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ABSTRACT We study temporal evolution of photoluminescence (PL) spectra
from individual single-walled carbon nanotubes (SWCNTs) at cryogenic and room
temperatures. Sublinear and superlinear correlations between fluctuating PL
spectral positions and line widths are observed at cryogenic and room tempera-
tures, respectively. We develop a simple model to explain these two different
spectral diffusion behaviors in the framework of quantum-confined Stark effect
(QCSE) caused by surface charges trapped in the vicinity of SWCNTs. We show that

the wave function properties of excitons, namely, localization at cryogenic temperature and delocalization at room temperature, play a critical role in

defining sub- and superlinear correlations. Room temperature PL spectral positions and line widths of SWCNTs coupled to gold dimer nanoantennas on the

other hand exhibit sublinear correlations, indicating that excitonic emission mainly originates from nanometer range regions and excitons appear to be

localized. Our numerical simulations show that such apparent localization of excitons results from plasmonic confinement of excitation and an

enhancement of decay rates in the gap of the dimer nanoantennas.
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emiconducting single-walled carbon

nanotubes (SWCNTs) are quasi-one-

dimensional (1D) nanostructures where
strongly correlated electron—hole pairs with
binding energies of up to several hun-
dred meV' are confined in one dimension.
Because of their photoluminescence (PL)
emission that spans over the 1.3—1.5 um
telecom spectral regime and recent demon-
stration of strong photon antibunching at
cryogenic temperature, individual SWCNTs
have been considered as an ideal candidate
for single photon sources that are needed for
realization of quantum information process-
ing.® However, such an application also
demands indistinguishable single photons
with ideal spectral purity.*> Although sev-
eral groups have reported observation of
PL spectra with ultranarrow line width and
free of spectral diffusion from suspended
SWCNTSs at cryogenic temperatures,®” reali-
zation of such quality in individual SWCNTSs
at room temperature or in those wrapped
with surfactants is currently difficult be-
cause their PL exhibits spectral diffusion,
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which manifests itself either as random
wandering of spectral lines and/or inhomo-
geneous broadening.>®~ % While spectral
diffusion has been commonly attributed
to strong environmental interactions de-
rived from the single layer structure of
SWCNTs,'"'2 a detailed understanding of
the responsible physical mechanism is still
lacking. Such an understanding is highly
desirable for optimization of SWCNTs to-
ward single photon source applications.
Spectral diffusion has also been observed
in semiconducting quantum dots (QDs),"
quantum rods,'*'* and gold nanoclusters,'®
and it is commonly attributed to quantum-
confined Stark effect (QCSE) caused by fluc-
tuations of local surface charges. Specifi-
cally, surface charges on nanostructures
can create a local electric field that can
increase exciton binding energy and conse-
quently decrease the effective bandgap.'”
While fluctuations of such a local electric
field happening at time scales larger than
the experimental integration time lead to
a shift of peak position, fast fluctuations
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contribute to spectral broadening since it cannot be
resolved during the experimental integration time. In
the case of 0D QDs, such spectral diffusion-induced
broadening dominates in defining spectral line widths,
yielding a quadratic relation between spectral broad-
ening and peak red-shift.'*'®72° Although these
interesting effects of QCSE have been investigated
thoroughly in QDs, study of spectral diffusion behavior
in SWCNTs in this context is quite limited. Specifically,
while a quadratic relation between spectral broaden-
ing and peak red-shift has been reported in low
temperature PL study of SWCNTSs,® how this behavior
would evolve as a function of external influences such
as sample temperature and local plasmonic effect has
never been investigated.

Unlike OD QDs, excitons of SWCNTs can demonstrate
both 0D and 1D characteristics depending on experi-
mental conditions. For example, while excitons of
SWCNTs can diffuse along the tube over hundreds of
nanometers at room temperature,®’ they tend to
localize to QD-like states at cryogenic temperatures.?
Moreover, recent experimental®? and theoretical®®
studies have shown that coupling SWCNTs to localized
surface plasmons can modify their radiation rate and
pattern in such a way that tube emission mainly
originates from the interaction region. Because of
excitons' 1D diffusive nature under certain environ-
ments, a change of exciton position can dominate over
the fluctuation of surface charges/dielectric environ-
ments in defining the local electric field fluctuation.
0D to 1D transition of excitons can therefore have
strong influence on the spectral diffusion behavior of
SWCNTs. A detailed understanding of such influence
is essential to achieve effective control of emission
properties of SWCNTs in different environments. In
addition, the study of spectral diffusion behavior of
SWCNTSs coupled to metallic nanostructures can in turn
help us understand the complex interactions between
1D excitons and surface plasmons.

Here, we study temporal evolution of photolumines-
cence (PL) spectra from individual SWCNTs both at low
and room temperatures. By correlating the PL spectral
position and line width, we can assign the observed
spectral diffusion to quantum-confined Stark effect
(QCSE) caused by surface charges located in the vici-
nity of the SWCNTs. By applying a simple point charge
model, we reveal that the differences observed for the
low and room temperature QCSE in SWCNTs can be
explained by the different wave function properties of
excitons at different temperatures. We further apply
this method to SWCNTs coupled to gold nanoanten-
nas, and demonstrate that their room temperature
PL spectral position and line width exhibit a sub-
linear correlation, indicating that excitonic emission
mainly originates from nanometer scale regions and
excitons appear to be localized. Numerical simula-
tions reveal that such “localization” results from strong
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Figure 1. (a) Temporal evolution of PL spectra of an indivi-
dual SWCNT measured at 5 K (upper panel) together with
the corresponding PL peak position (black) and line width
(red) (lower panel) extracted from Lorentzian fittings. The
integration time per spectrum is 5 s. (b) Two PL spectra of
the tube extracted from the marked time regions in (a)
(lower panel) fitted with Lorentzian functions. (c) Correla-
tion between peak redshift AE and peak line width ex-
tracted from the time trace of spectra in (a). Sublinear
correlations can be observed. The red curve is a fitting to
(AE)'2. Inset is a wide-field PL image of the tube, and for
comparison, the white circle denotes the laser spot size in
the confocal mode.

confinement of excitation and enhancement of decay
rates in the gaps of the nanoantennas where excitons
interact strongly with surface plasmons. Our study not
only has a strong implication toward understanding
the local electrostatic environment of SWCNTs and
provides useful information for fabrication of samples
free of spectral-diffusion, but also introduces a simple
method for determining the wave function properties
of excitons in different environments.

RESULTS AND DISCUSSION

To monitor spectral diffusion of individual SWCNTs,
we measure time traces of PL spectra by confocally
exciting SWCNTs at their center. Figure 1a (upper
panel) shows temporal evolution of PL spectra from
an individual SWCNT at 5 K. Virtually constant PL
intensity and peak position can be observed between
0—250 s, followed by a sudden spectral jump to the
blue accompanying an increase in the PL intensity. To
quantitatively analyze these spectra, we applied a
Lorentzian fit to each spectrum and extracted the
time-dependent peak position and full width at half-
maximum (fwhm) values (Figure 1a lower panel). Re-
lative fitting errors for both values were determined
to be <5.0%. The spectral line widths of 3—7 meV are
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close to previously reported low temperature re-
sults.2*2* Significant spectral narrowing together with
a peak blue shift can be observed at 250 s. Figure 1b
shows two spectra of the SWCNT extracted from the
marked time regions in Figure 1a (lower panel). Fitting
the two spectra with Lorentzian functions gives peak
positions of 1.261 eV + 0.0662 meV (black) and 1.258 eV +
0.139 meV (red), and fwhm values of 2.61 £ 0.0194 meV
(black) and 3.92 + 0.0414 meV (red), respectively,
indicating the red-shifted spectrum of the two is much
broader than the blue-shifted one.

Similar spectral behavior attributed to QCSE has
been observed in 0D quantum emitters,'>~'® and it is
not surprising to observe this kind of spectral behavior
in SWCNTs at cryogenic temperature because loca-
lized, quantum-dot like excitonic states due to disorder
tend to form at this temperature.? The wide-field PL
image in Figure 1c, where emission from the SWCNT is
diffraction limited, which is typically observed in our
experiment at this temperature (see Supporting Infor-
mation S1) and also previously reported by other
studies,? further supports this scenario. With anionic
surfactants (SDBS in this case) on SWCNT surface
serving as possible negative charge sources,?®?’ it is
reasonable to conclude that change from the red-
shifted, low intensity emission in Figure 1a (0—250 s)
to the blue-shifted, high intensity emission (Figure 1a,
250—300 s) is due to fluctuation of local electric field.

We then studied spectral diffusion of SWCNTs at
room temperature to understand the influence of
QCSE on diffusive 1D excitons.?"?%%° Figure 2c inset
shows a wide-field PL image of an individual SWCNT at
room temperature. Different from diffraction-limited
emission at low temperature (Figure 1c inset), elon-
gated emission along the tube can be observed.
Figure 2a (upper panel) shows temporal evolution of
PL spectra from the individual SWCNT at room tem-
perature. Compared to low temperature, more PL
fluctuation can be observed. Again, by fitting each
spectrum with a Lorentzian function, PL peak position
and line width (Figure 2a, lower panel) can be ex-
tracted. Relative fitting errors for both values were
determined to be <4.5%. Figure 2b shows two repre-
sentative PL spectra of the SWCNT extracted from the
marked time regions in Figure 2a (lower panel). Fitting
the two spectra with Lorentzian functions gives peak
positions of 1.250 eV £ 0.270 meV (black) and 1.254 eV
=+ 0.131 meV, and fwhm values of 30.38 &+ 1.22 meV
(black) and 24.00 + 0.0528 meV (red), respectively.
Similar to low temperature spectra, a red shift in peak
position is correlated to spectral broadening, indi-
cating the existence of QCSE. Additionally, from
Figure 2a we can observe that PL blinking is often-
times followed by a large spectral shift (e.g., at 215
and 700 s). This phenomenon is consistent with the
above-mentioned QCSE involving local electric field
fluctuation.
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Figure 2. (a) Temporal evolution of PL spectra of an indivi-
dual SWCNT measured at room temperature (upper panel)
together with the corresponding PL peak position (black)
and line width (red) (lower panel) extracted from Lorentzian
fittings. Integration time per spectrum is 5 s. (b) Two PL
spectra of the tube extracted from the marked time regions
in (a) (lower panel) fitted with Lorentzian functions. (c)
Correlation between peak redshift AE and peak line width
extracted from the time trace of spectra in (a). Superlinear
correlations can be observed. The red curve is a fitting to
AE**, Inset is a wide-field PL image of the tube, and for
comparison, the white circle denotes laser spot size in the
confocal mode.

Our room temperature spectral diffusion study of
SWCNTs indicates that even if the exciton is diffusive, it
is still under the influence of QCSE. However, despite
the existence of QCSE at both cryogenic and room
temperatures, the detailed interaction mechanism be-
tween exciton and surface charge should be different.
At cryogenic temperature, excitons are localized to
quantum-dot like states, leading to fixed exciton-
charge distance. Additionally, it is also reasonable to
assume that the local dielectric environment surround-
ing the localized exciton at cryogenic temperature is
stable. Therefore, spectral diffusion is mainly induced
by surface charge fluctuation, same as in the case of
QDs.'® However, at room temperature, both exciton
diffusion and surface charge/dielectric environment
fluctuation can affect spectral diffusion. To be more
specific, according to both theoretical calculation'’
and experimental measurements,'®®' to generate a
spectral redshift of ~10 meV, an electric field on the
order of 10° V/cm is needed, which can be created by a
single electron at the distance of ~12 nm from the
exciton. On the other hand, for a 1D exciton diffusing
over hundreds of nanometers along the tube, the
fluctuation of distance between the exciton and sur-
face charge can lead to orders of magnitude fluctua-
tion in electric field, causing from a fraction of a meV
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Figure 3. Correlation between peak redshift AE and peak
line width from (a, ¢) two individual SWCNTs at 4.2 K, and
(b, d) two individual SWCNTSs at room temperature, respec-
tively. Sublinear and superlinear correlations can be observed
at 4.2 K (a, ¢) and room temperature (b, d), respectively. Red
curves are fittings to (a, c) (AE)" and (b, d) AE>.

to tens of meV spectral shift. This fluctuation can
dominate over the local surface charge/dielectric en-
vironment fluctuation. Therefore, exciton diffusion has
significant influence on the spectral diffusion of
SWCNTSs. To elucidate this influence, we take the peak
position of the bluest spectrum recorded for each
SWCNT as a reference, and peak redshift is plotted
against peak line width in Figure 1c and 2c. Interest-
ingly, for SWCNTs at low temperature (Figure 1c), a
sublinear correlation between the peak redshift and
line width is observed, while for tubes measured at
room temperature (Figure 2c), a superlinear correlation
can be found. Such behavior is commonly observed in
our experiments (70% of tubes for low temperature
and 75% for room temperature. See Figure 3 for more
examples and Supporting Information S2 for histo-
grams of correlation coefficients). In the follow-
ing we discuss in detail how this significant differ-
ence can be explained by the different nature of
exciton wave function properties of SWCNTs at
different temperatures, i.e., localization at cryo-
genic temperature and delocalization at room
temperature.

We use a simple point charge model in the frame-
work of QCSE to explain the observed difference.
For SWCNTs at low electric field, an energy shift of
the binding energy (AE) caused by QCSE can be
described by'”

(edF)?
E

AE = ky (1)
where e is the electron charge, d the tube diameter, £
the tube binding energy at zero field, F the electric field
induced by surface charges, and ki, a constant. If we use
a Gaussian stochastic model to describe spectral diffu-
sion behavior: (O(AE)(H)S(AE)(0)) = 0%~ 7%, with o being
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the Gaussian full-width at half-maximum (i.e., spectral
broadening in meV) and t. the correlation time, at t =0
we obtain??

(6X(AE)0)) = o2 )

We then assume that there is an external point charge
g located on the surface of a SWCNT that creates a local
electric field F = (g/(4mer?), with & being the permittiv-
ity of the surrounding environment and r the exciton-
charge distance. Here, a single point charge is chosen
for the sake of clarity. More realistic geometries of
multiple charges can be used but do not alter the
conclusions. In order to calculate spectral broadening
o as a function of binding energy shift AE, we consider
two temperature regimes. At low temperature, since an
exciton in SWCNT tends to localize to quantum-dot-like
states, exciton-charge distance r and local environ-
ment permittivity € can be considered to be constant
and hence, local electric field fluctuation (6F) is mainly
induced by fluctuations in surface charges (q):

1

= Zmer 0 @)

On the basis of these assumptions, we obtain (see
Supporting Information S4 for details)

o< VAE(6?g)'/? 4)

with (6%g)""? being our fitting parameter. In fact, data
points in Figures 1c, 3a and 3c can be fit reasonably
well (red curves) by this correlation with relative stan-
dard errors <10.4%. Increasing the integration time
from 5 to 15 s has no significant influence on the fitting
result (Supporting Information S3). In contrast, at room
temperature, excitons can diffuse freely along the tube,
leading to a large fluctuation in exciton-charge dis-
tance r and consequently binding energy, while con-
tributions of surface charge/dielectric environment
fluctuation become negligible. Therefore, local envi-
ronment permittivity ¢ and surface charge g can be
taken as constants, and fluctuation of local electric
field is

2q
4gerd

From F = (g/(4mer®)) we have (1/F) = ((4meF)/q)*>
Therefore, eq 5 becomes

oF = (5)

24) 212 F3/2
oF = _24m e, ©
q'/2
From eqgs 1, 2 and 6, we can then get (see Supporting
Information S4 for details)

0 o< ABS/HS%r)/2 7)

with (6r)"2 being our fitting parameter. Fitting data
points in Figures 2¢, 3b, and 3d with eq 7 (red curve)
shows very good agreement (relative standard error
<3.80%). Additionally, spectral-diffusion free line widths
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at AE = 0 derived from the fittings are 23.1 meV
(Figure 2c), 25.7 meV (Figure 3b), and 24.2 meV
(Figure 3d), respectively, in reasonable agreement with
reported room temperature line widths of SWCNTs
resulted from exciton—phonon coupling.33*

Having established the origin of spectral diffusion in
SWCNT as QCSE and its relation to exciton wave
function properties in different environments, we
now apply this method on SWCNTSs coupled to surface
plasmons at room temperature. Bohmler et al.,*? using
a sharp gold tip positioned at ~4 nm distance from a
SWCNT, showed that when the gold tip approached
the SWCNT, energy from the tube was transferred to
the tip through near-field interaction, modifying the
radiation pattern of the nanotube. Roslyak et al. >
using a general theoretical approach, further con-
firmed the influence of exciton-surface plasmon
interaction on the shape of the radiation pattern and
exciton decay rates. These studies point to the possi-
bility of exciton-surface plasmon interaction induced
modification in the spectral diffusion behavior of
SWCNTSs.

Figure 4a shows a wide-field PL image of a SWCNT
deposited on gold dimer nanoantenna arrays at room
temperature. The horizontal lines are due to imperfect
blocking of stray light scattered by the nanoantennas.
Figure 4b shows a scanning electron microscope im-
age of an area of the nanoantenna arrays. It can be seen
that when the SWCNT is coupled to the nanoantennas
(e.g., Figure 4a, white circle), PL emission becomes
localized and much brighter compared to that on the
substrate. Such surface plasmon assisted PL enhance-
ment of SWCNTs has been reported in previous
studies.>>3® We record room temperature temporal
evolution of PL spectra from the spot marked in
Figure 4a, and fit each spectrum with a Lorentzian
function to extract peak position and line width, as
shown in Figure 4c. Similar to SWCNTs on quartz
substrates, peak redshift is correlated to spectral
broadening. We then plot the line width-peak redshift
correlation in Figure 4d, and the data points can be well
fitted with eq 4 (red curve) with relative standard error
<7.8%. This o o< (AE)"? correlation is similar to what we
observed for SWCNTs at low temperature (Figures 1c,
3a, and 3c¢), and indicates that for SWCNTs coupled to
surface plasmons, excitonic emission mainly originates
from the coupling region and excitons appear to be
“localized”, consistent with the PL image in Figure 4a.
However, it is worth mentioning that different from the
case of carbon nanotubes at low temperature, where
excitons are localized to 0D quantum-dot like excitonic
states, the wave function properties of the carbon
nanotubes coupled to gold nanoantennas at room
temperature remain 1D. To distinguish this kind of
exciton “localization” at room temperature due to a
spatial narrowing of the recombination region from
the real wave function localization happening at low
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Figure 4. (a) A wide-field PLimage of a SWCNT deposited on
gold nanoantenna arrays measured at room temperature.
The white circle denotes laser spot size in the confocal
mode. The horizontal lines are stray lights scattered by the
nanoantennas. Bright and localized emission from seg-
ments of the SWCNT coupled to the nanoantennas can be
observed. (b) A scanning electron microscopy image of an
area from the gold nanoantenna arrays. The orientation of
the nanoantenna arrays is adjusted to be the same as in (a).
(c) Room temperature temporal evolution of PL spectra of
the SWCNT marked in (a) (upper panel) together with the
corresponding PL peak position (black) and line width (red)
(lower panel) extracted from Lorentzian fittings. Integration
time per spectrum is 2 s. (d) Correlation between peak
redshift and line width from PL spectra of the SWCNT
coupled to gold nanoantennas. The red curve is a fitting
to (AE)'.

temperature, we describe the former as the “apparent
localization” of excitons.

To further elucidate the reason for this apparent
exciton localization in SWCNTs, we numerically simu-
late the system of SWCNTs coupled to gold dimer
nanoantennas. Figure 5a inset shows the configuration
of the simulated system consisting of two Au nano-
antennas aligned along their long radius. To calculate
the extinction spectrum with the three-dimensional
finite-difference time-domain (3D FDTD) method, we
assume a plane wave propagating perpendicularly
down (-z direction) toward the nanoantennas. Since only
the transverse mode (~2.15 eV), which is off-resonance
with SWCNT emission (~1.25 eV) and excitation (1.53 eV)
energies, can be excited when the plane wave is
polarized along the y-axis, this excitation geometry will
only have a negligible influence on the PL of SWCNTs.
Therefore, in the following we will focus our discussion
on the situation when the plane wave is polarized
along the x-axis. Figure 5a shows the simulated
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Figure 5. (a) Simulated extinction spectrum (blue curve)
together with a PL spectrum of a SWCNT (red curve)
measured at room temperature. Inset: configuration of
the simulated system consisting of two nanoantennas. A
plane wave polarized along the x-axis with energy in the
range of 0.95 and 2.48 eV propagates perpendicularly
toward the nanoantennas. Dimensions of the dimer nano-
antennas are measured from scanning electron microscope
images. Length, width and height of each nanoantenna are
250, 120, and 48 nm, respectively. Gap distance between
two adjacent dimer nanoantennas is 20 nm. (b) Contour plot
of the simulated local electric field enhancement factor
close to the gold dimer nanoantennas. (c) Field enhance-
ment factor y along the center axes (y = 0) of the nano-
antennas. (d, e) Radiative and nonradiative decay rates of an
exciton as a function of the dipole position along the
SWCNT. Ty is the exciton decay rate without the presence
of metal. (f) Dissipation rate of excitons in gold (yp,) in the
form of Ohmic losses as a function of SWCNT exciton dipole
moments (d). (g) A sketch of excitons in SWCNTs with
(lower) and without (upper) coupling to Au dimer nanoan-
tennas. While the decay rate of excitons coupled to surface
plasmon (I') is much larger than that of free-standing
excitons (I'p), the average diffusing distance of excitons
coupled to surface plasmon (L) is much smaller than that of
free-standing excitons (Lo).

extinction spectrum (blue curve) together with a re-
presentative PL spectrum of the studied SWCNTs
measured at room temperature (red curve), and it
can be seen that the longitudinal surface plasmon
mode (~1.24 eV) from the dimer nanoantennas is in
good resonance with the PL of the SWCNTs. We also
simulate the local electric field enhancement factor v,
which is defined as the ratio of the electric field
intensity at the excitation wavelength (810 nm) with
and without the gold dimer nanoantennas present
with the 3D FDTD method, and the simulation result
is shown in Figure 5b. Obviously, the local electric field
intensity is strongly dependent on the relative location
of the SWCNTSs.*® The field enhancement factor y along
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the center axes of the nanoantennas is plotted in
Figure 5c. A y value larger than 15 can be observed
between the dimer gap in a range smaller than 30 nm.
Since the excitation rate is proportional to the local
electric field at the position of the emitter,?” such
strong enhancement of the electric field in-between
the dimer gap can consequently lead to significantly
confined excitation in that region.

We further simulate the influences of surface plasmons
on the decay rate of the excitons with a general
theoretical approach (see Supporting Information S5
for details). Figure 5d and 5e show the radiative and
nonradiative rates of an exciton as a function of the
dipole position along the SWCNT. In the first approx-
imation, we assume the oscillator strength of the
dipole oriented perpendicular to the tube is negligible
and only that oriented parallel to the tube is consid-
ered. When the SWCNT is in the middle of the Au dimer
nanoantennas and aligned perpendicular to their long
axes (Figure 5d), an increase in the nonradiative rate
and a decrease in the radiative rate can be expected for
the segment of SWCNT in-between the dimer, indicat-
ing a reduction in the PL intensity. However, when the
tube is placed right on top of the dimer and aligned
along their long axes (Figure 5e), significant enhance-
ments both in the radiative and nonradiative rates can
be observed for the segment of SWCNT in-between the
dimer. Such enhancement in the decay rates may be
responsible for the brighter PL emission observed in
Figure 4a. Outside the coupling region, the nonradia-
tive rate dominates because energy transferred to the
metal is fully lost into Ohmic heat. Figure 5f shows the
dissipation rate of excitons (yp,) in gold in the form of
Ohmic losses for possible values of SWCNT exciton
dipole moments. The value of I'y/ypy, with I'g being the
exciton decay rate without the presence of metal,
is ~107%, indicating the studied system corresponds
to the weak coupling regime, and energy transfers
one-way from SWCNT exciton to surface plasmons.
Such one-way transfer of energy is the reason for the
significant enhancement in the nonradiative rate of the
tubes. Overall, from Figure 5d and 5e, the total decay
rate of SWCNTSs coupled to dimer nanoantennas can be
enhanced by factors of 10—500. If we take the diffusion
length of the tubes without coupling to the nanoan-
tennas as 90 nm from ref 21, plasmonic coupling of the
tubes can reduce the diffusion length to ~4—28 nm. In
agreement with our simulation results, Bohmler et al.?2
showed that when a gold tip approached a SWCNT,
energy from the tube was transferred to the tip
through near-field interaction, and without taking into
account the changes in nonradiative decay rate, an
enhancement factor of the radiative decay rate as large
as 13.6 was observed.

On the basis of the above simulation results, we
can interpolate the reason for the apparent exciton
localization in SWCNTs coupled to localized surface
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plasmons with the sketch in Figure 5g. On one hand, as
we can see from Figure 5b and 5¢, the gold nano-
antennas can focus the incident beam to a region that
is far below the diffraction limit. Since optical excitation
rate is proportional to the local electric field intensity,
this kind of optical confinement effect®®*° leads to
excitation of a SWCNT mainly in a small subdiffraction
segment (<30 nm) that is in the gap of the dimer
nanoantennas. On the other hand, once the segment
of the SWCNT in-between the dimer nanoantennas is
excited, the generated excitons can decay much faster
compared to the situation without the nearby nano-
antennas. Consequently, the chance of an exciton
diffusing away from the excitation spot is significantly
reduced. Therefore, both the highly confined excita-
tion and enhanced decay rate indicate that excitons
coupled to strongly localized surface plasmons tend to
appear localized because the chance of exciton diffu-
sion is significantly reduced by these two effects.

CONCLUSIONS

In conclusion, we study spectral diffusion in SWCNTSs
by means of monitoring time traces of the PL spectrum.
Correlation between PL peak position and line width
can be observed for SWCNTs both at cryogenic
and room temperatures, which we attribute to QCSE

MATERIALS AND METHODS

SWCNTs used in this study were prepared by mild sonication
of HiPco material in a 1% aqueous solution of sodium dodecyl
benzenesulfonate (SDBS) followed by chirality sorting using
the nonlinear density gradient ultracentrifugation method.***'
Suspension fractions enriched in (6,5) tubes were collected and
stored for PL experiments. Gold dimer nanoantenna arrays*>*®
with gap size smaller than 20 nm and longitudinal surface
plasmon mode at ~1.24 eV were fabricated by electron beam
lithography on indium tin oxide (ITO) substrates. Each dimer
nanoantenna is composed of a pair of ellipses with length,
width and height of 250, 120, and 48 nm, respectively. To
prepare samples for individual SWCNT PL measurements, a
5—10 uL drop of nanotube suspension was deposited on a
precleaned quartz or a fabricated ITO substrate. Density of the
tubes was controlled to be smaller than one tube per 10 x
10 um? area. Single tube PL measurements were performed on
a home-built confocal laser microscope. A continuous-wave
Ti-Sapphire laser operating at 810 nm (1.53 eV) was used to
excite (6,5) SWCNTs at their E;; phonon sideband. For low
temperature experiments, samples were mounted in a contin-
uous-flow, liquid-He cryostat with a 4.2 K base temperature.
Microscope objectives were used to focus laser beam and
collect PL signals. Spectral emission from the sample was
dispersed using a 0.3 m spectrograph and imaged by a 2D
InGaAs array. The excitation power was kept low enough to
exclude exciton—exciton interactions.
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induced by surface charges in the vicinity of SWCNTs.
However, while tubes at low temperature exhibit sub-
linear correlation between peak position and line
width, those at room temperature show superlinear
correlation. We explain this difference with a simple
point charge model based on the QCSE, and reveal that
the difference is due to the different exciton wave
function properties of SWCNTs at different tempera-
tures: while localization of an exciton at low tempera-
ture leads to a sublinear correlation between PL peak
position and line width, free diffusion of exciton at
room temperature results in a superlinear correlation.
We further apply this method to SWCNTs coupled to
gold dimer nanoantennas at room temperature, and
demonstrate that effective exciton—plasmon interac-
tion changes the diffusion behavior of SWCNT excitons
and leads to their apparent localization. Our numerical
simulations indicate that highly confined excitation
and enhanced decay rates are the factors contributing
to such apparent exciton localization. Our finding has
important implication toward understanding the local
electrostatic environments of SWCNTs and hence the
physical mechanism in spectral diffusion of SWCNTs.
Moreover, we provide a simple method for determin-
ing the exciton wave function properties of SWCNTSs in
different environments.

Supporting Information  Available: Photoluminescence
images at cryogenic and room temperatures; Histograms of
correlation coefficients; Influence of integration time on the
correlation between spectral shift and broadening; Theoretical
method for calculation of correlation between spectral shift and
line width; theoretical method for simulation of exciton decay
rates in SWCNTSs coupled to surface plasmons. This material is
available free of charge via the Internet at http://pubs.acs.org.
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