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Exciton antennas and concentrators from
core-shell and corrugated carbon nanotube
filaments of homogeneous composition

Jae-Hee Han?7, Geraldine L. C. Paulus'’, Ryuichiro Maruyama3, Daniel A. Heller!, Woo-Jae Kim?,
Paul W. Barone'!, Chang Young Lee"?, Jong Hyun Choi°, Moon-Ho Ham', Changsik Song', C. Fantini®
and Michael S. Strano™2*

There has been renewed interest in solar concentrators and optical antennas for improvements in photovoltaic energy
harvesting and new optoelectronic devices. In this work, we dielectrophoretically assemble single-walled carbon nanotubes
(SWNTs) of homogeneous composition into aligned filaments that can exchange excitation energy, concentrating it to the
centre of core-shell structures with radial gradients in the optical bandgap. We find an unusually sharp, reversible decay in
photoemission that occurs as such filaments are cycled from ambient temperature to only 357 K, attributed to the strongly
temperature-dependent second-order Auger process. Core-shell structures consisting of annular shells of mostly (6,5) SWNTs
(E; =1.21eV) and cores with bandgaps smaller than those of the shell (E; =1.17 eV (7,5)-0.98 eV (8,7)) demonstrate
the concentration concept: broadband absorption in the ultraviolet-near-infrared wavelength regime provides quasi-singular
photoemission at the (8,7) SWNTSs. This approach demonstrates the potential of specifically designed collections of nanotubes

to manipulate and concentrate excitons in unique ways.

for optical concentration"? and photon collection®* for ap-

plications such as higher-efficiency photovoltaic cells’ and
infrared photoemitters/photodetectors®. One-dimensional materi-
als, such as inorganic nanowires® and carbon nanotubes’", are
promising candidates for this because of their aligned axial tran-
sition dipoles’™?, large absorption cross-sections and high quantum
efficiencies'®"2. In the case of SWNTs, photonic applications have
been hampered by an inability to separate and sort them as
optically distinct species®*"'. Recent advances in our laboratory"
and elsewhere'® have enabled this separation on preparative scales.
Although the photophysics of isolated, single carbon nanotubes
and heterogeneous aggregates has been extensively studied’'?, these
new separation methods allow us to construct optically homoge-
neous materials of dimensions much larger than typical excitation
wavelengths of interest, enabling new photonic structures.

Optical properties of SWNT bundles have been studied
abundantly using Rayleigh and Raman scattering’~, photolumi-
nescence excitation (PLE) and absorption spectroscopy'®">. As a
result, diameter- and distance-dependent exciton energy transfer
(EET; also referred to as Forster resonance energy transfer!”)
from larger-bandgap semiconducting SWNT's to smaller-bandgap
ones within bundles in solution has been illustrated'*". Recently,
EET was elegantly examined® within a single pair of SWNTs,
highlighting the potential for such species to form more complex
antenna structures and concentrators. The systems explored in
our work create such structures. Time-resolved spectroscopy of

| here is renewed interest in developing photonic materials

SWNT bundles reveals extremely rapid excited-state relaxation
(1ps) compared with isolated SWNTs (ref. 18). This behaviour
has been attributed to energy transfer from the semiconducting
to the metallic SWNTs within each bundle'®, followed by rapid
non-radiative carrier cooling in the metallic nanotubes?. SWNT
bundles have also found applications in the solar energy field; they
can, for example, be used to replace the transparent electrode in
organic solar cells’. However, none of these applications so far
has considered optically homogeneous SWNT bundles, which have
only recently become available in preparative quantities'>'® for
photonic applications.

The improvement of photonic devices by increases in quantum
efficiency as well as power conversion efficiency has been an impor-
tant research focus for many decades. For example, EET between
shorter- and longer-wavelength dyes was used to develop tandem
organic solar concentrators with high efficiency'. Microconcentra-
tor photovoltaics using soft-lithographically moulded replicas of
commercially available lens arrays was demonstrated to increase
total output power?. In the field of nano-optics, engineering nanos-
tructure plays a critical role in the control of propagating light in
photonic applications such as optical antenna structures™**.

In this work, (6,5) semiconducting SWNTs were isolated
and dielectrophoretically spun into largely homogeneous solid
filaments. A small residual amount of (7,6) SWNTs leads to a
surprisingly large amount of EET in the (6,5)-enriched fibre.
We also find that the photoluminescence quantum yield of these
fibres unexpectedly decays sharply as they are heated to only
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Figure 1| Optical properties of a (6,5)-enriched SWNT fibre:
photoluminescence and strong EET. a, Upper panel: an optical image of a
SWNT fibre supported on a tungsten tip; lower panel: a corresponding
two-dimensional near-infrared InGaAs photoluminescence image (with
658-nm-wavelength laser excitation, TmW), showing bright
photoluminescence from the very end of the fibre in a solid state,
confirming a high degree of semiconductor purity. Note that the light
emission at the upper-right corner is due to a halogen lamp source. b, A
corresponding PLE map demonstrating the majority of (6,5) chirality.

¢, The photoluminescence spectra of both an As-separated solution and a
solid-state fibre taken at 570-nm-wavelength monochromatic light
excitation, corresponding to the E;; transition of individual (6,5) SWNTs in
an aqueous solution'®. Note that the peak of the fibre (solid red line,
~1,008 nm) is redshifted (by about 30 meV) from that of individual
SWNTs in an aqueous solution (solid blue line, ~984 nm).
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357 K with recovery on cooling them back to room temperature.
This behaviour is attributed to Auger recombination. We then
construct coreshell structures where the SWNT composition
determines the absorption bandwidth and where EET is controlled
through gradients in the optical bandgap of the different SWNTs
making up the shell and the core. These structures form
antennas that funnel excitons to their core and emit in the
near-infrared regime, creating unique photonic devices and
optical concentrators.

Electronically homogeneous fibres of diameters up to 4um
were created using a mechanically automated dielectrophoresis
(DEP) drawing apparatus (see Supplementary S1, Fig. S1). The
DEP technique?®! assembles an aligned fibre of controlled length
and diameter from a SWNT solution in 2% sodium cholate
surfactant. Solutions of homogeneous SWNT species were prepared
by single cascades of the density-gradient ultracentrifugation
method'>!® (Supplementary S2, Fig. S2). Figure la is an optical
micrograph of a typical fibre, with bright photoluminescence
shown under 658 nm with 1 mW illumination, imaged with a
near-infrared InGaAs array with 1s exposure. Both an absorption
(Supplementary Fig. S3) and a PLE profile (Fig.1b) carried
out directly on the fibre confirm that it contains mostly (6,5)
SWNTs (~99 mol%) with minority compositions of (7,6) SWNT's
(~1%) and remaining species comprising <1%. Fibre formation is
known to perturb the electronic and exciton transport properties
for SWNTs through inter-tube coupling'**?. The (6,5) SWNTs
have an emission maximum that is 30 meV redshifted from its
value of 1.26eV in the starting solution, shown in Fig. Ic. The
result for this fibre, containing 3.3 x 107 SWNTs, is consistent
with that of another study, which used Rayleigh scattering
spectroscopy to measure Ej; redshifts in the range of tens of
millielectronvolts on bundling. This energy shift in the fibre
states is understood to be a result of mutual dielectric screening
of the excitons by neighbouring SWNTs. In summary, our
fibres are analogous to several recently investigated bundled
systems, including SWNT dimers'? and surface-grown bundles'?,
with the key exception that they contain 107 times as many
SWNTs in structures that are larger than the wavelength of
the absorbing light.

We first study the inherent EET observed between the
abundantly present (6,5) SWNTs and the minority (~1mol%)
(7,6) nanotubes still present after enrichment of the former in
the fibre. Figure 2a,b shows typical near-infrared PLE maps of a
fibre (Fig. 2a, inset) taken at temperatures of 298 K and 357K,
respectively. Peaks are assigned to the photoluminescence of the
(6,5) and (7,6) SWNTs. The fibre was suspended under a blanket
of ultrahigh-purity nitrogen (>99.999%) (31min™"') at controlled
temperatures (298-357K) using a thermal-isolation microscope
stage (Linkam). Although the fibre is irradiated with light of 570 nm
(the E, excitation wavelength for (6,5) SWNTs) and contains
only ~1% (7, 6) nanotubes, the resulting photoluminescence from
the (7,6) nanotubes is most significant. In fact, a calculation of
the quantum yield (defined as the ratio of photons emitted to
photons absorbed) shows that it is about two orders of magnitude
larger for the (7,6) SWNTs than for the (6,5) SWNTs (Fig. 2¢).
This effect is due to the EET between the two types of SWNT.
Another interesting phenomenon is the evolution of the spectral
intensity with temperature: the photoluminescence intensity data
(Fig. 2d) show a decrease in photoluminescence of both the (6,5)
and (7,6) SWNTs with increasing temperature. The decrease
becomes more significant at higher temperatures. The quantum
yield of the whole fibre itself, shown in Fig. 2e, indicates a similar
decay. This transition is reversible, repeatable and not related to
environmental or morphological changes (Supplementary S4). A
theoretical model is developed to provide a plausible explanation
for this trend. Taking into account the different pathways for
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exciton generation and decay, the following system of ordinary
differential equations is set up:

dN,
% = Gies) —keerNie.s) —keNies) —kaNie.s)
—kﬂN](ﬁ,s)(Nl(ﬁ,S) — 1)+k2_1N2(6,5) (1)
dN. 1
S >kaNis,5) (Nis,5) — 1) — ka1 Nags 5) )
dt 2
dN,
dll(jﬁ) = G,6) T keerNi(e.5) = keNi7.6) — kaN1(7,6)
—kaNiz,6)(Ni7.6) — 1) + ka-1 Nor ) ®)
dN. 1
% = 5kNig.) (Nig.o) = 1) — ka1 Nac o) )

In this scheme, N denotes the total amount of excitons in the
system, with subscript 1 (2) referring to excitons for which the
energy difference between the electron and the hole equals E;;
(Es2), and subscripts (6,5) and (7,6) denote the chirality of the
nanotubes. Here, G is the exciton generation rate calculated on
the basis of the extinction coefficient of the fibre (estimated using
Beer’s law to be 5.07 x 10° m™!, (taking into account scattering)),
the incident power density of the light (4.1 uW), the spot size of
the incident light (1.69 x 107 m?) and the illuminated area of
the fibre (1.11 x 1072 m?). For the (6,5) SWNTs, this leads to an
estimated exciton generation rate G 5) of 6.47 x 10'? excitonss™.
The amount of excitons generated on the (7,6) tubes is considerably
smaller (6.53 x 10'° excitonss™!). As discussed earlier, in bundles,
excitons on ‘donor’ (6,5) nanotubes can transfer to ‘acceptor’ (7,6)
nanotubes through EET (refs 10-13), and this is represented by a
first-order reaction with rate constant kggr. It is expected that kggr
is several orders greater than k; (ref. 10). Excitons can decay through
radiative relaxation, resulting in the formation of photons detected
as photoluminescence. The temperature-dependent reaction rate
constant k, for this first-order reaction is governed by a simple
interpolation formula®:

1 T (Tmm—T>
T =0 =Tnn X 77— &Xp| ————
T

kr min

where Ty, Tmin and T are the minimum radiative lifetime, its
corresponding temperature and the environmental temperature,
respectively. Both 7, and Ty, show a diameter dependence:

Tmin ~ Ty +ad

B
Tmin =
d

where both « and B are the proportionality factors in the
correlation, and d is the tube diameter. The best-fit values for the
three parameters are: 7y = 12 ns,a =24nsnm™' and 8 =272Knm
(ref. 23). As shown in Fig. 2f the temperature dependence of k; is
rather weak in the temperature range considered in this experiment.
For both types of SWNT, k; is of the order of 107 s™'. The excited
electron—hole pairs can also recombine non-radiatively (thus giving
rise to lattice vibrations), mediated by defects along the nanotube’s
length or by the nanotube’s ends?. The defect-mediated decay rate
constant ky is well described with classical Arrhenius kinetics?>?:
kq = kqoexp(—Eaa/ksT), where kq is the pre-exponential factor,
E, 4 is the activation energy, kg is the Boltzmann constant and T is
the temperature of the fibre. A final possible excitonic decay channel
in the SWNT fibre is exciton—exciton annihilation (otherwise
known as the ‘Auger’ process). In this case, the bimolecular reaction
2N; = N, + GS describes how, on the collision of two excitons at
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the E,; level, one is annihilated (decays to the ground state, GS),
and the energy that is being released in the collision is used to
promote the other exciton to the E,, level. Given the nature of this
exciton—exciton annihilation mechanism, we propose to describe
the temperature dependence using collision theory?’, which results
in a modified Arrhenius expression where the prefactor shows a
T dependence: k, = k, ov/ T exp(—E, ./ksT), where k,, is the
pre-exponential factor and E, , is the activation energy. The N,
exciton quasi-immediately relaxes back to the Ej; level with a rate
constant k,_; = 2.3 x 10 s7! (ref. 28). As the excitons on the E,,
level are very short-lived intermediates, one can employ the pseudo-
steady-state approximation to equations (2) and (4), leading to an
expression for Ny s5) and Ny, which can then be plugged into
equations (1) and (3) respectively. The final system of ordinary
differential equations to be solved numerically is then reduced to

dN
% = Ge,5 — kgerNis,5) — ke Ni6,5 — kaNis,5)
1
- EkaNl(ﬁ.S) (Ny5—1)
dN
% = G(7,6) + keerNi6,5) — keNi(7,6) — kaNi(7,6)

1
— EkﬂNl(M) (Nyi7,6—1)

With knowledge of G and k;, a fit of the model to the data (Fig. 2d)
results in values for kggr, kg and k, for every data point (Fig. 2f). The
value of kggr is found to be reasonably invariant with temperature
at 6.24 +1.19 x 10°s7!, as expected'”. An analysis of the EET
efficiency (nger) is included in Supplementary S4a. The defect-
related rate constant equals kg = 10'%exp(—0.17 eV /k3 T ), where the
value for the activation barrier is in agreement with values found
elsewhere in the literature®®. The second-order Auger rate constant
becomes k, = 10'°+/T exp((—0.1937 eV £0.028494 eV) /ksT). A
comparative analysis of the value of k, found here to values
in the literature is included in Supplementary S4b. It is worth
mentioning that the activation energy for this Auger process shows
a small variation with temperature (see inset of Fig. 2f). This is not
uncommon for multistep reactions in solids**~*!. The Auger process
is a combination of a diffusion step and a reaction step (one exciton
gets promoted to the E,, level, the other one is demoted to the
ground state). Therefore, the effective Auger rate constant k, used
in the model can be written as

L1 + ! (5)
ke ko ke
where kp and ky are the rate constants for the diffusive and the
reaction step, respectively. From equation (5), one can easily deduce
the effective activation energy of the Auger process to be

Fo— Ex pkr + Ea rkp
A kp + kg

As both kp and kg vary with temperature, E, , is also temperature
dependent. Taking into account that k, is a second-order rate
constant, it is clear that exciton—exciton annihilation (or the Auger
process) is the most efficient decay channel in the fibre. The non-
radiative decay channel is much more efficient than its radiative
counterpart, and is responsible for the low photoluminescence
quantum yields of the fibres in this work, 107~10~* (Fig. 2e), values
that are similar to those reported in the literature for much smaller
bundle systems***>. A similar analysis has been carried out on an
average data set, containing data taken while heating the sample,
while subsequently cooling it, and during a repeat of this hysteresis
experiment six days later (Supplementary S4c).

As suggested by the near-infrared micrograph in Fig. 3a, we
find considerable spatial heterogeneity in the emission density
along the length of such fibres. This spatial variation also
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Figure 2 | PLE map and reversible photoluminescence change as a function of temperature. a,b, Typical near-infrared (970-1,280 nm) PLE maps of a fibre
(inset of a) taken at temperatures of 298 (a) and 357 K (b). ¢, Quantum yield of both types of SWNT present in the fibre versus temperature (the quantum
yield is defined as the ratio of photons emitted to photons absorbed). Inset: The quantum yield of the (6,5) tube on a different scale. d, Photoluminescence
intensities of both (6,5) and (7, 6) emissions versus temperature (both experimental data and model fit). e, Quantum yield of the fibre (both experimental
data and its fit) versus the temperature, demonstrating a monotonic decrease with increasing temperature. The Auger rate constant k, is largely
responsible for the strong decrease in the quantum yield with temperature. f, Temperature dependence of all of the first- and second-order rate constants
in the system, calculated from theory (k; (¢ 5y, kr.(7.6)) or from numerical simulations based on the model developed (kgeT, k4. ka). Inset: The dependence of

the activation barrier of both kq and k; on temperature.

undergoes a remarkable transition with temperature, and again
in an approximately reversible manner. Figure 3a shows a higher-
resolution near-infrared intensity map of the total relative density
around a fibre of 1.6 um diameter suspended on a N,-blanketed
thermal-isolation microscopy stage. Localized regions of high
emission intensity are clearly visible along the length of the fibre. On
progressive heating from 298 to 357 K, these regions broaden and
become delocalized. Cycling the system back to 298 K repeatedly
confirms that this delocalization is reversible and not associated
with thermal annealing or impurity desorption. Although the
images resemble the spatial heterogeneity observed in near-field

836

investigations of single carbon nanotubes, invariably created by
lattice defects, it is important to note that the images in Fig. 3a arise
from an ensemble collection of approximately 2.4 x 108 SWNTs,
so sidewall defects cannot explain the phenomena. Furthermore,
the localization lengths (2-5um) are longer than the range of
nanotube lengths (100-1,000 nm); therefore, nanotube ends, which
are known to be strong centres of irradiative recombination'"*,
cannot be responsible.

The phenomenon was further investigated by adapting the
near-infrared photoluminescence microscope to split the collection
image in photon energy using a pass filter with wavelength
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Figure 3 | Spatially resolved, temperature-dependent photoluminescence behaviour under an in-house-built dual-channel microscope.

a, Temperature-evolutional, high-resolution near-infrared photoluminescence intensity maps of the total relative density around a fibre suspended on a
thermal-isolation microscope stage blanketed with continuous, ultrahigh-purity N» (>99.999%) with a flow rate of 31 min~". b, Normalized differential
intensity contour plots of the same fibre, mapping spatial variations with temperature in the local emission energy (see main text and Supplementary S6
for details). ¢, A detailed close-up of the photoluminescence intensity along the fibre axis showing a reversible recovery of the energy with temperature.

centred at 1,090 nm. This yielded a pair of images, named ‘red’
and ‘blue’, corresponding to long- and short-pass wavelengths,
respectively (see Supplementary S5 for details on the microscope
and a typical photoluminescence spectrum of the fibre). To map
the spatial variations in the local emission energy (Fig. 3b), the
normalized intensity difference between both images is calculated:
(Ired — Iblue)/ (Irea + Ibie)- The resulting mapping reveals that the
localized regions of high intensity seen in Fig. 3a are blueshifted
relative to the mean value for the whole fibre (Fig. 3b). With

NATURE MATERIALS | VOL 9 | OCTOBER 2010 | www.nature.com/naturematerials

increasing temperature, there is a net emission energy loss that
recovers with cycling back to 298K (Fig. 3¢c). As the relative
variation in redshift is observed to be of the same order between
bundled and isolated SWNTs (30 meV), we hypothesize that
the relatively blueshifted regions are associated with increased
inter-tube spacing or decreased physical density along the fibre
length. This is supported by the fact that the regions are spatially
of the order of the persistence length of a SWNT bundle*. The
fact that these blueshifted regions have higher intensities (as
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Figure 4 | Development of an exciton antenna from a core-shell carbon nanotube structure. a, An optical image of the exciton antenna (scale bar, 2 um)
with a schematic. b, A top view of the antenna structure, where the curved black arrows indicate the inward EET on photoexcitation. ¢, The resulting
excitation profile, demonstrating the dominant emission produced from the smallest-bandgap element (8,7) on photoexcitation over a broad range
extending from ultraviolet to near-infrared wavelengths. d, Experimental data showing the photoluminescence intensity for each type of SWNT in the

exciton antenna for excitation at 570 nm and at room temperature.

indicated by Fig. 3a) could be because they contain more nanotubes,
although packed in a less dense manner. The larger volume of these
regions is also visible in a scanning electron microscope image
(Supplementary Fig. S6a). More details on the correlation between
the density and the degree of the wavelength shift in the different
regions of the fibre are discussed in Supplementary S6.

A carbon nanotube fibre can potentially form unique types
of optical antenna structure, distinct from porphoryin systems™
and photosynthetic proteins®, in that the excitons are one-
dimensionally quantum confined, but can successively transfer
energy to a central concentrator element through EET. We explored
this possibility by forming a fibre consisting of successive shells
with larger-bandgap SWNTs radiating outward. The effect is to
transfer excitons through an efficient EET pathway to a central core,
thereby realizing a concentration effect. To this end, our SWNT
separation procedure, published elsewhere!®, was used to create a
solution of primarily small-bandgap SWNTs, forming the collector
core. A (6,5)-enriched SWNT solution was then successively
deposited creating an absorbing shell (Fig. 4a,b). The multistep
DEP fibre formation creates the desired core—shell structure, but
the tip contains solely (6,5) SWNTs (Fig. 4a). The distribution
of chiralities and their concentrations for the core is found to
be: [(8,7), 28.4%], [(11, 3), 10.5%], [(7.6), (26.3%)], [(10,2),
5.26%), [(6,5), 8.42%], [(7,5), 8.42%], [(9,1), 6.32%] and [(6,
4), 6.32%]; a derivative method!® has been used to estimate these
values. Figure 4c is the resulting excitation—emission PLE profile,
and it is clear that the dominant emission is produced by the
smallest-bandgap (8,7) SWNTs, when the fibre itself is excited
over a broad range extending from the ultraviolet to near-infrared
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wavelengths. Figure 4d shows the resulting photoluminescence
from the nanotubes as a function of their diameters (and thus
their bandgaps). As the excitons are funnelled to the central core
of the fibre, a spatial concentration is realized. The transfer is
shown to be extensive, with most species showing no radiative
recombination within our detection limits. However, curiously
some residual emission is detected from the larger bandgap (10, 2)
(marked by an arrow in Fig. 4c). As this component is present only
as a minority, and it is unlikely that it is preferentially enriched at
the core—shell interface, this may be evidence for an anomalously
low EET efficiency for the (10, 2) species. The EET efficiencies
depend linearly on the energy difference between the donor and the
acceptor” (and thus their chiralities). However, EET also depends
on the fractions of every type of nanotube in the fibre as well as their
spatial distribution in the core—shell structure.

We note that there is the potential to enhance existing
single-nanowire or single-carbon-nanotube photovoltaic devices,
particularly if one creates an axial conductive core along which
excitons can be split and harvested, as in the case where the core is
one terminal of a p-n junction®. The concept of successive annular
shells that behave as exciton concentrators has yet to be extended to
inorganic nanowire devices™.

The optical antenna approach in this work is similar to bio-
logical methods of photon concentration that have been studied
extensively”>””*. Photosynthetic reaction centres in plant pho-
tosynthesis, for example, contain light-harvesting antennas that
funnel excitation to a specific location, such as the P680 site in
photosystem II, where the excitons are split into electrons and
holes. Although the nanotube concentrator in this work focuses
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the light into the near-infrared on spatial concentration, there are
applications where the benefits associated with this concentration
make up for this energy loss. Many one-dimensional nanostructures
have narrow absorption cross-sections, for example, and our an-
tenna concept can be used to systematically increase the absorption
bandwidth over a desired window while concentrating the output
in space and energy thus potentially leading to new photovoltaics
and photodetectors. Future efforts should therefore focus on inter-
facing such antenna structures with various optoelectronic devices,
including photodiodes, photovoltaics and bolometers.
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