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We investigated the spectral data of three carbon nanotube
(CNT) species obtained by Raman spectroscopy and photo-
luminescence (PL) measurements. The corresponding rela-
tive signal intensities without further corrections yielded
significantly different relative distributions of the CNT species.
Theoretical calculations of optical transition probabilities and
electron—phonon coupling were included, providing simple

1 Introduction Carbon nanotubes (CNTSs) are hollow
cylinders made of carbon which were first reported in 1991
[1]. Depending on their microscopical structure, described
by the chiral index (n;, n,), they are either metallic or
semiconducting [2]. Being regarded as one-dimensional
physical systems, they show strongly structured optical
spectra. Hence, optical spectroscopy like Raman scattering
and photoluminescence (PL), which make use of properties
specific to each chiral index such as electronic and phonon
energies, are prime tools in CNT characterization. The
growth processes of CNTs yield samples containing tubes
with a variety of different chiralities. The qualitative
composition of a CNT sample has been revealed by Raman
scattering and PL spectroscopy [3]. The quantitative
composition, however, remains an open question. We
address this question by comparing the relative signal
intensities of three semiconducting CNT species, obtained
by the two spectroscopic methods. Including calculations of
optical transition probabilities and electron—phonon
coupling, we estimate the relative abundance of the species.
We concentrate on three semiconducting species with
similar optical transition energies E,,.

VIR SOWETHING GREAT

models in order to estimate the relative distribution of the three
species within the sample. We proposed the product of PL and
PL excitation intensities to be a candidate for quantitative
analysis of CNT species. Applying the models, we confirmed
that both spectroscopic methods agree on one nanotube species
dominating the distribution.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2 Photoluminescence measurements Single-
walled nanotubes were HiPCO grown. In order to
solubilize the nanotubes in aqueous solution sodium
dodecylbenzene sulphonate (SDBS) was added as a
surfactant. The measurements were performed using a
Fluorolog-3 Spectrofluorometer. A HgXe lamp served as
source of light. The PL signals were recorded with an InGaAs
detector. The measurements were normalized with respect to
the light source intensity using a Si diode. The spectrometer
response was normalized using a halogen lamp. The energies
E»> and Ey4, referring to excitation and emission, respect-
ively, were assigned to specific chiralities corresponding to
the empirical relations by Bachilo et al. [3]. In Fig. 1, we
depict the PL excitation (PLE) map of the (7,5), (7,6) and
(10,3) nanotubes. The observed signal intensities represent
the abundance of the according nanotube species as well as
their intrinsic PL intensities.

Usually, either the peak height or the integrated intensity
of the signal is interpreted as the PL intensity in the nanotubes
literature [4]. For the (7,6) nanotube the latter is indicated by
the horizontal line in Fig. 1. The corresponding PL spectrum at
a fixed excitation wavelength is shown in Fig. 2. Table 1
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Figure 1 (online colour at: www.pss-b.com) PLE map of the (7,5), (7,6) and (10,3) nanotube. The intensity is decoded by colours. For the
(7,6) tube, the spectra for PL (horizontal line) and PLE (vertical line) are indicated.

summarizes the relative integrated PL intensities for the (7,5),
(7,6) and (10,3) tubes with respect to their summed intensities.
The corresponding analysis for the PLE — indicated by the
vertical line in Fig. 1 — yields similar relative intensities at

2600

Data

Sum Fits

Tube (7,6)
Backround and

2400]-

2200]-

additional Peaks

2000/
1800]
1600|

Intensity in [a.u.]

1400]

1200/

1l
1400

1000
900

- 1 " 1 " 1 "
1100 1200 1300

Emission in [nm]

1 "
1000

Figure 2 (online colour at: www.pss-b.com) PL spectrum at an
excitation wavelength of 648 nm, corresponding to the horizontal
line in Fig. 1. The peak that belongs to the (7,6) tube is highlighted
in red.
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Figure 3 (online colour at: www.pss-b.com) PLE spectrum at an
emission wavelength of 1121 nm, corresponding to the vertical line
in Fig. 1. The peak that belongs to the (7,6) tube is highlighted in red.
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first glance and is shown in Fig. 3. The absolute PL and PLE
intensities for each chirality, however, yield different PL/PLE
ratios. This is partly due to the fact that the peak height of the
PL and PLE spectra do not coincide exactly at the intersection
point with a maximal deviation of 5%, which is attributed to
the different nature of background for PL and PLE. For the
(7,5) and (7,6) nanotubes, the PL intensity exceeds the PLE
intensity by 10 and 19%, respectively. For the (10,3) this
tendency is reversed. Two additional nanotube species, which
are not part of the subset investigated, show varying PL/PLE
ratios as well. So far, no dependence of the ratio on diameter,
chiral angle or nanotube family has been observed.

The varying PL/PLE ratio indicates that the PLE
intensities are specific to nanotube species and have to be
taken into account in order to obtain the abundance of
different species from PL experiments. We propose the
product of PL and PLE intensities as a candidate, as it
incorporates both contributions in equal measure. The
relative intensities obtained by the product of PL and PLE
are summarized in Table 1.

To estimate the abundance of nanotube species from the
product of PL and PLE, we need to model absorption,
relaxation and emission cross-sections. The absorption of light,
referring to the excitation from the ground state to the bright
excitonic state eh,,, is determined by the oscillator strength of
the excitonic transition «(E,,), which has been calculated by
Mali¢ and Berlin [5]. The relaxation from e/, to the first bright
excitonic state el is mediated mainly by excitonic resonances
[6] and/or electron—phonon coupling [7]. As the relaxations

Table 1 Top: relative intensities obtained by PL, PLE and ratio.
Note that the absolute PL intensity exceeds the PLE intensity,
leading to a PL/PLE ratio of 1.1 although their relative intensities
are the same in case of the (7,5) tube. Bottom: relative intensities of
PL x PLE and estimated abundance A;;.

(7,5) (7,6) (10,3) (8,3) (8,7)
intensity PL 26.1% 65.0% 8.9% - -
intensity PLE ~ 26.1% 60.2% 13.6% - -
ratio PL/PLE 1.10 1.19 0.72 0.81 1.33
PL x PLE 14.5% 83.0% 2.5% - -
A;j (Eq. 1) 16.3% 81.3% 2.4% - -
difference +1.8% —1.7% —0.1% - -
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occur at a timescale several orders of magnitude faster than the
lifetime of the excitonic states [8], they are negligible." The
emission intensity depends on the oscillator strength of the
excitonic transition «(E1), here from the excitonic state ef to
the ground state. The transition probabilities depend strongly
on the nanotube family as well as on the chiral angle. The
dependence on the latter is less pronounced for «(E ;) than for
a(E).

We estimate the relative abundance A, ; of each of the
nanotubes (i, j) in the subset by correcting the product of the
experimentally obtained PL and PLE intensities /; ; (PL) and
I;; (PLE) by the excitonic transition probabilities as

o I,'J(PL) X I,'J(PLE)
Y i j(Ex) x aij(Ery)

@;j(Ex) x a;j(E1p)
IiJ(PL) X ]iJ(PLE) ’

=~

ey

subset

The estimated abundances are shown in Table 1. The
correction by the transition probabilities does not induce
significant deviations from the measured relative intensities.

3 Raman measurements The radial breathing mode
(RBM) of a single-walled CNT uniquely identifies its
chirality. Although some CNTs show very similar RBM
frequencies, a correct assignment is ensured by the sharp
resonance conditions of the Raman process [9, 10]. For
Raman measurements we used a T64000 triple grating
Raman spectrometer in combination with an Ar/Krion laser.
The nanotubes in aqueous solution were dispersed on a Si
substrate by spin coating. Figure 4 shows a typical Raman
spectrum. The (7,5), (7,6) and (10,3) RBM peaks are
highlighted in the figure. We took measurements on different
spots on the substrate to verify that the spectra represent the
chirality distribution of the nanotubes in solution. The
obtained intensities are averaged over all measurements,
showing a homogenous distribution of the different chiral-
ities on the substrate.

The Raman resonance profile can be described by [9]

2 2
cM 1 1
I(E) = . — ,
(£) <hwRBM> |E1 —E; —iy/2 E, —howy —E; — V/2| <2)

where E is the laser energy, E;; the energy of the optical
transition and y the lifetime broadening of the intermediate
electronic states. M contains all matrix elements and ¢
summarizes all remaining factors.

To compare the intensity of the RBM of different CNT
species, they have to be compared being excited at the
maximum of their resonance curves. We simulate this by
scaling the intensity obtained at the given laser energy with
respect to maximum intensity. In Fig. 5, the resonance curves
of the (7,6) and the (8,3) tubes measured by Maultzsch et al.
[9] are shown. The black curve corresponds to the (7,6)
tube. At a laser energy of 1.91eV the Raman intensity
of the (7,6) tube is at 89% of its maximum. Hence
we multiply the experimentally obtained intensity by

! This does not apply for several zig-zag and close to zig-zag tubes due to
excitonic quenching [6]. None of them are investigated here.
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Figure 4 (online colourat: www.pss-b.com) RBM modes of CNTs
dispersed on Si at a laser energy of 1.91eV.

F 76 = 100%/89% = 1.123, simulating excitation at full
resonance. Applying similar scaling factors F ; ;) to the two
other nanotube species yields the relative intensities reported
in Table 2.

To estimate the abundance of the different chiralities
from the Raman intensity of the RBM, we have to identify
the factors which contribute to the chirality specific Raman
intensity /g j,- The matrix elements summarized in M of Eq.
(2) contain electron—-radiation coupling elements for absorp-
tion and emission as well as the electron—phonon coupling
matrix element M,, (the index refers to the CNTs being
excited to the second excitonic state). The latter has been
calculated amongst others by Jiang et al. [11] for a variety of
different nanotube species. M,, strongly depends on the
chirality. We approximate both terms of the second part of
Eq. 2, which corresponds to the Raman resonance con-
ditions, by the excitonic transition probability a(E,,). All
remaining factors such as the electron—photon coupling
matrix elements included in M of Eq. (2), are set constant as
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Figure 5 (online colour at: www.pss-b.com) RBM Raman reso-
nance profile of the (7,6) and (8,3) nanotubes measured by Maultzsch
et al. [9]. At a laser energy of 1.91 eV, the Raman intensity is at
89% of its maximum.
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Table 2 Top: measured relative Raman intensities of the RBMs.
Centre: relative intensities after scaling to full resonance with
respect to the resonance profile. Bottom: estimated abundance
including approximation on chirality specific RBM Raman
intensity.

CNT species (7,5) (7,6) (10,3)
experiment 33% 28% 39%
scaled by F ;) 46% 20% 34%
Bij (Eq. (4), corr. by Ir.;) 12.7% 83.7% 3.6%

they do not depend on the nanotube chirality [2]. Including
these correction yields

3)

for the chirality specific Raman intensity /g ;. Dividing
the experimentally obtained intensities /; ,(Exp) by Ir
yields the estimated abundance B(;; for each nanotube
species as

Inijy o [ Mo | oty (E) |,

1) (Exp) X Fij)
Ir(ij)

Ir(ij)

)]
11j)(Exp) X F i)

By =

subset

In Table 2, we compare the experimentally obtained data
with the estimated abundance. The (7,6) tube dominates the
subset investigated although its measured RBM intensity
only accounts for 20% of the overall intensity. The strong
deviations are mainly attributed to My, as it depends
significantly (up to a factor of five) on nanotube chirality.

4 Discussion and conclusion Figure 6 compares
relative intensities measured with the two spectroscopic
methods (the scaling to maximum resonance for the Raman
intensities is already included) and the relative abundance
including the estimated parameters. After correction both
methods agree on the (7,6) species dominating the subset.
The (7,5) and (10,3) species each account for less than 16%.
The abundance obtained from PL and PLE is hardly altered
by the estimated parameters. In the case of the Raman
studies, especially M,, highly affects the estimated abun-
dance. The (7,6) tube shows the lowest measured relative
Raman intensity (20%), but due to its relatively low
electron—phonon coupling it accounts for 84% of the
nanotubes within the subset.

In conclusion, we estimated the relative abundance of
three HiIPCO semiconducting CNT species by comparing PL
and Raman spectroscopy signal intensities. The obtained
intensities were scaled using Raman resonance profiles as
well as theoretical calculations on the electron—phonon
coupling for Raman and excitonic transition probabilities for
PL, PLE and Raman. After corrections both methods agreed
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Figure 6 (online colour at: www.pss-b.com) (a) Relative signal
intensities obtained by Raman (blue, scaling to full resonance
included) and PL (red) measurements. (b) Estimated abundance
including corrections.

on one species dominating the subset whereas the other two
species each accounted for less than 16%. In particular, the
Raman intensities strongly depended on electron—phonon
coupling matrix elements Mo,. As the ratio between PL and
PLE intensities varied for the different species, we proposed
the product of PL and PLE intensities as a measure for
quantitative analysis of CNT chiralities by PL.
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