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Single-walled carbon nanotubes (SWNTSs) are commonly synthesized in bundles for which the luminescence
is often quenched altogether. Here, we report on the simplest case of nanotube bundles: a single pair of
individual air-suspended SWNTs. Using luminescence imaging spectroscopy, we find that emission and
excitation spectra can be described within an energy transfer picture, with donor to acceptor transfer of
excitation. The multiplicity of emission peaks in small bundles indicates that the transfer of luminescence is
only partial at room temperature, with thermal occupation of the donor being significant. We attribute this
signature to the unique band structure of SWNTs, with diameter and chirality dependent energy, recombination

rate, and density of states.

Introduction

Single-walled carbon nanotubes (SWNTs) are luminescent
when properly isolated from other nanotubes and surfaces.'?
However, SWNTs are commonly synthesized in bundles, for
which there is a common misconception that luminescence is
quenched altogether. Recently, a few studies have addressed
the luminescence from SWNT bundles and revealed a signature
of energy transfer to SWNTSs with the lowest energy.’™°

Forster resonance energy transfer (FRET) is an important
research topic with direct applicability to biological systems’
and potential impact for the design of light emitting or harvesting
devices.® In FRET,’ electronic excitations in a fluorescent donor
(D) molecule transfer to an acceptor (A) molecule, which shows
fluorescence at lower energy (see ref 10 for a general review).
The efficiency of the FRET process depends on the spectral
overlap between donor and acceptor molecules. This transfer
is understood to occur without exchange of photons, being
instead the result of dipole—dipole coupling. The extent of the
transfer is long ranged and falls off as the sixth power of D—A
separation for point dipoles, with a characteristic Forster distance
of a few nanometers.

In several ways, SWNTs possess the attributes of a FRET
system. For one, individually isolated semiconducting SWNTSs
are excellent fluorophores, meaning that when photoexcited they
emit photoluminescence (PL), more precisely termed fluores-
cence. For a general overview of SWNT PL, see ref 11. Properly
prepared, SWNTs have excellent photostability and relatively
high quantum yield (~10%). In addition, the sharp infrared PL
emission peak (~10 nm FWHM at ~1 um) is broadly tunable
(0.8 um to wavelengths longer than 2.2 um), together with a
continuous absorption spectrum above the PL peak, with sharp
absorption peaks in the near-infrared, visible, and ultraviolet
range (~30 nm FWHM at ~600 nm). The emission and
absorption spectra are determined mainly by the SWNT species,
each with a discrete, well-defined diameter and chirality. Each
combination of nanotube species should be viewed as a D—A
pair where FRET processes operate. As a one-dimensional
material, the SWNT has a continuous density of states above
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the band gap. Therefore, the spectral overlap required for FRET
occurs at all energies above both band gaps for any pair of
SWNTs. The intimate contact between individual nanotubes in
a bundle (spacings on the order of the stacking of graphite,
~0.34 nm) leads to the expectation of very high FRET
efficiencies (close to unity). This also means that (Dexter) charge
transfer might also play some role in parallel with FRET.

Results and Discussion

Contrary to the above expectation, SWNTs synthesized in
bundles generally show only very weak and nearly featureless
light emission. This degradation in spectral properties has
correctly been attributed to nonradiative recombination in
metallic SWNT constituents of bundles.! Bundles comprising
only semiconducting SWNTSs have always been expected to emit
structured PL. However, all-semiconducting bundles become
quite rare as the bundle size increases. This is because, for a
broad and random (n,m) distribution, 1/3 of the possible species
are metallic and so the probability of having an all-semiconduc-
tor bundle is 2/3", where N is the number of nanotubes in a
bundle.

Recently, there have been reports investigating the effect of
controlled bundling starting from a solution of isolated SWNTs
with bright PL.>* The changes noted in photoluminescence
excitation (PLE) maps upon bundling was attributed to exciton
transfer between species. An important limitation in those studies
is the ambiguity inherent to ensemble measurements, where
interpretation can be complicated by overlapping contributions
from several SWNT species. Furthermore, the degree of bun-
dling in such samples is typically not well-characterized. At
the individual nanotube level, near-field imaging studies show
clear evidence of exciton transfer between two adjacent
SWNTs.? In all of these studies, the PL intensity of the higher
band gap SWNT was reportedly transferred to the lower band
gap SWNT, giving rise to an extra feature in the PLE map.

In this work, we use long (> 10 x#m) near-ideal air-suspended
SWNTs and combine PL imaging and PLE mapping techniques
to show systematically how bundling affects the optical spectra.
The measurements are performed on single elemental bundles
with minimum ambiguity in spectral assignment. We compare
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PL and FRET in Elemental Bundles of SWNTs

Figure 1. Photoluminescence (PL) imaging spectroscopy of an
elemental SWNT bundle. (a) PL image from a ~10 um long segment.
(b) The same image spectrally dispersed, showing a single PL peak
for the upper segment (1.43 um), and twin emission peaks for the lower
segment (1.46 and 1.51 um).

the PLE map of bundled and unbundled segments of the same
SWNT to directly reveal extra PL features arising from FRET
processes. We show the structure dependence of these features
and show systematically how these vary from single SWNTs
to pairs, triplets, and up to quadruplet (i.e., bundles of 2, 3, and
4 SWNTs).

For this study, long nanotubes (>>10 um) were grown by
chemical vapor deposition directly on a lithographically fabri-
cated grating pattern in thermal oxide on silicon substrates.
Nanotube yield, a function of catalyst loading and growth
conditions, was low enough that many individual SWNTSs were
formed but high enough that many formed bundles. Nanotubes
grew from the top of the mesas, and many bridged the trenches,
which were ~10 um in length. The trenches provide a region
over which the nanotube is suspended, free from the quenching
effect of direct contact with the substrate.>!> In many cases,
the same nanotube bridged multiple trenches. The PL was
imaged with a home-built near-infrared microscope, using a
defocused tunable cw Ti:sapphire laser for illumination and a
grating to obtain a spatially resolved PL spectrum.'* PL imaging
spectroscopy in the far field is a proven, powerful tool for the
study of individual SWNTs.!3~17

Experimental details have been described in previous
reports.'>!® The fluorescence, excited with a tunable Ti:sapphire
laser (polarized parallel to nanotube), was dispersed on a 100
lines/mm grating and focused (20 cm focal length) on a 256 x
1024 InGaAs camera. The low wavelength dispersion achieved
with this system (2.7 nm/pixel) allows for simultaneous non-
dispersive imaging at zeroth order and imaging spectroscopy
at first order. The sample was rotated to ensure that the straight
nanotube segments were always parallel to the grating grooves
and vertical on the camera.

An image of a single structure suspended in two segments is
shown in Figure 1a. When spectrally resolved, the large majority
(>90%) of such isolated segments showed a single PL peak
(Eyy). This is indeed the case for the upper segment of Figure
la. Its spectrally resolved image in Figure 1b shows a single
emission peak at 1.43 um. On the other hand, the bottom
segment in Figure la has two emission peaks (1.46 and 1.51
um in Figure 1b). We attribute this spectral signature to an
isolated SWNT (upper segment) contacting another SWNT to
form a two nanotube bundle (bottom segment).

This is supported by PLE maps obtained from each segment.
As shown in Figure 2a, the single nanotube segment is
dominated by a single spot, the result of resonant excitation at
Ey and emission at E;;.'® From the peak position, the upper
segment is assigned to an individual (10,8) SWNT.

The lower segment (Figure 2b) shows four peaks in the PLE
map, in a characteristic rectangular pattern of two Ej; and two
Ey, values. We will show that this is the PLE signature of
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Figure 2. Spectral signature of a two nanotube bundle. (a) The
photoluminescence excitation (PLE) map taken from the upper segment
in Figure 1 showing the spectral signature of a single (10,8) SWNT.
(b) The PLE map taken from the lower segment in Figure 1 showing
the spectral signature of a two nanotube bundle, a (10,8) with a (12,5)
SWNT. The labels E;°, E;\*, ExP, and Ex” indicate the origin of
each spectral feature. The (10,8) nanotube is of donor type in the bundle.
(c) Slices taken from (a) and (b) [open arrows, with horizontal slices
for PL (left panel) and vertical slices for PLE (right panel)] provide a
direct comparison between a single nanotube (blue) and a two nanotube
bundle (red). A 19 meV red shift of E,; occurs upon bundling. Relative
intensities have not been normalized and are representative of the
efficiency of the transfer process.

bundling between two SWNTs. For two unbundled nanotubes
of different species, we can expect two independent (E;, Ey)
pairs. Both spots should persist within a bundle unless the
spectral weight of the donor is 100% transferred to the acceptor.
These states are labeled (E;,°, E»P) and (E, 4, E»,"), with the
superscript D and A for donor and acceptor, respectively. The
donor is the nanotube with the larger E;;, the acceptor is
the one with the smaller E},. The brightest spot in the PLE map
is assigned to (E;*, Ex™), while the spot diagonal to it is (E},°,
E»P). The energy transfer process between nanotubes within a
bundle also gives rise to two additional resonances, (Ej;*, E»P)
and (E,°, E»"), where emission in one nanotube follows from
excitation in the other. These peaks are a unique signature of
SWNT bundles.

Specific assignment for Figure 2b goes as follows. The weak
top left peak (1.46 um, 865 nm) in the bundle PLE is the same
peak as the isolated SWNT. This corresponds to (E;,°, E»P)
excitation and emission from a (10,8) nanotube which acts as a
donor of excitons to the other member of the bundle. Upon
bundling, the E; and Ej; energies of the (10,8) nanotube are
red-shifted by approximately 20 meV, as seen in Figure 1c. This
red shift can be attributed to a change in dielectric environment
produced by the neighboring nanotube.'®!* Upon bundling,
similar red shifts have also been observed by Rayleigh scattering
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Figure 3. A second example of a two nanotube bundle, with the
isolated nanotube being of acceptor type in the bundle. PLE maps from
the isolated and bundled nanotube segment are shown in (a) and (b),
respectively. The labels E|,°, E| 4, E»P and E” indicate the origin of
each spectral feature. (c) Slices taken from (a) and (b) [open arrows,
with horizontal slices for PL (left panel) and vertical slices for PLE
(right panel)] provide a direct comparison between a single nanotube
(blue) and a two nanotube bundle (red). A 21 meV red shift of Ej; is
seen upon bundling. Relative intensities have not been normalized and
are representative of the efficiency of the transfer process.

(Es; and Ey transitions)®® and by near-field spectroscopy.’
Although the magnitude of the shifts is comparable, the different
experimental conditions (e.g., smaller or larger nanotube
diameter, and differing dielectric environments) make direct
comparisons difficult.

In the rectangular pattern of Figure 2b, the PLE peak diagonal
to (E\°, ExP) is (E;\*, E»?) with emission at 1.51 um and
maximum excitation at 800 nm (at £1; = 0.82 eV and E,, =
1.54 eV). As the acceptor molecule, this is the dominant peak
in the PLE map. It can be assigned to a (12,5) nanotube once
a 20—30 meV red shift is accounted for (from our previous
work, the (12,5) is expected at E;; = 0.857 eV and E», = 1.567
eV). The off-diagonal peaks in Figure 2b correspond to (E;%,
ExP) and (E| P, Ex»™) where absorption from either nanotube
in the bundle leads to emission in the other nanotube.

Figure 3 presents a second example, but where the isolated
nanotube is of acceptor type. The PLE map of the isolated
SWNT (Figure 3a) is assigned to the (12,5) species (PL at 1.46
um). In Figure 3b, the PLE map from the same SWNT in a
bundle is red-shifted due to dielectric screening. Here, it pairs
with a (12,4) SWNT (PL at 1.34 um in Figure 3a), with a larger
band gap. The rectangular pattern is also visible with (Ej 2, Ex™)
being the dominant peak, similar to Figure 2b. The emission
from the donor (12,4) SWNT is much weaker compared to the
case of Figure 1b. We attribute this difference to the larger
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energy splitting between E;\° and E;|* compared to the first
example, 76 versus 28 meV. This point will be discussed in
detail later.

Of importance to FRET is whether the luminescence is
enhanced in the process. We shall see that it leads to a relative
enhancement of luminescence for excitation at certain specific
energies, but to an absolute loss in luminescence intensity. The
PLE maps in Figures 2 and 3 have been normalized separately
to their maximum intensities, and so comparing the maps does
not properly represent any enhancement effects. To do so, the
relative intensities are plotted in Figures 2c¢ and 3c with PLE
slices taken at the E}; energies (vertical arrows in Figures 2a,b
and 3a,b). Within a multiplication factor, PLE slices taken at
E P and E| " appear identical. This implies that the rate of D—A
and A—D exciton transfer is much faster than the rate of exciton
recombination. The system effectively loses the memory of
whether it was excited into donor or acceptor states.

In both Figures 2c and 3c, the isolated nanotube is signifi-
cantly brighter than the bundle, with about twice the intensity
of the bundle. This indicates that, upon bundling, a small fraction
of excitons are lost nonradiatively. Exciton transfer leads to an
absolute loss in luminescence efficiency. The precise origin of
nonradiative decay in SWNTs remains an open question;
however, an explanation based on defect-mediated exciton
recombination is consistent with the present result. If the rate
of nonradiative decay scales with the number of defects per
unit length, an exciton within a bundled pair of SWNTs
effectively interacts with twice as many defects per unit length
as it would in a single isolated SWNT (i.e., assuming the defect
densities are the same for all nanotubes).

Despite the loss in absolute intensity, it must be recognized
that a relative enhancement of PL intensity is still observed,
specifically at energies off resonance with respect to E,; of the
isolated SWNT. Here, this FRET-related PL efficiency enhance-
ment is approximately twofold, as can be seen in Figure 2c,
where the luminescence is increased at the donor resonance
(around 1.53 eV) as compared to the isolated single (acceptor
derived) nanotube. The (12,4) donor SWNT acts as an effective
absorption channel at an energy where the (12,5) acceptor
SWNT absorbs poorly. This new excitation channel widens the
window over which the (12,5) SWNT can be efficiently excited.
Such enhancement, coupled with the transfer efficiency depen-
dence on D—A spatial separation, is what makes common FRET
fluorophores useful as “spectroscopic rulers”. Therefore, in
principle, SWNTs could be used in this same way as common
FRET fluorophores. In these samples, while this excitation
wavelength specific enhancement did occur, at the same time,
upon bundling there was a 2-fold reduction in the overall
quantum yield. This may not be general. For example, if the
loss in quantum yield is defect-mediated, nanotubes with lower
defect densities could be less affected upon bundling. However,
if bundling is always accompanied by a loss in quantum yield
of similar magnitude, bundle engineering would not be a very
good strategy to improve light harvesting by donors to increase
acceptor PL intensity. Interestingly, here, since the emission
intensity is halved, but the absorption doubled, excitation with
a broadband (white light) source would produce a similar total
PL signal whether the SWNT was isolated or in a (nonmetallic)
bundle.

Earlier PLE mapping studies on bundles suggest efficient
Forster energy transfer only from the donor to the acceptor
nanotube.>* The presence here of two emission peaks appears
to conflict with these earlier reports. In Figure 2b, only 50% of
the spectral weight is transferred, and this number varies
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Figure 4. Systematic variation in peak intensities due to the FRET
process in bundles. (a) Emission spectra from bundles made of two
(black and gray), three (blue), and four (red) nanotubes. The lowest
energy peak shows stronger emission intensity, while the intensity of
the high energy peak weakens for larger energy separation. (b) Intensity
ratio between the low and high energy peak as a function of the energy
difference between the peaks, AE = E;;® — E;*. The continuous line
is a Boltzmann factor e*#*s”, with kg7 = 25 meV. (c) Schematic band
structure diagram for the donor and acceptor with the time scales of
relevant transitions labeled (see text).

dramatically from bundle to bundle, as Figure 3b shows. Figure
4a shows four examples of emission spectrum from two
nanotube bundles. All four bundles have one nanotube with
E;® = 0.82 eV and with the second nanotube having a higher
emission energy. We find that the larger the energy difference
between the two E);s, the more complete is the transfer of PL
intensity. This result is also observed for bundles made of three
or four nanotubes, as seen in Figure 4a (blue and red lines).

In ref 5, both PL peaks were observed for bundles, and this
was attributed to a fractional efficiency of exciton transfer. Since
the distance between SWNTs was varying, that may have been
the case, at least for large separations. However, in the present
case, the nanotubes in the bundle are in direct contact, and at
such short scales, the FRET efficiency is expected to be
effectively 100%. Moreover, finite transfer efficiency cannot
explain the rectangular pattern of PLE spots.

Figure 4b, summarizing data acquired from over 150 bundles,
provides a clue to explain the apparent reduction in transfer
efficiency and the origin of “extra” PLE spots. Figure 4b shows
a plot of the PL peak intensity ratio /(E;;*V/I(E,,P) as a function
of the energy splitting between Eys, E;,° — E; ;. Albeit with
significant scatter, the plot reveals a simple overall scaling with
Boltzman factor ¢**7, with kg7 = 25 meV (that is room
temperature). Thus, the finite intensity of the donor PL peak is
not attributed to limited efficiency of transfer, but rather to
thermal occupation of the donor’s emission band. Even with
100% transfer efficiency from donor to acceptor, excitons are
transferred back from acceptor to donor if they have sufficient
thermal energy. The relative intensity is governed not only by
transfer efficiency but also by occupancy.

The effects are summarized in Figure 4c. It shows an energy
band diagram with the relevant transitions labeled with their
time scales. Resonant excitation is illustrated, whereby the
excitation source excites carriers from the ground state to an
excited state, here the E»," band, with an effective time constant
TLaser- There is a rapid interband relaxation to the donor ground
state (Ter ~ 10—100 fs) where the exciton can recombine by
emission of a photon or hop to the other nanotube. Since the
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recombination times (7p,7a ~ 10 ns) are typically much longer
than the exciton transfer time (gr)?' and the intraband relaxation
time (T ~ 1—10 fs), excitons are efficiently thermalized
before they recombine (a review of exciton dynamics can be
found in ref. 22). Thus they are distributed statistically according
to the temperature and density of states. The thermal occupation
of the E,; bands is illustrated schematically in Figure 4c (red
and blue segments of the energy dispersions), with the band
filled up to ~kgT above E;*.

The significant scatter of data in Figure 4b is beyond
experimental uncertainties and may originate in the species
dependent variation in density of states and/or recombination
time. The density of states is species dependent. Due to trigonal
warping, even two SWNTs with similar E;; values can have
quite different density of states (a (10,8) and a (14,1) for
example). Since the PL intensity is proportional to occupation,
this alone will cause some scatter. The radiative rate which
determines the PL intensity has been shown to be (n,m)
dependent,3~2 and scatter in the ratio is also expected for this
reason. The scatter thus provides some information as to the
extent that these parameters can vary.

A further consideration is the effect of momentum conserva-
tion on the rate of energy transfer, rgr. For instance, a (9,8)
and a (9,7) nanotube have significant momentum mismatch for
excitons near E|; since their £, energy dispersions are slices
originating from opposite sides of the graphene conical disper-
sion. This should make exciton transfer less effective compared
to, for example, a bundle made of a (9,8) and (10,6) nanotube,
which are much more closely matched in momentum at Ej;.
Furthermore, some bundles may be well matched by specific
phonon distributions, potentially making scattering efficiencies
higher for some SWNT pairs. Fully chiral assigned versions of
Figure 4c would enable a better understanding of the origin of
the scatter in intensity ratio and may provide evidence for
momentum matching rules.

Conclusion

The existence of energy transfer and its effects are now clearly
established in SWNT bundles. This will be important for a
complete understanding of the fundamental optical and elec-
tronic properties of SWNTSs. Energy transfer should also appear
as a new parameter in engineering the optical properties of
SWNTs. It must be recognized that while the exciton transfer
data here can be understood in terms of the FRET mechanism
alone (Dexter) charge transfer likely also occurs in parallel. That
said, charge transfer would most likely produce additional
spectral features, but here the change to the spectrum is very
mild, even preserving line shape and line width. We failed to
observe any new spectral features due to bundling, though of
course very weak features or features at wavelengths not yet
explored cannot be ruled out. A separate line of evidence that
the transfer is FRET as opposed to charge transfer comes from
electronic theory, which predicts that SWNTs in a bundle do
not interact strongly,?® and so would seem to suggest that FRET
should dominate over charge transfer for most SWNT donor—
acceptor pairs. Experimentally, the excitation spectrum from a
bundle appears to be simply the result of additive contributions
from individual SWNT components, and this is significant
evidence for FRET over charge transfer.

The SWNT materials system appears to be an ideal model
system to explore exciton transfer photophysics with new clarity.
For example, since there is an essentially unlimited number of
possible (n,m) species, there is a doubly unlimited number of
possible donor—acceptor pairs, making SWNTs more versatile
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than the majority of FRET fluorophores. As a consequence, and
in contrast to most FRET pairs, donor—acceptor pair level
splittings can range from zero to over order 1 eV, a range that
includes the thermal energy at room temperature (25 meV).
SWNTs are compelling fluorophores for FRET also because of
their sharply peaked emission and excitation spectra and near-
absence of Stokes shift.

The identification of FRET in SWNTs also has great potential
for applications. Within the nanotube field, PLE mapping is
becoming a routine characterization tool and analysis should
be performed with bundling and exciton transfer in mind. Since
FRET continues to be a lively research topic with applications
in biology, medicine, and optoelectronics more generally,
SWNTs have great potential for FRET-related work in these
areas.
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