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Pressure-assisted tip-enhanced Raman imaging
at a resolution of a few nanometres

Taka-aki Yand*, Prabhat Verma&#, Yuika Sait@, Taro Ichimura and Satoshi Kawata?

Scanning probe microscopy methods?can image samples with  that the spatial resolution has already reached a plateau where no
extremely high resolutions, opening up a wide range of appli- further improvement seems to be possible. This is probably because
cations in physics, chemistry* and biology?. However, these the beld enhancement, which arises from the collective oscillations
passive techniques, which trace the sample surface softly, of free charge carriers, requires large numbers of metal atoms at
give indirect topographic information. Here, we show an the tip apex. By reducing the size of the tip apex, we therefore also
active imaging technique that has the potential to achieve opti- reduce the possibility of observing the optical signal. This puts a
cally a molecular resolution by directly interacting and perturb-  practical limit on improving the resolution by decreasing the size of
ing the sample molecules. This technique makes use of an the tip apex. It is, therefore, necessary to think beyond plasmonic
external pressure, applied selectively on a nanometric volume effects, which are predominantly responsible for the high resolution
of the sample through the apex of a sharp nanotip, to obtain in NSOM measurements, so that spatial resolution in optical
a local distortion of only those molecules that are pressurized. imaging can be further improved. One of the possible ways to do
The vibrational frequencies of these molecules are distinctly this is by combining a completely different phenomenon in the
different from those of unpressurized molecules. By sensing usual NSOM technique in such a way that the combination improves
this difference, our active microscopic technique can achieve the resultant resolution. We have recently shown that combining
extremely high resolution. Using an isolated single-walled nonlinearity® or chemical effect$ in regular NSOM techniques
carbon nanotube and a two-dimensional adenine nanocrystal, can have an obvious impact on improving resolution. Here, we
we demonstrate a spatial resolution of 4 nm. discuss an entirely different phenomenon, which, when combined
Optical microscopy is a well-established technique for the studywth NSOM techniques, provides a dramatic improvement in
the basic properties of materials. However, owing to the diffractispatial resolution. Using the same tip that is used for conbning the
limit imposed by the wave nature of propagating light, spatial restttht in NSOM, we apply a controlled amount of pressure on the
ution in optical imaging is restricted to approximately half theample so that the sample molecules directly under the physical
probing light wavelength (Fig. 1a). Although recent adv&R€escontact with the tip apex are mechanically perturbed, and hence
in far-Peld optical microscopy have improved spatial resolution hgve a different optical response compared to the other unpressurized
a small amount, optical imaging still remains far from providingiolecules of the sampt® It has been recently predictédhat by
true nanoscale resolution. Near-Peld scanning optical microsceplppting an advanced experimental technique, it could be possible
(NSOMY, on the other hand, has emerged as a powerful stepdistinctly sense the optical signal originating from the pressurized
forward in optical microscopy towards a breakthrough in subwavgart of the sample and hence obtain a much higher spatial resolution
length imaging. Recent developments have been based on usirgglocally pressurized sample. Indeed, by precisely controlling the
nanosized conical metallic ti§$! as the NSOM probe. The contact area between the sample and the tip, it is possible to ensure
imaging mechanism in this technique relies on conbning the incidehat a single or at most a very few molecules in the sample undergo
light in close proximity to the tip apex owing to the localized modesmechanical perturbation. By sensing the modiPed optical response
of surface plasmon polaritons (SPPs). When the tip is scanned clifsthese sample molecules, a resolution as high as the molecular level
to the sample during the imaging process, the size of the conboad potentially be achieved (Fig. 1c). The optical response of the
light (here Osized refers to the volume within which the conksaedple in our proposed technique was measured by means of
light has considerable intensity, but where a sharp boundary cantiptenhanced Raman scattering (TERS). Because the vibrational
be dePned), which is comparable to the size of the tip apex, determireggiencies of Raman modes depend on the mechanical distortion
the spatial resolution (Fig. 1b). As well as the conPnement, resora@intthe sample, pressure-dependent shifts of Raman modes
excitation of localized SPPs also provides strong enhancement optbeide a perfect tool to detect selectively the distorted sample
light beld at the tip apex. This enhancement makes it possiblenolecules. We term this new technique Otip-pressurized Raman
observe optical signals, such as Raman sca&hifhgnd Buor- microscopyO. Isolated single-walled carbon nanotubes (SWNTSs) and
escencé, that would otherwise be quite weak due to the nanomettizo-dimensional adenine nanocrystals were used as the samples
volume of the sample. Recent advances in tip-enhanced Raman dpealemonstrate high spatial resolution in the tip-pressurized
troscopy and microscopy have demonstrated high sensitivity dowrRaman experiments.
the single molecular lev&?*8and ultrahigh spatial resolution better ~ After setting the silver-coated tip (apex diamete35 nm) on an
than 15 nm (refs 19D23). Because the resolution in this techniquisdgated SWNT, Raman spectra (Fig. 2a) were measuséd while
determined by the size of the tip apex, it would seem reasonabléntreasing the tip-applied force, gradually, up to 3.3 nN. The two
assume that the resolution could be improved simply by decreagiegiks observed in spectra (i) originate from the tangential CBC
the size of the tip apex. The current value of spatial resolutistietching vibrational modes and constitute the so-called G-band.
(! 10015 nm) could not, however, be improved further, indicatifithe spectral shape of the G-band in this experiment suggests that
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Figure 1| Extremely high spatial resolution in optical microscopy is achieved by sensing the localized pressure applied by a nanosized tipnage

resolution in optical microscopy is determined by the diffraction-limited focal spot, which is approximately a half of the probing wavelerigtiSpatial
resolution in NSOM is determined by the localized light beld, comparable to the diamétef the tip apex.c, When a sample is pressurized by the tip apex,
only a few sample molecules are mechanically deformed. By sensing the optical response of these molecules, a spatial resolution up to the malecular le
can be achieved.
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Figure 2| Slight local deformation in a SWNT due to tip-applied pressure is sensed by means of Raman spectial BRS spectra of a SWNT in the
G-band spectral range, comprising mode A (blue curves) and mode B (red curves), show signibcant dependence on the tip-applidal Batke.modes A
and B, the peak positions of which are shown by blue and red dots respectively, exhibit force-dependent sh@&lculated deformation of the SWNT
under tip-applied forced, The contact area between the tip and the tube forms an elliptical shapelhe contact area as a function of the tip-applied force.

the nature of the SWNT is semiconducting. The low- and high-frpeak shifts. The large amount of shifts observed here conbrm that
guency peaks of the G-band are indicated as mode A and modeh®. optical response of the pressurized nanotube, under the
With increasing tip-applied force, the spectral shapes of the G-bgmésent conditions, can be experimentally detected and distin-
drastically changed, including peak shifts and intensity changesdaished. In order to estimate the amount of deformation, we
both modes. The force dependences of the peak shifts are showeainulated the uniaxial deformati@d of the nanotube caused by
Fig. 2b. The frequencies of both modes A and B shift by more théme tip-applied force, using HertzOs contact tR&owhich is a

10 cnP* from their initial positions (measured in the absence afommonly used method to calculate the deformation of two
force). This behaviour of the semiconducting SWNT differs frowbjects in contact with each other under a certain contact force.
our previous demonstration on metallic SWNTSs in which mode Bigure 2c showBd with respect to the tip-applied force, with the
did not exhibit any recognizable peak shift. This is because theet showing a schematic of the deformation. In this calculation,
vibrational characteristics of the two modes depend on the chiralibe tip apex was considered to be a sphere of diameter 35 nm
of the SWNT. In the previous case, in which the SWNTs wefeonbrmed by a scanning electron microscopy image of our
achiral, modes A and B could be assigned to pure axial and circwsitver-coated tip) and the nanotube was assumed to be a cylinder
ferential vibrational modes. In the present case of chiral SWNB$, diameter 1.2 nm (conbPrmed by atomic force microscopy
however, the vibrational directions of these modes are not puré)y~M) measurements on our sample), resulting in an elliptical
circumferential or axial, but include components of B&th contact area, as illustrated in Fig. 2d. As expected, the contact area
Therefore, when a chiral SWNT is mechanically perturbed in tldepends on the amount of applied force. The calculated values of
radial direction by a uniaxial tip-applied force, both modes exhilibntact area are plotted against applied force in Fig. 2e, showing

474 NATURE PHOTONIC$VOL 3 | AUGUST 2009 | www.nature.com/naturephotonics

©'2009'Macmillan Publishers Limited. All rights reserved.


file://localhost/Users/Prab/Library/Caches/TemporaryItems/pdfdownload/pdfdownload-20090724/www.nature.com/naturephotonics
http://www.nature.com/doifinder/10.1038/nphoton.2009.74

NATURE PHOTONICS01: 10.1038/NPHOTON.2009.74 LETTERS

200

150+

Raman intensity (a.u.)

[y

o

o
|

50 + Pulling

T T T
o 1.0 2.0 3.0 4.0

Tip-applied force (NN)

Peak shift of
mode B (cnt)

T T
10 15 20 25 30

Lateral position (nm)

Figure 4 | Reversible and irreversible Raman intensity responses determine
the threshold value of the tip-applied force for plastic deformation.

a, Raman intensity of the G-band of an SWNT is plotted as a function of
tip-applied force. With a maximum force of less than 2.0 nN, the Raman

0 5 1‘0 1‘5 20 25 30 intensity followed a reversible path, shown by (i), during a pushBpull cycle,
indicating an elastic deformation as shown schematicallybin/Vhen the

force was increased to 4 nN, the Raman intensity followed the path

c sequence (i)! (i) ! (iii) during the pushbpull cycle, indicating a plastic
deformation as illustrated irc.
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Inspired by the above results, we performed one-dimensional
imaging of an isolated SWNT under the application of precisely
controlled tip-applied force in tip-pressurized Raman microscopy
by raster-scanning the tip along a line crossing the nanotube. The
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00, ‘ w w w w w tip-applied force was maintained at a moderate value of 2.4 nN
0 5 o 1320 2% 30 while the peak shifts of mode B in TERS spectra were measured
Lateral position (nm) at various points along the scanning line. A schematic of the tip

scanning arrangement, combined with a topographic AFM image
Figure 3| One-dimensional optical image of a SWNT at extremely high  of the sample (an isolated SWNT), is shown in Fig. 3a. The variation
spatial resolution. g An isolated SWNT was scanned in steps of 1 nm underin spectral Shape asthe t|p moves across the nanotube can be seen in
a constant tip-applied force of 2.4 nNb, The line probles (i) and (i) show  the Supplementary Information (Video S1). The data points in (i)
the peak shifts (black dots) as a function of the tip position measured from gnd (ii) in Fig. 3b show the peak shift plotted as a function of
the SWNT, and corresponding best bts (red curves) for the scans are showngteral position, corresponding to scanning the tip along the
by lines (i) and (ii) ina, respectively. The FWHM of the line proble is 4 nm. dotted lines (i) and (ii) in Fig. 3a, respectively. The red curves
which is more than bve times smaller than that of the topographic proble  ghow corresponding best bts to the data points. As the tip
shown inc. approaches the nanotube, moving at steps of 1 nm, the amount of

frequency shift in the Raman mode starts to increase, reaching a
that the contact area measures ohly nn? for the maximum maximum value of 10 cnPlwhen the tip is exactly at the centre
amount of force used in the present study. That gives a cledrthe nanotube, and then decreasing as the tip moves away from
indication, at least theoretically, that even if the tip apex ike nanotube (Fig. 3b(i)). Similar behaviour of the peak shift can
considered to have a smooth spherical surface with a diametebefseen in curve (ii), conbPrming the reliability of the measurement
35nm, a spatial resolution as high as 1 nm is possible usimigthe pressure-dependent optical response. The centres of the
this technique. pbtting probles in (i) and (ii), which indicate the central position
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a b 730 “*. resolution of 4 nm, which is the same as that obtained for the
- i SWNT measurements
= 1 | I . . . .
S 7284 lp In conclusion, we have demonstrated an active imaging tech-
£ , i nique that makes use of an additional effect of local pressure in
[72) | . . . . .
S 7261 —i |<—4nm NSOM-based microscopy to achieve super-high spatial resolution.
E i H + By testing it on two different samples, we have conpPrmed that our
ISl [ N
o A * technique is applicable for samples having different elastic proper-

724 i i q pp p g prop

ties, as well as being capable of demonstrating a similar resolution
for two-dimensional samples. This new technique of pressure-
assisted TERS comprises a breakthrough in nano-imaging and
nano-analysis of materials, with the potential for molecular resol-

ution in optical microscopy.
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Figure 5| High spatial resolution for a two-dimensional nanocrystal of
adenine. 3 An AFM image of the nanocrystal selected for TERS
measurement. The tip was scanned across the sample edge in the directionM ethods

of the arrow under a tip-applied pressure of 0.3 niy, The line proPle of the  gample preparationwe prepared two types of SWNTS for this study. The Prst type,
shift in RBM of adenine along the scan direction. The steep edge of the linewhich was used in the experiments related to Figs 2 and 3, was synthesized using a
proble shows a spatial resolution of about 4 nm. direct injection pyrolytic synthesis (DIPS) metRd#t The second type, which was

used for demonstrating the threshold value of the tip-applied force for plastic
of the nanotube, are shifted by a few nanometres because the sdeformation in Fig. 4, was synthesized using a high-pressure carbon monoxide
ning lines are not exactly perpendicular to the nanotube axis, (HSCO) method. Both types were ultrasonicated with 2,2,3,3-tetra3uoro-1-

illustrated in Fig. 3a. Although the full-width at haIf-maximurrP“’pano' suspension, and spin-casted at 3,000 rpm for 1 min onto glass slips, then
: ’ . dried in a vacuum oven at 18T for 2 h. The process of sample preparation resulted

(FWHM) of the btting in (i) is 4 nm, a clear shift of frequency i$, spatially isolated SWNTS on glass slips, although some sections of the sample
observed when the tip is moved by 1 nm in close vicinity to there still bundled. We carefully selected spatially isolated single nanotubes that were
nanotube, as observed from the data points. This leads us to conclud@ear-resonance condition with the incident laser used in this study. The spatial
that the sensitivity of the optical response here is as high as 1 nm. Ffersion of the nanotubes was conbrmed with a high-quality AFM image, and the
conclusion is also well supported by theoretical calculation of §&onance behaviour was conbrmed using Raman spectroscopy for both the
. X X . emiconducting nanotubes synthesized by DIPS and the metallic nanotubes

contact area in Fig. 2d, which debnes the mechanically perturéﬁrahesized by HiPCO.
area of the nanotube. Even the value of 4 nm, obtained from theThe two-dimensional nanocrystal was prepared by casting and drying a diluted
FWHM of the btting, is more than Pve times better than that of thelution (0.05 mM) of adenine molecules on a cover glass. The molecules self-
topographic image (Fig. 3c), which was measured with the same2figgmbled into nanocrystals. We then checked the sample with a high-quality AFM
(apex diameter, 35 nm). It should also be noted here that becau%r ?:é::ﬂ::];ct)lated, thin and R3at two-dimensional nanocrystal was selected for
the scanning direction was not exactly perpendicular to the nanotube
axis, the actual FWHM should be even smaller than 4 nm. Experimental set-upWe developed a tip-pressurized Raman microscope by

When a sample is pressurized by the tip, there is a risk of dan§gmbining an atomic force microscope with an inverted optical microscope. The

. . . . . M cantilever tip, which was made of silicon, was pre-coated with silver using a
ging the sample by deformmg the sample plastlcally (|rreverS|b uum evaporation method. The size of the tip apex was 35 nm, which was

We the_ref_ore always_toqk _special care in keeping the tip-appl' prmed by a scanning electron microscope. The silver-coated AFM tip was
force within the elastic limit of the nanotube that was examineeherated in contact mode, so that its position could be precisely controlled in all
As an example, Fig. 4 demonstrates the elastic and plastic defwee directions. This operation played an important role in applying a well-
mation of a particular nanotube, showing a decrease in intenﬁg\;rolled pressure to the sample. At the same time, the silver coating of the tip

s h . ed in plasmonic enhancement of the weak Raman scattering under the tip. Tip-
with increasing pressure (due to the outgoing resonance effe tessurized Raman spectra were measured in the backscattering conbguration using

We_ meaSU_VEd the TERS intensity during a PU_ShDPU_” CyC'Q:abejective with high numerical aperture (magniPcatioh00; NA, 1.4) and a
which the tip gradually pushed the nanotube until the tip-appliesblid-state continuous-wave laséy 632 nm; power, 0.1 mw).
force reached a certain value and then the tip was retracted b

. . Pressure-assisted TERS measurements of isolated SWAiTisolated SWNT
gradually reducing the force. When the maximum force was | ided us with a good and sturdy test sample for demonstrating the capability for

than 2 nN, the pushbpull cycle followed a reversible path showgh spatial resolution in pressure-assisted TERS measurements. This was achieved
by (i), but when the maximum force was more than 2 nN, thiy one-dimensional imaging in which an isolated SWNT was raster scanned in steps
pushbpull cycle followed the irreversible path sequende ({ji) of 1 nm along a line crossi_ng the .nanotube while measuring tip-pressurized Raman
I (iii). The corresponding illustrations of elastic and plastigp?cnz ““derda C.?h”tsrt]antt. “p'apg"?g fortcel of 2d'4 ”’\é' J}O ﬁ’.re"eml.th; f”a”Ott“bg ;m”,\]
deformations are shown in Fig. 4b and c, respectively. Traf;%?,? ragg? WIth the Ap, we delberately requcec He tib-applec force 1o L4 1

. . g sample movement in the scanning process; this was then restored to 2.4 nN
experiment shows an example for determining the threshold valiging spectral measurement.
of the tip-applied force for plastic deformation, which is a ) ) )
sample-dependent quality. Pressure-assisted TERS measurements of two-dimensional nanocrystal of

owi hei di . | SWNT adenine.To conbrm the versatility of our method, we performed further
wing to their one-dimensional cage structure, s act fABasurements on an adenine nanocrystal, which is a much softer material than

good test samples under a tip-applied force. However, to CONPEMNTSs and can serve as a two-dimensional sample. The scanning process for this
the versatility of our method, we also carried out measuremensple was almost the same as for the SWNT, but with an important difference in
on a thin and Rat adenine nanocrystal, which served as a twf:amount of tip-applied force, which was only 0.3 nN in the present case. This was

dimensional sample with much weaker elasticity compared ngcessary because adenine shows a reasonable amount of shiftin Raman mode even
for a small level of tip-applied force, because of its smaller elastic constants. The

SWNTs. F|.gure 5a shows an AFM. image of the sample. mple was scanned across one of its edges, and the resolution was determined from
scanned this sample across one of its edges (along the arrowhdifine proble of the Raman shift at the edge during the scan.

Fig. 5a) under a constant tip-applied force of 0.3 nN, and measured

the frequency position of the ring-breathing mode (RBM) dReceived 10 October 2008; accepted 12 June 2009;

adenine during the scan. We found that the peak position of tiseblished online 5 July 2009

RBM shifted from 723 to! 730 cnPlwhen the tip came into phys-

ical contact with the sample during the scanning process. The sRgferences

. . . .1. Binnig, G., Rohrer, H., Gerber, C. & Weibel, E. 77 reconstruction on Si (111)
1 -
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