
RSC Advances

PAPER

Pu
bl

is
he

d 
on

 0
1 

D
ec

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 O
sa

ka
 U

ni
ve

rs
ity

 o
n 

15
/1

2/
20

16
 0

2:
48

:1
3.

 

View Article Online
View Journal  | View Issue
Near-field absorp
aDepartment of Applied Physics, Osaka Univ
bDepartment of Chemistry, Gakushuin Univ

Japan. E-mail: yuika.saito@gakushuin.ac.jp

Cite this: RSC Adv., 2016, 6, 113139

Received 1st October 2016
Accepted 26th November 2016

DOI: 10.1039/c6ra24428a

www.rsc.org/advances

This journal is © The Royal Society of C
tion imaging by a Raman nano-
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In aperture-less near-field scanning optical microscopy (NSOM), when the apex of a sharp silicon nano-tip

is illuminated with an incident laser, the Raman scattered signal from silicon creates a nano-light source

with a wavelength the same as the LO phonon mode of silicon. This Raman scattered light can be

absorbed by a sample placed under the tip and thus enables us to study the optical properties of the

sample at the nano-scale through the absorption of silicon Raman scattered light. In this study, we

demonstrate nano-scale absorption imaging by measuring the intensity of silicon Raman signals

generated at the apex of a near-field probe under a platform of conventional NSOM. We used two

incident lasers of different colors, which allowed the absorption properties of the sample to be observed

independent of topography, revealing the inherent optical properties of the sample. The present results

demonstrate the flexibility of aperture-less NSOM, not only for vibrational spectroscopies, such as tip-

enhanced Raman spectroscopy, but also for electronic energy state analysis, which is achieved by

monitoring the intensity of the Raman nano-light source rather than the Rayleigh scattering. This new

method of near-field imaging can extend the potential applications of aperture-less NSOM.
1. Introduction

At present, near-eld scanning optical microscopy (NSOM) is
the only visible light based spectroscopic technique with
nanoscale resolution. In particular, with aperture-less NSOM,
spatial resolution as low as a few nanometers has been achieved
using strong eld localization at the apex of sharp probes.1–3

Aperture-less NSOMwas rst developed for Rayleigh scattering,4

followed by Raman spectroscopy,5,6 nonlinear Raman spec-
troscopy,7 photoluminescence,8 and two-photon uorescence.9

The versatility of aperture-less NSOM has been primarily
established for Raman spectroscopy, more specically, tip-
enhanced Raman spectroscopy (TERS), and has helped reveal
local inhomogeneities in semiconductors,10 carbon mate-
rials,11–15 polymers,16 and biological substances.17,18 In principle,
aperture-less NSOM can be employed in a variety of spectro-
scopic applications, e.g., the absorption and scattering of
molecules for electronic state analysis, as well as vibrational
spectroscopy via monitoring of the Rayleigh scattering effi-
ciency.19,20 However, understanding the image contrast origi-
nating from Rayleigh scattering is a complex problem since the
background signal from the substrate and the optics cannot be
separated from the signal generated by the sample. Moreover,
the effect of sample volume must be eliminated in order to
obtain the inherent optical properties of the sample. This
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problem never arises in TERS, because the Raman signal
essentially corresponds to only the intrinsic frequencies of the
sample. Therefore, conducting electronic state analysis is not
straightforward using conventional aperture-less NSOM.

In this study, we present a nano-scale absorption imaging
method using aperture-less NSOM to complement TERS data by
providing the local absorption efficiency of a sample. This
method is similar to conventional TERS but relies on a novel
Raman-nano-light source that is created by the Raman scat-
tering from a near-eld tip made of silicon, which is simulta-
neously excited by two lasers of different colors.

The nano-scale absorption imaging setup used in the
present study is illustrated in Fig. 1. A strong Raman signal
generated at the apex of a near-eld silicon probe acted as
a nano-light source during near-eld imaging. In TERS, a metal-
coated tip is utilized as the near-eld probe for excitation of
a localized surface plasmons, which results in the connement
and enhancement of light eld at the apex.21,22 However, even if
one employs a bare silicon tip (i.e., not coated with any metal),
a strong light connement can be obtained at the apex of the
tip. In the case of a bare silicon tip, bringing the tip into the
focal point results not only the sample signal, but also the
Raman scattering of silicon originating from the apex of the
silicon tip.23 In this study, we employed two different excitation
lasers with wavelengths of 488 and 594 nm. The wavelength of
the nano-light source is shied by 520 cm�1 (LO mode of
silicon) relative to that of each excitation laser and this Raman
scattering of silicon is detected through the sample. Since part
of the transmitted Raman light is absorbed by the sample, one
RSC Adv., 2016, 6, 113139–113143 | 113139
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Fig. 1 Schematic illustration of nano-scale absorption imaging.
Raman scattered light generated at the apex of a silicon tip is obscured
when it is transmitted through the sample. Evanescent light enables
the illumination of the tip apex alone with the incident light, which
provides high spatial resolution corresponding to the size of the tip
apex.

Fig. 2 Raman spectrum showing vibrational modes of both silicon and
sample (CNTs) obtained simultaneously with 488 nm and 594 nm
lasers. The blue and pink hatch indicates the silicon peak at 502 nm
and 613 nm respectively.

Fig. 3 (a) AFM image of the sample containing only m-CNT (b) AFM
image of the same sample after casting both m-CNTs and s-CNTs. (c)
AFM image of a small area containing two bundles of CNTs. The CNT
bundle on the left-hand side is metallic, while that on the right-hand
side is semiconducting. Absorption images of the CNT samples, ob-
tained from the intensities of silicon Raman scattering at u ¼ 502 nm
(d) and u ¼ 613 nm (e).
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can obtain an image of the sample absorption by monitoring
the transmuted intensity of the silicon Raman light. This
method extends the ability of conventional TERS, which only
characterizes the vibrational properties of the sample. When
evanescent illumination is used, only the apex of the nano-tip
is irradiated with the excitation light, which results in high
spatial resolution corresponding to the size of the tip apex
(typically 3–10 nm in diameter). In the present experiment, by
employing two excitation lasers, any topographic artifact orig-
inating from the movement of near-eld probe in the z direc-
tion is eliminated.24,25 Moreover, the absorption spectra can be
obtained through multi-color measurements. Unlike in Ray-
leigh scattering, the origin of the detected signal is likely to be
at the apex of the probe, therefore, better stability and preci-
sion can be achieved using this novel light source. As an
example, we demonstrate that carbon nanotubes with different
absorption efficiencies could be clearly distinguished by this
new technique.

2. Results and discussion

The present optical setup for nano-scale absorption imaging
was similar to the previously reported TERS system26 (see the
Experimental section).

Fig. 2 shows the Raman spectrum of the silicon tip and the
semiconducting CNTs. The peak at 502 nm is assigned to the
LO-vibrational mode of silicon generated by 488 nm excitation,
while the peak at 613 nm is also the LO-mode of silicon
generated by 594 nm excitation. Several vibrational modes that
originate from CNTs, e.g., RBM, D and G, and 2D bands, are also
observed for the two excitation lasers.27–30 The Raman signals
113140 | RSC Adv., 2016, 6, 113139–113143
generated by the 488 nm laser exhibited higher intensities than
those generated by the 594 nm laser, primarily due to the
wavelength dependence of the scattering efficiency.

Fig. 3(a) shows an AFM image of the sample aer only
metallic CNTs were casted on the glass substrate, while Fig. 3(b)
shows an AFM image aer both metallic and semiconducting
CNTs were casted. A comparison of the two AFM images helps
in identifying the two kinds of CNTs. Fig. 3(c) is an AFM image
of a small area of the sample that contains two types of CNT
bundles, metallic (m-CNT, le-hand side) and semiconducting
(s-CNT, right-hand side). Near-eld absorption images corre-
sponding to the AFM scan area are shown in Fig. 3(d) and (e). In
both gures, two bundles of CNTs were observed with a spatial
resolution as high as �20 nm. The images were constructed
using the intensities of the silicon Raman signals measured at
502 nm (d) and 613 nm (e). The signal intensity was normalized
This journal is © The Royal Society of Chemistry 2016
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with the intensity when the tip was placed on the glass
substrate. As explained in Fig. 1, the signal intensity of Raman
scattering from silicon decreased when the tip was on the CNTs,
as compared to when it was away from the CNTs. In Fig. 3(d)
and (e), however, the presence of any topographic variation also
contributed to the contrast. Although the CNTs in the le-hand
and right-hand sides of Fig. 3(c) are of different types, the
contrasts in Fig. 3(d) and (e) are similar. According to the AFM
image, the CNT bundle on the le-hand side was thicker (13
nm) than the one on the right-hand side (10 nm). The thicker
bundle also exhibited higher contrast in the optical images.

For further analysis, it is instructive to examine the physical
parameters related to absorption. The absorbance A can be
expressed as follows:31

A ¼ 3cL, (1)

where 3 is the absorption coefficient specic to the sample, c is
the molecular concentration, and L is the sample thickness.
Eqn (1) indicates that the total amount of absorption depends
on both L and c. Thus, a comparison between Fig. 3(d) and (e)
will reveal accurate information regarding 3, which corresponds
to the sample properties. Since both A613 and A502 would be
ideally zero at the locations where there is no sample, the ratio
of the two quantity would have an arbitrary value including
innity. In order to avoid the division of zero by zero, we exclude
the locations where there is no sample from the data analysis,
and set the data value at these points to be 1. We would also like
to add here that the sample always provides a nite value even
when the absorption at 502 nm is weak. According to eqn (1),
this ratio depends only on the absorption coefficient of the
sample, so it is independent of the sample concentration and
thickness. The effect of the sample topography can thus be
eliminated, as indicated in eqn (2):

A613

A502

¼ 3613

3502
: (2)

As expected, two types of CNTs can clearly be distinguished
in Fig. 4(a). Unlike in Fig. 3(d) and (e), the image in Fig. 4(a) was
independent of the sample topography, and therefore reects
Fig. 4 (a) Nano-scale absorbance image of CNTs constructed from
the data in Fig. 3(d) and (e). The inset shows a line profile along the
dotted line. (b) Normalized UV-Vis absorption spectrum of metallic
(pink) and semiconducting (blue) CNTs. The black dotted lines indicate
the absorbance at 502 and 613 nm, respectively.

This journal is © The Royal Society of Chemistry 2016
the pure optical properties of the sample. As estimated from the
height obtained from the AFM image, both CNTs that appear in
Fig. 3(c) consist of bundles. The uctuations observed within
each bundles in Fig. 4(a) presumably stem from the variation of
energy levels of each nanotube due to the interactions between
adjacent nanotubes or due to a possible variation in their
diameters. The spatial resolution was evaluated from the
FWHM of the line prole along the white dotted line in Fig. 4(a),
shown in the inset, which was estimated to be as high as 18 nm.
Because CNTs are highly absorptive, we believe that the cause of
the contrast is near-eld absorption. In this study, the inter-
ference phenomena, reported in ref. 32 under a far-eld
microscope, were less dominant.

Fig. 4(b) shows the normalized UV-Vis absorption spectra of
the m-CNTs and s-CNTs, dispersed in 1,2-dichloroethane. The
black dotted lines indicate the absorbance at 502 nm and at
613 nm respectively, both of which correspond to the silicon
Raman signal. Them-CNTs exhibit higher absorption at 613 nm
as compared to 502 nm, whereas the s-CNTs exhibit higher
absorbance at 502 nm in comparison to 613 nm. Accordingly, in
Fig. 4(a), the absorbance ratio A613/A502 is higher for m-CNT
(le) than s-CNT (right), in agreement with the UV-Vis spectra.
According to Fig. 4(a), the average absorption ratios are 1.08 �
0.25 and 0.74 � 0.16 for the le and the right nanotubes,
respectively. On the other hand, in Fig. 4(b), the corresponding
ratios are 1.14 and 0.87 for the le and the right nanotubes,
respectively. The slight differences in the ratio values in the two
gures may come from the difference in experimental condi-
tions, where the former was obtained from an individual bundle
placed on a glass substrate in air, while the later was obtained
from multiple nanotubes dissolved in a solution.

The spectroscopic sensitivity in this technique is much
higher due to the direct irradiation of the probe by a tightly
focused excitation laser. Moreover, the throughput of an optical
ber, especially in aperture NSOM, is quite sensitive to the
excitation wavelength, although for electronic state analysis of
molecules, it is essential to use a wide wavelength range. The
Raman signal from silicon can be detected from the ultraviolet
to the infrared,33 and a silicon tip is compatible with a variety of
Raman spectroscopic systems. Thus, our method can be applied
for a wide range of samples and for a variety of experimental
setups. The only restriction is the throughput of the objective
lens of the microscope, which is used to focus the incident laser
and collect the Raman signal. The multi-colorization is the key
to extend the capability of nano-scale absorption imaging for
future applications. This can be realized by employing a spec-
troscopic system, which could cover the entire visible wave-
length range, e.g., an echelle spectrometer equipped with
a large-pixel CCD camera. Theoretically there is no limitation
for the sample thickness, however, practically the sample
should be thin enough to create a Si-Raman-light-source at the
tip apex via evanescent illumination.

3. Conclusion

We demonstrated nano-scale near-eld absorption imaging by
measuring the intensity of silicon Raman signals emanating
RSC Adv., 2016, 6, 113139–113143 | 113141
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from the apex of a near-eld probe made of silicon that trans-
mits through a sample under the tip. In this measurement,
a bare silicon tip plays the role of a novel nano-light source for
aperture-less NSOM, which provides us with high spatial reso-
lution, far beyond the diffraction limit of light, similar to that in
a conventional near-eld microscope. Since the intensity of the
Raman signal of silicon decreases aer passing through
a sample, optical absorbance of the sample can be imaged by
this technique. Unlike in Rayleigh scattering, the excitation
light for absorption measurements originates only from the tip
apex, therefore more precise and stable analysis can be ach-
ieved. Employing two lasers of different colors enabled us to
observe the absorption coefficient independent of the sample
topography and molecular concentration.

The success of our nano-imaging technique was veried by
the absorption ratio image of CNT bundles, from which two
types of nanotubes were clearly distinguished. The optical setup
is based on conventional aperture-less NSOM and thus can be
combined with other imaging technique such as TERS using
a metal-coated tip. The combination of near-eld absorption
and Raman analysis will provide new possibilities for nano-
scale analysis of both electronic and vibrational properties.
Moreover, multi-colorization will be critical in extending the
applicability of the technique, e.g., to band-gap imaging of
semiconductor materials, nano-imaging of biomaterials, and
polymer lms.

4. Experimental
Optical measurement

The output beams of the two diode lasers used for Raman
excitation were passed through 10� beam expanders and con-
verted to radial polarization. An optical mask was inserted into
the incident laser path in order to generate purely evanescent
light at the surface of the glass substrate on which the sample
was placed. Both excitation lasers were focused through a high-
NA oil-immersion microscope objective lens (60�, NA ¼ 1.4)
and the Raman signal was collected by the same lens. In the
present measurement setup, the near-eld probe tip was
a commercially available silicon cantilever (OMCL-AC240TN-
C3) used in atomic force microscopy (AFM; NanoWizard3, JPK
Inst.). This silicon tip was not coated with any metal, as is
usually done in aperture-less near-eld microscopy. Two notch
lters were inserted into each output path to cut out the Ray-
leigh scattering light, and an additional aperture mask was
inserted to reject the NA >1 components of the signal, which
included mainly reected light from the glass substrate. The
output signal was guided to a single spectrometer and was
detected by a peltier-cooled charge coupled device (CCD)
camera. The slit width of the spectrometer was set to 100 mm
and the grating was 150 lines per cm, which was wide enough to
cover Raman signals originating from the two excitation lasers.

Absorption imaging was conducted in a similar manner as
TERS. The near-eld probe was brought into the focal point,
and Raman signals of the sample and silicon were collected.
Absorption measurements were performed with an exposure
time of 3.0 s at each pixel, and images were obtained from a 600
113142 | RSC Adv., 2016, 6, 113139–113143
� 600 nm2 area (step size: 20 nm) with a resolution of 30 square
pixels. The power of both excitation lasers was set to 0.2 mW. An
AFM image of the sample was taken of the same area to conrm
the sample topography.

The absorption spectra of CNT solutions were obtained
using a UV-Vis spectrometer (SHIMADZU/UV-3600). Spectra
were normalized by the maximum intensity.
Sample preparation

In order to prepare the CNT sample, we dissolved commercially
available CNTs (NanoIntegris, IsoNanotubes-M/IsoNanotubes-
S) in 1,2-dichloroethane through a 30 min sonication. The
solution was then dropped on a glass substrate and spin-coated.
The sample thus prepared contained small bundles of CNTs.
Finally, we coated the CNTs with osmium to prevent them from
being scratched by the AFM tip during scanning. To conrm the
presence of two types of CNTs, we rst spin-coated only metallic
CNTs, obtained an AFM image of the sample, then spin-coated
semiconducting CNTs on the same substrate, and obtained
another AFM image of the same area. By comparing the two
AFM images, we identied the two types of CNTs.
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