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Optical Nano-Imaging of Materials:
Peeping Through Tip-Enhanced Raman
Scattering®
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Abstract: High-resolution optical nano-imaging, with a spatial resolution far beyond the diffraction limits of the prob-
ing light, has been shown by means of tip-enhanced near-field Raman spectroscopy. The capabilities of imaging
the physical and chemical properties of materials have been demonstrated by imaging the diameter distribution of
the nanotubes within an isolated bundle of single wall carbon nanotube. Further, by combining the nonlinear effects
in the scattering process, it has been shown that the tip-enhanced coherent anti-Stokes Raman scattering imaging
of DNA networks is capable of even higher spatial resolution and contrast.
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1. Introduction

Optical microscopy has long been a well-
established technique for the microanalysis
in material sciences as well as in the bio-
logical sciences. However, the spatial reso-
Iution in such analyses is limited to half the
probing wavelength, which is a few hun-
dred nanometers for the visible light. This
is the so-called diffraction limit, which is
not small enough for imaging and study-
ing nano-structures or molecular struc-
tures, and hence it leads us to the need for
a technology that overcomes the diffraction
limits. The basic idea to overcome the dif-
fraction-limited resolution of conventional
optical microscopy was experimentally
demonstrated for visible light about two de-
cades ago [1] by developing the technique
of near-field scanning optical microscopy
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(NSOM), which is a combination of the
state-of-the-art near-field technology with
conventional optical microscopy. The ear-
lier NSOM experiments used aperture-type
probes [2], however, later apertureless-type
metal-coated probes were proposed [3] and
ever since then the apertureless-type probe,
such as the metal-coated cantilever tip of
atomic force microscope (AFM) [4-11],
has been utilized for achieving high resolu-
tion. The collective oscillation of free elec-
trons in the metallized tip resonates with the
probing light field, a phenomenon called lo-
calized surface plasmon polaritons, which
couples with the electric field to provide the
evanescent field at the tip apex [12]. Since
the evanescent field is strongly localized
near the tip, field-enhancement and super-
resolving capabilities are achieved. Ideally,
it is possible to achieve molecular resolu-
tion with this technology.

If the NSOM technology is combined
with the light scattering process, the en-
hanced evanescent field at the tip apex
works as a nano light source, which pro-
vides enhanced scattering, making it pos-
sible to observe even very weak scattering
modes at extremely high resolution. This
is realized in tip-enhanced Raman scatter-
ing (TERS) [4-15], which is confocal Ra-
man scattering combined with apertureless
NSOM technology. The huge enhancement
of Raman vibrational modes as well as high
spatial resolution makes TERS one of the
most powerful tools to identify the molecu-
lar compositions and inter- or intra-molecu-
lar bonds and to study nano-sized materials

and biological samples with high resolu-
tion, especially for imaging.

In this article, we show some experimen-
tal results on the high-resolution imaging of
carbon nanotubes, using TERS. Apart from
the topographical information, we show
that TERS imaging of an isolated bundle of
single-wall carbon nanotube (SWNT) can
also image the diameter distribution of the
nanotubes within a bundle. Also, we dem-
onstrate further improvement in the spatial
resolution by combining nonlinear effects
with TERS. This is done by tip-enhanced
coherent anti-Stokes Raman scattering (TE-
CARS), performed on the adenine sample,
which is a DNA base. Apart from the high
resolution, TE-CARS shows a much bet-
ter signal-to-noise ratio, making it possible
to image an adenine nanostructure by us-
ing weak phonon modes in coherent anti-
Stokes Raman scattering (CARS) spectra.

2. Experimental Setup

The experimental setup for Raman mea-
surements consisted of an inverted confocal
microscope, afrequency-doubled Nd: Y VO,
laser (A = 532 nm), and a spectrometer fit-
ted with an electronically cooled CCD de-
tector. The incident light was focused onto
the sample using a high-NA oil-immersion
lens, and the scattered light was guided
in the backscattering geometry through
several optical elements, such as a notch-
filter, pin-holes, and narrow slits, to the
spectrometer. For TERS measurements, an
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AFM was added to the sample-stage on the
optical microscope. The tip was prepared
by evaporating silver (thickness = 30 nm)
on the commercial silicon cantilever used
in AFM. The tip apex was observed using
scanning electron microscope and it was
found that the size of tip apex was about
30 nm. For the precise controls of the tip-
position and for distance-regulation in the
near-field measurements, a piezo scanning
stage of the AFM was mounted directly on
the inverted microscope. The positioning of
the tip on the sample surface was controlled
with a split-photo-detector feedback system
on the AFM. Raw Raman data were cali-
brated and treated to remove the unwanted
background signals.

3. TERS from Single-Wall Carbon
Nanotubes

We have demonstrated the applicabil-
ity of tip-enhanced near-field Raman spec-
troscopy for imaging and analysis of local
vibrational modes of an individual SWNT.
Recently, far-field Raman spectroscopy has
been recognized as a very powerful tool for
SWNTs and achieved an individual SWNT
detection [16] because much structural in-
formation including chirality and diameter
can be deduced from the vibration modes
[17]. To further detail the specific structure-
dependent ‘single molecule’ property, a
single-molecule addressing capability at the
nanometer scale is needed, which is now pro-
vided by the tip-enhanced near-field micro-
scope. For these measurements, we sparsely
spread out SWNTs on a coverslip, and fo-
cused the laser beam at a tube. Generally,
our sample consisted of bundles of SWNTs,
however, after spincasting, some individual
SWNTs were separated out from aggregat-
ed bundles of SWNTs. Spectrum (a) in Fig.
1 shows a tip-enhanced near-field Raman
spectrum of an individual SWNT, obtained
by bringing a silver-coated nano-tip into
close proximity to the sample. A remark-
able tangential G-band mode at 1592 cm !,
representing the graphite mode of a SWNT,
was observed. A small D-band peak, repre-
senting a defect mode, at 1331 cm~! was also
detected. For a comparison, a far-field spec-
trum was measured under exactly the same
experimental conditions, except that the tip
was moved away from the sample by 100
wm. The corresponding spectrum is shown
by spectrum (b) in Fig. 1, which shows that
all Raman vibrations had almost vanished,
except a small trace of the strong mode at
1592 cm™!. A comparison between the two
spectra confirms the enhancement of Ra-
man modes under the near-field configura-
tion. The enhancement factor was estimated
to be 1700.

The radial breathing mode (RBM) of
SWNTs is very sensitive to the diameter
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Fig. 1. Enhancement of D-band and G-band modes under the near-field
configuration. (a) TERS spectrum when a metal-coated nano-tip was in
contact with a single isolated SWNT, and (b) a corresponding far-field
spectrum, when the tip was moved away from the SWNT.

of the nanotubes, as the frequency o of the
RBM is inversely proportional to the tube
diameter, i.e. d (nm) = 248/w (cm™!) [18],
and hence it can be used for the imaging of
diameter distribution within an individual
SWNT bundle. Fig. 2(a) shows an AFM im-
age of an individual SWNT bundle obtained
with a silver-coated tip, and the line profile
corresponding to the dashed line is shown
in Fig. 2(b). The TERS spectrum was mea-
sured by positioning the silver-coated tip at
the location indicated by (i) in the image. As
shown by the upper spectrum in Fig. 2(c), six
peaks were clearly observed in the frequen-
cy region of the RBM, which correspond to
the SWNTs with different diameters, pres-
ent in the bundle. These peaks at 195, 222,
236, 244, 278 and 299 cm~! correspond to
SWNTs of diameters 1.27, 1.12, 1.05, 1.02,
0.89 and 0.83 nm, respectively. When the
metallic tip was moved away by 100 um
from the bundle (far-field), the Raman scat-
tering signal from the bundle became too
weak to be analyzed, as can be seen by the
dashed spectrum in Fig. 2(c). Only a trace
of the strongest peaks could be observed in
the far-field spectrum, confirming that all
the peaks observed in near-field spectrum
were enhanced by the tip. The enhancement
factor of the Raman scattering intensity for
the radial breathing mode at 278 cm™! was
estimated to be about 200, while that for
the Raman band at 236 cm™! was estimated
to be more than 1770, with the assumption
that the intensity of far field Raman scatter-
ing obtained without the tip is at most the
standard deviation of the spectrum around
the peak, because this peak was too weak
to be distinguished from the background in
the far-field spectrum. In the calculation of

the enhancement factor, it was noted that
the far-field component in the Raman sig-
nal comes from the whole bundle under the
focal spot, while the near-field component
originates only from the SWNTs present in
the close vicinity of the tip apex.

Further, TERS spectra were measured
by scanning the sample stage along the
bundle, so that the tip position was at dif-
ferent locations indicated by (i)—(iv) in the
AFM image, and the corresponding spectra
are shown by (i)—(iv), respectively, in Fig.
2(c). These observation points were chosen
at about 40 nm away from each other, which
is far beyond the spatial resolution defined
by the diffraction limits of the probing light.
While the far-field spectra remain identi-
cal for all locations, the near-field spectra
shown in Fig. 2(c) differ from one another.
The variations in the peak intensities indi-
cate that the diameter distribution within
the bundle varies from point to point. For
example, the near-field spectra (i) and (ii)
show different intensity ratios between the
peaks at 236 and 278 cm!, or the spectrum
(iii) shows a peak at 143 cm™!, which was
not observed in other near-field spectra,
indicating different diameter distributions
at these three locations. The spectrum (iv)
shows larger Raman intensities, suggesting
that the density of the SWNTs is highest
at that point. This bundle seems to contain
SWNTs with diameters varying from 0.8
nm to 1.7 nm, and different part of bundle
contains different concentration of a par-
ticular diameter.

Since these TERS experiments were
done under the contact-mode configura-
tion of AFM, they involved a physical or
mechanical interaction between the tip
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Fig. 2. (@) An AFM image of an individual SWNT bundle on the glass coverslip; (b) the line profile
corresponding to the dashed line in the AFM image; (c) TERS spectra measured with tip positioned

at the indicated points (i) to (iv) in the AFM image.

(b) wpgy=195cm™!

(d =1.23nm)

(C) wggy=244cm’
(d=0.97nm)

Fig. 3. (@) An AFM
image of a SWNT
bundle. TERS images

(c) 244 cm~" and (d)
278 cm™'; (e) the mixed
color image obtained
by combining the three
images in (b)—(d).

obtained at (b) 195 cm™,
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and SWNTs. The tip can apply a force on
SWNTs up to several nano-Newtons, which
can distort the natural shape of the tube,
and hence influence the Raman spectra.
A systematic study on the influence of the
tip-applied pressure in TERS experiments
was reported recently [11]. It was noticed,
however, that if the distance between the tip
and the sample is optimized for the mini-
mum amount of tip-applied pressure, then
the force on a single SWNT is less than 0.1
nN. Under this force, there were no notice-
able changes in Raman spectra. In the pres-
ent work, the distance between the tip and
SWNTs was carefully optimized for the
minimum pressure, and hence we believe
that there was no significant influence of
the tip-applied pressure on the Raman spec-
tra of SWNTs, and hence on the diameter
estimation.

3.1.Imaging of Diameter Distribution
within an Isolated Bundle of SWNT
Fig. 2 demonstrates that the variation
of diameter within an isolated bundle can
be observed at a spatial resolution far
beyond the diffraction limit of the prob-
ing light, which opens the possibilities of
high-resolution diameter mapping through
TERS within an isolated bundle. In order
to image the diameter distribution within
a bundle, a diameter-selective near-field
Raman imaging of an isolated SWNT
bundle was performed. This was done by
fixing the spectrometer at three different
frequencies of RBM observed in TERS
spectra, and then scanning the whole
sample for each pre-selected frequency.
The obtained Raman images are shown in
Fig. 3. The area surrounded by the dotted
line in Fig. 3(a), which is a topographic
image of the sample, indicates the bundle
selected for this study. The spectrometer
was fixed at frequencies 195 cm™! (diam-
eter = 1.23 nm), 244 cm™! (diameter = 0.97
nm) and 278 cm™! (diameter = 0.85 nm),
and the TERS images were obtained which
are shown in Figs. 3(b)—(d), respectively.
Fig. 3(b) reveals that the SWNTSs having a
diameter of 1.23 nm are localized at both
edges of the bundle, Fig. 3(c) shows that
the SWNTs with a diameter of 0.97 nm
are prominently distributed towards the
central and upper part of the bundle, and
Fig. 3(d) indicates that the SWNTSs with
a diameter of 0.85 nm are mainly distrib-
uted towards the lower part of the bundle.
Fig. 3(e) is a combination of Figs. 3(b)—
(d), which compares well with the topo-
graphic image shown in Fig. 3(a). Apart
from the topographic image of the whole
bundle, Fig. 3(e) also shows color-coded
diameter distribution of the SWNTs within
the bundle, which makes Fig. 3(e) much
more informative than Fig. 3(a). This kind
of imaging is not possible by conventional
topographic imaging methods.
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4. Imaging by Tip-Enhanced
Nonlinear Spectroscopy

Nonlinear optical effects contribute to
spatial confinement of photons in a smaller
volume than the size of the diffraction-lim-
ited focal spot. The intensity of the nonlin-
ear effects is proportional to the high-order
powers (square, cube, efc.) of the excitation
light intensity. The spatial distribution of
the signal emission (harmonic signal, two
photon excited fluorescence, efc. ) becomes
narrower than the intensity distribution of
the excitation field. This leads to the reduc-
tion of the effective volume of light-mat-
ter interaction beyond the diffraction limit.
Higher-order optical effects give much finer
spatial response, as indicated in Fig. 4(a).
The tip-enhanced near-field microscopy
also benefits from the nonlinear effects.
The volume of the light—matter interaction
can be further confined to a tiny volume at
the tip end due to the nonlinearity. Because
of the nonlinear responses, even a small
enhancement of the excitation field could
lead to a huge enhancement of the emitted
signal, allowing a reduction of the far-field
background.

4.1. Tip-Enhanced Coherent Anti-
Stokes Raman Scattering

In order to realize tip-enhanced non-
linear molecular-vibration spectroscopy,
CARS spectroscopy is employed, which is
one of the most widely used nonlinear Ra-
man spectroscopies [19]. CARS is a four-
wave mixing spectroscopic method, which
includes a pump field (w,), a Stokes field
(m,; ®, < w,), and a probe field (0’ = ),
and induces a non-linear polarization at
the frequency of CARS, as shown in Fig.
4(b). When the frequency difference of ®,
and ,, i.e. (W, — ®,), coincides with one
of specific molecular vibrational frequen-
cies of a given sample, the anti-Stokes Ra-
man signal is resonantly generated. CARS
spectroscopy is sensitive to molecular spe-
cies and molecular conformation, result-
ing in a method of molecule identification
without staining. As a CARS spectrum is
obtained by scanning the frequency differ-
ence between two lasers, a high-resolution
spectrometer is not required. Biological
samples often have strong autofluorescence
which overlaps with Stokes-shifted Raman
scattering. Since the frequency of CARS is
higher than those of the excitation lasers,
CARS emission is separable from fluores-
cence. Although CARS spectroscopy has
the above-mentioned advantages, it has not
been utilized for microscopy since the re-
port of CARS microscopy by Duncan et al.
in 1982 [20]. Phase matching is required for
CARS, and consequently it was thought to
be difficult for high spatial resolution to co-
incide with the phase matching condition.

Recently several scientists have report-
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Fig. 4. (a) Spatial confinement of the excitation efficiency of high-order nonlinear effects. (b) Energy

diagram for the CARS process.

ed that tight focusing of the excitation fields
with a high-NA objective lens can achieve
CARS microscopy with three-dimensional
imaging capability at a submicron scale
[21][22]. The phase matching condition
can be satisfied automatically in the fo-
cused fields of multiple angles [23]. In oth-
er words, it is not necessary that the phase
matching condition be considered when the
CARS polarizations are generated only in a
volume smaller than the propagation wave-
length of CARS light [24][25]. In our previ-
ous work, CARS was strongly amplified by
isolated gold nanoparticles, which verified
the possibility of the local enhancement of
CARS by a metallic nano-structure [26].
Based on the concept mentioned above, one
can observe CARS signals generated by the
enhanced electric field at a metallic tip end
of nanometric scale [27]. We have proposed
a combination of the third-order nonlinear
optical effect with the field enhancement ef-
fect of a metallic tip, that is, a technique for
vibrational nano-imaging with TE-CARS.
The alternative type of NSOM using an ap-
erture-type probe was previously combined
with CARS spectroscopy by Schaller et

al., where they employed a fiber probe for
the signal collection of CARS excited by
an external illumination and demonstrated
chemical selective imaging of a biological
specimen [21]. The use of tip-enhancement
effects is, however, more advantageous
with respect to spatial resolution, and is
indispensable for the observation of small
numbers of molecules. The backscattered
component of the enhanced scattered light
can be efficiently collected with the high-
NA focusing lens. By scanning the sample
stage, while keeping the tip at the focused
spot, one can acquire two-dimensional
TE-CARS images of a specific vibrational
mode with a high spatial resolution that is
determined by the size of the tip end rather
than the diffraction-limited focused spot.

4.2. Experimental Setup
for TE-CARS

Fig. 5 shows the experimental system
of TE-CARS microscopy [28][29]. Similar
to TERS, the system mainly consists of an
inverted microscope, an AFM using a sil-
ver-coated probe, and a monochromator.
Two mode-locked Ti:sapphire lasers (pulse

metallized cantilever ~ AFM head

sample ..+~ - 7T st
coverslip 4 R slage -
objective lens i
(NA=1.4, oil)
pulse BE £ gt
ND picker ~@ 7l BS
P excitation
@ @ £ \;k cut filter P
ND o~ @ DM ‘/'\\mgﬁ)chromator
synchronized ff/gger APDo =
ps Ti:sapphire lasers T
time-gated
counter

Fig. 5. A schematic for the experimental setup of TE-CARS microscopy
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duration: 5 ps, spectral band width: 4 cmL,
repetition rate: 80 MHz) were used for the
excitation of CARS. The ®; and , beams
were collinearly combined in time and
space, and introduced into the microscope
with an oil-immersion objective lens (NA =
1.4) focused onto the sample surface. The
repetition rate of the excitation lasers was
controlled by an electro-optically modulat-
ed pulse picker. The backscattered CARS
emission enhanced by the probe tip was col-
lected with the objective lens and detected
with an avalanche-photodiode based pho-
ton-counting module through an excitation-
cut filter and the monochromator. The pulse
signals from the APD were counted by a
time-gated photon counter synchronously
triggered with the pulse picker, which ef-
fectively reduces the dark counts down to
almost 0 counts/sec.

4.3. TE-CARS Imaging of DNA
Clusters

The DNA molecules of poly(dA-dT) ag-
gregated into clusters were used as a model
sample for CARS imaging. The poly(dA-
dT) solution in water (250 ng/ml) was cast
and dried on a glass substrate at the room
temperature with the fixation time of 24 h.
The dimensions of the clusters were typical-
ly 20 nm in height and 100 nm in width. The
frequency difference of the two excitation
lasers for CARS imaging was set to 1337
cm™!, corresponding to a Raman mode of ad-
enine (ring-stretching mode of diazole) [8],
by tuning the excitation frequencies ®; and
®, to be 12710 cm! (w,: 786.77 nm) and
11373 emr™! (@,: 879.25 nm), respectively.
After imaging in this resonant condition, the
frequency of ®, was changed such that the
frequency difference corresponded to none
of the Raman-active vibrations. Fig. 6 shows
a spontaneous Stokes Raman spectrum of a
DNA sample in the fingerprint region. The
solid arrows on the spectrum denote the fre-
quencies adopted for the ‘on-resonant’ and
‘off-resonant’ conditions in TE-CARS imag-
ing.
Fig. 7 shows the CARS images of the
DNA clusters obtained by our experimental
system. Figs 7(a) and (b) are the TE-CARS
image in the on-resonant condition (®; — ®,
= 1337 cm™!) and the simultaneously ac-
quired topographic AFM image, respective-
ly. The DNA clusters of about 100 nm diam-
eter are visualized in Fig. 7(a). The two DNA
clusters with separation of about 160 nm are
clearly distinguished by the TE-CARS im-
aging. This indicates that the CARS imaging
can successfully achieve the super-resolving
capability beyond the diffraction limit of
light. In the off-resonant condition (®; — ®,
= 1278 cm™!), the CARS signals mostly van-
ished in Fig. 7(c). Figs 7(a) and (c) verify that
vibrationally resonant CARS is emitted from
the DNA molecules at a specific frequency.
However, a slight trace of the clusters could
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Fig. 6. A spontaneous Raman spectrum of DNA base. The two frequencies
indicated by the arrows were selected for the off- and on-resonant TE-

CARS imaging experiments.

be seen in the off-resonant condition in Fig.
7(d), which is the same as Fig. 7(c) but is
shown with a different gray scale. This can
be caused by both the frequency-invariant
(non-resonant) component of the nonlinear
susceptibility of DNA [19] and the topo-
graphic artifact [30]. Fig. 7(e) is a CARS
image at the on-resonant frequency which
was obtained after retracting the tip from the
sample. The CARS signal was not detected
in the CARS image without the silver tip,
which confirms that the CARS polarization
in Fig. 7(a) is effectively induced by the tip-
enhanced field. The background signal seen
in Fig. 7(d) is attributed to both local four-
wave-mixing emission of the silver probe
due to its nonlinear susceptibility and to the
white light continuum of silver due to elec-
tron-hole recombination [31][32]. These two
components compete with the CARS process
and degrade the image contrast and signal-to-
noise ratio. Further, they subsequently limit
the smallest number of molecules that can be
observed. In this experiment, however, the
TE-CARS signal intensity largely surpasses
the background because the number of mol-
ecules in the excited volume is enough to
induce the signal.

In order to assess the capability of the
sensitivity of the TE-CARS microscopy,
we prepared a DNA network of poly(dA-
dT)-poly(dA-dT) [33]. DNA (poly(dA-
dT)-poly(dA-dT)) dissolved in water (250
mg/ml) was mixed with MgCl, (0.5 mM)
solution, then the DNA solution was cast on
a coverslip and blow-dried after the fixation
time of 2 h. Mg2* plays a role in the link-
age between DNA and oxygen atoms of the
glass surface. Fig. 8(a) shows a typical topo-
graphic image of the DNA network sample.
The DNA network consists of bundles of
DNA double-helix filaments aligned parallel
on the glass substrate. Since the diameter of
single DNA double-helix filaments is about

2.5 nm, the height of the bundle structures is
~2.5 nm, and the width is from 2.5 nm (for
single filaments) to a few tens of nanome-
ters (for ca. ten filaments). The TE-CARS
images at the on- and off-resonant frequen-
cies are shown in Figs. 8(b) and (c). The
DNA bundles are observed at the resonant
frequency in Fig. 8(b), while they cannot
be visualized at the off-resonant frequency
in Fig. 8(c). This indicates that the observed
contrast is dominated by the vibrationally
resonant CARS signals. Fig. 8(d) shows
one-dimensional line profiles at y = 270 nm
(corresponding to the position marked by
horizontal arrows in the figure), which were
acquired with steps of ~5 nm. The line pro-
file of far-field CARS acquired without the
silver tip is also added for comparison. Only
the TE-CARS in the on-resonant condition
has peaks at x ~ 370 nm and x ~ 700 nm
where adenine molecules exist in the DNA
double helix, while the other line profiles do
not sense the existence of the molecules. The
full width at half maxima of the peak at x ~
700 nm is 15 nm, which confirms that with
the existing TE-CARS setup, we are able to
obtain a special resolution down to 15 nm.
This extremely high resolution is attributed
to the combination of the near-field effects
of TERS and the non-linearities of CARS.
The intensity enhancement factor for each
electric field is estimated to be ~100-fold. It
should be noted that this enhancement fac-
tor of the field intensity already includes the
nonlinear effects of CARS. The estimated
value of the enhancement factor (~100) is
quite realistic and reasonable, as compared
to previous numerical results [34][35], al-
though this estimation is very much subject
to the changes in each parameter with high-
order dependency. If this value of field en-
hancement is used for the estimation of the
enhancement factor for TERS intensity,
it would be about 10 000 times (second
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Fig. 7. CARS images of the DNA clusters. (a) Tip-enhanced CARS image at on-resonant frequency (1337 cm™), and (b) the simultaneously obtained
topographic image. (c) TE-CARS image at the off-resonant frequency (1278 cm™). (d) The same image as (c) shown with a different gray scale. (¢) CARS
image of the corresponding area obtained without the silver tip. The scanned area was 500 nm by 300 nm. The number of photons counted in 100 ms
was recorded for one pixel. The acquisition time for one image was 3 min. The average powers of the w, and o, beams were 30 uW and 15 uW at the

800 kHz repetition rate.

power of the intensity enhancement). Our
TERS results for SWNT sample, which
showed an enhancement factor slightly
less than 2000, somewhat agree with this
order of enhancement. However, it should
be noted here that the enhancement fac-
tors for TERS and TE-CARS experiments
should not be directly compared, because
these two experiments were done on two
different samples with two different exci-
tation wavelengths.

We also estimated the size of the lo-
cally excited volume of the DNA structure
to be about 1 zeptoliter. The smallest de-
tectable volume of DNA under the current
experimental condition is estimated to be Y4
zeptoliter, which is derived from the signal-
to-noise ratio of 15:1 in Fig. 8(d) and the
quadratic dependence of the CARS inten-
sity on interaction volume. This indicates
that our TE-CARS microscope is capable
of sensing a vibrational-spectroscopic sig-
nal from an enormously small subzeptoliter
volume.

5. Conclusions

A metal-coated nano-sized tip
significantly improves Raman scattering
spectroscopy to a novel analytical tool that
provides important information about the
sample, as well as enabling high-resolu-
tion optical imaging. Spatial resolution of
molecular imaging reaches up to 15 nm
by inducing nonlinear Raman scattering at
the tip. If such tip effects work on a sin-
gle molecule, there is the possibility that
atomic resolution for chemical analysis
and molecule imaging could be realized by
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5,

P

7

c

..dé T T T T T T 1337 Cm'1
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Fig. 8. TE-CARS images of the DNA network. (a) Topographic image of the DNA network. (b) TE-CARS
image at on-resonant frequency (1337 cm™). (c) TE-CARS image at the off-resonant frequency (1278
cm™). (d) Cross sectional line profiles at y = 270 nm (indicated by the horizontal arrows). The scanned
area is 1000 nm by 800 nm. The number of photons counted in 100 ms was recorded for one pixel.
The acquisition time for one image was 12 min. The average powers of the o, and o, beams were 45
UW and 23 uW at the 800 kHz repetition rate.
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