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During these past two decades, the fabrication of ultrasensitive surface-enhanced Raman
scattering (SERS) substrates has explosed by using novel plasmonic materials such bimetallic
materials (e.g., Au/Ag) [1–4], hybrid materials (e.g., metal/semiconductor) [5–8], and also new
designs of plasmonic nanostructures (e.g., nanoparticle self-assembly [9–11]). These novel plasmonic
nanomaterials can allow a better confinement of the electric field and thus induce an enhancement
of the SERS signal (electromagnetic contribution [12,13]) by adjusting, for instance, the size, shape,
periodicity, nanoparticle self-assembly, and nanomaterials’ nature. These nanomaterials can also
enhance the charge transfer (electrons; chemical contribution) to increase the SERS signal [14,15].
Furthermore, other materials are appeared for SERS applications such as metal oxides [16,17]. Other
directions for the SERS field also emerged such as the SERS effect induced by high pressure [18,19],
and the photo-induced enhanced Raman spectroscopy [20–22]. Thus, this special issue is dedicated
to introducing recent advances and insights in these novel plasmonic nanomaterials applied to the
fabrication of highly sensitive SERS substrates for chemical and biological sensing.

This special issue is formed of 5 research articles, and 1 review article. The first part of this
latter is devoted to the novel methods of fabrication of plasmonic nanoparticles or nanostructures
for SERS [23–25]. Dizajghrobani-Aghdam et al. demonstrated an alternative method of fabrication of
metallic nanoparticles by employing pulsed laser ablation, and these hybrid plasmonic nanostructures
have presented significant enhancements of the Raman signal [23]. Furthermore, Yang et al. presented
the direct fabrication of SERS substrates by using an in situ photochemical method of reduction. High
enhancements of the Raman signal were obtained with these SERS substrates [24]. To finish this first
part, Chang et al. proposed a simpler method of electron beam lithography in order to realize SERS
substrates by removing the photoresist lift-off step [25]. In the second part, the presented domain is
devoted to the impact of long-range interactions and the surrounding medium on the SERS effect
investigated by Ragheb et al. [26]. In the last part, the addressed domains are dedicated to novel
plasmonic and non-plasmonic nanomaterials for SERS sensing [27,28]. Barbillon et al. demonstrated
the enhancement of the Raman signal with hybrid nanostructures on a metallic film [27]. To finish
this part and this special issue on novel plasmonic nanomaterials applied to the SERS field, Barbillon
presented a short review on plasmonic and non-plasmonic nanomaterials for SERS sensing [28].

For performing the special issue entitled “Application of Novel Plasmonic Nanomaterials on
SERS”, a couple of contributions has been obtained from excellent-quality authors originate from
worldwide. I would like to acknowledge all these authors as well as the whole editorial office of the
journal “Nanomaterials” for their great support and help in the management process of the article
submissions and other associated tasks. To finish, I hope that you will find interesting this special
issue devoted to novel plasmonic nanomaterials for the SERS field, which is targeted to the students or
researchers who are or wish to imply in this field.

Nanomaterials 2020, 10, 2308; doi:10.3390/nano10112308 www.mdpi.com/journal/nanomaterials1
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Abstract: We report a single-step route to co-deposit Cu nanoparticles with a graphitic carbon nitride
(gCN) support using nanosecond Ce:Nd:YAG pulsed laser ablation from a Cu metal target coated
using acetonitrile (CH3CN). The resulting Cu/gCN hybrids showed strong optical absorption in the
visible to near-IR range and exhibited surface-enhanced Raman or resonance Raman scattering (SERS
or SERRS) enhancement for crystal violet (CV), methylene blue (MB), and rhodamine 6G (R6G) used
as probe analyte molecules adsorbed on the surface. We have characterized the Cu nanoparticles and
the nature of the gCN support materials using a range of spectroscopic, structural, and compositional
analysis techniques.

Keywords: pulsed laser ablation; acetonitrile (CH3CN); Cu/gCN hybrids; localized surface plasmon
resonance (LSPR); surface enhanced Raman scattering (SERS); surface enhanced resonance Raman
scattering (SERRS)

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive spectroscopic technique used
to detect and study vibrational modes of molecules adsorbed on metal or semiconducting surfaces or
nanoparticles (NP) [1–7]. SERS intensity enhancement factors (EFs) by up to 14 orders of magnitude arise
from a combination of electromagnetic (EM) and chemical (CM) mechanisms [8,9]. EM enhancement
factors (~107–108) are dominant for metallic materials [10,11] compared with the CM enhancement
(~103) operating mainly among semiconductors [12–15]. Typical SERS active supports include noble
metals (Au, Ag, Cu) that develop localized surface plasmon resonances (SPR) in the visible range,
giving rise to the photon-vibrational coupling effects leading to SERS with EM enhancement [11,16].
In addition, if the adsorbed analyte contains a chromophore with a UV-visible absorption close to
the SPR wavelength, additional enhancement can be observed due to resonance Raman (SERRS)
effects [17].

Ag and Au NPs have been mainly investigated as the most highly active SERS substrates [11,18–21].
Cu NPs exhibit similar SPR properties but can show lower chemical stability toward adsorbate
species [16,22–25]. Cu NPs are readily produced using solution chemistry techniques, but these
approaches can lead to surface contamination due to atmospheric oxidation, as well as from the
addition of surfactants such as polyethylene glycol, sodium dodecyl sulfate, etc. [26–28], thus hindering
their use for SERS, as well as for biomedical and catalytic applications [29,30]. Laser ablation from
a pure metal target in the presence of a liquid medium has been shown to provide a useful alternative

Nanomaterials 2019, 9, 1223; doi:10.3390/nano9091223 www.mdpi.com/journal/nanomaterials5
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to obtain SERS-active NPs [24,25,31]. Using liquids such as H2O or acetone results in the formation of
Cu oxides [32–34] that reduce the SERS activity and affect the chemical stability [35]. Here, we explored
the use of the oxygen-free liquids toluene (C7H8) and acetonitrile (CH3CN) for the Cu laser ablation
experiments. The aromatic hydrocarbon toluene produced Cu NPs surrounded by an amorphous
carbon matrix that resulted in quenching of the SPR. Similar results have been reported for Au
NPs [36,37]. These effects could be reduced by incorporating N atoms in the ablation medium and the
resulting solid matrix surrounding and supporting the Cu NPs. Previous studies have described the
laser ablation of Cu and other transition metal elements using acetonitrile to obtain metal NPs deposited
along with a carbon nitride support, but the nature of the support material obtained has not yet been
fully established [38–42]. Here, we characterized the Cu NPs and the carbon nitride matrix, that we
established to have a polymeric to graphitic character based on mainly sp2-bonded C and N species
(labelled gCN for convenience), using a range of spectroscopic, diffraction, and imaging techniques.
We evaluated the performance of the Cu/gCN hybrid nanomaterials for their surface-enhanced Raman
or resonance Raman scattering (SERS or SERRS) performance using crystal violet (CV), methylene blue
(MB), and rhodamine 6G (R6G) as probe analyte molecules adsorbed on the NP surface.

Different classes of carbon nitride materials are currently being investigated for applications
including catalysis, photocatalysis, electrochemical energy storage, and conversion, and as supports
for catalytically active metal NPs [43–46]. Most work to date is focused on semiconducting compounds
with CxNyHz compositions and polymeric to layered (“graphitic”) structures are being developed.
Although these materials are often cited as graphitic (g-) C3N4, this particular stoichiometry and layered
structure have only been characterized in a single study that described a triazine-based graphitic
carbon nitride (TGCN), produced using the polymerization of dicyandiamide (DCDA: C2N4H4)
in a LiCl:KCl molten salt medium [47]. That process normally results in crystalline polytriazine
imide (PTI) solids containing intercalated Li+ and Cl− ions [48]; the TGCN material consisted of
dark-colored flakes formed at the molten surface or deposited on the walls of the reaction vessel.
However, related studies have found that the layered gCN materials deposited from above the
DCDA/molten salt mixture under analogous reaction conditions had significantly greater C:N ratios,
close to 1.3 [49,50]. That composition is similar to the gCN supports formed in our laser ablation
study, described below. The wide range of materials described as carbon nitrides include N-doped
graphite and graphene produced by chemical or physical vapor deposition exhibit semi-metallic to
semiconducting behavior, with optoelectronic properties determined by the relative C:N ratio and their
distribution within the sp2-bonded structures [51–53]. Such materials have been formed via the laser
ablation of graphite targets in N2 or NH3 atmospheres, or by the laser-assisted reactions of precursors
in gas and liquid media, giving rise to materials containing up to ≈20 at% nitrogen in the resulting
amorphous to nanocrystalline films [54–60]. There have been reports of embedding Cu NPs in carbon
nitride materials for functional applications. Hydrothermal processing in Cu-containing ionic liquids
produced a Cu/gCN electrocatalyst that showed catalytic activity for the oxygen reduction reaction
(ORR) critical for fuel cell operations [61], while reacting CuCl2 with melamine in methanol formed
supramolecular networks and carbon nitride nanosheets and nanorods with coordinated Cu2+ ions
resulting in enhanced catalytic and visible light photocatalysis properties [62–66].

These last investigations indicate that electronic interactions between Cu NPs and supporting
carbon nitride matrices can lead to the cooperative enhancement of catalytic and photocatalytic effects.
Such interactions could be harnessed to develop other optical properties, including SERS enhancement
of the vibrational signatures of molecular species adsorbed on the surface. Studies have reported
combining semiconductor NPs (such as TiO2) with plasmonically active NPs to stabilize and enhance
the performance of SERS substrates [67–69]. Jiang et al. described a hybrid Ag/gCN material with
a stable high-performance SERS activity, demonstrating strong optoelectronic interactions that promote
the SERS enhancement along with charge transfer effects that protect the Ag NPs from oxidation [70,71].
Here we applied pulsed laser ablation of a Cu target coated with acetonitrile (CH3CN) to create Cu/gCN
hybrid nanomaterials that were characterized using a range of spectroscopic, diffraction, and imaging
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techniques, and we studied their SERS/SERRS activity for the probe analyte molecules crystal violet
(CV), methylene blue (MB), and rhodamine 6G (R6G).

2. Materials and Methods

A high-purity copper plate (Cu 99.98%) with a 2-mm thickness coated with acetonitrile served as
the target for the laser ablation experiments. High-purity, methylene blue (MB), crystal violet (CV)
(99.5%), and rhodamine 6G (R6G) (≥95%) were purchased from Sigma Aldrich (Darmstadt, Germany)
and used as SERS probe analytes. Bulk elemental analysis was carried out using an Elementar-Vario
EL III system (Hanau, Germany) and X-ray photoelectron spectroscopy (XPS) was carried out using
a Thermo Scientific K-Alpha instrument (Waltham Massachusetts, U.S.A) with a monochromated Al
Kα source (1486.6 eV). Transmission electron microscopy (TEM) was carried out using Zeiss-EM10C-80
kV (Germany) and JEOL JEM2010-200 kV (Tokyo, Japan) instruments. The micrographs were analyzed
using ImageJ software (Version 6, California, U.S.A) [72] and by manual counting to determine the
mean size of NPs in the TEM images. The average Cu NP sizes were determined to be ≈6 nm, slightly
lower than those estimated from Scherrer broadening of the X-ray powder diffraction data. X-ray
diffraction (XRD) patterns were recorded using an X-Pert MPD (Philips, Eindhoven, Netherlands)
X-ray diffractometer with Co Kα-radiation (λ = 1.79026 Å). Ultraviolet–visible (UV/vis) absorption
spectra were obtained using a PG T80+ spectrophotometer (PG Instruments, Coventry, UK), Fourier
Transform infrared (FTIR) spectra with a Thermo Nicolet NEXUS 670 FTIR (Waltham Massachusetts,
U.S.A), and Raman spectroscopy including SERS or SERRS effects were recorded using a Thermo
Nicolet Almega spectrometer (Waltham Massachusetts, U.S.A) with a 532-nm excitation provided by
a Nd:YLF laser.

Pulsed laser deposition was carried out using a Ce:Nd:YAG laser (λ = 1064 nm) with a 10-ns
pulse width and a 10-Hz repetition rate. The beam was focused on the Cu plate target using a 10-cm
working distance lens. The target was fixed to the bottom of a glass cell and mounted on a rotator in
order to avoid deep ablation. The laser pulse energy was held constant at 100 mJ/pulse. The typical
diameter of the laser spot at the target was 2 mm and the acetonitrile level on the target surface was
2 mm. The pulsed laser was directed on the rotating target surface for 10 min to obtain a colloidal
suspension of ablated nanomaterial particles. The suspension was then dried at 25 ◦C in air to provide
solid powdered materials for further investigation.

To prepare SERS substrates, 1 mg of the synthesized support materials (Cu/gCN) were suspended
in 5 mL of the different analyte solutions (CV, MB, and R6G) prepared with concentrations ranging
between 10−3–10−8 mol/L in acetonitrile and stirred for 3 h to allow binding between the analyte
and substrate. The analyte-decorated Cu/gCN solutions were centrifuged and washed multiple
times with absolute acetonitrile to remove any unabsorbed analyte molecules and then the resulting
powders were dispersed into 1 mL acetonitrile. SERS substrates were prepared by dropping aliquots
of analyte-decorated Cu/gCN solutions (10 μL) onto a glass slide and the volatile liquid phase was
left to evaporate at 25 ◦C in air to form a uniform coating. All Raman and SERS/SERRS experiments
were carried out with the incident laser power maintained at 10 mW for a 60 μm (spot diameter) laser
beam focused at different points on the sample surface maintaining a constant integration time of 100 s
at a spectral resolution of 4 cm−1. All spectra were measured using 532-nm excitation delivered by
the second harmonic of a Nd:YLF laser and were collected in the range of 400−4000 cm−1. All data
processing and statistical analysis were carried out using the OMNIC™ software (Version 6) supplied by
Thermo Nicolet (Waltham Massachusetts, U.S.A) and intensity values of the spectra were normalized
according to the integration time within each data set.
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3. Results and Discussion

3.1. Formation and Characterization of Cu/g-CN Materials Produced by Pulsed Laser Ablation in Acetonitrile

The interaction of high-power laser beams with a Cu target can result in several phenomena
including heating, melting, and even vaporization of the surface, leading to the formation of plasma.
A complex process involving adiabatic plasma expansion combined with shockwaves and the formation
of cavitation bubbles result in ablation of Cu NPs that become suspended within the overlying
liquid medium. The high temperatures generated by laser beam absorption using the Cu target
result in bond-breaking and polymerization reactions occurring within the acetonitrile liquid phase
surrounding the ablated metal NPs. Also, radiation from the laser-ablated Cu vapor plume leads
to UV absorption and photolysis reactions within the acetonitrile liquid. The combination of these
thermal and photolytic reaction effects, accompanied by new C–C/C–N bond formation, results in the
formation of a polymerized gCN matrix that then surrounds and supports the Cu NPs formed during
laser ablation treatment [38].

We first characterized the chemical composition of the Cu/gCN hybrid materials using bulk
elemental (CNH) analysis that revealed a C:N ratio of 1.3, which was larger than those expected for g-C3N4

or polymeric to graphitic gCN materials prepared via the thermolysis of organic precursors [43,44].
However, it only slightly exceeded the C:N ratio found for layered gCN materials produced using
vapor deposition above a molten salt bath from precursors such as DCDA [49,50]. Examination of the
survey C1s and N1s spectra obtained from XPS measurements confirms this observation (Figure 1a–c).
The C1s spectra could be fit using three mixed Gaussian–Lorentzian (GL) peaks at 284.3, 286.0, and 288.2
eV. The peak at 288.2 eV appears at a position that is characteristic of sp2 C atoms bonded within
a cyclic triazine or heptazine systems [44], although this constituted only a minor (5.5%) component of
the overall C contribution. The peak at 286.0 eV (18.55% of the C contribution) was assigned to C–N
bonded species, although it might also contain a contribution from C–O bonded species that are often
recorded for gCN materials due to surface oxidation [44,50]. It is probable that the remainder of the
C–N bonding was represented by a significant, but unresolvable, contribution to the peak at 284.3 eV,
along with a component from adventitious carbon [50,53]. The presence of the C1s peak at 286.0 eV,
as well as a significant proportion of that observed at 284.3 eV, confirmed the presence of significant
C–N interactions within the sample. The N1s spectrum (Figure 1c) was best fit with two GL peaks,
one at 398.4 eV, and a second contribution at 399.5 eV. The smaller peak resembles that observed for
melamine and is usually interpreted to be indicative of C–N–H uncondensed amino (–NH2) groups [44].
We note that the IR spectra discussed below indicate the presence of N–H bonded species. The peak
at the higher binding energy (BE) resulted from the remaining C–N species, which included C–N=C
bonded units indicated by the peak in the C1s spectrum. The IR and Raman data also indicated the
presence of terminal nitrile (–C≡N) units that contributed to the N1s signal. The C1s:N1s peak ratio
found from the XPS data was 4.76. This was significantly larger than the value determined using bulk
elemental analysis (1.33), but it was certainly affected by a significant contribution from adventitious
carbon. However, the fact that the C:N ratio was substantially greater than 1 clearly indicates that both
C–C and C–N species were present within the gCN materials. The Cu 2p3/2 peak (Figure 1d) exhibits
a single sharp feature that could be fitted using a GL peak at 933.3 eV. The shape and position of this
feature, as well as the absence of higher BE satellites, rule out the presence of Cu(II), but Cu(I) and
Cu(0) species both have similar XPS signatures, and it is possible that either or both of these species
might be present within the sample [73].

8



Nanomaterials 2019, 9, 1223

Figure 1. (a) XPS survey spectrum, (b) C1s, (c) N1s, and (d) Cu 2p3/2 XPS spectra of the Cu/gCN
material produced by laser ablation under acetonitrile.

UV-visible absorption spectra of the Cu/gCN nanomaterials obtained in suspension in acetonitrile
following the laser ablation synthesis exhibited a peak at ≈580 nm due to the localized surface plasmon
resonance (SPR) band of the Cu NPs (Figure 2) [16,24,74].

Figure 2. UV–visible absorption spectrum of a typical Cu/gCN nanomaterial synthesized using pulsed
laser ablation in acetonitrile. The inset shows a vertically expanded region of the spectrum around the
position of the surface plasmon resonance for Cu NPs.

The XRD pattern of dried powders obtained using Co Kα radiation showed weak sharp peaks
that were distinct from the broad and more intense features from the amorphous gCN matrix (Figure 3).
The weak peaks occurring at 50.7◦ and 59.2◦ 2θ (λ = 1.79026 Å) were identified with the {111} and
{200} reflections of crystalline Cu (2.09 and 1.08 Å, respectively). A very weak feature could just be
distinguished at 89.1◦ 2θ (1.27 Å) that corresponded to the {220} reflection. Examining the widths of
these features indicated an NP size with an average mean diameter ≈32 nm estimated using Scherrer’s
formula (Table 1). The pattern was dominated by a strong, broad peak at 34.3◦ 2θ (3.03 Å), along with
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a weaker feature at 28.9◦ 2θ (3.59 Å). These resembled the broad reflections observed for polymeric to
graphitic carbon nitride materials prepared using thermolysis of organic precursors, where they are
commonly interpreted in relation to the {002} and {100} planes of polytriazine to polyheptazine graphitic
layered structures, even though the actual materials are known to be incompletely polymerized and
contain ribbon-like units along with partially formed sheets [44,75–77]. Similar features were also
found for nanocrystalline layered materials with higher C:N ratios close to those observed for the
gCN supports created in this study [44,49,50]. We note, however, that the main XRD peak occurred at
a value that is ≈11% smaller than the interplanar d002 spacing of crystalline graphite (d002 = 3.28 Å),
or gCN compounds with both low (~3.26 Å) and high C:N ratios (~3.24 Å) [44,49,50,75–77].

 
Figure 3. Powder XRD pattern (obtained using Co Kα radiation, λ = 1.79026 Å) of the Cu/gCN material
formed using pulsed laser ablation in acetonitrile. The weak sharp peaks due to crystalline Cu NPs are
labeled with their {hkl} values. The strong broad features are due to the gCN support generated during
the laser ablation synthesis from acetonitrile.

Table 1. Summary of X-ray diffraction data obtained using Co Kα radiation (λ = 1.79026 Å) for a typical
Cu/gCN material prepared using pulsed laser ablation in acetonitrile. * The assignment of peaks for
gCN is discussed in the text.

Angle (2θ) {hkl} FWHM (2θ) d-spacing (Å) Height (counts) Identification

28.9 * 3.3 3.59 27.2 gCN
34.3 * 1.6 3.03 153.9 gCN
50.7 {111} 0.3 2.09 36.9 Cu
59.2 {200} 0.4 1.08 14.6 Cu
89.1 {220} 3.2 1.27 5.4 Cu

Cu NPs were shown to be distributed throughout the gCN matrix via TEM imaging (Figure 4a–d).
By counting ≈40 particles, the mean diameter was found to be ≈6 nm by analyzing the images using
ImageJ software [72]. A few particles in the field of view were observed to have diameters in the
10–25 nm range. The greater average particle size (≈30 nm) indicated using the XRD results could
have been the result of the presence of large NPs within the bulk materials that were not sampled in
the TEM experiments, although Scherrer analysis of the X-ray peaks is not always reliable. The gCN
supporting matrix revealed a turbostratic texture with an "onion-like" structure developed around the
Cu NPs (Figure 4c).

FTIR spectra of a pressed KBr disc of the powdered Cu/gCN sample contained a strong band
at 3340 cm−1 due to N–H stretching from the gCN material, combined with a contribution from
O–H stretching from surface-adsorbed H2O (Figure 5a) [78,79]. The peak at 1640 cm−1 was due to
molecular H2O bending vibrations [78]. The features at 2850–2950 cm−1 indicated the presence of
sp3-hybridized C–H bonds [80]. Features in the 1000–1450 cm−1 region can be assigned to C–N and
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possibly C–O stretching vibrations [44,50]. The sharp peak at 2120 cm−1 was due to terminal C≡N
bond stretching within the incompletely condensed carbon nitride matrix [79,80]. The strong Raman
peak at 2155 cm−1 confirmed this assignment (Figure 5b), although it is not clear why there should be
a 35 cm−1 difference between the IR and Raman data. This could indicate a vibrational interaction
between adjacent nitrile groups within the structure giving rise to symmetric and antisymmetric
combinations; however, typically the IR mode should occur at a higher wavenumber. Our observation
of this feature clearly indicates that the gCN material produced by laser ablation from acetonitrile was
not fully polymerized into graphitic sheets. However, the sharp peak in the IR spectrum near 810 cm−1

was typical of breathing modes of ring units in carbonaceous and CxNy materials. Also, the Raman
spectrum contained two main bands at 1346 and 1540 cm−1 that resembled the “G” and “D” bands
of disordered graphite, amorphous carbon, and graphitic carbon nitride materials, associated with
C–N/C–C stretching vibrations within the gCN matrix [44,50,79,80].

  
(a) (b) 

  
(c) (d) 

Figure 4. TEM images of Cu NPs embedded in the amorphous gCN support. (a) Low-resolution image
obtained using a Zeiss-EM10C-80 kV instrument; (b,c) High-resolution images obtained using a JEOL
JEM2010-200 kV TEM. (d) Mean size (nm) and distribution by analysis of ≈40 Cu NPs.

  
(a) (b) 

Figure 5. (a) FTIR and (b) Raman spectra of Cu/gCN hybrid material synthesized using pulsed laser
ablation in acetonitrile.
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3.2. SERS/SERRS Activity of Analytes on Cu/gCN Hybrid Support Produced Using Pulsed Laser Deposition

We tested the SERS/SERRS activity of the CuNP/g-CN hybrid using the dye molecules CV, MB,
and R6G as analyte probes. A drop of each the analyte-decorated Cu/gCN solutions prepared with
various due concentrations (10−3–10−7 M) was placed on the prepared glass slide substrates separately
and allowed to dry before recording surface-enhanced spectra. “Normal” and SERS/SERRS spectra are
compared in Figure 6, after subtraction of the background fluorescence (Figure S1). No additional
bands were observed from the gCN support material (Figure S2). All spectra were obtained using
a total integration time of 100 s from 50 accumulated scans with a 2-s exposure. The spectra shown in
Figure 6 have been displaced vertically to more clearly show the SERS/SERRS enhancement.

  

(a) (b) 

 
(c) 

Figure 6. Raman spectra of (a) CV, (b) MB, and (c) R6G powders compared with SERS/SERRS spectra of
the analytes with different concentrations decorated on a Cu/g-CN substrate. All spectra were plotted
following baseline subtraction (see Figure S1). The red line indicates the characteristic peak used to
determine the SERS activity (see text and Supporting Information). The spectra have been vertically
displaced for clarity. The counts shown correspond to an integration time of 100 s of 50 accumulated
scans, each with a 2-s exposure period. We note that for the CV sample prepared with a 10−7

M concentration, an additional fluorescence background contribution remained that was not fully
accounted for by the baseline subtraction procedure. This was most likely due to some analyte molecules
that were not completely removed from the underlying glass support by the washing procedure.

Because CV has a main UV-visible absorption band extending between 420–640 nm with its
principal maximum near 580 nm, resonance Raman (RR) effects were expected to occur for the bulk
crystalline sample using 532 nm excitation [81]. However, using the acquisition conditions applied
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here, we could barely observe the vibrational peaks of CV rising above the background when presented
at the same vertical expansion as the SERS/SERRS spectra (Figure 6a). For the analyte deposited on
the Cu/gCN support at 10−3 M concentration, we clearly observed the spectrum of CV with peaks at
794, 901, 942, 1168, 1368, and 1620 cm−1 (Figure 6a). Although the positions and relative intensities
generally resembled those of published spectra of the solid sample obtained with different laser
wavelengths [81], we observed the most significant enhancement in the intensity of the feature at
1368 cm−1 that contains a main contribution from symmetric φ –N (φ = phenyl) stretching [81]. As the
concentration of adsorbed CV molecules was reduced by decadic amounts, the main peaks could still
be clearly distinguished from the background down to 10−7 M (Figure 6a).

MB exhibited a UV-visible absorption that had barely begun at the 532 nm laser wavelength,
and so it was expected that any RR or pre-resonance effects would be minimal for the bulk sample,
while the background fluorescence should be low [82]. That was consistent with our data for the solid
sample, for which the principal peak recorded at ≈1610 cm−1 in our study was clearly observed for the
counting conditions used here (Figure 6b). However, the Cu NP SPR occurred at 580 nm, which lay
within the electronic absorption profile of the chromophore, and so the SERS enhancement effects
could also include SERRS. We observed SERS-active Raman peaks at 632, 753, 843, 1056, 1174, 1287,
1375, 1440, and 1610 cm−1 for our sample prepared from a 10−3 M analyte solution, with a relative
intensity pattern that resembled that obtained by Anastasopolous et al. for MB molecules at 10−4 M
concentration adsorbed on Ag NPs and excited using a 514.5 nm excitation [82]. We can clearly observe
the dominant 1610 cm−1 peak down to a 10−6 M concentration, with a relative intensity that was only
slightly lower than that for the bulk solid (Figure 6b).

R6G exhibited an electronic absorption maximum at 530 nm that matched the laser excitation
wavelength and also lay close to the SPR of Cu NPs, and so RR effects were expected to be observed for
both the bulk solid and adsorbed molecules in our study using a 532-nm laser excitation. As observed
by previous researchers, the SERRS effect on Au nanoparticles or roughened Cu surfaces resulted in
the appearance of the characteristic Raman peaks of the adsorbed molecules using red (632.8 nm) to
blue (488 nm) excitation lines [83,84]. Our data show that the spectrum could be detected down to
at least 10−6 M, where the relative intensities were comparable to those of the bulk solid (Figure 6c).
Overall, our results demonstrated that the Cu/g-CN hybrid substrate exhibited good SERS/SERRS
sensitivity for the CV, MB, and R6G molecular analytes.

3.3. Estimation of SERS/SERRS Enhancement Factors

In order to further investigate the SERS/SERRS enhancement activities of the Cu/gCN substrate,
the surface was decorated with a sufficiently high concentration of analyte molecules (CV, MB, and R6G,
10−3 M) to ensure full a monolayer coverage of the NP surface. We assumed that the probe molecules
were uniformly adsorbed on the support surfaces. The relative intensities of characteristic peaks for
the three molecules were then compared with those obtained from a dried spot (2 μL; ≈10 mm2)
of pure analyte solution prepared at the same concentration (Figure 7a–c). The peaks at 1368, 1610,
and 1362 cm−1 were considered for CV, MB, and R6G analytes, respectively. SERS/SERRS enhancement
factors (EFs) were then estimated using the following equation [85–87]:

EF = (ISERS/nSERS)/(IRaman/nRaman) (1)

Here, nRaman and nSERS were the number of analyte molecules included within the laser beam
sampling volume for the normal Raman and SERS samples, respectively. ISERS and IRaman were the
absolute intensity values measured for the same mode in the Raman and SERS/SERRS spectra of
the analyte. The area of the laser illumination (Alaser) constituted a circle ≈30 μm in radius (rlaser).
The focused laser beam penetrated ≈4 μm into the material [86,88]. We considered the Cu NPs to
be spherical with a radius (rNP) of ≈16 nm (estimated from the XRD and TEM results), and that
the particles were half-way embedded into the gCN matrix. We neglected spaces between the NPs.
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The number of analyte molecules illuminated by the laser beam for the solid and SERS samples were
then obtained using:

nSERS = (nNPs .ANP)/(AAnalyte) (2)

Here, nNPs, ANP, and AAnalyte were the number of NPs in the area illuminated by the laser,
the surface area per NP, and the analyte molecule surface area, respectively. nRaman was then obtained
using the following relation:

nRaman = (NA .VAnalyte .dAnalyte)/(MAnalyte) (3)

where NA is Avogadro’s number, and VAnalyte, dAnalyte, and MAnalyte were the effective volume of analyte
in the laser beam, the density, and molecular weights of the related analyte (Table 2), respectively.
The EFs were then estimated using Equation (1) for the different analytes (Table 2). The determined
values were ≈7.2 × 107, 2.3 × 107, and 1.3 × 107 for the CV, MB, and R6G analytes on the Cu/gCN
substrate, respectively (see Method S1 for further details).

 

  
(a) (b) 

 
(c) 

Figure 7. Comparison of the “normal” (i.e., non-SERS) Raman spectra of (a) CV, (b) MB, and (c) R6G
with the SERS/SERRS spectra of the three analytes decorated on a Cu/gCN support. The concentration
of the analytes was 10−3 M for recording both the “normal” Raman and SERS spectra. Spectra were
plotted following subtraction of the fluorescence background from the organic molecules (see Figure S1).
The red line indicates the characteristic peak used to determine the SERS activity (see text and Supporting
Information). The spectra have been vertically displaced for clarity. The counts represent an integration
time of 100 s of 50 accumulated scans, each with a 2 s exposure period in all cases.
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Table 2. Physical characteristics of the analytes used to estimate EFs.

Analyte
Density
(g/mL)

Surface Area
(nm2)

nRaman/nSERS ISERS/IRaman Cu/g-CN EFs

Crystal violet 1 1.2 5.4 × 1015π/1.5 × 109π 20 7.2 × 107

Methylene blue 0.98 1.3 6.6 × 1015π/1.4 × 109π 6.6 2.3 × 107

Rhodamine 6G 1.26 0.6 6 × 1015π/3 × 109π 6.4 1.3 × 107

Because of the several assumptions and approximations used to obtain these EFs, they can only
be considered as guide values for comparison with SERS and SERRS EF values recorded for these
and related analytes on noble metal nanoparticles supported on semiconducting surfaces. Su et al.
prepared a Au/MoS2 nanocomposite using in situ growth of Au NPs on MoS2 nanosheet surfaces,
and demonstrated that the Au@MoS2 substrates exhibited an 8.2 × 105 enhancement for the 1362 cm−1

Raman mode of R6G [89]. Jiang et al. reported that g-C3N4/Ag NPs exhibited EFs of 4.6 × 108

and 2.1 × 109 using CV as an analyte [70,71]. These authors linked the large EF values to multiple
enhancement contributions, and that charge transfer between the g-C3N4 and the metal surface
protected the Ag NPs from oxidation. There are only a few literature reports on the use of pure Cu NPs
as a SERS substrate, either supported or in colloidal suspension [16,23–25]. Dendisová-Vyškovská et al.
found EF = 1.7 × 105 for the 1590 cm−1 band of 4-aminobenzenethiol (4-ABT) [16], and Ding et al.
obtained an EF = 1.6 × 107 for CV adsorbed on an array of Cu NPs deposited using sputtering on the
surface of a monolayered colloidal crystal of 350 nm polystyrene spheres [23]. The SERS/SERRS results
varied dramatically as a function of NP size controlled by the deposition time, with the most intense
spectra recorded for an 18 min deposition with particles ≈150–200 nm in size. Although the exciting
wavelength (532 nm) was the same as that used in our study, the SERS/SERRS spectrum recorded for
CV was slightly different to our result in that the 1619 cm−1 band was much more intense. However,
the fact that the EFs obtained in both studies is comparable is encouraging.

4. Conclusions

Our results confirm that Cu/gCN nanomaterial composites can be useful for the development
of SERS/SERRS applications. Our Cu NPs on sp2-bonded carbon nitride supports were fabricated
using pulsed laser ablation of a Cu plate immersed in acetonitrile solvent. We carried out chemical,
structural, and spectroscopic analyses to study the nature of the Cu NPs and their gCN support.
The N:C ratio of the gCN material determined using bulk analysis was ≈1.3, significantly lower
than the semiconducting carbon nitride compounds based on heptazine- to triazine-based structures,
but it contained close-to-layered gCN materials containing mixed C–N/C–C bonding prepared using
vapor deposition techniques. Such materials might contain locally electronically conducting domains.
The degree of layer polymerization was incomplete, as shown by strong IR and Raman signals
from terminal C≡N bonds. The Cu/gCN hybrid nanocomposites exhibited strong visible absorption
extending toward the near-IR region with an SPR signal from the metal NPs at 580 nm. SERS/SERRS
enhancement activity was tested using three analyte molecules (CV, MB, and R6G) prepared with
initial solution concentrations of 10−3–10−7 mol/L in acetonitrile and adsorbed onto the Cu/gCN
nanocomposite surfaces. The observed SERS/SERRS enhancement factors were on the order of 107,
comparable with EF values found for nanoparticle arrays of Cu produced using sputtering onto
templates and other noble metal NPs supported by gCN materials. Further studies are now needed to
investigate the possibility of cooperative interactions between the gCN support and the metal NPs that
could enhance the optoelectronic effects leading to SERS/SERRS enhancement, as well as in stabilizing
the Cu NPs.
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Abstract: Controlling the synthesis of metallic nanostructures for high quality surface-enhanced
Raman scattering (SERS) materials has long been a central task of nanoscience and nanotechnology.
In this work, silver aggregates with different surface morphologies were controllably synthesized
on a glass–solution interface via a facile laser-induced reduction method. By correlating the surface
morphologies with their SERS abilities, optimal parameters (laser power and irradiation time) for
SERS aggregates synthesis were obtained. Importantly, the characteristics for largest near-field
enhancement were identified, which are closely packed nanorice and flake structures with abundant
surface roughness. These can generate numerous hot spots with huge enhancement in nanogaps and
rough surface. These results provide an understanding of the correlation between morphologies and
SERS performance, and could be helpful for developing optimal and applicable SERS materials.

Keywords: silver aggregates; laser-induced synthesis; surface-enhanced Raman scattering; hot spots

1. Introduction

Surface-enhanced Raman scattering (SERS) is a powerful, nondestructive analytical tool owing to its
high molecular specificity and sensitivity [1–3]. It has demonstrated promising applications in the fields
of single-molecule spectroscopy [4,5], biochemical analysis [6–10], environmental monitoring [11–14],
food safety [15,16], and even monitoring the reaction process at a molecular level [17–20].
The phenomenon of SERS is generally explained by a combination of electromagnetic [21–24]
and chemical [25–27] enhancements. The former involves the enhancement of the electric field by the
surface plasmons resonance of metallic nanoparticles. Especially, when two nanostructures are brought
together, a giant local field can be generated in the gap or crevice due to the surface plasmons coupling,
which is a hot spot for SERS detection [28–32]. The latter mainly originates from the charge transfer
between the adsorbates and metal surface [25–27]. With respect to electromagnetic enhancement, a
number of techniques have been developed to rationally design the SERS substrates with a large density
of hot spots in order to improve the sensitivity and reproducibility of SERS measurements [33–39].
For instance, metallic nanostructures with various shapes, such as silver and gold spheres [40,41],
cubes [42,43], polyhedrons [44,45], rods [46,47], and wires [48,49] have been chemically synthesized.
When dropping the colloidal suspensions on an omniphobic or slippery substrate, SERS hot spots
can be formed when the nanoparticles self-assemble during solvent evaporation [50,51]. On this
slippery SERS platform, reproducibility can reach 25% for single-molecule SERS detection (~10−13

M) and can rapidly increase to >90% at higher detection concentrations (>10−12 M) [50]. On the
other hand, it has been reported that silver aggregates with dense hot spots can directly grow on the
interface of indium tin oxide (ITO) and reaction solution by a simple laser-induced photochemical
reduction [52–55]. This laser-direct writing method provides a rapid, controllable, and low-cost way to
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synthesize SERS active materials. More importantly, this technique can integrate the SERS substrates
directly into the microfluidic channel in a controlled fashion to create a lab-on-a-chip SERS system.
It has the advantages of in situ preparation, automation, and real time detection, and avoids the
unexpected contamination or oxidation degrading of SERS substrates, thus enables reproducible and
sensitive SERS measurements [56–58]. With this silver aggregates-based SERS chip, the reproducibility
of single-molecule SERS measurements can be raised up to ~50% [59]. We know the growth of
silver aggregates on a glass–solution interface is highly dependent on laser power and irradiation
time. Hence, it is critical to understand the correlation between the morphologies of aggregates and
the corresponding SERS ability to optimize the performance of SERS materials synthesized by this
laser-induced photochemical reduction method.

In this work, the laser-induced growths of silver aggregates on an ITO–solution interface were
systematically investigated by tuning the power and irradiation time (532 nm laser). These structures
can generate numerous hot spots at both the nanogaps and rough surface. By correlating the
aggregates morphologies with their SERS abilities, the critical structure characteristics for large
near-field enhancement were identified, which were closely packed nanorice and flake structures
with abundant surface roughness. The understanding of the relation between morphology and SERS
performance would be beneficial for developing optimal and applicable SERS materials.

2. Experimental Section

2.1. In Situ Synthesis of Silver Aggregates

Silver nitrate and sodium citrate dihydrate of analytical grade were bought from Sigma-Aldrich.
Deionized water was used to prepare the solutions. The reactant mixture was obtained by mixing
aqueous solutions of silver nitrate (0.1 mM) and sodium citrate (0.08 mM) in a 1:1 volume ratio. Then, a
drip of reactant mixture was placed in a cell made up of a slide of ITO glass and a cover glass. A 532 nm
continuous wave laser was focused on the ITO glass through an objective with 50×magnification (N.A.
= 0.5). The power was tuned in the range of 0.4–0.9 mW by an attenuator. Laser irradiation time was
set in the range of 30–180 s. The final products on ITO glass were rinsed for 5 min with deionized water
to remove excess reactants. Using a scanning electron microscope (SEM, S-4800, 10 kV, Hitachi, Japan),
the morphologies of silver aggregates synthesized under different power and irradiation time were
characterized. With the help of coordinates on ITO glass, each characterized silver nanoaggregates
could be specifically found again under an optical microscope.

2.2. SERS Measurements

The SERS measurements were performed on an inVia Renishaw Raman Spectrometer at the
excitation of a 532 nm laser (Renishaw, UK). A 50×magnification (N.A. = 0.5) objective was used. Here,
the laser for Raman excitation was the same as the one used for photo reduction. The Raman excitation
power was about 14 μW and integration time was 10 s, unless stated otherwise. Crystal violet (CV) with
a concentration of 10−7 M in ethanol was chosen as the SERS analyte. The SERS sample was prepared
by dropping 20 μL CV solution onto the ITO slide with silver aggregates. After it dried under ambient
conditions, the area of the dried spot was about 1 cm2. For polarization measurements, the SERS spectra
were repeatedly detected at the same position by changing the excitation polarization. To minimize the
photobleaching-induced SERS decay [33], the integration time was set to 1 s. The intrinsic polarization
dependence of the Raman instrument was calibrated by the Raman peak of silicon (111) surface.

3. Results and Discussion

Our experimental setup for the laser-induced synthesis of silver aggregates is schematically shown
in Figure 1a (for details, see Experimental Section). A 532 nm continuous wave laser was focused onto
the cell filled with reactant solution prepared by silver nitrate and sodium citrate. Then, the citrate
reduced the silver ions to atoms at room temperature via a photooxidation mechanism, dissociating a
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hydrogen ion from the hydroxyl group on the citrate and converting it to acetone-1,3-dicarboxylate and
carbon dioxide [60–62]. With the continuous increase of silver atoms, silver aggregate structures grew
on the ITO–solution interface in a few seconds, and were observed under the microscope. The SEM
image of a typical product synthesized by 60 s exposure at a laser power of 0.9 mW is shown in
Figure 1b. From the SEM images, we found that the aggregate spot was about 10 μm in size and
was made up of numerous nanorice and flake structures, with an average length of about 460 nm.
These surface textures could form dense gaps or crevices and tips, which could generate a huge
number of hot spots for SERS detection.

Figure 1. Laser-induced growth of silver aggregates. (a) Schematic of the experimental setup. (b) SEM
image of a typical product fabricated by 60 s exposure at a laser power of 0.9 mW. Inset is a zoomed
view of the silver aggregates.

The SERS performances of the prepared silver aggregates were then experimentally characterized
by using 10−7 M CV as the probe. Curve I in Figure 2a shows the raw Raman spectrum obtained
from CV powder. The Raman fingerprints at 913, 1174, 1375, 1584, and 1616 cm−1 were identified and
were mainly from the vibrations of benzene ring [63]. The corresponding SERS spectrum of CV on the
as-prepared silver aggregates is shown in curve II. By comparing to the spectrum from powder, we
found that the Raman scattering intensity was greatly enhanced. According to the absorption spectrum
of CV (Figure S1), resonant Raman scattering can be obtained under the excitation of 532 nm. Hence,
the enhancement should come from the combined contributions of plasmonic effect and molecular
resonance effect, which is surface-enhanced resonance Raman scattering. Generally, the enhancement
factor (EF) can be evaluated by the following equation:

EF =
ISERS
IBulk

× NBulk
NSERS

, (1)

where ISERS and IBulk are the intensity of a Raman mode with and without surface enhancement,
respectively, and NSERS and NBulk refer to the corresponding number of CV molecules [64–66].
By choosing the CV band at 1174 cm−1 as a reference, the EF was estimated to be 2.0 × 107 (see
supporting information for details). Considering that the bulk Raman was also excited by 532 nm
laser, the molecular resonance effect would be offset to some extent in EF evaluation. Hence, the EF
calculated by Equation 1 can be attributed to electromagnetic enhancement of silver aggregates. Here,
we should emphasize that the EF is an average value over the whole surface of silver aggregates.
The enhancements on the tips of nanorices and flakes or inside the gaps of nanoaggregates would
be much larger. As is known, the electromagnetic enhancement of metallic nanostructures is highly
dependent on excitation polarization [67,68]. Hence, the polarization-dependent SERS of these
silver aggregates were investigated. The normalized SERS intensity of CV under different incident
polarizations are shown in the polar plot (Figure 2b). Unlike the highly polarization-dependent
single-nanogap system [68], the aggregates structure was insensitive to the excitation polarization with
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the SERS intensity fluctuation at orthogonal polarizations less than 20%. This is to be expected because
the as-prepared silver aggregates were made up of dense nanogaps or crevices with random sizes and
orientations (Figure 1b).

Figure 2. Surface-enhanced Raman scattering (SERS) measurements of the silver aggregates fabricated
by 60 s exposure at a laser power of 0.9 mW. (a) Curve I: Raman spectrum of CV powder. Curve II: The
SERS spectrum of CV adsorbed on the silver aggregates. (b) Polar plot of SERS intensity (1174 cm−1)
under different excitation polarizations (θ).

To seek the optimal synthesis parameters, SERS aggregates were created under different laser
power (0.4, 0.6, and 0.9 mW) and irradiation time (30, 60, 120, and 180 s). The morphologies of the
prepared aggregates are summarized in Figure 3a. To clarify the influence of the laser power and
irradiation time, we first analyzed the morphological changes as the increase of irradiation time at
certain laser power. Such as the aggregates (i–iv), under the parameters: power = 0.4 mW, time =
30 s (i), a layer of silver nanoparticles with an average diameter of ~100 nm first formed on the ITO
substrate. Then, for a longer irradiation time of ~60 s (ii), these nanoparticles became denser, and
some nanorice structures began to emerge. Further increasing the irradiation time to 120 and 180 s (iii
and iv) resulted in the nanorices growing larger and denser, with the length reaching up to ~400 nm.
We then focused on the influence of irradiation power. The morphological changes that occurred as
the laser power increased at certain irradiation times are shown by column. Along with aggregates i,
v and ix, we also observed morphological changes from nanoparticles to nanorices. Based on these
morphological evolutions, we deduced that the growth of silver aggregates was tuned by the photon
dose through the combination effect of photoinduced growth and coalescence [53,69,70]: 1� The silver
nuclei were first formed in solution and then grown into nanoparticles through Ostwald ripening.
2� As the nanoparticles grew, the adjacent particles began to coalesce with each other and formed

linear polycrystalline structures called nanorices. Some concaves between the connected particles
can still be observed from the SEM images of aggregates ii, iii, v and vi (see the magnified images
in Figure S2 for details). 3� The nanorices grew via the atoms and/or nuclei addition. Finally, some
nanoflake structures were formed. Here, we should note that the growth rate of the nanostructures
can be tuned by the concentration of the reducing agent (citrate) [53]. As shown in Figure S3, we
monitored the growth of silver aggregates under different citrate concentrations (0.01, 0.08, and
0.64 mM). The dark-field scattering images show that aggregates grew slowly under lower citrate
concentrations. Under relatively high citrate concentrations, dense aggregates can form quickly in tens
of seconds. In our experiments (data in Figure 3), a moderate citrate concentration (0.08 mM) was
adopted to provide better controllability by the laser power and irradiation time.
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Figure 3. Controlling synthesis of silver aggregates and their SERS activities. (a) SEM images of
silver aggregates grown under different irradiation power (0.4–0.9 mW) and exposure time (30–180 s).
The scale bars are all 500 nm. (b) The corresponding SERS intensity from the silver aggregates are
shown in (a).

Then, the SERS performance of these synthesized silver aggregates was investigated using 10−7

M CV as a probe. The corresponding SERS spectra are shown in Figure S4. Figure 3b presents the
statistics of the peak intensity at 1174 cm−1. Depending on the SERS intensity, the silver aggregates
can be separated into two groups. For the first group (i, ii, v, vi), the enhancement was relatively low,
with SERS intensity in the range of 2600–4600, where the aggregates were dominated by nanoparticles.
Interestingly, the second group with compact nanorices aggregates (iii, iv, vii, viii, ix, x, xi) exhibited
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prominent SERS signals, among which the largest SERS intensity could reach up to 19,000 (x). From the
SEM images in Figure 3a, we noticed that the aggregates x was composed of closely packed nanorice
and flake structures with abundant surface roughness. This can be understood by the fact that the
roughened nanorices and flakes aggregates can enhance the local field in two ways. One is the smaller
nanogaps/crevices with higher near-field enhancement. On average, the compact nanostructures in
group two (such as the aggregates x) generate smaller gaps than the sparsely small nanoparticles in
group one (such as aggregates i), as shown in Figure S5. The other is from the abundant rough structures
on the nanorices and flakes surface. The contribution of surface roughness to near-field enhancement on
a mesostructure has also been confirmed by previous experiments and simulations [71–73]. Numerical
simulations were also performed to help visualize the enhancement contributions from gaps and rough
surface. As shown in Figure S6, the two coupled nanorices generated obvious near-field enhancement
at both the gap and rough surface positions. While, the SERS intensity decreased in the case of
aggregates xii, though the laser irradiation time (180 s) was longer than that of aggregate × (60 s).
This could be caused by the disappearance of surface roughness during nanostructures overgrowth.
The zoomed in images of aggregates x and xii are compared in Figure S5. Additionally, the overgrowth
of nanostructures can also quench some nanogap enhancement due to the direct contact between
the nanostructures.

4. Conclusions

In summary, a highly active silver aggregates SERS material was directly synthesized on the
ITO–solution interface via a facile in situ photochemical reduction method. The morphologies of
these aggregates were effectively controlled by laser power and irradiation time. By correlating the
morphologies with their SERS signals, the best SERS aggregates were obtained under the synthesis
parameters: power = 0.9 mW, time = 60 s. The average SERS EF was as large as 2.0 × 107. Importantly,
the morphology features of optimal SERS aggregates were identified. Aggregates composed of
packed nanorices and flakes with abundant surface roughness would possess better SERS ability.
An understanding of the relation between morphology and SERS performance would be beneficial for
controlled synthesis of optimal SERS materials with a high density of hot spots, and the development
of practical SERS techniques.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/11/1529/s1.
Contents: SERS enhancement factor estimation. Figure S1. The absorption spectrum of 10−4 M CV in water;
Figure S2. The morphological evolutions of silver aggregates; Figure S3. Monitoring the silver aggregates growths
under different citrate concentrations; Figure S4. The SERS spectra measured on the silver aggregates synthesized
under different parameters; Figure S5. The magnified images of aggregates i, x and xii; Figure S6. The numerical
simulations of the local field distributions around the two coupled roughened nanorices.
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Abstract: Surface-enhanced Raman scattering (SERS) spectroscopy is a sensitive sensing technique.
It is desirable to have an easy method to produce SERS-active substrate with reproducible and
robust signals. We propose a simple method to fabricate SERS-active substrates with high structural
homogeneity and signal reproducibility using electron beam (E-beam) lithography without the
problematic photoresist (PR) lift-off process. The substrate was fabricated by using E-beam to
define nanograting patterns on the photoresist and subsequently coat a layer of gold thin film
on top of it. Efficient and stable SERS signals were observed on the substrates. In order to
investigate the enhancement mechanism, we compared the signals from this substrate with those with
photoresist lifted-off, which are essentially discontinuous gold stripes. While both structures showed
significant grating-period-dependent fluorescence enhancement, no SERS signal was observed on the
photoresist lifted-off gratings. Only transverse magnetic (TM)-polarized excitation exhibited strong
enhancement, which revealed its plasmonic attribution. The fluorescence enhancement showed
distinct periodic dependence for the two structures, which is due to the different enhancement
mechanism. We demonstrate using this substrate for specific protein binding detection. Similar
periodicity dependence was observed. Detailed theoretical and experimental studies were performed
to investigate the observed phenomena. We conclude that the excitation of surface plasmon polaritons
on the continuous gold thin film is essential for the stable and efficient SERS effects.

Keywords: surface-enhanced Raman scattering (SERS); localized surface plasmon resonance (LSPR);
surface plasmon polariton (SPP); surface plasmon resonance (SPR); nanograting; nanofabrication;
electron beam lithography

1. Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy is a powerful analytic tool for sensitive
molecular quantification. Since its discovery by Fleischmann et al. on a roughened silver surface in
1974 [1], it has attracted a lot of attention because the significantly enhanced Raman signal is very
helpful for specific identification of chemical and biological molecules [2]. The greatly enhanced signal
is due to the interaction between the incident light and the nanometer-sized metallic structure, which
gives rise to a significant enhancement in the local field at the metal surfaces due to the excitation of
surface plasmon resonance (SPR) [3]. An enormous enhancement factor (EF) up to 1014 was achieved
and single molecule detection was demonstrated independently by Nie and Kneipp et al. in 1997 using
SERS [4,5]. The research activity in the field of plasmonic enhanced spectroscopy was boosted since
then in the last two decades. The high sensitivity of SERS has been exploited in many applications, such
as chemistry, physical and biological sciences, environmental monitoring, and medical diagnostics,
etc. [2,6,7]. Because of the promising potential of SERS-based sensing, we have witnessed exponentially
increased research activities in this field [8]. For SERS-sensing to have real-world impact, it is essential
to have reproducible, large-area, and cost-effective SERS-active substrates.
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The keys to enhance the electromagnetic near field for SERS spectroscopy are nanoscaled surface
roughness and nanostructures. Various methods have been developed to fabricate SERS substrates.
The fabrication techniques can be classified into two categories. The bottom-up techniques are
typically based on chemical synthesis. They are usually cost-efficient and easily accessible. For
example, noble metal nanoparticle (NP) self-assembly is capable of producing highly ordered NP
with various shapes for efficient SERS detection [9,10]. However, these chemical methods usually
have an uncontrolled NP aggregation process, which results in poor reproducibility of the SERS
signal. The substrate inhomogeneity significantly limits their applications [11]. On the other hand,
the nanofabrication-based, top-down techniques, such as optical [12] and electron beam (E-beam)
lithography (EBL) [13,14], focused ion beam [15], and nanoimprint lithography [15,16], can produce
substrates with high structural homogeneity and SERS signal reproducibility that are most desired for
modern SERS applications [17,18].

Although reproducible SERS substrates with high EF could be achieved with these sophisticated
nanofabrication techniques, a lift-off process of the photoresist is often necessary to produce the
nanoscale features. This process is time-consuming and challenging for large-area production. For
most SERS-active substrates, the enhancement is based on localized surface plasmon resonance (LSPR)
on the nanoscale features, where the electrical field is greatly enhanced [19,20]. Usually, the smaller the
feature the better the enhancement is when the structural geometry is optimized. However, the failure
rate of the lift-off process for such small features is much higher, which thus renders a low yield of
production. For commercial applications, it is desirable to have a SERS-active substrate, which is easy
to fabricate, cost-effective, and reproducible with high yield.

Here, we present a facile method to produce a reliable SERS-active substrate without the
time-consuming and troublesome lift-off process. The obtained SERS signal is reproducible and robust.
We use an E-beam to define highly ordered nanograting patterns on the photoresist and coated the
surface with a thin layer of gold. We demonstrate highly efficient SERS signals from the substrates.
The grating structure enables the excitation of surface plasmon polaritons (SPPs) to propagate on the
corrugated metal surface when the Bragg condition is satisfied [21].

In order to understand the origin of the enhancement effects, we compared the signals from
the above-mentioned SERS substrate with photoresist (PR) lifted-off gold nanogratings, which is
essentially discontinuous gold nanostripes. SERS signal is only observed on the gratings without PR
lifted-off. We observed enhanced fluorescence signals for both structures, but they exhibited distinct
periodicity dependence. This implied that the enhancements might be due to dissimilar mechanisms.
Efficient enhancements were only observed for transverse magnetic (TM)-polarized excitation, which
revealed its plasmonic origin. We systematical investigated the periodicity dependence of the enhanced
Raman scattering and fluorescence signals. The signal strength of SERS and fluorescence enhancement
showed similar periodicity dependence on the substrate without PR lifted-off, which indicated that
they originated from the same enhancement effect. Our simulation and theoretical treatments agreed
well with the experimental results. We found that the excitation of surface plasmon polariton on the
continuous gold thin film was essential for the stable and efficient SERS effects, while the fluorescence
on the lifted-off substrates was due to localized surface plasmon resonance. This facile method can be
readily employed to produce cost-effective, large-area, SERS-active substrates with high throughput
and reproducibility for practical applications.

2. Materials and Methods

The nanograting substrates were fabricated by the following procedures as illustrated in Figure 1.
A layer of 200 nm-thick polymethylmethacrylate (PMMA) (Microchem A4, Kayaku Advanced Materials,
Westborough, MA, USA) photoresist was spin-coated onto the ITO (indium tin oxide) glass. After
prebaking to 180 ◦C to remove moisture and residue chemicals, we used E-beam lithography to define
the nanograting patterns on the photoresist with various periods from 100 nm to 800 nm. A duty cycle
of 50% was chosen for all periodicities because it had the best enhancement efficiency [22]. After the
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development process, we obtained periodic PMMA nanostripes as shown in Figure 2a. The grating
size was 100 × 100 μm2 for each periodicity. In this study, we investigated SERS and fluorescence
signals from two kinds of nanograting structures as shown in Figure 1: A. nonlift-off and B. lift-off.
For structure A, the developed sample was sputtered with a layer of gold thin film on top of it without
a lift-off process. The scanning electron microscope (SEM) image of a gold thin film coated 200 nm
period substrate is shown in Figure 2b. For structure B, the photoresist was removed by a typical lift-off
process, leaving periodic gold nanostripes, which were separated from each other. The thickness of
the gold thin film was 56 nm for all samples as it gave the best SERS efficiency for our structure. The
samples were subsequently coated with a thin layer (14 nm) of PMMA (Microchem A9) as the spacer
layer to reduce the quenching effect.

Figure 1. Schematic of the sample fabrication procedure. A layer of polymethylmethacrylate (PMMA)
photoresist is first spin coated on the ITO glass. Nanograting patterns of the PMMA photoresist are
fabricated by E-beam lithography. A layer of 56 nm gold thin film is subsequently sputtered on the
nanostructure to obtain the structure A (nonlift-off). If the photoresist is removed by a lift-off process,
we obtain the structure B (lift-off), which is discrete gold nanostripes.

For the spectroscopic studies, Rhodamin-6G (R6G) molecules (Sigma-Aldrich, St. Louis, MO,
USA) were mixed in Milli-Q water (Merck, Darmstadt, Germany) to make a 10 μM solution and
spin-coated on the substrate surface for subsequent measurements. Spectroscopic measurements were
conducted with a confocal Raman microscope (DXR Raman, Thermo Fisher Scientific, Waltham, MA,
USA). The excitation wavelength was 532 nm. The laser power was 1 mW unless mentioned otherwise.
The excitation laser is linearly polarized. We rotate the samples to change the direction of excitation.
For the protein-binding experiment, we add a quarter-wave plate in the optical path to make the
excitation polarization circular to avoid the influence of sample orientation. The signals were collected
with a 0.5NA 50× long working distance lens. The integration time was 1 s. The short measurement
time prevented drying and heating of the sample. For each experimental condition, the spectra were
measured at least 10 times.
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Figure 2. Scanning electron microscope (SEM) images of the fabricated samples. (a) 200 nm-period
PMMA nanograting. (b) Gold thin film coated 200 nm-period nanograting.

In order to investigate the ability to use the substrate for biologically relevant specific binding
sensing, we deposited a layer of biotinylated bovine serum albumin (BSA) on top of the gold
nanogratings by immersing the sample in a 10 mg/mL BSA solution (Sigma-Aldrich, St. Louis, MO,
USA) for 2 h. The BSA is sticky and easily binds to the gold surface with a layer thickness of about
3–4 nm. After raising with Milli-Q water, we immersed the samples in a 10 μM Rhodamine-conjugated
streptavidin phosphate buffered saline (PBS) solution (Invitrogen, Thermo Fisher Scientific, Waltham,
Massachusetts, USA) for a period of 30 min. The labeled proteins could homogenously bind to the
surface of the substrates through the specific interaction between biotin and streptavidin. The total
protein layer thickness was about 7–8 nm [23], which acted as the spacer layer in this case. Finally we
rinsed away unbound proteins. During the microscopic measurements, the samples were maintained
wet by immersing it in a thin layer of PBS solution.

In order to understand the enhancement mechanism and to verify the experimental results,
we used COMSOL Multiphysics (COMSOL Inc., Stockholm, Sweden) to simulate the two kinds of
nanograting structures. This numerical calculation was based on the finite element method (FEM).
The calculations were performed on a single unit cell. Because the size of the grating (100 μm) was
much larger than the grating period, the longitudinal length of the nanostripes could be assumed as
infinitely long compared to the grating period. Hence we simplified the problem into a 2D geometry
to significantly relax the required computing power and greatly reduce the calculation time. A
TM-polarized plane wave (magnetic field parallel to the nanostripes) was set as the excitation source.
As for material parameters used in the simulation, the complex relative permittivity of gold thin film
was interpolated from ref. [24] as εAu = −5.33 + 2.55i at 532 nm. The refractive index of PMMA, ITO
and water used in the simulation were 1.49, 1.88 and 1.33 respectively. In order to avoid singularities
of simulation and to better model our structure, all corners are rounded by fillets in COMSOL. The
corners of the PR gratings were rounded with a radius of curvature of 20 nm. The corners of gold
gratings had a radius of curvature of 25 nm. For gold thin film coated PR gratings, the thickness of the
gold thin film on the side walls of the PR is 15 nm, while the thickness of the gold thin film on top and
in the grooves of the PR gratings was 56 nm as specified previously.

3. Results and Discussion

The measured spectra from nanogratings with various periodicities are shown in Figure 3.
Figure 3a shows spectra from the nonlift-off substrates (structure A) and Figure 3b shows spectra from
the lift-off substrates (structure B). Only nonlift-off nanogratings gave prominent Raman signals. As
clearly seen in the figures, the signal strength is highly dependent on the grating period. For both cases,
the highest enhancement on the fluorescence signals was about one order of magnitude compared to
the case without corrugated grating structure (no-grating). The fluorescence signals on the nonlift-off
gratings were about half of that of the lift-off samples, which should be due to fluorescence quenching
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as the gold coated area of the lift-off samples was exactly half of that of the nonlift-off ones. For the
nonlift-off samples, the no-grating case was gold thin film coated flat PMMA, while for the lift-off
samples, the no-grating case was bare ITO glass. By carefully analyzing the fluorescence signals, we
noticed an obvious redshift of the spectra peak on the enhanced fluorescence. For both structures, the
higher the enhancement, the more the redshift was, as was often reported in the literature of surface
plasmon-enhanced fluorescence [25]. Therefore, the observed strong Raman signal could be attributed
to surface plasmon-enhanced scattering (SERS).

Figure 3. Raw data from (a) nonlift-off and (b) lift-off nanogratings of representative periods. The black
curves are the spectra from substrates with no corrugated grating structure. Surface-enhanced Raman
scattering (SERS) signal is only observable on the nonlift-off nanogratings. Prominent periodicity
dependence of the Raman and fluorescence signals is manifested.

When we compare the fluorescence signals from the two kinds of nanogratings, we found very
interesting phenomena. Their fluorescence enhancement had distinct periodicity dependence. For
example, although both had the highest enhancement at a period of 300 nm, for 400 nm period
samples, the nonlift-off grating had a similar enhancement as the 300 nm, but the signal from the lift-off
grating was even smaller than the one without a grating (control). The fluorescence intensity for the
600 nm-period lift-off grating increased again while the signal from 600 nm-period nonlift-off gratings
decreased. The drastic difference intrigued us to investigate the enhancement mechanism of the two
structures by the fluorescence signals. Because Rhodamine-6G (R6G) has a strong Raman signal and
high quantum efficiency, we chose it and excited at 532 nm to simultaneously observe the evolution of
SERS and fluorescence signals at different substrate conditions. For solely SERS applications or studies,
a 785 nm laser excitation could be employed to avoid the problem of the fluorescence background.
It was noted that the fluorescence intensity typically reduced rapidly in time over a few seconds
immediately after the excitation radiation was switched on. This was because of the accumulation of
electrons in nonradiative triplet states of the fluorophore [12,26]. However, the Raman signals were
quite stable over time. Therefore, although R6G had a strong fluorescence background, it did not affect
our SERS measurements.

For our measurement conditions, no Raman signal could be found on lift-offgratings. Therefore, the
following discussions about SERS are specifically for nonlift-off gratings. Figure 4a shows background
subtracted SERS signals from nonlift-off nanogratings. The Raman features nicely correspond to typical
R6G Raman signals [21]. We noticed that sometimes there were small Raman signals even without the
corrugated grating structure. This might be due to the roughness of the PR surface. The gold thin film
on flat glass substrate was checked by atomic force microscopy to have a smoothness better than 1/1000.
The irregular nanoscale features might have induced enhanced local fields due to localized surface
plasmon resonance [27]. However, for a short integration time of 1 s, the Raman signal on gratingless
samples was often not noticeable. As will be discussed below, we attributed the greatly enhanced
Raman signal to the coupling of LSPR and SPP, where SPP plays an important role in the SERS effect
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on the nonlift-off grating [11,28]. With the help of grating, SPP can be excited on the gold surface to
propagate on the metal–dielectric interface. Figure 4b summarizes the dependence of Raman signal
strength versus periodicity and excitation polarization. We noticed strong polarization dependence on
the Raman signals. As is evident from the figure, the Raman signals are only moderately enhanced
for TE (transverse electric)-polarized excitation and there is no obvious periodical dependence for
them. On the contrary, for TM-polarized excitation (magnetic field parallel to the grating grooves), we
have more than one order of magnitude enhancement for gratings of periods 200, 300 and 400 nm.
Conspicuous periodicity dependence can be identified in the figure. The periodicity dependence is
similar among different sets of samples. The SERS signal is reproducible and robust for samples of the
same conditions. The standard deviation is less than 20% of the mean value for all cases.

Figure 4. (a) Background corrected Raman signal from nonlift-off nanogratings. The spectra are labeled
with different color respectively. The black line is the spectrum from a gratingless substrate, which
is gold thin film coated flat photoresist (PR) layer (no-grating). The blue line is the spectrum from
a 200 nm-period grating. Red line is the spectrum from a 400 nm-period grating. Green line is the
spectrum from a 600 nm-period grating. The spectra are vertically shifted for visual clarity. (b) The
periodicity dependence of Raman intensity for transverse magnetic (TM)- (blue circles) and transverse
electric (TE)-polarized (red squares) excitation.

As mentioned previously, the different periodicity dependence of the fluorescence enhancement
for the two kinds of nanograting structures is intriguing for further investigation. In Figure 5, we
compare the dependence of the fluorescence signal intensity on the excitation light polarization and
grating periodicity for the two kinds of nanogratings. We see a drastic difference between the two
kinds of structures, which implies the enhancements might be due to distinct plasmonic effects. For
both cases, only TM-polarized excitation exhibited strong enhancement at certain periodicities. The
maximum enhancements compared to the gratingless substrate were both on the order of 10 times.
The nonlift-off gratings had a higher enhancement factor compared to the lift-off gratings. However,
the magnitude of fluorescence intensity on the nonlift-off grating was smaller than that on the lift-off
grating. This was due to a higher quenching rate from the continuous gold thin film on the nonlift-off
gratings, while the lift-off gratings were only 50% covered. As seen in the figure, the TE-polarized
excitation also moderately increased the signal. This is because when the phase matching condition
of Wood’s anomaly is satisfied, the grating couples light onto the grating [29], which increases the
excitation efficiency. However, only TM-polarized excitation can excite SPP on the gold–dielectric
intersurface. The excited surface plasmon can concentrate the optical field at the vicinity of the gold
surface, which results in a greatly magnified electrical field. For the nonlift-off grating, the fluorescence
signal was significantly enhanced for periods 200, 300, and 400 nm. As the period increased, the signal
decreased and reached a minimum when the period was 500 nm. At periods of 600 nm and 700 nm, the
fluorescence intensities increased again, but not as high as in the shorter period cases. This periodicity
dependence is due to matching the dispersion relation of grating coupled SPP excitation as will be
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discussed later. However, for the lift-off gratings, as seen in Figure 5b, the signal maximum occurred at
300 and 600 nm periods. The fluorescence intensity varies with periodicity acutely. We attribute the
enhancement in the case of lift-off gratings to localized surface plasmon resonances (LSPR) because
the enhancement only occurred when the rigorous resonance condition was satisfied. The dispersion
relation for LSPR is

ksp =
2π
λsp

=
2π
λ0

√
εAuεd
εAu + εd

(1)

where ksp is the surface plasmon wave vector, λsp is the surface plasmon wavelength, λ0 is the free
space light wavelength, εAu is the dielectric function of gold, and εd is the dielectric function of the
surrounding dielectric medium. For the excitation wavelength (λ0) of 532 nm, the resonant surface
plasmon wavelength at the PMMA-gold interface is 288.3 nm.

 

Figure 5. Periodicity and polarization dependence of the fluorescence intensities for (a) nonlift-off and
(b) lift-off nanogratings. The blue circles and lines are for TM-polarized excitation and the red squares
and lines are for TE-polarized excitation.

When the surface plasmon wavelength matches the transverse dimension of the gold nanostripe,
it forms SP standing waves on the metal-dielectric interface [23]. The condition for a resonant standing
SP wave across a nanostripe is

ksp·Λ2 = mπ (2)

where Λ is the grating period and m is an integer. Therefore, for the lift-off grating, the first peak at
300 nm corresponds to the lowest order mode when m = 1, and the peak at 600 nm corresponds to the
m = 2 order. The different excitation mechanisms might account for the drastically different periodicity
dependence between the two structures.

When comparing the enhancement of Raman and fluorescence signals of the nonlift-off substrate,
Figures 4b and 5a, the periodicity dependence almost coincide with each other. They both had
significant enhancement in a broad range of grating period from 200–400 nm, and another peak at
about 700 nm. Therefore, we might infer that they were enhanced due to the same mechanism. For
Raman signals, it seems the signal was larger for smaller periods and signal at the period of 200 nm
was significantly enhanced. This might be due to a combined effect of SPP and LSPR coupling since the
electromagnetic fields around small features are greatly enhanced by localized surface plasmons [30].
This will be discussed together with the simulation results later.

Our proposed method is capable of producing homogeneous, SERS-active substrates with
reproducible and stable signals that are suitable for biological sensing. We prepared our substrate for
the specific sensing of proteins using the protocol described in the Materials and Methods section.
Here we used circularly polarized light for excitation to ease the sample preparation and orientation
restrictions. For proof-of-principle, we exploited the specific protein binding system of biotin and
streptavidin [31]. The gold nanograting surface was first deposited with a monolayer of biotinylated
BSA and subsequently immersed in Rhodamine-tagged streptavidin for the interaction to take place.

37



Nanomaterials 2020, 10, 776

The measured Raman signal is shown in Figure 6a. An intense SERS signal was only observed on the
nonlift-off nanogratings and the enhancement was highly dependent on the periodicity, as expected.
The maximum SERS occurred at a period of 300 nm. The maximum enhancement ratio for Raman was
similar to the substrates described above. However, the intensities of Raman and fluorescence signals
were both smaller. This is due to quenching caused by the gold thin film. There was no 14 nm-thick
PMMA spacer layer above the gold thin film. The self-adsorbed protein layer was acting as the spacer
layer. Although the fluorescence intensity was smaller, the enhancement factor for SERS was the same.
The signal was adequate for molecular quantification. The use of proteins as the spacer layer simplified
the SERS-active substrate fabrication and was convenient for typical biochemical laboratories.

Figure 6. (a) Background corrected SERS spectra from nonlift-off nanogratings labeled with proteins.
The spectra are vertically shifted for visual clarity. (b) The dependence of Raman intensity versus
grating periodicity. (c) The periodicity dependence of fluorescence intensity on nonlift-off nanogratings.
(d) The periodicity dependence of fluorescence intensity on lift-off nanogratings.

Here, we found the optimal periodicity for Raman and fluorescence was both 300 nm for nonlift
gratings, which was different from the case with a PMMA spacer. Besides, in the case with a PMMA
spacer on top of the gold surface, we had a second peak at a period of 700 nm. Here we had a minimum
at 700 nm for both Raman and fluorescence and the second maximum seemed to occur at a longer
period. This could be reasonably explained by the different SP wavelengths on the water–gold and
PMMA–gold interfaces. Because there was no PMMA spacer layer, the medium above the gold thin
film was water. The SP wavelength for the water–gold interface can be calculated by the dispersion
relation of Equation (1). The SPP wavelength at a water–gold interface is 337.6 nm, which is longer
than the PMMA–gold interface of 288.3 nm. Therefore the resonance conditions shifted to a longer
period. Figure 6c,d are the periodicity dependence of fluorescence intensities for nonlift-off and lift-off
nanogratings, respectively. Similarly, we see a distinct periodicity dependence between them. For
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the two kinds of structures, they respectively exhibit similar periodicity dependence as the case with
PMMA spacer. For the nonlift-off case, it seems the resonance condition could be satisfied for a broader
range of period from 200–400 nm. The enhancement decreases as the period becomes longer and
increases again at about 800 nm. The same trends are seen in Raman and fluorescence signals. On the
other hand, for lift-off samples, we see two peaks at periods of 300 and 600 nm. The trends are again
similar to the case with a PMMA spacer on top of the grating. However, for the current condition,
the 600 nm period grating exhibited almost the same enhancement as the 300 nm period grating. It
seems a better resonance condition was achieved. This is reasonable if we consider the longer SP
wavelength of the water–gold interface. The actual length of the interface was longer than half of
the period because the gold layer had a thickness of 56 nm and the corners were usually rounded.
The longer SP wavelength better fitted the resonant standing wave condition. Because of the strict
resonance condition, the LSPR induced enhancement only occurred at specific periods.

In the above studies, we observed more than one order of magnitude enhancement of Raman and
fluorescence intensities on nonlift nanogratings, while the maximum fluorescence enhancement on
lift-off nanogratings was only about fivefold. To have a deeper understanding of the experimental
results, we conducted numerical simulation on the two kinds of nanograting structures using the
finite element method. The simulation results are shown in Figure 7. The simulated model was the
structure without the PMMA spacer layer on top of the gold layer to simplify the problem and make the
discussion concise. The medium above the gold layer was water. The plots show the average squared
electrical fields right above the gold surface. The maximum field intensity of nonlift-off grating is
about two orders of magnitude larger than that of the lift-off grating. This might account for the larger
enhancement for the nonlift-off grating, because the nonlift-off grating was covered with a corrugated
continuous gold thin film, which supports the excitation of propagating SPP [32]. The excitation of
SPP on the gold surface was responsible for the largely enhanced field. However, the gold thin film
might have quenched the generated signals, so the measured signal was not as high as simulated.

Figure 7. Calculated electrical field intensity on the gold surface of (a) non-lift-off and (b) lift-off
nanogratings. The medium above the gold surface is water. The field strength is averaged over the
entire gold surface of a unit cell.

About the periodicity dependence, the simulation agrees well with the experimental results for
periods longer than 300 nm. The nonlift-off grating had a minimum at a period of 600 nm as in the
experimental result. The lift-off grating had maximums at 300 and 600 nm, as seen in the experimental
data. The simulation confirms the LSPR-induced enhancement for the lift-off nanogratings.

For grating periods smaller than 200 nm, the field strength seems to be larger for nonlift-off
structures. The electrical field for lift-off grating was also larger at 100 nm. This is because the
electrical field is significantly enhanced at small features due to LSPR. However, it is difficult to make
nanogratings with a period of 100 nm in real life. A period of 100 nm means the feature size is only
tens of nanometers. It is challenging to make a uniform substrate with such small features. The
failure rate of lift-off is also higher. As a rule of thumb, better periodicity of the grating results in
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a better SPP excitation and higher SERS signal intensity [33]. It was the poor homogeneity of our
100 nm-period gratings that resulted in low surface plasmon excitation efficiency. Nevertheless, as
seen in the simulation results, one does not gain much field strength even with a 100-nm grating. From
the viewpoint of real-world applications, it is not worth the effort to struggle with the fabrication of
small gratings.

As mentioned previously, the strong field on the nonlift gratings was due to the excitation of SPP
on the corrugated continuous gold thin film. The further enhancement at smaller periods was due to
coupling between surface plasmon polariton and localized surface plasmons [30]. This coupling has
been shown experimentally and applied for SERS sensing with a uniform gold thin layer beneath gold
nanodisks and gratings [30,34]. To excite SPP on the interface, the excitation angle must satisfy the SP
dispersion relation as given in Equation (3):

k0sinθ±KG =
2π
λ0

sinθ±m
2π
Λ

= ksp (3)

where k0 is the free space wave vector, θ is the incident angle, KG is the Bragg vector supported by the
grating, and m is an integer, which refers to the order of diffraction. ksp is the surface plasmon wave
vector, which is given in Equation (1).

Figure 8 plots the dispersion relation of Equation (3) on water–gold and PMMA–gold interfaces
respectively. The NA of our objective is 0.5, which corresponds to a maximum excitation and collection
angle of 30 degrees. With the large excitation angle, multiple modes of SPPs can be excited with the
help of nanogratings as long as the excitation angle and grating orientation match the dispersion
relation [35,36]. As seen in Figure 8a, for the water–gold interface, the resonance angle for gratings
of period larger than 500 nm was larger than 30 degrees. The period of 500 nm was right on the
margin of the NA, so we saw a quick drop in the excitation efficiency at 500 nm period nanograting
in the simulation. In the protein-binding experiment, the difference in the signals for Raman and
fluorescence at 500 nm period might be explained by the dispersion plot as well. For SERS signals,
because of the lower excitation efficiency at the period of 500 nm, the Raman intensity was lower as
seen in Figure 6b. However, for the fluorescence intensity, because a majority of fluorescence photons
had a wavelength longer than 550 nm (emission peak of the fluorophore), their resonance occurred
at an angle smaller than 30 degrees, as seen in Figure 8a. These photons may have been coupled
as SPP surface waves and re-emitted at the resonance angle where the phase mating condition was
satisfied [37]. The out-coupled fluorescence photons emit at a smaller angle than can be collected by
the lens, thus a higher fluorescence signal was obtained.

Figure 8. Plot of dispersion relation on (a) gold–water and (b) gold–PMMA interfaces. The numbers
next to the curves are the grating period in nanometer. The green horizontal dashed line indicates the
excitation wavelength of 532 nm.

40



Nanomaterials 2020, 10, 776

For the PMMA–gold interface, as shown in Figure 8b, the resonance angle for 500 nm is outside the
NA of the lens. Therefore we observed an intensity minimum at a period of 500 nm for the nonlift-off
PMMA–coated nanograting as shown in Figure 5a. The SERS and fluorescence intensities increased
again at longer periods because of the satisfaction of second order (m = 2) phase-matching conditions.
For example, the second order dispersion relation of 600 nm coincided with the 300 nm period and the
700 nm coincided with 350 nm. Their resonance angles would be in the range of 0–20 degrees, which
can be excited and collected with our lens. However, the efficiency of second order was smaller than
the first order.

The above discussion elucidates the periodicity dependence of SERS and fluorescence intensities
on the nanogratings. Because the continuous corrugated gold thin film supported the excitation of
SPP, the electrical field intensity was two orders of magnitude larger on the non-lift nanograting.
Due to the matching of the dispersion relation of SPP, we had the highest SERS and fluorescence
signals at periods between 200–400 nm on the non-lift nanogratings. For 100 or 200 nm period
grating, the dispersion relation did not directly support the excitation of SPP. However, because
the corrugated small periods had Fourier components of longer periods, it could still support the
excitation of SPP. The coupling of SPP and LSP at the nanosized grating grooves greatly enhanced
the electromagnetic field strength [38]. Because the substrates were fabricated by E-beam lithography,
our substrates had excellent homogeneity. Due to the uniform field distribution, the SERS signal was
reproducible and robust. Because no lift-off process was needed, the fabrication process was easy
and hassle-free. Therefore it is suitable for industrial mass production. It is also possible to make
two-dimensional (2D) structures to further improve the enhancement efficiency as demonstrated in
several reports [21,30,39]. For solely SERS sensing applications, a longer wavelength excitation laser of
785 nm may be employed, which resonates at a longer period. It is easier to fabricate nanogratings of a
larger period. Further improvement of the enhancement factor is possible by decorating the grating
surface with nanoparticles and optimizing the geometry and materials [28]. Our simple method allows
the generation of SERS-active substrate in a short time with high efficiency. We envision this method
to be useful as a cost-effective technique for the production of large-area, SERS-active substrates for
real-world applications.

4. Conclusions

In conclusion, we proposed a simplified E-beam lithography method to fabricate SERS-active
substrates. By eliminating the lift-off process, it is possible to make large-area, SERS-active substrates
with high efficiency. The fabricated nanograting substrates were highly uniform and thus exhibited
reproducible and robust SERS signals. We observed the highest SERS intensity on nanogratings of
periods 200–400 nm. The enhancement had an obvious periodicity dependence. By investigating the
fluorescence enhancement on the lift-off and nonlift-off nanogratings, we found the enhancement on
the two structures is due to distinct plasmonic effects. The excitation of SPP was responsible for the
large enhancement and SERS effect on the substrate. Our numerical simulations agreed nicely with the
experimental results and indicated that further increasing of SERS efficiency is possible by the coupling
of SPP and LSPR. We have demonstrated using this substrate for the detection of protein-specific
binding. Our method has the potential to fabricate large-area SERS-active substrates based on the
relatively matured lithographic technique in a shorter period. The proposed SERS-active substrate can
be readily employed as a routine molecular sensing element for a wide range of applications, such as
environmental pollutant surveillance and immunoassays.
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Abstract: Long-range interaction in regular metallic nanostructure arrays can provide the possibility
to manipulate their optical properties, governed by the excitation of localized surface plasmon (LSP)
resonances. When assembling the nanoparticles in an array, interactions between nanoparticles can result
in a strong electromagnetic coupling for specific grating constants. Such a grating effect leads to narrow
LSP peaks due to the emergence of new radiative orders in the plane of the substrate, and thus, an
important improvement of the intensity of the local electric field. In this work, we report on the optical
study of LSP modes supported by square arrays of gold nanodiscs deposited on an indium tin oxyde (ITO)
coated glass substrate, and its impact on the surface enhanced Raman scattering (SERS) of a molecular
adsorbate, the mercapto benzoic acid (4-MBA). We estimated the Raman gain of these molecules, by
varying the grating constant and the refractive index of the surrounding medium of the superstrate, from
an asymmetric medium (air) to a symmetric one (oil). We show that the Raman gain can be improved with
one order of magnitude in a symmetric medium compared to SERS experiments in air, by considering the
appropriate grating constant. Our experimental results are supported by FDTD calculations, and confirm
the importance of the grating effect in the design of SERS substrates.

Keywords: localized surface plasmon; surface enhanced Raman scattering; grating effect; gold nanodisks;
Rayleigh anomaly

1. Introduction

Over the two last decades, metallic nanostructures led to a lot of research in nano-optics, thanks to
their unique plasmonic properties [1]. These properties are connected to localized surface plasmon (LSP)
resonances associated to collective oscillations of conductive electrons at the surface of the nanoparticles
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(NPs) [2]. The LSP wavelength depends on the geometrical parameters of the NPs, the chemical composition
of the metallic NPs, the inter-particles distance and the surrounding medium [3,4]. In addition, these optical
proprieties are characterized by a strong extinction in the far-field in the visible and near-infrared range
(mainly for gold and silver), and a strong electric field enhancement in the near-field of the nanostructures [5].

Depending on the distance between nanoparticles, two coupling modes can be considered: a
short-range coupling in the near-field of the particles and a long-range coupling [6–9]. The short-range
coupling occurs when the separation distance d is much smaller than the optical wavelength λ (typically
d smaller than 10 nm). The particles are thus treated as dipoles interacting through their near-field [10].
Near-field coupling results from the Coulomb interaction between the surface charges on particles and
becomes stronger when the areas presenting a high charge density are close to each other, and increases
when the distance between nanoparticles is reduced. This type of coupling exhibits large charge dipoles
particularly in the gap between nanoparticles, leading to strong local fields compared to the case of isolated
nanoparticles [11]. As a result, the separation distance strongly affects the optical response of the system.
For instance, when distance between two nanodiscs decreases, the LSP resonance is red-shifted due to the
decreasing of the restoring force for single nanoparticles (for a polarization parallel to the main axe of the
NP dimer) [12]. As a consequence, the splitting energy between the new hybridized modes is increased
and the coupling becomes stronger. In addition, this coupling has a strong impact on the near-field of
the nanoparticles. Compared to a single nanoparticle, a dimer of nanoparticles exhibits a higher electric
field enhancement due to the dipoles interaction between the plasmon modes, mainly located in the gap
between the nanoparticles (called hot-spots) [13,14].

A long-range interaction in regular metallic nanostructure arrays can also provide the possibility to
manipulate their optical properties [15,16]. When assembling the nanoparticles in an array, interactions
between nanoparticles can result in long-range interactions, for specific inter-particle distances (grating
constant) [17,18]. As a result, the optical response exhibits a narrow LSP peak due to the emergence of
radiative orders in the plane of the substrate [19–22]. Plasmonic nanostructures arranged in regular arrays
support lattice (or collective) plasmon modes, and the interference between localized surface plasmon (LSP)
and the so-called Rayleigh anomaly leads to a reduced linewidth of the resonance, and thus, an important
improvement of its quality factor [23,24]. Such effect finds applications in non-linear optics [25], molecular
sensing [26], plasmon-based lasers [27], surface enhanced fluorescence [28] and surface enhanced Raman
scattering (SERS) [29–31].

Only a very few works related to long-range interactions have been dedicated to this field. The SERS
effect originates mainly from an electromagnetic enhancement mechanism consecutive to the excitation
of localized surface plasmon (LSP) of metallic nanoparticles, and takes place for molecules (including at
very low concentration) close to the surface of metallic particles, provided that the laser line wavelength
is close to the maximum of LSP resonance [32,33]. In particular, molecules adsorbed in the first surface
layer display the largest Raman enhancement factors (REF). Taking into account both enhanced fields, the
average Raman gain < G > can be expressed as [34]:

< G >=
〈
|A(νexc)|2 × |A(νR)|2

〉
(1)

where A(νexc) is the local electric-field enhancement factor at the incident frequency νexc, and A(νR) is the
corresponding factor at the Raman frequency νR. Most of the time, 〈 G 〉 is averaged over the surface area
of the particles, in order to estimate the Raman gain. In general, 〈 G 〉 is approximated by assuming that
A(νexc) and A(νR) are identical; hence, 〈 G 〉 can be rewritten 〈 G 〉 ∼| A(νexc)|4 [35]. This approximation
takes advantage of the fact that the LSP width is often large compared to the Stokes shift, except for
calibrated samples like lithographic structures, where the LSP band can be narrow [36].
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Recently, directional plasmon excitation and SERS studies have been investigated for arrays of gold
lines deposited on a gold film [37]. The excitation of the surface plasmon polariton (SPP) takes place either
at the metal-air interface or the metal-glass interface leading to the appearance of diffractive modes. Such
configuration, although interesting, prevented to estimate easily Raman gains, due to the roughness of
the gold film, contributing also the Raman enhancement of the molecular probes. In this work, we report
on the optical study of LSP modes supported by square arrays of gold nanodiscs deposited on a indium
tin oxyde (ITO) coated glass substrate, and its impact on the SERS response of a molecular adsorbate, the
mercapto benzoic acid (4-MBA). We estimated the Raman gain of these molecules, by varying the grating
constant and the refractive index of the surrounding medium of the superstrate, from an asymmetric
medium (air) to a symmetric medium (oil) with respect to the substrate. We show that the Raman gain can
be improved with one order of magnitude in a symmetric medium compared to SERS experiments in air,
by considering the appropriate grating constant in accordance with FDTD calculations. They confirm the
importance and the impact of the grating effect in the design of SERS substrates.

2. Results and Discussion

Gold nanodiscs arrays (size of 60 × 60 μm2) were fabricated by electron beam lithography (EBL). The
gold nanodiscs height and diameter have been fixed to h = 50 nm and D = 100 nm, respectively. The grating
constant (inter-particle distance center-to-center) is varying from Λ = 250 nm to 550 nm. As seen in the
Figure 1, the arrays are homogeneous in term of grating constant. Several configurations can be considered
depending on the index of the over layer (upper medium).

• The upper medium is air with n = 1 index. This configuration leads to an asymmetric environment
since the index of the ITO substrate varies from n = 1.9 to n = 1.7 in the wavelength range.

• The upper medium is water with index n � 1.33 enabling a partial matching with the ITO
substrate index.

• The upper medium oil matching index of n � 1.55 leading to a better matching with ITO index.

It has been shown theoretically and experimentally that matched indices improves greatly the grating
effect [8,18].

Figure 1. (a) Scheme of the gold nanoparticle (NP) array deposited on an indium tin oxyde (ITO) (thickness
80 nm) coated glass substrate and surrounded with a dielectric of refractive index n. (b,c) SEM images of
gold nanodisc square arrays with a diameter of 100 nm and a grating constant Λ of 250 nm and 450 nm,
respectively. Height of the discs h = 50 nm.

We first focus our attention on the extinction spectra and SERS experiments on square arrays of
gold discs in air, with grating constants varying from Λ = 250 to 550 nm (see Figure 2). For short grating
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constants, the LSP position is very close to the LSP resonance of isolated nanoparticles. Indeed, no diffracted
order is observed in such situation. Figure 2b displays the calculated extinction spectra for a grating
constant using the FDTD method. The experimental spectra are in very good qualitative agreement with
the calculated ones, although with a smaller full width at half maximum (FWHM) and slightly blue-shifted
for the calculated ones, due to the fact that, in the calculations, the nanoscale surface roughness (NSR) of the
gold discs was not taken into account [38,39]. When the grating constant is increased, a significant red-shift
of the LSP is expected, as well as a reduced FWHM. This optical behavior is confirmed by the calculated
extinction spectra when varying the grating constant, as displayed in the Figure 2b. The extinction spectra
are attributed to collective LSP resonances (so-called lattice modes).

Figure 2. (a) Experimental and (b) calculated extinction spectra in air (in transmission, light at normal
incidence and polarized along the x-axis) for square arrays of gold nanodiscs with a diameter D = 100 nm.
The grating constant is varying from Λ = 250 to 550 nm with steps of 20 nm. The height of nanodiscs is
fixed to h = 50 nm. The calculations have been obtained by the FDTD method.

According to the grating theory, for a grating constant of Λc with a refractive index of the substrate
nsub, the position of the Rayleigh anomaly is given by Λc = λ/nsub, for an illumination at normal incidence.
In the range of LSP wavelengths and grating constants considered in Figure 2, the Rayleigh anomaly can
be excited, corresponding to (±1,0) diffraction order in the plane of the substrate. Therefore, when the
lattice wavelength is close to the positions of the Rayleigh anomaly, a reduced FWHM is observed. This
behavior is due to a strong coupling between the LSP mode and the Rayleigh anomaly, which is observed
for a critical grating constant Λc = 410 nm in our experiments (Figure 2a). For such grating constant
(Λ = 410 nm), a reduced FWHM with a quality factor of Qc = 18.75 is measured, and higher compared to
the case of Λ = 270 nm, for which Q = 8.68 (the quality factor is defined as Q = ω/Δω, where ω and Δω are
the resonance frequency and the resonance width at half-max, respectively).

Since the quality factor Q is increasing, the near-field intensity is expected to also increase. In the
Figure 3, we present the FDTD calculation of the intensity of the local electric field (calculated at the
maximum of the lattice mode wavelength) versus the grating constant. It can be seen that the maximum of
intensity is obtained for Λ = 430 nm, corresponding to the calculated critical grating constant Λc, where a
strong long-range coupling occurs. A second maximum at Λ ∼ 620 nm, with a much lower intensity, is
observed, and attributed to a grating order (0,±1) in air. The slight difference between the experimental
and calculated Λc comes from the fact that in the calculations, the NSR is not taken into account [38,39].

We thus expect that the choice of the grating constant, in the context of SERS measurements, will
impact significantly the Raman enhancement factor. However, in order to be able to compare the
experimental SERS measurements versus the grating constant with the calculated REF, one has to take
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into account the calculated REF defined as REFcalc = | E(ωexc) | 2 * | E(ωRS) | 2 (ωexc and ωRS correspond to
the laser excitation and Raman (Stokes side) angular frequency, respectively. We thus plotted the REFcalc
versus the grating constant, by considering the two Raman lines at 1074 and 1585 cm−1, corresponding to
characteristic Raman bands of 4-MBA molecules, for an incident wavelength at 633 nm ( excitation line
used in our experiments).

Figure 3. Calculated intensity of the local electric field at the maximum of the LSP mode wavelength
versus the grating constant. Calculations are made by the FDTD method for gold discs (D = 100 nm and
h = 50 nm).

As displayed in Figure 4, the maximum of REFcalc is expected to be maximum at a smaller grating
constant (Λ = 370 nm), compared to the maximum of intensity measured at λLSP (at Λ = 430 nm). The REFcalc
is also compared to | E(ωexc) | 4 at λexc = 633 nm, which corresponds to an approximation often used for the
estimation of the REF. It is seen that the maximum of | E(ωexc) | 4 (for an incident wavelength at 633 nm) is
obtained for a smaller grating constant, compared to the maximum of REFcalc. This difference was expected
since one has to take into account the enhancement factor | E(ωRS) | 2 at λRS, red-shifted compared to the
enhancement factor | E(ωexc) | 2 at λexc.

Figure 4. Calculated Raman enhancement factor (REFcalc) versus the grating constant for the Raman line
at 1074 cm−1 (a) and 1585 cm−1 (b). The REFs are superposed with | E(ωexc) | 4, calculated at 633 nm.
The calculation are made for gold nanodiscs arrays with a diameter of D = 100 nm. The height of nanodiscs
is h = 50 nm.
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Finally, a “sharp” maximum is also observed at Λ = 450 nm for the 1074 cm−1 Raman line, and at
Λ = 470 nm for the 1585 cm−1 Raman line. This difference in grating constant is due to the fact that the
Raman emissions are located at different wavelengths. For instance, the Raman emission at 1585 cm−1

is more predominant for a higher grating constant since it corresponds to an LSP wavelength more
red-shifted compared to those of a smaller Λ. These two additional maxima are attributed to the fact that
the maximum of the LSP is precisely located at half way between the excitation line and the Raman lines
(λLSP = (λexc + λRS)/2), leading to an optimized Raman gain, as demonstrated in the reference [36].

In the following, we investigate experimentally the impact of the grating constant on the Raman gain,
by considering as the superstrate, the air. The spontaneous Raman spectrum was first characterized for
a 0.5 M 4-MBA in a DMSO solution (Figure 5a). The Raman signature is mainly characterized by two
intense Raman bands of 4-MBA located at 1074 and 1585 cm−1 (spectrum a), associated to CH out-phase
bonding and to C=C symmetric stretching vibrations, respectively. The adsorption of the molecules onto
monolayers is crucial in order to estimate experimentally the number of molecules contributing to SERS,
and thus, the Raman enhancement factor (spectrum b, Figure 5a). In order to verify that 4-MBA molecules
form monolayers onto the surface of gold nanoparticles, we recorded the SERS spectra of 4-MBA molecules
on a gold nanodisc array (D = 95 nm, h = 50 nm, Λ = 320 nm), with different incubation times (molecular
concentration of 10−4 M). Figure 5b shows the intensity of the Raman bands at 1074 cm−1 and 1585 cm−1

versus the incubation time adsorbed on a gold nanodiscs array. The SERS intensity increases and reaches
its maximum after ∼50 s of incubation time. This intensity remains constant when the incubation time
is increased. This result allows us to conclude that a monolayer of 4-MBA molecules is formed for an
incubation time of 40–50 s. In the following SERS experiments, we will use an incubation time of 5 min
in a solution of 10−4 M, in order to insure that the gold particles are fully covered by a monolayer of
4-MBA molecules.

Figure 5. (a) Spontaneous Raman spectrum of 4-mercaptobenzoic acid (4-MBA) of (0.5 M) in DMSO solution
(spectrum a), and surface enhanced Raman scattering (SERS) spectra of 4-MBA molecules adsorbed on a
gold nanodisc array (concentration of 10−4 M, sepctrum b). Acquisition conditions for SERS: excitation
wavelength λexc = 632.8 nm, laser power P = 65 μW, acquisition time t = 30 s; (b) SERS intensity as a
function of incubation time for the Raman bands at 1074 cm−1 and 1585 cm−1. Acquisition conditions:
excitation wavelength λexc = 632.8 nm, laser power P = 65 μW, acquisition time t = 30 s.

Since the 4-MBA molecules form a monolayer at the particles surface, it is possible to estimate the
order of magnitude of the number of adsorbed molecules (knowing the surface occupied by one molecule),
and thus, the Raman enhancement factor (REF). The Raman enhancement factor per molecule is defined
as [32,35]:
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REF =
ISERS/NSERS

IRe f /NRe f
(2)

with NSERS = (N × SNP)/ Smol and NRe f = C × Ve f f × NA.
In Equation (2), ISERS corresponds to the integrated intensity of the Raman bands of the 4-MBA

molecules, IRe f the integrated Raman intensity corresponding to the spontaneous Raman spectrum
recorded for a 0.5 M 4-MBA in a DMSO solution. NSERS is the number of molecules occupied in the
laser spot surface, N is the number of metallic nanoparticles under the laser spot area, SNP is the surface
occupied by one nanoparticle and Smol is the surface occupied by one molecule of 4-MBA equal to 38.3 Å2.
The laser spot surface has thus been estimated to 5 μm2 for a 100× microscope objective (N.A. 0.65).
Therefore, we could estimate NSERS for the different arrays investigated. NRe f is the number of molecules
excited in a volume Ve f f of the laser waist for 0.5 M 4-MBA solution. NA is the Avogadro number equal to
6.02 × 1023 mol−1. The volume of laser waist is estimated by considering a cone of apex angle defined by
the numerical aperture of the microscope objective and the height of the focusing scope. Using a 100×
microscope objective with a numerical aperture NA of 0.65, the volume of laser waist is assumed to be
5000 μm3, leading to a NRe f value of ∼1.5 × 1012 molecules. This definition of the Raman enhancement
instead of that given in Refs. [32,35] indeed overestimates slightly the gain by not accounting for the
molecules on lateral part of the particles. However, we believe that it is more suitable because we are
investigating self assembled molecules chemically adsorbed to the gold surface by the sulfur atom; few
molecules are adsorbed on the side of the particles and play only a weak role. Indeed, computations show
that the electromagnetic field should be weak on this part of the nanodiscs. Therefore, this definition does
not change the conclusion concerning the evolution of the average enhancement with the grating constant
which was the main goal of this paper.

The SERS signals were recorded at λexc = 632.8 nm. Using a microscope objective with a 100×
magnification, and a numerical aperture of N.A. = 0.9, the estimated zone of excitation was ∼5 μm2.
The Figure 6 displays the Raman enhancement factor versus the grating constant for the Raman bands
at 1074 and 1585 cm−1. The REF has been measured, on the order of 106, in quite good quantitative
agreements with recent works [40]. For both Raman bands, we observe that the maximum of REF is
obtained for a grating constant of Λ = 330 nm, and not for Λ = 430 nm, for which it was observed a
maximum of intensity at λLSP (Figure 6a,b). The maximum of the experimental REFexp at Λ = 330 nm is
slightly different from the calculated REFcalc located at Λ = 370 nm (see the Figure 4). This discrepancy
is attributed to the fact that the calculated values are extracted from the spectral profile of the near-field
intensities, which reflect the calculated extinction spectra. The calculated spectra are slightly shifted
compared to the experimental ones, and thus explain why the calculated REFcalc is maximum for a slightly
higher grating constant. However, the experimental REFsexp are also observed for smaller grating constants
than ΛC, as confirmed by the FDTD calculations (compare Figure 6a,b and Figure 4).

It is noteworthy that the maximum of REFexp, obtained for a grating constant at Λ = 330 nm, is not
considerably improved, compared to the REFexp measured for other grating constants (Figure 6a,b). Indeed,
a factor of two is observed compared to the lowest values of the experimental REF (for instance at Λ = 290
or 490 nm). However, a factor of the same order of magnitude (∼3) is also deduced from the calculations,
between the maximum REFcalc (at Λ = 370 nm) and the minimum REFcalc (at Λ = 490 nm). Finally, if a
clear maximum of REFexp is observed for Λ = 330 nm, significant fluctuations of the REFs versus the
grating constant are observed. The calculated REFcalc also displays some fluctuations, although less obvious
(Figure 4). This is attributed to the fact that the enhancement factors are not optimized in air.
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Figure 6. Experimental Raman enhancement factors REFexp as a function of the grating constant for
the Raman bands at 1074 cm−1 (a), and 1585 cm−1 (b). Acquisition conditions: excitation wavelength
λexc = 632.8 nm, laser power P = 65 μW, acquisition time t = 30 s.

In order to improve the REF, one has to consider a symmetric environment. In other words, the
refractive index of the substrate needs to be as close as possible to the refractive index of the superstrate.
Indeed, in an asymmetric medium, the radiative patterns by the nanodiscs are mostly scattered inside
the substrate. Therefore, the overlap between the grazing diffracted orders and the particle plasmon is
limited. In a symmetric environment, the radiative pattern is expected to be symmetric, and thus with a
higher coupling, resulting in a strongest near-field intensity [23]. In the following, we thus investigate
the impact of the dielectric environment on the far-field and near-field optical response, as well as on the
Raman enhancement factors in the context of SERS measurements.

As the superstrate, we considered oil since its refractive index is very close from the substrate (n = 1.51).
The Figure 7 displays the extinction spectra of the nanodiscs arrays, recorded in oil, with grating constants
varying from Λ = 250 to 490 nm. As expected, a red-shift of the LSP resonances is observed, compared to
the ones in air, due to a higher refractive index. The REFcalc has been calculated by taking into account the
product of the square modulus of the electric field at λexc = 632.8 nm and the square modulus of the electric
field at 1074 cm−1 and 1585 cm−1 corresponding to λRS,1074 = 679 nm and λRS,1585 = 704 nm, respectively.
Figure 8 displays the calculated REFscalc for the Raman line at 1074 cm−1 (Figure 8a) and at 1585 cm−1

(Figure 8b). The REFs are also compared to the REFs calculated in air and water (as an intermediate
dielectric medium, with a refractive index of n = 1.33).

For both Raman lines, the calculated REFs at maximum are at least 50 times higher in oil compared
to air, and 4 times higher, compared to water. Moreover, the maximum of REFscalc in oil corresponds to
smaller grating constants (around Λ = 310 nm), compared to the calculated ones in air (around Λ = 370 nm).
This can be explained by the fact that the LSP resonances in oil are more red-shifted compared to the
excitation line, especially for higher grating constants. Thus, the maximum of REFscalc is expected to
be obtained for arrays with smaller grating constants, where the lattice mode wavelength is close to
the excitation line at 633 nm. One can note that the maximum of REFscalc is located at Λ = 310 nm for
the 1074 cm−1 Raman line, and at Λ = 330 nm for the 1585 cm−1. This is attributed to the fact that the
1585 cm−1 Raman line corresponds to a higher wavelength compared to that of 1074 cm−1 Raman line.
Finally, a second maximum of REF, with a lower value at Λ = 530 nm, is observed. This can be attributed
to the diffracted (±1,±1) order in the substrate plane.
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Figure 7. Extinction spectra recorded in oil (in transmission and normal incidence) for square arrays of gold
nanodiscs with a diameter D = 100 nm. The grating constant varies from Λ = 250 to 490 nm. The height of
nanodiscs is fixed to h = 50 nm.

Figure 8. Calculated REFscalc in air (na = 1), water (nw = 1.33) and oil (no = 1.518) at: 1074 cm−1 (a) and
1585 cm−1 (b) for arrays of gold nanodiscs. Diameter of the disc is D = 100 nm, the height h = 50 nm and
grating constant varying from Λ = 250 to 730 nm. The REFs are calculated using the FDTD method.

The experimental SERS measurements in oil have been investigated using a microscope objective
(50x, N.A. 0.9), with an excitation line λexc = 632.8 nm and a laser power of 65 μW. The experimental
REFs vary from 2 × 106 (for Λ = 510 nm) to 107 (for Λ = 270 nm). Figure 9 compares the experimental
REFs versus the grating constant with the calculated REFs in oil. For both Raman lines, there is a good
qualitative agreement between the experimental and calculated profile of the REFs versus the grating
constant. In particular, the maximum of REF is obtained for a smaller grating constant for the 1074 cm−1

Raman line (at Λ = 300 nm), compared to the REF for the 1585 cm−1 Raman line (at Λ = 330 nm).
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Figure 9. Experimental and calculated REF in oil for the Raman bands at 1074 cm−1 (a) and 1585 cm−1 (b).

Note that the REFsexp and REFscalc values are not quantitatively comparable. Although a chemical
contribution on the Raman gain may contribute, it could not explain a difference of two orders of
magnitude between the experimental and calculated REFs. Such discrepancy has been also pointed out by
M. Banaee et al. [40], using the same molecular probe. They noted similar differences between simulation
and experimental REF values, attributed to fabrication imperfections. This discrepancy could be explained
by the fact that the simulations do not take into account any roughness of the discs surface. Indeed,
this roughness is due to the thermal evaporation process before the lift-off step of the EBL fabrication of
the samples. Therefore, it has been shown that a significant difference in REF can be observed between
smooth (annealed) and roughened (non-annealed) samples. It has been shown that the calculated REF
with roughened samples can be ∼100 times higher than that for a smooth sample. However, in our
experiments, by considering the adequate grating constant in a symmetric environment, we show that the
measured REF can be increased by one order of magnitude in comparison to those measured in air, and
reaches values of the order of 107, which represents high values to detect any molecular probes at very low
concentrations.

3. Materials and Methods

Electron beam lithography: The substrates were using an electron beam lithographic system using
a ZEISS scanning electronic microscope (SEM) [41]. A 100 nm thick layer of poly-methyl methacrylate
electron resist was spin coated on glass substrates with an 80 nm layer of indium tin oxide (ITO). The
desired structures were exposed to an electron beam. Chemical development, thermal vacuum coating
with gold and a lift-off procedure followed, which led to regular arrays of gold nanodiscs of the desired
geometrical parameters, 50 ± 5 nm height and 100 μm diameter on top of the ITO covered glass-substrate.
This method allows us to control precisely the nanoparticle size, shape and inter-particle distance between
nanoparticles. We have thus the ability to tune the plasmon resonance at any desired wavelength [41,42].
We choose isotropic gold discs in order to avoid any contribution of depolarization effect in Raman
measurements, for instance affected by the anisotropy of gold nanorods.

UV–visible absorption spectroscopy: The plasmon bands were characterized by extinction
micro-spectroscopy in the range of 400–900 nm. The spectrometer (LOT ORIEL model MS 260i) was
coupled to an optical microscope (OLYMPUS BX 51) equipped with a 50× objective (numerical aperture
N.A. 0.55).

Raman spectroscopy: The Raman experiments were made using a Jobin–Yvon LABRAM HR 800
Raman spectrometer. The source is an He-Ne laser (632.8 nm), focused on the sample, through a microscope
equipped with a 100× objective (Olympus, N.A. 0.8). 4-mercaptobenzoic acid (4-MBA) molecules were
used for all the SERS experiments. This molecule is characterized by self-assembled monolayers, when
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adsorbed on the surface of metallic nanoparticles. Indeed, the adsorption of these molecules takes place
via the thiol group on the gold surface.

Finite Difference Time Domain (FDTD) calculations: Finite Difference Time Domain (FDTD)
simulations were achieved using a developed 3D-code for the optical proprieties investigation. The code
takes into account the periodicity of the structure in x and y directions via Bloch’s boundary conditions [43]
and the upper and lower semi-infinite media in z direction through perfectly matched layer (PML)
conditions of Berenger [44]. The implemented Critical Points Drude model [45] deals with the dispersive
nature of gold and ITO using different fitted parameters to match experimental values. The structure is
illuminated, with a plane wave, at normal incidence from the substrate. In the near-field, the normalized
electric field intensity is calculated in the vicinity of the metallic nanoparticles, while the detector is placed
far away from them for far-field simulations of extinction spectra.

4. Conclusions

It has been shown that a long-range coupling within a gold nanodisc array affects significantly the
SERS intensity of a molecular probe (4-mercaptobenzoic acid). This type of coupling corresponds to the
emergence of a new radiative order in the substrate plane. This interaction is maximum for a critical
grating constant Λc, when the plasmon mode wavelength is close to the Rayleigh anomaly position. As a
consequence, the REF is strongly dependent on the grating constant. The maximum of REF is not obtained
for a grating constant corresponding to a maximum of local electric field intensity, but systematically
obtained for smaller grating constants regardless the environment. Experimental and theoretical values of
the REF display that one needs to consider a symmetric environment, in order to optimize the REF. More
importantly, it is demonstrated that the Raman gain of molecular probes can be improved with one order
of magnitude in a symmetric medium (in oil) compared to SERS experiments in air, by considering the
appropriate grating constant.
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Abstract: We present here the amplification of the surface-enhanced Raman scattering (SERS) signal
of nanodisks on a gold film for SERS sensing of small molecules (thiophenol) with an excellent
sensitivity. The enhancement is achieved by adding a silicon underlayer for the composition of
the nanodisks. We experimentally investigated the sensitivity of the suggested Au/Si disk-shaped
nanoresonators for chemical sensing by SERS. We achieved values of enhancement factors of 5 × 107

− 6 × 107 for thiophenol sensing. Moreover, we remarked that the enhancement factor (EF) values
reached experimentally behave qualitatively as those evaluated with the E4 model.

Keywords: SERS; sensors; plasmonics; gold; silicon

1. Introduction

Surface-enhanced Raman scattering (SERS) is often employed as a fast technique of analysis
owing to a high sensitivity for sensing of different types of molecules [1–3]. In SERS, the dominant
contribution is the electromagnetic mechanism [2,4] allowing the obtaining of very high enhancement
factors (EF). This EF for SERS is evaluated as the fourth power of the intensity of the local electric
field [5,6]. Thus, the design of nanostructures to achieve high enhancement factors in the research
domain of SERS is a very important point in order to increase the sensitivity of the biological and
chemical sensing. Modern micro/nanofabrication tools such as focused ion-beam lithography [7],
electron-beam lithography [8–11], X-ray, deep UV, UV, and interference lithographies [12–16] favor the
numerous designs of SERS substrates with an accuracy control over the shape and spatial distribution
of nanostructures. Furthermore, some low cost techniques of fabrication as nanoimprint lithography
(NIL) [17,18] and nanosphere lithography (NSL) [19–22] may enable the realization of these SERS
substrates. A large number of nanostructures such as nanodisks, nanoholes, nanodimers have been
tested and provided high EFs for SERS [23–25]. The majority of these designs are focused on the control
of the resonances of localized surface plasmons (LSPR) for optimizing the SERS enhancement [26,27].
In addition, a significant improvement of strong electric field zones around the metallic nanostructures
can be observed by adding a metallic film under the plasmonic nanostructures. This enhancement is
obtained thanks to the coupling between the nanostructures (antennas) via surface plasmon polaritons
on the Au film [28,29] or localized surface plasmon hybridization with the image modes in a plasmonic
substrate [30,31]. Thus, this supplementary enhancement can be exploited to amplify the SERS
effect [21,32–34]. Another pathway for realizing significant EFs is to employ Si nanowires (SiNW)
or nanopillars (SiNP) coupled to metallic nanoparticles or covered by a metallic layer allowing thus
the obtaining of a better detection limit [35–43]. Moreover, fabrication techniques of large-surface
may allow the realization of disordered Si nanowires. Another possibility is to realize tip-shaped
Si metasurface on which metallic nanoparticles are deposited [44,45]. In addition, the Moskovits
group has demonstrated that the substantial input to the SERS enhancement, for silicon/silica/metal
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nanogratings, is a non-local (plasmonic) effect of grating depending mainly on the grating parameters
until the metal conductivity is not sufficient [46].

The main goal of this paper is to improve the SERS effect of gold nanodisks on a gold film by the
simple addition of a silicon layer for the composition of the nanodisks (between the gold film and
the gold layer of nanodisks). In such hybrid nanostructures, we use the second dipole resonance for
enhancing the SERS signal compared to our previous works [11,41]. Moreover, these hybrid Au/Si
disk-shaped nanoresonators on the gold film have been tested as chemical sensors by using solutions
of thiophenol, which are small chemical molecules (thickness of a thiophenol monolayer is around
0.6 nm [47]). Besides, this additional layer of silicon has already allowed the improvement of the
fluorescence signal enhanced by the surface for biosensing applications and enhanced single-molecule
detection [48,49].

2. Experimental Details

2.1. Fabrication of Hybrid Au/Si Nanodisks

The hybrid Au/Si nanodisk (ND) fabrication is divided into several steps: (i) evaporation of
a gold layer under vacuum by electron-beam (EBE) on Si substrate covered of a Ti adhesion layer
for Au (2 nm), (ii) electron beam lithography, (iii) deposition of Si and Au layers, and (iv) lift-off in
acetone. Firstly, a gold layer (thickness of 40 nm) was evaporated on Si substrate by EBE under normal
incidence. Next, we deposited a PMMA layer (polymethylmethacrylate A2: thickness of 90 nm) by
spin-coating on gold film. Then, several 300 × 300 μm2 arrays of nanodisks were realized by electron
beam lithography (NanoBeam). Next, the sample was immersed in a development solution of 1:3
methylisobutylketone/isopropanol (MIBK/IPA) in order to reveal nanodisks. The next step consisted
of an evaporation of a 20-nm silicon layer following by a second evaporation of a 20-nm gold layer
both realized by EBE. Finally, a lift-off process in acetone was employed in order to obtain the hybrid
Au/Si nanodisks on the gold film (see Figure 1). The evaporation rates used in this fabrication are
0.05 nm/s, 0.1 nm/s and 0.3 nm/s for Ti, Si and Au layers, respectively. In addition, geometrical
parameters of hybrid nanodisks are a diameter of 130 nm (D), a period of 300 nm (P), and a total height
of 40 nm (20 nm of Si + 20 nm of Au). In addition, we chose a Ti adhesion layer of 2 nm in order to
have a good compromise between the adhesion properties and the electric field enhancement. Indeed,
in the spectral range of our study, Ti is a material less absorptive than Cr, which is another material
widely used as adhesion layer, and consequently, Ti reduces the electric field enhancement less than
Cr [50].

Figure 1. Scheme of the Au/Si disk-shaped nanoresonator array on gold film. D and P correspond to
the nanodisk (ND) diameter and the period between the nanodisks, respectively. P is identical along
x-axis and y-axis. In the red zoom are indicated the thicknesses of Si and Au layers constituting the
bilayer of a hybrid nanodisk. An adhesion layer of Ti (2 nm) is used between Si substrate and gold film.
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2.2. Thiophenol Functionalization of the Hybrid Au/Si Nanodisks

For investigating the SERS performances of our hybrid NDs on a gold film, thiophenol molecules
were used as probe molecules for their efficient grafting on metallic surfaces. The functionalization
constituted of four steps: (i) realization of a thiophenol solution in ethanol (1 mM); (ii) dipping for 24 h
the SERS substrate in the thiophenol solution freshly prepared (obtaining of a thiophenol monolayer on
the gold parts); (iii) washing the SERS sample by using ethanol and (iv) drying it by using compressed
nitrogen. For our Raman experiments in a solution which serves as reference, a highly concentrated
solution of thiophenol in ethanol (1 M) was used because the Raman cross-sections of thiophenol in
solution are very low.

2.3. Raman Spectroscopy of Hybrid Nanodisks on Gold Film

We employed a Labram spectrophotometer (Horiba Scientific) with a spectral resolution of 1
cm−1. For all the SERS and Raman (reference) measurements, we have set the excitation wavelength at
785 nm (λexc) and the acquisition time at 10 s. Concerning to the SERS measurements, a microscope
objective (×100, N.A. = 0.9) was used in order to concentrate the laser beam on the sample. Then,
SERS signal coming from the hybrid samples was detected by this same objective configured in
a backscattering setup. The laser power for the excitation wavelength of 785 nm was 3 mW. Besides, for
Raman measurements serving as reference, the same excitation wavelength and a macro-objective of
which the focal length is 40 mm (N.A. = 0.18) were employed. All recorded spectra have been divided
by the acquisition time and the laser power for comparison purposes.

2.4. Plasmon Resonances in Hybrid Nanodisks on Gold Film

To get inside in the plasmon resonances that are responsible for the observed SERS, we consider
the plasmon resonator composed of two gold disks with a silicon layer between them (see Figure 1).
Suppose, for the beginning that metal plates are optically thick, i.e., h|m|k � 1, where h is the metal
plate thickness, m =

√−εm is the metal “refractive index”, and the wave-vector is k = 2π/λ. We also
suppose that the thickness d of the silicon layer is much smaller than the radius a of the resonator.
Then, the distortion of the EM field near the outer boundary (r ≤ a) of the resonator can be neglected.
The cylindrical coordinates {r, ϕ, z} are used below so that the z-axis coincides with the axis of the
resonator, axes origin is in the center of the resonator. The plasmon electromagnetic field in the
resonator in the dipole mode can be found from the vector potential A that has z-component only.

A(1)
z = exp [q2 (z + d/2)] J1(qr) sin(ϕ), −h − d/2 < z < −d/2; (1)

A(2)
z =

cosh (q1z)
cosh (dq1/2)

J1(qr) sin(ϕ), −d/2 < z < d/2; (2)

A(3)
z = exp [−q2 (z − d/2)] J1(qr) sin(ϕ), z > d/2, (3)

where the silicon layer with refraction index n is placed in the gap −d/2 < z < d/2 between two
metal plates, J1(qr) is the Bessel function of the first order, q1 =

√
q2 − k2n2 and q2 =

√
q2 + k2m2 are

the wave-vectors. The vector potentials thus defined are the solutions of the wave equations, namely,(
− (mk)2) A(1,3)
z = 0 and

(
+ (nk)2) A(2)
z = 0, where the symbol 
 stands for the Laplace operator.

The electric and magnetic fields in the resonator are given by the Maxwell equations H(j) = curl A(j),
E(j) = icurl H(j)/

[
kε(j)

]
, where j = 1,2,3 correspond to the upper metal plate, silicon layer, and lower

metal plate correspondingly, so that ε(1,3) = εm ≡ −m2 and ε(2) = n2. Thus, at the middle plane z = 0,
the electric field has z-component only, which equals to:

Ez = −i
q2 J1(qr)

kn2 cosh (dq1/2)
cos(ϕ), (4)
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while z-component of the magnetic field equals to zero everywhere. The magnetic field in the gold
and silicon, obtained from vector potentials in Equations (1)–(3), has components Hx and Hy only
in contrast to the electric field that has all three components. The magnetic field of the plasmon is
perpendicular to the axis of the cylinder (z-axis) and plasmon can be called HT plasmon. Matching the
fields at the metal-dielectric interfaces z = ±d/2, we obtain the dispersion equation for the wave-vector
q of the HT plasmon excited in the disc resonator:

n2q1 = m2q2 tanh (dq2/2) . (5)

In a thin resonator d|n|k � 1, Equation (5) has the simple analytical solution as follows:

q = q(s) = 2 arctanh
(

n2/m2
)

/d, (6)

Therefore, the plasmon is effectively excited when metal refractive index m is larger in absolute
value than the silicon refractive index |m| > |n|. The absolute value of gold permittivity is large in
the optical spectral range, however, silicon permittivity |n|2 � 15 is also large (see [51–53]). Then,
the condition |m| > |n| is violated in the gold–silicon resonator for wavelength λ < 600 nm. For
smaller wavelengths, the antisymmetrical plasmon can be excited that vector potential is still given by
Equations (1)–(3), where cosh(. . .) in Equation (2) should be replaced by sinh(. . .) and A(3)

z is taken
with opposite sign. The dispersion equation for the antisymmetrical plasmon takes form:

n2q1 = m2q2 coth (dq2/2) . (7)

In the thin resonator d|n|k � 1, Equation (7) has the simple analytical solution as follows:

q = q(a) = 2 arctanh
(

m2/n2
)

/2, (8)

Therefore, the antisymmetrical plasmon is effectively excited when metal refractive index m is
smaller in absolute value than the silicon refractive index |m| < |n|. All plasmons discussed above
could be excited simultaneously when the upper gold plate has finite thickness and radiation from
the resonator cannot be neglected. Then, the energy absorption as a function of λ has set of maxima,
and reflectance R(λ) has many peculiarities as displayed in Figure 2.

Suppose that the gold–silicon–gold disk resonator is illuminated from the top. The lower metal
plate is still considered as optically thick. The vector potential in the resonator can be considered as
a superposition of the symmetric and antisymmetric plasmons

A(1)
z = [a1 exp (q2z) + a2 exp (−q2z)] J1(qr) sin(ϕ), −h − d/2 < z < −d/2; (9)

A(2)
z = [b1 exp (q1z) + b2 exp (−q1z)] J1(qr) sin(ϕ), −d/2 < z < d/2; (10)

A(3)
z = c2 exp (−q2z) J1(qr) sin(ϕ), z > d/2; (11)

where coefficients a1, a2, b1, b2, c2 are obtained by matching magnetic and electric fields at the interfaces
between gold and silicon at z = ±d/2. We apply the boundary condition J0(qpa) = 0 at the lateral
boundary and found set of the harmonics p; J0(x) is the Bessel function of zero order. The incident
and reflected electromagnetic waves are expanded in series of these harmonics and match the EM
field in the resonator at the top of the resonator z = −h − d/2. When EM field in the resonator is
known, we can calculate EM wave, which is radiated by the periodic system of the resonators shown
in Figure 1. This wave is added to the wave reflected by the bare gold film on the top of the silicon
substrate. Thus, obtained reflectance R(λ) is shown in Figure 2 together with results of the computer
simulation.

We performed computer simulations of the periodic array of the disk resonators in the COMSOL
environment. The incident light was normal to the film plane. The Maxwell equations were solved by
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using the finite element method (FEM). The geometrical parameters of this model are: the top nanodisk
has diameter of D = 2a = 130 nm, thicknesses of gold and silicon disks are 20 nm. The underneath gold
film had a thickness of 40 nm. The nanodisks were organized in the square lattice with a periodicity of
P = 300 nm (see Figures 1 and 3). There was a qualitative agreement between computer simulations
and the discussed simple analytical model.

Dips in the reflectance R(λ), which are well seen in Figure 2, correspond to the various plasmon
resonances. Minima at λ � 1400 nm and λ � 800 nm correspond to the first and second dipole
resonances, respectively. Minima at shorter wavelengths are due to the higher symmetric as well as
antisymmetric plasmon modes. Since the absolute value of the gold permittivity is on the order of
the silicon permittivity, the resonances could be rather wide. The simulation results obtained for the
electric field in the disk resonator are shown in Figure 4, where a dipole mode can be seen. The field
spread over the entire resonator. This form of the resonance field is different from the field distribution
obtained for a similar system in [54], where a 5-nm SiO2 layer was between the plates. We speculate
the permittivity of the silica is well much lower than the absolute value of the gold permittivity and
the EM field is confined in the resonator. The electric field, presented in Figure 4, is enhanced at the
upper rim of the cylinder resonator. The field distribution is similar to the field calculated in [55].

Figure 2. Results of analytical model (red) and COMSOL computer simulations (blue) of the system
shown in Figure 1, disk diameter D = 2a = 130 nm, period of square lattice P = 300 nm, thicknesses
of the upper gold plate and silicon interlayer are 20 nm, gold film has thickness of 40 nm. (a) Reflectance
from surface-enhanced Raman scattering (SERS) substrates and (b) electric field enhancement factor
(EF) averaged over the lateral side of the plasmon resonator EF = 〈|E/E0|4〉, where E0 corresponds to
the amplitude of the incident EM wave.

Enhancement factor of the electric field averaged over lateral side of the resonator is shown in
Figure 2. The enhancement |E/E0|4 achieves ∼106 at λ � 800 nm resonance and it takes even large
values ∼108 at λ � 1400 nm. Reflectance R(λ) has wide minimum at λ > 500 nm, however, the silicon
as well as gold have large ohmic loss for λ > 500 nm, and electric field is not much enhanced in this
spectral band as it is seen in Figure 2b.

Since the Au film thickness is larger compared to the skin-depth (∼30 nm) and silicon plate is
optically thick (opaque), the extinction (or absorbance) equals to A = 1 − R, where the reflectance R is
discussed above.

3. Results and Discussion

3.1. Fabrication and Functionalization of the Hybrid Disk-Shaped Nanoresonators on Gold Film

Firstly, the hybrid Au/Si disk-shaped nanoresonators on gold film have been realized by using the
process of Section 2.1. A SEM picture of the obtained Au/Si nanodisks is displayed in Figure 3. The diameter,
periodicity and height obtained for the hybrid NDs are 130 nm, 300 nm and 40 nm, respectively.
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Figure 3. SEM picture of a hybrid Au/Si nanodisk array on gold film (scale bar = 300 nm). The nanodisk
dimensions are 130 nm of diameter, 40 nm of total height, and 300 nm of periodicity.

The next step was the functionalization of thiophenol molecules on hybrid Au/Si ND array by
employing the protocol of the Section 2.2. Raman measurements were realized immediately after this
functionalization step. SERS spectra of thiophenol on Au/Si nanodisks arrays on gold film obtained
for the excitation wavelength of 785 nm are displayed in Figure 4a. From these spectra, Raman peaks of
thiophenol molecules were observed (see refs [56,57]) of which those at 1000 cm−1 coincided with the
association of certain modes: C–H out-of-plane bending and ring out-of-plane deformation (named:
γ(CH) and r − o − d); at 1025 cm−1 coinciding with the association of other modes: ring in-plane
deformation and C–C symmetric stretching (named: r − i − d and ν(CC)); at 1075 cm−1 coinciding also
with the association of other modes: C–C symmetric stretching and C-S stretching (named: ν(CC) and
ν(CS), respectively), and at 1575 cm−1 coinciding with the C–C symmetric stretching mode (named:
ν(CC)). Besides, a couple of peaks located in the domain of 900–980 cm−1 is present and corresponding
to multiphonon peaks of Si [58,59].
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Figure 4. (a) SERS spectra of thiophenol realized on 3 distinct SERS substrates among 10 for the
excitation wavelength of 785 nm. In purple is represented the SERS spectrum of thiophenol (1 mM)
obtained on a 40-nm gold film at the same excitation wavelength (an offset is applied to the purple
spectrum to see all the SERS spectra). (b) Electric field mapping |E/E0| of a hybrid Au/Si nanodisk on
gold film for an excitation wavelength of 785 nm (cross-sectional view). White circles correspond to the
strong electric field zones accessible for thiophenol molecules.
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3.2. Sensitivity of the Hybrid Disk-Shaped Nanoresonators and Reproducibility of SERS Signal

For examining the detection sensitivity of hybrid Au/Si ND arrays, the EF is evaluated for the 4
previous Raman peaks by the following formula:

EF =
ISERS
IRaman

× NRaman
NSERS

(12)

where ISERS, IRaman represent the SERS and Raman intensities, respectively (see Table 1). NSERS, NRaman
are the numbers of thiophenol molecules for SERS and reference Raman experiments, respectively.
NSERS is determined by this formula:

NSERS = NA × Silluminated × σSur f (13)

where NA is the Avogadro’s number (mol−1), Silluminated corresponds here to the lateral surface (gold
part) of one nanodisk (ND surface: S = 8.2 × 103 nm2) which is multiplied by the number of nanodisks
(∼12) illuminated in the laser spot of which the size is about ∼1 μm2 for λexc = 785 nm. σSur f
represents the surface coverage of thiophenol (here σSur f = 0.544 nmol/cm2) [60,61]. Thus, thiophenol
molecules of interest were grafted on lateral gold parts of hybrid nanodisks, and the number of excited
molecules NSERS is 3.22 × 105 for the excitation wavelength of 785 nm. Furthermore, no SERS signal is
recorded from the smooth gold film (see Figure 4a, and as also observed in our previous works [10,11]).
Moreover, we observed from the electric field mapping (see Figure 4b) that the effective SERS signals
(strong electric field zones accessible for thiophenol molecules, see the white circles on Figure 4b) are
localized at the interface between silicon and gold layers around the hybrid nanodisk, and also at
the top of the lateral surface of the gold layer. Thus, from these observations, we speculate that the
equivalent surface of interest for evaluation of EF is the lateral surface of the gold part of the hybrid
nanodisk. For the Raman measurements serving as reference, the number NRaman is 4.24 × 1011 for the
excitation wavelength of 785 nm. This value of NRaman is obtained by this expression:

NRaman = NA × C × Vsca, (14)

where C and Vsca correspond to the concentration used for thiophenol molecules (1 M), and the
scattering volume, respectively. This latter is determined by this formula: Vsca = A × H, where A
is the scattering area corresponding to the disk area with a diameter of 5.3 μm at 785 nm, and H
(scattering height, see Refs [62,63]) of approximately 32 μm for λexc = 785 nm. Thus, Vsca is equal to
704 μm3∼0.704 pL.

Table 1. For λexc = 785 nm, and the four Raman shifts (RS) of thiophenol, λRaman coinciding with RS,
the intensities IRaman and ISERS, relative standard deviations (RSDs) coinciding with ISERS, EF obtained
with Equation (1) and EF values (in arbitrary unit, see Equation (5)) calculated with the E4 model are
tabulated.

Number RS (cm−1) λRaman(nm) IRaman ISERS RSD (%) EF EF (a.u.)

1 1000 852 79 3533 4.9 5.9 × 107 0.0198
2 1025 854 32 1402 4.1 5.8 × 107 0.0192
3 1075 857 55 2350 4.7 5.6 × 107 0.0186
4 1575 896 18 724 5.0 5.3 × 107 0.0170

From the results summarized in Table 1, EF values were found in the range of 5 × 107–6 × 107.
Likewise, several groups showed good EF with similar SERS substrates composed of regular metallic
nanostructures on a metallic film, such as gold nanodisks on a gold film (EF ∼ 103–104 in reference
[8], and EF ∼ 106–107 in reference [11]), and 3D donut-like gold nanorings on a gold film (EF = 3.84 ×
107 in reference [64]). By comparing them, we remarked that our hybrid disk-shaped nanoresonators
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achieved higher EFs. In addition, in order to assess the substrate-to-substrate reproducibility for the
SERS signal, the relative standard deviation (RSD) is evaluated for each Raman peak studied here.
Each RSD value is obtained from the measurements of the SERS signal on 10 distinct substrates on
which this SERS signal was recorded on 4 arrays of hybrid nanodisks (300 × 300 μm2) under same
experimental conditions. Thus, the RSD values were obtained from 40 SERS spectra (see 3 examples in
Figure 4a). Finally, a very fine substrate-to-substrate reproducibility for the SERS signal is reached for
all the Raman peaks studied here (RSD � 5%, see Table 1).

3.3. Spectral Analysis

The extinction spectrum of the hybrid disk-shaped nanoresonators has been calculated by using
numerical simulations (see Figure 5) in order to qualitatively compare the behavior of the experimental
EF values with this of EF values obtained with the E4 model. The wavelengths of different resonances
of hybrid NDs and the excitation and Raman wavelengths can be compared. The following expression
enabled us determining the Raman scattering wavelength (λRaman):

Δω = 107
(

1
λexc

− 1
λRaman

)
(15)

where Δω (cm−1), λexc (nm) and λRaman (nm) are the Raman shift, the excitation and Raman scattering
wavelengths, respectively (see Table 1). In this E4 model, EF is presumed to be comparable to the
extinction intensities (Qe) at λexc and λRaman [65] as follows:

EF ∼ Qe(λexc)× Qe(λRaman). (16)

From Figure 5 and Table 1, EF1 corresponds to the largest value that we observed, and EFs
decreased when λRaman increased, i.e., Qe(λRaman) decreased with λRaman. The different EF values
(from EF1 to EF4) match to EFs concerning to the couples (λexc, λRaman1), (λexc, λRaman2), (λexc, λRaman3)
and (λexc, λRaman4), respectively. Thus, we observed that the EFs achieved experimentally (see Table 1)
behave qualitatively as those evaluated with the E4 model.
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Figure 5. Calculated extinction spectrum of the hybrid Au/Si disk-shaped nanoresonators. The red
line matches to the excitation wavelength of 785 nm. The full red rectangle represents all the Raman
wavelengths (λRaman) corresponding to the associated Raman shifts (from 1000 to 1575 cm−1, see Table 1).
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4. Conclusions

We showed the amplification of the SERS signal of nanodisks on a gold film by a simple addition
of a silicon layer for the composition of the nanodisks. The sensitivity of these hybrid SERS substrates
has been studied and compared to the results in literature obtained for regular gold nanostructures on
a gold film. The EF values reached with the suggested SERS substrates (5 × 107 < EF < 6 × 107) are
larger than EFs cited above. We remarked that the experimental EF values have the same behavior as
those obtained with the E4 model by using a generic analytical approach and numerical simulations.
Our hybrid Au/Si disk-shaped nanoresonators on gold film can be optimized in order to obtain even
higher enhancement factors. The obtained SERS substrates offer the possibility of being incorporated
on a lab-on-chip for a label-free sensor of biochemical species in the nearest future.
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Abstract: An explosion in the production of substrates for surface enhanced Raman scattering (SERS)
has occurred using novel designs of plasmonic nanostructures (e.g., nanoparticle self-assembly),
new plasmonic materials such as bimetallic nanomaterials (e.g., Au/Ag) and hybrid nanomaterials
(e.g., metal/semiconductor), and new non-plasmonic nanomaterials. The novel plasmonic
nanomaterials can enable a better charge transfer or a better confinement of the electric field inducing
a SERS enhancement by adjusting, for instance, the size, shape, spatial organization, nanoparticle
self-assembly, and nature of nanomaterials. The new non-plasmonic nanomaterials can favor a
better charge transfer caused by atom defects, thus inducing a SERS enhancement. In last two
years (2019–2020), great insights in the fields of design of plasmonic nanosystems based on the
nanoparticle self-assembly and new plasmonic and non-plasmonic nanomaterials were realized.
This mini-review is focused on the nanoparticle self-assembly, bimetallic nanoparticles, nanomaterials
based on metal-zinc oxide, and other nanomaterials based on metal oxides and metal oxide-metal for
SERS sensing.

Keywords: SERS; sensors; plasmonics; zinc oxide; metal oxides; self-assembly; bimetallic
nanoparticles

1. Introduction

The strong development of plasmonic nanomaterials for various applications such as
photovoltaics [1–4], optical devices [5–10], and biochemical sensors [11–17] has taken place over
these last ten years. The plasmonic nanostructures can also enable the detection of phase transitions
under high-pressure conditions [18], the luminescence upconversion enhancement [19,20], and the
optical tuning of photoluminescence [21] and upconversion luminescence [22]. For plasmonic sensors
of biomolecules, the surface enhanced Raman scattering (SERS) is largely employed as a very sensitive
technique of analysis. For maximizing the enhancement factor (EF) of SERS signal, the electromagnetic
contribution is predominantly used. EF is calculated by taking the fourth power of the electric field
amplitude obtained with the plasmonic nanostructures [23]. The key point in order to obtain zones of
strong electric field (called hotspots) is a precise control of the shape, size, and spatial organization
of plasmonic nanostructures. The control of these parameters is enabled and realized thanks to a
great number of lithographies such electron beam lithography [24–27], optical lithographies [28–30],
nanosphere lithography [31–33], and nanoimprint lithography [34–36]. Several groups examined a
broad number of designs as plasmonic nanodisks, nanodimers, and nanorods, which have reached
important EF values (EF = 106–109) [37–39]. Furthermore, a gain of 1 or 2 orders of magnitude on the
enhancement factor can be realized by inserting a metallic layer under the plasmonic nanosystems
(EF = 106–109). A coupling between the nanosystems by means of surface plasmon polaritons on
the metallic film [40,41] or hybridization of localized plasmon modes with the image modes in
a plasmonic substrate [42,43] allows this gain. Moreover, this advanced type of SERS substrate
can allow an application to multispectral SERS sensing [44]. Another approach for obtaining an
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excellent SERS activity is to use luminescent-plasmonic material based on neodymium(III)-doped
yttrium–aluminium–silicate microspheres with gold nanoparticles [45]. In addition, hybrid metal/Si
nanostructures allowed achieving substantial values of EF (107–1010) [46–52]. These hybrid
nanostructures based on silicon (semiconductor) have the property of biocompatibility, and a low
cost of production. Moreover, they permit the emergence of hotspots placed at the level of the
interface of the metal and semiconductor. Furthermore, another possible outcome is based on the
zinc oxide (ZnO) nanostructures capped with metallic layer or metallic nanoparticles in order to
achieve excellent enhancement factors (EF = 106–1010) [53–56]. The use of bimetallic nanosystems
offers the possibility to have excellent functionalities concerning the plasmonic and chemical properties
compared to plasmonic nanosystems composed of an unique metal [57,58]. As silver has a better
plasmonic enhancement than gold, the bimetallic gold-silver nanosystems are developed in order to
suppress oxidation of silver with gold [59]. Thus, sharper and stronger characteristics of localized
surface plasmon resonances (LSPRs) for the bimetallic systems enable obtaining larger SERS activities
due to the hotspots coming from the LSPR coupling between Au and Ag nanosystems [60,61]. Another
way is to design effective SERS substrates by self-assembling of plasmonic nanoparticles [62,63].
The advantages of the self-assembly are the low cost and time of fabrication of SERS substrates.
This effectiveness is strongly depending on the distance between plasmonic nanoparticles [64].
Nevertheless, the reproducibility of the SERS signal is very weak with this type of substrates [65].
However, improvements have emerged as the template-assisted self-assembly suppressing the issue of
signal reproducibility [66,67]. In addition, alternative materials such as metal oxides (different of zinc
oxide as MoO3 molybdenum trioxide, WO3−x tungsten oxide or CoFe2O4 cobalt ferrite) emerged for
SERS application [68,69].

The aim of this mini-review is to present the latest novelties on plasmonic and non-plasmonic
nanomaterials for SERS sensing over the period 2019–2020. We will focus on the self-assembly
of plasmonic nanoparticles in a first part. Then, bimetallic nanosystems will be addressed,
then nanomaterials based on metal-ZnO, and finally other nanomaterials based on metal oxides
and metal oxide-metal.

2. Novelties on Plasmonic and Non-Plasmonic Nanomaterials for SERS Sensing

In order to compare the different SERS performances for all the nanosystems presented in this
mini-review, the detection limits (LODs) obtained experimentally were used, and also the calculation
of the enhancement factor (EF) [37] or the analytical enhancement factor (AEF) [39] (see tables of each
section). The formulas of EF and AEF were expressed as follows:

EF =
ISERS
IRaman

× NRaman
NSERS

(1)

AEF =
ISERS
IRaman

× CRaman
CSERS

(2)

where ISERS, IRaman represent the SERS and Raman intensities, respectively. NSERS, NRaman, CSERS,
CRaman are the numbers and concentrations of analyte molecules for SERS and reference Raman
experiments, respectively.

2.1. SERS Substrates Designed by Self-Assembly

Novel SERS substrates were designed by self-assembly in the period 2019–2020 (see Table 1).
The first example concerns the fabrication of nanogap plasmonic micropillars by using the
capillary-force driven self-assembly (CFSA). These SERS substrates allowed achieving enhancement
factors up to 8 × 107 in a fluidic medium. Moreover, a detection limit (LOD) of 0.1 mM for
doxorubicin (DOX = anticancer drug) was reached with this type of structures. This fabrication
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method was very flexible, because it allowed realizing plasmonic structures on flat and non-flat
substrates [70]. Ghosh et al. showed that plasmonic dimers with subnanometer gap enabled to reach
enhancement factor of 107 and a Rhodamine 6G (R6G) detection at the ppb level. These plasmonic
nanostructures were realized by directed microwave-assisted self-assembly and segregated by a
graphene monolayer [71].

Table 1. Surface enhanced Raman scattering (SERS) performances of substrates designed by
self-assembly for biological/chemical sensing (LOD = limit of detection; DOX = doxorubicin; 4-ATP =
4-aminothiophenol; PVC = polyvinyl chloride; 4-NTP = 4-nitrothiophenol).

SERS Substrates Detected Molecules EF or AEF LOD References

3D Au Nanogap micropillars Rhodamine 6G 8 × 107 – [70]
3D Au Nanogap micropillars DOX – 0.1 mM [70]

Au-Graphene-Au dimers Rhodamine 6G 107 ppb level [71]
Au nanorods with Au spheres 4-NTP 104–105 – [72]

Au nanoislands with disorder control Rhodamine 6G 107–108 1 nM [73]
AuNPs/PVC film 4-ATP 3.7 × 106 – [74]
AuNPs/PVC film thiram – 10 ng.cm−2 [74]

Bimetallic array with Au microrings 4-ATP 4.2 × 105 1 nM [75]

Kuttner et al. reported on SERS performances obtained with gold nanorods on which were deposited
self-assembled Au nanospheres (see Figure 1). High AEF values of 104–105 were achieved due to the
coupling of plasmonic modes of gold nanorods and gold nanospheres (see Figure 1). The 4-nitrothiophenol
(4-NTP) molecules were used in order to determine the AEF value [72]. From Figure 1, it has been also
observed that the AEF values were higher of a magnitude order for the longitudinal (CL) coupled mode
than the transversal (CT) coupled mode. This was due to the fact that the excitation wavelength had a
better position in comparison to the resonance position of the CL mode [72].

Figure 1. (a) Scheme of the self-assembly of Au nanospheres on Au nanorods. TEM and SEM images of
the obtained superstructures. (b) Absorption and scattering spectra of the plasmonic superstructures
with the chosen wavelengths of excitation for the transversal (CT) and longitudinal (CL) coupled modes,
which are 633 nm and 785 nm, respectively. (c) SERS spectra of plasmonic superstructures without
(in grey) and with 4-NTP molecules (CNTP = 1 μM, in black) for the two wavelengths of excitation.
(d) Analytical enhancement factor (AEF) values corresponding to the SERS spectra in (c). All the figures
are reproduced from [72] with permission from the Royal Society of Chemistry.
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Fusco et al. discussed SERS performances of gold nano-island (NI) substrates obtained by
self-assembly of which the disorder degree of NIs was controllable. The reached EF values were in the
range of 107–108 and the lowest concentration detected was 1 nM with the R6G molecules [73]. Wu et al.
showed an one-step method of fabrication of SERS substrates constituted of gold nanoparticles
(AuNPs) and a polyvinyl chloride (PVC) film via an interfacial self-assembly induced by polymer.
This fabrication of these AuNPs/PVC films was simple, low cost and these films can be reused.
Moreover, the SERS performances were excellent such as an EF of 3.7 × 106 for the sensing
of 4-aminothiophenol (4-ATP) molecules, and a LOD of 10 ng·cm−2 for pesticides (thiram) [74].
To conclude this section, Yin et al. fabricated bimetallic arrays composed of gold micro-rings, which
decorated platinum (Pt) disks (see Figure 2) by employing a process of templated-self-assembly
(TSA). Thus, a SERS enhancement of 4.2 × 105 was attained for the sensing of 4-aminothiophenol
molecules (4-ATP). The limit of detection of 4-ATP obtained with these superstructures was equal to
the concentration of 1 nM (see Figure 2) [75].

 

Figure 2. (a) SEM images of the obtained Pt disks decorated by gold micro-rings. (b) SERS spectra of
4-ATP molecules for different concentrations. All the figures are reproduced from [75] with permission
from the Royal Society of Chemistry.

2.2. Bimetallic Nanoparticles for SERS Sensing

Recent advances on bimetallic nanoparticles for SERS sensing have occurred over the period of
2019–2020 (see Table 2). Firstly, Su et al. reached an improved sensitivity of detection of cardiorenal
syndrome markers by using the combination of 3D ordered macroporous Au-Ag-Au array (substrate)
and Ag-Au nanostars (nanotags). Thus, this combination enabled generating hotspots coming
from the plasmonic coupling in near-field inducing a SERS enhancement. The LODs observed
experimentally with this plasmonic nanosystem (substrate+nanotags) were 0.41, 0.53, and 0.76 fg·mL−1

for neutrophil gelatinase-associated lipocalin (NGAL), N-terminal prohormone of brain natriuretic
peptide (NT-ProBNP), and cardiac troponin (cTnI), respectively [76]. Ning et al. also demonstrated
SERS performances obtained by using Au–Ag–Ag nanorod coupled to the magnetic beads through
DNA hybridization. A LOD of 1 fM for HPV-16 fragments (human papillomavirus DNA type 16)
was found [77]. Hussain et al. reported on the quick contaminant detection in milk by using Au/Ag
core-shell nanoparticles. LODs of 0.21 and 14.88 ppm for thiram and dicyandiamide (DCD) were
obtained in milk, respectively. The detection limits of molecules of interest with these plasmonic
Au/Ag nanoparticles can be thus determined in a short time (34 min) by using the fabrication approach
proposed in this paper [78]. Tian et al. showed the easy synthesis of Au/Ag nanoparticles rich in silver
by using the combination of galvanic replacement process and co-reduction of silver atoms. These
bimetallic nanoparticles enabled obtaining an improved SERS activity caused by the great presence of
silver in the nanoparticles. In order to evaluate the SERS activity of these Au/Ag nanoparticles rich in
silver, the authors chose using thiophenol molecules, and an EF value of 2.3 × 106 was found. Then,
the authors labeled their Au/Ag nanoparticles with Atto-610 antibodies and added gold nanoparticles
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through electrostatic adsorption for the SERS detection of rabbit IgG. Thus, the authors achieved a
LOD of 20 pg.L−1 for rabbit IgG [79].

Table 2. SERS performances of bimetallic nanoparticles for biological/chemical sensing (4-MBA
= 4-mercaptobenzoic acid; cTnI = cardiac troponin; NT-ProBNP = N-terminal prohormone of
brain natriuretic peptide; NGAL = neutrophil gelatinase-associated lipocalin; HPV-16 = human
papillomavirus DNA type 16; DCD = dicyandiamide; 4-MPY = Mercaptopyridine; MB = Methylene
blue; 4-MPh = 4-mercaptothiophenol; PDOP = Polydopamine).

SERS Substrates Detected Molecules EF or AEF LOD References

3DOM Au-Ag-Au array with Ag-Au stars cTnI – 0.76 fg·mL−1 [76]
3DOM Au-Ag-Au array with Ag-Au stars NT-ProBNP – 0.53 fg·mL−1 [76]
3DOM Au-Ag-Au array with Ag-Au stars NGAL – 0.41 fg·mL−1 [76]

Au@AgAg nanorods HPV-16 – 1 fM [77]
Au@AgNPs thiram – 0.21 ppm [78]
Au@AgNPs DCD – 14.88 ppm [78]
Au@AgNPs rabbit IgG – 20 pg·L−1 [79]
Au@AgNPs Thiophenol 2.3 × 106 – [79]

Potato shaped Au-Ag NPs MB – 1 fM [80]
AuAg@Ag hollow cubic NSs 4-MPh – 1 aM [81]

Ag-Au@NF Rhodamine 6G – 0.1 nM [82]
AuNP@PDOP@AgNP MB 3.5 × 105 – [83]
Xylan-capped Au@Ag Sudan I – 1 nM [84]
Xylan-capped Au@Ag 4-MBA 1.24 × 108 1 nM [84]

Au@AgNPs 4-MPY 3.5 × 107 <1 nM [85]

William et al. demonstrated SERS performances of sprouted potato-shaped bimetallic
nanoparticles. The shape of these Au/Ag nanoparticles was obtained by carefully setting the quantity
of silver for a given quantity of gold. Thus, the authors obtained a LOD of 1 fM for methylene
blue molecules [80]. Joseph et al. reported on the fabrication AuAg@Ag hollow cubic nanosystems
for a detection of mercaptothiophenol (4-MPh) molecules. These structures were composed of an
AuAg core and an Ag shell. A LOD of 1 aM was found for 4-MPh molecules. This efficiency of
these SERS nanostructures was caused by the electromagnetic and chemical contributions. The major
part of this efficiency was due to the charge transfer of 4-MPh molecules via the silver shell to the
alloy core [81]. Vu et al. realized Ag-Au nanostructures on nickel foam as SERS substrates. Authors
employed rhodamine 6G molecules in order to test their 3D nanostructures, and a LOD of 0.1 nM
was found for these molecules. Moreover, the SERS signal was durable even after 100 cycles of
abrasion with sandpaper, or after sonication for half an hour for these Ag-Au nanostructures on nickel
foam [82]. Yilmaz et al. demonstrated a SERS activity with bimetallic core–shell nanoparticles with an
intermediate layer of bioinspired polydopamine between Au and Ag nanoparticles. An EF value of
3.5 × 105 for the detection of methylene blue molecules was found. This bioinspired polydopamine
layer is employed as stabilizing agent for adsorption of silver nanoparticles as well as reducing agent
for reduction of Ag ions [83].

Furthermore, Cai et al. demonstrated the green synthesis Au–Ag core-shell nanoparticles by using
xylan for SERS sensing (see Figure 3). With these xylan-capped Au@Ag nanoparticles, a detection
limit of 1 nM and an AEF value of 1.24 × 108 for 4-mercaptobenzoic acid (4-MBA) molecules were
found as well as a LOD of 1 nM for Sudan I molecules (food contaminant; see Figure 3). These SERS
performances were explained by the fact that the xylan capping allowed creating hotspots between
Au/Ag nanoparticles. Optimal SERS performances for xylan-capped Au/Ag nanoparticles were
realized for a mole ratio of AgNO3 to HAuCl4 equal to 4 and a dosage of xylan equal to 1 in the
fabrication of Ag shell corresponding to 2.86 × 10−8 mol of xylan (see Figure 3) [84].
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Figure 3. (a) Principle scheme of the synthesis of Au/Ag core-shell nanoparticles by using xylan for
SERS sensing. (b) TEM image of xylan-capped Au@Ag nanoparticles with optimized parameters for
SERS. SERS spectra of (c) 4-MBA molecules and (d) Sudan I molecules for different concentrations
obtained with optimized xylan-capped Au/Ag nanoparticles of (b). All the figures are reprinted
(adapted) with permission from [84], Copyright 2019 American Chemical Society.

To conclude this section on bimetallic nanosystems, Prakash et al. reported on the SERS
detection of bacteria by using Au/Ag plasmonic nanoparticles which were positively charged
(see Figure 4). Firstly, authors tested the SERS properties of these plasmonic nanoparticles by
employing mercaptopyridine (4-MPY) molecules. An AEF of 3.5 × 107 and a LOD inferior to
nanomolar concentration were found (see Figure 4). Then, the detection of bacteria (e.g., Escherichia
coli) was realized as proof-of-concept (see Figure 4). Thus, these bimetallic nanoparticles charged
positively allowed basic experimental conditions without using specific processes for SERS sensing of
bacteria [85].

Figure 4. (a) TEM image of Au/Ag nanoparticles. (b) SERS spectrum of 4-MPY molecules at 2.5 nM
concentration (in red). (c) SERS spectrum of Escherichia coli. All the figures are reprinted (adapted) with
permission from [85], Copyright 2020 American Chemical Society.

2.3. Nanomaterials Based on Metal-ZnO for SERS Sensing

The use of zinc oxide associated to a noble metal for the fabrication of highly efficient SERS
substrates increased since these last years. In this section, we present latest works on this subject
over the period 2019–2020 (see Table 3). Fularz et al. reported on SERS performances of ZnO
nanowires coated with Ag nanoparticles. Their idea was to treat these hybrid nanostructures by heat,
which enabled an efficient charge transfer in order to enhance the SERS signal. This heat processing
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in oxygen environment introduced defects as interstitial oxygen in ZnO structure. This interstitial
oxygen reduced optical gap favoring the charge transfer between hybrid nanowires and molecules.
Moreover, the heat processing changed the wettability of Ag/ZnO nanowires (see Figure 5a,b) that
had for effect of decreasing the spreading of Ag nanoparticles or studied molecules on ZnO nanowire
surface which also favored the SERS enhancement. Figure 5c displays the effect of the annealing
temperature of Ag/ZnO nanowires on the SERS spectra of (meso-tetra(N-methyl-4-pyridyl)porphine
tetrachloride (TMPyP) molecules. A LOD of 100 nM is found for TMPyP molecules with Ag/ZnO
nanowires annealed at 200 ◦C (see Figure 5d) [86].

Table 3. SERS performances of metal-ZnO-based nanostructures for biological/chemical sensing
(AgNPs = Ag nanoparticles; TMPyP = (meso-tetra(N-methyl-4-pyridyl)porphine tetrachloride; WGM
= whispering gallery mode).

SERS Substrates Detected Molecules EF or AEF LOD References

ZnO Nanowires with AgNPs TMPyP – 100 nM [86]
ZnO heterostructure with AgNPs Malachite green – 0.1 pM [87]

Ag/ZnO heterostructure Methylene orange 1.3 × 1010 1 pM [88]
ZnO/graphene/Ag WGM microcavity Rhodamine 6G 9.5 × 1011 1 fM [89]

Hollow ZnO@Ag nanospheres Nitrite – 3 nM [90]
Ag/ZnO nanorods Pioglitazone – 1 nM [91]
Ag/ZnO nanorods Phenformin – 5 nM [91]

Ag/ZnO/Au nanorods λ-DNA – 0.3 nM [92]
Au/ZnO nanorods Dopamine 1.2 × 104 – [93]

ZnO nanorods with AuNPs Methylene blue – 1 nM [94]
Au/ZnO hollow urchins Adenine – 1 μM [95]
Au/ZnO hollow urchins Thiophenol – 10 nM [95]

 

Figure 5. SEM pictures of (a) ZnO nanowires not annealed, and (b) annealed at 200 ◦C. Insets display
contact angles for each surface. (c) SERS spectra of TMPyP recorded on Ag/ZnO nanowires for several
temperatures. (d) SERS spectra of TMPyP recorded on Ag/ZnO nanowires annealed at 200 ◦C for
various concentrations of TMPyP. Inset in (d) displays the whole spectrum with fluorescence signal that
appears when the concentration is superior or equal to 10−5 M. All the figures are reprinted (adapted)
with permission from [86], Copyright 2020 American Chemical Society.
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The following examples present two studies reporting on the SERS performances of Ag/ZnO
heterostructures. Firstly, Yao et al. investigated SERS performances of Mg-doped ZnO heterostructures
coated with Ag nanoparticles. Authors demonstrated that the enhancement of SERS signal was due to
the combination of electromagnetic contribution and charge transfer, and they reported a LOD of 0.1 pM
for detection of malachite green molecules [87]. Secondly, Rajkumar and Sarma demonstrated excellent
SERS performances obtained with Ag/ZnO heterostructures composed of ZnO microrods decorated
by Ag nanoparticles. This design allowed obtaining a clustering of Ag nanoparticles inducing the
formation hotspots. These hotspots enabled the enhancement of the SERS signal. Thus, LOD of
1 pM and AEF of 1.3 × 1010 were found with these heterostructures for the detection of methylene
orange molecules [88]. Next, Zhu et al. reported on the use of a hybrid microcavity composed of ZnO,
graphene and silver for enhancing the SERS signal. This enhancement is obtained by combining a
whispering-gallery mode of a microcavity, the plasmonic resonance of Ag nanoparticles and a charge
transfer between studied molecules and graphene. Thus, an EF value of 9.5 × 1011 and a LOD of
1 fM were obtained with this structure for detection of rhodamine 6G molecules [89]. Wang et al.
investigated SERS performances of hollow ZnO@Ag nanospheres for detection of nitrite species.
Authors demonstrated a LOD of 3 nM for detection of nitrite species [90]. In the next examples,
four studies based on metal/ZnO nanorods are presented. The first one concerns Ag/ZnO nanorods.
In this first investigation, authors demonstrated SERS performances due to charge transfers. LODs
of 1 nM and 5 nM were found for detection of pioglitazone and phenformin, respectively [91]. Then,
Pal et al. demonstrated that a bimetallic/ZnO structure composed of silver, zinc oxide, and gold
allowed significant SERS performances. Authors reported an excellent LOD of 0.3 nM for detection
of lambda DNA [92]. The last two examples are dedicated to the SERS performances of Au/ZnO
nanorods. At first, Zhou et al. showed that Au/ZnO heterogeneous nanorods allowed an enhancement
of SERS signal due to charge transfer enhanced by the localized surface plasmon resonance of a gold
nanoparticle located at an extremity of ZnO nanorods. A value of the enhancement factor of 1.2 × 104

was determined for detection of dopamine [93]. Next, Doan et al. reported on the use ZnO nanorods
coated with gold nanoparticles for enhancing SERS performances. Authors also demonstrated that their
SERS substrates were self-cleaning under UV light, and found a LOD of 1 nM for detection of methylene
blue molecules [94]. To finish this section on metal-ZnO-based nanomaterials, Graniel et al. reported
on the fabrication of Au/ZnO hollow nano-urchins (see Figure 6a) and their SERS performances.
These hybrid nano-urchins enabled the formation of hotspots (strong electric field zones) which
induced enhancements of SERS signal. Thus, authors found LODs of 10 nM and 1 μM for detection
of thiophenol and adenine, respectively (see Figure 6b,c). Moreover, they demonstrated an excellent
substrate-to-substrate reproducibility with a relative standard deviation < 10% [95].

Figure 6. (a) SEM picture of Au/ZnO nano-urchins. SERS spectra of thiophenol (b) and adenine (c)
molecules recorded on Au/ZnO nano-urchins for several concentrations of the studied molecules. All
the figures are reproduced from [95] with permission from the Royal Society of Chemistry.
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2.4. Nanomaterials Based on Metal Oxides and Based on Metal Oxide-Metal for SERS Sensing

In the previous section, we discussed the nanomaterials based on zinc oxide. In this section, recent
novelties concerning to other nanomaterials based on metal oxides, then based on metal oxide-metal
are presented for SERS sensing on the period of 2019–2020 (see Table 4).

Table 4. SERS performances of metal-oxide nanostructures for biological/chemical sensing (vdW
MoO3 = van der Waals molybdenum trioxide; TMOs = transition metal oxides; W18O49 = WO2.72 =
non-stoichiometric tungsten oxide; WO3−x = non-stoichiometric tungsten oxide; QD = quantum dot;
NW = nanowire; ZrO2 = zirconia; CoFe2O4 = cobalt ferrite).

SERS Substrates Detected Molecules EF or AEF LOD References

Few-layered vdW MoO3 nanosheets Rhodamine 6G – 20 nM [96]
TMOs planar SERS chips Rhodamine 6G – 1 nM [97]
W18O49-H2 nanowire film Rhodamine B 4.4 × 105 0.1 μM [98]

WO3−x-based SERS substrate Rhodamine B 1.2 × 106 0.1 μM [99]
WO3−xQD@AgNW Methylene blue – 1 μM [100]

ZrO2@CoFe2O4@Au nanoparticles Thiolated malachite green 5 × 1010 – [101]

In the first four examples, nanomaterials based on metal oxides are presented for SERS sensing.
He et al. reported on the SERS performances of few-layered MoO3 nanosheets deposited on a SiO2/Si
substrate. Authors demonstrated that SERS enhancement was due to a chemical mechanism when
the thickness of these nanosheets was reduced. Moreover, this chemical mechanism was further
enhanced via an atomic intercalation in the van der Walls gap. Thus, a LOD of 20 nM for detection
of rhodamine 6G molecules was obtained with these MoO3 nanosheets [96]. Hou et al. proposed
an alternative strategy to classical plasmonic nanostructures for the fabrication of efficient SERS
substrates. This strategy was to use non-stoichiometric transition metal oxides (TMOs) as SERS
substrates. These planar TMOs SERS substrates were realized through a magnetron sputtering coupled
to H2 annealing. In this study, authors chose to investigate the following non-stoichiometric groups
of TMOs: IVB, VB and VIB. They obtained a lowest LOD of 1 nM for detection of rhodamine 6G
molecules. The SERS enhancement was due to the mechanism of photoinduced charge transfer from
oxygen vacancies [97]. Wang et al. demonstrated the SERS performances of a W18O49-H2 nanowire
film. A LOD of 0.1 μM and an EF value of 4.4 × 105 were found for detection of rhodamine B (RhB)
molecules. These SERS performances were due to the presence of oxygen vacancies in W18O49-H2 film
of which the vacancy number was increased by the reduction of H2. This improved number of oxygen
vacancies enabled enriching surface states of substrate allowing the adsorption of an increased number
of RhB on this same substrate and thus inducing the enhancement of SERS activity through a charge
transfer mechanism [98]. Zhou et al. demonstrated an electrical control of SERS enhancement based
on tungsten oxide surface (WO3−x) deposited on a SiO2/Si substrate. This SERS improvement was
realized by an electric field that introduced defects (oxygen vacancies) in the tungsten oxide surface
(see the structure scheme in Figure 7a) resulting in a better charge transfer between oxide surface and
the studied molecules (here, rhodamine B = RhB). A LOD of 0.1 μM and an enhancement factor of
1.2 × 106 were found for detection of rhodamine B molecules (see Figure 7b,c) with a programmed
current of leakage equal to 1 mA. From Figure 7a, this value of 1 mA for the leakage current was
optimal for enhancing the SERS signal. The EF value was equal to 1.2 × 106 for this current. The SERS
improvement was due to a charge transfer that was favored by good alignment of the energy levels of
oxygen vacancies with the molecular energy levels of rhodamine B (see Figure 7d) [99].

In the last two examples, nanomaterials based on metal oxide-metal are presented for SERS
sensing. In the first one, Wei et al. reported on the SERS performances of Ag nanowires decorated
with WO3−x quantum dots (WO3−x QD/AgNW). The SERS activity was investigated by using
methylene blue (MB) molecules (MB concentration used is 1 μM that was taken as the LOD here).
Authors demonstrated that WO3 QD/AgNW films had a better SERS activity than WO2.72 QD/AgNW
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films when no irradiation with Xe lamp was applied. On the contrary, WO2.72 QD/AgNW films had
a better SERS activity than WO3 QD/AgNW films when irradiation with Xe lamp was applied.
Authors observed a decreasing of SERS activity when the content of WO3 QDs was increased,
and stated that the localized surface plasmon resonance along AgNWs was blocked by the presence of
WO3 QDs. Authors observed the same behavior with WO2.72 QD/AgNW films. Moreover, when WO3

QD/AgNW films were irradiated, the SERS activity was decreased due to the photo-decomposition of
methylene blue molecules. However, a contrary effect was observed with WO2.72 QD/AgNW films.
Indeed, the SERS activity was improved when the irradiation time was increased. This was due to
the presence of oxygen defects in WO2.72 QDs which favored charge transfers (electrons) inducing the
SERS enhancement [100].

Figure 7. (a) Enhancement factor for SERS signal versus leakage current for a rhodamine B (RhB)
concentration of 0.1 mM, and the inset represents the structure scheme. SERS spectra of RhB recorded
for a leakage current of 1 mA with an RhB concentration of (b) 0.1 mM and (c) 0.1 μM (at detection
limit (LOD)), and the insets of the figures (b) and (c) represent a molecular scheme of RhB and a zoom
on the SERS spectrum, respectively. (d) Illustration and alignment of energy levels of WO3−x film
without oxygen vacancies (at left), RhB molecule (at center), and WO3−x film with oxygen vacancies
(at right). All the figures are reprinted (adapted) with permission from [99], Copyright 2019 American
Chemical Society.

In the last example concluding this section, Del Tedesco et al. reported on the use of
magnetoplasmonic nanoparticles for enhancing the SERS signal and its separation effect of magnetic
and non-magnetic systems. In this study, a magnetoplasmonic nanoparticle was composed of a
mesoporous nanoparticle of ZrO2 on which cobalt ferrite (CoFe2O4) nanoparticles were deposited,
then they were functionalized with gold nanoparticles (see Figure 8a). Other nanoparticles
(NPs) were realized and only composed of a mesoporous nanoparticle of ZrO2 on which gold
nanoparticles were deposited in order to investigate the separation effect of magnetic and non-magnetic
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systems. Authors calculated an enhancement factor of around 5 × 1010 for SERS signal with these
magnetoplasmonic nanoparticles. Moreover, the magnetoplasmonic and non-magnetic plasmonic
nanoparticles were functionalized with thiolated malachite green (MG) and thiolated texas red (TR),
respectively (see Figure 8b,c). Thus, authors demonstrated the separation of magnetoplasmonic and
non-magnetic plasmonic nanoparticles with magnetic sorting (see Figure 8d–f). Indeed, Figure 8d
displays the SERS spectrum of the solution of the mixture of the MG-functionalized magnetoplasmonic
(Raman peak in green) and TR-functionalized plasmonic nanoparticles (Raman peaks in red). The SERS
spectrum displayed in Figure 8e corresponds to this recorded after magnetic attraction and re-dispersed
in water. The last SERS spectrum shown in Figure 8f corresponds to this recorded with the starting
solution (mixture of two types of NPs) after magnetic attraction, where it only remained that the red
Raman peaks corresponding to non-magnetic plasmonic nanoparticles, and also with a small remaining
SERS signal (in green) corresponding to MG-functionalized magnetoplasmonic nanoparticles [101].

Figure 8. (a) Scheme and TEM picture of a magnetoplasmonic nanoparticle. SERS spectra of
(b) malachite green on magnetoplasmonic NPs, (c) texas red on non-magnetic plasmonic NPs, (d) the
mixture of (b) and (c) in solution. (e) SERS spectrum recorded after magnetic attraction from the mixed
solution and re-dispersed in water. (f) SERS spectrum recorded after magnetic attraction with the
mixed solution. All the figures are reprinted (adapted) with permission from [101], Copyright 2020
American Chemical Society.
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3. Conclusions

In this short review, recent novelties on plasmonic and non-plasmonic nanomaterials for
SERS sensing were summarized in four major parts: (i) self-assembly of plasmonic nanoparticles,
(ii) bimetallic nanosystems, (iii) nanomaterials based on metal-zinc oxide, and (iv) nanomaterials based
on metal oxides and metal oxide-metal. From these nanomaterials, excellent SERS performances have
been obtained thanks to the generation of hotspots or an improved charge transfer. Thus, enhancement
factors were in the range of 104–108, 105–108, 104–1012, and 105–1010 for part (i), (ii), (iii) and (iv),
respectively. For LOD, the values were in the range of 1 nM–0.1 mM, 1 aM–1 nM, 1 fM–1 μM, and 1
nM–0.1 μM for part (i), (ii), (iii), and (iv), respectively. By taking into account these different values
of EF and LOD, the best SERS nanomaterials are bimetallic nanosystems, and nanostructures based
on metal-zinc oxide, even if other nanomaterials based on metal oxides and metal oxide-metal are
also good potential candidates. Moreover, this type of the fabrication strategy and nanomaterials
also allowed quick, low-cost, reproducible generation of efficient SERS substrates and SERS nanotags.
However, the physical/chemical properties of SERS substrates must be optimized, as coupling of the
molecules with plasmonic surface, preferably in hotspots, for instance. All these properties can be
optimized by using numerical simulations and experimental measurements, which are essential for
acquiring a deeper understanding of all key points and achieving an efficient transfer of SERS as a
regular analytical technique in the near future.
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