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High-resolution time resolved transmittivity measurements on horizontally aligned free-
standing multi-walled carbon nanotubes reveal a different electronic transient behavior
from that of graphite. This difference is ascribed to the presence of discrete energy states
in the multishell carbon nanotube electronic structure. Probe polarization dependence sug-

gests that the optical transitions involve definite selection rules. The origin of these states
is discussed and a rate equation model is proposed to rationalize our findings.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

An understanding of the optical transitions and the underly-
ing electronic structure of carbon nanotubes is of central
importance to their characterization and integration within
numerous opto-electronic applications.

For single-walled carbon nanotubes (SWCNTs) the density
of states, which is dependent on the nanotube chirality and
dominated by multiple Van Hove singularities (VHSs), is well
defined. The excitonic nature of the optical transitions has
been explored in some detail [1-3]. Conversely, multi-walled
carbon nanotubes (MWCNTS) represent a much more chal-
lenging electronic system and, as yet, no coherent under-
standing of their properties has been presented.

The presence of multiple, concentrically nested nanotubes,
each with differing chirality, greatly complicates the electronic
structure of MWCNTSs. Theoretical and experimental studies
predict similarities between the electronic properties of highly
oriented pyrolitic graphite (HOPG) and MWCNTs, however con-
flicting reports also suggest the presence of discrete states
which make MWCNTSs more similar to SWCNTs [4,5].

* Corresponding author: Fax: +39 (030)2406 742.
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Multiple shells enhance the electrical conductivity due to
several distinct transport pathways [6-9]. Moreover a larger
absorption cross-section results with high spectral absor-
bance over the entire visible spectrum [10-12]. MWCNTSs are
consequently extremely promising for photovoltaic applica-
tions, in particular when used in conjunction with various
electron donor groups [8,13]. Higher incident-photon-to-cur-
rent efficiencies (IPCE) have been observed for MWCNTSs com-
pared to SWCNTs [8]. Key to such future applications,
however, is a more detailed understanding of their underlying
electronic and optical properties.

Here, we employ time-resolved optical spectroscopy to
critically compare the transient optical response of MWCNTs
and HOPG.

Highly aligned suspended MWCNT films have been em-
ployed to negate detrimental substrate contributions. Hori-
zontal alignment ensures that the probed -electronic
structure is unaffected by variable sample features, such as
nanotube curvature [14].

By performing monochromatic transient transmittivity
experiments, in the near-infra-red (790 nm), we demonstrate

0008-6223/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.carbon.2013.01.030


http://dx.doi.org/10.1016/j.carbon.2013.01.030
mailto:pagliara@dmf.unicatt.it
http://dx.doi.org/10.1016/j.carbon.2013.01.030
http://dx.doi.org/10.1016/j.carbon.2013.01.030
http://dx.doi.org/10.1016/j.carbon.2013.01.030
www.sciencedirect.com
http://www.elsevier.com/locate/carbon

CARBON 57 (2013) 50-58 51

the presence of discrete energy states in the MWCNT elec-
tronic structure. In this framework, the transient response
is characterized by photo-bleaching (PB) and photo-absorp-
tion (PA) channels, as well as non-linear effects that we con-
trol by tuning the probe polarization.

The dependence on the probe polarization unambiguously
shows that these states have a well-defined symmetry and
that the optical transitions between these states respect pre-
cise selection rules. Two different interpretations are pro-
posed and discussed to account for these states: the first
concerns the presence of clusters in the nanotube walls.
The second one hypothesizes a MWCNT electronic structure
similar to that of SWCNTs and, although many questions re-
main still open, it appears more consistent with the experi-
mental results here reported.

2. Experimental
2.1.  Sample preparation

The carbon nanotubes (CNTs) investigated were aligned, free-
standing MWCNTs, synthesized by thermal chemical vapor
deposition in a commercially available, cold-wall reactor (Aix-
tron Ltd.). Vertically aligned nanotube forests were grown on
thermally oxidized Si substrates (200 nm SiO,) coated with
10 nm ALO, (magnetron sputtered) and 1nm Fe (thermally
evaporated). Bilayer catalysts were heated to 700 °C (5 °C/s)
under 8 sccm C,H, diluted in 192 scem H, (25 mbar). Aligned,
free-standing MWCNT thin films were fabricated by solid-
state pulling at a rate of ~10 %2 m/s, as illustrated in the insert
of Fig. 1a, employing a similar technique as reported else-
where [15]. MWCNT bundles were pulled mechanically from
a pristine source nanotube forest, several hundred microme-
ters in length, allowing us to obtain continuous yarns/thin
films of high-purity MWCNTs. Fig. 1a shows an optical micro-
graph of a vertically aligned MWCNT forest during membrane
solid-state pulling. To ensure the probed characteristics are
associated implicitly with the MWCNTSs, no post-growth
chemical processing was performed (Fig. 1a). In the inset, a
cross-section schematic of a catalyst wafer is shown. Fig. 1b
shows a scanning electron micrograph (SEM) of the aligned,
free-standing MWCNT film. High-resolution transmission
electron microscopy (HR-TEM) clearly shows multiple graphi-
tized side-walls (Fig. 1b, inset) with negligible amorphous car-
bon deposits and minimal bamboo-like sectioning. The as-
grown MWCNTs were approximately 500 pm in length,
25 + 13 SD (Standard Deviation) nm in diameter and consisted
of typically 2-5 graphitic walls. In Fig. 1c the histograms,
showing the outer diameter and number of graphitic walls
(Inset) are reported. Highlighted areas denote the mean=+1
SD. Fig. 1d shows a typical Raman spectra (Renishaw InVia,
633 nm excitation, 3 mW) of the film at multiple positions,
evidencing the high sample uniformity. X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy and HR-TEM con-
firm the high graphitic quality of the MWCNTSs (see Support-
ing information).

Ultra violet photoelectron spectroscopy (UPS) was acquired
in a ultra-high vacuum chamber using a conventional He dis-
charge lamp (hv=21.2 eV) and a hemispherical electron en-

ergy analyzer. The electron energy distribution curves were
measured at room temperature in normal emission geometry,
with an overall instrumental energy resolution of ~0.1 eV. The
binding energy scales are referred to the Fermi level of a gold
polycrystal foil.

Free-standing, well-aligned horizontal MWCNTs permit
strict control over the relative angles between the MWCNTSs
and the incident polarization, whilst simultaneously avoiding
detrimental substrate optical interference effects. Herein
“perpendicular-polarized” is defined as the light polarization
perpendicular to the MWCNT long-axis and “parallel-polar-
ized” as the polarization parallel to the MWCNT long-axis.

2.2. Laser system

Samples were optically excited using a Ti: Sapphire cavity-
dumped, mode-locked laser oscillator. Output pulses were
centered at 790 nm (1.55 eV) with a full-width half-maximum
of 120 fs. The output energy was 50 nJ (per pulse) with a vari-
able repetition rate from 54.3 MHz to a single shot. Mean heat-
ing effects were obviated using tunable repetition rates. The
pump fluence ranged from 0.1 to 0.8 mJ/cm® Low fluence
measurements were obtained at 540 kHz to maximize the sig-
nal-to-noise ratio. A lock-in acquisition technique was em-

ployed to provide high resolution in the transient
transmittivity signal (AT/T).
3. Results and discussion

It is known that in MWCNTSs the presence of different nano-
tubes, each with different diameter and chirality, smooths
the VHSs, resulting in an electronic structure similar to that
of the HOPG [3,5]. This is in agreement with static absorption
measurements, performed using an ultraviolet-visible-near
infrared spectrometer (Fig. 1e), where no particular absorp-
tion peaks, characteristic of the VHSs, are evident, in agree-
ment with a HOPG-like electronic structure. The absorption
data confirms the alignment of our MWCNTs. When the inci-
dent polarization is parallel to the MWCNT long-axis (denoted
‘par’), the absorption is larger than in the perpendicular case
(denoted ‘perp’).

In order to compare the transient electronic behavior of
MWCNTs and HOPG, we have performed monochromatic
transient transmittivity (AT/T) measurements, shown in
Fig. 2, where the pump and the probe photon energy is
1.55 eV and the pump fluence is fixed at 0.25 mJ/cm? (~10%° -
photons/cm?). Fig. 2a shows the transient transmittivity col-
lected by rotating the probe polarization, from parallel to
perpendicular to the MWCNT long-axis, with the pump polar-
ization fixed parallel to the MWCNT long-axis. To clearly evi-
dence the probe polarization dependence of the transient
signal, in Fig. 2a AT/T data have been normalized to the first
AT/T maximum (at zero delay time). The shape of the tran-
sient response is unmodified by the normalization procedure.

Two dynamics dominate the MWCNT response. The first,
observed at short delay times (<150 fs), is positive and consis-
tent with a PB, previously observed in HOPG and SWCNTs
[1,2,14,16,17]. Charge carriers are promoted by the pump from
the ground state to an excited state and the absorption of the
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Fig. 1 - (a) Optical micrograph of a vertically aligned MWCNT forest during membrane solid-state pulling. Inset: Cross-section
schematic of a catalyst wafer. (b) SEM micrograph of an aligned MWCNT membrane (Scale bar: 300 pm). Inset: HR-TEM micro-
graph showing the graphitic side-walls of the thermal chemical vapor deposited MWCNTSs (scale bar: 1 nm). (c) Histograms
showing the outer diameter and number of graphitic walls (Inset). Highlighted areas denote the mean * 1 Standard Deviation
(d) Raman spectra (633 nm, 3 mW) of an as-grown MWCNT forest (top) and an extruded membrane (middle, bottom).
Negligible variation was noted in the acquired spectra across samples. (e) Static absorption as a function of energy.

probe, at the same photon energy, decreases due to final state
filling, with a corresponding enhancement of the probe tran-
sient transmission. The intensity of this PB feature, for a con-
stant pump fluence, is affected by coherence effects that
strongly enhance the signal when the pump and probe polar-
izations are parallel to one another [18,19].

The second dynamic (>150fs) occurs over a temporal
range independent of any coherence effects and, unlike the
first, depends strongly on the probe polarization. In particular,
the sign of this second response is negative when the probe
polarization is parallel to the MWCNT long-axis and positive
when perpendicular to it. By rotating the probe polarization
relative to the MWCNT long-axis, from 0° (parallel-polarized)
to 90° (perpendicular-polarized), the second dynamic changes
sign - from negative to positive.

The change of sign depends exclusively on the probe polar-
ization. To exclude a pump polarization contribution, in
Fig. 2b while keeping a fixed parallel-polarized probe, the
pump polarization is rotated (at 10° increments), obtaining a
variation of the second dynamic intensity. The magnitude of
this second dynamic is consistently negative for all pump
polarizations. Similarly, fixing the probe perpendicular-polar-
ization (Fig. 2c), the rotation of the pump polarization
changes only the intensity of the second dynamic, maintain-
ing the positive sign.

The optical response with parallel-polarized probe (Fig. 3a)
has been interpolated by two exponential functions,

convoluted with a Gaussian representing the pulse temporal
width. While the first dynamic, affected by the presence of
the coherent artifact, is very fast (40 + 15 fs), the second is
an order of magnitude slower (400 + 100 fs). The analysis of
the optical response with perpendicular-polarized probe
(Fig. 3b), performed with the same fitting procedure, gives a
similarly fast first dynamics (40 + 15 fs), while the second is
1.0+0.1ps.

The surprising dependence of the second dynamic on the
probe polarization allows us to grasp, for the first time, the
difference between the transient behavior of MWCNTs and
HOPG.

While the positive PB response, in fact, appears consistent
with the HOPG-like behavior, the negative response (probe
polarization parallel to MWCNT long-axis, Fig. 3a) excludes
a HOPG-like relaxation channel. With a parallel-polarized
pulse only the component of the dielectric constant parallel
to the MWCNT long-axis is probed, corresponding to the com-
ponent of the HOPG dielectric constant perpendicular to the
graphite c-axis [11,20,21]. Under equivalent experimental
conditions, the HOPG transient response reveals only PB
channels. Two exponential decays, ascribed to electron-elec-
tron and electron-phonon relaxation, in agreement with the
two temperatures model [22-24], are, in fact, measured in
the transient reflectivity signal (Fig. 3c (top)).

Under different experimental conditions a negative
dynamic has also been reported in HOPG and ascribed to
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Fig. 2 - (a) Monochromatic normalized transient transmittivity (AT/T), at 1.55 eV, collected with a pump polarization parallel to
the MWCNTSs long-axis and the probe polarization varying from parallel to perpendicular. (Incident fluence = 0.25 mj/cm?).
The sign of the second dynamic depends only on the probe polarization and varies continuously from negative (probe
polarization parallel to MWCNT long-axis) to positive (probe polarization perpendicular to MWCNT long-axis). Spectra are
normalized to the maximum response of the positive signal (1.3 x 10~3), excluding coherence-artifacts. Non-normalized and
normalized dependence of AT/T with probe polarization parallel (b) and perpendicular (c) to the MWCNT long-axis,
respectively. The pump polarization rotation does not affect the sign of the second dynamic. For pump fluences < 0.25 mj/cm?,
the intensity of the second dynamic tracks the laser pump absorption that depends on the angle between the laser
polarization and the MWCNT long-axis'®. The oscillations in (b) and (c) have an intensity below the instrument sensitivity

(AT/T ~ 107°).

intra-band transitions (Drude model). For observing these in-
tra-band transitions in HOPG and graphene layers, the probe
photon energy is usually in the terahertz range [25-29]. In
the high pump fluence regime, oscillations have been ob-
served in the HOPG transient signal and ascribed to structural
deformation of the inter-plane separation due to strongly-
coupled-optical-phonons [30,31]. However, such structural
deformation can be excluded in MWCNTs since structural
oscillations of the graphitic walls, observed in SWCNTs, de-
pend strongly on the pump polarization and not on the probe
polarization, as revealed in Fig. 2. Moreover, the period of
these oscillations is fast [16,32,33].

This surprising and significant difference between the
transient behavior of MWCNTs and HOPG is also confirmed
by the pump-probe delay dependence of the MWCNT inverse
transient transmittivity ((AT/T) ") in the range of the positive
second dynamics (probe polarization perpendicular to the
MWCNT long-axis, Fig. 3b). In Fig. 3c, the pump-probe delay
dependence of the absolute value of the HOPG inverse tran-
sient reflectivity ((AR/R)"", top) is shown together with the
MWCNT (AT/T)"* (bottom).

The linear dependence, shown in Fig. 3c (bottom), for
MWCNTs suggests the non-linear character of the second dy-
namic. For example, the existence of a quadratic dependence
implies the following relation [34-36]:

@ & N? 1)

and consequently:

G o

where N is the photo-excited carriers density population and
At is the delay time between pump and probe pulse. The lin-
ear behavior (Fig. 3c (bottom)) of the MWCNT transient re-
sponse, for delay times >500fs, reveals the non-linear
character of the second dynamic, when the probe is perpen-
dicular-polarized.

On the contrary, the non-linear HOPG dependence of |(AR/
R)~ ! on the pump-probe delay (Fig. 3c (top)), confirms that the
two dynamics in the HOPG transient signal are consistent
with the two-temperature model. We assume here, as sug-
gested by Fig. 3c, that the second dynamic of MWCNTSs was
a second order process.

This unexpected difference in the transient behavior of
MWCNTs and HOPG can be explained by considering local-
ized electronic states.

The presence of discrete levels in the MWCNT electronic
structure permits also to justify the negative dynamic. Charge
carriers, photo-excited by the pump in a previously well-de-
fined unoccupied state, are promoted from this energy state
to a higher one by the probe, resulting in a decrease of the
transient transmittivity of the probe (negative signal). This
process is known in literature as PA effect.

At the same time, the second positive dynamic can be as-
cribed to a re-filling of an unoccupied state by second order
processes.
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Fig. 3 — (a) AT/T for pump and probe polarizations parallel to the MWCNT long-axis. Fit (blue) of the experimental data (red), as
modeled by Eq. (3). (b) AT/T for pump polarization parallel and probe polarization perpendicular to the MWCNT long-axis. Fit
(blue) of the experimental data (red) as modeled by Eq. (3). (c) Top: I(AR/R) I of the HOPG (inverse of the fit extracted from the
inset) as a function of the delay time (0.5-2.5 ps). Bottom: (AT/T) * of MWCNTSs (inverse of the fit extracted from the inset) as a
function of the delay time (0.5-2.5 ps). Note the linearity. Spectra collected with pump polarization parallel and probe

polarization perpendicular to the MWCNTSs long-axis. (For i
reader is referred to the web version of this article.)
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To account for the transient optical behavior, we propose a
model of the involved optical transitions based on three dis-
crete electronic states, as illustrated in Fig. 4. The pump ex-
cites ground state carriers (Eo), to a higher state (E,), that
within a few tens of femtoseconds decays to lower energy
state (E;). The probe pulse at the same pump photon energy
(1.55eV), when parallel-polarized with respect to the tube
axis, reveals firstly a PB due to the filling of E,, then, for longer
delay times, promotes electrons from E; to a higher state (Es).
In the transient transmission spectra, this last process corre-
sponds to an enhancement of the probe absorption (PA) there-
by producing the negative AT/T response (Fig. 4a and b).

When the probe polarization is perpendicular to the
MWCNT long-axis, the probe reveals two PB channels. Charge
carries are promoted by the pump from the ground state to E,
(first PB) that relaxes within 100 fs from E, to E;. The probe
then, for longer delay times, reveals a second PB of Eq-E,
due to a re-population of E, by second order processes
(Fig. 4c and d).

The strong dependence of the second dynamic on the
probe polarization unambiguously suggests that the relaxa-
tion processes involve localized energy states with a well-de-
fined symmetry [37,38] and that the optical transitions
between these states observe precise selection rules.

The PA channel is quenched when the probe is perpendic-
ular-polarized. On the contrary, in this configuration, due to

the high pump fluence (10'*-10% photons/cm?) and to the
long E; decay time (few picoseconds [37]), second order pro-
cesses are favored thereby repopulating E,. These second or-
der processes increase the transmittivity of the probe
resulting in a second PB channel.

The choice of three localized energy states (E;, E,, E3) is in
accord with the analysis of the decay times. The PA implies a
transition of the photo-excited carriers to a higher state. How-
ever, the decay time of the first state, filled by the pump, is
really very fast (<100 fs) and is inconsistent with the PA relax-
ation time (hundreds of fs). Therefore a third energy state,
with a longer decay time, must be considered as a starting le-
vel for PA.

To better rationalize our findings, we propose a rate equa-
tion model to interpret the relaxation processes depicted in
Fig. 4. The temporal evolution of the photo-excited carriers
on the E, state (N,) and on the E; (N;) is then determined by:

M2=A-G(t)—B-N+5-Nj

M —B-N,—D-N; —C-N?

3)

where E, is , populated by the Gaussian pump
G(t) = (0v/2m) 'e27 and depopulated by the -BN, term with
B! corresponding to the N, decay time (E; — E;). The CN,%/2
term represents the second order process able to populate
the E, state starting from E;. In agreement with the first rate
equation, E; is populated by the electron relaxation from E,
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Fig. 4 — (a) AT/T for pump and probe polarizations parallel to the MWCNT long-axis. Fit (blue) of the experimental data (red), as
modeled by Eq. (3). (b) Schematic of the relaxation channels (PB, and PA) as rationalized in the proposed model. (c) As in (a),
AT/T signal (red) and fitting (blue) for pump polarization parallel and probe polarization perpendicular to the MWCNT long-
axis. (d) Schematic of the relaxation channels (PB and non linear process) (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

(BN,) and depopulated by the relaxation on the ground state (-
DN,) and the second order processes (—CN?). The AT/T signal
has been interpolated, in a non-perturbative approach, via the
expression:

AT
TO(NZ*“PA'Nl (4)

where op, is linearly proportional to the magnitude of the PA.

The transient responses, given in Fig. 4a and c, for the par-
allel- and perpendicular-polarized probe, are well interpo-
lated by the proposed model (blue line fit, red line data).
The C parameter, that represents the second order process
weight, was fixed as the pump fluence did not change
throughout the measurements. The mean fitted B! value,
for the different spectra, is 60 + 20 fs. For the perpendicular-
polarized probe spectra, the D™ decay time is a few picosec-
onds, corresponding to the long decay of the lower E; state. In
the case of parallel-polarized probe spectra (with negative PA
dynamics), D™ is a few hundred of femtoseconds.

In Fig. 5, the fitted upa value, representing the PA weight, is
shown as a function of the angle between the probe polariza-
tion and MWCNT long-axis. apa = 0 when the angle is 90°, as
the selection rule prevents PA. Increasing the component of
the probe polarization along the MWCNT long-axis, angle
<45°, the PA, again in agreement with the dipole selection
rules, begins to increase, reaching the maximum value when
the polarization direction is along the MWCNT long-axis. To
further elucidate the PA promotion mechanism, rather than
the non-linear mechanism, in the second dynamic, in
Fig. 6a the dependence of the PA channel on the pump fluence
is shown by fixing the probe polarization parallel to the
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Fig. 5 - PA coefficient, apa, Egs. (3) and (4) as a function of the
angle between the probe polarization and the MWCNT long-
axis. When the probe polarization is perpendicular, PA is
quenched (top left inset). PA becomes non-zero around 45°
(bottom right inset) and reaches a maximum when the
probe polarization is parallel (top right inset).

MWCNT long-axis. By increasing the fluence, saturation is
clearly noted, as highlighted in more detail in Fig. 6b where
the PA (maximum) versus the pump fluence is plotted. This
saturation effect can be explained by considering that, as
the non-linear channel quadratically increases with fluence,



56 CARBON 57 (2013) 50-58

5
6x10 " ]
I ®
5_
4 x 2
£
3 =
2 |4 =
— “
14 1
0 2000 »
= 0+ 6x10° 71—
= 0.1 05
f -1 pump fluence (mJem’)
=
2 0.12mJiem’
0.18mJicm’
dg.)
0.29mJicm”
-4 — 2
0.£l4m.J.fcm2
0.59mJ/em
-5 —
(@) .
0.74mJ/ecm

I I T I I
300 350 400 450 500

delay time (fs)

Fig. 6 - (a) Interpolated AT/T (inset) dependence on
increasing pump fluence. The saturation effect of PA
channel (second negative dynamic) is shown in (b) by
plotting the maximum value of the AT/T relative to the PA
effect versus the pump fluence.

the resulting non-linear optical response increases much
more rapidly than the linear PA of the probe. Thus, the latter
saturates. PA is then quenched by rotating the probe polariza-
tion (from parallel to perpendicular) or by increasing the
pump fluence. In this second case, the enhanced photo-ex-
cited carriers density, corresponding to an increased second
order process, repopulates E, whose relaxation is described
by the second positive dynamic (Fig. 4c).

In light of the obtained results, we emphasize that the sur-
prising presence of localized states in MWCNT electronic
structure can be also confirmed by static photoemission and
static absorption spectroscopy.

The analysis of the photoemission valence band (Fig. 7a),
collected with He I radiation source (21.2 eV) clearly shows
two broad features (~1.0 and 3.0 eV). While the second is as-
cribed to the = band [39], the large feature centered at about
1.0 eV suggests the presence of occupied states under 3.0 eV.
Furthermore, the absence of electronic states at the Fermi en-
ergy (inset of Fig. 7a) indicates a semi-metallic character. This
result is in agreement with transport studies, undertaken in a
vacuum pumped cryostat (297-16 K), that show a nominal
band gap of approximately 40 meV, consistent with that of
other semi-metallic graphitic materials.

Moreover, from the optical spectra (shown in Fig. 1e), we
are able to obtain further insight about the presence of elec-
tronic structures in the occupied and unoccupied bands.
The polarisability, p, of the system, is defined as [10,40]:

! Unpublished data.

_A AL

= 5
P A+ AL ®)

where A/ is the absorbance for incident beam polarization
parallel and A, perpendicular to the MWCNT long-axis, and
I/lo=e™, where A=A, or Ay, 1 is the intensity of the trans-
mitted beam and I, is the incident intensity. As in the case
of SWCNTs [40], p (Fig. 7b) linearly decreases with photon en-
ergy (1.55-3 eV), suggesting the existence of optical transi-
tions with a definite symmetry below 3 eV.

The crucial point remains, now, to understand the origin
of discrete energy levels in the electronic structure of
MWCNTSs. Two possible interpretations can be offered.

The first is connected with the presence of amorphous car-
bon. sp® and sp? clusters smaller than 5nm may very well
open a gap thereby instigating the formation of originate dis-
crete levels [41]. Indeed, the existence of electronic states
associated with structural defects could represent an interest-
ing opportunity for improving the polarization-controlled
absorption in such samples. However, XPS and Raman spec-
troscopy (see Supporting information) seems to exclude this
possibility. Moreover, there is controversy related to this inter-
pretation. Firstly, the results reported in Fig. 2 have been ob-
tained at different positions on different samples grown
under equivalent conditions. Furthermore, it is not clear as
to how such clusters of amorphous material could give rise
to electronic states with well-defined symmetry.

The second interpretation is derived by considering that
discrete states are present in the valence band and that the
optical transitions, revealed in the transient transmittivity, in-
volve discrete electronic states with a well-defined symmetry.
In particular, it is somewhat surprising the analogy between
the selection rules of the optical transitions involved in the
transient response of MWCNTs and those known for the
VHSs in SWCNTs. In this sense this second interpretation as-
sumes that the electronic structure of MWCNTs is character-
ized, as in the case of SWCNTSs, by the presence of excitonic
states at the VHSs. Assuming, in fact, that the processes re-
ported in Fig. 4 can be ascribed to excitonic transitions, the
polarization dependence of the PA channel (Fig. 4a and b) is
consistent with the selection rules that control the SWCNT
optical transition. For a parallel-polarized probe, the PA corre-
sponding to Am =0, where m is the quantum number identi-
fying the VHSs sub-bands [37], is allowed. On the contrary,
when the probe is perpendicularly-polarized the PA is
quenched and a second order decay process dominates
(Fig. 4c and d). This alternative channel might appear similar
to exciton-exciton annihilation (EEA), well studied on spa-
tially confined systems such as nanocrystals [42] and more re-
cently reported in SWCNTs [34-36,43,44]. EEA refills E,, and
increases the transmittivity of the probe resulting in a second
PB channel. The non-linear character of EEA could be compat-
ible with the linearity of the (AT/T)"", shown in Fig. 3. The rate
Eq. (3) are very similar to the rate equations model employed
in literature [34-36,44] to describe the excitonic behavior of
SWCNTs in a high pump fluence regime. This SWCNT-like
behavior could be also confirmed by considering the relaxa-
tion times. The first dynamic of the MWCNTSs has a relaxation



CARBON 57 (2013) 50-58 57

—_
o
o
o

intensity (a.u.)

i (@)

binding energy (eV)

0.93

(b)

PN A AT AN A A A A |

LI L L L 0 L L L L L B

16 18 20 22 24 26 28 30
photon energy (eV)

Fig. 7 - (a) UPS measurements of the valence band showing broad features at about 1.0 and 3 eV (log. scale). Inset: Detailed
valence band, suggesting a semi-metallic character consistent with temperature dependent electron transport studies. (b)

Static polarizability p as a function of photon energy.

time (60 + 20 fs) consistent with the E,,-to-E;; transition in
SWCNTs (~40 fs) [1,2]. Similarly the PA has a recovery time
of the order of hundreds of femtoseconds [2], comparable
with the Eq;-to-Es3 absorption channel in SWCNTs.

This second interpretation, concerning the presence of
excitonic states at the VHS, despite requires further confirma-
tions, provides a more consistent depiction of the transient
electronic behavior of MWCNTSs. Moreover, it corroborates re-
cent measurements reported in literature where it was shown
that the VHSs play an important role in the electronic behav-
ior of MWCNTSs [4,8,45,46].

4, Conclusions

Using high-resolution time resolved transmittivity measure-
ments on horizontally aligned free-standing MWCNTSs, we
have shown that the electronic structure of these systems is
different from that of HOPG. The optical response of MWCNTSs
is seen to be characterized by photo-bleaching and photo-
absorption processes as well as second order effects. We are
able to reveal these transient channels tuning the probe polar-
ization. The obtained results suggest the existence of discrete
levels with a well-defined symmetry in the electronic struc-
ture of MWCNTs. Two different interpretations have been dis-
cussed. The origin of these states appears more consistent
with a SWCNT-like interpretation. It is hoped that this study
will provide a deeper understanding of the so-far largely mis-
understood and complex electronic structure of MWCNTSs,
showing, for the first time, the presence of discrete levels in
these complex systems. An improved understanding of these
issues, and the possibility of polarization-selective control
over the optical response of MWCNTSs represent important as-
pects in the outlook of carbon nanotube research.
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