen Auflésung und einer Nahfeldverstarkung besonders
pradestiniert.

Motiviert durch die Theorie und experimentelle Ergebnisse der Feldverstarkung
und durch die hohe Auflosung der plasmonischen Nanokegelsonden, ist unser Ziel,
die Herstellung von Nanokegelsonden auf nicht planaren Substraten im Hinblick
auf hohe Reproduzierbarkeit und verbesserte Regulierung der Kegelgeometrie,
zu modifizieren. Diese Arbeit befasst sich mit den Herstellungsmethoden von
hochwertigen SNOM/TERS-Sonden, die einen hohen Durchsatz und eine hohe
Reproduzierbarkeit ermoglichen. Wir haben die Arten von Substraten durch die
Anwendung von Herstellungstechniken der Nanokegel auf verschiedenen Klassen
sich verjiingende Glasfasern erweitert. Damit konnen die Nanokegelsonden flexi-
bel in verschiedenen SNOM /TERS-Setups implementiert werden.

Diese Arbeit gliedert sich in fiinf Kapitel, die die Theorie der Optik und
die Physik der Fertigungstechniken, die Herstellungsmethode und die experi-
mentellen Ergebnisse prasentieren. Kapitel 1 bietet einen Uberblick iiber die
Elektrodynamik der Plasmonik, die SNOM/TERS-Prinzipien und den Stand der
Technik von Sonden, und schliellich die optischen Eigenschaften, Herstellung
und Anwendung des plasmonischen Nanokegels. Kapitel 2 stellt die Theorie der
Herstellungsverfahren vor, die zur Entwicklung des Nanokegels eingesetzt wer-
den. Kapitel 3 zeigt die Schritte der Herstellungsmethode des Nanokegels auf
Cantilever und Glasfaser. Kapitel 4 pr asentiert die Optimierungs- und Ver-
suchsergebnisse der aus einem einzigen Gold-Nanokegel gefertigten Sonden auf
einem AFM-Cantilever. Kapitel 5 stellt die Herstellung von Gold-Nanokegel auf
Glasfaserspitzen und Optimierung der Sondenqualitéit vor.



Motivation

Scanning near-field optical microscopy (SNOM) opens new frontiers in optical
microscopy and spectroscopy measurements beyond the diffraction limit. The
evolution of the nanotechnology field of devices with new functionality, integra-
tion of new materials to form multifunctional devices, and the understanding of
chemical interactions within complex biological systems such as DNA, bacteria,
cells demand new tools to understand the physics and chemistry of the materials
on the molecular level. SNOM arises as a pioneer tool for optical imaging in
the sub-wavelength dimension [1,2]. In the SNOM measurement, a probe with
a sharp tip is illuminated with light all through its raster scan over the sample
surface in the locale of the sample nearfield. Hence, the measurement in principle
is limited by the volume of interaction of the nearfield with a size on the order
of the probe tip radius and the sample surface [3]. SNOM emerged in 1984 as an
optical counterpart of scanning probe microscopy. The idea had been introduced
by E.H. Synge in 1928 in [4]. After decades it had been recognized as a visionary
way to circumvent the optical microscopy classical diffraction limit [5]. SNOM
complementary information to other scanning probe microscopy methods can be
gained without pre-treatment of the samples and in a non-destructive way. Fur-
ther, SNOM measurements can be performed for a broad range of samples and
in native environments.

SNOM has been successfully accompanied with spectroscopy measurements,
such as tip-enhanced fluorescence spectroscopy and /or tip-enhanced Raman spec-
troscopy (TERS) [6], since the visible optical wavelengths have energies that fall
in the energy range of the electronic and vibrational transitions in molecules.
Hence, simultaneous measurements were performed to characterize the samples’
morphology and chemical properties. TERS measurements record the Raman
scattering of the samples in nanoscale dimensions. They reveal valuable infor-
mation about chemical interactions, since Raman scattering is considered as the
fingerprint of the compounds and elements inside the material down to single
molecules [7-9].

A recent development in the SNOM setups has been reported, in which the
SNOM probe can scan the near field of the samples in the z-direction in addition



to the x and y direction [10,11]. Hence, SNOM field mapping in the 3D space
has been recorded for different samples such as Cu nanoparticles [12] and Boron
nitride nanotubes [13].

The resolution of the SNOM and TERS instruments is defined by the probes.
Consequently, the fabrication of high quality and reproducible probes is at the
core of developing the SNOM and TERS. There are a variety of probes types,
where the plasmonic nanostructures serving as an antenna are the most successful
ones in recording a high resolution and field enhancement.

Outline

Motivated by the theory and experimental results on the field enhancement and
the high resolution of the nanocone probe, we aim to modify the fabrication of
nanocones on non-planar substrates to have a good reproducibility and control
over the cone geometry. In this work, we propose the fabrication of high quality
SNOM/TERS probes, where the fabrication method has a good throughput and
reproducibility. This work is divided into five chapters presenting the theory of
optics and the physics of the fabrication techniques, then the fabrication method
and the experimental results. Chapter 1 is a survey on the electrodynamics of
plasmonics, then the SNOM/TERS principles and the state of art of the probes,
finally the plasmonic nanocone optical properties, fabrication and application.
Chapter 2 presents the theory of the fabrication techniques employed to engi-
neer the nanocone. Chapter 3 shows the steps of the fabrication method of the
nanocone on cantilever and optical fiber. Chapter 4 presents the optimization
and experimental results of the fabricated probes made of a single gold nanocone
on an AFM-cantilever. Chapter 5 presents the fabrication of gold nanocones on
optical fibers and optimization of the probe’s quality.



Chapter 1

Theory

In this chapter we review the electromagnetic theory of surface plasmon polari-
tons, and localized surface plasmon resonances. Then, the principles of SNOM
measurements, setups and probes. Finally, we review the nanocone plasmonic
properties and applications.

The optical properties of material can be described by the classical electro-
dynamic theory. Maxwell’s equations eq. 1.1-1.4 elaborate macroscopically the
electromagnetic field and its interaction with charged particles. [14,15]

V-D = p (1.1)
V.B =0 (1.2)
0B
V x E = - o (1.3)
oD

where D is the electric displacement, E is the electric field, B is the magnetic
induction, H is the magnetic field, p is the charge density and J is the current
density.

The D and H are connected with the electromagnetic properties of the medium,
which are represented by the polarization (P) and magnetization (M) as follows;

D(r,t) = &9 E(r,t) + P(r,1), (1.5)
H(r,t) = puy'B(r,t) — M(r,t),



The P and D of free electrons in metals under a harmonic time dependent external
electric field can be written as [15];

P:_m (W2 +1i yw) E (18)

w?

p
where the n is the electron number density, e is the electron charge, m is the free
electron mass, w is the angular frequency of E, 7 is the characteristic collision
frequency, w, is the plasma frequency of the free electron gas.

The evanescent wave plays a main role in nearfield optics. It is originally gen-
erated at total internal reflection in which the transmission part is converted into
evanescent waves. The electric field at plane z=z, composed of the propagating
and evanescent waves fulfilling the Sommerfeld’s radiation condition in the half
space [16] can be written as in eq. 1.10 from [17];

+00 +00
E(z, y, z0) = / / A(ky, ky) exp (z (ke + kyy + 2o/ k3 — (k2 + kg))) dk, dk,
o (1.10)
propagating kj > (kI + k7) (1.11) evanescent kj < (kI +k2) (1.12)

where A(k,, k,) is a complex amplitude of the field, k¢ is the vacuum wave vector.
The field in eq. 1.10 is composed of the propagating as in eq. 1.11 and evanescent
waves in eq. 1.12. The evanescent waves propagate in x and y as surface plane
waves but decay exponentially very fast in the z-direction. Their importance
arises from their nature as high spatial frequency waves which retain very fine to-
pographic details of the samples, and their high localization near the surface [16].

1.1 Metals optical properties

Metals interactions with light retain a very interesting optical response, the so
called plasmon. In optics, the plasmon is defined as the surface wave of the col-
lective oscillation of electrons under an external electric field as in Fig. 1.1, and in
solid state it is the quantum of the collective oscillation of surface-charge-density
polaritons formed by the coupling of the em-field to a longitudinal charge density
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wave in metal [18]. Plasmons can enhance the em-field and manipulate the light
in nano dimensions, thus play a crucial role in nano-optics.

D|eIectr|c

VANRYVA

Metal\</ 5 \>/

Figure 1.1: Surface charges in metal oscillate longitudinally at the dielec-
tric/metal interface driven by an external electric field [19].

The charges’ response in metals to an oscillating external electric field can be
described by the dielectric constant, which is a complex function in frequency.
The Drude model is an elementary approach to formulate the charge oscillations,
by which the electrons are considered in a good approximation as free electrons
within the material boundaries [20]. Hence, the drift motion of the electrons in
metals under the influence of an external harmonic electromagnetic field from [21]
can be described by eq. 1.13;

0°r

or ot
— — = e 1.
Me 303 + mey T eEpe (1.13)

where the m, is the effective electron mass of free electrons, e is the electron
charge, v is the electron collision frequency. Ey and w are the applied electric
field amplitude and frequency, respectively.

Then, by solving the eq. 1.13 the dielectric complex function is found as in eq.
1.14:

€Drude = 6;Drude + iE;IDrude (114>
! CL)2 " 7&]2
_ 1% _ p
€Drude = 1 — 7 (1.15) €Drude = @+ (1.16)

N K=/ €puae/2 at w < v (1.18) where ep_ 4. is the real part, e}, . is the

imaginary part, w, = (ne?/eym.)/2, and it is the resonance of the collective oscil-
lations of the electrons in volume and called the Drude plasma frequency (plasma

11

/
n= \V €Drudes €



frequency) [20,22].

The dielectric constant real part (eq. 1.15) is connected with polarization of
the charges in metal and the refractive index, while its imaginary part (eq. 1.16)
is connected with the dissipation energy of the electromagnetic wave in metal and
thus the absorption. The polarization of the ion cores can be represented as in
eq. 1.19 by adding a fitting parameter e, in eq. 1.15 [15,21]. By applying this
correction, we plot the Drude dielectric constant for gold as in Fig. 1.2a, b.

w2

!
_ P
€Drude = €00 w2 + 72 (119)
(a) (b)
10 Drude Model (Theor.) 7 Drude Model (Theor.)
— Johnson-Christy (Exp.) 6l —Johnson-Christy
0 c |
Z 10 wir
& E3f
204 2F
1 =
-30 1 1 1 1 1 1 0
0 1 5 6 7 1 5 6 7

3 4 3 4
Energy (eV) Energy (eV)

Figure 1.2: The plot of the gold dielectric constant; (a) Real part (b) Imaginary
part. The calculated values use the Drude model, and the experimental values
are from Johnson-Christy. The values used in the Drude curve; Ay and fw, are
equal to 0.069 eV, and 8.95 eV, respectively, determined by Johnson and Christy
in [23], where €, is 9.27.

The Drude model shows a good agreement with the experimental results in
the infrared energy range, while it failed in the visible, since the interband tran-
sitions become more crucial. Thus, the interband transitions should be presented
in the dielectric function of metal to match the Johnson and Christy experimental
measurements [24], which can be achieved by describing the bound electrons as
Lorentzian oscillators. Thus, a Lorentz-like parameter should be implemented in
eq. 1.15 and eq. 1.16 [25]. Further, the effective mass considered will be the one
for bound electrons, and ~ will represent the damping constant mainly due to the
radiative decay [22].

The condition to couple light with SPPs is obtained from the dispersion rela-
tion, which can be derived by solving the wave equation for a harmonic electric
field at the interface between two media [14]. The dispersion relation is described

12



in good approximation by eq. 1.20;

K= 522 Y (1.90) e L 1)
€1+ ec €+ €2€ (€, +€)c

where the parallel wave number real part is k; and imaginary part is k:;, and ¢
is the speed of light. The k. defines the SPP wavelength, while the &, shows the
damping of the SPP.

L Transparency regime
B no SPP

wp —

0 05 1 15 2 25 3
kx [107m™1]

Figure 1.3: Dispersion relation of SPP (eq. 1.20) at gold/air interface, where the
gold dielectric constant is calculated from eq. 1.15. The dashed line is the light
line.

In Fig. 1.3, the lower energy branch (w < w,) of the dispersion relation
presents the SPPs, which is the relevant frequency range for plasmonics. In
w > wp, the light is forbidden to propagate inside metal [14]. Thus, the light
must fulfill the momentum conservation in order to couple with surface charges,
and this can be achieved by increasing the wave vector of light. One of the primary
methods to excite the SPP is by the evanescent waves created by Otto and/or
Kretschmann configurations [22]. A detailed discussion about surface plasmon
properties can be found in [15,20,22].

1.2 Localized surface plasmon resonance

A localized surface plasmon resonance (LSPR) is the collective oscillation of the
conduction electrons as in Fig. 1.4, which are physically confined in the metal
nanoparticle (MNP) volume. In contrast to the SPP, the light coupling with
LSPR does not require an additional alignment to fulfill the momentum conser-
vation, and the coupling is granted by the MNP dimension and geometry. The

13



LSPR frequency depends on the MNP dimension, geometry, and on the dielectric
properties of its material and the surrounding environment. Thus, the LSPR is a
unique and attractive optical property of MNPs for a broadband of applications,
since it can be tuned over a wide range of frequencies by choosing the materials,
and nanoengineering of its structure.

. Electric field ’ MNP

G——m

Figure 1.4: The localized electrons in a MNP oscillate with the plasmonic fre-
quency driven by the incident light electric field.

Since the MNP diameter is much smaller than the incident wavelength, the
electric field of the incident wavelength is roughly constant over the MNP. Thus,
it is adequate to study the LSPR modes under the quasistatic approximation. In
this case by using E = - V& in Maxwell’s wave equation, we obtain a Laplace
equation as in eq. 1.22 and it is solved by considering the potential (¢) as Legendre
polynomial, in order to calculate the electric field in and outside the particle [15].

Vi =0 (1.22)
3€m 3n(n-p)-p1
in = E 1.23 Ew=E + —4X—— 1.24
€+ 26, (1.23) ! o+ drepe,, 13 (1.24)
p = coemaky (1.25) a=drad S — (1.26)
€ + 26,

where p is the dipole moment, « is the polarizability of a sphere, n is the unit
vector in the direction of detection, €y, €, and e are the dielectric constant of
vacuum, the surrounding and the particle, respectively. From the « in eq. 1.26
the dependency of the resonance on the sphere radius a and the dielectric con-
stant of the particle and the surrounding environment arises. Further, the Eg in
eq. 1.24 is the superposition between the incident electric field and the induced
dipole field of the particle, which shows the enhancement of the field due to the
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particle.

In case of large particles, the fields are calculated using Mie theory, and the
solution shows different mechanisms of radiative and nonradiative retardation of
the incident field in the particle [20].

Optical Nanoantenna

The MNPs can be considered as nanoantenna for the optical frequency, since at
the LSPR frequency the effective cross section of the MNP increases, and thus
they can effectively capture and manipulate light [25]. Due to the oscillating
charges at the NP surface, the electromagnetic energy is strongly localized in a
subwavelength vicinity. Hence, MNPs are pioneering in converting the evanes-
cent waves into the far field, and reveal the high spatial frequency information of
the sample surface. The optical antennas depend strongly on the incident light
polarization and the detection orientation, and they are characterized quantita-
tively by their radiated power, efficiency, and gain (amplification) in the angular
spectrum. Finally, the antenna aperture (A) as in [27] by eq. 1.27 defines the
efficiency to capture the incident light by the sample, and it is equivalent to the
enhanced absorption cross section (o4) due to the presence of the antenna [26,27].

A<97 ¢7 npol) = Pexc/[ = UA(6.> ¢7 npol) (127)

where P.,. is the absorbed power, and [ is the incident radiation in the direction
(0,¢), with the polarization nye [27].

The absorption cross section (o) as in eq. 1.28 can be calculated as the
ratio between the cross section of the sample in the presence and absence of the
antenna. )

Ny - E|
= 0’0—2
N1 - Eo

where g is the cross section in the absence of the antenna, E and Eg is the
electric field in the presence and absence of the antenna, respectively.

The design of the MNP can be performed by considering it a Fabry Perot cavity,
thus its length must match half an integer of the effective wavelength [28]. In
case of employing field enhancement in a gap such as in a Bow Tie structure,
where the impedance matching is important, MNP can be modeled as an optical
circuit where the metal part acts as a coil and the insulator (dielectric) part acts
as a capacitor [29,30].

Different numerical methods are employed to calculate the optical properties
of nanoparticles by solving Maxwell’s equations based on finite-difference time-

(1.28)
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domain [31], finite element method [32] and boundary element method [33]
schemes.

1.3 Scanning near field optical microscopy

SNOM is an optical counterpart of the scanning probe microscopy instruments.
It is based on scanning a subwavelength dimension illuminating source in a form
of an aperture or a nanoparticle (NP) over the sample surface, and within the
vicinity of the sample nearfield.

far field
Z>A

near field
zZ<< A\

NQ( ZL

I (near field)

Figure 1.5: SNOM performed by scanning a nano illuminating source to detect
the evanescent field at the sample surface [34].

The SNOM signals are collected by the integration over the volume of inter-
action between the SNOM probe tip and the sample. Hence, SNOM resolution
is defined by the probe tip radius. This is in contrast with the classical optical
microscopy, which is limited by the diffraction limit and thus its resolution is ~
A/2. Further classical microscopy relies only on the freely propagating em-wave,
since it is not possible to confine electromagnetic energy in the sub-wavelength
dimension.

Challenges in SNOM measurements stem from the complexity of the nearfield
variations in phase and magnitude over the subwavelength scale. Additionally,
the complexity arises from the image and data analysis due to the interaction and
the coupling of tip-sample. This applies especially to the signal enhancement in
the apertureless scattering SNOM (s-SNOM) where the plasmonic resonance of
the probe depends on the illumination conditions and surrounding environment.
SNOM imaging is discussed in detail in [35].
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1.4 Tip enhanced Raman spectroscopy

Tip enhanced Raman spectroscopy (TERS) is a nano-spectroscopy technique to
detect Raman signal with a nanometer resolution. It is performed mainly by the
s-SNOM plasmonic probes to enhance the Raman signal of the samples. Raman
scattering is an inelastic scattering of the incident photon by the vibrational
transitions of the molecules. The energy of the scattered photon compared to the
incident photon as in Fig. 1.6 can be lower, so-called Stokes, or higher, so-called
anti-Stokes scattering.

Stokes anti-Stokes

Figure 1.6: In Raman scattering, the incident photon is scattered by the vibra-
tional transitions of molecules, where the Raman scattering signal can have a
lower energy than the incident photon, so-called Stokes scattering, or a higher
energy, so-called anti-Stokes scattering.

Raman signal is considered as the molecules’ fingerprint, thus it attracts a
great interest to define the chemical constituents of the biomolecule, and to mon-
itor cell activities [36]. Further, it is a vital tool to characterize the quality of
carbon nanotubes and semiconductor crystals [26,37]. The main drawback of
Raman scattering signals is that they are hard to detect, due to their small cross
section. There are different setups to overcome the weak signal of Raman, and
to perform high spatial resolution Raman as reviewed in [38,39]. We focus here
on the TERS method since it could be performed with the fabricated probes in
this work. In TERS, there are different mechanisms to enhance the Raman sig-
nal, and mainly they are geometrical enhancement (lightning rod effect) where
the electrons are strongly confined at the tip apex of conical probes, LSPR en-
hancement where a nano-antenna (section 1.2) is employed as a probe and its
field at the LSP resonance enhances both the incident light on the sample and
the emitted one from the sample. This mechanism plays the main role in surface
and tip enhanced Raman spectroscopy. Thus, it is important to synthesise or
fabricate the MNP in a way to match its LSPR with the wavelength range of

17



the measurement. Further, the enhancement factor in TERS depends strongly
on the substrate material, where the gold substrate shows a higher enhancement
compared to the dielectric substrate, and this is due to the contribution of the
gap mode. Another mechanism is the chemical enhancement but its yield is much
smaller than that of the previously mentioned ones.

1.5 Probes

SNOM probes can be categorized into two main categories [40], aperture [41,42]
and apertureless probes [43]. In this section, we summarize the principles of both
categories, and focus on the different designs of the apertureless probes.

1.5.1 Aperture probes

The first SNOM technique was by illuminating the samples through an aperture
with a subwavelength dimension, so-called aperture SNOM (a-SNOM). The a-
SNOM probe types are tapered optical fibers and tetrahedral tips [44,45].

The most common are tapered optical fiber probes, and they can be obtained
either by chemically etching the fiber in hydrofluoric acid as it will be described
in section 2.1 or by heating the fiber and pulling. The tapered fiber has a sub-50
nm tip radius, then it will be coated with high refractive index material thin
films such as metals. Finally, the transparent aperture can be formed either by
depositing the thin films at an oblique angle and keeping the fiber rotating during
the deposition, or by milling a hole at the fiber forefront apex using a focused
ion beam. The metal thin films act as a reflector to confine the light inside the
tapered region of the fiber, while the uncoated forefront of the tip apex is the
SNOM probe aperture.

The aperture diameter can not get smaller than the skin depth of the coating,
since the field spatial distribution will be much larger than the physical dimension
of the aperture. Further, the power of the signal will be tremendously reduced
following the fourth [46] or sixth power of the aperture diameter [47], hence
decrease the signal noise ratio. Accordingly, the best spatial resolution that can
be achieved by a-SNOM is in the order of &~ 50 nm [48]. The incident light
number of modes are decreased for the light propagating towards the aperture of
the tapered fiber, since the modes cut off wavelength is inversely proportional to
the diameter of the fiber. The power distribution in the aperture probe for the
HE;; mode can be modeled using the mode matching analysis. The HE;; mode
of the light power distribution in the a-SNOM probe can be written as in eq.
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1.29, HEy; is chosen since its last mode will decay inside the tapered region. [49]
P(z) = P(zg)e e o1 (1.29)

where the P(z) is the power distribution as function of z, aq; is the HE;; mode
attenuation, and its function of the core diameter and the opening angle, zy <
z <0 is a coordinate point chosen along the light propagation, starts at zy di-
rection inside the fiber towards the aperture at 0. The power throughput of the
a-SNOM probe is proportional to the half opening angle (&) of the tapered fiber,
consequently there is a trade off between the throughput and the resolution of
the aperture probes. [14] The a-SNOM can be performed in different configura-
tions as in Fig. 1.7 to illuminate the sample and/or to detect the sample signals
through the aperture.
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Figure 1.7: a-SNOM can be performed in different illumination and detection con-
figurations; Reflection of the substrate; (a) Illumination and detection through
the aperture, (b) Illumination through the aperture and detection from the side,
(¢) Side illumination and detection through aperture. Transmission through sub-
strate; (d) Detection through the aperture, (e) Illumination through the aper-
ture [34].

We summarized here the basic concepts of how the presence of a subwave-
length aperture in the vicinity, i.e. the nearfield, of the sample allows high res-
olution imaging and detecting an evanescent field. The transmission through an
aperture is modeled numerically in [50].

1.5.2 Apertureless probes

An alternative SNOM technique has been performed by raster scanning of a
nanoparticle over the sample surface, with so-called apertureless probes. The
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apertureless probes can provide higher resolution measurements. Fig. 1.8 shows
different setup alignments of s-SNOM.
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Figure 1.8: SNOM can be performed in different illumination and detection con-
figurations [34]; (a) Side on. (b) Top down. (c¢) and (d) Inverted in two different
alignments for illumination and detection. (e) Parabolic mirrors are used to focus
the illumination laser and collect the detection signals.
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Apertureless scattering SNOM (s-SNOM), in contrast with a-SNOM offers
higher spatial resolution and better signal to noise ratio. The most common
approaches to obtain apertureless probes are by coating a sharp dielectric tip
with a metal thin film, by electrochemical etching of a metal wire, or by attaching
a nano-particle at the tip of a tapered probe. In s-SNOM, the scattering of the
incident field is related to the effective polarizability (a.ss) of the tip sample
system E; o< a.r¢ E;, where the a.ss according to [51] is expressed as in eq. 1.30

N a(l+f)
ST 1 (aB/(167(a+ 2)?))

(1.30)

« is the tip polarizability, £ is the image dipole polarizability, a is the tip apex
radius, and z is the distance between the tip apex and the sample. The « is a
function of the tip dielectric constant and apex radius, where the 3 is a function
of the substrate dielectric constant [51].
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1.6 Probe designs

The s-SNOM probes have been fabricated in several sophisticated designs to
achieve high resolution and signal enhancement. In the following, we present the
milestones ones;

v
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Figure 1.9: SNOM/ TERS apertureless probes [40]; (a) Electrochemically etched
metal tips. (b) Sharp dielectric tip coated with metal thin film. (c) Nanoparticle
attached to sharp dielectric tip. Nano-gap Probe (d) Bow tie shape, (e) Probe has
shape of the Campanile [54]. (f) A nano tip deposited by FEBID on a tapered
optical fiber. (g) A hollow gold pyramid attached on a wire [55]. (h) A gold
nanocone fabricated on an AFM cantilever.

Metal Tips: They are fabricated by electrochemically etching a gold wire in
HCI content solution. Their enhancement stems mainly from the lightning rod
effect [14,52].

Metal Coated Dielectric Tips: An AFM cantilever coated with a metal film,
which is deposited by thermal evaporation. The role of the film smoothness is
crucial for field enhancement. Thus, the spikes of a rough film surface can be con-
sidered as nanoparticles and have a higher enhancement compared to a smooth
film. This type shows much less or no absorption compared to the sharp metal
tips. [38]

Nanoparticle on sharp tip: A metal nanoparticle (MNP) can be made either
by attaching an MNP to a dielectric tip or by fabricating the MNP on the tip.
In this case, the enhancement factor depends on the MNP absorption cross sec-
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tion. Its maximum occurs at the particle LSP resonance [20]. At this frequency,
the LSP will create a field higher than the incident field, which will enhance the
exciting field on the samples and the emitted signal from the sample.
Nanogap probe: The probe has a nano-gap made of dielectric (insulator) be-
tween two metals, and it is formed by FIB milling a gap between two metal
nanostructures such as a bow tie [53], or by elaborating nanoimprint lithography
to fabricate a Campanile shape probe [54]. These probes were found to have a
field enhancement independent from the type of the samples, and their fabrica-
tion process shows a good reproducibility. But, the strong field at the edges of
the bow tie will be parallel to the sample surface which might make the coupling
not efficient.
Tip on tip probe: The probes with a sharp pointing nanostructure are formed
e.g. by depositing a pillar by focused electron beam induced deposition. A large
scale method to fabricate probes has been accomplished by template stripping a
hollow metal pyramid with a smooth morphology and sharp tip using a long wire
from the grooves etched in a Si substrate [55]. Sculpturing a nanocone on AFM
cantilever, a high purity and sharp tip radius with sub 10 nm has been achieved
in [56].
The MNP with a small radius of curvature provides field enhancement due to
the lightning rod effect, in addition to the one from the LSP, especially the MNP
with geometrical shapes like tips and nanocones, where a strong localization of
the surface charge density occurs in the vicinity of the tip apex [57]. Additionally,
it was found, that spheroids show a higher enhancement than spheres, since the
spheroids’ scattering cross section is larger than the one of spheres [58,59].
Rigorous textbooks on the influence of the particle shape, size and morphology
on their cross section can be found in [20,24]

1.7 Nanocone

The nanocone is a pioneer 3D nanostructure with unique geometric and optical
properties, which make it a promising probe to perform measurements for the
sample chemical composition and morphology with a high spatial resolution. It
exhibits two main LSPR modes, the base mode (in plane) which is parallel to the
cone base and the tip mode (out of plane) which is parallel to the main axis. The
nanocone LSPR as shown in Fig. 1.10a can span the visible range by tuning its
dimensions and aspect ratio [61]. The dominance between the nanocone modes
can be switched by applying polarized lasers, selecting the excitation angle [61]
or breaking the nanocone geometric symmetry during the fabrication [62]. The
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nanocone tip mode is interesting for nanoscopy and nanospectroscopy [63]. It
brings a highly confined field around the tip apex of sub 10 nm radius possessing
an easy access pointing hotspot as in Fig. 1.10b. Hence, it permits a strong
field enhancement and high spatial resolution measurements. Further, its field
enhancement increases the measurements’ signal to noise ratio.
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Figure 1.10: (a) The LSPR (tip mode) can be tuned over the visible wavelength
by varying the nanocone dimensions from 60 nm to 180 nm by step 40 nm, while
its aspect ratio is 1, calculated by 3D FDTD simulation [31]. (b) Distribution of
the electric near field enhancement generated by exciting the tip mode of a gold
nanocone on ITO excited by Ey parallel to the cone’s long axis after [61].

It has been fabricated in arrays as in Fig. 1.11 on top of opaque silicon
substrates [64], and transparent silica substrates using e-beam lithography and
Ar-milling [65]. In the e-beam lithography method, a substrate having a plas-
monic material thin film on its top is coated with a photoresist such as PMMA.
By applying the e-beam lithography the photoresist is patterned with circular
holes. Then, on top of the resist is deposited a hard mask film made of an oxide
such as Al,Os3, afterwards a liftoff step is performed to remove the resist and the
material on top of it, thus obtaining circular oxide discs standing on top of the
plasmonic film. Finally, by applying Ar-milling, the protected area under the
mask is shaped into a nanocone, and the unprotected area is etched away. By
utilizing the e-beam lithography, nanocones arrays can be fabricated with well
controlled dimensions of the nanocone, and a high reproducibility and through-
put [66,67].
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Figure 1.11: Various methods of the nanocone fabrication have been developed
in AG Fleischer/Kern; (a) The e-beam lithography patterns the photoresist to
have a hard mask disc, then a nanocone is formed after the Ar™ milling [64, 65].
(b) To fabricate nanocones over a large area by using polystyrene spheres as
etch mask. [68] (c) Alternative method to the dry etching, is to use a shadow
mask [69]. (d) Nanocone as a SNOM probe fabricated on top of AFM cantilever
by depositing the hard mask using the FEBID technique [63] or by shaping a disc
mask using FIB [70]. (e) A tilted (asymmetric) nanocone produced by employing
a tilted film evaporation or a tilted Ar™ milling [62].

Nanocones have been fabricated successfully, as in Fig. 1.11 on different types
of substrates by employing various methods of nanofabrication. The nanocone
fabrication depends mainly on Ar' milling of a hard mask with disc shape, where
simultaneously the mask protected area is shaped into a nanocone, and the unpro-
tected area is etched away. The difference between these methods is the technique
of patterning the mask. The nanosphere lithography wherein the hard mask for
the Ar-milling is formed by using a monolayer of polystyrene spheres permits to
fabricate over a wide area patterns of nanocones [68]. It has been fabricated as
a single nanocone on top of a Bismuth column [64]. Further methods are the
evaporation deposition through a hole mask [69], and nanoimprint [71]. One of
the interesting applications for nanocones is to form a hybrid system by attaching
quantum dots around its tip [72]. Nanocones appear as promising SNOM and
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TERS probes, after successfully fabricating nanocones on top of AFM cantilevers
using an induced-deposition lithography mask. Nanocones have been demon-
strated as SNOM and TERS probes by performing high-resolution topographic
measurements corresponding to their tip radius and near field enhancement for
the Raman signal of carbon nanotubes via their localized surface plasmon reso-
nance [63].
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Chapter 2

Physics of the Fabrication
Techniques

In this chapter, we introduce a survey on the physics and instruments of the
exploited fabrication techniques in the nanocones fabrication on top of cantilevers
and optical fibers to provide a tool to fabricate higher quality SNOM probes.

2.1 Glass chemical etching

We etched glass optical fibers to obtain a sharp tapered tip to be a substrate
for the gold nanocone. Glass (SiOy) can dissolve at room temperature only in
Hydrofluoric acid (HF) or solutions containing HF acid. The etching mechanism
as in [74] can be generally described by eq. 2.1

The glass etch rate depends on the composition of the etchant and the glass. The
HF acid dissolves in water into four species HY, F~, HF; and undissociated HF
molecules [75]. The glass etching process is determined by the adsorption of HF,
H*, and HF, where H" ions have a catalytic role. The electron density of the
bridging oxygen in the SiOj is increased by HF and HF; adsorption. Hence, more
H* ions will be adsorbed and break more siloxane bonds. The etching rate of glass
in HF solutions mainly depends on the adsorption of HF and HF; . The dissolu-
tion process based on the HT, HF , and HF can be calculated as in [74] by eq. 2.2

Ve =k - O(H") - {k2O(HF;) + k3 - O(HF) } + ks - O(HT) (2.2)
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where Vg is the etch rate, k; represent the reaction rate, the adsorption equilib-
rium constants, and the number of adsorption sites per unit surface area, O is the
degree of coverage of active adsorption sites. Adding a strong acid controls the
active molecules, thus the etch rate of the glass. For example by adding Nitric
acid, Hydrochloric acid or Sulfuric acid this reduces the HF, concentration but
increases H™ which has a catalytic effect in a way that it accelerates the glass dis-
solution process [76-78]. Another method is adding Ammonium fluoride (NH,4F)
to HF which is known as buffered oxide etch or buffered HF (BHF) to control the
concentration of HF; and stabilize the etching rate of SiOy [79,80] and conse-
quently influence the morphology of the etched glass. By applying these etchant
solutions and with the help of a suitable setup optical fibers can be tapered in a
well controllable manner, as it will be described in chapter 5.

2.1.1 Optical fiber tapering

In principle, there are two main methods to produce a tapered fiber, which are
chemical wet etching in the HF-solution and the mechanical heat and pull pro-
cedure. In the following, we review the tapering methods of fibers and focus on
wet etching and the techniques used to improve the quality of wet etched fibers.

In the heat and pull method, as in Fig. 2.1 a stripped fiber is heated using
different sources such as a CO, laser [81] or a flame [82]. The heat is focused
at a small section of the fiber, which gets stretched by pulling its ends apart,
thus, narrowing the heated section till it detached into two tapered fibers. These
tapered fibers have a smooth surface, and their profile can be controlled by the
heating power and the pulling speed [14].

displacement (t)

timing
CO, Laser Control
Figure 2.1: The heat pull setup consists of a COs laser focused at a section,

where the ends are pulled. Thus, it gets narrowed and detached into two tapered
fibers [14].

Wet etching is the main method used in this work to produce sharp tapered
fibers. It is performed by vertically immersing the optical fiber in an HF solution

28



to form a sharp tapered tip. The common technique for fiber wet etching was
firstly introduced by Turner in [83], the so-called Turner method.

organic
solvent /~, .
."~....\ .'t...\ V.,... \
HF “Vol. 1 * Vol. 2 **Vol. 3

Figure 2.2: Wet etching of the optical fiber using the Turner technique. The
etching beaker contains a HF acid liquid, which is covered by an immiscible
organic solvent. The fiber is immersed vertically in the etching beaker. The
meniscus is formed around the fiber wall due to the surface tension, and its height
depends on the fiber radius. The dissolution of the fiber within the meniscus
volume (Vol. 2) produces a heavier weight solution. The resulting is a lower
meniscus in a more stable position as in Vol. 3.

It is performed by adding a layer of an organic solvent above the HF. The
liquid forms a meniscus around the fiber wall as in Fig. 2.2 due to the interface
energy difference between the free and wetted fiber surface. The meniscus verti-
cal motion during the fiber etching forms the sharp conical tapered fiber. There
are two main interpretations for the decrease of the meniscus height during etch-
ing. Firstly, the height increases with the fiber radius, and as the fiber radius
diminishes in the bulk HF, the height will decrease and drops to a lower position.
Secondly, the dissolution of the fiber in the meniscus volume increases the density
of the solution, thus the weight of the meniscus volume becomes greater while
the surface tension force remains unchanged. Then, the meniscus height will drop
down to a lower position with reduced volume. This method is a self-terminated
one since after completing the fiber etching the etchant will drop down, and the
organic solvent layer will protect the sharp tip from the etchant. The organic
solvent layer reduces the vaporization of HF which leads to a more stable etchant
composition and forms a meniscus around the fiber wall due to its surface ten-
sion. The meniscus creates the etching volume to form a tapered fiber. Hence
by modifying the meniscus, we can tune the tapered tip height, cone angle and
smoothness.

In the application which demands a tapered optical fiber (T-OF) with a high
optical transmission efficiency, the T-OF cone angle is a very important parame-
ter. A larger cone angle corresponds to a high transmission efficiency. Different
approaches were proposed to tune the cone angle of the T-OF, which can be
distinguished in two categories. One category is etching the fiber without adding
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an organic solvent layer and utilizing a fiber with a doped core. Accordingly, the
differential etch rate of the core and cladding can be tuned by varying the etchant
solution temperature and composition to tune the T-OF cone angle and height.
The second category is adding the organic solvent layer on the top of the
etchant solution. Thus varying the organic solvent with different surface tension
force produces different cone angle [84]. But, the relation between the surface
tension force and cone angle is not clear. The more defined method is the dy-
namic wet etching of the optical fiber [85], where the fiber is moving vertically
during the etching. The fiber movement direction defines the cone angle and
height, thus drawing up the fiber produces a T-OF with a long cone and small
cone angle, while moving down results in a T-OF with a short cone and wider
opening angle. Further, the cone angle can be finely tuned by the speed of
the fiber motion during etching.
We had elaborated most of the mentioned methods, and the more favorable one
was the dynamic etching, by which we can tune the chemically tapered fibers ge-
ometry and enhance their smoothness to produce adequate high-quality SNOM
probes.

2.2 Thin film deposition

We have used two evaporation techniques to deposit thin films on the samples,
which are resistive thermal and electron beam assisted evaporation. In this sec-
tion we introduce the theory and important experimental parameters of these two
methods.

Thin film deposition is operated under high vacuum to have a uniform and ho-
mogenous thin film with high purity. Thermal coupling between the heater and
source material in vacuum can be only via radiation. General definition of evap-
oration deposition is to deposit thin films by transfer of atoms or molecules from
a heated source to be deposited on the substrate. It occurs by liberating the
molecule at the material surface from the potential well created by the surround-
ings molecules. The evaporation rate of the evaporation process can be described
generally from [86] as in eq. 2.3

H — aeNA<Pe - Ph)
(2r MRT)2

(2.3)

®, is the flux rate of atoms (or molecules) per area per time leaving the source, P,
is the equilibrium vapor pressure, Py, is the chamber pressure, «. is the coefficient
of evaporation (it varies between 0 to 1), N4 is the Avogadro number, M is the
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atomic weight, R is the gas constant and T is the evaporant source temperature.
It is important to have a homogenous thin film with the same thickness over the
whole substrate. In vacuum, the thickness corresponds to the deposition rate,
and the thin film quality is controlled by the geometry of the source, the sub-
strate position and the orientation with respect to the beam of evaporated atoms
from the source. This can be defined in good approximation as in [86] by eq. 2.4;

dM, B M. cos ¢ cos 0

dA, 2
where M, is the total evaporated mass, M, the mass that falls on the substrate
area dA;.

(2.4)
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Figure 2.3: (a) Evaporation from source surface [86]. (b) Evaporation by heating
current. (c¢) E-beam assisted evaporation.

The angular dependence of the deposition rate can be addressed as in Fig.
2.3a by two angles as in eq. 2.4, where ¢ is the evaporation angle, it is between
the source normal and the vector of the source atoms (or molecules) beam, and
f is the receiving angle, it is between the substrate normal and the vector of
the vapor beam in the direction to the substrate [86]. The 6 plays an important
role in the nanocone fabrication as it will be described in the following chapters,
where the site to fabricate the nanocone on is aligned to have theta equal to 0°
while we try to have theta approach 90 ° on the fiber walls.
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2.2.1 Resistive thermal evaporation

In thermal evaporation, the evaporant is placed on the concave part of a boat
shaped source as in Fig. 2.3. It is heated by passing a current through the boat
and evaporant. The heating power is equal to IR, where R is the resistance of
the boat. During the evaporation, the evaporant material can diffuse out of the
concave part, which deforms the geometry of the evaporation surface. Therefore,
notches at the boat side with a higher resistance are designed in a way that the
evaporation rate at these notches is higher than the material spreading rate.

2.2.2 Electron beam assisted evaporation

The material is heated using a focused electron beam (e-beam) at a spot on the
evaporation source surface. The e-beam is considered a nonthermal (non-Joule)
method of evaporation. It applies to any material, and the main advantage is
to evaporate reactive material such as silicon (Si) and chromium (Cr), or high
melting point materials like Titanium (T1).

The e-beam configuration as in Fig. 2.3c consists of an e-gun, a magnetic field
lens, a material source, and a cooling system. The e-gun is placed in a location
out of sight of the evaporant source to avoid any contamination. The e-beam is
steered by the magnetic field to hit at the center of the evaporant. The e-beam
should be steered over the source to keep the surface of the source uniform and
to avoid forming a hole through the crucible which may lead to a short circuit.

2.2.3 Deposition of Gold thin film

The gold is the nanocone plasmonic material and it was deposited on substrates
made of Si and SiO,. But we consider that we deposit gold on SiOy in both cases
since the Si substrate will still have a native few nanometer layer of SiOy on its
top. The bonding between the substrate and the deposited material is more likely
to occur when both have the same chemical bond type. In the case of Au-SiO,,
the chemical bonds are different. Au has a metallic bond, and SiO5 has a covalent
bond [87]. Hence, we used titanium (Ti) as an adhesion material. Depositing Ti
on top of SiOy breaks the bonds between silicon and oxygen, forming Ti-Si and
Ti-O bonds. Consequently, Au can form a strong metallic bond with Ti [88-90].
Further, to deposit a gold thin film with high quality the vacuum pressure and
the deposition rate must be considered. It was found that the vacuum pressure
must be in the order of 107% Torr or better to avoid contribution of residual gas
in the film morphology, while the deposition rate must be fast in order to increase
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the grain size and reduce the pinning at grains boundaries [91].

2.3 Focused ion beam

Focused ion beam (FIB) is a pioneer micromachining instrument employed in
direct writing of micro- and nanostructures, ion beam lithography and ion im-
plantation [92]. We used the FIB to adapt the AFM cantilever and the tapered
optical fiber to be a substrate for the nanocone, and to directly mill a disc shape
to be a hard etching mask. A FIB consists of three main parts:

e A point source of gallium ions (Ga'), specifically a liquid metal ion source
(LMIS).
e A column of charged particle lenses that collimate and focus the generated

beam and direct it on the sample surface.

e A blanker to prevent the beam from reaching the sample surface.
The source used in the FIB for Ga™ ions is the LMIS, which has a high brightness
and supplies non-reactive ions.

Heater

(tungsten wire)
Emitter needle

Extractor

(tungsten wire)
N

electrode
| — 1

Figure 2.4: The LMIS has a reservoir surrounded by a heater loop to maintain

the molten metal. A thin liquid metal film flows and forms a Taylor cone around

the needle tip. The field evaporation emission current is generated by an electric
field in the order of 10' V/m.

As shown in Fig. 2.4 the LMIS consists of a semi-conical gallium reservoir
surrounded by a heater loop, which supplies a thin liquid film flow over a sharp
tungsten needle. The balance between the electrostatic force and the Ga liquid
surface tension forms a Taylor cone at the needle tip. Applying a strong negative
potential between the needle and the extraction electrode generates an electric
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field in the order of 10'° V/m at the tip. Thus, the Taylor cone will be distorted
and form a cusp. The ion emission occurs by field evaporation from the cusp.
For instance at 2uA emission current the Taylor cone radius is about 5 nm [93].

In FIB the energetic ions are employed to locally modify the surfaces by depo-
sition, milling (etching), chemically assisted etching and ion implantation. The
distribution of deposited energy during the ion collisions with the sample surface
is modeled by a collision cascade [94, 95], with a detailed review in [96]. The
collisions between the focused ion beam and the sample surface are divided into
two types: electronic with the electrons of the sample atoms while nuclear with
the nuclei of the sample atoms. The electronic collisions lead to ionization, and
emission of electrons and electromagnetic radiation from the sample. The nu-
clear collisions contribute the sputtering (milling) process by delivering energy
and momentum required to generate lattice defects and to remove an atom from
the sample.

In FIB milling two processes occur, sputtering and redeposition. The effi-
ciency of the FIB milling is described by the sputter yield, which is defined as
the number of the removed atoms per incident ion. The sputter yield depends
on the incidence angle, ion energy, masses of ions and target atoms and target
temperature.

Sputtering is the main process which defines the shape of the milled struc-
tures. In contrast the redeposition, where sputtered atoms are redeposited within
the milling volume, is considered as a side effect process, and is more pronounced
when the structure aspect ratio is higher than one [97]. It deforms the milled
structure shape by creating inclined sidewalls and alters the local effective milling
sputter yield.

The FIB milling of a structure is governed by the scan path, dwell time, over-
lap and number of loops. The scan path is the sequence of the milling points
ordered to form a specific shape, and it can be in a raster, serpentine or vector
mode. The FIB ion beam intensity distribution can be divided into a core which
can be described by a Gaussian distribution as in eq. 2.5 and a long tail.

(=* + %)
J(@y) = 2702 T) (2.5)
where J (z,y) is the ion intensity distribution, I is the ion current intensity, and
o is a measure for the width of the beam.
The points on the shape are defined by pixel coordinates to which the beam will
be deflected for milling, and the spacing between these points (pixel) is defined as
overlap between the FIB beam Gaussians. The overlap should be assigned as in
Fig. 2.5 in order to reduce the rippling between successive points maintaining the

exp(—
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milling rate and the ion flux uniform over all the shape points. A recommedend
overlap to obtain a smooth milled surfaces is assigned as 63.7 % of the beam
diameter [98].

50 %

38%

/v\ooo

x- direction (scan path)

Beam intensity distribution

Figure 2.5: Ton beam density distribution along the milling scanning path with
different overlap (%)

The FIB milling dose in nC is the product of the total milling time and the
ion current. The total milling time is divided between the dwell time, which is
the time the beam spends at each point, and the number of loops, which is the
scan repetition of the milling at each point. The amount of sputtered material
is correlated to how the total time is divided between the dwell time and the
loops number (scan speed), where it is higher at longer dwell time and slower
scan speed. Therefore, to mill a high resolution structure dwell time should be
shorter and performed in several loops. There are different models and simula-
tions found in [99] to calculate the ion dose to mill a fine 2D and 3D topography
using FIB. The challenge in FIB milling is to obtain a high resolution machining
in the micro and nano dimension with minimum sample damage or altering the
sample electronic and optical properties. Hence, in this work we utilized the FIB
to shape a hard mask for the Ar-milling rather than directly milling a nanocone
to exclude Ga™ implantation in the gold nanocone, which may shift the nanocone
plasmon resonance.
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2.4 Focused electron beam induced deposition

Focused charged particles induced deposition is one method for direct-writing
lithography. It is a flexible method to fabricate a nanostructure with high resolu-
tion without the need of a photoresist and regardless of the substrate topography.
In our experiments, we use focused electron beam induced deposition (FEBID)
to deposit a platinum pillar to serve as a first hard etching mask. The electron
beam was used as an alternative for ion beams to perform an induced deposition
process to avoid the undesirable effects of Ga-ions [100]. The FEBID deposition
as in Fig. 2.6 depends on a precursor gas which dissociates under the exposure
of the beam into volatile and nonvoltaile fragments. The shape of the deposited
structure is primarily defined by the scan path of the e-beam.

The precursor gas is injected into the chamber and directed towards the substrate
surface by the capillary tube of the gas injection system (GIS). This precursor
gas carries the material atom of interest to be deposited, and commonly it is
composed of organometallic molecules [101].
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Figure 2.6: FEBID deposition of a nanostructure [102]; a focused electron beam
dissociates the precursor gas molecules into a volatile fragment, and a non-volatile
fragment which forms a nanostructure.

The GIS nozzle directs the precursor gas molecules towards the surface of the
substrate. The precursor gas molecules are adsorbed at the substrate surface via
chemisorption or physisorption. Their residence time at the substrate surface
is inversely proportional to the substrate temperature. Hence, high dissociation
probability of the precursor gas at the substrate surface is achieved with a lower
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temperature since the residence time is longer. The interaction between the phys-
ically adsorbed layer of the precursor gas with electrons leads to its dissociation
into the volatile fragment, and the non-volatile fragment which forms the de-
posited nanostructure.

The focused primary electron (PEs) beam will be deflected and scattered at
the substrate surface and later within the deposited structure. The PEs scatter-
ing generates secondary electrons (SEs) and backscattered electrons (BEs). The
volume of scattering inside the substrate depends on the substrate type and PEs
energy. Once the SEs and the BEs possess an energy higher than the photoelec-
tron workfunction they will be liberated from the surface of the substrate and
can contribute in the FEBID process [103]. Hence, there are two types of elec-
trons which interact with the precursor gas, the PEs of the focused e-beam (high
energy electrons) and low energy electrons ejected from the substrate. Different
types of dissociation channels may occur during the precursor gas decomposition.
The channel type probability depends on the electron energy. The low energy
electrons (i.e., SEs and BEs) yield the dissociative electron attachment (DEA)
and the dipolar dissociation (DD) [104]. The DEA occurs when a target molecule
captures an electron in a molecular orbital, and it becomes a metastable anion
that can decay via dissociation [105,106]. The DD occurs when the electrons
have energy in the electronic excitation range of the target molecules and excite
the molecules to the neutral dissociation state, which may dissociate into anions
and cations [104,107]. The high energy electrons (PEs) yield dissociative ion-
ization (DI), which is the most relevant channel for the FEBID deposition [108].
The DI occurs when PEs have energy higher than the molecular dissociation ion
limit, they excite the target molecules to the molecule ion resonance, which may
dissociate into primary ions and/or neutral fragments [106,108,109].

Growth of Pillars using focused electron induced deposition

We used FEBID to deposit a Pt pillar with a circular cross section to
be a first hard mask for dry etching. To deposit a Pt pillar, we used
trimethyl(methylcyclopentadienyl)-platinum(IV) (MeCpPt!VMes) organometal-
lic molecules. The decomposition can be generally described as in eq. 2.6 [110]

MeCpPt!YMes + ¢ — PtCg + Hy + CHy (2.6)

There are different parameters contributing to FEBID which are depending on
the e-beam properties, molecular bonds of the precursor gas, the substrate, and
heating due to irradiation with e-beam. The FEBID process is governed generally
by the electron cross-section and current density. The PEs in contrast with SEs,
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have a lower cross section but a much higher density. Thus, PEs have the main
contribution in defining the deposited structure pattern. The FEBID growth rate
is well described by considering only the PEs since it can be measured [111] as
in eq. 2.7

R=V, N il (2.7)
R I '

where R is the growth rate, V,, is the volume of the nonvolatile part of the
molecules, ¢ is the sticking factor, F' is the molecular flux density arriving at the
substrate, Ny is the molecule density in the adsorbed monolayer, o is the cross
section for the dissociation of the adsorbed molecules under PEs bombardment,
J is the current density of the PEs, and 7 is the lifetime of an adsorbed molecule.
A detailed review of the most important parameters and their roles in FEBID
can be found in [103,108,112].

2.5 Ion beam milling

Ion milling is one of the dry etching methods and can be applied to a broad range
of materials. Ton milling is the final step in the fabrication process. It is employed
to etch with a hard mask, and shape the deposited gold thin film surface from
an almost flat surface into a nanocone. It is a completely physical process where
the material removal from the sample surface is achieved by ion bombardment.
It is considered a micromachining method. Noble gas atoms are used in the ion
milling, hence there is no chemical interaction with the samples. The ion beam
is monoenergetic with the same charge and mass ions. The process starts by
injecting noble gas atoms into the source chamber in a way that the chamber
pressure is in the order of 1072 torr. The atoms will be ionized by accelerated
electrons which are generated from a heated filament. Then the noble ions are
accelerated towards the target with energy in order of 1 keV to overcome the
surface repulsive potential at the target surface.
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Figure 2.7: The process in the Ar™ ion milling machine starts by inserting the
Ar gas which will be ionized by the electrons. Then, the Ar™ beam is accelerated
with energy in the order of 1 keV towards the target. The sputter yield is o (cos
0)~L.

The ions collide with and/or penetrate the target surface. Accordingly, the
atoms or molecules can be sputtered from the surface after enough energy has
been deposited from the collisions to break the bonds with the nearest neighbor
atoms or molecules. The penetrating ions are deflected in successive collisions
with target atoms and generate recoil atoms. The sputter yield (Y(6)) has a
strong dependence on the ion incident angle () as o< cos™! 6 described as in [113]
by eq. 2.8;

cost(0°)
I

7% sa*nE,R
Y(0) = (72 M Zall,
(6) (4 cos 0’ (2.8)
a:ao/(Z1Z2)1/6

Y (6)

6. 90°
eo

Figure 2.8: Sputter yield versus the
ion angle of incidence [113].

where s is a crystal constant giving the number of removed atoms per unit
energy deposited in the surface layer at the effective depth R, n the density of
the atoms per unit volume, and F, the value of ion energy which allows ion and
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atom approach to a distance a, ag is the bohr radius, Z; and Z, are the atomic
numbers of ion and target atom.

The variation of the average sputter yield of polycrystalline material with the
incident angle can be generally presented as in Fig. 2.8. The Y () increases with
0 till a critical angle 6., above this angle the Y () drops and approaches zero
since the potential barrier of the target surface plane atoms reflects the ions and
prevents them from penetration. The local erosion rate in the normal direction
can be given as in [114] by eq. 2.9, if the Y () depends only on 6.

. JY (0)cos(0) (2.9)
N
where J is the mean ion flux density, and N is the atomic density of the sample.

But, in crystalline material, the sputtering yield also depends on the crystal
type and plane. To maintain a constant sputter yield and produce a smooth and
symmetric surface the sample should be in a continuous rotatory motion around
its axis during the ion milling [115].

Further, it was found that the presence of features such as impurities or dif-
ferent crystal plane orientations at the target surface lead to the appearance of
structures like cones [116,117]. The evolution of the patterned surface under ion
milling can be predicted by a model based on wavefront theory [114]. Detailed
reviews on ion milling can be found in [114,118]. By elaborating the cones’ for-
mation phenomena combined with manipulating the ion milling incident angle,
nanostructures with different geometries [67] were deliberately fabricated. This
interesting principle will be discussed in the following chapters, where a disc-
shape hard mask is employed to fabricate a gold nanocone on AFM cantilevers
and tapered optical fibers.
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Chapter 3

Methods and setup

The common SNOM setups employ either AFM or STM feedback mechanisms
to maintain the tip-sample separation [35]. For this purpose, we fabricate a
nanocone on top of an AFM cantilever and a tapered optical fiber, in order to be
adjustable for both setups. Tailoring nanocones over such cantilevers and tapered
fibers is a multistep process. First of all we chemically etch the optical fiber to
have a sharp tapered tip. After this point fabrication of the nanocone on both the
AFM-C and the tapered fiber in principle follows the same steps. The nanocone
fabrication entails using the focused ion beam (FIB) machine to adapt the AFM-
C and the tapered fiber sharp tip into a suitable plateau for the nanocone. Thus,
the plateau will serve as a substrate, on which we fabricate the nanocone. Then,
we coat the plateau with a thin film stack inside the evaporation machine, which
consists of gold (Au) as the nanocone plasmonic material sandwiched between
titanium (Ti) as adhesive material, and the upper top thin film made of dielectric
material, either silicon dioxide (SiOs) or aluminiumoxide Al;Os, as a protective
layer. Then, we pattern a cylindrical hard mask on the top of the gold thin film.
Finally, we apply Ar* ion milling, to etch the hard mask and the unprotected
area. By terminating the etching process, the hard mask will be completely
removed and the area underneath it transforms into a nanocone. In this chapter,
we describe the nanocone fabrication process, where each section corresponds to
a stage in the fabrication process. The sections are ordered in the same sequence
of the nanocone fabrication process as following:

e In section 1 etching the optical fiber using the chemical etching method to

obtain a sharp tapered optical fiber (T-OF).

e In section 2 milling the sharp tip apex of the AFM-C and the T-OF by
using a FIB machine to have a plane plateau.
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e In section 3 depositing of the thin films stack using the evaporation machine.
e In section 4 patterning the cylindrical hard mask for the Ar™ dry etching.

e In section 5 etching the hard mask using an Ar™ milling machine, to have
the AFM-C and the T-OF with a plasmonic gold nanocone as a SNOM
probe on its top.

3.1 Optical fiber chemical etching

We illustrate here the step of chemically wet etching the optical fibers using
Turner’s method [83,119], which has been discussed in chapter 2. Multimode op-
tical fibers were used in this work, which are commercially available by Phoenix
contact. The fiber core diameter and cladding diameter are 50 pm and 125 pm,
respectively, thus the total fiber diameter is 125 um. In spite of the material
difference between the core and the cladding, we count only the total time to
etch the total fiber diameter during the fiber etching. It is reported in [120] a
similar notice on the etch rate of the cladding and core.

We prepared the optical fiber for chemical etching by removing the optical
fiber outer protection plastic coat using sulfuric acid (HySOy) solution at a tem-
perature of 60 °C. After three minutes, we take out the fiber from the HySOy4, and
gently wipe off the plastic coat with a clean room paper towel. Then we rinsed
it with isopropanol, ethanol and deionized water respectively. We exclude using
the mechanical stripper tool to remove the plastic coat to avoid any cracks in the
fiber. The presence of such cracks can disturb the etching rate, and the tapered
fiber profile.

Then, we started with tapering the optical fiber in hydrofluoric acid, where
the wet etching was performed as in Fig. 3.1a by vertically immersing the optical
fiber into a small beaker which contains HF acid using a samples holder with a
micrometer screw to control the vertical movement. The beaker contains about
17.5 4+ 2.5 ml HF solution with 44.5 & 4.5% concentration, and is covered with
an immiscible decane (CigHg) layer of 5 £ 1 ml. The meniscus formed as is
depicted in Fig. 3.1b around the fiber walls, due to the surface tension difference
between HF and decane, where its initial height depends also on the fiber ra-
dius. During the fiber etching as in Fig. 3.1b its radius is continually diminished
and as well the height of the meniscus as the decance level is gradually dropping
down, thus it protects more area from the fiber to be etched by HF. This dynamic
of the meniscus forms a conical tapered fiber as has been discussed in detail in
chapter 2. Moreover, decane acts as a lid for the etchant and thus eliminates the
distortion of the etching process by avoiding the HF acid evaporation and the
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interaction between etchant and air. The etching process was monitored from
the side through an in-situ optical microscope. We withdraw the optical fiber
from the HF when we expect it to be tapered with a very fine tip. The etching
in only HF (49%) takes between 25 to 27 minutes. We obtained tapered optical
fibers with a sharp tip as shown in Fig. 3.1c, and the tip apex radius ranges from
about 30 to 500 nm.

(a) (b) (c)

Figure 3.1: (a) The fiber immersed perpendicularly in the etching beaker, where
the vertical movement is manually controlled by a micrometer screw. (b) Chem-
ical wet etching of a multimode optical fiber in HF (49%), which is covered by a
decane layer. The radius of the optical fiber gets smaller (blue lines), consequently
the meniscus height drops (yellow lines). Hence, this increases the fiber area pro-
tected by decane. (c) The etching process is self terminated at an infinitesimally
sharp tapered fiber, which is protected from HF by the decane layer.

It was hard to stop exactly at the finest tip apex radius, but still very often
we obtained T-OF with tip apex radius below 300 nm. In principle the Turner
method is a self terminating process, and once the fiber is in the organic layer
(decane) it should not be etched. But, there is a high probability that the HF
penetrates the organic layer, and overetches the tip very fast. Therefore, it has to
be removed directly after the etching is finished otherwise if the T-OF remained
in HF solution for extra one or two minutes it will get overetched. The fastest
etchant to etch the optical fiber is pure hydrofluoric acid (HF) with 49% concen-
tration, which is the highest available concentration of HF. But, to improve the
smoothness of the tapered fiber other techniques have been employed as will be
discussed later in chapter 5 by utilizing buffered HF with NH, to etch the core,
and the dynamic etching method.
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3.2 Plateau formation using FIB

The sharp tip of the AFM-C and T-OF is adapted in the FIB machine to obtain
a plateau as an adequate platform for the nanocone fabrication. We illustrate

in this section the experimental steps to obtain the plateau. First, we discuss
milling the AFM-C tip, then the T-OF tip.

Milling the AFM cantilever tip

In this process, we transform the commercial non contact AFM-Cs into an ad-
equate platform for the nanocone fabrication. The AFM-Cs used in this work
are made of silicon, and available by NT-MDT. They have the shape of a sharp
pointing pyramid of height about 16 ym, and their tip apex has a radius of cur-
vature in the order of 10 nm, see full AFM-C specifications in Appendix A.1. To
have an adequate platform, we mill a certain part from the AFM-C tip using a
dual focused ion beam (FIB) / focused electron beam machine Strata D235 from
FEI [56]. Consequently, we transform the AFM-C pyramid into a frustum geo-
metrical shape thus an AFM-C becomes an adequate substrate for the nanocone
fabrication.

A L
(2)

(b) (¢)

Figure 3.2: (a) AFM-C with a pyramid shape which has a sharp tip apex with a
radius of 10 nm. (b) Ga™ beam perpendicular to the AFM-C main axis (dotted
line), where the AFM-C chip is tilted by 38° with respect to the FIB stage initial
position. (c¢) After milling the tip apex using the FIB, the AFM-C has a flat
plateau with a rhombus shape, ready to be used as a platform for the plasmonic
nanocone fabrication

‘/ﬁ

The AFM-C is placed inside the FIB machine, where the Ga™ column is tilted
by 52° with respect to the e-beam column, and 38° with the sample holder initial
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position as shown in Fig. 3.2b. Assuming that the AFM-C tip long axis is
perpendicular to the samples holder, thus we rotate the holder by 180° then tilt
it by 38° to have the Ga* beam perpendicular to the AFM-C tip long axis. Then,
we milled an adequate portion from the tip using a FIB aperture providing ion
current of 20 pA ions at an accelerating voltage of 30 kV. The AFM-C tip sample
detailed aligning and milling procedure is described in Appendix A.2.

Milling the tapered fiber tip

Before we proceed with the fabrication process, we fix the T-OFs as in Fig. 3.3a
on top of a Si substrate which has straight rectangular grooves. Then, we place
the T-OF in the FIB machine and tilt it as in Fig. 3.3b by 52°, thus the T-OF
long axis and the Ga™ beam become perpendicular to each other.

()

Figure 3.3: (a) The T-OF is fixed on a Si substrate with straight grooves to avoid
any inclination in the x-y and the y-z plane. (b) The T-OF is positioned inside
the FIB machine at 52° inclination, and the Ga™ beam is perpendicular to its
long axis. (c¢) The plateau is formed after milling the T-OF tip.

We assumed that the T-OF tip has a symmetric cone profile. To ensure a
more centric positioning of the hard mask on the plateau of the T-OF, thus we
selected under the Ga™ FIB imaging mode the section where the diameter of the
T-OF is between 300 and 500 nm. Then we started milling with a FIB current
of 20 pA, and at an acceleration voltage of 30 kV. Thus, we obtained a plateau
as in Fig. 3.3c which will be the substrate for the gold nanocone. The detailed
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process of the T-OF tip milling is described in appendix A.3.

We used the rectangular grooves to ensure that there is no tilt in the x-y and
y-z plane. During the tip apex milling, the Ga®™ FIB will be perpendicular to
the long axis of the T-OFs, thus the plateau will be flat. Furthermore, holding
the T-OF on these grooves allows us to have homogenous films during the thin
film deposition over the plateau, and during the Ar™ milling to adjust the angle
between the plateau plane and the Art beam. Therefore, we improve the symme-
try of the fabricated nanocone. Additionally, it increases the process throughput
where at least three T-OFs can be fabricated in parallel.

3.3 Thin film deposition

We coat the plateau with homogenous thin films using evaporation deposition.
From the discussion in chapter 2 follows that, the vacuum pressure and sample
position inside the chamber with respect to the evaporation source, both alter
the film’s morphology and thickness over the sample surface. Hence, we placed
the samples in the evaporation chamber above of the evaporant source as in
Fig. 3.4, where the plateau is perpendicular with the evaporant beam. Then,
the evaporation chamber is pumped to achieve high vacuum condition in the
order of 107 mbar. We coated the plateau with a thin films stack consisting of
three different materials. In this stack, the first thin film serves as an adhesive
material, and the top one is the hard mask, while in the middle is the plasmonic
material of the nanocone. As a common procedure of the deposition process for
the three thin films at vacuum on the order of 107® mbar, we shield the source
by a shutter. Then, we keep rising the heating (e-beam) current through the
evaporation source, once the source starts glowing we unshield it and start the
thin film deposition. After having the intended thin film thickness, we shield the
source by the shutter and start the evaporation machine switching off procedure.
We start by depositing a Titanium (Ti) thin film which acts as an adhesive
material. The Ti thin-film is deposited using e-beam assisted evaporation, and
its thickness varies between 5 and 10 nm with a deposition rate of 0.8 A /sec.
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Figure 3.4: The samples are placed in the evaporation chamber above the evap-
oration source, and the plateau is perpendicular with the evaporant beam.

Successively on top of Ti, a gold (Au) thin film is deposited, which is the
nanocone plasmonic material. The evaporation source of gold is Au nuggets
placed in a boat made of tungsten. The Au is deposited using a resistive thermal
evaporation method. The thickness of the Au thin film varies in the range from
100 to 150 nm, with a deposition rate of 1.8 + 0.2 A/sec. The upper top thin
film is made of dielectric material mainly aluminum oxide (Al;O3) or SiOs. It is
deposited by e-beam assisted evaporation. The thickness of Al;O3 varies between
10 and 30 nm, with a deposition rate of 0.5 & 0.2 A/sec. In case of depositing
Si0,, the deposition rate is fluctuating, but we intend to deposit the same thick-
ness as for Al,O3. The dielectric thin film thickness varies depending on whether
it will serves as a second hard mask or as the only hard mask. In case it is the
second hard mask it will be about 15 nm, while as the only hard mask it will be
about 30 nm.

The dielectric thin film plays different roles in the nanocone fabrication pro-
cess. It coats the gold thin film, accordingly protecting it from oxidation during
transport and from carbon contamination during imaging before shaping it into
a nanocone, and serves as the second hard mask. Additionally, It may show the
boundary between the platinum hard mask and gold during the SEM imaging
since they are both metals and separated by the dielectric layer. Thus, it may
indicate when we should stop the Ar-milling to produce a sharp and high purity
gold nanocone. Then, it has been used as an alternative to the Pt FEBID mask,
and it replaces quite well the Pt mask.

The thin film thickness and deposition rates were measured in-situ during the
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evaporation process employing a well calibrated quartz microbalance of a disc
shape. We did not notice a significant deviation between the monitored values
and the actual deposited thickness, by measuring the deposited films thickness
using the contact profilometry (Solan dektak) on plane substrates.

3.4 Structuring the hard mask for dry etching

The next step is patterning the hard mask for the Ar™ milling. The hard mask
structure should be circular to produce a symmetric nanocone. There were two
different methods to form the hard mask. Either depositing a platinum (Pt) pillar
by FEBID or milling a ring through the dielectric thin film using the FIB. The
hard mask base diameter defines the nanocone base diameter thus the plasmon
resonance. Further, the step of patterning the hard mask influences the through-
put of the fabrication process. In the case of the Pt pillar mask, the milling rate
was not consistent, which can be due to the variation of its composition from Pt
and hydrocarbons, also the evolution of the pillar shape during milling can slow
down the etch rate. Accordingly, we split the milling process into distinct short
milling steps. After each milling step, the samples were placed in the SEM to
examine the progress of the pillar etching, which extends the fabrication time of
the nanocone. On the other hand, a high throughput method of the nanocone
fabrication is by using the dielectric disc directly patterned by the FIB since it
has almost a constant milling rate, since they have almost same thickness and
composition. Hence, fabricating a nanocone using a Pt pillar is a long process
and has a low throughput compared to the ring milled by the FIB. We compare
in detail the two methods in chapter 4. In this section, we describe the procedure
of using both methods in structuring the hard mask.

3.4.1 Deposition of a Pt pillar as hardmask

The first approach to obtain a circular hard mask, is by depositing a cylindrical
Pt pillar on top of the dielectric thin film (Al;O3 or SiO3). The Pt pillar will serve
as a first etch mask for the dry etching process. It was deposited inside the FIB
by using the focused electron beam induced deposition (FEBID) technique. The
samples were aligned inside the FIB machine as shown in Fig. 3.5 such that the
e-beam is perpendicular to the coated plateau. The e-beam focus and aberrations
should be carefully optimized since it affects the pillar shape and dimensions.
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Figure 3.5: Arrangement for the FEBID of a Pt pillar where the focused e-beam is
perpendicular to the coated plateau, and the GIS-nozzle supplies the MeCpPtMe3
precursor gas. The Pt pillar is deposited as a result of the dissociation of the
MeCpPtMe3 into volatile and non-volatile fragments

The free working distance (FWD) between the e-beam column and the surface of
the plateau was 9 +£ 1 mm. This FWD is adequate to employ the GIS nozzle and
protect the samples from any physical damage. Before inserting the GIS nozzle
inside the FIB chamber, the precursor gas reservoir of the GIS is heated until the
machine shows that it is ready. Then, we insert the GIS nozzle inside the chamber.
It supplies the precursor gas for Pt which is Trimethyl (methylcyclopentadienyl)
platinum(IV) (MeCpPtMe3). We deposit the Pt pillar by FEBID using the e-
beam in a spot mode. In section 4.1.3 we will discuss the effects of the FEBID
parameters involved such as the e-beam spot size, the accelerating voltage, and
the exposure time.

3.4.2 Milling a cylindrical structure using FIB

The second method is to have a hard mask for Ar* milling by structuring a cylin-
der in the deposited dielectric thin film using Ga™ FIB milling. Thus, the upper
thin dielectric film which is made of Al;O3 or SiOy will have a disc shape, and
serve as Ar™ milling hard mask.

The FIB machine can read the pattern shape from two types of files, which
are the pattern file with extension ”.pat” and the stream file with extension ”.str”.
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Figure 3.6: The FIB machine can read the pattern from two types of files; (a) The
pattern file where the structure is defined as the geometry shape, the dimensions,
the total time and the pixel size. (b) The stream file consists of the structure
milling parameters and points coordinates.

Pattern file

The pattern file as shown in Fig. 3.6a includes the shape geometry, dimensions,
the coordinate of only the pattern center, dwell time, and total time, and the
number of pixels per micron which defines the pixel size in nm. Furthermore,
it has different options depending on FIB machine facilities. The pattern file
method is limited to the predefined geometries in the machine such as line, rect-
angle, circle, and ring.

Stream file

An example for the stream file is shown in Fig. 3.6b, it starts with three horizon-
tal lines, and then three columns. The first line starts with 's’ which defines the
file as a stream file, the second line defines the number of loops, and the third line
is the total number of points which form the structure shape. Then, the three
columns as in Fig. 3.6b are from left to right for each point: dwell time, then
x-coordinate and then the y coordinate, spanned over the 24116 rows which form
the milling pattern.

In the milling process as shown in Fig. 3.7, the FIB reads the points coor-
dinates from a stream file. These coordinates are in pixels. The magnification
power during milling of the structure defines the pixel size in nm, for example at
a magnification power of 20 kX the field of view is 11.52 pym x 11.52 pm corre-
sponding to a pixel size of about 3 nm. Hence, we first record the magnification
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power to calculate the pixel size in nm, then convert the pattern dimensions, the
beam diameter, the pixel spacing from the nm unit to a pixel unit. The pixel
spacing corresponds to the desired overlap (%) between the FIB Gaussians of the
successive pixels.

The FIB divides the screen in x-direction into 4096 pixels ranging from 0 to
4096, while in the y-direction it is also divided into 4096 pixels, but the available
coordinates values range from 280 to 3816 and other values are out of the imaging
range in the y-direction.

(0,3816)
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Figure 3.7: (a) The FIB milling field of view is defined by the magnification
power, consequently also the pixel size. The separation between two successive
points should be equivalent to the overlap in % of the beam diameter. The FIB
machine accepts the coordinate values in x-direction from 0 to 4096, and in y-
direction from 280 to 3816. (b) Ring milled as a test with the FIB with inner core
diameter 208 nm (£ 5 nm) on substrate coated with a similar thin films system
as the tips.

The hard mask is patterned over the plateau thin film stack by milling a 2D
ring pattern as in Fig. 3.7b, which in 3 D is a cylindrical pillar. From the Fig.
3.8, the ring outer shell is the area which will be milled by the FIB, and the inner
core will remain. The projection of the ring inner core on the coated plateau is
a cylindrical pillar composed of the deposited thin films, and its top film acts as
hard mask with a disc shape.

51



Figure 3.8: Milling a cylindrical pillar composed of the deposited thin films where
the top one serves as a hard mask

The FIB pattering with a stream file is flexible to any geometrical shape, and
the milling process can be optimized by considering the following three parame-
ters;

e Dwell time which is the time duration of FIB milling at each point in the
pattern file.

e Number of Loops defines the number of rewriting of the pattern rewrite,
to achieve the defined structure form.

e Points coordinates The coordinates of two successive points are deter-
mined by the pixel spacing, which corresponds to the overlap between the
FIB beam Gaussians at these points. The overlap value is assigned as a
percentage of the FIB beam diameter. For example, in the case of the FIB
beam diameter of 10 nm, the overlap of 50 % equals to 5 nm, and this cor-
responds to about 2 pixels at 20 kX magnification. The overlap value must
be larger than the pixel size, thus, the FIB machine can deflect the beam
to the point coordinate. The overlap is used to suppress the redeposition
effect by removing the redeposited material during the FIB milling process,
resulting in a high resolution milled structure.

3.5 Dry etching using Ar-ion milling machine
After having created the hard mask for the dry etching, the sample is placed in

an Argon(Ar)ion-milling machine perpendicular to the Art-beam. We pump the
chamber till the pressure is in the order of 107% mbar. Then we open the valves

52



of the Ar gas, and the vacuum pressure increases to be in the order of 10~3 mbar.
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Figure 3.9: After Ar" milling of the hard mask, the gold thin film is shaped into a
nanocone. The fabricated nanocone can have a very sharp tip, depending on the
right time to stop the milling process. Hence, we can obtain a high quality SNOM
probe. The nanocone resonances can be tailored to match the measurements’
spectral range, and it permits high resolution SNOM measurements.

The Art beam with energy equal to 1 keV impinges on the samples, and the
samples holder is kept rotating during the etching process. The rotation permits
to have the same erosion rate at the hard mask edges, thus to fabricate a sym-
metric nanocone [66]. A gold nanocone is structured as shown in Fig. 3.9 after
completely etching the hard masks. The thin film thickness of the gold corre-
sponds to the nanocone height, and the hard mask base diameter approximately
defines the nanocone base diameter.

Summary

In this chapter, we described the fabrication process of a nanocone on top of the
AFM-C and the T-OF which are considered as promising SNOM probes. We
choose to fabricate the nanocone on these two types of substrates in order to be
implemented as a probe in the two most common systems of SNOM instruments.
The fabrication process is a multistep process, and we mention the parameters
which have been used in each step. In this work, the substrate for the nanocone
fabrication is a plateau on top of AFM-C and T-OF. Since, the plateau is in
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the sub-micron dimensions, e-beam lithography is not straight forward to be
applied on such substrates. Hence, we prefer to elaborate two alternative methods
in order to pattern a disc-shape hard mask on top of the plateau. These two
methods are either an additive method by FEBID or a subtractive method by
using the FIB. By milling the hard mask and the unprotected thin films in the
Ar* milling, the deposited thin films are shaped into a nanocone. Hence, we
obtain an AFM cantilever and a tapered optical fiber where their tip becomes
a plasmonic nanocone. In the following chapter, we discuss more quantitatively
the fabricated nanocone on the AFM cantilever samples, and the optimization of
the process steps.
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Chapter 4

Fabrication of gold nanocones on
cantilevers

Gold nanocones were successfully fabricated on top of AFM-Cs to be used as
SNOM probes. The fabrication process is described in chapter 3, where we applied
as described in section 3.4 one of the two strategies to form the hard mask with
a disc shape. After etching of the hard mask in the Ar*-milling machine the
nanocone is shaped [56,70]. In this chapter, we discuss the optimization process
for the crucial steps in the fabrication process. These crucial steps are milling
the AFM-C tip to have an adequate plateau to be the nanocone substrate and
patterning a dielectric circular disc to serve as a hard mask for the Ar-milling so
by etching it a nanocone is shaped. There are two strategies to pattern the hard
mask either by using the FEBID to deposit a Pt pillar or by milling a cylindrical
shape through the thin film stack. We present the fabricated gold nanocones
on top of the AFM-Cs, and compare the nanocones fabricated by each strategy.
Finally, we find the LSPRs of the nanocones by 3D FDTD simulation of their
scattering spectrum using Lumerical commercial software [31].

We characterize each step by SEM imaging, and from specific features that
may appear in the images, we can monitor the progress of milling the hard mask
and decide when the nanocone fabrication is completed. The features that may
appear in the SEM images, as in Fig. 4.1, are a material contrast between the
gold (metal) and the AFM-C (semiconductor), an offset between the nanocone
base and the edges of the plateau, a sharp discontinuity as a kink at the side
of the intermediate (e.g. platinum) cone which is probably a boundary between
two different materials with different Ar-milling rate, and the cone height which
should be < the deposited gold film thickness. From the SEM image, we can
evaluate the quality of the coating, and extract the dimensions and the symmetry
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of the nanocone. Thus, it would be possible to calculate the plasmonic resonance
of the nanocone.

(a) (b) ()

Kink offset Brighter Cone Au film
_ A ‘/g height thickness
<

Figure 4.1: SEM image features to examine the progress of etching the hard mask.
(a) A discontinuity appears as a kink at the milled structure side due to the slower
etch rate of the oxide film. (b) The gold nanocone may show a brightness level
higher than that of the Si AFM-C. (c¢) The measure of the nanocone height, which
should be equal or less than the deposited gold film thickness.

Although the focus and astigmatism were well optimized, we still get a de-
gree of image blur which is the source of the average deviation in the presented
extracted dimensions in this chapter and chapter 5.

4.1 Optimization of the fabrication process

In this section we present the optimization of the crucial steps in the fabrication
process. We start by optimizing the perimeter of the plateau which acts as a
substrate for the nanocone. If the plateau is inadequately large with respect to the
nanocone, it might shadow the nanocone and block the laser beam from exciting
the LSPR during SNOM measurements. Then, we discuss the optimization of
patterning the hard mask using either FIB milling or FEBID deposition. The
hard mask influences the nanocone dimensions and its geometrical symmetry,
consequently the quality of the SNOM probe. Furthermore, it plays a crucial role
regarding reproducibility and throughput of the fabrication process.

4.1.1 Plateau optimization

The first step to fabricate a nanocone on top of the AFM-C as described in chapter
3 is to obtain an adequate plateau by milling the AFM-C tip, thus the silicon
AFM-C tip is replaced by a plasmonic nanocone. We aim to find the optimal tip
milling position by which the minimum distances between the nanocone and the
plateau edge are achieved. In case of a large plateau, its edges may disturb the
SNOM measurement by screening the laser from exciting the plasmonic nanocone.
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It is important to tailor the plateau dimensions with respect to the nanocone
dimensions. This has consequences for the nanocone plasmon resonance [61] and
thus the SNOM measurements spectral range.

Figure 4.2: AFM-C image using Ga™ FIB in imaging mode directly before milling
its tip off. We can select only the width of the plateau (blue line) at which we
will start the tip milling.

Nevertheless, it is not straightforward to visualize the full dimensions of the
plateau in the milling field view as in Fig. 4.2a,b before milling the AFM-C tip.
We can define only the plateau width Fig. 4.2b, which is equivalent to the short
axis of the plateau. Hence, there is a probability of milling a wrong portion of
the AFM-C tip.

Figure 4.3: The plateau geometry obtained by cutting the AFM-C tip at width
< 330 nm is a triangle as in (a) while at > 400 nm it is a rhombus as in (b).

The geometry of the AFM-C is a rhombic pyramid, although it may happen
that two sides merge together near the tip, and the AFM-C pyramid top part
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becomes triangular, while the rest is rhombic. We found that the plateau shape
can vary with width, where by milling the tip at a width of < 330 nm as in
Fig. 4.3a the plateau has a triangular shape while at a width of > 400 nm it is
rhombic as in Fig. 4.3b. It is necessary to develop a model from which we can
determine the appropriate point to start the tip milling process, with respect to
the nanocone base diameter. Accordingly, we can adjust the plateau perimeter
to the desired nanocone base diameter.
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Figure 4.4: A relation between the diameter of an incircle which is tangential to
all plateau sides and the plateau horizontal diagonal (experimental values). The
dotted line is a linear fit to the experimental values as represented in eq. 4.2.
The inset shows how the plateau fits with the calculated nanocone base diameter
using eq. 4.1.

This model is based on the plateau dimensions which were extracted from the
plateau SEM images after milling a set of AFM-C tips. We consider the plateau
to have quadrilateral (rhombus) geometry, which is the more likely to be formed
after the tip milling rather than a triangle. Then, we determine the geometrical
plateau parameters, and the nanocone base diameter as an inscribed circle of a
quadrilateral using eq. 4.1 from [121];

24,

Sp1

Dy

_ 4y/(s —a)(s = b)(s — ¢)(s — d) — abed - cos? [0.5(A + B)] (4.1)
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where D, is the maximum possible nanocone diameter, Ay and s, are the plateau
area and semiperimeter, respectively, a-d are the plateau sides, A and B are the
opposite angles of the plateau.

By applying eq. 4.1, the nanocone can be fitted at the center of the plateau
with the minimum distances from the plateau edges and reduce the probability of
the plateau disturbing the probe illumination and sample signal detection. The
empirical geometric relation is the equation of the fitting line in Fig. 4.4, it is
a relation between the nanocone base diameter and the minimum plateau short
axis, given by,

Wy = 1.25 X Dy 4+ 69 nm (4.2)

where W) and D, are the plateau width and the nanocone base diameter, re-
spectively.

According to the eq. 4.2, we can mill the tip more precisely depending on the
required nanocone dimensions. For example, as delineated in Fig. 4.4 inset to
fabricate a nanocone with a base diameter equal to 304 nm, we must start the
milling process at the point where the short axis is equal to 447 nm.* Hence,
during the imaging mode using the Ga™ beam as in Fig. 4.2b, we can define
the appropriate starting point for milling the tip.This provides a simple tool to
design a well suited SNOM probe.

But, additional offset between the incircle and plateau sides might be de-
manded to have the nanocone more centric on the plateau, this depends on how
precise the hard mask can be positioned on the plateau.

4.1.2 FIB milling of a cylindrical hard mask

The hard mask is patterned by using a subtractive process, where the FIB milled
a cylinder pillar through the thin film stack. The pattern milled by the FIB has a
ring shape as mentioned in chapter 3, where the ring core is the hard mask for dry
etching. There are two processes occurring during the FIB milling: sputtering
and redeposition. The sputtering effect happens when the incident ion transfers
an amount of momentum to the target surface atoms via a cascade of collisions.
However, a redeposition process can occur as an undesirable side effect in which
the sputtered atoms are redeposited within the volume being sputtered. The
redeposition depends on the milled structure areal geometry and aspect ratio
between its side walls and the width. To minimize the redeposition effect we
need to have an overlap (OL) between successive milling points of at least 30 %

*a = 411.2 nm, b = 422 nm, ¢ = 254 nm, d = 236 nm, A — 65.6_ and B = 132° are the
used values in eq. 4.1 for the Dy and the Wpl calculations drawn in the inset.
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of the ion beam diameter [98], and perform the milling process rather in more
loops than with longer dwell time. The FIB milling is elementarily governed by
the sputtered yield, i.e. the number of the removed atoms per incident ion as in
eq. 4.3. It can be translated into a sputter rate as in eq. 4.5 i.e. the removed
volume per the incident ion dose. This allows the determination of the required

ion dose i.e. sputter time at a given ion current, for any desired shape to be
milled.

No. of removed atoms

Sputt ield = 3
per e Incident ions (4.3)
_ Ny xpx Sputtered volume x (Molar mass) ™' (4.4)
a Ip x total milling time :
Sputtered vol
Sputter rate = SPoroc VOO (45)

Ton Dosage

where N, is the Avogadro’s number, p is the density and I is the number of
incident ions per time.

In the milling, the FIB reads the x and y coordinates of each point in the
ring shape from a stream file. These coordinates are defined in pixels. Hence, we
convert the pattern dimensions, the FIB beam diameter, and the pixel spacing
from the nm unit to the pixel unit. The conversion from nm to pixel is calculated
from the magnification power which gives the number of pixels in micrometer
consequently the pixel size in nm.

In order to find the optimal ion dose to mill the ring shape, we should find
the sputter rate of SiO,. Thus, we milled a ring with an inner and outer radius
of nominally 80 and 700 nm, respectively, with two different ion doses by varying
only the no. of loops. The first mill dose is 0.44 nC obtained by milling for 20.06
sec performed by 60 loops, the second dose is 0.74 nC obtained by milling 100
loops which corresponds to 33.43 sec. The beam current was 22 pA and the beam
has a diameter of about 10 nm, with pixel separation of OL 50 % which is equal
to 5 nm. In pixel units, the ring was milled at 20 kX magnification in which the
pixel equals to about 3 nm thus the OL 50 % corresponds to about 2 pixels.
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Figure 4.5: Milling a ring in SiOy (bright) on Si (dark) using a FIB current of 22
pA, where a cylindrical hole is produced with an outer radius (dotted green line)
equal to 700 nm. (a) Top view and (b) Tilted view at 45° for 60 loops. The pillar
in the center has a height (blue line) and a radius at FWHM (red line) equal to
123 nm and 79 + 4 nm, respectively. For 100 loops (c¢) Top view, and (d) tilted
view at 18°, with a pillar height and FWHM radius equal to 268 nm (145 nm is
Si) and 66 + 4 nm.

The milled ring with 60 loops as in Fig. 4.5b is almost only SiO,, but from
Fig. 4.5a the bottom of the cylinder is not uniform and has unmilled areas alike
islands. By milling the same pattern with 100 loops, the milling goes deeper into
the Si substrate as seen in Fig 4.5¢. On the side of the ring core shape, the inner
radius which corresponds to the hard mask radius varies significantly at the top,
and has a shape of a hillock rather than a symmetric cylinder. It is overmilled at
the FWHM by about 14 + 4 nm compared to the assigned values.

To determine the sputter yield of SiOy and Si, we used the dimensions
and milling parameters of the patterns in Fig. 4.5a,c. The sputter yields for Si
and SiO, are calculated by eq. 4.4 using the values in Appendix A.4. They are
5.9 (at/ion) for Si and 1.8 (at/ion) for SiO,. In contrast the value calculated by
the sputter yield calculator in [122] for Si is 3 (at/ion) and reported in [123] as 4
(at/ion).

Further, the value of the outer radius defines the extension of the FIB
milling on the sides/flanks of the AFM-C pyramid. Thus, a small outer radius
leads to forming sharp edges close to the nanocone, which may increase the scat-
tering and thus decrease the signal to noise ratio. The optimal way to define the
outer radius is to define it in a similar way as in section 4.1.1, by considering the
AFM-C as a rhombus inscribed in a circle. Thus, in the same step of patterning
the ring, we can etch the residual thin films on the AFM-C walls and/or reshape
part of the AFM-C pyramid near the nanocone into a cylinder to ensure a better
optical access to the nanocone.
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4.1.3 Platinum pillar deposition

The next step is to optimize the FEBID deposition process of the Pt pillar, which
acts as the first hard mask for the Ar™ plasma dry etching on top of the oxide
layer which is the second mask. The adequate pillar height from the fabrication
process throughput point of view, is the exact height that would be completely
etched at the boundary of the gold thin film. Thus, as depicted in Fig. 4.6, the
etching time for the pillar height should be equivalent to that of the dielectric thin
film (SiO5 or Al;O3) in the Ar™ plasma dry etching. Consequently, etching the
pillar should pattern the second mask with a disc shape made of the oxide layer
as in Fig. 4.6c. After the disc being etched the gold nanocone will be formed as
in [66].

(a) (b) ()

Figure 4.6: (a) The Pt pillar is deposited on top of the thin film stack. (b) The
pillar surface evolution during the Ar* plasma dry etching turns the cylinder into
a cone. (c¢) The adequate pillar height should have the same etching time as the
dielectric thin film [66], where the pillar is totally etched, before the Ar™ starts
milling the gold thin film.

The Pt pillar dimensions influenced the final form of the SNOM probe. Pri-
marily, the pillar base diameter will define the base diameter of the nanocone,
while its geometrical asymmetry can lead to a deformed conical nanostructure.
Furthermore, the pillar height affects the thickness of the residual thin films at
the side walls of the AFM-C. Hence, increasing the pillar height increases the
etching time, thus reducing the thin film residual at the sidewalls of the AFM-C.
Consequently, it is important to optimize the FEBID deposition of the Pt pillar
in order to have a good control on the dimensions of the fabricated nanocone and
the overall quality of the SNOM probe.

The Pt pillars were deposited using FEBID by focusing the e-beam in a spot
mode. We deposit a series of Pt pillars to find the growth rate as nm/nC. The
dose is controlled mainly by the FEBID parameters, which are the accelerating
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voltage, the e-beam current, and the exposure time.

18 kV

15 kV

10 kV

Figure 4.7: Pt pillars deposited by FEBID on top of gold discs to optimize the
FEBID process parameters. They were deposited in spot mode using accelerating
voltages and exposure times ranging from 10 to 18 kV and 5 to 15 sec, respectively.
The blue dashed line and the red dashed line correspond to the Pt pillar height
and base, respectively.

We conduct an experiment to optimize the FEBID process of the Pt pillar. In
this experiment, we examine the relationship between the accelerating voltage,
the e-beam dose, and the pillar dimensions and symmetry. At the same time,
we examine the precision for growing the Pt pillar at the center of the AFM-C
plateau. Thus, we prepare a silicon substrate with arrays of gold discs with a
diameter of about 400 nm. The discs were fabricated by e-beam lithography, and
they serve as an analogy to the AFM-C plateau. The Pt pillars were deposited on
the gold discs as depicted in Fig. 4.7. The FEBID dose for the pillars deposition
ranges from 630 to 2070 nC. This dose range was obtained by using the e-beam
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current from 120 to 138 pA at four different accelerating voltages of 10, 12, 15,
18 kV and at each voltage three exposure times as 5, 10, 15 sec are used. The
e-beam current increases by increasing the acceleration voltage value.

Pillar Symmetry

The deposited pillars suffer from a bend at their base and a branch grows near
their tip. The bend at the base can be attributed to the fact that the pillar was
grown at the edge of the gold disc and displaced from the center. The branch
near the tip can be due to unexpected-beam drift.
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Figure 4.8: (a) The relation between the Pt pillar base and the e-beam dose at
different accelerating voltages. (b) The relation between the Pt pillar average
base diameter and the accelerating voltage. The base diameter decreases with
increasing the accelerating voltage, due to less contribution of the secondary
electrons in the FEBID process [124].

Pillar base vs Dose

Controlling the pillar base diameter is relevant to tailor the nanocone base. Fig.
4.8a shows that the variation of the pillar base has no clear dependency on the
e-beam dose in spot mode. Alternatively, we check the variation of the base with
the voltage, so we consider the average base diameter of the pillars deposited
at the same voltage. Thus, we can see in Fig. 4.8b that the diameter tends
to decrease at higher voltage. This decrease at high voltage can be due to less
contribution of the secondary electrons. Since the average depth of the secondary
electrons at higher voltage is larger than their escape depth, thus more secondary
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electrons are going to be absorbed within the thin film [124,125].
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Figure 4.9: (a) The height of the deposited pillar increases by increasing the e-
beam dose. (b) The average pillar height shows roughly linear dependency on
the average e-beam dose.

Pillar Height vs Dose

In Fig. 4.9a the height of the pillar increases with increasing the e-beam dose,
and as shown in Fig. 4.9b the average height of the deposited pillars increases
roughly linearly with increasing e-beam dose. To find the pillar growth rate, we
count only the pillar height as indicated by the blue line in Fig. 4.7 and exclude
the branch grown near the tip. The Pt pillar growth rate deduced from the fitting
line in Fig. 4.9b is 250 + 92 nm/nC, this is based on the applied dose and the
corresponding height extracted from the SEM images of all the deposited pillars.
The mean deviation stems from the asymmetry of the pillars, which makes it
hard to precisely find the pillar height.

4.2 Results and Discussion

In this section we will present selected samples, each sample having a single gold
nanocone fabricated on top of an AFM-C. We attempt to fabricate nanocones of
about 100 to 150 nm height, which can be well monitored by splitting the Ar-
milling process into 30 sec duration steps since the Au milling rate is about 100
nm/min. Hence, we can terminate the fabrication process before the nanocone is
destroyed. Further, nanocones with about 100 nm dimensions and aspect ratio 1
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had been successfully employed as SNOM/TERS probe and can be for practical
measurement effectively excited by He-Ne laser wavelength line 633 nm [56].

The first part will discuss nanocones fabricated using a Pt pillar as the first
hard mask. The second part will discuss samples fabricated using a disc mask
which is milled with the FIB. We had reported in [70] the fabrication method of
a plasmonic nanocone on top of AFM-C by employing the FIB in patterning the
Ar™ milling hard mask.

Each step of the nanocone fabrication process was examined using SEM. Thus,
we can elaborate a fabrication process to achieve reasonable reproducibility and
throughput of nanocone novel SNOM probes.

4.2.1 Nanocone fabricated using Pt-Mask

We deduce from section 4.1.3 the deposition e-beam dose, which is required to
deposit a Pt-pillar with a height between 80 and 300 nm. Therefore, the e-beam
dose will range from about 0.3 to 1.2 nC. It is obtained by focusing the e-beam in
spot mode for exposure times ranging from 3 to 6 sec, at accelerating voltages of 8
and 10 kV, and current varying between 110 pA to 120 pA. The current increases
when increasing the accelerating voltage. According to the pillar growth rate
of 250 + 92 nm/nC from section 4.1.3, this will produce a pillar with a height
ranging from 75 to 272 nm, which is almost the case in the presented samples.
Regarding the base diameter, it will range from about 80 to 130 nm, but there
was no clear way to well control the pillar diameter. We extracted from the SEM
images the dimensions of the mask and the nanocone. Consequently, the values
of the dimensions have an average deviation between & 7 to 15%, due to an
avoidable blur in the images arising mainly from the astigmatism.

Starting the discussion with sample A which has a nanocone on top of an
AFM-C. The SEM images of the fabrication steps in A are depicted in Fig.
4.10. After milling the AFM-C tip, we obtain a plateau with a rhombus shape
as in Fig. 4.10b. Then, we coat it with the thin film stack, where the intended
thickness of the Ti equals 5 nm, the Au film thickness equals 100 £+ 10 nm, and
the upper thin film was made of SiOy with an intended thickness of 25 + 5 nm.
Afterward, we grow the Pt-pillar as in Fig. 4.10d by the FEBID using an e-beam
exposure dose of about 0.4 nC, performed by focusing the e-beam for about 4
seconds in a spot mode at accelerating voltage and current of 8 kV and 110 pA,
respectively. The deposited pillar has 60° tilt angle with respect to the plateau
surface. The pillar base has a tail part, thus we consider the pillar full width
at half maximum (FWHM) as the effective diameter which defines the nanocone
base in Art milling. The pillar height is about 77 nm, and its FHWM and base
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diameter are about 45 and 73 nm, respectively. It was etched for 2 minutes in
the Ar™ milling machine. As a result of the dry etching of the Pt pillar and the
Si0,, the gold thin film was shaped into a plasmonic nanocone as depicted in
Fig. 4.10e with a tip radius in the order of 9 + 3 nm with an opening angle of
49 ° and a height and base diameter of 94 + 3 nm and 49 + 3 nm, respectively.

Figure 4.10: SEM images of the nanocone fabrication for sample A; (a) The
AFM-C before cutting its tip apex (b) The formed plateau after FIB milling the
tip. (c¢) Coated AFM-C with three thin films, where the upper one is SiOs. (d)
Pt pillar with height and base diameter of 77 nm and 73 nm, respectively. (e)
Gold Nanocone formed after 2 min Ar™ milling with a height on the order of 94
+ 3 nm and a tip apex radius of about 9 + 3 nm, thus it overetched by 6 + 3
nm.

We expect that the hard mask etching was completed, since the SEM image
shows a difference in the material contrast, where the conical shape is brighter
than its underneath layer. The etching time of 2 min is sufficient to mill the Pt
pillar. Further, the pillar tilting with respect to the plateau surface will probably
lead to a higher etching rate, since Ar" milling is a strongly angle dependent
process.
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On the other side, there is an uncertainty to it being a pure gold nanocone
stemming from the difficulty in controlling the SiOs thickness during its deposi-
tion which forms unexpected accumulations as delineated in Fig. 4.10c located
near to the plateau. These accumulations might have occurred, since the de-
position rate of SiO, was strongly fluctuating and hard to control. Finally, by
counting on the material contrast in the SEM image, the etching time, and the
structured nanocone dimensions and its shape continuity as in Fig. 4.10e, we
assume it is more likely to be a slightly overetched gold nanocone by 6 nm com-
pared to the intended thickness of the gold thin film (100 &+ 10 nm).

500 nm

Figure 4.11: (a) Sample B plateau with stairs, due to the refocusing of the ion
beam at different parts of AFM-C tip during the ion beam imaging mode. (b)
After the thin film stack deposition for the first try. (c) The misplaced Pt pillars
with a tilting angle with respect to the plateau surface.

In sample B as in Fig. 4.11a the plateau formed by FIB milling has a stairs
shape, which may be due to refocusing of the ion beam in the imaging mode
at different parts of the AFM-C tip. Additionally, in sample B after the thin
film deposition as in Fig. 4.11b, the FEBID of the Pt pillar did not work well.
Although we deposited three pillars as in Fig. 4.11c in order to get one at the
center of the plateau, all of them have strongly tilted shapes. Consequently, it
was not possible to fabricate a single nanocone with a symmetric geometry after
etching these pillars.
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Figure 4.12: (a, b) SEM image of the top and side views of the Pt pillar deposited
on the sample B in the second try. Its height equals to 211 nm, and it has a base
diameter of 105 nm. (c¢) After 5 min etching, the gold nanocone with a tip radius
of about 11 nm was shaped.

We etched all the pillars and the deposited thin films in the Ar™ milling
machine. Then we started a second try with sample B. It was coated with a thin
films stack where the thickness of the gold thin film is about 100 nm and of an
Al;Og film about 12.5 + 2.5 nm. As a result of the plateau shape and the reusing
of the AFM-C, the deposited thin films in the second try formed some grains as
in Fig. 4.12a, while the plateau was coated homogeneously. The Pt pillar FEBID
process was performed by current 120 pA at accelerating voltage 10 kV and with
an exposure time of about 5 sec, thus the e-beam dose was about 0.6 nC. The
pillar as depicted in Fig. 4.12a,b has a uniform shape with 211 4+ 8 nm in height
and a base diameter of 105 == 8 nm. The gold nanocone in B was fabricated
after 5 min etching in the Ar™ milling machine. The nancone has a tip radius
in the order of 11 + 4 nm, while its height of 99 4+ 8 nm is very close to the
applied 100 nm gold film. In sample B, we are almost sure that the nanocone is
made of highly pure gold since all the aspects extracted from the SEM image are
consistent, such as the continuity in the cone shape, image contrast between the
cone and the substrate, and the cone height with respect to the deposited gold
thickness.

We should point out that, after fabricating the nanocone there are remaining
metal thin film residuals on the side walls of the AFM-C pyramid. They are
located very close to the nanocone. These residuals can be a source of noise
signals, when the nanocone is implemented in a SNOM measurement. To avoid
this in sample C, as shown in Fig. 4.13 we try to examine the possibility to etch
the thin films at the side walls as well as the hard mask at the same time. We
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deposited for this purpose a long Pt pillar with a height and a base diameter
equal to 509 nm and 120 nm, respectively. The FEBID exposure time was 9 4 1
sec, accordingly the e-beam dose was 1.17 £ 0.13 nC. The dry etching of the hard
mask was completed in 23 minutes. We found that a gold nanocone is shaped on
top of a Si cylinder as in Fig. 4.13h. This Si cylinder is part of the AFM-C top
shaped by Ar™ milling with about 350 nm in height and 250 nm in diameter. The
fabricated gold nanocone has a tip radius equal to 14 + 3 nm and an opening
angle of about 70°, and its height is 100 + 6 nm. The pillar shape evolution after
3 min, 14 min and 23 min etching is depicted in Fig. 4.13d,e,f, and it is clear
from Fig. 4.13e that the pillar tip is shaped into a cone during ion milling.

In contrast, to the pillars in sample A and sample B, the pillar in C shows
a slower etch rate. We had experienced this with different samples which have a
pillar height > 500 nm. In the case of the long pillar, its tip during Ar* milling
becomes a cone which makes it more stable and etching more slow compared to a
plane surface. The etching of pointing structures such as ridges and cones shows
a slower etching rate compared to the plane surface, and theoretically the cone
can have an infinite stability [126]. The stability of the cone is either due to ion
reflection [116] or the anisotropy of energy density deposition [126].
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Figure 4.13: The nanocone fabrication process of sample C; (a) Coated plateau.
(b, ¢) Top and side view of the Pt pillar. The progress of Pt pillar etching by the
Ar* milling at (d) 3 min (e) 14 min (f) 23 min (g) Side view of the AFM-C after
etching in the Ar" milling for 23 minutes, with the metal thin film still remaining
on the AFM-C side walls. (h) A gold nanocone with tip radius of 14 £+ 3 nm.

There are different factors that make us decide that the gold nanocone fab-
rication is completed. Firstly, the sharp offset between the nanocone base and
the edge of the Si cylinder is probably the boundary between different materials,
namely Si and Au. Then, the base diameter of the Si cylinder is more than twice
that of the pillar’s, which makes a clear distinction that this cylinder is the AFM-
C and not the Pt pillar. Further, the dimensions of the nanocone, especially its
base diameter is very close to the pillar base diameter, and its height is less than
the thickness of the gold thin film which ensure that the hard masks are etched
away. Hence, we conclude that more likely the gold nanocone is fabricated after
the 23 min Art milling.

On the other hand, we still suspect that thin films remained on the side walls.
It is difficult to completely etch the thin films at the AFM-C pyramid walls since
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they are inclined in both x-z and x-y planes which complicates the angular de-
pendency of the Art milling. But, intuitively they may be considered as a ridge,
which is reported to have a significantly slower Ar™ milling yield compared to the
one of the plane surface [116, 126].

Sample Sample Sample
A B C
) Height 7 211 509
Pt pillar (nm)
Base 73 105 120
Ar -milling
time (min) 2 5 23
Height 94 + 3 99 + 8 100 £ 6
Base 49 + 3 92 + 11 159 + 6
Gold
nanocone Tip radius 942 11+ 4 14 + 3
(nm) Opening angle (°) 49 68 70

Table 4.1: Summary of the Pt pillar dimensions, the corresponding nanocone
dimensions, and the associated etching time. The average deviation in the di-
mensions of Pt pillars and nanocones ranges from 4+ 3 to £ 8 nm due to the blur
in the SEM images.

The dimensions of the hard mask and the resulting nanocones for the samples
A, B and C are summarized in Tab. 4.1. The dry etching by the Ar™ milling was
done in time steps ranging from 30 sec to 2 min. Then the sample was examined
in the SEM to evaluate whether the hard mask was completely etched or not. As
a result, the nanocones have a sharp tip and almost the assigned height of the
gold thin film, however the throughput of the process is low and does not permit
good reproducibility and control over the dimensions of the nanocones.

FEBID Pt pillar challenges

The nanocone fabrication using a Pt pillar in this work has suffered from different
limitations. The pillar height dependency on the exposure time was not very
regular, and it is hard to obtain an adequate pillar height. The growth rate
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can reach 120 nm/sec as reported in [127]. Accordingly, it was not possible
to manually control it precisely within such a short time range (< 5 sec). On
the other hand, the pillar base diameter was not controlled by the dose, and
its dependency on the e-beam dose was not clear. Hence, obtaining both the
desired height and diameter with the same e-beam dose using the spot mode
was not achievable. Accordingly, depositing Pt pillars with identical dimensions
is not often possible. The FEBID also depends on the precursor gas reservoir
(heating time) temperature, and the vacuum pressure conditions. The Pt hard
mask asymmetry as in Fig. 4.14, and displacement from the center of the plateau
as in Fig. 4.14b occurs very often, which can be attributed to the e-beam drift
and mechanical hysteresis of the system.

Figure 4.14: (a) Pt pillar with long tail due to an instability in the FEBID
machine. (b) Three Pt pillars were deposited due to incorrect positioning.

Additionally, the Pt pillar deposited by the FEBID usually has a high carbon
contamination. These contaminations may release hydrogen and transform from
amorphous carbon to graphite [128], which has low etching rate. This trans-
formation can occur after the pillar deposition and during the SEM imaging.
Accordingly, its etching rate was not consistent either due to the shape evolu-
tion of the pillar and/or the composition of the same pillar may change during
the fabrication process. The SEM images did not show a good contrast between
the Pt mask and Au, which makes it hard to terminate the Ar™ milling process
exactly after etching the hard masks, to avoid the nanocone overetching.
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4.2.2 Nanocone fabricated using a disc milled by FIB

In the following samples, we elaborate the subtractive method to form a hard
mask for the Art-milling. This approach is more defined compared to the Pt
mask in section 4.2.1, since the height of the mask is the thickness of the oxide
film, and its diameter depends on the assigned diameter of the milled shape. We
structure a cylinder through the deposited thin film stack as in Fig. 4.15a using
the FIB to create a circular hard mask made of the oxide film (SiOy or Al,O3)
on its top. To pattern the hard mask, we utilized the FIB in imaging mode
to navigate to the position of the ring milling. Thus, the oxide hard mask is
thinned due to the FIB milling during the scanning imaging [123]. Therefore, we
deposited a thicker thin film of about 30 nm compared to 15 nm used in section
4.2.1.

The milling process is performed by loading the stream file which contains
the coordinates in x,y for all the points which form the ring shape, and the dwell
time at each point. Milling was performed at a magnification of 20 kX which
corresponds to a pixel size of about 3 nm. The separation between two successive
points at OL 50 % corresponds to 5 nm. The FIB current was 16 & 3 pA with a
beam diameter of about 10 nm and accelerating voltage of 30 kV.

In sample D and sample E, the milled ring has 180 nm as an inner diameter
and 1200 nm as an outer diameter. The ring was milled from a stream file which
consists of 31340 points where the dwell time at each point is 10 psec. The ring
was milled in D and E with different milling doses obtained by varying only the
number of loops. The milling dose in D is 0.4 nC performed by 80 loops which
corresponds to 25 sec, while in E it is 0.242 nC performed by 50 loops performed
in 15.7 sec. The milling dose in E is reduced by 0.158 nC compared to D to
reduce both the overmilling of the cylinder and the milling depth through the
thin film stack.

The milled cylindrical pillar is composed of the three thin films (5 nm Ti, 120
nm Au, 30 nm Al,O3), where Al,O3, the upper film, serves as the hard mask
with a disc shape. The milling of a ring shape with 1200 nm outer diameter was
critical since the projection of the ring’s outer diameter forms conical tips at the
intersection between each two sides of the AFM-C pyramid. These sharp edges
as in Fig. 4.15b are very close to the gold nanocone.
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Figure 4.15: SEM images of the nanocone fabrication on samples D (a-c) and E
(d-f), where the milling dose in E is lower than in D; (a,d) A cylinder formed by
milling a ring with nominal inner diameter of 180 nm and outer diameter 1200
nm, and its top is an Al;Ogz film serving as hard mask; top view to show the
milled area by the FIB in the region of the ring pattern). (b,e) Side view shows
the cylinder pillar corresponds to the ring inner diameter, and after the milling
conical tips (red circles) close to the plateau were formed, due to the inadequately
short ring outer diameter. (c,f) A gold nanocone is produced after 2 min 40 sec
in the Ar-milling machine

The cylinder in D is overmilled more than in E. Thus, the cylinder in D has
almost a trapezoidal profile as in Fig. 4.15b, while in E it has almost a rectangular
profile as in Fig. 4.15e. Further, the mask diameter in D is about 83 + 4nm and
this is smaller than the mask in E, which has a diameter of 103 4+ 12 nm.

The gold nanocone is produced after etching for 2 min 40 sec in the Ar-milling
machine. The nanocone of D shown in Fig. 4.15¢ has a height of 109 £ 11 nm and
base diameter of 105 + 11 nm. Since the deposited gold has 120 nm thickness,
the nanocone is overetched by about 11 nm while its base diameter is larger than
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the hard mask diameter.

We assume that the optimal ring milling will pattern only a disc from the
dielectric film. The milling dose in both samples was higher than the optimal dose.
A reduced dose employed in E, produced a pillar with more defined cylindrical
profile, and the oxide disc at the top is less overmilled than in D.

150+12nm —1
\ENIEIEET

Figure 4.16: SEM images of the nanocone fabrication on sample F; (a, b) Cylin-
drical pillar composed of three thin films. It was milled by Gat FIB. The upper
top thin film is the hard mask and it is made of Al;Og3, where the inset shows each
layer material and thickness. (¢) After 3 min etching in the Ar-milling machine,
the gold nanocone is formed with a tip radius in the order of 33 nm.

With sample F we mill, as in Fig. 4.16a, a ring shape using the Ga® FIB. It
was milled from a pattern file where the outer shell radius and inner core radius
were equal to 2 pm and 300 nm, respectively. The milling dose in F is about 0.32
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nC by having a total milling time of about 20 sec, where the dwell time was 30
usec and overlap is 0 %. After dry etching with Ar™ for 3 min, the pillar in Fig.
4.16b is shaped into a gold nanocone. This nanocone has a tip radius equal to 33
nm. Accordingly, the nanocone is overetched.

Sample Sample Sample
D E F
Height 155 + 4 165 + 12 185 + 15
Milled
Cylinder (nm) Top 83 +4 103 + 12 150 + 12
Ar -milling
time (min) 2.6 2.6 3
Height 109 = 11 117 £9 103+ 5
Base 1056 + 11 144 £ 9 119 £ 5
Gold
nanocone (nm) | Tip radius 20 + 2 27+ 5 33+ 2
Opening 5} 85 70
angle (°)

Table 4.2: The dimensions of the hard mask milled by FIB, and the fabricated
nanocones.

To calculate the adequate ion dose for milling a cylinder in SiOy with 30 nm
in height and the same circular cross section area as in E-F, we consider the
sputter yield of SiOs in section 4.1.2. Accordingly, the adequate ion dose is 0.12
nC which is significantly lower than the doses used in E-F, and is consistent with
the overmilling of the ring.

Another important parameter in the milling dose calculation is that the
plateau and the AFM-C sidewalls have different milling angles. The plateau
one is about 0°, while the AFM-C sidewalls one is about 60°, and thus they have
different sputter rates. Milling the ring pattern with the same dose will produce
unexpected deformations in the mask geometry and dimensions. One way to cir-
cumvent this is to divide the ring shell into two parts: the inner shell is milled
on the plateau with the dose calculated using the sputter yield of milling in the
plane surface, and the outer shell is milled on the AFM-C pyramid side walls by
the corrected dose for the sidewalls inclination angle. The nanocones fabricated
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by only patterning a disc shape from the deposited thin film stack shows a good
reproducibility and throughput. On the other hand, their tip radius is larger than
the nanocones radius in section 4.2.1. According to [67] the nanocone tip radius
and the opening angle can be tuned by the hard mask thickness and material.

4.3 Simulations of the nanocones scattering

We performed 3D FDTD-simulations using the Lumerical commercial software
package to calculate the scattering spectrum of nanocones with the same dimen-
sions as the fabricated ones but embedded in air. Hence, we can obtain a closer
insight to the LSPR tip mode of the fabricated nanocones in this chapter, which
is the relevant mode for the SNOM/TERS measurements. We used a plane wave
source with an electric field parallel to the cone long axis, and mesh size of 3 nm,
where the perfect matching layers are the boundary conditions.
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Figure 4.17: (a) The scattering of the nanocones of samples A-E calculated by

3D FDTD simulations using the Lumerical commercial software. (b) The LSPR

wavelengths of the nanocones dependence on the nanocone aspect ratio which is

similar to the results in [61].

The calculated scattering in Fig. 4.17a, shows that the LSPR of nanocones
in air ranges from 586 nm to 664 nm, which will be red shifted by the higher
refractive indices of the substrates [61,129]. The LSPR tip mode shows a strong
dependency on aspect ratio which is the ratio of the height to the base diameter,
and this shows good agreement with the results reported in [61]. By finding the
LSPR, it is possible to define the light source wavelength to excite cone LSPR, and
the wavelength range of the higher near field enhancement for the measurement.
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Further, the LSPR dependency on the aspect ratio shows the tunability of the
LSPR as well as the importance of well controlling the cone dimension during the
fabrication process to well define the LSPR wavelength.

4.4 Conclusion

We introduced the fabrication process of gold nanocones on top of AFM-Cs, where
two methods have been optimized to form the hard mask. From the optimization
experiments, we find an empirical relation that defines the milling section of the
AFM-C in a way to match the plateau width with the nanocone base diameter
and thus to avoid having an excess vacant area in the plateau, which may shield
the plasmonic nanocone during the SNOM measurements.

Then, we deposit different pillars using e-beam dose ranges from 630 to 2070
nC to find the Pt pillar growth rate and the possibility to control its base diameter.
The growth rate was 252 + 92 nm/nC, but controlling the base diameter with
e-beam dose was not possible.

As the final part in the optimization, we find the sputter yield of SiOy from
which the optimal milling dose should be calculated to control the ring FIB
milling.

The first method to fabricate the nanocone is by employing a hard mask
composed of a Pt pillar and an underneath dielectric film. Then, during the dry
etching of the pillar, a circular disc made of the dielectric film is formed. Finally,
the gold nanocone is produced after etching both masks in the Ar-milling machine.
Further, the dielectric film protects the gold ones during sample transport and
processing, and it may show a contrast between the Pt and Au in the SEM images
to deduce the progress of dry etching. Nanocones were produced successfully by
using the Pt pillar. However, this method suffers from different limitations.

Pt pillar dimensions vs Dose

By employing the spot mode in the FEBID deposition, it is hard to define a
single dose for the e-beam to control both the pillar height and diameter. The
dependency of the pillar base diameter on the dose is not clear, and it more
depends on the voltage.

Pt pillar positioning

The pillar was very often misplaced, which required to deposit more than one
pillar to obtain a more centric one. Thus, the plateau may have more than one
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nanocone on its top and it is not any more a SNOM probe with a single tip.

Pt pillar symmetry

The asymmetric pillar can be deposited due to vibrations or may result from
the mechanical hysteresis of the machine and/or unexpected e-beam drift during
the deposition. Consequently, this will lead to a deformed nanocone shifting its
plasmon resonance from the assigned one.

Pt pillar milling rate

From a theoretical point of view, the contaminations are not the same in the de-
posited pillars and the hydrocarbon may dissociate into graphite during the SEM
imaging. Further, the pillar shape evolves as in sample C. Thus, theoretically it
is hard to know the rate of the FEBID deposited Pt pillar.

Since the milling rate is not constant, the dry etching step was split into short
intervals and in between the sample was examined in the SEM to define if the
nanocone is fabricated or not. Therefore, the total fabrication time is much longer
than the one of the method based on the hard mask patterned by the subtractive
method.

The second method is FIB milling through the deposited thin films to obtain
a cylindrical pillar, which shows a higher throughput and a better reproducibility
of the gold nanocone as a SNOM probe.

Milling a circular disc made from only oxide film demands a very well op-
timized dose, which should be calculated from the sputter yield of the mask
material. The different milling angles of the plateau and sidewalls should be con-
sidered in calculating the dose, which results in two ring patterns with at least
two different doses depending on the angle.

The outer radius of the ring should be adequately large to avoid the formation
of sharp tips located close to the nanocone, which may disturb the SNOM mea-
surement. Further, in the same step of milling the ring the residual films on the
sidewalls can be etched in a depth defined by the ring outer radius. The AFM-C
pyramid can be reshaped to ensure an optical access to the nanocone in order
to have a better SNOM performance. Further, this method permits to fabricate
more advanced geometric shapes such as interlaced rings, ellipses, crescents and
stars.

By intuitively comparing the tip radius and the opening angle of the nanocone
produced by the Pt pillar method, we found that they are smaller than the ones
of the nanocones produced by only the oxide disc. Hence, using a hybrid mask
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made of two materials with different milling rates such as Pt pillar and oxide
film may permit to tune the tip radius and the opening angle of the nanocone.
The sharpness of the tip has a crucial role in the spatial resolution of the SNOM
measurement, while the opening angle plays a role in the field enhancement [130].
The technique of patterning a hard mask with FIB can be applied to fabricate
nanostructures with a variety of geometries on a non-planar substrate. Further,
the fabricated nanostructure probably has little Ga® contamination, since the
Art will etch away most of the layers, which may have Ga™ within it.

Outlook

The deposition of a Pt pillar using a scanned beam controlled by a stream file
may show better results than the deposition in a spot mode.

Enhancing the quality of the gold nanocone SNOM probe by etching the
residual thin films at the side walls, either by tilting it with an angle which ensures
selective etching in Ar™ milling of the side wall and shielding the nanocone, or
by optimizing the FIB ring milling where the side walls are cleaned and the hard
mask pattering is achieved simultaneously.

The AFM-C pyramid can be modified by micro-machining a few microns close
to the nanocone into a cylindrical pillar in order to obtain a good optical access for
illumination and signal detection during SNOM measurements. The durability of
the nanocone can be improved by coating it with a few nanometers of Al,O3 [40].
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Chapter 5

Nanocone fabrication on top of
optical fiber

The next proposed design of the SNOM probe is constructed from a tapered
multimode and/or single mode optical fiber with a plasmonic nanocone as its
probe. It is interesting to fabricate a nanocone on top of an optical fiber to
be suitable for SNOM instruments which employ the STM feedback mechanism.
Further, it permits to perform the SNOM measurements in different illumination
and detection configurations either in free space or by coupling signals in and out
of the optical fiber.

Besides fabricating a single nanocone on top of the fiber, it is important to
boost the overall quality of this probe by suppressing the imperfections of the
fabrication process. Some of these imperfections arise from the rough surface of
the tapered fibers which is created often after chemically etching the fibers. After
the nanocone fabrication is completed these rough walls will still be coated with
the residual metal thin films. Hence, they can be sources of background noise
signals for the SNOM measurements stemming from unwanted light reflections
and scattering signals from these metal coated rough walls. Accordingly, it is
necessary to reduce both the roughness of the tapered fiber and the thickness of
the residual metal thin films to obtain high-quality SNOM probes.

In this chapter, we discuss the optimization of the fiber chemical etching to
improve the fiber morphology and to control the tapered cone geometry in terms
of its tip radius and opening angle, followed by presenting the successful plasmonic
nanocone fabrication on top of T-OFs.

In the last section, we discuss the fabrication of the nanocone on top of an
optical fiber with a length of a few meters, in order to couple the laser through the
fiber to excite the nanocone plasmonic resonance. These fibers are single mode
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fibers, and were tapered by David Auwarter * using the heat and pull method.
Finally, we demonstrate the possibility to apply the shadow method to fabricate
the nanocone on top of the optical fiber.

Further, we show the 3D FDTD simulation of the scattering spectrum of the
nanocones to get more theoretical perception of their optical properties.

5.1 Fabrication process

In our work, the main purpose is to use the multimode optical fiber in the free
propagating mode for the probe illumination, and the sample signal detection.
The diameter of the multimode fiber is 125 gm which is about a thousand times
greater than the nanocone base diameter. Hence, it is necessary to transform it
into a sharp pointed tapered fiber with a diameter in the sub-micron scale in order
to grant optical access to the nanocone during optical measurements. The T-OF
cone angle is relevant to the mode of the SNOM and/or TERS measurements.
In the free propagating mode the T-OF cone angle addresses the slope of the
tapered tip walls, thus the smaller angle allows for a better illuminating of the
nanocone probe and detection of the signals from the sample. In contrast, with
the coupling light mode, the cone angle addresses the cutoff wavelength, where
at a wider tapered cone angle the distance between the cutoff fiber core diameter
and the aperture is shorter [131]. Thus, the wide tapered angle (i.e. optimum
angle ranges between 30° to 50°) permits higher transmission [132] and more
signal coupled in and out the T-OF, which is preferable in the measurement
setup equipped with illumination and/or collection through the T-OF setting.
In the fabrication aspect, the fiber tapering is essential in order to easily
map the site of the nanocone on top of the fiber to monitor the progress of the
fabrication process along its successive separate steps. The optical fibers were
tapered by chemical etching, where we endeavor to have T-OFs with a small cone
angle and tip radius. The T-OF small cone angle permits to adequately match
the plateau diameter with the nanocone base diameter. Additionally, during the
evaporation step, the thickness of the thin films at the T-OFs side walls with
a very acute angle will be thinner compared to the wide cone angle. Since the
thickness of the evaporated thin films is proportional to the cosine of the angle
(0; 0 =90° - 0.5 x cone angle) in eq. 2.4 which lies between the norm of the fiber
walls and the evaporated material beam, e.g. at infinitesimally small cone angle
the 6 approaches 90°, thus almost no film will be deposited on the fiber walls.
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The main obstacle with the fiber chemical etching is the roughness, which
can produce a strong background signal by reflecting and scattering the light
in the interaction vicinity between the gold nanocone probe and the surface of
the sample. In this section, we discuss the different techniques in fiber chemical
etching to improve the quality of the tapered fiber and control its tip radius and
cone angle.

Figure 5.1: A tapered fiber with cone angle of about 42° and a rough surface tip
after being etched only in HF (49%), which can be a source of unwanted light
reflections and scattering during the SNOM measurements. (a) side view without
coating, (b) top view after coating with thin films stack.

The morphology smoothness can be improved by different methods such as
using a buffered etchant solution with NH4F (BHF), or the tube etching method
where the fiber is kept inside a coating made of material resistive to HF such as
polymer or acrylate, thus the HF can etch the fiber only through the coat front
opening [119,133]. The etch rate for the tube method and BHF is very slow.
Further, in the tube method it is very critical after etching the fiber is completed
to remove the plastic coat without breaking the tapered tip. The geometry of the
T-OF such as the taper length and taper cone opening angle, can be controlled
either by choosing the organic solvent material or the dynamic etching method
where the fiber is kept in a vertical motion during the etching, see the detailed
discussion in section 2.1. Tuning the opening angle by choosing an organic solvent
is not a clear method and we must consider the viscosity and melting point of
some organic solvents to avoid the organic solvents to stick to the wall of the
fiber, or formation of small crystals at room temperature which may damage the
T-OF fine tip.

Accordingly to obtain T-OFs with acceptable smoothness and tune their tip
opening angle, we choose an intuitive approach by combining the buffered etchant
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and dynamic etching method in the same step. Thus, the fibers are immersed as
it is mentioned in Tab. 5.1 firstly in solution that contains only HF (40%) (Sol.1)
for a time range from 14 to 19 minutes, in which most of the fiber cladding was
etched. Then, the fibers are immersed in the buffered etching solution consisting
of HF (40%) : NH4F : H,O (Sol.2) with a ratio 1:2:2 for a time range between 38
to 62.7 minutes. The fibers were pulled up in 2 discrete steps within the solution
during the etching in Sol.2 which leads as in Fig. 5.2c to two discrete tapered
regions. The semi dynamic etching in Sol.2 is as follows; in sample S the fiber
was etched statically for 31 min, then moved up and etched statically for 12 min
to form the tip, while in sample T the fiber was etched statically for 12 min,
then moved up and etched statically for 26 min to form the tip. The etch rate
in Sol.1 and Sol.2 is 3.44 +0.31 pum/min and 1.53 + 0.11 pm/min, respectively.
The tapered tip was formed in Sol.2 at a meniscus average vertical speed equal
to 4.8 £ 0.34 pm/min for sample S and equal to 3.74 + 0.26 pum/min for sample
T.

Samples Etching Time (min) | Tip radius (nm) | Cone angle (°)
Sol.1 Sol.2

Sample R 14 63 164 26

Sample S 18 43 121 28

Sample T 19 38 64 21

Table 5.1: The optical fibers were etched in two different solutions; Sol.1 contains
HF (40%) and Sol.2 is BHF where HF (40%) : NH4F : HyO are with the ratio
1:2:2. The etching method combined the static mode and manually controlled
upward motion of the fiber. As a result the morphology of the tapered fibers is
improved and the radius and the opening angle can be tuned according to the
favorable values.

In the dynamic etching, a section of the fiber is tapered for a specific time,
then the fiber is drawn up where another section gets tapered, where these steps’
frequency and the termination of the etching are defined by the required sharpness
of the tip radius and opening angle. The etched fibers are depicted in Fig. 5.2,
we see in the same fiber two separated tapered regions due to the manually
controlled dynamic etching for two different sections in two distinct steps. The
three fibers morphologies have similar smoothness. Further, it allows to tune the
opening angle and produce a smaller angle compared to the cone angle formed
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by statically etching in HF (49%) which is consistent with [85].

2 x Taper regions
formed
by Sol.2( BHF)

Figure 5.2: We etched the fiber using a semi dynamic method firstly in only HF
(40%), and then in buffered solution containing HF (40%) : NH4F : H2O with
the ratio 1:2:2. The fibers are etched in (a) Sample R for 14 min in Sol.1, and
then 63 min in Sol.2. (b) Sample S for 18 min in Sol.1, and then 43 min in Sol.2.
The two tapered regions are etched by Sol.2. (¢) Sample T for 19 min in Sol.1,
and then 38 min in Sol.2.

In the next section, we apply a manually frequent withdrawing motion in
sample N, which produces an opening angle as ultimately small as less than 10°.
The etching rate in the buffered solution is very slow, thus the throughput can
be enhanced by etching more fibers in parallel.

5.2 Results and Discussion

The fabrication process of a nanocone on top of a tapered optical fiber (T-OF)
as it was delineated in chapter 3 follows this sequence: we start by chemical wet
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etching of an optical fiber, then adapt it to be the substrate by milling its tip apex
using the focused ion beam (FIB), then coat it with the thin films stack, followed
by depositing the hard mask and finally apply the Ar-ion milling to transform
the hard mask and the gold film underneath into a plasmonic nanocone to be a
SNOM probe.

The results will be divided into two parts, one for the multimode fibers which
were etched chemically, and the second for the single mode fibers which have
a length of few meters and were tapered by David Auwéarter® using the pull
and heat method. It was difficult to characterize the samples using the dark
field microscopy, since the scattering signals from the residual thin films and
rough fiber walls were stronger than the scattering signals from a single nanocone.
Accordingly, the progress of the probes fabrication process is characterized at each
stage by scanning electron microscopy, as explained in chapter 4, where the SEM
image shows when the nanocone is fabricated, and gives the nanocone dimensions
and symmetry, further it shows the overall geometric quality of the SNOM probe
such as potential residual thin films and the roughness of the walls.

5.2.1 Nanocone on top of multimode optical fiber

The samples in this section are multimode fibers with a total length of about 6
cm, where 3 cm are bared from the plastic coat as in Appendix A.3 using the
HySOy4. They are proposed for the SNOM measurements in the free space probe
illumination and signal detection mode.

*
Physikalisches Institut and Center for Collective Quantum Phenomena in LISA+
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Sample | Tip radius (nm) | Opening angle (°) || Thin film thickness (nm)
Ti| Au Al,O4
Sample K 207 £ 20 54 o | 120 15
Sample L 328 £ 27 44 5 | 120 15
Sample M 89 £ 6 29 5 | 150 15
Sample N 95 < 10 5 | 130 30

Table 5.2: The samples K-N T-OF tip radius, opening angle and the thickness of
the deposited thin films. They are multimode fibers and were tapered chemically
in HF containing solutions.

For the following samples (K - N), we summarized in Tab. 5.2 their etched
fiber tip radius and opening angle, and the thickness of the deposited thin films.

The nanocone fabrication for sample K is delineated by the SEM micrographs
in Fig. 5.3, where the T-OF was etched in only HF (49%) statically for 27 minutes.
It has a tip radius of about 207 + 20 nm, which is not sharp. Consequently, after
cutting its apex the formed plateau has a radius approximately equal to 440
nm. Then, the deposited thin films on top of the plateau as shown in Fig. 5.3b
have an adequately homogeneous and smooth morphology. The hard mask was
a Pt pillar and was deposited using the FEBID. The Pt pillar has an asymmetric
shape with two tips, and a height and base diameter of about 170 nm and 155,
respectively as listed in Tab. 5.3. Hence, after etching the mask in the Ar-milling
machine we obtained a gold nanocone as in Fig. 5.3e with two very sharp tips.
The etching time was 4 min and the fabricated nanocone dimensions are listed
in Tab. 5.3. The plasmonic gold nanocone’s two very sharp tips each have an
apex radius equal to 8 + 3 nm and are formed after 4 min dry etching in the Ar™"
milling machine. In order to find whether the nanocone is overetched or not, we
compare the nanocone height and the deposited gold thin film thickness.
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Figure 5.3: Sample K SEM image of each step; (a) Sample K with a tapered tip
with apex radius 207 4+ 20 nm. (b) The plateau with radius of 440 nm is coated
homogeneously, after the evaporation deposition step. (c, d) Pt pillar with two
heads, and a height of 170 nm was deposited by FEBID. (e) After 4 min dry
etching in Ar-milling, a gold nanocone is shaped with two heads and each sharp
tip has a radius of 8 + 3 nm.

The nanocone height is 76 £ 3 nm as in Fig. 5.3, while the deposited gold
thickness was about 120 nm from Tab. 5.2. Although the nanocone is overetched
by about 44 4+ 3 nm, it owns very sharp tips.

The optical fibers in the next two samples L and M were etched in a semi-
dynamic way in only HF solution with 49%. Thus during the chemical etching,
the fibers were withdrawn upwards forming more than one taper region, in order
to enhance their morphology and tune their opening angle. Hence, they are as
shown in Fig. 5.4a and Fig. 5.5a adequately smooth, and their opening angle is
smaller than the one produced by static etching in HF.

In sample L the total etching time of the fiber is about 27 min, and the
T-OF tip as in Fig. 5.4 has a radius of 328 £ 27 nm. The T-OF is noticeably
overetched, but still sufficient for the nanocone fabrication. After milling its apex,
we obtained a plateau with a trapezoid geometry. It was coated by a thin films
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stack with the thickness as listed in Tab. 5.2. The thin films stack from Fig. 5.4b
is homogeneously covering the plateau and the T-OF walls. The hard mask is
deposited using a voltage of 9 + 1 kV, where the e-beam is 110 & 10 pA focused
in spot mode for an exposure time 4 + 1 sec. During the FEBID step two hard
masks were deposited as in Fig. 5.4d to obtain a more centered pillar, since the
first pillar was misplaced at the edge of the plateau. Finally, a single plasmonic
nanocone is structured as depicted in Fig. 5.4e after etching for 2 min inside the
Ar-milling. The plasmonic cone has a tip radius of 18 + 5 nm and height 59 +
5 nm, it is overetched by 61 + 5 nm.

o
i 15%pillar

pillar

Figure 5.4: The nanocone fabrication on top of the T-OF in sample L. (a) T-OF
etched in HF (49 %) for about 27 min, it shows an overetched tip. (b) A plateau
formed by using the FIB to mill the T-OF tip. Two Pt pillars were deposited by
FEBID, since the first pillar was misplaced near the edge of the plateau ; (c¢) Top
view, (d) Side view. (e) The gold nanocone fabricated after 2 min dry etching, it
has a tip radius of about 18 + 5 nm.

The T-OF in sample M has a tapered tip with a radius of 89 4+ 6 nm as shown
in Fig. 5.5a, after etching the fiber for about 25 minutes. The plateau formed
after milling the T-OF apex has a rectangular shape with a long and short side
equal to about 560 nm and 240 nm respectively. It was coated as in Fig. 5.5b
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with the thin films with the thickness as listed in Tab. 5.2. The deposited Pt hard
mask has a conical shape with a height and base diameter equal to 29 and 114
nm, respectively. It was deposited using FEBID with the electron beam focused
in a spot mode. The e-beam exposure time was about 4 £+ 1 seconds, and the
e-beam current and the accelerating voltage are 30 pA and 8 kV respectively.

100 nm

Figure 5.5: Sample M SEM images of each step; (a) A sharp T-OF with a tip
apex radius of 80 nm. (b) The plateau has a rectangular geometry, and it is
homogeneously coated with three thin films. (¢, d) The deposited Pt hard mask
has a conical shape, and its height is 29 nm. (e) Gold nanocone was shaped after
3.5 min dry etching in Ar-milling.

A nanocone with a tip radius equal to 24 + 4 nm was shaped after 3.5 min total
etching time in the Ar-milling. The nanocone height and base diameter are about
113 + 4 nm and 159 + 4 nm, respectively. By comparing the deposited thickness
with the fabricated nanocone height as is listed in Tab. 5.2, the nanocone is
overetched by 37 4 4 nm but still its tip radius is sharper than 25 nm.

Sample N is the last sample in the multimode fiber section. In sample N, the
fiber was etched using the method described in section 5.1 where the fiber was
firstly etched in HF (49%) for about 20 minutes, then dipped in buffered solution
that contains HF : NH4F : HoO with a ratio of 1:2:2 for about 36 minutes. During

92



the etching in the second solution which has a very slow etch rate the fiber was
frequently manually withdrawn upwards.

Figure 5.6: The SEM images of the nanocone fabrication in sample N, (a) A
sharp T-OF with opening angle less than 10°, it was tapered by combining the
dynamic method and the buffered HF solution. (b) T-OF with a homogeneously
coated plateau. (¢) The FEBID deposited Pt as a hard mask on top of the thin
film stack. (d) Plasmonic cone with tip radius 14 nm, shaped after applying
Ar-milling for 4 min total milling time.

Consequently, we obtained a smooth tapered fiber with a very small opening
angle < 10° as shown in Fig. 5.6a, and its tapered tip walls are continuous and
have almost the same slope. In Fig. 5.6b, we see a homogeneously coated plateau
with almost an elliptical shape obtained after milling the T-OF apex in the FIB
and followed by the thin film deposition. Finally, a gold nanocone as shown in
Fig. 5.6d was fabricated after milling the Pt pillar in Fig. 5.6c. Here, the gold
nanocone is obviously overetched by at least 75 nm, which is consistent with its
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wide opening angle and a blunt tip compared to the nanocones in the samples
K and L. On the other side, the thin films deposited at the tapered tip side
walls were very thin owing to the T-OF tip very small opening angle. Hence, the
strong charging effect in Fig. 5.6d indicates that in sample N the thin films at
the tapered tip walls were noticeably etched away.

K L M N
, Height 170 | 68 | 29 | 78
Pt pillar (nm)
Base 155 78 | 114 | 116
Ar -milling
time (min) 4 2 3.5 4
Height 76 59 | 113 | 50
Base 29 92 | 159 | 106
Gold
nanocone (nm) Tip radius 8 18 | 24 | 14
Error (nm) £3 | £5 | x4 | £2
Opening angle (°) | 55 75 70 | 95

Table 5.3: Summary of the multimode fiber samples (K-IN) Pt hard mask height
and base diameter, the Ar-milling time and the fabricated gold nanocone dimen-
sions. The average deviation in the nanocone dimensions are due to the SEM
image blur.

5.2.2 Nanocone on top of single mode optical fiber

We fabricated nanocones on top of single mode fibers, which were tapered using
the heat and pull method. They have a length of a few meters such that the
nanocone plasmonic resonance can be excited by the coupled light in the fibers.
Further, they have a smooth morphology and small opening angle compared to
the ones of the chemically tapered fibers. We listed in Tab. 5.4 their tip radius,
opening angle, and the thickness of the afterward deposited film on the plateau.
We will discuss the nanocone fabrication using the Pt pillar in samples O and
P, and using the circular disc milled by FIB in samples Q and U. Then, we dis-
cuss the possibility to have a nanocone on top of the T-OF using a shadow mask
method in sample V, which is different from the hard mask etching method.
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There are two main challenges with heat and pull fibers. Firstly, they are me-
chanically unstable, and often during the fabrication the fiber tip bent. Hence, it
can be difficult to align precisely the fiber during the fabrication steps. Secondly,
after starting the Ar" milling step they possess strong electrostatic charges, since
the residual thin films etched away similar to the case of sample N.

Sample | Tip radius | Opening angle Thin film thickness (nm)
(nm) (°) Ti Au Al O3
@) 170 + 10 18 5) 120 15
P 68 + 4 22 5) 120 15
SiOy
Q - - 5) 160 60
U - - 5 160 60

Table 5.4: Table of samples O-U tip radius, opening angle, and the deposited
thin films thickness. These fibers are single mode and were tapered by David
Auwarter using the pull and heat method.

Hence, it turns hard to monitor the progress of etching the hard mask using
the SEM. Further, these electrostatic charges attract particles that are attached
to the fibers, which are hard to remove, and they can destroy the probe. These
new challenges demand additional efforts to fabricate a nanocone on such heat and
pull tapered fibers with high quality and in a good reproducibility and throughput
approach, which are suggested in the outlook section.

For sample O, the nanocone fabrication process is delineated in Fig. 5.7. The
T-OF in Fig. 5.7a was tapered by heat and pull method, and has a smooth
morphology. The plateau has a circular cross-section formed after milling the tip
by the FIB. Then, the plateau is homogeneously coated as in Fig. 5.7b with 5
nm Ti, and on its top gold and AlyO3 with a thickness of about 120 nm and 15
nm, respectively. In the Pt pillar deposition by FEBID, the pillar was misplaced
as in Fig. 5.7c,d at the edge of the plateau. The pillar has a height and base
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diameter of 265 + 15 nm and 144 + 15 nm, respectively.

.y .
. [
- .
-

Pt mask

uncoated
area

residual
films &

4 min Ar*milling

Figure 5.7: Sample O (a) T-OF tapered by the pull and heat method. (b) A
plateau with symmetric circular geometry. The Pt pillar deposited by FEBID
was misplaced at the edge of the plateau; (c¢) Top view, (d) Side view. (e) After
Ar-milling for 4 min the gold nanocone is shaped and the films are etched away
from the plateau surface and a large area underneath. (f) A zoom view of the
gold nanocone which has a tip radius of 30 & 2 nm and opening angle of 65 °.

After 4 min dry etching, the shaped nanocone is overetched, which is a clear
evidence that the hard masks as the Pt pillar and the Al;O3 film were completely
etched. From Fig. 5.7e.f, it is hard to precisely extract the nanocone dimensions
due to the strong charging effect in the SEM image, since as in Fig. 5.7e the films
at the plateau surface and a large area underneath were etched. The fabricated
nanocone in Fig. 5.7f has a blunt tip with a radius of 30 nm + 2 nm and an
opening angle of about 65 °, which is consistent with the fact that the nanocone
is overetched.

In sample P, we encounter two issues: firstly the Pt hard mask was strongly
tilted, and secondly particles with different sizes were attached to the fiber during
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the transport after the Ar-milling steps. As shown in Fig. 5.8a the T-OF has a tip
radius of 68 £ 4 nm and an opening angle of 22°. In the same fabrication sequence
as in section 5.2.1 the apex was milled by the FIB, followed by depositing thin
films of 120 nm of gold and on the top 15 nm of Al;O3. The Pt mask deposited
by the FEBID as in Fig. 5.8c was strongly tilted, due to unexpected drift of
the e-beam. In spite of the asymmetric Pt pillar we continued working with this
sample.

Hence, we start the Ar-milling process and expect that the Art beam may
gradually turn it into a symmetric pillar. After 5 min Ar* milling, the tilted mask
part was almost milled as in Fig. 5.8d. Then after additional milling for 1.5 min,
we get a nanocone which has an opening angle of 82°, and with a height of 121
4+ 12 nm and tip radius 20 £ 12 nm. In Fig. 5.8d, e, some accumulations start
to appear in contrast with the SEM images taken before the Ar™ step. They
are likely particles attached due to the electrostatic charges at the fiber walls
surface. Hence, we need to test the possibility to clean or reduce the size of the
particles located around the nanocone site by applying side cleaning using Ar™.
Accordingly, we mount the fiber with an angle of 45° with respect to the Ar*,
assuming that at 45° the plateau will shield the nanocone, while the beam will hit
only the fiber sidewalls. Unfortunately, this was not the case, and the nanocone
dimensions changed after the side cleaning. In Fig. 5.8g, the SEM image of P
after side cleaning, the size of the particles was reduced, and fiber walls were more
clean from the residual thin films. In terms of the nanocone shape, the tip radius
gets broadened and becomes 23 4+ 10 nm, and the opening angle gets smaller and
becomes about 69 °. The nanocone height in Fig. 5.8g after the side cleaning
is about 125 4+ 10 nm, since the gold film was 120 nm thick so intuitively this
nanocone tip may still have an about 5 nm cap made of the hard masks.
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200 nm

Figure 5.8: In sample P fabrication, we were confronted with two complications,
a tilted Pt mask and particles near the nanocone site. (b) A circular plateau
formed after FIB milling of the T-OF tip, then it was coated with a thin film
stack. (c) Pt mask deposited by FEBID, which suffered from a long and tilted
upper part. (d) After 5 min Ar * milling the Pt mask became a symmetric pillar.
(e) A nanocone formed after 6.5 min Ar * milling, and it is surrounded with large
particles. (f) Schematic drawing of the side clean step in Ar ™ milling. (g) After
4 min side clean, the particle size is reduced and the fiber gets more clean but
the nanocone tip radius is broadened and its opening angle gets smaller.
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Sample O P Q U
Mask type Pt pillar by FEBID | SiO, disc by FIB
Height 265 - ~ 120 ~ 60
Hard Mask
Base 144 91 114 154
(nm) Error + (nm) 15 - -
Ar -milling
time (min) 4 6.5 3.5 3.5
Height 84 125 144 70
Base
Gold
diameter 110 171 234 225
nanocone Tip radius 30 23 22 26
(nm) Error £+ (nm) 2 10 17
Opening angle (°) 65 69 83 120

Table 5.5: Summary of the single mode fiber samples (O-U): Pt hard mask
height and base diameter, the Ar-milling time and the fabricated gold nanocone
dimension. Samples Q and U have a SiO, hard mask, and they were patterned
using FIB. The base diameter in O and P was calculated from the height and
opening angle, since the SEM images were not clear enough.

The alternative method for depositing a hard mask as described in chapter 3
is to mill a ring shape using the FIB. In chapter 4 it has been fully applied on
the AFM cantilevers. In the next samples Q and U, we used single mode fibers
which were tapered by the pull and heat method to demonstrate the method of
hard masks patterned by FIB to produce nanocones on fibers. The plateau in Q
(Fig. 5.9a) and U (Fig. 5.9d) was obtained after milling the T-OF apex, then
coated by the thin films stack of gold and SiOy with the thicknesses listed in Tab.
5.4. Tt is noticeable from Fig. 5.9b, that in Q the deposition rate of the SiO, was
not stable and formed spike like shapes. The next step is to mill a ring shape
through the deposited thin films using the FIB.

In Q as in Fig. 5.9b, the cylinder is overmilled due to the high milling dose,
and it becomes more conical (or frustum) rather than being cylindrical. After
the Ar™ milling of the SiO, film, the shaped nanocone has a tip radius of about

99



22 nm and an opening angle of 83 °.

500nm_ [ | 200nm

Figure 5.9: Samples Q (a-c), U (d-f), the nanocone was fabricated by only a SiOs
disc patterned by FIB. The mask in both samples; (a, d) is the top view of the
milled cylinder and (b, e) the side view. (c, f) After Ar*-milling, the nanocone
is shaped.

In U, the FIB milling produced a cylindrical pillar as in Fig. 5.9d,e with more
flat top compared to the one in Q. But, the nanocone is strongly overetched as
in Fig. 5.9f after the Ar™ milling step.

We see in Q and U that a disc mask patterned by FIB milling is efficient to
fabricate the SNOM probe made of a plasmonic nanocone on top of a tapered
fiber.

Nanocone formed by shadow evaporation

In this section we demonstrate the possibility to fabricate a single nanocone using
the shadow hole mask method [69] on top of a non planar substrate such as a
tapered optical fiber. The shadow mask is a well established method to produce
a large scale area of nanostructures, the main parameters that define the process
are the aspect ratio of the hole, evaporation rate and angle. In Fig. 5.10 a-d,
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we show how it was applied on T-OF starting with coating the substrate with
an Al thin film as a sacrificial layer, then we drill a hole using FIB. Afterward,
we deposit the adhesive material, then the gold thin film. Finally, we immersed
the fiber in hydrochloric acid to lift off the Al thin film and expect the Al film
will dissolve and take away the residual thin films. Hence, we can obtain a single

plasmonic nanocone on top of a bare tapered fiber.

(a) (b) (c) (d)
Figure 5.10: Schematic drawing of the shadow evaporation method to fabricate
a nanocone. (a) A thick thin film of a sacrificial material (Cr or Al) is deposited.
(b) A cylindrical hole is milled using the FIB through sacrificial material. (c)
Deposit adhesive material followed by the gold thin film. The opening of the
hole diameter gets gradually smaller and smaller which finally leads to a gold

nanocone. (e) After performing lift off of the sacrificial material, we obtain a
single nanocone on top of a tapered fiber

d

Sample V is one of the few samples in which we were able as in Fig. 5.11 to
have a gold nanocone using the shadow mask.
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Figure 5.11: The nanocone fabrication in sample V achieved by shadow mask. (a)
Top view of a T-OF coated with Al thin film of 300 nm thickness as a sacrificial
layer, and the hole with a 134 nm diameter was milled by FIB. (b) Top view
after depositing 100 nm of gold through the shadow mask. (c¢) A single nanocone
remained on top of the T-OF after lift off of the Al sacrificial layer.

The sacrificial layer was Al with 300 nm thickness, then we milled using
the FIB a circular hole with a diameter of 134 nm. Then, we deposited the
Ti as adhesive material and 100 nm plasmonic gold thin film. The nanocone
was obtained after immersing the sample V in HCI to liftoff the Al sacrificial
layer. We tried to apply this method in several samples but we found different
challenges. The main one was that using a metal thin film (Al or Cr) coated
with another metal thin film (Au) makes the lift off step very difficult, since it
is very likely for passivation to occur and the Al would not be affected by the
chemical etching acid. Hence, the sacrificial layer should be a polymer, which
is not straight forward to be deposited on a non-planar substrate. Further, a
window must be opened either by Ar™ or FIB side milling through the gold thin
film. Thus, etching acid can leak through the gold thin film to attack and dissolve
the sacrificial layer.

5.3 Simulation of the scattering of the nanocones

To determine the LSPR of the nanocones fabricated on fibers, we performed 3D
FDTD simulations using the same conditions mentioned in section 4.3. In Fig.
5.12a, the LSPR of the cones with the same geometry embedded in air ranges
from 543 nm to 607 nm, and it shows almost a linear dependency on the cone
height as in Fig. 5.12b. But, the LSPR can be shifted by the aspect ratio
and the substrate refractive index as in [61], or might be affected by another
geometric parameter such as the cone tip diameter and/or opening angle. The
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LSPR in Fig. 5.12a shows the best matching laser to excite the nanocone probe
in the SNOM/TERS measurements, which is probably to be the 633 nm He-Ne
line similar to the nanocones SNOM/TERS measurement for carbon nanotubes
and polymer reported in [56] and/or 532 nm wavelength light used in TERS
measurement for DNA as in [134].
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Figure 5.12: (a) Scattering spectrum of the cones with the same geometry as
the fabricated ones on T-OF calculated by 3D FDTD simulation using Lumerical
commerical software. (b) The LSPR shows almost a linear dependency on the
height of the cones in agreement with the model in [61].

5.4 Conclusion

We fabricate SNOM probes as a tapered optical fiber with a plasmonic nanocone.
The fabrication process was described in chapter 3. The proposed design makes
them accessible to be implemented in SNOM instruments with STM feedback
mechanism. We attempted to find the protocol to fabricate a high quality SNOM
probe with good reproducibility and throughput.

The quality of this SNOM design is challenged by the morphology of the chem-
ically tapered fiber and the metal thin film residuals. In principle, we improve
the morphology significantly when we etch the fibers in semi dynamic mode, and
etch the fiber core in buffered HF solution. Then, by tuning the opening angle of
the tapered tip we reduce the thickness of the residual metal thin film as in the
case of Sample N.

The nanocone has been fabricated using a Pt pillar and it can be ultimately
sharp with a tip radius as small as 7 nm. As shown in chapter 4 the Pt pillar
hard mask was not reproducible in its shape, dimensions and etch rate. Hence,
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the nanocones in most of the samples were overetched.
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Figure 5.13: The dependency of the nanocone dimensions on Pt mask height;
(a) The nanocone base diameter gets smaller with increasing Pt mask height, (b)
The tip radius gets sharper in the samples with longer Pt mask. (c¢) The overetch
did not show a significant influence on the sharpness of the nanocone tip.

Base diameter vs Pillar height

The nanocone base diameter in the samples K-N as in Fig. 5.13a is decreasing

with increasing the height of the Pt pillar.
To clarify this relation, we must consider the lateral erosion of the Al;Ogz film.

The longer Pt masks appear to tune the lateral eroding rate of the Al,O3 film
edges with respect to the one in the center. Thus, it can be a method to produce
a nanocone with higher aspect ratio and sharper tip.

Nanocone tip radius vs Pt pillar height

We can intuitively correlate as in Fig. 5.13b the nanocone tip radius with the Pt
mask height. It is clear that the sharpest nanocone was obtained with the highest
pillar. Consequently, the longer Art milling time will lead to lateral sharpening
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of the nanocone, and as long as the mask is not etched the nanocone tip and
height are protected.

Hence, the nanocone base diameter, sharpness and opening angle can be tai-
lored by employing a hybrid etch mask, which is made of materials with different
milling rate and/or different dimensions (i.e. pillar width and oxide film).

Nanocone tip radius vs degree of overetching

Further, we need to consider the tip radius dependency on the degree of overetch-
ing of the deposited gold film. We found in Fig. 5.13c that the tip radius is broad-
ened by the overetching in N and L. By considering K and M in Fig. 5.13c, we
see that the pillar in K is much higher than in M while K is more overetched
than M. In spite of this, K has the sharper nanocone than M.

Hence, the height of the pillar is more effective in sharpening the nanocone
than the detrimental effect of the overetching.

The challenge in the nanocone fabrication on a non-planar substrate was to

have a reproducible hard mask with a constant Art-milling rate and which can
be patterned in different dimensions to fabricate nanocones with different aspect
ratios to cover a broad wavelength spectrum. In principle, the FIB ring milling
method can provide the optimal hard mask to fabricate a nanocone also in the
case of planar substrates in [65]. Hence by applying the FIB ring milling, we can
have a high throughput since the milling rate of the mask is constant compared
to the Pt pillar, and there is no need to split the milling step into distinct steps to
check the mask milling progress by SEM imaging. Further, a reproducible hard
mask can be obtained by only well optimizing the FIB sputter rate while the Pt
pillar deposition depends on several parameters that were hard to control, such
as the pillar symmetry and the carbon contamination.
There are three main precautions to enhance the quality of the nanocone based
SNOM probe; firstly having a smooth morphology either by optimizing the fiber
chemical etching e.g. as in section 5.1 or by using the heat and pull fiber, secondly
reducing or etching away the residual thin film by minimizing the T-OF opening
angle as in N or by carefully applying side cleaning as in P, and the last one is
optimizing the FIB ring milling to get a more defined hard mask diameter as in
U, not overmilled as in Q.

The FDTD simulations of the scattering spectrum of the nanocones show that
the LSPR depends on both height and the aspect ratio of the nanocone. Thus,
a well controlled engineering of the nanocone dimensions is demanded to define
the LSPR wavelength and FWHM. The fabrication method of the SNOM probe-
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based nanocone offers versatile ways to tailor the nanocone dimensions to match
its plasmonic resonance with the spectral range of interest. From a series test
on FIB milling of a ring shape, we found that patterning a well defined cylinder
with sub-100 nm diameter is achievable on a planar substrate and should be as
well on non-planar ones. Hence, good definition of the nanocone base diameter
and aspect ratio is more likely to be achieved by FIB milling of the mask rather
than FEBID deposition of the mask. This can pave the way towards fabricating
a well controlled SNOM probe with high quality, and the method has good re-
producibility and throughput.

Outlook

The residual thin films could be removed from the walls of the T-OF using the
liftoff method. Thus, adding a sacrificial layer of polymer before milling the tip
and then etching it away. This polymer layer can be applied using dip coating or
spray coating and/or polymer thin film evaporation.

Optimization of the milling dose of the ring using FIB should be further pur-
sued, since it shows a high reproducibility and fabrication throughput.

The particles attached to the fiber walls very often occur with single mode
fibers in contrast to multimode fibers, this might be excluded by depositing a
thick layer of transparent adhesive material such as TiO, as in [65].

Finally, this SNOM probe may be used in other applications such as nanolithog-
raphy and quantum atom manipulations.
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Chapter 6

Summary

There are many sophisticated methods to fabricate apertureless SNOM probes
[40,60]. They include the fabrication of a tapered metal tip, a metal coated dielec-
tric tip, a metal coated nanotip deposited by FEBID, and attaching a nanoparticle
at the apex of a sharp dielectric tip.

These methods did not offer an access to well control the dimensions of the nanos-
tructure, and can not freely tune the plasmonic resonance. In the tapered
metal tip, they have a low coupling efficiency entailing the need to structure a
coupler such as a grating to launch the SPPs [135]. The field enhancement on
metal tips mainly stems from the lightning rod effect [14], and they exhibit a non
radiative loss [14,136]. In case of attaching a nanoparticle, it is hard to obtain a
single nanoparticle at the apex, and if they have a spherical shape there will be
a trade off between the spatial resolution relying on their radius and their field
enhancement.

On the other side, direct fabrication methods such as FEBID deposition of a
nanotip suffer from carbon impurities from the uncompleted dissociation of the
organometallic molecules, and thus they will be very lossy and field localization
will not be efficient. Then, direct milling of a nanogap using FIB will implant
Ga™ in the nanostructure, which can alter their dielectric function [137] and re-
duce their field enhancement [138].

A counterpart of the FIB method can be the direct milling of the nanocone
using He™ ions, in a way that a gradient milling dose can be applied to control
the lateral erosion [139], thus tailoring the nanocone dimensions and symmetry.
The He' milling avoids the ion implantation compared to Ga™ FIB, but it has a
slow milling speed compared to Ga™ FIB [140].

The fabrication of the nanocone using a hard mask deposited by FEBID on top
of an AFM-C has solved many of these issues, by fabricating a high purity gold
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nanocone with good control over its dimensions, hence the ability to tune its plas-
mon resonance. [56] The plasmonic nanocone has unique properties by having a
fine pointing tip, and theoretically its field enhancement is higher than the one of
the tapered metal tip. It is achieved by lightning rod effect and localized plasmon
resonance. The nanocones can be engineered to tune their plasmon resonance to
cover a broad electromagnetic spectrum [61].

In this work, we propose additionally modifying the process to fabricate the
nanocone with good reproducibility using a disc mask directly patterned by the
FIB [70]. We extend the types of substrates by applying the nanocone fabrica-
tion techniques on different classes of tapered optical fibers. Thus, it becomes
flexible to be implemented in different SNOM/TERS setups. Further, it can be
implemented in a variety of applications which demand high field localization in
a sub-10 nm region such as quantum atom manipulations and nanolithography.
We pay attention to enhance the overall quality of the probe by reducing the
residual films on the sides.

Further, the method of patterning the hard mask with FIB can be employed to
fabricate a single nanostructure with a complicated geometry on top of a sub-
micron non planar substrate, where e-beam lithography is hard to be applied.
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Appendix A

Appendix

A.1 Cantilever specifications

Min. | Average | Max.

Pyramid

Height (pum) 14 - 16 T
Beam c
Length (ym) 85 95 105 é‘
Width (pum) 25 30 35 |

Thickness (pm) 1.5 2 2.5 =
Force 3.1 11.8 37.6

constant (N/m)
Resonant 140 240 390

frequency (kHz)

Table A.1: The specifications provided by NT-MDT of the non contact AFM-C,
were used in this work.
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A.2 Process of FIB milling the AFM-C tip

Fix the AFM-C on a 45° inclined stainless steel samples holder which using
a double face carbon poly pad.

Place the sample holder inside a load lock, to transport the samples into
the FIB main chamber.

Pump the FIB chamber to vacuum in the order of 10~¢ mbar.

Start to adjust the extractor and suppressor voltages to achieve a stable
Ga*t FIB emission current equal to 2.2 pA, then switching on the FIB.

Adjust the tip long axis to be perpendicular to the Ga™ beam, thus we
rotate the sample holder by 180°, and then tilt it by additional 7°.

Finally, select the start point to mill the tip, and obtain a plateau.

A.3 Preparation of the fiber for the FIB milling

Oxidize the Si substrate in an oven, to obtain SiO, with thickness between
800 and 1100 nm.

Coat with photoresist and pattern it with optical lithography to form a
grating with a pitch of about 5 mm and width of about 1.5 mm.

Etch the unprotected SiOy area with reactive ion etching.

Dissolve the photoresist, thus the SiO5 will be a mask to protect from the
potassium hydroxide (KOH).

Etch rectangular grooves in a Si substrate with (100) orientation formed by
anisotropic etching in KOH.

Fix the T-OF by bonding it on top of the Si substrate using a small amount
of indium (In).

Fix the Si substrate with T-OF on its top, on a stainless steel sample holder.

Insert the samples in the FIB machine, then adjust the vacuum and beam
condition as in appendix A.2

Tilt the samples holder with an angle of 52 °, to have the T-OF long axis
perpendicular with the Ga * beam.
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A.4 Sputter Yield Calculations

In the Strata D235 machine from FEI, we milled the ring shape in Fig. 4.5d in
section 4.1.2 using Ga™ FIB with a current of 22 pA at 30 kV, and milling angle
0°. The cylinder in SiO, has an outer radius of 700 nm and an average inner
radius of 79 = 4 nm, with a height of 123 nm. The one milled in Si has a height
of about 145 nm, and its outer radius and inner radius are 700 nm and 66 + 4 nm,
respectively. We used the sputtered volume of the cylindrical shell to calculate
intuitively the sputter yield for Si and SiOs which is 5.9 (at/ion) and 1.8 (at/ion)

respectively. The values used in the calculation are listed in Tab.(A.2).

Material | Sputtered Density Molar No. of No. of
Volume mass sputtered | ions
(um?) (g/cm?®) | (g/Mol) | atoms at 22 pA
(x10719) (x109) (x107)
Si0, 1.85 2.65 60.08 0.494 2.76
(20.06 sec.)
Si 2.18 2.32 28.08 1.0854 1.84
(13.75 sec.)

Table A.2: Table of the parameters used to calculate the sputter yield of SiO,

and Si. The sputtered volume is the volume of a cylindrical shell.
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