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Alexandre Vial,† and Renaud Bachelot*,†

†Laboratoire de Nanotechnologie et d’Instrumentation Optique, CNRS UMR 6281, Universite ́ de Technologie de Troyes, 12 Rue
Marie Curie CS42060, 10004 Troyes Cedex, France
∥Center for Nanoscale Materials, Argonne National Laboratory, Argonne, Illinois 60439, United States
⊥Interfaces, Traitements, Organisation et Dynamique des System̀es, Universite ́ Paris Diderot, Sorbonne Paris Cite,́ CNRS UMR
7086, 15 rue Jean de Baïf, 75205 Paris Cedex 13, France

*S Supporting Information

ABSTRACT: We report a self-developing anisotropic gold/
polymer hybrid nanosystem that precisely places dye
molecules at the plasmonic hotspot of metal nanostructures
for sensing and photonics applications. Unlike conventional
molecule−particle configurations, the anisotropic hybrid
nanosystem (AHN) introduces an anisotropic spatial distribu-
tion of dye-containing active medium. This allows us to
precisely overlap the near-field spatial distribution with the
active medium and rule out the contribution from the
background molecules. This overlap effect selectively highlights the optical response of the molecules of interest, that is,
molecules located at the hotspots. Our AHN consists of gold nanodimers whose gaps have been filled with methylene blue
molecules. They have been studied by plasmon-enhanced Raman spectroscopy as a probing tool. The AHN opens new doors not
only for fundamental studies and photonics applications of molecule−particle interactions, but also for molecular trapping
methods at the nanoscale.
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Molecular plasmonics associated with molecule−particle
interactions have become a very popular topic for

plasmonics research because of the energy transfer between
the two components.1−3 This energy transfer has led to
numerous promising applications of molecule/particle hybrids,
such as nanoemitter,4,5 photovoltaic,6,7 sensing and optical
imaging,8−11 cancer therapy,12,13 and plasmon-enhanced spec-
troscopies.14,15 In these studies, the shape, size, and composition
of metal nanoparticles are some key factors to vary, in order to
achieve a plasmon field optimized in intensity or tunability.16−19

Additionally, the molecule−particle distance3,20 and chemical
environment21,22 play a significant role in plasmon-enhanced
light emission. Although these factors have attracted great
attention, a reasonable approach to selectively position
molecules within the optical distribution of the electromagnetic
field of plasmonic particles would have great impact. This would
be highly advantageous for fundamental research and photonics
applications.
Current approaches toward this goal include optical tweezers,

which are well-known for placing a molecule or nanoparticle at a
desired location.23−25 This method allows for optical trapping of
a single molecule or particle with a considerable trap confine-
ment and high efficiency, but requires a liquid environment for
any additional measurements on the trapped molecule/particle
and continuous laser irradiation unless operating in vacuum.

Chemical self-assembly with DNA molecules have been used as
well to bring nano-objects to the particle vicinity.26,27 This
technique works well to obtain a random layer of nano-objects on
the particle surface. However, the nano-object distribution does
not allow for selectively targeting plasmonic hotspots. Alter-
natively, accurate nanoparticle positioning at plasmonic hotspots
has been achieved by using light-assisted molecular immobiliza-
tion.28 Nevertheless, molecule delivery has not yet been
reported.
In this article, we report on a convenient and effective

approach to position dyes at plasmonic hot spots based on a self-
developing plasmonic anisotropic hybrid nanosystem (AHN).
We use surface-enhanced Raman scattering (SERS) to highlight
the fact that there is considerable signal contribution of
molecules that are not adsorbed on the nanoparticle surface,
which has long been ignored by classical SERS.29−32 The AHN is
essentially a metal/dye-doped-polymer hybrid nanostructure
with dye molecules spatially selectively placed via surface
plasmon-triggered nanophotopolymerization.33,34 AHNs in this
article are constructed on the basis of either dimers or monomers
of gold nanodisks. In the case of dimers, the varying gap size leads
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to different near-field distributions and thus results in
controllably distinct spatial distributions of dye molecules.
Additionally, classical SERS with random dye molecule
distributions on similar nanostructures are performed. The
SERS signal contributions from the trapped molecules are
highlighted through careful comparison between the two
experiments. The use of isolated gold nanodisks as controls for
the dimers reveals that even the hybrid nanosystem based on a
simple symmetric nanostructure provides some optical aniso-
tropy. This optical anisotropy introduces an extra-enhancement
caused by the selective molecular distribution as well as its
overlap with the dipolar optical near-field. In this article, a series
of polarization-dependent SERS studies have been carried out on
single nanohybrid particles for quantifying optical performance.
Let us point out that the AHN has numerous potential
applications, among which SERS is presented here as an
example. For future applications of this nanohybrid, the active
medium can be doped with quantum dots for polarization-
controlled light-emitting systems with high photostability, or
conductive molecules can be embedded within the polymer to be
used for building a bridge between two coupled metal
nanostructures, and so on.
Molecule Positioning. The gold nanodimers were

fabricated following the top-down method based on electron-
beam lithography (EBL) on an indium−tin oxide (ITO)-coated
glass substrate. Each of the nanodisks was h = 50 nm in height
and R = 35 nm in radius. The particle separation between the two
nanodisks was designed to vary from g = 0 to 50 nm in a step of 5
nm. Methylene blue (MB), the target molecule for this SERS
study, can be trapped by photopolymer nanostructures through
nanoscale photopolymerization, a process that imprints the near-
field of the metal nanostructures.33,34 MB (0.50 wt %) actually
serves as both a SERS molecular probe and photosensitizer (in
the red part of the spectrum) in the polymerizable formulation,
and is mixed with two other components 95.52 wt %
pentaerythritol triacrylate (PETIA) and 3.98 wt % methyldie-
thanolamine (MDEA). Figure 1a shows the absorption spectrum
of MB dissolved in PETIA. The photopolymerizable solution is
characterized by a threshold dose (Dth) that describes the lowest
energy required for inducing photopolymerization.35 A λ0 = 647
nm laser with an incident dose D0 = 65%Dth was used so that the
incident field could not initiate any photopolymerization. During
laser irradiation, the plasmonic field supported by the metal
nanostructure enhances the local electromagnetic field intensity
above the threshold to produce a polymer. More details about
the nanophotopolymerization have been stated in our previous
studies.33,34,36−39 By aligning the incident polarization along the
interparticle axis of the dimer (X-axis), MB molecules can be
“frozen” in polymer structures that are fabricated along the long
axis of the nanodimer, most likely in the gap. The photo-
polymerization is followed by a rinsing process with ethanol and
isopropanol to clean the unpolymerized dye-containing solution,
leaving only molecules in the polymer nanostructures for SERS
studies (see Figure 1b). Figure 1c is the image of a typical hybrid
nanostructure characterized by scanning electron microscopy
(SEM). The secondary electron detector of the SEM provides
different contrasts for metal and the MB-containing photo-
polymer nanostructures. Based on this obtained metal/dye-
doped-polymer hybrid nanostructure that controls the spatial
positions of molecules, we studied the SERS response from
single nanostructures with a confocal Raman spectrometer under
an excitation wavelength of λexc = 633 nm. The excitation and
detection region was 1 μm in diameter. Different polarizations

were used for studying the effect of overlapping the plasmonic
field with the MB molecules in the gap of the dimers.

■ RESULTS AND DISCUSSION
Topographic Characterization. For a given gold nano-

dimer, both initial (before polymerization) and hybrid
nanostructures (after polymerization) were characterized by
AFM for more topographic information. The differential AFM
image, namely, the result of a pixel-by-pixel image calculation of
the AFM image obtained before polymerization subtracted from
the AFM image taken af ter polymerization on the same
nanoparticle, was obtained for highlighting the integrated MB-
containing polymer nanostructures. Figure 2a and b illustrate the
differential AFM images of two typical dimers with gap sizes of 25
and 45 nm, respectively. Figure 2c and d are the corresponding
cross-section profiles that display the position of the integrated
polymer by peaks of polymer height, obtained by plotting a cross-
section through the dimer center along the X-axis. The valleys
between two peaks represent the position of initial gold
nanoparticles, which were canceled out during the image
subtraction. As this figure indicates, the gap of the dimer is filled

Figure 1. (a) Absorption spectrum of methylene blue molecules
dissolved in the monomer PETIA. The chemical structure of MB is
shown in the inset. (b) Scheme of a hybrid nanodisk with MBmolecules
selectively positioned at the plasmonic hotspots. (c) SEM image of a
hybrid nanodimer. The metal and the photopolymer are distinguished
by different contrasts.
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with photopolymer due to the plasmonic coupling between the
two nanoparticles with a small separation (g = 25 nm). The
plasmonic coupling causes field redistribution that confines most
of the energy in the gap. This leads to a small polymer height at
both ends of the long axis of the g = 25 nm dimer. In the case of a
larger separation (g = 45 nm), two separate polymer
nanostructures can be distinguished within the gap. The two
gold nanodisks behave as two isolated nanoparticles due to weak
plasmon coupling in the gap. A 3D-finite-difference time-domain
(3D-FDTD) simulation on the electric field distributions
confirmed our experimental observation. The simulation was
performed with commercial software in a polymer (n = 1.48)
with a 1 nm step size. The incident light was set at λ0 = 647 nm
and polarized along X-axis. Top views of simulated normalized
electric field distribution on nanodimers for g = 25 and 45 nm are
shown in Figure 2e and f, respectively. A strong gap field
confinement can be observed within the gap of 25 nm. In
comparison, the 45 nm gap presents much weaker plasmonic
coupling. The field redistribution that occurs in the experiment
as a function of decreasing gap size is in good agreement with the
simulation. Side views of electric field (Figure 2g and 2h) further
confirm the measured polymer distribution in panels c and d.
Plasmon Resonances of the Hybrid Nanodimers. To

understand better the particle interactions within different gap
sizes, hybrid nanodimers were characterized optically with dark-
field scattering spectra (Figure 3). Each spectrum was collected
on a single hybrid nanodimer with incident polarizations along
either the long axis (Figure 3a) or the short axis (Figure 3b). The
localized surface plasmon resonance (LSPR) of the short axis
presents a constant peak at 625 nm. The long axis LSPR blue-
shifts as the gap increases from 10 to 30 nm. It maintains a
constant value at 628 nm as the gap increases from g = 30 to 50
nm. This suggests the vanishing of plasmon coupling between
the two nanodisks of a hybrid particle pair starting from a spacing
of 30 nm. The g = 0 nm dimer exhibits two plasmon modes. One
of them is blue-shifted in LSPR compared to all other dimers due
to a higher order plasmon mode. The spectra are in good
agreement with the previously reported work on separated,
touching, and overlapping particle pairs.40−43 These studies
illustrated red-shifted LSPRs as the particles approach before
touching. Starting from a 0.5 nm gap,43 a blue-shifted mode
appears due to the transverse charge oscillation between the two

nanodisks. As to the g = 5 nm dimer designed in our study, the
longitudinal LSPR reads 628 nm, which suggests that the two
particles are actually very slightly separated. Technologically, a 5
nm gap is rarely controllable by EBL due to the resolution of
SEM.We could not obtain an image of this dimer showing a clear

Figure 2. Profiles of two typical hybrid dimers with different initial gap sizes. Differential AFM images of hybrid dimers with (a) g = 25 nm and (b) g = 45
nm as initial gap sizes. Cross-section profiles of the differential AFM images along the X-axis for the two hybrid dimers (c) g = 25 nm and (d) g = 45 nm.
(e and f) Top views of FDTD simulated normalized field distributions for initial gold dimers with 25 and 45 nm gap sizes, respectively. (g and h) Side
views of FDTD simulated normalized field distributions for initial gold dimers with 25 and 45 nm gap sizes, respectively. The simulation was performed
in a medium of n = 1.48 (refractive index of the solution before polymerization) and under illumination with a λ0 = 647 nm incident plane wave that is
linearly polarized along the X-axis as E0 indicates.

Figure 3. Scattering spectra of hybrid nanodimers with incident
polarization along the (a) long axis and (b) short axis of the dimers. Each
spectrum was collected from a unique hybrid nanodimer. Intensities
have been set an offset to separate the spectra from one another.
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gap because 5 nm is beyond the resolution of both the AFM and
SEM.
Polarization-Dependent SERS Study on the Hybrid

Dimerswith Different Initial Particle Separations. By being
trapped at the hotspot of the nanodimers via photopolymeriza-
tion, MB molecules can be used for SERS study. The excitation
wavelength λexc = 633 nm was adopted to take advantage of the
absorption of methylene blue molecules. For each nanodimer,
SERS signals were collected under two different incident
polarizations along the X and Y axes, respectively. An acquisition
time of 30 s and an incident power of 9.4 μWwere applied for the
collection of each spectrum. The size of the laser spot at the focal

plane was about 1 μm. Figure 4 shows the SERS signals from a 10
nm gap nanodimer. As illustrated in the figure, we define

• Sx (Figure 4a) as the spectrum collected with an incident
polarization along the long axis of the dimer. In this case,
the near-field has a maximum spatial overlap with the MB
distribution. All molecules trapped in the polymer
nanostructure contributed to the SERS signal.

• Sy (Figure 4b) as the SERS spectrum collected with an
incident polarization along the short axis of the dimer. In
this situation, the spatial overlap between molecular
distribution and near-field distribution is minimized.
SERS signal comes mainly from a small number of
trapped molecules that can be excited by the near-field
under both polarizations (pointed out by dashed arrows
on one nanodisk).

The SERS spectra were collected following a chronological
order of a−b−c−d (Figure 4c). In other words, the spectrum
with incident polarization perpendicular to the long axis was
taken first (aSy), and then the one along the long axis (bSx) was
collected. This procedure was repeated by cSy and dSx in order
to confirm the result. Themode atΔν ̅ = 1620 cm−1, which always
displays a highest intensity, is used for further discussions. This
mode corresponds to the stretching C−C ring of the MB

molecule. The corresponding Raman wavelength λRaman = 705
nm can be deduced from the definition of Stokes shift Δν̅ = (1/
λexc) − (1/λRaman). The reference spectrum (Figure 4d) that was
collected from 5 μm away from the nanostructure does not reveal
any Raman mode at 1620 cm−1. More reference signals are
presented in Figure S2, including the spectra from the polymer
material without a metal nanoparticle, from a PETIA filmwithout
MB and from a glass substrate. All these reference spectra help to
confirm that the 1620 cm−1 mode is from the MBmolecules that
are excited by the near-field of metal nanoparticles.
From Figure 4, three pieces of information can be obtained.

First, for the spectra with the same incident polarizations, the
intensity of the 1620 cm−1 mode decreases as time goes by (i.e.,
aSy > cSy, bSx > dSx). When the excitation wavelength matches
the absorption of the dye (i.e., surface enhanced resonance
Raman spectroscopy, SERRS), photobleaching occurs. The
photobleaching, which is in essential reactions between
molecules and environment (e.g., oxygen), finally leads to the
detection of a non resonant SERS signal. This is exactly the
situation in this study. Second, the intensity of the 1620 cm−1

mode of Sx decreases more rapidly than Sy. We can deduce a
dSx/bSx = 0.4 and a cSy/aSy = 0.64 from the figure. The MB-
doped photopolymer was integrated along the long axis
(particularly in the gap) of the dimer. These molecules are
excited primarily by the incident far-field when the polarization is
along the short axis. In contrast, signals from molecules trapped
in the polymer can be enhanced by the optical near-field with
long-axis polarization. With this field enhancement, molecules
are bleached more rapidly in the case of Sx due to higher local
power. Third, Sx is always higher than Sy at the mode 1620 cm−1.
The baseline-corrected peak intensity of the g = 10 nm dimer
increased by 4.6 times from 101 (aSy) to 460 counts (bSx) in the
first cycle of collection (Figure 4c), and by 2.8 times from 65
(cSy) to 186 counts (dSx) in the second cycle (Figure 4d). It
should be stressed that the scattering spectra (Figure 3) of this
dimer indicate that the transverse mode LSPR is closer to the 633
nm excitation wavelength as compared to the longitudinal mode.
The Sx > Sy effect is thus not due to a plasmon resonant effect. In
order to avoid difficulties arising from photobleaching for
interpreting Sx > Sy, we collected the SERS signal Sy before Sx. In
the case of a highly symmetric nano-object, that is, a nanosphere
with spatially isotropic dye distribution, it is reasonable to expect
a lower intensity when the polarization is rotated by 90° from Sy
to Sx due to photobleaching. For a dimer, Sx is able to overcome
photobleaching and exceed Sy with considerable Raman
intensity. This anisotropic Raman response (Sx > Sy) is the
result of four factors. (1) Field confinement in the gap. (2) The
spatial overlap of the near-field with the MB-doped polymer
under longitudinal polarization of the excitation laser (i.e., the
overlap effect illustrated in Figure 4a,b). (3) The plasmon
resonance effect that has a greater contribution to Sy than to Sx at
λexc = 633 nm (Figure 3, G10). The λRaman = 705 nm Raman field
is out of the plasmon resonance of the dimers and is therefore
believed to have no contribution to the resonance effect. (4)
Photobleaching that highly depends on the LSPR of the metal
nanoparticle. It is worth noticing that the gap effect and the
spatial overlap effect help enhancing Sx, while the plasmon
resonance and photobleaching effects tend to produce a weaker
Sx compared to Sy.
The effect we would like to highlight in this part is the spatial

overlap (item 2 above) effect. This effect is specific to the
anisotropic hybrid structure. In order to highlight the significance
of molecular trapping at plasmonic hotspots, we carried out three

Figure 4. SERS spectra from a single hybrid nanodimer with a gap size of
g = 10 nm. (a and b) Schemes of the two configurations for Sx and Sy,
respectively, under different incident polarizations along the X-axis and
the Y-axis. (c) Polarization-dependent Raman signals collected with an
excitation wavelength of λexc = 633 nm in a chronological order of a−b−
c−d as the legend shows. (d) Reference spectrum zoomed in the 1350−
1850 cm−1 spectral region. The reference was collected 5 μm away from
the nanostructure. Baselines have been subtracted. See Figure S1 for
original spectra without any modification.

ACS Photonics Article

dx.doi.org/10.1021/ph500331c | ACS Photonics 2015, 2, 121−129124



additional studies. The first one is polarization-dependent SERS
study on the hybrid dimers (dye molecules positioned mainly at
plasmonic hotspots) with different initial particle separations.
The other two are control experiments: polarization-dependent
SERS studies on gold nanodimers with MB molecules randomly
distributed and on an isolated hybrid nanodisk. For the hybrid
nanodimers with MB molecules selectively positioned, the
baseline-corrected intensities at 1620 cm−1 are plotted in Figure
5a for Sy (blue dot) and Sx (red square) as a function of gap size.

Sy presents a flat Raman intensity as a function of gap distance,
whereas Sx varies as the gap increases. In the case of g = 0, when
no gap exists (and therefore no molecule) between the two
nanodisks, Sx is at the same level as Sy. The signal is at its
maximum value when the gap size is equal to 10 nm. Beyond 10
nm and as the gap keeps increasing, Sx decreases progressively to
the same level of intensity as Sy at g = 30 nm. The different trends
of Sy and Sx result from the anisotropic geometry of the hybrid
nanostructure, involving the electromagnetic enhancement of
gold nanodimers, the anisotropic spatial distribution of MB, as
well as the efficiency of photopolymerization that determines the
volume of integrated polymer and the number of MB molecules
trapped. For some of the dimers, particularly those with larger
gaps (g = 30 nm to g = 50 nm), Sx fluctuates at the same level as
Sy. In the case of these large gaps, the field confinement in the
gap does not exist. This fluctuation is due to the competition
between the signal enhancements caused by MB-doped polymer
along the long axis and the photobleaching ofMBmolecules after
the acquisition of Sy. It should be highlighted that the

longitudinal mode LSPRs of these large gap dimers are closer
to the excitation wavelength λexc = 633 nm as compared to the
strongly coupled nanodimers (see Figure 3). The plasmon
resonance thus helps accelerate the photobleaching of dye
molecules in the hybrid dimers with large initial gaps, leading to a
balance between the photobleaching and the overlap effect. The
maximum SERS enhancement of Sx at g = 10 nm is therefore a
result of both field confinement in the gap and the overlap effect,
instead of the on-resonance plasmon excitation of the
nanostructure.
To confirm the result, FDTD simulations were performed for

the SERS gain from mode 1620 cm−1 under an incident
polarization along the X and Y-axes. Figure 6a shows the

maximum SERS gain in the XY plane that is placed 45 nm above
the ITO layer (dashed line in the inset). The simulation was
carried out based on the approximation44,45
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where g(λexc) and g(λRaman) are the enhancement factor for the
incident field intensity and the Raman field intensity,
respectively. The first factor g(λexc) = |Eloc(λexc)/Einc(λexc)|

2 in
eq 1 results from the modification of the excitation field caused

Figure 5. (a) Baseline-corrected Raman intensity at 1620 cm−1 for both
Sy (blue dot) and Sx (red square). (b) Ratio of Sx/Sy of the 1620 cm−1

mode on dimers showing the anisotropy of SERS signal.

Figure 6. (a) FDTD simulated maximum SERS gain under X (red
square) and Y (blue dot) polarizations in the XY plane that is 45 nm
above the ITO layer (dashed line shown in the inset). (b) Simulated
field enhancement factor for the incident field λexc = 633 nm (red circle)
and the Raman field λRaman = 705 nm (blue rhomb) under X-
polarization. The models applied for the simulations were gold
nanodimers placed on ITO coated glass substrate in a photopolymer
(n = 1.48).
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by the nanoparticle. The second factor g(λRaman) = |
Eresult(λRaman)/Erad(λRaman)|

2 describes the enhancement of the
radiative field caused by the nanoparticle. The molecular dipole
behaves as the source of the radiative field in the latter situation.
The enhancement factors of the excitation field Eloc(λexc)/
Einc(λexc) and the Raman field Eresult(λRaman)/Erad(λRaman)
polarized along X-axis are plotted in Figure 6b as red circles
and blue rhombs, respectively. The model for FDTD simulation
used isotropic surrounding medium. Despite this point, Figure 6
is highly relevant to our AHN instead of classical SERS because
the field redistribution in the gap volume of strongly coupled
nanodimers has an indispensable contribution to the SERS gain.
In classical SERS (refer to control experiment I below),
molecules appear only on the nanoparticle surface and the
volume in the gap does not contribute to the SERS effect because
of the absence of probe molecules. In comparison, our hybrid
nanostructures position molecules within this volume to take
part in SERS. The FDTD simulation considers each point in the
space to contain SERS probe molecules and plot maximum SERS
gain in Figure 6. The simulated SERS gain presents a similar
trend to the experiment but polarization sensitivity reads higher.
This is mainly due to the fact that the simulation gives a
maximum value in the detection plane (dashed line in the inset of
Figure 6a), while the experiment measures a sum value in the
entire detection region (1 μm diameter in the XY plane). The
simulated SERS gain reaches a maximum at the 10 nm gap, which
is in good agreement with the experiment. At smaller gap sizes,
the Raman field tends to contribute more than the excitation field
because the plasmon resonances of these dimers are closer to the
Raman field wavelength λRaman = 705 nm as compared to larger
gap sizes. The situation inverts for the larger gap sizes.
Control Experiment I: Random Molecule Distribution

around Nanodimers. To analyze the contribution of
anisotropy introduced by photopolymerization, a control
experiment was performed on gold nanodimers that are covered
with a layer of MBmolecules. MBmolecules dissolved in ethanol
were spin-coated on the gold nanodimers. Rinsing with ethanol
followed in order to remove the unattached molecules. In this
way,MBmolecules can be considered to be randomly distributed
around the nanoparticles. SERS signals were detected in the same
way as for the hybrid systems. Baseline-corrected Raman
intensity at 1620 cm−1 for Sy (blue circle) and Sx (red square)
are plotted in Figure 7a. Unlike the hybrid nanostructures, these
nanodimers do not present a polarization-dependent SERS
response except for contacted particles (g = 0). Other than a very
obvious polarization-dependent Sx/Sy at g = 0, the ratio at other
gap sizes fluctuates near 1, showing no polarization dependence
(Figure 7b). Previous studies on the gap-modified SERS have
shown as well that a small gap size (<5 nm) is usually required
when obvious polarization dependence is expected.17,46,47 Note
that, in this control experiment, molecules are more likely to be
attached on the particle surface. For the touching dimer, SERS
intensity along the long axis is obviously higher than the short
axis because of the singular response at the contact crevice.48,49

The difference between Figure 5 and Figure 7 confirms the
trapping of MB molecules at plasmonic hotspots and their
contribution to the optical anisotropy.
Control Experiment II: Anisotropic Hybrid Nanodisk.

The AHNs can be constructed not only on the basis of coupled
nanoparticles, but also on simple metal nanostructures. We take a
monomer of gold nanodisk as an example to confirm this point.
MBmolecules were placed along the X-axis of a gold nanodisk (R
= 90 nm in radius and h = 50 nm in height) by the photopolymer

nanostructures integrated with the dipolar off-resonance surface
plasmons. This nanodisk has a LSPR in the near-infrared range50

and is therefore in the off-resonance case for both photo-
polymerization (λ0 = 647 nm) and SERS (λexc = 633 nm). The
Raman signals Sy (in blue) and Sx (in red) were collected with an
incident polarization perpendicular and parallel to the photo-
polymer, respectively (Figure 8a). Sx was collected after Sy,
repeating the procedures for dimers. One can still recognize a
higher Sx than Sy at 1620 cm−1. The collection of SERS signals Sy
and Sx was repeated three times on this isolated hybrid nanodisk.
As Figure 8b demonstrates, the Raman intensity at 1620 cm−1

presents reproducible polarization-dependence: Sx > Sy.
Compared to the dimers with large gaps (R = 35 nm, g ≥ 30

nm, LSPR at 625 nm), the LSPR of the isolated nanodisk is much
farther from the excitation wavelength λexc = 633 nm. The off-
resonance excitation on the isolated hybrid nanodisk makes the
photobleaching of MB molecules slower in comparison with the
hybrid nanodimer. As a result, Sx from MB molecules in the
isolated hybrid nanodisk is strong enough to balance the
photobleaching during the acquisition of Sy and exceeds Sy by a
factor of 1.48.
In conclusion, this article presents a self-developed anisotropic

hybrid nanosystem for dye molecule positioning at plasmonic
hotspots. It was further utilized for a SERS study to reveal the
significance of trapped molecules that do not adsorb on a particle
surface. The AHN is constructed by nanophotopolymerization
triggered by the plasmonic field supported by metal nanostruc-
tures. Using dimers and monomers of gold nanodisks, dye
molecules can be trapped successfully in the photopolymer

Figure 7.Control experiment withMB randomly distributed around the
nanoparticles (a) Baseline-corrected Raman intensity at 1620 cm−1 for
both Sy (blue circle) and Sx (red square). (b) The ratio of Sx/Sy for the
1620 cm−1 mode on dimers showing the anisotropy of SERS signal.
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nanostructures, whose optical distribution is highly controllable
with the incident polarization during polymerization. With MB
molecules trapped mainly in the gap, SERS intensity from the
hybrid nanodimer was highly related to the gap size and the
polarization of excitation light. In particular, the effect of the
anisotropic distribution of the active medium has been
demonstrated and discussed in terms of spatial overlap between
the plasmonic near field and the dye-containing polymer. Further
study carried out on isolated gold nanodisk indicates that such an
AHN is achievable not only on coupled particle pairs, but also on
simple nanostructures. This article used SERS as an example for
one of the numerous potential applications of our AHN where
the spatial distribution of the active medium is controllable. In
the photopolymerizable formulation, MB can be substituted by
other fluorophores for surface-enhanced spectroscopic studies.
For further uses of this nanohybrid, other types of functional
materials such as quantum dots, conductive molecules, or
biomolecules can be doped as well in the polymer nanostruc-
tures.
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