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Abstract

Fluorescence is the emission of light by a substance that has absorbed light or some
other type of energy. Practically, it occurs when electrons of a substance relax to their
ground state after being excited to a higher electronic state by commonly absorbing
light. One important application of fluorescence is optical microscopy. Fluorescence
microscopy uses fluorescence instead of reflection or absorption to image a sample. In
pursuit of high-resolution fluorescence imaging beyond diffraction limit, tip-enhanced
fluorescence microscopy has been developed in the last decade. The concept of this tip-
enhanced fluorescence is based on the fluorescence excitation by the enhanced light
field localized at the apex of a metallic nanotip. The enhanced light field is originated
from the resonance of abundant electron oscillations that are so-called surface plasmons.
The resonance of surface plasmons can be excited by laser irradiation to a nanometer-
sized metallic tip at a resonant wavelength. If a sample is placed close to the tip to get
excitation by the enhanced light field, fluorescence can be greatly enhanced. This leads
to tip-enhanced fluorescence. The enhanced light field is extremely confined and its
strength decreases exponentially as a function of distance from the metal surface. Hence,
the effect of tip enhancement on fluorescence is dependent on tip-sample separation. In
other words, the smaller tip-sample separation is, the larger fluorescence is enhanced.
However, besides enhancement there is the other phenomenon known as quenching
occurring to diminish fluorescence. Quenching happens when the metallic nanotip gets
very close to or mostly in contact with a sample. The excited electrons in the sample
supposed to relax through fluorescence emission can instantly transfer their energy to
the metal surface. In contrast to the effect of tip enhancement, fluorescence is
diminished more by the effect of tip quenching as tip-sample separation goes smaller.
Therefore, there are two competing processes affecting fluorescence when a metallic
nanotip is induced to a fluorescent sample. As a result of tip-sample separation
dependent fluorescence from effects of both enhancement and quenching, the strongest
strength of fluorescence exists at a specific tip-sample separation. It is so significant to
find out this specific tip-sample separation to get the optimization of enhancement and
quenching as well as to get the strongest fluorescence intensity for high quality imaging.

Till now, many studies have been done to decrease quenching effect by maintaining a



constant separation between tip and sample through many kinds of methods. However,
the tip-sample separation is not so accurate to get the strongest strength of fluorescence.
Many times the effect of enhancement compromises the effect of quenching through the

tip-sample separation.

In this dissertation, I study the plasmonic enhancement and quenching in tip-
enhanced fluorescence by developing a new technique of dynamically controlling tip-
sample separation. The tip-sample separation dependent fluorescence intensity is

observed and indicates an optimized separation preferred for fluorescence imaging.

The technique for dynamic control of tip-sample separation is developed from a
tapping-mode atomic force microscope (AFM). As a tip oscillates sinusoidally in
tapping-mode AFM, tip-sample separation varies dynamically with oscillation time.
Through the synchronization of tapping oscillation and photon detection, the variation
of optical signal as a function of tip-sample separation can be recorded. A multichannel
photon counter is utilized to divide tip-sample separation and records optical signals
corresponding to each divided tip-sample separations. As a consequence, tip-sample
separation dependent optical signals can be recorded. The highest accuracy for tip-

sample separation reaches 0.3 nm.

The application of this tip-sample separation control to tip-enhanced Raman
scattering microscopy is demonstrated. Tip-sample separation dependent enhanced
Raman scattering intensity is successfully detected, which indicates the enhancement of
light field produced at the tip apex. In addition, this technique shows an advantage of
detecting both far-field and near-field Raman signals in the tip-sample separation
dependent Raman intensity. Thus in situ far-field subtraction can be carried out in one
time measurement. Experimentally, Raman images of single-walled carbon nanotubes
without far-field signal are achieved with a spatial resolution of less than 12 nm by

means of raster-scanning the sample stage.

The effects of enhancement and quenching on fluorescent sample are implemented
by measuring tip-sample separation dependent fluorescent intensity from quantum dots.

Through tip-sample separation control, tip-sample separation dependent enhancement



and quenching of fluorescence intensity is successfully detected, and it obviously
indicates an optimized tip-sample separation. At this optimized tip-sample separation,
by means of the raster-scanning method, tip-enhanced fluorescence nano-images are
constructed through the fluorescence intensity, indicating a high-quality fluorescence

image with enhanced signal.

Keywords: tip-enhanced fluorescence, nano-imaging, plasmonic enhancement,

quenching
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Chapter 1.

Introduction

Tip-enhanced fluorescence microscopy is characterized with a capability of high-
resolution far beyond the diffraction limit by means of utilizing a metallic nanotip.
However, when the metallic nanotip is used to perform enhancement of fluorescence
signal, fluorescence can be easily quenched due to energy transfer. The study of
enhancement and quenching on fluorescence induced by a metallic nanotip results two
completely opposite variations of strength as a function of the tip-sample separation. As
a consequence, an optimized tip-sample separation can be indicated from the tip-sample
separation dependent fluorescence intensity. The purpose of this study is to achieve tip-
enhanced fluorescence microscopy at the optimized tip-sample separation that gives the
best quality for fluorescence imaging. In this Chapter, I introduce the existing research
and the present situation of studies in the related fields such as the scanning probe
microscopy and diffraction limit, the plasmonics, the near-field optics and the tip-

enhanced optical microscopy. The outline of this dissertation is described afterward.

1.1 Scanning probe microscopy and diffraction limit

In pursuit of detecting and observing biological cells and molecules in micrometer or
nanometer scale, new imaging techniques with high spatial resolution are essential. In
fact, imaging resolution has been iinproved very much since scanning probe microscopy
(SPM) such as scanning tunneling microscopy (STM)' and atomic force microscopy
(AFM)? was invented and developed more than 2 decades ago. A sharp tip with a radius

of 10 to 20 nanometers is commonly used to raster scan over a sample in SPM. The



height information of samples is collected in SPM. Topographically, the resolution of
image is determined by the diameter of the tip. In principle, SPM can achieve atomic
resolution. Recently, sub-molecular resolution has been achieved with the development
of SPM by an atomic functionalization of the sensor (that is the placing of a well-

defined atom of molecule at the tip apex).’

Ever since SPM becomes so amazing to help us view the topographical structure of
the material at atomic resolution, there is still an imperfection left that it cannot observe
optical information referring to physical and chemical properties of the material. Optical
information usually helps us to identify materials. In nature, most of substances exhibit
physical and chemical properties responding to visible light. Because the visible light
carries an energy that is comparable to the intrinsic electronic band gap energies of most
of the naturally existing materials. This allows light to actively interact with substances
at electronic energy level and then carry the information related to their physical and
chemical properties.* As a matter of fact, optical imaging is the direct way to reveal
these important optical information. However, traditional optics tells us that there is a
diffraction limit for optical imaging. This is due to the wave nature of light. Ernst Abbe
discovered this diffraction limit in 1873,> which is recognized to be roughly half of light
wavelength. For example, with cyan light of 488 nm the diffraction limit is about 244
nm. Thus in a traditional optical microscope, two objects with a separation much
smaller than half of light wavelength cannot be distinguished. However, most nano-
structures or biological cells that have been under plenty of studies are smaller than 100
nm or even more. To observe them and understand their properties spectroscopically, an

optical microscope needs to break through the diffraction limit.

1.2 Plasmonics

So how to obtain a sub-diffraction-limit resolution image or to realize nano-imaging in
optical microscopy? A new field developed in the last decade gives a solution to
achieve this purpose, it is now named as plasmonics. Plasmonics refers to the optical
nano-science in the range limited to near-UV, visible and near-IR regions. It is closely

related to the light-metal interactions. The light-metal interaction in nanometer scale



produces a new type of quantum known as surface plasmon polaritons (SPPs). In recent
decades, it has been demonstrated that SPPs have the power to circumvent the
diffraction limit.>” SPPs are electromagnetic waves that exist on the metal surface. In
practice, they are results coupled from light field and collective oscillations of free
electrons on the metal surface. Because of their high relation with free electron
oscillations, SPPs cannot propagate away from the metal surface. Thus they are
evanescent light waves. One of the most attractive aspects of SPPs is that they have
much shorter wavelength than propagating light.* ® In other words, if a SPP is used as a
light source in optical microscopy, a sub-diffraction-limit resolution optical image can
be obtainable. Another important aspect of SPPs is that they can work at a localized
mode in resonance. Imaging a metal nanostructure excited by an external light field,
SPPs are inherently confined to the surface of the metal nanostucture. When electrons
oscillate along with the external light field at the same frequency, a resonant state of
SPPs can be created; finally highly localized SPPs are produced. These resonantly
localized surface plasmons have a greatly enhanced light field. It can act to excite
biological molecules to get enhanced optical signals. Indeed, many new techniques have
been developed based on this localized surface plasmon resonance (LSPR) to probe
weak Raman scattering signal or fluorescence from a single molecule.” '* With its
especial properties of confinement and enhancement, LSPR has become an attractive

method for optical spectroscopy and imaging.

1.3 Near-field optical microscopy

The enhanced field produced by LSPR is evanescent as a result of confined free
electron oscillations. Its strength decreases exponentially as the distance from metal
surface increases. This confined field region is so-called near field. Thus the non-
propagating light in this region is called near-field light. In optics, in contrast to near-
field light, the propagating light is then called far-field light. In order to utilize or detect
the near-field light, a probe or detector needs to be introduced to the immediate vicinity
of a sample. This method is firstly proposed by Synge in 1928 and experimentally
realized by Pohl in 1984."" With its high spatial-resolving power, this method attracts a



lot of attentions and becomes a new research branch named near-field optics.® '™ It is
worth to mention that the development of near-field optics is greatly supported and
accelerated by SPM. Because SPM makes it possible to control a probe to go into the
near-field region which is especially less than 100 nm'* . By combining of near-field
optics and SPM, the method for optical imaging gets a new name as near-field scanning
optical microscopy (NSOM). Today, NSOM has been well used in many fields to detect

optical signals in nanometer scale.

Because near-field light is non-propagating, it cannot be detected by traditional
optical system. In order to detect it, it needs to be transformed or converted to far-field
light. Therefore, the detection of near-field light strongly depends on the light-matter
interaction such as scattering and absorption. Technically, for near-field optical
microscopy it detects tunneling photons in contrast to STM detects tunneling
electrons.'® Therefore, if we harness near-field light from samples, it is possible to

detect nano-scale photon information and obtain a high-resolution optical nano-image.

In the nano scale, the interaction between light and matter is fundamentally weak
as it occurs in small volume. For optical contrast imaging, certain light intensity is
necessary for imaging. How to enhance the light intensity in the nanoscale volume?
Thanks to the study of plasmonics,® '""** With the assistance of LSPR, enhanced light-
matter interaction can be carried out and near-field information is probed by the same
metal nanoparticle. This is a great idea for the near-field microscopy and spectroscopy.
Recently, many high-resolution optical imaging techniques have been developed by
utilizing this LSPR assisted detection, especially like tip-enhanced Raman microscopy
and tip-enhanced fluorescence microscopy. They have shown their great power in

application of imaging and characterization of nano-materials.

The ability of Raman spectroscopy to measure the frequencies of molecular and
crystal vibrations has led to an extensive interest in the last decade in tip-enhanced
Raman scattering (TERS). When local electric fields are resonantly excited at a metallic
tip by laser irradiation under optimal condition, highly localized electric field
enhancement can be produced. Such that if a nano-material is placed close to the tip, an

enhancement factor of Raman scattering intensity of the order of 10° can be expected on



the sample surface beneath the tip over an area of diameter ~ 30 nm.?"?? In such high
spatial resolution, TERS allows Raman imaging of single molecules. In addition to the
application of TERS to the study of single-walled carbon nanotubes (SWNTs) by
Hartschuh et. al.>*° and Yano et.al..”**” TERS has now been applied successfully to a
range of systems. TERS measurements by Pettinger et. al. of monolayers of absorbates
on gold or platinum surfaces®® ?* have demonstrated tip enhancement of Raman signal,
with evidence of Raman scattering from single dye molecules.”®>' Kawata group has
shown how the strain induced through the application of mechanical pressure by the
Ag-coated tip to adenine nanocrystals,”>** Cgo>’, and SWNTs**** can be observed from
shifts in near-field Raman spectra obtained from TERS measurements and have
employed TERS to study nanoscale strain in silicon surfaces.’® *’ Biological
applications of TERS have been demonstrated by Deckert et. al. who have measured
Raman signals of DNA bases®. The progress for using TERS in liquid that is more

universal in biology has been demonstrated by Zenobi et. al. recently.*

The enhanced electric field produced at a metallic tip under optimal laser
irradiation can also be used to enhance fluorescence emission from molecules or

40-42 single molecules,*

quantum dots. Near-field fluorescent images of quantum dots,
and DNA* have all been observed. However a metallic tip in the vicinity of a
fluorophore also leads to significant modifications to the radiative and nonradiative
decay rates, as well as an enhancement in local incident field and, hence, excitation

rate.43’ 43

> The enhanced local field and radiative decay rate tend to increase the
fluorescence intensity, while the increased nonradiative decay rate, which results from
energy transfer from the fluorophore to metal, will diminish the fluorescence intensity
dramatically. The net enhancement of fluorescence results from a competition between
this enhancement and quenching. This leads a value of enhanced field or fluorescence
resting at a certain value of tip-sample separation that can be considered as the
optimized value. To have a high quality fluorescence image, the optimized tip-sample

separation needs to be found.



1.4 Outline

In this study, I investigate the plasmonic enhancement and quenching in tip-enhanced
fluorescence microscopy. The tip-sample separation dependent enhancement and
quenching is successfully obtained, indicating an optimal tip-sample separation
corresponding to the largest enhanced fluorescence intensity. Tip-enhanced
fluorescence nano-imaging of quantum dots at this optimal tip-sample separation is

achieved, demonstrating sub-wavelength resolution.

In the next Chapter, fluorescence, plasmonic enhancement, tip-enhanced Raman
scattering, tip enhancement and quenching in fluorescence, and the requirement of

optimization of tip-sample separation for tip-enhanced fluorescence are described.

In Chapter 3, a technique for controlling tip-sample separation is explained. This
tip-sample separation control is achieved by utilizing a tapping-mode atomic force
microscope (AFM). As a tip oscillates sinusoidally in tapping-mode AFM, tip-sample
separation varies dynamically with oscillation time. A synchronization of tapping
oscillation and photon detection is implemented. Hence, time-correlated photon
counting can be obtained. Because of the sinusoidal correlation of time and tip-sample
separation, tip-sample separation dependent fluorescence intensity can be converted

from time-correlated fluorescence intensity.

Chapter 4 describes the application of tip-sample separation control to tip-enhanced
Raman scatterihg (TERS). Tip-sample separation dependent enhanced Raman scattering
intensity is successfully detected, which indicates the enhancement of light field
produced at the tip apex. In addition, with the advantage of detecting far-field and near-
field Raman signals in one data of tip-sample separation dependent Raman intensity, in
situ far-field subtraction can be carried out. Thus TERS imaging without far-field signal
is obtained and images of single-walled carbon nanotubes with a resolution of less than

12 nm are demonstrated.

In Chapter 5, quantum dot and its optical properties are described since it is used as

the sample. And tip-enhanced fluorescence related to enhancement and quenching is



presented. With the same method of tip-sample separation control, tip-sample
separation dependent fluorescence intensity is obtained, which distinctly indicates a
competing result from tip enhancement and quenching. The optimized tip-sample
separation for high-quality fluorescence imaging is obtained. In addition, nano images

at the optimized tip-sample separation are obtained.

Finally, conclusions and outlook are presented in Chapter 6.
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Chapter 2.
Fluorescence and tip-induced enhancement and

quenching

In tip-enhanced fluorescence, the enhancement effect is originated from a plasmonic
resonant state excited at the apex of a metallic nanotip. However, enhancement of
fluorescence induced by the metallic tip competes with quenching of fluorescence that
is induced by the metallic tip as well. It is thus significant to know enhancement and
quenching and their effects on fluorescence. In this chapter, the optical process and
characteristics of fluorescence are described. The mechanism of plasmonic
enhancement is explained. In addition, the utilization of plasmonic enhancement
generated at a metallic nanotip to Raman scattering and fluorescence is presented and
problem of tip quenching is explained. Finally, the optimization of enhancement and

quenching in tip-enhanced fluorescence is proposed and explained.

2.1 Fluorescence

Fluorescence is the emission of light from a substance that has absorbed light or some
other type of energy. In fact, this light emission (energy radiation) is from electrons
relaxation from high electronic state to low ground state in the substance. In nature, a
variety of molecules can be excited to the high electronic states and subsequently relax
through fluorescence emission. They are known as fluorophores. Most of time, the
emitted light has a longer wavelength, and therefore the lower energy, than the absorbed

light. Fluorescence has many practical applications, including fluorescence

11



spectroscopy for highly sensitive molecular detection and fluorescence microscopy for

cellular or molecular imaging.">
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Figure 2.1.1 Jablonski diagram of fluorescence

The process of fluorescence is usually illustrated by the Jablonski diagram.
Jablonski diagram is often used for discussing light absorption and emission, especially
for the explanation of optical phenomena that can occur in excited states of electrons
inside fluorophores. Figure 2.1.1 shows a typical Jablonski diagram. The ground, first
excited electronic states are depicted by Sy and S;, respectively. S; contains more
energy than So. Electrons at the ground and electronic states can exist in a number of
sub-states, depicted by 0, 1, 2, etc. These sub-states are known as vibrational energy
states originated from several different vibrational modes of the molecules. The
transition from Sy to S; depicted by a blue line means an absorption of excitation light.
This process is estimated to happen in 10™° second.’ The following process depicted by
a red wave is the non-radiative vibrational relaxation of electrons within time of about
107'? second.” Vibrational relaxation ultimately leads energy to the form of heat. The
green line in the graph indicates the final relaxation of electrons in a form of
fluorescence. The time is in the order of 10” second.’ Since vibrational relaxation is in

10" second much shorter than the time of fluorescence emission, so it is prior to

12



fluorescence emission. Hence fluorescence generally results from a thermally
equilibrated excited state, that is, the lowest energy vibrational state of singlet excited
electronic state. Also this is one of the reasons that fluorescence energy is usually lower
than excitation energy. This results a shorter emitted wavelength than excitation
wavelength. The difference of these wavelengths is known as the Stokes shift, which is
the critical property that makes fluorescence so powerful. By completely filtering out
the excitation light without blocking the emitted light, it is possible to see only the
objects that are fluorescent. This is often utilized in fluorescence spectroscopy and
microscopy. In an efficient optical detection system, this property could help to detect

even a single molecule.’

Fluorescence is a radiative way of excited electrons to relax their excess energy.
But the energy efficiency of fluorescence emission to absorption cannot reach to unity.
Because unfortunately many other non-radiative pathways are available for the excited
electrons to relax energy, such as intersystem crossing to a long living triplet state,
energy transfer to the surrounding compounds, chemical reaction in the excited state
and etc.. These pathways degenerate the fluorescence emission. In contrast to the
radiative decay of fluorescence, they are considered as non-radiative decay processes.
The total decay rate (yi) consists of radiative decay rate (y,) and non-radiative decay
rate (Yar). The ratio of radiative decay rate and the total decay rate is the quantum yields
() denoted as equation (2-1). Many non-radiative decay channels are provided by the
external environment. This makes fluorescence very environmental sensitive, which is
also one of its important characteristics.” The great environment dependency of
fluorescence makes it possible to search a way to achieve increased quantum yields and

increased photostability.

Y,
n=—>"— (2-1)
YI' + },nr
One of the interesting aspects of fluorescence is that one or several non-radiative
decay channels compete with radiative emission, such as quenching process. Quenching
decreases the intensity of fluorescence in a reversible way. It can occur by different

mechanisms. For instance, collisional quenching occurs when the excited-state

13



fluorophore is deactivated upon contact with some other molecules in solution. Through
collisions, due to different compounds of fluorescent sample and quenching objects,
electron transfer or energy transfer could happen to release the excess energy of excited
electrons. Fluorescence quenching in the vicinity of the metal surface has always been
observed in many studies.”’ Because metals are efficient energy absorber at optical
frequencies and the energy is ultimately dissipated to heat. Due to excitation energy
transferred to the metal, fluorescence is easily diminished or quenched. Quenching

happens at a very short distance, typically less than 10 nm.>®

Fluorescence is well used as an imaging contrast in microscopy. Not only for its
advantage of separated emission wavelength from excitation wavelength facilitates
imaging process, but also for the high sensitive power of revealing the localization and
measurement of light-matter interaction, even detection of intracellular optical process
or a single molecule. For every microscopy, to obtain high-resolution image is always
the important and critical goal to get visualization of a single molecule. Ultimately, it
should overcome the conventional diffraction limit and reach the scale of a molecule or
an atom, in other word, nanometer scale. Recently developed tip-enhanced fluorescence
technique has well overcome this problem to help realize the imaging resolution to the
nanoscale level. It is based on near-field optics, which is unlike conventional far-field
optics. In near-field optics, it deals with the optical processes in a scale of less than 100
nm that is much smaller than the diffraction limit (about 300 nm). By combing near-
field optics and fluorescence, imaging resolution of 10 nm has been reported.” In these
studies, a metallic tip is used to give great enhancement acting as a nanoscale light
source. As nanoscale light source raster scanning over a sample, nanoscale high-
resolution fluorescence imaging can be achieved. In tip-enhanced fluorescence
microscopy, until now many studies have been focused on getting enhancement from
metallic nanotip and tried to avoid quenching problem. For instance, tip-sample
separation is often maintained at several nanometers by shear-force microscopy. But the
maintained tip-sample separation is not accurate to be the optimized value resulting
form enhancement and quenching. In this study, I develop a new experimental
technique to deal with the quenching problem and optimize quenching and enhancement

in tip-enhanced fluorescence.
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2.2 Surface plasmon polaritons and plasmonic enhancement

Surface plasmons (SPs) are abundant electron oscillations that exist at the surface of a
conductor, usually a metal. They were widely recognized in the field of surface science
following the pioneering work of Ritchie in the 1950s.' When SPs are interacted with a
light wave, coherent electron oscillations can be driven by the light field, resulting the
hybridized excitation of a so-called surface plasmon polariton (SPP). This SPP is
essentially electromagnetic waves that are trapped at the surface of a metal because of
its interaction with the free electrons of the metal. Thus, unlike light that can propagate
far away from the source, SPPs are evanescent waves that cannot propagate due to their
strong association with the coherent oscillations of free electrons. A significant property
of SPPs is that they are shorter in wavelength than the light. Because the spatial
resolution of an optical system is dependent on wavelength (d = 0.61A/NA, d:
diffraction limit, A: optical wavelength, NA: numerical aperture). Hence, SPPs can
provide a significant reduction in effective wavelength of an imaging system and a
corresponding light concentration beyond the diffraction limit. This could lead to a

substantial improvement in spatial resolution of optical imaging.

As we known, the wavelength of light A is inversely proportional to the angular
frequency, o, as A = 2nc/0=2n/ky, where c is the speed of light, ko is the free-space light
wavevector. Since SPPs are electromagnetic waves, their mathematical form can be
obtained from solving Maxwell’s equations and the associated boundary conditions.
The solution yields a SPP dispersion relation, that is the frequency-dependent SPP
wavevector, kep shown in equation (2-2)."! &n(0) is angular frequency dependent
permittivity of the metal and &, is permittivity of the dielectric material (air or glass

substrate etc.).
[ §,§,(w)
kspp = kO dom (2-2)
Ed + gm (w)
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Figure 2.2.1 illustrates dispersion curves of light and a SPP. The dispersion of light
shows a linear relationship between angular frequency () and waveveckor (ky) in x
direction along the surface of a metal whereas the dispersion of a SPP shows a bending
curve. At the same frequency (®), the SPP shows a larger waveveckor kg, than light
(ko). That means the wavelength of SPP (Aspp = 27/kqpp) is shorter than the wavelength of
light and thus the speed of SPP (Asp = 2V /) is slower. Since frequency of light and
SPPs are same, thereby light can be used to excite SPPs. But the light line and the SPP
curve never cross each other, which means that SPP can not be excited by the
propagating light. In order to excite SPP, light with slow speed needs to be introduced
to couple with SPP. One example of slow light is the evanescent light produced in total

internal reflection.!®
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Figure 2.2.1 Dispersion curves of light and a SPP

The solution of SPP from Maxwell’s equations also tells us the confinement of the
electromagnetic field of SPP. Figure 2.2.2 illustrates the field distribution of a SPP in
both sides of metal (n) and dielectric (£4). The electric field of SPP (E,) that is
perpendicular to the metal-dielectric interface is enhanced near the interface and
decaying exponentially with distance (Z) away from it. It is said to be evanescent,
reflecting the bound or confined nature of SPPs, and preventing the field from

propagating away from the interface. In the dielectric medium above the metal, the
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decay length of the field, &g, is of the order of half the wavelength of light, whereas the
decay length into the metal, 8d, is determined by the penetration depth. Metals of silver
and gold are the most commonly used materials to produce SPPs. Because the En(w) of
them is most suitable to provide a condition of small {x(w)+E¢ to have a resonance in
visible light. For instance, the penetration depth into silver of wavelength 630 nm on a
silver-water interface is estimated to be 24 nm and for gold is 29 nm. And d4in the same

situation is 219 nm for silver, and 162 nm for gold."

Metal-dielectric __| —
interface IE,|

Figure 2.2.2 Field distribution of a SPP

Instead of a planar metal-dielectric interface, SPPs can also exist in other geometry,
such as a metallic nanoparticle. In this case, the size of metallic nanoparticle is much
smaller than the wavelength of light. The surface electromagnetic excitations on the
surface of nanoparticles are called localized surface plasmons (LSPs). These LSPs are
severely dependent on the shape and the size of the metallic nanoparticles. Because the
size of nanoparticle is much smaller than wavelength, the electric field of an external
excitation light can be approximated as a planar field to the nanoparticle, which allows
us to solve Maxwell’s equations using a quasi-static approximation. For a dipole
oscillation mode of LSPs, a schematic excitation of LSPs is illustrated in Figure 2.2.3.
Considering a metal particle in nanometer scale which is much smaller than light
wavelength, when a light shines onto it, driven by the light field, the electrons of the
metal particle can be periodically displaced with respect to the lattice metal ions. The
displacement creates charges at opposite surfaces. Because those charges attract each

other, there also exists an internal restoring force. The result is that electron oscillations
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are created and so are the corresponding electromagnetic fields. The confinement of
surface plasmons leads to an enhancement of electromagnetic fields. At a resonant
oscillation of localized surface plasmons, electromagnetic field produced in the vicinity

of a metal nanoparticle can be greatly enhanced.

l Wavelength of light I

E: electric field of light Riatalfnns

Localized surface plasmon
Figure 2.2.3 Schematic diagram of a localized surface plasmon

The resonance of LSPs is strongly dependent on the shape and size of a metallic
nanoparticle."> ' An easy way to understand the localized surface plasmon resonance is
to consider the separation of free charge carriers under the influence of the external
electric field of light. This separation creates an additional field that oscillates with the
same frequency as the external field. As a result, an extremely localized and enhanced
light field is created close to the metal structure.'” As can be imaged that free charge
carriers are more concentrated at curvature under oscillations, sharp corners of a metal
nanostrucure can support strong resonances and hence supports stronger enhancement.'®
An interesting structure is nanocone or nanotip, which, owing to its sharp edge allowing
to concentrate free charge carriers, can produce a strong field enhancement near the
apex. The strong resonant oscillations and enhanced fields driven by light field at the
metallic nanotip are illustrated in figure 2.2.4. Such a structure was proved to have a

greatly localized field enhancement at the apex by Kawata group in 1998."” And it has
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been used to enhance optical signals for high-sensitive spectral detection'® ' and high-

resolution nano-imaging.*® !

The enhanced field under a metallic nanotip is particularly dependent on the
polarization of the incident light field. This is attributed to the localized mode of SPPs
that has a tendency to oscillate along the tip axis. Theoretically and experimentally, it
has been proved that p-polarization (parallel to tip axis) excitation light can produce
much stronger field enhancement at the tip apex than s-polarization light (perpendicular
to tip axis).'”** Since localized mode of SPPs is strongly dependent on the dielectric
constant of the metal and needs resonant wavelength excitation, it is important to

choose the shape, size and material of different metals.***

Metallic

B nanotip |

Light

Figure 2.2.4 Light field enhancement at a metallic nanotip

Due to the unique confinement and enhancement of SPPs, especially the localized
mode of SPPs (LSPs), they have been extremely well used in enhancing optical signals,
such as Raman scattering and fluorescence. As described in the diffraction limit, to
achieve high-resolution optical imaging, the effective short wavelength is required.
Localized mode of SPPs possesses much shorter wavelength than propagating light.
Additionally, they can be excited by a free-space propagating light in visible range.
Therefore, They are particularly feasible for high-resolution optical imaging. Moreover,
localized mode of SPPs provides enhanced light field sized about several tens of
nanometers, which makes it possible to achieve optical sensing at a region far beyond

diffraction limit. This also overcomes the problem of sensing samples with originally
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weak optical signals from single molecules. To have a metallic nanotip scan over a
sample, we can obtain enhanced optical intensity signals and construct a nano-image.
Therefore, localized mode of SPPs generated at the apex of a metallic nanotip is
essentially useful in near-field microscopy and spectroscopy. Recently, many high-
resolution optical imaging techniques have been developed by utilizing this localized
mode of SPPs assisted detection. Especially tip-enhanced Raman and fluorescence
microscopy are developed by combining an optical microscope with a scanning probe

microscope.

2.3 Tip-enhanced Raman scattering (TERS)

One of results from light-matter interaction is scattering. When photons are scattered
from an atom or molecule, most photons are elastically scattered that is known as
Rayleigh scattering. The scattered photons have the same kinetic energy and
wavelength as the incident photons. However, a small fraction of the scattered photons
are inelastically scattered that have a frequency different from the incident photons.
This is known as Raman scattering that bears the name from its discoverer C. V.
Raman.”® Raman scattering corresponds to the absorption and subsequent emission of a
photon via an intermediate quantum state of a substance. The intermediate quantum
state can be either a real or a virtual energy state. There are two possible outcomes of
Raman scattering. When the scattered photon has a lower energy than the incident
photon, this outcome is labeled Stokes Raman scattering. In addition, when the scattered
photon has a larger energy than the incident photon, the outcome is labeled anti-Stokes
Raman scattering. The energy difference between scattered photon and incident photon
corresponds to a resonant vibrational state of a substance and is independent of the
energy of incident photon. Figure 2.3.1 illustrates Rayleigh scattering, Stokes Raman
scattering and anti-Stokes Raman scattering according to the energy difference between
incident photon and scattered photon. In fact, both Stokes and anti-Stokes Raman
scattering can be excited at the same time, but Stokes Raman scattering is often stronger
than anti-Stokes Raman. The intensity of Raman scattering depends on the population

of the initial state of molecules. Because normally molecules initially tend to stay at the
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ground state, thus Stokes Raman scattering is stronger than anti-Stokes Raman
scattering at same excitation condition. Most commonly, the unit chosen in Raman

spectrum is inverse centimeters (cm™), which express the Raman shift from the

excitation wavelength.
Energy
0
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Figure 2.3.1 Different possibilities of light scattering

It is worth to mention that Raman scattering differs from the process of
fluorescence. For fluorescence, the incident photon needs to be completely absorbed
and the energy system inside a material goes to a real excited electronic state from
which it can relax to ground state after a certain resonance lifetime. But for Raman
scattering, the scattering process is as fast as absorption. There is no actual lifetime
staying at the virtual state. The major difference is that Raman scattering can take place
for any frequency of the incident light. In comparison with fluorescence that is a
resonant effect of electronic states, Raman scattering is a resonant effect of vibrational
states. In practice, a fluorescence peak is anchored at a specific frequency; a Raman

peak maintains a constant separation from the excitation frequency.

One big problem of Raman scattering is that it is very weak. Typically it has

. 30 2 .
extremely small cross section of ~10™" cm”. In contrast, fluorescence has a typical cross
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section of ~107'® ¢cm®. This problem can be dramatically improved by using plasmonic
enhancement from metallic nanoparticles. By putting samples on a rough metallic
surface, Raman scattering can been greatly enhanced by the enhanced field near
metallic nanoparticles. This is now well known as surface enhanced Raman scattering
(SERS). The nanoparticles with subwavelength dimension can be regarded as an
accumulation of so called hot-spots where localized surface plasmon resonances can be
excited and a strong electromagnetic field is generated. The enhancement factor of
SERS is claimed by many researchers to be ~10'° that is suitable for single molecules
detection.? ¥ Derived from SERS, by considering to generate a sole enhanced field
from only one metallic nanotip, tip-enhanced Raman scattering (TERS) has shown its
power of high resolution Raman imaging. TERS overcomes the drawbacks of varying
signal enhancements along the surface (due to its required roughness) and the lack of
spatial resolution in SERS. The localized mode of SPPs explained in the second section
of this chapter is the main reason for the enhancement in TERS. A TERS setup is
realized by integrating an atomic force microscope (AFM) or scanning tunneling
microscope (STM) (with a single metallic nanotip acting as a sole field enhancing site)
with an optical microscopic system for Raman detection. By approaching a metallic
nanotip controlled by AFM or STM close to the vicinity of a sample, Raman intensity
can be greatly enhanced. Figure 2.3.2 shows a tip-enhanced Raman spectrum from
single-walled carbon nanotubes (SWNTSs) when an Ag-coated AFM tip is approached to
be in contact with SWNTs. In contrast, a far-field Raman spectrum is also presented by
retracting the nanotip away from the sample. Apparently, tip-enhanced Raman spectrum
exhibits high intensity as 2 times stronger than far-field Raman spectrum at G Raman
mode of SWNTs. It is a demonstration of the plasmonic enhancement effect induced

from the metallic nanotip.

One important advantage of TERS is that the combination of Raman spectroscopy
with scanning probe microscopy provides optical and topographic characterization in a
single experiment. Altogether the optical and structural information can help analysis

sample feasibly.

The spatial resolution of TERS is similar as AFM that is determined purely by the

diameter of the metallic nanotip. To date, resolution of TERS imaging is reported to be

22



around 15 nm or smaller.”®%° This high resolution mainly originates from the plasmonic
enhancement of the metallic nanotip. However, beyond this electromagnetic (EM) field
interaction between tip and sample, chemical and mechanical interactions are
investigated and proved to have more power to improve spatial resolution. The way to
distinguish these interactions is to control tip-sample distance. With decreasing the tip-
sample distance, EM interaction firstly occurs and then chemical interaction occurs if
metal does electron transfer with the molecules. When the tip physically contacts or
even deforms the sample, mechanical interaction occurs to shift Raman frequency. This
mechanical interaction has been studied by Kawata group and proved that can be

utilized to have a Raman image with a resolution as high as 4 i,
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Figure 2.3.2 Illustration of tip-enhanced Raman spectrum from SWNTs

2.4 Tip-enhanced fluorescence

Fluorescence microscopy is particularly powerful for studying biological systems
because of its sensitivity to single molecules. The major limitation is its diffraction

limited resolution. Here, the signal enhancement provided by the metallic nanotip can
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serve mainly to increase the spatial resolution due to the strongly confined enhanced
light field. There are many examples of tip-enhanced fluorescence microscopy that use
one- or two-photon excitation, exhibiting the great power of high-resolution nano-
imaging.” **** The enhanced field at the tip apex causes a local increase in the
fluorescence-excitation rate, and the resulting emission is then detected to be larger than

the normal fluorescence-excitation without the tip.

In a fluorescent system, the fluorescence depends on two factors, the external
excitation rate (yex) and the internal quantum yield (n). Thus fluorescence (S) can be
written as S « ye .M. The excitation rate depends both on the local field around the
fluorophore and the field polarization. The quantum yield is determined by the radiative
decay rate (y;) and nonradiative decay rate (yn) as shown in equation 2-1. In the
presence of a metallic tip, it may be smaller than the unperturbed quantum yield
(absence of tip), in the case of fluorescence quenching, or larger than the unperturbed
quantum yield where there is fluorescence enhancement. Theory studies predict that, in
short metallic-nanoparticle-fluorophore distances, typically less than 5 nm, quenching
dominates over enhancement.>> *® This is due to the short-range energy transfer from
fluorophore to the metal surface. Therefore, if the tip-sainple distance is larger than 5
nm or purposely controlled to be larger than 5 nm or by using semiconductor nanotip
(e.g. Si) instead of metallic nanotip to avoid quenching, field enhancement from the
nanotip can produce fluorescence enhancement dominating over quenching. This has
been well observed in many studies about tip-enhanced fluorescence microscopy or

SpeCtroscopyP’ 32,37,38

2.5 Tip quenching in fluorescence

As we discussed in the first section, a fluorescent system can relax the excited energy
not only through radiative decay process but also many possible non-radiative decay
processes. For a metallic tip, for a distance between tip and a molecule, larger than 5 nm,
radiative emission can be dominant, whereas for shorter distances the fluorophore will

predominantly dissipate its excitation energy non-radiatively to the metal, thereby
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quenching is dominant. This can be particularly proved in a nanoparticle-fluorophore
system. When a metallic nanoparticle is chemically attached to a fluorophore, usually in
molecular separation (much shorter than 5 nm), fluorescence quenching becomes very
obvious.’ Figure 2.5.1 is a schematic illustration of a nanoparticle-fluorophore system.
In the left part, there is an unperturbed fluorescent system, by light excitation,
fluorescence is emitted from a fluorophore. In the right part, a metallic nanoparticle is
attached to the fluorophore. After the light excitation, because of the absence of band
gap in metal, the excited energy can be easily transferred to the metallic nanoparticle
and ultimately non-radiative dissipated to heat. Thus fluorescence is quenched. Such
quenching phenomenon is often dominant at very short distances competing over the
plasmonic enhancement. For a metallic nanotip, same quenching phenomenon happens

at the short tip-sample distances.”**
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Figure 2.5.1 Fluorescence and quenching in a nanoparticle-fluorophore system

2.6 Optimization of tip-sample separation for tip-enhanced

fluorescence

Till now we know that plasmonic enhancement effect can make a metallic tip to

enhance optical signals. For Raman scattering, there is no quenching, therefore Raman
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intensity has the same tendency of the enhanced field with respect to tip-sample
distance. However, for fluorescence, with the advent of quenching, fluorescence
intensity becomes different with respect to tip-sample distance. The difference is from
the interaction between the metallic nanotip and the fluorophore. The effect of nearby
metallic structures on fluorescence was studied theoretically and experimentally for
spherical systems. Phenomenologically, what happens is the following: (1) If a
dissipative structure (i.e., an extended piece of metal with free electrons and associated
ohimic losses) is brought within the short range of near-field of a probe fluorophore, the
near-field of the probe fluorophore induces motion of the electrons that quickly
dissipate their gained energy (e.g., into heat). This opens up a new decay channel for the
fluorophore-excited state with a nonradiative decay rate, vy, that allows deexcitation of
the probe molecule without emission of a photon. For short distances, this nonradiative
decay rate depends on the distance between the fluorophore and the extended metallic
body as 1/, where r is the distance, reflecting the decay of the dipolar near field. It
follows that for short distances, the rate k, dominates the radiate decay rate k; and few
photons are emitted by the probe molecule while the excited state lifetime decreases
dramatically. This effect is usually called quenching. (2) If a suitable nanostructure (e.g.,
a metallic nanoparticle with a plasmon resonance, or a metal-coated tip) is brought in
close proximity to the probe fluorophore within a proper separation between it and
fluorophore, the spectrum of electromagnetic modes available for accepting a
fluorescence photon from the probe fluorophore is changed. In the case of strong
coupling to one or few modes of a resonant nano or microstructure, this leads to an
enhanced emission of the coupled system with a likely strongly modified far-field

emission pattern.

Figure 2.6.1 illustrates a schematic graph of fluorescence intensity as a function of
tip-sample separation (D). From the view of plasmonic enhancement generated at the tip
apex indicated by the blue line, fluorescence intensity should tend to be stronger as the
fluorophore gets closer to the tip apex (shorter tip-sample separation). Plasmonic
enhancement affects a near-field range of less than 20 nm. And then from the view of
quenching indicated by the green line, fluorescence intensity should tend to be

quenched or diminished as the fluorophore shortens its distance to the tip apex.
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Quenching affects a near-field range of less than 5 nm. In total, plasmonic enhancement
and quenching have the same source of metallic nanotip. These two effects can not be
isolated and always compete with each other at the near-field tip-sample distances.
Therefore, we can expect a combined result from effects of quenching and enhancement
as indicated by the red line. Theoretically studies show that the largest fluorescence

rests at a tip-sample separation of ~5 nm or less.
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Figure 2.6.1 Schematic graph of fluorescence as a function of tip-sample separation

As a matter of fact, both enhancement and quenching are intensely tip-sample
separation dependent. Therefore, to obtain the largest tip-enhanced fluorescence
intensity, tip-sample distance control becomes a key part to be optimized. By using a
sophisticated tapping-mode atomic force microscopy (AFM) system this distance
control is realized easily in the near field. This concept is illustrated in figure 2.6.2. A
tip can work in a periodical tapping way in tapping-mode AFM. This varies tip-sample
separation periodically and the tip-sample separation can be exactly controlled in the
near-field range. For a tapping oscillation loop, at the largest tip-sample separation
indicated in the left graph of figure 2.6.2, we can detect far-field fluorescence excited by
the laser; at a closer tip-sample separation indicated in the middle graph of figure 2.6.2,

plasmonic enhancement is dominant and enhanced fluorescence is emitted; at the
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minimum tip-sample separation indicated in the right graph of figure 2.6.2, quenching
occurs to diminish fluorescence. With the help of tip-sample separation control in
tapping-mode AFM, tip-sample separation dependent fluorescence can be obtained and
the largest fluorescence intensity can be found at the optimized tip-sample separation.
Then, with the technique of raster scanning, high-resolution and high contrast

fluorescent imaging can be achieved at the optimized tip-sample separation.
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Figure 2.6.2 Tip-sample separation control for fluorescence intensity detection
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Chapter 3.
Experimental technique for controlling tip-sample

separation

As explained in the last chapter, the competition of plasmonic enhancement and
quenching results an optimized tip-sample separation for tip-enhanced fluorescence
microscopy. Therefore, determination of this optimized tip-sample separation is
significant. Benefiting from dynamic control of tip-sample separation, atomic force
microscopy working in tapping operation gives a feasible solution to measure the
optimized tip-sample separation. In detail, the experimental technique for controlling

tip-sample separation is described in this chapter.

3.1 Tapping operation of atomic force microscope

Atomic force microscopy (AFM) is a technique to characterize surfaces of a specimen
at an extremely high spatial resolution, typically in nanometer scale.' Mechanistically,
AFM operates based on the interaction forces between a nanotip and the specimen. The
interaction forces totally can be regarded as repulsive forces or attractive forces at
different tip-specimen distance. Repulsive forces dominate at shorter tip-specimen
distance than attractive forces, especially when tip contacts with specimen. AFM can
operate at different modes by measuring repulsive or attractive forces. In practice, AFM
images are constructed with height information by scanning the nanotip or sample stage
in a raster pattern. An active feedback loop is required to deal with the variation of

interaction forces that is caused by roughness of specimen surface during scanning. In
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the feedback loop, mostly a constant force is maintained. Usually maintaining a
constant repulsive force results tip being in contact with the specimen. Thus AFM
utilizing this method is known as contact mode AFM. In addition, non-contact of tip
and specimen can be realized by measuring the attractive forces, which results non-
contact mode AFM. In non-contact mode, the cantilever is oscillated at a frequency
slightly above its resonant frequency where the amplitude of oscillation is typically a
few nanometers (<10 nm).2 In these a few nanometers attractive forces act to influence
the oscillation. And a feedback loop restores the oscillation with a constant amplitude or
frequency. Another operating mode of AFM is known as tapping mode. The cantilever
is oscillated in tapping mode as well but with a larger oscillation amplitude (100~200
nm). The tip does intermittent contact with the specimen in the tapping oscillation. A

feedback loop is utilized to maintain preset oscillation amplitude.

Contact mode AFM maintains cantilever (with a tip at its end) deflection as
relevance of repulsive forces through the feedback system. In practice, a optical lever is
used to monitor the deflection of cantilever. Laser light is usually incident to the top
surface of the cantilever (opposite side to the tip). It is then reflected to a position
sensitive photodetector (PSP) that collects the laser light. When the cantilever is
deflected due to repulsive forces between tip and specimen, the produced displacement
of light is detected by PSP and sent to the feedback system. In contact mode, tip is
always in contact with the surface, which makes it easy to damage samples especially

for soft ones.>

Non-contact mode AFM is preferable to contact mode AFM for measuring soft
samples. However, the < 10 nm oscillation amplitude has some limitations. In ambient
conditions, most samples develop a liquid meniscus layer’. This could make the tip

stick to the sample surface.

By making the tip intermittent contact with the surface, tapping mode AFM
becomes more useful for measuring soft samples and it can also prevent the tip from
sticking to the surface. The tip is oscillated up and down at a frequency near its resonant
frequency and an amplitude (100~200 nm) far beyond the region of attractive forces (<

10 nm). In such a way of tapping oscillation, the sample cannot be damaged as easily as
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the sample in the contact mode AFM. Figure 3.1.1 illustrates a typical tapping mode
AFM system. A cantilever oscillates periodically driven by an electric sinusoidal signal.
When tip is approached to the sample surface, the oscillation amplitude is decreased due
to the interaction forces.*® The change of oscillation amplitude is monitored by the
difference signal (DIF) of laser light that is collected by a position sensitive
photodetector. A feedback control system monitoring Z direction is utilized to maintain
the height of cantilever to restore the preset oscillation amplitude. Piezos are used to

control Z direction displacement and X, Y direction raster scanning.

Position sensitive
photodetector

Oscillation
driving signal

T

2 antilever
Oscillation \‘E—"

. § Height of cantilever

Sample stage

Feedback

control

Piezo scanner
XIY/Z

Figure 3.1.1 Tapping mode AFM system

For the purpose of studying the plasmonic enhancement and quenching in tip-
enhanced fluorescence, our experimental setup is designed by utilizing a tapping mode
AFM. As explained in Chapter 2, optimization of tip-sample separation is important for
tip-enhanced fluorescence microscopy. Tapping mode AFM provides dynamic tip-
sample separations, which make it possible to find out the optimal tip-sample separation
for fluorescence imaging if we precisely detect the fluorescence with respect to its

corresponding tip-sample separation. The periodical tapping oscillation facilitates the
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implementation of our purpose. By synchronization of tapping oscillation (variation of
tip-sample separation) with time-gated photon detection (fluorescence signal), the tip-
sample separation dependency of fluorescence intensity is obtainable. In Chapter 2, the
evanescent property of the enhanced field at the apex of a metallic nanotip is described.
When the distance between tip and sample goes far enough, far-field signal can be
separated. The evanescent field (Eqpp) is illustrated in figure 3.1.2. In the direction of Z,
the field strength decreases exponentially from near-field distance to far-field distance.
In the study, we control the amplitude of oscillation to be ~100 nm. It is found that a
constant intensity level of far-field signal can be measured in this range. Therefore, in

situ far-field signal removal is feasible to get pure near-field signal.

IEspplZ /

b XY

Espp

>
>

Z Near field - 'Far field Z

Figure 3.1.2 Near field and far field

Recently, some near-field optical microscopy combines a shear-force microscope
(SFM) working in constant-height mode to locate at a very short tip-sample distance (~
2 nm).”® SFM maintains lateral interaction forces parallel to the sample surface by a
feedback system controlling lateral oscillation of the tip. The lateral force is known as
shear force. SFM has the ability to hold a tip just a few nanometers above the surface of
the sample. Although the constant height mode of SFM detects the very high localized
near field, it is subject to misinterpretations because of the varying distance between tip
and sample when scanning over structured surfaces, and the optical signal is far-field
béckground included. For fluorescence imaging, this mode can additionally meet a
problem disturbed by quenching. Such problems can be solved in tapping-mode AFM.

Because tapping mode AFM has an advantage of detecting the variation of optical
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signal from near field to far field, and eventually construct a far-field free optical image

by simply far-field signal subtraction.

3.2 Dynamic tip-sample separation
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Figure 3.2.1 Tip-sample separation as a function of time

In our tapping-mode AFM, the cantilever is driven to oscillate up and down at a
frequency a bit smaller than the resonance frequency by a sinusoidal electric signal. The
amplitude of this oscillation is preset to be ~100 nm. In this nanoscale range, tip-sample
separation dynamically changes as a function of time. Figure 3.2.1 illustrates the
relation between tapping oscillation and tip-sample separation. The oscillation trigger is
a sinusoidal wave shown in the top graph. At different phase of trigger oscillation, tip-
sample separation has a certain value corresponding to it. Apparently, the maximum
tip-sample distance and the minimum tip-sample distance has a phase difference of =.
As the oscillation of the cantilever is driven by the sinusoidal signal, tip-sample

separation is a sinusoidal function of time shown in the bottom graph. It can be denoted
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as equation (3-1), where D is tip-sample separation, 4 is the oscillation amplitude and f
is the oscillation frequency. This function helps us to know how to calculate tip-sample

separation according to different time.

D =2A«(1+ cos(27ws fo1)) (3-1)

3.3 Time-correlated tip-sample separation
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Figure 3.3.1 Schematic illustration of time gating for sectioning tip-sample separation

Since we know that tip-sample separation oscillates sinusoidally in tapping mode AFM,
it 1s possible to divide tip-sample separation into many small sections by time gated
method. In the time-gated method, gate delay determines the resolving power of tip-
sample separation. Figure 3.3.1 shows a schematic illustration of time gating for
sectioning tip-sample separation. As the gate width is small enough comparing to the
oscillation period, it can be considered to correspond to a tip-sample separation. Thus
the number of tip-sample separations can be calculated as a result from period divided
by gate delay (At) in one oscillation period. Because tip-sample separation is a

sinusoidal function of time, the interval of tip-sample separations is so very different at
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the same gate delay. At the minimum tip-sample separation, the section (AD) of tip-
sample separation is the smallest. In fact, in our experiment, it can reach to sub-
nanometer scale with a fairly small gate delay. The same situation occurs at the
maximum tip-sample separation as this position has the same sharpness of the
sinusoidal curve. In contrast to this highest resolving power of tip-sample separation,
the lowest section (AD) of tip-sample separation sits at the middle point between the
maximum and the minimum tip-sample separation. Both situations with the same gate
delay are enlarged in figure 3.3.1. Overall, the time-correlated tip-sample separation can

be obtained by determining the gate delay.

3.4 Maximum tip-sample separation from force curve measurement

Contact Intermittent contact Non-contact

o™

Preset Dp = 2A
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Figure 3.4.1 Process of force curve measurement
In tapping-mode AFM, constant oscillation amplitude is maintained by adjusting the

height of the cantilever through piezoelectric voltage control. It is proportional to the

amplitude voltage. The preset oscillation amplitude can be calculated by force curve
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measurement.” In force curve measurement, the tapping tip is gradually approached to
the sample surface from non-contact region to contact region without feedback control.
Thus the oscillation amplitude gradually decreases as the interaction forces between tip
and sample affect it in the intermittent contact region. The decrease of amplitude means
the decrease of the amplitude voltage. Till the tip contacts with the sample, tip
displacement gradually varies. This is shown in figure 3.4.1. The maximum tip-sample

separation can be obtained from tip displacement as a function of amplitude voltage.

Do= 130 nm

Amplitude voltage (mV)
5
()]
1

L B
-80 -40 0 40
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Figure 3.4.2 Experimental data of force curve measurement

In practice, because tip or sample has a high possibility to be damaged in contact
region, we choose to measure part of the force curve to avoid any damages. It can be
done by selecting the range of amplitude voltage in force curve measurement. For a
instance, figure 3.4.2 shows an experimental force curve data. The red curve is the raw
data indicating a relation between amplitude voltage and tip displacement. The blue line
is a linearly fitted result from the red curve. Through a calculation of the tip
displacement at amplitude voltage of 0 mV by the slope of the fitted line, the maximum
tip-sample separation can be obtained from the total tip displacement in the intermittent

contact region. It is found to be 130 nm in this experimental data.
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3.5 Time to tip-sample separation conversion

As mentioned in section 3.2, tip-sample separation is a function of time, denoted as
equation (3-1). The oscillation amplitude is half of maximum tip-sample separation (D,
= 24), that can be obtained from force curve measurement. The oscillation frequency (f)
is determined by resonance frequency of the cantilever. It is usually smaller than the
resonance frequency in our experiments. And in practice, it needs to be determined in Q
curve measurement as one procedure in tapping mode AFM operation. Thus it is known
as an initial value as well. Therefore, tip-sample separations can be obtained from

equation (3-1) according to the delay time (7).
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Chapter 4.
Application of tip-sample separation control to TERS

Tapping operation of atomic force microscopy demonstrates its feasibility for
controlling tip-sample separation as a function of time. With synchronization of tapping
oscillation and time-gated photon detection, it is possible to obtain optical signal (from
the sample under the tapping tip) as a function of tip-sample separation. It is
experimentally found that the tapping distance between tip and sample is an available
range to get a far-field free optical signal in situ. As the tip-sample separation
dependency of optical strength shows a separated far-field signal that can be subtracted
afterward from the signal in the near-field region. The application of this experimental
technique to tip-enhanced Raman scattering (TERS) is described in this chapter. Far-
field free TERS imaging of SWNTs is achieved.

4.1 Tapping-mode TERS

In the last decade, TERS has become more and more useful and attractive as a method
for Raman spectroscopy with high sensitivity' and nanoscale imaging with high spatial
resolution.”'? These high sensitive and resolving powers relies on the plasmonic
enhancement and spatial confinement of electromagnetic field at the apex of a metallic
nanotip, which is explained in Chapter 2. The plasmonic enhancement is originated
from the resonant coupling of external light field and surface plasmons at the metallic
surface.'*'® The confined and enhanced light field at the tip apex is evanescent, it

cannot propagate away from the surface. This property ideally provides a tiny light
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source with a size determined by the diameter of the tip apex. Typically the diameter at
the apex of a metallic tip is 30-50 nm. If a sample is brought into the confined light field,
Raman signal can be greatly enhanced due to the strong excitation from the enhanced
field. This is often known as near-field Raman signal. As a result of the evanescent
property of the enhanced light field, the strength of near-field Raman signal is strongly
dependent on the separation between the tip and the sample. When the tip-sample
separation increases, the enhanced field rapidly decreases causing the strength of near-
field Raman signal to decrease as well. When the tip-sample separation is large enough
to go out of the near-field range, Raman signal is only excited by the external light field
that is usually a propagating light used to couple with surface plasmons. This Raman
signal is known as far-field Raman signal. Unfortunately, since an external light field is
initially required to generate a plasmonic light source, far-field Raman signal always
comes along with near-field Raman signal at the confined near-field region. In
conventional TERS microscopy, a scanning probe typed microscope such as shear force
microscope (SFM)' % or contact-mode AFM?' are usually integrated with an optical
microscope. The tip is oscillated in the direction parallel to the sample surface in SFM,
which can keep tip-sample distance constant (a few nanometers) in Z direction (along
the tip axis) or the tip contacts with the sample in contact-mode AFM. In both cases,
near-field Raman image constructed from Raman intensity obtained by raster scanning a
metallic nanotip over the sample is always taken including the far-field Raman signal.**
* Or near-field and far-field Raman images are taken separately for the subtraction
afterwards to get a pure near-field Raman image.” In the first case, the image contrast
can be influenced if the enhancement is relatively weak while in the later case the twice-

imaging processes are really time consuming.

In 2007, our group published a paper that introduced tapping-mode tip-enhanced
Raman microscopy.?® It utilized the tip-sample distance regulation in tapping-mode
AFM*” % to investigate the confinement of enhanced field. The method has an
advantage of removing far-field Raman signal efficiently in a one-time raster-scanning
process. A metallic nanotip is driven to oscillate in the direction perpendicular to the
sample surface, which means tip-sample distance varies with time. As we mentioned

that near-field Raman signal is tip-sample distance dependent. Therefore, if the tip-
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sample distance variation in tapping-mode AFM can be controlled for Raman detection
at different distances, it is able to detect the distance dependent Raman intensity and
distinguish near-field Raman signal from far-field Raman signal in one measurement. In
our system, we synchronize Raman detection system with the tapping oscillation of
AFM. At each tapping position, Raman intensity is detected with respect to the specific
tip-sample distance in one measurement. This synchronization helps to detect distance
dependent Raman intensity that is efficient to not only evaluate the confinement of
enhanced field but also subtract far-field signal in situ for imaging. As I introduced in
Chapter 3, tapping-mode AFM can dynamically change tip-sample distance. It is found
that the transition of Raman intensity from enhanced near-field signal (superimposed
with far-field signal) to separated far-field signal can be observed in a range of ~100 nm
tip-sample separation,. Thus a far-field free Raman image can be obtained by simply

subtraction of far-field Raman intensity.

4.2 Experimental setup

Our experimental setup is based on an inverted oil-immersion optical microscope
integrated with a tapping-mode AFM illustrated in figure 4.2.1(a). The sample stage is
controlled by piezos and can be raster scanned to obtain an image. A continuous wave
laser of 488 nm wavelength is incident to excite Raman signals from a sample. The
power density of laser was measured to be 2.5 x 10* kW/cm? at the focus spot. In order
to make an evanescent excitation light at the focus spot to improve Raman measurement,
a mask is inserted in the entry of an expanded laser beam (pass NA > 1 and reject NA <
1).?’ To detect Raman scattering, an edge filter is used to reject Rayleigh scattering. A
specific Raman line is selected by a spectrometer and then detected by an avalanche
photodiode (APD). For the purpose of detecting Raman intensity at different tip-sample
distance, a multichannel photon counter (NanoHarp 250, PicoQuant) is utilized. It is
synchronized with the trigger signal supplied for tapping oscillation of AFM and it
counts the Raman intensity signal. Through the multichannel photon counter, time-
correlated Raman measurement is implemented. Since the tapping oscillation is

sinusoidal as shown in the top graph of figure 4.2.1(b), tip-sample distance (D(t)) varies
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with time. If tapping oscillation time is divided into many small time channels, a
discrete time channel (At) shown in the middle graph of figure 4.2.1(b) can be set to the
corresponding tip-sample distance. Therefore, the maximum tip-sample distance (Dmax)
can be known at the peak position of the sinusoidal curve and the minimum tip-sample
distance (Dmin) can be known at the valley position of the sinusoidal curve. In one
tapping period, there are 64 sequential time channels as shown in the middle graph of
figure 4.2.1(b). In our AFM, the tapping period is about 8 pus meaning each time
channel is about 0.128 ps. For the time-correlated records of Raman intensity, the
photon counter counts the number of photons within each time channel as shown in the
bottom graph of figure 4.2.1(b). Due to distance dependence of the enhanced field, we
can expect an intensity peak rests at the position of the minimum tip-sample distance as
shown in figure 4.2.1(b). To get a certain amount of counts, we set the acquisition time

to be 1 second in one tapping period.
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Figure 4.2.1 (a) Experimental setup for tip-enhanced near-field Raman microscopy
through tapping-mode AFM configuration. (b) Schematic of time-correlated photon

counting for Raman measurement.

In our experiments, single-walled carbon nanotubes (SWNTs) purchased from

Meijo Nano Carbon Co., Ltd. are used as the sample. SWNTs are particular one-
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dimensional structure that is directly linked to characteristic Raman bands. The
diameter of a SWNT is 1.4 nm, which specifically suitable for demonstration of high
spatially resolving power of TERS microscopy. Bundles of SWNTs with height of a
few nanometers confirmed in AFM images were first sparsely spin-coated onto a glass
coverslip. And then they were baked to remove any contaminations in an oven at the
temperature of 300°C for 4 h. G mode of Raman scattering is selected for the imaging of
SWNTs. G mode is originated from planar vibrations of carbon atoms in SWNTSs. The
Raman peak is found at the wavenumber of 1595 cm’ in our experiments and a spectral
width of 22 cm™ is gated to pass into the APD. The photon signal is then recorded by

the multichannel photon counter in synchronization with the tapping oscillation.

Commercial cantilevers (SI-DF20, Seiko Instruments Inc.) are evaporated with Ag
nanoparticle layer to induce enhancement at the tip apex. The diameter of tip apex is
about 30 nm after Ag evaporation, which is confirmed in scanning electron microscopy
images. In our experiments, we carefully chose to use Ag-coated tip with an underlayer
of SiO, instead of Si that is generally used in cantilever of AFM. Since the smaller
refractive index of SiO, comparing to Si makes shift of the plasmon resonance
wavelength of SPPs to our excitation wavelength of 488 nm,*® resonant excitation of
SPPs is achievable. By this treatment, a larger enhancement of Raman intensity can be

achieved.

4.3 Tip-sample distance dependence of TERS

As a result, figure 4.3.1(a) illustrates a data of time-correlated Raman intensity
measurement obtained while an Ag-coated nanotip is tapping on top of SWNTs. A
distinct sharp peak at position A indicates that the tip is at the minimum tip-sample
distance (Dmin) as the enhanced field is the strongest at the minimum tip-sample
distance. Because the tip does periodical oscillation, the position of the maximum tip-
sample distance (Dmax) can be found at the time that is half an oscillation period away
from position A. It is marked at position B in figure 4.3.1(a). In tapping-mode AFM, the

maximum tip-sample distance can be obtained by force curve measurement’® ' and it is
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found to be around 113 nm in this experiment. Since each time corresponds to a specific
tip-sample distance in figure 4.3.1(a) and the correlation between time and distance is
sinusoidal, thus time-correlated Raman intensity can be converted into tip-sample
distance dependent Raman intensity. In half a period, the time from position A to
position B in figure 4.3.1(a) is converted into tip-sample distance. Figure 4.3.1(b)
represents tip-sample distance dependent Raman intensity after conversion. It shows the
trend of increasing intensity at short tip-sample distance, which indicates the great

enhanced near-field signal in the vicinity of tip apex.
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Figure 4.3.1 (a) Time-correlated Raman intensity measured while an Ag-coated nanotip
is tapping on top of SWNTs. (b) Tip-sample distance dependent Raman intensity

converted from position A to position B in graph (a).
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Moreover, figure 4.3.1(b) also indicates that a constant level of far-field signal is
about 46 counts as the dashed line shows. To make sure the far-field signal is detected,
the background of APD itself was also measured. It was found to be 80 counts/second
meaning 1.25 counts/second/channel that was much smaller than the signal level of far-
field. In this measurement, the enhancement factor of the enhanced field at the tip apex
is estimated to be about 1487 in considering the diameter of the tip apex of 30 nm and

the diameter of the focus spot of 174 nm.

4.4 In situ far-field signal removal in TERS imaging of single-walled

carbon nanotubes
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Figure 4.4.1 (a) Far-field free tip-enhanced Raman image of SWNTs. The inset graph is
a cross section of SWNTs indicated by a dashed line. (b) Tip-enhanced Raman image
with far-field signal. Both images have scan points of 50 x 50. The scale bar is 50 nm.

From tip-sample distance dependent Raman intensity, we can observe the decreasing of
Raman signal as tip-sample distance increases, which represents the variation of the
enhanced field near the tip apex. In our experiments, our data showed distinct enhanced
near-field signal and constant level of far-field signal at different tip-sample distance. It
is so convenient to get pure near-field signal by simply subtraction of far field signal.

For the purpose of far-field free tip-enhanced Raman imaging, we did raster scanning of
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sample stage at a scan step of 5 nm. Figure 4.4.1(a) displays a far-field free Raman
image of SWNTs. At each scanning point, tip-sample distance dependent Raman
intensity was measured and pure near-field signal was obtained in situ by subtraction. In
contrast, a Raman image with far-field signal was constructed by using the intensity at
the minimum tip-sample distance illustrated in figure 4.4.1(b). In comparison to figure
4.4.1(a), apparently far-field free image has better image contrast to show clear structure
of SWNTs. Our method for tip-enhanced Raman imaging shows the power of in situ
subtraction of far-field signal and has the advantage of one time measurement.
Moreover, the far-field free Raman image demonstrates a resolution of 12 nm at full
width half maximum (FWHM) from a cross section of SWNTs shown in the inset graph

of figure 4.4.1(a). The white dashed line indicates the place where the cross section is
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Figure 4.4.2 (a) Far-field free tip-enhanced Raman image of SWNTs. (b)
Simultaneously obtained AFM image. (c) Cross section of SWNTs indicated by the
white dashed line in the Raman image. Both images have scan points of 30 x 45. The

scale bar is 20 nm.
With the merit of in situ far-field subtraction, tapping-mode tip-enhanced Raman

imaging can improve image contrast. In order to demonstrate its high-resolution power

as well, we reduced the scan step to 3 nm. In figure 4.4.2(a), a tip-enhanced Raman
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image after in situ subtraction of far-field Raman intensity is illustrated. In addition,
figure 4.4.2(b) is a simultaneously obtained AFM image. In the AFM image, the height
of the SWNTs is confirmed at around 2.8 nm, which means that it is a bundle of
SWNTs. In figure 4.4.2(c), the cross section of SWNTs in the Raman image is
illustrated. The value of FWHM of the cross section indicates that the spatial resolution

of the Raman image reaches about 8 nm.

In summary, a tapping-mode TERS microscope is constructed and exhibits its
appropriate efficiency of in situ far-field signal removal in TERS imaging. Due to tip-
sample variation in tapping-mode AFM, it is easy to get tip-sample distance dependent
Raman intensity, which is a proper way to evaluate the confinement property of
different metallic nanotips. Furthermore, by using tapping-mode operation AFM, we
can also avoid sample damage.”*® This is important for future application of TERS to
soft biological materials where the tip force applied on the sample may cause critical

deformations.
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Chapter 5.
Tip-enhanced fluorescence at optimized tip-sample

separation

The enhancement and quenching induced by a metallic nanotip to fluorescence modify
the strength of fluorescence in two completely opposite ways as expressed by their
literal meanings. The influence of enhancement and quenching results a certain value of
distance between tip and fluorophore for the strongest value of field or fluorescence.
High-quality tip-enhanced fluorescence nano-imaging is expected at the certain distance.
To determine the certain distance, an approach of regulating tip-fluorophore separation
is required. It is developed by utilizing the tapping operation of atomic force
microscopy. In this chapter, firstly the fluorescent sample (quantum dot) is introduced
and the reason for sample selection is described; next the experimental way of
controlling tip-sample separation to obtain strongest strength of fluorescence is

explained and then some results are presented for discussion.

5.1 Quantum dot and its properties

Quantum dots are semiconductor nanocrystals whose radii are smaller than the critical
characteristic length called exciton Bohr radius (a few nanometers).” > They are
fluorescent and have high quantum yields (30%~80%).> * In quantum dots, energy
levels are quantized and their values are directly related to the size. As size is reduced,
the electronic excitations shift to higher energy and the exciton (electron-hole pair)

strength is concentrated into just a few transitions. These basic physical phenomena of
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quantum confinement arise as a result of changes in the density of electronic states.’
Quantum confinement makes quantum dots exhibit strongly size-dependent optical and
electronic properties. By a method of chemical synthesis, size of quantum dots can be
precisely controlled.>® This helps to easily tune their optical and electronic properties
for different applications.”* '® In practice, the radiative recombination of excitons lead
to fluorescence emission in a narrow and symmetric shape. Comparing to many other
biological fluorescent molecules, fluorescence from quantum dots has a longer lifetime
characterized as ~10 ns. Surface defects in quantum dots usually act as temporary
“traps” for the electron or hole, preventing their radiative recombination. This reduces
the overall quantum yield and causes intermittent fluorescence. To solve this problem, a
shell of a few atomic layers of a material with a larger band gap is used to encapsulate
the quantum dot core. It can protect surface atoms from oxidation and other chemical
reactions. The core-shell structured quantum dots show much better photostability and

higher quantum yield.’

In the study of tip-enhanced fluorescence microscopy, quantum dots become an
ideal fluorescent sample. The size of a few nanometers is small enough to demonstrate
the high resolving power in tip-enhanced fluorescence microscopy. In addition, the wide
range of absorption in visible light facilitates to choose an excitation laser having a
resonant plasmonic wavelength of the metallic nanotip. Moreover, the photostability of
quantum dots helps us to determine the only possibility of fluorescence quenching from

the metallic nanotip.

In the expériments, commercial quantum dots purchased from NN-LABS, LLC are
used as fluorescent samples. The quantum dot is a core/shell structure with CdSe as the
core and ZnS as the shell. The CdSe core has a diameter of ~6.2 nm and the ZnS shell
has a thickness of ~1.7 nm. Figure 5.1.1 shows the absorption and fluorescence
emission spectra of the quantum dots. The absorption spectrum depicted by red color is
measured by white light illumination. It illustrates that the quantum dots have an
absorption peak at about 640 nm. The absorption of 640 nm light indicates that this light
energy equals to the energy of transition from ground state to the first order excited
electronic state, which is the energy band gap of CdSe. The absorption spectrum also

shows an increased absorption in the shorter wavelength as a result of direct absorption
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into the higher band gap ZnS shell.’ The fluorescence emission spectrum depicted by
blue color is measured when quantum dots are excited by a laser light of 488 nm
wavelength. It shows a strong peak at 640 nm, which is the very energy band gap
between the first order excitation electronic state and ground state in CdSe core. The

small peak of 488 nm is from excitation laser after an edge filter.
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Figure 5.1.1 Absorption (red color) and fluorescence emission (blue color) of quantum

dots. The schematic illustration shows the core/shell structure of a quantum dot.

The core/shell quantum dots are preserved at a high concentration in toluene
solvent to protect and stabilize the unique optical properties of the quantum dots from
damaging environmental effects. In order to detect tip-enhanced fluorescence from
isolated quantum dots in a diffraction-limited area, quantum dots solution needs to be
extremely diluted (by adding 5000 times additional toluene). The diluted quantum dots
are then spin-coated onto a clean cover glass at a speed of 2000 rotation/minute. To
confirm single quantum dots are prepared, an AFM image and a far-field fluorescence
image of the same sample are obtained as shown in Figure 5.1.2. In an area of 5 pm x 5
um, several single quantum dots marked by circles are isolated to each other. The height
of quantum dots measured in the AFM image is around 6 nm, indicating single quantum

dots are prepared. The error of height is probably caused by AFM system without
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precisely calibration. Comparing to the fluorescence image at the same places, they
have spatially isolated fluorescence emission signals. Such a sample is then suitable for

us to do analysis of enhancement and quenching in tip-enhanced fluorescence.

E Fluorescence @ 640 nm 350
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2 200
1 150
0

Figure 5.1.2 AFM image (left) and far-field fluorescence image (right) of quantum dots.
Fluorescence image is constructed from emission intensity at 640 nm. The color bar of
AFM image indicates height information in nm. The color bar in the fluorescence image

indicates intensity information in arbitrary unit.

5.2 Tapping-mode tip-enhanced fluorescence microscopy

In conventional tip-enhanced fluorescence microscopy, a dielectric or metallic nanotip
is maintained at a certain distance (0~7 nm) from the fluorescent sample in contact
mode atomic force microscopy (AFM) or shear force microscopy, respectively.''¢ As
we mentioned in Chapter 2, quenching is dominant in such a short distance, imaging
quality could be severely influenced. In contrast, tapping mode AFM exhibits an
advantage to control tip-sample distance and determine the optimized distance for
fluorescence imaging. Tip-enhanced fluorescence microscopy at 10 nm resolution has
been reported by utilizing tapping-mode AFM.'”'® The efficient removal of far-field
background was demonstrated to optimize fluorescence imaging. However, quenching
was not observed in these studies because the authors used a silicon tip that does not

quench fluorescence. In our study, a silver-coated AFM tip is used in order to observe
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both enhancement and quenching and find out the optimized tip-sample distance for

fluorescence imaging.
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Figure 5.2.1 Schematic illustration of measuring tip-sample separation dependent

fluorescence intensity

The control of tip-sample distance is realized in tapping mode AFM. And
synchronization of tapping oscillation and time-gated photon detection leads to obtain
tip-sample distance dependent fluorescence intensity. Figure 5.2.1 schematically
illustrates this process. The sine wave at the top of the figure represents variation of tip-
sample separation as a function of oscillation time. The frequency of tip-sample
separation oscillation is the same as the driven signal for tip oscillation. It is determined
by Q curve measurement in advance. Three positions of A, B, C on the sine wave mean
three different tip-sample separations in an increasing direction. With synchronization
of tapping oscillation and time-gated photon detection, fluorescence intensity of

different tip-sample separations can be obtainable. Previous theoretical calculation
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demonstrated a curve of fluorescence intensity as a function of tip-sample separation.'’
It is illustrated as the red curve shown at the bottom of figure 5.2.1. The competition of
enhancement and quenching results peak intensity at position B. It indicates that the tip-
sample separation at position B is the optimized separation for fluorescence imaging. At
position A, because tip contacts the sample, fluorescence is quenched to disappear. At
position C, only far field fluorescence is detected due to the enhanced field at the
metallic tip is far way from the sample. Since intensity at position A (I) is enhanced
signal superimposed on the far-field background signal at position C (I), in situ far-

field subtraction can be efficiently implemented by 1a-Is.

For tip-enhanced fluorescence microscopy at the optimized tip-sample separation,
raster scanning of sample stage is applied through AFM. At each scanning point, the
tip-sample separation dependent intensity is measured and in situ far-field subtraction
can be carried out. Hence the intensity after subtraction of far-field signal at the

optimized tip-sample is obtained to construct a fluorescence image.

5.3 Experimental setup

The experimental setup is illustrated in figure 5.3.1. It is based on an inverted oil-
immersion optical microscope integrated with a tapping-mode AFM. An objective lens
with numerical aperture (NA) of 1.4 is used to improve the ability to collect light and
resolve the sample. The sample stage is controlled by piezos and can be raster scanned
to obtain an image. Sample is spread on the glass substrate, where a tapping tip is above.
A continuous wave laser of 488 nm wavelength is incident to excite fluorescence from
quantum dots. The power density of laser was measured to be 4 kW/cm? at the focus
spot, which is not strong enough to cause damage on quantum dots. In order to make
evanescent excitation at the focus spot to improve fluorescence measurement, a mask is
inserted in the entry of an expanded laser beam (pass NA > 1 and reject NA < 1).
Fluorescence from the sample is recollected by the objective lens and guided to a band
filter (center wavelength 640 nm, FWHM 40 nm). After a focusing system, fluorescence
intensity is detected by an avalanche photodiode (APD). For the purpose of detecting

fluorescence intensities at different tip-sample separation, a multichannel photon
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counter (NanoHarp 250, PicoQuant) is utilized. It is synchronized with the trigger signal
supplied for tapping oscillation of AFM and it counts the fluorescence intensity signal.

Through the multichannel photon counter, time-correlated fluorescence measurement is

implemented.
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Figure 5.3.1 Schematic illustration of experimental setup

Experimentally, time-correlated photon counting is carried out in multichannel
photon counter and then the time is converted to tip-sample separation. Time-correlated
photon counting is illustrated in figure 5.3.2. The top graph of figure 5.3.2 describes the
sinusoidal relation between tip-sample separation (D(t)) and time (t). In one tapping
period (T), 64 sequential time channels (At) are set to gate optical signals. Thus each
time channel corresponds to a tip-sample separation as marked by dotted lines, such like
maximum tip-sample separation (Dpmax), minimum tip-sample distance (Dmin) and
optimized tip-sample distance (Dx). In our AFM, the tapping period is about 8 ps
meaning each time channel is 0.128 ps. For the time-correlated records of fluorescence

intensity, the photon counter counts the number of photons within each time channel as
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shown in the bottom graph of figure 5.3.2. Due to tip-sample separation dependence of
enhancement and quenching, there is an intensity peak sitting at Dy. And due to the
dominant quenching effect, fluorescence intensity should be very weak at Dupip.
Therefore, time-correlated fluorescence intensity in a period is expected to have two

peaks as shown in the bottom graph of figure 5.3.2.
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Figure 5.3.2 Schematic of time-correlated photon counting

The imaging process is carried out by scanning sample stage after the metallic tip is

moved to the center of focus spot of laser light.

5.4 Tip-sample separation dependence of enhancement and quenching

in fluorescence

A metallic tip in the vicinity of a fluorophore can lead to significant modifications to the
radiative decay rate, nonradiative decay rate as well as quantum yield*** As a
consequence, either enhancement dominance or quenching dominance of fluorescence
has been reported.“’ 12,14-16,19. 2328 Te results greatly depend on the distance between
the tip and the sample. In order to observe the transitional modification of fluorescence

strength caused by enhancement and quenching, tip-sample separation dependent
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fluorescence intensity needs to be measured. In our experiments, the transitional
modification of fluorescence strength is obtained by an approach of time-gated photon

counting synchronized with tapping oscillation of an Ag-coated nanotip.
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Figure 5.4.1 Tip-sample separation dependent fluorescence intensity

Figure 5.4.1 shows a result taken by our experimental setup shown in figure 5.3.1.
The result is taken when an Ag-coated tip is tapping on top of a single quantum dot. It is
acquired in an accumulation time of 0.4 s, which is about 5 X 10* cycles of tapping
oscillation. The tip-sample separation is converted from time according to the sinusoidal
relation explained in Chapter 3. In this result, both quenching and enhancement effects
of Ag-coated tip on fluorescence intensity is obviously presented. In the short-range of
tip-sample separation (< 5.7 nm), the quenching is dominant over enhancement, thus it
is a drop of intensity (photon counts) with decreasing tip-sample separation. As tip-
sample separation goes larger till 30 nm, quenching gradually decreases its effect, and
enhancement is dominant over it, thus it is a lift of intensity (photon counts) with
decreasing tip-sample separation. Finally, tip-sample separation goes much large (> 30
nm) to separate the tip from the sample far enough, that makes no enhanced field to
enhance fluorescence, and thus far-field fluorescence intensity is detected to have an
averaged level around 260 counts. In this result, tip-sample separation of 5.7 nm is
found to be the optimized value for the optimization of tip-induced quenching and

enhancement.
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The enhanced intensity is about 2.2 times larger than the far-field level in this
experiment. Comparing to the enhancement of Raman scattering from the similar Ag-
coated tip, the enhancement is not so strong. This is probably due to plasmonic
enhancement having much more resonant effect on Raman scattering than on
fluorescence. Because the wavelength of Raman scattering is much closer to the
resonant excitation wavelength of 488 nm than the emission wavelength of fluorescence

of 640 nm.

5.5 Fluorescence imaging at optimized tip-sample separation

Tip-enhanced fluorescence microscopy has been demonstrated its ability of imaging
specimen at a resolution of a few tens of nanometers. It is benefited from the
confinement and enhancement of the light field at the apex of a metallic nanotip. The
near-field tip-enhanced fluorescence image is obtained by the typical raster-scanning
technique used in scanning probe microscopy. To date, tip-enhanced fluorescent images

1617 30 single molecules,'” *' and DNA'® have all been reported.

of quantum dots,
However, the obtained tip-enhanced fluorescence images were not the result of the
optimization of quenching and enhancement. Quenching of fluorescence was purposely
decreased or removed by some methods in these studies, which is attributed to the
increasing possibility of energy transferring from fluorophore to metal,”>**. For

12.17.36 in other ways,

example, dielectric tips were used to decrease effect of quenching,
an interval layer was added or a certain distance was maintained between a metallic tip
and a sample to prevent the metallic tip from directly contacting with the sample.'' The
ways of removing quenching somehow compromise losing of enhancement if the
certain distance is not optimized. Our study provides a way to overcome this problem
by finding the optimized tip-sample distance for tip-enhanced fluorescence imaging. In
addition, in situ subtraction of far-field signal is efficiently achieved as explained in

section 5.2.

To specifically detect the only quenching caused by the metallic tip, quantum dots
are used as the sample for their high photostability. Figure 5.5.1 shows a tip-enhanced
fluorescence image and a topographic AFM image of the sample quantum dots. The
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fluorescence image is constructed from fluorescence intensity at a tip-sample separation
(d) of 0 nm. It is a far-field free image (far-field fluorescence intensity is subtracted).
The tip-sample separation dependent intensity measured at position “A” of fluorescence
image is illustrated at the bottom left. The acquisition time is 1 second. The AFM image
shows the structural information of quantum dots. The line profile of the dotted line is
illustrated at the bottom right, indicating heights of 9 nm and 20 nm. Since a single
quantum dot has a height of ~9.6 nm, and the diameter of tip apex is about 50 nm, thus
a few quantum dots are aggregated in this sample.
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Tip-sample Separation d (nm) Line Profile of AFM Image

Figure 5.5.1 Tip-enhanced fluorescence image (top left) and AFM image (top right) of
the same quantum dots. The scale bar is 50 nm in both images. Tip-sample separation
dependent fluorescence intensity at position “A” in fluorescence image is illustrated in
the bottom left. A line profile of sample depicted by the dashed line in AFM image is

illustrated in the bottom right.
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Figure 5.5.2 Tip-sample separation dependent fluorescence intensity at two different

positions of the aggregated sample.

The tip-sample separation dependent fluorescence intensity in figure 5.5.1 shows
enhanced intensity at very short tip-sample separations (< 20 nm). This indicates an
enhanced field at the apex of Ag-coated tip. However intensity decreasing due to
quenching is not observed at position “A”. One possible reason is probably that the
quantum dots are an aggregation, which makes the arrangement of tip and quantum dots
very different. From the same fluorescence image, we analysis the tip-sample separation
dependent intensity at different lateral positions of the sample. Figure 5.5.2 illustrates
two tip-sample separation dependent curves on the left from two positions arrowed in
the fluorescence image on the right. The tip-sample separation dependent intensity at
position 1 shows a decreasing of intensity when the tip-sample separation is less than
5.7 nm. This indicates a quenching effect that is dominant over enhancement. In this

occasion, the Ag-coated tip intermittently contacts with the sample at the edge region. It
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can be described as the inset illustration. The red color represents the enhanced field at
the apex of Ag-coated tip. Due to quenching is dominant when Ag-coated tip contacts
with the quantum dots, and the effect of this enhanced field can only cover a single
quantum dot (gray color) and other quantum dots (black color) are not excited by it,
then a relative weak fluorescence strength can be detected at the short tip-sample
separation (< 5.7 nm). In the other occasion shown at position 2, the Ag-coated tip
intermittently contacts with the sample at the central region, where only enhancement is
observed. The inset illustration describes one quantum dot is subjected to quenching
effect while other three quantum dots (red color) are subjected to enhancement effect.
Thus even in contact, enhancement is dominant over quenching. One another reason for
the weak quenching effect may be due to the thickness of ZnS shell in quantum dots,

which prevents quenching from happening sometime.
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Figure 5.5.3 A group of fluorescence images of a single quantum dot at different tip-

sample separations (d, unit: nm). The scale bar is 50 nm.

Since quantum dots aggregation complicates the variation of tip-sample separation

dependent intensity, a sample of single quantum dot is preferable to determine the
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optimized tip-sample separation for fluorescence imaging. In the experiment, an
isolated single quantum dot was chosen for fluorescence imaging according the height
information of AFM image. Figure 5.5.3 illustrates a group of fluorescence images that
are constructed from the intensity at different tip-sample separations. These images
show different structural shapes of quantum dot, indicating this quantum dot is an
anisotropic structure. Probably the ZnS shell does not cover the CdSe core uniformly or
there are several defects inside the quantum dot. The intensity data obtained in this
experiment is not enhanced much comparing to the data obtained in figure 5.5.2, the
reason is not only the smaller sample density but also the weaker light field from Ag-

coated tip.
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Figure 5.5.4 Comparison of tip-enhanced fluorescence imaging at different tip-sample

separations. The scale bar is 30 nm.
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Figure 5.5.4 demonstrates another result. In this result, an obvious variation of
intensity caused by tip enhancement and tip quenching is observed as shown in the top
graph. According to the variation of intensity, the optimized tip-sample separation is at
B (5.7 nm). Thus an optimized tip-enhanced fluorescence image is obtained at tip-
sample separation of 5.7 nm as shown in the bottom right. In contrast, an image at tip-
sample separation of 0 nm is illustrated in the bottom left, which has weak fluorescence
due to the quenching effect from the tip. Here the fluorescence in image @A is still
observable that can be explained by the incomplete quenching from the hinder of ZnS

shell. Obviously, image @B provides more structural information than image @A.

In summary, a few tip-enhanced fluorescence images are illustrated. All images are
far-field free images benefitted from in situ far-field subtraction in our experiment
technique. The enhancement and quenching induced by Ag-coated tip are observed in
the tip-sample separation dependent fluorescence intensity. Fluorescence imaging at the

optimized tip-sample separations of quantum dots is demonstrated as well.
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Chapter 6.

Conclusions and outlook

Conclusions

This study focuses on the two competing processes of plasmonic enhancement and
quenching in tip-enhanced fluorescence microscopy. For the purpose of achieving
fluorescence nano-imaging beyond the diffraction limit, the plasmonic enhanced field is
introduced to enhance fluorescence by a metallic nanotip. However, the very same
metallic nanotip causes fluorescence quenching as well. Consequently, a new technique
of controlling tip-sample separation needs to be developed to observe both enhancement
and quenching. We describe that the effects on fluorescence of enhancement and
quenching are dependent on the separation between tip and sample. The mutual
competition between enhancement and quenching makes the strongest fluorescence
intensity rest at an optimized tip-sample separation, typically ~6 nm. This is
demonstrated from our experimental result of tip-sample separation dependent
fluorescence intensity. At this optimized tip-sample separation, high spatial resolution

fluorescence imaging is achieved.

The experimental technique to detect this optimized tip-sample separation is
presented by utilizing tapping-mode atomic force microscopy (AFM) to realize tip-
sample separation control. Through the synchronization of time-gated optical signal
detection with tapping oscillation of AFM and conversion of time to tip-sample
separation afterward, fluorescence intensity as a function of tip-sample separation is

obtained. In addition, fluorescence intensity mapping at different tip-sample separation
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can be realized with the raster scanning technique in AFM. This experiment technique
for tip-sample separation control is applicable to tip-enhanced Raman microscopy as
well. Results of Raman imaging of single-walled carbon nanotubes (SWNTs) are
demonstrated. The spatial resolution reaches 8~12 nm. Since Raman scattering has no

quenching effect from the metallic nanotip, the optimized tip-sample separation is 0 nm.

Another important aspect of our experimental technique is to carry out far-field
free tip-enhanced optical imaging. With help of tip-sample separation control, far-field
signal at the maximum tip-sample separation can be separated. Thus, a pure near-field
optical image can be obtained by simply in situ subtraction of far-field signal. The
obvious improvement of imaging resolution is demonstrated in our far-field free tip-

enhanced Raman microscopy and tip-enhanced fluorescence microscopy.

Outlook

Although tapping-mode tip-enhanced fluorescence microscopy has demonstrated its
great power to optimize enhancement and quenching by tip-sample separation control,
we come to realize that this is strongly dependent on different sample. For quantum dots
we used, the high photostability makes us to exclude other possible processes (e.g.
photobleaching) of diminishing fluorescence. Then fluorescence quenching through
energy transfer to metal nanotip is the only way we considered. But most fluorescent
biomolecules are subjected to photobleaching under different environment. If many
other processes happen to diminish fluorescence, it is hard to know at which tapping
position tip is in contact with the sample. For further study on such samples, we need to

find a way to distinguish the possibilities of decreasing of fluorescence intensity.

One way to know the contact tapping position is using Raman scattering. Because
quenching does not happen in Raman scattering. By simultaneously detecting Raman
scattering and fluorescence,' the precise tip-sample separation can be calculated for
distance dependent Raman and fluorescence signals. Therefore, it is possible to analysis
fluorescence intensity decreasing whether it is caused by tip quenching or other

environmental factors.
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Spectroscopy can actually provide more information of this tip-sample interaction.
Instead of intensity detection, tapping-mode tip-enhanced optical microscopy can also
be used to detect tip-sample separation dependent spectra. This can be realized by
synchronizing laser illumination with tapping oscillation.” It can be more interesting to
know the physical phenomenon behind the spectral variations in short-range tip-sample

separations.
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Appendix

Fabrication of Ag-coated tip

The metallic tip used in the experiments is Ag-coated. It is made from thermal
evaporation of Ag nanoparticles on the commercial AFM tip. The commercial AFM tip

is purchased from SII Nanotechnology (SI-DF20). Its characteristics are listed as below.

SI-DF20 cantilever

Material: Silicon

Oscillation frequency: 110~150 kHz
Radius of tip apex: 10 nm

Length of tip: 12.5 um

The study of plasmonic resonant wavelength depending on SiO, thickness was done
previously. It demonstrates that there is a blue shift of plasmonic resonant wavelength
as the thickness of SiO, layer towards a large value.' This is shown in Figure 1. The
calculation model is illustrated in the left of figure 1. The results of plasmonic resonant
spectra with different thickness of SiO, are shown in the right of figure 1. To obtain
great plasmonic enhancement at 488 nm excitation, the AFM tip is usually oxidized at

1100 Celsius degree for 15 minutes and then evaporated by Ag nanoparticles.

B Tso:‘=25nm ) T :’“ r ' 7

Field Amplitude (a.u.)

Ag SiO2
(10nm thick)

700 800 900
Wavelength (nm)

Figure 1. Calculation of SiO, thickness dependence of plasmonic resonant wavelength,

referred from ref. 1
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According to different vacuum degree and deposition rate, the result of Ag
structures attached to the tip apex is very different. Figure 2 shows 4 scanning electron
microscopy images of different tips, indicating a range of different diameters at the Ag-

coated tip apex.

100 nm

100 nm

Figure 2 scanning electron microscopy images of Ag-coated tip
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