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Abstract
The relaxation dynamics of unaligned multi-walled carbon nanotubes decorated with metallic
nanoparticles have been studied by using transient optical measurements. The fast dynamics due
to the short-lived free-charge carriers excited by the pump are not affected by the presence of
nanoparticles. Conversely, a second long dynamics, absent in bare carbon nanotubes, appears
only in the decorated samples. A combination of experiment and theory allows us to ascribe this

long dynamics to relaxation channels involving electronic states localized at the tube-

nanoparticle interface.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Deriving their optical properties from excitonic excited states,
carbon nanotubes (CNTs) are strong absorbers of light from
the near-infrared to the ultraviolet [1-3]. Moreover, like
semiconductor nanocrystals, they exhibit an extremely effi-
cient electron—electron scattering as well as an inefficient
electron—phonon (particularly acoustic phonons) interaction
[4-6] making them good candidates for the generation of
multiple electron—hole pairs (MEG) [7].

In addition, due to their extraordinary electrical con-
ductivity [8], CNTs provide quite efficient transport paths for
carriers, which have a very high probability to reach electrodes
and generate photocurrent in devices based on CNT photo-
excitation processes. The bottleneck in CNT-based photo-
voltaic systems is the ultrafast recombination of the photo-
generated charge carriers. However, the integration of CNTs
into hybrid architectures shows an enhanced ability to trap
electrons and reduce the ultrafast electron—hole recombination,
which eventually provides a new way to modulate and improve
the performance of CNT-based light-harvesting devices.
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Among these hybrid systems, CNTs decorated with metal
nanoparticles (NPs) have recently attracted much attention
within a wide range of applications [9-11] including gas
sensors [12—15] and catalysis [16] as well as optoelectronic
and light-energy conversion devices [17-20].

In a previous paper of ours [21], the photo-response
signal of multi-walled carbon nanotubes (MWCNTSs) deco-
rated with discrete metal NPs (Au, Ag, and Cu) on the
nanotube outer walls has been investigated. In particular,
decorated MWCNTs exhibit a significant increase in the
photocurrent with respect to that of bare tubes. From theor-
etical considerations, this increase has been ascribed to the
presence of additional charges due to a static charge transfer
from the NP towards the CNT at the interface. Nonetheless, it
remains questionable whether the CNT-NP interface modifies
only the quantity of available carriers in CNTs or even creates
new excitation/relaxation channels.

In this work, in order to shed light on the processes at the
basis of the photocurrent increase [21], we experimentally
investigate in the time domain the excitation/relaxation
channels of the carriers excited in decorated CNTs.

© 2016 IOP Publishing Ltd  Printed in the UK
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Employing ultrafast time-resolved optical spectroscopy,
we find an increase, with respect to the pristine CNTs, of the
fast dynamics signal coming from the photoexcitation of the
additional static charge. From the sign of the dynamics it is
possible to assess that the free-electron-like character of these
carriers is preserved in decorated as well as in pristine CNTs.
Moreover, only in decorated CNTs, a second long dynamics
ascribed to carriers excited in localized states at the CNT-NP
interface appears, as confirmed by ab initio calculations.

2. Methods

Time-resolved reflectivity measurements have been per-
formed with an amplified 1 kHz Ti:Sapphire laser system. It
produces 150 fs, 1.55 eV light pulses, and permits us to excite
the samples with pump fluence in the range 5-100 mJ cm~2.
The transient response has been collected with the same probe
photon energy (1.55 eV), while the pump photon energy has
been tuned in the visible-near-infrared (VIS-NIR, 1.80-2.03
eV) thanks to an optical parametric amplifier and the har-
monic generation of non-linear crystals. The pump fluence
was kept to 11 mJ cm™2.

MWCNTs were grown on Si(111) substrate by the che-
mical vapor deposition process, using Fe as a catalyst. The
growth was performed in a chamber operating in ultra-high
vacuum (UHV) conditions (base pressure 108 Torr). Metal
deposition (Au, Ag and Cu) was performed in sifu by thermal
evaporation with the CNT samples kept at room temperature
and under UHV conditions in the same chamber. The same
deposition rate of 0.5Amin' was used for all the sam-
ples [22].

Four samples have been considered for this study. One of
them was of bare MWCNTSs, the other three consisted of
MWCNT films decorated with 0.5 nm of Ag, Au and Cu,
respectively. The quality of the films has been deeply inves-
tigated as reported in [22].

For the theoretical approach, we have performed first-
principles simulations within density functional theory (DFT)
in the local density approximation (LDA) [23-26] using the
ESPRESSO package [27]. Since the average diameter of our
CNTs is quite large, we have simulated them using a single
graphene layer. In addition, due to the high computational
effort, the basic structural and electronic modifications of the
graphene when decorated with Cu, Ag, and Au metal clusters
have been computed for nanoparticle (NP) diameter up to
~0.8 nm. A graphene 9 x 9 x 1 supercell (consisting of 162
C atoms) has been used for the largest NP. The geometry of
the composite system was relaxed till the forces were less
than 107 a.u. A set of up to 2 x 2 x 1 k-points was used to
sample the Brillouin zone. The energy cut-off in the kinetic
energy was 64 Ry. Optical properties of graphene decorated
with metallic NPs where calculated within the random phase
approximation (RPA). Since the size of the simulated NPs is
smaller than the experimental one, we expect an over-
estimation of confinement effects (i.e. a blueshift) in the
theoretical ,, which partially cancels with the redshift due to
the use of DFT.
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Figure 1. Comparison of the transient reflectivity spectra AR/R
collected on the samples with a pump photon energy of 1.9 eV. In
violet, the spectrum collected on the bare MWCNT, in light blue on
Ag-MWCNTs, in green on Au-MWCNTs and in red on the Cu-
MWCNT sample. In the inset, a zoom to point out the negative sign
of the second dynamics in the decorated MWCNTs.

3. Results and discussion

Figure 1 shows the pump-probe measurements collected, on
bare and decorated MWCNTs, with a pump photon energy of
hv = 1.9eV. While the sign of the transient response of the
bare MWCNTs is positive for all the delay times, the signal of
the decorated ones is positive at the beginning and becomes
negative for longer delay times. The relaxation time of the
positive first dynamics (150-200 fs) appears fast in both the
bare and decorated samples.

The negative sign in reflectivity is the fingerprint of a
photobleaching channel. The absorption of the pump pulse
excites electrons into conduction bands creating holes in the
valence bands. Until these carriers relax, transient filling
effects on the final states decrease the absorption of the probe
inducing a positive transient signal in transmittivity and
negative in the absorption.

The AR/R signal, in principle, depends on both Ae;/ €
and Ae,/ e, where ¢ and ¢, are the real and the imaginary
part of the dielectric function, respectively. For CNTs, similar
to graphite, AR/R mainly depends on A¢,/ ¢, and then on the
changes induced by the pump on the absorption of CNTs
[28, 29]. Therefore, when a photobleaching effect occurs, the
reflectivity of the probe, behaving as the absorption, decreases
and the transient reflectivity signal is negative [30].

For CNTs and graphitic systems in general, a photo-
bleaching process is usually observed. Nevertheless, our
unaligned MWCNT samples show a positive transient
reflectivity. The same behavior has been reported for films of
unaligned singled-walled carbon nanotube (SWCNT) bundles
directly grown in UHV, not affected by other atomic species
(e.g. contaminants, surfactants, molecules) [30]. In that case,
we interpreted the positive response as the fingerprint of
intraband transitions due to a Drude-like behavior of the
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carriers excited by the laser pump. Although a significant
difference exists between the structure of the SWCNTs of
reference [30] (bundled and unaligned) and the MWCNTSs
studied here (unaligned), the data suggest that the tube
architecture alone is able in MWCNTs to modify the intertube
interaction favouring the free-electron-like character of the
photoexcited carriers.

The free-electron-like behavior characteristic of the
unaligned nanotubes, as we can observe in figure 1, persists
even when the tubes are decorated with metallic NPs. The
positive fast response is preserved, in fact, in all the decorated
MWCNTs studied here, suggesting that the presence of
metallic NPs on the nanotube outermost walls does not affect
the intertube interactions.

In addition to the fast free-electron-like positive response,
a second negative and long dynamics, corresponding to a
photobleaching phenomenon, appears but only in the deco-
rated tubes (see figure 1). The absence of the the long nega-
tive dynamics in the bare MWCNTs and the dependence of its
intensity on the kind of NP clearly suggest that it is a genuine
response of the hybrid system made up of MWCNTs plus
metallic NPs.

A complete overview of the transient reflectivity
response for the decorated MWCNTSs, collected by changing
the pump photon energy in the 1.8-2.03 eV range, is shown
in figure 2.

To quantify the differences observed in the relaxation
dynamics of MWCNTs and decorated MWCNTs, all the
transient reflectivity signals have been interpolated by two
exponential functions, convoluted with a Gaussian curve
representing the laser pulse. The results obtained from the
fitting procedure are shown in figure 3.

In particular, figure 3(a) displays on the left the intensity
of the first positive dynamics ascribed to the Drude-like
behavior of the carriers excited by the laser pump for the bare
and decorated MWCNTs, and on the right the average values
reported in a bar histogram.

The intensity of the first dynamics for decorated tubes
does not change significantly in the explored photon energy
range, suggesting that effects due to the low-dimensionality of
the NPs such as plasmonic excitations can be disregarded
[31]. Furthermore, the intensity increases going from the bare
MWCNTs towards the decorated MWCNTSs. Notably, the
first dynamics of MWCNTs decorated with Ag and Cu NPs
results in greater intensity than the others. As reported in the
literature [21], a static charge transfer from the NP to the
CNT, caused by a not negligible difference in electro-
negativity between carbon and Cu, Ag, and Au, is present at
the interface of the hybrid architecture. The presence of a
static charge transfer permits us to have a larger availability of
charges in the occupied states that increases the intensity of
the signal. In accordance with this interpretation, Ag and Cu
being less electronegative (1.9 Pauling electronegativity) than
Au (2.4) with respect to the C atom (2.5), an increase in the
first dynamics intensity for MWCNTs decorated with Cu and
Ag is expected.

The intensity of the negative second dynamics, char-
acteristic of the decorated MWCNTs, is displayed in

AR/R x 107

Delay time (fs)

Figure 2. Transient reflectivity spectra collected on bare MWCNTSs
(a) and on MWCNTs decorated with Au (b), Ag (c) and Cu (d)
nanoparticles. The spectra were obtained by changing the pump
photon energy from 1.80 eV to 2.03 eV, while the probe photon
energy was kept equal to 1.55eV. SEM image of a bare MWCNT
(a), Au-MWCNT (b), Ag-MWCNT (c) and Cu-MWCNT sample (d)
are also shown.

figure 3(b). As well as for the first dynamics, the intensity of
this negative dynamics is larger for the MWCNTs decorated
with Cu NPs. The relaxation times for both the first 77 and the
second 7, dynamics are shown in figure 3(c). 7y is comparable
for all the studied MWCNTSs, implying the occurrence of the
same relaxation channel for the bare and decorated
MWCNTs. This also confirms that the presence of NPs does
not affect the free-electron-like character of the carriers
excited in the unaligned tubes. On the other hand, the
relaxation time of the negative second dynamics is longer for
the Cu-decorated MWCNTs (1.1 ps) with respect to the Au
(0.4 ps) and Ag (0.6 ps) decorated samples.

In order to shed light on this second dynamics we have
performed ab initio simulations, within the DFT in the LDA
of the electronic structure at the CNT/ NP interface. Due to
the large diameter of the CNTs, the curvature of the tube
could be safely neglected so that the NP/CNT interface was
simulated using a graphene layer with a metal NP on top of
about 0.8 nm diameter [21]. The dielectric function of deco-
rated and pristine graphene has been calculated within the
independent single-particle approach (Fermi golden rule).
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Figure 3. On the left the values obtained from the fitting procedure
and on the right the average values of (a) the intensity of the first
dynamics, (b) the intensity of the second dynamics and (c) the
relaxation times of the first dynamics (empty markers) and of the
second one (filled). The average relaxation times for the second
dynamics are shown in the right panel of (c).

In figure 4 the calculated imaginary part of the dielectric
function, €,, is shown for both decorated and pristine gra-
phene. A feature at about 1.8 eV, absent in pristine graphene,
appears in decorated samples. This feature, clearly visible in
graphene/Cu and graphene/Ag and less pronounced in the
case of graphene/Au, originates from optical transitions
involving states localized at the metal-graphene interface.

In the experiment reported here, by tuning the pump
photon energy from 1.8 to 2.03 eV, the laser pump pulses are
able to excite in a quasi-resonant way carriers in these loca-
lized interface states as well as carriers in excited states of the
carbon nanotubes not affected by the presence of NPs. The
result is that while the carriers excited in the electronic states
of the CNTs give rise to the first fast dynamics whose positive
sign is ascribed to the free-electron-like character, the carriers
excited in the localized states at the NP/CNT interface,
relaxing more slowly, are responsible for the second long
dynamics. The negative sign of this second dynamics is
consistent with a photobleaching process as expected for
relaxation channels involving localized states.

In this scenario, it is plausible to assume that the sig-
nificant increase in the photo-response signal measured on
decorated CNT [21] is due not only to a static charge transfer,
but to a photoinduced charge transfer originated by the pre-
sence of localized states at the interface.

Being the photo-response signal favored by the amount
of the excited carriers together with the longest relaxation
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Figure 4. Comparison between the imaginary part of the dielectric
functions ¢, calculated for graphene decorated with Cu (red), Ag
(blue) and Au (green) clusters of 0.8 nm in diameter. For
comparison, the dielectric function ¢, for pristine graphene is shown
(gray shaded).

time, we infer that the larger photo-response measured on Cu-
decorated CNT can be partially justified by the higher
intensity and by the longer relaxation time of the second
dynamics present in the transient optical response of the
decorated CNT.

4. Conclusion

Time-resolved reflectivity on MWCNTs, bare and decorated
with Au, Ag and Cu nanoparticles, has been investigated.

A Drude-like behavior of the photoexcited -carriers,
observed on the bare MWCNTs, persists even when the CNT
wall is decorated with metallic NPs. The presence of the NPs
enhances the Drude-like photoabsorption response of the
CNTs thanks to a static charge transfer from the NPs to the
tubes. The highest efficiency of this phenomenon has been
observed for the sample with Cu NPs.

In addition to the fast dynamics, a second slow dynamics
involving electronic states localized at the CNT-NP interface
appears in decorated samples.

The results reported here corroborate the statement that
transient optical spectroscopy, giving insight into the photo-
carrier generation mechanism, is a powerful tool to investi-
gate the relaxation dynamics in carbon-based hybrid systems
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and allows us to improve in a targeted way the performance
of the devices based on such hybrid systems.
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