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a b s t r a c t

Novel optical hybrid materials can be produced with carbon nanotubes and metallic nanoparticles. Such
hybrids may allow coupling between plasmons in metals and excitons in nanotubes. We develop novel
hybrid materials in the form of thin films using vacuum filtration, where gold nanoparticles are
embedded into the entire volume of the nanotube film, not only on the top of the film. After producing
semiconducting and metallic hybrids, we investigate their electronic properties. Free charge carriers in
metallic nanoparticles extend into nanotubes, resulting in the doping effect. The doping effect manifests
in changes the phonon energy and lifetime, scaling with gold nanoparticle concentration. We implement
statistical Raman analysis and determine 20 meV p-doping. The statistical data were cross-correlated
with parameters of the 2D and G modes, which helped to clearly disentangle doping and strain.
Further, we studied optical properties of the films. The gold nanoparticles enhance the CNTs Raman
scattering efficiency. The enhancement is wavelength dependent, as confirmed by resonance Raman
spectroscopy on radial breathing modes. The enhancement factors vary from 2 to 3.5 times, with
maximum at 1.7 eV. The shapes of enhanced resonance Raman profiles were interpreted with the fifth-
order perturbation theory incorporating plasmonic effect.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Single walled carbon nanotubes (CNTs) are unique one-
dimensional crystals with outstanding mechanical and optical
properties [1]. It is possible to improve these properties by
combining CNTs with zero-dimensional materials such as mole-
cules and nanoparticles (NPs). Particularly interesting is a combi-
nation with metallic nanoparticles, which enables near field
coupling between plasmons, collective electron oscillations in
metals [2] and excitons, optical states in carbon nanotubes [3]. The
hybridization of these structures manifests in optical phenomena
such as the Purcell effect [4] and surface enhanced Raman scat-
tering [5,6].

Several approaches to combine NPs and individual nanotubes
have been successfully demonstrated. The hybrids can be prepared
by non-covalent methods, where CNTs and gold (Au) nanoparticles
roblewska).
are stabilized in a colloidal suspension using a micelle swelling
technique [7,8]. However, such systems are unstable if exposed to a
changing environment. Another strategy is to attach gold nano-
particles (AuNPs) onto the CNT surface by covalent chemical
methods. The photoinduced [9] and [1 þ 2] cycloaddition reactions
[10] yield hybrids which were more stable and robust, but require
sophisticated treatment. The strategies involving the deposition of
plasmonic nano-antennas by lithography result in efficient
coupling, however such processes are non-scalable [11,12]. A new
scalable and efficient approach where the gold nanoparticles are
distributed into the entire volume of the CNT film is of high interest.

A thin film is one of the most popular systems made of CNTs,
however most of the properties of individual tubes are changed
inside the ensemble. The films made of CNTs allow the scaling of
unique mechanical properties from nano-to micro-ranges. The
methods of CNT film production recently gained attention due to
their ability to create monochiral samples with aligned carbon
nanotubes [13]. Such films allow observation of record-high ther-
mal conductivity [14], cross polarized excitations [15] and hyper-
bolic thermal emission [16]. Carbon nanotubes thin films (aligned
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or not-arranged) can find applications in transistors [17,18], solar
cells [19,20], gas sensing [21], filters [22] and bio sensing [23].
Architectural changes can further improve CNT films and modify
their properties such us optical absorption, charge and heat
transport via doping, stress, and other mechanisms of electrostatic
interaction [24e26]. Previous works showed that hybrids con-
taining carbon nanotubes with gold nanoparticles weremade using
drop casting method without thickness control [27] or using co-
valent modifications of nanotube walls causing defects [28].

In this work we present a thin film hybrid material with novel
architecture where gold nanoparticles are embedded in a thin film
of carbon nanotubes (Fig. 1) that was prepared using vacuum
filtration with control over parameters such as thickness and the
concentration of gold nanoparticles, all without causing covalent
defects in the nanotube walls. Three different concentrations of
gold nanoparticles on two different types of CNT films, metallic and
semiconducting, were prepared. We present implementation of
Raman mapping and statistical analysis to demonstrate changes in
the properties of the CNT thin films that are reflected in the pa-
rameters of the main Ramanmode (Gþ, G-, 2D). Using this method,
we monitor the doping level or changes in the CNT phonon en-
ergies. Moreover, we show that the cross-correlation of the pa-
rameters of Raman modes allows further study of the interaction
CNT with AuNPs, also resolving the dominant effect (doping vs
strain). Gold nanoparticles optically interact with nanotubes by
confining electromagnetic radiation. This manifests in surface
enhanced Raman scattering (SERS) effect. We observed a wave-
length dependent Raman enhancement, with the highest increase
Fig. 1. Schematic illustration of sample production demon
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of Raman intensity being threefold from the expected found in
resonance with a plasmonic mode at 1.72 eV. Microscopic theory
incorporating fifth-order perturbation theory was used to repro-
duce resonance Raman profiles. Our work allows us to understand
changes in properties of CNT-AuNPs composites that might be
useful for various future applications.
2. Materials and methods

Films preparation: CNT-AuNPs hybrid thin films were fabricated
via a vacuum filtration method (Fig. 1) using separated metallic or
semiconducting single walled carbon nanotubes from NanoIntegris
(purity 99%, tube diameter range 1.2 nme1.7 nm, mean length
~0.5 mm). First, 1 mg of pure dryM-CNTs or S-CNTs was dispersed in
1% water solution of anionic surfactant (sodium dodecyl sulfate;
Carl Roth) using bath sonication. Surfactant particles stick to the
nanotube walls and prevent to aggregation of nanotubes in liquid.
To separate the homogeneous suspension from bundles of nano-
tubes, the dispersion was centrifuged at 12 000 rpm for 10 min.
Next, the supernatant was decanted and mixed with gold nano-
particles’ suspension (MKnano, diameter 20 nm, concentration 7.0
∙ 1011 particles/ml, stabilized in water with HAuCl4, 5e15% distri-
bution of the sizes), as follows: for each sample, to the same volume
of carbon nanotube suspensionwas added to the 0.5, 1, 2 ml of gold
nanoparticles, respectively (indicated as Au1, Au2 and Au3 later in
this work). The mixture was then heated to 70 �C for 15 min and
then sonicated for 30 min. This procedure improves the adhesion
between gold nanoparticles and nanotubes. Such prepared
straing how the Au NPs are embedded in a thin film
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suspension was filtered through a nanoporous cellulose ester
membrane (MCE, 0.025-mm pore size, 25 mm diameter) using a
vacuum filtration system (pressure: 0.6 Ba). Residual surfactant and
gold nanoparticles’ stabilizer were washed away from the CNT-
AuNPs film by a large amount of DI water and isopropyl alcohol
(comment in Supplementary Information S1eS4). Finally, each
CNT-AuNPs hybrid film on vacuummembranewas gently dried, cut
for 5 � 5 mm pieces and transferred on SiO2/Si substrate, the cel-
lulose filter was dissolved by acetone vapor. It very special in our
method is that it allows for the distribution of gold nanoparticles
throughout the whole volume of the CNT film. M-CNT and S-CNT
films without the addition of gold nanoparticles were used as
reference samples (Fig. 2(a)). Shows absorption spectra for different
electronic types of films, collected using a PV response analyser
PVE300 Bentham). Using sonication and heating of the solution
before filtration provided for better adsorption of nanoparticles to
the nanotube surface, which allowed for the production of a thin
film of carbon nanotubes containing nanoparticles in the entire
Fig. 2. a) The UV-VIS optical absorption spectrum of single-wall carbon nanotubes:
metallic (blue) and semiconducting (red), b) SEM image of carbon nanotube thin film
with highest concentration of gold nanoparticles. (A colour version of this figure can be
viewed online.)
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volume of the layer, not only on the surface (more information:
Supplementary Information, S5eS8). A scanning electron micro-
scope (SEM, Raith e-Line Plus SEM with InLens detector) was used
to show the arrangement of the tubes within the film (Fig. 2(b)) and
deployment of the nanoparticles on the CNT films surface. The
thickness of the samples was approximately 50 nm (Bruker
Dimension Icon atomic force microscope, Fig. S5 in Supplementary
Information).

Statistical Raman analysis: Raman spectra were collected using
Renishaw inVia Microscope with 514 nm and 633 nm excitation
lines. Measurements were taken in mapping modewith a scan area
of 100 mm� 100 mm, that includes 600 single spectra each. To avoid
heating effects on the samples during the measurements (more
information and comment about heating effect: Supplementary
Information, Fig. S6), we used low laser power (~0.35 mW) and
unfocused spot on the sample (diameter of laser spot ~4 mm).
Measurements were taken at room temperature. Each of single
spectra within a map was fit by Lorentzian line shape. All modes
parameters: position, intensity and width are then collected in a
form of histogram or scatter plots for each given map and samples.

Resonant Raman characterization. The Raman spectra in the
radial breathing modes (RBMs) region was recorded for Au3 and
pristine films. The light was emitted by a tunable excitation system,
a Ti:Sa laser (Coherent MBR 110) providing excitations from 700 to
1000 nm and focused by 100� objective (0.95 N A.) on the CNT
films. The samples were excited with 1 mW laser power to avoid
sample heating. The backscattered light was collected by the same
objective and guided into the spectrometer. A triple grating system
of a T64000 Horiba spectrometer equipped with a 900 lines per
mm grating and a Peltier cooled Silicon charge coupled device was
used to disperse and detect scattered light. Raman shift and in-
tensity were calibrated on Benzonitrile molecules.

3. Results

3.1. Raman mapping and statistical analysis of the impact of gold
nanoparticles on metallic CNT thin films

Raman spectroscopy is the most popular tool for the investiga-
tion of carbon nanotubes [29e31]. In Raman spectrawe can directly
see the differences between the metallic and semiconducting
species. The electronic type of a CNT is determined by the (n,m)
chiral indices. Metallic nanotubes correspond tomodðn �m;3Þ ¼ 0,
all other combination belong to semiconducting electronic type.
The band gap of semiconducting nanotubes is proportional to the
inverse diameter [32], whereas in metallic nanotubes only (n,n)
tubes are purely metallic and all other metallic chiralities have
small 30e40 meV band gaps [33]. As a result, the LO phonon is
coupled to electron yielding a broad peak at 1555.3 cm�1 with full
width at half maxima (FWHM)¼ 34 cm�1, see grey area in Fig. 3(a).
In contrast, the LO phonon in semiconducting CNTs is relatively
narrow (FWHM ¼ 12 cm�1), see peak at 1595 cm�1 in Fig. 4(a).
Further, we can use Raman spectroscopy to identify the doping
effects.

This phonon in metallic carbon nanotubes is highly sensitive to
doping effects due to high electron-phonon coupling [34,35].
Therefore, observing the changes in the G� mode we can report
changes in the doping level. Fig. 3(b) shows single Raman spectrum
of CNTs thin film with the highest concentration of gold nano-
particles (Au3). One can observe narrowing from 34 cm�1 for
pristine nanotubes to 29 cm�1 after the addition of gold nano-
particles. Furthermore, the position of the G� mode changes by
about 5 cm�1. The changes in the Raman spectrum after the addi-
tion of AuNPs is also observed as a broadening (about 1.5 cm�1) and
downshifting (from 2635.5 cm�1 for pristine nanotubes to



Fig. 3. Raman statistical analysis of metallic CNT films. (aeb) Raman spectrum for pristine metallic (black) and after gold nanoparticles addition (blue) using 633 nm laser line. The
grey filled mode marked the analyzed LO phonon, (ced) histograms of G� and 2D mode positions and full width at half maximum (FWHM) of the modes (eef). The mean value of
each histogram is determined and labeled by fitting with Gaussian line. The increasing concentration of gold nanoparticles is associated with a darker shade of blue (also marked
with an arrow). (A colour version of this figure can be viewed online.)
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2634.0 cm�1 after gold addition) of the 2D mode. These changes
might be an indication of p type doping caused by nanoparticles
which leads to the removal of electrons from the valence p bond. As
a result, the Fermi level shifts downwhen comparedwith the initial
value [36,37].

However, based on single spectrum, such fine changes (about
0.5e1.5 cm�1 in position or mode width) are difficult to analyse,
and thus a statistical approach using Raman maps is proposed. We
consider the evolution parameters such as: position and FWHM of
the main CNT Raman modes (G� and 2D) as statistical distribution
by preparing histograms. Three different gold nanoparticle con-
centrations aremarked as shades of blue: the brightest corresponds
to the smallest concentration (Au1), medium (Au2) and the darkest
to indicate the largest concentration (Au3). All results on histo-
grams are compared to a bare film (black). The center position
(mean value) of each histogram is marked (after fitting with
Gaussian line) and it is further used as a marker for monitoring any
changes. In general, themean value of each histogram has a gradual
tendency to shift with an increasing gold NP concentration. All
results from the histogram analysis are summarized in Table 1.

Fig. 3(c) and (e) present histograms of the G� mode position and
FWHM in pristine nanotube film and after the addition gold
nanoparticles. The position of the G� mode (Fig. 3(c)) for the pris-
tine CNT films is located at about 1555.33 cm�1 and shifts towards
higher energies by about 5 cm�1 for higher concentration of gold
nanoparticles (Au3). Frequency of the LO phonon (G point) in
metallic nanotubes depends strongest on changes in carrier den-
sity. It requires smaller Fermi energy shifts to demonstrate the
changes. Nanoparticles attract and partly remove the electrons
from the p valence band. The doping impacts the lifetime of zone
center G mode phonon as indicated by the changes of the FWHM
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(G�). Fig. 3(e) shows the evolution of the FWHM (G�) histograms as
a result of gold nanoparticles addition. We observed a 2.5 cm�1

change in the FWHM (G�) when comparing the average value of
the histogram for a pristine CNT layer to one with the highest Gold
concentration. We calculated a decrease of the Fermi level by about
20 meV from the G� mode narrowing [36e39].

The 2D mode can be used to determine the doping type, it
represents two phonons from the K point in the Bouillon zone. It is
strictly linked with the electronic structure and is sensitive to its
changes. Position of the 2D mode for pristine metallic carbon
nanotube thin films is about 2639 cm�1 and shift to lower energies
by about 1.6 cm�1 upon the addition of nanoparticles. The direction
of the 2D mode shift indicated the p doping [37]. In Fig. 3(f) we
present evolution of the FWHM (2D). The FWHM for the thin film of
pristine metallic carbon nanotubes was determined to be
29.46 cm�1 which becomes broadened to about 31.62 cm�1 in the
sample with the highest concentration of gold nanoparticles.
Broadening of the 2D mode is usually related to charge transfer
which can have an effect on double resonance processes. Changes
in the resonance condition cause the renormalization of electron
and phonon energy, which can affect the 2Dmodewidth [29,37,40].

3.2. Raman mapping and statistical analysis of gold nanoparticles
impact on semiconducting CNT thin films

Fig. 4(a) and (b) shows single Raman spectrum for semi-
conducting CNT thin films with the G and 2D modes of the pristine
and Au hybrid thin films. The Gmode of semiconducting nanotubes
consist of two modes: Gþ (LO), and G� (TO) and the analyzed LO
phonon ismarked grey. In contrast tometallic nanotubes, therewas
no Raman enhancement of the signal due to this excitation being



Fig. 4. Raman mapping analysis of the semiconducting CNT films. (aeb) Raman spectrum for the pristine semiconducting thin film (black) and after gold nanoparticles addition
(blue) using 514 nm laser line. The grey filled mode marked the analyzed LO phonon. (ced) histograms of the G� and 2D mode positions and (eef) full width at half maximum
(FWHM) of the modes. The mean value of each histogram is determined and labeled by fitting with Gaussian line. Increasing concentration of gold nanoparticles is associated with a
darker shade of blue (also marked with an arrow). (A colour version of this figure can be viewed online.)

Table 1
Position and FWHM of the G� and 2D modes shift for pristine metallic carbon
nanotube thin film (M-CNT) and hybrid layers with increasing concentration of gold
nanoparticles (Au1, Au2, Au3).

uG
� (cm�1) FWHM G� (cm�1) u2D (cm�1) FWHM 2D (cm�1)

M-CNT 1555.33 31.14 2639.16 29.46
Au1 1559.15 28.60 2638.92 31.37
Au2 1560.49 32.52 2638.82 31.48
Au3 1560.49 32.52 2638.75 31.62

Table 2
Position and FWHM of the Gþ and 2D modes shift for pristine semiconducting
carbon nanotube thin film (S-CNT) and hybrid layers with increasing concentration
of gold nanoparticles (Au1, Au2, Au3).

uG
þ (cm�1) FWHM Gþ (cm�1) u2D (cm�1) FWHM 2D (cm�1)

S-CNT 1595.21 13.13 2682.67 40.18
Au1 1595.31 12.94 2682.89 41.18
Au2 1595.60 13.08 2682.99 42.22
Au3 1595.90 14.01 2683.30 44.45
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far from plasmon resonance, we will discuss plasmonic effects in
the last section. In semiconducting nanotubes after gold nano-
particles were added, a widening and a shift to higher energies of
both main modes; the Gþ and 2D modes were observed. We
attribute these changes again to doping effect.

The histograms of the Gþ mode positions are shown in Fig. 4(c).
The Gþ mode for pristine CNT films is about 1596 cm�1. For semi-
conducting CNTs films the Gþ mode position gradually increases by
about 0.1 cm�1 for the lowest gold concentration and achieving the
most significant change (about 0.7 cm�1 and position
1595.90 cm�1) for the highest concentration of gold (marked as
Au3). The changes in the Gþ mode position may be associated with
charge transfer between CNTs and nanoparticles and has already
been shown in extensive studies of the alkali metals on carbon
nanotubes [41]. Full width at half maximum of the Gþ mode for
pristine layers has a value of about 13 cm�1 which for the smallest
concentration of gold nanoparticles slightly decreases
(12.94 cm�1), but with increasing concentration of nanoparticles,
begins to increase to 14.01 cm�1 for the highest gold concentration.
The LO phonon (the Gþ mode for semiconducting nanotubes) is
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sensitive to carrier concentration. We estimate an increase of the
Fermi level by about 20 meV [29,34,36,39,42].

In Fig. 4 (d) and (f) we present histograms of the 2D mode po-
sitions and FWHMs, respectively. For the pristine semiconducting
carbon nanotubes thin film, the 2D mode position is at
2682.67 cm�1 and shifts gradually with increasing concentrations
of nanoparticles to higher energies by about 0.63 cm�1. The posi-
tion of the 2D band shifts with p- and n-doping in carbon nano-
tubes [43]. Increasing the mode position could be related to hole
doping same as we observed in metallic nanotubes, which results
in the removal of electrons from the nanotube valence mode
[36,44]. In Fig. 4(f) we show evolution of the 2D mode broadening.
The FWHM for the thin film pristine semiconducting CNTs was
about 40 cm�1 and as it was evolving until a value about 44.45 cm�1

for the highest concentration of gold. For increasing levels of hole
doping, the Fermi level decreases (in this case of about 0.02 eV)
[29,36,42e44]. All data from the histograms for semiconducting
thin films are summarized in Table 2.
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3.3. Cross correlation analysis

The histograms and analysis of the mode positions were the first
step in interpreting the impact of gold nanoparticles on carbon
nanotube thin film. Further information about the CNTs hybrids can
be derived from Raman mode parameters; FWHM combined with
mode positions and presented as scatter plots. Similar plots were
used previously to obtain information about doping or defects in
graphene [45]. Fig. 5 shows statistical evolution (scatter plots) of
the position and the FWHM (2D) mode as a function of the LO
phonon: Gþ for semiconducting and G� in metallic films. Correla-
tions are presented for the pristine CNT thin film (CNT) and films
with nanoparticles (Au1, Au2, Au3). The grey grid lines in Fig. 5 (a)
and (c) are determined from previous stress and doping experi-
ments [36,37,46] which indicate the evolution of peak parameters
related to these effects.

Fig. 5(a) and (b) show evolution of the 2D mode position and
FWHM (2D) plotted as a function of the G� mode position for
metallic films (with/without gold nanoparticles). This correlation
highlights the doping effect of the CNTs, due to characteristic
properties of these two modes: the G� mode reflects the charge
transfer between carbon nanotubes and dopants, and the 2D mode
is sensitive to changes in local electronic structure such as: carrier
density of p mode of nanotubes and the softening or hardening
CeC bonds due to charge transfer. In Fig. 5 (a) we show the scatter
plots that shift to higher energies of the G� mode with increasing
nanoparticles’ concentration and downshift in the 2D mode posi-
tion. This dependency can reflect the changes in density of sidewall
p electrons in carbon nanotubes in the films. One can see that
Fig. 5. Scatter plots of main Raman modes. Correlations of: (a) 2D mode position (u2D) plotte
(uG

�) for metallic carbon nanotubes thin film taken at 633 nm laser excitation wavelength. (
plotted against Gþ mode position (uG

þ) for semiconducting carbon nanotubes thin film using
Raman map. Pristine carbon nanotube thin film assigned as black squares and hybrid film
centration, medium blue rhomb (Au2)- medium concentration and darker blue star (Au3)-
direction of changes with gold concentration. (A colour version of this figure can be viewe
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scatter plots for metallic CNT thin films with gold nanoparticles
evolve in opposite direction compared to stress/doping grid lines. It
could demonstrate only doping effect and no strain.

The 2D mode width plotted as a function of the G� mode po-
sition increases with the concentration of nanoparticles (Fig. 5(b)).
This could be related to the hardening of CeC bonds due to changes
in carrier density of CNTs p-mode [36,47,48]. Based on previous
studies concerning the doping effect in metallic nanotubes (e.g.
Refs. [36,46e48]) and prepared grid lines related to doping effect,
one can see that the experimental data (scatter plots based on
Raman maps) does not represent good enough doping grid lines.
Our grid lines follow general trend but some points deviate. This
indicates that the 2D width is not purely regulated by doping, but
also a change of resonance conditions for different chiralities may
contribute to the width of the 2D mode. We will study the optical
resonances in the next section.

We performed similar analysis for semiconducting nanotubes,
Fig. 5(c) and (d) show scatter plots of the 2D mode position and
FWHMplotted against the Gþ position for CNTand AU-CNT films. In
Fig. 5(c) we show the scatter plots that shift to higher energies of
both modes (Gþ and 2D) with increasing nanoparticles’ concen-
tration. This suggests that addition of metallic NPs to the semi-
conducting tubes causes doping [43]. The width of the 2D mode
seems to exhibit similar changes as the Gþ mode width upon
addition of NPs. For semiconducting nanotubes (Fig. 5 (d)) the 2D
mode width increase (with increase of the Gþ mode position)
[36,47]. Grid lines indicate the direction of change characteristic of
the occurrence of doping and stress effects. Based on that, one can
observe that scatter plots are relatively well covered with the grid
d against G� mode position (uG
�) and (b) FWHM (2D) plotted against G� mode position

c) 2D mode position (u2D) plotted against Gþ mode position (uG
þ) and (d) FWHM (2D)

a 514 nm laser excitation wavelength. Each point represents single spectra from given
s with increasing concentration marked as: light blue triangle (Au1)- smallest con-

highest concentration. Dashed lines with arrow added to guide the eye to indicate the
d online.)
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lines. Only the sample with the highest concentration of gold
nanoparticles inside layer (Au3) shows a significant deviation from
the trend, but theremay be combined effects: dopingwith stress. In
the higher doping range, the correlation might no longer linear.

Finally, by comparing correlative plots in metallic and semi-
conducting nanotubes, Fig. 5 (a) and (c) we find that the slops have
different signs. This behavior is expected for the p doping and is a
strong indication that doping dominates over stress in the hybrid
films. Stress causes the 2D and G modes shifts in the same di-
rections in metallic and semiconducting CNTs. After establishing
the electronic effect provided by metallic nanoparticles we can
study the optical properties of the hybrid films and specifically
Raman enhancement effect.
3.4. Effect of Raman enhancement provided by gold nanoparticles

In semiconducting films no Raman enhancement is observed,
see Fig. 4(a). This indicates that the plasmonic resonance is far from
2.3 eV. In the G mode in metallic nanotubes however we observe a
1.6 enhancement at 1.9 eV excitation. We further test wavelength
selectivity of Raman enhancement using resonance Raman spec-
troscopy of radial breathing modes.

Fig. 6(a) and (b) shows Radial breathing modes of pristine and
Au3 metallic films excited at 1.65 eV in resonance with absorbance
maximum. Overall spectrum consists of many different radial
breathing modes each representing a single (n,m) species (high-
lighted in grey). The frequencies of RBMs match expected fre-
quencies [49] with small deviations up to 1 cm�1, see Table 3.
Vertical lines in Fig. 6(a) demonstrate the highest (18,0) and lowest
(13,10) positions of the 2 m þ n ¼ 36 laola family [49].

First, we determine the transition energies of CNTs inside the
pristine thin film by applying resonance Raman spectroscopy. The
calibrated intensity of each RBM with (grey) is plotted over exci-
tation energy in Fig. 6(cee). The intensity of the RBM mode in-
creases when laser energy approaches excitonic resonance of
metallic nanotubes. The intensity of an RBM depends on laser en-
ergy ( EL) as described by the third-order perturbation theory
equation [49,50]:
IRBMðELÞ �
�����

MCNT MPl�
EL � EL11 � ZuRBM � iyCNT

.
2
��

EL � EL11 � iyCNT
.
2
��

EL � EPl � ZuRBM � iypl
.
2
��

EL � EPl � iypl
.
2
�
�����
2

; (2)
IRBMðELÞ �
������

MCNT�
EL � EL11 � ZuRBM � i G2

��
EL � EL11 � i G2

�
������

2

; (1)

where MCNT is the matrix element combining exciton-photon and
exciton-phonon coupling. EL11is the energy of the second excitonic
state and G is the broadening factor related to the finite lifetime of
the exciton. The Raman profile of the Stokes scattering comprises
two resonances incoming at E11 and outgoing at E11 þ ZuRBM ,
where with a small phonon energy (ZuRBM) these resonances are
unresolved and maximum Raman intensity occurs between them
[50]. In metallic nanotubes two transitionwith the same index have
similar energies, one at lower EL11 and the other at higher energy

EH11. Despite having similar oscillator strength the Raman intensity
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of the EH11 is negligibly small due to weak exciton-phonon coupling
[51,52].

By fitting experimental resonance Raman profiles in Fig. 6(eec)
by Eq. (1) (full grey lines) we obtain parameters of the pristine
tubes inside the films. These parameters are listed in Table 1. An
average broadening factor comprises 120meV exceeding by a factor
of two typical broadening of suspended single-walled nanotubes
(50 meV) [50]. This is related to decrease lifetime in the nonho-
mogeneous bundles. Furthermore, the transition energy EL11 is blue-
shifted compared to the suspended tubes. The bundling can induce
up to 50 meV shift to smaller energies, whereas residual effect can
be related to strain. The effects of strain oriented along the tube axis
(uniaxial) on electronic bandgaps strongly depend on chiral angle.
By expansive strain and the EL11 transition a displacement to lower
energies proportional to Cosð3qÞ is expected, where q is a chiral
angle of the tube. Indeed in (18,0) the transition energy moves by
15 meV, whereas in (13,10) the shift to smaller energies is much
larger ~70 meV.
3.5. Quantifying the surface Raman enhancement effect

Raman scattering intensity of an object in a vicinity of a rough
metal surface may be enhanced by interaction with collective
electronic excitations (plasmons) within metals [5,6]. In our sys-
tem, the gold nanoparticles form near-field cavities and Raman
response of nanotubes is probed in order to identify a plasmonic
resonance. Same as for pristine sample each RBM is (n,m) index
identified in the Au3 samples, see Fig. 6(b). The intensities of the
corresponding modes are compared for pristine (grey) and Au3
(blue) samples in Fig. 6(cef). The effect of Raman enhancement is
most prominent in (14,6) nanotube, where the RBM intensity in-
creases by up to 3.5 times, see Fig. 6(e).

In order to quantify the enhancement we treat plasmonic
enhancement as a higher-order Ramanprocess [53]. Two additional
interactions (perturbations) [54] with the plasmon need be intro-
duced into the third-order perturbation theory, Eq. (1). These in-
teractions occur twice during Raman scattering process by in- and
out-coupling of the light. Resulted formula represents fifth-order
perturbation theory and is given by Ref. [55]:
where MCNT , EL11, ZuRBM , yCNT refer to intrinsic properties of the
nanotubes. TheMPl , EPl, and ypl are thematrix elements, the energy
and broadening of plasmonic resonance, respectively. Full blue
lines in Fig. 6(cef) represent fits by Eq. (2), where intrinsic pa-
rameters of the nanotubes were fixed to the values determined for
pristine samples (Eq. (1)). Thematrix elements of pristine nanotube
MCNT are compared with plasmonic ones MCNT in Fig. 6(h). The
Raman signals of all the nanotubes with transition energies above
1.65 eV are enhanced. The nanotubes resonant at 1.67 eV demon-
strate a superior enhancement, indicating the centre of plasmonic
resonance. However, plasmonic broadening ypl=2 is quite large
~0.21 eV compared to systems with coupled nanoparticles [56]. We
attribute that to an inhomogeneous broadening effect where
nanoparticles of different diameters and cavities of different width
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(distances between NPs) contribute to the signal. A homogeneous
nanotube chirality and a finer control over the NP size and con-
centration will yield higher matrix elements ðMPlasmon Þ and nar-
rower broadening (ypl).MPlasmon contains several parameters of the
system [57], the most important factor is oscillator strength of the
plasmonic particle which scales with electron concentration and
nanoparticle volume. Further the orientation between plasmonic
mode and CNT transition dipole and distance between them play
an important role. And finally,MPlasmon decays with increased
dielectric screening. A decreased average distance between plas-
monic antenna and single CNT is equivalent to NP concentration
increase in the context of CNT-NP hybrid film. Another strategy to
improve the enhancement can be based on larger NPs size, i.e.
increasing oscillator strength.
Fig. 6. Resonance Raman spectroscopy of pristine (grey) and Au3 hybrid metallic CNT films (
nanotubes with constituent RBMs (filled modes) excited at 1.65 eV. (cef) Resonance Raman
excitation energy for pristine (grey) and Au3 hybrid (blue) CNT films. Symbols represent exp
(RBM frequency) are specified in the right (left) top corner. (g) Kataura plots, where transition
EL11 transition, black diamonds Ref. [51], open circles EPl . (h) A histogram comparing matrix e
colour version of this figure can be viewed online.)

Table 3
Surface resonance enhanced Raman scattering effect in Metallic nanotubes-gold nanopa
responding species EL11are taken from Ref. [51]. (CNT) index refers to pristine sample, see

(n,m) RBM, cm�1 EL
11 [51], eV EL

11 Film, eV EPl , eV

(13,10) 155 1.69 1.62 1.63
(14,8) 160.3 1.71 1.67 1.67
(15,6) 164.5 1.72 1.67 1.67
(16,4) 167.8 1.73 1.71 1.70
(17,2) 169.8 1.74 1.72 1.71
(18,0) 170.5 1.74 1.72 1.71
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4. Discussion

Carbon nanotubes thin films became one of the most intensely
studiedmaterial for the nanoscience research and applications over
last few decades. We are currently at a pivotal moment in under-
standing and control of such materials. Here, we introduced the
statistical approach for optically measuring the doping effect on
order of meV. This approach can be applied in all the types of
systems containing carbon nanotubes such as functionalized
nanotubes [58,59], filled nanotubes [60], and other types of nano-
tube composites [61]. Secondly, we presented the nanoparticle-
nanotube hybrid films and studied their optical properties. In the
hybrid the Raman scattering intensity enhanced due to coupling
between plasmons and excitons. This coupling can be improved by
optimizing the hybrid components. For instance, one can use pre-
blue). (a) Raman spectrum in the RBM mode range for (a) pristine metallic and (b) Au3
profiles for 2n þ m ¼ 36 laola family where calibrated RBM intensity is plotted versus
erimental data and lines fits by Eq. (1) (grey) and Eq. (2) (blue). The chiral indices (n,m)
energy is plotted over RBM frequency, the grey circles represent experimental data for

lements of pristine nanotube MCNT with plasmonic system MPl , see Eqs. (1) and (2). (A

rticles hybrids and analyzed for the 2nþ m ¼ 36 laola family. (n,m) indices of cor-
Eq. (1), whereas (pl) index refers to Au3 plasmonic system, see Eq. (2).

MCNT , arb. u. MPlasmon , arb. u. yCNT , meV ypl , meV

2.9 2.7 148.5 200
4.6 6.8 137.5 200
3.3 6.8 102.7 240
3.8 7.5 109.4 220
4.0 6.9 105.9 240
4.0 6.9 105.9 240
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separated [52,62,63] single chirality nanotubes and the nano-
particle with the overlapping plasmonic resonance. Additionally,
the concentration of nanoparticles can be increased. In such con-
figurations, the Raman enhancement factors can be increased by
orders of magnitude. We envisage our hybrids to improve the
performance of CNT based devices, such as transistors [17,18], solar
cells [19,20], gas sensors [21], filters [22] and bio sensors [23].
5. Conclusions

In this work, we have introduced the method of producing a
material containing gold nanoparticles in the whole volume of the
layer. We also presented utilization of Ramanmapping to scan large
areas of the samples and statistical analysis to investigate proper-
ties reflected in the main Raman modes: Gþ, G�, 2D. Histograms of
band positions allowed to observe the p-type doping, which is an
effect already observed for carbon nanotubes and gold nano-
particles. We used a new cross-sectional analysis to improve
metrology in establishing doping and stain effects in CNT based
systems. Moreover, resonance Raman spectroscopy of radial
breathing modes allowed the determination of transition energies
of carbon nanotubes thin films (pure and hybrid layers). By fitting
experimental resonance Raman profiles we designated an average
broadening factor as 120 meV, which is an over two times larger
than for two of three suspended single-walled nanotubes (typical
broadening about 50 meV). Gold nanoparticles optically interact
with nanotubes as surface enhanced Raman scattering (SERS) ef-
fect. Resonance Raman spectroscopy of Radial breathing modes
reported up to 3.5 times Raman enhancement factors compared
with films without gold nanoparticles. The shapes of the resonance
Raman profiles were analyzed with a fifth-order perturbation
theory framework. This work improves our understanding of CNT-
AuNPs composites and paves a path to its modifications and
applications.
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