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6.1 Introduction

Photoluminescence (PL) spectroscopy is a common technique used
for the characterization of semiconductors. The detection of PL from
isolated semiconducting single-walled nanotubes (s-SWNTs)! has
made the optical properties of SWNTs asubject of intense interest.2-1¢
Debundling of SWNTs was believed to be an essential prerequisite
to observe PL emissions from s-SWNTs. However, Refs. 12 and
17 observed optical signatures from SWNT bundles in aqueous
solutions and assigned them to Forster resonance energy transfer
(FRET).1217

The exciton binding energies of s-SWNTs are very large, from
tens of meVs to 1 eV, depending on diameter, chirality, and dielectric
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screening.>*!® Photoexcited electrons and holes in s-SWNTs can
create abound state of an electron and a hole via Coulomb interaction
to form excitons. Excitons dominate the optical properties of SWNTs,
even at room temperature, because of their large binding energy.3*

Many works focused on dispersed SWNTs, assuming that sedi-
mentation-based ultracentrifugation (SUF) would completely remove
bundles.>2 However, small bundles with about 3-10 tubes still exist
in most surfactant-assisted SWNT dispersions, even after SUE.*12
The formation of bundles in nanotube samples modifies their exci-
tonic behavior, revealed by a change of their optical properties.'?-22
To study the intrinsic optical and electronic properties, completely
isolated nanotubes must be used. On the other hand, bundles are
necessary in SWNT-based devices, such as saturable absorbers in
passively mode-locked lasers and noise suppression filters.?3-34
However, in such applications, the bundle size must be smaller than
the device operation wavelength to avoid nonsaturable losses due to
scattering.3®

Thus, quantification of bundling in aqueous dispersions is a key
requirement for basic research and applications.

In this chapter, we discuss the spectral features of exciton energy
transfer (EET)-induced PL emission from acceptor s-SWNTs in
bundles after the resonance excitation of donor s-SWNTs. Moreover,
we explain how to distinguish such features from other spectral
features in the PL and photoluminescence excitation (PLE) spectra.
Then, we discuss the transfer efficiency of excitons and exciton
relaxation pathways in bundles. Finally, we discuss how FRET may
be utilized for nanotube-based photonic devices.

6.2 The Photoluminescence Spectrum of
Nanotube Bundles

To confirm the presence of bundles and to study their optical
properties, we compare as-prepared SWNT dispersions in D,0
with sodium dodecylbenzene sulfonate (SDBS) as a surfactant
and the same sample after two months (Fig. 6.1a,b). The (6,5) and
(7,5) emission peaks observed in Ref. 2 are indicated with two
dash-dotted lines. These show a ~1-5 nm blue shift compared to
our measurements but on samples prepared with sodium dodecyl
sulfate (SDS) as a surfactant.
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Figure 6.1 PL emission spectra of (6,5) and (7,5) for (a) an as-prepared
dispersion and (b) after two months. (c) Absorption spectra
of (6,5) and (7,5) for an as-prepared dispersion and after two
months. The dash-dotted lines indicate the PL-peak positions
observed in Ref. 2.

Since it was shown that dispersions prepared with similar
methods using SDS and SDBS do not have any spectral shift?®, the
effect of dielectric screening on individual SWNTs wrapped by SDS
and SDBS is nearly identical in the 850-1,100 nm emission range.
We thus assign the red shift in our dispersions compared to Ref. 2
to bundling. The emission peaks of (6,5) and (7,5) from the same
dispersion after two months (Fig. 6.1b) red shift by ~3-5 nm relative
to the as-prepared dispersion, Fig. 6.1a. This suggests that the bundle
size further increases after two months.

The corresponding absorption spectrum in Fig. 6.1c further
confirms this, since the absorption peaks are red-shifted and
broadened.

Figure 6.2 is a contour plot (known as a “PLE map”), showing the
PL emission of the dispersion as-prepared and after two months, as
a function of emission and excitation wavelength. The main features
in the map are the exciton-exciton resonances. Each resonance spot
can be labeled as (A4, Acm), Where A, and A, are the excitation and
emission wavelengths. A, corresponds to the energy of the excitonic
states eh;; associated with the i™" electronic interband transitions Ej;
(i=1, 2, 3,4) in the single-particle picture, while A, represents the
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emission energy of the lowest optical-active excitonic transition eh.
All the observed resonances are indicated with crosses. Some spots,
observed in previous results? but not in this work, are marked with
x. The (n,m) assignments for all resonances are shown in Fig. 6.2.
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Figure 6.2 PLE map for (a) an as-prepared dispersion and (b) after
two months. Crosses represent eh;; emission of SWNTs for
excitation matching their ehy4, eh,,, eh33, and eh,,. Resonances
related to (eh,,, eh;;) observed in Ref. 2 are indicated as x. Each
resonance is labeled with the chiral index of the corresponding
SWNT. The solid lines in the upper-left corners represent
resonances with same excitation and recombination energies.
The dotted lines are phonon sidebands. Open ellipses mark
emission from (8,4), (7,6), and (9,4) with excitation matching
the (6,5) ehy,, eh,,, and eh3s. Open circles mark emission in the
1,200-1,350 nm range, with excitation matching ehy;, ehy,,
and ehs; of (6,5), (7,5), and (8,4).

In addition to the well-known exciton-exciton resonances, Fig.
6.2a,b shows new features indicated by open ellipses and circles.
The exciton-exciton resonances decrease in intensity after two
months, again suggesting SWNTs aggregate with time. However,
the relative intensity of the (980 nm, 1,118 nm) band becomes
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stronger after two months. The two peaks near (568 nm, 1,118
nm), (346 nm, 1,118 nm) (open ellipses, Fig. 6.2b) are better
resolved due to the lower intensity of the (8,4), (7,6), and (9,2)
exciton-exciton resonances compared to the pristine dispersion.
In the 1,200-1,350 nm emission range, exciton-exciton resonances
of SWNTs such as (13,2), (12,4), (10,5), (9,7), (10,6), (8,7), (11,4),
(12,2), (9,5), (10,3), and (11,1), indicated by crosses and x, have
weak emission intensities due to their lower concentration in
CoMoCAT samples.®®> However, the new features marked by open
circles show much stronger intensity than the above exciton-exciton
resonances. The excitation energies of all the new features marked
by open circles match ehy;, eh,,, or ehz; of (6,5), (7,5), and (8,4),
as indicated by horizontal dash-dotted lines in Fig. 6.2a,b. These
features are induced by the resonant excitation of nanotubes with
a large bandgap, causing emission from smaller-bandgap SWNTs.
This implies EET between SWNTs in bundles, where the larger-gap
tubes act as exciton donors (D) and the smaller-gap tubes act as
exciton acceptors (A). The EET features can be denoted as (eh?, eh?),
withi=1,2,3,....

The exciton-phonon interaction is very strong in nanotubes.?’
This can mix an exciton with phonons and form a sideband above
the main absorption peak due to strong exciton-phonon coupling.3’
Such sidebands of eh;; excitons (i=1, 2,...) have been resolved in PLE
maps of SWNT dispersions®>1%2 ~0.215 eV above the eh;; excitons.
We denote such sidebands as eh; + K (dotted lines in Fig. 6.2).

Due to the strong exciton-phonon coupling, the main excitonic
absorption peak transfers part of its spectral weight to the phonon
sideband.?” Phonon sidebands could be involved in the energy
transfer process between adjacent tubes in bundles. However, the
observed sideband feature is much weaker than corresponding
exciton-exciton resonances.®%12 Thus, the associated EET-features
from sidebands should be much weaker and overshadowed by
strong exciton-exciton resonances of other nanotube species. Ideally,
to unambiguously identify and appropriately assign the weak
features related to energy transfer from excitonic phonon sidebands,
dispersions enriched with few chiralities and small bundles are
required. For this purpose, we enrich SWNTs in a sodium cholate
(SC) dispersion via density gradient utracentrifugation (DGU).3837
In DGU, aqueous dispersions of surfactant-encapsulated tubes are
ultracentrifuged in a preformed density gradient medium (DGM).

137



138

Exciton Energy Transfer in Carbon Nanotubes Probed by Photoluminescence

During the process, they move along an ultracentrifuge tube,
dragged by the centrifugal force, until they reach the point where
their buoyant density equals that of the surrounding DGM, that is,
their isopycnic point.383° After DGU, using an upward displacement
fraction technique, we extract small aliquots of sorted SWNTs layer
by layer.383° In particular we focus on one of the middle fractions.
Spectroscopic characterization shows that this dispersion is
enriched with small-diameter tubes such as (6,5), (9,1), and (6,4).3°
These tubes are detected in the PLE contour plot, as shown in Fig.
6.3. The PL peaks of the (6,5) ehy; excitonic transitions are ~7 nm
red-shifted with respect to the topmost fraction of a DGU-enriched
sample in Refs. 38 and 39. This indicates the presence of bundles in
our dispersion. A further evidence of bundling is the EET-induced
(eh, eh{}) features from (6,5) to (7,5) and (8,4), indicated by the
horizontal solid line in Fig. 6.3.

[ .,;;3,\;-: i . ISE R
800 | 6____._%’_ O Exciton resonance |
— - 7 <> Phonon sideband E
e | oDt |
5 ﬁﬁ‘ il o 0.50
. m0.80
£ RO (ST (8.6) 1m0 82
2 700 } o g ’L‘\' o ‘m i .
S I vfg,S) “ugw\m S |m1.40
© 4 AT )N i (T8), 2,60
% ivn “l‘k o FUBINIY (m4.50
2 [ i g . m5.00
[ r gy 3 ,
S 600 | (6:4) o) o T
= | O / (/6,51 o gyt M ™)
= = s (527
o NN\ A SV Ay jﬁﬁ.‘r--
n HpRAD &
L \ <{ —_ & .
4
500 ‘7 \‘(m’m\% (‘/’J e
! l § “
P R L }u 1 J‘.\ 1 .vr-:r L1 ) M|

850 900 950 1000 1050 1100 1150 1200
Emission wavelength (nm)

Figure 6.3 PLE contour plot for the middle faction of an SC-encapsulated
dispersion. Open squares are (eh,,, eh{{) exciton resonances,
each labeled with the corresponding SWNT chiral index.
Open diamonds indicate phonon sidebands for each nanotube
species. Arrows indicate phonon sidebands for the (6,5) eh
and eh,, excitons. Open ellipses show EET-induced features
from the resonant excitation of phonon sidebands of SWNTs.
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The features marked by open diamonds in Fig. 6.3 are related
to the phonon sidebands, whose excitation energy is ~0.215 eV
higher than the eh;; and eh,; energies. Moreover, the PLE map in Fig.
6.3 shows some intense features marked with open ellipses. Their
excitation energy corresponds to the phonon sidebands of (6,5),
(6,4), (9,1), and (8,3), as indicated by the dashed lines. Therefore, we
attribute these features to PL emission from a smaller-gap nanotube
induced by the resonant excitation of phonon sidebands eh;; + K,
or eh,, + K of a larger-gap one. For example, the feature at (521 nm,
1,045 nm) corresponds to the resonant excitation of the (6,5) eh,, +
K and emission from the (7,5) ehq1. This is a new type of EET feature,
resulting from resonant excitation of eh; + K (i =1, 2, 3,...) phonon
sidebands of large-gap SWNTs. The EET-induced features from eh;; (i
=1,2,3,...) excitons and eh;+ K (i =1, 2, 3,...) sidebands are very
common in the PLE maps of nanotube dispersions. For example, Figs.
1b and 5b in Ref. 40 reported a PL peak below eh44 for (6,5) and (7,5)
when the excitation matched the corresponding eh,,. McDonald
et al.*? assigned such features to “mid gap emission” (see Figs. 1b
and 5b of Ref. 40). We note that this so-called “midgap emission”
at (570 nm, 1,130 nm) in Fig. 5b of Ref. 40 matches the (7,6) and
(9,4) emission wavelength. We thus assign this feature not to midgap
emission but to EET from (6,5) to (7,6) and (9,4). The PL emission
associated with EET was also observed in pairs of semiconducting
s-SWNTSs by high-resolution optical microscopy and spectroscopy*!,
as well as in pairs of suspended SWNTs*?, and in other nanotube
dispersions, freestanding bundles, or double-wall nanotubes.*3-55

We find that the existence and/or the gradual formation of
bundles is inevitable even after debundling procedures.!? The
presence of bundles can be probed by monitoring the EET features
in PL and PLE. Figure 6.4 shows the PL and PLE spectra of as-
prepared dispersions!? in SDBS/D,0 and after two months. The PL
spectra are collected resonantly exciting the (6,5) eh,, at ~568 nm.
(9,4), (8,4), (7,6), (9,2) and (8,6) are nonresonant at this excitation
wavelength. Thus, the PL intensity from (9,4), (8,4), (7,6), (9,2), and
(8,6) is expected to be very weak compared to that of (6,5). We note
that their intensity is comparable to that of (6,5), especially after two
months. We also consider that (6,5) have larger PL cross sections'®
and have a higher concentration in the dispersion, as revealed in
the absorption spectra (dotted line in Fig. 6.4a) with respect to
other tubes. The strong PL emission in the 1,080-1,200 nm range
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Figure6.4 (a) PL (dash-dotted line) and absorption (dotted) spectra of
an as-prepared dispersion in D,0/SDBS and PL (solid line)
of the same dispersion after two months. (b) PLE spectra
of an as-prepared dispersion (dash-dotted line) and after
two months (solid line). The PLE and PLE wavelengths are
indicated.

is attributed to EET from (6,5) eh,, to ehy; of (9,4), (8,4), (7,6), (9,2),
and (8,6).In the PLE map, each vertical line provides a corresponding
PLE spectrum, revealing high-lying excitonic transitions of specific
tubes at its emission wavelength. For the PLE spectra in Fig. 6.4b, we
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set the emission wavelength close to eh; of (8,4), (7,6),and (9,4). The
absorption peaks of the (8,4) ehy,, ehs3, and eh,, excitons, and eh,, +
K and ehq; + K phonon sidebands, and of (7,6) and (9,4) eh,, can be
identified for the as-prepared dispersion, as indicated in Fig. 6.4b.
After two months, the PL intensity of these peaks decreases more
than 50%. However, some absorption features are better resolved
with respect to the pristine dispersion. After checking the eh;; (i =1,
2,3) energy of (6,5), (5,4), (9,1), and (8,3), the EET from the (6,5) eh;;
(i=1,2,3)and (5,4),(9,1), and (8,3) eh; to the (8,4), (7,6), and (9,4)
ehq1 can be identified.

The broad features at (514 nm, 838 nm) cannot be assigned to
any eh;; however, their energy matches the (6,5) eh,, + Kand eh{ +
K phonon sidebands. Thus, such features are induced by EET from
(6,5) ehy; + Kand ehy4 + K phonon sidebands to (8,4), (7,6), and (9,4)
eh;;. All these EET features are labeled in Fig. 6.4b by arrows.

Thus, in the presence of bundles, the spectra can be explained
by EET between donor and acceptor tubes. EET occurs at the ehq; of
acceptors when the donor eh;; (i =1, 2, 3, 4) excitons or eh;+ K (i=1,
2, 3, 4) phonon sidebands are resonantly excited.

6.3 Mechanism and Efficiency of EET in
Nanotube Bundles

In low-dimensional systems, exciton tunneling, photon exchange,
and FRET are efficient EET mechanisms.>®-1 FRET occurs between
a donor (D) molecule in the excited state and an acceptor (A)
molecule in the ground state.>® The donor molecules typically emit
at shorter wavelengths that overlap with the absorption spectrum of
the acceptor. FRET is a very efficient EET mechanism via resonant,
near-field, dipole-dipole interactions.>® It is commonly observed
in biological systems, conjugated polymers, wires, and dots>6->8-61,
where it dominates at short and intermediate distances (0.5-10
nm). Its efficiency is determined by the spectral overlap of donor
emission and acceptor absorption, by the donor-acceptor distance,
(Rp4), and by the relative orientation of emission and absorption
dipoles.

The transfer rate is proportional to R24.56 The FRET efficiency
in bundles is expected to be high.'? Indeed, the emission-absorption
overlap between large- and small-gap tubes depends on the specific
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donor-acceptor couple. However, excitons can be cascadedly
transferred from donor to acceptor, even when a small emission-
absorption overlap is present, via intermediate gap tubes within
a bundle. Moreover, phonon-assisted absorption® of the acceptor
nanotube is likely to increase spectral overlap. SWNTs form bundles
by aligning themselves parallel too each other, giving a maximum
dipole orientation factor. Nanotubes in bundles also have a small
wall-to-wall distance. This makes higher multipolar contributions
possible.56:58

ethl —T I n
I eh’ —
|
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i !
vy ¥ 1
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Figure 6.5 Scheme of exciton relaxation of two nanotubes in a bundle after
resonant excitation of the donor ehq;. GS labels the ground
states of the donor and the acceptor. In addition to radiative (r)
and nonradiative (nr) relaxation of excitons, labeled tand 7,p
for the donor and 74 and t,,4 for the acceptor, EET with the rate
Tpy4 offers another pathway for de-excitation of the donor tube
and excitation of the acceptor.

To estimate the energy transfer lifetime between donor and
acceptor from experimental results, one can consider the exciton
relaxation of two adjacent tubes with different gaps, following the
resonant ehq; excitation of the larger-gap tube, as sketched in Fig.
6.5. The rate equations of the donor-acceptor system are:

onp/0t = Gye—=np (1/Tpp+ 1/7,p) = p /Tpa (6.1)

Ony/0t = np/tpy= Ny (1/Tra+ 1/7,4) (6.2)
where tp, is the energy transfer lifetime between the donor and the
acceptor, npis the population of excitons in the donor and n, in the
acceptor, T,p, Trp, Tora, and 7,4 are the radiative (r) and nonradiative
(nr) lifetimes, and G, the exciton density in the donor created by
photoexcitation. We get the ratio of acceptor emission intensity (I, =
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ny /t,4) to the donor (Ip=np /t,p) from Egs. 6.1 and 6.2 at the steady
state,

1/Tp4 Tp
1/TrA + 1/anA Tra

The ehq; radiative lifetime is ~20-180 ps, depending on
temperature.®? For tube diameters ~ 0.75-0.95 nm, it is ~20-30 ps
at room temperature.®3 This is much shorter than the theoretical
radiative lifetime (~10 ns).®* Thus, the observed lifetimes are
determined by nonradiative recombinations. Eq. 6.3 can be simplified
as,

Li/lp= (63)

14/Ip= Tpra/Tpa- (6.4)

We measured a very high I, / Ipin bundles.'? For example, under
(5,4) and (6,5) ehq; excitation in Fig. 6.2a, the ratio of PL intensity
of all acceptor tubes to that of the (5,4) and (6,5) donors is ~75
and 1.0, respectively. Some (5,4) and (6,5) tubes could be isolated.
Thus, the above intensity ratio represents a lower limit. From Eq.
6.4, the energy transfer lifetime can be estimated as ~0.3 ps. This
means that exciton relaxation in bundles by EET can be comparable
or even faster than nonradiative recombination. This fast relaxation
suppresses the PL emission from donors but, on the other hand,
significantly increases the acceptors’ luminescence.

In principle, the EET efficiency can be defined as the ratio
between the excitons generated in the acceptors by EET and all the
donor ehq; photoexcited excitons. If we assume tnr A = tnrD, the EET
efficiency, nDA4, is given by:

TIDA=n_D/G _TaalTpa  __La/lp
Toa 0 L+ Ta/Tpa 1H+14/1p

If we neglect the loss of excitons from excited excitonic states to
ehy4 for the donor nanotubes, the above results can also be used to
estimate the efficiency of different EET processes, such as (eh?, eh?)
and (eh? + K, eh?).

Considering the energy transfer from the (5,4) and (6,5) ehqq
to the ehy; of their acceptors in Fig. 6.2a, and from the eh,; + K of
(6,5) donors to the (7,5) acceptors ehy; in Fig. 6.3, we can estimate
an efficiency of ~50-98% for eh;; resonant excitation and ~33% for
eh,, + K resonant excitation. These estimates indicate that the EET
efficiency is very high when the eh;; or phonon sideband of donors

(6.5)
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are resonantly excited. Again, because some isolated tubes may exist
in the dispersion, these estimates need be considered lower limits.

To quantify the EET efficiency and rate, Forster theory should
be considered.>® The energy transfer efficiency depends on the
spectral overlap of emission and absorption bands. In the case of
nanotubes in bundles, the donor and acceptor are two parallel tubes
with a small wall-to-wall distance; thus the total transfer rate from a
locally excited donor can be estimated by integrating the rates along
the axis of the acceptor nanotube, as detailed by Qian et al.*! The
experimental results reproduce the low quantum yield (1072-1073)
for PL emission from s-SWNTs.!

We also consider two other possible mechanisms for EET:
tunneling and photon exchange. Tunneling requires coupling of
exciton wave functions.5” Its rate decays rapidly with Rp, and is very
sensitive to the eh,; energy difference. The 16 species detected in our
experiment have diameters = 0.65-1.05 nm, A(eh;) = 0.06-0.5 eV,
and chiral angle variation x 5-26°.%% Therefore, the efficiency should
strongly depend on the specific donor-acceptor couple. However, the
experimental results show no (n,m) preference. Therefore, exciton
tunneling is not expected to be the dominant EET mechanism.

On the other hand, photon exchange consists in exciton-photon
coupling with no direct donor-acceptor interaction. It has a smaller
dependence on Rp, than FRET; thus it can become significant for
much longer distances than FRET. However, the lack of significant
EET features in isolated tubes in solution?°%, combined with the
low quantum efficiency!, suggest that even if photon exchange may
weakly contribute to EET between nanotube bundles or between
isolated SWNTs, it is not dominant between adjacent tubes in a given
bundle.

6.4 How to Distinguish EET-Induced Features
from Other Sidebands in the PL Spectrum?

In addition to the features associated with exciton-exciton
resonances, phonon sidebands, and EET, other sidebands are also
observed. In general, a sideband can be classified as an excitation
or an emission sideband. The excitation sideband includes phonon-
assisted absorptions, eh; + phonons>%*2, and phonon sidebands eh;;
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+ K, 891214 while the emission sidebands could be due to EET121741)
K-phonon sidebands eh;~K'3-16,triplet dark excitons'®,and emission
of eh;;— phonons.>13

For the emission sideband, triplet dark excitons can only be
observed in samples after pulsed-laser irradiation.'® The intensity
of phonon-assisted emissions, such as ehi; - G, is very weak.16
Thus, we focus on how to distinguish the EET and eh;; - K phonon
sidebands. The eh; - K phonon sideband was initially interpreted
as “deep dark excitonic (DE) states” by Kiowski et al.13 In these,
the energy separation between eh;; and “deep DE states” (Fig. 3
in Ref. 13) depends on the SWNT diameter and varies from ~95
meV for 0.75 nm tubes to ~140 meV for 1.1 nm tubes. However,
recently, several groups demonstrated no diameter dependence
for this sideband.'*1® The explanation of the energy separation
between the eh;; and eh;~K sideband for small-diameter tubes is
a key issue to clarify the above contradictory results. One possible
explanation is that the so-called “DE states” observed by Kiowski et
al.'3 may be derived from triplet dark excitons. This assumption can
be excluded by comparing the observed “DE states” (solid circles)
and triplet dark excitons (solid diamonds), as shown in Fig. 6.7. In
fact, considering the donor/acceptor pairs (6,5)/(10,2), (9,1)/(8,7),
(7,5)/(8,4), and (10,2)/(8,6), the energy separation between the
ehq1 of those donor/acceptor pairs is in good agreement with the
energy difference between eh; and the so-called “DE states” for the
corresponding donor tubes, as shown in Fig. 6.3 of Kiowski et al.'3
Therefore, the “DE states” features reported by Kiowski et al.!3 for
small-diameter tubes, such as (6,5), (9,1), (7,5), and (10,2), can be
in fact assigned as EET sidebands of donor/acceptor pairs, such as
(6,5)/(10,2),(9,1)/(8,7), (7,5)/(8,4), and (10,2)/(8,6).

To distinguish between EET and eh;-K phonon sidebands, we
compare the PLE maps of a dispersion in SDBS and the top fraction
of a sorted dispersion in SC by DGU3% as shown in Fig. 6.6. The
former is enriched with bundles, while the latter is highly enriched
in isolated tubes, where ~90% of s-SWNTs are (6,5).3° As shown
in Fig. 6.6a,b, for dispersions in SDBS containing bundles, the EET
features can be very strong due to the bundling of (6,5) and (8,4),
forming donor-acceptor pairs. In Fig. 6.6¢, because of the removal of
(8,4) acceptors in the topmost fraction, and the high enrichment of
isolated (6,5), the EET from (6,5) to (8,4) is not seen. Instead, only
the (6,5) eh;1-K sidebands can be seen, down-shifted ~21 meV from
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the EET from (6,5) to (8,4). Figure 6.6c shows that the PL intensity
of the eh;; -K sidebands for the top fraction is only ~7% of the main
ehq, peaks, which have a much smaller intensity than EET features.
EET is a major relaxation channel for exciton decay in bundles, which
can quench the PL emission from donors. It is expected for the eh;-K
sidebands to be weaker in bundles than in isolated tubes. Therefore,
in the dispersions containing bundles, the eh;-K sidebands may be
too weak to be clearly observed if they are partially shadowed by the
tails of strong EET features, as shown in Fig. 6.6a,b.
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Figure 6.6  PLE maps of (a) an as-prepared dispersion in SDBS and (b) after
two months. (c) PLE map of an as-prepared DGU dispersion
in SC. All the maps are normalized by the intensity of (6,5)
(ehyy.ehi1) resonances. The ellipses show the EET-induced
features, and the circle indicates the (6,5) eh;;-K emission
sideband.
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Figure 6.7 Energy separation (E) between eh;; and its lower energy
sideband as a function of tube diameter: so-called DE states?3,
EET features'?, triplet dark excitons'®, and eh,;-K sidebands
(¢,'%156and V in Fig. 6.6). The typical value (~135 meV) of
energy separation between eh;; and eh;-K phonon sideband
is indicted.

Table 6.1 compares EET and eh;;-K sidebands. The eh;{-K
sidebands can be observed in isolated nanotube dispersions if
they are not shadowed by the intense exciton-exciton resonances
of other nanotube species. The intensity and peak position of
eh;,1-K satellites of a given nanotube species are only determined
by the main eh;; PL emission peaks of this nanotube. But, the EET
peak position depends on both donors and acceptors, with donors
determining the excitation position and acceptors the emission. The
EET intensity is dominated by the bundling of donors and acceptors.
EET features can be comparable to, even much stronger, than the PL
emission of the corresponding donors or acceptors. Therefore, it is
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easy to distinguish the EET features from eh;{-K satellites in the PLE
maps of a dispersion.

Table 6.1 Comparison between EET features and eh;;-K sidebands in
PLE maps of nanotube dispersions

EET eh,'i-K
Satellites emission bundles emission isolated or bundles
Dispersions strong, dependent weak, dependent on the main
Intensity on D-A pairs peak fixed, ~135 meV below
Position dependenton D-A eh;1-K

pairs

6.5 Relaxation Pathways of Excitons in
Nanotube Bundles

The dynamics of creation, relaxation, nonradiative decay, and
radiative recombination of excitons and corresponding sidebands is
a fundamental issue in nanotube research. The relaxation of excitons
in bundles includes two parts. The first is the exciton relaxation in
an individual tube (donor or acceptor). The second is the exciton
relaxation between donor and acceptor tubes via EET. The total decay
rate of an individual tube is 7r + Tnr *20ps—1 at room temperature,
dominated by T,,.6%%366 The intersubband exciton relaxation from
eh,, to ehq; transitions is within ~150 fs, with a time constant = 40
fs.57 The maximum EET rate 75, is ~0.3 ps~!, as estimated by Eq. 6.4.
Therefore, the donor tubes transfer their exciton energy to acceptors
via the lowest optical excitonic states of the donor tubes.

Figure 6.8 shows PLE spectra of isolated (6,5) ehy; and eh;;-K in
the top fraction of an SC-encapsulated SWNT dispersion sorted by
DGU, in an excitation range of eh,, + K to eh;; + K. The corresponding
PLE map is shown in Fig. 6.6¢. The excitonic transitions of eh,; + K,
eh,,, and ehi; + K are identified. Additionally, there exists an EET-
induced feature from the (8,3) eh;; + K phonon sideband to the
(6,5) ehq4 sideband. Multiplied by 13, the PL intensity of the eh;;-K
sideband becomes similar to that of eh{; over the entire excitation
range. This suggests that for PL emission at the eh{; + K sideband,
the high-lying excitonic states, such as eh;, + K, eh,,,and eh1 + K, do
not directly relax down to eh;;-K states but relax to eh;4 states. Part
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recombine at eh4; others relax to eh;;-K states and recombine there.
Relaxation pathways down to eh;; and eh;;-K directly from specific
high-lying excitonic states would result in a different intensity ratio
of eh;1-Kto ehq;.

eh4s at 982 5nm 1

o]
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eh11+K (8 3)

oo,
500 600 700 800
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Figure 6.8 PLE spectra of eh;; and eh,-K of isolated (6,5) tubes in the
top fraction of an SC-encapsulated SWNT dispersion sorted by
DGU. The detection wavelength is 982.5 nm for eh;; and 1,099
nm for eh;,-K. The PL intensity of eh;;-K is multiplied by a
factor 13. The EET features from eh;; + K phonon sidebands of
(8,3) to (6,5) ehy, are also identified.

The relaxation pathways of photoexcited excitons in bundles are
illustrated in Fig. 6.9 in the case of the resonant excitation of eh,, and
eh{; and/or their phonon sidebands. The weak relaxation pathway
associated with phonon-assisted absorption and emission is not
considered here. The EET recombination mechanism is as follows:
photons are resonantly absorbed by the high-lying excitonic and
exciton-phonon bound states of donors; the photoexcited excitons
first quickly relax to the eh,? states; then some radiatively recombine
at the eh? of the donor nanotubes, or further relax down to eh,?
-K and recombine there, while others resonantly transfer their
energy to the excitons of acceptors.'? Finally, the latter radiatively
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recombine at the corresponding eh;§ or further relax down to eh{}
-K and recombine.

I
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Figure 6.9 Schematic diagram of exciton absorption (open lines) and
relaxation process in a donor-acceptor pairin s-SWNT bundles.
Solid lines suggest possible radiative relaxation pathways.
Dotted lines indicate possible nonradiative relaxation
pathways. Dashed lines represent the EET pathways within a
donor-acceptor pair.

@ =

6.6 How to Detect Bundles and Probe Their
Concentration?

The quantification of bundling is important for both fundamental
studies and applications. Bundling induces ared shiftand broadening
of excitonic transitions.>1%2% The red shift is attributed to the
modification of Coulomb interactions by the dielectric screening
induced by other adjacent tubes.3 Thus, the red shift of the optical
transitions in Raman, absorption, and PL spectra can be an indication
of bundles.?'%20 The optical transitions of SWNTs are strongly
modulated by different dielectric environments.1822.68-74 Therefore,
care must be taken when using the peak shift of optical transitions
to identify the presence of bundles, because this may also be induced
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by the dielectric environment rather than just bundling. Also, the red
shift caused by bundling can be neutralized by the blue shift induced
by a change in the dielectric environment. Therefore, detection of
bundles through Raman, absorption, and PL measurements requires
a reference sample with isolated nanotubes in the same solvent-
surfactant environment to quantify the change of optical transitions
due to bundling, which is not straightforward for all the pure solvent
or solvent-surfactant systems.

The EET spectral features in one-photon PLE maps can be used
as fingerprints of bundles. Two-photon excitation spectroscopy was
used to estimate the exciton-binding energies in nanotubes.>* Figure
6.10 represents the main features of the two-photon map in Fig. 1
of Ref. 4 and in Fig. 2 of Ref. 3, where HiPco SWNTs were used. This
shows several peaks, indicated by solid squares and circles, with a
larger excitation energy than the two-photon exciton resonance
(open circles). There seems to be a Rydberg-like series of states for
every SWNT; however, each of them matches the excitation energy of
alarger-gap SWNT, as indicated by each horizonal dashed line in Fig.
6.10. These are analogous to the EET-induced peaks in one-photon
excitation spectroscopy in Figs. 6.2 and 6.3. We attribute them to
PL emission of small-gap tubes due to EET from larger-gap tubes in
bundles. We assign the four features in Fig. 6.10a with ~1,390 nm
excitation (solid squares) to EET from a (5,4) donor to (6,4), (9,1),
(8,3), and (6,5) acceptors, although the concentration of (5,4) is very
low in HiPco SWNTs and its two-photon exciton resonance is not
observed in Fig. 6.10a. The EET-induced two-photon spectra show
more distinctresonance peaks compared to Figs. 6.2 and 6.3. The EET
from s-SWNTs to metallic ones is much faster than within s-SWNTs.
Thus the PL emission from the latter in one-photon excitation can be
heavily quenched due to the presence of m-SWNTs. Therefore, the
EET signals should be very weak in the one-photon PLE maps for
samples containing a high concentration of m-SWNTs, such as HiPco
samples?, where m-SWNTs constitute ~1/3 of the total. However,
interestingly, two-photon excitation of HiPco dispersions®* can
exhibit strong EET features, as discussed above. The observation of
significant EET features from (5,4) donors reveals that very high EET
efficiency can occur in two-photon excitations. It also indicates that
the EET rate from s- to m-SWNTs is not so fast to be totally quenched
in two-photon excitation. Also, two-photon luminescence increases
quadratically with the excitation power. Therefore, in comparison to
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one-photon excitation, two-photon excitation spectroscopy can be
used as a more sensitive tool to probe bundling.
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Figure 6.10 Main features in the two-photon PLE maps reported by (a)
Maultzsch et al.*and (b) Wang et al.?

Open circles are two-photon PLE peaks, each labeled with the
corresponding SWNT chiral index. Solid circles and squares are EET
peaks.

Because the optical transitions of SWNTs are usually very broad
due to bundling inhomogeneity, packing efficiency and dispersion
of bundle size, absorption, and PL spectra are not sensitive probes
of bundle size in dispersions and in composites. Moreover, if the
concentration of some species of nanotubes is low, their PL and
absorption features are expected to be shadowed by intense
signal from nanotubes with a high concentration. However, the
EET intensity can be much stronger than that of exciton-exciton
resonances of donor or acceptor nanotubes. The position of EET
features can also be far away from exciton-exciton resonances of
donor or acceptor tubes. Thus, the EET optical signatures can be
used to probe the presence of low-concentration donor or acceptor
tubes and to quantify the bundling of a donor-acceptor pair. As
shown in Fig. 6.10a, although the (5,4) concentration is very low in
HiPco samples?, the detection of an EET signal from (5,4) donors
indicates their presence. The EET from eh? and eh? + K sidebands
(i=1,2,...) of donors to eh{4 excitons of acceptors is an intrinsic
optical signature of bundles, independent of the influence of the
surrounding dielectric environment.
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Therefore, the EET-induced emissions from acceptors in the PL
and PLE spectra are a direct, simple, and independent way to identify
bundling.
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Figure 6.11 Absorption spectra (solid and dashed lines) and PL intensity
of each exciton-exciton resonance (and) of an as-prepared
dispersion and after two months.

The PL, PLE, and absorption spectra have been widely used
to determine the concentration of nanotubes after correction by
the theoretical cross-sections of different chiralities.”>78 When
bundles are present in dispersions or composites, the additional
EET relaxation pathway decreases the PL intensity from donors
and enhances that from acceptors. The presence of m-SWNTs also
strongly quenches the luminescence from s-SWNTs. Figure 6.11
shows the absorption spectra and PL intensity of each exciton-
exciton resonance of an as-prepared dispersion in SDBS/D,0 and
after two months. It was reported that the theoretical PL intensity
of an individual (6,5) tube is ~20% stronger than for a (7,5).”> The
(6,5) absorption intensity is also much stronger than that of (7,5),
as shown in Fig. 6.3a. Thus, the (6,5) PL intensity is expected to be
stronger than (7,5) if all nanotubes are individualized. However,
Fig. 6.11a shows that in our case (7,5) tubes have much stronger PL
emissions. The red shift in the absorption and PL spectra confirms
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that the SWNTs in the as-prepared dispersion contain small SWNT
bundles. Note that the (6,5) absorption peak width (~45 meV) is
~31 meV broader than in (7,5). This implies that the (6,5) dielectric
environment and the bundling status (e.g., size distribution of
bundles) is more complex than for the (7,5). Compared to isolated
tubes?%5, additional EET relaxation channels exist in bundles.
Therefore, for dispersions where the presence of bundles and their
size distribution cannot be conclusively determined, the (eh,,, eh14)
intensity of each nanotube species does not necessarily reflect its
abundance, contrary to what is sometimes suggested’®’%, even if the
experimental PL is normalized with respect to concentrations and
theoretical cross sections.”> Considering that the absorption spectra
of dispersions incubated for two months show a similar profile
with respect to the as-prepared dispersions, we conclude that
absorption spectroscopy is a more reliable technique to determine
the concentration distribution of nanotubes in dispersions.

6.7 Exploiting EET for Photonic and
Optoelectronic Applications

SWNTs show strong saturable absorption, that is, they become
transparent under high-power irradiation.3%67:80-82 SWNTs are thus
suitable for application as mode lockers in ultrafast lasers and noise
suppression filters.?3-33 SWNT-based saturable absorbers must be
carefully designed to keep a balance between high modulation depth,
depending on SWNT concentration, and unwanted nonsaturable
losses, due to scattering from large bundles or entanglements, as well
as from the polymer matrix, surfactant, residual catalyst particles, and
carbon impurities.3? To ensure fast device operation, the relaxation
time of the saturable absorber must be as short as possible. The
relaxation time is longer in isolated SWNTs than in bundles.6¢:83.84
Hence, bundles are necessary in SWNT-based saturable absorbers,
but their size must be smaller than the device operation wavelength
to avoid nonsaturable losses due to scattering.3® EET can thus be
used to estimate bundling during the fabrication of such devices.
Dang et al.>® used EET to monitor the effect of bundling on the
efficiency of SWNT-based photovoltaic devices. They reported that
bundling of large-gap s-SWNTs with smaller-gap s-SWNTs and
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m-SWNTs leads to a 1% reduction in power conversion efficiency in
a dye-sensitized solar cell.>3

Considering the application of bundles as optically pumped light-
emitting devices, one must choose a pump laser whose wavelength or
photon energy resonantly matches that of the nanotubes to achieve
a high excitation efficiency for light emission. One could exploit EET,
by matching the pump laser energy with the eh;; or eh;; + K of donor
nanotubes, to induce an higher emission efficiency from acceptor
tubes. This can also extend the wavelength or photon energy of the
pump laser for the application of semiconducting bundles as optically
pumped light emitters. Since m-SWNTs quench the luminescence
from s-SWNTs, small bundles entirely made of s-SWNTs can be ideal
for this application.

EET can be also used as a means to concentrate excitons,
for example, for photovoltaic applications.3#® Han et al.*®
demonstrated a core-shell SWNT filament to concentrate excitons,
demonstrating the viability of this concept.*® Enriched SWNTs were
dielectrophoretically spun to fabricate the core-shell filament, with
small-gap SWNTs forming the inner or collector core, consisting
predominantly of (8,7), (7,6), (11,3), (7,5), and (6,5), and large-gap
SWNTs the outer absorbing shell, consisting of (6,5) only. When this
filament is irradiated by a broadband light ranging from ultraviolet
to near infrared, it exhibits a broadband absorption consistent
with the SWNT population in the filament. This also confirms EET
can occur between two SWNTs with a small emission-absorption
overlap in a cascaded way via intermediate-gap tubes within a
bundle.!2 Therefore, the emission of a core-shell nanotube filament is
dominated by the smallest-gap tube—(8,7) in the case of Ref. 48 —as
a result of exciton funneling via EET to the core from the collector,
as well as within the core by cascaded EET, from other species to the
(8,7).8 Similar structures consisting of enriched SWNTSs can also be
used for other devices to achieve an higher absorption bandwidth
over a desired window, which could find application in various
optoelectronic devices, including photodiodes and bolometers.*8

6.8 Conclusions

We reviewed the use of PL, absorption, and PLE spectroscopy to
investigate the optical properties of nanotube bundles. The existence
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and gradual formation of bundlesin aqueous dispersionsisinevitable
even after ultrasonication followed by ultracentrifugation. With time,
the emission and absorption spectra show weaker intensities and
broader spectral profiles. Emission sidebands are observed in the
PLE map, assigned to EET between bundled tubes. The EET features
correspond to the excitation of donor tubes and the emission of
acceptor tubes, and their intensity depends on bundling. The EET
intensity can be much stronger than of exciton-exciton resonances
of individual donor and acceptor tubes.

EET can be used for 1) nanotube bundle engineering to enhance
and improve PL emission from small-bandgap nanotube acceptors
for optoelectronics; 2) an additional relaxation channel for excitons,
useful forultrafastphotonicdevices; 3) investigation of optoelectronic
interactions of hybrid structures of SWNTs and other materials,
such as quantum dots, conjugated polymers, and biomolecules;
3) explaination of the complex spectral features in the PLE map
of nanotube dispersions and composites; 4) provision of a direct,
simple, and independent way to identify the presence of bundles or
to confirm the presence of only individual isolated nanotubes; and
5) fingerprintin of bundles with different tube concentrations.
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