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Near-field Raman imaging of organic molecules by an apertureless metallic
probe scanning optical microscope

Norikiko Hayazawaa)

Department of Applied Physics, Osaka University, Suita, Osaka 565-0871, Japan,
and CREST, Japan Corporation of Science and Technology, Japan

Yasushi Inouye
CREST, Japan Corporation of Science and Technology, Japan,
Handai FRC, Suita, Osaka 565-0871, Japan, and School of Frontier Bioscience, Osaka University, Suita,
Osaka 565-0871, Japan

Zouheir Sekkat
Department of Applied Physics, Osaka University, Suita, Osaka 565-0871, Japan,
CREST, Japan Corporation of Science and Technology, Japan, Handai FRC, Suita, Osaka 565-0871, Japan,
and School of Science and Engineering, Al Akhawayn University in Ifrane, 53000 Ifrane, Morocco

Satoshi Kawata
Department of Applied Physics, Osaka University, Suita, Osaka 565-0871, Japan,
CREST, Japan Corporation of Science and Technology, Japan, Handai FRC, Suita, Osaka 565-0871, Japan,
and RIKEN, Wako, Saitama, 351-0198, Japan

~Received 25 February 2002; accepted 23 April 2002!

Near-field Raman imaging of organic molecules is demonstrated by an apertureless near-field
scanning optical microscope, the tip of which is a silver-layer-coated cantilever of an atomic force
microscope~AFM!. The virtue of the enhanced electric field at the tip apex due to the surface
plasmon polariton excitations enhances the Raman scattering cross sections. This phenomenon
allows us to reveal from near-field Raman images the molecular vibrational distributions of
Rhodamine6G and Crystal Violet molecules beyond the diffraction limit of a light. These molecular
vibrations cannot be distinguished by AFM topographic images. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1485731#
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I. INTRODUCTION

Near-field spectroscopy, such as fluorescence, infra
absorption, and Raman scattering, is a very powerful tool
the in situ chemical analysis of organic molecules in nano
eter scale. Raman scattering and infrared absorption s
troscopy allow the direct observation of molecular vibratio
without necessarily photobleaching of the sample as wel
quenching. While conventional Raman spectroscopy is r
tively straightforward to carry out with well-established lig
sources and instruments in the visible region, the Ram
scattering cross sections (;10230cm2) are much smaller
than that of fluorescence (;10216cm2) and infrared absorp
tion (;10220cm2). Moreover, in a near-field scanning opt
cal microscope~NSOM! setup, the observed volume of th
sample must be confined in the nanometer scale that co
sponds to the very small size of molecules. These mak
difficult to realize near-field Raman spectroscopy. Jahn
et al. first reported near-field Raman imaging by using
NSOM with an optical fiber probe~aperture probe!,1 how-
ever, due to the long integration time caused by the v
small Raman scattering cross section and the low throug
of aperture probes, image acquisition took more than 10
complete one near-field Raman image of the 4mm2 region.

a!Author to whom correspondence should be addressed. Electronic
hayazawa@ap.eng.osaka-u.ac.jp Phone:181-6-6879-7847; fax:181-6-
6879-7330.
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To circumvent this problem, the use of an apertureless
tallic probe tip2–4 provides an enhanced electric field at t
tip apex due to the surface plasmon polariton excitations5–8

Furthermore, near-field Raman spectroscopy using this te
nique could have higher resolution since a smaller tip s
can be attainable due to the ‘‘lightening rod effect.’’8 In re-
cent works, the enhanced electric field at the metallic tip
been successfully applied to near-field single pho
fluorescence,9–13 two-photon fluorescence excitatio
spectroscopy,14 and near-field surface-enhanced infrared a
sorption spectroscopy.15,16 On the other hand, near-field Ra
man spectroscopy that utilizes electromagnetic field
hancement at the metallic tip has been proven to ach
chemical analysis of organic materials by mapping the ne
field Raman spectra at several positions in a nanom
scale.17–20 In our recent work,18,20 we have measured th
near-field Raman spectra of dye molecules with a spa
resolution within the nanometer range that enabled us to
sign Stokes-shifted lines to each vibration mode of each m
ecule. It was also observed to have an enhanced Rama
tensity and shift of specific Stokes-shifted lines that w
induced by chemical interaction between the metallic tip a
Raman active molecules.20–22 In another work, intensity en-
hancement of all Stokes-shifted lines induced by the loca
enhanced electric field at the metallic tip was al
observed.18 In contrast to the NSOM utilizing an apertur
probe, the strong enhancement phenomena drastically re

il:
6 © 2002 American Institute of Physics
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the measurement time when using a NSOM with a meta
apertureless tip~vide infra!. In our previous experiment,18,20

it took only 1 s toobtain a near-field Raman spectrum usi
a spectrophotometer equipped with a liquid-nitrogen-coo
CCD camera. The short acquisition time that is due to
strong enhancement at the metallic tip enabled us to ob
near-field Raman imaging within a reasonable time~;10
min!. The near-field Raman imaging can attain direct a
sensitive observation of many kinds of molecules and th
local distributions, as well as biological cells without labe
ing with dye. In this paper, we demonstrate two-dimensio
near-field Raman imaging at specific Stokes-shifted lines
aggregates of nanocrystallized Rhodamine6G and Cry
Violet molecules by using a silver-coated cantilever tip. W
achieved 10 minutes data-acquisition time for each near-fi
Raman image of 1mm by 1 mm consisting of the 64 pixels
by 64 pixels image.

II. EXPERIMENTAL SECTION

Figure 1 shows the concept of~a! near-field Raman spec
troscopy as compared to~b! micro-Raman spectroscopy~far-
field detection!. In Fig. 1~a!, the Raman scattering cross se
tions of the molecules just below the enhanced electric fi
at the metallic tip are selectively enhanced and detecte
provide a sufficiently high spatial resolution depending
the size of the enhanced electric field that corresponds to
diameter of the metallic tip, e.g., less than 40 nm.5–8

FIG. 2. Experimental setup for near-field Raman imaging.

FIG. 1. The conceptual figure of~a! near-field Raman detection by a meta
lic probe tip as compared to~b! normal micro-Raman detection~farfield
detection!.
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The experimental setup for the near-field Raman im
ing is shown in Fig. 2. An expanded and collimated lig
field from a frequency doubled YVO4 laser~wavelength: 532
nm; power: 50 mW! enters into the epi-illumination optics. A
circular mask is inserted in the beam path of the illuminat
light and located at the conjugate plane of the pupil of
objective lens with numerical aperture~NA! equal to 1.4.
The mask rejects the part of the beam corresponding to
cusing angles that are less than NA51.0 while the transmit-
ted light forms a focused spot that produces an evanes
field on the sample surface.9 As the distance of the metallic
tip is moved closer to the focused spot, a localized enhan
electric field is observed to be generated at the tip apex5–7

Figure 3 shows the CCD images of the scattering of
evanescent field at the metallic tip observed from the side
the metallic tip. Figure 3~a! is obtained when the tip is in
contact with the sample surface of the focused spot. Figu
3~b! and 3~c! are obtained when the distance between the
and the sample surface are 500 nm and 30mm, respectively.
Figure 3~a! exhibits the very bright scattering light of th
evanescent field from the tip apex. Consequently, the hig

FIG. 3. The CCD images of the scattering of the evanescent field at
metallic tip observed when the distance between the probe and sample
face of the focused spot are~a! 0 nm ~in contact!, ~b! 50 nm, and~c! 30 mm.
Each image shows the cantilever and its mirror image on the sample sur
The bright spot at the tip in~a! is the scattering of the evanescent fiel
whereas the weak light spots at the sample surface in~b! and ~c! are the
Rayleigh scattering at the focused spot due to the sample roughness.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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p-polarized evanescent field excites surface plasmon po
tons at the tip apex, and the enhanced electric field tha
localized at the tip is generated in the case of Fig. 3~a!, even
though the enhanced electric field itself cannot be seen in
image since it is localized at the tip apex. However, in Fi
3~b! and 3~c!, no scattering of the evanescent field is o
served because the tip is out of the skin depth of the eva
cent field, and, thus, only very weak Rayleigh scattering li
at the focused spot is observed due to the sample rough
The localized enhanced electric field at the tip is scatte
inelastically by the Raman active molecules, which cor
sponds to near-field Raman scattering. The Raman scatte
is collected by the same objective lens, and is directed to
spectrophotometer~focal length5300 mm, 1200 lines/mm!
that is equipped with a liquid-nitrogen-cooled CCD came
~13403400 channels! for Raman spectra measurement a
with an avalanche photodiode for Raman imaging. The a
lanche photodiode is located after the exit slit of the spec
photometer so that a specific Stokes-shifted line can be
tected. Excitation light or Rayleigh scattering is sufficien
rejected by a notch filter~wavelength: 532 nm; full width a
half-maximum: 6 nm!. The metallic tip is a silicon cantileve
that is coated by a 40 nm thick silver layer by a therm
evaporation process. The evaporation rate was adjusted
relatively slow rate of 0.3 Å per second to avoid undesira
bending of the silicon tip. The silver-coated tip diameter
around 40 nm. The distance between the sample and
cantilever is regulated by contact-mode AFM operation, a
the sample is scanned with piezoelectric transducers~PZT! in
the X–Y plane. Scanning theXY-PZT sample stage while
simultaneously detecting the Raman signal with the a
lanche photodiode can perform near-field Raman imagin
the specific Stokes-shifted line.

III. RESULTS AND DISCUSSION

Aggregates of Rhodamine6G and Crystal Violet m
ecules were used as samples for near-field Raman spec
copy and imaging. Two separate samples are prepare
casting the ethanol solution of Rhodamine6G and Cry
Violet, both with 1.2531022 wt.% concentration. The
samples are dried on a coverslip covered with an 8 nm th
silver film. The distribution of molecules for both samples
fairly inhomogeneous and is set to have a 1 nmaverage
thickness of the layer of molecules. The silver film is one
the very popular surface enhancers of the surface-enha
Raman scattering~SERS! effect,8 and is effective not only in
enhancement of a Raman scattering cross section, but al
the reduction of the fluorescence due to the fluorescence
ergy transfer from the molecules to metal.23,24 Because both
Rhodamine 6G and Crystal Violet have absorption at
excitation wavelength of 532 nm, and have fluoresce
overlapped with Raman peaks. Consequently, the obse
Raman spectra are due to surface-enhanced resonant R
scattering~SERRS!.17,18,20Figure 4 shows the Raman spect
of Rhodamine6G molecules, which was obtained~a! in the
presence of the metallic tip that is in contact with the sam
surface of the focused spot, and~b! without the tip. The
Raman scattering spectrum of~a! comprises of the contribu
tion of both the locally enhanced electric field at the tip ap
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and the focused spot@see Fig. 1~a!#, whereas the Raman
scattering spectrum of~b! is due solely to the Raman sca
tering of the focused spot@see Fig. 1~b!#. The difference
between the spectra~a! and~b! is the inherent near-field Ra
man scattering induced by the metallic tip.18,20 Several
Stokes-shifted lines of Rhodamine6G molecules are
served and indicated by arrows in the spectra. These p
are in good agreement with the former works by oth
authors.24,25For example, the peaks at 1359, 1503, 1570, a
1647 cm21 are assigned to the C–C stretching vibrati
mode of the aromatic ring; the peak at 1269 cm21 is assigned
to the C–O–C~ester bonding! vibration mode; the peak a
1120 cm21 is assigned to the C–H in-plane bending vibr
tion mode; the peak at 766 cm21 is assigned to the C–H
out-of-plane bending vibration mode, and the peak at 6
cm21 is assigned to theC–C–Cin-plane bending vibration
mode. The exposure time of the liquid-nitrogen-cooled CC
camera was 1 s and the power of the laser at the entrance
the inverted microscope was 230mW.

Figure 5 shows the Raman spectra of Crystal Violet m
ecules. Spectra~a! and~b! have been obtained with and with
out the metallic tip, respectively. Raman scattering intens
of Crystal Violet is weaker than that of Rhodamine6G, ho
ever, several characteristic Stokes-shifted lines are obser
The peaks at 1383, 1537, 1586, and 1617 cm21 are assigned
to the C–C stretching vibration mode of the aromatic rin
the peak at 1363 cm21 is assigned to theN-phenyl vibration
mode; the peak at 1172 cm21 is assigned to the C–H in
plane bending vibration mode; the peaks at 908 and
cm21 are assigned to the C–H out-of-plane bending vib
tion mode, the peak at 414 cm21 is assigned to theC–C–C
out-of-plane bending vibration mode; and the peak at 3
cm21 is assigned to the phenyl–C–phenyl vibration mode
These peaks correspond well with the results of ot
authors.26–28 The peak at 2050 cm21 is a ghost line, which
came from the laser diode that was used as feedback in A
operation.29 The exposure time of the liquid-nitrogen-coole
CCD camera was 1 s with 230mW laser power at the en
trance of the inverted microscope.

FIG. 4. Raman spectra of Rhodamine6G~a! with and~b! without a metallic
tip. Arrows indicate the Raman peaks of Rhodamine6G molecules. The
centration of the molecules is 1.2531022 wt.%. Laser power: 230mW,
exposure time: 1 s. The peak at 607 cm21 corresponding to theC–C–C
in-plane bending vibration mode is used for near-field Raman imaging
Fig. 6~a!. The peak at ‘‘A’’ ~1185 cm21! of Rhodamine6G is slightly over-
lapped with the peak at 1172 cm21 of Crystal Violet in Fig. 5, which is used
for near-Raman imaging in Fig. 6~c!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The enhancement factor of 100 due to the silver tip
obtained experimentally by defining the factorF as the ratio
of the intensity of the near-field scattering to that of farfie
intensity per unit area as

F5
dIn

dI f
, ~1!

wheredIn anddI f are the Raman intensity per unit area
the near-field and farfield, respectively. Experimentally,
can get the intensity enhancement ratio as

I n1I f

I f
5

dIn* fn1dI f* f f

dI f* f f
, ~2!

whereI n and I f are the totally observed Raman intensity
the near-field and farfield, respectively.fn and f f are the
near-field and farfield excitation light spot. Accordingly,I n

1I f and I f correspond to the Raman intensity with@Fig.
1~a!# and without @Fig. 1~b!# a metallic tip, respectively

FIG. 5. Raman spectra of Crystal Violet~a! with and~b! without a metallic
tip. Arrows indicate the Raman peaks of Crystal Violet molecules. The c
centration of the molecules is 1.2531022 wt.%. Laser power: 230mW,
exposure time: 1 s. The peaks at 908 cm21 corresponding to the C–H out
of-plane bending vibration mode and 1172 cm21 corresponding to the C–H
in-plane bending vibration mode are used for near-field Raman imagin
Figs. 6~b! and 6~c!, respectively.
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From Figs. 4 and 5,I n1I f /I f is approximately 2. Near-field
excitation light spotfn is approximately the 40 nm diamete
corresponding to the tip diameter5–7 and the farfield excita-
tion spot f f is approximately a 400 nm diameter that
focused by the objective lens with NA51.4. By substituting
these values to Eq.~2!, we can obtain the enhancement fact
F5100. The effect of near-field enhancement is proven
this high enhancement factor. The mirror effect of the can
lever tip ~farfield effect!, on the other hand, has an expect
enhancement factor ofF<2, and could not be the source o
the high enhancement factor.

To investigate the spatial resolving power by our pr
posed near-field Raman spectroscopy and identify molec
vibration distribution among different kinds of molecule
near-field Raman images of an aggregated sample
Rhodamine6G and Crystal Violet molecules were obtaine
characteristic Raman peaks of each molecules. Figur
shows near-field Raman images at the same area of
sample, where the concentrations of Rhodamine6G
Crystal Violet are 1.2531023 and 1.2531022 wt.%, respec-
tively. These concentrations resulted in the comparable
man scattering intensity from Rhodamine6G and Crys
Violet because Rhodamine6G yields a much higher sca
ing intensity than that of Crystal Violet molecules, as o
served in the spectra of Figs. 4 and 5. Figure 6~a! is obtained
at 607 cm21, which corresponds to the Stokes-shifted line
the C–C–C in-plane bending vibration mode o
Rhodamine6G. Figure 6~b! is obtained at 908 cm21, which
corresponds to the Stokes-shifted line of the C–H out-
plane bending vibration mode of Crystal Violet and Fig. 6~c!
is obtained at 1172 cm21, which corresponds to the Stoke
shifted line of the C–H in-plane bending vibration mode
Crystal Violet. Figure 6~d! is a corresponding topographi
image obtained simultaneously with Fig. 6~a! in AFM opera-
tion. It is interesting to note that all the other Stokes-shift
lines except the ones used for the imaging are quite o
lapped between Rhodamine6G and Crystal Violet. Also,
peak at 1172 cm21 used for near-field Raman imaging in Fig

-

in
in
FIG. 6. ~a! Near-field Raman images obtained at~a!
607 cm21; C–C–C in-plane bending mode of
Rhodamine6G,~b! 908 cm21; C–H out-of-plane bend-
ing mode of Crystal Violet, and~c! 1172 cm21; C–H
in-plane bending mode of Crystal Violet.~d! is the cor-
responding topographic image. It took 10 min to obta
one image where a 1mm by 1 mm scanning area con-
sisted of 64 by 64 pixels.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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6~c! is slightly overlapped with the Stokes-shifted line
Rhodamine6G at 1185 cm21, which is indicated by alphabe
‘‘A’’ in Fig. 4. The dimension of both images with 64 pixel
by 64 pixels resolution is 1mm by 1 mm. The scanning rate
used for each line is 0.1 Hz. At this rate, a single image
be achieved for only 10 min. Figure 7 shows the typic
Raman spectra of the aggregated sample, which exhibits
Stokes-shifted lines of both Rhodamine6G and Crystal Vio
molecules. The arrows in Fig. 7 point to the Stokes-shif
lines used for the near-field Raman imaging in Fig. 6. We
selectively obtain the distributions of each vibration mo
that we cannot distinguish in the topographic image. T
distributions of each vibration mode are quite different, a
shows complicated structures corresponding to the inho
geneous distributions of both molecules. According to F
6~a!, Rhodamine6G molecules are mainly localized at
lower right of the figure, on the other hand, Fig. 6~b! shows
that Crystal Violet molecules are randomly dispersed in
scanned area. Interestingly, we can clearly see the diffe
distributions between C–H out-of-plane bending@Fig. 6~b!#
and C–H in-plane bending@Fig. 6~c!# of Crystal Violet mol-
ecules. The almost absence of Rhodamine6G molecule
the upper left of the scanned area in Fig. 6~a! can possibly
explain the nonoverlap of the Stokes-shifted line at 11
cm21 of Rhodamine6G with the Stokes-shifted line at 11
cm21 of Crystal Violet. At this time, we do not have clea
explanations for this phenomenon, however, we believe
this could be explained by the molecule–tip ‘‘chemica
interaction.20–22 In our previous report,20 we observed the
selective enhancement and the shifts of some Stokes-sh
lines of Rhodamine6G molecules due to the chemical in
action between the tip and molecules. For example, C
in-plane bending of Rhodamine6G at 1120 cm21, which is
usually very weak compared to other Stokes-shifted lin
was strongly enhanced and shifted, on the other hand, C
out-of-plane bending at 766 cm21 was not chemically en-
hanced. Similarly, the Stokes-shifted line at 1185 cm21 of
Rhodamine6G was chemically enhanced~see Fig. 4 in Ref.
18!. These strong chemical enhancement and shifts m
have an affect in the near-field Raman image obtained
C–H in-plane bending of Crystal Violet at 1172 cm21 in Fig.
6~c!. So far, we have never observed such chemical enha

FIG. 7. Typical Raman spectra of the aggregated sample used in Fig. 6~a!
with and ~b! without a metallic tip. Stokes-shifted lines of Rhodamine6
and Crystal Violet are observed. Arrows indicate the Stokes-shifted l
used for near-field Raman imaging in Fig. 6.
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ment of Crystal Violet molecules. The enhancement effec
the tip is somewhat very sensitive to the tip. In our expe
mental conditions, a few of ten probes coated with a sil
layer exhibit the electric field enhancement effect at the
In the case of electric field enhancement, all the Ram
peaks are similarly enhanced, and do not show band spe
enhancement.18 Furthermore, a few tens of probes that e
hibit the electric field enhancement effect show the chem
enhancement.19–22So, the reproducibility is not so high as o
now, however, once the probe showed either electric field
chemical enhancement, the enhancement effect is repro
ible until the tip is broken mostly by the high roughness
the sample or dust stuck to the sample surface. In Fig. 6~d!,
the island structures of the silver film are observed in
topographic image because the average thickness of the
gregated molecular layer is estimated at 1 nm and much t
ner than the silver film~average thickness: 8 nm!. Accord-
ingly, the distributions of both molecules are not clearly se
in the topographic image that reflects the pancake struc
of the silver grains~30–50 nm in diameter and 8 nm i
thickness!. Note that without a metallic tip~farfield detec-
tion!, we could not obtain such high-resolution images b
cause the farfield signal is averaged inside of the focu
spot @Fig. 1~b!#.30 Figure 6 shows that the near-field Ram
images attain the molecular vibrational distributions with
high sensitivity, even if the thickness of the molecular lay
is 1 nm. And, the sensitivity is approximately calculated
be the number of molecules just below the enhanced ele
field ~f: 40 nm! by a factor of 103.31 However, in fact, the
total intensity enhancement in Figs. 4, 5 is almost due to
increased white continuum signal, which are usually seen
a broad underlying background of the SERS signal;24 thus,
the actual Raman peaks in Figs. 4 and 5 increase not b
factor of 2 but by 25%–35%. On the other hand, in Fig.
the Raman peaks in the mixed samples show somew
larger enhancement by a factor of up to 2. These differ
enhancement factors may be attributed to the different pro
used for Figs. 4, 5 and Figs. 6, 7. In this paper, we u
organic dye molecules adsorbed on silver films. While
silver films are necessary for dye molecules to quench
strong fluorescence, near-field Raman spectroscopy, and
aging by an apertureless metallic probe scanning optical
croscope is applicable, not only to an organic sample but a
to an inorganic sample, even without the support of the sil
films. Single molecule detection can be done after idealiz
the tip material, shape,14 and illumination method6 because
the enhancement factor is very sensitive to the tip and
polarization of the light.

We have demonstrated the near-field Raman imaging
using the highly localized enhancement virtue of a meta
tip apertureless NSOM. Raman images of Raman active m
ecules have been obtained at very high spatial resolut
and with 10 min data-acquisition time. Near-field Raman i
aging with a metallic tip will allow for single molecule de
tections and imaging of various kinds of molecules, and
particular, nonfluorescent molecules.

s
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