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Raman and Fluorescence Spectroscopy Coupled
with Scanning Tunneling Microscopy
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1.1
Introduction

Optical spectroscopy is a very powerful tool in many fields, especially in chemistry.
Light irradiates molecules (input) and, after interaction with the molecules, light is
collected (output). In Raman spectroscopy, light is inelastically scattered by molecules
and, owing to molecular vibration excitation or de-excitation, light with higher or
lower energy is observed. Raman scattering is emitted together with a vast amount of
elastically scattered light known as Rayleigh scattering, which generally makes the
measurement of Raman spectra difficult. Raman spectra are, however, very valuable
because we can obtain directly the vibration frequencies of bonds contained in matter
by using visible light. In fluorescence spectroscopy, light is absorbed by molecules
and the molecules are excited to the electronically excited state, resulting in the
emission of fluorescence when the molecules relax to the ground state. Fluorescence
spectra and decay processes are generally sensitive to intermolecular interactions in
excited states. By the use of such optical spectroscopy, chemical species can be
identified and the average environment surrounding target molecules can be
deduced.

Conventional optical spectroscopy has the drawback that the spatial resolution is
limited because of the diffraction limit of light. The resolution of a conventional
microscope is about half of the observation wavelength, which is several hundred nm
in the case of visible light. A variety of attempts to overcome the diffraction limit
realizing better spatial resolution have been performed to date. Scanning near-field
optical microscopy (SNOM) is one such methods, which has a spatial resolution of
about 50 nm [1]. In aperture SNOM, light is irradiated from a tapered optical fiber tip
so that the spatial resolution is limited by the aperture. Aperture-less SNOM uses a
sharp tip which scatters the evanescent field containing the information in the
sub-wavelength range. In both types of SNOM, the tip is placed close to or in contact
with a sample, and light signals are collected while the tip scans the sample surface.
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The combination of atomic force microscopy (AFM) and Raman spectroscopy is
another approach to attain high spatial resolution. AFM also employs a sharp tip close
to a sample surface. When the tip is made of metal and light is irradiated onto the tip
and surface, Raman scattering is largely enhanced. In this way, a spatial resolution of
15 nm is achieved [2].

However, there is demand for better spatial resolution — ultimately atomic scale
resolution. If this is realized we will be able to distinguish individually molecules
densely packed on a surface, or even identify a part of a single molecule. For example,
it could be clarified which part of a large molecule is modified with which kind of
functional group. This kind of instrument may become essential for the preparation
and analysis of single molecular devices. Combining scanning tunneling microscopy
(STM) with optical spectroscopy is considered to be a feasible approach. This is
because, at present, STM has the highest resolution among the various types of
scanning probe microscopy. STM was developed by Binnig et al. in 1982 [3], and now
enables us to observe a sample surface with atomic-scale resolution. The principle of
the method is based on the tunneling current between the sample and a sharp metal
tip as a tunneling probe [4, 5]. Very recently, attempts to combine STM with Raman or
fluorescence spectroscopy have emerged and these will be described in this chapter.
Here we will focus on studies performed under ambient conditions, that is, at room
temperature and in air. Therefore, inelastic electron tunneling STM spectroscopy
(IETS) is omitted from this chapter. STM induced luminescence, (alternatively called
photon scanning tunneling microscopy, PSTM) which observes the luminescence
induced by the STM tunneling current, is also beyond the scope of this chapter.

1.2
Outline of STM Combined with Optical Spectroscopy

1.2.1
Raman Spectroscopy

STM-Raman spectroscopy utilizes the effect that Raman scattering is enhanced for a
molecule in the vicinity of a metal nanostructure. This enhancement effect is
generally called surface-enhanced Raman scattering (SERS). When a sharp scanning
probe, such as a tunneling tip for STM, is used as a metal nanostructure to enhance
Raman intensity, it is called “tip-enhanced Raman scattering” (TERS). The concept of
STM combined with Raman spectroscopy is presented in Figure 1.1.

The mechanisms of surface enhanced Raman scattering have been well discussed
in the early review papers [6, 7]. Briefly, Raman enhancement is considered to occur
by two mechanisms: chemical enhancement and electromagnetic enhancement. The
chemical enhancement is due to resonance Raman scattering based on charge
transfer between a metal nanostructure and a molecule, and takes place only when
the metal nanostructure is in contact with the molecule. In STM, the tip is close to the
sample molecule but not close enough to induce charge transfer, so the enhancement
by the chemical effect may be negligibly small. The electromagnetic enhancement
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Figure 1.1 Concept of STM combined with Raman spectroscopy.

arises from the field enhancement in the vicinity of a metal nanostructure when it is
illuminated by probe light. This is due to the excitation of localized surface plasmons
in the metal nanostructure, which is a collective oscillation of the electron gas at the
subsurface of the metal. The enhancement factor of Raman intensity is roughly
proportional to M*, where M is the factor indicating by how much the electric field is
enhanced by the nanostructure, since both the incident light intensity and the
scattered light intensity are enhanced [8, 9]. The enhancement factor is especially
large when the nanostructure is made of silver, gold, or other metals containing free
electrons. By changing the shape, size, or material of the metal nanostructure, and
the surrounding medium, the wavelength dependence of the enhancement effi-
ciency changes due to changes in plasmon resonance. The optical response of metal
nanospheres can be described precisely by using the Mie theory, which is an
analytical solution of Maxwell’s equation. Its details and numerical calculation
programs are fully and comprehensively presented by Bohren and Huffman [10].
For non-spherical particles, numerical approximation methods are generally
required. The finite different time domain (FDTD) method [11], and the discrete
dipole approximation (DDA) [12, 13] are commonly utilized. For a classical SERS
substrate, which is a roughened silver electrode, the average enhancement factor is
known to be about 10° [14]. For a selected single silver nanoparticle with a single
molecule, the enhancement factor is reported to be 10** [15]. A maximum enhance-
ment factor of about 5 x 10 is reported for TERS [16]. It should be noted that the net
enhancement factor by TERS is large but the observed signal increase is sometimes
small because the spot having the intense electric field under a tunneling tip is very
limited compared with the area illuminated by the probe light beam.
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122
Fluorescence Spectroscopy

The effect of a tunneling tip on fluorescence is rather complicated compared with that
on Raman scattering. The enhancement of the electric field is induced by approach-
ing the metal tip to a fluorescent molecule; however, the quenching of fluorescence is
also caused in the vicinity of or in contact with the surface of the metal. Generally, four
major processes in fluorescent molecules are known to compete with the emissive
decay: energy transfer, electron transfer, intersystem crossing, and internal conver-
sion. Energy transfer can take place when an energy acceptor comes as close as about
5nm to a fluorescent molecule, depending on the interaction between the excited
state of the molecule and the ground state of the acceptor. Here the energy acceptor
can be the nanostructured metal tip which shows an absorption spectrum in the
visible region. The interaction is roughly estimated from the overlap of the molecular
fluorescence and the acceptor absorption spectra. When the metal tip approaches to
less than 1nm from the fluorescent molecule, strong interactions like electron
transfer and electron exchange can occur, which results in the fast decay of excited
states. Intersystem crossing to triplet states is also known to be accelerated by
approaching heavy atoms to fluorescent singlet states. This is caused by the
enhancement of spin—orbit coupling, which requires the overlap of electron orbitals.
Although internal conversion is rather intrinsic to molecular electronic states, it may
be affected by approaching a metal tip if the vibronic coupling in a fluorescent
molecule is modified through the molecular structure distortion. Thus, there are
plural processes reducing fluorescence intensity, in addition to the electromagnetic
field enhancement effect. Roughly speaking, the enhancement effect extends to
10 nm or more around the tunneling tip although the quenching effects become
dominant only at a few nm from the tip, which results in a donut-like enhancement
pattern for fluorescence.

1.3
Theoretical Approaches

Demming et al. calculated the field enhancement factor (FEF) for a silver tip and a flat
gold surface by the boundary element method [17]. They demonstrated that the peak
position and the magnitude of the FEF maximum depend on the geometry of the tip.
For smaller tip radii, the FEF maximum increases and shifts to longer wavelength.
The wavelength dependence of the FEF for a silver ellipsoid also behaves in this
manner when its aspect ratio is changed. The spatial distribution of the FEF also
becomes narrower and the peak intensity becomes stronger when the tip shape
becomes sharper. The same research group calculated the FEF for a small spheroid
shape as a model of tips made of gold, platinum, silver, p-doped silicon, and tungsten,
by solving the Laplace equation analytically [18]. They calculated the dependence of
FEF on the aspect ratio of the ellipsoid and wavelength, as shown in Figure 1.2. They
also calculated the FEF space distribution for a tip with a flat shape by a boundary
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Figure 1.2 Modulus of the field enhancement factor versus the
aspect ratio a =b and wavelengths A for SPM tips of different
materials: (a) gold, (b) platinum, (c) silver, (d) p-doped silicon,
(e) tungsten. Reprinted with permission from |. Jersch, Applied
Physics A, 66, 29 (1998). Copyright 1998, Springer-Verlag.

element method. The intensity showed a double peak. These FEF calculation results
were consistent with interesting experimental results: a flat Au surface was topo-
graphically changed to form a double structure by the illumination of the surface and
a flat-shaped tip with laser light.

Mills calculated the enhancement of dynamic dipole moments for a dipole
moment on a smooth silver or copper surface with a silver tip above it, which
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leads to fluorescence enhancement and TERS [19]. They used a sphere as a model of
the tip and calculated the enhancement factors for various wavelengths. It was
found that the enhancement factors are larger for a dipole moment oriented
perpendicular to the surface than for one oriented parallel to the surface and are
also larger when the tip—sample distance is small. Using the same condition and a
similar method, Wu and Mills performed calculations of the enhancement factors
for various wavelengths for several tip—sample distances [20]. They also calculated
the enhancement factor for dipoles at different lateral distances from directly
beneath the tip. They confirmed that the lateral resolution scales as (RD)'/?, with
R the radius of curvature of the tip, and D its distance from the substrate, as was first
suggested by Rendell et al. [21].

Klein et al. used the same model as Demming et al. [17], and calculated the FEF for
an Ag tip near an Au surface [22], which is similar to the experimental conditions of
Pettinger et al. [23]. They showed that Raman signals of molecules below or in the
near field of the tip can be enhanced to practically measurable levels, and the FEF is
larger for smaller tip-sample gaps, being localized below the tip, as shown in
Figure 1.3.

Downes et al. calculated the enhancement of the scattered light intensity for a tip
over a substrate using finite element electromagnetic simulations [24]. A gold tip or
silicon tip over a gold, mica, or silicon substrate in air or water was considered. They
calculated the enhancement dependence on incident light polarization, wavelength,
tip-substrate separation, Raman shift, distance beneath the tip apex, angle between
the tip axis and incident radiation, tip radius, and lateral displacement from the tip
apex. The enhancement exceeded 10'? or 108 for a 20 nm radius Au tip over an Au or
mica substrate, respectively, for a tip-substrate separation of 1 nm. In both cases, the
enhancement gradually decreased as the tip-substrate separation increased. They
showed that with this enhancement, high-speed (10 ms integration time) mapping is
possible considering the signal contrast against the far-field signal. The lateral
resolution dependence on tip—substrate separation was also calculated, and the
lateral resolution was better than 1 nm for a 10 or 20 nm radius Au tip over an Au
substrate. The lateral resolution became worse as the tip—substrate separation
increased.

1.4
Experimental Approaches

1.4.1
STM Combined with Raman Spectroscopy

Pettinger et al. observed a TERS spectrum of monolayer-thick brilliant cresyl blue
(BCB) adsorbed on a smooth Au film surface by using a Ag tip, while no STM image of
the adsorbed surface was shown [23]. The Raman intensity increased when the tip
was in the tunneling position, meaning that the tip—surface distance was around
1nm. They calculated the field enhancement factor by the method described by
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Figure 1.3 Field distributions along the Ag-tip surface and
corresponding Ag-tip geometry. z=0 corresponds to the
Au-substrate. r/R* is the normalized radius from the point directly
beneath the tip (R* is the Rayleigh length R* =1/2m). Reprinted
with permission from S. Klein, Electrochemistry, 71, 114 (2003).
Copyright 2003, The Electrochemical Society of Japan.

Demming et al. [17], and compared it with their experimental results. The observed
increase in Raman intensity by a factor of 15 within the laser focus of about 2 um,
corresponds to a maximum local enhancement at the center of the tip apex by a factor
of about 12 000 under the assumption that the tip radius is 100 nm. More precisely,
about 20% of the Raman intensity is considered to originate from an area with a
radius of 14 nm under the tip, which is roughly equivalent to 400 molecules out of
2 x 10° in the total focused area.
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Pettinger et al. further reported the TERS spectra of CN™ and BCB on a smooth and
rough Au substrate with a silver tip [25]. They observed a signal enhancement by a
factor of 4 for CN~, and estimated the real enhancement to be at least three orders of
magnitude, assuming the laser spotsize to be 2 um, and the tip radius at the apex to be
100 nm. They also observed TERS spectra of CN™ ions on SERS active Au sur-
faces [26], and compared the experimental result of the illumination from the bottom
through a thin metal film with that of direct excitation from the top at an incident
angle of 60°. It was found that subtraction of the SERS spectra from the TERS spectra
shows narrow bandwidth spectra, suggesting that the TERS signal arises from a
rather small amount of molecules.

Ren et al. reported a method to prepare a gold tip with a tip apex radius of 30 nm
reproducibly [27]. They observed the TERS of a Malachite Green isothiocyanate
(MGITC) monolayer on an Au(111) surface and obtained an enhancement factor of
about 1.6 x 10°, by using the relation, g = Itgrs/Irrs = g4a2 Reocus’» Where gis the net
increase in the signal, Itgrs and Iggs are the signal intensities for TERS and RRS
(resonance Raman scattering), respectively; g* is the TERS enhancement (gis the field
enhancement), a denotes the radius of the enhanced field, and Rg,,s the radius of the
laser focus.

Pettinger et al. observed TERS with a sharp Au tip for MGITC dye on Au(111) witha
side illumination [28]. They studied the bleaching of the dye and fitted the data by
taking into account the radial varying intensity distribution of the field as a Gaussian
profile instead of a Heaviside profile. For the former profile, the TERS radius is
smaller by a factor of 1/2 than for the latter profile. They obtained a TERS
enhancement factor of 6.25 x 10°. The radius of the enhanced field Rgqq is about
50 nm, which results in a TERS radius of 25 nm, which is smaller than the radius of
the tip apex (about 30 nm).

Dombke et al. also studied the TERS of the MGITC dye on Au(111) in combination
with the corresponding STM images of the probed surface region [29]. They
estimated an enhancement factor of 10° — 107, where five molecules should be
present in the enhanced-field region, assuming an enhanced field with a radius of
20 nm, thus they claim that single-molecule Raman spectroscopy is possible. In this
work, the origin of the background signal is considered to be mainly due to the
adsorbate (or an adsorbate-metal complex) which most likely emits enhanced
fluorescence, whereas, as a first approximation, the contribution from the substrate
and contamination are negligibly small compared with resonant Raman scattering.

Wang et al. developed a method to prepare a sharp Au tip, as shown in Figure 1.4,
and built an apparatus for Raman spectroscopy [30]. By using the original apparatus,
they measured an STM image of a monolayer of 4, 4'-bipyridine (4BPY) on Au(111) as
well as a TERS spectrum at the tip-approached condition. They found strong
enhancement of the Raman spectrum compared to the tip-retracted condition. From
the STM image, it can be seen that 4BPY is adsorbed flat on the surface, but the TERS
signal seems to originate from 4BPY perpendicular to the surface.

Picardi et al. introduced a method to fabricate a sharp Au tip for STM by
electrochemical etching [31]. The efficiency of TERS for a thin BCB dye layer using
the etched sharp tip was then compared with that using an Au-coated AFM tip.
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Figure 1.4 (A) Current-time curves for Au wires etched in a

mixture of HCI ethanol (1:1v/v) at different voltages. (B) SEM
images of the etched Au tips. A: 2.1V, B: 2.2V, C: 2.4 V. Reprinted
with permission from Xi Wang, Applied Physics Letters, 91, 101105
(2007). Copyright 2007, American Institute of Physics.

A higher enhancement factor and better reproducibility were obtained when the
etched sharp tip was used. This is probably due to the intrinsically lower “optical
quality” of the coated tips with respect to the massive metal ones as well as to the
differences in tip shapes. They calculated the Raman signal enhancement factor (EF)
using the equation C= Lip engaged/liip withdrawn =1 + EF(nrﬁpz/A), where C is the
ratio of the Raman scattered intensity with the tip engaged (Iiip engaged) and the tip
withdrawn (Lip withdrawn), Ttip iS the tip radius, A is the laser focal area. They estimated
the EF to be about 5 x 10* for coated AFM tips and 4 x 10* to 2 x 10° for etched STM
tips. The same research group further studied TERS by changing the polarization of
the incident laser light [32]. They measured TERS of Si(111) and BCB dye on Au(111).
The experimental result with the former sample is in accord with a model reported by
Ossikovski et al. [33]. For both samples, the TERS enhancement was larger when the
incident light had an electric field component along the tip axis, while a non-
negligible enhancement was also observed for the field component perpendicular
to the tip axis.

We have observed the TERS of a single wall carbon nanotube (SWCNT) on highly
oriented pyrolytic graphite (HOPG) [34]. The STM image and TERS image were
obtained simultaneously, as shown in Figure 1.5. The TERS image was obtained by
mapping the Raman signal intensity at the 1340 cm ™' peak (D-band) of SWCNT. An
aggregate of SWCNT was observed in the STM topographical image, and strong
Raman signals were observed in the TERS image. Thus, we have succeeded in
observing the simultaneous spectral mapping of TERS, although the position of the
SWCNT in the STM image was shifted from the TERS image by several hundred nm.
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Figure 1.5 Simultaneously obtained STM (a) and TERS (b) image
of SWCNT on HOPG. The TERS image was obtained for the
1340cm " peak (D-band) of SWCNT.

This probably arises from the different position of tunneling (STM) and of field
enhancement (TERS) owing to the tip shape and the height of the observation object.

1.4.2
STM Combined With Fluorescence Spectroscopy

Anger et al. measured the fluorescence rate of a single Nile Blue molecule as a
function of its distance from a gold nanoparticle using a scanning probe technol-
ogy [35]. The fluorescence rate shows a maximum around the molecule-nanoparticle
distance (z) of 5nm and decreases for smaller or larger z. This is due to the
competition between the increased rate of excitation due to local field enhancement
and the decrease in the quantum yield due to nonradiative energy transfer to the
nanoparticle. They also calculated the quantum yield, excitation rate, and fluores-
cence rate by the multiple multipole method (MMA) and the dipole approximation.
The curve of the quantum yield and fluorescence rate was reproduced only with the
MMA calculation.

Kuhn et al. observed the fluorescence enhancement and fluorescence decay rate of
a single terrylene molecule when a spherical gold nanoparticle was approached to the
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molecule, using scanning probe technology [36]. The dependence of the fluorescence
intensity and fluorescence decay rate on the lateral and vertical displacement of the
gold nanoparticle from the molecule was measured. The fluorescence intensity was
enhanced 19 times with a simultaneous 22-fold shortening of the excited state
lifetime when the gold nanoparticle was in the vicinity of the molecule. The decay
rates ¢, (radiative decay rate), c,, (nonradiative decay rate), and c (total decay rate),
were calculated neglecting the effect from the substrate following a formalism
presented by Puri et al. [37], and were compared with the experimentally obtained
c. At the closest molecule-nanoparticle separation achieved experimentally, the
values ¢, =11¢y and ¢, = 11¢y were deduced, where ¢, is the unperturbed decay
rate. The enhancement was larger when using an excitation wavelength near the gold
nanoparticle plasmon resonance maximum wavelength than for a wavelength at the
tail of the plasmon resonance, revealing the importance of the plasmon resonance in
the excitation enhancement.

Nishitani et al. observed the tip-enhanced fluorescence of 8 nm thick meso-tetrakis
(3,5-di-tertiarybutyl-phenyl)porphyrin (H2TBPP) films on ITO with an Ag tip [38].
They reported that the fluorescence was enhanced by the locally confined electro-
magnetic field in the vicinity of the tip. The enhancement factor is evaluated to be
larger than 2000.

1.5
Future Prospects

We have reviewed the present situation of research on STM tip-enhanced Raman and
fluorescence spectroscopy. There have been several papers showing the enhance-
ment of Raman spectra when tips are in the approached condition. However, STM-
TERS intensity mapping — scanning the tip to acquire a TERS intensity image and a
STM topographical image simultaneously — seems to remain a difficult task. Very
recently, Steidtner et al. have reported the TERS spectra and the TERS intensity
mapping of a single BCB molecule on an Au(111) surface using a gold tip in ultrahigh
vacuum [39]. Observation under ambient conditions is also expected for various
systems.

We propose here a method to achieve single (or even sub-) molecule spectroscopy
based on an additional principle to modify conventional TERS. The method utilizes
the vibrational excitation of molecules by inelastic scattering of tunneling electrons,
leading to further localization of the excited area. This can be applied to both
fluorescence and Raman spectroscopy. For fluorescence spectroscopy, an area
including the tip is illuminated with light having photon energies smaller than
the absorption edge of the target molecules. When the molecule is observed by STM
and electrons tunnel through the tip-molecule gap, some of the electrons are
inelastically scattered and the molecule is vibrationally excited if the energy of the
electron is higher than the energy of the molecular vibration. The vibrational
excitation by tunneling electrons was first demonstrated by Stipe et al. for adsorbed
single molecules under a high vacuum and at ultra-low temperature [40]. The



14

1 Raman and Fluorescence Spectroscopy Coupled with Scanning Tunneling Microscopy

- S,

laser light
fluorescence

vibrational
excitation

| S,

Figure 1.6 Concept of single molecule fluorescence observation using STM.

vibrationally excited molecule can be electronically excited by the absorption of light,
resulting in the emission of fluorescence. The concept of this method is presented
in Figure 1.6. Because STM has an atomic scale spatial resolution, only one
molecule (or part of a molecule) among other surrounding molecules can be
selectively excited. Therefore, the above mentioned method would enable us to
perform single (sub-) molecule fluorescence spectroscopy, even if the molecules are
densely packed.

The STM tunneling current and the light intensity necessary for this method can
be estimated as follows. If both the tunneling current and the light intensity are
continuous with time, the probability for simultaneous injection of electron and
photon will be very low. Therefore, the tunneling bias of STM and the excitation light
signal should be applied as pulses in order to induce vibrational excitation and
absorption of a photon simultaneously. This is shown schematically in Figure 1.7.

First we consider the electronic excitation probability P... for a single molecule
during a single laser pulse. When a molecule has the absorption coefficient ,p,s(dm’
mol™ cmfl), its absorption cross section G, is given by 3.81 x 10~ g, cm?
molecule™. Since the probability P is proportional to the light intensity (photons

s~'cm™?) under the objective lens, it is given by

1.91 x 1075831)5 Iphkph
Tph’tphs

Pelec = (11)
where I, (W) is the average laser power, Ty, (Hz) the laser repetition rate, A,y (nm)
the laser wavelength, T, (s) the laser pulse width, and S (cm?) the illuminated area
under the objective lens. For an allowed transition in typical organic molecules, €,
is larger than 10* dm®mol™ cm™", and a conventional table-top ps laser can safely
emit 1 uW green light (A,, =500 nm) with a repetition rate of 10 MHz. Assuming
that the illuminated area under the objective lens is 100 um in diameter, we obtain
Puec=1.2 x 10°. This means that the molecule under the microscope can be
definitely excited during a short ps pulse.

The next step is to estimate how long a molecule can stay in its vibrational excited
state during a single electric pulse. A conventional electronic circuit cannot generate a
short pulse like 10 ps, so that the use of electric pulses longer than 100 ps is more
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electrons and photons for (a) continuous mode and (b) pulsed
mode.
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realistic. The lifetime of vibrational excited states in organic molecules is generally in
the range of 10 ps, which means that the molecule can relax immediately and be
excited again during the electric pulses. The average dwelling time for the molecule in
its vibrational excited states during a single electric pulse is given by

6.25 x 10°N 4 IaTvib
Tel

Tawell = (1.2)
where 1 denotes the probability for vibrational excitation by a single electron, Iy
(nA) average tunneling current, T4, (s) the lifetime of vibrational excited states, T,
(Hz) the tunneling bias repetition rate. Stipe et al. reported that the total conductance
increase induced by inelastic electron tunneling for acetylene molecules is of the order
of several percent [40]. Therefore, several percent of the electrons injected into the
molecule are considered to induce vibrational excitation, although this is dependent
on the molecule, its vibrational mode, and other surrounding conditions. By assuming
Nea=1%, I;=1nA, T4, =10ps, and T,;= 10 MHz, we obtain Tyyen= 62.5 ps. If we
can utilize electric pulses shorter than this time duration as well as synchronized with
the light pulses, we would be able to further excite the molecule in its vibrationally
excited state to the electronically excited states. Of course, the values of the above
variables depend on each experimental system, and optimization of the values will be
necessary.

For Raman spectroscopy, the experimental set-up is similar to that for fluorescence
spectroscopy, but the observation wavelength should be in the range of anti-Stokes
Raman spectra. When a molecule is excited vibrationally with pulsed tunneling
currents, the molecule is expected to emit anti-Stokes scattered light when the probe
light pulses are synchronized. In general, Raman scattering efficiency is lower than
that of fluorescence, meaning that the anti-Stokes Raman measurement may be
difficult. In any case, the key is how to increase the dwelling time for a molecule in its
vibrationally excited states.

In summary, recent progress and future prospects in the research field of
fluorescence and Raman spectroscopy combined with STM in order to achieve high
spatial resolution spectroscopy have been reviewed. In the near future, single (sub-)
molecule STM spectroscopy is expected to be applied to the nano-world of science
and engineering.
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