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ABSTRACT

The luminescence efficiency of individual single-walled carbon nanotubes was determined by comparing the fluorescence from individual
nanotubes to single CdTe/ZnS quantum dots with a well-defined fluorescence quantum yield (QY). The single carbon nanotube QY was determined
to be 3 ± 1%, nearly 100 times greater than values previously reported for ensembles. The intrinsic nanotube QY is potentially much higher
than previously believed and appears lower in ensembles due to defective nanotubes and residual bundles.

Single-walled carbon nanotubes (SWNTs) possess an im-
pressive array of optical properties, including size-tunable
emission,1 near-infrared fluorescence,2 and high photosta-
bility.3,4 These qualities are extremely desirable for fluores-
cence-based applications such as biological imaging4,5 and
biological sensing,6 which rely heavily upon the availability
of fluorophores with high brightness and stable emission.
Nanotubes may also fulfill the long-standing need for a
single-photon source in the near-infrared, which is necessary
for applications in quantum optics.7

Because they experience strong van der Waals attractions,
nanotubes form aggregated bundles when synthesized. This
interaction quenches SWNT fluorescence by allowing non-
radiative transfer from semiconductor SWNTs to any metallic
nanotubes within the bundle.2 A major milestone in the
optical characterization of SWNTs was the development of
an ultrasonic dispersion method to wrap surfactants around
nanotubes, thereby isolating them.2 Fluorescence spectra of
isolated SWNTs exhibit a series of well-resolved peaks that
correspond to optical transitions from various (n,m) structures
present within an ensemble,1,8 as displayed in the inset to
Figure 1a.

Toward the realization of applications based on nanotube
fluorescence, one important consideration is their relative
fluorescence efficiency, or fluorescence quantum yield (QY).
Based on a ratio of radiative and nonradiative rate constants,
a molecule’s QY is also one of its most fundamentally

important photophysical parameters.9 For an ensemble of
nanotubes, the fluorescence QY is<0.05%,2,10,11 which is
extremely poor and would likely preclude their use in
fluorescence-based applications. However, recent experi-
ments suggest that the QY of SWNTs is potentially much
higher than previously reported. For example, unusually
fast excited-state recovery times suggest that a significant
fraction of suspended nanotubes are bundled and, there-
fore, nonemissive.12 In addition, the fluorescence from
single nanotubes can be detected with high signal-to-noise,
suggesting a higher QY for individual nanotubes.3 In
another study, when SWNTs were suspended with a
density gradient and subsequently fractionated,13 the
least dense fractions showed QYs of∼1%.14 Finally, the
absolute QY for nanotubes suspended across pillars was
recently estimated to be∼7%,15 but the accuracy of such
measurements is limited by difficulties in knowing the
exact number of photons absorbed by the sample and
received by the detector, which are extremely challenging
to quantify.

Here we present measurements of the fluorescence QY
of isolated SWNTs obtained using single molecule spec-
troscopy. Comparisons between the relative fluorescence
intensities of individual SWNTs and CdTe quantum dots
(QDs) allowed for a direct determination of the QY for bright
nanotubes (QY∼ 3 ( 1%), which is 2 orders of magnitude
higher than the value for ensembles. This approach offers
the first relative fluorescence QY measurement on the single
particle level and allows us to report on whether the measured
ensemble SWNT QY represents an intrinsic property of all
nanotubes. Our measurements can also determine the influ-
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ence of inter-tube interactions (i.e., residual bundles),
processing defects, or interactions with the local environment
on the QY.

For fluorescence measurements, CoMoCAT-manufactured
SWNTs (SouthWest Nanotechnologies, Inc.) were dispersed
with sodium cholate in D2O using methods similar to
O’Connell et al.2 Carboxyl-coated ITK 705 CdTe/ZnS
quantum dot samples (Invitrogen Corporation) were diluted
with water to∼0.1 nM. SWNTs and QDs were then spun
cast consecutively onto a quartz cover slip.

Fluorescence from SWNTs and QDs was accomplished
by epifluorescence microscopy on an inverted microscope,
using a helium-neon laser for excitation (λex ) 632.8 nm)
through a 100× oil immersion objective (NA) 1.3).
Emission was collected by the same objective and passed
through two holographic notch filters before reaching a
cooled Si:CCD detector. A piezoelectric scanning stage was
used to create a 2D image representative of the fluorescence
from the sample, with typical images shown in the insets of
Figures 2 and 3. The excitation intensity was∼1.5 kW/cm2

(∼30 kW/cm2) for QDs (SWNTs). The stage could be
positioned to place a single nanoparticle in the excitation
beam, allowing collection of fluorescence spectra and time

traces (temporal changes in intensity under continuous
excitation) with typical integration times of 1 min and 100
ms, respectively.

Scanning transmission electron microscopy (STEM) with
electron energy loss spectroscopy (EELS) was used to
determine the chemical distribution of core and shell atoms
in the CdTe/ZnS QDs16 (705 ITK organic quantum dots,
Invitrogen Corporation). STEM images were collected using
the Cornell VG HB501 100 kV UHV STEM, and EELS data
were obtained as described previously.16 The SWNT cross
section was calculated from the absorption spectrum of a
sample highly enriched in (6,5) SWNTs, shown in Figure
1a.17

Figure 1. (a) Absorption spectrum from a DNA-solubilized SWNT
sample, highly enriched in (6,5) nanotubes (1 cm path length). The
first, second, and third excited excitonic states are labeled in the
figure. Inset: absorption and fluorescence spectra (λex ) 632.8 nm,
excitation intensity∼ 28 mW/cm2, 500 ms integration time at each
data point) from an ensemble of isolated CoMoCAT carbon
nanotubes. (b) Absorption spectrum for 705 ITK CdTe/ZnS QDs.
Inset: absorption spectrum with the excitation wavelength (λex )
632.8 nm) and first exciton absorption peak (λex1 ∼ 677 nm)
indicated.

Figure 2. (a) Single CdTe/ZnS QD fluorescence spectrum. Inset:
2D fluorescence image of a 20× 20 µm2 area scanned with an
∼1.5 kW/cm2 intensity. Circled pixels indicate fluorescence from
individual nanoparticles (top two circles correspond to SWNTs and
bottom two circles correspond to QDs). The spectrum corresponds
to the circled pixels indicated with an arrow. (b) Time trace
for the same QD showing the characteristic on/off blinking be-
havior, which confirms that the spectrum corresponds to a single
molecule.

Figure 3. (a) Typical fluorescence spectrum from an (8,3) SWNT.
Inset: 2D fluorescence image of the same 20× 20 µm2 area in
Figure 2, scanned with an∼30 kW/cm2 intensity. Emission from
a single (8,3) SWNT corresponds to the circled pixels indicated
with an arrow. (b) Time trace for the same SWNT showing stable
and uninterrupted emission over 95 s. The laser was physically
blocked to artificially produce the off level of fluorescence near
the end of the scan.
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A molecule’s relative QY is typically determined by
comparing the spectrally integrated fluorescence intensity of
the unknown to a molecule with a known QY. For example,
for the CoMoCAT SWNTs in sodium cholate, an ensemble
fluorescence QY of∼0.03% was determined via direct
comparison with the standard infrared dye IR-26 (λex ) 900
nm, intensity∼ 37 mW/cm2, 600 ms integration time at each
data point). However, there is no well-established procedure
that has been used to determine the relative fluorescence QY
for a single molecule. We have defined the single nanotube
relative QY by eq 1, which is comparable to an expression
given by Lakowicz.18

Φ is the fluorescence quantum yield,F is the fluorescence
intensity, σ is the molecular absorption cross section,I is
the excitation intensity, andη is the efficiency of the detector
at the emission wavelength. In an ensemble QY measure-
ment, the fluorescence intensities are corrected by the
absorbance at the excitation wavelength for each sample.18

Here, we correct the fluorescence counts for the relative
excitation rate of the two nanoparticles using the product of
absorption cross section and excitation intensity.18

CdTe QDs are an ideal reference molecule for our
measurement for several reasons. First, the single molecule
fluorescence QY is very well defined for CdSe QDs (closely
related to CdTe QDs). Indeed, correlated AFM and fluores-
cence imaging,19 fluorescence correlation spectroscopy,20 and
dielectric-dependent photoluminescence studies21 have all
demonstrated that the fluorescence QY approaches unity for
individual bright QDs. Therefore, although the ensemble
CdTe QD QY is∼70%, we can assume that the maximum
fluorescence counts in a given time trace correspond to a
single CdTe QD QY of∼100%. Second, the fluorescence
from individual QDs is very robust, and thus there exists
little chance that the QD will irreversibly photobleach during
the course of the measurement. Finally, these CdTe QDs
absorb and fluoresce at wavelengths in the near-infrared, and
so they can be excited by the same laser source used for the
SWNTs.

A fluorescence spectrum from a single CdTe/ZnS QD with
emission centered at∼705 nm and a fwhm of∼40 nm is
displayed in Figure 2a, with a typical fluorescence image

shown in the inset. The characteristic fluorescence intermit-
tency, or on/off blinking behavior, for emission from a single
quantum dot is shown in Figure 2b. Blinking is considered
to be a definitive hallmark of fluorescence from a single
QD,22 and time traces were collected for each nanoparticle
to confirm that individual QDs were being studied.

The corresponding image and spectrum of the fluorescence
from a single nanotube are shown in Figure 3a. For single
SWNTs, the emission follows a Lorentzian line shape with
energies corresponding to E11 transitions of particular nano-
tube (n,m) structures and also exhibits a narrow line width
limited by∼kBT at room temperature.3 A time trace collected
for this same nanotube is presented in Figure 3b and
illustrates the continuous, photostable emission of SWNTs,
in stark contrast to what is observed for single QDs. Because
light absorption is not strongly allowed for nanotubes that
lie perpendicular to the polarization axis of the excitation
source,3,23-25 the nanotubes we observe are oriented nearly
parallel to the exciting electric field. The raw fluorescence
intensities collected for QDs and SWNTs are summarized
in Table 1.

Determining an accurate absorption cross section for QDs
and SWNTs is critical to determining their excitation rates.
For II-VI QDs, the absorption cross section can be related
to the size of the QD.26,27 From the first exciton absorption
wavelength, the diameter of the CdTe QD can be calculated
using an empirical fitting function,27 which can then be used
to calculate the absorption cross section at the first exciton
absorption peak.26,27For the CdTe/ZnS QDs, the first exciton
absorption peak resides at∼677 nm (Figure 1b), correspond-
ing to a CdTe core diameter of∼55 Å and a cross section
of ∼1.43× 10-15 cm2. However, large red shifts by as much
as 130 nm have been observed upon capping CdTe QDs with
a semiconductor shell28 and, therefore, it is unclear whether
the position of the absorption peak can be used to determine
the cross section reliably. Further, these QDs are highly
anisotropic and exhibit a characteristic bullet shape,29 which
complicates the direct determination of the QD diameter
based on simple empirical formulas.

Therefore, for high accuracy, STEM with EELS imaging
was employed to accurately quantify the dimensions of the
emissive CdTe core. Figure 4 displays an annular darkfield
(ADF) scattering image for a typical CdTe/ZnS QD acquired
by STEM. The ADF signal is proportional to the sample
thickness and the atomic number of the imaged material (to

Table 1. Raw Fluorescence Intensities for SWNTs and QDs

(6,4) SWNTs (9,1) SWNTs (8,3) SWNTs (6,5) SWNTs CdTe/ZnS QDs

E22 (nm)a 581 693 663 567 -
E11 (nm)a 873 912 952 975 -
av fluorescence intensity (counts)b 196 188 203 183 263
counts/power (counts/mW) 153 147 159 143 2023
av QY (%) 3.1 2.9 3.0 2.9 -
estimated σ633 nm (cm2)c 7 × 10-15 7 × 10-15 7.5 × 10-15 7 × 10-15 2.6 × 10-15

σE11 (cm2)c - - - 1 × 10-13 -

a Literature values.1 b Fluorescence intensities were later corrected by the excitation intensity and detection efficiency at the peak emission wavelength.
c The absorption cross section was measured for enriched (6,5) SWNTs and was used to estimate approximate values for all other chiralities in this study.

ΦSWNT ) ΦQD(FSWNT

FQD
)( σQD

σSWNT
)( IQD

ISWNT
)( ηQD

ηSWNT
) (1)

3700 Nano Lett., Vol. 7, No. 12, 2007



the power of∼1.7).30 Conversely, the integrated EELS signal
for sulfur (a component of the shell material) is proportional
to the amount of sulfur in the direction of electron beam
propagation.16 For a well-shaped QD, the integrated EELS
signal generally displays a maximum at the edges of the core,
where the total cross-sectional shell thickness is greatest, and
a minimum at the center of the core, where the total shell
thickness is smallest.

Atomic EELS imaging is very difficult, and data were
collected for 7 QDs. From theoretical modeling of the EELS
signals, we determined the distribution of the shell around
the core, and thus could determine an average core length
of 67.5( 2.9 Å and a core diameter of 47.9( 1.7 Å. Using
a weighted average to obtain an effective QD diameter (to
insert into the empirical expressions), these values translate
to an absorption cross section at the first exciton absorbance

of 1.4× 10-15 cm2, in excellent agreement with our optical
measurement. At the excitation wavelength, the QD absor-
bance is nearly 2 times greater than at the first exciton peak
(Figure 1b). Hence, the absorption cross section (σQD) at 633
nm is ∼2.6 × 10-15 cm2 (Table 1).

The SWNT cross section was calculated from the absorp-
tion spectrum of a sample of highly enriched (6,5) DNA-
SWNTs, shown in Figure 1a. To determine the mass of
SWNTs present in a 1 mL solution containing∼20 µg of
combined DNA and SWNTs, the mass of DNA was
determined by subtracting the SWNT contribution under the
DNA absorption peak (λ ∼ 270 nm) according to Nair et
al.31 We determined that∼12µg of (6,5) SWNTs are present,
in good agreement with the molecular modeling predictions
of a DNA:SWNT mass ratio of 1:1.32 The SWNT concentra-
tion was converted to a molarity (∼2.5 × 10-8 M) by
quantifying the number of moles of carbon present in a 380
nm long SWNT.33 This SWNT length, as measured by AFM,
is typical of our samples and agrees with length distributions
for other samples prepared by ultrasonic dispersion meth-
ods.34,35 In general, Beer’s law can be used to extract the
density of SWNTs from the absorption spectrum of a single
(n,m) SWNT species if its absorption cross section is known.
Assuming a negligible difference in cross section among
different SWNT structures, the concentration distribution for
an ensemble of SWNTs can be extracted by a deconvolution
algorithm that breaks an SWNT absorption spectrum into
its (n,m) components31 or by using experimentally determined
calibration curves for a given surfactant.36

It is possible that some of the absorbance at 633 nm
(Figure 1a) corresponds to impurities and not to the (6,5)
nanotube. When detecting fluorescence from only the (6,5)
SWNT (at ∼990 nm), the relative ratio of the photolumi-
nescence excitation (PLE) intensities at E22 and 633 nm
serves to quantify the fraction of the sample that absorbs at
633 nm and also contributes to (6,5) nanotube fluorescence
(assuming the absorption at E22 is all from (6,5) SWNTs).
From the absorption spectrum, E22:633 nm is∼2.5, and from
the PLE spectrum, E22:633 nm is∼4.9. Therefore, nearly
half of the material absorbing at 633 nm is not contributing
to the fluorescence at E11, making the value of the SWNT
cross section at 633 nmσSWNT ∼ 7 × 10-15 cm2, compared
to a value ofσSWNT ∼ 1 × 10-13 cm2 at E11 (Table 1).

Combining the measured absorption cross sections and the
fluorescence intensities from individual SWNTs and QDs,
we determined the average QY of individual isolated SWNTs
to be ∼3 ( 1%, nearly 100× greater than the ensemble
value. This QY value represents an average over all SWNTs,
including several different (n,m) structures that compose the
CoMoCAT ensemble; the fluorescence intensity can vary by
a factor of 2 from one individual SWNT to another. The
value of the (6,5) SWNT cross section was assumed to be
similar to other structures and, therefore, was used to
calculate all QYs (Table 1). The authors emphasize that the
QY represents the measured value for the brightest SWNTs
in a sample, as single molecule fluorescence measurements
are naturally biased toward molecules that exhibit the
strongest fluorescence. In fact, recent single molecule pho-

Figure 4. (a) Annular darkfield STEM image for a typical single
CdTe/ZnS QD. The red horizontal and vertical dots correspond to
the data points in (b) and (c), respectively, and indicate the positions
along the dot for which ADF and EELS data were collected. (b)
ADF (dashed red line, squares) and integrated EELS (solid black
line, circles) data were acquired by scanning across the QD
horizontally. The length of this CdTe QD core is approximately
61 Å. (c) ADF (dashed red line, squares) and integrated EELS (solid
black line, circles) data were acquired by scanning across the QD
vertically. The width of this CdTe core is approximately 51 Å.
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tothermal absorption studies suggest that luminescent SWNTs
comprise only a small fraction of all nanotubes in such a
sample.37

The primary sources of error in the QY value arise from
the variability in counts for each SWNT (∼50%), as well as
the determination of QD diameter (8%) and SWNT length
(10-15%) in the respective calculated absorption cross
sections. It is also unclear how the QY varies with SWNT
length, which is a subject of current debate. For example,
Fagan et al. have observed a strong dependence of fluores-
cence intensity of nanotube length38 that is supported by
another study showing an exciton diffusion length of∼90
nm along the SWNT.39 These studies imply that the
fluorescence efficiency for short SWNTs may be lowered
by efficient quenching of bound excitons at the cut ends of
nanotubes. However, because the average length of the
nanotubes used here is over 350 nm, it is unlikely that pure
length effects could change the QY value appreciably.
Differences in the SWNT QY may arise for different lengths
because shorter nanotubes likely have more defects as a result
of the sonication process used to isolate them.

In principle, measurements of the QY relative to a known
standard are much more straightforward than absolute QY
measurements. In particular, it is extremely difficult to
quantify, with a high degree of accuracy, the exact amount
of light absorbed by the sample and received by the detector
in an absolute QY measurement, especially on the single
molecule level. The significance of our approach lies in the
simplicity of correcting easily measured relative fluorescence
intensities (between the reference molecule and the unknown)
for the molecular absorption cross sections, excitation
intensities, and detection efficiencies, all of which can be
determined in a relatively simple manner with fairly high
accuracy.

Because the individual SWNT QY is nearly 2 orders of
magnitude greater than the ensemble value, the majority of
nanotubes in an ensemble are either quenched in bundles or
are not optically active (i.e., dark). Indeed, strong evidence
that bundling is a major contributor to the low QY comes
from ensemble fluorescence measurements on isolated
SWNTs, which had a QY approaching 1% when separated
from small bundles.14 On the other hand, AFM studies of
the dispersed SWNT sample find largely individual SWNTs,40

suggesting that a significant fraction of the suspended
individual nanotubes are dark. As noted, defects to SWNT
sidewalls41 and at the SWNT ends42 that are introduced
during the harsh sonication process can efficiently quench
fluorescence and may explain the low percentage of bright
nanotubes in an ensemble. However, the overall effect of
structural imperfections on SWNT fluorescence efficiencies
remains an important question in nanotube photophysics.

It is well-known that the local environment can affect the
fluorescence energy and efficiency of SWNTs,3 and it has
been shown that SWNT fluorescence is quenched when the
nanotube lies on a surface.25 Interestingly, we have discov-
ered that nanotubes deposited onto a quartz substrate are
emissive, with a QY similar to that of purely suspended
SWNTs.15 Although it is possible that the micelle layer

encapsulating the SWNT insulates it from the quartz surface,
it is clear that surface-bound SWNTs do exhibit strong
fluorescence, which should encourage further single nanotube
optical studies using this relatively simple sample preparation
method.

The maximum possible QY for SWNTs is still very much
unknown, as a pristine SWNT free of the defects caused by
harsh sonication and acidic purification processes may have
a significantly higher QY than what we have measured. On
the other hand, suspended SWNTs that are not subject to
harsh sonication treatments seem to have QYs similar to the
processed SWNTs we have measured.15 This finding suggests
that a perfect SWNT may have a QY only on the order of a
few percent, limited by intrinsic nonradiative decay mech-
anisms such as phonon emission, or intersystem crossing to
a triplet state or a low-lying nonradiative electronic state (e.g.,
dark exciton).43,44

Theory predicts that an optically forbidden exciton state,
known as the dark exciton, lies just below the energy of the
optically active exciton that is responsible for fluorescence.43-45

However, the energetic separation of the bright (i.e., emis-
sive) and dark exciton was recently determined to be only
5-10 meV, well within kBT at room temperature.46 The
existence of the dark exciton may explain the low fluores-
cence efficiency of SWNTs relative to more efficient
nanoparticles like single QDs. Indeed, recent studies show
that the SWNT fluorescence lifetime decreases at low
temperatures, suggesting that the dark exciton state may
influence the radiative decay kinetics.47 However, the role
of the dark exciton in SWNT fluorescence remains an open
question, and it certainly cannot account for the extremely
low ensemble nanotube fluorescence QY relative to the single
SWNT.

In conclusion, using an original single molecule method,
we have determined that the QY for an individual SWNT is
a few percent, which indicates that nanotubes’ emissive
efficiencies may not be as low as previously thought. Carbon
nanotubes remain promising candidates for biological imag-
ing, single molecule sensing, and quantum optics, and each
of these applications would benefit greatly from the incor-
poration of SWNTs with a luminescence efficiency that is
not impractically small. It is unclear just what limits the QY
of individual SWNTs to a few percent, but further improve-
ments in sample preparation and purification should allow
for the eventual mitigation of fluorescence quenching due
to defects, thereby allowing for further insights into intrinsic
nanotube photophysics.
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