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Electron and phonon renormalization near
charged defects in carbon nanotubes
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Owing to their influence on electrons and phonons, defects can significantly alter electrical conductance, and optical, mechanical
and thermal properties of a material. Thus, understanding and control of defects, including dopants in low-dimensional systems,
hold great promise for engineered materials and nanoscale devices. Here, we characterize experimentally the effects of a single
defect on electrons and phonons in single-wall carbon nanotubes. The effects demonstrated here are unusual in that they are not
caused by defect-induced symmetry breaking. Electrons and phonons are strongly coupled in sp2 carbon systems, and a defect causes
renormalization of electron and phonon energies. We find that near a negatively charged defect, the electron velocity is increased,
which in turn influences lattice vibrations locally. Combining measurements on nanotube ensembles and on single nanotubes, we
capture the relation between atomic response and the readily accessible macroscopic behaviour.

Interest in the fundamental and applied properties of
sp2 -hybridized carbon nanomaterials such as nanotubes,
nanohorns, nanoribbons and sheets centres on their unique
structural, chemical, mechanical, thermal, optical, optoelectronic
and electronic properties1 . Electrons in graphene behave as
massless Dirac fermions2 , exhibiting a linear dispersion near
the Fermi level at the K point in the hexagonal Brillouin zone
(upper panel of Fig. 1). Furthermore, electrons and phonons
exhibit strong coupling in sp2 -hybridized carbon materials. The
coupling generates a softening in the phonon dispersion at the
K and 0 points, known as the Kohn anomalies (lower panel of
Fig. 1)3–5 , and a breakdown of the adiabatic (Born–Oppenheimer)
approximation6 , and therefore has important consequences for
doping7 and transport properties1 . Now that the low-dimensional
crystalline properties of carbon nanomaterials are relatively well
understood, attention is turning increasingly to the study of defects
in these materials, in particular in carbon nanotubes1,8,9 .
Spectroscopy, especially Raman scattering, has been largely
used to study defects in sp2 carbon materials,10–13 including
doping7,14–16 . Defects usually break the selection rules, so that
broadening and new peaks can be observed in the Raman
spectra10,11 , mostly related to specific phonons in the interior
of the Brillouin zone that are enhanced by double-resonance
processes12,13 . Besides usual symmetry breaking effects, the presence
of charged defects will renormalize the energies of the strongly

coupled electrons and phonons, as indicated in Fig. 1 by the dashed
curves. Probing of the defect-induced renormalization of electrons
and phonons locally, near the defect sites, is the subject of this work.
The so-called G0 band (see Fig. 2) is a well-known
Raman-allowed second-order feature that is observed in the
Raman spectra of all sp2 carbon materials10,11 , interesting for being
extremely sensitive to the π electronic structure. For example, this
band has recently been used to study the electronic and vibrational
structure in graphene samples depending on the number of
layers17–19 , even though the interaction between layers is very weak.
Figure 2 shows the G0 band in different sp2 carbon materials. The
three upper curves are for single-wall carbon nanotubes (SWNTs)
prepared by different methods (see Methods for sample details).
The upper plot is for heat-treated undoped SWNTs and shows a
single G0P peak (P for ‘pristine’) centred at ωG0P = 2,676 cm−1 . On
doping, a new G0 peak is observed at lower/higher frequency for n/p
doping. The spectra of graphene, highly oriented pyrolytic graphite
(HOPG) and amorphous carbon are also presented in Fig. 2 to
clearly show that the new peak cannot be related to other forms of
sp2 carbon. This new peak, from now on called the G0D peak (D for
‘defect’), appears in the G0 spectra of doped SWNTs.
As a defect site is a structure localized at the atomic level,
diffraction-limited optics (resolution ∼ l/2 > 0.2 µm) is not able
to probe the real spatial scale associated with defect phenomena. To
elucidate the true origin of the G0D peak, we use near-field Raman
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Figure 1 Schematic model showing the renormalization of electron and phonon
energies near a negatively charged defect, and its influence on the
double-resonance G 0 scattering process discussed in this work. The upper
panel shows the dispersion of the π and π ∗ electrons along the KMK 0 direction in
the hexagonal Brillouin zone, near the Fermi level (E F ). The lower panel shows the
iTO phonon branch along the 0K direction. The arrows in the upper panel indicate
electron transitions by photon absorption (vertical arrows) and phonon scattering
(nearly horizontal arrows). The arrows in the lower panel indicate the energies for
the same phonons scattering electrons in the upper panel. Dashed lines represent
the renormalized structure near the defect sites.
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and near-field photoluminescence imaging and spectroscopy to
spatially resolve local defect states/sites along an individual SWNT
(ref. 20). Figure 3a shows the photoluminescence spectra acquired
from a (9, 1) SWNT. The (9, 1) structural (n, m) assignment1 is
based on determining the peak position of the emission spectra
(l = 904 nm) and the radial breathing mode (ωRBM = 302 cm−1 )
in the corresponding Raman spectrum, shown in Fig. 3b. Figure 3c
shows a near-field photoluminescence image of the (9, 1) SWNT,
where the image contrast is provided by spectrally integrating
over the photoluminescence peak centred at l = 904 nm. The
most striking feature in this image is the high degree of spatial
localization of the photoluminescence emission along the SWNT.
This is evident by inspection of the extended topography image
of the nanotube shown in Fig. 3f, and also of the near-field
Raman image of the tangential C–C stretching mode (named the
G band, near 1,590 cm−1 ) shown in Fig. 3d. Whereas from Fig. 3d
we observe that the G band Raman scattering is present along the
entire length of the nanotube, from Fig. 3e we observe increased
symmetry-breaking defect-induced Raman scattering (D band,
∼1,300 cm−1 ) (refs 10–13) localized at the same region where
photoluminescence was detected. Localized photoluminescence
emission along single-wall carbon nanotubes is often observed in
our near-field experiments, and it correlates with the local D band
intensity, suggesting the existence of trapped excitons. Therefore, it
is evident that bright photoluminescence emission, that is, exciton
recombination, originates from a defect site along the SWNT. Once
the defect site is located, we can monitor the G0 band and show that
a clear change in the G0 line shape is measured near the defect site
(see Fig. 3g), as expected.
The G0 band feature has been well characterized in the
literature, and its frequency is known to depend both on excitation
laser energy and tube diameter21,22 . In our near-field experiment,
with a l = 633 nm laser, the G0 feature for the (9, 1) SWNT is
expected to exhibit a single Lorentzian peak located at 2,613 cm−1
(refs 21,22). Although the G0P peak is observed in excellent
agreement with expectations (ωG0P = 2,610 cm−1 ), over the defective
2
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Figure 2 The G 0 Raman band in different sp2 carbon materials measured at
room temperature with E laser = 2.41 eV (514 nm). The arrows point to
defect-induced peaks in the G 0 for doped SWNTs. The p/n doping comes from
substitutional boron/nitrogen atoms15,16 , the nearest neighbours of carbon in the
periodic table. The spectra of graphene, HOPG and amorphous carbon are shown for
comparison. See Methods for sample details.

region, a new G0D peak is observed (see asterisks in Fig. 3g),
redshifted from the G0P peak (ωG0D = 2,591 cm−1 ). The localized
character of the G0D scattering process is thus established.
Besides the p/n charge signal effect (shown in Fig. 2) and the
localized emission (shown in Fig. 3), for a deeper understanding
of the physics behind the defect-induced G0D band, we analyse the
dependence of the G0 peaks on the excitation laser energy (Elaser ),
as shown in Fig. 4a. The evolution of the G0 peak frequencies ωG0P
and ωG0D for n-doped SWNTs are plotted in Fig. 4b, and fitted with
a linear relation

ω G0 = AElaser + B.

(1)

For the defect-induced G0D peak, the value of A is smaller and the
value of B is larger when compared with the corresponding values
for the G0P peak (see caption to Fig. 4 for A and B values). These
changes reveal the renormalization effect caused by the negatively
charged defect on the local electronic and vibrational structure, as
discussed below.
The second-order symmetry-allowed G0 Raman scattering
process occurs in all sp2 carbon materials, involving in-plane
transversal optical (iTO) phonons near the K point in the
hexagonal Brillouin zone, selected by the double-resonance
process10–13 . An excited electron with wave vector k resonantly
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Figure 3 Near-field Raman and photoluminescence spectroscopy and imaging of a (9, 1) SWNT with E laser = 1.96 eV (633 nm). a, Photoluminescence emission at

l = 904 nm. b, Raman spectrum. The Raman features are labelled21 . c, Near-field photoluminescence image of the SWNT revealing localized excitonic emission. The scale
bar denotes 250 nm. d,e, Near-field Raman imaging of the same SWNT, where the image contrast is provided by spectrally integrating over the tangential G (d) and
defect-induced D bands (e). f, Corresponding topography image. g, Evolution of the G 0 band spectra near the defective segment of the (9, 1) SWNT. The spectra were taken in
steps of 25 nm along the nanotube, showing the defect-induced GD0 peak (dotted Lorentzian). The asterisks denote the spatial locations where localized photoluminescence
and defect-induced D band scattering were measured (see yellow circles in c and e, respectively). The ω GP0 − ω GD0 splitting observed in g is smaller than the splitting
observed in the second (from the top) spectrum in Fig. 2 because the spectra were measured with different excitation laser energies, as discussed in the text.

selects a phonon with wave vector q ≈ −2k (refs 12,13,23). When
considering one-dimensional nanotubes, momentum conservation
for electron–phonon interaction requires that both linear and
angular momenta are preserved. In the zone-folding picture, this
is similar to two-dimensional linear momentum conservation in
graphene23 . Therefore, the graphene picture can be transferred to
carbon nanotubes, and it will be used here because it is more
didactic and general for sp2 carbons. This relation between k
and q, together with the Dirac–Fermion behaviour for high-speed
electrons (vF = c/300, where vF is the Fermi velocity and c is the
speed of light)2 and the Kohn anomaly for phonons3 , makes the G0
band strongly dependent on the particular electronic structure.
The linear dispersion for electrons has been broadly used to
explain the frequencies of many dispersive features in the Raman
spectra of undoped sp2 carbon materials10–13 . The excited electron
with wave vector of modulus k is generated by resonance with the
excitation laser12,13
Elaser = Ec −E v = 2h̄vF k ≈ h̄vF q,

(2)

where the subscripts v and c stand for valence and conduction
bands, respectively. Changing Elaser changes k linearly, and
consequently q, so that the electronic structure can be probed using

phonon measurements12,13,17–19 . A schematic model showing the
defect-induced renormalization of electron and phonon energies
and its influence on the double-resonance G0 scattering process
is shown in Fig. 1. The two resonant processes, the optical
absorption and the scattering of the excited electron by a
phonon, are represented by the vertical and nearly horizontal
arrows, respectively. The G0P follows the unperturbed process
(solid lines), whereas the G0D follows the process where electron
and phonon energies are renormalized (dashed lines). The G0
phonon wave vector q connecting the two excited electronic states
(nearly horizontal arrows) is selected by Elaser (vertical arrows),
according to equation (2). Considering a linear dispersion, the
constant B in equation (1) gives the G0 frequency at the K
point, and the increase in B near the defect location is a direct
measure of the hardening of the iTO phonon branch at the
K point, due to the renormalization of the phonon energies3,4
near the defect site. Phonon renormalization has been observed
recently for the tangential G band (∼1,580 cm−1 ) in SWNT-based5
and graphene-based6 transport devices, although under different
experimental conditions, that is, on gate-induced doping. The
gate doping experiments on single-24 and bi-layer25 graphene and
on carbon nanotubes26 show a G0 frequency behaviour that is
in quantitative agreement with our findings, indicating that the
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Figure 4 Dependence of the G 0 band on E laser for the n-doped SWNT sample.
a, The G 0 band spectra with different E laser . b, The peak position as a function of
E laser , obtained by fitting the spectra in a with two Lorentzians. The error bars show
the uncertainty in frequency definition. Common full-width at half-maximums are
used, and the values increase linearly with E laser , from Γ = 43 to 53 cm−1 . The solid
lines are linear fits (see equation (1)), giving ω GP0 = (97 ± 5)E laser + (2,442 ± 11) and
ω GD0 = (71 ± 4)E laser + (2,465 ± 11). c, G 0 intensity ratio (I GD0 /I GP0 ) as a function of
E laser . The vertical error bars show the uncertainty in I GD0 /I GP0 . The horizontal error
bars show the uncertainty in the frequency splitting ω GP0 − ω GD0 = 26E laser − 23,
which is shown on the upper axis.

effect observed here for chemically doped SWNTs can be broadly
applied to doping of sp2 -hybridized carbon materials in general. To
explain the G0D behaviour observed in Fig. 4, the phonon hardening
indicated by the constant B alone is not sufficient; otherwise the
defect-induced G0D peak would always be observed at a higher
frequency than the G0P peak. The observation of G0D at the lower
frequency side is due to the weaker dependence of G0D on Elaser ,
given by the parameter A in equation (1). The smaller value of the
dispersion coefficient A is a measure of the renormalization of the
phonon and electron energies near the K point (A = v q /vF , where
vq is the slope of the iTO phonon branch near K), the defect causing
a change in the Fermi velocity vF as well. Although the defect
increases the phonon energies by reducing the phonon branch slope
vq near the K point (dashed curve in the lower panel of Fig. 1), the
increase in the electronic Fermi velocity vF (dashed curves in the
upper panel) causes the double-resonance process to select a lower
frequency phonon (dashed arrow in the lower panel) and exhibit
a smaller dispersion with Elaser , as observed in Fig. 4. Therefore, the
data in Fig. 4 indicate that electrons near a negatively charged defect
4

site actually have higher energies, that is, higher speed vF than its
unperturbed counterpart.
Electron and phonon renormalization under doping is
expected from theory24,27–30 . Das et al.24 carried out first-principles
calculations to study the iTO frequency changes related to the
optimization of the lattice parameters in gate-doped graphene.
They considered that the G0 phonons are too far away from the
K point to suffer the effects of the Kohn anomaly. Although their
calculations are in qualitative agreement with our observations,
showing a G0 asymmetric redshift versus blueshift for n- versus
p-gate doping, the predicted shifts are much smaller than the
experimental values, confirming that phonon renormalization
alone cannot explain the G0 doping behaviour. Phonon
renormalization due to non-local exchange-correlation effects
was also demonstrated theoretically27 . Electron renormalization
under doping is expected theoretically due to many different
effects, such as disorder in the electron hopping28 and several
many-body interactions, including non-Fermi liquid behaviour29
and electron–phonon coupling renormalizing the electronic
energies30 . As the many-body corrections generally give a negative
renormalization to the electronic energies, independent of doping
sign29,30 , our data indicate that the most important effect for
electron renormalization is the changes in the value of the hopping
amplitude caused by lattice distortion28 . The connection between
the local lattice distortions28 and the double-resonance model based
on energy-momentum dispersions10–13 is an interesting theoretical
problem and a matter for future studies.
Although the experiments discussed so far have been carried
out on well-characterized SWNTs, the G0 effect can now be used to
study different SWNT samples. Figure 5a relates to n doping with
phosphorous. In both nitrogen- and phosphorous-doped samples,
we see a similarly downshifted G0D peak. Interestingly, increasing
the level of phosphorous doping increases the intensity of the
lower energy G0D peak without changing its frequency (not shown),
showing that the phenomenon here is local. By local, we mean the
number of defect sites increases with doping level, thus increasing
the G0D intensity, but there is no correlation between defect sites,
so that ωG0D does not change. For nitrogen doping, a different
intensity behaviour is observed. A low level of nitrogen doping (up
to 7% in weight) actually reduces the G0D peak observed in pristine
samples, and increases G0D again for higher nitrogen concentrations
(not shown). This result supports the hypothesis that nitrogen
doping in small quantities induces higher nanotube crystallinity7 .
This different behaviour for nitrogen and phosphorous doping
can be related to their ionic radius r as compared with carbon,
where rN < rC < rP . First-principles calculations indicate that
phosphorous is incorporated substitutionally in the body of the
tube, but this atom pops out of the tubular structure, whereas the
nitrogen atoms remain in-plane7,31 .
Besides addressing the effect of intentional doping, we now
analyse the G0 band in pristine samples prepared by the chemical
vapour deposition (CVD) method without any nitrogen or
phosphorous precursor (see Fig. 5b). Surprisingly, a small G0D
peak is observed in the as-grown sample (see down-arrow at
the top spectrum of Fig. 5b). Although the defect structure here
is unknown (some sort of doping, vacancy or other structural
heterogeneity), the observation of the redshifted G0D band indicates
the presence of n-charged defects in the structure. It is interesting
that, differently from the intentionally doped SWNT samples (with
nitrogen or phosphorous), the G0D peak in the pristine SWNTs
disappears after annealing the sample at 200 ◦ C in an argon flow,
as shown in Fig. 5b. The n-type charged defects were present only
before the annealing step.
The ‘pristine’ (before heat treatment, grown by arc-discharge or
CVD), the nitrogen and the phosphorous SWNT doped samples all
nature materials ADVANCE ONLINE PUBLICATION www.nature.com/naturematerials
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findings. There exist other reports of localized optical emission
from SWNTs (refs 20,34) and the physics discussed here will
certainly apply to any other sp2 carbon material3,4,10,11 .
The behaviour of the G0D peak is, therefore, an effective
probe to accurately measure the local effect of a single defect
(including dopants) on the electronic and vibrational properties
of carbon nanotubes, carbon nanoribbons, n-layer graphene or
any other sp2 -hybridized carbon material. For quantitative doping
level analysis, careful calibration studies have to be carried out,
because the G0 intensity depends on tube diameter, metallicity
and excitation laser energy1 . Notice that the intensity of the
defect-induced peak (IG0D ) is higher than IG0P for lower Elaser values,
whereas IG0D /IG0P goes to zero for higher Elaser values (see Fig. 4a).
Figure 4c shows the intensity ratio IG0D /IG0P as a function of Elaser
(bottom axis) and the splitting between G0P and G0D (top axis).
IG0D is much less than IG0P when ωG0P − ωG0D is large. The ratio
IG0D /IG0P increases when the splitting gets smaller than the full-width
at half-maximum of the G0 peaks (Γ ∼ 43–53 cm−1 , see caption
to Fig. 4) and the unperturbed and perturbed levels mix. The
occupation of the defect-induced electronic states can be monitored
from a G0 intensity analysis, shedding light on the field of excited
electron dynamics1,35 .
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Figure 5 The use of the G 0 feature to study doping in other SWNT samples.
a, RBM (100–350 cm−1 ) and G 0 band (2,550–2,770 cm−1 ) spectra for pristine and
phosphorous-doped SWNTs after heat treatment. The RBM spectra are shown for
monitoring the tube diameter (d t ) distribution (ω RBM ∝ 1/d t ) (ref. 1). The arrow
indicates the behaviour of the defect-induced GD0 peaks on doping. The inset shows
the respective disorder-induced D band spectra10–13 normalized to the G band (not
shown). b, The effect of heat treatment on the RBM and G 0 band spectra on pristine
(unintentionally doped) CVD-grown SWNTs. The heat treatment temperatures are
shown near the respective spectra. Annealing at 600 ◦ C reduces the number of more
reactive small-diameter tubes (larger ω RBM —bottom spectrum in b), causing a shift
in the G P0 band, in agreement with the diameter dependence of ω GP0 (refs 21,22). The
Raman spectra of the different SWNT samples were measured at room temperature
with E laser = 2.41 eV (l = 514 nm). See Methods for sample details.

exhibit a lower frequency G0D Raman peak with similar frequencies
(see Supplementary Information for a comparative analysis),
indicating that the electron and phonon renormalization near
the defect site is caused by the presence of one extra electron.
In the case of boron doping, the renormalization goes in the
opposite direction, related to the presence of one hole. This
extra electron/hole increases/decreases the electron speed locally,
thus changing the atomic vibrations. The electron and phonon
renormalization effects are not symmetric, being more pronounced
for electron doping, in agreement with gate-induced doping
experiments24–26 . Our combined near-field photoluminescence and
Raman data (Fig. 3) show that highly localized light emission is
connected to a lower frequency G0D , which results from n-type
doping. Surprisingly this G0 defect-induced effect is common. It
has been broadly observed in SWNTs (ref. 32) and in double-wall
carbon nanotubes33 , although the underlying importance of defects
in these structures has never been addressed. The multitude of
samples exhibiting consistent results shows the generality of these

SAMPLE DETAILS
Nitrogen-doped SWNTs were grown by the CVD method at 950 ◦ C using a
solution of ethanol with 1.25% in weight of ferrocene and benzilamine in
different concentrations (0%, 3.0%, 7.0% and 11.0% in weight) as a precursor
carried by a 1.2 l min−1 flux of argon for 30 min. The diameter range is
from 0.7 to 2.2 nm. The nitrogen content in the tubes has been evaluated by
detailed X-ray photoelectron spectroscopy, resulting in 0.3 at.% incorporated
in the nanotube lattice, regardless of the feedstock composition (Ayala et al.,
manuscript in preparation). For this reason, most of the results discussed in
our article, and shown in Figs 2 and 4, focus on the lowest initial content of
benzilamine (3.0% in weight). The X-ray photoelectron spectroscopy results
also indicate the nitrogen incorporates into the SWNT lattice in both the sp2
substitutional and the pyridinic bonding.
Boron-doped SWNTs were grown by the pulsed laser vaporization
technique using targets with three different boron concentrations, undoped,
1.5 at.% and 3.0 at.%. The laser ablation technique is known to generate
relatively pure and high-quality nanotubes as compared with CVD samples,
and the lower frequency (n-type related) G0D peak is never observed, thus
making it possible to unambiguously probe the p-doping behaviour. The
diameter range of these samples varies with doping within the range of 1.1
to 1.7 nm. Clear evidence for substitutional boron doping into the SWNT
lattice has been obtained from Raman spectroscopy, thermoelectric power,
temperature-dependent magnetization measurements, electric and thermal
transport14,15 and most recently from nuclear magnetic resonance and Meissner
effect experiments36 . The amount of doping is small (less than 1 at.%).
Furthermore, consistent with what is known about boron incorporation in
graphite, addition of more than 3.0 at.% boron in the graphite target was found
to inhibit the formation of SWNTs. Soot generated from targets containing 1.5
at.% boron gives the best doped SWNTs with respect to level of doping versus
quality of tube structure15 . For this reason, the sample we used to draw the
conclusions in our article, and shown in Fig. 2, was the SWNTs grown in the
1.5 at.% boron-doping condition.
The CVD SWNTs doped with phosphorous were grown at 950 ◦ C using a
solution of ethanol with 1.25% in weight of ferrocene and triphenilphosphine
in different concentrations (0%, 0.1%, 0.15%, 0.20% and 0.25% in weight)
as a precursor carried by a 0.8 l min−1 flux of argon with 5% of hydrogen for
30 min. The spectrum shown in Fig. 5a is for the 0.20% concentration. The
diameter range is from 0.7 to 2.2 nm. When compared with nitrogen and boron
doping, phosphorous doping is still in the development stage. Phosphorous
incorporation in multi-wall carbon nanotube lattices has already been
demonstrated31 , and the result discussed in Fig. 5a provides an unprecedented
indication for the incorporation of phosphorous into SWNT lattices.
Thermal treatments (shown in Fig. 5) were carried out in a 0.5 l min−1
argon flow to avoid tube oxidation, for 30 min at 200, 400 and 600 ◦ C.
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The SWNT samples used in the near-field measurements were produced
by arc-discharge, dispersed in a solution of dichloroethane, sonicated in an
ultrasonic bath and spin-cast at 3000 r.p.m. onto a glass coverslip. The sample
was then inspected by confocal Raman scattering. The resulting images revealed
isolated spots indicative of well-separated nanotubes. The observation of the
localized G0D peak, along with the bi-modal n/p-type-dependent G0D behaviour
in agreement with gate-induced doping experiments in carbon nanotubes26 ,
represents the initial motivation for this study.
The graphene sample was obtained by micromechanical cleavage of
graphite on the surface of a Si sample with a 300 nm layer of SiO2 .
EXPERIMENTAL DETAILS
Far-field Raman measurements were carried out with a Dilor XY
triple-monochromator equipped with a CCD (charged-coupled device)
detector. The backscattering configuration using a ×80 objective and different
excitation laser energies were used for resonance micro-Raman measurements.
The excitation came from an ArKr laser (Elaser = 1.91, 2.18, 2.41 and 2.54 eV).
Mapping of the RBM dependence on Elaser was carried out with a larger number
of excitation energies, ranging from 1.61 to 2.71 eV (ArKr, Ti:sapphire and dye
laser) for a precise characterization of the sample diameters.
Near-field Raman and near-field photoluminescence measurements
were carried out on an inverted optical microscope with the addition of an
x, y -stage for raster-scanning samples. Light from a He–Ne laser (633 nm)
is reflected by means of a dichroic beam splitter and then focused onto the
surface of the sample using a high numerical aperture objective (N.A. = 1.4),
with 103 W cm−2 at the sample. Having obtained a tight focal spot at the
sample surface, we then position a sharp metal tip into the focal region. Using
the x, y -scan stage to raster-scan the sample, the Raman scattered light and
photoluminescence are collected by the same microscope objective and recorded
using either a single-photon counting avalanche photodiode or a spectrograph
with a CCD cooled to −124 ◦ C.
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