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ABSTRACT We report a novel on-chip Rayleigh imaging technique using wide-field laser illumination to measure optical scattering
from individual single-walled carbon nanotubes (SWNTs) on a solid substrate with high spatial and spectral resolution. This method
in conjunction with calibrated AFM measurements accurately measures the resonance energies and diameters for a large number of
SWNTs in parallel. We apply this technique for fast mapping of key SWNT parameters, including the electronic-types and chiral indices
for individual SWNTs, position and frequency of chirality-changing events, and intertube interactions in both bundled and distant
SWNTs.
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Carbon nanotubes are a heterogeneous group of ma-
terials. As-grown carbon nanotubes can comprise
single-walled carbon nanotubes (SWNTs) with a wide

range of structural (n, m) indices, multiwalled carbon nano-
tubes (MWNTs), nanotube bundles, and SWNTs that change
chirality due to structural defects. Furthermore, their interac-
tions with the environment and other neighboring nano-
tubes directly affect their electronic and optical properties.1-6

Transmission electron microscopy,7 scanning tunneling
microscopy,8-10 and various optical spectroscopic tech-
niques have been used to characterize individual carbon
nanotubes.2,11-18 However, these methods usually require
long data acquisition times and/or complicated sample
preparation, which limits their use as a general characteriza-
tion method for SWNTs. An ideal characterization method
would require little sample preparation, minimize potential
damage to SWNTs, and allow the characterized SWNTs to
be used for subsequent experiments or device fabrication.
Optical imaging of carbon nanotubes placed directly on a
solid substrate meets these requirements and allows rapid
visualization and spectral resolution of individual nanotubes
with relative ease.

The optical properties of SWNTs originate from their 1D
electron band structure. Within a noninteracting single-
particle picture, the density of states for SWNTs has sharp
resonance peaks called van Hove singularities19 (vHs) (Figure
1d). Electron-electron interactions modify this simple pic-
ture, leading to a significant increase in the energies of
continuum states and the formation of strongly bound
exciton states.20 While electrical conductance of SWNTs is
governed by the properties of the continuum states, optical

properties of SWNTs are determined by the structure of the
excitonic states.11 Much work has been done to understand
the optical properties of SWNTs using Raman,2,14,17,18,21

photoluminescence,11,14,15 Rayleigh,3,12,13,22 and absorption
spectroscopy16,23 to probe both ensembles and individual
SWNTs. Resonances associated with the excitonic states and
vHs have been the main focus of these studies, since they
provide a direct measurement of interband transition ener-
gies for SWNTs (Figure 1d). By identifying the resonance
energies, it is possible to determine the electrical property
of an individual SWNT (metallic (M) or semiconducting (S)),
and the chiral index, (n, m).

Compared to Raman and photoluminescence measure-
ments, Rayleigh spectroscopy presents many advantages.
It relies on elastic scattering (which is several orders of
magnitude brighter than inelastic scattering), can be applied
to both semiconducting and metallic nanotubes, and allows
visible wavelength excitation and detection for better spatial
resolution and detection sensitivity. In a series of recent
papers, Heinz et al. reported Rayleigh scattering measure-
ments from individual SWNTs and nanotube bundles and
used this technique to determine chiral indices and study
intertube coupling effects.3,12,13 In their studies, individual
nanotubes were suspended over a fabricated gap and il-
luminated by a focused laser beam one at a time to avoid
the intense scattering from the substrate itself. Although this
method presents excellent signal-to-noise ratio, the sus-
pended geometry limits its spatial resolution, diameter range
of observed nanotubes (typically 1.5 nm or larger), and
correlation with other measurements (such as AFM).

To overcome these problems, we developed a broadband
laser-based darkfield microscope to minimize the back-
ground scattering without suspending the SWNTs, allowing
Rayleigh imaging of SWNTs directly on a solid substrate for
the first time (Figure 1a). To minimize the background

* To whom correspondence should be addressed. E-mail: jpark@cornell.edu.
Received for review: 04/9/2010
Published on Web: 00/00/0000

pubs.acs.org/NanoLett

© XXXX American Chemical Society A DOI: 10.1021/nl1012568 | Nano Lett. XXXX, xxx, 000–000



scattering, the substrate with SWNTs was coated with an
index-matching medium of glycerol, whose refractive index
(ca. 1.47) is similar to that of quartz (ca. 1.54). Moreover,
the laser excitation geometry prevents incident light from
entering the detection optics. A charge-coupled device (CCD)
camera and a high numerical aperture (N.A.) objective lens
were used to detect the elastically scattered photons from
individual SWNTs under wide-field illumination on the sub-
strate while the excitation wavelength λ of the excitation
laser (Fianium Ltd., model SC450) was scanned from 450
to 850 nm with a spectral bandwidth of 20 nm. The sample
used in this study was an array of highly aligned nanotubes
directly grown on a quartz substrate with etched alignment
marks using a chemical vapor deposition (CVD) method
reported earlier,24 and the typical nanotube diameter mea-
sured by AFM (dAFM) ranges from 0.5 to 2.2 nm. The
excitation laser was linearly polarized parallel to the nano-
tube axis, and all measurements were performed under
ambient conditions (see Supporting Information for further
details).

Our setup produces optical images of individual SWNTs
with high signal-to-noise ratio. In Figure 1b, we show five

representative images out of a total of 200 frames (15 s
integration time per frame) measured at different λ for a
SWNT with dAFM ) 0.64 nm. The SWNT “blinks” in the
middle frame marked by star. Tracing the light intensity
from all 200 images from this SWNT, we observe a single
resonance at 1.67 eV, as shown in Figure 1c. In this
geometry, the vast majority of the detected photons are due
to elastic (Rayleigh) scattering. This is confirmed by compar-
ing darkfield images with and without a matching bandpass
filter (bandwidth <10 nm) in the detection pathway, which
would reject photons from Raman scattering and photolu-
minescence (see Supporting Information). Hence, the plot
in Figure 1c is the Rayleigh spectrum of the SWNT imaged
here, and the observed peak corresponds to a scattering
resonance where the photon energy matches the energy of
an allowed interband (excitonic) transition.

By obtaining Rayleigh spectra for each pixel of the
widefield illuminated area (approximately 70 × 80 µm2)
from a single measurement run, we can generate a spatial
map of key resonance parameters for each SWNT, including
the resonance wavelength (λpeak), intensity, and peak width.
Figure 1e shows a color map of λpeak in a region on the

FIGURE 1. On-chip Rayleigh imaging of SWNTs. (a) Schematic of the optical setup. The incident laser is introduced at an angle, travels through
a set of index-matched media, and is reflected completely at the uppermost interface with a lower refractive index medium (air). (b,c) Rayleigh
scattering spectrum (c) of a SWNT (dAFM ) 0.64 nm) as a function of excitation energy and its corresponding spatial Rayleigh image snapshots
(b) at different frequencies, indicated by symbols in (c). The spectrum in (c) and all subsequent spectra provided are normalized to the spectral
peak. (d) Diagram depicting the density of states F(E) and van Hove singularities for an E 22

S transition in a semiconducting SWNT. (e)
Representative spatial Rayleigh image shows more than 20 SWNTs simultaneously (in false color corresponding to λpeak). Scale bar, 20 µm.
Inset: SEM image of a typical sample in a more dense area. Scale bar, 10 µm.
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substrate that contains mostly SWNTs with the brightness
of each spot corresponding to the scattering intensity. Since
their scattering intensity depends strongly on the excitation
wavelength, the SWNTs in this image exhibit distinct colors
that are generally uniform throughout their length. In com-
parison, multiwalled carbon nanotubes show broadband
scattering with much less wavelength dependence under the
same measurement conditions (see Supporting Informa-
tion). Comparing a typical color image and its corresponding
AFM image confirms that all SWNTs (even as small as dAFM

) 0.5 nm) are visible in our Rayleigh image (see Supporting
Information). An SEM image of a more dense area of our
sample is shown in the inset of Figure 1e.

The data shown in Figure 1 clearly demonstrate that our
on-chip Rayleigh imaging scheme allows rapid and accurate
measurement of the Rayleigh scattering spectra for a large

number of SWNTs with submicrometer spatial resolution.
Below, we discuss the application of this technique to (1)
determine chiral indices (n, m) and electronic types for
SWNTs, (2) spatially resolve and measure the frequency of
individual chirality changing events, and (3) study the inter-
tube coupling effects as the distance between two SWNTs
varies.

Spatially resolved Rayleigh imaging combined with cali-
brated AFM measurements provides a powerful method for
identifying the electrical properties (M/S) and the chiral
indices (n, m) for a large number of SWNTs with high
throughput. In Figure 2a, we show five representative SWNTs
showing a single peak in their Rayleigh spectra within our
excitation range, and similar data is shown in Figure 2b for
nanotubes with two peaks in their optical spectra. We also
measured their AFM heights dAFM (as shown by the red height

FIGURE 2. Electronic type assignments of SWNTs from Rayleigh imaging. (a,b) Color Rayleigh images of metallic (a) and semiconducting (b)
SWNTs, along with their corresponding optical spectra and AFM height traces (shown in red). The resonant Rayleigh peaks in (a) correspond
to E 11

M transitions and those in (b) to E 33
S /E 44

S transitions. Scale bar, 2 µm. (c) Experimental Kataura plot. SWNTs exhibiting either one peak
(red) or two peaks (blue) from their Rayleigh spectra within our excitation energy range (blue dashed lines) are plotted using dexp for the
diameter axis (dexp ) dAFM + 0.2 nm). Theoretical tight-binding (light gray circles with γo ) 2.9 eV) and published empirical data (dark gray
triangles) are provided for comparison. Resonant Raman spectroscopy was performed on several individual SWNTs indicated by hollow data
points. Inset: A correlation plot of dNT vs dAFM. (d) Black and white Rayleigh image taken at 633 nm. (e) Corresponding 2D confocal Raman
image of the G-band intensity of the region shown in (d). (f) Representative Raman spectrum (excitation wavelength 633 nm) for the
semiconducting17,7 SWNT labeled by green stars on the Kataura plot in Figure 2c. Quartz Raman peaks indicated by black asterisks. (g)
Representative Raman spectrum for a metallic SWNT.
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traces in the Rayleigh images) after carefully removing the
glycerol. For the nanotubes shown in Figure 2a, the inter-
band transition energy decreases with increasing dAFM.
Likewise, the average of the two resonance energies for the
nanotubes in Figure 2b also decreases with increasing dAFM,
even though the individual peaks do not follow this trend.
In fact, the optical spectra of SWNTs are expected to behave
in this manner; the data in Figure 2a matches the expected
behavior of metallic SWNTs whereas the data shown in
Figure 2b corresponds to that of semiconducting tubes.19,25

In Table 1, we tabulate the measured interband transition
energies (Eii

exp) and dAFM obtained for 10 different SWNTs.
We also show calculated interband transition energies25,26

(Eii
calc) and the true tube diameters (dNT) for SWNTs having

values that are closest to our experimental values. By plotting
dAFM versus dNT for all 10 SWNTs (inset, Figure 2c), we obtain
a linear relation with an offset of 0.2 nm (best fit: dNT ) 1.0
dAFM + 0.2 nm). On the basis of this result, we use a corrected
experimental diameter dexp ) dAFM + 0.2 nm to estimate the
actual tube diameter dNT, and this offset effectively accounts
for the assorted van der Waals interactions during AFM
measurement. Our Rayleigh spectra and calibrated AFM
heights allows us to construct an experimental Kataura plot26

from individual tube measurements as shown in Figure 2c.
We successfully assigned specific interband transitions for
80 pristine SWNTs, denoted by Eii

S for semiconducting and

Eii
M for metallic SWNTs. Our experimental data show good

agreement with previously established values determined
by ensemble measurements27-29 and those predicted by an
empirical tight binding model.25,26 Within our excitation
range, most SWNTs with dexp above 1.5 nm exhibit two
peaks (E33

S , E44
S ) in their Rayleigh spectra and are semicon-

ducting. Tubes that lie along the E22
S and E11

M lines generally
show a single peak, even though some metallic tubes exhibit
two peaks (as shown in Table 1) due to trigonal warping.25

Thus, combining spectral information and calibrated AFM
measurements confirms that the optical spectra shown in
Figure 2a,b correspond to E11

M and E33
S /E44

S transitions for
metallic and semiconducting SWNTs, respectively, along
with the chiral indices for the nanotubes shown in Figure
2b and Table 1.

Our electronic-type and (n, m) assignments for SWNTs
were confirmed using resonant micro-Raman spectroscopy
(RRS). We first used Rayleigh spectroscopy to identify
SWNTs with resonances near the wavelength of the Raman
excitation laser, 633 nm. The 2D Raman image (Figure 2e)
generated from the intensity of the G-band spectral region
shows good spatial correspondence with the Rayleigh image
of the same area taken at 633 nm (Figure 2d). Tubes were
determined to be semiconducting (Figure 2f) or metallic
(Figure 2g) based on the lineshapes of the G-band in their
Raman spectra (Lorentzian vs Breit-Wigner-Fano line-
shapes, respectively),21 and these assignments were con-
sistent with our Rayleigh/AFM-based assignments for all
SWNTs for which such comparisons were made (denoted
by open markers in Figure 2c).17 Furthermore, we applied
all three measurements (Rayleigh, AFM, and RRS) on one
nanotube (denoted by green stars in Figure 2c,f) to compare
the results. This nanotube has two peaks in its Rayleigh
spectrum centered at 1.87 and 2.56 eV with its AFM height
measured to be dAFM ) 1.51 nm (dexp ) 1.71 nm). The
structural assignment17,7 was made to this nanotube with
dNT ) 1.72 nm, which makes it a semiconducting nanotube.
The Lorentzian line shape of its Raman G-band (Figure 2f)
indeed confirms its semiconducting behavior, and the fre-
quency of its radial breathing mode ωRBM ) 144 cm-1 (inset,
Figure 2f) corresponds to a SWNT diameter dRBM ) 1.72 nm
(estimated from dRBM ) 248 cm-1/ωRBM),21 thus confirming
the chiral index assignment made based on our technique.

A second application of the on-chip Rayleigh imaging is
to identify and locate sudden changes in the optical spectra
along the length of individual carbon nanotubes. While most
SWNTs exhibit uniform Rayleigh spectra throughout their
entire length as in Figure 1e, we also observe some nano-
tubes that exhibit abrupt changes in their spectra as well.
The Rayleigh image in Figure 3a contains a nanotube that
exhibits a noticeable color change along its length in the
region outlined in red. We show the Rayleigh spectrum of
the junction along the SWNT axis in Figure 3b together with
its matching color image in Figure 3c. The spectral change
occurs abruptly, and the corresponding AFM data (Figure 3d)

TABLE 1. Physical and Spectroscopic Data for Several SWNTs
from AFM and Rayleigh Scattering Measurementsa

(n, m) dAFM θ (o) dNT transition Eii
exp (eV)

Eii
calc

(eV)
fwhmexp

(meV)

(12, 11) 1.37 28.6 1.58 E33
S 2.50 2.06 87

E44
S 2.44 2.56 128

(20, 4) 1.54 8.9 1.77 E33
S 1.87 1.78 106

E44
S 2.41 2.47 130

(22, 2) 1.56 4.3 1.83 E33
S 1.93 1.91 92

E44
S 2.10 2.12 121

(15, 14) 1.75 28.9 1.99 E33
S 1.70 1.65 132

E44
S 2.11 2.06 83

(20, 9) 1.85 17.7 2.04 E33
S 1.67 1.66 100

E44
S 1.91 1.94 81

(16, 15) 1.89 28.9 2.13 E33
S 1.52 1.54 92

E44
S 1.92 1.93 62

(13, 1) 0.84 3.7 1.07 E11
M (-) 2.08 2.16 196

E11
M (+) 2.39 2.46 105

(15, 0) 0.94 0 1.19 E11
M (-) 1.90 1.96 149

E11
M (+) 2.15 2.22 67

(23, 5) 1.83 9.6 2.05 E11
M (-) 2.23 2.26 75

E11
M (+) 2.52 2.55 110

(25, 10) 2.27 16.1 2.48 E11
M (-) 1.88 1.92 82

E11
M (+) 1.99 2.06 102

a SWNTs are identified by their chiral indices (n, m) and their
corresponding true diameter (dNT) and chiral angle θ. The
experimentally determined electronic transitions are denoted by
Eii

exp, and those predicted by ref 25 (Eii
calc). The higher and lower

energy peaks for metallic nanotube transitions are denoted by Eii
M (+)

and E ii
M (-), respectively. The experimental peak widths (fwhmexp)

are also provided, which were deconvolved from the raw peak
widths (fwhmraw) after considering the 20 nm bandwidth of the
exciting laser (BWprobe) using the relationship fwhmexp ) (fwhmraw

2 -
BWprobe

2 )1/2.
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shows that dAFM is slightly different before and after the
junction. Optical and AFM measurements imply that this
tube forms a metal-metal junction from (23, 5) and (25, 10)
nanotubes with the optical resonances corresponding to E22

M

transitions. (The observed splitting in their Rayleigh spectra
is attributed to trigonal warping.) We observed S-M and
S-S heterojunctions (Figure 3e,f) as well. Although Rayleigh
measurements were used to identify similar chirality chang-
ing events previously,30 the current technique enables us to
determine the precise position of such events along with the
AFM heights before and after the transition. We find that all
chirality-changing events are spatially abrupt, and the transi-
tion of the Rayleigh spectra occurs within the length of one
pixel of our CCD camera, which corresponds to approxi-
mately 150 nm (Figure 3b,c). We can identify almost all such
events that occur among the many SWNTs that we analyzed
on our sample. On the basis of our measurements of more
than 200 SWNTs, we conclude that the frequency of chiral-
ity-changing events for this particular growth procedure is
approximately 3% (corresponding to a probability of ap-
proximately 1 defect per millimeter of tube length). This
technique should be useful for correlating the density of
chirality-changing defects in SWNTs produced using differ-
ent growth conditions.

As a third application of on-chip Rayleigh imaging, we
quantitatively studied the effect of intertube interactions on
the optical response of a pair of SWNTs with varying separa-
tion distances. Figure 4a shows an AFM image of two SWNTs
(R and �) that meet and run parallel to one another over a

distance of 3 µm while separated by an average distance of
75 nm, and eventually form a bundle (illustrated in Figure
4b). When separated from one another, SWNTs R and �
have Rayleigh scattering peaks at 1.67 eV (corresponding
to E11

M transition) and 2.33 eV (E22
M ), respectively, as shown

in the top panel of Figure 4c. While running parallel and
separated by approximately 75 nm, SWNTs R and � exhibit
slight blue and red shifts in their Rayleigh scattering spectra,
respectively, along with an increase in the peak scattering
intensity. Upon bundling, the Rayleigh peaks of SWNTs R
and � are even more blue and red shifted, and the peak
scattering intensities of the nanotubes when bundled are
more than double compared to those of the isolated SWNTs.
(See Supporting Information for more quantitative plots of
the data in Figure 4 as well as additional Rayleigh measure-
ments on other SWNT bundles.) The effects of intertube
coupling and the associated spectral changes were previ-
ously measured using Rayleigh3 and Raman spectroscopy,2

and were attributed to an electromagnetic screening effect
rather than direct quantum mechanical tunneling. Indeed,
our observation of long-range intertube coupling effects for
unbundled nanotubes provides strong experimental evi-
dence against quantum tunneling effects, since these are
negligible for such a large intertube distance. Furthermore,
the observed blue shifts for the spectral peak for SWNT R
suggests that the mechanism for intertube coupling might
be influenced by factors other than dielectric screening
(which generally causes red shifts). Instead, both the direc-
tion and the magnitude of the energy shift in a coupled

FIGURE 3. SWNT heterojunctions. (a) Large spatial map of SWNT resonances in false color corresponding to λpeak. In the region outlined in
red, a SWNT exhibits a distinct color change. Scale bar, 20 µm. (b) Rayleigh spectrum along the SWNT axis for the region outlined in red in
(a). The observed resonances correspond to E 22

M transitions for (23, 5) and (25, 10) SWNTs. (c,d) Close-up color image (c) of the outlined region
in (a) and corresponding AFM image (d). Scale bars, 2 µm. (e,f) Examples of semiconductor-semiconductor (e) and metal-semiconductor (f)
heterojunctions. Scale bars, 2 µm.
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nanotube may vary depending on not only the spatial
distance but also the resonance energy and spectral peak
width of the other nanotube. Both theoretical and experi-
mental investigation is under way in order to understand this
behavior.

The on-chip Rayleigh imaging method presented here
provides a powerful characterization technique for individual
carbon nanotubes, offering rapid feedback of key nanotube
properties to specific growth conditions. This should acceler-
ate the optimization of synthesis and purification efforts for
producing carbon nanotubes of specific chiralities. The
method can also be used to monitor chemical modifications
to carbon nanotubes with minimal changes to the experi-
mental setup. We expect our technique will allow novel
optical studies of functional optical materials with detailed
spatial and spectral resolution, paving a route for engineering
and optimization of a variety of nanoscale optoelectronic
devices, including photovoltaic devices.
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1. Device Fabrication 

All fabrication was performed using conventional photolithography on 

commercially available ST-cut quartz wafers (Hoffman Materials, LLC). A reactive-ion 

etching system was used to etch alignment marks 400 nm deep.  The wafers were diced 

and substrates were placed in a quartz reaction tube and annealed in air at 900oC for 9 

hours. The catalyst pattern was then defined by photolithography, and 2 Å of Fe was 

evaporated onto individual substrates. Following lift off, aligned SWNTs were grown 

using a procedure adapted from Kocabas et al. (Small 1, 1110 (2005)) at 865oC using 

methane as the carbon feedstock. 

 

2.   Sample Preparation for Rayleigh imaging 

First, cover glasses (Corning, No.1, 22 mm squares) were rigorously cleaned by 

placing them in a 3:1 mixture of H2SO4: H2O2 at 90oC for 30 min and subsequently 

rinsing them with deionized water and isopropyl alcohol, followed by drying under a 

flow of N2.  Next, the SWNT substrate was placed in a quartz reaction tube and annealed 

at 275oC under a constant flow of H2 (350 sccm) and Ar (500 sccm) for 10 minutes. 

Finally, a drop of glycerol (Sigma-Aldrich, ≥ 99.5 % spectrophotometric grade) 

preheated to 100oC was applied between the SWNT substrate and coverglass and held 

together by Scotch tape. 

 

3. Atomic Force Microscopy 

To make optical vs. AFM comparisons (such as those shown in Fig. S4), we first 

located SWNTs on the sample using our optical setup.  Using the pre-patterned alignment 



marks on the substrates as guides, we subsequently obtained AFM images and diameters 

after taking extra care to remove the glycerol from the sample (since residual glycerol can 

significantly affect the AFM measurement).  To remove the glycerol, the sample was first 

soaked for a full day in ethanol, and then thoroughly rinsed with deionized water, 

acetone, and finally isopropanol.  After drying the substrate with N2, the sample was 

placed in a quartz tube and annealed at 300o C for at least 15 minutes under a constant 

flow of H2 (300 sccm) and Ar (500 sccm) to eliminate any residual glycerol or solvents. 

The sample was then taken to the AFM for imaging and height analysis. 

AFM imaging was performed in air using a commercial MFP3D AFM (Asylum 

Research, Santa Barbara, CA) in tapping mode with free oscillating amplitude of 71 nm 

and set point of 52 nm for all measurements.  Diameter measurements were performed in 

repulsive mode ( < 90o) with a scanning rate of 1Hz and scan size of ~1m.  300 kHz 

aluminum-coated SiO2 cantilevers (Budget Sensors, Bulgaria) were purchased from Ted 

Pella Inc.  SWNT diameter was determined by fitting AFM height traces to a Gaussian 

function and averaging the fitted amplitudes of several measurements (> 3) 

 

4. Experimental Apparatus for On-Chip Rayleigh Imaging 

Detailed schematic of the experimental apparatus is shown in Fig. S1.  The quartz 

substrate containing aligned SWNTs was coated with glycerol, whose refractive index is 

similar to that of quartz.  The broadband excitation laser (L) is linearly polarized (P) and 

the wavelength and bandwidth are controlled by a monochromator (M).  The excitation 

laser is introduced into the sample at an angle using a darkfield condenser (DCW) and 

reflected completely at the uppermost quartz-air interface by total internal reflection, 



preventing the exciting laser from entering the detection optics.  The total laser power at 

the sample varies between 0.1 mW and 1 mW (depending on the wavelength) using a 

typical bandwidth of 20 nm.  The scattered light is collected by a high numerical aperture 

objective lens (OL) (N.A. = 0.95) and focused onto a 2D array detector (CCD) (Sensicam 

QE, Cooke Corporation) via tube lens (TL). 

 

Figure S1.  Schematic of on-chip Rayleigh imaging setup.  See text above for 

abbreviations.  

 

5.  Confirmation of Rayleigh Scattering Signal 

Using the geometry described in Fig. S1, images were taken using a CCD camera 

with and without a bandpass filter (bandwidth < 10 nm) in the detection pathway 



matching the excitation wavelength (bandwidth < 5nm) with exposure time of 7 seconds 

(see Fig. S2).  These images confirm that the majority of the collected photons are due to 

the elastic scattering of SWNTs, as opposed to Raman scattering or photoluminescence.  

The scattering intensity with and without a bandpass filter (IF and Io, respectively) were 

measured, and their ratio was typically 0.61F oI I  , similar to the transmission of the 

bandpass filter.   

No filter

With Matching
Bandpass Filter

490 nm 530 nm 600nm 670nm 770nm

 

Fig. S2: CCD Images with and without matching bandpass filters.  Black and 

white images taken with and without a bandpass filter (bandwidth < 10 nm) 

matching the excitation wavelength in the detection pathway.  Scale bar, 5 m 

 

6. Normalization and Construction of Rayleigh Images and Spectra 

 Below we show plots for the quantum efficiency of the CCD camera (Fig. S3a) 

and for the wavelength-dependence of the excitation laser power before it hits the sample 

(i.e. after monochromator and additional optical elements) (Fig. S3b).  For the 

wavelength range of our experiment, the traces of both graphs do not change very 

rapidly.  As a result, within our experimental peak width (~100 meV), we can assume 

very slow change, and thus the wavelength-dependence of the detection efficiency and 

excitation profile will not affect the lineshapes of the SWNT resonance significantly. 



 

Figure S3: Wavelength-dependence of excitation and detection elements.  

Quantum efficiency of the CCD camera (a) and profile of the excitation laser 

before hitting the sample (b) as a function of wavelength. The wavelength range 

used in this experiment is highlighted in blue. 

 

The Rayleigh images and spectra for SWNTs are constructed using a frame-by-

frame calibration protocol.  The dark current count was first subtracted from each frame.  

To correct for the background due to out-of-plane scattering and autoflourescence of the 

medium, we applied a background subtraction/low-pass spatial filter using the image 

processing software ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health).  

Next, to calibrate for the detection efficiency of the detector and changes in the excitation 

laser all as a function of wavelength, each frame was divided by the spatial profile of the 

illumination fitted to a 2D Gaussian.  This resulted in each frame (which corresponds to a 

particular wavelength) being calibrated for wavelength-dependent fluctuations in the 

camera and excitation laser while normalizing the overall intensity for each frame.  

Since each frame (out of the total 200) represents a 2 nm step, each pixel 

comprising the composite spatial image (also commonly known as an “image stack”) of 



the illuminated area (approximately 70× 80 m2) corresponds to a spectral profile.  To 

extract spectral profiles for SWNTs, we traced the integrated light intensity per unit 

length measured from the pixels in the image stack in which SWNTs appeared using 

ImageJ.  

 

7.  Rayleigh Imaging-AFM Correspondence 

We compared our optical images to their corresponding AFM images in order to 

confirm that SWNTs on the substrate were visible under our Rayleigh imaging scheme. 

Fig. S4 shows a representative colour Rayleigh images compared to an AFM images of 

the same area. 

 



Figure S4. Correspondence between Rayleigh and AFM Imaging.  a, b, Color 

Rayleigh image (a) and matching AFM image (b).  Scale bar, 10 m.  c, d, Color 

Rayleigh image (c) and matching AFM image (d)  for a different region.  For the 

AFM image in (d), the SWNTs are outlined in white for clarity.  Scale bar, 5 m.  

 

8. Diameter Distribution of SWNTs 

Fig. S5 shows the diameter distributions we measured for the SWNTs studied in 

our sample.  The distribution in (a) is centred at 1.2 ± 0.5 nm, ranging from 0.5 nm to 2.2 

nm.   

 

 

Figure S5. Diameter Distribution of typical SWNT sample. a, b, c, Diameter 

distribution (dAFM) for all SWNTs studied (a), semiconducting SWNTs (b), and 

metallic SWNTs (c). 

 

 

9. Optical Response of Multi-Walled vs. Single-Walled Carbon Nanotubes 

SWNTs can easily be distinguished from MWNTs from their distinct optical spectra.  

For instance, the MWNT shown in the Rayleigh image in Fig. S6a has a broad optical 



response (as shown by its Rayleigh spectrum in Fig. S6c), whereas the SWNT exhibits a 

single sharp peak in its Rayleigh scattering spectrum (Fig. S6b). 

 

Figure S6. SWNT Optical Response versus that of MWNTs. a, Color Rayleigh 

image of randomly dispersed nanotube growth. Arrows indicate a SWNT and 

MWNT.  b, c, Corresponding Rayleigh spectra of the SWNT (b) and  MWNT (c)   

 

10. Shifts in Rayleigh Peak Position and Intensity in SWNT Bundles (Main Text Fig. 

4a-c) 

Shown in Fig. 4 of the main text is a pair of nanotubes that are initially isolated, then 

run parallel with a separation distance of 75 nm, and finally become bundled.  Fig. S7a 

illustrates this configuration.  Fig. S7b plots the shift in peak position (denoted by E) for 

SWNTs  and  as a function of gap distance for the regions marked by the symbols, and 

Fig. S7c plots the normalized intensity as a function of gap distance between the tubes.  



 

Figure S7. Energy Shift and Intensity vs. Gap Distance. a, Illustration depicting 

the bundling configuration for SWNTs  and .  b, Shift in Rayleigh scattering peak 

position (E) versus gap distance between the tubes.  c, Normalized Rayleigh 

scattering intensity versus gap distance between the tubes. 

 

11. Additional SWNT Bundling Example 

We were furthermore able to probe the effects of intertube coupling for nanotubes 

in a slightly different geometry than that shown in Fig. 4.  Fig. S8a shows the Rayleigh 

image of two SWNTs ( and ) forming a bundle in the region indicated by the dashed 

red lines (close-up AFM image of the bundling junction shown in the inset of Fig. S8b).  

The nanotubes remain bundled in the region marked by ( + ) and eventually SWNT  



stops abruptly at the location marked by the white arrow. The peak scattering intensity 

SWNT  in its bundled state is significantly larger compared to when it is isolated.  The 

point at which SWNT  is no longer bundled was determined by examining the intensity 

of the Rayleigh scattering signal along the nanotube axis. In addition, we observe that the 

spectral peak for SWNT  is redshifted by about 10 meV when it is the bundled state. 

The increase in scattering intensity and magnitude of the redshift in the Rayleigh 

scattering peak are consistent with Rayleigh scattering measurements performed in air on 

bundled nanotubes suspended across lithographically defined slits (Phys. Rev. Lett. 96, 

167401). 

 

Figure S8. SWNT Bundling.  a, Rayleigh image of a nanotube bundle comprised of 

SWNTs  and . The tubes are bundled in the region marked by ( + ) until the 



location marked by the white arrow, at which point SWNT  outgrows SWNT . 

Scale bar, 5 m. b, Contour plot of the optical response as a function of excitation 

wavelength along nanotube axis. Inset: Enlarged AFM image of the bundling 

junction, denoted in the Rayleigh image (a) by the dashed red box. Scale bar, 500 nm. 

c, d, Normalized Rayleigh scattering spectra for isolated SWNT   (c) and bundled 

SWNTS ( + ) (d). 

 

12. Confocal Raman Setup 

Raman spectra were obtained using a custom-built confocal Raman setup using an 

inverted microscope (Olympus IX71) as the main platform. The excitation diode laser 

centered at 632.8 nm. Scattered Raman signals were collected using a backscattering 

geometry as shown in Figure S6.  Collected signals were analyzed using gratings of 

either 300g/mm or 1200g/mm for spatial 2D and point imaging, respectively. The 

spectral wavelength was calibrated using a Si substrate as an external reference.   

 

Details of Raman setup: The Raman setup was built on a vibration-isolated optical table 

in a room isolated from external light.  The schematic in Figure S6 illustrates the 

experimental apparatus for confocal Raman spectroscopy.  A temperature- and power- 

controlled diode laser (632.8 nm, Pmax = 35 mW, Thorlabs) was used as the excitation 

source. The beam was linearly polarized, collimated, and directed towards the back 

aperture of a 50× objective (UMPlanFL, NA = 0.8, Olympus).  The bandwidth of the 

excitation wavelength is further narrowed via double bandpass filter (632.8 nm, O.D. > 5, 

bandwidth = 2.4 nm, Semrock). The collimated laser light was focused onto our sample 



containing aligned nanotubes.  The sample was mounted onto LabVIEW-controlled XYZ 

stage (scxyz100 piezo stage, Thorlabs).  The polarization cube (CM1-PBS1, Thorlabs) 

and notch filter (632.8 nm, O.D. > 6, bandwidth = 266 cm-1, Kaiser Optical System) were 

used to reject superfluous scattered light and the majority of the excitation laser, 

respectively, before Raman signals reached spectrometer (SP2300i, Princeton 

Instruments), which was connected to the sideport of the microscope.  Randomly 

scattered light was further eliminated by a kinematic slit (ca. 100 µm) and the Raman 

signal was recorded using a CCD camera (PIXIS 400, Princeton Instruments). 

 

 

 

Figure S9.  Schematic of Raman setup. Part of the figure was adapted from 

Olympus IX71 manual. 
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