Single Carbon Nanotube Optical Spectroscopy
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This Minireview discusses novel insights into the electronic struc-
ture of carbon nanotubes obtained using single-molecule fluores-
cence spectroscopy. Fluorescence spectra from single nanotubes
are well described by a single, Lorentzian lineshape. Nanotubes
with identical structures fluoresce with different energies due to
local electronic perturbations. Carbon nanotube fluorescence un-

1. Carbon Nanotube Optical Properties

Single-walled carbon nanotubes (SWNTs) are tubular graphitic
molecules that can be microns long and less than one nano-
meter wide. The combination of the unique properties of the
carbon-carbon bond and their interesting molecular structure
have given SWNTs unique physical properties and provided
the potential for revolutionary applications." SWNT structure
is characterized by two integers (n,m) that can be easily related
to both its diameter and chirality."" SWNTs have an unusual
electronic configuration: each SWNT with a distinct (n,m),
where n-m divisible by three is metallic, while the rest are
semiconducting.®® Further, SWNT electronic properties exhibit
a strong structural dependence,™ which helps drive potential
applications.

Simple one-electron models indicate that the density of
states (DOS) of a nanotube is characterized by singularities,
with each singularity corresponding to a quantum subband
(Figure 1).”7 Recent studies of individual SWNT electronic struc-
ture using scanning tunneling spectroscopy (STS)™®® agree
with these general predictions. Simple one-electron models
also imply that the dipole-allowed optical transitions occur be-
tween mirror image peaks in the DOS (Figure 1). Absorption
spectra of SWNT bundles contain three broad absorption re-
gions corresponding to the first and second allowed transitions
for semiconductor SWNTs, and the first allowed transition for
metallic SWNTs, respectively (Figure 2). However, these spectra
do not exhibit any features identified with a particular nano-
tube structure, since strong electronic coupling mixes the
energy states from the different SWNTs in the bundle.”! This
strong intertube coupling, combined with the large inhomoge-
neity in nanotube structures present in an ensemble, com-
pletely obscures any fine structure in the absorption spectra.

Isolation of individual nanotubes is critical for decoupling
the optical response of one nanotube from another, and was
recently demonstrated by O’Connell et al. for nanotubes manu-
factured by the high-pressure CO chemical vapor deposition
(HiPCo) process (H-SWNTs)." As shown in Figure 3A, absorp-
tion spectra of an ensemble of isolated SWNTs (Mic-SWNTs)
show many more highly resolved features than the corre-

expectedly does not show any intensity or spectral fluctuations at
300 K. The lack of intensity blinking or bleaching demonstrates
that carbon nanotubes have the potential to provide a stable,
single-molecule infrared photon source, allowing for the exciting
possibility of applications in quantum optics and biophotonics.

sponding absorption spectrum from nanotube bundles. These
distinct features correspond to dipole-allowed optical transi-
tions from SWNTs with different (n,m) values™ and/or from
higher interband transitions for a nanotube with a given
(n,m) value. The general isolation procedure can be applied
using numerous surfactants,"? as well as nanotubes produced
by various methods such as the laser oven (L-SWNTs), and arc
discharge (A-SWNTs) processes (Figure 3A).

Bundled SWNTs do not fluoresce since any metallic tubes
present in the bundle provide an efficient nonradiative path-
way for photoexcited electrons. However, as first demonstrated
in ref. [10] for HiPCo SWNTs, Mic-SWNT samples show strong,
dipole allowed fluorescence at the band-edge (Figure 3B). The
measured Stokes shift between the absorbing and emitting
lines is quite small (=40 cm™")." SWNTs are poor emitters;
the fluorescence quantum yield (QY) of SWNTs is on the order
of QY ~10741"}

The dependence of the SWNT electronic structure on diame-
ter and chirality [(n,m) values] is fundamentally important and
is also of technical interest. Simple one-electron models predict
that the energy of the dipole-allowed optical transitions de-
pends linearly on the nanotube diameter."” However, the ob-
servation of structurally dependent photoluminescence from
SWNTs represented a major breakthrough,"" as the depend-
ence of electronic transition energies was shown to depend on
(n,m) values explicitly and not simply on the SWNT diameter."
In particular, the magnitude and sign of deviations from the

[a]l H. N. Pedrosa, J. Peterson, L. Huang, Prof. T. D. Krauss
Department of Chemistry, University of Rochester
Rochester, New York 14627 (USA)

Fax: (+ 1) 585-276-0205

E-mail: krauss@chem.rochester.edu

Prof. Dr. A. Hartschuh, P. Anger, H. Qian, Prof. Dr. A. J. Meixner, M. Steiner
Physikalische Chemie I, Universitdt Siegen

57068 Siegen (Germany)

Prof. Dr. A. Hartschuh, Prof. L. Novotny

The Institute of Optics, University of Rochester
Rochester, New York 14627 (USA)

=

a

ChemPhysChem 2005, 6, 1-6 DOI: 10.1002/cphc.200400408 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1



PHYS

A
2 L
15}
g
I - ey
173
3
2 lr
2 —
L3
(=)
0 L L ! 1 1 L L 2
2 15 -1 05 0 05 1 15 2
Energy/eV
B
10 +
8+
g
7
- 6F
=)
£
—eeep
2 L
0 L [ A
-3 2 -1 0 1 2 3
Energy/eV

Figure 1. Calculated density of states for A) a (10,5) nanotube and B) a

(9,0) nanotube within the tight-binding approximation. The absence of elec-
tronic states at the Fermi level (0 eV) indicates the (10,5) tube is semiconduct-
ing, while the presence of electronic states at the Fermi level indicates the
(9,0) nanotube is metallic. The arrows correspond to dipole-allowed optical
transitions.

predicted linear dependence were observed to depend on the
value of (n-m) mod 3,"" suggesting that trigonal warping ef-
fects" were playing a significant role. Empirical fitting param-
eters have been introduced modifying the simple one-electron
picture to compensate for these effects,""'® thus allowing for
a precise prediction of the transition energies for different
tube (n,m) structures. However, despite the observation of fluo-
rescence spectral features attributable to specific nanotube
(n,m) structures, it is not fully understood why the transition
frequencies differ significantly from simple theoretical predic-
tions," although many-particle interactions"”'® and/or trigo-
nal warping effects" likely play a role in this discrepancy.
Notwithstanding these recent advances in SWNT separation
and isolation, the optical spectra shown in Figure 3 clearly
suffer from severe inhomogeneous broadening due to the dis-
tribution of different nanotube structures in the ensemble.
Thus, early optical studies could only determine an averaged
overall behavior that obscured crucial electronic characteristics
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Figure 2. Optical absorption spectrum of SWNTs spun coat from toluene onto
quartz. The peaks at 1700 and 950 nm are due to semiconducting nanotubes,
and the peak at 650 nm is due to metallic nanotubes. SWNTs were obtained
from Tubes@rice and produced by the laser-oven method.
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Figure 3. Absorption (A) and fluorescence (B) spectra of Mic-SWNT samples iso-
lated in surfactant micelles in D,O according to ref. [10]. The top, middle and
bottom curves correspond to H-SWNTs, A-SWNTs, and L-SWNTs, respectively.
Spectra are vertically offset for clarity. Due to detector responsivity fluorescence
spectra do not extend past 1650 nm.

of the individual nanotube.'®™ %21 For example, since spectra
from SWNTs with different (n,m) values will overlap, it is diffi-
cult to make definite conclusions regarding important emission
features such as the spectral line width or details of the band
shape, or to observe evidence of coupling to vibrations. There-
fore, new approaches are needed to further advance the un-
derstanding of SWNT optical properties and accelerate the de-
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velopment of novel SWNT photonic applications, such as nano-
meter scale integrated electroluminescent devices.”?

2. Single Nanotube Fluorescence

Spin-casting the Mic-SWNT suspension onto a cover slip allows
for isolation of individual nanotubes by standard confocal mi-
croscopy (Figure 4). A typical fluorescence image from the
spun Mic-SWNT sample is shown in Figure 5, with a spatial res-
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) / Microscope
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Detector

Figure 4. Standard confocal microscopy setup for observing fluorescence from
individual SWNTs. Excitation was typically at 633 nm (tunable dye laser) with
intensities on the order of 40 kWcm™2 Laser excitation at 633 nm ensures that
all Raman signals between 633 and 770 nm are spectrally distinct from the
fluorescence signals above 850 nm.

0O EET ) 38kcts/s

Figure 5. Typical confocal fluorescence image (10x 10 um?) of single spatially

isolated SWNTs on glass acquired by raster scanning the sample and simulta-

neous detection of an optical spectrum at every pixel. The image contrast was
obtained by integrating the detected spectrum between 945-975 nm.

olution of 300 nm. The image was obtained by collecting an
optical spectrum at every pixel and then binning regions of
the individual spectra where strong fluorescence signals are
expected according to the ensemble spectrum (Figure 3B).
Since atomic force microscopy (AFM) measurements reveal
predominantly short SWNTs (length 200-300 nm) lying on top
of residual surfactant patches, distinct tubular features in the
Mic-SWNT fluorescence images are typically unresolved. Alter-
natively, by dispersing SWNTs directly in organic solvents such
as dichloroethylene, followed by spin coating, occasionally in-
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dividual nanotubes that fluoresce can be isolated, as shown in
Figure 6. In Figure 6 both the fluorescence and Raman images
clearly show the characteristic one-dimensional features of the
SWNT thus proving that the fluorescence in fact results from
the single nanotube.

Figure 6. A) Fluorescence image (2.5x 2.5 um’®) of a single spatially isolated
SWNT on glass. The image was obtained by filtering the detected optical emis-
sion between 925-975 nm. B) Resonance Raman image from the same area as
(A). The image represents a spatially resolved detection of the tangential (G-
band) at 1550 cm™'.

Fluorescence images from the isolated Mic-SWNTs show dis-
tinct, bright spots at different positions for different emission
wavelengths.”® Figure 7 displays representative spectra detect-

1.16 1.20 1.24 1.28 1.32 1.36 1.40 1.44
photon energy /eV

Figure 7. Fluorescence spectra detected for three different sample positions.
Fluorescence maxima are at wavelengths of 1016, 955, and 914 nm, respective-
ly, from left to right.

ed from one of these bright spots. Each spectrum now exhibits
a single emission band with a smooth line shape; all traces of
contributions to the fluorescence spectra from the different
SWNT (n,m) structures have been eliminated.”” The fluores-
cence maximum for all three spectra matches three transitions
observed in the ensemble spectrum (Figure 3B). In so much as
the ensemble fluorescence spectrum is a weighted superposi-
tion of spectra from individual SWNTs, the spectra in Figure 7
are attributed to individual SWNTs.*?

Single nanotube spectroscopy clearly eliminates the overlap-
ping spectral features associated with ensemble averaging and
thus allows for the potential discovery of crucial SWNT optical
and electronic properties. For example, SWNT fluorescence
spectra are described by a single, featureless, symmetrical
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band corresponding to a single Lorentzian line shape function
(solid lines in Figure 7). The room-temperature-broadened fluo-
rescence line width is approximately 23 meV, in agreement
with the approximately 25 meV linewidths reported in ref. [10]
for fluorescence from macroscopic samples. Also, single nano-
tube spectroscopy reveals that the fluorescence spectra from
SWNTs with identical (n,m) structural parameters are not the
same. Indeed, as shown in Figure 8 fluorescence spectra from
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Figure 8. Fluorescence spectra for three individual (7,5) SWNTs at different posi-
tions on the substrate. The spectral position, amplitude, and shape of the emis-
sion bands differ substantially. The spectra are offset for clarity.

SWNTs with the same structure can be significantly different.
This deviation suggests that SWNT fluorescence may come
from trap states caused by structural®?® or chemical defects.
Alternatively, the deviations in fluorescence energy could arise
from perturbations in the electronic band structure due to fluc-
tuations in the local environment, such as from electrostatic
surface potential changes® or localized charges.”® Some in-
sight is provided by recent experiments whereby fluorescence
from only (6,4) SWNTs was monitored. As shown in Figure 9, as
the excitation wavelength is tuned, different nanotubes in the
optical image move in and out of resonance. Thus, different
nanotubes with the same (n,m) structure have different ab-
sorption energies (and therefore different electronic properties)
arising from an inhomogeneity in their local environments.
Assignment of a SWNT (n,m) structure with a particular opti-
cal transition relies on correlating that spectral feature with the
radial breathing mode (RBM) frequency through resonant
Raman scattering. For macroscopic samples this connection is
difficult, since uncertainties in parameters used for calculating
the relevant (resonant) optical transition energy,'® and the
cluster of different SWNT structures with similar diameters lead
to several possibilities for assignments.'® Thus, complicated
fitting procedures were employed to assign optical transition
energies to particular (n,m) values.""'® Single nanotube
spectroscopy has the advantage in that it allows for a direct
assignment of fluorescence energies to specific (n,m) nanotube
structures without any ambiguity arising from using complicat-
ed fitting procedures (Table 1). Thus, as a result of the single
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Figure 9. Fluorescence images acquired through an 880+ 20 nm filter that se-
lects fluorescence from only (6,4) nanotubes. The excitation wavelength is
A) 600 nm, B) 595 nm, C) 580 nm, D) 575 nm. Scan range is 2.3 x2.3 um.

Table 1. Spectral data and structural assignments for SWNTs. A, (hvg,) is
the measured average fluorescence wavelength (energy). Vegy is the SWNT
radial breathing mode frequency. The literature values agree with the assign-
ments in ref. [11].

Aem [nM] hvg, [€V] hvg, [eV] Observed Predicted (n,m) Assign-
(literature)  vggy [cm ™1 vggy [cm™']  ment
+3cm™!
1023 1.212 1.212 282 281.9 (7,5)
976 1.270 1.272 308 307.4 (6,5)
955 1.298 1.302 296 298.1 (8,3)
915 1.355 1.359 309 3074 9,1)
881 1.407 1.420 337 335.2 (6,4)

nanotube spectroscopic measurements, the assignments as
given in ref. [11] were directly confirmed.

3. SWNT Fluorescence Intermittency

The fluorescence from individual semiconductor quantum
dots,”3? and from small molecules,?**¥ exhibit an emission
intermittency or on-off “blinking” behavior for all excitation in-
tensities, all temperatures, and on time-scales spanning many
orders of magnitude (Figure 10).* In fact, fluorescence inter-
mittency is commonly used as the conclusive indicator of
single chromophore optical emission. Surprisingly, the fluores-
cence intensity from a single SWNT at 300 K recorded using
moderate excitation intensities (< 70 kWcm™) is constant over
many seconds with no indication of fluctuations on the 40-ms
to 100-second time scale (Figure 10A).?* At extremely high ex-
citation powers (> 100 kW cm™2), fluorescence intensity fluctua-
tions can be observed, likely due to laser-induced sample heat-
ing 231

ing
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Figure 10. A) Time trace of a SWNT fluorescence signal in intervals of 40 ms.
The excitation was physically blocked during the “off” periods. B) Time trace of
a CdSe quantum dot fluorescence signal in intervals of 150 ms.

The use of single-photon sources is extremely desirable for
applications in quantum optics, such as quantum cryptogra-
phy, since the presence of even two photons in a signal pulse
is an opportunity for an eavesdropper to steal or manipulate
information.®® Thus, single molecules or single nanoparticles
are attractive as single-photon “on demand” sources in quan-
tum optics. However, their unavoidable fluorescence intermit-
tency drastically hampers their potential utility. For example, in
quantum cryptography it is difficult for the receiver to deter-
mine whether an “off” period is related to the information
being transferred, or just the result of a random blinking
event. Some stable sources of single photons do exist, such as
nitrogen vacancies in diamond nanoparticles.*” However,
these sources have a very broad linewidth typically over
100 nm, thus limiting the bandwidth of any potential devices.

SWNTs have many advantages for possible use as single-
photon sources for quantum optics applications. On the milli-
second to minutes time scale, and at room temperature, SWNT
fluorescence is stable showing no signs of intensity or spectral
blinking. SWNTs also have an extremely narrow linewidth, and
can be pumped electrically,”? which allows for the exciting
possibility of future nanometer scale integrated single-photon
photonic devices. SWNTs also are resistant to photobleaching,
as their fluorescence intensity does not change despite hours
of intense photoillumination. Finally, unlike dye molecules or
impurities in diamond, SWNTs have an easily size-tunable emis-
sion that is in the infrared at technologically relevant wave-
lengths (1.3-1.5 um).

Single-molecule sources are also highly desirable for applica-
tions in biology and biotechnology. For example, the use of
single fluorophores to track individual molecules inside a cell is
a compelling method for studying intracellular processes.®
However, photobleaching of organic dye labels severely re-
stricts the single-molecule processes that can be studied in
cells.”® Detection of a single analyte as reported through

ChemPhysChem 2005, 6, 1-6  www.chemphyschem.org

changes in the optical emission of a single fluorophore is also
a promising approach to achieving the ultimate in detection
sensitivity. On the other hand the fluorescence intermittency
of single molecules makes the fluorometric detection of single
analytes extremely difficult, since the modulation of fluores-
cence upon binding of the analyte cannot be distinguished
from a random blinking event.

SWNTs hold great promise for possible use as single-mole-
cule fluorophores. First, SWNT fluorescence does not photo-
bleach at 300 K even after hours of continuous laser excitation.
Thus, extremely long-lived biological processes on the single-
molecule level can be followed much more easily. Second, the
fact that SWNTs do not exhibit fluorescence blinking allows
them to be used as fluorometric reporters of a single biological
agent. SWNT photonic devices show strong near-infrared (NIR)
electroluminescence,” allowing for easy “on-chip” integration
of single SWNT sensors with silicon technology. Finally, SWNTs
are optically active at wavelengths in the range of 800-
1100 nm, which allows for NIR excitation and detection. This
NIR optical activity has the tremendous advantage that back-
ground fluorescence from the sample can be dramatically re-
duced allowing for much improved sensitivity on the single
fluorophore level.

For some nanoparticles the processes that contribute to
fluorescence blinking events slow down as the temperature is
lowered. For example, in CdSe semiconductor nanocrystals a
higher fraction of nanoparticles are “on” (or bright) at low tem-
peratures versus at room temperature.®” Interestingly, at low
temperatures (T=1.8K) a significant fraction (about 2/3) of
SWNTs show an intermittency in their fluorescence intensity,
and also a spectral wandering of their fluorescence energy as
shown in Figure 11, and as also was recently reported in
ref. [39]. Spectral diffusion cannot be observed at room tem-
perature, since the fluorescence linewidth is much larger than
the change in energy during a spectral jump. However, it is
currently unclear whether the processes that cause blinking
“turn on” at low temperatures, or whether SWNTs blink inher-
ently on timescales much faster than 10 ms. With the time res-
olution of past experiments, fluctuations in the sub-millisecond
regime were not observable.

4. Conclusions

Combined fluorescence and Raman scattering measurements
on the single molecule level open up new ways to characterize
SWNTs. Single nanotube studies enable the connection be-
tween fluorescence energy, (n,m) structural parameters, and
RBM frequency of a particular SWNT with a single measure-
ment, and without any complicated fitting procedures""'® ne-
cessitated by working with macroscopic samples. Single nano-
tube studies also reveal new insights into nanotube optical
properties, such as a variation of the fluorescence energies of
nanotubes having the same structure. Unlike for single mole-
cules, for SWNTs the photoluminescence unexpectedly does
not show any intensity or spectral fluctuations at room tem-
perature. The fact that SWNTs show no emission intensity
blinking or bleaching demonstrates that SWNTs have the po-
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Figure 11. Temporal evolution of the SWNT fluorescence spectrum at T= 1.8 K. The right panel represents specific
spectra extracted from the left panel, clearly showing evidence of spectral diffusion and intensity blinking.

tential to provide a stable, single molecule infrared photon
source, with an extremely narrow linewidth, which would have
a significant impact for future nanometer scale integrated pho-
tonic devices and which shows promise for applications in
quantum optics and biological sensing.
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