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Near-field Raman imaging of organic molecules by an apertureless metallic
probe scanning optical microscope
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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.20©2 American Institute of
Physics. [DOI: 10.1063/1.1485731

I. INTRODUCTION To circumvent this problem, the use of an apertureless me-

i _ tallic probe tiF~* provides an enhanced electric field at the
Near-field spectroscopy, such as fluorescence, infraref anex due to the surface plasmon polariton excitatiofis.

absorption, and Raman scattering, is a very powerful tool fogrthermore, near-field Raman spectroscopy using this tech-
thein situ chemical analysis of organic molecules in nanom—nique could have higher resolution since a smaller tip size

eter scale. Raman scattering and infrared absorption spegz .\ pa attainable due to the “lightening rod effedtih re-
troscopy allow the direct observation of molecular vibrationscent works, the enhanced electric field at the metallic tip has
without necessarily photobleaching of the sample as well a8oen succ,;essfully applied to near-field single photon
qguenching. While conventional Raman spectroscopy is relaﬂuorescenc@,‘” two-photon _ fluorescence  excitation

tively straightforward to carry out with well-established light ) .
. . i . spectroscopy’ and near-field surface-enhanced infrared ab-
sources and instruments in the visible region, the Raman

. ,16 ¥ _
scattering cross sections-(0~®ci?) are much smaller sorption spectroscopy:'® On the other hand, near-field Ra

than that of fluorescence-(10" *6cn?) and infrared absorp- man spectroscopy that _util?zes electromagnetic field en-
tion (~10~2%cn?). Moreover, in a near-field scanning opti- Nancement at the metallic tip has been proven to achieve
cal microscopgNSOM) setup, the observed volume of the ghem|cal analysis of organic materlalg ,by mapping the near-
sample must be confined in the nanometer scale that corrg—eId Raman spectra at several positions in a nanometer
sponds to the very small size of molecules. These make R

calet’ 2% In our recent work®?° we have measured the
difficult to realize near-field Raman spectroscopy. Jahnck

gear-field Raman spectra of dye molecules with a spatial
et al. first reported near-field Raman imaging by using aresolution within the nanometer range that enabled us to as-

NSOM with an optical fiber probéaperture probe' how- sign Stokes-shifted lines to each vibration mode of each mol-
ever, due to the long integration time caused by the verfgcule. It was also observed to have an enhanced Raman in-
small Raman scattering cross section and the low throughp(@nsity and shift of specific Stokes-shifted lines that was
of aperture probes, image acquisition took more than 10 h téduced by chemical interaction between the metallic tip and
Comp|ete one near-field Raman image of thﬂmz region_ Raman active mOleCU|é’)§T22|n another work, intensity en-
hancement of all Stokes-shifted lines induced by the locally
dAuthor to whom correspondence should be addressed. Electronic maiﬁnhance(;ljg electric field at the meta_'l_“(_: tip was also
hayazawa@ap.eng.osaka-u.ac.jp Phon&1-6-6879-7847; fax-+81-6-  observed. In contrast to the NSOM utilizing an aperture
6879-7330. probe, the strong enhancement phenomena drastically reduce
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metallized tip
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diffractjon limitec diffracti spot

FIG. 1. The conceptual figure ¢&) near-field Raman detection by a metal-
lic probe tip as compared tth) normal micro-Raman detectioffarfield
detection.

the measurement time when using a NSOM with a metallic
apertureless tigvide infra). In our previous experimen;*°

it took only 1 s toobtain a near-field Raman spectrum using
a spectrophotometer equipped with a liquid-nitrogen-cooled
CCD camera. The short acquisition time that is due to the
strong enhancement at the metallic tip enabled us to obtain
near-field Raman imaging within a reasonable tithel0
min). The near-field Raman imaging can attain direct and
sensitive observation of many kinds of molecules and their
local distributions, as well as biological cells without label-
ing with dye. In this paper, we demonstrate two-dimensional
near-field Raman imaging at specific Stokes-shifted lines of
aggregates of nanocrystallized Rhodamine6G and Crystal
Violet molecules by using a silver-coated cantilever tip. We
achieved 10 minutes data-acquisition time for each near-field
Raman image of Jum by 1 um consisting of the 64 pixels

by 64 pixels image.

Il. EXPERIMENTAL SECTION

Figure 1 shows the concept @) near-field Raman spec-
troscopy as compared {b) micro-Raman spectroscofar-
field detection. In Fig. 1(a), the Raman scattering cross sec-

Near-field Raman imaging of organic molecules 1297

FIG. 3. The CCD images of the scattering of the evanescent field at the
metallic tip observed when the distance between the probe and sample sur-
face of the focused spot at@ 0 nm(in contacj, (b) 50 nm, andc) 30 um.

Each image shows the cantilever and its mirror image on the sample surface.
The bright spot at the tip ifa) is the scattering of the evanescent field,
whereas the weak light spots at the sample surfadg)irand (c) are the
Rayleigh scattering at the focused spot due to the sample roughness.

tions of the molecules just below the enhanced electric field
at the metallic tip are selectively enhanced and detected to

provide a sufficiently high spatial resolution depending on,

The experimental setup for the near-field Raman imag-

the size of the enhanced electric field that corresponds to tH89 iS shown in Fig. 2. An expanded and collimated light

diameter of the metallic tip, e.g., less than 40 W.

PZT scanner (AFM head)

L B
objective lens(NA:1.4)

YVO, laser mask
(532 nm)

For imaging
PD|

Liquid Nitrogen Cooled CCD

li
For spectroscopy il

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

field from a frequency doubled YVQaser(wavelength: 532
nm; power: 50 mWenters into the epi-illumination optics. A
circular mask is inserted in the beam path of the illumination
light and located at the conjugate plane of the pupil of the
objective lens with numerical apertuf®lA) equal to 1.4.
The mask rejects the part of the beam corresponding to fo-
cusing angles that are less than NA.0 while the transmit-

ted light forms a focused spot that produces an evanescent
field on the sample surfadeAs the distance of the metallic

tip is moved closer to the focused spot, a localized enhanced
electric field is observed to be generated at the tip apex.
Figure 3 shows the CCD images of the scattering of the
evanescent field at the metallic tip observed from the side of
the metallic tip. Figure @) is obtained when the tip is in
contact with the sample surface of the focused spot. Figures
3(b) and 3c) are obtained when the distance between the tip
and the sample surface are 500 nm andqu) respectively.
Figure 3a) exhibits the very bright scattering light of the
evanescent field from the tip apex. Consequently, the highly
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p-polarized evanescent field excites surface plasmon polari- 607 cm-!
tons at the tip apex, and the enhanced electric field that is _ | l [
localized at the tip is generated in the case of Fig),%ven 215000+ N l‘ v H
(7]
(23

though the enhanced electric field itself cannot be seen in the 3 12500
image since it is localized at the tip apex. However, in Figs. §10000-
3(b) and 3c), no scattering of the evanescent field is ob- 8 7500 (a)
served because the tip is out of the skin depth of the evanes- 'S,
cent field, and, thus, only very weak Rayleigh scattering light ‘G
at the focused spot is observed due to the sample roughness.
The localized enhanced electric field at the tip is scattered
inelastically by the Raman active molecules, which corre-
sponds to near-field Raman scattering. The Raman scattering
is collected by the same objective lens, and is directed to thEIG. 4. Raman spectra of Rhodamine@®with and(b) without a metallic
spectrophotometeffocal length=300 mm, 1200 lines/min tciz-nﬁraft(i’c‘)"r’f ;’}diﬁgt‘;:(g‘;z?e";agPf;'ésocjfzsvft‘%;‘anli;‘:fr@ mfr?uézs-we con-
that is equipped with a liquid-nitrogen-cooled CCD Cameraexposure time: 1 s. The peak af 607’dr'rc6r(r)éspondinz to tf\@—%—é
(1340%<400 channelsfor Raman spectra measurement andin-plane bending vibration mode is used for near-field Raman imaging in
with an avalanche photodiode for Raman imaging. The avaFig. 6a). The peak at “A’ (1185 cni!) of Rhodamine6G is slightly over-
lanche photodiode is located after the exit slit of the spectrolaPped with the peak at 1172 crhof Crystal Violet in Fig. 5, which is used
photometer so that a specific Stokes-shifted line can be dd2’ "éa"-Raman imaging in Fig(®.
tected. Excitation light or Rayleigh scattering is sufficiently

rejected by a notch filtefwavelength: 532 nm; full width at

2500 ~ (b
0 L—

| T T T | T
500 1000 1500
Stokes shift [cm™1]

T ‘ T
2000

. SO I, . and the focused spdtee Fig. 18)], whereas the Raman
half—maxmum: 6 nm The meta_lllc tlp is a silicon cantilever scattering spectrum db) is due solely to the Raman scat-
that is cgated by a 40 nm thick s!lver layer by a thermaltering of the focused spdisee Fig. 1b)]. The difference
evaporation process. The evaporation rate was adjusted 0 tween the spectf@ and (b) is the inherent near-field Ra-
relatively slow rate of 0.3 A per second to avoid undesirableman scattering induced by the metallic 7° Several
bending of the silicon tip. The silver-coated tip diameter iSStokes—shifted lines of Rhodamine6G molecules are ob-

arom:_?d 40_ nm. 'Il'hte ddlt')stancet bftwegn ;\r;eMsamplei_ and t?rved and indicated by arrows in the spectra. These peaks
cantilever s reguiated by contact-mode operation, ang, o good agreement with the former works by other

the sample is scanned with piezoelectric transdu@®zs) in authors?*25 For example, the peaks at 1359, 1503, 1570, and

the X-Y plane. Scanryng thY-PZT Sa'_””p'e stz_age while 1647 cm! are assigned to the C—C stretching vibration
simultaneously detecting the Raman signal with the ava:

. ) ) . mode of the aromatic ring; the peak at 1269 ¢ris assigned
lanche photodiode can perform near-field Raman imaging af, o C—O—Clester bondingvibration mode; the peak at
the specific Stokes-shifted line. I

1120 cm ! is assigned to the C—H in-plane bending vibra-
tion mode; the peak at 766 crhis assigned to the C—H
out-of-plane bending vibration mode, and the peak at 607
Aggregates of Rhodamine6G and Crystal Violet mol-cm™ ! is assigned to th€—C—Cin-plane bending vibration
ecules were used as samples for near-field Raman spectrasode. The exposure time of the liquid-nitrogen-cooled CCD
copy and imaging. Two separate samples are prepared lmamera wa 1 s and the power of the laser at the entrance of
casting the ethanol solution of Rhodamine6G and Crystalhe inverted microscope was 230V.
Violet, both with 1.25¢10 ?wt.% concentration. The Figure 5 shows the Raman spectra of Crystal Violet mol-
samples are dried on a coverslip covered with an 8 nm thiclecules. Spectré) and(b) have been obtained with and with-
silver film. The distribution of molecules for both samples is out the metallic tip, respectively. Raman scattering intensity
fairly inhomogeneous and is set to leaa 1 nmaverage of Crystal Violet is weaker than that of Rhodamine6G, how-
thickness of the layer of molecules. The silver film is one ofever, several characteristic Stokes-shifted lines are observed.
the very popular surface enhancers of the surface-enhancdthe peaks at 1383, 1537, 1586, and 1617 tare assigned
Raman scatteringSERS effect® and is effective not only in  to the C—C stretching vibration mode of the aromatic ring;
enhancement of a Raman scattering cross section, but alsotine peak at 1363 cit is assigned to th&l-phenyl vibration
the reduction of the fluorescence due to the fluorescence emode; the peak at 1172 crhis assigned to the C—H in-
ergy transfer from the molecules to metaf* Because both plane bending vibration mode; the peaks at 908 and 798
Rhodamine 6G and Crystal Violet have absorption at them™ are assigned to the C—H out-of-plane bending vibra-
excitation wavelength of 532 nm, and have fluorescencéion mode, the peak at 414 crhis assigned to th€—C—-C
overlapped with Raman peaks. Consequently, the observexlt-of-plane bending vibration mode; and the peak at 332
Raman spectra are due to surface-enhanced resonant Ranan ! is assigned to the pheryC—phenyl vibration mode.
scattering SERRS.2*82%Figure 4 shows the Raman spectra These peaks correspond well with the results of other
of Rhodamine6G molecules, which was obtairfedin the — authors?®=22 The peak at 2050 cnt is a ghost line, which
presence of the metallic tip that is in contact with the samplecame from the laser diode that was used as feedback in AFM
surface of the focused spot, arid) without the tip. The operatior?® The exposure time of the liquid-nitrogen-cooled
Raman scattering spectrum @) comprises of the contribu- CCD camera wa 1 s with 230uW laser power at the en-
tion of both the locally enhanced electric field at the tip apextrance of the inverted microscope.

Ill. RESULTS AND DISCUSSION
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1172 cm-t From Figs. 4 and 9,,+ 1/l is approximately 2. Near-field

908 cm" l | | excitation light spotp,, is approximately the 40 nm diameter
"9’ 2500 ! vor corresponding to the tip diametef and the farfield excita-
%’, 20004 l l l i tion spot ¢ is approximately a 400 nm diameter that is
: i u ‘ focused by the objective lens with NAL.4. By substituting
3 1500+ (a) these values to E@2), we can obtain the enhancement factor
‘= 1000 F=100. The effect of near-field enhancement is proven by
’Z’, 500 _ b) this high enhancement factor. The mirror effect of the canti-
8 lever tip (farfield effec}, on the other hand, has an expected
E o0 L—"

—T enhancement factor <2, and could not be the source of
2000 the high enhancement factor.

To investigate the spatial resolving power by our pro-
FIG. 5. Raman spectra of Crystal Violkg) with and (b) without a metallic ~ Posed near-field Raman spectroscopy and identify molecular
tip. Arrows indicate the Raman peaks of Crystal Violet molecules. The conyibration distribution among different kinds of molecules,
centration _of the molecules is 1.25.0:2Wt.%. Lasgr power: 23QuW, near-field Raman images of an aggregated sample of
exposure time: 1 s. The peaks at 908 ¢morresponding to the C—H out- . .
of-plane bending vibration mode and 1172 ¢neorresponding to the C—H Rhodamine6G and Crystal Violet molecules were obtained at
in-plane bending vibration mode are used for near-field Raman imaging i€haracteristic Raman peaks of each molecules. Figure 6
Figs. @b) and €c), respectively. shows near-field Raman images at the same area of the

sample, where the concentrations of Rhodamine6G and
_ ~ Crystal Violet are 1.25 10 2 and 1.25 10 2wt.%, respec-

The enhancement factor of 100 due to the silver tip isjyely, These concentrations resulted in the comparable Ra-
obtained experimentally by defining the factemas the ratio  15p scattering intensity from Rhodamine6G and Crystal
of the intensity of the near-field scattering to that of farfield\;gjet because Rhodamine6G yields a much higher scatter-
Intensity per unit area as ing intensity than that of Crystal Violet molecules, as ob-

dl, served in the spectra of Figs. 4 and 5. Figuf@ & obtained
F= ar,’ (1) at 607 cm?, which corresponds to the Stokes-shifted line of
the C-C-C in-plane bending vibration mode of
wheredl, anddl; are the Raman intensity per unit area in Rhodamine6G. Figure(B) is obtained at 908 cit, which
the near-field and farfield, respectively. Experimentally, Wecorresponds to the Stokes-shifted line of the C—H out-of-
can get the intensity enhancement ratio as plane bending vibration mode of Crystal Violet and Fi¢c)6
o1y dIféntdIf ¢y is obtained at 1172 cnt, which corresponds to the Stokes-
- dI* & , (2 shifted Iln.e of thg C-H m-_plane bending v.|brat|0n mode_of
f f o Crystal Violet. Figure &) is a corresponding topographic
wherel, andl; are the totally observed Raman intensity in image obtained simultaneously with Figagin AFM opera-
the near-field and farfield, respectively,, and ¢; are the tion. It is interesting to note that all the other Stokes-shifted
near-field and farfield excitation light spot. Accordingly,  lines except the ones used for the imaging are quite over-
+1; and I; correspond to the Raman intensity witRig.  lapped between Rhodamine6G and Crystal Violet. Also, the
1(a)] and without[Fig. 1(b)] a metallic tip, respectively. peak at 1172 cm' used for near-field Raman imaging in Fig.

| T | T T ‘ T
500 1000 1500
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: o
8000 - j 8000 - |
@ L s 2l LA
(2] [7] &
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= z . +
'E’ 2000 2 2000 !' i w R FIG. 6. (a) Near-field Raman images_ obtained (af
.“:3. .g I . 607 cm?!; C-C-C in-plane bending mode of

e

Rhodamine6G(b) 908 cm'*; C—H out-of-plane bend-
ing mode of Crystal Violet, andc) 1172 cm; C—H
in-plane bending mode of Crystal Viold€d) is the cor-

o

0
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607 em? 1720 ment. of Crystal Violet moleculgg. The enha_ncement effect gt

10000- Y008 om” | the tip is sor.n.ewhat very sensitive to the tip. In our experi-
mental conditions, a few of ten probes coated with a silver

8000 (@) layer exhibit the electric field enhancement effect at the tip.
6000 In the case of electric field enhancement, all the Raman

peaks are similarly enhanced, and do not show band specific
enhancemenrf Furthermore, a few tens of probes that ex-
2000 hibit the electric field enhancement effect show the chemical
R P P A S enhancemenf2?2So, the reproducibility is not so high as of

. now, however, once the probe showed either electric field or

Stokes-shift [cm™1] ) .
chemical enhancement, the enhancement effect is reproduc-

FIG. 7. Typical Raman spectra of the aggregated sample used in F@. 6, ible until the tip is broken mostly by the high roughness of
with and (b) without a metallic tip. Stokes-shifted lines of Rhodamine6G f
and Crystal Violet are observed. Arrows indicate the Stokes-shifted Iinesthe §ample or dust stuck to th.e sample surface. In R@’ 6
used for near-field Raman imaging in Fig. 6. the island structures of the silver film are observed in the
topographic image because the average thickness of the ag-
gregated molecular layer is estimated at 1 nm and much thin-

6(c) is slightly overlapped with the Stokes-shifted line of N€r than the silver filmaverage thickness: 8 nmAccord-
Rhodamine6G at 1185 cmh, which is indicated by alphabet ingly, the distributions of both molecules are not clearly seen
“A”in Fig. 4. The dimension of both images with 64 pixels in the topographic image that reflects the pancake structure
by 64 pixels resolution is km by 1 um. The scanning rate Of the silver grains(30-50 nm in diameter and 8 nm in
used for each line is 0.1 Hz. At this rate, a single image carhicknes$. Note that without a metallic tigfarfield detec-

be achieved for only 10 min. Figure 7 shows the typicaltion), we could not obtain such high-resolution images be-
Raman spectra of the aggregated sample, which exhibits theause the farfield signal is averaged inside of the focused
Stokes-shifted lines of both Rhodamine6G and Crystal Violespot[Fig. 1(b)].2° Figure 6 shows that the near-field Raman
molecules. The arrows in Fig. 7 point to the Stokes-shiftedmages attain the molecular vibrational distributions with a
lines used for the near-field Raman imaging in Fig. 6. We camigh sensitivity, even if the thickness of the molecular layer
selectively obtain the distributions of each vibration modejg 1 nm. And, the sensitivity is approximately calculated to

that _We_cannot distinguish in the topographic_image. Theoe the number of molecules just below the enhanced electric
distributions of each vibration mode are quite different, andfield (¢: 40 nm by a factor of 18.%! However, in fact, the

shows complicated structures corresponding to the inhom%tal intensity enhancement in Figs. 4, 5 is almost due to the

geneous distributions of both molecules. According to I:ig'increased white continuum signal, which are usually seen as
6(a), Rhodamine6G molecules are mainly localized at the gna, y

lower right of the figure, on the other hand, Fighgshows & Proad underlying background of the SERS sidfiahus,

that Crystal Violet molecules are randomly dispersed in thd€ actual Raman peaks in Figs. 4 and 5 increase not by a
scanned area. Interestingly, we can clearly see the differef@Cctor of 2 but by 25%-35%. On the other hand, in Fig. 7,
distributions between C—H out-of-plane bend{fig. 6(b)] the Raman peaks in the mixed samples show somewhat
and C—H in-plane bendindFig. 6(c)] of Crystal Violet mol-  larger enhancement by a factor of up to 2. These different
ecules. The almost absence of Rhodamine6G molecules &nhancement factors may be attributed to the different probes
the upper left of the scanned area in Figa)écan possibly used for Figs. 4, 5 and Figs. 6, 7. In this paper, we used
explain the nonoverlap of the Stokes-shifted line at 118%rganic dye molecules adsorbed on silver films. While the
cm ! of Rhodamine6G with the Stokes-shifted line at 1172silver films are necessary for dye molecules to quench the
cm™* of Crystal Violet. At this time, we do not have clear strong fluorescence, near-field Raman spectroscopy, and im-
eXplanationS for this phenomenon, however, we believe th%g|ng by an aperture|ess metallic probe Scanning Optica| mi-
this could be explained by the molecule—tip “chemical” croscope is applicable, not only to an organic sample but also
'nter""?t'onz'o_zz In our previous repoﬁ? we observed the 4 an inorganic sample, even without the support of the silver
selective enhancement and the shifts of some Stokes-shiftggl,s sjngle molecule detection can be done after idealizing

Imgs of RhodamlneGQ molecules due to the chemical 'nteﬁhe tip material, shap¥, and illumination methctibecause
action between the tip and molecules. For example, C—

in-plane bending of Rhodamine6G at 1120 cgwhich is the enhancement factor is very sensitive to the tip and the

usually very weak compared to other Stokes-shifted Iinespola\;:/za::on 0; the light, dth field R . ina b
was strongly enhanced and shifted, on the other hand, c—H Ve have demonstrated the near-field Raman imaging by

out-of-plane bending at 766 crh was not chemically en- using the highly localized enhancement virtue of a metallic
hanced. Similarly, the Stokes-shifted line at 1185 ¢rof tip apertureless NSOM. Raman images of Raman active mol-
Rhodamine6G was chemically enhandede Fig. 4 in Ref. ecules have been obtained at very high spatial resolutions
18). These strong chemical enhancement and shifts mightnd with 10 min data-acquisition time. Near-field Raman im-
have an affect in the near-field Raman image obtained a&ging with a metallic tip will allow for single molecule de-
C—H in-plane bending of Crystal Violet at 1172 chin Fig.  tections and imaging of various kinds of molecules, and in
6(c). So far, we have never observed such chemical enhancearticular, nonfluorescent molecules.

4000 (b)

Intensity [counts/sec]
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