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Nano-scale analysis of graphene layers
by tip-enhanced near-field Raman
spectroscopy
Yuika Saito,a Prabhat Verma,b,c∗ Kyoko Masui,c Yasushi Inouyeb
and Satoshi Kawatac
We demonstrate nano-scale optical analysis of graphene layers by tip-enhanced near-field Raman spectroscopy (TERS). In this
technique, the spatial resolution ∼30 nm is realized by the near-field probe which acts as a nano-light source. From the intensity
change of the Raman band of silicon generated from the near-field probe, we can conveniently estimate the edge boundaries
and the number of stacking layers. TERS measurement across the layer edges reveals the nano-scale properties of the material
as well as the existence of local defects and edge boundaries. The intensity change of the G-band shows the step-like behavior
that follows the layer boundary, whereas the two components in 2D peak show more complex behaviors even inside layers. The
peak fluctuation in the 2D band also suggests the local stress distribution due to interlayer interactions. An excess charge effect
is observed through the correlation between the peak position and the width of the G-band and their nano-scale distribution
within a layer is revealed. Besides the vibrational analysis, we successfully performed the estimation of the number of layers in
two-dimensional imaging by the same experimental platform, which allows us high-throughput nondestructive identification
c 2009 John
of graphene layers critical for the evaluation of this material especially in future device applications. Copyright !
Wiley & Sons, Ltd.
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Since the synthetic breakthrough of graphene, which is a single
layer of graphite, in 2005, the material has attracted significant
attention both in the field of basic science and in device
applications.[1,2] The importance of graphene can be dominantly
attributed to its anomalous electronic properties. The electron
transport in graphene is described by the Dirac formulation that
allows access to quantum electrodynamics in a simple condensed
matter experiment.[3,4] Extraordinary features of this material, such
as ballistic transport at room temperature combined with chemical
and mechanical stabilities, make it a promising candidate for its
applications in devices in nano-dimensions.[5] Recently, a bottom
gate modulation of the current in the plane of a graphene film
with n layers (n-graphene) was demonstrated, which represented
for the first time that gate control of current could be observed in
a metallic or semimetallic system.[6] The other important reason
for the popularity of the material is that various forms of carbon
families such as graphite, carbon nanotubes, buckyballs, and
others can all be viewed as derivatives of graphene. Phonon and
electron dispersions in graphene have been studied theoretically
for many years.[7] In fact, these dispersion curves led to the
prediction of chirality-dependent one-dimensional electron and
phonon dispersions in carbon nanotubes, which has been widely
studied in the recent years. The study of graphene at last allows
us to probe it experimentally, which paves the way to better
understanding the other carbon families.[8]
Graphite has isotropic structure in two dimensions; however, a
periodic ABAB stacking of graphene layers in the third dimension
makes it a strongly anisotropic layered material. The entire formal
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chemical bonding in graphite is associated with strong sp2
intralayer bonds, while the interlayer interactions are only weak van
der Waals bonds. However, by employing optical spectroscopic
method, despite the short range and weak interlayer forces within
these films, surprisingly continuous and systematic changes in the
first- and second-order high wavenumber interlayer phonon were
observed as the number of layer n increased.[9] Spectroscopic
methods can therefore be used to identify the number of layers,
as well as to study the electronic and vibrational properties of the
material in an n-graphene. In comparison with electron microscopy
and scanning probe microscopy, vibrational spectroscopy such
as Raman spectroscopy that targets vibrational energy analysis,
focuses more on structural information, such as intermolecular
interactions, molecular orientations, and symmetry distortions
of each species. The conventional confocal Raman spectroscopy
technique is limited to subwavelength spatial resolution, and
hence localized vibrational features of materials at nano-scale
cannot be resolved. This limitation has been overcome by the
development of tip-enhanced Raman spectroscopy (TERS).[10,11]
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Nano-scale analysis of graphene layers by TERS
By introducing a sharp metallic nano-tip to the focus of a laser
beam, one can effectively collect localized Raman scattering from
an area of ∼30 nm2 .[12 – 14] This technique has recently been
successfully applied to other carbon families, especially to single
walled carbon nanotubes (SWNTs). The molecular nanoimaging,
photoluminescence mapping, and chirality evaluations of SWNTs
have been performed by this method.[15 – 17] Furthermore, the
stress effect on SWNTs has been studied under TERS measurement,
which revealed that specific Raman bands show significant shifts
when the sample is uniaxially pressurized by the apex of a nanotip.[18] Similar effect has also been observed in the case of C60 .[19]
One can easily find a correlation of these works to the stress effects
on graphene bandgaps.[20]
In this report, we present TERS analysis of n-graphene, where
3 ≤ n ≤ 6. Continuous change of intensity and peak shift
of the well-known graphite mode (G-band) and the secondorder overtone of the defect mode (2D-band) across the layer
boundaries were observed. The results offer a unique characteristic
of the sample in nano-scale resolution. Apart from observing
Raman scattering from the graphene layers, we also provide
another convenient near-field optical method for the estimation
of the layer number n under the same experimental platform
and demonstrate a high-resolution two-dimensional imaging
of thickness distribution in ultrathin graphite flakes. In this
method, instead of observing Raman scattering from graphene,
we observed the transmission of Raman scattering of silicon
through the graphene sample. Since absorption in graphene is
more prominent than Raman scattering, this method provides
optical nanoimage with high contrast that is suitable for ultrathin
sample with just a few layers of graphene. We are able to identify
the exact number of layers in ultrathin sample with a high spatial
resolution of about 20 nm.

Experimental
A schematic view of our experimental apparatus is shown in
Fig. 1. The system is an inverted-microscope-based transmission
mode setup. Laser excitation was provided by low power of a
continuous-wave argon ion laser (λ = 514 nm). The beam was
expanded 20 folds using a beam expander, and a beam-shaping
mask was inserted into the excitation beam path to generate a
purely evanescent field at the surface of a cover slip, on which
the sample was placed. The excitation beam was focused through

an inverted oil-immersion microscope objective lens (×60, NA
= 1.4), and Raman signal was efficiently collected by the same. A
pinhole with a diameter of 200 µm was inserted in the output of
the microscope to effectively reject the far-field background. The
signal was guided to a single spectrometer and detected using a
liquid-nitrogen-cooled charge coupled device (CCD) camera set at
an exposure time of 20 s at each point. More details of the present
experimental setup can be found elsewhere.[21]
The near-field and the far-field TERS experiments were performed by bringing a silver-coated tip close to the sample, and
by taking it away, respectively. Line scan measurements were
performed at nanometric resolution. The nano-tip used for these
experiments was prepared from commercially available silicon
cantilever used in atomic force microscopy (AFM), by coating it
with 40-nm-thick silver layer under vacuum evaporation at the
rate of 0.5 Å/s. The size of the tip apex after silver coating was
about 30 nm, as confirmed from a scanning electron microscope
(SEM) image of the tip apex.
Two-dimensional imaging was performed basically with the
same experimental platform, by employing an x-y scanning mode.
The near-field probe in this case was a normal silicon AFM tip,
which, unlike the previous experiment, was not coated with silver.
Near-field measurements were performed at the exposure of 20 s,
and the image was obtained from the sample area of 1.2 µm
×1.2 µm, with a resolution of 64 square pixels scanned at the
steps of 20 nm. After the near-field imaging, an AFM image from
the same area was obtained at a higher resolution of 256 square
pixels using the same tip to confirm the topography of the sample.
A highly oriented pyrolytic graphite (HOPG) foil was purchased
from Wako Chemical Co. Ultrathin layers of graphite flakes on
a cover slip were prepared by scotch tape cleaverage.[22] The
graphite sample was cleaved 15 times by a scotch mending tape,
which was then rubbed on a glass cover slip for its better fixing. To
increase the adhesion force between graphite and the substrate,
the cover slip was cleaned in advance in a mixture of boiling
HCl and H2 O2 solution for 20 min, followed by rinsing in distilled
water. The sample area with ultrathin graphite (n < 10) was still
too little in comparison with the thicker graphite flakes. Therefore,
we carefully selected a suitable graphite flake on the cover slip by
investigating it under an optical microscope equipped with a CCD
camera, and used this flake as the sample for further studies.

Results and Discussion
TERS of ultrathin graphite across the layers
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Figure 1. A schematic illustration of the experimental setup used in the
present study.

We measured TERS across the edge boundaries of graphene layers
to investigate the vibrational and electronic properties in nanoscale spatial resolution. Figure 2 (a) shows an optical image of
the graphene layers, where some of the edge boundaries can
be visibly seen. The graphite area appears dark while the glass
substrate appears relatively brighter under the optical microscope.
TERS measurements were performed from the thicker to thinner
area along the arrow illustrated in Fig. 2(a), which are presented as
a waterfall picture in Fig. 2(b). The x-axis indicates wavenumbers
ranging from 1000 to 3000 cm−1 , the y-axis corresponds to the tip
positions during the measurements at 56 points along the arrow,
and the z-axis shows Raman intensity. Figure 2(c) shows a typical
TERS spectrum from this sample, the main Raman features in which
are a weak D-band, a sharp G-band, and a multipeak 2D-band.
The assignment of the D-band, which appears around 1360 cm−1 ,
has undergone a debate that has lasted several decades. The
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Figure 2. (a) An optical image of ultrathin graphene sample prepared on a glass cover slip, showing the edge boundaries. The brighter areas indicate
glass cover slip or very thin sample layers, while the darker areas denote comparatively thicker layers. (b) TERS measurements were performed across
the edge boundaries at 56 points separated at nanometric distances, along the arrow shown in the optical image. The spectra are shown as a waterfall
picture to emphasize their spatial variations. (c) The magnified view of a typical TERS spectrum taken from the waterfall picture.
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recent understanding is that this mode arises from the so-called
double resonance (DR) process where Raman scattering is a fourthorder process involving four virtual transitions including phonons,
defects, electrons, and holes.[23 – 24] It is common for graphene not
to have enough structural defects for the D-band to be Raman
active, so that it can only be seen at the edges. An increased
intensity of this mode can therefore be a good signature of the
edge boundary. The G-band appears at about 1580 cm−1 , the
origin of which is the bond stretching of all pairs of sp2 -bonded
atoms.[25] The other prominent feature in graphene, the 2D-band,
lies around 2700 cm−1 and is always seen even when no first-order
D-mode is present, since the selection rules do not require defects
to be present for the activation of second-order phonons.[3] Apart
from all these vibrational modes from the sample, one can always
observe a silicon peak at 520 cm−1 , which originates from the
material of the tip.
Figure 2(b) indicates a gradual decrease in Raman intensity from
graphene layers toward the glass surface. However, in the middle
of the waterfall picture, a spectrum with a distinguished G-band
is observed. From the view of the spectrum, we recognize that
it is not the intensity of G-band that increases but the D-band
that shows a significant broadening and a huge enhancement.
The sudden appearance of this strong D-band could be invoked

www.interscience.wiley.com/journal/jrs

by either a layer edge or a local defect. It has been reported that
the intensity of the D-band depends on the type of an edge;
it is stronger at armchair edges and weaker at zigzag edges.[26]
However, in both cases, the spectral shape is not as broad as in
this case. So, this broad-range enhancement of the D-mode is
more likely due to some highly localized defect underneath the
near-field probe at that particular position. The reason for the
huge enhancement and to what extent the interaction between
the surface plasmon of the probe and the graphitic electron causes
the spectral change is still uncertain. More experimental data on
defects should be collected to reveal the origin of this finding. We
omit this particular spectrum in our further discussion.
Figure 3 illustrates the integrated peak intensity of each Raman
modes along the spatial positions. The position dependences of
TERS intensity of the silicon peak from the probe, of the D-band, the
G-band and the 2D-band are shown in Figs 3(a)–3(d), respectively.
It is known that the layer number n in a graphene sheet can be
distinguished from the spectral shape of the 2D-band.[9] However,
in actual data, it is not easy to distinguish the difference between
3 ≤ n ≤ 10, though it is possible to determine n = 1, 2 and n = ∞.
We can also determine n directly by AFM; however, the thickness of
one graphene layer is so small (0.355 nm) that precise calibration
with many number of repeated experiments are necessary.[27] We
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Figure 3. Spatial variations of integrated intensities of Raman bands across
the layer boundaries obtained by TERS are plotted. The intensities of silicon
mode at 520 cm−1 , originating form the tip material, are shown in (a). TERS
intensities of the D-band, the G-band, and the two components of 2D-band
are shown in (b), (c) and (d), respectively. Red circles correspond to 2D1
and blue circles correspond to 2D2 mode in (d). The vertical dotted lines
indicate layer boundaries, estimated from the variation in the intensity of
silicon mode. The estimated numbers of layers are also indicated.

J. Raman Spectrosc. 2009, 40, 1434–1440

c 2009 John Wiley & Sons, Ltd.
Copyright !

www.interscience.wiley.com/journal/jrs

1437

therefore took another approach to determine the layer edge
boundaries from the data shown in Figs 3(a) and 3(b). Figure 3(a)
tentatively shows stepwise decrease of the silicon peak intensity.
The decrease of the silicon peak is caused by the absorption
of the scattered light by the sample, which lies between the
silicon probe tip and the detection system. The strongest signal is
obtained when the probe is on the glass substrate and the signal
becomes weaker as the probe comes over the thicker part of the
sample. On the basis of this assumption, we estimate the layer
boundaries as shown by the dotted lines in Fig. 3 and the layer
numbers are estimated as n = 5, 6, 5, 4, 3 from the left to right.
The number of graphene layers was estimated from the amount of
decrease in average intensity of the Raman peak. More description
about the estimations of these numbers will be provided later in
this article. Ignoring the thinnest area, slight increase of the D-band
intensity in Fig. 3(b) at the dotted lines is also consistent with the
assignment of the layer edge boundaries. Some small additional
fluctuations of D-band intensity could be due to occasional defects
in the sample.
Figure 3(c) shows the position dependence of the intensity of
the G-band. The step-like response can be seen at several points
on the boundary, though it is less clear compared to the silicon
band in Fig. 3(a). The intensity of the G-band should, in principle,
follow the layer thickness; however, it is not exactly proportional to
the layer number n. Since this mode is much stronger compared to
other modes, it is possible that small changes due to the variation
of a small number of layers are buried under the strong intensity

and are not clearly visible in the experiment. Because of this reason,
Raman imaging through G-band would not show any clear edge
boundary, as it does not show any definite dependence on the
layer number.
Figure 3(d) illustrates the peak intensity change of the 2D-band.
In a monolayer of graphene, the 2D-band appears as a single sharp
peak, while in a bilayer, the interaction of the graphene planes
causes the π and π ∗ bands to divide in four bands, the resulting
Raman spectra appears as four components.[28] The two-peak
shape of the 2D-band in the Raman spectrum of bulk graphite
is caused by the convolution of an infinite number of peaks.[25]
In this paper, we tentatively decomposed the 2D-band into two
component 2D1 (lower wavenumber component) and 2D2 (higher
wavenumber component) to avoid complexity. They are shown by
the red and the blue circles, respectively, in Fig. 3(d). In the case of
the TERS spectral analysis, the 2D1 is always dominant throughout
the measurement area. It is certain that the 2D1 component
includes surface modes of graphite; however, instead of showing
a stepwise intensity variation, it rather shows an almost smooth
variation in intensity with a number of layers, without showing
a clear variation at the edge boundaries. Thus, this mode is
also disqualified for Raman imaging that can potentially image
layer edge boundaries. On the other hand, the 2D2 component
is quite weak and hardly shows any clear variation of intensity
with layer thickness, and vanishes completely when n = 3 or
less, indicating that this mode can be attributed to an underlayer
component. Considering the origin of the 2D-band, which consists
of four or more components due to the DR effect linked with
the phonon wave vector to the electronic band structures, the
intensity fluctuation may be caused by the interlayer interactions
of the week electrostatic forces between layers, which could be
easily affected by the layer stacking conditions.
Apart from the intensity variation, the TERS spectra also show
some shifts in the Raman modes that depend on the number
of layers. Figure 4(a)–(d) shows the spatial dependence of peak
positions for the silicon peak, the G-band, the 2D1 -band and
the 2D2 -band, respectively. As shown in Fig. 4(a), the position
of the silicon peak fluctuates within ±1 cm−1 , while its average
value remains around 520 cm−1 , supporting the accuracy of the
measurement. The peak position of the G-band shows slight shift,
particularly towards thicker layers. An earlier report showed that
the G-band was downshifted with increasing layer number n.[9] This
shift was usually larger (∼5 or 6 cm−1 ) from monolayer to bilayer,
and smaller (<2 cm−1 ) from bilayer to bulk. The n dependence of
the shift in the G-band was connected to the strain that arises due
to the coupling to the substrate or to the other stacking layers.
In our experiment, however, we could see only a slight shift as
the layer number n increased. In another study, Casiraghi et al.
observed strong variation in the Raman spectra for various singlelayer graphene samples obtained by micromechanical cleavage,
and noted the existence of excess charges, even in the absence
of intentional doping.[29 – 30] The peak shift was usually larger than
that due to the layer stacking effect. Excess charges can be due to
substrate, adsorbents, or are unintentionally incorporated during
the process of sample preparations. Interestingly, the downshift
in the G-band caused by the access of charge is also accompanied
with an increase in the linewidth. Figure 5 shows the variation of
linewidth with respect to the peak position for the G-band. Though
there is a large fluctuation in Fig. 5, it still confirms a tendency that
the linewidth increases with the downshift of the G-band peak
position. This is similar to what was earlier reported[31] and also
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consistent with the result of intentionally doped graphene where
the Fermi energy was modulated using a gate.[32]
The peak positions of the two components in the 2D-band
show fluctuations even within the same layer. It is known that the
2D-band exhibits a dramatic change of shape with n. While four
or more spectral components are necessary for precise analysis
of this Raman band, only two are employed for our spectral
analysis. However, we can still discuss that the shifts in the
peak positions of these two components of the 2D-band can
be indicators of the interlayer interactions of n-graphene sheet.
As Fig. 4(c) and (d) suggests, the wavenumbers of both 2D1 and
2D2 modes become lower at the layer edges and higher in the
middle of the layers, especially for the thinner layers in the spatial
position of 2000–2300 nm. Since the wavenumber position of
a Raman mode is always very sensitive to the local strain,[32]
this tendency suggests an inhomogeneous distribution of the
strain inside the layer. To evaluate the details of the strain effect
via interlayer interactions, it will be promising to observe low
wavenumber phonons (<100 cm−1 ) which are directly connected
to the interlayer modes,[33] though it is impossible in the present
experimental system. The overall behavior of the peak shift for
both 2D1 and 2D2 bands shows a similar tendency as the G-band,
which can also be attributed to the charge effect described before.

www.interscience.wiley.com/journal/jrs

Two-dimensional imaging and estimation of the number
of layers
During the TERS measurements, we noticed that none of the
Raman modes from graphene showed any clear dependence
on either layer number or edge boundaries so that they could
possibly be used to construct a high-contrast Raman image to
identify graphene layers in the sample. On the other hand, the
intensity decrease of the silicon Raman signal from the silicon
tip was proportional to the layer number n and it also showed
a step-like behavior at the edge boundaries. This is because in
our measurement of Raman scattering originating from the silicon
tip, both the incident laser and the Raman scattering signal pass
through the highly absorbent graphene sample (Fig. 1), which has
almost constant absorption response in the visible range.[34] We
therefore utilized this decrease of Raman signal to construct a
near-field optical image that could clearly show graphene layers
and the edge boundaries. In a typical TERS experiment, the light
field is confined and enhanced at the apex of a metal-coated silicon
nano-tip, resulting from the resonant oscillations of the localized
surface plasmon polaritons in the thin metallic layer. However,
even if a silicon nano-tip is used without metal coating, a strong
confinement of light at the apex of the tip can be obtained, which
is essentially due to the dipole creation and interaction in silicon
by the excitation laser. In this case, however, the enhancement
of the field is much weaker than the previous case. In order to
claim this hypothesis, we first confirmed the confinement of the
light field at the apex of a silicon tip by means of simulations
based on the finite difference time domain algorithm. An earlier
report on fluorescence measurement also demonstrated light
confinement at the apex of a bare silicon tip.[35] When such
a bare silicon nano-tip is brought into evanescent focal spot,
significant confinement of light is achieved at the apex of the
tip; consequently, highly localized Raman scattering is generated
from the material of the tip, i.e., from silicon. In other words, we
can create a nano-light source, that emits Raman-shifted light
at 520 cm−1 , with respect to the illumination wavelength. In the
present experiment, we utilized this ‘Raman-shifted nano-light
source’, and measured the transmission of this light through the
sample. Since the absorption/transmission of light in graphene is
directly proportional to the number of layers, and since it is much
prominent than Raman scattering from graphene, an imaging
process based on this absorption/transmission is expected to give
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Figure 6. (a) A two-dimensional near-field optical image of ultrathin graphene sample, which is constructed by monitoring the transmitted intensity of
Raman mode originating from a near-field probe made of silicon. Edge boundaries as well as variation of layer thickness can be seen at high contrast.
(b) An AFM image measured from the same area of the sample, which provides a comparison with topographic image. (c) The red line indicates the
line profile of the Raman intensity along the line shown in (a) and blue dotted line indicates the AFM height information at the place. The horizontal
parts of this line profile correspond to the layers, while the slanted parts correspond to the edge boundaries. The spatial resolution in this image can be
determined from the width of the slanted parts, which is estimated to be about 20 nm, shown by two dotted lines.
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AFM profile in the same part of the sample. The horizontal parts
of the line profile indicate constant heights, and the slanted parts
indicate the steps at the edge boundaries. The widths of these
slanted parts, which should be vertical in an ideal case, give the
spatial resolution in this image. As indicated by the two vertical
dotted lines in Fig. 6(c), the spatial resolution in our measurement
is about 20 nm.
Once we have estimated the signal reduction rate per layer, this
method is robust and convenient to estimate the layer number n
for ultrathin graphene flakes. The interlayer distance of crystalline
graphite is 0.355 nm, which is quite small for an ordinary AFM
system to measure with high accuracy. On the other hand, optical
absorption of graphene is high enough even for a monolayer
and it has a flat response in the visible range. In fact, if the
area is large enough, we can even see the existence of single
layer of graphene with naked eyes, which leads to the conclusion
that an optical measurement is more sensitive than the AFM
technique for this sample. One more advantage of the optical
measurement through the transmission of silicon Raman peak is
that the measurement is affected only little by the scattering from
the local structures compared to the case of Rayleigh scattering. A
Rayleigh scattering mapping obtained by the same experimental
configuration provided only a low contrast image.

Conclusion
In conclusion, nano-scale optical analysis of n-graphene layers
(3 ≤ n ≤ 6) was performed at high spatial resolution by TERS
measurement across the layer edges that reveled nano-scale
properties of the material, including the locations of the edge
boundaries, the existence of local defects and local strains. The
intensity change of the silicon mode coming from the tip material
showed a step-like behavior across the layer boundaries, while the
D-band had a slight increase of intensity at the edge boundaries.
The relation between the peak shift and the line broadening
for the G-band at nano-scale resolution indicated excess charge
effect. The peak fluctuation of the 2D-band showed an indication
of local strain distribution within the layers. Since graphene is
highly absorbent in the visible range, it provided a good sample
for imaging through a new near-field technique that is based on
measuring the intensity of transmitted light, which in the present
case was Raman scattering generated at the apex of the silicon tip.
By measuring the intensity of the silicon Raman mode transmitted
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good contrast at the edge boundaries. Further, since utilization of
a silicon tip provides a nano-light source that originates from
highly localized area of the tip apex, an imaging based on
this phenomenon would also provide high spatial resolution,
corresponding to the apex of the tip. Compared to a silver-coated
tip, utilizing a bare silicon tip reduces the data collection time and
improves the spatial resolution in near-field measurements.
Figure 6(a) shows a two-dimensional image of the graphene
sample, which was constructed by measuring the transmitted
intensity of the Raman scattered signal generated at the apex of
the silicon tip. The scanned area of 1.2 µm ×1.2 µm was measured
with a resolution of 64 square pixels. The same area was also
imaged with a higher resolution of 256 square pixels by AFM for
the confirmation of the topography, which is shown in Fig. 6(b).
Edge boundaries of graphene layers can be clearly indentified with
high contrast in Fig. 6(a), which are also closely correlated with the
edge boundaries in the AFM image. A comparison between two
images also allows for a quantitative analysis of the layer number
n. On the basis of the average AFM step height taken at many
positions, the loss in Raman signal from the silicon tip in passing
through one graphene layer is estimated to be 4.91%. One can
note here that the structure of graphene is extremely thin, which
essentially means that the operation of the AFM cantilever can
be considered as a semi-constant height mode, and hence the
topographic artifacts are negligible.[36] This estimation includes the
consideration that the incident light and Raman scattering signal
both experience the reduction through the highly absorbable
sample and the scattering by the structure may also affect the
results. We sometimes see a slight fluctuation of the silicon signal;
however, on an average, the stepwise behavior at the layer edges
is clear. Taking this as a calibration parameter, we estimated the
number of layers from the transmitted intensity of the Raman
mode originating from silicon tip. The estimated numbers of
graphene layers across the sample are indicated in Fig. 6(a). This
method also helped us to estimate the number of layers earlier
shown in Figs. 3 and 4. As it can be seen from Fig. 6(a), the edge
boundaries in this near-field image are quite sharp. In order to
estimate the spatial resolution in our measurement, we examined
a line profile of the near-field image across a particular step-like
area, shown by the black line in Fig. 6(a). The transmitted Raman
intensity along a small part of this line around one of the layer
edges is shown by the red solid line in Fig. 6(c). For a comparison,
the blue dotted line shows height information obtained from the
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through the graphene sample, we constructed a near-field image
with high contrast at the edge boundary as well as with high
spatial resolution of 20 nm. This technique was also used as a
convenient tool to estimate the exact number of graphene layers
in the sample. This new technique provides a unique possibility for
high-throughput nondestructive identification of graphene layers
essential for the device applications of this material.
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