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ABSTRACT
We have studied intersubband decay of  E,, excitons in semiconducting carbon nanotubes experimentally and theoretically. Photoluminescence
excitation line widths of semiconducting nanotubes with chiral indicess ( n,m) can be mapped onto a connectivity grid with curves of constant

(n = m) and (2n + m). Moreover, the global behavior of  E,, line widths is best characterized by a strong increase with energy irrespective of
their (n-m)mod(3) = £1 family affiliation. Solution of the Bethe  —Salpeter equations shows that the  E, line widths are dominated by phonon
assisted coupling to higher momentum states of the E;; and Ejp exciton bands. The calculations also suggest that the branching ratio for
decay into exciton bands vs free carrier bands, respectively is about 10:1.

The energetics and dynamics of excited states in carbonto chirality and tube structure. However, evidence for family
nanotubes (CNTSs) receive attention because of their rel-relationships in the dynamical properties of excited states is
evance for nonequilibrium carrier transport in nanotube scarce, and how strongly electronic or vibronic processes
electronic devices and their importance for a better under- contribute to the exciton dynamics is not yet resolved.
standing of photoluminescence quantum yields, branching o0 \ye examine family connectivities of exciton inter-

?ﬂ?rssfgd other fundamental photophysical properties of band decay rates and their implications for exciton dynamics
’ ) , ) in semiconducting SWNTs. The observed family patterns
Photoluminescence spectroscqpy (,)f semiconducting carpoqn combination with solutions of the Beth&alpeter equa-
nanotupgs has been ex.traordmanl)./ useful not qnly' "N tiont516allow us to identify zone boundary phonon scattering
determining the energetics of excitons and their fine as the dominant facilitator for interband relaxation. Our

structuré ® but also for establishing detailed structtre . . .
roperty relationship®-3 Striking family patterns of tubes calculations moreover show that the branching ratio for decay
P . of the E;; exciton into the first subband- pair continuum

characterized by chiral indices,n) have been used to relate : : ) )
first and second subband exciton energiEs, and Ey, and the lower lying exciton bands is about 1:10.
respectively, and are found to lie on a grid of curves Single-wall carbon nanotube suspensions are prepared
connecting tubes with constamt ¢ m) and constant 2+ from commercial nanotube material (HIPCO, CNI Houston).
m).1° Moreover, tubes whose chiral indices are such that ( We used two types of samples: type A made from soot
— m)mod(3)= —1 generally have largE,,/E;; ratios with ultrasonically dispersed and ultracentrifuged igCDusing
values closer to 2 and those with{ m)mod(3)= +1 have SDS as surfactahitwhich is here referred to as SDS-SWNT
an EJ/E;; ratio significantly below 294 Similar patterns,  and type B made from nanotubes of the same raw material
such as for strain and temperature dependence of excitorafter isopycnic fractionation from 40 nanotube suspensions
transitions, for exampl&; 13 also indicate a strong sensitivity  with sodium cholate as surfact&@ft®here referred to as SC-

SWNT.
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Figure 2. Photoluminescence excitation line widths versusghé
16 17 18 18 21 22 23 E;; ratio. The 6 — m) family affiliation is indicated by the
Excitation energy / eV corresponding numbers within the datapoints. Dashed lines connect
tubes with the same 2+ m).

Figure 1. Four selected photoluminescence excitation spectra for

emission from an (A) type sample at (a) 1109 nm, (b) 1031 nm . . . A

(c) 1180 nm, and ((dg ggs nm. $he ce(nt)er peaks i’n(trzese spect’racompanson of line widths foE;; emission features from

correspond to th&,, exciton resonances of (9,4), (7,5), (8,6), and Vacuum and surfactant suspended SWNTs (see for example

(6,5) nanotubes, respectively. The thin solid line is the fit used to ref 21).

determine line widths. To identify the mechanisms leading to the observed line
widths, we begin with an investigation of their chirality and

were studied with a Jobin Yvon/Horiba Fluorolog-3 FL3- energy dependence. If we plBb, line widths versus their

111 spectrophotofluorometer equipped with a liquid nitrogen respectivehv,/hv,, energy ratios, for example, the data

cooled InGaAs detector. PL spectra were recorded with 8 follow a striking family pattern where individual data points

nm excitation spectral slits and a 20 chresolution of the can be connected by a grid of intersecting curves with

FT-Raman spectrometer and with 10 nm exitation slit width constantiy — m) and (21 + m) (see Figure 2). The numbers

in the case of measurements performed with the Flurolog. inside the datapoints give the (- m) family affiliation.

Both sample types are found to have very similar excitation Family connectivities with patterns similar to this one have

line widths. Small systematic deviations are mostly attributed previously been found for the photoluminescence excitation

to the different resolution of spectrometers used for both maps of semiconducting SWN®sut also for the temper-

experiments. ature and strain dependence of exciton line posittéris.

A set of selected photoluminescence excitation spectra isThe lines with constanin(— m) converge toward 1.7, the
reproduced in Figure 1 where we plot PL intensities at 1109, large-tube limit of the energy ratibvy,/hvi1. The overall
1031, 1180, and 983 nm as a function of excitation trend is for smaller tubes to have larger line widths, a trend
wavelength. The center peaks in these spectra correspondvhich is reversed only by the smallest tubes of-#Hiefamily
to the E,, exciton resonances of (9,4), (7,5), (8,6), and (6,5) studied here, specifically the (8,3) and (7.,5) tubes.
nanotubes, respectively. To extract the widthegf exciton To identify the microscopic process responsible for the
resonances we used a multi-Voigt peak, nonlinear least-observed family connectivity and for the widthBf, exciton
squares fit routine with polynomial background subtraction. resonances, we now search for correlations of line widths
The routine is part of the IGOR software package (Wave- with established structural and electronic properties such as
metrics) and uses the Levenbeiidarquardt algorithm for chirality, tube diameterk;; or E,, transition energies, the
minimization ofy?. The results of such a fit to select datasets (hvy, — hvig) or (hwax — Ayl) energy differences, where
are likewise shown in Figure 1 as solid lines. The estimated A" refers to the free-eh pair generation threshold. Aside
error margins are significantly larger than the confidence from the family connectivity discussed above, we find that
bands of the nonlinear least-squares fit and are based on thé¢he by far clearest and strongest correlatioigfresonance
reproducibility of the fit if results from different datasets are widths is with the energy of th&;, resonance itself (see
compared including mismatch of the results obtained for Figure 3). We also note that we find no evidence for an
SDS- and SC-SWNT samples. For the following discussion explicit dependence of line widths on thé&l family
we corrected data for instrumental resolution. The line widths affiliation, and the larger line widths of thel family tubes
used later on thus include inhomogeneous broadening thatin Figure 2 can be exclusively attributed to a correlation with
is estimated to be on the order of 10 meV based on atheir higherE,, energies. This also implies that there is no

Cc (8.6) D (6,5) 40

FWHM of E,, resonance / meV

PL intensity / arb. units
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Figure 3. Global behavior oE;; line widths is best characterized

by a pronounced energy dependence with no discernible influence

of +1 or —1 family affiliation.

clear evidence that increase of tag energy above thel;;

threshold opens up an additional decay channel as suggeste

recently??

To explore the pronounced energy dependence of reso-

nance line widths in further detail, we consider the two

microscopic mechanisms that can lead to energy relaxation
from theE,, state. One is referred to as a phonon mechanism

because it describes phonon mediated coupling,gf the
I'-point exciton to lower lying exciton states of the; and
Ei1, manifolds at energiesh(., — Awg) with momentumq

Lorentzian
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A

B (12,4) (10,68) (12,1) (7.8)
& -
1 1 1 1 1 1
14 15 16 17 18 19
% 40 Energy (eV) o
E
DA Ph
G onon .
= . @ +1 family
38 20 - mechanism ® -1 family
10 Electronic mechanism
0 !iil—.—i o
T T v " v T 4 " v T
0 20 40 60
w / meV

expt

Figure 4. (A) Schematic illustration of two possible mechanisms
leading to decay of thE,, exciton: (a) phonon mediated coupling

(see left panel of Figure 4A). The second possible mechanismio the E;; exciton bands (left side) and (b) decay by resonant

describes direct coupling of thE,, state to thel-point
continuum of free e-h pair excitations with its threshold at
A4, If the rate of decay\ for the electronic process is
approximated using Fermi's Golden Rule, we obtain

0 105l Vel e Pe_n(MV22)

wherey,, andye, are wavefunctions of the second subband
exciton and the continuum state in the first subband into
which theE;; exciton decaysVe is the coupling term, and
Pe—n IS the joint density of states of the final state continuum.
Accordingly, one would expect the dependencegf on

the JDOS at the energiv,, to lead to a pronounced
dependence of the fwhm on the band alignment ofBke

coupling to the free €h continuum (middle). (B) comparison of
Wexpt €Xperimentak,; line widths with calculated one¥\(a). Only

the phonon mechanism shows a clear correlation between experi-
ment and theory. The inset shows a selection of calculated excitation
spectra with clearly increasing linwidths at higher excitation
energies.

ship of E;1 binding energies with the corresponding optical
transition energies. By comparison of calculdtednd
experimentalE;; binding and transition energids, 1, and
hvia, respectively,® we find E, 11 = 0.31hwvy; and the free
carrier gap becomes, " = 1.31hv1;. We can thus determine
the alignment parameter(n,m). From this we find that the
E,, state is in resonance with the free carrier continuum for
all tubes studied here. Moreover, the absence of any
correlation of line widths withw (see Figure 3) suggests that

state with respect to the free carrier band edge. By a coupling to the free carrier continuum is weak. To put these

comparison of line widths with the alignment parameater
= hvod — A1 T (see Figure 4a), we should therefore be

findings on a more quantitative basis, we solved the Bethe
Salpeter equation, as described in ref 16, usingabital

able to assess the importance of the electronic process fottight-binding basis set with a hopping parameter= 3.0

E2, energy relaxation.
The alignment parameter is determined using a com-

bination of experimental data and theoretical considerations.

Recent calculations suggest that exciton binding enekgigs
scale linearly with the renormalized free-carrier gag

similar scaling consequently also characterizes the relation-
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eV. This allows us to determine line widths from the
frequency dependence of the absorption coefficigit In

the electronic decay mechanism, &g exciton couples to
the free e-h continuum, as schematically shown in the right
panel of Figure 4A, leading to a Lorentzian absorption
spectrum-®24 Several states of the Beth&alpeter equation

89



(BSE) contribute to thé;, exciton absorption. We choose dominant scattering process to the lower lying d&ik
a unit cell of about 500 nm length, large enough to resolve exciton subband is facilitated by coupling via zone boundary
the spectral width of th&,, peak. The line widths resulting  phonons from thé&,, resonance. The line widths are found
from the fit of Lorentz profiles to the calculated absorption to be consistent with an-eph coupling strength of about 5
spectra are shown in Figure 4B. However, the predicted eV/A. In contrast, the coupling to the free carrier continuum
broadening due to the electronic mechanism is, on averagejs comparatively small and leads to a branching ratio for
a factor of 10 smaller than the experimental width and no decay into the lower exciton versus free carrier bands of
correlation of calculated and experimental values is found. roughly 10:1. Future studies will need to clarify finer effects
The second decay mechanism discussed here involve®f the family connectivity of the relaxation rates.
exciton—phonon coupling, which allows thig,; exciton to
decay to a lower energy state by phonon emission. Unlike Acknowledgment. J.C. and T.H. acknowledge support
in the electronic mechanism, which requires the initial through a grant by the American Chemical Society (PRF
exciton state and final electretiole pair states to have the 44479-AC10) and the National Science Foundation (DMR-
same angular and longitudinal momenta, nantgly O, in 0606505).
the excitor-phonon mechanism, the phonon can have both

finite angular and longitudinal momenta, resulting in a final References
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