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Abstract: We present a feasible way to strongly enhance
Raman signals via introducing an ultra-thin dielectric
film in the dual-layer plasmonic hotspots structure, which
forms a quasi-three-dimensional structure. The Raman
intensity was obtained with an enhancement factor of
735% for the dual-layer metal structure buffered with an
ultra-thin silicon film. Moreover, the silicon layer based
surface-enhanced Raman scattering (SERS) substrate pro-
vided a Raman signal two to five times larger than that
of the silica buffered substrate. These distinct responses
confirm that the ultra-thin high-index semiconductor
film has the capability of additionally enhancing Raman
scattering. Otherwise, the upper and lower metal clus-
ters can support multiple kinds of plasmonic resonances,
which produce a remarkable physical enhancement of the
Raman signals. Besides these impressive optical proper-
ties, the substrates have prominent advantages on struc-
tural features, since the fabrication process can be fulfilled
simply, suggesting a feasible way for a large-area and low-
cost SERS platform. The findings may pave an avenue to
achieve insights on the dielectric enhanced Raman scat-
tering and hold potential applications in optoelectronics,
such as environmental and health sensors.
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1 Introduction

Since 1974, the enhanced Raman scattering effect has
attracted great consideration based on the pioneering dis-
covery by Fleischmann et al. [1]. Milestone demonstrations
by Jeanmaire and Van Duyne [2] and Xu et al. [3] finally led
to an exciting area of surface-enhanced Raman scattering
(SERS). After about 40 years of growth, SERS has been
implemented widely by a broad scientific and technology
research community for multidisciplinary fields such
as photonics and nano-optics, solid-state physics and
surface science, biotechnology and analytic chemistry
[4]. As regards chemical detection and bio-sensing appli-
cations, SERS has become a powerful technique, since it
combines the capability of a molecular finger-print with
ultra-high and even single-molecular detection sensitiv-
ity [3, 5, 6], as well as the option for non-destructive real-
time label-free analyses in situ [7, 8]. These analyzing and
measurement features are unique and cannot be achieved
with other spectroscopic techniques. Raman scatter-
ing, as one of the surface-enhanced spectroscopies, is a
process where the photons are inelastically scattered via
the vibrational levels of an emitter/analyte. Noble metal
structures are the conventional substrates for SERS, which
can lead to strong enhancement of the Raman signal for
the analyte [9, 10]. The extremely amplified Raman scat-
tering intensity and the corresponding related low limit of
detection can enable trace detection and analysis of sig-
nificantly important molecules and materials, including
explosives, pesticides, and biomarkers for the protection
and preservation of the health of humans [11-13].

Metal nanoparticles or nanostructures can produce
strong plasmonic resonances due to the electronic oscilla-
tions driven by the incident electric field. These plasmonic
metal materials are able to confine the electromagnetic
(EM) field in the sub-wavelength region and provide an
extremely enhanced plasmonic field. Particularly, the well
known “hot spot” can be excited when the resonant EM
field is localized at the interparticle spaces and/or near
the sharp tips or corners of the metal particles [14-19],
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which is of great scientific interest and has led to a few
impressive applications including SERS and bio-sensing.
For metal nanocubes, plasmonic hot spots can be formed
between adjacent nanocubes in the configurations of
face-to-face, edge-to-edge, and face-to-edge. These differ-
ent coupling geometries of the nanocubes lead to distinct
Raman signal enhancement [20]. Generally, sharp protru-
sions in the metal nanostructures can produce plasmonic
hot spots. For instance, metal nanoparticle aggregates
with various structures such as triangles [21], disks [22] and
rods [23] have been demonstrated to produce hot spots.
Ordered nanoparticles arrays can also be prepared to
produce strong EM field enhancement for SERS measure-
ments based on the self-assembly methods and nanofab-
rication techniques [24, 25]. Currently, by using host-guest
chemistry, single molecules are observed to be positioned
in a plasmonic nanojunction, which can provide EM hot
spots and therefore enhance the SERS signals [26]. A novel
plasmonic heterodimer nanostructure fabricated by the
conjugation of individual Au@Ag core-shell nanocubes
and varisized gold nanospheres via the biotin-streptavi-
din interaction from the ensemble to the single-assembly
level has been demonstrated to produce a controllable
self-assembled hot spot, which was then utilized for SERS
detection [27]. Based on the spatially combined nanocube
and nanosphere cells, different types of heterodimers can
be achieved, which can provide an alternative way to tune
the SERS detection and produce distinct SERS intensity
and enhancement factors.

Besides the extensive study on the building of EM hot
spots by different structural geometries, shell-isolated
plasmonic structures have also been developed in these
years to provide efficient SERS measurement. Shell-iso-
lated gold nanoparticles with ultra-thin silica or alumina
shells have been chemically synthesized [28]. The ultra-
thin coating can keep the metal nanoparticles away from
agglomeration. The Raman vibrational bands or the chem-
ical signal of the molecules can be strongly enhanced due
to the strong EM field transferred to the shell surface by
the metal nanoparticles. The jointly enhanced Raman
signal contributed by the metal nanoparticles array, simi-
larly to thousands of tip-enhanced Raman spectroscopy
tips, was observed to be about two or three orders of mag-
nitude higher than that for a single tip [28]. An enhanced
Raman signal was also demonstrated for the silver parti-
cles based substrate by coating with a 1 nm diamond-like
carbon film via a precise technique [29]. The enhancement
factor of the SERS was nearly twice that of the uncoated
substrate. Recently, a sandwich-structured SERS sub-
strate produced by integrating gold particles and an
electron beam lithography-fabricated silver holes array
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separated by a single layer of graphene was reported [30].
The chemical enhancement arising from the graphene-
molecule interaction, or the so-called charge transfer
between graphene and molecules, together with the local-
ized EM fields in the nanogap sandwich structure, pro-
vided a strongly enhanced Raman signal. Although many
great efforts have been made in efficient SERS by physical
or chemical methods for the substrates, the feasible way
for large-area, low requirement of fabrication techniques,
as well a large spatial distribution density of EM hot spots,
has long been pursued.

Recently, SERS on semiconductor materials has also
been explored [31-33]. Semiconductor resonators have
been demonstrated with strong electron and magnetic res-
onances [34-37]. Plasmon-like hot spots [38, 39] and EM-
induced transparency [40] and nonlinear optics [41] have
been theoretically proposed and experimentally demon-
strated. Although there are no free electrons in the semi-
conductors, the electron-hole pair or the so-called exciton
can be generated under external illumination. This can
then produce strong charge-transfer or resonant coupling
with adjacent metals or molecules. Based on the all-die-
lectric nanoantenna, SERS of a molecular monolayer has
been observed [42]. However, the enhancement factor of
SERS signals for the silicon dimers is nearly three orders
of magnitude less than that of the gold substrate, since
gold can enhance the inelastic scattering of light much
stronger than dielectrics. These results indicate that, in
principle, for SERS enhancement applications, metals
still play a superior role over low-loss dielectrics. By com-
bining a common metal particles substrate with a photo-
activated semiconductor, a novel photo-induced SERS
enhancement was observed [12], whereby pre-irradiation
of the semiconductor, such as titanium oxide, enabled
strong Raman enhancement at the particle sites, showing
additional increasing sensitivity beyond the normal SERS
effect. The additional enhancement factor by using the
photo-inducing process is about two in comparison with
that of convenient metal particles based SERS substrates.
These findings provide a new insight on the mechanism
for SERS. Nevertheless, there is still the virgin land on the
forward of the metal-semiconductor incorporated SERS
substrates.

In this work, we focused on a feasible way to build a
simple and universal SERS substrate scheme by combin-
ing the plasmonic metal structure and the dielectric film.
In contrast to the precisely designed and fabricated metal
SERS substrates by the electron beam or focused ion beam
lithography or other chemical synthesis methods, only a
physical sputtering deposition and a relatively low tem-
perature annealing treatment are needed. The dielectric
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films of the semiconductor or insulator are directly depos-
ited onto the metal substrate. A triple-layer of a metal-
dielectric-metal structure was proposed as the system
for the study on SERS behaviors with different dielectric
materials and thicknesses. It was observed that the gold-
silicon-gold incorporated system could produce nearly a
735% enhancement effect in comparison with that of the
gold SERS substrate without the silicon buffer layer. As
for the insulator separated substrate, the optimized SERS
enhancement factor was about 196%. These features
confirm the great contributions for Raman scattering by
the high-index semiconductor. The findings can pave new
ways to develop the science on SERS and produce new
insights into how to further improve the Raman detection
based on the existing technology.

2 Materials and methods

The detailed process was a four-step operation. The first
step was to deposit a 20-nm-thick gold (Au) film on a
piece of silicon wafer. Then, a relatively low temperature
of 220°C (~493 K) was used during a 30-min anneal treat-
ment for the Au film. After this procedure, the Au clusters
film was obtained. A dielectric film with a certain thick-
ness value was then deposited on to the Au clusters film
and the other 20-nm-thick Au film was deposited. The
same anneal treatment procedure was used for the Au
film, which led to the formation of the top Au clusters and
finally completed the fabrication. The same fabrication
process was used, but a thinner 8-nm-thick Au film with
a lower heat treatment temperature of 190°C (~463 K) was
chosen for the dual-layer Au particles structure. The depo-
sition of Au films was under conditions of 20 sccm argon
gas, 3.3 Pa and 0.2 A of direct current, which produced an
average deposition velocity of 32 nm per min. For the Si
film, the deposition conditions were 7 sccm argon gas, 1.0
Pa and 100 W of radio-frequency voltage, which then pro-
vided an average deposition velocity of 3 nm per min.

The structural geometry was measured by scanning
electron microscopy (SEM) (S3400, Hitachi, Japan). The
reflection was measured with a commercial Lambda
750 spectrophotometer. The reflection spectra were nor-
malized by the reflective intensity by the standard mirror.
There was a slight oblique angle of ~12° for the reflection
measurement.

The samples were immersed in the R6G molecular
solution for about 12 h, and then they were rinsed in deion-
ized water to form monolayer analytes on the surface of the
structure. In this work, a concentration of 10-® mol/l R6G
solution was utilized for the SERS detection. A continuous
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laser source with a wavelength of 514 nm under a rela-
tively low power of 20 uW was used for the Raman scat-
tering excitation. A 100x objective lens was used for the
Raman spectrograph by the HR 800 spectrometer (Horiba
Scientific, HR Evolution). The integration time was set to
be 10 s during the measurement.

Numerical simulation was performed by the three-
dimensional finite-difference time-domain method [43].
Dual-film Au star-shape particles were used as the ideal
model for the clusters, since the star-shape particles have
such structural features as sharp corners and air gaps,
which are similar to the Au clusters. The length of each
vertice to the center was 0.14 um. The star-shape particles
were packed to a periodic triangular array with a lattice
constant of 0.3 wm. These parameters are comparable to
the experimental data. The bilayer star-shape particles
were sandwiched by a Si layer. The Si layer was 1 nm thick.
Moreover, the top and bottom clusters were set to have a
spatial separation of dx =090y =20 nm, which is used to quali-
tatively fit the experimental phenomenon. Periodic bound-
ary conditions were adopted in both the x- and y-directions
to reproduce the array pattern. Perfectly matched layers
were employed in the z-direction immediately outside of
the structural region. The dielectric constants of the gold
and silicon were obtained from the experimental data by
Palik [44]. The silica material was set to be dispersionless
and the refractive index was 1.45. Under these conditions,
we evaluated the electric field distributions in the top and
bottom Au clusters, and the middle silicon film.

3 Results and discussion

Two distinct kinds of metallic nanostructures were pro-
posed. The first kind of SERS substrate was composed of
dual-layer Au clusters with an ultra-thin dielectric buffer
film. Figure 1A presents the schematic geometry for the
single layer Au clusters. Numerous air slits or gaps and/or
holes under the nanometer scale were located randomly
in the thin Au film, which eventually led to a porous-like
structure. In the following, we want to call this kind of film
structure as the Au clusters to highlight the structural char-
acteristics of the single cluster resonator. Figure 1B shows
the proposed Au clusters based dual-layer substrate with an
ultra-thin dielectric film. In contrast to the single Au clus-
ters layer with densely packed clusters in the two-dimen-
sional plane, the clusters not only exist at the top layer, but
also exist at the crossing areas due to the spatially over-
lapping of the dual-layer clusters. Therefore, a quasi-three-
dimensional Au clusters platform was obtained. It is a novel
substrate platform for surface-enhanced spectroscopy
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Figure 1: Schematics and scanning electron microscopy (SEM) images of the dielectric film sandwiched plasmonic clusters.
Schematic of single layer Au clusters (A) and dual-layer Au clusters with an ultra-thin silicon film (B). (C) (D) Dual-layer Au clusters with a 1 nm
silicon and silica film, respectively. (E) (F) Dual-layer Au clusters with a 30 nm silicon and silica film, respectively. The scale bar is 500 nm.

techniques based on these quasi-three-dimensional Au
clusters structures, since there are densely packed sharp
and nano-gaped metallic tips and corners, which are the
sources for plasmon hot spots and can greatly enhance
electric field resonant intensity. The spatially distributed
plasmonic hot spots in the horizontal plane and the ver-
tical direction indicate a quasi-three-dimensional hot
spots bulk structure for this proposed platform. Herein,
we put forward a simple and feasible way to realize this
novel structure. Based on our previous report [45], we have
found out that the geometry features of the thin metal films
can be artificially controlled by a moderate thermal treat-
ment. It is feasible to form different nanostructures after
a suitable choice of thickness of the film, the temperature
and the operating time of thermal annealing.

Figure 1C-F show the SEM images for the dual-layer
Au clusters with 1 nm and 30 nm silicon or silica films.
Figure 1C and D show the SEM pictures of the dual-layer
Au clusters with 1 nm silicon and silica films, respec-
tively. It should be noted that the 1 nm film was an un-
continuous film structure, which was the partially packed
cavity coating on the bottom Au nanostructures, since the
film thickness was much smaller than the critical thick-
ness of the film formation by the deposition method [46,
47]. Moreover, the ultra-thin film will be further concen-
trated close to the Au nanostructures after the following
heat treatment process [48]. Distinct structural geom-
etries were observed for these two situations. As shown
in Figure 1C, the Au clusters with relatively slim branches
were indented as the main geometry for the top layer.
Moreover, the bottom Au clusters layer was also visible.
The Au clusters overlapped with each other and most of
them were obviously displaced in the two layers. That

is, the top Au clusters layer was not vertically aligned to
the bottom layer. The mismatch for these dual-layers is
impressive for its following SERS enhancement. Numer-
ous small Au particles were also observed in the nanogap
areas. A lot of nanoholes were randomly located in the
Au clusters. The nanogaps and nanoholes can not only
produce extremely strong local field enhancement, but
also provide appropriate places for molecules to be
adsorbed. In contrast, it is rather different for the dual-
layer Au clusters sandwiched by a SiO, film. As shown
in Figure 1D, the clusters were located densely with each
face-to-face. The whole structure was similar to a continu-
ous flat surface with randomly distributed air slits. Owing
to the closely packed clusters, the bottom layer was almost
covered, without the chance to show the morphology. The
distinct geometrical features for these two cases suggest
the potential effect on the anneal treatment for the top Au
clusters by the high and low index dielectrics. In contrast
to the silica, which is a complete insulator, the ultra-thin
silicon film had a remarkable optoelectronic effect due to
the semi-conductor response. Moreover, in contrast to the
bulk semiconductor, the ultra-thin film could have strong
quantum effects such as an electron tunneling effect [49,
50], and even partial transformation between the semicon-
ductor and metal [30, 51]. These potential effects directly
affect the thermal transformation and dissipation effi-
ciency [52-54], thereby, as for the silicon film sandwiched
dual-layer Au clusters, during the heating process for the
top Au film, the thermal flow can efficiently transform
between the top and bottom Au nanostructures [52-54].
As a result, the top Au film can be strongly affected by the
bottom Au clusters. Especially, on the top surface of the
bottom clusters, the top clusters film in this close area will
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form a strong interaction for the thermal dissipation with
the below clusters. As a result, a similar clusters array was
reproduced following the template of the bottom Au clus-
ters. As for the situation of the dual-layer with a middle
silica film, the thermal transformation was much weaker
than that of the above one. Thereby, the top Au film was
split randomly due to the thermal instability of the whole
film structure. Figure 1E and F show the corresponding
SEM images for the situations with 30-nm-thick Si and
SiO, films, respectively. Based on the relatively thick die-
lectric buffer film, similar structural features such as the
large-size clusters and the well-bedded clusters films were
observed for these two situations. Nevertheless, some dif-
ferent characteristics were observed between them. For
instance, the top layer clusters in Figure 1E almost came
in contact together to form a larger spatial size, including
the chain length. In contrast, the clusters in Figure 1F were
usually smaller and formed shorter chains. As compensa-
tion, more particles were observed in the gaps as shown in
Figure 1F. These features confirm the different responses
for the silicon and silica layers to the formation process for
the heat treatment of the thin Au film.

Another kind of plasmonic metal resonant system
was proposed with a thin Au film. Figure 2A shows the
schematic of randomly packed Au particles after moder-
ate heat treatment of a thin Au film. Based on the four-step
procedure, dual-layer Au particles with a thin dielec-
tric buffer layer were obtained, as shown in Figure 2B. It
should be noted that the ultra-thin buffer dielectric layer
could be discretized to single dielectric pieces based on
the geometry feature of the bottom Au particles. Figure 2C
shows the SEM image for the 8-nm-thick Au film based
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structure with a 10-nm-thick Si film after the thermal
treatment process. It is observed that densely packed par-
ticles were randomly located with a size scale range from
~10 nm to ~50 nm. The middle size level was about 25 nm.
Figure 2D presents the SEM image for the system with a
10-nm-thick SiO, film. Much larger Au particles were
obtained. Numerous particles had a size scale of ~40 nm.
Simultaneously, the gap distance between adjacent par-
ticles was also much wider. These features again confirm
that dielectric films with different material characteristics
can lead to distinct structural geometries for the Au films
during the thermal annealing process. Figure 2E and F
show the corresponding SEM images for the system with
30-nm-thick Si and SiO, films, respectively. A relatively
smaller particles distribution can be observed for the
system formed by the Si buffer layer.

Figure 3A presents the experimental results of the Au
clusters system under different thicknesses of the Si buffer
layer. As for the bare Au clusters without a Si layer, the
main Raman peaks of the R6G molecules were observed,
even if a 10 nmol analytes solution was used to form mon-
olayer molecules on the surface of the Au clusters. This
result also confirms that the high detection capability for
the Au clusters is due to the strong localized electric field
enhancement in the close area by the plasmonic reso-
nances [55-57]. For the proposed Au clusters with an ultra-
thin Si buffer layer, the Raman signal was observed to be
extremely enhanced. Under the situation of the system
with a 1-nm-thick Si layer between the top and the bottom
Au clusters films, the SERS spectrum showed a remark-
ably stronger intensity than that of the Au clusters without
the dielectric layer. When the thickness of the Si layer (t_)

Figure 2: Schematics and scanning electron microscopy (SEM) images of the dielectric film sandwiched plasmonic particles.
Schematic of single layer Au particles (A) and dual-layer Au particles with an ultra-thin silicon film (B). (C) (D) Dual-layer Au particles with a 10 nm
silicon and silica film, respectively. (E) (F) Dual-layer Au particles with a 30 nm silicon and silica film, respectively. The scale bar is 500 nm.
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Figure 3: Surface-enhanced Raman scattering (SERS) performance for the Au clusters based substrate.

(A) SERS spectral properties of the Au clusters under a tuning thickness of silicon buffer layers. (B) The plotted intensity spectrum of the
Raman modes as a function of the silicon layer’s thickness. The dashed red arrow indicates a 735% enhancement factor for the 1-nm-thick
silicon sandwiched Au clusters to that of the Au clusters structure without the silicon film.

was increased to 5 nm, the SERS intensity values for the
characteristic lines were still much larger than that of the
referred bare Au clusters. Nevertheless, the Raman curves
showed a slightly reduced evolution when the Si layer
thickness (tsi) was increased to 30 nm. To get a clear view
of this evolution, the spectral intensity of the main char-
acteristic peaks of the R6G molecule were plotted for these
different structures, as shown in Figure 3B. All of the Si
layer buffered Au clusters showed a noticeable enhance-
ment in comparison with that of the referred Au clusters.
For the main Raman peaks, the 1-nm-thick Si layer was
the optimal thickness. The enhancement factor was up to
735% at the Raman peak of 1361 cm™. These results could
provide a way for further improving the Raman scattering
efficiency by using the ultra-thin Si layer.

Au clusters with a low-index SiO, buffer layer were
investigated for the SERS detection simultaneously.
Figure 4A shows the measured Raman scattering results
for the system under different thicknesses of the SiO,
layer. For the SiO, layer insulated Au clusters, the Raman
scattering curves only showed slight improvement com-
pared with that of the bare Au clusters. For instance, in
contrast to that of the 1-nm-thick Si layer buffered Au
clusters with a high enhancement factor, there was an
imperceptible improvement for the ultra-thin SiO, layer
sandwiched structure. When the SiO, layer had a rela-
tively large thickness of about 30 nm, the SERS spectrum

showed an observable enhancement. Figure 4B presents
the plotted intensity spectrum of the Raman modes as a
function of the silica buffer layer’s thickness. The spec-
tral enhancement efficiency was relatively weak com-
pared with that of the Si layer sandwiched Au clusters. For
instance, only a 196% enhancement factor was obtained
for the 30-nm-thick SiO, layer buffered Au clusters in com-
parison with that of the bare Au clusters structure. These
findings suggest that the low-index dielectric thin films
can only provide a slight improvement for the SERS signal
intensity.

It is necessary to do further comparison between
the high and low-index dielectrics when they are used
as the thin film for the plasmonic metal structures since
a remarkable different response is observed in the above
discussion. Figure 5A shows the Raman signal curves
of the I-nm-thick Si and SiO, layer buffered Au clusters.
The Si layer sandwiched Au clusters showed a much
stronger signal intensity than that of the SiO, layer buff-
ered structure, even if the layer thickness was the same.
For instance, the Raman signals at the characteristic lines
of 605 cm™, 1356 cm™ and 1644 cm™ realized enhance-
ment factors of 414%, 461% and 527%, respectively. These
results directly confirm the impressive Raman scattering
enhancement by the high-index dielectric. It should be
noted that the Si layer did not only have a difference of
the dielectric feature, but also led to a distinct geometry
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Figure 4: Surface-enhanced Raman scattering (SERS) performance for the Au clusters based substrate.

(A) SERS spectral properties of the Au clusters under a tuning thickness of silica buffer layers. (B) The plotted intensity spectrum of the
Raman modes as a function of the silica layer’s thickness. The dashed red arrow indicates a 196% enhancement factor for the 30-nm-thick
SiO, buffered Au clusters to that of the Au clusters structure without the silica film.
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Figure 5: Surface-enhanced Raman scattering (SERS) performance for the Au clusters based substrate under different dielectric films.
(M) (B) Comparison of the SERS spectral curves for the Au clusters under the same thicknesses of the Si and SiO, layers, respectively.

of the Au clusters during the sample preparation. That is,
the material feature and the related structural geometry
characteristics for the Si layer sandwiched Au clusters are
the two main reasons for the excellently enhanced SERS
spectrum. The ultra-thin Si layer with a normal thickness
of 1 nm is believed to provide strong photonic resonance
and simultaneously to provide electron oscillations by
the quantum confinement, since the thickness is close
to the Bohr radius. As a result, the bilevel Au clusters
are not only physically separated by the Si film but also
affected by the Si film via the strong electric field oscil-
lations. Localized plasmon resonances and the near-field
coupling, and the so-called charge transfer could all be

excited in this ultra-thin semiconductor layer sandwiched
quasi-three-dimensional metal-semiconductor-metal
triple-layer structure. Figure 5B further shows the com-
parison for the Au clusters formed with 30-nm-thick Si
and SiO, layers. Under such a relatively thick dielectric
buffer layer, the Au clusters structures with Si and SiO,
still showed a noticeable difference in the Raman inten-
sity. Enhancement factors of 226%, 264% and 282% of the
Raman signals were obtained at the characteristic lines of
605 cm, 1356 cm, 1644 cm™, respectively. These results
confirm the better Raman scattering for the Si layer based
Au clusters. As for the great different Raman scattering
responses for the Au/Si/Au and the Au/SiO,/Au clusters, it
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is necessary to further discuss the potential contributions
by the different morphology features for them. As the
SEM images show in Figure 1, the surface morphologies
for the ultra-thin films based systems are noticeably dif-
ferent from each other. For instance, with the 1-nm-thick
Si/SiO, film based Au clusters, the morphology patterns
are different. As the SEM images show in Figure 1C and D,
the 1-nm-thick SiO, film based structure has many more
nanoslits between the adjacent Au clusters, which could
produce strong Raman scattering enhancement. However,
in fact, the 1-nm-thick Si film based system shows a much
larger intensity. Moreover, as regards the 30-nm-thick Si
or SiO, films based systems, the morphologies for these
structures are very similar, as shown in Figure 1E and 1F.
The Raman scattering still shows an enhancement factor
larger than 200% as compared to that of the SiO, film
based system. Furthermore, the difference in the morphol-
ogy between the Si or SiO, film based structures is much
smaller than that of the Au clusters systems. That is, the
morphology part terns for the Au particles with Si or SiO,
interlayers are similar. The spectral intensity curves for
the Au particles with Si or SiO, interlayers are similar to
that of the Au clusters, showing a remarkable difference
for these different materials, as shown below. These fea-
tures again indicate that the key contributions to and the
great difference between the spectral responses mainly
result from the material properties and their related

A 7L
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responses. Thereby, the structural morphology is not the
key point for the contributions of the distinct responses
of the enhanced Raman scattering. Indeed, the material
properties of the semiconductor, such as the strong pho-
tonic resonances, can produce additional contributions
[48-50, 57]. High-index dielectric systems and, in par-
ticular, semiconductors, have been tailored to achieve
enhanced Raman scattering [42] or related effects [58].
Otherwise, the formation of quasi-three-dimensional clus-
ters can produce efficient EM hotspots, which can provide
volume-like enhanced scattering [59] and produce strong
contributions. The effect on the extraction of the local
field [57, 60] for the plasmonic resonances of the Au clus-
ters by the high-index Si layer could be another contribu-
tion to the observed spectral responses.

We studied the SERS response by using Au particles
under different conditions. Figure 6A shows the curves for
Au particles based structures under different thicknesses
of Silayers. As regards the bare Au particles based system,
a strong Raman scattering intensity was observed for the
characteristic peaks of the analytes, suggesting a high
capability for trace detection. This is also the reason why
there were many applications on the molecular detection
and sensing by using the plasmonic nanoparticles [61],
especially for the densely packed particles. The strong
local electric field and the plasmon near-field hot spots
which exist in the densely distributed metal particles can
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Figure 6: Surface-enhanced Raman scattering (SERS) performance for the Au particles based substrate.

(A) SERS spectral properties of the Au particles under a tuning thickness of silicon buffer layers. (B) The plotted intensity spectrum of the
Raman modes as a function of the silicon layer’s thickness. The dashed red arrow indicates a 503% enhancement factor for the 10-nm-thick
silicon buffered Au particles to that of the Au particles structure without the silicon film.
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produce an ultra-high detection capability [62—-64]. Never-
theless, these investigations were focused on improving
the efficiency based on the metal particles themselves.
Far less attention was paid to further enhancing the SERS
with the help of the external environment. Herein, we
combined the common high-dense Au particles with the
ultra-thin dielectric layers and then formed a novel SERS
substrate. The Raman intensity for the characteristic lines
of the Si layer sandwiched Au particles substrates was
much stronger than that of the bare Au particles. When
the thickness of the Si layer was increased from 1 nm to
10 nm, the Raman scattering intensity showed a continu-
ous rise. The Raman signal was then reduced when the
Si layer was as thick as 30 nm. The plotted spectrum for
the main Raman characteristic lines under different thick-
nesses of the Si layer is presented in Figure 6B. The Raman
signal for the 10-nm Si layer sandwiched Au particles sub-
strate was much stronger than that of the other situations.
In comparison with that of the bare Au particles based
substrate, the enhancement factor was up to 503% at the
Raman peak of 1361 cm™ for the 10-nm Si layer buffered
Au particles substrate. Strong enhancement of the Raman
scattering was also observed for other main characteristic
peaks. These features suggest that the introduced Si layer
with a suitable thickness can not only retain the high-effi-
ciency Raman scattering of the bare Au particles, but can
also provide additional enhancement.
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Figure 7A presents the Raman intensity evolution for
the Au particles based substrates under a tuning thick-
ness of the SiO, buffer layer. During the increase in the
thickness of the silica layer, the Raman spectral curves
had a similar intensity to that of the bare Au particles
structure. Only a slight enhanced Raman signal was
observed when the silica layer was about 10 nm. The
Raman intensity then became weak when a thick silica
layer was used. Figure 7B shows the plotted spectral
intensity of the Raman modes as a function of the silica
buffer layer’s thickness. For the Raman characteristic
peaks, only a small enhancement factor was obtained
when the substrate had a 10-nm-thick silica layer. For
instance, in comparison with that of the bare Au particles
based substrate, the enhancement factor was about 172%
at the Raman peak of 1361 cm™ for the 10-nm silica layer
buffered Au particles substrate. These results suggest that
the low-index silica buffer layer has a relatively weak con-
tribution for improving the SERS.

We further studied the producibility for the proposed
system. As shown in Figure 8A, the Raman spectra of the
Au clusters with a 1-nm-thick Si interlayer were presented
when a continuous measurement was carried out 12 times
in the same point. Only slight changes were obtained for
the main scattering peaks. Figure 8B shows the spectra
of the system after measurements at different points. The
spectral intensity had a moderate fluctuation for the main
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Figure 7: Surface-enhanced Raman scattering SERS performance for the Au particles based substrate.

(A) SERS spectral properties of the Au particles under a tuning thickness of silica buffer layers. (B) The plotted intensity spectrum of the
Raman modes as a function of the silica layer’s thickness. The dashed red arrow indicates a 172% enhancement factor for the 10-nm-thick
silica insulated Au particles to that of the Au particles structure without the silica film.
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Figure 8: (A) (B) Raman spectra of the Au/Si/Au clusters with a 1-nm-thick Si interlayer after continuous measurements for 12 times

and the spectra for six different points.

Raman resonant peaks. These features confirm the high
producibility and uniformity for the proposed substrate.
Finally, we would like to discuss the mechanism for
the observed dielectric film enhanced SERS behaviors,
especially for the Si ultra-thin film sandwiched Au clus-
ters. Figure 9A shows the schematic of the intrinsic and
potential mechanisms for the ultra-thin Si layer sand-
wiched Au clusters. For a single layer of the Au clusters,
owing to the densely distributed sharp Au corners and
nanogaps between the adjacent parts, several kinds of
plasmonic resonances can be excited. For instance, the

sharp corners or the tips of the Au clusters can produce
tip-like plamson local electric field enhancement, the
plasmon hotspots [14-19]. Moreover, between the adja-
cent clusters, the randomly distributed air gaps can
lead to the excitation of gap plasmon modes. These gap
plasmons occur at the ultra-small area and therefore
produce the gap plasmon hotspots [65]. Additionally, as
for the clusters themselves, the localized plasmons or the
particle plasmons can be excited by these metal nano-
structures [66, 67]. When the dual-film Au clusters are
combined with an ultra-thin dielectric film, the spatially

Tip plasmon hotspois

Gap plasmon hotspois
Particle plasmons

L 10 e
!—.# ]
.w Spatial gap plasmon

PY e hotspots
) <
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y . Film-coupled plasmons

Figure 9: Mechanism discussion of the film buffered dual-layer plasmonic clusters.

(A) Schematic of the potential contributions for the enhanced surface-enhanced Raman scattering (SERS). The combined SERS substrate

is the efficient cooperation between the multiple plasmon modes and the tip, gap based plasmon hotspots, the film-coupled plasmonic
resonances, and other plasmon hotspots by the spatially distributed and displaced clusters and/or their sharp edges and corners.

(B) Calculated local electric field distributions in the top and bottom Au clusters, and the middle Si layer. The schematic of the ideal model is
designed as dual-film Au star-shape clusters sandwiched by a Si layer. The top and the bottom clusters have a spatial separation.
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distributed metal nanostructures can produce other plas-
monic resonant effects. For instance, the gaps can even
be formed by the top and bottom clusters, which usually
exhibit spatial displacement in the quasi-three-dimen-
sional scale. This structural feature leads to numerous
spatial gaps plasmon hotspots, which are distributed in
the nanometer scale since the buffer layer is ultra-thin.
Between the top and bottom clusters, the plasmons can
couple with each other and eventually form the film-
coupled plasmons. These plasmonic resonances and cou-
pling effects can strongly enhance the local electric fields
and produce higher Raman scattering signals. Similar
responses could also be achieved for the silica interlayer
based systems. Nevertheless, when a high-index dielec-
tric layer is used, such as the semiconductor Si, the pho-
tonic resonances and the intrinsic electrical features can
provide additional contributions for the enhanced SERS
[12, 37, 42]. The insulator interlayer has poor electronic
responses and cannot produce these similar contribu-
tions. For instance, the ultra-thin Si film or cavity has
been observed to support low-order localized optical
resonance and strong EM resonances [68]. In particular,
semiconductor nanoresonators have a high density of
electrons, which could be excited to interact with other
electronic oscillations and could even provide a so-called
charge transfer [30, 69-71]. The ultra-thin Si film with a
thickness close to the Bohr radius produces plasmon-like
responses, which produce efficient coupling and reso-
nant channels for the top and bottom Au nanostructures,
leading to the formation of quasi-three-dimensional
volume-like Raman scattering substrates. These features
can provide other ways to enhance the SERS. Under laser
excitation, the monolayer molecules can be coupled and
excited by these effects, which provide strong Raman
signals. Figure 9B shows the calculated local electric
field distributions of an ideal model with dual-layer Au
star-shape clusters, separated with a 1-nm-thick Si layer.
In order to fit the actual situation, the dual-layer clusters
were spatially displaced as the schematic diagram shown
in Figure 9B. Under excitation of the 514 nm illumination,
the top and the bottom Au clusters (the stars herein) both
produce strong particle plasmons, gap plasmons and
tip plasmons, as expected, in the theoretical discussion.
Moreover, in the middle Si layer, strong plasmon near-
field coupling can be observed for the upper and lower
two layers. Particularly, the spatially displaced metal
particles are also observed to provide strong spatial gap
plasmon resonances. These features qualitatively demo-
nstrate the potential plasmonic resonances and near-
field coupling effects by this quasi-three-dimensional
metal-semiconductor-metal resonant structure.

G. Liu et al.: Semiconductor-enhanced Raman scattering sensors = 1105

4 Conclusions

In summary, we proposed and demonstrated a quasi-
three-dimensional plasmonic hotspots platform based
on a metal-dielectric-metal triple layer structure. As for
the ultra-thin silicon film buffered dual-layer Au clus-
ters, the SERS signal was observed to be enhanced with a
factor up to 735% in comparison with that of the system
without the dielectric film. For the Au particles based
SERS substrate, the Raman intensity showed a maximal
enhancement factor of 503% when the silicon thin film
was introduced for the quasi-three-dimensional layered
structure. The SERS performance with a slight improve-
ment was also achieved for the layered structures formed
by the low-index silica film. Moreover, for the triple-
layer Au clusters buffered with a silicon film, the SERS
signal was observed to be as two to five times larger than
that of the system with the low-index silica film. These
features confirm a great advantage for the SERS perfor-
mance by using an ultra-thin high-index dielectric film.
In this metal-semiconductor-metal triple layer structure,
the physical and chemical enhancements for the Raman
scattering simultaneously exist. The metallic clusters
or particles packed in proximity can produce strong
plasmon resonances and near-field confinement, which
can provide highly dense plasmonic hotspots in a three-
dimensional scale. These resonant behaviors can lead to
extremely enhanced Raman signals for the molecules.
Besides the physical mechanism, the chemical effect can
also be excited due to the ultra-thin silicon film, which
is located between the upper and lower plasmonic nano-
structures. The semiconductor material of silicon has a
high density of electrons. In particular, the silicon film
has a thickness close to the Bohr radius, which holds the
capability of the electrons becoming excited, to interact
with the other electronic oscillations. These features
could therefore lead to the plasmon-like responses of
the ultra-thin silicon film, and eventually provide a so-
called charge transfer in the triple-layer SERS substrate.
The findings not only show an alternative way to build
an efficient SERS substrate in a large area at low-cost,
but also provide novel insights on the semiconductor
enhanced SERS technique.
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