Exciton transfer and propagation
in carbon nanotubes studied by
near-field optical microscopy
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We studied transfer and propagation of excitons in single
semiconducting carbon nanotubes using high resolution
tip-enhanced near-field photoluminescence microscopy.
Exciton energy transfer is found to occur from a larger
band gap nanotube to a smaller band gap nanotube. Efficient transfer however is found to be limited to a few
nanometers because of competing fast non-radiative rel-

axation and can be explained in terms of electromagnetic
near-field coupling. Towards the end of a nanotube, photoluminescence decay is observed on a length scale of
50-90 nm which is attributed to exciton propagation followed by additional non-radiative relaxation at the nanotube end.
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1 Introduction The observation of photoluminescence
(PL) from individual semiconducting single-walled carbon
nanotubes (SWNTs) [1] underlined their enormous potential for photonic and optoelectronic applications and initiated a novel field of research. PL of semiconducting nanotubes arises from excitons with Bohr-radii of 2-5 nm that
decay on picosecond time-scales [2–6]. Observation of PL
energies and dynamics from single nanotubes provides access to the properties of excitonic states in SWNTs with
specific chirality (n,m) [7–9]. Compared to diffraction limited conventional confocal microscopy, near-field microscopy
offers high spatial resolution optical information resolving relevant length scales, such as the exciton diffusional
range [10,11].
In this work we use tip-enhanced near-field optical microscopy (TENOM) [12–14] as a tool to visualize and characterize PL along nanotubes. Near-field PL and topography
images of a single nanotube bundle reveal the presence
of two semiconducting nanotubes with different chiralities having an inter-nanotube spacing ranging from 1.5 to

4 nm. Anti-correlated intensity variations of the PL along
the nanotubes are assigned to distance dependent exciton
energy transfer. From the experimental data, we estimate
transfer efficiencies. Towards the end of a nanotube, PL
decay is observed on a length scale of 50-90 nm.
2 Experimental Our near-field optical setup is based
on an inverted confocal microscope with an x, y scan stage
for raster scanning a transparent sample [12–14]. A sharp
gold tip is positioned in the focus of the laser beam and
maintained above the sample surface at a distance of ≈ 2
nm by means of a sensitive shear-force feedback mechanism [15]. A near-field optical image is established by
raster scanning the sample and simultaneously recording
topographic and optical signals. CoMoCAT SWNTs were
sorted by using discriminating surfactants and wrapped by
DNA after sorting. The density gradient ultracentrifugation isolates the narrow distributed, chirality enriched nanotubes [16–18]. The sample studied in this paper was made
by spin-coating the nanotube solution on a freshly cleaved
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thin layer of mica glued on a glass cover slide. The mica
layer was positively charged with Mg2+ ions by exposure
to 1 M MgCl2 to make the negatively charged DNA-site of
the hybrid adhered to the surface [19].
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3 Near-field PL spectroscopy of SWNTs: Imaging of mobile excitons
3.1 Resonant energy transfer in a pair of SWNTs
It is generally expected that bundling leads to quenching
of the PL from nanotubes with large bandgap caused by
rapid energy transfer to small bandgap and metallic nanotubes [1,20–23]. Up to now, the range of energy transfer and its efficiencies were unknown. In ensemble measurements, the identification of donor and acceptor spectral signatures is complicated by overlapping contributions
from different nanotube species, including phonon-assisted
absorption and possible emission from lower lying defectassociated states. In the following, we present near-field
optical imaging on chirality-assigned nanotubes forming a
thin bundle.
Figure 1 presents PL images of DNA-wrapped nanotubes on mica. Figure 1(a) represents the intensity detected by an avalanche photodiode (APD) in the spectral
range from 860-1050 nm, whereas Figs. 1(b),(c) are derived from spectra taken at each pixel. After splitting the
emission into selected spectral windows, the structure extending from the upper left to the lower right is found to
contain two clearly distinct emission peaks originating from
a (9, 1) and a (6, 5) nanotube as evidenced by the emission
energies of about 925 nm and 1000 nm (inserted spectra in
Figs. 1(b) and (c)). The red-shift compared to the 912 nm
emission energy reported for the (9, 1) nanotube and the
975 nm for (6, 5) [24] results from DNA-wrapping [25].
Emission from the (9, 1) nanotube (Fig. 1(b)) occurs
in four bright segments, while emission from the (6, 5)
nanotube (Fig. 1(c)) is more extended for about 1 µm. As
four independent short (9, 1) nanotubes attached regularly
along the (6, 5) nanotube would be very unlikely and since
the PL of the (9, 1) does not disappear completely in between the bright segments, it is evident that we observe a
bundle formed by a (9, 1) and a (6, 5) nanotube.
Remarkably, the PL of the (6, 5) nanotube is found to
be stronger when the PL of the (9, 1) nanotube decreases
(dashed arrow 1 in Figs. 1(b,c)). Strong PL of the (9, 1)
nanotube on the other hand occurs in sections where (6, 5)
emission is weaker (dashed arrow 2 in Figs. 1(b,c)). We attribute this anti-correlation of the PL intensities to energy
transfer from the large bandgap (9, 1) nanotube to the small
bandgap (6, 5) nanotube as expected for bundles. However, the fact that PL from (9, 1) is still detectable even
within the bundle clearly shows that the efficiency of the
energy transfer is limited. Spatial variations of the transfer efficiency can be understood in terms of varying internanotube distance. The finite length of DNA-segments and
the resulting partial DNA-wrapping could allow for different nanotube-nanotube spacing.
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Figure 1 Near-field PL image (a) in the spectral range from 860
nm to 1050 nm. (b) and (c) represent the integrated intensities
within selected spectral windows ranging from 910 to 940 nm for
(b) covering the emission of (9, 1) nanotubes and from 990 to
1020 nm for (c) covering the (6, 5) emission. Evidently, the nanotube structure is a nanotube bundle composed of two nanotubes
with different chiralities. The chirality assignment is based on the
emission spectra detected at the positions marked with the white
arrows shown in (b) and (c) that exhibit the characteristic energies of (9, 1) and (6, 5) nanotubes, respectively. Laser excitation
at 632.8 nm with 100 µW and an integration time of 400 ms per
spectrum were used. (d) presents intensity profiles taken along
the (9, 1) (black line) and the (6, 5) nanotube (red line) summed
between the two dashed lines in (b) and (c), respectively. The
two dashed arrows mark the beginning and the end of the (9, 1)
nanotube determined from the simultaneously detected G-band
Raman signal (not shown). The blue stars denote the center-tocenter distance of the nanotubes at positions along the bundle determined from (b) and (c).

Based on the image data we now estimate the efficiency
and the range of energy transfer. Cross sections perpendicular to the nanotubes were taken at different locations in
(Figs. 1(b),(c)) and were fit with Gaussian line shape functions to determine the in-plane position with maximum intensity for the two spectral windows (data not shown). Centerto-center distances ranging from d = 1.5 to 4 nm were
found between the two nanotubes as shown in Fig. 1(d).
For each distance we determined the transfer efficiency
E(d) = 1 − I(d)/I0 using the measured intensities I(d)
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Figure 2 (a) Energy level scheme of resonant transfer in a single donor-acceptor pair formed by a (9, 1) and a (6, 5) nanotube. (b)
Distance dependence of the energy transfer efficiency for a single (9, 1) / (6, 5) pair determined from the data shown in Fig. 1. The black
dots with error bar represent inter-nanotube distances. The gray arrow indicates the distance at which the two nanotubes touch. The solid
lines are calculated Förster energy transfer efficiencies accounting for a PL quantum yield of QP L = 1 (green line), QP L = 10−2 (blue
line) and QP L = 10−3 (red line).

and I0 of the (9, 1) nanotube. The data points (Fig. 2(b))
reveal a very fast decay and support our assignment of the
PL intensity variations to variations of distance-dependent
energy transfer.
Förster-type transfer efficiencies can be calculated for
molecular systems as a function of the dipole-dipole distance. For extended quasi one dimensional nanotubes the
near-field radiation pattern and thus the effective transfer
rates are expected to be different [26]. Here we calculate
the Förster transfer efficiency as a first estimate for the
contribution of electromagnetic near-field interactions. The
transfer efficiencies considering QP L formed by integrating along the z-axis of !the accepting nanotube,
∞
E(d) = 1/(1 + (QP L −∞ (R0 /R)6 dz)−1 ), are shown in
Fig. 2(b) together with the experimentally determined values from Fig. 1. Good agreement can be seen for a quantum yield of QP L = 10−3 , a typical value discussed for
nanotubes on substrates. Exciton transfer clearly depends
very sensitively on the nanotube-nanotube distance and is
limited to few nanometers because of competing fast nonradiative relaxation processes leading to a low QP L .
3.2 PL quenching at nanotube ends Nanotube
ends are of great importance for applications as 1D wires
and for understanding the effect of local defects. Theoretical modeling based on tight-binding calculations [27]
and experimental results using scanning tunneling spectroscopy (STS) [28–30] indicate dramatic changes in the
electronic structure towards the carbon nanotube ends. In
particular, the lowest singularity in the density of states diminishes and is replaced by a single prominent peak close
to the Fermi level or at higher energies depending on structural details, i.e. open or closed ends. These band modifications are confined to the nanotube end with spatial extensions of few nanometers only. Propagation of mobile excitons in the axial direction on the other hand is expected to
lead to quenching at the ends resulting in reduced PL [31].
Figure 3 shows simultaneously obtained topography (a)
and near-field PL (b) images of a DNA-wrapped carbon
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nanotube end. The nanotube topography ends at the position marked with the white dashed line, while the PL already fades out before the line. (c) plots the profiles along
the black dashed lines in both (a) and (b). The line-circle
curve represents the topographic height variation and the
line-triangle represents the PL intensity variation. The two
solid red lines are guide to the eyes. The decay of the topography profile reflects the convolution between the tip
shape and the step-function representing the nanotube end.
Here we interpret the position at which the topography signal dropped by a factor 2 as the end of the nanotube indicated by the blue dashed line in Fig. 3(c). The PL intensity profile clearly decays slower. The distance between the
positions with signals at half maximum gives an estimated
PL decay length of about 65 nm. This and other examples
showing PL decay lengths in the range of 50-90 nm clearly
support the idea of non-radiative decay of mobile excitons
at quenching states confined to the nanotube end. Since in
TENOM the optical resolution is generally found to exceed the topographic resolution [14,13] the slower decay
of the PL signal is not caused by different signal formation
processes.
In summary, we investigated the exciton energy transfer between a pair of semiconducting carbon nanotubes
and exciton propagation towards the nanotube ends using
tip enhanced near-field microscopy. Energy transfer from a
larger band gap nanotube to a smaller band gap nanotube
was observed, limited to few nanometers distances because
of competing fast non-radiative relaxation. Towards the end
of a nanotube, PL decay is observed on a length scale of 5090 nm and attributed to non-radiative decay at the end. Exciton mobility can also be expected to influence nanotubenanotube coupling complicating a detailed quantification
of inter-nanotube transfer phenomena.
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Figure 3 Simultaneously obtained topography (a) and near-field
PL (b) images of a DNA-wrapped carbon nanotube end upon
laser excitation at 632.8 nm. The excitation power is 5 µW. (c)
shows profiles along the two black dashed lines in (a) and (b), representing topographic height and PL intensity, respectively. The
blue dashed line indicates the position of the end of the nanotube
taken at half of the topographic height. The PL signal exhibits
slower decay. The position at which the PL signal is decreased by
a factor of 2 marked by the red dashed line occurs about 65 nm
before the end of the nanotube.
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