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O
wing to the exceptional optical
properties of carbon nanotubes,
their application in optoelectron-

ics, nanoelectronics, and biosensing is

widely investigated and expected to be of

major importance in future nanoscale

technology.1,2 Optical excitation of semi-

conducting single-walled carbon nano-

tubes (SWNTs) generates excitons with

binding energies of several hundreds of

meV dominating virtually all optical phe-

nomena, such as absorption and photo-

luminescence (PL).3 Exciton decay is domi-

nated by nonradiative processes with rather

short lifetimes in the range of few tens of pi-

coseconds, further reduced by

exciton�exciton annihilation at higher exci-

tation levels.4�8 Exciton energies and de-

cay dynamics have been investigated ex-

tensively on the single nanotube level using

diffraction-limited confocal PL microscopy.

Near-field optical microscopy circumvents

this limit and offers the possibility to study

nanotube properties on the nanoscale, re-

vealing for example, local structural varia-

tions or localized quenching sites.9�11

Exciton localization can occur in SWNTs

due to potential energy fluctuations along

the nanotube. In fact, the quasi-1D, single

atomic layer structure of SWNTs makes

them particularly sensitive to external per-

turbations caused by, for example, varia-

tions in the local dielectric function, trapped
charges, or adsorbed species. In freely sus-
pended SWNTs excitons are highly mobile
with diffusion lengths up to 600 nm,
whereas for SWNTs on substrates the mobil-
ity is significantly reduced to an average
value of about 100 nm due to environmen-
tal coupling.11�16

The localization of intrinsically mobile
excitons strongly affects the optical proper-
ties of SWNTs and will be relevant for appli-
cations relying on energy transfer such as
excitonic solar cells.17 Localized excitons
show increased exciton�phonon coupling
and are thus subject to faster phonon-
induced nonradiative loss channels.18 The
inhomogeneous exciton distribution that
arises from localization will affect the
exciton�exciton annihilation dynamics
and the PL saturation behavior at increased
excitation levels. Additionally, quantum
emission in terms of photon-antibunching
has been attributed to strong localization
combined with efficient exciton�exciton
annihilation which inhibits simultaneous
emission.19,20 SWNTs could thus be used as
single photon sources with spatially con-
fined emission sites in novel nanophotonic
devices that could also be driven
electrically.

Exciton localization has been observed
at low temperatures where its spectral and
temporal characteristics become apparent
in diffraction-limited PL experiments.19�22

To date all observations on exciton localiza-
tion were indirect in the sense that the spa-
tially confined distribution of excitons was
not probed by direct imaging. The relevant
length scales below 100 nm are not acces-
sible by conventional diffraction-limited
confocal microscopy. In this work we ap-
plied tip-enhanced near-field optical
microscopy (TENOM)23 as a tool to visual-
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ABSTRACT We observe localization of excitons in semiconducting single-walled carbon nanotubes at room

temperature using high-resolution near-field photoluminescence (PL) microscopy. Localization is the result of

spatially confined exciton energy minima with depths of more than 15 meV connected to lateral energy gradients

exceeding 2 meV/nm as evidenced by energy-resolved PL imaging. Simulations of exciton diffusion in the presence

of energy variations support this interpretation predicting strongly enhanced PL at local energy minima.
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ize exciton localization at room temperature by imag-
ing the PL intensity and energy along SWNTs with a
spatial resolution of about 15 nm. We find that spa-
tially confined exciton energy minima with depths of
about 15 meV connected to lateral energy gradients in
the order of 2 meV/nm induce localization resulting in
locally very bright PL. Numerical simulations of near-
field PL data in the presence of directed exciton diffu-
sion support our discussion.

RESULTS AND DISCUSSION
We investigate the local PL properties of DNA-

wrapped semiconducting SWNTs on a mica substrate
using TENOM. A common observation is that the PL in-
tensity along the nanotube is highly nonuniform on
the nanoscale. This can in part be attributed to ran-
domly distributed defects that quench the excitons in
their vicinity, leading to a strong PL reduction on a
length of about 100 nm due to exciton mobility.11 For
about 5�10% of the investigated nanotubes, we ob-
serve very localized PL emission spots which appear
very bright and are unlikely to be caused by quench-
ing defects. Two examples are shown in Figure 1, where
bright PL spots are localized within 30 nm. Assuming

quenching sites in between these spots as origin of
the PL variations, we would expect that the PL almost
vanishes. For quenching sites with distances below 50
nm, most of the excitons generated in between will cer-
tainly reach the defects due to their mobility and thus
get quenched.

We believe that the localized bright PL originates
from an increased exciton density due to exciton local-
ization in terms of trapping. We know from earlier ex-
periments that DNA-wrapping can be nonuniform
along the nanotubes and can locally decrease the exci-
ton energy.9 If the effect occurs very localized and exci-
ton energy gradients along the nanotube become large
enough, this could affect the exciton diffusion and
lead to an increased exciton density at these local exci-
ton energy minima. The bright and localized PL ema-
nating from these minima will in turn be lower in en-
ergy, that is, red-shifted. In the following we used near-
field spectroscopic imaging to map the emission energy
with nanoscale resolution.

Figure 2 panels a and b show a near-field PL image
of several luminescent SWNTs and the corresponding
topography. The short nanotube in the upper part is
much brighter than the other present SWNTs with
strong PL intensity variations on length scales of about
10 nm. In particular, the strongest PL intensity with
photon count rates above 100 kHz is emitted very lo-
cally in the upper part of this nanotube. This unusual
bright and localized PL indicates exciton localization
which is supported by the subsequent spectroscopic
image from the marked area in Figure 2a. Here, a com-
plete spectrum was recorded at each pixel to determine
the local PL energy. The results are depicted in Figure
2c,d, showing PL intensity and energy derived from
peak fitting the spectra at each image pixel. Along the
160 nm long SWNT, the PL energy varies by about 30
meV. For the upper and lower nanotube section this
correlates well with bright PL at energy minima (see
also Figure 2f). The PL in the middle section is very
weak, which we attribute to a quenching defect at this
position. During the preceding near-field scan on this
SWNT (Figure 2a), this section still appeared bright.
However, also traces of PL blinking were seen, which is
a sign for the formation of photoinduced defects.14 We
assume that the first scan induced a defect which
quenches the PL in the middle section of the nano-
tube. Although nanotube PL is found to be remarkably
stable during image scans taking up to 30 min, addi-
tional quenching sites are sometimes introduced and
need to be considered in the data analysis.

The correlation between PL intensity and energy is
displayed in Figure 2e, using data from all image pixels
(open and closed squares). Clearly, bright PL is associ-
ated with lower energy and higher energy emission is
weak as expected for energy induced localization. For
two reasons we do not expect an exclusive correlation
between PL intensity and energy. First, the imaging pro-

Figure 1. Near-field PL images of SWNTs showing strongly
localized and bright PL. (a and c) Near-field PL intensity
(photon count rates); (b and d) corresponding topography
image. The scale bar is 200 nm for all images. The strong PL
in these cases is localized within regions smaller than 30 nm,
which cannot be explained by quenching defects in be-
tween at similar distances. Such closely spaced defects
would quench nearly all PL due to exciton mobility. We at-
tribute the strong PL at these spots to an increased exciton
density due to localization.
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cess with its finite point spread function results in many

data points below the dashed line. In the present im-

age we used a pixel size of 6.5 nm which is about three

times smaller than the optical resolution. Hence, there

are always several pixels with lower intensity surround-

ing a central pixel with maximum tip enhancement, all

at the same PL energy. By selecting only the brightest

pixel of each image line across the nanotube (closed

squares in panel e), this effect is avoided at least in one

direction, and the correlation becomes much clearer,

since most of the omitted pixels are below the line. Sec-

ond, exciton localization is not the only factor determin-

ing the PL intensity. Local defects and doping will

quench excitons and thus reduce PL intensity.

In Figure 2f, PL intensity and energy are plotted

against the position along the nanotube. In the upper

part of the SWNT, where the relation between strong PL

and low energy is most pronounced, the energy varies

on very small length scales. The pronounced energy

minimum between positions I and V has a depth of

about 15 meV and extends only 25 nm. The correspond-

ing energy gradients toward the minimum are about

1.2 meV/nm, which creates an efficient driving force for

exciton drift. The neighboring positions V and VI have

an energy difference of 15 meV at a distance of only 6.5

nm, corresponding to a gradient exceeding 2 meV/nm.

Due to the finite optical resolution the actual gradient

in the nanotube is expected to be even larger. In the

middle section a PL energy drop of even 30 meV/6.5 nm

(�5 meV/nm) can be seen, though due to the weak PL

intensity this value is not as reliable. Figure 2g shows

the corresponding PL spectra from positions I�VI with

clearly visible peak-shifts on very small length scales. It

becomes clear that for efficient exciton localization, the

exciton energy minima must be sufficiently deep and

spatially confined.

Figure 3a illustrates localized and strong PL for an-

other nanotube. The simultaneously recorded topogra-

phy (Figure 3b) demonstrates that the nanotube is

about 450 nm long. However, PL is only emitted from

three points in the left part of the SWNT. The PL inten-

sity and energy exhibit the same correlation as pre-

sented in Figure 2e (see Figure S2 in the Supporting In-

formation). Based on the PL energy, the chirality of the

SWNT is assigned as (9,1). Compared to the average PL

energy of DNA-wrapped (9,1)-SWNTs on substrate of

1.332 eV, the localized PL observed in Figure 3d with en-

ergies down to 1.310 eV is exceptionally red-shifted.9

This can account for the strong degree of localization

in Figure 3a.

Figure 2. Exciton localization in a 160 nm long (9,1) SWNT. (a and b): Near-field PL image and corresponding topography showing sev-
eral luminescent nanotubes. The very bright nanotube with strong local PL variations indicates exciton localization. (c and d): Maps of the
PL intensity and energy derived from a subsequent spectroscopic image of the area marked in panel a by peak fitting the recorded spec-
tra at each image pixel. (e) Correlation between PL intensity and energy for all image pixels (open squares), with the brightest pixel of
each image line being highlighted (filled squares) to account for the influence of finite spatial resolution (see text). (f) PL intensity and en-
ergy plotted along the nanotube. In the upper and lower section of the nanotube (shaded area), bright PL is clearly correlated with
lower energy. Weak PL in the middle section is attributed to additional quenching defects (see text). (g) Near-field spectra from six adja-
cent positions (I�VI) along the nanotube, equally spaced by 6.5 nm and marked in panel e. The PL energy shifts by up to 15 meV (range
indicated by the two dashed lines) between two neighboring positions. These strong exciton energy gradient of �2 meV/nm in the con-
figuration of a potential minimum lead to exciton localization.
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To support our model of exciton diffusion and local-

ization, we complemented our experiment with numer-

ical simulations. Here, the evolution of exciton popula-

tion is described by 1D-diffusion according to Fick’s

Second Law, including exciton decay. Since the exci-

ton size of 1�2 nm is much smaller than the discussed

length scales as, for example, diffusion length or spatial

resolution, and the exciton binding energy is one or-

der of magnitude larger than the observed energy

variations, the exciton can be treated as a single point-

like object.24 For flexible numerical treatment, the 1D-

diffusion is reproduced by the 1D random walk with dis-

cretized time and position along the nanotube. During

each time step �t the exciton diffuses ��x with equal

probability in the case of uniform exciton energy. The

exciton population Nx
t at each time t and position x is

calculated by

Choosing an appropriate value for �x, the term �t/�

which accounts for the exciton decay is given by �t/�

� (�x/L)2, with the diffusion length L � 100 nm.11�14

The exciton lifetime � itself does not have to be defined

in the simulation, it is contained within the diffusion

length L. Changes of the radiative and nonradiative de-

cay rates in the vicinity of the gold tip are expressed as

relative changes of the exciton lifetime. Exciton�

exciton annihilation is neglected since excitation inten-

sities are low and only one exciton is present at a time.

We can therefore calculate the time-integrated exciton

population over all timesteps until complete decay to

account for the continuous excitation and time-

integrated detection in the experiment. Without

exciton�exciton interactions, the time-integrated

probability distribution for one excitation cycle is

equivalent to the solution of a steady-state ansatz used

in other publications (see also Supporting

Information).13,16

For nonuniform exciton energy Eexc along the SWNT

arising from an inhomogeneous environment, we ex-

pect a different branching ratio with higher probability

of diffusion toward lower energy. We introduce the

probabilities p�x and p�x with p�x � p�x � 1, which describe

the fraction of exciton population at position x transfer-

ring to left or right, respectively. Since the diffusion is

temperature driven, the ratio of both probabilities is

given by the Boltzmann factor

with �Ex being the exciton energy difference between

the right and left vicinity of position x. Using these defi-

nitions, the exciton population is then calculated by

In the Supporting Information we show that our ap-

proach of modified branching ratios corresponds to the

Fokker�Planck equation, which adds a drift term to

Fick’s Law of diffusion. This drift term is related to the lo-

cal exciton energy gradients. Figure 4a illustrates the

numerical calculation of directed exciton diffusion due

to spatial exciton energy variations. The exciton popu-

lation, represented by bars, is predicted to increase at

the energy minima because of enhanced diffusion to-

ward lower energy. To connect the resulting simulated

exciton distributions and experimental data, we have

reproduced the complete TENOM imaging process and

simulated the detected near-field PL intensity along

nanotubes (see Methods section and Supporting Infor-

mation for details).

Figure 3. Near-field PL (a) and topography image (b) of a 450 nm long (9,1) SWNT. Maps of the PL intensity (c) and energy
(d) derived from a subsequent spectroscopic image. Bright PL is apparently shifted to lower energy.
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Figure 4b shows calculated PL intensity profiles
along a 300 nm long nanotube with three energy
minima of depth �E, varied between 10 and 40 meV
on a length scale of about 10 nm (see inset). The calcu-
lations indicate that for exciton energy minima with
depths above 10 meV, the localization effect becomes
significant and clearly observable with TENOM. This cor-
responds to exciton energy gradients in the order of
several meV/nm, in good agreement with the pre-
sented experiments. Our simulations thus strongly sup-
port the model of energy-induced exciton localization.
The model also shows, that at low temperature the in-
fluence of energy gradients on exciton diffusion accord-
ing to eq 2 is remarkably increased. Localization is then
expected to be far more efficient and will dominate
the PL properties even in confocal experiments. This is
supported by the observation of quantum emission in

terms of photon antibunching below 25 K.19,20 For a

confocal PL measurement at room temperature how-

ever, exciton localization will only lead to spectral

broadening due to spatial averaging.

The observed exciton energy variations can arise

from dielectric screening, determined here by the di-

electric constants of DNA and substrate, doping related

screening, and the Stark effect due to localized charges

in the vicinity of the nanotube creating strong local

fields.21,25�28 Since DNA features a negatively charged

backbone, its presence can induce PL energy variations

via all three mechanisms. The observed spatial PL en-

ergy variations can thus be attributed mainly to the

heterogeneous environment resulting from nonuni-

form DNA-wrapping. Local changes of the PL energy

caused by DNA-wrapping have been observed previ-

ously with TENOM, however without indication of exci-

ton localization due to much smaller exciton energy

gradients in the order of 0.2 meV/nm.9 Assuming ran-

domly distributed DNA-strands, a configuration form-

ing isolated and deep potential minima is expected to

occur rarely. This can explain why we observe pro-

nounced exciton localization only in 5�10% of the

near-field PL images.

Localized PL emission in a SWNT has been observed

previously with TENOM near a negatively charged de-

fect connected to characteristic Raman scattering sig-

nals.10 In this case, PL occurred at a single position only,

inhibiting energy-resolved imaging and the investiga-

tion of energy induced localization. Since we only de-

tected very weak Raman scattering for the present nano-

tube material, a corresponding signal analysis regarding

defects and defect type was not possible.

CONCLUSIONS
We observed the localization of excitons in semicon-

ducting single-walled carbon nanotubes at room tem-

perature as a result of spatially confined exciton energy

minima with depths of 15 meV and lateral energy gra-

dients exceeding 2 meV/nm. Simulations based on a 1D

random walk and accounting for the near-field imag-

ing process support this interpretation predicting

strongly enhanced exciton populations at localized en-

ergy minima. Directional or limited diffusion affects all

physical phenomena that are connected to exciton mo-

bility such as exciton�exciton annihilation and quench-

ing by local defects.

METHODS

Experimental Setup. The tip-enhanced near-field optical micro-
scope (TENOM) combines an inverted confocal microscope with
a shear force mechanism to position a sharp gold tip in the cen-
ter of the laser focus about 2 nm above the sample surface.
Strongly enhanced excitation and radiation rates confined to
the vicinity of the tip allow for the local imaging of the optical

properties of the SWNT. The optical signal at each image pixel
is detected either by a spectrograph and CCD or by an avalanche
photodiode (APD) after spectral filtering. The incident laser
power for PL imaging is kept low (�10 �W) to minimize photo-
induced PL bleaching.14

Materials. The nanotubes studied in this work were semicon-
ducting CoMoCAT-SWNTs wrapped by (GT)10 single-stranded

Figure 4. (a) Schematic illustrating the numerical calculation
of exciton diffusion. At each discrete position along the nano-
tube (x, x � �x,) the local exciton population N is repre-
sented by a bar. The nonuniform exciton energy Eexc is
shown above. At each simulation time step, the population
at a position is transferred to its left and right neighbor ac-
cording to eq 2, indicated by broad arrows. (b) Simulated
near-field PL intensity for a 300 nm long carbon nanotube.
Three exciton energy minima have been introduced to the
nanotube, centered at 75, 150, and 225 nm from the left nano-
tube end. The profile of the energy minima is shown in the
inset, the depth �E is varied between 10 and 40 meV. Be-
cause of enhanced exciton diffusion toward energy minima,
the PL intensity is increased at these positions.
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DNA in aqueous solution.29 The solution was spun onto a freshly
cleaved thin layer of mica glued on a glass cover slide, provid-
ing an atomically smooth surface (additional details in Support-
ing Information). The DNA-wrapping is used to provide indi-
vidual nanotubes with a well-defined topography on the sample
surface. Standard surfactants such as sodium cholate which can
also be used to disperse SWNTs in aqueous solution usually form
a nonuniform film on the sample. This strongly affects the
TENOM measurements by modulating the tip�sample distance
and thus the near-field enhancement. Quantitative signal analy-
sis along SWNTs would not be possible.

Details of the Numerical Simulation. For comparison with near-
field experiments, these images have to be simulated including
both nanotube excitation and PL detection in presence of the
tip. The initial population Nx

0 is determined by the excitation in-
tensity along the nanotube, which is the intensity distribution
of the confocal laser focus plus tip-enhanced excitation in its cen-
ter. Due to efficient quenching expected at the nanotube ends,
the exciton population is constantly set to zero at these posi-
tions.11 Corresponding to the experimental procedure, the
center of the laser focus is scanned along the nanotube. For
each position of tip and laser with respect to the nanotube, the
evolution of the exciton population and resulting PL are calcu-
lated. The radiative and nonradiative decay rates krad and knr are
both enhanced in vicinity of the tip and thus position depend-
ent. Efficient PL emission via the tip dipole increases krad and ad-
ditional quenching at very close tip�sample distances due to
the metal tip affects knr.

23,30,31 For SWNTs with a low quantum
yield of �10�3, krad can be strongly increased, whereas additional
quenching is insignificant. The PL emitted from a single point
of the nanotube at each time step is given by Q(x)�t/�Nx

t . Q(x) is
the quantum yield which is increased underneath the tip due to
radiative rate enhancement. The measured PL in the cw-
experiment is then calculated by summing over all timesteps un-
til t � 2� and along the whole nanotube, with � being the exci-
ton lifetime. The enhancement factors for excitation and radia-
tive rate in vicinity of the tip (within 15 nm) are 25 and 10,
respectively. The resulting signal enhancement is in agreement
with the observed imaging contrast. The radiative rate enhance-
ment is chosen to be smaller due to the weaker plasmonic re-
sponse of our gold tips at the PL energy with respect to the ex-
citation at 632.8 nm.32
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