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Excited-state carrier lifetime in single-walled carbon nanotubes

S. Reich
Department of Engineering, University of Cambridge, Cambridge CB2 IPZ, United Kingdom

M. Dworzak, A. Hoffmann, and C. Thomsen
Institut fur Festkorperphysik, Technische Universitat Berlin, Hardenbergstr. 36, 10623 Berlin, Germany

M. S. Strano
Department of Chemical and Biomolecular Engineering, University of lllinois—Urbana/Champaign, Urbana, lllinois 61801, USA
(Received 20 April 2004; published 5 January 2p05

We measured the near-infrared photoluminescence decay time in several different-chirality single-walled
carbon nanotubes by time-resolved picosecond luminescence spectroscopy. Together with the results of reso-
nant pump-and-probe spectroscopy this leads to a carrier lifetime in the first excited state of semiconducting
nanotubes exceeding 30 ps, which is one order of magnitude larger than the carrier dynamics observed in
nanotube bundles. Our findings show that the absence of photoluminescence in nanotube bundles is due to a
tunneling of the free carriers from semiconducting into metallic nanotubes.
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Optical techniques are powerful methods used to studyation of the higher excited states our findings suggest the
the electronic band structure of materials away from theapplication of individual carbon nanotubes in optoelectronics
Fermi level. Photoluminescence and excitation spectroscopsuch as light-emitting nanodevices or even four-level lasers.
yield information on the electronic energies and the symme- The dynamics of photocarriers in single-walled carbon
tries of the states. The dynamics of the excited carriers andanotubes bundles was studied by Heetiehl 8° with time-
their recombination is studied by time-resolved measureresolved photoemission spectroscopy to probe metallic nano-
ments. One-dimensional systems like single-walled carbotubes. They found that the carriers in metallic tubes first
nanotubes are again special in that they are expected to haweax to the Fermi energy by electron-electron scattering
particularly intense and strongly structured emission and abwithin 10—200 fs. The relaxation time depends strongly on
sorption spectra, because of their square-root-like singularithe energy of the electrons. This process is followed by a
ties in the electronic density of states. In contrast to thismuch slower(several picosecongigooling of the electron
expectation, however, as grown samples of nanotubes-gas by electron-phonon interaction. Pump-and-probe optical
which occur in bundles of 50-100 individual tubes—did notspectroscopy by Lauret all° showed a depopulation of the
show photoluminescence. Moreover, their absorption spectrsecond van Hove singulariti,, in semiconducting tubes

are broad and unstructuréd. within 130 fs. In contrast, the valence and conduction band
Large progress in the spectroscopy of carbon nanotubesere depopulated only after 1 ps.
was made when O’Connedit al? reported that photolumi- More recently, an unusually large radiative lifetime of

nescence and narrow optical absorption peaks could be olexcited-state carriers was suggested by Wangl!? They
served in carbon nanotubes if the originally bundled tubedkased their indirect estimate @fy4=~110 ns on the determi-
were isolated in micelle$® While the broadening of the nation of the quantum efficiency of nanotubes, which in turn
optical absorption spectra in bundled nanotubes is due to ths given by the theoretical absorption coefficient of a nano-
intertube electronic dispersion perpendicular to the tubdube and a number of assumptions about the experimental
axis?® the absence of photoluminescence in bundles remainesktup and the surfactant used; their result still awaits confir-
unclear. It was suggested that the photoluminescence imation from direct experiment. Ostojiet al.” reported in
guenched by the presence of metallic tubes; although thpump-probe transmission spectroscopy of isolated nanotubes
physical mechanism for the quenching remained uneluca fast and a slow component, the lattér20 p3 appearing
idated? For the understanding of these processes, it thus besnly under resonant excitation, which they interpreted as due
came essential to determine the radiative lifetime in isolatedo interband carrier recombination. They also investigated a
single-walled carbon nanotubes. curious pH dependence of their fast decay component; the
Here we report the relaxation times of photoluminescenceH value, however, did not have an influence on the slower
of isolated semiconducting nanotubes tuned into several disatraband component, a finding that we confirm in the ex-
tinct chiral indices. The observed decay tinies30 pg are  periments reported here.
more than ten times longer than in nanotube bundles. The The samples used in the present study were isolated nano-
much more rapid quenching in bundled tubes is explained bjubes coated by a surfactant layer. The preparation of the
tunneling of the free carriers into metallic tubes. Resonantsolated tubes from HiPco material was described in detail in
pump-and-probe experiments confirmed that our decay timelRef. 2. Time-resolved photoluminescence was excited at
correspond to a minimum o£30 ps for the lifetime of car- 1.7 eV by spectrally narro=1 meV) ps pulses of a Ti:sap-
riers in the excited stateCombined with the rapid depopu- phire laser. The luminescence was dispersed by a 0.35 m
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FIG. 2. (Color onling Time-resolved photoluminescence mea-
FIG. 1. (Color onlina Photoluminescence of sinale-walled car- sured at 1.12 eV with laser excitation at 1.70 eV. The luminescence
-1 o u Y energy corresponds ,, recombination in th€9,4) nanotube. The

bon nanotubes excited with 1.70 ev28 nn_) excitation energy. hotoluminescence is shown by the black dots, the system response
Black dots are the measured spectra; red lines show the fit and the

e . . . . 0 the exciting laser pulse by gray dots. The red line is a fitted
decomposn_lon into single peal@s_hlfted vertically for clarity. The convolution of the system respon$40 p9 and a luminescence
(nq,ny) assignment of the luminescence peaks was taken fron%ignal with a decay time of 28 ps
Bachilo et al. (Ref. 11). The inset shows the dependence of the '
luminescence intensity for th@,4) nanotube on excitation inten- . . .
sity. Filled dots are for pulsed excitation; open dots for cw excita—ConS'der many-eI(-_:-ctro_qg effects, which are currently dis-

cussed controversialfy:

tion. The two black dots at 100 mW excitation power correspond to d the i ved lumi h
the intensity measured before and after the time-resolved We measured the time-resolved |uminescence at the

experiments. maxima of the nanotube signals. In Fig. 2 we present the
transient of thg9,4) nanotubes. A decay time §28+2) ps

subtractive double-grating monochromator and detected by‘é(aS obtained from the deconvollution of the luminescence
multichannel plate multiplier with an S1 cathode in photo-and the laser signal. The decay times for the other tubes are

counting mode. The system response with a full width at halfs_umma”.ze(.j in Table 1. All of them are Very similar; in par-
maximum of=40 ps was taken into account in the analysist'CUIar’ within our error they do nqt systematically depgnd on
of the transients using Fourier deconvolution techniques. Thi'€ nanotube diametef or the chiral angled. The assign-
integrated photoluminescence spectra were corrected for ggent of Ref. .11 was recently conﬂlrzned and extended to
sensitivity of the experimental setup. Our samples werdn@ny more chiral indices by Telet al.

stored in sealed containers; during the experiment the sample 1€ _photoluminescence of thé.,5 and (6,5 tubes,

was exposed to air, and we noticed a slight decrease in m/yhere the absorption and emission of the photon takes place

minescence intensity~20%) throughout the experiment within the same electronic bands, has a similar dynamics as

(see inset of Fig. 1L This may be related to a sidewall pro- in the three other tubes where the absorption is into a higher
tonation as recehtly described by Straeioal* The mea- state. This shows that the measured time scales are indeed

sured decay times were unaffected by the exposure, com‘irnlu'-m'ted by the !ast step, i.e., the recombination of_the
ing the results in Ref. 7 electron-hole pair at the nanotube band gap. We confirmed

Figure 1 shows the time-integrated photoluminescence Otpat the decay times are not determined by the relaxation

five semiconducting nanotubes, which were excited at . .
1.70 eV laser energy. The photoluminescence intensity in- TABLE |. Diameterd, chiral angle®, E;, photon energy, and

dli v With i ina | b measured photoluminescence decay timesf the five (ng,n,)
creased inearly with Increasing laser power as can be Seen .,y pes observed in the photoluminescence measurements. Note

th? inset. The large width of _the Iumlnescence peaks in F'gmat the three tubes with the highest photoluminescence intensity
lis d_ue to the poor energetic resolutiGr30 me\b of our [(8,6), (9,4), and(10,2] form a series with slightly decreasing di-
experimental setup. We assigned the peaks in the spectra igheters. At the same time the chiral angle varies from close to the
(ny,ny) nanotubes as suggested by Backil@l,™ an assign-  armchair direction®=30°) to the zigzag directior0°).

ment recently confirmed independently and extended te

many more chiral indices by Telgt all4 d 0 = T
The photons are absorbed into the second van Hove sin- (n;,n,) (nm) ©) (eV) (ps
gularity in the(8,6), (9,4), and(10,2 nanotube. The situation
is different for the(7,5) and the(6,5) nanotube detected in 8.6 0.95 25.3 1.05 25
Fig. 1, since for those tubes the energy of the incoming light (9.4 0.90 17.5 112 28
is below the second van Hove singulafity® Instead we (10,2 0.87 8.9 1.17 22
excite into higher states of th& ; band, i.e., the carriers only (7,5 0.82 24.5 1.20 29
relax within the lowest valence and conduction band. This (g 5 0.75 27.0 1.26 30

single-electron view of absorption int®;; andE,, does not
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from higher states by pump-and-probe experiments excitingn surfactant coveragl. The luminescence of unprocessed
resonantly intcE;; where we found similar decay timg¢see  tubes reported by Lefebvret al® was much narrowe¢be-
also Ref. 7. The relaxation from the first excited state in tween 8 and 13 me\N This is still orders of magnitude larger
isolated semiconducting nanotubes is thus a striking factor ahan expected from a lifetime of at least 30 ps. However,
ten slower than in bundled tubes. improvement of the preparation methods will surely further
The difference to decay time measurements in bundles olecrease the widths of the peaks.
nanotubes can only be explained by tube-tube interactions, After having discussed the dynamics of the first valence
because intertube processes such as, e.g., multiphonon emiéld conduction bands, let us turn briefly to the higher states,
sion or nonradiative recombination by defects, yield thel-€-» theEp, state in which the photons were absorbed in our
same time scale for isolated and bundled tubes. In bundlefime-resolved measurements. The electron-hole pairs created
tubes the free carriers can tunnel into metallic tubes or intd! the second valence and conduction band relax to the band

semiconducting nanotubes with smaller energy gaps. If the pr' where they Fecolmb'”e raflhlatlv?jly. Tpe ”She ?f t?ﬁ pho-
encounter a metallic tube the electron-hole pair recombine Imuem'rréiz(l:jt?gs S:ggse‘r’;’ﬁslggs iig(r:eerﬂ?isorrglazgggn ?gkoelg
nonradiatively by electron-electron scattering. In semicon- ' '

; ; place between different electronic states within the same
ducting tubes with very small band gaps0.2 eV), on the tube, the dynamics are expected to be similar for isolated and

other hand, optical phonon emission will be another nonrap, \nqied nanotubes. At the electronic energies excited in our
diative decay channel. Since the tunneling rate is ten t'meéxperiment(zO.SS eV for symmetric valence and conduc-
higher than the recombination probability, bundles of nanoyjon phands electrons in metallic nanotubes relax within
tubes ,dc_’ ot emit photons. . 10 fs? In semiconducting tubes, on the other hand, the de-
Ab initio calculations by Reictet al. showed that the en-  ,q1jation of theE,, state takes 130 fs and the population of
ergy gap in bundled semiconducting nanotubes is reduced Ryq |owest state less than 2001sThese relaxation rates are
the intertube electronic dispersion perpendicular tzta®is. 154 in very good agreement with the broadening of the elec-
At the same time, the tube-tube interaction strongly broadengqic states in resonant Raman measurements on isolated
the optical absorption specttalhus even for bundles com- and bundled tube¥:2>-24The reported broadening param-

posed entirely of semiconducting tubes the optical excitationy;a g range from 8 to 40 meV corresponding to lifetimes on
profile and the carrier relaxation will be different from the o order of~10-100 fs.

isolated tube. The transfer of free carriers from semiconduct- In summary, we studied the excited states in several

ing into metallic tubes in a bundle may somewhat influencepirgjity-selected single-walled carbon nanotubes by direct
the analysis of the slow component in the time-resolved phogme.resolved photoluminescence spectroscopy. We conclude
toemission experiments; since additional carriers are in- ot the radiative lifetime of the carriers in the first excited
jected into the metallic tubes on a picosecond time scalesiate of these tubes is30 ps or larger. The decay times are
Indeed the photoelectron spectrum belt#~Er=0.2€V)  jngependent of the nanotube diametéetween 0.75 and
between 0.5 and 5.0 ps in Ref. 8 is very well described by & 95 nm) and chirality (9-279; our results are consistent
Fermi-Dirac distribution at elevated temperatures. Aroundyjith resonant pump-and-probe measurements. The carrier re-
0.5 eV, however, a noticeably higher intensity is observed iNayation time in individual tubes is thus at least ten times
the spectra than expected from the Fermi-Dirac distributionigrger than in nanotube bundles, where the carriers tunnel
This energy range is in good agreement with the energy ofyto metallic or small band-gap semiconducting tubes and
the lowest conduction bands in single-walled nanotdbes. gpsequently recombine nonradiatively. We could not con-
The additional carriers from semiconducting nanotubes;im the very long radiative lifetimes reported by Waetgal.,
would also explain the systematic deviation of the electronig,;;+ showed results consistent with those of Ostefial. The
temperature at longer time scales and increase the electropsiaxation to the first excited states after the absorption of a
phonon interaction parameter measured by Hetell®® photon into the higher valence and conduction bands takes
. A 30-ps-long decay time in the first van Hove singularity pjace on a much shorter time scale and was beyond the reso-
implies that the intrinsic width of the photoluminescence|ytion in our experiment. The combination of a short lifetime
maxima in individual semiconducting nanotubes is €x-f the E,, transition with the long recombination time in the

tremely small, below 0.1 meV. Up to now, such narrow lu- g | states make semiconducting carbon nanotubes very at-
minescence has not been reported in single-walled carbopactive for applications in optoelectronics.

nanotubes. The width of the single lines in the original pho-

toluminescence experiment by O’Conneft al? was be- S.R. acknowledges financial support from the Berlin-
tween 25 and 50 meV. Although there is little direct evi- Brandenburgische Akademie der Wissenschaften, the Oppen-
dence for a breaking of the tubes, the separation of bundlgseimer Fund, and Newnham College. This work was sup-
into individual tubes by the ultrasonication process may proported by the Deutsche ForschungsgemeinscligftG)

duce an inhomogeneous distribution, e.g., in tube lengths arnder Grant No. Th 662/8-2.
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