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Abstract

Optical spectroscopic techniques are key analytical tools in a wide range of fields, shaping our
essential understanding of many fundamental phenomena. Among these, Raman spectroscopy
is one important technique. In Raman scattering, the change of the frequency of light is only
related to the vibrational modes of the molecular electronic ground state. Thus, each molecule
has a unique Raman spectrum, which makes the Raman spectrum the “molecular fingerprint”,
enabling Raman scattering to precisely analyze the structure of a molecule and interaction
between them. Besides the specificity, the Raman scattering technique possesses the following
advantages: non-invasive measurement, simple preparation of the sample (i.e., label free), the
ability to simultaneously detect different analytes, and the applicability to biological samples
and so on. However, the intensity of Raman scattering is inherently weak, and the spatial

resolution is restricted by the diffraction limit, hindering its further applications.

To overcome these drawbacks, Surface-Enhanced Raman Scattering (SERS) technique has
been developed, which dramatically enhances the intensity of Raman signal. However, the
SERS technique requires nanoparticle aggregations or substrate surface to be roughened or
deposited with nanostructures made of noble metals, such as Ag, Au, or Cu. SERS is enhanced
at positions that randomly located on these substrates, which makes it difficult to locate the
SERS active position (hotspot) relative to the sample of interest. The resulting relatively poor
spatial resolution achieved with these substrates often becomes a limiting factor in practical
applications. To overcome this limitation, an innovative technique called tip-enhanced Raman

spectroscopy (TERS) emerged as the times require.

Tip-enhanced Raman spectroscopy (TERS) is the combination of Raman spectroscopy with
scanning probe microscopy (SPM). By using the electromagnetic field enhancement resulting
from the localized surface plasmon resonances (LSPRs) of silver or gold SPM tips, the Raman
signal can be enhanced and localized to the area beneath the tip, which allows TERS to give
correlated Raman and topographic images at a nanoscale resolution. In a TERS system, the
SPM part could be the scanning tunneling microscope (STM), shear force microscopy (SFM),
and atomic force microscope (AFM), among which the AFM-based TERS is more widely used
as being more stable, faster, and having no intrinsic substrate limitations. However, the widely

used AFM-TERS probes fabricated with metal deposition suffer from relatively low



reproductivity as well as their limited mapping and storage lifetime, which requires precise

control over surface structure on the nanoscale.

Our research group previously developed the chemically synthesized silver nanowires
(AgNW)-based AFM-TERS probe, which, thanks to the high homogeneity of the liquid-phase
synthesis of AgNW, can achieve high TERS performance with excellent probe reproductivity,
but still presenting short lifetime due to probe oxidation. Besides, this fabrication method still
suffers from the low control of the protruded length of AgNW. This thesis thus focused on

solving the durability, length control and enhancement.

On the first section, a simple Au coating method is proposed to overcome the limited lifetime
and improve the performance of the AgNW-based TERS probe. For the Au-coating, different
[Au]/[Ag] molar ratios were investigated. The TERS performance was evaluated in terms of
change in enhancement factor (EF) and signal-to-noise ratio through multiple mappings and
the storage lifetime in air. The Au-coated AgNWs exhibited higher EF than pristine AgNW
and galvanic-replaced AgNW with no remarkable difference between the two molar ratios
tested. However, for longer scanning time and multiple mappings, the probes obtained with
low Au concentration showed much longer-term stability with keeping high EF. Furthermore,
the Au-coated AgNW probes were found to possess a longer storage lifetime in air, allowing

for long and multiple TERS mappings with one single probe.

On the second section, a simple water-air interface electro-cutting method is proposed to
achieve wide controllability of the length. This water-cut method was combined with the
succedent Au coating on AgNW surface after cutting, which enabled to obtain high durability,
impressive enhancement factor (EF) and excellent spatial resolution. The TERS performance
was evaluated in terms of change in EF through multiple mappings and spatial resolution. The
water-cut Au-coated AgNWs, with appropriated Au concentration and pH, achieved up to 100
times higher EF and two times smaller spatial resolution than pristine AgNW. Thanks to this
excellent EF, the water-cut Au-coated AgNW probes were found to possess high TERS activity

even in non-gap mode, allowing for broader applications.

In summary, this work offers solution to the issues of the durability, length control of the
AgNW-based AFM-TERS probe, and achieved high Raman enhancement even can conduct
non-gap mode TERS measurement, which significantly broadens the application of TERS and

provides some promising development directions of TERS technique.



Chapter 1 General Introduction






1.1 Introduction of the nanotechnology and nanomaterials
1.1.1 History of nanotechnology

Nanotechnology is the science and technology that studies the interaction and characteristics
of materials in the nanoscale dimension (1 nm ~ 100 nm), which achieves the manipulation
and manufacturing of products with specific functions at the atomic level.! After its theoretical
foundation in the 1980s and rapid development in the 1990s, nanotechnology has become one
of the major technologies promoting the development of human science and technology in the

21st century.?

In ancient times, people already started using nanotechnology without recognizing the concept.
The Lycurgus cup, created by the Romans in the fourth century AD, is demonstrated to be one
of the oldest synthetic nanomaterials in the ancient world.? It is the oldest famous example of
dichroic glass, which changes color in certain lighting conditions: in direct light, the glass
appears green while appears red-purple when light shines through the glass, shown in Fig. 1-1.
In 1990, scientists analyzed the cup using transmission electron microscopy (TEM)* and X-
ray. The observed dichroism is due to the presence of silver-gold (Ag: Au ~ 7:3, with ~10%
Cu) alloy nanoparticles with 50—-100 nm in diameter dispersed in a glass matrix.> ¢ The green
color is attributed to the light scattering by colloidal dispersions of Ag nanoparticles with a size
smaller than 40 nm while the red-purple color is due to the absorption by the bigger (~50 nm)
Au nanoparticles (~520 nm).

Figure 1-1. The Lycurgus cup in direct light (a) and in transmitted light (b). [adapted from’]



Back to the modern time, Michael Faraday describes the observation of nanoparticles through
the wavelength-dependent scattering of light (later called Tyndall scattering) by chemically-
produced gold colloids suspended in water in 1856.% In December 1959, renowned theoretical
physicist and Nobel Laureate in Physics Richard Feynman proposed the concept of
nanotechnology in his famous lecture "There's Plenty of Room at the Bottom": "At the atomic
level, we have new kinds of forces and new kinds of possibilities, new kinds of effects. The
problems of manufacture and reproduction of materials will be quite different." ® In 1974,
Japanese scientist Norio Taniguchi first began to use the term "Nanotechnology" to describe
precision mechanical material processing.!® In 1987, Kim Eric Drexler, a famous American
scientist, predicted in his book that the future nanotechnology would use machines at the
molecular scale to construct substances from the bottom up.!! In July 1990, the first
International Nanotechnology Conference was successfully held in the United States, which
discussed and prospected the frontier fields and development trends of nanotechnology,
following which three journals, namely Nanotechnology, Nanostructured Materials, and
Nanobiology, were published. Since then, nanotechnology has entered a period of rapid
development and has gradually become one of the critical technologies affecting the

development of human science and technology.

Nanotechnology booms on the development of tools for observation, experimentation, and
manipulation. In 1931, Ernst Ruska and Max Knoll demonstrated the first electron microscopy,
shown in Fig. 1-2a.!2 In 1982, Gerd Binnig and Heinrich Rohrer et al. obtained the first single-
atom step image by scanning the atomic structure of a sample surface with a metal tip, which
heralded the birth of Scanning Tunneling Microscopy (STM) with atomic resolution.!3 In 1986,
Gerd Binnig, Calvin F. Quate, and Ch. Gerber developed Atomic Force Microscopy (AFM).!4
Subsequently, Scanning Probe Microscopy (SPM), represented by AFM, developed
progressively. SPM enables not only the study of the surface structural characteristics and
mechanical properties, such as hardness and elasticity of various materials but also achieves
selective surface modification of precise positioning definition patterns under specific
conditions.!> A famous example is the atom-by-atom manipulation implemented by Don Eigler
and Erhard Schweizer using an STM to manipulate individual xenon atoms on a nickel surface
to form the letters' IBM','® shown in Fig. 1-2b. Some scientific milestones of the tools for
nanotechnology are introduced in Fig. 1-2¢. Until now, these tools are still under continuous

development and are widely applied, making nanotechnology increasingly important in fields



such as physics, chemistry, biology, medicine, materials, energy, environment, and

microelectronics et al.

(©) 1928 1938 1981
Raman TEM STM

1895 1937 1969 1986
XRD SEM  XPS AFM

Figure 1-2. (a) The first electron microscope was carefully checked by Ernst Ruska (right), as
Max Knoll (left) keenly observed in 1931 [adapted from!'?]; (b) Xenon atoms positioned on a
nickel (110) substrate using a STM to form IBM logo [adapted from!®]; (¢) Some scientific

milestones of the tools for nanotechnology [adapted from!].

1.1.2 Application of nanotechnology

Nanotechnology is a multidisciplinary system that is based on the scientific disciplines of
mechanics, physics, chemistry, and biology and the engineering disciplines of medicine,
materials, manufacturing, information, environment, energy, and microelectronics at the
nanoscale. The nanotechnology system includes not only fundamental research aiming to
observe phenomena and explore the mechanism but also technical research aiming to achieve
nanostructure controlling, functional material processing, and related device creation.
Therefore, nanotechnology is a comprehensive system integrating frontier science and high

technology, which provides an excellent platform for interdisciplinary research.
Specifically, the applications of nanotechnology in some fields are introduced below.

Electronic information: The microelectronics industry has always had a strong need for

nanotechnology. Moore's Law, introduced by Moore in 1965: states that the number of



transistors incorporated in a chip will approximately double every 24 months,'® has continued
to stimulate the development of the manufacturing process from 10 pm at the early stage to 7
nm by 2020, and 3 nm by 2022, shown as Fig. 1-3." In addition, in the information storage
field, nanotechnology can reduce the size of components, which allows the storage media to

be arranged more densely, achieving higher storage efficiency.

Figure 1-3. The leaders of Samsung Foundry Business and Semiconductor R&D Center
celebrate the company's first-ever production of the 3 nm process with Gate-All-Around (GAA)

architecture. [adapted from!'?]

Chemical Engineering: More efficient industrial catalysts have always been desired in the
chemical industry. The size and morphology of catalysts significantly influence the catalytic
performance. Nanomaterials possess a high specific surface area, leading to strong landing
properties. Besides, some nanomaterials show porous structure, resulting in high absorption

nature. Thus, nanomaterials act as good catalysts, active ingredients, and carriers.?’

Medical drugs: nanomaterials have good permeability, so the active ingredients of some drugs
can be loaded into nanomaterials through nanotechnology, and they can be accurately delivered
to the nidus, which has a good therapeutic effect for some specific diseases. The DNA and
protein of the human body are all nanoscales. Thus, understanding the pathogenic mechanism
of diseases from the nanoscale is inseparable from the development of nanotechnology. For
example, from current research, nanotherapy is a promising approach to cancer treatment.?!
Also, during the COVID-19 outbreak in early 2020, Chinese researchers resolved the 3D
structure of the complex of S protein receptor binding domain on the surface of the virus and

ACE2 protein, showing a receptor on the surface of human cells at the fastest speed, so that

everyone could "see" the moment when the novel coronavirus infected the human body, shown



in Fig. 1-4.22 2 1t provides great help for the follow-up research and development of effective

drugs and the research of transmission mechanism.
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Figure 1-4. The crystal structure of the C-terminal domain of SARS-CoV-2 (SARS-CoV-2-
CTD) spike (S) protein in complex with human ACE2 (hACE2) receptor. [adapted from?3]

Energy and environment: The application of nano-engineering in the photovoltaic material
study can improve the power generation performance of photovoltaic equipment and reduce
the cost of solar power generation.?* For waste heat conversion, nanomaterials can convert the
energy contained in the exhaust into useful energy.?® Nanostructured electrode materials
improve the capacity and performance of rechargeable batteries.?® Some of the electrode
materials are shown in Fig. 1-5. Based on the unique physical and chemical properties of
nanomaterials, nanotechnology can be applied to identify toxic levels and pollution treatment
in the environment.?” Generally, the applications of nanotechnology in water and air pollution

treatment are summarized in Fig. 1-6 and Fig. 1-7, respectively.
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Figure 1-5. (a) Schematic of the operating mechanism of lithium-ion batteries; (b) Crystalline
configurations and electrochemical reactions of some types of typical cathodes: (A) layered
LiMOs», (B) spinel LiM>Os, (C) olivine LIMPOy4, (D) LixMSiOs, (E) LIMBO;, (F) LiV30s, (G)
V20s, (H) FeFs. [adapted from?®]
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Figure 1-6. Schematic illustration of nanotechnologies applied in water treatment from lab-

scale to market. Innermost circle 1 indicates materials as building blocks; middle circle 2
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indicates reported phenomena using such materials, and outermost circle 3 shows products

built out of research and their commercialization to create a societal impact. [adapted from?®]
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Figure 1-7. Schematic illustration of nanotechnologies applied in ambient air treatment.

[adapted from?°]

Aeronautics and astronautics industry: The application of nanodevices in the aerospace field
can increase the payload and reduce energy consumption exponentially. Research in this area
also includes the development of low energy consumption, radiation resistance, high-
performance computers, nano integrated testing, controlling instruments and electronic
equipment for micro spacecraft;* thermal barriers, wear-resistance nanostructured coating

materials.3!

Material processing: The nanomaterials have high surface energy, which enables them to be
used as a good metallurgical sintering additive. In the process of metal processing, the sintering
additives made of nanomaterials can reduce the sintering temperature of metal powder, which

can simplify the process of metallurgy and get metal products with high purity.3? 33
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1.1.3 Categorization of nanomaterials

A nanometer is a unit of length, with one nanometer equals to 10 meters. Nanomaterials refer
to materials with a size between 1 nm and 100 nm in at least one dimension, or materials consist
of units within the nanoscale dimension and can generally be defined as materials with
nanostructures. The scale of various materials is shown in Fig. 1-8. When materials themselves
or their basic units reach the nanoscale, some special phenomena appear, enduing their unique
properties and giving birth to novel applications. Therefore, nanomaterials have been one of

the hotspots in recent years.

/ Glucose  Protein  DNA  Virus

Salt Grain Tennislsh

10° 10¢ 10° 10¢ 107 108

V4 > / i \ v_ :
=KX S { | ; 1 ¥ v A
1 744 S
We Liposome Dendrimer Gold Nanoshell Quantum Dot Polymers /

Figure 1-8. The scale size of nanoparticles (NPs) compared with some biological materials:

glucose, protein, DNA, virus, bacterium, and cells of nano and micro size. In the bottom panel,
a few types of NPs have represented: micelle, liposome, dendrimer, gold nanoshell, quantum

dot, and polymer NPs. [adapted from34]

Nanomaterials can be classified differently from different perspectives. From the perspective
of geometric structure, nanomaterials can be divided into zero-dimensional (0D) nanomaterials,
one-dimensional (1D) nanomaterials, two-dimensional (2D) nanomaterials and three-
dimensional (3D) nanomaterials, shown in Fig. 1-9.3° 0D nanomaterials include atomic clusters,
nanoparticles, et al.; 1D nanomaterials include nanowires, nanotubes, nanofibers, et al.; 2D
nanomaterials include nanofilms, nanoribbons, et al.; 3D nanomaterials are bulk materials
consist of nanometer basic units. Generally, 0D, 1D, and 2D nanomaterials are collectively
referred to as low-dimensional nanomaterials. From the perspective of materials, nanomaterials

can be divided into metal nanomaterials, inorganic non-metallic nanomaterials, and organic

12



nanomaterials. In terms of material properties, nanomaterials include magnetic nanomaterials,
semiconductor nanomaterials, nonlinear optical nanomaterials, superconducting nanomaterials,
and thermoelectric nanomaterials. From the perspective of specific applications, nanomaterials
include nano-photoelectric materials, nano-biomedical materials, nano-sensitive materials, and

nano-energy storage materials.

o0 @

Figure 1-9. Nanomaterials categorized according to their dimension. [adapted from*’]

1.1.4 Properties of nanomaterials

On the nanometer scale, the physical and chemical properties of materials are obviously
different from those on the macroscopic scale, which makes the nanomaterials possess novel
phenomena in optics, thermal, electricity, magnetism, and mechanics. In the nanoscale
dimension, some traditional theories and laws are no longer applicable. For example, the
concepts of elastic modulus and friction in nanomechanics have changed qualitatively and need
to be redefined. In nano-electricity, Ohm's Law is no longer applicable, and a new law needs
to be established. In nanobiology, new theories and laws are required to study the microcosmic
mechanism of DNA and protein and artificial gene tailoring. These problems stimulate people
to re-understand, define and modify the existing theory, and establish the concept and theory
applicable in the world of the nanoscale. Currently, the main findings of nanomaterials have

the following five effects:

13



Surface effect: As the size decreases, the ratio of the number of atoms on the surface to the
total number of atoms (i.e., the specific surface area) of nanomaterials increases dramatically.
When the size reaches the nanometer level, the sharp increase of the specific surface area (as
shown in Fig. 1-10) causes a change in the properties of the nanomaterials, which is called the
surface effect. Due to a large number of atoms on the relative surface, and the lack of
coordination of the surface atoms, which engenders a large number of unsaturated bonds, the
materials possess very high surface energy and surface activity, which also sometimes leads to

structural changes.

® ©

L

Total surface area: 6 cm? Total surface area: 60 cm? Total surface area: 60,000,000 cm?
(All 1 mm cube) (All 1 nm cube)

Figure 1-10. Illustration of the increase in specific surface area with smaller particle size: (a)
A solid cube with 1 cm on each side; (b) Volume of 1 cm? filled with cubes with 1 mm on each
side has 10 times larger specific surface area than that of the cube in (a); (¢) Volume of 1 cm?
filled with cubes with 1 nm on each side has 107 times larger specific surface area than that of

the cube in (a). [adapted from?¢]

Small size effect: When the size of the nanomaterials approaches the light wavelength,
electronic DE Broglie wavelength, coherence length, or the transmission depth of the
superconducting state and et al., physical characteristics, such as boundary conditions for
periodicity of nanomaterials will be destroyed, resulting in the change of characteristics in
acoustic, optical, thermal, mechanical and electrical and magnetic aspect, which is so called

the small size effect.

Quantum size effect: Band theory shows that the electron level near the Fermi level is
continuous at the macroscopic size. When the size is down to the nanometer level, the electron
level near the Fermi level changes from a quasi-continuous level to a discrete level, which is
the quantum size effect; the effects of the quantum size effect include the transformation of the
conductor to an insulator, the blue shift of the boundary of the absorption spectrum, and the

luminescence nature of nanoparticles.

14



Macroscopic quantum tunneling effect: In classical mechanics, when the potential barrier is
higher than the energy of the particle, the particle cannot cross the potential barrier. While in
quantum mechanics, the probability of a particle crossing a potential barrier is not zero. The
phenomenon that the particle energy less than the potential barrier can still pass through the
potential barrier is called the tunneling effect. In recent years, it has been found that some
macroscopic quantities, such as magnetization intensity in micro-particles and magnetic flux
in quantum-related devices, also exhibit the tunneling effect, which is called the macroscopic
quantum tunneling effect. The macroscopic quantum tunneling effect limits the information
storage time of devices such as tape and disk. Prospectively, the macroscopic quantum
tunneling effect and the quantum size effect could lay the foundation for future microelectronic

devices.

Dielectric confinement effect: The dielectric enhancement of the system caused by the interface
of nanoparticles dispersed in heterogeneous media is called the dielectric limited domain effect.
Generally speaking, both transitional metal oxides and semiconductor particles may produce
dielectric domain limiting effects, which will have important effects on the properties of optical

absorption, photochemistry, nonlinear optics, and others.

1.1.5 Carbon nanomaterials

Carbon is one of the most widely distributed elements in nature and is also the most important
elements constituting the organisms on the earth. Carbon atom possesses four valence electrons,
and the energy levels between electron orbits are close, which makes it prone to arise orbit
transition to form different hybrid structures: sp', sp?, and sp®. Thus, carbon can not only form
simple carbon substances with diverse structures and nature, such as diamond, graphite, and
amorphous carbon, et al. but also can form countless covalent compounds with other elements,
such as various non-metallic inorganic and organic compounds, et al. Just as the importance of
carbon in the macroscopic world, carbon nanomaterials also plays an important role in the
microcosmic world. In recent years, as the allotropes of carbon with unique natures have been
gradually discovered, such as fullerenes, carbon nanotubes, and graphene, carbon

nanomaterials have attracted great attention from the world.

In 1985, Kroto and others evaporated solid graphite by laser irradiation, whereafter the

generated carbon atom clusters gathered together to form a kind of novel 0D spherical structure
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consisting of 60 carbon atoms, which was called C60 or fullerenes,?” shown in Fig. 1-11-
Fullerene. Structurally, the hollow 32-surface structure is similar to the modern football; thus,
it is also known as the "Footballene". The discovery of fullerene is regarded to be the beginning
of the carbon nanomaterials revolution and is the milestone of the rise of nanotechnology.*®
The three major contributors to the fullerene were awarded the Nobel Prize in chemistry in
1996. Afterward, researchers observed many new types of hollow carbon molecular, such as

elliptic spherical, cylindrical and tubular, which have greatly enriched the fullerenes family.

In 1991, when lijima was synthesizing fullerene by graphite through arc-discharge evaporation,
some 1D coaxial tubular structures of graphene were accidentally discovered in cathode
products, which were later known as carbon nanotubes (CNTs), shown in Fig. 1-11-CNTs.*

CNTs attract researchers attention because of its excellent natures in mechanics,*® 4!

42-44 45-47

thermology, and electricity, which make it possessing great potential in many fields.*®
4 The discovery of CNTs is a symbolic event indicating that nanotechnology research,

especially carbon nanostructure research, stepped into a new stage.

In the 1930s, Landau and Peierls proposed that 2D single-atom-layer (SAL) materials lack

thermal stability.>% 3!

Based on this opinion, the 2D SAL structure was only considered to be
an indispensable part of 3D structures, which normally forms by epitaxial growth in accordance
with the lattice structure on the surface of the 3D structure. Consequently, there would be no
2D SAL structure without a 3D substrate, and the graphene, as a SAL structure of graphite,
was considered not able to exist independently. However, as fullerenes, carbon nanotubes have
been discovered successively, and with the development of nanotechnology, researchers
started looking again into graphene. In 2004, Novoselov et al. successfully isolated graphene
(shown in Fig. 1-11-Graphene) by mechanical peeling,>? which broke people's false cognition
on 2D materials and opened up a new field of research. As a result, two major contributors of
graphene were awarded the 2010 Nobel prize in physics. From the first isolation of graphene
in 2004, countless important discoveries have been proposed.>® It was indicated that graphene
is a transparent and soft "super material" with the highest mechanical strength, the highest
thermal conductivity, and the lowest electrical resistivity in the world.’* Because of the
mentioned natures, graphene is promising to be applied in many fields, such as sensors,
machinery, flexible electronics, optoelectronic devices, energy storage, composite material,

and biomedical, et al.>
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Figure 1-11. Illustration of various carbon allotropes with different structures from 0D to 3D.

[adapted from>°]

A typical Raman spectrum of a defect-containing graphene is shown Fig. 1-12a, in which two
characteristic peaks called the D band (~1345 cm-1) and the G band (~1585 cm-1) appear. The
D band is corresponding to the second-order scattering process involving a defect and a phonon,
while the G band is corresponding to a first-order resonance Raman scattering process. In a
CNT, the graphite-like G band originates from the stretching mode in the graphite plane, as
shown in Fig. 1-12b, which is relatively stable. Thus, in view of the chemical stability of CNT
and the stability of G band, the CNT is selected as a standard regarding the TERS performance

evaluation in the following chapters.
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Figure 1-12. (a) Typical Raman spectrum of defect-containing graphene; [adapted from>’]

schematic illustration of the atomic vibrations of the G band. [adapted from>®]
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1.2 Introduction of Tip-Enhanced Raman Spectroscopy (TERS)

1.2.1 Introduction of Raman Spectroscopy

The Raman scattering theory was first proposed by Smekal in 1923 and was the first
experimental demonstrated by Raman and Krishnan in 1928.% ¢ When parallel light
illuminates gas, liquid, or transparent crystal samples, most of the light propagates along the
original direction while a small part of light scatters at a different angle, which is called light
scattering. Scattering occurs when photons collide with molecules. If the collision accompanies
no energy exchange, the frequency of the scattered light is the same as that of the incident light,
which is called elastic scattering or Rayleigh scattering.®! On the other hand, if the collision
accompanies by an energy exchange, the frequency of scattered light changes, which is called

inelastic scattering or Raman scattering.®? The Raman scattering consists of two situations:

Stokes scattering: when the frequency of the scattered light is lower than that of the incident
light, the scattering phenomenon is called Stokes scattering. In the Stokes scattering, the
molecule obtains energy from the photon. Consequently, the molecule ends up being in a higher

vibrational energy state.

Anti-Stokes scattering: when the scattered light possesses a higher frequency than that of the
incident light, the scattering phenomenon is called anti-Stokes scattering. In the anti-Stokes
scattering, the energy of the molecule is transferred to the photon. Consequently, in the anti-
Stokes scattering, the molecule should be in an excited vibrational state at the beginning and

end up in a lower vibrational energy state (the ground state).

Theoretically, Raman scattering can be explained by the classical theory of molecular
polarizability.®* ¢ When a molecule interacts with light (electromagnetic wave), its electron
cloud is disturbed by the electric field (E), resulting in the separation of electrons and nuclei.
Consequently, an electric dipole moment (p) is generated by the molecule, which characterizes

the Raman scattering. The induced dipole moment p could be expressed as the equation 1-1:
pn=oa-E 1-1

where a refers to the polarizability of the molecule, which is the tendency of the molecule to

distort its charge distribution by an external electric field E. The molecular polarizability a is
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a function of the instantaneous position of the constituent atoms, and it could be expressed by
equation 1-2:

o

a=a + (q - qe)'a_

q

Where a refers to the polarizability of the molecule at the equilibrium position; q refers to the

bond lengths at any instant position; q, refers to the bond lengths at the equilibrium position.

Assuming the molecule is in simple harmonic motion, the g — g, could be expressed as

equation 1-3:
q — de = Qmax " €COS 2T[Vvibt 1-3

Where qp,ax refers to the maximum separation distance between atoms relative to their
equilibrium position; vy, refers to the vibrational frequency of a molecule. Consequently, by

substituting equation 1-3 into equation 1-2, equation 1-4 is deduced:

=0 + Qmay - COS 2TVypt - a—a 1—-4
q

Accordingly, by substituting equation 1-4 into equation 1-2, equation 1-5 is deduced:

0

u=E- (ao + Qmax * COS 2TtVyipt * a—“) 1-5
q

Notating the frequency of the electromagnetic wave as v, the electric field could be expressed

as equation 1-6:
E=E -cos2mvt 1-6

Where E refers to the amplitude of the electromagnetic wave. Then, substituting into equation

1-5, equation 1-7 is deduced:
0q
u=E rcos2mvt-| o + qmay ‘- COS 2TVyjpt - —= 1-7

Oq

Then, the equation 1-7 could be further deduced as equation 1-8:
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Oq

u=oa E -cos2mvt + qmayx ' COS 2TVt - 5 E - cos2mvt 1-8
q
Finally, the equation could be presented as equation 1-9:
E 0y E 0
H=a *E -cos2mvt + qQuax "= cOS[2T(V — Vyip)t] = + Qmax " = * €OS[2Tt(V + Vyip)t] =—
o o 2 dq 2 dq
1-9

Equation 1-9 consists of three terms, which correspond to Rayleigh scattering with the
frequency v, the Stokes scattering with the frequency (v — vy, ), and the anti-Stokes scattering
with the frequency (v + vy;p). Raman scattering is a complex interaction. As a concise
summary, possessing variational polarizability is necessary for a molecule to be Raman-active,

while the procedure of Raman scattering is affected by polarizability.

From the microcosmic perspective, Raman scattering also can be explained by quantum
mechanics.%® ® The scattering process can be understood as follows. The illustration of light
scattering and the corresponding Jablonski diagram are shown in Fig. 1-13a and b, respectively.
The electron with its vibrational level at the electronic ground state Vo in the molecule absorbs
the energy and is excited to a virtual energy state, followed by falling back to the same
vibrational level (ground state); simultaneously, a photon with the energy equals to that of the
incident photon is emitted, which is called Rayleigh scattering. If the electron falls back to the
excited vibrational level of the electronic ground state Vi, a photon of less energy than that of
the incident photon is emitted, which is called Stokes scattering. If the molecule is in an excited
vibrational level of the electronic ground state Vi, the electron of the excited vibrational level
of the electronic ground state in the molecule absorbs the photon and excites to a virtual energy
state, followed by falling back to the vibrational level of the electronic ground state Vo,
simultaneously, a photon with higher energy to that of the incident photon is emitted, which is
called anti-Stokes scattering. Since most molecules are in the ground state at room
temperature,® the probability of occurrence of anti-Stokes scattering is much lower than that
of Stokes scattering. Thus, in terms of Raman measurement, it generally refers to Stokes

scattering.
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Figure 1-13. (a) The illustration of scattering; (b) the corresponding Jablonski diagram to (a).
[adapted from®]

In Raman scattering, the change in the frequency of light is only related to the vibrational
modes of the molecular electronic ground state. Thus, each molecule has a unique Raman
spectrum, which makes the Raman spectrum the "molecular fingerprint" of a molecule.
Therefore, Raman spectroscopy could be used as a spectroscopic method to precisely analyze
the structure of a molecule. Besides the specificity, the Raman scattering technique possesses
the following advantages: high sensitivity, non-invasive measurement, simple preparation of
the sample, the ability to measure biological samples, and the ability to simultaneously detect
different analytes, et al.®® Although possessing the aforementioned advantages, the intensity

of Raman scattering is inherently weak, limiting its further applications.

To overcome this issue, the surface-enhanced Raman spectroscopy (SERS) technique has been
developed. Besides the aforementioned advantages of Raman scattering, SERS achieves
dramatic enhancement of the intensity of the Raman signal. In 1974, SERS was first discovered
from a pyridine-modified rough silver electrode by Fleischmann et al.”% Afterwards, the
enhancement was confirmed independently by Jeanmaire et al. and by Albrechtand et al. in
1977.7- 72 By far, SERS has been extensively studied and has become sensitive enough to

observe a monolayer species on the metal surface, and even single molecule.”?
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Although SERS dramatically broadened the application of Raman, it still possesses some
limitations. Two of the most severe limitations in the application of SERS are: the requirement
that the surface is roughened or nanostructured Ag, Au, or Cu, which results in the
inapplicability of SERS in fields such as ultrahigh vacuum single-crystal surface science,
electrochemistry, heterogeneous catalysis, microelectronics, tribology, and et al.;’* > and the
relatively poor spatial resolution which determined by the SERS-active hotspot.”® To increase
the universality of the SERS technique, on the one hand, many efforts have been put into the
development of SERS substrates, shown in Fig. 1-14;”7 and on the other hand, an innovatory

technique called tip-enhanced Raman spectroscopy (TERS) emerged as the times require.”8-80
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Figure 1-14. Advanced SERS-active substrates. [adapted from’’]

1.2.2 Introduction of TERS

Generally, TERS was recognized to be born around 2000.7% 8!- 82 However, since TERS is a
technique combining Raman spectroscopy and scanning probe microscopy (SPM), there is a
prehistory of TERS in the 1980s and 1990s. In 1982, Binnig et al. introduced scanning
tunneling microscopy (STM), which enabled the atomic-scale resolution imaging of surface
morphology.’ In 1985, Wessel developed surface-enhanced optical microscopy by
illuminating a laser onto a single metal nanoparticle,®® which is regarded as the prototype of

aperture-less scanning near-field optical microscopy (SNOM). In 1994, Inouye and Kawata
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reported the detection of scattered light from the near field of a stainless-steel tip, indicating a
combination of surface-enhanced spectroscopy in their system.?* In 2000, Kawata,?' Zenobi,”®
and Anderson®® groups independently proposed the TERS technique by different methods,
which is a milestone in the field of plasmon-supported Raman spectroscopy. Specifically,
Kawata's group used Ag-coated AFM tips and rough Ag film substrates; Zenobi's group and
Anderson's group used dielectric substrates with the tip working as a nanoantenna supporting
the surface plasmon. In the last two decades, the TERS technique has developed dramatically

and demonstrated its experimental value in many frontier fields.

1.2.3 Mechanisms of TERS

1.2.3.1 Electromagnetic mechanism

The enhancement mechanisms of TERS insist on electromagnetic (EM) and photo-driven
charge transfer (CT) mechanisms, amongst which the EM mechanism contributes
dominantly.®> More specifically, the EM contains three different mechanisms: (i) surface
plasmon resonances, (ii) lightning rod effect, and (iii) antenna resonances.?® Fig. 1-15 shows

the simulation of the electric field amplitude map of the apex of an Ag TERS probe irradiated

|

E/E,

by a laser of 532 nm wavelength.

Figure 1-15. Simulation of the electric field amplitude map of the apex of an Ag TERS probe

irradiated by a laser of 532 nm wavelength. [adapted from®]

The excitation of surface plasmon resonance (SPR)3® amplifies the electromagnetic field in the
vicinity of the surface of the metallic nanostructure, resulting in electromagnetic enhancement.

The SPR refers to the collective oscillations of the conduction electrons at the surface of the
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metallic nanostructure, including propagating surface plasmon polaritons (SPPs) and localized
SPR (LSPR),*- % which are schematically illustrated in Fig. 1-16.”! SPPs are the propagating
wave for the order of micrometers, emerging when light is trapped at the interface between a
metal and a dielectric.”® > When the incident light satisfies the following conditions: (i) the
size of the interacted nanostructures is much smaller than the incident wavelength, and (ii) the
frequency of the excitation light matches the frequency of the localized surface plasmon, the
LSPR occurs, which could be well modulated by the size, shape, and composition of
nanostructure and the surrounding dielectric medium.®- 3 The LSPR contributes to a great
enhancement of the localized electromagnetic field, underlying enhancement of the
TERS/SERS effect.”* The enhancement is approximatively proportional to the fourth power of

the strength of the local electromagnetic field.
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Figure 1-16. Schematic diagrams illustrating a surface plasmon polariton (a) and a localized

surface plasmon (b). [adapted from’!]

For a plasmonically active, conductive, and sharp nanotip under laser irradiation, the apex
allows significant concentrating of the surface charges, during which procedure the nanotip
serves as a lightning rod, leading to strong optical resonances and highly confined local
electromagnetic fields. This phenomenon is called the lightning rod effect,” *® which depends
on the geometry and conductivity of the tip material while it is independent of the frequency

of the incident light.”” The strong electromagnetic field could cause enhanced Raman scattering,
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resulting in highly intensified and localized Raman signals of target molecules under the

nanotip with the confined field far below the diffraction limit.

As with conventional antennas in the radio or microwave regimes, if the dimension of the tip
is scaled characteristically to an effective incident wavelength, antenna resonances occur,
which is similar to the excitation of surface plasmon.”® *® Among these mentioned three
mechanisms, the antenna resonance is the least important field enhancement mechanism in

TERS.

As for the procedure of electromagnetic enhancement, it could be viewed as two distinct

processes: !

The local field enhancement. The excitation of SPR generates a large amplification of the
electromagnetic field in small spatial regions. Accordingly, the molecules in such regions are

exposed to the greatly enhanced electromagnetic field.

The radiation enhancement. Since the power radiated by the Raman-active molecule relies on
the surrounding environment, the presence of the metallic nanostructure greatly enhances the

process.
1.2.3.2 Photo-driven charge transfer

The transfer of the electrons occurs from the substrate/probe to the molecule or vice versa under
photonic excitation, requiring the Fermi level of the metal structure to be located between the
ground state of the molecule and the excited state of the molecule.!®! Two models of charge
transfer processes are illustrated in Figure 1-17.192 Specifically,'%> 19 Fig. 1-17a refers to the
charge transfer from the ground state I of the molecule to the Fermi state F of the metal structure.
The vibronic coupling hrk of F and the excited molecular states K allows the charge transfer
intensity pur to borrow intensity from the transition intensity puk. Fig. 1-17b refers to the charge
transfer from F to K. The vibronic coupling hir of I and F allows the charge transfer intensity
urk to borrow intensity from the transition intensity k. Notably, although this chemical
mechanism has been wildly exploited in the studies of nonmetal-based enhanced Raman
scatting, such as semiconductor, graphene, and metal-organic framework, it contributes very

little enhancement in TERS.
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Figure 1-17. Schematic energy level diagram of the two models (a and b) of the charge-transfer
processes in a metal-molecule system, where I refers to the ground state of the molecule; K
refers to the excited state of the molecule; M refers to the Fermi state of the metal substrate.

[adapted from!%?]

1.2.3.3 TERS enhancement mode

Strong field intensity and confinement occur when approaching the TERS-active tip to a
plasmonic substrate (Au, Ag, and Cu) to 1~2 nm due to the electromagnetic coupling between
the apex of the tip and the substrate, which is called the "gap mode" effect,'* as shown in Fig.
1-18a.!19 On the contrary, if there is no coupling between the tip and the substrate, the
procedure is called the "non-gap mode" effect, as shown in Fig. 1-18b,'% in which the TERS
enhancement could be weaker by 2~3 orders than that of the coupled case.!% The finite
difference time domain (FDTD) simulations of the electric field distribution in the gap and
non-gap mode are shown respectively in Fig. 1-18c and d.!%” Besides the enhancement mode,
there are many other factors also affect the enhancement of the confined field, such as the tip

material and geometry, incident laser wavelength, focus, polarization, incident angle, et al.'*®
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Figure 1-18. Schematic illustration of gap mode TERS (a) and non-gap mode TERS (b);
[adapted from'%] and the FDTD simulations of the electric field distribution in the gap (c) and
non-gap (d) mode with the distance between the Au tip and the substrate equals 1 nm, where

M refers to the maximum field enhancement. [adapted from!'?7]

1.2.4 Experimental system of TERS

As mentioned in section 1.2.2, the TERS system consists of two main techniques: Raman
spectroscopy and SPM, in which the incoming laser beam needs to be focused onto the
plasmonically active tip, the tip has to be in close proximity to the surface of the target sample
under stable feedback, and the scattered Raman signal needs to be efficiently detected. Thus,
in section 1.2.4, the experimental system of TERS is discussed in 3 aspects: instrumental

configurations based on optical geometries, feedback modes, and the plasmonically active tip.
1.2.4.1 TERS instrumental configurations

Normally, based on the optical geometries, the configurations of the TERS setup are classified
by the direction of excitation illumination, including top illumination, bottom illumination, and
side illumination, shown in Fig. 1-19a, b, and ¢, respectively.!? Specifically, top illumination
mode, also called reflection mode, conducts illumination and signal collection both from the

topside of the sample, possessing the advantage of working on both transparent and opaque
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samples, while the shadowing of the TERS tip becomes the main challenge in this mode, which
blocks a certain amount of the excitation light and the signal.!!® The bottom illumination mode,
also called transmission mode, conducts illumination and signal collection both from the
downside of the sample through an inverted optical microscope, which limits this mode to only
transparent samples and substrates. It is worth noticing that this mode was chosen for the first
TERS experiments.’ 8- 82 The side illumination mode conducts illumination and signal
collection both from the side of the tip apex of the SPM at an angle of 45°~ 80° through a long-
working distance objective. This mode is commonly used for opaque samples and can avoid
the shadowing issue suffered in top illumination mode. However, the existence of the angle
between incident light and tip also results in the elliptical and relatively large focal spot, which
leads to a stronger far-field background and requires higher laser power in the practical

experiment to obtain comparable results.

(a) Top illumination  (b) Bottom illumination (c) Side illumination

' . ! f Tip
¥ A -——Sample
t ~Substrate
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Figure 1-19. Schematic illustration of the configurations of TERS setup based on optical
geometries: (a) top illumination, (b) bottom illumination, (c) side illumination. [adapted

from!'?]

1.2.4.2 Feedback control

TERS measurements require the plasmonically active tip to be in close proximity to the surface
of the target sample, which distance needs to be precisely controlled since the detected signal
decays dramatically as the tip-sample distance increases.!?” Here, the feedback control in AFM,

STM, and shear force microscopy (SFM) is discussed separately.

The feedback control in the AFM system basically depends on measuring the atomic or
molecular interactions between tip and sample,'* which specifically includes the Van der Waals

forces, capillary forces, chemical bonding, or repulsive electrostatic forces. AFM can be
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realized under contact mode and intermittent contact mode, which is also called tapping mode
or semi-contact mode. Specifically, under the contact mode, atomic force is induced at the tip-
sample junction, resulting in the nanoscale position change of the cantilever and consequently
leading to the reflection position change of a feedback laser cast on the cantilever, through
which the surface information of the sample is detected by a position-sensitive photodiode,
shown in Fig. 1-20a.''! While under the intermittent contact mode, the tip is continuously
oscillating at its mechanical resonance frequency, gathering the surface information through
the frequency change induced by the interaction between the tip and the sample, shown in Fig.
1-20b.!"2 For AFM-TERS in contact mode, the tip direct contact with the sample, providing a
high signal enhancement, while in intermittent contact mode, the interaction time depends on
the oscillation amplitude of the tip, which should be small enough (<5-10 nm) to maintain the
oscillation within the evanescent field,!°” which can be achieved by two approaches. Firstly,
through the time-gated illumination technique, the excitation laser is modulated to be
synchronized with the tip oscillation, obtaining the enhanced signal only under the near-field
region (when the tip is down).!!3 Secondly, by synchronizing a detector with the tip oscillation
or coupling the Lock-In amplifier to a fast detector with its detection window fixed to the "tip
down" signals, the near-field contribution can be automatically distinguished from the far-field

background.'!*
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Figure 1-20. Schematic illustration of the AFM feedback loop: (a) contact mode; [adapted

from!'!!] (b) intermittent contact mode. [adapted from!!?]

The STM principle is based on electron tunneling, requiring the tip and substrate to be
conductive. The voltage difference (bias, Eb) is applied between the tip and substrate as the tip

approaches very close to the surface, enabling electron tunneling, which relates to the tip-
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sample distance. Through a feedback loop, the constant tunneling distance or constant
tunneling current (It) could be maintained, as shown in Fig. 1-21,''5 from which the surface
information of the sample could be obtained. For STM-TERS, excellent small tip-sample
distance control is advantageous for signal enhancement and high spatial resolution. Besides,
the fast, economic tip preparation also benefits its application. However, the principle of STM
requires the sample to be either very thin or conductive, which restricts the applicative sample

range and possible optical geometries.
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Figure 1-21. Schematic illustration of the STM with the feedback loop maintaining either

constant-height or constant-current mode [adapted from!'!?]

The feedback method of SFM is similar to that of the AFM. The difference is that in SFM, the
shear forces are used to control the tip-sample distance, in which the tip oscillates horizontally
with respect to the surface of the sample. Based on the damping of the free oscillation amplitude
or the resonance frequency shift of the tip as it approaches the sample surface, feedback control
could be achieved. Owing to its principle, the SFM possesses no sample restriction, which is
the same as the AFM systems. SFM-TERS, in which the tip-sample distance is kept constant
(2-5 nm) by the feedback loop, possesses the main advantages of easy tip preparation and high

adaptability to various optical geometries.!?”
1.2.4.3 Plasmonically active tip
As discussed in section 1.2.3, the great enhancement of the Raman signals is mainly

contributed by the electromagnetic enhancement of the plasmonically active hotspots through
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LSPRs, making The plasmonically active tip the most crucial element in a TERS system,
through which the information from the sample is obtained. Normally, a metal or metal-coated
nanoscale tip controlled by an SPM feedback is used as a TERS probe. There are many factors
that dominate the TERS performance of the tip: the plasmonic activity, geometric size, and
morphology of the tip dominate the enhancement and the spatial resolution;'!¢ the stability of
the tip determines the reproducibility of TERS measurements; the fabrication difficulty and

cost determine the wideness of application.

(1) Plasmonically activity: only limited kinds of metal show plasmonic activity (eg. Ag, Au,
Al, Cu), and the enhancement will be strong when the LSPRs wavelength approximately

matches the excitation wavelength. The LSPRs peak wavelength could be experimentally

obtained from the extinction spectrum and theoretically simulated by the Mie theory,'!”!1?
derivating from the ideal spherical nanoparticle model, as shown in equation 1-10 below:
E€m>/? €
o = 24mr? : 1-10

m
A (g, +2g,)% + €52

Where r refers to the radius of the nanoparticle, A refers to the wavelength of the extinction
radiation, €, refers to the dielectric constant of the medium, while &, and €, refers to the real
and imaginary components respectively of the dielectric function of the metal nanoparticles.
Specifically, the real component of the dielectric function dominates the magnitude of
polarization of the nanomaterial under an electric field,'?* while the imaginary component
dominates the optical losses (both the inter-band and intra-band) through approaches such as
plasmon damping.!?! Taking Au and Ag as examples, Fig. 1-22 shows the real and imaginary

components,'?!

which change along with the extinction wavelength. The real components show
a similar trend, while the imaginary components show a significant difference, from which Ag
possesses less optical loss and consequently, shows a stronger Raman enhancement effect
among noble metal substrates.!?? Different metals show different optimum extinction
wavelengths; when it matches the excitation wavelength, strong Raman enhancement could be
achieved. Specifically, for excitation under visible spectral regions, Au and Ag are most
commonly used, while in the UV and deep UV spectral regions, Al is commonly used as tip

material 123 124
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Figure 1-22. (a) The real component and (b) the imaginary component of the dielectric function

for Au and Ag. [adapted from'?!]

(2) Geometric size and morphology: the size and morphology of the metal nanostructures
dominate the near-field, consequently affecting its Raman enhancement and spatial
resolution.!”> When the nanostructures are too small, the electrical conductivity could be
extremely low, resulting from the dominating of the surface electronic scattering, leading to
poor polarizability and consequently the weak Raman enhancement.!?® 27 With the size
increasing, the Raman enhancement increases since the amount of excited electrons
increases.!?® While the size is up to the level of the excitation wavelength; the nonradiative
modes could be the domination, diminishing the Raman enhancement.'?* On the other hand,
the morphology could greatly affect the distribution of the near-field, resulting in area-
dependent Raman enhancement. As discussed in section 1.2.3, strong electromagnetic fields
emerge at the edge and corners'*® of nanostructures resulting from the lightning rod effect,
shown in Fig. 1-23.13! Noticeably, the morphology could also affect the LSPRs wavelength,

which needs to be analyzed case by case.
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Figure 1-23. (a) Localized electric field enhancement on Ag nanostructures with different
morphologies: i and ii are the field contours on a triangular prism polarized along the two
different primary symmetry axes, while iii and iv are the field contours on a rod and spheroid
polarized along their long axes, in which the arrows show the location of the maximum electric
field; [adapted from'*'] (b) i shows the 3D illustration of an Au nanostar (AuNS) with 18 spikes,
and ii shows the electric field enhancement on the surface of the AuNS (shown in 1) excited by

a 650 nm wavelength plane wave, both of which are modeled by COMSOL. [adapted from!3?]

(3) Stability, fabrication difficulty and cost: the stability of the tip determines the
reproducibility of TERS measurements. The oxidation issue of Ag, Cu, and Al could
dramatically reduce the TERS activity of the tip, which narrows the application of TERS. The
fabrication difficulty and cost determine the wideness of the application. The traditional
vacuum evaporation tip fabrication method, which will be discussed below, has the
disadvantages of low reproducibility and high cost, which also prevents TERS from the wide
application. Therefore, fabricating high-enhancement, stable, and low-cost TERS tips is

essential to the application and development of the TERS technique.

After discussing the factors affecting the performance of tips, the TERS tips coupling with
different SPM, including AFM, STM, and SFM, are introduced below, respectively.

AFM-TERS: for AFM-based TERS, traditionally, tips are fabricated through vacuum

evaporation of the plasmonic active metal (Au, Ag, and Al) onto commercial AFM cantilevers
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(Si / Si3sNg), as shown in Fig. 1-24a.' The material, evaporation ratio, and annealing
temperature dominate the morphology of the deposited metal films or grains.!3*13¢ Although
the vacuum evaporation method is commonly used, it suffers from drawbacks of low
reproducibility, high cost, and time-consuming. Besides, the pulsed electrodeposition method
could also be used in the fabrication of AFM-TERS tips, as shown in Fig. 1-24b.!37
Furthermore, there are some specialized methods for AFM-TERS tips fabrication, such as
bonding Ag nanoparticles to the AFM tip apex by photoreduction, shown as Fig. 1-24c;!38
bonding Au nanoparticle to the AFM tip followed by chemical reduction to form a nanostar as
the TERS-active center, shown as Fig. 1-24d;'* colloidal depositing nanoparticles onto the
AFM tip apex, shown as Fig. 1-24¢;'* functionalizing Ag nanowires (AgNWs) to the apex of
AFM tip through alternating-current dielectrophoresis (AC-DEP), shown as Fig. 1-24f.14!

(a) (b)

(d)

cantilever

5um

Figure 1-24. (a) SEM image of a TERS probe fabricated by Ag evaporating on an AFM silicon
cantilever [adapted from'?*]; (b) SEM image of Au-coated tips prepared by pulsed
electrodeposition [adapted from!'37]; (¢) SEM image of a TERS probe after photoreduction with
a silver nanoparticle selectively fabricated at the tip apex [adapted from'*%]; (d) TEM image of
Au nanostar bonded TERS probe [adapted from'*°] (¢) SEM image of an Ag nanocube coated
TERS probe [adapted from'*?]; (f) SEM image of an AgNW functionalized AFM-TERS probe.

[adapted from!4!]
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STM-TERS: for the STM-based TERS, commonly the electrochemical (EC) etching method
is used in the tip fabrication, during which processes, the metal (Au/Ag) wire acts as a
dissolution anode with the etching occurs near the air-liquid interface, forming a neck until it
becomes thin enough that cannot support the immersed part, and consequently drops off.!4?
Fig. 1-25a shows the typical SEM image of the STM-TERS tip.!** The morphology of the tip,
such as the radius of curvature, shape, size, and geometry, could be controlled by the etching
parameters such as the voltage, cut-off current, etchant, temperature, and et al., which strongly

144 Besides, there are some

dominates the field enhancement and spatial resolution of the tip.
specialized STM-TERS tips fabrication methods, such as the focused-ion-beam (FIB) milling
method to fabricate gratings on the tip shaft to excite and propagate the surface plasmon
polaritons (SPPs) to the tip apex through the coupling effect of the grating under laser

illumination, as shown in Fig. 1-25b.!%

(a) (b)

Figure 1-25. (a) SEM images of electrochemically etched Ag probe; [adapted from!*] (b)
Schematic illustration and STEM-HAADF image of a gold tip with a FIB milled groove.

[adapted from!*]

SFM-TERS: for the SFM-based TERS, generally no restriction on the tip, which is attached
to the tuning fork for shear force feedback. Consequently, the tip fabrication methods applied
in other SPM-TERS techniques could be applied in the SFM-TERS tip fabrication. Commonly,
the etched Ag or Au tips'#® 47 and Au/Ag coated etched tungsten (W) tips'*® are glued onto
the tuning fork as the SFM-TERS tips, in which cases the weight of the glued tip affects the
frequency and quality factor of the tuning fork.
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1.3 Problem statement and research objectives

1.3.1 Problem statement

With the advantages of being more stable, faster, and having no intrinsic substrate
limitations,'! as mentioned in section 1.2.4, AFM-TERS is widely used. In a TERS system,
the TERS active tip is the most crucial part, and the vacuum-evaporation of noble metal on the
AFM cantilever is commonly used in fabricating AFM-TERS probes due to its large-scale

fabrications nature.” '*° However, it suffers from several issues:

Firstly, for the metal intrinsic issue, Ag/Au/Cu/Al are regarded as TERS active metals, amongst
which Ag shows the highest plasmonic activity under the normally used wavelength region, as
mentioned in section 1.2.4.3. However, since the high reactivity and low stability of Ag, it can
easily react with the compounds consisting of oxygen and sulfur in the ambient to form
Ag>O/Ag2S03/AgrS04, resulting in the degradation of the surface plasmon resonance, thus,

limiting the lifetime of Ag tips to several hours to few days.!>% 13!

Secondly, for the mechanical degradation issue, the coating metal layer on the AFM-TERS tips
could be worn out during the scanning, which results from the intrinsic weak adherence
between the metal and the AFM cantilever material,!> and consequently, causes the

degradation of the TERS activity.!>

Thirdly, for the reproductivity issue, since the deposition procedure could be affected by factors
such as temperature, pressure and et al., even slight fluctuation could cause the difference of
crystal, thus, fabricating completely same morphology of the coated apex is impossible,

resulting in the poor reproducibility.

To address the mechanics and reproducibility issues, silver nanowire (AgNW)-based AFM-
TERS probes were proposed in our previous work.!#! Thanks to the high homogeneity of the
easy bottom-up large-scale AgNW synthesis, a well-controlled apex morphology, and
outstanding optical coupling property can be obtained, which give rise to high TERS

reproducibility and activity.

However, the use of silver as a plasmonically active material could not avoid the intrinsic

chemical degradation issue, limiting the lifetime of AgNW-based TERS probes. Besides, the
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AC-dielectrophoresis (AC-DEP)-based AFM-TERS probe fabrication method exhibits very
low controllability of the length of the attached AgNW. Indeed, by using AC-DEP, the
attachment of AgNW(s) on the AFM cantilever is completely random, generating various
lengths between 2 um and 20 um. Whereas, less than 5 um of the protruded length of the
attached AgNW is required to maintain stable TERS measurement. Consequently, the
attachment of AgN'W usually needs to be repeated until a suitable protruded length is achieved.
Additionally, the pristine AgNW previously used could reach a reasonably high enhancement
factor (EF), up to the order of 10°, and a spatial resolution of ~10 nm. Nevertheless, higher EF
is always desired for sensitive target samples, and a higher spatial resolution would offer a
deeper understanding of the samples' nanoscale nature. Moreover, the current TERS technique
is mainly realized by the so-called 'gap mode', which requires to use metal substrate. To
broaden the application of TERS, developing the 'mnon-gap mode' is promising. However,

realizing the 'non-gap mode' is a technical barrier for most of the common TERS systems.
1.3.2 Research objectives

As the foregoing discussion, the AgNW-based TERS probe could avoid the low mechanical
strength, low reproducibility, and high-cost issues but still suffers the short lifetime due to the
intrinsic nature of Ag and the uncontrollability of the protruded length due to the mechanism
of the AC-DEP fabrication method. Besides, a higher EF is desired in order to broaden the

range of the applicable target samples.

In this case, gold (Au) is considered to be induced into the probe fabrication system. Currently,
Au nanomaterials have been widely used in various fields such as chemistry, biology, and
medicine due to their excellent physicochemical properties, such as their easy modifiability by
molecules, high chemical stability, and non-biotoxicity.!>* As mentioned in section 1.2.4.3, Au
is also a candidate metal to be applied as Raman enhancing component. Specifically, the LSPRs
are also affected by the size and shape, and stronger electric field enhancement is mainly
located at the edges,'*? which can be regarded as Raman enhancing hotspot, as shown in Fig.
1-22b, and for the dielectric function, Au possesses high imaginary part in the low wavelength
region, as shown in Fig. 1-21, resulting in high optical losses. Therefore, Au nanomaterials are
commonly used as Raman-enhancing component under the 633 nm or 785 nm laser excitation.
However, the Raman enhancement of Au is commonly regarded as lower than that of Ag,'>

and Au could generate more heat under laser irradiation and enhanced LSPRs in the confined
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area, which could also cause probe degradation.!*%!5® Consequently, combining Ag with Au is
a promising study direction. In the SERS field, previous researches report that coating a thin
Au layer to the Ag nanomaterials would achieve high Raman enhancement, excellent chemical
stability, and biocompatibility.!*®- 10 Therefore, in the TERS field, Au-coated Ag structures
could be applied as TERS probe to improve the performance. Here are the two main objectives

of the Ph.D. work:
(1) Developing long-lifetime AgNW-based TERS probe

To solve the aforementioned lifetime issue, we would like to introduce Au-coated AgNW
(Ag@Au NW) as a highly sensitive, long-life TERS active antenna. The synthesis of Ag@Au
NWs is based on Au atoms conformal deposition method!®' on the surface of AgNW
synthesized by polyol method.!6> 13 By evaluating the TERS performance of the Ag@Au NWs
with different Au/Ag ratios and comparing with the pristine AGNW and Au-etched AgNW in
terms of enhancement factor (EF) and lifetime, we aim to figure out the optimum condition to

maintain high EF with long lifetime.

(2) Developing advanced TERS probe fabrication method to achieve protruded length-
control and high EF

To mainly solve the protruded length controlling issue, we aim to develop a simple fabrication
method using electro-cutting of AgNW at air-liquid interface followed by Au-coating is
proposed, which provides to achieve (i) great controllability of protruded AgNW length, (ii)

an outstanding EF, and (iii) a better spatial resolution.
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Chapter 2 Gold-Coated Silver Nanowires for
Long Lifetime AFM-TERS Probes
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2.1 Abstract

Tip-enhanced Raman scattering (TERS) microscopy is an advanced technique for investigation
at the nanoscale because of its excellent properties, such as label-free functionality, non-
invasiveness, and the ability to simultaneously provide topographic and chemical information.
The probe plays a crucial role in TERS technique performance. Widely used AFM-TERS
probes fabricated with metal deposition suffer from relatively low reproductivity as well as
their limited mapping and storage lifetime. To solve the reproducibility issue, silver nanowire
(AgNW)-based TERS probes were developed, which, thanks to the high homogeneity of the
liquid-phase synthesis of AgNW, can achieve high TERS performance with excellent probe
reproductivity, but still presenting short lifetime due to probe oxidation. In this work, a simple
Au coating method is proposed to overcome the limited lifetime and improve the performance
of the AgNW-based TERS probe. For the Au-coating, different [Au]/[Ag] molar ratios were
investigated. The TERS performance was evaluated in terms of change in enhancement factor
(EF) and signal-to-noise ratio through multiple mappings and the storage lifetime in air. The
Au-coated AgNWs exhibited higher EF than pristine AgNW and galvanic-replaced AgNW
with no remarkable difference between the two molar ratios tested. However, for longer
scanning time and multiple mappings, the probes obtained with low Au concentration showed
much longer-term stability with keeping high EF. Furthermore, the Au-coated AgNW probes
were found to possess a longer storage lifetime in air, allowing for long and multiple TERS

mappings with one single probe.
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2.2 Introduction

Tip-enhanced Raman scattering (TERS) microscopy is a powerful technique that enables
simultaneous nanoscale characterization of topographic and chemical information with high
spatial resolution, overcoming the diffraction limit of light.1 Since its first experimental

demonstration in 2000, TERS has been widely applied in the study of 1-dimensional (1D)

4-7 8-11 12-14

materials, 2-dimensional (2D) materials, a few molecules, nanostructured
semiconductors,'> ' biomacromolecules,!” '® and biochemical identification.!*?! TERS
technique is realized by combining scanning probe microscopies (SPMs) with Raman
spectroscopy to obtain detailed surface information by raster-scanning. Briefly, TERS achieves
high signal enhancement and nanoscale spatial resolution that rely on the confinement of
electromagnetic (EM) field at near-field. Polarized laser light is focused on an apex of a
metalized scanning probe, at which the freely propagating far-field light is converted to a
nanoconfined near-field EM field through the excitation of the localized surface plasmon

resonances (LSPRs).??

The LSPRs could significantly enhance the Raman scattering from the
target sample underneath the apex. Since the spatial resolution of TERS is determined by the
confinement size of LSPRs, it depends on the size of the apex that is typically a range of 10 ~
23,24

20 nm or higher.

Atomic force microscope (AFM)-based TERS is widely used as being more stable, faster, and
having no intrinsic substrate limitations.?> While the vacuum-evaporation of noble metal on
AFM cantilever has been commonly used to fabricate AFM-based TERS probes due to its

large-scale fabrications nature,?6 27

it suffers from several issues, such as low reproductivity,
low mechanical strength, short lifetime, and eventually high costs.?®2° To address these issues,
silver nanowire (AgNW)-based AFM-TERS probes were proposed as an easy bottom-up
fabrication method.?® Thanks to the high homogeneity of the large-scale AgNW synthesis, a
well-controlled apex morphology and outstanding optical coupling property can be obtained,
which give rise to high TERS reproducibility and activity. However, the use of silver as a
plasmonically active material limits the lifetime of AgNW-based TERS probes, as fast silver

oxidation occurs upon air exposure.

Here, based on the bottom-up probe fabrication method, we introduce Au-coated AgNW
(Ag@Au NW) as a highly sensitive, long life TERS active antenna. The synthesis of Ag@Au

NWs is based on Au atoms conformal deposition method®® on the surface of AgNW
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synthesized by polyol method.?!: 32 The performance of Ag@Au NW with different Au/Ag
ratios was evaluated in terms of enhancement factor (EF) and lifetime. This work demonstrates
that the Ag@Au NW probes with an Au/Ag ratio of ~10® show higher EF and a longer lifetime
than those with pristine AgNWs and Au-etched AgNW synthesized by galvanic replacement
reaction (GRR).
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2.3 Experiment section

Materials

Silver nitrate (AgNO3), tetrachloroauric (II1) acid (HAuCls), ethylene glycol (EG, anhydrous,
99.8%), hydrochloric acid (HCI) were obtained from SIGMA-ALDRICH. Copper chloride
(CuCly) and polyvinylpyrrolidone K30 (PVP), L-ascorbic acid (AA), isopropanol (IPA),
tetrahydrofuran (THF) and toluene were purchased from FUJIFILM Wako Pure Chemical
Corporation. Single wall carbon nanotubes (CNTs) were purchased from SIGMA-ALDRICH.

All chemicals were used without further purification.
Silver nanowire synthesis

AgNWs were synthesized according to the polyol method?!*? with some modifications. Briefly,
0.3 mM of PVP was dissolved in 9.7 mL of EG and heated at 160°C for one hour under
magnetic stirring (600 rpm). Then, 80 puL of CuCl: solution in EG (4 mM) was added to the
solution under higher speed stirring (1,000 rpm) for 10 min, followed by the addition of 100
uL of AgNOs solution in EG (0.12 M). After the color of the solution turned greenish, 4.9 mL
of AgNO;s solution in EG (0.12 M) was added drop-wise at a rate of 100 pL/min. Thereafter,
the mixture was maintained at 160°C for 2 hours under stirring (600 rpm). Finally, the mixture
was cooled down to room temperature, obtaining high-yield AgNWs. These NWs were then
washed three times with IPA. A typical SEM image of the final product is shown in Fig. 2-A1
in the appendix.

Silver nanowire gold etching

The Au etching of AgNWs was performed according to the GRR method® ** with some
modifications,** which procedure is schematically shown in Fig. 2-1a. 15 mL of Milli-Q water
was heated at 80°C for 10 minutes and 900 pL of the AgNWs (~400 pg/mL) solution was then
added, followed by adding 1.8 mL of 0.2 mM of HAuCl4 solution. The mixture was kept at
80°C for 15 min. The products were washed three times by centrifugations in IPA at 1200 rpm.

Silver nanowire gold coating

The Au coating of AgNWs was performed according to the Au atoms conformal deposition

30, 34

method with some modifications, which procedure is schematically shown in Fig. 2-1b.
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0.1 mL of HAuCls (2 mM or 0.2 uM that corresponds to a molar ratio of Au*" over Ag"
(nauw/nag) equal to 0.0386 or 3.86x107%, respectively) was mixed with 2 mL of NaOH (0.2 M)
and 17.9 mL of Milli-Q for one hour under magnetic stirring at 400 rpm. 120 mg PVP, 1.5 mL
of AA (100 mM), 1.5 mL NaOH (0.2 M), and 210 pL of AgNW (~400 pg/mL) was added into
3 mL Milli-Q and heated at 80°C under magnetic stirring (400 rpm). Then, 3 mL of prepared
HAuCls mixture solution was added to the prepared AgN'W mixture solution at a rate of 300
puL/min. Then, the Au-coated AgNWs were collected by centrifugations at 1200 rpm (x3) and

resuspension in [PA.

Au-etched AgNW
(a) 909 [ AN A Bl ]

AgNW L DI |

Au coating
Aud+ Au WD

Au-coated AgNW
(b) > DIIIIN ,
DIV

Figure 2-1. Schematic illustration of the synthesis of (a) Au-etched AgNW and (b) Au-coated
AgNW.

Fabrication of silver nanowire functionalized AFM tip

The schematic illustration of the probe fabrication setup and the optical transmission images
of the probe during the fabrication are shown in Fig. 2-A2a and Fig. 2-A2b to e, respectively.
The apex of Micro AFM cantilevers (160AC-NA, OPUS) was dipped into a droplet of AgNWs
that typically contains approximately 5 pL of diluted AgNW IPA solution (~40 pg/mL) with
25 puL of Milli-Q water. A 1 MHz square wave with 14 V,., and 0 V DC offset with 50% duty
cycle provided by a function generator (JDS-2900, JUNTEK) was applied for usually 0.5-3 s
between the cantilever and the droplet to achieve the nanowire attachment through AC-
dielectrophoresis.®* This procedure was repeated until less than 5 um of the protruded length

of the attached AgN'W was achieved for stable TERS operation.?
Preparation of CNT on Au (111)

Au (111) substrates purchased from PHASIS (Switzerland) were first rinsed with acetone,

ethanol, and Milli-Q and brow dried by N». The substrate was then flame annealed with a piezo
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gas burner for a few seconds to remove contaminations and then cooled under N> atmosphere.
~0.3 mg CNT was dissolved in 5 mL THF at a saturated concentration and dispersed by
ultrasonication for several hours. The CNT suspension was diluted 5 times to an almost
transparent state (~12 pg/mL) and then dispersed by ultrasonication for several hours again.
The dispersed CNT solution was drop-casted onto the prepared substrate followed by rinsing
with Milli-Q and brow drying by Na. This step was repeated by 2-3 times until the coverage of

CNTs became sufficient for TERS measurement.
AFM/TERS measurements

AFM/TERS measurements were carried out on an OmegaScope™ (AIST-NT, HORIBA) with
a homemade optical platform, as shown in Fig. 2-A3. Laser line from a He-Ne laser (632.8 nm,
LASOS) was focused onto the sample/tip by an objective (MITUTOYO, M plan Apo 100x,
N.A. 0.7) after being reflected by a dichroic mirror (LPD02-633RU, Semrock). The same
objective was used to collect Raman scattering, and the collected scattering was directed
through the dichroic mirror, a pinhole (diameter 100 pm), and a long-pass filter (LP02-633RE,
Semrock) to a Raman spectrograph (SOLAR TII, MS35011) equipped with a charge-coupled
device (CCD) camera (Andor, Newton 920). Prior to TERS mapping, in order to align the laser
on the apex of the TERS probe, Rayleigh scattering mapping was performed by objective
scanning without the long-pass filter. All AFM/TERS measurements were performed under
ambient conditions at room temperature. All TERS data were calibrated using Raman spectrum
of toluene and implemented baseline subtraction by a model-free small window moving
average-based baseline estimation method if necessary.®> Omega software (AIST-
NT/HORIBA), home-build routine in MATLAB (MathWorks), Igor Pro (WaveMetrics), and

Origin (OriginLab) were used for data analysis.
Characterization of AgNWs

The morphology of pristine AgNWs, Ag@Au NWs, and Au-etched AgNWs was characterized
by field-emission scanning electron microscopy (FE-SEM, JEOL JSM-6700FT at 5.0 kV) and
scanning transmission electron microscopy (STEM, HITACHI HD-2000 equipped with
energy-dispersive X-ray (EDX) spectroscopy with an acceleration voltage of 200 kV). The
element amount was characterized by inductively coupled plasma optical emission
spectroscopy (ICP-OES, ICPE-9000, SHIMAZU CORPORATION) and nanoscale-secondary
ion mass spectroscopy (NanoSIMS 50L, CAMECA).
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2.4 Results and discussion

Characterization of Ag@Au NWs

The mechanisms of GRR and Au-coating of AgNWs are schematically illustrated in Fig. 2-1a
and 1b, respectively. The replacement of Ag atoms with Au atoms and thus the formation of
Au-Ag alloy clusters on NWs are caused by electron transfer from Ag® atoms on AgNW surface
to Au** in GRR due to the lower standard reduction potential of Ag than Au. On the other hand,
Au layers deposition avoiding GRR can be realized by circumventing the replacement at
alkaline reaction conditions (pH ~ 11), which dramatically increases the reducing power of AA
and lowers the reduction potential of the Au3+ by converting AuCl* into Au(OH)*.3%37 Two
different concentrations of Au*" for Au-coating with nauw/nag of 3.85x 102 and 3.85x 107, were

evaluated (denoted as Ag@Au NW-H and Ag@Au NW-L in the following text, respectively).

Pristine AgNWs, Au-etched AgNWs, Ag@Au NW-H and -L were characterized by means of
FE-SEM, STEM, and EDX (Fig. 2-2). Pentagon-shaped AgNWs were successfully synthesized
with smooth surface morphology for the pristine AgNWs (Fig. 2-2a). After GRR, hollow
structures were formed (Fig. 2-2f), and Au was detected by EDX around the hollows (Fig. 2-
2g, 2h). In contrast, after the Au-coating, the flat facets remain flat without hollow formations,
while the facet boundaries of Ag@Au NW-H became rough (Fig. 2-2i, 2j). Thus, it can be
qualitatively concluded that the apex and facet boundary has a higher affinity to the Au atom,
which is in accordance with the reported phenomenon that the corners and the edges possess
lower energy barriers than the facets, leading to easier nucleation at the apex and boundary.*8
The thickness of Au layers is estimated to be less than 10 nm from the EDX mapping. At the
low molar ratio for Ag@Au NW-L, Au was not detected by EDX, which is likely due to the
limited amount of Au atoms for the EDX sensitivity (Separated Au and Ag EDX mapping for
Au-etched AgNW, Ag@Au NW-H, and Ag@Au NW-L are shown in Fig. 2-A4 to 2-A6.). To
confirm the existence of Au atoms on AgNWs, ICP-OES measurements have been conducted
for both Ag@Au NW-H and Ag@Au NW-L. The ICP-OES spectra are shown in Fig. 2-A7
and 2-A8, from which clear peaks of Au in both samples are detected for both conditions. To
further characterize the spatial distribution of Au on Ag@Au NW-L, NanoSIMS measurement
was conducted. Fig. 2-A9 compares the NanoSIMS elemental mappings of Ag@Au NW-L
with pristine AgNW, from which Au was detected only in Ag@Au NW-L. This indicates that
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Au atoms were successfully deposited and distributed over the nanowire instead of aggregating,

even at the low concentration of Au.
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Figure 2-2. Characterization of pristine, Au-etched, Ag@Au NW-H and Ag@Au NW-L: (a),
(e), (1), and (m) display SEM images, (b), (f), (j), and (n) are high magnification STEM image,
(c), (g), (k), and (o) represent EDX elemental mapping (green; Ag, yellow; Au. Intensity of
each element is independently normalized for better visualization). The corresponding EDX
spectra accumulated in each imaging area for pristine, Au-etched, Ag@Au NW-H and Ag@Au
NW-L are displayed in (d), (h), (I), and (p), respectively

Evaluation of Ag@Au NW TERS probes

Besides spontaneous oxidation of metal probes upon exposure to the air, light-induced
oxidation could cause a rather quick reduction of TERS activity. The local heating effect due
to Ohmic loss of plasmons could accelerate oxidation and even lead to morphological changes
on the probe apex. Therefore, we investigated the durability of TERS activity upon continuous

laser irradiation and the storage lifetime in the air at room temperature. CNTs on Au (111)
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were chosen as a sample to evaluate the TERS activity of the probes. The G-band intensity at
~1580 cm! on the TERS spectra obtained from different probes was used for calculating the

respective TERS EFs.
Durability test

For the durability test, multiple TERS mappings were repeatedly conducted at the same single
CNT under the same measurement conditions, such as integration time and laser power. Fig. 3
shows TERS mapping of CNTs obtained by using a pristine AgNW (Fig. 3a), Au-etched
AgNW (Fig. 3b), Ag@Au NW-H (Fig. 3c), and Ag@wAu NW-L (Fig. 3d) as TERS probe,
respectively. In each panel, i and ii refer to the first and 15th TERS mapping at G-band out of
consecutive 15 mappings, respectively, while iii refers to the AFM topographic image, iv to
the line profile along the white line in the AFM image, and v to the corresponding TERS spectra
at pixel A and B in the corresponding TERS mappings (i and ii), respectively. These TERS
mapping images consist of 20 x 20 pixels (10 nm/pixel), in which Raman spectra were taken
at every pixel with an integration time of 0.4 s. Thus, TERS probes were continuously exposed
to the laser excitation for ~ 160 s during one complete mapping, leading to a total exposure for
at least 40 minutes over 15 mappings, excluding the lag time between consecutive mappings.
Note that laser focus position on the probe apex was realigned between each consecutive
mapping in order to rule out the effect of optical misalignment due to thermal drift of the
optics/probe. For this alignment, the laser power was reduced by further 100 times compared

to the mapping condition to avoid extra light-induced damages.

At the 1st TERS mapping with freshly prepared TERS probes, Ag@Au NW-H and Ag@Au
NW-L show relatively high Raman intensity (1000 ~ 2000 cps at G-band) compared to the
pristine and Au-etched NWs (100 ~ 400 cps at G-band). Remarkably, the TERS activity of Au-

coated AgNWs remains higher even after 15 times mapping.
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Figure 2-3. TERS with different probes: (a) pristine AgNW; (b) Au-etched AgNW; (c)
Ag@Au NW-H; (d) Ag@Au NW-L. In all subfigures, i refers to the first TERS mapping; ii
refers to the 15th TERS mapping; iii refers to the AFM image; iv refers to the line profile of
the CNT in iii; v refers to the TERS spectra of pixel A in i and pixel B in ii. (Acquisition time
was 0.4 s, accumulation once, 20x20 pixels (10 nm/pixel), laser power ~3.66 kW/cm?, and the

Raman intensity of G-band (cps) is selected to evaluate the TERS enhancement.)

To quantitatively evaluate the durability, the EF of each probe was calculated on 15 TERS
maps (the detailed calculation method is shown in appendix). For each mapping run, 10 pixels
showing CNT Raman spectrum are picked to calculate the averaged EF and its standard
deviation (at least 3 different probes were evaluated for each probe condition). Fig. 2-4 displays

the EF as a function of the number of mapping runs. The decay curves of pristine AgNWs and
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Au-etched AgNWs were well fitted with a single exponential function, while those of Ag@Au
NW-H and Ag@Au NW-L were best fitted with a double exponential (see equation 2-A1 to 2-
A4 in appendix). The EF decay was observed regardless of the probe types, suggesting that
metal oxidation/sulfidation occurs spontaneously for all probes. The fitting parameters are
summerized in table 2-1. Note that the error bars of Ag@Au NW-H and Ag@Au NW-L are
visually larger than those of the other two probes. To explain this, the EFs are analyzed with
histogram (Fig. 2-A10 and 2-A11). The EFs of Au coated samples are higher than others, thus
the standard deviation becomes mathematically larger. Besides, with higher EF probes, more
detailed signal that does not appear in the TERS mapping with low EF probes can be detected.
This also could cause the wide distribution of EFs in the case of Ag@Au NWs.
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Figure 2-4. EF of 4 kinds of TERS probes, namely pristine AgNW (red), galvanic AgNW
(orange), Ag@Au NW-H (green), and Ag@Au NW-L (blue), as a function of the number of

mappings.

Table 2-1. The decay constants of the probes shown in Figure 4

# of mapping run  # of mapping run

AgNW 7.5+0.51 N.A.

Au-etched AgNW 3.0+ 0.36 N.A.
Ag@Au NW-H 1.4+0.17 74+1.6
Ag@Au NW-L 0.63 £0.23 179+ 4.4

Pristine AgNWs showed an EF of ~ 2 x 10° at st run and allowed for multiple mappings

maintaining EFs in the range of 103 (with the decay constant of 7.5 maping runs), as previously
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reported by our group.?’> While higher EFs as well as longer durability were found on Ag@Au
NWs, Au-etched AgNWs showed the lowest EF among probe types, albeit in the presence of
gold. The EF decay constant of Au-etched AgNWs was estimated to 3 mapping runs, which is
approximately 2 times worse than pristine AgNWs (Fig. 4 and equation 2-Al to 2-A2 in
appendix). This limited TERS performance of Au-etched AgNWs may arise from the increased
oxidation of probe metals due to the absence of the protecting layer of PVP, removed during
the GRR reaction. Another drawback of Au-etched AgNWs is their hollow structures, which

can result in low mechanical strength and possible extra plasmonic damping.

In contrast, Ag@Au NW-H and -L showed the highest EFs in the order of 10° at the beginning,
that is, 5-10 times higher than that of pristine AgNWs (Fig. 2-4). The improvement of EF is in
line with previous reports where AgcoreAushen bimetallic nanoparticles and NWs showed
increased Raman enhancement than monometallic Ag nanostructures.>**! In terms of the
durability, the 2nd decay constants, which can be attributed to the spontaneous oxidation of
probe metals, were comparable or even longer than pristine AgNWs (5.7 and 18 mapping runs
for Ag@Au NW-H and -L, equation 2-A3 to 2-A4 in appendix, respectively), suggesting a fine
protection against metal oxidation through the gold layers. On the other hand, Ag@Au NWs
exhibited the additional 1st decay component (1.2 and 0.6 mapping runs for Ag@Au NW-H
and -L, respectively), and this could be attributed to slight morphological changes in the
nanowire apex, induced by physical contact with the sample surfaces and/or by plasmonic
heating of gold. To clarify this, two series of experiments were carried out. Firstly, Ag@Au
NW-H was subjected to one TERS mapping under laser irradiation (Fig. 2-A12a ii), followed
by six mappings without laser excitation (in the dark) under the same scan parameters (Fig. 2-
Al2aiii - viii). Then, two additional TERS mappings were taken with laser excitation (Fig. 2-
Al2aix and x). EFs at the additional two mappings after the six- scans in dark, which does not
affect on EFs of the probe as shown in 2-A12d (the EFs after multiple scans in dark were in
the range of 1 - 5 x 10° that coincide with those in Fig. 4). This suggests that simple physical
contact with sample surfaces does not lead to the EF decay. Secondly, to assess light-induced
effects, the shape of the Ag@Au NW-H apex before and after 10 TERS mapping runs was
evaluated using FE-SEM. From the SEM images in Fig. 2-A13, slight morphological changes
were observed in Ag@Au NW-H after 10 TERS mapping runs, while such changes were not
confirmed for Ag@Au NW-L (Fig. 2-A14) and pristine AgNWs. Based on these results, we
conclude that the Ist EF decay component in Ag@Au NWs is due to slight changes in apex
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metal structures induced by plasmon-heating of gold and importantly, in order to minimize this

effect, the gold concentration needs to be as low as Ag@Au NW-L.
Storage Lifetime of Ag@Au NW

Thanks to the long durability of Ag@Au NW-L, TERS measurement can be conducted by
using the same probe for long and multiple scans. This means that the probe can be stored to
be re-used for individual experiments on different days. However, spontaneous oxidation of
the probe upon air exposure could happen during the storage resulting in a reduction of the EF.
It is therefore important to evaluate the storage lifetime of the probe. To this end, after a few
TERS mappings, the pristine AgNW and the Ag@Au NW-L were stored in the air at room
temperature. The mappings obtained after 1 week were compared to the ones on the first day
(Fig. 5 and Fig. 2-A15). While about 75% (6 out of 8) of the pristine AGNW probes lost their
TERS activity within one week (no Raman signal was detected as shown in Fig. 2-5a (iii) and
(iv)), 70 % (9 out of 13) of Ag@Au NW-L probes maintained their activity even after one
week (Fig. 5b (iii) and (iv)). To be more quantitative, Fig. 2-6 displays EFs of typical Ag@Au
NW-L and pristine AgNWs before and after being stored in air for one week (see also Table 2-
A1l). Although the reductions of the EF are found also for Ag@Au NW-L most likely due to
spontaneous oxidation, the EFs of two of three probes remain in the range of ~2 x 10° that is
comparable to the freshly prepared AgNW probe. These results prove that the storage lifetime
of Ag@Au NW-L probes is significantly improved by the Au coating.
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Figure. 2-5 Lifetime study of different TERS probes: (a) pristine AgNW probe; (b) Ag@Au
NW-L probe. In both subfigures, i refers to the 1st mapping on first day prepared; ii refers to
the TERS spectrum of the chosen pixel in i; iii refers to the 1st mapping after storing the same

probe in air for one week; iv refers to the TERS spectrum of the chosen pixel in iii. (Acquisition
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time was 0.4 s, accumulation once, 20x20 pixels (10 nm/pixel), laser power ~3.66 kW/cm?,

and the Raman intensity of G-band (cps) is selected to evaluate the TERS enhancement.)
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Figure 2-6. EF of 3 Ag@Au NW-L and 3 pristine AgNWs on the first day being prepared
(M1~M3) and after being stored in air for one week (M4~M6)
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2.5 Conclusion

We demonstrated a noble approach to prolong the lifetime and improve the TERS enhancement
of AgNW-based TERS probes by using GRR-suppressed gold atom deposition. The Au coating
on AgNW TERS probes was found to be simple and reproducible. To evaluate their
performance, pristine AgNW, Au-etched AgNW by GRR, and Au-coated AgNW were
compared in terms of TERS EF, durability and storage lifetime. The Au-coated AgNW probes
showed more than 5 times higher EF than pristine AgNW probes and were able to be repeatably
used for over 15 TERS mappings without a significant decrease of EF. Such exclusive
durability allows to investigate the detail of the samples requiring high sensitivity and scanning
multiple places on the sample of interest. In contrast, AGNW treated with GRR results in low
EF and low stability due to the heterogeneous nature of GRR as well as their hollowed
structures. Thanks to the oxidation resistance of the Au-coated AgNW, the probes can be stored
even in the presence of oxygen for at least one week. We believe that the advanced Au-coated
AgNW-based TERS probe is a promising tool for high-quality nanoscale characterization for
example quality control of nanostructured semiconductors, detailed investigation of 2D
materials such as chemically modified graphene or transition metal dichalcogenide (TMD),

and even biological specimens.
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2.6 Appendix

Figure 2-A1. SEM image of pristine AGNW

AFM Cantilever

“‘ AgNW Solution

PDMS
7

(a)

Figure 2-A2 (a) Schematic illustration of TERS probe fabrication; (b-d) optical transmission
image of AgN'W attachment: (b) before; (c) during; (d) after; (e-f) SEM image of TERS probe
(using Ag@Au NW with nau/nag equals to 3.85x106)
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Figure 2-A3. Schematic illustration of AFM-TERS setup. (LP: long-path filter, PH: pin hole,
DC: dichroic mirror, 1/2: half-wave plate, respectively)
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Figure 2-A4. Characterization of galvanic AgNW: (a) Low magnification SEM image; (b)
Low magnification STEM image; (¢) EDX mapping of Ag(L); (d) EDX mapping of Au (M);
(e) EDX mapping of Ag (L) and Au (M); (f) EDX spectrum.
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Figure 2-AS. Characterization of Ag@Au NW-H: (a) Low magnification SEM image; (b) Low
magnification STEM image; (c) EDX mapping of Ag(L); (d) EDX mapping of Au (M); (e)
EDX mapping of Ag (L) and Au (M); (f) EDX spectrum.
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Figure 2-A6. Characterization of Ag@Au NW-L: (a) Low magnification SEM image; (b) Low
magnification STEM image; (c) EDX mapping of Ag (L) (d) EDX spectrum.
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Figure 2-A7. ICP-OES of Ag@Au NW-H of (a): Au; (b): Ag

600
Au
500 B
w
z
=
: w\l
2
2
g
z
400 -
w0 L . ‘ ‘ ‘
267.52 267.56 26760 26764 26768

Wavelength (nm)

Figure 2-A8. ICP-OES of Ag@Au NW-L (Au)
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Figure 2-A9. NanoSIMS of Ag@Au NW-L and pristine AgNW: (a-c) NanoSIMS mapping of
Si, Ag and Au of Ag@Au NW-L 1; (d-f) NanoSIMS mapping of Si, Ag and Au of Ag@Au
NW-L 2; (g-1) NanoSIMS mapping of Si, Ag and Au of two pristine AgNWs.
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Figure 2-A10. Histogram of EF shown in figure 4: (a) pristine AgNW; (b) Galvanic AgNW;
(c) Ag@Au NW-H; (d) Ag@Au NW-L. In each figure: i, ii, and iii: histogram of EF of 1st, 5th

and 10th mappings respectively.
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Figure 2-A11. Re-plot of Histogram of EF shown in figure S10 with the same rage of x axis:
(a) pristine AgNW; (b) Galvanic AgNW; (c) Ag@wAu NW-H; (d) Ag@Au NW-L. In each
figure: 1, i1, and iii: histogram of EF of 1st, 5th and 10th mappings respectively.
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Figure 2-A12. Study of the effect of laser to EF using Ag@Au NW-H: (a) AFM image and
TERS mapping: i: AFM image; ii st mapping under laser illumination; iii-viii: mappings
without laser; ix: 2nd mapping with laser (8th mapping in total); x: 3rd mapping with laser (9th
mapping in total); (b) line profile of CNT in (a)-i; (c) Raman spectrum of pixel A in ii; (d) EF

of mappings with laser.

80

2
Number of mapping

:’A

v un

C Qo

QO |

- —

< L
C . 1 N 1 N 1 N 1 .
900 Raman shift 2100

(em)
T T ]
L 4 al(ii) ]
N 9.2+0.53 7]
: i | :
o 5.4+0.73 .
[ a(x) = 4
" 3.0+0.05 7
[ 1 1 1 R
1 3



Figure 2-A13. Morphology change of Ag@Au NW-H: (a) Low magnification SEM image of
probe 1; (b) high magnification SEM image before TERS measurement of probe 1; (c) high
magnification SEM image after 10 mappings of TERS measurement of probe 1; (d) Low
magnification SEM image of probe 2; (e) high magnification SEM image before TERS
measurement of probe 2; (f) high magnification SEM image after 5 mappings of TERS

measurement of probe 2.

Figure 2-A14. Morphology change of Ag@Au NW-L: (a) Low magnification SEM image of
probe; (b) high magnification SEM image before TERS measurement; (c) high magnification
SEM image after 10 mappings of TERS.
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Figure 2-A1S5. Life time study of different TERS probes: (a) 1st mapping of pristine AgNW
probe on the first day being prepared; (b) 1st mapping of the same pristine AgNW probe after
one week (4th mapping in total); (c) 1st mapping of Ag@Au NW-L probe on the first day being
prepared; (d) 1st mapping of the same Ag@Au NW-L probe after one week (4th mapping in
total). In all subfigures,i refers to the AFM image; ii refers to the TERS mapping; iii refers to
the line profile of the CNT in i; iv refers to the TERS spectra of the chosen pixel in ii.
(Acquisition time was 0.4 s, accumulation once, 20x20 pixels (10 nm / pixel), Nf shift 80, laser

power ~3.6 kW/cm?, and the Raman intensity of G-band (cps) is selected to evaluate the TERS
enhancement.
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Table 2-A1l. EF (x10°) of three Ag@Au NW-L and three pristine AGNW probes at the first
day (1~3) and after one week in air (4~6).

Mapping number

Ist 2nd 3rd 4th 5th 6th
P1 6.9 4.6 6.4 0.0 0.0 0.0
Ag@Au NW-L P2 10.4 7.3 6.5 2.1 1.4 1.2
P3 7.7 3.9 3.8 1.8 2.0 1.6

P’1 33 1.1 0.9 0.18 0.18 0.17
Pristine AgNW P2 2.9 1.7 1.4 0.0 0.0 0.0
P’3 1.7 1.0 0.7 0.0 0.0 0.0

Fitting of fig. 4

Based on equation 2-A0, the equation 2-A1 to 2-A4 show the fitting results for pristine AgNW,
Au-etched AgNW, Ag@Au NW-H and Ag@Au NW-L respectively. where EF refers to
enhancement factor (x10°) and n refers to TERS mapping numbers, m; to number of maps to

reach EF ~ 1/e.

lor?2
EF = Z exp(— "/ml,) 2 — A0
i=1
_n
EF =21-e 75 2—A1
_n
EF =12-¢e 3 2—A2
_n _n
EF =189-e 14+42-e 74 2—A3
o __n
EF =31.7-e 063 +6.1-e 179 2 — A4

Calculation of EF

The calculation method is shown in equations 2-A5 and 2-A6. Crers refers to TERS contrast,
in which Iters and Irar-rield are the Raman intensity enhanced by near field and the intensity of
normal far-field Raman. Here, the Raman intensity of G-band is picked as Iters since it is
relatively stable and not affected by defect spots on the CNT, Irar-ricla Was measured under high
laser power (~143 kW/cm?) since it is almost impossible to obtain Raman signal with

acceptable signal-to-noise ratio under same low laser power as TERS. Then, as the Raman
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signal is proportional to the laser power, the Raman signal is calculated by proportional
compensating power difference. In equation 2-A6, Ararricld and Anear-Field refer to the area of
far-field and near-field, respectively. The area of far-field can be easily calculated as the area
of laser diffraction-limited focal spot by: diameter = 1.22 A / NA. However, the area of the
near-field is hard to estimate, which is commonly calculated by numerical simulation.
Nevertheless, the validity of simulation is limited since multiple assumptions are necessary.
Here, the enhancing area is estimated by the TERS resolution, which is reported to be below

15 nm?®, and in this experiment, 10 nm is regarded as the TERS resolution.

ITERS —IFar-Fi
CTERS — Far—Field 2 — A5
IFar-Field
Arar—Field
EF = Crggs A—Far » 2 — A6
Near—Field
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Chapter 3 Length-Controllable Gold-coated
Silver Nanowire Probes for High AFM-TERS
Scattering Activity

The results reported in this chapter are based on the following publication:

Wen, H.; Li, J.; Zhang, Q.; Inose, T.; Peeters, W.; Fortuni, B.; Asakawa, H.; Masuhara, A.;
Hirai, K.; Toyouchi, S.; Fujita, Y.; Uji-i, H. Length Controllable Gold-coated Silver Nanowire
Probes for High AFM-TERS activity. Nano Letters 2022, in press. DOI:
10.1021/acs.nanolett.2c03985.
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3.1 Abstract

Tip-enhanced Raman scattering (TERS) microscopy is an advanced technique for investigation
at the nanoscale to provide topographic and chemical information simultaneously. The TERS
probe plays a crucial role in the microscopic performance. In the recent past, the development
of silver nanowire (AgN'W)-based TERS probes solved the main tip fabrication issues, such as
low mechanical strength and reproductivity. However, this fabrication method still suffers from
the low control of the protruded length of AgNW. In this work, a simple water-air interface
electro-cutting method is proposed to achieve wide controllability of the length. This water-cut
method was combined with the succedent Au coating on AgNW surface after cutting, which
achieved up to 100 times higher EF and two times smaller spatial resolution than pristine
AgNW. Thanks to this excellent EF, the water-cut Au-coated AgNW probes were found to

possess high TERS activity even in non-gap mode, allowing for broader applications.
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3.2 Introduction

Tip-enhanced Raman scattering (TERS) microscopy is a powerful nano-optical technique that
enables site-specific characterization of both topographic and chemical information with the
spatial resolution overstepping the diffraction limit of light. 2 With the continuous
development of TERS in these two decades, this highly sensitive, non-invasive, and label-free
technique can be performed on diversified fields under various environments.>® In principle,
TERS microscopy is the combination of Raman spectroscopy and scanning probe microscopies
(SPMs), including scanning tunneling microscope (STM), shear force microscopy (SFM), and
atomic force microscope (AFM),” among which the AFM-based TERS is more widely used as

being more stable, faster, and having no intrinsic substrate limitations.!°

In a TERS system, the metalized scanning probe is the crucial part, as determining the TERS
performance. When the polarized laser light focuses on the apex of the probe, the excitation of
the localized surface plasmons (LSPs) generates a nanoconfined near-field electromagnetic
(EM) field.!! Because the Raman scattering can be significantly enhanced at the apex, the
spatial resolution is determined by the confinement size of LSPs, which depends on the

morphology of the apex. A typical spatial resolution can reach 10 ~ 20 nm,'> 13

while to study
the structural information within 10 nm or even sub-nano scale is desired in many frontier
fields, which requires further improvement in the spatial resolution. Commonly, the vacuum-
evaporation of noble metal is used as the fabrication method of AFM-based TERS probes due
to its large-scale fabrications nature.'* !> On the other hand, this approach suffers from low
reproductivity and low mechanical strength, leading to short lifetime, and eventually high
fabrication costs.!® 7 To address these issues, silver nanowire (AgNW)-based AFM-TERS
probes were proposed as an easy bottom-up fabrication method,'® which achieves a well-
controlled apex morphology, outstanding optical coupling property, and high TERS
reproducibility due to the high homogeneity of the chemically synthesized AgNW. However,
the AC-dielectrophoresis (AC-DEP)-based AFM-TERS probe fabrication, previously reported
by our team, exhibits very low controllability of the length of the attached AgNW. Indeed, by
using AC-DEP, the attachment of AgNW(s) on the AFM cantilever is completely random,
generating various lengths between 2 um and 20 pm. Whereas, less than 5 pm of the protruded
length of the attached AgNW is required to maintain stable TERS measurement. Consequently,
the attachment of AgNW usually needs to be repeated until a suitable protruded length is
achieved. Besides the low length controllability, the pristine AgNW previously used could
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reach a reasonably high enhancement factor (EF), up to the order of 10°, and a spatial resolution
of ~10 nm. Nevertheless, higher EF is always desired for sensitive target samples and a higher
spatial resolution would offer deeper understanding of the samples’ nanoscale nature. In
addition, current TERS technique mainly realized by the so-called ‘gap-mode’, which requires
to use metal substrate. To broaden the application of TERS, developing ‘non-gap mode’ is

promising. However, realizing ‘non-gap mode’ is a technical barrier.

In this contribution, a simple fabrication method using electro-cutting of AgNW at air-liquid
interface followed by Au-coating is proposed, which provides (i) a great controllability of
protruded AgNW length, (ii) an outstanding EF, and (iii) a better spatial resolution. To enable
the controllability of the protruded length of AgNW, an AgNW with random length on the
AFM cantilever is cut at the air-liquid interface by applying AC electric fields. Thereafter, to
improve EF and spatial resolution, the cut AGNW is coated by Au layers by plating them under
alkaline conditions. The obtained Au-coated cut AgNW probes exhibit an EF over 107 with the
spatial resolution as high as 5 nm at the gap mode. Thanks to its desired features, the cut probe
possessed high activity even on non-plasmonic substrate such as a silicon substrate (non-gap

mode), achieving an EF of 10°.
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3.3 Experiment section

Materials

Silver nitrate (AgNO3), tetrachloroauric (IIT) acid (HAuCl4), ethylene glycol (EG, anhydrous,
99.8%), and hydrochloric acid (HCI) were obtained from SIGMA—-ALDRICH. Copper chloride
(CuCly) and polyvinylpyrrolidone K30 (PVP), sodium hydroxide (NaOH), isopropanol (IPA),
tetrahydrofuran (THF) and toluene (TOL) were purchased from FUJIFILM Wako Pure
Chemical Corporation. Single wall carbon nanotubes (CNTs) were purchased from SIGMA -

ALDRICH. All chemicals were used without further purification.
Silver nanowire synthesis

AgNWs were synthesized according to the polyol method'® ' with some modifications. Briefly,
0.07 mg of PVP was dissolved in 9.66 mL of EG and heated at 160 °C for 3 hours under
magnetic stirring (600 rpm). Then, 80 puL of CuCl: solution in EG (4 mM) was added to the
solution under higher speed stirring (1,000 rpm) for 10 min, followed by the addition of 150
uL of AgNOs solution in EG (0.12 M). After the color of the solution turned greenish, 4.85 mL
of AgNO;s solution in EG (0.12 M) was added drop-wise at a rate of 150 pL/min. Thereafter,
the mixture was maintained at 160°C for 2 hours under stirring (600 rpm). Finally, the mixture
was cooled down to room temperature, obtaining high-yield AgNWs. These NWs were then

washed three times with IPA. A typical SEM image of the final product is shown in Fig. 3-1.

Figure 3-1. SEM image of pristine AgNW
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Fabrication of silver nanowire functionalized AFM tip

The probe fabrication follows the reported AC-dielectrophoresis method.!® !!-2° The apex of
Micro AFM cantilevers (160AC-NA, OPUS) was dipped into a droplet of AgNWs that
typically contains approximately 5 uL of diluted AgNW IPA solution (~40 pg/mL) with 25 pL
of Milli-Q water. A 1 MHz square wave with 14 V., and 0 V DC offset with 50% duty cycle
provided by a function generator was applied for usually 0.5-3 s between the cantilever and the

droplet to achieve the nanowire attachment.
Cutting of silver nanowire at liquid-air interface

The apex of the AgN'W attached on a Micro AFM cantilever was dipped into a droplet of PVP
Milli-Q water solution (15 mg/mL) with less than 5 pm of the protruded length outside the
liquid surface. A 1 kHz square wave with 20 V., and +4 V DC offset to the cantilever with
50% duty cycle provided by a function generator was applied for usually 0.5-2 s between the

cantilever and the droplet to achieve the nanowire cutting, as shown in Fig. 3-2a.
Au modification on the cut silver nanowire TERS probe

0.3 mL HAuCl4 (1 pM/ 10 uM/ 100 uM) and 0.125 mL NaOH (10 mM) were added into 0.625
mL MilliQ water, with the final concentration of gold were ~0.3 uM/ 3 uM/ 30 uM respectively.
And 0.3 mL HAuCls (10 uM) was added to 0.75 mL MilliQ water. Then, the cut TERS probes

were dipped into these modification solutions respectively for ~ 1 min, as shown in Fig. 3-2b.

(a) AFM Cantilever
—
\ PVP water Solution
ITO
/
(b) -
§ HAuCl, (OH")
A
,A/

Figure 3-2. Schematic illustration of the fabrication of (a) the water-cut AgNW-based TERS
probe; (b) Au modification of the water-cut AgNW-based TERS probe.
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Preparation of CNT on au (111)

Au (111) substrates purchased from PHASIS (Switzerland) were first rinsed with acetone,
ethanol, and Milli-Q and brow dried by N». The substrate was then flame annealed with a piezo
gas burner for a few seconds to remove contaminations and then cooled under N> atmosphere.
CNTs was dispersed in 5 mL THF and treated by ultrasonication for several hours. The CNT
suspension was diluted 5 times (~12 pg/mL) and then dispersed by ultrasonication for several
hours again. The dispersed CNT solution was drop-casted onto the prepared substrate, followed
by rinsing with Milli-Q and brow drying by N». This step was repeated by a few times until the
coverage of CNTs became sufficient for TERS measurement. Some properties of the single
wall carbon nanotubes (CNTs) are shown in Tab. 3-1, and more detailed information such as
the typical thermogravimetric analysis, typical chirality distribution, and typical optical

absorbance (OA) analysis can be found from SIGMA-ALDRICH.?!

Table 3-1. Properties of the single walled carbon nanotube.?!

Average Diameter (NIRF) 0.83 nm
Median Length (AFM) I pm
Bulk Density (ASTM D7481) 0.1 g/cm?
Moisture Content (TGA) =5 wt%
Specific Surface Area (BET) > 700 m?/g
G/D Ratio (Raman, 633 nm) > 15
AFM/TERS Measurements

AFM/TERS measurements were carried out on an OmegaScope™™ (AIST-NT, HORIBA) with
a homemade optical platform, as shown in Fig. 3-3. Laser line from a He-Ne laser (632.8 nm,
LASOS) was focused onto the sample/tip by an objective (MITUTOYO, M plan Apo 100x,
N.A. 0.7) after passing through a half-wave plate (WPH05M-633, Thorlabs), a glan-laser
calcite polarizer (GL5-A, Thorlabs) and being reflected by a dichroic mirror (LPD02-633RU,
Semrock). The same objective was used to collect Raman scattering, and the collected
scattering was directed through the dichroic mirror, a pinhole (diameter 100 um), and a long-
pass filter (LP02-633RE, Semrock) to a Raman spectrograph (iIHR550, Horiba) equipped with
a charge-coupled device (CCD) camera (Andor, Newton 920). Prior to TERS mapping, in order
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to align the laser on the apex of the TERS probe, Rayleigh scattering mapping from AgNW
was performed by objective scanning without the long-pass filter. All AFM/TERS
measurements were performed under ambient conditions at room temperature. All TERS data
were calibrated using Raman spectrum of toluene and implemented baseline subtraction by a
model-free small window moving average-based baseline estimation method if necessary.??
Omega software (AIST-NT/HORIBA), home-built routines in MATLAB  (MathWorks), Igor
Pro (WaveMetrics), and Origin (OriginLab) were used for data analysis.

Line 14\
filter

Objective
100x
NA 0.7

AFM Cantilever

Pty
Y
X ‘7‘ \ / Objective

scanner
AFM head (piezo stage) (piezo stage)

Figure 3-3. Schematic illustration of AFM-TERS setup. (A/2: half-wave plate, GL: Glan-Laser
calcite polarizer, LP: long-path filter, PH: pin hole, DC: dichroic mirror, respectively)

Characterization of AgNWs Functionalized TERS Probe

The morphology of the apex of the TERS probes functionalized by pristine AGNWs, cut AgNW,
and Au-modified cut AgNWs was characterized by field-emission scanning electron

microscopy (FE-SEM, JEOL JSM-6700FT at 5.0 kV and HITACHI SU8230 at 1.0 kV).
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3.4 Result and discussion

Fabrication and characterization of length controllable AgNW based AFM-TERS probe

Scanning electron microscopy (SEM) and optical transmission images of the probe during the
cutting are shown in Figure 3-4a to e, respectively. By the AC-DEP, dissociative pentagon-
shaped AgNW with smooth surface morphology was functionalized to the apex of AFM
cantilever, resulting in random protruded length, which could be even longer than 10 um as
shown in Figure 3-4a. Then, as shown in Figure 3-4b to d, the protruded AgNW was immersed
in water containing polyvinylpyrrolidone (PVP) and cut at the air-liquid interface at suitable
position by applying AC voltage. The cutting likely occurs due to AC electrothermal effect
(ACET)?, the shear stress induced by AC electric fields** and/or combination of these. The
PVP introduced in the solution significantly enhances the performance of the cut probe, likely
because of protection effect of the cross section of cut AgNW from oxidation. This process
allows for the controlling of the length of TERS probe and the forming of cutting cross section

as new apex (Fig. 3-4e).

(a)Non-cut probe il (b) Before (c) During (d) After cut (e) Cut probe

(g) Water (PVP) cut (h) Water (PVP) cut (i) Water (PVP) cut
3 uM HAuCI, (OH) 3 uM HAuCI, (H*) 30 uM HAuCI, (OH")

Figure 3-4. (a-¢) TERS probe cutting procedure: (a) SEM image of the non-cut TERS probe;
(b-d) Optical transmission images of the AgNW cutting procedure: (b) before; (c) during; (d)
after; (¢) SEM image of the water (PVP) cut TERS probe. For cutting, 1 kHz square wave with
10 V amplitude and 50% duty cycle at +4 V offset to the cantilever was used. (f-i) SEM images
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of the apex of water (PVP) cut-Au modified AgNW AFM-TERS probe using 0.3 uM (f), 3 uM
(g) and 30 uM (h) of HAuCly at high pH, and 3 uM HAuCls at low pH (i), respectively.

Simply immersing AgNWs in HAuCls aqueous solution spontaneously induces a galvanic
replacement reaction (GRR). GRR not only generates gold nanostructures on the AgNWs but
also leads to void formation inside AgNWs, which would drastically improve the TERS
performance of the probe.?° In this regard, alkaline reaction conditions can be used to lower
the reduction potential of the Au*, by converting AuCls™ into Au(OH)*.% 2 In this way, the
extent of the GRR can be restrained and the reaction is limited at AgNW surface (impeding
void formation). Accordingly, the Au-coating after AgNW cutting was performed at pH 10 and
different Au** concentrations were tested: 0.3, 3, and 30 uM (cut-AgAu-0.3-OH, cut-AgAu-3-
OH, cut-AgAu-30-OH). For comparison, an Au coating at pH 5 with 3 uM of Au*" was also
accomplished (cut-AgAu-3-H). The SEM images of the obtained probes (Fig. 3-4f to i) did not
show a significant difference in morphology at the apex of the cut AgNW for the different

experimental conditions tested.
Evaluation of cut-AgNW TERS probes

As mentioned above, the durability, the EF and the spatial resolution are the key aspects to be
evaluated when developing TERS probes. The durability is the major issue for AgNWs-based
AFM-TERS probes. Indeed, exposing AgNW to the air and/or light is known to cause surface
oxidation which quickly reduces TERS activity.!® 2° In particular, under light irradiation, the
local heating effect due to Ohmic loss of plasmons can accelerate surface oxidation and even
lead to morphological changes on the probe apex.?’ On the other hand, the EF and the spatial
resolution strongly depend on the substrate used for TERS measurements. Noble metal
substrates, such as Au (111), generally provide high EF and better spatial resolution due to the
excitation of a 'gap-mode' plasmon between the plasmonic probe and substrate. This substrate
restriction could be overstepped when obtaining performant TERS probes, which would enable
high-quality TERS measurements in dielectric substrates (non-gap mode). Considering this
aspect, the performance of the cut Ag-Au probes prepared with different experimental
conditions was evaluated both on an Au (111) (gap-mode) and on a silicon substrate (non-gap

mode) in terms of durability (lifetime of the probes), spatial resolution and EF.
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Gap-mode TERS

For the durability test, multiple TERS mappings were repeatedly conducted at the same single
carbon nanotube (CNT) on Au (111) under the same measurement conditions (integration time
and laser power). Fig. 3-5 shows gap-mode TERS maps of CNTs obtained by using a pristine
AgNW (Fig. 3-5a), AgNW cut in PVP aqueous solution (Fig. 3-5b), cut-AgAu-3-H (Fig. 3-5¢),
cut-AgAu-0.3-OH (Fig. 3-5d), cut-AgAu-3-OH (Fig. 3-5¢), and cut-AgAu-30-OH (Fig. 3-5f),
respectively. Fig. 3-A1 shows the corresponding AFM topographic images and line profiles
extracted from the TERS maps in Fig. 3-5. In each panel, i and ii refer to the first and 5th (2nd
in f) TERS map of G-band out of 5 (2 in f) consecutive mappings, respectively, while iii refers
to the TERS spectra at pixel A and B in the corresponding TERS maps, respectively. These
TERS maps consist of 15 x 15 pixels (10 nm/pixel), in which Raman spectrum was taken at
every pixel with an integration time of 0.2 s. In this way, TERS probes were continuously
exposed to the laser excitation for ~ 45 s during one complete mapping, leading to a total
exposure for at least 3.75 minutes over 5 mappings, excluding the lag time between consecutive
mappings. Note that the laser focus position on the probe apex was realigned between each
consecutive mapping in order to rule out the effect of optical misalignment due to thermal drift
of the optics / probe. For this alignment, the laser power was reduced by further 100 times

compared to the mapping condition to avoid extra light-induced damage.

At the 1st TERS map with freshly prepared TERS probes, water (PVP) cut (b) and cut-AgAu-
3-OH (e) probes show relatively high Raman intensity (1000 ~ 8000 cps at G-band) compared
to the pristine (a) and cut-AgAu-0.3-OH (d) (100 ~ 350 cps at G-band). For all four kinds of
probes in Fig. 3-5a, b, d, e, 5 mappings could be completed, which indicates high durability
towards practical applications. As for cut-AgAu-3-H and cut-AgAu-30-OH probes (Fig. 3-5¢
and f), both show short probe lifetime and poor TERS activity. This limited TERS performance

may arise from a greater extent of GRR reactions.?¢
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Figure 3-5. Gap-mode TERS on CNTs on Au (111) with different probes: (a) pristine AgNW;
(b) water (PVP)-cut AgNW; (c) cut-AgAu-3-H; (d) cut-AgAu-0.3-OH; (e) cut-AgAu-3-OH;
(f) cut-AgAu-30-OH. In all subfigures, i refers to the first TERS mapping; ii refers to the 5th
(2nd in f) TERS mapping; iii refers to the TERS spectra of pixel A in i and pixel B in ii.
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(Acquisition time was 0.2 s, accumulation once, 15x15 pixels (10 nm/pixel), laser power ~1.53
kW/cm?, and the Raman intensity of G-band (cps) is selected to evaluate the TERS

enhancement.)

To quantitatively evaluate the TERS activity, the EF of each probe was calculated using the
Raman intensity at G-band on multiple TERS maps (the detailed calculation method is reported
in appendix). For each map, 10 pixels showing the CNT Raman spectrum are picked to
calculate the averaged EF and its standard deviation. Fig. 3-6 displays the EF as a function of
the number of maps, the EFs of the first map of each probe are displayed in Fig. 3-A2.
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Figure 3-6. EF of the 6 different kinds of TERS probes: (a) pristine AgNW; (b) water (PVP)-
cut AgNW; (c) cut-AgAu-3-H; (d) cut-AgAu-0.3-OH; (e) cut-AgAu-3-OH; (f) cut-AgAu-30-
OH, as a function of the number of maps. Within each kind, three parallel probes (#1 to #3)
were randomly selected from multiple probes and evaluated: probe #1 (blue), #2 (red) and #3
(green), and in (f) only 1 in 3 probe shows TERS activity, while 2 probes in 3 shows no TERS

activity.
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Pristine AgNWs showed an EF of ~ 10° on the first map and allowed for multiple mappings
maintaining EFs in the range of 10°, as previously reported by our group.!® 2° Differently, the
EFs of water (PVP) cut could reach the order of ~10° but with higher heterogeneity between
probes. The cut-AgAu-0.3-OH probes show better homogeneity than the water (PVP) cut
probes but possess lower EFs, which are at the order of ~10° while slightly higher than pristine
AgNWs. Amongst probe types, the cut-AgAu-3-OH probes show the highest EFs at ~107 and
could maintain at this level for at least 5 mappings. In terms of EF and durability, the cut-
AgAu-3-OH probes obtained with 3 uM of Au** at pH 10 could be classed as the most
performant. The high TERS performance of the Au modified AGNW probes showed here in
line with previous reports where AgAu bimetallic nanoparticles and NWs showed increased

Raman enhancement than monometallic Ag nanostructures.?27-2

The reproducibility of all discussed probes was summarized in Tab. 3-Al and Fig. 3-A3.
Except for the cut-AgAu-30-OH probes, which show a low success rate (~33%), other kinds
of probes exhibit a relatively high success rate (~67-83%), which demonstrates the efficiency

of this probe fabrication method.

By observing the TERS maps in Fig. 3-5, an evidently higher spatial resolution of the cut-
AgAu-3-OH could be already noticed. To accurately evaluate this spatial resolution, a more
detailed mapping was conducted at the area indicated with the square in Fig. 3-5¢ (ii), which
is shown in Fig. 3-7 with a pixel size of 3.33 nm. The line profile (a-a’) was fitted with the
Gauss function, on which a resolution of ~5 nm (=FWHM) was estimated. Consequently, with
this probe, ones can study the structural information within 10 nm in many frontier fields,

which is a significant improvement in TERS technique.
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Figure 3-7. High spatial resolution TERS mapping by the cut-AgAu-3-OH probe. (Acquisition

time was 0.2 s, accumulation once, 15%30 pixels (3.33 nm/pixel), laser power ~1.53 kW/cm?)
Non-gap mode TERS

As previously indicated, the EF of the cut-AgAu-3-OH could reach ~107 EF under the gap-
mode, which is dramatically higher compared to the commonly used TERS probes. To evaluate
the performance of this impressive probe under non-gap mode, CNTs on a silicon substrate
were chosen as a sample for the evaluation. A successful non-gap TERS map is shown in Fig.
3-8, where i refers to the TERS map at G-band, ii to the AFM topographic image, and iii to the
TERS spectra at the position A in i, and iv to the line profile along the white line in the AFM
image. We found that, using this probe, the EF under non-gap mode could reach to ~1.3 x 10°
and single CNTs dispersed on non-plasmonic silicon substrates were successfully mapped out
with c.a. 20 nm spatial resolution. This suggests that the cut-AgAu-3-OH provide an
opportunity to achieve non-gap mode TERS activity with a relatively stable successful rate (~

30 % of the prepared probes), which surpasses the substrate limitation of TERS techniques.
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Figure 3-8. Non-gap mode TERS map of CNTs on a silicon substrate by the cut-AgAu-3-OH
probe: 1 refers to the TERS map of the framed area in ii (acquisition time was 0.2 s,
accumulation once, 15x15 pixels (10 nm/pixel), laser power ~7.05 kW/cm?), ii to the AFM
topographic image, iii to the point spectrum at the point A (acquisition time: 0.2 s, average: 10
times, laser power: ~7.05 kW/cm?), and iv refers to the line profile of the CNT along the line

a-a’ in the topographic image.
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3.5 Conclusion

We developed a simple method to control the protruded length of an AgNW-based AFM-TERS
probe by employing electro-cut of AgN'W at water-air interface. To increase chemical stability,
the apex of the cut AgN'W was coated with Au thin layers in an alkaline solution of Au**. Under
an appropriated condition, a high spatial resolution (~5 nm) and high EF (~107) can be achieved
in gap-mode. The Au-modified cut AgNW probes showed up to 100 times higher EF and two
times the smaller spatial resolution than pristine AgNW probes. Moreover, one probe can be
repeatably used for multiple TERS mapping. Such exclusive EF and spatial resolution pave the
way to more accurate TERS-based investigations of samples at the nanoscale. Importantly,
thanks to the high EF nature, the probes allow to conduct excellent TERS mapping even in
non-gap mode on dielectric substrates, overpassing the substrate limitation of TERS
techniques. We believe that the reported Au-modified AgNW TERS probe is promising for
high-quality nanoscale characterization in a wide variety of fields, such as quality control of
nanostructured semiconductors, detailed investigation of 2D materials, and even biological

specimens.
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3.6 Appendix

Calculation of EF

The calculation method is shown in equations 3-A1 and 3-A2. Crgrs refers to TERS contrast,
in which Iters and Irar-rield are the Raman intensity enhanced by near field and the intensity of
normal far-field Raman. Here, the Raman intensity of G-band is picked as Iters since it is
relatively stable and not affected by defect spots on the CNT, Irar-ricla Was measured under high
laser power (~143 kW/cm?) since it is almost impossible to obtain Raman signal with
acceptable signal-to-noise ratio under same low laser power as TERS. Then, as the Raman
signal is proportional to the laser power, the Raman signal is calculated by proportional
compensating power difference. In equation 3-A2, Arar-Fiela and Anear-Field refer to the area of
far-field and near-field, respectively. The area of far-field can be easily calculated as the area
of laser diffraction-limited focal spot by: diameter = 1.22 A / NA. However, the area of the
near-field is hard to estimate, which is commonly calculated by numerical simulation.
Nevertheless, the validity of simulation is limited since multiple assumptions are necessary.
Here, the enhancing area is estimated by the TERS resolution, which is reported to be below

15 nm,!* and in this experiment, 10 nm is regarded as the TERS resolution.

ITERS - IFar—Field
Crers = I 3—-Al
Far—Field
AFar—Field
EF = Craps* 53— 3— A2
Near—Field
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Figure 3-A1. AFM images and line profiles of different probes corresponding to Fig. 3-5: (a)
pristine AgNW; (b) water (PVP)-cut AgNW; (c) cut-AgAu-3-H; (d) cut-AgAu-0.3-OH; (e)
cut-AgAu-3-OH; (f) cut-AgAu-30-OH. In all subfigures, i refers to the AFM images; ii refers
to the line profiles along the white lines in the AFM images.
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Figure 3-A2. EF of the first mappings of 6 kinds of TERS probes corresponding to Fig. 3-6.
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Table 3-A1. TERS reproducibility of different kinds of TERS probes.

TERS activity No activity
Pristine AgNW 4 1
Water (PVP) cut AgNW 4 2
Cut-AgAu-3-H 4 2
Cut-AgAu-0.3-OH 5 1
Cut-AgAu-3-OH 4 2
Cut-AgAu-30-OH 2 4
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Figure 3-A3. TERS reproducibility of 6 kinds of probes
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Summary and perspective

In summary, in this thesis, based on the previously developed AgNW-based AFM-TERS probe,
we focus on further improving the probe fabrication method to solve the short lifetime and the

protruded length control issues and further enhance the enhancement.

Firstly, to solve the short-lifetime issue and improve the TERS performance, a simple Au
coating method is proposed. Different [Au]/[Ag] molar ratios were investigated for the Au-
coating. The TERS performance was evaluated regarding the change in EF and signal-to-noise
ratio through multiple mappings and the storage lifetime in the air. The Au-coated AgNWs
exhibited higher EF than pristine AgNW and galvanic-replaced AgNW with no remarkable
difference between the two molar ratios tested, while for longer scanning time and multiple
mappings, the probes obtained with low Au concentration showed much longer-term stability
with keeping high EF. Furthermore, the Au-coated AgNW probes were found to possess a
longer storage lifetime in air, allowing for long and multiple TERS mappings with one single

probe.

Secondly, to achieve wide controllability of the protruded AgNW length and further improve
the TERS performance, a simple water-air interface electro-cutting method is proposed, which
achieves the protruded length control. Moreover, by combining the cutting method with the
succedent Au coating on the AgNW surface, probes with high durability, impressive EF, and
excellent spatial resolution were fabricated. The TERS performance was evaluated in terms of
change in EF through multiple mappings and spatial resolution. The water-cut Au-coated
AgNWs, with appropriated Au concentration and pH, achieved up to 100 times higher EF and
two times the smaller spatial resolution than pristine AgNW. Thanks to this excellent EF, the
water-cut Au-coated AgNW probes were found to possess high TERS activity even in non-gap

mode, allowing for broader applications.

This work solved the durability and length control issues of the AgNW-based AFM-TERS
probe and achieved high Raman enhancement even can conduct non-gap mode TERS
measurement. After these technical improvements, the AgNW-based TERS probe becomes

more mature, which provides academia and the industrial world another powerful option in

TERS-related fields.
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