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Scanning probe microscopy methods1,2can image samples with
extremely high resolutions, opening up a wide range of appli-
cations in physics3, chemistry4 and biology5. However, these
passive techniques, which trace the sample surface softly,
give indirect topographic information. Here, we show an
active imaging technique that has the potential to achieve opti-
cally a molecular resolution by directly interacting and perturb-
ing the sample molecules. This technique makes use of an
external pressure, applied selectively on a nanometric volume
of the sample through the apex of a sharp nanotip, to obtain
a local distortion of only those molecules that are pressurized.
The vibrational frequencies of these molecules are distinctly
different from those of unpressurized molecules. By sensing
this difference, our active microscopic technique can achieve
extremely high resolution. Using an isolated single-walled
carbon nanotube and a two-dimensional adenine nanocrystal,
we demonstrate a spatial resolution of 4 nm.

Optical microscopy is a well-established technique for the study of
the basic properties of materials. However, owing to the diffraction
limit imposed by the wave nature of propagating light, spatial resol-
ution in optical imaging is restricted to approximately half the
probing light wavelength (Fig. 1a). Although recent advances6Ð8

in far-Þeld optical microscopy have improved spatial resolution by
a small amount, optical imaging still remains far from providing
true nanoscale resolution. Near-Þeld scanning optical microscopy
(NSOM)9, on the other hand, has emerged as a powerful step
forward in optical microscopy towards a breakthrough in subwave-
length imaging. Recent developments have been based on using
nanosized conical metallic tips10,11 as the NSOM probe. The
imaging mechanism in this technique relies on conÞning the incident
light in close proximity to the tip apex owing to the localized modes
of surface plasmon polaritons (SPPs). When the tip is scanned close
to the sample during the imaging process, the size of the conÞned
light (here ÔsizeÕ refers to the volume within which the conÞned
light has considerable intensity, but where a sharp boundary cannot
be deÞned), which is comparable to the size of the tip apex, determines
the spatial resolution (Fig. 1b). As well as the conÞnement, resonant
excitation of localized SPPs also provides strong enhancement of the
light Þeld at the tip apex. This enhancement makes it possible to
observe optical signals, such as Raman scattering12Ð14 and ßuor-
escence15, that would otherwise be quite weak due to the nanometric
volume of the sample. Recent advances in tip-enhanced Raman spec-
troscopy and microscopy have demonstrated high sensitivity down to
the single molecular level16Ð18and ultrahigh spatial resolution better
than 15 nm (refs 19Ð23). Because the resolution in this technique is
determined by the size of the tip apex, it would seem reasonable to
assume that the resolution could be improved simply by decreasing
the size of the tip apex. The current value of spatial resolution
(! 10Ð15 nm) could not, however, be improved further, indicating

that the spatial resolution has already reached a plateau where no
further improvement seems to be possible. This is probably because
the Þeld enhancement, which arises from the collective oscillations
of free charge carriers, requires large numbers of metal atoms at
the tip apex. By reducing the size of the tip apex, we therefore also
reduce the possibility of observing the optical signal. This puts a
practical limit on improving the resolution by decreasing the size of
the tip apex. It is, therefore, necessary to think beyond plasmonic
effects, which are predominantly responsible for the high resolution
in NSOM measurements, so that spatial resolution in optical
imaging can be further improved. One of the possible ways to do
this is by combining a completely different phenomenon in the
usual NSOM technique in such a way that the combination improves
the resultant resolution. We have recently shown that combining
nonlinearity19 or chemical effects24 in regular NSOM techniques
can have an obvious impact on improving resolution. Here, we
discuss an entirely different phenomenon, which, when combined
with NSOM techniques, provides a dramatic improvement in
spatial resolution. Using the same tip that is used for conÞning the
light in NSOM, we apply a controlled amount of pressure on the
sample so that the sample molecules directly under the physical
contact with the tip apex are mechanically perturbed, and hence
have a different optical response compared to the other unpressurized
molecules of the sample25,26. It has been recently predicted27 that by
adopting an advanced experimental technique, it could be possible
to distinctly sense the optical signal originating from the pressurized
part of the sample and hence obtain a much higher spatial resolution
in a locally pressurized sample. Indeed, by precisely controlling the
contact area between the sample and the tip, it is possible to ensure
that a single or at most a very few molecules in the sample undergo
a mechanical perturbation. By sensing the modiÞed optical response
of these sample molecules, a resolution as high as the molecular level
can potentially be achieved (Fig. 1c). The optical response of the
sample in our proposed technique was measured by means of
tip-enhanced Raman scattering (TERS). Because the vibrational
frequencies of Raman modes depend on the mechanical distortion
of the sample, pressure-dependent shifts of Raman modes
provide a perfect tool to detect selectively the distorted sample
molecules. We term this new technique Ôtip-pressurized Raman
microscopyÕ. Isolated single-walled carbon nanotubes (SWNTs) and
two-dimensional adenine nanocrystals were used as the samples
to demonstrate high spatial resolution in the tip-pressurized
Raman experiments.

After setting the silver-coated tip (apex diameter,! 35 nm) on an
isolated SWNT, Raman spectra (Fig. 2a) were measuredin situwhile
increasing the tip-applied force, gradually, up to 3.3 nN. The two
peaks observed in spectra (i) originate from the tangential CÐC
stretching vibrational modes and constitute the so-called G-band.
The spectral shape of the G-band in this experiment suggests that
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the nature of the SWNT is semiconducting. The low- and high-fre-
quency peaks of the G-band are indicated as mode A and mode B.
With increasing tip-applied force, the spectral shapes of the G-band
drastically changed, including peak shifts and intensity changes for
both modes. The force dependences of the peak shifts are shown in
Fig. 2b. The frequencies of both modes A and B shift by more than
10 cmÐ1 from their initial positions (measured in the absence of
force). This behaviour of the semiconducting SWNT differs from
our previous demonstration on metallic SWNTs in which mode B
did not exhibit any recognizable peak shift. This is because the
vibrational characteristics of the two modes depend on the chirality
of the SWNT. In the previous case, in which the SWNTs were
achiral, modes A and B could be assigned to pure axial and circum-
ferential vibrational modes. In the present case of chiral SWNTs,
however, the vibrational directions of these modes are not purely
circumferential or axial, but include components of both28.
Therefore, when a chiral SWNT is mechanically perturbed in the
radial direction by a uniaxial tip-applied force, both modes exhibit

peak shifts. The large amount of shifts observed here conÞrm that
the optical response of the pressurized nanotube, under the
present conditions, can be experimentally detected and distin-
guished. In order to estimate the amount of deformation, we
calculated the uniaxial deformationDd of the nanotube caused by
the tip-applied force, using HertzÕs contact theory29, which is a
commonly used method to calculate the deformation of two
objects in contact with each other under a certain contact force.
Figure 2c showsDd with respect to the tip-applied force, with the
inset showing a schematic of the deformation. In this calculation,
the tip apex was considered to be a sphere of diameter 35 nm
(conÞrmed by a scanning electron microscopy image of our
silver-coated tip) and the nanotube was assumed to be a cylinder
of diameter 1.2 nm (conÞrmed by atomic force microscopy
(AFM) measurements on our sample), resulting in an elliptical
contact area, as illustrated in Fig. 2d. As expected, the contact area
depends on the amount of applied force. The calculated values of
contact area are plotted against applied force in Fig. 2e, showing
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Figure 2 | Slight local deformation in a SWNT due to tip-applied pressure is sensed by means of Raman spectra. a, TERS spectra of a SWNT in the
G-band spectral range, comprising mode A (blue curves) and mode B (red curves), show signiÞcant dependence on the tip-applied force.b, Both modes A
and B, the peak positions of which are shown by blue and red dots respectively, exhibit force-dependent shifts.c, Calculated deformation of the SWNT
under tip-applied force.d, The contact area between the tip and the tube forms an elliptical shape.e, The contact area as a function of the tip-applied force.
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Figure 1| Extremely high spatial resolution in optical microscopy is achieved by sensing the localized pressure applied by a nanosized tip. a, Image
resolution in optical microscopy is determined by the diffraction-limited focal spot, which is approximately a half of the probing wavelengthl . b, Spatial
resolution in NSOM is determined by the localized light Þeld, comparable to the diameterf of 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 molecular level
can be achieved.

LETTERS NATURE PHOTONICSDOI: 10.1038/NPHOTON.2009.74

NATURE PHOTONICS| VOL 3 | AUGUST 2009 | www.nature.com/naturephotonics474

©!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


that the contact area measures only! 1 nm2 for the maximum
amount of force used in the present study. That gives a clear
indication, at least theoretically, that even if the tip apex is
considered to have a smooth spherical surface with a diameter of
35 nm, a spatial resolution as high as 1 nm is possible using
this technique.

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
tip-applied force was maintained at a moderate value of 2.4 nN
while the peak shifts of mode B in TERS spectra were measured
at various points along the scanning line. A schematic of the tip
scanning arrangement, combined with a topographic AFM image
of the sample (an isolated SWNT), is shown in Fig. 3a. The variation
in spectral shape as the tip moves across the nanotube can be seen in
the Supplementary Information (Video S1). The data points in (i)
and (ii) in Fig. 3b show the peak shift plotted as a function of
lateral position, corresponding to scanning the tip along the
dotted lines (i) and (ii) in Fig. 3a, respectively. The red curves
show corresponding best Þts to the data points. As the tip
approaches the nanotube, moving at steps of 1 nm, the amount of
frequency shift in the Raman mode starts to increase, reaching a
maximum value of! 10 cmÐ1when the tip is exactly at the centre
of the nanotube, and then decreasing as the tip moves away from
the nanotube (Fig. 3b(i)). Similar behaviour of the peak shift can
be seen in curve (ii), conÞrming the reliability of the measurement
of the pressure-dependent optical response. The centres of the
Þtting proÞles in (i) and (ii), which indicate the central position
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Figure 3 | One-dimensional optical image of a SWNT at extremely high
spatial resolution. a, An isolated SWNT was scanned in steps of 1 nm under
a constant tip-applied force of 2.4 nN.b, The line proÞles (i) and (ii) show
the peak shifts (black dots) as a function of the tip position measured from
the SWNT, and corresponding best Þts (red curves) for the scans are shown
by lines (i) and (ii) in a, respectively. The FWHM of the line proÞle is 4 nm,
which is more than Þve times smaller than that of the topographic proÞle
shown inc.
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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
intensity followed a reversible path, shown by (i), during a pushÐpull cycle,
indicating an elastic deformation as shown schematically inb. When the
force was increased to 4 nN, the Raman intensity followed the path
sequence (i) ! (ii) ! (iii) during the pushÐpull cycle, indicating a plastic
deformation as illustrated inc.
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of the nanotube, are shifted by a few nanometres because the scan-
ning lines are not exactly perpendicular to the nanotube axis, as
illustrated in Fig. 3a. Although the full-width at half-maximum
(FWHM) of the Þtting in (i) is 4 nm, a clear shift of frequency is
observed when the tip is moved by 1 nm in close vicinity to the
nanotube, as observed from the data points. This leads us to conclude
that the sensitivity of the optical response here is as high as 1 nm. This
conclusion is also well supported by theoretical calculation of the
contact area in Fig. 2d, which deÞnes the mechanically perturbed
area of the nanotube. Even the value of 4 nm, obtained from the
FWHM of the Þtting, is more than Þve times better than that of the
topographic image (Fig. 3c), which was measured with the same tip
(apex diameter,! 35 nm). It should also be noted here that because
the scanning direction was not exactly perpendicular to the nanotube
axis, the actual FWHM should be even smaller than 4 nm.

When a sample is pressurized by the tip, there is a risk of dama-
ging the sample by deforming the sample plastically (irreversibly).
We therefore always took special care in keeping the tip-applied
force within the elastic limit of the nanotube that was examined.
As an example, Fig. 4 demonstrates the elastic and plastic defor-
mation of a particular nanotube, showing a decrease in intensity
with increasing pressure (due to the outgoing resonance effect).
We measured the TERS intensity during a pushÐpull cycle, in
which the tip gradually pushed the nanotube until the tip-applied
force reached a certain value and then the tip was retracted by
gradually reducing the force. When the maximum force was less
than 2 nN, the pushÐpull cycle followed a reversible path shown
by (i), but when the maximum force was more than 2 nN, the
pushÐpull cycle followed the irreversible path sequence (i)! (ii)
! (iii). The corresponding illustrations of elastic and plastic
deformations are shown in Fig. 4b and c, respectively. This
experiment shows an example for determining the threshold value
of the tip-applied force for plastic deformation, which is a
sample-dependent quality.

Owing to their one-dimensional cage structure, SWNTs act as
good test samples under a tip-applied force. However, to conÞrm
the versatility of our method, we also carried out measurements
on a thin and ßat adenine nanocrystal, which served as a two-
dimensional sample with much weaker elasticity compared to
SWNTs. Figure 5a shows an AFM image of the sample. We
scanned this sample across one of its edges (along the arrow in
Fig. 5a) under a constant tip-applied force of 0.3 nN, and measured
the frequency position of the ring-breathing mode (RBM) of
adenine during the scan. We found that the peak position of the
RBM shifted from! 723 to! 730 cmÐ1when the tip came into phys-
ical contact with the sample during the scanning process. The shift
of 7 cmÐ1in RBM was caused by the tip-applied pressure. The line
proÞle of this scan is plotted in Fig. 5b, which shows a steep jump of
RBM frequency at the edge of the sample, demonstrating a spatial

resolution of 4 nm, which is the same as that obtained for the
SWNT measurements.

In conclusion, we have demonstrated an active imaging tech-
nique that makes use of an additional effect of local pressure in
NSOM-based microscopy to achieve super-high spatial resolution.
By testing it on two different samples, we have conÞrmed that our
technique is applicable for samples having different elastic proper-
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.

Methods
Sample preparation.We prepared two types of SWNTs for this study. The Þrst type,
which was used in the experiments related to Figs 2 and 3, was synthesized using a
direct injection pyrolytic synthesis (DIPS) method30,31. The second type, which was
used for demonstrating the threshold value of the tip-applied force for plastic
deformation in Fig. 4, was synthesized using a high-pressure carbon monoxide
(HiPCO) method. Both types were ultrasonicated with 2,2,3,3-tetraßuoro-1-
propanol suspension, and spin-casted at 3,000 rpm for 1 min onto glass slips, then
dried in a vacuum oven at 1208C for 2 h. The process of sample preparation resulted
in spatially isolated SWNTs on glass slips, although some sections of the sample
were still bundled. We carefully selected spatially isolated single nanotubes that were
in a near-resonance condition with the incident laser used in this study. The spatial
dispersion of the nanotubes was conÞrmed with a high-quality AFM image, and the
resonance behaviour was conÞrmed using Raman spectroscopy for both the
semiconducting nanotubes synthesized by DIPS and the metallic nanotubes
synthesized by HiPCO.

The two-dimensional nanocrystal was prepared by casting and drying a diluted
solution (0.05 mM) of adenine molecules on a cover glass. The molecules self-
assembled into nanocrystals. We then checked the sample with a high-quality AFM
image, and an isolated, thin and ßat two-dimensional nanocrystal was selected for
our measurement.

Experimental set-up.We developed a tip-pressurized Raman microscope by
combining an atomic force microscope with an inverted optical microscope. The
AFM cantilever tip, which was made of silicon, was pre-coated with silver using a
vacuum evaporation method. The size of the tip apex was 35 nm, which was
conÞrmed by a scanning electron microscope. The silver-coated AFM tip was
operated in contact mode, so that its position could be precisely controlled in all
three directions. This operation played an important role in applying a well-
controlled pressure to the sample. At the same time, the silver coating of the tip
helped in plasmonic enhancement of the weak Raman scattering under the tip. Tip-
pressurized Raman spectra were measured in the backscattering conÞguration using
an objective with high numerical aperture (magniÞcation," 100; NA, 1.4) and a
solid-state continuous-wave laser (l , 532 nm; power, 0.1 mW).

Pressure-assisted TERS measurements of isolated SWNT.An isolated SWNT
provided us with a good and sturdy test sample for demonstrating the capability for
high spatial resolution in pressure-assisted TERS measurements. This was achieved
by one-dimensional imaging in which an isolated SWNT was raster scanned in steps
of 1 nm along a line crossing the nanotube while measuring tip-pressurized Raman
spectra under a constant tip-applied force of 2.4 nN. To prevent the nanotube from
being dragged with the tip, we deliberately reduced the tip-applied force to 0.1 nN
during sample movement in the scanning process; this was then restored to 2.4 nN
during spectral measurement.

Pressure-assisted TERS measurements of two-dimensional nanocrystal of
adenine.To conÞrm the versatility of our method, we performed further
measurements on an adenine nanocrystal, which is a much softer material than
SWNTs and can serve as a two-dimensional sample. The scanning process for this
sample was almost the same as for the SWNT, but with an important difference in
the amount of tip-applied force, which was only 0.3 nN in the present case. This was
necessary because adenine shows a reasonable amount of shift in Raman mode even
for a small level of tip-applied force, because of its smaller elastic constants. The
sample was scanned across one of its edges, and the resolution was determined from
the line proÞle of the Raman shift at the edge during the scan.
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