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Abstract

Abstract

Tip-enhanced Raman spectroscopy (TERS) and tip-enhanced fluorescence (TEF)
with ultra-high detection sensitivity and spatial resolution have been powerful
characterization techniques in the study of surface science. Although TERS and TEF
achieve significant progress in recent years, there are still many unsolved major
scientific issues. For example, the conventional localized electric field enhancement
theory is not enough to completely explain the physical mechanism of the
sub-nanometer spatial resolution achieved in TERS expetiments; Because the
rapid-developed STM-TERS is severely limited by the conductivity of the sample and
the substrate, it is urgent to develop tip-enhanced Raman system with more general
universality; How to design and develop the muti-functional nano-spectroscopy
instrument platform with ultra-high spatial resolution, and thus helps integrate the
advantages of the two spectroscopy techniques in process of research. Meanwhile, it
has great scientific significance and practical application value to explore the
quantitative relations between the optical properties of TERS/TEF and the tip,
substrate as well as the molecule and so on, and thus largely improve the collection
efficiency and detection sensitivity of TERS and TEF. To cure the above involved
problems in TERS and TEF, we theoretically studied the optical properties of
tip-enhanced Raman and fluorescene systems.

The thesis is divided into six chapters. In the first chapter, the purpose and main
tasks of this work were proposed after reviewing the basic theory and the extended
applications of surface plasmons (SPs), the main features and the progress of TERS
and TEF techniques. In the second chapter, three-dimensional finite-difference
time-domain (3D-FDTD) and fimite element method (FEM) were basically described.
In the third chapter, we theoretically studied the quantitative relations between the
optical properties of the AFM-TERS and the influence factors, such as the size and
material of the tip, the thickness of metal coating and so on. The preliminary
experiments were performed. In the fourth chapter, we theoretically studied the
localized electric field enhancement and electric field gradient enhancement in the
STM-TERS, and provided a possible physical mechanism of sub-nanometer spatial
resolution. In the fifth chapter, the Raman and fluorescence enhancement in
STM-TERS and STM-TEF, respectively, were theoretically investigated to realize the



Abstract

in situ measurement of molecular Raman and fluoresncence which is very important
for the development of multi-functional nano-spectroscopy instrument combining
TERS and TEF. In the sixth chapter, we quantitatively studied the spatial distribution
of directional emission in STM-TERS and AFM-TEF systems, respectively, which is
can provided reliable theoretical references for improving the collection efficiency and
optimizing the configurations.

The innovative points and key research results are as follows:

1. Theoretical design and experimental demonstration of AFM-TERS system with
high enhancement factor and spatial resolution. 3D-FDTD calculations demonstrate
that the TERS enhancement factor can be tuned to as high as 9 orders of magnitude,
and the spatial resolution could be down to 2.5 nm, by optimizing the tip, excitation
laser, and the substrate. Preliminary experimental results for AFM tips coated with
gold layer of different thickness, reveals that the maximum enhancement can be
achieved when the thickness is about 60-80 nm, which is in good agreement with the
theoretical predictions. Our results not only provide an understanding of the
underlying physical mechanism of AFM tip-based TERS, but also guide the rational
construction of a working AFM-TERS system with high efficiency.

2. Explaining the ultra-high TERS spatial resolution by electric field gradient
effect. Although the tip-enhanced Raman spectroscopy (TERS) with sub-nanometer
spatial resolution has been recently demonstrated experimentally, the physical
mechanism underlying is still under discussion. Here, FEM was used to investigate the
electric field gradient effect of STM-TERS system and we obtained the quantitative
relation between the electric field enhancement and the cone angle of the tip. We also
get the the spatial distributions of electric field and its gradient field. Our calculations
suggest that the ultra-high spatial resolution of TERS can be partially attributed to the
electric field gradient effect. Particularly, in the case of TERS of flat-lying molecules,
we find the electric field gradient enhancement is the dominating factor for the high
spatial resolution. Our theoretical study offers a new paradigm for understanding the
mechanisms of the ultra-high spatial resolution demonstrated in tip-enhanced
spectroscopy which is of importance to understand the TERS mechanism.

3. Proposing and optimally designing tip-substrate system to realize the in-situ
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