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ABSTRACT: We report the fabrication and characterization
of hybrids of vertically-aligned carbon nanotube forests and
gold nanoparticles for improved manipulation of their
plasmonic properties. Raman spectroscopy of nanotube forests
performed at the separation area of nanotube-nanoparticles
shows a scattering enhancement factor of the order of 1 × 106.
The enhancement is related to the plasmonic coupling of the
nanoparticles and is potentially applicable in high-resolution
scanning near-field optical microscopy, plasmonics, and
photovoltaics.
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■ INTRODUCTION

Surface-enhanced Raman scattering (SERS) utilizes plasmonic
properties of noble metal nanoparticles (MNPs) in order to
detect scattered light modulated by atomic vibrations within the
nanoparticles.1,2 This is performed at certain focused light areas
(“hot spots”) generated either at the MNP surface because of
its roughness or at nanoscale interparticle spaces.3 Fabrication
of MNP-based structures which provide cost-effective, multiple
route access for such characterizations and applications still
remains a challenge. This problem can be addressed by
incorporating another source of surface plasmons (SPs) with
those of noble metals, thus increasing the detected signal
intensity.
Carbon nanotubes (CNTs) and graphene have been

suggested as potential SP enhancers.4−7 Graphene can be
grown only on a few specific metallic substrates and then
transferred by wet chemical method onto a plasmonic device.5
This however has the drawback of being spatially non-selective
at the microscale level and non scalable. CNT forests (i.e.
nanotubes vertically self-aligned to a substrate during the
growth), in contrast, can be fabricated on a wider variety of
substrates, on patterned geometries,8 and with control over
nanotube length.9,10 Therefore, the requirements for intensive
light scattering properties and fabrication reproducibility urge
the choice of CNT forests as plasmonic components. Recently,
the plasmonic properties of CNTs have been studied on
individual tubes decorated by Au nanoparticles,11−13 horizontal
networks of CNTs on an Au surface,14,15 or on nanotube
forests covered by Au nanoparticles.16−18 All these studies,

however, have overlooked the possibility of the enhancement of
plasmonic properties of the forests grown near noble MNPs.
Herein, we study this concept by fabricating CNT forest-Au

nanoparticle hybrid arrays and investigating the mediated
amplification of Raman signal intensity from CNTs by Au
nanoparticles SPs, as schematically depicted in Figure 1.
For demonstrating the SERS detection, we use benzenethiol

(BT) and methylene blue (MB) deposited onto the samples.
We find a SERS signal enhancement factor ≥1 × 106 at the
separation area of CNT forest and Au nanoparticles. The
Raman increase is also confirmed by finite element method
(FEM) numerical simulations. Using FEM, we study the
electric field distribution and enhancement on a system
consisting of a CNT and Au nanoparticle supported by a silica
substrate. The diameter and length of CNTs, which can be
tuned in their growth process, play a crucial role. We have
noticed that long CNT forests screen the Raman signal from
the Au nanoparticles showing no Raman enhancement increase
at the Au nanoparticles-nanotube forest separation area. We
have therefore grown CNT forests of ∼500 nm in height to
obtain SERS improvement at the separation area of the
nanomaterials. The advantages of the fabricated structure are
the strong electromagnetic interaction of nanoparticles, their
fabrication reproducibility, and the separation area of CNTs
and MNPs.
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■ EXPERIMENTAL SECTION
We grow patterned CNT forests at the vicinity of the as-
deposited Au nanoparticles, as shown in Figure 2. For that, we
first evaporate a film of 10 nm Al on a silica substrate (∼1 ×
10−6 mbar base pressure) and subsequently (via air transfer) 1
nm high-purity Fe (Figure 2a). The actual Fe support is Al2O3.
Thereafter, we pattern a film of 30 nm Au (∼1 × 10−6 mbar
base pressure evaporation) through a shadow mask, Figure 2b.
The shadow mask consists of open squares of 70 × 70 μm2

(through which Au is deposited) defined by perpendicularly
crossing 30 μm wide lines. The inset of Figure 2b shows an
atomic force microscopy (AFM) image of Au after deposition.
After metal evaporations, we place the samples in a hot-wall
furnace tube for catalyst pretreatment and nanotube growth.
We use purely chemical vapor deposition (CVD). We evaluate
different CNT growth conditions for this particular catalyst.9
For catalyst pre-treatment, we heat up the samples from room
temperature (RT) up to 680 °C in total 1 bar pressure of Ar:H2
= 400:600 sccm gas flow at a ramping rate of 60° C min−1.
Upon reaching the growth temperature, we switch the gas flow
to 600 sccm Ar and 2000 sccm H2. Immediately afterwards, we
add 5 sccm C2H2 to the system for CNT growth and maintain
for 3.5 min. We thus obtain ∼500 nm thick forests (inset of
Figure 3e). Finally, we cool the samples with 4000 sccm Ar flow
and remove from the furnace at RT.
The effect of CVD annealing on the morphology of Au

nanoparticles is analyzed by AFM, insets of Figure 2b, c. The
plot in Figure 2b compares the profiles heights of Au
nanoparticles at the border with the CNT forest, before (blue
line, Figure 2b inset) and after (black line, Figure 2c inset)
CVD annealing. The root-mean-square roughness of the as-
annealed Au nanoparticles (∼1.85) is calculated to be 43%
more than that of the as-deposited MNPs (∼1.58). The area
density of the CNTs is determined by the active catalyst
nanoparticles on the Al2O3 template. To get the maximum
coupling of the Au nanoparticles to the CNTs, these can be
engineered by adjusting the Au and catalyst nanoparticles

deposition thickness, annealing, and CNT growth temperature
in the CVD system.10

Scanning electron microscopy (SEM) analysis shows forest
growth near the patterned Au nanoparticles, Figure 2c. The
forests grow in the areas (indicated in Figure 2c), which are
covered by the crossing lines of the mask during the Au
evaporation thus creating hybrid nanostructures consisting of
CNT forests and Au nanoparticles. After growth, we evaporate
nominal 3 nm Au onto the samples (Figure 2d) without any
mask, in order to cover the CNTs with MNPs providing more
hot spots for SERS measurements. For BT deposition, we dip
the substrates into a 10 mM BT solution for 2 h, and then blow
dry with N2. For MB deposition, we drop cast the substrate
with a 1 μMMB ethanol solution and leave it to dry in ambient.
We then wash away the excess MB molecules using triple
deionized water and subsequently iso-propanol. High-resolu-
tion transmission electron microscopy analysis of the tubes
reveals triple-walled CNTs with an average diameter of 7 nm
(not shown here). We perform Raman spectroscopy mapping
along the border of CNT forests and Au nanoparticle islands,
acquiring for 0.5 s by 632 nm wavelength He−Ne laser 0.25
mW excitation with a 0.95 numerical aperture and a 100×
magnification objective.

■ RESULTS AND DISCUSSION
The forests are evaluated for vertical waveguides of SPs by
Raman spectroscopy as shown in Figure 3. The SEM image of
Figure 3a details an area of the patterned hybrid Au-CNT-Au
nanostructure. The confocal optical image of Figure 3b displays
the border of the Au island-CNT forest hybrid nanostructure
where Raman mapping reveals increased signal enhancement.
The Raman mapping image (Figure 3c) shows the signal
intensity of the Au-CNT-Au nanostructure in the wavelength
range from 1250 to 1700 cm−1.
If Au nanoparticles are placed adjacent to the CNTs, the SPs

of both nanomaterials couple, as previously suggested.19

Therefore, the excited SPs on the root of the CNTs can
propagate up to the tip. Due to this optical coupling, the CNT
forests at the border of the Au nanoparticle islands are seen
bright yellow in Figure 3c, and those far from the edge are seen
brownish. We present reference Raman measurements results
(Figure 3d) after each step of the sample preparation in order
to assess the contribution of each component independently.
Namely, typical Raman spectra from pristine Au islands (curve
1), pristine CNT forests of the Au-CNT hybrid nanostructure
(curve 2), CNT forests covered by 3 nm Au at spots far from
(curve 3, yellow circle in Figure 3c) and adjacent to (curve 4,
red circle in Figure 3c) the Au islands are presented in Figure
3d. The resulting Raman enhancement can be calculated by the
method described previously.17 Briefly, it is done by using the
fact that Raman signal is collected from the focused area of the
incident laser spot, whereas the plasmonic signal is concen-
trated at a much smaller hot spot. By taking this focused area as
the diffraction limited laser spot size, we calculate the Raman
enhancement of the Au-CNT-Au nanostructure at the
separation area (curve 4) from Figure 3d to be 6.2 × 105

(CNT D-peak at wavenumber 1606 cm−1). Farther from the
separation area, this value is 4.7 × 105 (same D-peak
wavenumber) as can be seen from the inset of Figure 3d
(curve 3). This Raman enhancement ∼30% increase along the
separation area of CNT-Au nanoparticles confirms their optical
coupling. The additional Au deposition decreases the CNT
Raman D/G peak ratio from 0.991 to 0.965, as seen from the

Figure 1. Schematic of the enhancement effect of Raman signal of Au
nanoparticles by the surface plasmons of a metallic CNT, deposited on
top of Al support on a silica substrate. The localized SPs of the Au
nanoparticle couple to the SPs of CNTs.
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Gaussian fitting of the curves 3 and 4, Figure 3d (inset). This
∼3% change of the CNTs D-peak rules out the possibility of
introducing significant defects by 3 nm Au deposition.
Furthermore, for evaluating sensing properties of the

proposed hybrid nanostructure, SERS factor of BT (Figure
3d) and MB (Figure 3e) molecules on the Au-CNT-Au
nanostructure is measured at spots remote from (curve 5) and
near the separation area (curve 6). By depositing the molecules
on the substrate and measuring Raman enhancements, we
observe signature peaks at wavenumbers 434, 705, 1013, 1036,
1085, and 1585 cm−1 for BT (Figure 3d), and 465, 684, 786,
902, 1056, 1167, 1315, 1408, 1452, 1514, and 1636 cm−1 for
MB, which are in correspondence with the literature.17,20,21

We calculate that the BT and MB analyte molecules at the
separation area of the CNT forest-Au nanoparticle islands
exhibit enhancement factors of 1.4 × 106 (at wavenumber 1585
cm−1) and 2.3 × 106 (at wavenumber 1636 cm−1), respectively.
Farther from that area, the corresponding enhancement factors
are calculated to be 5.8 × 105 and 1.4 × 106 (at the same
wavenumbers). This means that the coupling between Au
nanoparticles and CNTs increases the SERS enhancement

factor nearly twice. Overall ∼200% increase of Raman signal
after deposition of analyte molecules on the Au-CNT-Au
nanostructure is evident in Figure 3d. The presented Raman
mapping results indicate coupling of CNTs to the Au
nanoparticle island at the separation area, significantly
increasing the effectiveness of organic molecule detection. We
note that the comparatively low intensity counts in our Raman
mapping experiments stemming from the short signal
acquisition time (0.5 s) do not prevent us from obtaining
high SERS enhancements in these measurements. The choice
of using Au instead of Ag in our system is conditioned by the
oxidation of the latter in air, which causes up to 3 orders of
magnitude decrease of Raman signal intensity.22

Recently, CNT forests have been reported as potentially
suitable supports for scanning near-field optical microscopy
(SNOM) of Au nanoparticles deposited on top.19 The
evanescent nature of the detected waves and sub-millimetre
size of the scanning tip in such experiments require a relatively
flat support.23 The strong plasmonic coupling of the Au
nanoparticles to the nearby vertically-aligned nanotubes,

Figure 2. Schematics of the hybrid nanostructure fabrication processes: (a) blank Fe and Al and (b) shadowed Au thermal evaporation steps are
followed by (c) a CVD process for growing CNTs in the area between Au nanoparticle islands, and (d) an additional deposition of small Au
nanoparticles on top of CNTs for SERS. Inset in a shows AFM image of Fe nanoparticles deposited on alumina. AFM images in the insets of b and c
show the Au nanoparticles before and after CVD run, the corresponding blue and black lined profiles of which are compared in the inset graph of b.
SEM image of the inset in c shows the CNT forest grown near the patterned Au nanoparticle islands. The inset of d is a SERS spectrum after blank
evaporation of 3 nm Au and MB deposition at the separation area of CNT forest-Au nanoparticle island of such a pattern unit.
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demonstrated in our experiments, suggests further exploitation
Au-CNT near-field optical interaction.
To verify that the Raman signal enhancement is related to

SPs, we perform a series of calculations that allow corroborating
our experimental results. We first calculate the SP propagation
length in a dielectric substrate. We consider a binary system
composed of a metal film on top of silica (dielectric) substrate.
The structure is illuminated by monochromatic light source
perpendicularly from below the dielectric substrate. The
propagation length (distance at which the intensity drops e
times) of the SPs excited on the metal−dielectric interface can
thus be approximated by the following formula24
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where εm′ and εm″ are the real and imaginary parts of the metal
template dielectric permittivity, εd is the dielectric constant of
the dielectric substrate, and λ0 is the free space wavelength of
the incident light. In our Raman measurements, λ0 = 632.8 nm.

Hence, in binary systems such as Au-silica and Al2O3-silica, the
SP propagation lengths are ∼15 and ∼1700 nm, respectively.
This explains the efficient coupling between CNTs to the Au
nanoparticles.
We then calculate by FEM, the influence of CNT structure

on enhancement and distribution of the electric field. We
simulate a system formed by a 10 nm diameter and 500 nm
long nanotube separated by 3 nm from a 50 nm diamter Au
nanosphere (both on a silica substrate), Figure 4. The choice of
such a model system is justified by two experimental
observations: (1) our CNTs are curly (because of the density
of the forests) which causes negligible interaction between
tubes, and (2) the SERS is strongly pronounced at the edge of
Au islands and CNT forests (Figure 3c) which indicates strong
coupling between the tubes and the nanoparticles. We consider
two cases for the CNT permittivity: (1) semiconducting tubes
(Figure 4a) and (2) metallic tubes (Figure 4b). The respective
dielectric permittivity functions, taken from Butt et al.25 and
from Cui et al.26 are plotted in Figure 4e. The dielectric
permittivity of Au is taken from Johnson et al.,27 and that of the

Figure 3. (a) SEM image of a typical region of CNT−Au nanoparticle hybrid after deposition of 3 nm Au, (b) an optical image of this region on
which (c) Raman spectroscopic mapping is performed with a 0.25 mW 632.8 nm He−Ne laser at 0.5 s acquisition time. (d) Typical Raman spectra
taken from Au nanoparticles (curve 1), CNT forests (curve 2), 3 nm Au-covered CNT forests at a spot (shown by yellow circle in c) far from the Au
islands (curve 3) and at a spot (shown by red circle in c) near the border of Au islands (curve 4). The CNT D- and G- bands of curve 4 are indicated
above their respective positions. Spectra of SERS measurements of the BT- (or MB-) deposited Au-CNT-Au nanostructure at spots far (curves 5 or
5*) and adjacent to (curves 6 or 6*) Au islands. Inset in d shows the zoomed Raman spectra of the curves 1−3. Inset in e shows a SEM image of the
edge of the Au-CNT-Au nanostructure. The intensity is detected as counts in the coupled charge device (CCD).
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silica substrate as 3.9. The incident out-of-plane wave is
polarized parallel to the substrate.
It can be seen from panels a and b in Figure 4 that the

distribution of electric field is more focused near the CNT,
which is favorable for the information transfer by CNTs SP. In
panels c and d in Figure 4, the electric field enhancement at
three spots (pointed out in the corresponding insets) is plotted
versus the incident light wavelength. These simulations reveal
that metallic CNTs enhance the electromagnetic interaction of
Au nanoparticles at least 30 times more than the semi-
conducting tubes. Moreover, Figure 4d shows that our choice
of the Raman laser wavelength is justified because around this
region the scattering intensity of the system is highest because
of stronger coupling between the composites. Ideally, with an
extended proportion of metallic-type tubes in a CNT bundle, a
greater enhancement of the signal can be achieved.28

■ CONCLUSION

In conclusion, we have created a hybrid structure of CNT
forests and Au nanoparticles for SERS sensing, where each of
these interacting components can be used separately. The SP
coupling of CNT forests to the Au nanoparticles improve the
detected enhanced Raman signal involved in the near-field
optical measurements by an order of magnitude. This is
demonstrated by our Raman measurements as well as in FEM
numerical simulations. In addition to SERS applications

demonstrated on two organic molecules, this nanostructure
can provide potential platforms to be employed as electrically
switchable diffraction gratings in liquid crystal devices29 as well
as for more efficient energy conversion in solar cells,30 high-
resolution scanning near-field optical microscopy of noble
MNPs smaller than the diffraction limiting wavelength.31
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