gee materials by

Article

AFM-Nano Manipulation of Plasmonic Molecules
Used as “Nano-Lens” to Enhance Raman of
Individual Nano-Objects

2

Angélina D’Orlando 117, Maxime Bayle 2, Guy Louarn 2(0 and Bernard Humbert 2*

1 INRA BIA UR 1268, 44300 Nantes, France; angelina.dorlando@inra.fr

2 IMN J. Rouxel, UMR 6502 CNRS-Univ Nantes, BP 32229 44322 Nantes, France;
maxime.bayle@cnrs-imn.fr (M.B.); guy.louarn@cnrs-imn.fr (G.L.)

*  Correspondence: bernard. humbert@cnrs-imn.fr; Tel.: +33-(0)2-40-37-39-89 (B.H. & A.D.)

check for
Received: 30 March 2019; Accepted: 25 April 2019; Published: 27 April 2019 updates

Abstract: This paper explores the enhancement of Raman signals using individual nano-plasmonic
structures and demonstrates the possibility to obtain controlled gold plasmonic nanostructures by
atomic force microscopy (AFM) manipulation under a confocal Raman device. By manipulating
the gold nanoparticles (Nps) while monitoring them using a confocal microscope, it is possible to
generate individual nano- structures, plasmonic molecules not accessible currently by lithography
at these nanometer scales. This flexible approach allows us to tune plasmonic resonance of the
nanostructures, to generate localized hot spots and to circumvent the effects of strong electric near
field gradients intrinsic to Tip Enhanced Raman Spectroscopy (TERS) or Surface Enhanced Raman
Spectroscopy (SERS) experiments. The inter Np distances and symmetry of the plasmonic molecules
in interaction with other individual nano-objects control the resonance conditions of the assemblies
and the enhancement of their Raman responses. This paper shows also how some plasmonic
structures generate localized nanometric areas with high electric field magnitude without strong
gradient. These last plasmonic molecules may be used as "nano-lenses" tunable in wavelength and
able to enhance Raman signals of neighbored nano-object. The positioning of one individual probed
nano-object in the spatial area defined by the nano-lens becomes then very non-restrictive, contrary
to TERS experiments where the spacing distance between tip and sample is crucial. The experimental
flexibility obtained in these approaches is illustrated here by the enhanced Raman scatterings of
carbon nanotube.

Keywords: enhanced Raman spectroscopy; plasmonic nanoparticles; AFM-nanomanipulations;
optical near-field; plasmonic molecules

1. Introduction

The strong demand to miniaturize to improve the spatial resolution and to decrease the detection
limits in optical spectroscopic devices has initiated a significant amount of research in the field of
the plasmonics [1-5]. The recent propositions in the literature are based on the nano-structuration of
nanoparticles (Nps) of metal (Reference [5] and references therein). Indeed, electrons on a metal surface,
excited by electromagnetic fields (for instance by focusing light beams on Nps), are able to enhance the
electric field locally up to several orders of magnitude. The spatial area where the field is “concentrated”
is as small as just a few nanometer squares which provides the opportunity to design the electric field of
light with a spatial resolution of 2-3 orders of magnitude below the diffraction limit. This effect has been
at the origin of the Surface Enhancement Raman Spectroscopy SERS spectroscopy and of Tip Enhanced
Raman spectroscopy (TERS) that presents an exponential decrease. The enhancement was predicted to
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be increased on to originate in the near-field generated in inter-particle gaps, for instance within the
colloidal aggregates [1-5]. However, because the experiments involved wide distributions of aggregates
of different sizes and shapes or of many different nano-structured surfaces, the correlations between their
near-field properties and SERS spectra were highly challenging. Then many experiments have tried to
rationalize these nano-structuration by lithography, colloidal depositions, self-similar assembling [5,6],
often in a “top-down” way. In the field of molecular fluorescence detections, the combination of the
process assembly simplicity with the fluorescence enhancement made the self-assembled colloidal
nanoparticle gap antennas optimal to extend a wide variety of single-molecule applications toward the
micromolar concentrations [7]. This self-assembly may be helped by a pre-step of lithography [8]. Thus,
for instance, spatially programmable Au nanorod dimers have been obtained with enhanced capacities
for fluorescence applications, highlighting the opportunities for precise tunability of the plasmonic
modes in larger assemblies. F. Koendernicks recently published a review on the different possibilities
of this kind of approach to obtain single photon nano-antennas on large spatial areas [9]. These kinds
of approaches have also been used to build substrates for surface enhanced Raman spectroscopy
uses [10,11]. For instance, large-area multifunctional wedge and pyramid arrays directly onto planar
substrates via template stripping [10] allowing in the same time to magnetically trap the species
and to characterize them by SERS in the optical near-field. By lithography, substrates constituted
of gold nano-stripes have been proposed and deeply studied in SERS applications [11]. The SERS
efficiency of probe molecules was investigated on non-annealed and annealed lithographic gold stripes.
The SERS intensity is not linked to the far-field response of the non-annealed stripes. This mismatch
between the far-field and near-field response comes from a significant contribution of the surface
roughness of the stripes. The annealing of lithographed substrates by decreasing roughness resulted in
a strong weakening of the Raman signals. Their results further suggested that the SERS effect was more
pronounced in the red part of the visible range, far from the plasmon resonance of the structures and
was essentially generated by the sub-20nm structures coming from the roughness than more by the
organized lithographed over 20 nm. Therefore, nano-shapes, sub-20 nm, for SERS applications remains
an important key to investigate. However, another bottom-up approach was proposed, in particular by
Chuntonovs’ team [12,13]. The idea was to describe small aggregates of some metallic Nps as plasmonic
molecules [5,12,13]. Indeed, well-defined assemblies of Nps that sustain surface-plasmon resonances
have been labelled “plasmonic molecules” [12-14], where the individual “atoms” of these plasmonic
molecules are then the individual metallic Nps, called “plasmonic atoms”. In this paper, the individual
gold Nps will correspond to “plasmonic atoms”. In the dipole approximation, the “plasmonic atoms”
may be described as individual Nps dipoles and the inter-strength depends then on the single-particle
polarizability, which scales as the cube of the diameter of the individual Nps. Moreover, the energy of
the interaction of the two dipoles induced on the surfaces of the individual Nps upon excitation scales
as the inverse of the cube of the gap-distance between the particle centers. Nordlander and co-workers
developed a plasmon hybridization description [12-16] which predicts the modes of interacting Nps
(plasmonic atoms) and calculates their corresponding energies, i.e., the resonance spectra.

In this application field of individual plasmonic molecules, we have developed since 2013 [17] an
experimental approach where molecules are built atom per atom with the help of an Atomic Force
Microscope (AFM) coupled directly with an optical spectrometer in order to monitor the optical
changes. Tong et al. initiated this approaching 2008 to understand the enhancement of Raman signals
of nanotubes of carbon (Single wall nanotubes of carbon SWCNT) by approaching an individual
Au Np to one isolated target SWCNT via AFM [18]. The advantage of this method is to use the
same Au Nps in all the experiments, thus all the physical changes are caused by changes of the
shape of plasmonic molecule or to the distances between plasmonic atoms but never due to intrinsic
Np changes (the individual diameters, individual shapes, surface chemistry are fixed). Thus the
discussion of the experimental results are facilitated. The remaining experimental problem in this
approach is to have the perfect control of distances between the plasmonic molecule and the interacting
nano-objects. Indeed, due to the strong decrease of the optical near fields (as previously evoked in
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inverse of the cube of the gap distances between Nps) the signals strongly depend on the different
relative spacings. Consequently, if the goal is to use one plasmonic molecule as a nano-sensor, its
response varies with only spatial parameters. This paper proposes a shaping of plasmonic molecule
to solve this problem and to avoid the strong gradient effect of the near field around metallic Nps.
This original approach will be applied to follow the Raman spectra of individual nanotubes of carbon.
This kind of object is now a “quasi” academic object widely described and used in the same kind of
experimental conditions [19,20]. For instance, Reichs’ team realized the coupling of carbon nanotubes
as a one-dimensional model system to lithographed gold nanodimers acting as near-field cavities.
Their plasmonic cavities enhanced the Raman signal of a small nanotube bundle by three order of
magnitude. Our paper will show that this enhancement may also be reached by nano-manipulating
one single particle from the assembly of Au Nps constituting the cavity.

2. Materials and Methods

2.1. Materials

We synthesized AuNPs with very precise protocols ensuring that the only parameters to be
modified were the reactant molar ratio (citrate to gold ratio) and the sequence of reagent addition [21].
We followed the “Turkevich” protocol introduced in 1951 [22] rationalized recently by Li Shi et al. [21].
Our target for this work has been to obtain a diameter around 20 nm for the manipulations. The gold
(III) mother solution was diluted with water to obtain 50 mL of “yellow orange” solutions at
[Aulll] = 0.25 mM in 100 mL double-necked round flasks. The flasks were immersed in an oil bath to
maintain the temperature around 95 °C. Then 2.5 mL of a citrate solution (molar ratio fixed 2) preheated
during 10 min at about the reaction temperature were all added at once. After 15 to 20 minutes of
reaction, the solutions were then cooled slowly to the room temperature. These colloidal suspensions
were characterized by dynamic light scattering (DLS), ultraviolet visible (UV-vis) absorption and
electronic microscopy. Respectively, DLS experiments were carried out using on a NanoZS apparatus
(Malvern Panalytical, Malvern, UK) operating at k = 632.8 nm; UV-vis spectroscopy was performed
on Cary 5000 Scan UV-Visible Spectrometer (Agilent, Santa Clara, CA, USA) and the primary size
distributions and the shape of particles were determined by transmission electron microscopy (Hitachi
H-9000 NAR, Tokyo, Japan, operating at 300 kV with a Scherzer resolution of 0.18 nm). Our dispersion
were then characterized by a single modal distribution around 22 nm + 5 nm. Figure 1 displays an
example of a series of characterizations carried out on one of our synthesizes.
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Figure 1. Example of characterizations carried out on Au Np colloidal suspensions synthesized during
this work: (a) TEM images (scale bar of 100 nm) of one deposited drop on carbon sheet, (b) scan
electronic image of deposited drops from a spray on SEM substrates (¢) UV-vis spectrum recorded for
this colloidal solution and (d) DLS characterization.
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Purified arc-discharge (>90%) SWCNTs retreated through three temperature cycles under Argon
atmosphere, allowing removal of residual amorphous carbon and repair of some defects, were used
in our experiments. Ultra-sonic baths were used to increase the probabilities to obtain individual
SWCNTs, before being drop casted on a clean mica substrate. No surfactants were used. To avoid the
spread of water on the substrate, which might be an inconvenience during nano-manipulation, we had
to control the relative humidity (RH), keeping it around 35% RH and at 22 °C. Finally, the Raman
spectra of SWCNT sample, were recorded and compared to the Resonant Raman fingerprints of the
free standing well index-identified SWCNTs.

2.2. Experimental Methods

Intermittent contact mode imaging and nanotubes manipulations are carried out with a
NanoWizard®AFM (JPK Instruments, Berlin, Germany). For these experiments, a standard rectangular
cantilever (PPP-NCL-W probes, Nanosensors, Neuchatel, Switzerland is used with a free resonance
frequency of 250 kHz and a typical spring constant of about 40 N/m.

Raman spectra were recorded with a triple subtractive monochromator T64000 Horiba-JobinYvon
(Kyoto, Japan) spectrometer equipped with an Olympus confocal microscope with a motorized 80 nm
step XY stage. The spectrometer was also equipped with a notch filter to eliminate the Rayleigh
scattering with a 100 cm™! cut-off. The detector was a CCD cooled by liquid nitrogen. The samples
were excited with either an argon laser line at 514.53 nm or with a 561 nm solid laser or yet with a
Helium-Neon laser at 633 nm. The details of the experimental setup are given elsewhere [23]. The laser
beam with a controlled power was focused on samples with a spot size diameter of about 0.8 pm.
The Raman backscattering was collected through the objective of the microscope (x100, numerical
aperture of 0.95 or x20 numerical aperture of 0.35) and dispersed by a 1800 grooves-mm™! gratings
to obtain 2.7 cm~! spectral resolutions for the 514.53 nm excitation beam and around 2.5 cm~! with
561 nm excitation. The wavenumber in vacuum accuracy was better than 0.8 cm~!. The polarization
response of the optical device was checked by measuring the depolarization ratios for the perfectly
known bands of reference liquid pure products. For instance, the experimental depolarization ratio for
the 459 cm~! symmetric component of the CCly spectrum is 0.02 to 0.005 for the different wavenumber
positions of the centered CCD camera or 0.03 to 0.01 for the C-H stretching mode of CH,Cl,. During
all experiments, the signal of a single crystal of silicon has been systematically checked. The results
displayed here were obtained in such a way that the setup worked in the confocal microscope mode that
was aligned with the automated XYZ table. To improve spatial and spectral resolutions, appropriate
gratings according to the excitation wavelength and confocal mode were used. The focused power of
the laser beam was checked for each wavelength and for each sample to avoid any transformation
or heating of the samples. Here, only the spectra obtained at the limit of detection (defined here as
the ratio signal on noise equal or superior to 3) will be displayed in order to discuss and compare the
order of magnitude of enhancement of our results. The enhancement effects in near fields were too
high to use the same focused laser power to estimate these comparisons; the usual power used to
record conventional Raman spectra applied for all nanostructures damaged indeed either SWCNT or
plasmonic molecules. Typically, if a power at about 1 mW was used for conventional Raman, only few
micro-watt powers had to be used in the resonant nanostructures.

2.3. Numerical Modeling

For each experimentally studied structure, 3D finite element (FE) calculations were performed
using COMSOL software (Multiphysics version 4.5), with Radio Frequency (RF) and Wave Optics
modules adapted to the electromagnetic waves affecting objects at the nanoscale. Our calculations were
beforehand confirmed by comparing numerical results with analytical results obtained in the Mie’s
theory field. Dimensions of each modeled Au Np were based on the corresponding AFM topography
images. The environment surrounding nanoparticles has been assimilated to the air (with an optical
index of 1.00015).
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The absorption and scattering cross sections are defined by the rate of electromagnetic energy
W that is absorbed or scattered across the surface of an imaginary sphere (centered on the particle)
divided by the incident irradiance Pjn. (W/m?):

Wabs Waife
Oabs = and ogif = 1
abs = . - dift = 1

With W, total absorbed power rate (W), obtained by the integration of the energy loss Qs
(W/m3) in the particle volume Vp:

Wabs = fjj Qloss dav ()
Ve

and Wg;f the total scattered power rate [W], obtained by the integration of the Poynting vector of the
scattered field Pg; (W/m?) on the surface of a virtual sphere around the particle, between air domain
and a Perfectly Matched Layer (PML):

Waigs = @Pdif- ndS 3)
S

where n is the unit normal vector to the virtual sphere. The Qj,ss parameter is calculated by COMSOL.
Finally, the far-field variable, calculated on the internal boundary of the PML, is defined by:

Efor = rl_i{{}o(r Ediff) 4

The far-field variable E,, represents the scattering amplitude rather than the physical electric
field, and is measured in units [Eg,,] = (m-V/m) = (V) [24].

Having only one medium and relatively simple structures, the direct resolution generates the
total field, whose incident field can be subtracted when processing the results. In almost all of the
calculations in this work, the amplitude of the incident field is taken at 1 V/m. The dielectric properties
of gold are derived from those proposed by Etchegoin, Le Ru and Meyer [25].

2.4. Combining Raman and AFM-Manipulation

The objects studied in this work were obtained by deposing a 20 pL drop of CNTs suspension
followed by the drop of a second 20 puL volume near to the first area of deposition. Thus small
"reservoirs" of Au Nps were constituted not far from the area where some CNTs have been deposited.
In a first step AFM images were collected to find isolated individual CNTs or small bundles of CNTs.
In a second step, some nano-manipulations have been undertaken on the CNTs themselves, for example
to separate two individual CNT objects. The last steps consisted in Au Nps nanomanipulations: from
the Au Np reservoirs, one by one Au Np was driven in the near field of the chosen CNT in order to
design the shapes or the relative spacing inter the plasmonic molecule in interaction with the selected
CNT (Figure 2).

Figure 3 displays examples of the kind of structures that we built in less than one hour for each
one of them, on areas of around 5 x 5 um?, i.e., larger than the focused laser beam used in optical
measurement. Thus for this paper, via the AFM manipulation of gold nanoparticles, the plasmonic
nanostructures of interest were constituted such as the visible cross or line in Figure 3, with always the
same Au Np individuals. We were thus able to adapt the plasmon modes according to our wishes
via the hybridization of the plasmonic modes, as mentioned in the previous part, avoiding the much
used lithography process which is less precise at the nanometer scale. Numerous two-dimensional
geometries are thus conceivable.
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Figure 2. Scheme of our experiments of Raman-AFM Manipulation combining. (a) Manipulation of the
first individual Au Np, coming from the reservoir; (b) Approach of the SWCNT by the Au Np pushed
by the AFM tip; (c) Designing of the nanostructure (plasmonic molecule) with three plasmonic atoms
and (d) Monitoring by Raman spectroscopy at several wavelengths of excitation.

t

Figure 3. Examples of gold structures created by AFM manipulation; (a) different steps leading to a
cross, then to the IMN logo; (b) long gold NP line of about 6 um, the surrounding area being cleaned
by the AFM-Tip in contact mode. (bar scales at top are 1 um and down 10 um).

Before Au Np nano-manipulations, the Raman signals at different excitation wavelengths were
recorded to characterize the optical response of the selected CNT. If the wavelength corresponded to a
possible electronic transition of this CNT, a spectrum was measurable (Raman Resonance), but when
the wavelength did not match with a characteristic transition of the CNT individual (the general case)
no spectrum was detectable. After Au Np AFM manipulations but before the optical studies of the
nano-structurations, the investigated area was cleaned of other gold particles and of any dust particle
surrounding the tubes by the AFM-tip scanning in contact mode. Thus the cleaned area was consistent
with the spatial area probed by optical microscopy (Figure 3b). Since the same AFM-tip was used to
manipulate and to image at each step the area of interest, the tip was progressively damaged resulting
in sometimes AFM image artifacts. For example, Figure 3 presents the deformation of the spherical
shapes of Au Nps in prismatic shapes after 500 nano-manipulations for writing “IMN”. Then in this
case the spatial resolution has been degraded from better than 1 nm to higher than 3 nm.
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3. Results

First, we have localized by AFM some isolated CNT on a Mica substrate (Figure 3), called
CNT 1 and CNT 2. According to the AFM measurements, these CNTs whose heights are less than
3 nm are almost individual CNTs (at most, small sets of two to four individual CNTs). Then gold
structures such as the diamond in Figure 4 have been created around these CNTs. Raman spectroscopy
analysis have then been done before and after this gold manipulation step with the same wavelengths.
Raman spectroscopy of the CNT 2 and CNT 1 are presented respectively in Figures 5 and 6.

CNT1

(a) (b)

Figure 4. (a) Example of an AFM image of two isolated CNTs (or small bundles of SWCNTs) in
presence of dispersed Au Nps in the surrounding. This area was after cleaned of dust and gold particles
surrounding the SWCNTs to obtain the configuration displayed at right. (b) The same SWCNTs
embellished with some Au Nps plasmonic molecules.
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Figure 5. Spectra obtained (6 accumulations of 10 s) at the limit of detections, for the CNT 2 tube of the
Figure 3; (a,b) G and G’ bands of CNT 2 without gold excited at 514.53 nm, for a significant focused
power of 25 mW, on around 1 um?; (c,d) the Raman signals at the detection threshold of CNT 2 dressed
with two gold particles on each side, recorded with an incident laser power of 25 uW, i.e., 1000 times
lower than in the previous conditions.
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Figure 6. G (a) and G’ (b) bands of the CNT 1, excited at 561 nm for a low power of 3.3 uW; (c) RBM of
the CNT 1 excited at the same power and wavelength, obtained after removing the mica substrate bands.

3.1. Raman Spectroscopy Results for CNT 2

Isolated and without gold, this set (CNT 2) does not resound at 633 nm and very weakly at
561 nm. With an excitation at 514.53 nm, a Raman signal is only detected, with a “high” incident power,
from 25 to 50 mW: the bands G (~1591 cm™!) and G’ (~2670 cm™) (green curves on the top graphs of
Figure 5) were displayed (with six accumulations of 10 s). Now, in the presence of two gold particles
(on each side of the CNT 2—Figure 4), the signals for G band at 1591 cm™!, G’ band at 2670 cm™! are
detected with a power of only 25 uW, 1000 times lower than the previous one. The G band seems to be
slightly more amplified and especially thinner than the G’ band (verified for higher incident powers at
50 uW). The measurement of the mid-height band indicates a width of about 6 to 7 cm™!. This last
result, combined with the fact the resonant Raman spectra were obtained only for one wavelength,
confirmed the hypothesis of probing one individual tube that could be stated on the basis of the AFM
height measurements.

3.2. Raman Spectroscopy Results for CNT 1

Red and yellow (561 nm) excitations of isolated and gold-free CNT 1 does not generate any Raman
scattering. Only an excitation at 594 nm with 5 mW (six accumulations of 5 s) focused around the
CNT 1, gives a Raman spectrum. By contrast, when CNT 1 is embellished with a diamond-shaped
gold plasmonic molecule and a single nano-particle on its other side (Figure 3b), a Raman fingerprint
spectrum appeared at 561lnm and under a remarkable weak focused power of 3.3 pW (Figure 6)
(6 accumulations of 10 s). In this case, all the usual modes are observed: the radial breathing mode,
RBM, at 215 cm ™}, the fine G band at 1600 cm™~! with a full width at half maximum (FWHM) of only
6 cm~! and the G’ band at 2668 cm~!. Even if the RBM intensity is weak here, almost hidden in
noise and in many bands of mica in this spectral region, the corresponding spectrum of Figure 6a,
where the RBM appeared, was obtained by weighted subtraction of the substrate signals. Thus, due to
the presence of the plasmonic molecule, the enhanced Raman spectrum excited at this wavelength
can become possible with an enhancement factor higher than 103. This estimation based only on
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the ratio of detection thresholds could have appeared unsatisfactory and we have tried to compare
Raman intensities collected with the same focused powers recorded in conventional configuration
and with plasmonic structures. In these cases, the power (some mW) used to excite the conventional
Raman spectrum, damaged the plasmonic molecules, either by moving Au Nps or by changing relative
spacing or yet by trapping the Au Nps on the CNTs. Therefore in this work, we will use only the
thresholds to give estimations of the near field effects obtained with the plasmonic molecules. We are
developing studies on these different phenomena involving the interactions CNT-Au Nps.

4. Discussion

The enhancement factor of the Raman signals excited at 514.53 nm, of CNT 2 by the Au Np dimer
(Figure 5) from either side of CNT 2 was estimated between 500 and 1000 from the Raman experiments.
This estimation is based on the value of the ratio of the detection thresholds, collected on the same area
probed on the same optical objective, with the same spectroscopic configuration. This enhancement is
then produced only by the presence of the plasmonic structure. Some experiments with an excitation
wavelength outside of the resonances (of CNTs and AuNps) at 785 nm have been tried to estimate the
backscattering effect of the AuNp structures presence on our Raman signals. We had not been able to
record any signals without damaging our structures (the Finite Element Method (FEM) simulations
gave only a backscattering power outside of the resonance multiplied by around 2). Thus, we assumed
that the essential effect in these experiments comes from resonance plasmonic effects. In the CNT 2
case, the hybridization of plasmonic levels of the two nanoparticles is obtained with a gap spacing of
around 10 nm, between the two particles of 22 nm, without chemical contact between CNT and Au
Nps. In this configuration, the numerical Comsol FEM modeling gives an enhancement of the near
electric field of about 4, at 525 nm. If we assumed that the SERS signal is as the power 4 of the electric
field amplitude, then the SERS will be multiplied by 256. If we compare the dimer to the monomer,
the maximum of the plasmonic resonance is slightly shifted from only 5 nm and broadened by a factor 2
as described in the literature on dimer plasmonic molecules [5]. This result is comparable in particular
with those obtained by Zhu et al in 2014 [26] that measured SERS enhancement factor for gap distances
of 10 nm between two 90nm disks between 2 and 3 orders of magnitude. Then in the case dimer-CNT
2 assembly, the Raman measurement may be explained only by the enhancement of local electric field
created by the dimer, without other important effect involving shift of resonance or coupling between
structures or yet electronic transfer. However, this enhancement is strongly dependent on the gap
spacing and on the position of the Raman scatterer, because the gradient of the electric field magnitude
in the gap is strong. Therefore, we had proposed other plasmonic molecules to diminish this gradient
effect and tested them with CNT 1.

The CNT 1 (Figure 6) trapped in the gap between the diamond shape molecule and an isolated
plasmonic atom gives us other pieces of information than the CNT 2. The enhanced Raman spectrum
of CNT 1 allowed us to identify its chirality nature in coherence with the no direct observed resonance
effect at 561 nm of the CNT 1 without Au Nps. Indeed, few CNTs on Kataura diagrams [27-29]
correspond to the RBM wavenumber observed for the CNT 1. The “closest CNT” on the Kataura
plot of our observations would be the metallic (8,8) SWCNT characterized by a RBM wavenumber at
216 cm™L. Tt is characterized by an electronic transition of around 18,300 cm™! (i.e., 545 nm), not too far
of 561 nm excitation. The second kind of possible SWCNT would be the metallic (12,3) tube. This tube
is characterized by its electronic transitions at around 16,500 cm™! (i.e., 605 nm) and 19,900 cm™!
(502 nm) and whose RBM wavenumber is expected at 217 cm~!. These second possibility of SWCNTs
is then not characterized by an electronic transition excitable at 561 nm.

The second experimental fact concerning CNT 1, is that the G band intensity, usually not very
relatively strong for metallic CNTs by comparison with RBM signal, is more enhanced, with the
diamond shaped plasmonic molecule than the RBM and G’ signals. The usual Raman profile is then
deformed by the plasmonic resonant molecules.
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The enhancement observed around 560 nm is clearly explained by the plasmonic molecule
electronic structure. As displayed in the Figure 7, the computed scattering cross section of the
plasmonic molecule studied here, shows a resonance at 555 nm with the incident field parallel to the
gap direction. The local electric field in the gap at the resonance wavelength is multiplied by 10, i.e.,
the Raman scattering could be expected to be multiply by 10*.

SCs (1077 m?)

v 1.25x10°°

0 T T \
400 500 600 700

Wavelength (nm)

(@) (b)

Figure 7. (a) Near-field mapping around the gold structure. (b) The plasmonic structure Scattering
Cross Section (SCS).

Now to understand the change of profile of the Raman spectrum, the coupling between the CNT
and this resonant plasmonic molecule must be investigated. Indeed, the CNT Raman resonances (see
for example Reference [30]) may be obtained either at the wavelength corresponding at the electronic
transition (Raman resonance at the excitation) or at the inelastic scattered wavelength (Raman resonance
at the scattering). Raman excitation profiles display these two resonances [30] versus laser wavelength,
resonances with the incident or with scattered photons.

Taking in account both these resonance effects of CNTs gives the principle scheme shown in
Figure 8 applied to our case. In this scheme, the Raman spectra may be excited at (i) the wavelength
corresponding to the energy allowing the electronic transition (blue lines in Figure 8) in order to induce
the enhancement of the whole inelastic spectrum without strong change in the relative profile or (ii) also
to a wavelength that could favor, not the excitation, but the inelastic scattering processes (orange and
green lines in Figure 8). The first (i) condition could be favored in the (8,8) CNT and then the Raman
signal would be dominated by the RBM signal with a weaker intensity for G, as usual for metallic CNT.
However, that does not correspond to our observation. Now let us consider the second (ii) condition
for (12,3) chirality. For example, to favor the G band, the wavenumber of the incident laser beam must
correspond to the electronic transition wavenumber plus the vibration wavenumber characteristic of
the G mode (here around 1600 cm™). Then if CNT 1 is assigned to a SWCNT (12,3), this last inelastic
amplified process will be obtained at its maximum for 16,500 cm™! (electronic transition) + 1600 cm™!
(G mode), i.e., 18,100 cm™! (corresponding to 552 nm). In our experimental case, we have obtained this
kind of enhancement with an incident wavelength at 561nm. If we add that the Raman fingerprint is
deformed with a G band more enhanced, we assign the observed enhancement to a Raman resonance
effect obtained with inelastic scattered photons induced by the plasmonic enhancement at this resonant
wavelength due to the peculiar shape of the diamond plasmonic molecules. If the experiment was
conducted to look into the resonance at the inelastic scattered G’, then the plasmonic molecule would
have to be deformed to shift its plasmonic resonance to 510 nm. The experimental Raman observation
of Figure 5 is then only interpreted by the enhancement effect produced by the diamond plasmonic
molecule coupled with the single plasmonic atom dressing the (12,3) CNT, where the signal G is
favored by a resonance at the inelastic scattering energy.
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Figure 8. FEM computations coupled with metallic CNT behaviors. (a) the FEM simulations of the
electric field show (indicated with the white arrows) two strong enhanced field area. The CNT 1 is in
the region where the field is enhanced by 10. The different possibilities to generate Raman resonance
effects (at the excitation, transition M 11 in blue or at the scattered resonances for the three principal
Raman CNT signals). (b) If CNT 1 was a (8,8) SWCNT the resonance at 561 nm would enhance the
excitation Raman process, in this case, all the spectrum would be enhanced. (c) For the first electronic
transition of a (12,3) SWCNT, neither the transition at the excitation and no inelastic scatterings could be
enhanced by the resonance of the plasmonic molecule. (d) For the second transition of a (12,3) SWCNT,
the Raman resonance at the excitation is weakly enhanced, while the Raman resonance at the scattering
would favor the G-signal. This latter case allows interpreting the signals observed in Figure 5.

A second interesting point with this plasmonic molecule with a spatial gap with plasmonic
structures from either side of the CNT 1, comes from the quasi absence of gradient of local electric
field in this gap. Figure 8 shows that the plasmonic molecule presents several hot points (where the
electric field multiplied by 50) localized inside the structure and not in the gap between the molecule
and the atom. In this spatial spacing, the local electric field at the resonance is only multiplied by 10
but at all positions in this gap. This kind of behavior is encountered when two plasmonic molecules
are separated by a small distance. The Figure 9 gives another example of one possible assembly and
compares it with a gold tip usable in a TERS experiment. The exponential decrease of the amplitude of
the local electric field observed for TERS configuration is then replaced by a quasi-constant electric field
amplitude for a gap of 5 nm. The value of the electric amplitude obtained in this gap is equal to this
one obtained at 2nm of the apex of the tip in TERS mode. Now, when the distance is increased to 10 nm
the amplitude decreases and mostly a gradient of the amplitudes reappears. Of course, when there is
not important gradient effect, the position of the CNT trapped in the gap does not have consequences
on the measurements. This point could be important in the conception of nano-Raman sensors based
on plasmonic molecules.
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Figure 9. Computed near-field mappings (a) of a TERS tip; (b) a tip consisting of 9 NPs of 20 nm
in diameter. The angles with respect to the normal are identical for the two structures, i.e., 60°.
The respective values of the near-field norm were taken at the star point for the TERS tip, and at the
white mark for the gold cross gap. (c) Amplitudes of the local electric field vs either the distance at the
apex of the tip (TERS in red points) or the positions in the gap when the gap is only 5 nm (black) or
10 nm (blue points).

In our experiments, we have nano-manipulated 20nm-diameter plasmonic atoms, consequently
the range of wavelength accessible by tuning of the shape and inter-distances of our plasmonic
nano-structures is limited between 510 and 570 nm. To increase this range (to 700 nm), we suggest
manipulating 40 or 50 nm diameter gold particles, always synthesized by a Turkevich’s way by
changing synthesis conditions [21,22]. We are developing different nano-manipulations coupled with
pre-micro manipulations to generate different natures of plasmonic molecules connected more or
less with each other’s, in order to use different reserves of Au Nps around the area of interest. Thus,
we hope to expand the possibilities of designing plasmonic molecules and without chemical direct
bound between molecule and Au surfaces to be generate Raman enhancement. Finally, the possibility
to design shapes and symmetry of plasmonic molecules opens the possibilities to control the physical
coupling between them and other nano-objects, such as here CNTs to generate new nano-emitters
based on the Raman effect.

5. Conclusions

This paper demonstrates the feasibility to build and to control nanostructures of Au Nps.
These structures can be regarded as plasmonic molecules whose optical resonances are tuned by
modifying the shape, the symmetry and the inter-particle (inter plasmonic atom) distances with the
help of an AFM device coupled with an optical spectrometer. Originally, we have worked with
a Raman spectrometer equipped with many excitation wavelengths in order to monitor enhanced
Raman fingerprint signals of single nano-objects. For each plasmonic molecules, our approach allowed
us to prospect actively their responses by changing interparticle distances and then to test several
configurations with the same Au particles as well as to interpret without ambiguity the recorded
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changes. Indeed, when you compare plasmonic molecules constituted by different plasmonic atoms,
a part of the responses can come from changes of the atoms themselves (sphericity, more or less oblong,
not constant diameter, angular shape, ...) whereas this work avoids this difficulty. Let us note that our
approach is applicable for nanorods too (gold or silver). For gold, this work shows that, instead of
using diameters around 20 nm, an average diameter around 40 nm of plasmonic atoms will allow to
tune the resonances by deforming shape of plasmonic molecule on a larger spectral range. Furthermore,
for Raman applications (nano-sensor) the existence of large spacing between two plasmonic molecules
allows to have a such enhanced signal as in a Tip Enhanced experiment but with a weak gradient.
In this latter case, the distance between the object to be probed and the plasmonic molecules is less
crucial and easier to manage than SERS and TERS experiments.
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