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ingle-walled carbon nanotubes
(SWNTs) offer great potential for photonics and sensing applications. On a
fundamental point of view, SWNTs constitute model systems for the study of the spatiotemporal dynamics of excited states in
one-dimensional systems. Semiconducting
species display luminescence resonances in
the near-infrared.1 Experimental and theoretical studies have shown that SWNT optical properties are excitonic in nature and involve dark and bright states in the bandedge excitonic manifold.2⫺7 However,
understanding how these excitonic states
shape the optical properties of SWNTs is difficult. The luminescence properties of the
nanotubes are often affected by various extrinsic factors originating from synthesis,
processing methods, and environmental
conditions8⫺12 that make comparison between different published studies arduous.
For example, fluorescence quantum yields
measured from ensembles or single nanotubes range between 10⫺4 and 20% in
literature.1,13⫺20 Moreover, measured luminescence lifetime of nanotubes ranges from
5 to 200 ps, with excitonic dynamics that exhibit single or multiple exponential decays
depending on the report.13,14,19,21⫺23 Recently, a clear correlation between emission intensities and spectral line-widths of
individual nanotubes was observed using
different suspension agents.12 In another
study, luminescence decays of individual
nanotubes lying on a surface were correlated to their spectral line- widths.11 However, a comparison of the optical properties
of SWNTS regarding synthesis methods,
suspension agents, and local environment
is still lacking. Furthermore, the origin of the
nonradiative processes dominating the exciton relaxation pathways and therefore
limiting the nanotube luminescence yield
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Environmental and Synthesis-Dependent
Luminescence Properties of Individual
Single-Walled Carbon Nanotubes

ABSTRACT Luminescence properties of individual (6,5) single-walled carbon nanotubes (SWNTs) were studied

using continuous wave and time-resolved spectroscopy. Nanotubes synthesized by different methods (HiPco and
CoMoCat) and dispersed in two different ionic surfactants were examined either in aqueous environments or
deposited on surfaces. SWNT preparations leading to the highest luminescence intensities and narrowest spectral
widths exhibit the longest luminescence decay times. This highlights the role of the nanotube environment and
synthesis methods in the nonradiative relaxation processes of the excitonic recombination. Samples of HiPco
nanotubes dispersed in sodium deoxycholate contained the brightest nanotubes in aqueous environments.
KEYWORDS: single-walled carbon nanotubes · luminescence · spectroscopy · single
molecule detection · luminescence decays · defects

is still unclear. Here we correlate photoluminescence (PL) spectra and decays obtained
from individual nanotubes to identify different extrinsic factors which deeply influence
their luminescence properties.
We compared the PL intensity and spectral line width of individual (6,5) SWNTs synthesized using HiPco or CoMoCat methods
and dispersed in aqueous suspensions of
the anionic surfactants sodium dodecylbenzenesulfonate (SDBS) or sodium deoxycholate (DOC). Two distinct HiPco batches
(named herein HiPco-A and HiPco-B) were
studied. All samples were prepared using
brief tip ultrasonication (⬃10 s) in 1 weight
percent (wt %) of DOC or SDBS. This procedure produces suspensions of bright and
relatively long tubes.8,17 The SWNTs were
immobilized in aqueous agarose gels (5 wt
%). The preparation was sandwiched between a glass coverslip and a glass slide and
mounted on an inverted microscope. In all
measurements, we selected (6,5) SWNTs
(peak emission ⬃980 nm) by exciting them
at their second order excitonic resonance24
(E22 ⫽ 567 nm). We used wide-field illumination by focusing the beam of a dye laser
into the back aperture of a high NA objective, with excitation intensities below 1 kW/
cm2 of circularly polarized light. The
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Figure 1. Wide-field luminescence image (a) and emission
spectrum (b) of a (6,5) SWNT dispersed in DOC excited at its
second order excitonic resonance (567 nm).
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fluorescence was collected with the same objective
and imaged on a low noise Si-CCD camera (Micromax,
Roper Scientific) to produce wide-field images of the
nanotubes. SWNTs concentration was adjusted such
that bright individual nanotubes could be optically resolved (Figure 1a). The fluorescence of these bright
tubes was sent to a cryogenically cooled 1D InGaAs detector (OMA V, Roper Scientific) placed at the output
of a spectrometer; only individual (6,5) nanotubes were
studied (Figure 1b). To avoid nanotube end and lengthdependent effects which could affect comparisons between the PL properties of ensembles of SWNTs with
different length distributions, we exclusively studied
diffraction limited segments situated in the center of individual long nanotubes.
First, we observe that the positions of the emission
lines depend on the surfactant and not on the nanotube synthesis method21 (985 ⫾ 2, 986 ⫾ 2, and 987 ⫾
2 nm for the HiPco-A, HiPco-B, and CoMoCat samples in
DOC, respectively, and 978 ⫾ 2, 977 ⫾ 2, and 979 ⫾ 2
nm for the same samples in SDBS). This ⬃8 nm shift of
the peaks in DOC is consistent with previous ensemble
measurements.25 Figure 2 shows the histograms of the
signal peak intensities corresponding to the brightest
pixels measured in the nanotube images (a⫺c) and of
the emission lines full-width at half maxima (fwhm)
(d⫺f) originating from individual (6,5) SWNTs dispersed
in DOC. The signal peak intensities are averaged over
10 consecutive frames and normalized by the excita-

Figure 2. Histograms of the signal intensities and emission
line-widths (fwhm), ⌬E, of individual (6,5) SWNTs dispersed in
DOC (aⴚf) and in SDBS (gⴚl). Red corresponds to HiPco-A nanotubes, white to HiPco-B nanotubes, and gray to CoMoCat nanotubes. All measurements were performed with nanotubes immobilized in aqueous gels.
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Figure 3. (a) Comparison of the signal intensities of SWNTs
dispersed in DOC and studied either in aqueous gels (filled)
or spincoated on a glass coverslip (hatched). (b) Mean emission intensity as a function of the mean emission line width,
⌬E, obtained from HiPco-A (triangle), HiPco-B (star), or CoMoCat (circle) nanotubes in aqueous gels and HiPco-A
(square) on surfaces. All types of nanotubes were dispersed
in DOC.

tion intensity. Peak intensities recorded on HiPco
SWNTs were approximately twice as large as CoMoCat
ones; these brighter nanotubes displayed narrower
spectra.12 These differences between HiPco and CoMoCat nanotubes were also observed in SDBS samples.
Interestingly, in SDBS the average signal peak intensities depended on the HiPco production batches (Figure 2 g⫺l). The differences in luminescence line-widths
and intensities observed above is likely due to different amounts of sidewall defects26 introduced during the
distinct synthesis and processing steps of HiPco and CoMoCat nanotubes and also to variations of the local environments of the nanotubes.21 In this context, the presence of deep excitonic states discussed previously10
and that occur depending on the environment, might
contribute to the different line-widths observed here, as
well as to the slight asymmetry of the emission lines often observed in our emission spectra (Figure 1b).
To further investigate the influence of the nanotube environments, we studied the luminescence properties of HiPco-A nanotubes suspended in DOC and
spincoated onto bare or polylysine precoated27 coverslips. As previously observed, and in contrast to nanotubes immobilized in agarose gels at pH above 7,28 the
resulting luminescence was subject to substantial blinking.29 The proximity of the glass surface also resulted
in lower signal peak intensities and broader emission
lines than for nanotubes in aqueous environments (Figure 3a). Finally, we studied the correlation between
the nanotube luminescence intensities and emission
line-widths. Figure 3b reports the mean value of the luminescence intensities as a function of the mean spectral line width for the samples studied in the different
conditions. Clearly, narrower emission line-widths correspond to higher emission intensities.12
Nonradiative processes, which restrain the nanotube luminescence yield, should also depend on synthesis methods, suspension agents, and local environment. To confirm this hypothesis we performed
individual SWNT luminescence decay measurements
on a new set of nanotubes originating from the samples
studied above. The nanotubes were now excited in a confocal setup using either a continuous wave (cw) dye laser or an optical parametric oscillator (567 nm wavewww.acsnano.org
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properties of nanotubes freely
diffusing in water or immobilized in aqueous gels are found
(data not shown).
The origin of the two decay times was previously attributed to the presence of
two closely lying dark and
bright excitonic states.5,6,19
Weak PL yields of the bright
state (limited to a few
Figure 4. Luminescence decays and confocal luminescence images (insets) of (6,5)
percent15⫺19) are due to nonSWNTs excited at their second order excitonic resonance (567 nm): (a) HiPco and (b) Co- radiative relaxation pathways
MoCat nanotubes dispersed in DOC and studied in gels.
(occurring in the tens of ps
range) which are much faster than the radiative recomlength, ⬃150 fs pulses, 76 MHz repetition rate). Images
were obtained in confocal mode by sending the lumines- bination time (in the ns range). In Figures 5c,d, for each
cence of the individual nanotubes onto a silicon avasynthesis and environmental condition described
lanche photodiode and by raster scanning the sample
above we plot the mean intensities and line-widths dewith a piezoscanning stage (inset of Figure 4). After iden- rived from the distributions presented in Figures 2⫺3
tification of the (6,5) species by their emission spectrum
against the mean decay times deduced from Figure
measured under cw excitation, the luminescence decays
5a,b. Conditions leading to the longest decay times prowere recorded under pulsed excitation using a convenvide the brightest and narrowest emission lines. This intional time-resolved single-photon counting scheme.
dicates that the synthesis methods, suspension agents
Figure 4 shows representative luminescence decays and local environments impact nonradiative processes
of (6,5) SWNT obtained in 10 min integration time with in SWNTs. They are for instance more prominent for Colow excitation fluence (⬃1012 photons/pulse/cm2).
MoCat nanotubes than for HiPco, probably because of
Given the resonant absorption cross-section19 of the
the postprocessing procedure undergone by CoMoCat
nanotubes (⬃10⫺17 cm2 per carbon atom), less than one
nanotubes.30 On the other hand, the large heterogenephoton is absorbed per pulse ensuring that multiexcitonic effects are absent. Moreover, we confirmed that
the PL intensity of the nanotubes stays constant during
the acquisition time. All nanotubes displayed biexponential decays19 with short components (short) ranging
between 10 and 65 ps and long ones (long) from 200 up
to 800 ps. Figure 5a compares the decays of nanotubes
synthesized by the two different methods and dispersed
in identical surfactants (DOC). CoMoCat tubes (black
squares) have the fastest decay times, with narrow distributions centered on ⬃15 ps for short and ⬃200 ps for long.
In contrast, HiPco tubes (red dots) displayed the slower
decays (short ⫽ 45⫺65 ps and long ⫽ 200⫺800 ps). Figure 5b shows the influence of the immediate environment of HiPco-A nanotubes on the luminescence decays
of DOC nanotubes in gels (red dots, Figure 5b) or spincoated on a glass surface (green squares, Figure 5b), and
SDBS nanotubes in gels (blue triangle, Figure 5b).
Whereas DOC nanotubes in gels displayed the slowest
decay times (for both components), DOC nanotubes lying on surfaces or SDBS nanotubes in gels displayed a narFigure 5. (a) Long decay times as a function of short ones, deduced
row distribution of long (centered on ⬃200 ps) and a
luminescence decays of individual (6,5) SWNTs dispersed in DOC and
broad distribution of short with values systematically
studied in aqueous gels: (black) CoMoCat; (red) HiPco-A. (b) Same as
panel a but for HiPco-A nanotubes either dispersed in DOC and studlower than that of DOC nanotubes in gels. The presence
ied in aqueous gels (red circles) and on surfaces (blue triangles), or disof the gels could in principle contribute to the environpersed in SDBS and studied in aqueous gels (green squares). (c) Mean
mental effects influencing the luminescence properties of emission intensity (c) or emission line width, ⌬E, (d) as a function of the
mean short decay time for nanotubes dispersed in DOC: HiPco-A studSDBS and DOC nanotubes. We believe that this effect
ied in aqueous gels (red circle), on surfaces (blue triangle), or Coshould be negligible since low gel concentrations are
MoCat studied in aqueous gels (black square), as well as HiPco-A disused and no differences in the intensity and spectral
persed in SDBS studied in aqueous gels (green square).
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ity observed for as-produced HiPco nanotubes is likely
due to the presence of catalyst impurities.31
In conclusion we have established that brightly luminescent nanotubes display narrow PL spectral widths and
long luminescence decay times. In this study, samples
consisting of as-produced (unpurified) (6,5) HiPco nanotubes individualized in DOC and immobilized in aqueous
gels provide nanotubes displaying the best PL properties,
as compared to nanotubes studied on glass surfaces, suspended in SDBS or produced by the CoMoCat method.
These results highlight the importance of controlling the
environmental effects and synthesis methods in understanding the fundamental, intrinsic optical properties of
SWNTs as well for optimizing these properties for applications in optoelectronics or biosensing.
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