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Tip-enhanced Raman spectroscopy of graphite
irradiated by focused ion beam
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Tip-enhanced Raman spectroscopy with a spatial resolution of 25 nm is conducted on a sample of graphite
that has been exposed to a 50 keV focused Ga ion beam with a diameter of 20 nm. The G mode located at
1579 cm−1 does not exhibit a measurable tip enhancement, while the D mode at 1364 cm−1 is significantly
enhanced. A method is proposed to calculate the enhancement factor of anisotropic materials due to the elec-
tromagnetic field using the measured signal enhancement induced by the tip. © 2009 Optical Society of
America
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Recent interest in graphitic systems [1–3] was re-
vived by the discovery of strictly two-dimensional
free-standing graphene [1], which has an unusual
scattering-free electron transport behavior [2] that
may lead to device applications [3]. It is thus of great
importance to investigate graphitic structural defects
that are the main source of resistance to electron con-
duction. Because of its high structure-sensitive ana-
lytic ability, Raman spectroscopy has become one of
the most important characterization tools to investi-
gate structural variation in graphitic systems [4].
Different graphitic structural defects have been re-
vealed in Raman spectra [5–7]. In particular, Raman
spectroscopy was used to study graphitic edge struc-
tures [5]. Phonon correlation length of ion-irradiated
graphite was obtained from Raman spectra [6] and
the planar graphitic domain was extracted indirectly
from Raman data [7]. However, questions still re-
main about this indirect approach because the actual
size of defects or domains may be much smaller than
the excitation wavelength. The recent development of
tip-enhanced Raman spectroscopy (TERS) [8,9] al-
lows for an improved spatial resolution of about
10 nm [10] and, simultaneously, considerable en-
hancement in the Raman scattering strength. There-
fore TERS could help to shed light on the issues that
are not resolvable in far-field experiments [11]. Here,
we report a TERS study of nanoscale defects on
graphite induced by foused-ion beam (FIB) irradia-
tion and propose a method to estimate the electro-
magnetic enhancement factor for anisotropic materi-
als.

A highly oriented pyrolytic graphite (HOPG)
sample was used for this study. After pealing off sur-
face graphene layers, it was then bombarded by a Ga
FIB to produce vertical lines with a width of 150 nm
and a spacing of 2 �m. The size of the pattern was
20 �m�20 �m. The focused beam size was 20 nm,
and the ion dosage was 1013 ion/cm2. Figure 1 shows

the atomic force microscopy (AFM) image of the bom-
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barded sample. In TERS measurements, a mixed-gas
(Ar and Kr) ion laser beam with a wavelength of
514.5 nm served as the excitation light source. It was
delivered through a single-mode fiber to an AFM on a
vibration-isolated table. A laser line filter blocked the
residual plasma lines in the beam, and a half-wave
plate and two polarizers varied the laser polarization
and power. After being reflected from a sharp-edge
Raman filter, the laser beam was then focused by an
aspheric lens �NA=0.5� on the sample surface in
p-polarization configuration at an incidence angle of
55° to form a spot size of �2.5 �m. The AFM tip was
then guided to the center of the laser-illuminated re-
gion of the sample. The laser power was carefully ad-
justed to minimize the induced heating and damage
to the tip while maintaining a good Raman signal.
The resultant laser intensity at focus was �2
�108 W/m2. The light scattered backward was col-
lected through the same aspheric lens, sent through

Fig. 1. (Color online) AFM images of ion-irradiated graph-
ite sample. The scale bar is 2 �m. The inset shows the
magnified view of the irradiated grid line. The scale bar in

the inset is 100 nm.
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the sharp-edge Raman filter, and then a confocal
setup to a 640 mm monochromator. The dispersed
spectra were detected by a liquid-nitrogen-cooled
CCD with an integration time of �5 min. The instru-
ment spectral resolution for the slit width of 100 �m
was calibrated to be 5.2 cm−1. To image the tip apex,
a pellicle beam splitter was used to pass fiber-coupled
white light collinearly with the laser beam through
the aspheric lens to the same sample region. Before
being installed in the AFM, the silicon tip was
cleaned with argon bombardment in a vacuum cham-
ber �5�107 torr�, followed by thermal evaporation of
a 30–50 nm thick layer of Ag. The typical diameter of
the tip apex was �50 nm, as examined by a scanning
electron microscope. During the TERS measure-
ments, the AFM was operating in contact mode.

Figure 2 shows the Raman spectra recorded as the
tip approaches the FIB-irradiated and the pristine
regions of the sample. With tip withdrawn, two peaks
at 1579 and 1364 cm−1 emerge in the spectrum, cor-
responding to the G and D modes, respectively. The G
mode represents the optical mode of graphene at the
center of the Brillouin zone, while the D mode origi-
nates from phonons at its nonzero wave vector and
can be explained by defect-induced double-resonant
Raman scattering [12]. The intensity of the G mode
does not depend on the position of the tip. In con-
trast, the intensity of the D mode in the FIB-
irradiated region clearly shows an increase of 4–5
times compared with that in the pristine region.

Figure 3 shows the intensity �ID� of the D mode
measured across a FIB-irradiated grid line. The pro-
file of ID, which can be compared with the AFM topo-
graphic profile, has a FWHM of 146 nm, reflecting
the size of the disorder region caused by FIB irradia-
tion of the sample. Based on the measurement, we
deduce the lateral resolution of the TERS measure-
ment to be �25 nm.

An interesting question concerning the TERS mea-
surement is: What is the enhancement factor of the D
mode in the FIB-irradiated region on the sample? To
answer the question, two facts need to be considered
in advance. First, the field component normal to the
sample surface (therefore parallel to the tip axis) E�

Fig. 2. Tip-enhanced Raman spectra of the sample with
the engaged tip to the center of the defect line (solid curve)

and out of the defect line (dashed curve).
is enhanced, while that parallel to the surface E� is
much less enhanced [13]. Second, since the pristine
graphite is a highly anisotropic system, its absorp-
tion [14] and resonant Raman scattering [15] are not
sensitive to E�, as the � electrons are symmetric
with respect to the graphitic plane, forbidding elec-
tronic transition for E�. The Raman intensity of the
G mode IG is caused by the scattering in perfect
graphite and therefore depends only on E�. In con-
trast, the intensity of the defect-sensitive D mode is
in general determined by both E� and E�, although in
different ways. Indeed, scanning tunneling micros-
copy studies of ion-irradiated graphite samples
showed lateral inhomogeneities of �2 nm [16], indi-
cating that the local orientation of graphite layers
near such defects is not completely parallel to the un-
damaged graphite layer, causing the absorption and
Raman scattering near the ion-irradiated region to
be sensitive to all the field components. According to
a separated far-field Raman measurement on a
HOPG sample under uniform ion dosage (not shown
here), the ratio between the intensity of the D mode
for p polarization ID

p and that of the G mode IG
p is

�7–10% higher than the corresponding ratio for s
polarization. As a result, the ID of the ion-irradiated
region is sensitive to E�, too.

On the basis of the two facts above, the far-field
Raman intensities of the G mode for s- and
p-polarized light are given by

IG
s � �G�ts�4VGI0

s , �1a�

IG
p � �G�tp�4 cos2 �pVGI0

p, �1b�

respectively, where I0
s and I0

p are the laser intensity
for s and p polarization, respectively; ts and tp are the
corresponding Fresnel transmission coefficients; �G
is the Raman cross section; VG is the sample volume
emitting the Raman radiation of the G mode; and �p
is the refraction angle inside the sample. The inten-
sities of the D mode in far-field Raman measurement
are given by

Is � �D,��ts�4VDIs , �2a�

Fig. 3. Raman intensity (filled circles) and height (dashed
curve) versus lateral position of the tip apex x. The solid
curve is to guide the eye.
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ID
p � ��D,� cos2 �p + �D,� sin2 �p��tp�4VDI0

p, �2b�

where VD is the sample volume emitting the Raman
radiation of the D mode, and �D,� and �D,� are the Ra-
man cross sections of the D mode for E� and E�, re-
spectively. In the case of TERS, the Raman intensity
of the D mode for p-polarized light ID

p* can be approxi-
mated as the sum of the Raman intensity of the un-
enhanced region of the sample ID

p and that of the en-
hanced region, assuming that the volume of the
enhanced region V* is much smaller than that of the
unenhanced region:

ID
p* − ID

p � �D,� sin2 �pM4�tp�4V*I0
p, �3�

where M=Eloc /E0 is the electric field enhancement
factor. M4 in Eq. (3) is the total Raman enhancement
factor [17] and can be derived from Eq. (3) with the
use of Eqs. (1) and (2), namely,

M4 =
ID

p* − ID
p

ID
p

ID
p /ID

s

ID
p /ID

s − IG
p /IG

s

VD

V*
. �4�

VD is determined by the size of the focused light spot
��2.5 �m� and the width of the grid lines (80 nm ex-
tracted from the AFM image) as shown in Fig. 3. V* is
determined by the lateral resolution of our TERS in-
strument, which is 25 nm. As the ions are assumed to
penetrate into the graphite sample for only a few lay-
ers, the electromagnetic enhancement factor is con-
sidered to be a constant in this region. According
to the experimental data presented in Fig. 2 and
that obtained from the far-field measurements, �ID

p*

−ID
p � /ID

p �3 and �ID
p /ID

s � / �ID
p /ID

s −IG
p /IG

s ��10. With the
use of these numbers, the extracted M is �10. Note
that the electromagnetic enhancement factor for a
covered tip can be found in an independent experi-

ment by the method proposed recently [17].
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