Exciton Energy Transfer in Pairs of
Single-Walled Carbon Nanotubes
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ABSTRACT

We studied the exciton energy transfer in pairs of semiconducting nanotubes using high-resolution optical microscopy and spectroscopy on
the nanoscale. Photoluminescence from large band gap nanotubes within bundles is observed with spatially varying intensities due to distance-
dependent internanotube transfer. The range of efficient energy transfer is found to be limited to a few nanometers because of competing fast
nonradiative relaxation responsible for low photoluminescence quantum yield.

Single-walled carbon nanotubes (SWNTs) feature unique
electronic properties, making them ideal candidates for
ultrahigh density devices in electronics, photonics, and
optoelectronics.! At nanoscale distances, energy transfer
from large to small band gap nanotubes is expected to occur,
facilitating novel architectures including crossbars and 3D
arrays but also imposing design restrictions. Photolumines-
cence (PL) in semiconducting nanotubes results from exciton
recombination* and is found to be quenched in bundles.”!°
Very recently, resonant exciton energy transfer between
semiconducting nanotubes has been observed for SWNTs
in micelles suspensions for the first time and was explained
by near-field coupling corresponding to fluorescence reso-
nance energy transfer (FRET) well-known for molecular
systems.'! In ref 12, spectroscopic signatures of internanotube
transfer were observed, and it was suggested that efficient
coupling results from carrier migration requiring direct
physical contact. In ensemble measurements, however, 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 defect-associated
states.'>'> Up to now, the range of exciton transfer and its
efficiencies are unknown.

We used tip-enhanced near-field optical microscopy (TEN-
OM!'%-1%) as a tool to visualize energy transfer in pairs of
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semiconducting nanotubes forming bundles and crossings on
a nanometer length scale. Near-field PL and topography
images of a single nanotube bundle reveal the presence of
two semiconducting nanotubes with different chiralities
having an internanotube spacing ranging from 1 to 4 nm.
Photoluminescence from large band gap nanotubes was
observed with unexpectedly high intensities although varying
spatially along the nanotubes due to distance-dependent
internanotube energy transfer. Efficient transfer is found to
be limited to a few nanometers because of competing fast
nonradiative relaxation and can be explained in terms of
electromagnetic near-field coupling. From the experimental
data, we estimate transfer efficiencies and time scales.

The setup used for near-field optical microscopy and
spectroscopy is based on an inverted confocal optical
microscope that is combined with a scan head for shear-
force detection providing tip-sample distance control.'®-'8
The signal is detected either by a combination of a spec-
trograph and a cooled charged coupled device (CCD) or by
a single-photon counting avalanche photodiode (APD) after
spectral filtering. Both detectors are silicon-based, limiting
our spectral detection range in the near-infrared to about 1050
nm. A near-field optical image is established by raster
scanning the sample and simultaneously recording topo-
graphic and optical signals. CoOMoCAT SWNTs were sorted
by using discriminating surfactants and wrapped by DNA
after sorting. Density gradient ultracentrifugation isolates
nanotubes with a narrow chirality distribution.!*-2! Chirality-
enriched materials increase the probability for observing two
interacting semiconducting nanotubes with similar excited-
state energies, supporting resonant energy transfer and
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Figure 1. Simultaneously recorded topography (a) and near-field
PL image (b) of DNA-wrapped single-walled carbon nanotubes on
mica. The scan area is 800 x 800 nm?. The PL image was formed
by detecting all emission between 860 and 1050 nm upon laser
excitation at 632.8 nm using 5 uW. (c,d) Cross sections taken along
the dashed lines in (a) and (b), respectively. The height of the
nanotube structure extending from the upper left to the lower right
corresponds to what is expected for single DNA-wrapped nanotubes
and varies from 1.5 to 2.5 nm. The optical resolution of ~18 nm
is derived from the fwhm of the peaks in the cross section in (d).

facilitating their optical detection. The sample was made by
spin-coating the nanotube solution on a freshly cleaved thin
layer of mica glued on a glass cover slide. The mica layer
was positively charged by Mg ions to increase the surface
adhesion of the negatively charged DNA site of the hybrid.

Figure 1 illustrates the topography (a) and the simulta-
neously recorded near-field PL image (b) of DNA-wrapped
nanotubes. The PL image represents the intensity detected
in the spectral range from 860 to 1050 nm and features a
spatial resolution of 18 nm. The sharp and intense PL spots
of the nanotube on the right indicate the presence of highly
localized excited states that could be formed by lower lying
states related to charged defects or environmental perturba-
tions.'® In contrast, the nanotube structure extending from
the upper left to the lower right exhibits rather uniform and
extended PL intensity, a typical observation for DNA-
wrapped nanotubes and nanotubes in SDS micelles.'® The
nanotube oriented horizontally extending from the left into
the center of the topographic image is not visible in the PL
image and is therefore either metallic or its luminescence
energy is outside of our detection range.

In the following, we focus on the nanotube structure
extending from the upper left to the lower right that is clearly
visible in both images. The topographic height of the
structure is around 1.5—2.5 nm (Figure la,c), a value
expected for single DNA-wrapped nanotubes.””> However,
on the basis of the topographic data, it will be extremely
difficult to distinguish single nanotubes from thin bundles.
The uniform height of the structure and the absence of larger
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Figure 2. Near-field PL images with 64 x 64 pixel of the DNA-
wrapped single-walled carbon nanotubes seen in Figure 1 obtained
by measuring spectra at each pixel. (a) and (b) represent the
integrated intensities within selected spectral windows ranging from
910 to 940 nm for (a) covering the emission of (9,1) nanotubes
and from 990 to 1020 nm for (b) covering the (6,5) emission.
Evidently, the nanotube structure seen in Figure 1 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 (c) and (d)
that exhibit the characteristic energies of (9,1) and (6,5) nanotubes,
respectively. The scan area is 1 x 1 um?. Laser excitation at 632.8
nm with 100 4#W and an integration time of 400 ms per spectrum
were used. (e) presents intensity profiles taken along the (9,1) (black
line) and the (6,5) nanotube (red line) summed between the two
dashed lines in (a) and (b), respectively. The two dashed arrows
mark beginning and end of the (9,1) nanotube determined from
the simultaneously detected G-band Raman signal (not shown).

adherent particles that could modify the tip—nanotube
distance and thus affect the signal enhancement provided
by the tip'7!#23 allows us to directly compare intensities at
different nanotube sections and to attribute changes to
nanotube properties.

Figure 2 presents PL images derived from spectra taken
at each pixel of the sample area from Figure 1. After splitting
the emission into two selected spectral windows, the structure
extending from the upper left to the lower right in parts a
and b of Figure 1 is found to be a thin bundle containing a
(9,1) and a (6,5) nanotube, as evidenced by the emission
energies around 925 nm and around 1000 nm, respectively
(Figure 2c,d). The red-shift compared to the 912 nm emission
energy reported for the (9,1) nanotube and the 975 nm for
(6,5)* results from DNA-wrapping.? In ref 26, bundling was
found to cause large red-shifts of elastic scattering signals
for thicker nanotubes by up to 47 meV. While we observed
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smaller emission energy fluctuations by 12 and 16 meV in
the spectra along the (6,5) and the (9,1) nanotube in Figure
2, respectively, such shifts can also be explained by
nonuniform DNA-wrapping as found for single DNA-
wrapped nanotubes.?’

Emission from the (9,1) nanotube (Figure 2a) occurs in
four bright segments, while emission from the (6,5) nanotube
(Figure 2b) is more extended for about 1 gm. This can also
be seen in the intensity profiles shown in Figure 2e taken
along the two dashed lines in Figure 2a,b. The four bright
segments in the cross section of the (9,1) nanotube feature
lengths between 80 and 150 nm. As four independent short
(9,1) nanotubes attached regularly along the (6,5) nanotube
would be very unlikely and because 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. Moreover, characteristic G-band Raman
scattering was observed from the (9,1) nanotube that is
resonantly enhanced at Ejer = E2(9,1) + hwg extending
along the detected PL spots marked by dashed arrows in
Figure 2e.?#?% Raman scattering from the (6,5) nanotube is
not detected because of weak electronic resonances and low
excitation power.

Remarkably, the PL of the (6,5) nanotube is found to be
stronger when the PL of the (9,1) nanotube decreases, seen
for example in the center of the cross sections between 460
and 640 nm and around 280 and 740 nm. Strong PL of the
(9,1) nanotube on the other hand occurs in sections where
(6,5) emission is weaker, e.g., at 420 nm and between 780
and 920 nm. We attribute this anticorrelation of the PL
intensities to energy transfer from the large band gap (9,1)
nanotube to the small band gap (6,5) nanotube as expected
in 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 distances. The finite length of DNA
segments and resulting partial DNA wrapping could allow
for different nanotube—nanotube spacing. In some regions,
the PL intensity of the (9,1) nanotube increases slightly
following that of the (6,5) nanotube, e.g., between 330 and
400 nm and 650 and 700 nm, which might be caused by
local defects or environmental perturbations.

Besides several cases for energetic coupling of nanotubes
within bundles, we observed indications for transfer in
nanotube intersections. An example is presented in Figure
3a—c. On the basis of their emission energies (spectrum 1
and 2 in Figure 3d), the nanotubes crossing in the center of
the image are identified as (8,3) and (6,5), respectively. At
the intersection however, only the PL of the small band gap
nanotube (6,5) is observed (spectrum 3 in Figure 3d). The
topographic height at the crossing point is about 3 nm (data
not shown), indicating that the maximum wall-to-wall
distance between the two intersecting nanotubes is around
1.5 nm based on nanotube diameters of 0.75 nm. The reduced
intensity of the large band gap nanotube (8,3) at the
intersection implies that energy transfer occurs in the present
configuration for wall-to-wall distances between 0 and 1.5
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Figure 3. Near-field PL image of two intersecting nanotubes
obtained by measuring spectra at each pixel representing the
integrated intensity within selected spectral windows. (a) Total
intensity. The intensity integrated from 915 to 945 nm is shown in
(b) and from 970 to 1010 nm in (c). (d) Spectra taken at the pixels
marked by white circles and numbers 1-3 in (a), (b), and (c). (e)
Simplified schematic of the intersecting nanotubes.

nm. Notably, emission from the (8,3) nanotube is found to
recover within a few nanometers distance to the intersection
(Figure 3b), indicating that the range of efficient transfer is
limited in agreement with our findings for the nanotube
bundle in Figure 2.

On the basis of the image data presented in Figure 2, we
now estimate the efficiency, the range, and the time constant
of energy transfer. As the nanotubes in Figure 1a can not be
distinguished by our topographic data, optical information
can be used to determine the position of two spectrally
isolated emitters with nanometer accuracy far below the
resolution limit of the experiment.?>* Cross sections per-
pendicular to the nanotubes were taken at different locations
in (Figure 2a,b) 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).
Center-to-center distances ranging from d = 1 to 4 nm were
found between the maxima of the two nanotubes in corre-
sponding cross sections. For each distance, we determined
the transfer efficiency E(d) = 1 — I(d)/I, using the measured
intensities /(d) and of the (9,1) nanotube. The data points
(Figure 4b) reveal a very fast decay and support our
assignment of the PL intensity variations to variations of
distance-dependent energy transfer.

To derive the energy transfer rate kgr, the ratio of the PL
intensities n is expressed as the ratio of the PL quantum
yields Qpp with and Qpr o without energy transfer

k. +k,,

n=1/1y=Qp /Qp o= k4 ko + kpr

(1

Here k. and k,, and denote the radiative and the nonra-
diative rate in the presence of the metal tip. The total decay
rate of individual DNA-wrapped (9,1) nanotubes in the
absence of a metal tip at room temperature is about k = k;
+ ko ~ (8 ps)”! being dominated by k,.’! In the case of
tip-enhancement, this value will represent a lower limit
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Figure 4. (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 E(d)= 1 —
1(d)/1, for a single (9,1)/(6,5) pair determined from the data shown
in Figure 2. The internanotube distance was determined from the
center of Gaussian line shape functions fitted to cross sections taken
at different positions along the nanotube bundle in the PL images.
The solid lines are calculated Forster energy transfer efficiencies
accounting for a PL quantum yield of Qp; o = 1072 (blue line) and
Opro = 1073 (red line), respectively (Supporting Information).

because the tip is expected to increase both radiative and
nonradiative decay rates.'®? As a result, the maximum
transfer rate kgt ~ k(1 — n)/n observed in our measurements
is about 0.5 ps~!.

Using our findings for the transfer range and the time
scales, we can discuss contributions from different possible
transfer mechanisms. Electron tunneling observed for nano-
tube intersections and between the constituents of multi-
walled nanotubes requires overlapping wave functions and
will be short ranged on a subnanometer scale.> Forster-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.> Here we calculate the Forster transfer ef-
ficiency as a first estimate for the contribution of near-field
interactions. The transfer efficiencies considering QOpro
formed by integrating along the z-axis of the accepting
nanotube, E(d) = 1/(1 +(Opro S (R/R)° dz)™1), are shown
in Figure 4b together with the experimentally determined
values from Figure 2 (Supporting Information). Good agree-
ment can be seen for a quantum yield of Qpro = 1073, a
typical value discussed for nanotubes on substrates. Exciton
transfer clearly depends very sensitively on the nanotube—nanotube
distance and is limited to only few nanometers because of
competing fast nonradiative relaxation processes leading to

low Qrro.
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According to Forster theory, the energy transfer efficiency
depends on the spectral overlap of emission and absorption
bands and will therefore be controlled by the chirality tuple
(11,1) donor! (11,1 acceptor OF @ particular donor—acceptor nanotube
pair. The present observation of efficient transfer for the (9,1)/
(6,5) nanotube pair spaced by few nanometers and having a
spectral shift of ~80 meV between emission and absorption
maxima supports the discussion in ref 11 on the energy
transfer in bundles. In addition, phonon-assisted absorption
of the accepting nanotube is likely to increase spectral
overlap.'> While in the case of the (8,3)/(6,5) nanotube pair
in Figure 3, the overlap will be large due to a small spectral
shift of ~30 meV, the particular cross configuration will
reduce transfer by decreasing the orientational factor «
(Supporting Information). In general, maximum transfer
efficiency and range are expected for parallel nanotubes
within bundles.

In summary, we observed exciton energy transfer in pairs
of semiconducting nanotubes using high-resolution optical
microscopy and spectroscopy. Transfer efficiencies between
two nanotubes were quantified for different internanotube
distances and explained by Forster-type electromagnetic near-
field coupling. The range of efficient transfer is found to be
limited to a few nanometers because of competing fast
nonradiative relaxation responsible for low photolumines-
cence quantum yield. For highly luminescent materials, on
the other hand, transfer is predicted to be long-ranged and
needs to be considered in the design of integrated exciton-
based devices.
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