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The correlation between the chemical
and structural properties of molecular
and nanoscale systems, together with

the ability to control and change their en-
vironment, is of great importance for many
studies in chemistry and biology. Nano-
meter and molecular scale studies require
high-resolution imaging capabilities that
can readily be achieved by electron and
scanning probe microscopes1,2 but are
more challenging to achieve using optical
techniques. While electron microscopes
provide detailed structural and morpho-
logical information at the nanometer length
scale, they operate at high voltage and
under vacuum, limiting the types of samples
that can be analyzed by this technique.
Scanning probe microscopes can be oper-
ated in a wide variety of environments and
provide us with detailed morphological in-
formation, but their ability to provide chem-
ical information is limited.3 Optical micro-
scopy and spectroscopy, on the other hand,
have the ability to provide information on
molecular structure and composition; how-
ever, optical imaging suffers from diffrac-
tion-limited resolution and cannot resolve
details smaller than 0.61λ/NA or roughly half
the wavelength of the illumination source.
Despite this fundamental resolution limit,
optical imaging and spectroscopy methods
are of great importance in chemistry and
biology because they are relatively fast and
nondestructive characterization techniques.
Recently, several far-field optical micro-

scopy techniques have been developed in
order to defeat the diffraction limit, including
stimulated emission depletion (STED) micro-
scopy,4 stochastic optical reconstruction mi-
croscopy (STORM),5 and photoactivated lo-
calization microscopy (PALM).6 All three
techniques are fluorescence-based, taking
advantage of the inherent photophysics of
the fluorophores in the system (either

through stimulated emission or blinking/
photoswitching of the dyes), to obtain
super-resolution optical images. Sub-20 nm
resolution is routinely achieved using these
far-field techniques, which are competitive
with near-field optical microscopy ap-
proaches such as near-field scanning optical
microscopy (NSOM), tip-enhanced near-
field optical microscopy (TENOM), and tip-
enhanced Raman scattering (TERS).3-14 Un-
like the near-field approaches, the far-field
techniques do not require a sharpened
probe to be in close proximity to the sam-
ple, which is a significant advantage when
sample perturbation is of concern. However,
the near-field techniques can be broadly
generalized to different forms of optical
microscopy, including fluorescence,15-18

IR,19-21 and Raman,3,12,22,23 while examples
of nonfluorescence-based, super-resolution
far-field imaging are rare.24

In this paper, we describe a newapproach
for studying subdiffraction-limited structur-
al disorder in single multiwalled carbon

*Address correspondence to
kwillets@mail.utexas.edu.

Received for review September 22, 2010
and accepted January 5, 2011.

Published online
10.1021/nn102498h

C XXXX American Chemical Society

ABSTRACT We present a new approach for subdiffraction-limited far-field Raman spectroscopy

of single carbon nanotubes using through-the-objective total internal reflection (TIR) excitation

coupled to an atomic force microscope (AFM). By using this approach, we are able to detect

spectroscopic signatures of structural changes along a single nanotube with nanometer resolution. A

single multiwalled carbon nanotube is mounted on an AFM tip and imaged while tapping on the

surface of a glass coverslip. As the angle of incidence of the excitation field is changed, we are able to

tune the penetration depth of the evanescent field by steps as small as 2-10 nm. An increase in the

ratio of the Raman D band (the disorder band) to G band (the in-plane graphitic band) of the carbon

nanotube was demonstrated as the penetration depth decreased, indicating that most defects are

concentrated at the end of the nanotube. We also observed frequency shifts of the G band as

we changed the penetration depth. By changing the polarization of the incident beam, we are able

detect the orientation and possible local curvature in the nanotubes. Coupling through-the-objective

TIR with AFM is a powerful technique for studying structural and chemical properties of carbon

nanotubes and can be easily extended to many other nanoscale/molecular systems.

KEYWORDS: carbon nanotube • Raman • subdiffraction-limited • AFM
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nanotubes using a far-field Raman imaging technique
based on through-the-objective total internal reflec-
tion (TIR). Carbon nanotubes are well-studied in the
literature and have a host of interesting mechanical,
electronic, and optical signatures that make them
potentially useful in a wide array of applications,
including field effect transistors,25 light-emitting
diodes,26 additives to lithium-ion batteries,27 and mul-
tifunctional fillers of composite materials.28 Carbon
nanotubes have also served many times as a case
study for near-field techniques including TERS mea-
surements29,30 as well as simultaneous near-field
Raman and photoluminescence studies.31 Here we use
a single carbon nanotube to demonstrate subdiffrac-
tion-limited Raman spectroscopy based on coupling
through-the-objective TIR excitation with atomic force
microscopy (AFM). By exploiting the angle-dependent
evanescent field decay length produced by TIR excita-
tion, we are able to tune the Raman excitation field by
increments of 2-10 nm and detect changes in the
contributions from the Raman scattering of the dis-
order band of a single nanotube. The approach out-
lined here is general and can be implemented for the
study of many different nanoscale and molecular scale
systems.

RESULTS AND DISCUSSION

The super-resolution, unenhanced Raman studies of
single multiwalled carbon nanotubes were carried out
using a coupled AFM and optical imaging/spectros-
copy system, as shown schematically in Figure 1
(a detailed description can be found in the Supporting
Information). AFM tips were functionalized with single
multiwalled carbon nanotubes in situ using a scanning
electron microscope (SEM); an example is shown in
Figure 1B.32

A carbon nanotube functionalized tip was mounted
into the AFM and aligned to the optical system using
Rayleigh scattering from the AFM tip with white light
TIR excitation, before switching to 532 nm laser excita-
tion for Raman spectroscopy.33 The 532 nm excitation
light was introduced via a through-the-objective TIR
approach,33-35 producing an evanescent field at the
surface/interface that decays axially according to

I(z) ¼ I0e
- z=d (1)

where I is the intensity of the excitation light, z is the
distance from the interface, and d is the penetration
depth of the evanescent wave. By varying the angle of
incidence (θi) of the excitation light, the penetration
depth of the evanescent field can be tuned according
to the following equation:34,35

d ¼ λ0
4π

(n21sin
2 θi - n22)

- 1=2 (2)

Here d is the penetration depth, λ0 is the excitation
wavelength, θi is the angle of incidence, and n1 and n2
are the refractive indices of the two mediums at the
interface. In our experiment, TIR occurs at the interface
between a glass coverslip (n1 = 1.515) and air (n2 = 1);
hence the critical angle above which TIR is produced is
θc = 41.3�. The angles of incidence of the excitation
light were controlled via a lens mounted on a micro-
meter stage and were calibrated using a prism (see
Supporting Information).36 The evanescent field pene-
tration depth was calculated according to eq 1 and
ranged from 300 ( 200 to 53 ( 1.6 nm for this set of
experiments, allowing us to control the excitation of
the nanotube on a length scale well below the diffrac-
tion limit of light. The minimum penetration depth
studiedwas determined according to the limitations of
our signal-to-noise ratio and the smallest incremental

Figure 1. (A) General schematic of the experiment. An AFM is coupled with an optical microscope based on through-the-
objective TIR for Raman excitation. The AFM tip is functionalized with a single carbon nanotube, which is excited by the TIR
evanescentfield, and its Raman scattering is detected. The penetration depth of the evanescentfield is tunedby adjusting the
angle of incidence (θi) of the excitation beam. (B) AFM tip functionalized with a single carbon nanotube.
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step of the incident angle, ca. 0.3�. To eliminate any
AFM tip effects on the Raman bands of the suspended
carbon nanotube (for instance, any perturbations aris-
ing from contact with the AFM tip or any welding
materials), the lower limit for the nanotube's length
was set to 500 nm,which is almost twice the distance of
the maximum penetration depth. (Much longer nano-
tubes are difficult to work with in AFM, as they tend to
be unstable when approaching the surface.37,38)
Single nanotube Raman spectra from the nanotube

shown in Figure 1Bwere collected at different angles of
incidence (and thus, different penetration depths), and
several representative spectra are presented in Figure 2.
The Raman spectrumofmultiwalled carbon nanotubes
has two characteristic peaks, the G band at ∼1580-
1590 cm-1 and the D band (the disorder band) at
∼1350 cm-1, whereG is linked to the graphitic in-plane
vibrations (sp2 hybridization) and D is linked to defects
in the structure (in the formof sp3 hybridization,missing
atoms in the lattice, bound species, etc.).39-44 These two
peaks can easily be observed in all of the presented
spectra for the different penetration depths. This set of
data, acquired from a single nanotube tapping on a
bare glass surface at a frequency of 260 kHz and an
amplitude of 100 nm, demonstrates the ability of our
method to detect a suspended nanotube using TIR
excitation with no additional signal enhancement.
Previous studies have shown that the interactions of
single-walled carbon nanotubes with the environment
and other neighboring nanotubes directly affect their
electronic and optical properties.45,46 Using our ap-
proach, it is possible to isolate the nanotube from its
environment and decrease/control contributions from
the interactions with the substrate along the length of
the nanotube.
The G and D bands in each spectrum were fit as the

sum of two Lorentzians with a linear background using
a nonlinear least-squares fitting according to

I(~ν) ¼ IBG, 0 þ IBG, ~ν~νþ
Xi¼ 2

i¼ 1

I0

1
2
wi

� �

(~νi - ~ν0)
2 þ 1

2
wi

� �2 (3)

where IBG,0 þ IBG,ν~ν~ is a linear frequency-dependent
background, I0 is the height of the peak, w is the width

of the peak, and ν~0 is the center frequency of the
Lorentzian. From the fit, the integrated intensities of
the peaks associated with the D and G bands were
calculated (ID and IG, respectively) as the area of each
individual Lorentzian. The sum of the integrated in-
tensities of the two bands at each angle of incidence is
presented in Figure 3A. For comparison, the calculated
penetration depth (see eq 2) is also plotted versus the
angle of incidence (Figure 3B). These results demon-
strate that the integrated Raman intensity decays with
increasing angle of incidence, following the same
trend that is observed for the penetration depth. This
correlation verifies that the nanotube was excited
axially by the evanescent field.34,35

The intensity of the excitation light along the length
of nanotube can be estimated by integrating the
evanescent field intensity given in eq 1 for different
values of the penetration depth. The measured Raman
scattering intensities as well as the integrated inten-
sities are plotted versus the penetration depth and
presented in Figure 3C. It is clear that both the pre-
dicted and measured intensities decrease with de-
creasing penetration depth. Since the collected
Raman signal is strongly dependent on the intensity

Figure 2. Representative Raman spectra of the multiwalled
carbon nanotube shown in Figure 1B at three different
penetration depths. The D band appears at ∼1360 cm-1

and the G band at ∼1594 cm-1.

Figure 3. (A) Sumof the G andDband intensities vs angle of
incidence (θi). (B) Calculated penetration depth of the
evanescent field vs angle of incidence. The critical angle at
41.3� is shown as a dashed line. (C) Sumof the G and D band
intensities vs the evanescent field penetration depth (red
dots) as well as the calculated integrated intensity (see eq 2
in the text) vs the penetration depth (black line).
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of the exciting field, this result again confirms that the
evanescent field is exciting the Raman scattering of
the nanotube along its axis. As the angle of incidence
increases and the penetration depth decreases, the
fraction of the carbon nanotube that is being probed is
decreasing by 2-10 nm increments, well below the
diffraction limit of light. Detectable differences in both
the Raman intensity as well as the Raman spectra
themselves are observed at an acceptable signal-to-
noise ratio as we excite increasingly smaller regions of
the nanotube.
A closer look at the set of spectra at different

penetration depths (see Figure 2) shows that the
relative intensities of the G and D bands change as
the penetration depth decreases. The ratio of the
intensities of the D and G bands (ID/IG) versus the
penetration depth (see Figure 4) shows an increase
of the D band (the disorder band) intensity relative to
the G band intensity as the penetration depth de-
creases. Unlike other TIR-based Raman studies, in
which only the intensities of the Raman bands chan-
gedwith different θi,

35 hereweobserve a change in the
spectrum itself, which can only be ascribed to differ-
ences in the local structure of the carbon nanotube as
we change the penetration depth of the field.
To understand how changing the penetration depth

can probe local structure of a carbon nanotube, we first
need to understand how different segments of the
nanotube respond to the excitation field and contri-
bute to the overall Raman intensity. Because the AFM
tip is oscillating at 260 kHz with an amplitude of 100 nm,
the excitation field appears time varying to the
carbon nanotube analyte. We have modeled the effect

of this time-dependent excitation on the relative ex-
citation intensity experienced by different fractions of
the nanotube (see Supporting Information for full
details). In the event that the nanotube is entirely
homogeneous, these values would correspond to the
relative Raman intensity contributed by each segment.
Table 1 summarizes our results for the relative con-
tributions from different segments of the nanotube tip
for four different penetration depths. For example, we
see that the first 10 nm of the suspended nanotube
(e.g., 0-10 nm from the end) would contribute just
4.5%of the overall Raman signal at a penetration depth
of 255 nm, while at a penetration depth of 56 nm, that
same portion of the nanotube contributes 16.4% of the
total signal. As we move further from the end of the
nanotube, the contribution becomesmuch weaker; for
example, the portion of the nanotube located
300-310 nm from the end of the tip contributes just
1.4 and 0.08% to the total intensity as the penetration
depth is tuned from 255 to 56 nm, respectively. These
results show that the signal from the end of the
nanotube is 205 times more intense than the segment
300 nm from the end when the penetration depth is
small (e.g., 55 nm), compared to only 3 times more
intense when the penetration depth is large (255 nm).
Thus, as we decrease the penetration depth of our
excitation field, we expect the observed Raman signal
to be dominated by the end of the tip.
The discussion so far has assumed that the nanotube

is unchanging along its length, such that the Raman
signal will be proportional to the excitation intensity
alone. However, the actual Raman signal we observe is
a function of not only the excitation intensity but also
the Raman cross section of a particular mode (e.g., D or
G) and the density of sites contributing to each mode.
Because the Raman cross sections are fixed regardless
of penetration depth, the observed change in the ID/IG
ratio must be due to changes in the density of the
defect and graphitic sites along the length of the
carbon nanotube. If the defect density is highest at
the end of the nanotube, we expect to see a stronger
contribution from the D band (and a corresponding
reduction in the contribution from the G band) in the
case where the end of the nanotube dominates the
signal, that is, at the smallest penetration depths. Thus,
the fact that the ID/IG ratio increases as we decrease the
penetration depth (as in Figure 4) indicates that the

Figure 4. D to G band intensity ratio as calculated from a set
of spectra acquired from a single nanotube. The D/G ratio is
plotted against the evanescent field penetration depth.

TABLE 1. Percent Integrated Incident Intensity on CNT Segments

CNT segment measured in distance from the end of the nanotube (nm)

penetration depth (nm) 0-10 50-60 100-110 150-160 200-210 250-260 300-310

255 4.48 3.68 3.03 2.49 2.04 1.68 1.38
98 9.79 5.87 3.52 2.11 1.26 0.76 0.45
65 14.28 6.61 3.06 1.42 0.66 0.30 0.14
56 16.43 6.70 2.73 1.11 0.45 0.18 0.08
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structure associated with the end of the nanotube
must contain a higher density of defects.
Changes in the D/G Raman intensity ratio due to

structural effects have been previously reported in the
literature for carbon nanotubes.44,47,48 For example,
Raman studies of superlong (∼5 mm) double-walled
carbon nanotubes show that the D/G ratio changes
significantly as the authors probe different segments of
the tube.49Many studies on the chemicalmodification/
functionalization of carbon nanotubes have also used
Raman to detect changes in the D and G bands due to
chemically induced structural changes.47,48,50 Follow-
ing nanotube treatment with different acids such as
H2SO4, HCl, or HNO3, an increase in the D band relative
to the G band is usually observed, as these acids oxi-
dize the nanotube and introduce new defects/sp3

bonds.48,51 Other studies have used acid treatments
to cut nanotubes and have shown that, as the length
of the nanotube decreases, the D/G intensity ratio
increases.47,48,50 These effects are attributed to the
ratio of the nanotube edge to its length. The edges
of multiwalled carbon nanotubes are known defect
sites;49 thus as the nanotube grows shorter, the edges
make a larger overall contribution to the Raman signal
and the ratio of the D/G intensity increases.47,48

We attribute the observed change in the D/G in-
tensity ratio in our data to the same effect since we are
probing a smaller fraction of the nanotube length
relative to its edge as the penetration depth decreases.
The structural differences associated with these edges
behave as defect sites, leading to an increased ID/IG as
described above. Using traditional far-field micro-
scopy, we would be unable to observe this effect
because it becomes prominent only when the pene-
tration depth is below 200 nm, which is below the
resolution offered by the diffraction limit of light, for
example, ∼λ/2 (here, roughly, 250 nm). Only when we
are able to probe the long axis of the tube at length
scales below the diffraction limit do we see the strong
contribution of the D band emerge. These results
demonstrate the ability of our method to detect local
structural changes in the nanotube by using subdif-
fraction-limited Raman spectroscopy. We are working
to develop a quantitativemodel to determine if we can
assign the probability of locating defects at particular
locations along the nanotube axis; the results will be
the subject of a future publication.
In addition to measuring the changing intensities of

the D and G bands, we can also study how the peak
frequencies of the bands change as a function of the
penetration depth. Shifts in the Raman frequencies of
carbon nanotubes have been previously reported and
were shown to occur due to changes in excitation
energy,52-54 laser power,55 temperature change,55 and
nanotube diameter.56 Tracking the frequencies of both
the D and G bands (see Figure 5) shows no depen-
dence on penetration depth for the D band (Figure 5A)

and an upshift for the G band as the penetration depth
decreases (Figure 5B). While the lowest penetration
depth points (d < 70 nm) of the G band data show a
down-shift back to the original peak frequency, it is
unclear whether this is a spurious effect due to low
signal-to-noise; as such, we cannot assign this to a real
effect. Up-shifts in the Raman frequencies of the G
band have been demonstrated for double-walled car-
bon nanotubes with decreasing laser power (a smaller
effect was demonstrated for the D band).46 Here, laser
power effects can be translated into the overall de-
crease of intensity of the evanescent field as the
penetration depth decreases (see Figure 3). A similar
upshift in the G band was also demonstrated for
multiwalled carbon nanotubes with different radii; as
the diameter of the multiwalled nanotube decreases,
the G band frequency up-shifts while the D band
remains relatively unperturbed.56 Even though we
observe no clear change in the nanotube diameter as
a function of length based on SEM imaging, diameter
effects cannot be completely excluded because of the
resolution limit of the SEM (ca. 2 nm). However, a
decrease in nanotube diameter should also affect the
integrated Raman intensity and lead to differences in
the behavior between the predicted and measured
Raman intensities shown in Figure 3, which we do not
observe. Mechanical effects, such as the interaction of
the nanotube with a substrate, can also induce spectral
shifts.57 In our case, if there is some sort of interaction
between the nanotube end and the glass substrate
that leads to a band shift, it would most likely be more
pronounced at small penetration depths where the
end signal dominates. However, it is unclear why the D
band would be unaffected in this case. Although the
origin of the band shift effects are only speculated and
cannot be positively assigned at this point, these

Figure 5. Peak Raman frequency vs the evanescent field
penetration depth for the (A) D band and (B) G band.
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results still demonstrate that subdiffraction spectros-
copy can reveal dynamic changes in the spectral
features of single carbon nanotubes that would be
hidden using traditional far-field spectroscopy.
All results shown thus far have been obtained for the

nanotube shown in Figure 1B excited by p-polarized
excitation light. The polarization of the exciting light
plays an important role in Raman studies of carbon
nanotubes due to their anisotropic structure. The
maximum Raman scattering intensity from carbon
nanotubes is achieved when the excitation light is
polarized along the main axis of the nanotube (in our
case, the z-axis).42,58 To demonstrate this same effect
with our system, we compare Raman spectra from our
nanotube excited with p-polarized light to spectra
excited by s-polarized light (Figure 6). The p-polarized
light will have components in both the y- and z-
directions (e.g., both orthogonal to and aligned with
the nanotube axis, as shown in Figure 1), while s-polar-
ized light will only have a component in the x-direction
(orthogonal to the nanotube axis); this allows us to
determine whether our geometry is sensitive to the
nanotube orientation. Figure 6 shows that, when this
carbon nanotube is excited with s-polarized light, we
observe no detectable signal, indicating that any po-
larizable bonds aligned orthogonal to the nanotube
axis produce negligible Raman intensity. On the other
hand, when the nanotube is excited by p-polarized
light, Raman intensity is observed from both the G and
the D bands, which is assigned to scattering from
polarizable bonds oriented along the nanotube axis,
which are preferentially excited by the z-component of

the light (with negligible contribution from the y-
component). While the polarization dependence of
the excitation is expected for the G band, which
originates from the graphitic sp2 carbons of the nano-
tube, the lack of signal from the D band with s-polar-
ized excitation is less obvious. We postulate that not
only are defects concentrated at the end of the nano-
tube but they are also aligned along the long axis of the
nanotube such that they show preferential Raman
scattering from z-excitation. We show this for two
different penetration depths to illustrate that even
when the D band becomes more prominent (at lower
values of d) there is no signal observedwith s-polarized
excitation.
The polarization-dependent results above suggest

that we can probe the orientation of a suspended
nanotube relative to the surface by changing the
polarization of the Raman excitation light. For instance,
if the nanotube is perpendicular to the surface (as in
Figure 1B and Figure 6), no Raman signal should be
detected when the light is s-polarized; on the other
hand, if the nanotube is tilted with respect to the
surface normal, signal should be detected with s-
polarized excitation because the long axis of the nano-
tube now has an in-plane component in both x and y.
Figure 7A emphasizes this idea quite clearly. In this
case, the nanotube is not aligned with the surface
normal and a substantial signal is detected when the
light is s-polarized as well as p-polarized. This tip also
shows an increase in the D/G band ratio with decreas-
ing penetration depth for p-polarized excitation, in-
creasing from 0.72 at d = 115 nm to 1.0 at d = 88 nm, as
seen previously (e.g., Figure 4). Low signal-to-noise and
a diffuse background prevent a similar analysis in the
case of s-polarized excitation.
Figure 7B shows a third example in which the

nanotube appears to be oriented along the z-axis,
similar to the first nanotube tip that was presented
(see Figure 1A). However, the polarization study of this
nanotube tip shows a completely different behavior, as
Raman scattering was observed upon both s- and
p-polarized excitation. In this case, the bulk orientation
of the nanotube cannot explain the appearance of
Raman scattering upon s-polarized excitation, suggest-
ing that the nanotube has some structural feature
oriented within the x-y plane that cannot be resolved
using SEM. The larger signal from p-polarized excita-
tion is consistent with theoretical predictions, which
suggest that the excitation intensity of p-polarized
light should be 1.91 and 1.87 times higher than
s-polarized light for penetration depths of 90 and 82
nm, respectively.34 Our results show a similar trend,
with ratios between p- and s-polarized intensities of 2.5
and 2.1, respectively. Although these ratios are slightly
higher than predicted values, the low signal-to-noise
ratios in the s-polarized spectra make it challenging to
assign this to a real effect, such as an increased

Figure 6. Excitation polarization dependence of the Raman
spectra of a single carbon nanotube. The nanotube was
excited separately with p-polarized (red line) and s-polar-
ized (blue line) light. Spectra at two different penetration
depths are presented, (A) d = 160 nm and (B) d = 98.7 nm.
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contribution from the z-polarized component of the
p-polarized excitation. We have been unsuccessful
obtaining good fits to these spectra, most likely due
to the diffuse background which appears in both the s-
and p-polarized plots; as such, we are unable to analyze
whether the D/G intensity ratio changes as a function
of both penetration depth and polarization for these
data. Interestingly, this carbon nanotube was obtained
from a different source than the previous nanotube
examples (Figures 1A and 7A); hence there may be
slight structural differences in this nanotube that lead
to differences in the measured spectra.59 These data
indicate that optical spectroscopy/microscopy is an
important complement to electronmicroscopy, reveal-
ing subtle differences in the spectral properties of the
nanotube associated with structural features that can-
not be resolved using standard high-resolution imag-
ing techniques.

CONCLUSIONS

In this paper, we have presented a new approach for
studying unenhanced Raman scattering from a single
carbon nanotube with subdiffraction-limited resolu-
tion. By employing through-the-objective TIR Raman
excitation coupled to an AFM, we are able to detect
Raman scattering from a single suspended carbon

nanotube without signal enhancement. Furthermore,
we have shown that we can tune the penetration
depth of the excitation field by steps as small as
2-10 nm, well below the diffraction limit of light,
allowing us to probe length-dependent differences in
the nanotube structure through changes in its Raman
spectrum. By detecting the ratio of the D and G bands
at different incident angles, we showed that defects
are strongly localized on the end of the carbon nano-
tubes, demonstrating the ability of our approach to
detect correlated chemical and structural changes at
the nanoscale. Shifts in the Raman band frequencies
were also observed at different penetration depths,
although the origin of these shifts is still unclear. We
have also shown that the polarization of the incident
beam plays an important role in characterizing the
nanotubes, both for exploring the orientation of de-
fects along the nanotube axis as well as for character-
izing local curvature or bending in the nanotubes. To
summarize, we have presented a new strategy for
studying the chemical and structural properties of
suspended carbon nanotubes, and we believe that this
method can be extended to study many other nano-
scale/molecular systems in various environments,
especially as AFM tip functionalization strategies be-
come a more mature technology.

MATERIALS AND METHODS
Carbon Nanotube Functionalized AFM Tips. Multiwalled carbon

nanotubes, 8-15 nm in diameter, were purchased from cheap-
tubes.com (sku-030102) and were used as received (for the
nanotube tips presented in Figures 1B and 7A). Additional

multiwalled carbon nanotubes were received from Xidex Cor-
poration (the nanotube tip presented in Figure 7B). Gold-coated
silicon AFM probes were purchased from Budget Sensors
(Tap300GB) and were functionalized with single carbon nano-
tubes as described previously.32 Briefly, the nanotubes were

Figure 7. Excitation polarization dependence on nanotube orientation and structure. Sets of spectra for two different carbon
nanotubes, each having different orientation and structure, were acquired using both p-polarized (red line) and s-polarized
(blue) excitation. For each nanotube, spectra at two different penetration depths are presented.
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mounted on the AFM probes by in situmanipulation in an SEM/
FIB (FEI Strata DB235 SEM/FIB) equipped with a nanomanipu-
lator (Zyvex s-prober). Each nanotube was welded to the AFM
probe by e-beam deposition of platinum within the SEM and
was checked for whether it fit the length requirements of our
experiment (500-1000 nm) before use. Tips were imaged in the
SEM both before and after use to ensure that no obvious
damage or breakage occurred during AFM imaging.

Combined Optical Microscopy/Spectroscopy and AFM. A detailed
description of the optical setup is provided in the Supporting
Information. An AFM (NTEGRA Vita, NT-MDT) was mounted on
top of an inverted opticalmicroscope (Olympus IX-71), while the
objective lens (Olympus 60�, NA = 1.45, TIRF oil immersion) was
mounted at the base of the AFM to minimize noise (per the
design of this AFM). Argon plasma was used to clean glass
coverslips, which were used as substrates to provide an inter-
face for TIR, as shown in Figure 1A. Silver colloids were drop cast
from solution onto the cleaned glass coverslips to serve as focus
markers for the experiment. An inorganic immersion liquid
(Cargille OHZB) with refractive index of 1.5 was used instead
of standard immersion oil (immersion oil is Raman-active and
has a greater signal than a single suspended carbon nanotube)
to provide contact between the objective and the glass cover-
slip. White light (Ocean Optics LS-1) TIR imaging was used to set
the focus of the systemby imaging the scattering from the silver
colloids.33 The nanotube tip was then mounted in the AFM and
approached the surface. Since we can visually locate the posi-
tion of the tip on the surface usingwhite light TIR imaging,33 it is
possible to position the tip so it will be aligned to the center of
the objective (by moving it with the AFM scanner). The nano-
tube was tapping at the same position during the measure-
ments using the closed loop function of the AFM.

Raman scatteringwas excited by a 532 nm laser (CrystaLaser
CL-2000) introduced via epi-illumination and a dichroic mirror
into the NA 1.45 immersion objective. The scattered light was
collected through the same objective, filtered through a notch
filter (Semrock), and directed to the spectrometer (PI-Acton
Spectra-Pro SP2500), equippedwith a 1200 groove/mmgrating.
The dispersed light was then sent to a liquid nitrogen cooled
camera (PI-Acton SPEC-10) for spectral acquisition. Raman
spectra from single nanotubes were acquired for 30 s each with
10 summed accumulations. Background spectra were obtained
under the same conditions by retracting the AFM tip from the
surface; the background spectra were then subtracted to
produce the final raw carbon nanotube Raman spectra (such
as those shown in Figures 2, 6, and 7). No smoothing filter was
applied or additional background subtraction was performed.
Spectra were fit with eq 3 using homewritten MatLab code. The
spectra were acquired at nonsequential penetration depths to
prevent any artifacts due to continued use of the tip.
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