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Tip-enhanced near-field Raman spectroscopy with a scanning tunneling
microscope and side-illumination optics

K. J.Yi, X. N. He, Y. S. Zhou, W. Xiong, and Y. F. Lu®
Department of Electrical Engineering, University of Nebraska-Lincoln, Lincoln, Nebraska 68588-0511, USA

(Received 2 May 2008; accepted 18 June 2008; published online 16 July 2008)

Conventional Raman spectroscopy (RS) suffers from low spatial resolution and low detection
sensitivity due to the optical diffraction limit and small interaction cross sections. It has been
reported that a highly localized and significantly enhanced electromagnetic field could be generated
in the proximity of a metallic tip illuminated by a laser beam. In this study, a tip-enhanced RS
system was developed to both improve the resolution and enhance the detection sensitivity using the
tip-enhanced near-field effects. This instrument, by combining RS with a scanning tunneling
microscope and side-illumination optics, demonstrated significant enhancement on both optical
sensitivity and spatial resolution using either silver (Ag)-coated tungsten (W) tips or gold (Au) tips.
The sensitivity improvement was verified by observing the enhancement effects on silicon (Si)
substrates. Lateral resolution was verified to be below 100 nm by mapping Ag nanostructures. By
deploying the depolarization technique, an apparent enhancement of 175% on Si substrates was
achieved. Furthermore, the developed instrument features fast and reliable optical alignment,
versatile sample adaptability, and effective suppression of far-field signals. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2956977]

I. INTRODUCTION

Raman spectroscopy (RS), as a powerful optical spectro-
scopic technique, has been widely applied to a variety of
fields such as chemistry, physics, material science, biology,
space exploration, and semiconductor industry.1 The applica-
tions attribute to the unique capability of identifying struc-
tures and chemical bonding through characterizing molecular
vibrations of the constituent atoms or ions. However, con-
ventional RS faces two challenges: (1) the inherited notori-
ously weak scattering sensitivity resulting from small inter-
action cross sections (107% cm?/molecule) and (2) low
spatial resolutions (1 wm) dictated by the optical diffraction
limit.> In line with the challenges, different schemes have
been proposed. Represented by near-field RS (NFRS),’
surface-enhanced RS (SERS),'*™® and tip-enhanced RS
(TERS),7_9 these schemes are based upon one or more
mechanisms of electromagnetic enhancement, chemical en-
hancement, and near-field effects. NFRS, referring to aper-
ture RS, has demonstrated a spatial resolution of 100 nm by
employing an aperture with a diameter of 100 nm on a ta-
pered fiber tip or micropipette. Further resolution improve-
ment is nearly impossible because of an extremely low opti-
cal throughput of the optical fiber with diameters below 100
nm. SERS employs rough metallic surfaces (Ag, Au, etc.)
formed by grains, fractals, clusters, and nanoparticles to
achieve presently the strongest Raman enhancement with an
enhancement factor of 10'4.'® This impressive enhancement
is mostly explained by local surface plasmons (LSPs) in-
duced by rough metallic surfaces. LSPs are charge-density
oscillations confined to metallic nanoparticles or nanostruc-
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tures. Excitation of LSPs by an optical field with a wave-
length, at which the resonance occurs, results in strong light
scattering, the appearance of intense absorption bands due to
surface plasmons (SPs), and an enhancement of the local
electromagnetic fields." This technique allows the sensing of
an individual molecule.'” However, the morphologies of the
metal surfaces, which ultimately determine the SERS effect,
are uncontrollable, and hence severely limit the quantitative
analyses.

TERS, on the other hand, makes use of a metallic tip to
induce LSPs. Investigators found that a highly localized and
significantly enhanced electromagnetic field can be gener-
ated in the proximity of the metallic tip irradiated by a laser
beam.'>" It is suggested that in addition to LSPs, lightening-
rod effect may also contribute to the enhancement due to the
geometric singularity.8 One can take advantages of the local-
ized field to improve both the lateral resolution and detection
sensitivity because the enhancement only occurs in a nano-
meter range dictated by the geometry of the tip apex. How-
ever, this evanescent field degrades rapidly along the light
propagation direction. To make use of the local field, one
must precisely control the tip-surface distance at a nanometer
or angstrom level. Practically, the precise distance control
can be realized by a scanning probe microscope (SPM)
which uses either atomic force for atomic force microscope
(AFM) or tunneling current for scanning tunneling micro-
scope (STM) as the control variables. Both AFM and STM
can provide atomic-resolution images by scanning a tip
across sample surfaces and monitoring either the atomic
force or tunneling current. RS in conjunction with SPM may
provide a new insight into understanding the morphology,
electronic, thermal, chemical, mechanical, and optical prop-
erties of nanoscale materials and devices in a correlated fash-
ion, eliminating sample contamination during transportation

© 2008 American Institute of Physics
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among different instruments. Recently, both AFM-combined
RS (RAFM) and STM-combined RS (RSTM) have been
reported.lz’l“_21 For RAFM, an AFM works in the contact
mode with a Au or Ag coated Si tip as the light scatter. While
for RSTM, a STM runs in the constant-current mode with the
tip above the sample surface in a tunneling range. Up until
now, most TERS-related reports on how to build TERS sys-
tems are focused on RAFM,'>'*!1>1721 yhile only a few
reports have systematic description of building RSTMs. One
typical example of RSTM is that a high-resolution RSTM
system was built using a parabolic mirror with a high nu-
merical aperture (NA) to study thin layers and nanostructures
in an ultrahigh vacuum.'® However, the presence of the para-
bolic mirror not only increases the system complexity but
also adds difficulties to optical alignment. So far, there is no
report on how to perform fast and reliable optical alignment
although it is a critical prerequisite to realize Raman en-
hancement. Several instrument suppliers such as Tokyo In-
struments, Renishaw, Witec, JPK instruments, and Jobin-
Yvon are making strong efforts on developing a versatile and
dynamic TERS system.

RSTM offers many advantages over RAFM, such as (1)
better lateral resolution by precisely controlling the tip-
sample gap distance, (2) gap mode resonances of the tip-
sample configuration, and (3) feasibility of electronic prop-
erty characterization in conjunction with RS chemical
identification. TERS systems can be categorized in bottom or
side illumination.”>** For transparent samples, the bottom
illumination is more popular due to high optical throughput
and convenient optical alignment. For opaque samples, how-
ever, the side illumination is the only approach although it
suffers from inconvenient optical alignment and strong back-
ground signals.

In this study, we developed a RSTM system using the
side-illumination optics, with the capability of receiving both
far-field and near-field Raman signals. By appropriate optical
design and three specific alignment steps, fast and reliable
optical alignment is achieved. Meanwhile, the far-field sig-
nals have been significantly suppressed by depolarization. As
a result, a higher contrast ratio has been achieved.'>** The
high contrast ratio allows clear Raman mapping of nano-
structures or residual stress distribution in devices. The sys-
tem can be converted to a RAFM system by replacing the
STM nose cone with an AFM one. The flexible transforma-
tion from RSTM to RAFM allows nanoscale Raman spec-
troscopy for both conductive and insulating samples.

Tip material and geometries are important factors for the
Raman enhancement.'**** This study investigated and com-
pared the preparation and TERS performance of both Au tips
and Ag-coated W tips. Ag nanostructures fabricated on Si
substrates by the nanosphere lithography (NSL) technique
were used for system evaluation because the LSPs induced
by nanoscale dipoles are promising to further enhance the
local optical field in addition to TERS.

Il. EXPERIMENTAL

A. System description

The schematic of the developed TERS system is de-
picted in Fig. 1. The system consists of an optical path, a
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FIG. 1. Schematic of the RSTM system using side-illumination optics.
Dashed lines indicate electronic connections.

spectral acquisition module [spectrograph and charge
coupled device (CCD) camera], a STM module, a motorized
stage module, an optical microscope, and a computer. The
optical path is used to deliver the excitation laser beam onto
sample surfaces as well as collect the Raman signals from
the surfaces. The spectral acquisition module is used to col-
lect the scattered signals and convert the optical signals into
electronic data. Tip-surface distance is controlled by the
STM. The motorized stage module is used to position the
samples. The optical microscope equipped with a CCD cam-
era plays the roles of locating the regions of interest and
monitoring the optical alignment. The computer is used to
control the STM as well as acquire, process, and visualize
the Raman signals.

The instrument can accommodate both AFM and STM
functionalities to combine with the Raman spectrometer. The
three-dimensional optical path can precisely and reliably
align the laser beam on the tip. A SPM system (Agilent, SPM
5500) is used as a platform to build the TERS system. The
tip is mounted on a piezoelectric transducer that has a stroke
of 100 um and a closed-loop control. In addition, a two-axis
nanopositioner (Mad City Laboratories, nano-H100) is
placed beneath the sample holder. The nanopositioner is used
for mapping sample surfaces. The software used for mapping
is developed using the LABVIEW™ programming platform
together with the instrumental drivers provided by the hard-
ware suppliers.

In Fig. 1, a laser beam from an argon laser (Coherent,
Innova 300) passes through a line filter (Newport) that only
allows the wavelength of 514.5 nm to pass through. Before
reaching a beam splitter (Newport), the beam is reflected by
a mirror, and its polarization is varied by a half-wave plate
(CVI). The transmitted beam is then reflected by three mir-
rors before being focused on a sample surface by an objec-
tive lens (Olympus, LWD50X, NA=0.45, WD=15 mm). Af-
terwards, the STM tip approaches the sample surface with
the tip-surface distance in the tunneling range of 1 nm. The
status of the tip, the laser beam, and the substrate surface are
monitored by the optical microscope. The position of the
objective lens is controlled by a motorized XYZ stage with a
resolution of 3 um, indicated by the box outside the objec-
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FIG. 2. Experimental setup of the RSTM system.

tive lens shown in Fig. 1. With a successful optical align-
ment, near-field Raman scattering signals are collected by
the objective lens and reflected by the mirrors. After passing
through a notch filter (Kaiser, SuperNotch®, OD=4.0) and
an analyzer (Newport), the beam with Raman signals is fo-
cused by a lens (CVI) into the slit of the spectrograph (Acton
Research, Spectro-2300i). A back-illuminated CCD camera
(Princeton Instruments, PIXIS-400B) with a high quantum
efficiency (>90% at 514.5 nm) is used to acquire the Raman
spectra. The spectra are then analyzed, processed, and visu-
alized by the computer.

To perform Raman mapping, a sample is placed on the
nanopositioner which has a lateral resolution of 0.4 nm. Fig-
ure 2 shows a picture for the practical experimental setup. It
can be seen that both the STM system and the motorized
sample module are placed on a fixture frame.

B. SPM electronics

A SPM from Agilent Technologies was selected for
building the TERS system due to its open architecture. This
SPM has a sufficient space to incorporate other modules. The
SPM system accommodates different operation modes of
contact AFM, noncontact AFM, current sensing AFM, STM,
and scanning tunneling spectroscopy (STS). The SPM sys-
tem is composed of an optical microscope, a motor, a
four-segement PIN laser diode, an environment chamber, a
main frame, and three scanners including one STM-only
scanner with a 1 wm scanning range (9501A), one STM-
AFM scanner with a 10 wm scanning range (9520A), and
one STM-AFM scanner with a 100 um scanning range
(9524A).

C. Optical alignment

To obtain the TERS, precise alignment of the focused
laser beam with respect to the tip is essential. The beam
center should be aligned in between the tip-surface gap,
with the challenge that the micron-sized laser beam is re-
quired to be aligned with the nanoscale tip apex. Three steps
of coarse, intermediate, and precise alignments are used to
address this challenge. More specifically, the laser beam is
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aligned to the tip with a millimeter-range accuracy in the
coarse alignment, a micrometer-range accuracy in the inter-
mediate alignment, and a nanometer-range accuracy in the
precise alignment.

As shown in Fig. 1, two mirrors (in boxes), one objec-
tive lens (in a box), and one tip, all movable, are the key
components to perform the optical alignment. Both mirrors,
mounted on two orthogonally arranged translation stages, are
used to perform the coarse alignment. The objective lens,
mounted on the motorized XYZ stage, is used for the inter-
mediate alignment. The precise alignment is implemented by
the piezoelectric transducer mounted on the STM scanner.
The tip position and sample surface are both monitored by
the optical microscope. Before the coarse alignment, the ob-
jective lens is moved away from the optical path. The laser
beam is positioned in a targeted region completely covering
the tip apex. The objective lens then moves back and gradu-
ally approaches the sample surface. When the optical path is
well aligned, the focused laser beam is always along the
desired propagation direction. At this stage, the position of
the focused beam should be near the tip position. Subse-
quently, by moving the objective lens in the intermediate
alignment, the focused beam is brought to the tip position
with an accuracy of 50 um. Finally, the tip is brought back
and moves in a range of 100 wum with a resolution of 0.4
nm. Since the beam is within a range of 50 wm from the tip
position, the laser beam eventually meets with the tip at a
certain position.

D. Tip and substrate fabrication

Two types of tips can be employed: Ag/Au-coated W
tips and Au tips.24_27 Enhancement from Ag tips is slightly
stronger than that from Au tips. However, due to oxidation
when exposed in air, Ag tips may lose enhancement effects
after 2 or 3 days. Compared to the fabrication of Ag-coated
W tips in which an additional sputtering process is needed,
the preparation of Au tips is simpler because only the etching
process is necessary. However, Au tips are too soft and easily
deformed when they scan on or retract from sample surfaces.
In contrast, the W tips are harder and barely deformed. In
this study, both Ag-coated W tips and Au tips were prepared
to evaluate the TERS performance.

The W and Au tips were fabricated by a direct current
electrochemical etching apparatus. Etching voltage, etching
time, configuration of cathode, and solution are different
for fabricating each type. To fabricate a W tip, a W wire
(Aldrich) of 0.25 mm diameter was immersed in a solution
with a mixture of concentrated HCIO, and pure methanol
(1:4) at an anodic voltage of 1.8 V. The etching time was
around 9 min. The W tip was then placed into a vacuum
chamber of a sputtering system to coat with a Ag layer of 40
nm thick. To fabricate a Au tip, a Au wire (Aldrich) of 0.25
mm diameter was immersed in a solution prepared using
analytical grade fuming hydrochloric acid and ethanol
(Merck). To achieve a smooth surface, the anode was made
in a ring shape. A bias voltage of 2.4 V was then applied
between the ring and the Au tip for a time period of around
5 min.
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FIG. 3. SEM micrographs of (a) normal view, (b) zoomed view of a Ag-coated W tip, as well as (c) normal view and (d) zoomed view of a Au tip.

P-type Si (110) substrates (Virginia Semiconductor)
with a resistivity of 0.02-0.09 ) cm were cleaned in an
ultrasonic cleaner with acetone and alcohol solutions for
10 min each, followed by a passivation process in 5% HF
solution for 5 min. The substrates were then dried with a
nitrogen gas. Ag nanostructures were fabricated on the Si
substrate by the NSL process followed by a sputtering pro-
cess. Silica microparticles with a diameter of 800 nm were
used as masks for sputtering Ag on the substrates. After the
lift-off process, triangle-shaped Ag nanostructures were
formed on the substrate surfaces. The side length of the
nanostructures was 200 nm with a tip-to-tip distance of
around 100 nm.

lll. RESULTS AND DISCUSSION
A. The Ag-coated W tip and Au tip

The micrographs of the Ag-coated W tip and tip apex are
shown in Figs. 3(a) and 3(b), respectively. A smooth Ag layer
was deposited on the tip surface. It was reported that a
smaller tip apex radius can lead to a stronger enhancement.”*
In this study, the radius of the tip apexes was around 50 nm.
In Fig. 3(a), Ag grains with sizes of around 10 nm are found
in the tip apex region, which also possibly contribute to
the Raman enhancement since the grain structures are the
major mechanism to achieve substantial enhancement in
SERS. The micrographs of the Au tip and tip apex are shown
Figs. 3(c) and 3(d).

B. Simulation of local optical fields

Simulation of locally enhanced optical fields beneath the
tip apexes provides insight into the mechanisms behind the

enhancement as well as information on how to optimize the
enhancement by coordinating relevant factors such as tip ma-
terial, tip geometry, excitation wavelength, incident angle,
and polarization direction.”® Different approaches, e.g.,
T-matrix approach, Mie’s theory, finite element analysis, and
finite difference time domain (FDTD), have been used to
perform the simulation.?’” In this study, the FDTD algorithm
in conjunction with the Lorentz—Drude model under the per-
fectly matched layer boundary conditions was used to simu-
late the optical fields. This model has taken the Si substrate
into consideration.

The physical model is depicted in Fig. 4(a). One conical
Ag tip with a diameter of 50 nm is placed 1 nm above a flat
Si surface and illuminated by a Gaussian-shaped continuous-
wave laser with a wavelength of 514.5 nm propagating along
the k direction. The incident angle is 65° with respect to the
tip axis (X axis). The beam is polarized in parallel with the
tip for optimal coupling. The magnitude of the electric field
of the beam is assumed to be 1 V/m. The uniform mesh step
for each axis is 0.5 nm. Figure 4(b) shows the electric field
distribution in a two-dimensional view. It can be observed
that the electric field as high as 600 times is locally enhanced
in the space between the tip apex and the substrate surface in
a region of 14 nm, indicating that a spatial resolution of 14
nm could be achieved.

C. Optical alignment

Three steps have been used for fast and reliable optical
alignment. Figures 5(a)-5(c) are the images of the Ag-
coated W tip and laser beam under different conditions as
monitored by the optical microscope. Figure 5(a) shows that
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FIG. 4. (Color) (a) Physical model to simulate the optical field in the proximity of a Ag-coated W tip. (b) Optical field distribution in the proximity of a
Ag-coated tip illuminated by a 514.5 nm laser beam. The inset is a zoomed view of the optical field distribution.

the tip was away from the substrate, in which only far-field
Raman signals can be obtained. A mirrored image of the
tip can be observed due to the reflection from the substrate
surface. Figure 5(b) shows the scattered light at the tip apex
when the laser beam was focused on the tip. A mirrored
diffraction image is present, indicating that the laser beam
was not exactly positioned in the tip-surface gap but slightly
toward the tip. The focused laser beam was thus partially
blocked by the tip, so that the total Raman intensity was
reduced. Figure 5(c) shows the diffraction pattern in an
ideal alignment where the enhanced Raman intensity can be
observed. The strong interference patterns around the tip
apex are generally used to identify the optimal alignment
between the tip and the sample surface. Likewise, Fig. 5(d)
shows the diffraction pattern from a Au tip in good optical
alignment.

D. Raman spectra of the Si substrates

Contrast ratio, defined as the ratio of near-field to far-
field Raman intensity, is used to evaluate the extent of the
enhancement. The far-field intensity is obtained when the
laser beam is far away from the tip, ensuring no tip-beam

FIG. 5. Images captured in the optical alignment under the conditions of (a)
beam away from the tip, (b) beam on the tip, and [(c) and (d)] tip in the
center of the tip-surface gap (good alignment). (a)—(c) are for a Ag-coated W
tip and (d) is for a Au tip.

interaction exists. Subtracting the far-field intensity from
the total intensity equals to the near-field intensity when the
laser beam is well aligned with the tip to achieve strong
near-field effects. It is reported that the contrast ratio of the
crystalline Si at 520 cm™' is around 50% by Ag-coated W
tips or Au tips.lg’26 Figure 6(a) shows the Raman spectra of
the Si substrate with the Ag-coated W tip under different
conditions. The total intensity in a well aligned case, the
far-field intensity, and the total intensity in a misaligned case
in which the laser beam was partially blocked are indicated
by Raman spectra 1, 2, and 3, respectively. In a well aligned
case, a contrast ratio of 52% can be observed (spectrum 1).
Whereas when the beam was blocked by the tip, the intensity
was significantly reduced due to the “shadowing effects”
(spectrum 3)." Figure 6(b) shows the Raman spectra of
the Si substrate with a Au tip. A contrast ratio of 47% was
obtained.

E. Far-field suppression using the depolarization
technique

To further improve the contrast ratio, several methods
have been employed including tip material and geometry
modification,” excitation wavelength selection or plasma
resonance tuning,30 optical system optimization, and use of
excitation and scattering light polarization.31 The common
rationale of these approaches is to increase the near-field
intensity. Nevertheless, there is an alternative way to increase
the contrast ratio by suppressing the far-field intensity. Ra-
man scattering signals are generated from the interaction be-
tween a polarized incident laser beam and molecular vibra-
tions. With different symmetry of the vibration mode, the
scattered signal can be polarized either parallel or perpen-
dicular to the polarization direction of the incident beam or
both. For symmetric vibrations, the scattered light is almost
completely polarized in the same direction as the incident
field, and no depolarization can be observed. Whereas, the
scattered light from asymmetric vibrations is polarized both
parallelly and perpendicularly to the incident beam. Since
crystalline Si has a highly symmetric structure, the Raman
scattering is strongly polarized. For example, the polarization
of the incident beam can be locally changed around the vi-
cinity of diamond nanoparticles.32 The sharp apexes of Ag
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FIG. 6. Raman spectra of the Si substrate using (a) a Ag-coated W tip and (b) a Au tip. Spectra 1, 2, and 3 were taken in the cases of good alignment, laser
beam away from the tip, and laser beam on the tip but not in the gap, respectively.

tips should be able to play the same role as that of the dia-
mond particles. If an analyzer were oriented perpendicular
to a polarizer, the far-field signals could be blocked by the
analyzer since most scattered Raman signal has the same
orientation as the polarizer. The tip interaction with the in-
cident light changes the polarization, which leads to the de-
polarization such that there is partial depolarization of the
incident beam in its vicinity. Recently, using depolarization
technique to efficiently suppress the far-field signals has been
reported.15 This depolarization technique was further opti-
mized to successfully obtain Raman images with high
contrast."’

In the experiments, the analyzer was kept perpendicular
to the tip axis, while the polarizer was rotated at a step of
15°. Shown in Fig. 7 are the far-field intensity, near-field
intensity, and contrast ratio as functions of the polarizer
angle, which is defined as the polarization direction of the
incident beam with respect to the sample surface. The far-
field signals were collected when the tip was far away from
the beam. The near-field signals were collected when the tip
was well aligned with the beam. By changing the polarizer
angle, different Raman intensities at the peak position of
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FIG. 7. Far-field intensity (squares), near-field intensity (diamonds), and
contrast ratio (stars) as functions of the polarizer angle.

520 cm™! were captured, and thus the contrast ratios were
obtained. It can be clearly seen that a contrast ratio as high as
120% has been achieved when the polarizer angle is between
90° and 105° using the Ag-coated W tip. The Raman spectra
of the Si substrate from the W tip are shown in Fig. 8(a)
when the depolarization technique was employed. This en-
hancement is more than doubled with the depolarization. The
Raman spectra of the Si substrate from a Au tip are shown in
Fig. 8(b), with a contrast ratio of 175%. The results demon-
strate that the depolarization technique is effective to im-
prove the contrast ratio.

F. Raman mapping of Ag nanostructures

The spatial resolution of the TERS (RSTM) system
was investigated by mapping the Ag nanostructures fabri-
cated on Si substrates. Figure 9(a) shows the scanning
electron microscopy (SEM) micrograph of the Ag nano-
structures. They have triangle geometries with a side length
of around 200 nm and a tip-to-tip distance of around 100 nm.
Since the focused laser beam has a diameter of 3—-5 um,
the normal RS cannot resolve the individual nanostructures.
Without further efforts, 20 nanoscale triangles would be
covered in the focused laser spot. The RSTM has the capa-
bility of distinguishing the nanostructures. The tip apex
has a radius of around 30 nm, smaller than the size of
each triangle. Consequently, the tip could be precisely posi-
tioned on one nanostructure. The near-field signals varied
in different regions. When the tip was on the nanostructures,
no obvious enhancement on Si spectrum was observed.
When the tip was in the region between two tips of the
triangles, the strongest enhancement was observed due to
the strong LSPs induced by the particular arrangement. By
scanning the STM tip in a range, a Raman image was ob-
tained as illustrated in Fig. 9(b). The image in Fig. 9(b) cor-
responds to the area enclosed with the dashed lines in Fig.
9(a). It could be seen that the spatial resolution of the RSTM
is well below 100 nm, much smaller than the optical diffrac-
tion limit.
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FIG. 8. Raman spectra of the Si substrate using (a) the Ag-coated W tip and (b) the Au tip with depolarization. Spectra were taken in the cases of good

alignment and beam away from the tip, respectively.

IV. CONCLUSIONS

A TERS system, which consists of both a Raman spec-
trometer and a scanning tunneling microscope, was devel-
oped to improve both the spatial resolution and detection
sensitivity. Using side-illumination optics, the TERS instru-
ment can accommodate both opaque and transparent
samples. The flexible optical design and alignment procedure
provide a reliable and rapid alignment to match the focused
laser beam with the STM tip. Both Ag-coated W tips and Au
tips were fabricated and used in this study. The far-field sig-
nals have been efficiently suppressed by depolarization. A
contrast ratio as high as 175% on the Si substrate was ob-
tained using a Au tip. The spatial resolution of the instrument
was proved to be below 100 nm by mapping Ag nanostruc-
tures on a Si substrate. Therefore, the developed RSTM sys-
tem features fast and reliable optical alignment, versatile
sample adaptability, and sufficient far-field signal suppres-
sion. The correlated characterization capability of the system
provides a new approach to understanding the relationship
among the morphology, electronic, thermal, chemical, me-
chanical, and optical properties of nanoscale materials and
devices, while eliminating sample contaminations during
transportation among different instruments. This instrument
can be used for spectroscopic studies of a variety of optical
phenomena such as light emission, fluorescence, one-photon
and two-photon excitations for possible applications encom-
passing virus detection, cancer therapy, biochemical identifi-
cation, single molecule sensing, nanoelectronic device analy-
sis, optical trapping, and nanofabrication.
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FIG. 9. (a) SEM micrograph and (b) Raman mapping image of Ag nano-
structures fabricated on a Si substrate.
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