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Localized surface plasmon resonance (LSPR) of nanostructures and the interfacial charge transfer (CT) of semicon-
ductor materials play essential roles in the study of optical and photoelectronic properties. In this paper, a composite
substrate of Ag2S quantum dots (QDs) coated plasmonic Au bowtie nanoantenna (BNA) arrays with a metal–
insulator–metal (MIM) configuration was built to study the synergistic effect of LSPR and interfacial CT using
surface-enhanced Raman scattering (SERS) in the near-infrared (NIR) region. The Au BNA array structure
with a large enhancement of the localized electric field (E-field) strongly enhanced the Raman signal of adsorbed
p-aminothiophenol (PATP) probe molecules. Meanwhile, the broad enhanced spectral region was achieved owing
to the coupling of LSPR. The as-prepared Au BNA array structure facilitated enhancements of the excitation as well
as the emission of Raman signal simultaneously, which was established by finite-difference time-domain simulation.
Moreover, Ag2S semiconductor QDs were introduced into the BNA/PATP system to further enhance Raman signals,
which benefited from the interfacial CT resonance in the BNA∕Ag2S-QDs∕PATP system. As a result, the Raman
signals of PATP in the BNA∕Ag2S-QDs∕PATP system were strongly enhanced under 785 nm laser excitation
due to the synergistic effect of E-field enhancement and interfacial CT. Furthermore, the SERS polarization depend-
ence effects of the BNA∕Ag2S-QDs∕PATP system were also investigated. The SERS spectra indicated that the polari-
zation dependence of the substrate increased with decreasing polarization angles �θpola� of excitation from p-polarized
�θpola � 90°� excitation to s-polarized �θpola � 0°� excitation. This study provides a strategy using the synergistic
effect of interfacial CT and E-field enhancement for SERS applications and provides a guidance for the development
of SERS study on semiconductor QD-based plasmonic substrates, and can be further extended to other material-nano-
structure systems for various optoelectronic and sensing applications. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.383612

1. INTRODUCTION

Having unique characteristics, such as a nondestructive nature,
ultrahigh sensitivity, and molecular specificity, surface-enhanced
Raman scattering (SERS) has been widely explored in analytical
detection, molecular imaging, Raman mapping, environmental

monitoring, and material investigation since it was first demon-
strated on silver electrodes in the 1970s by Martin Fleischmann,
Patrick J. Hendra, and A. James McQuillan. It has since been
investigated by several other researchers [1–3]. The inherent bene-
fits of SERS in the near-infrared (NIR) region, such as reduced
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photo-bleaching, a low fluorescence background, and a greater
penetration depth into biological macromolecules for NIR excita-
tion, make it a powerful tool for biodetection and biosensing
[4–7]. Two widely accepted mechanisms, the electromagnetic
mechanism (EM) and the chemical mechanism (CM) were used
to explain the SERS phenomenon [8]. The EM is believed to
make the most contribution to SERS, where the electric field
(E-field) is strongly enhanced in the localized area, forming
“hot-spots” through plasmonic coupling of EM radiation with
localized surface plasmon resonance (LSPR) of metallic nanostruc-
tures [9,10]. Another contribution to the SERS phenomenon is
the charge transfer (CT) mechanism, which involves the transfer
of an electron either from the Fermi level of a metal or from a
semiconductor through interband transition to an unoccupied
molecular orbital of probe molecule [11,12]. The SERS selection
rules must be matched to produce resonance effects, including
molecular resonance and molecule–semiconductor CT resonance
belonging to CM, and such electromagnetic resonance as metal-
like surface plasmon resonance and Mie scattering resonance
belonging to EM under an excitation laser [13].

Metal nanoparticles or nanostructures are mostly used as
SERS substrates and exhibit great SERS enhancement through
EM. These substrates can produce strong plasmonic reso-
nances due to coherent oscillations of electrons driven by an
incident E-field [14]. These plasmonic systems are able to con-
fine the E-field in the sub-wavelength region and provide
extremely enhanced Raman signals [15,16]. Ordered nanopar-
ticles arrays can be prepared to produce strong E-field enhance-
ment for SERS measurements based on self-assembly methods
and nanofabrication techniques [17]. However, different from
nanoparticles arrays, intelligently designed metallic nanostruc-
tures exhibit outstanding properties, including large tunability
of spectral responses from the ultraviolet (UV) to the NIR
region and extreme enhancement of the localized E-field
due to LSPR coupling, and produce distinct SERS intensity
and enhancement factors in the wide spectral range [18–20].
Plasmonic nanoantenna is one of the most used metal nano-
structures for SERS study and various antenna designs, such
as Yagi–Uda antennas, spiral nanoantennas, and U-/T-shaped
nanoaperture antennas; nanodisc, nanorod, and nanocube an-
tennas have been developed and used for optical and sensing
applications including biochemical sensing [21,22], spontane-
ous emission enhancement [23,24], solar energy conversion
[25,26], and nanoscale light sources [27,28]. In particular,
owing to its triangular shape, the bowtie nanoantenna (BNA)
can provide an efficient LSPR coupling between the triangle
tips to generate a strong locally enhanced E-field in the nanogap
different from other geometric nanostructures [29–31]. As a
result, the Raman scattering intensity of molecules located near
the nanotip and in the nanogap of the BNA can be strongly
enhanced by several orders of magnitude resulting in strong
SERS [32–34]. Recently, a metal-insulator-metal (MIM) sys-
tem, where a metallic nanostructure and a metallic thin film
are separated by a dielectric spacer, has been studied extensively
for plasmonic applications [35,36]. In plasmonic nanoantennas
with MIM structures, the flexibility to tune E-field enhance-
ment and spectral response is mainly attributed to the coordi-
nated multiple coupling (i.e., the in-plane near-field coupling,

the in-plane far-field coupling, and the out-of-plane coupling)
[37,38]. Besides extreme enhancement of E-field by LSPR cou-
pling in the gap region, the BNA possesses other advantages,
including directionality, highly efficient electro-optical driving,
and polarization control over other coupled dipole antenna de-
signs [39,40]. Owing to these virtues, the BNA with an MIM
structure is expected to exhibit great scientific interest and has
led to a few exciting applications in nanophotonics, including
SERS and biosensing.

In addition to the extensive SERS study by EM on the
formation of hot spots by different structural geometries, the
CM is mainly attributed to the interfacial CT between probe
molecules and substrate materials, which continues to be of
great importance for SERS [41]. When the excitation wave-
length matches with one of the CT processes, chemical en-
hancement of specific Raman modes can be observed. The
Herzberg–Teller surface selection rule is the most comprehen-
sive and widely accepted approach to explain the CT effect
[42]. In recent years, owing to the CT mechanism, the materi-
als for SERS studies are being gradually extended from noble
metals and transition metals to semiconductor materials, such
as metal oxide, two-dimensional (2D) materials, and semicon-
ductor quantum dots (QDs), where SERS performance was
largely improved by various semiconductor substrates [43–45].
QDs used in the SERS study especially show excellent pro-
perties such as high quantum yield, a tunable bandgap, and
high stability [46–48]. As narrow bandgap semiconductors,
silver sulfide �Ag2S� QDs have many excellent properties,
such as broadband optical response, a high absorption coeffi-
cient, strong chemical stability, nontoxic properties, and excel-
lent emission in the second NIR region (wavelength from
1000 to 1350 nm) [49]. It has also been widely considered
as a potential candidate for optoelectronics, energy harvest-
ing, and sensing applications [50,51]. The application of
Ag2S QDs is mainly focused as NIR fluorescent probes for
in-vivo imaging, and in the fabrication of the solar cells of
QDs, thin-film transistors, optical detectors, infrared biologi-
cal sensors, and optical filters [52–54]. However, uses for
Ag2S QDs and its composite as a SERS substrate are limited
[46,50,55–57].

Usually, EM enhancement is several orders of magnitude
stronger than CM enhancement (including molecular resonance
and CT resonance). However, whether EM–SERS enhancement
or CM–SERS enhancement, the individual contribution for
SERS is usually unsatisfactory. In this work, we studied the syn-
ergistic effect of CT resonance at the interface of BNA–QDs–
PATP (p-aminothiophenol) and E-field enhancement around
BNA arrays for SERS in the NIR spectral region using a semi-
conductor–QDs/metal-nanostructure composite substrate.
Under 785 nm laser excitation, the Au BNA arrays with an
MIM structure provide a strongly localized and enhanced E-field
that coupled with a CT process at the interface of BNA–QDs–
PATP to get strong Raman enhancement. The broadband LSPR
coupling of plasmonic BNA arrays can provide E-field enhance-
ments at excitation as well as Raman scattering wavelengths.
Furthermore, the SERS polarization dependence effects of the
BNA∕Ag2S-QDs∕PATP system are also studied. The polariza-
tion dependence study showed an increase in the SERS intensity
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with decreasing polarization angles �θpola� of excitation from p-
polarization (θpola � 90°) to s-polarization (θpola � 0°). The fi-
nite-difference time-domain (FDTD) simulation was performed
to calculate spectral E-field enhancement and spatial distribution
of E-field at excitation wavelength around BNA arrays. The
present study provides a guidance for the development of a
composite metal–semiconductor system that could synergisti-
cally harness the strong E-field enhancement capability of met-
allic nanostructures and CT characteristics of semiconductors to
enhance optoelectronic, electro-optical, solar energy, and sensing
efficiency of different devices.

2. EXPERIMENTAL METHODS

A. Materials
Sulfur powder (S, 99.95%) was purchased from Fuchen
(Tianjin) Chemical Reagent Co., Ltd. Silver nitrate
(AgNO3, 99.9995%) and oleic acid (OA, technical grade,
90%) were purchased from Sinopharm Chemical Reagent
Co., Ltd. Tri-n-octylphosphine (TOP, technical grade, 90%),
1-octadecylamine (ODA, technical grade, 90%), and 1-octade-
cene (ODE, technical grade, 90%), were purchased from
Aladdin Industrial Corp. Methyl alcohol (99.5%), ethyl alcohol
(99.7%), butyl alcohol (99.5%), hexanes (98%), acetone
(99.5%), and methylbenzene (99.5%) were purchased from
Beijing Chemical Industry Group Co., Ltd. P-aminothiophe-
nol (PATP, 98.0%) was purchased from Shanghai Yuanye Bio-
Technology Co., Ltd. All chemicals were used as delivered
without further purification.

B. Synthesis of Ag2S Quantum Dots
For the synthesis of Ag2S quantum dots [51], 16.99 g of
AgNO3 was dissolved separately in 100 mL tri-n-octylphos-
phine (TOP) to obtain Ag-TOP. A mixture of 6.4 mL of oleic
acid (OA), 5.4 g of 1-octadecylamine (ODA), 12.8 mL of
1-octadecene (ODE), and 72 mg of sulfur powder was then
combined in a 100 mL round-bottom flask, degassed, flushed
three times with N2 to remove water and oxygen, and heated
to 70°C under N2 until the powders dissolved. Then 4 mL of
Ag-TOP was quickly injected at 197°C, and the reaction was
allowed to proceed for 12 min at 167°C. The growth was
quenched in an ice bath, and 25 mL of butanol was added
to prevent solidification of the reaction mixture as it cooled.
The nanocrystals were isolated by precipitation with ethanol
and redispersed in hexane. To remove excess ligands and impu-
rities in the raw materials, the synthesized Ag2S QDs were fur-
ther purified. The purification process was as follows: 30 mL of
methanol was added into 5 mL of the product, and the
resulting mixture was thoroughly mixed through vigorous ul-
trasonication followed by separation of the product through
centrifugation. The centrifuged product was redispersed into
2 mL of toluene through ultrasonication followed by addition
of 30 mL of methanol, further ultrasonication for 30 min, and
separation of the product through centrifugation. This step was
repeated three times to remove impurities and excess ligands
and solvents. The methanol was then replaced by acetone and
the purification process was repeated for two more cycles. After
five purifications, the Ag2S QDs were dispersed in n-hexane
for use.

C. Fabrication of the Nanostructure
A 100 nm thin gold film was first deposited on the SiO2 sub-
strate (300 nm thick SiO2 on the top of the silicon wafer) using
a high vacuum resistance evaporation coating system. Then, a
20 nm of silica spacer layer was deposited on the surface of the
gold film using a plasma-enhanced chemical vapor deposition
(PECVD) system. Next, a photoresist layer was spin-coated on
the surface of silica (20 nm) and patterned using an electron
beam lithography (EBL) system. A 100 nm thick gold film
was next deposited on the surface of the photoresist that has
been developed. Finally, a lift-off process was used to fabricate
the structure.

D. Ag2S QDs Coated and PATP Modified Sample
and Its Characterization
Ag2SQDs were deposited on the surface of a Si∕SiO2 wafer, Au
film, and BNA arrays substrates by spin-coating at 2500 r/min
for 35 s in an air environment. The Ag2S-QDs coated sample
was immersed in a 10−3 mol∕L PATP solution (dissolved in
alcohol) for 2 h followed by cleaning with alcohol and drying
under a N2 flow.

The Raman spectra were collected using a LabRAM HR
Evolution Raman spectrometer (Horiba Jobin Yvon). The laser
beam was focused on a spot approximately 1 μm in diameter
using an objective microscope with 100× magnification. The
data acquisition time was 5 s for all systems. The UV-Vis
spectral measurements were carried out using a Cary 5000
UV-vis-NIR spectrometer (Agilent). X-ray diffraction (XRD)
spectra were collected using a Bruker D8 FOCUS X-ray dif-
fractometer. Scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) analysis was done by the scan-
ning electron microscope (Phenom ProX). X-ray photoelectron
spectroscopy (XPS) data were obtained using an X-ray
photoelectron spectrometer (Thermo ESCALAB 250Xi).
Transmission electron microscopy (TEM) images of QDs were
taken using a JEOL JSM- 6700F transmission electron micro-
scope. The relative standard deviation (SD) data of the main
vibrating peaks, intensity from five randomly chosen spots
in the same sample are used in the calculation of the CT degree
and Raman intensity to evaluate the signal reproducibility.

E. FDTD Simulations
For the simulations, we employed an FDTD method based on
Yee’s algorithms [58] for electromagnetic simulation. In the
FDTD method, Maxwell’s equations are discretized in both
time and space, and the central difference approximation is
used. A commercial FDTD package from Lumerical Inc.’s
DEVICE Suite was used to calculate spectral response and
E-field distribution of BNA arrays. A perfectly matched layer
(PML) was used in the z-axis direction, while periodic boun-
dary conditions were used in the x- and y-axis directions. The
designed plasmonic system was allowed to illuminate with a
polarized plane wave propagating along the z axis. Two differ-
ent polarization states for the incident electromagnetic wave,
the s-polarization, E-field parallel to the x axis (along the an-
tenna axis), and the p-polarization, E-field parallel to the y axis
(normal to the antenna axis), were used in the FDTD simu-
lations to investigate the light polarization effects on the
SERS enhancement. Two detector boxes were placed to
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measure the distribution of E-field in the x–y and x–z planes.
For the calculation of SERS maps, the data of the E-field
distribution were extracted from detector boxes at the wave-
length of excitation and Raman vibrational modes. SERS maps
of E-field intensity distribution [jE loc�excitation�∕E0j2 ×
jE loc�Stokes�∕E0j2] were plotted by MATLAB (R2014b).
An ultrafine mesh size (1 nm) was used in all the simulations.
The refractive index of nsup � 1.0 is chosen for air to generate
an asymmetric environment. The optical constants of Au,
SiO2, and Si were taken from Ref. [59].

3. RESULTS AND DISCUSSION

A. Characterization of Ag2S Quantum Dots
TEM images of the Ag2SQDs are shown in Fig. 1(a), while the
inset shows a representative high-resolution TEM (HRTEM)
image of a quantum dot with lattice spacing of 0.241 nm.
Figure 1(b) exhibits the particle size distribution of Ag2S QDs
by histogram. It shows that the majority of as-prepared
Ag2S QDs were spherical or spheroidal in shape, with an aver-
age size of 3.32 nm and a narrow size dispersion of 0.86 nm.
Figure 1(c) shows the XRD characterization result of the as-
prepared Ag2S QDs. Almost all of the peaks in the XRD pat-
terns matched those of monoclinic Ag2S [46]. To further
investigate the purity and composition of Ag2S coated BNA
arrays, XPS images were also studied (see Appendix A).
Figure 1(d) shows the UV-vis-NIR absorption spectrum of
Ag2S QDs, which indicates a broad absorption range until
the NIR region.

B. Characterization of Au Bowtie Nanoantenna
Arrays
Figure 2(a) shows the SEM image of the Au BNA arrays with
an enlarged view in the inset. The BNA arrays consist of a peri-
odic arrangement of a pair of equilateral triangles (known as a
bowtie) as a unit cell. The side length of equilateral triangle is
420 nm, and the gap distance between a pair of equilateral tri-
angles is 160 nm. The separation between two-unit cells (trans-
verse period) is ∼580 nm, and the separation between two lines
made of BNA (vertical period) is ∼2 μm. The EDS confirmed
the elemental contents of the Ag2SQDs coated Au BNA arrays
substrate, shown in Fig. 2(b). Insets of Fig. 2(b), from left to
right, show the scanned region for EDS, and elemental map-
ping of S, Ag, and Au. From the EDS mapping of S [(inset (ii)]
and Ag [inset (iii)] in the scanned region, we can say that the
Ag2S QDs are uniformly distributed on the surface of BNA
substrate.

C. Theoretical Modeling of Au Bowtie Nanoantenna
Arrays
The theoretical modeling is performed using full-wave simula-
tion with the FDTD method (Lumerical Inc.). A 3D model
is used to study the E-field enhancement calculated as
jE j2∕jE0j2, where E0 is the incident laser field and E is the
resulting near field. An s-polarized plane wave (E-field direction
parallel to the x axis) is used in the simulation. The plasmonic
BNA arrays locate above the 100 nm Au thin film separated by
a 20 nm SiO2 spacer layer on the SiO2 substrate (300 nm SiO2

on the top of Si wafer), as displayed in Fig. 3(a), and the shape

Fig. 1. Characterization of Ag2S QDs. (a) TEM image of Ag2S QDs (scale bar 20 nm). Inset shows an HRTEM image of a QD with a lattice
spacing of 0.241 nm (scale bar 1 nm). (b) Histogram for the size distribution of Ag2S QDs with average size of 3.32 nm. (c) XRD spectrum of the
Ag2S QDs with JCPDS data. (d) UV-vis-NIR absorption spectra of the Ag2S QDs.
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of BNA is an equilateral triangle. The parameters of the BNA
arrays, as obtained by the SEM image [Fig. 2(a)], include a side
length of 420 nm, a gap distance of 160 nm, a triangle thick-
ness of 100 nm, a transverse period of 580 nm, and a vertical
period of 2 μm consistent with the experiment result.

Figure 3(b) shows the E-field enhancement spectrum of the
BNA arrays with MIM structure at the center of the bowtie gap
(P0 point, inset), which exhibits three distinct peaks corre-
sponding to different LSPRmodes. The primarily LSPR1 mode
corresponding to the dipolar LSPR mode, located around

802 nm with the largest E-field enhancement, is close to
the pump wavelength at 785 nm used in SERS measurements.
The E-field of the LSPR1 mode is mainly localized in the bow-
tie gap, which is caused by LSPR coupling between closely
spaced nanoprisms, as shown in Fig. 3(c). Moreover, a moder-
ate level of E-field enhancement is also observed around the
outer corners and edges of the triangles. The large spatial dis-
tribution of the E-field enhancement at 802 nm shows com-
paratively larger available surface regions for E-field-based
SERS with excitation close to this wavelength [Fig. 3(c)].

Fig. 2. Characterization of Au BNA arrays. (a) SEM images of the BNA arrays (scale bar 2 μm). Inset shows an enlarged view of three pairs of
BNA (scale bar 300 nm). (b) EDS analysis of Ag2S QDs on BNA arrays. On the top, from left to right: (i) scanned region for EDS, and elemental
mapping of (ii) S, (iii) Ag, and (iv) Au. Inset shows the elemental composition of different elements in BNA arrays/Ag2S-QDs substrate.

Fig. 3. Schematics and calculated E-field distribution of Au BNA arrays. (a) Geometrical parameters of BNA arrays with MIM structure.
(b) E-field enhancement of the BNA arrays at P0 point. Inset shows the enlarged E-field enhancement spectrum range from 780 to 930 nm.
(c)–(e) E-field distribution (jE j2∕jE0j2) in x–y plane at three LSPR modes.
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The other two higher-order LSPR modes are located at 726 nm
(LSPR2) and 686 nm (LSPR3) with a comparatively lower
E-field enhancement. The E-fields of these two modes are local-
ized in the gap and outer corners of nanoprisms [Figs. 3(d)
and 3(e)] [60]. The E-field distribution of three LSPR modes
in the x–z plane and the distribution of the E-field enhance-
ment at 802 nm (LSPR1 mode) along the x, y, and z directions
are discussed in detail (see Appendix B). The inset curve in
Fig. 3(b) shows an enlarged view of the E-field enhance-
ment spectrum in the spectral range of 780 to 930 nm that
includes an excitation laser wavelength of 785 nm used in
the SERS study, as well as Raman scattering modes used
in SERS measurements [wavelengths range from 837 nm (or
800 cm−1) to 914 nm (or 1800 cm−1), the starting and end-
ing points of SERS measurements] of PATP probe molecules.
The enhancement factor (EF) of a SERS substrate is defined
as EF � jE loc�excitation�∕E0j2 × jE loc�Stokes�∕E0j2 (i.e., the
product of the near field enhancement at the excitation and
Stokes wavelengths) [61]. Therefore, a broadband LSPR ab-
sorption ranging from excitation wavelength to Raman scatter-
ing signal in a plasmonic system is important to get high E-field
EF in SERS. The position of the first resonant mode with its
peak (LSPR1, 802 nm) close to the excitation wavelength
(785 nm) along with a broadband E-field enhancement cover-
ing the region of Raman scattering of the probe molecule makes
the designed plasmonic system an ideal candidate to enhance
the E-field of excitation as well as Raman scattering signals for
E-field-enhancement-based SERS measurements.

D. SERS Spectra of PATP Molecules Adsorbed
on Ag2S QDs Coated BNA Arrays
Figure 4 shows the Raman spectra of PATP molecules adsorbed
on Ag2S QDs coated BNA arrays [Fig. 4(a)] compared to
those that are separately on bare BNA arrays [Fig. 4(b)] and
Ag2S QDs [Fig. 4(c)] under 785 nm laser excitation.

Raman spectrum of PATP powder on the glass slide is also
presented as a reference [Fig. 4(d)]. As can be seen from
Fig. 4, there is no Raman signal achieved when PATP mole-
cules are adsorbed on Ag2S QDs [Fig. 4(c)]. In addition,
the Raman signal of PATP molecules adsorbed on BNA arrays
[Fig. 4(b)] is also very weak. However, for PATP molecules ad-
sorbed on Ag2SQDs coated BNA arrays [Fig. 4(a)], the Raman
signals are extremely enhanced. The Raman bands located at
1004 cm−1 [γ�CCC� � γ�CC�, 18a], 1075 cm−1 [ν�CS�, 7a],
and 1184 cm−1 [δ�CH�, 9a] are assigned to the a1 mode while
1138 cm−1 [δ�CH�, 9b], 1299 cm−1 [ν�CC� � δ�CH�, 14],
1388 cm−1 [δ�CH� � ν�CC�, 3], 1435 cm−1 [ν�CC��
δ�CH�, 19], and 1574 cm−1 [ν�CC�, 8b] are assigned to
the b2 mode of the PATP molecule. A more detailed band
assignment for the SERS spectrum of PATP under different
conditions is summarized in Table 1 [62].

E. SERS Investigation of Synergistic Effects
Between Charge Transfer and Electric Field
Enhancement
The extremely enhanced Raman phenomenon in our study is
attributed to the synergistic effects of both E-field enhancement
from the BNA arrays and the CT resonance at the interface of
the BNA–QDs–PATP composite system.

First, the large enhancement of the localized E-field, which
is caused by the LSPR of BNA arrays, is one of the key factors
that contribute to the Raman enhancement. To investigate the
effect of the E-field on the SERS enhancement, we compared
the SERS signal of PATP molecules adsorbed on the BNA
arrays and Au thin film (30 nm). As shown in Fig. 5(a), the
SERS signal of the BNA/PATP system is strongly enhanced,
especially at 1078 cm−1 [ν�CS�, a1], compared to that of the
Au-film/PATP system, where a detectable Raman signal is not
observed. It is because the BNA arrays possess a strong E-field
enhancement under 785 nm laser excitation, which is near the
LSPR1 mode (802 nm) of BNA arrays. Moreover, the E-field of
the a1 mode (1078 cm−1) that is one of the most intense vibra-
tional Raman modes of the PATP molecules, also gets strongly
excited by BNA. The spatial distributions of the enhanced
E-field of BNA in the x–y and x–z planes under 785 nm laser
excitation are shown in Figs. 5(b) and 5(c), respectively. It can
be seen from Fig. 5(b) that the E-field is mainly distributed in

Fig. 4. Raman spectra of PATP molecules adsorbed on a different
substrate. (a)–(c) Raman spectra of PATP molecules adsorbed on Ag2S
QDs coated BNA arrays (red curve), BNA arrays (black curve), and
Ag2S QDs (blue curve), respectively. (d) Raman spectrum of PATP
powder as reference. The spectra were collected under 785 nm laser
excitation. Raman spectra are shifted compared to each other along the
y axis for better viewing.

Table 1. Raman Peak Assignment in the SERS Spectrum
of the PATP-Modified SERS Substrate

Band Assignment

PATP∕
Ag2S-QDs∕
BNA∕cm−1

PATP∕
BNA∕cm−1

PATP∕
cm−1

γ�CC� � γ(CCC), 18a (a1) 1004 1004 1007
ν�CS�, 7a (a1) 1075 1078 1084
δ�CH�, 9b (b2) 1138 1140
δ�CH�, 9a (a1) 1184 1180 1175

1229
ν�CC� � δ�CH�, 14 (b2) 1299
δ�CH� � ν�CC�, 3 (b2) 1388 1389
ν�CC� � δ�CH�, 19 (b2) 1435 1433
ν�CC�, 8b (b2) 1574
ν�CC�, 8a (a1) 1583 1590
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the central gap region with extreme enhancement, which is due
to the hot spots effect generated by the LSPR coupling of a
single BNA. The enhanced E-field is also distributed around
the corners of triangles, which benefits from the interaction
of the tip impact and pairs of BNA. The spatial distribution
of the E-field in the x–z plane [Fig. 5(c)] exhibits an E-field
with strong field intensity localized in an almost entire air gap
formed by tip-to-tip triangles. Meanwhile, an enhanced E-field
is confined below both the tips and the ridges of the BNA,
which is supported by the mode coupling of the Fabry–Perot
cavity formed along the z-axis in the 20 nm thin SiO2 spacer
layer sandwiched between two layers of gold. The spatial dis-
tribution of the SERS EF (or SERS maps) for the bands located
at 1078 cm−1 [ν�CS�, a1] and 1140 cm−1 [δ�CH �, b2] of the
PATP molecule is shown in Fig. 5(d) (top view: x–y plane)
and Fig. 5(e) (side view: x–z plane), respectively. The SERS
E-field EFs are ∼2.28 × 105 and ∼1.87 × 105 for 1078 cm−1

and 1140 cm−1 Raman vibrational modes, respectively. Thus,
it can be concluded that the BNA arrays can provide a strong
enhanced E-field for SERS enhancement.

Another interesting phenomenon is that after the deposition
of Ag2S QDs onto the surface of BNA arrays, the SERS signal
of the adsorbed PATP molecules was further enhanced com-
pared to the Raman spectra of PATP molecules adsorbed on
both Ag2S QDs and BNA due to the combined effects of

BNA and Ag2S QDs. Herein, the enhanced Raman signal is
not only affected by the E-field of the BNA; the Ag2S QDs
also play a key role in the enhancement. As shown in
Fig. 4, compared to the bulk Raman signal of PATP [Fig. 4(d)]
and the SERS signal of the BNA/PATP system [Fig. 4(b)],
there are several bands assigned to the b2 mode of the PATP
molecules, such as the1138, 1299, 1388, 1435, and 1574 cm−1

bands, which are selectively enhanced in the SERS spectrum
of the BNA∕Ag2S-QDs∕PATP system. These selectively en-
hanced b2 modes indicate that the CT process takes place at
the interfaces of the BNA–QDs–PATP composite system,
which is proven by the Herzberg-Teller contributions [42].
The CT mechanism is further explained by the complete en-
ergy level diagram under the 785 nm laser excitation in Fig. 6.
The energy levels for the conduction band (CB) and the valence
band (VB) of Ag2S QDs are 3.63 and 5.32 eV, respectively
[63,64]. The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of
PATP molecules are 7.16 and 3.03 eV, respectively [65,66].
The Fermi level (Ef ) of gold is 5.1 eV. Figures 6(a)
and 6(b) show the energy level diagram of the Ag2S–QDs/
PATP and Au–BNA/PATP composite, respectively. The pho-
ton energy of the 785 nm laser (ca. 1.58 eV) is too low to excite
the electronic transitions between the band levels at the inter-
faces of Ag2S–QDs/PATP (ca. 1.69 eV) and Au–BNA/PATP

Fig. 5. Raman spectra of PATP molecules adsorbed on Au film and BNA substrates and the spatial E-field distribution of the BNA. (a) Raman
spectra of the PATP molecules adsorbed on the BNA arrays (red curve) and 30 nm Au film (blue curve) under 785 nm laser excitation. (b), (c) Spatial
E-field distribution (jE j2∕jE0j2) of the BNA in the x–y and x–z planes under 785 nm laser excitation, respectively. (d), (e) Spatial distribution of
E-field EF corresponding to 1078 cm−1 (or 857 nm) and 1140 cm−1 (or 862 nm) vibrational modes of PATP in the x–y plane and x–z plane,
respectively. In the plots (d) and (e), the white dashed lines represent the BNA for the SERS E-field EF calculation; the excitation wavelength was
considered as 785 nm. Raman spectra are shifted compared to each other along the y axis for better viewing.
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(ca. 2.07 eV). Therefore, the direct CT resonance is not easily
achieved at the interface of both systems because of the larger
energy difference [Figs. 4(b) and 4(c)]. However, for the
BNA∕Ag2S-QDs∕PATP system [Fig. 6(c)], the photon energy
of the 785 nm laser (ca. 1.58 eV) can match the band−band
transition energy of the interface (ca. 1.47 eV). The electrons in
the Fermi level of Au can be photoexcited into the CB of the
Ag2S QDs under 785 nm excitation. Subsequently, dynamic
CT could occur by coupling with the vibrations of the mole-
cules to easily transfer an electron to the LUMO level of a
PATP molecule. This results in a similar “donor–bridge–ac-
ceptor” CT mode, which occurs more easily in the Au-Ag2S-
PATP system due to the principle of energy level matching
[66–68]. So the CT resonance can take place at the interfaces
of the BNA–QDs–PATP system under 785 nm excitation
[Fig. 4(a)]. As a result, the SERS signal of the adsorbed
PATP molecules gets further enhanced.

To further evaluate the synergistic effects of the E-field and
CT to the SERS enhancement, the SERS spectra of the PATP
molecule adsorbed on the Ag2S QDs coated BNA arrays and
Ag2S QDs coated Au thin film (30 nm) were compared. First,
as shown in Fig. 7(a), the b2 modes of these two complex sys-
tems were selectively enhanced under 785 nm laser excitation,
which ascribed to the CT mechanism in both systems. The

degree of charge transfer ρCT�κ� was used to investigate the
CT contribution in the SERS enhancement [11,69]. The
ρCT�κ� of a κ-bond can be determined using

ρCT�κ� �
I κ�CT� − I κ�SPR�
I κ�CT� � I0�SPR� , (1)

where the index “κ” represents individual lines in the SERS
spectra. For a nonsymmetric line, I κ�SPR� is usually quite
small or zero. We defined I 0�SPR� as the intensity of the
1075 cm−1 band (a1 mode) and I κ�CT� as the intensities of
the bands at 1138, 1388, 1435, and 1574 cm−1 (b2 mode),
which are derived from nonsymmetric contributions. The de-
grees of CT for PATP in both BNA∕Ag2S-QDs∕PATP and
Au-film∕Ag2S-QDs∕PATP systems at 1138, 1388, 1435, and
1574 cm−1 with excitation at 785 nm are shown in Fig. 7(b).
The CT value calculated by these peaks shows no obvious dif-
ference in these two systems, which indicates that these two
systems possess nearly the same CT degrees, and the surface
nanostructure of BNA will not affect the CT of the system.
So the CT mechanism shows the same contribution to these
two systems. However, as shown in the Fig. 7(a), the intensity
of the Raman signal in the BNA∕Ag2S-QDs∕PATP system
is much stronger than that in a Au-film∕Ag2S-QDs∕PATP sys-
tem. Notice that the signal of PATP adsorbed on Ag2S QDs

Fig. 6. Energy level diagram of (a) Ag2S-QDs∕PATP, (b) Au-BNA/PATP, and (c) BNA∕Ag2S-QDs∕PATP systems under 785 nm laser
excitation, respectively.

Fig. 7. Raman spectra and degree of charge transfer of different composite systems. (a) Raman spectra of the PATP molecule adsorbed on
Ag2S QDs coated BNA arrays (red curve) and Ag2S QDs coated Au thin film (30 nm) (blue curve). (b) Degree of charge transfer (ρCT) of
the PATP adsorbed on Ag2S coated Au film and Ag2S coated BNA arrays at b2 modes with excitation at 785 nm. Raman spectra are shifted
compared to each other along the y axis for better viewing. Error bars represent [mean� SD, �n � 5�].
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coated Au film is magnified 10 times. Such enhancement of the
SERS signals in the BNA–QDs–PATP system compared to the
Au film–QDs–PATP system can be attributed to the huge
localized E-field of BNA arrays, as discussed above. Thus, we
can conclude that the SERS enhancement of the BNA–QDs–
PATP arises from the synergistic effects of the E-field and the
CT mechanism.

The SERS EF for the PATP probe molecule is roughly cal-
culated (see Appendix C) to evaluate the enhancement ability
by the Raman intensity of the band at 1078 cm−1 [ν�CS�, a1]
in the BNA∕Ag2S-QDs∕PATP system. The EF value is esti-
mated to be about 3.5 × 105, which is attributed to the syner-
gistic effects of the E-field enhancement and CT. To further
estimate the enhancement ability of the synergistic effects in

Fig. 8. SERS spectra and E-field distribution with polarization angles. SERS spectra of PATP adsorbed onto (a) BNA arrays and (b) Ag2S coated
BNA arrays with different polarization angles under 785 excitation, respectively. Insets show the directions of θpola � 0° and θpola � 90°, and the
polarization angle changes in the counterclockwise direction. (c) SERS intensity at 1078 cm−1 [ν�CS�, a1] in BNA/PATP system, 1075 cm−1

[ν�CS�, a1] and 1138 cm−1 [δ�CH�, b2] in BNA/QDs/PATP system with different polarization angles. (d) Degree of charge transfer (ρCT) at
1138 cm−1 in BNA∕Ag2S∕PATP system with different polarization angles. Spatial E-field distribution of BNA arrays in the (e) x–y plane and
(f ) x–z plane with different polarization angles under 785 excitation, respectively. Raman spectra are shifted compared to each other along the y axis
for better viewing. Error bars represent [mean� SD, �n � 5�].
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the BNA∕Ag2S-QDs∕PATP system, we compared the Raman
intensities of the bands at 1078 cm−1 [ν�CS�, a1] and
1138 cm−1 [δ�CH�, b2] in the BNA/PATP, BNA∕Ag2S-QDs∕
PATP, and Au∕Ag2S-QDs∕PATP systems [see Appendix C,
Figs. 11(c) and 11(d)]. For the vibrational mode at 1078 cm−1

[ν�CS�, a1], the Raman intensity of the BNA∕Ag2S-QDs∕
PATP system shows a 432% enhancement over the BNA/
PATP system and a 3449% enhancement over the Au∕Ag2S-
QDs∕PATP system. Moreover, for 1138 cm−1 [δ�CH�, b2],
the Raman intensity of the BNA∕Ag2S-QDs∕PATP system
shows a 1669% enhancement over the BNA/PATP system and
a 4700% enhancement over the Au∕Ag2S-QDs∕PATP system.
Thus, the synergistic effect of the E-field enhancement and CT
results in the largest enhancement for the Ag2S-QDs∕BNA-
arrays system. The mapping analysis obtained by the band
at 1138 cm−1 indicates that the Raman enhancement in the
BNA∕Ag2S-QDs∕PATP system under 785 nm laser excitation
is much stronger near the BNA array compared to the enhance-
ment at the non-BNA regions, which is consistent with the
simulated enhancement of the E-field (see Appendix D).
Meanwhile, to further study the synergistic effects of the E-field
enhancement and CT, we measured the SERS spectra of the
Ag2S-QDs∕PATP, BNA/PATP, and BNA∕Ag2S-QDs∕PATP
systems under 473 and 532 nm excitation wavelengths (see
Appendix E). The synergistic effects of the E-field enhance-
ment and CT resonance make the SERS intensity larger
under 532 nm laser excitation compared to the 473 nm laser
excitation.

F. SERS Polarization Dependence Effects of BNA
and Ag2S QDs Coated BNA Arrays
Moreover, we studied the SERS polarization dependence effects
of PATP adsorbed on BNA and Ag2SQDs coated BNA arrays.
As discussed earlier, the SERS intensity is influenced by the EM
and CT processes. Therefore, the influence of polarized light
on the E-field intensity and CT process will directly lead to
a change in the Raman intensity. Figure 8(a) shows the SERS
spectra for PATP adsorbed on BNA arrays under different
polarization angles �θpola� of light excitation (785 nm laser ex-
citation). One can see that the SERS intensity is strongest
under s-polarized (θpola � 0°, E-field oscillation along the
bowtie axis) light excitation. Following increased polarization
angles, the SERS intensity gradually decreases and is lowest
under p-polarized (θpola � 90°, E-field oscillation normal to
the bowtie axis) light excitation. In addition, after depositing
Ag2S QDs onto the surface of BNA arrays, the SERS intensity
of the PATP probe molecules gets further enhanced and the
b2 mode at 1138 cm−1 gets selectively enhanced due to the CT
process, as shown in Fig. 8(b). Similar to the BNA/PATP sys-
tem, the SERS intensity for the BNA/QDs/PATP system also
gradually decreases with increasing polarization angles and has
its strongest and lowest enhancements under s-polarized and
p-polarized light excitation, respectively. To intuitively analyze
the variation in SERS intensities for PATP under different
polarization angle excitations, the peaks at 1078 cm−1

[ν�CS�, a1] in a BNA/PATP system, 1075 cm−1 [ν�CS�, a1]
and 1138 cm−1 [δ�CH�, b2] in a BNA/QDs/PATP system were
chosen as characteristic peaks for further investigation of the ex-
perimental results. As shown in Fig. 8(c), the SERS intensity at

1075 cm−1 and 1138 cm−1 for the BNA/QDs/PATP system has
the same trend as that of 1078 cm−1 for the BNA/PATP system,
where Raman intensity gradually decreases with an increasing
polarization angle of light excitation. Notice that, even under
p-polarized �θpola � 90°� light excitation, the intensity of the
1138 cm−1 [δ�CH�, b2] Raman mode is still selectively en-
hanced for the BNA/QDs/PATP system, which indicates that
the CT process takes place at the interface. Figure 8(d) shows
the calculated degree of CT for 1138 cm−1 under different
polarization angles of light excitation. It can be seen that they
have nearly the same degrees of CT under different polarization
angles, which means that the CT process has not been affected
by light polarization. The change in SERS intensity is mainly
caused by the change in the degree of the E-field enhancement
in the gap region due to the change in the direction of the E-field
oscillation of incident light.

To further investigate the dependence of the local E-field
enhancement on the polarization angles of the light excitation,
we performed numerical simulations by the FDTD method
to calculate the local E-field distribution of BNA arrays.
Figures 8(e) and 8(f ) show the spatial E-field distribution
�jE j2∕jE0j2� in the x–y and x–z planes under different polari-
zation angles at 785 nm light excitation. One can see that in
Fig. 8(e), under s-polarized light excitation �θpola � 0°�, it has
the strongest E-field intensity localized in the gap region of
BNA, which is caused by LSPR coupling between the closely
spaced antenna corresponding to the dipolar LSPR mode. This
large enhancement in the E-field leads to the strongest intensity
of the SERS signal. When the angle of the polarized light was
increased (θpola: from 30° to 60°), the E-field intensity showed
a fast decrease in the gap region, but a slight increase at the
outer corners. So the intensity of SERS spectra also decreased
slightly. Under p-polarized light excitation (θpola � 90°), nearly
no E-field localized in the central gap. However, it showed the
strongest E-field intensity at the outer corner caused by the
interaction of two BNA unit cells along the y-axis in the arrays.
But the enhanced intensity is still far less than that under
s-polarization, which leads to the lowest intensity of SERS
spectra. Figure 8(f ) shows the spatial E-field distribution in the
x–z plane with light polarization angles. It obviously shows that
the E-field intensity decreased in the gap region of the BNA.

4. CONCLUSION

In conclusion, the synergistic effect of interfacial CT and
E-field enhancement is demonstrated in the BNA∕Ag2S-QDs∕
PATP system for the SERS study in the NIR region based on
PATP as probe molecules. The strongly enhanced SERS signals
with selective enhancement in the b2 Raman modes are ob-
served in the BNA∕Ag2S-QDs∕PATP system under 785 nm
laser excitation, which is attributed to the synergistic effect of
CT resonance at the interface of the BNA–QDs–PATP and the
localized E-field enhancement around BNA arrays. The E-field
enhancement in the broad spectral region ranging from the
excitation line at 785 nm up to the scattered Raman signal
wavelength provides enhancements in the E-fields of excitation
as well as scattered Raman signals. FDTD simulation is also
performed to simulate the E-field enhancement spectrum and
spatial distribution of the enhanced E-field around the BNA
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arrays. The Ag2S-QDs∕PATP, Au-film/PATP, and BNA/
PATP substrate systems having either a benefit from interfacial
CT or from an E-field enhancement mechanism lead to very
weak or no SERS enhancement. However, the synergistic effect
of CT and E-field enhancement results in a large enhancement
in the Raman intensity and further improves the efficiency of
SERS-based detection in a BNA∕Ag2S-QDs∕PATP system.
Furthermore, the SERS polarization dependence effects
of the BNA∕Ag2S-QDs∕PATP system were also investigated.
The SERS spectra indicated that the polarization depen-
dence of the substrate increased with decreasing polarization
angles �θpola� of excitation from p-polarized (θpola � 90°) ex-
citation to s-polarized (θpola � 0°) excitation. The synergistic
effect of CT and E-field enhancement studied in the BNA∕
Ag2S-QDs∕PATP system provides a guidance for the develop-
ment of semiconductor QDs-based plasmonic SERS sub-
strates, and may be extended to other material-nanostructure
systems for optoelectronic, electro-optical, sensing, and energy
applications.

APPENDIX A: XPS CHARACTERIZATION
OF Ag2S QDS

To further investigate the purity and composition of Ag2S
coated BNA arrays, XPS images were studied, as shown in
Fig. 9. Figure 9(a) shows the overall XPS profile for the Ag2S
coated BNA arrays. It can be clearly seen that the typical peaks
of C 1s, Ag 3d, S 2p, and O 1s were detected. In Fig. 9(b), the

high-resolution XPS profile of Ag 3d is shown, where the bind-
ing energies at 368 eV and 374 eV are assigned to Ag 3d5/2 and
Ag 3d3/2, respectively. Figures 9(c) and 9(d) show the XPS
profile of S 2p of Ag2S modified BNA arrays composite with
and without a PATP molecule. The binding energy at 161.2 eV
and 162.4 eV is assigned to S 2p3/2 and S 2p1/2, respectively.
The peak positions (Ag: 3d5/2 at 368 eV and S: 2p3/2 at
161.2 eV) correspond to Ag2S, and the second binding energy
value of 162.4 eV (S 2p1/2) is a characteristic value of S–C
group [56,70].

APPENDIX B: THEORETICAL MODELING OF
AU BOWTIE NANOANTENNA ARRAYS

Figures 10(a)–10(c) show the E-field distribution at 802 nm
(LSPR1), 726 nm (LSPR2), and 686 nm (LSPR3) in the
x–z plane, respectively. The large enhanced E-field was mainly
located in the whole gap and spacer region, and the highest
enhancement happened at 802 nm (LSPR1) by the coupling
of LSPR.

Figures 10(d)–10(f ) show the distribution of the E-field en-
hancement at 802 nm (LSPR1 mode) along x, y, and z direc-
tions, respectively. Inset figures show the assumed direction of
x, y, and range of height (h). Shown in Fig. 10(d), the E-field
enhancement gets largest (jE j2∕jE0j2 � 1.8 × 103) near the tip
of BNA (position: x � �78 nm, y � 0 nm, z � 50 nm), and
is lowest (jE j2∕jE0j2 � 41) at the center of BNA (position:
x � 0 nm, y � 0 nm, z � 50 nm). Figure 10(e) shows

Fig. 9. XPS characterization of Ag2S QDs. (a), (b) Overall and Ag 3d of Ag2S coated BNA arrays, respectively. (c), (d) S 2p of Ag2S coated BNA
arrays with and without PATP molecule, respectively.
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the distribution of E-field enhancement along the y axis
from −200 to 200 nm. The E-field enhancement gets largest
(jE j2∕jE0j2 � 41) at the center of BNA (position: x � 0 nm,
y � 0 nm, z � 50 nm). Figure 10(f ) shows the distribution
of E-field enhancement along the z axis from 0 to 100 nm,
and the red dash line shows the position of mid-height.

APPENDIX C: ESTIMATION OF THE
ENHANCEMENT FACTOR

The EF for the BNA∕Ag2S-QDs∕PATP system is calculated
according to [12,71]

EF � ISERS
I bulk

N bulk

N SERS

, (C1)

where N bulk is the number of molecules in the focal volume
and N SERS is the number of adsorbed molecules, while I SERS
and I bulk are the intensity of the SERS and original Raman
spectra of PATP, respectively. The spectra of the adsorbed
and free PATP molecules are measured under identical condi-
tions. In the experiment, 10−3 mol∕L PATP solutions can be
assumed that the molecules were closely arranged. So, the
number of PATP powder and PATP adsorbed in the BNA∕
Ag2S-QDs∕PATP system under the effective beam range
can be obtained by [12,71]

N bulk �
ρ0π�r�2hNA

M
, (C2)

N SERS �
π�r�2
σ0

: (C3)

Here, ρ0 is the density of PATP, π�r�2 is the area of laser spot,
h is the penetration depth of laser,NA is the Avogadro constant,

M is molar mass of PATP, and σ0 is the occupied surface area of
a single molecule that has already been reported approximately
equal to 0.22 nm2 for PATP [71]. Therefore, the penetration
depth of laser (h) is a key point in determining the number of
PATP molecules, which can be calculated by [71]

h �
Z

∞

−∞

I�z�dz
Imax

, (C4)

where I�z� is the intensity of the Raman peak of Si (520 cm−1),
which is measured with a 100× lens microscope under a
785 nm laser and as a reference to calculate h. As displayed
in Fig. 11(a), it is a function of the distance (z) deviated from
the focused center. According to the equation, the penetration
depth of the laser (h) is measured as 8 μm. Correspondingly,

N bulk

N SERS

� ρ0hNAσ0
M

: (C5)

This parameter was defined as N bulk∕N SERS � 9.56 × 103.
As obtained from the spectra, the relative intensity of the PATP
molecule is 161 at 1084 cm−1, while the SERS intensity of
the band at 1075 cm−1 of the PATP-modified QDs-coated-
BNA is 5899 [Fig. 11(b)]. Therefore, the EF was estimated to
be 3.5 × 105. Figure 11(c) shows the Raman spectra of PATP
powder, as well as PATP adsorbed on the BNA and
Au∕Ag2S-QDs composite substrates. And the comparison of
Raman intensity for the bands at 1075 cm−1 (a1) and
1138 cm−1 (b2) in BNA∕Ag2S-QDs∕PATP, BNA/PATP,
and Au∕Ag2S-QDs∕PATP systems is shown in Fig. 11(d).

Fig. 10. Calculated distribution of E-field under three modes. (a)–(c) Spatial E-field distribution at a wavelength of 802 nm (LSPR1), 726 nm
(LSPR2), and 686 nm (LSPR3) in the x–z plane, respectively. (d)–(f ) The line distribution of E-field enhancement at 802 nm (LSPR1 mode) along
x, y, and z direction, respectively. Inset figures show the assumed direction of x, y, and range of height (h).

Research Article Vol. 8, No. 4 / April 2020 / Photonics Research 559



APPENDIX D: MAPPING OF SERS SPECTRUM
FOR PATP ADSORBED ON Ag2S QDS COATED
BNA ARRAYS

Figure 12 shows the mapping of the SERS spectrum at
1138 cm−1 of PATP adsorbed on Ag2S QDs coated BNA
arrays under laser excitation at 785 nm. Figure 12(a) is the
camera view of the scanning area (left side) and the mapping
of the SERS spectrum at 1138 cm−1 corresponding to the
scanning area (right side). They exhibit a huge enhanced inten-
sity of the Raman signal at the position of BNA arrays, but a

less enhanced intensity in the area between the two columns of
BNA arrays. This is consistent with the calculated enhance-
ment of the E-field, as shown in Fig. 12(c), which consists
of two pairs of BNA using period boundary conduction under
the wavelength of 785 nm. As the same result as the theoretical
modeling shown in Fig. 5, the extremely enhanced E-field is
mainly distributed in the gap of the tip-to-tip triangle and
around the corners of the triangles at 785 nm. Meanwhile,
we can see that the intensity of the E-field in the area between
the two columns of BNA arrays is far less than that inside the
BNA arrays under 785 nm excitation.

Fig. 12. Mapping of SERS spectrum and E-field distribution. (a) Camera view of scanning area (left side) and mapping of SERS spectrum at
1138 cm−1 corresponding to the scanning area (right side). (b) Spatial E-field distribution (jE j2∕jE0j2) of BNA arrays under 785 nm excitation.

Fig. 11. Calculation of enhancement factor in the BNA∕Ag2S-QDs∕PATP system under 785 nm laser excitation. (a) Depth-dependent Raman
intensity of the single Si wafer at the 520.7 cm−1 band under 785 nm laser excitation. A pinhole size of 100 μm and a 100× working-length objective
is used. (b) Raman spectra of PATP powder and PATP with BNA∕Ag2S-QDs composite substrate. (c) Raman spectra of PATP powder, and PATP
with BNA and Au∕Ag2S-QDs composite substrate. (d) Raman intensity of bands at 1075 cm−1 (a1) and 1138 cm−1 (b2) in
BNA∕Ag2S-QDs∕PATP, BNA/PATP, and Au∕Ag2S-QDs∕PATP systems. Raman spectra are shifted compared to each other along the y axis
for better viewing. Error bars represent [mean� SD, (n � 5)].
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APPENDIX E: SERS FOR PATP ADSORBED ON
DIFFERENT SUBSTRATES UNDER 473 AND 532
NM LASER EXCITATION

Meanwhile, to further study the synergistic effects of E-field
enhancement and CT, we measured the SERS spectra of
Ag2S-QDs∕PATP, BNA/PATP, and BNA∕Ag2S-QDs∕PATP
systems under excitation at 473 and 532 nm. As shown in
Fig. 13, different from the discussion under excitation at 785 nm,
all the b2 modes were selectively enhanced under both excitations
of 473 and 532 nm in the Ag2S-QDs∕PATP system [Fig. 13(a)],
which means the CT resonance can take place at the Ag2S-QDs∕
PATP interfaces. The reason is that the photon energy of both

473 nm (ca. 2.62 eV) and 532 nm laser (ca. 2.33 eV) can match
the band−band transition energy of interface (ca. 1.69 eV). The
SERS intensities in the Ag2S-QDs∕PATP system are almost
the same under 473 and 532 nm laser excitation. However, in
the BNA∕Ag2S-QDs∕PATP system, the intensity of the SERS
signal was increased under 532 nm excitation [Fig. 13(c)], but
rarely changed under 473 nm excitation [Fig. 13(b)], compared
to that in the Ag2S-QDs∕PATP system. The degrees of CT (ρCT)
for PATP in both the Ag2S-QDs∕PATP and the BNA∕
Ag2S-QDs∕PATP systems at 1138, 1388, 1435, and 1574 cm−1

with excitation at 473 and 532 nm were calculated [Figs. 13(e)
and 13(f)]. The values of ρCT�κ� have no large difference in these

Fig. 13. Raman spectra of PATP molecule adsorbed on different substrates. (a) Comparison of Raman spectra of PATP molecule adsorbed on the
Ag2S QDs under 473 and 532 nm laser excitation. (b), (c) Raman spectra of PATP molecule adsorbed on BNA, Ag2S QDs, and Ag2S QDs coated
BNA under 473 and 532 nm laser excitation, respectively. (d) Comparison of Raman spectra of PATP molecule adsorbed on Ag2SQDs coated BNA
arrays under 473 and 532 nm laser excitation. (e), (f ) Degree of charge transfer (ρCT) of PATP absorbed on Ag2S QDs and Ag2S QDs coated
BNA arrays substrate at b2 modes with excitation at 473 and 532 nm, respectively. Raman spectra are shifted compared to each other along the y axis
for better viewing. Error bars represent [mean� SD, (n � 5)].
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two systems, and we can consider that they have nearly the same
degrees of CT. The different SERS intensities are caused by EM,
for which localized E-field was less enhanced under 532 nm, but
there was almost no enhancement under 473 nm excitation. The
comparison of SERS signals of the BNA∕Ag2S-QDs∕PATP sys-
tem under excitation at 473 and 532 nm is shown in Fig. 13(d).
The synergistic effects of E-field enhancement and CT resonance
make the SERS intensity larger under 532 nm compared to that
under 473 nm.

Funding. Chinese Academy of Sciences (QYZDB-SSW-
SYS038); National Natural Science Foundation of China
(11674178, 11774340, 91750205, 61705227); K. C. Wong
Education Foundation (GJTD-2018-08); Jilin Provincial Sci-
ence & Technology Development Project (20180414019GH).

Disclosures. The authors declare no conflicts of interest.

REFERENCES
1. H. Shindo, “Raman spectra of acrylonitrile adsorbed on a silver

electrode,” Chem. Phys. Lett. 159, 85–89 (1989).
2. A. B. Zrimsek, N. L. Wong, and P. R. Van Duyne, “Single molecule

surface-enhanced Raman spectroscopy: a critical analysis of the bia-
nalyte versus isotopologue proof,” J. Phys. Chem. C 120, 5133–5142
(2016).

3. X. M. Qian and S. M. Nie, “Single-molecule and single-nanoparticle
SERS: from fundamental mechanisms to biomedical applications,”
Chem. Soc. Rev. 37, 912–920 (2008).

4. C. Y. Song, F. Li, X. Y. Guo, W. Q. Chen, C. Dong, J. J. Zhang, J. Y.
Zhang, and L. H. Wang, “Gold nanostars for cancer cell-targeted
SERS-imaging and NIR light-triggered plasmonic photothermal
therapy (PPTT) in the first and second biological windows,” J.
Mater. Chem. B 7, 2001–2008 (2019).

5. D. Joseph, Y. S. Huh, and Y. K. Han, “A top-down chemical approach
to tuning the morphology and plasmon resonance of spiky nanostars
for enriched SERS-based chemical sensing,” Sens. Actuators B 288,
120–126 (2019).

6. H. Wen, H. Wang, J. Hai, S. S. He, F. J. Chen, and B. D. Wang,
“Photochemical synthesis of porous CuFeSe2/Au heterostructured
nanospheres as SERS sensor for ultrasensitive detection of lung
cancer cells and their biomarkers,” ACS Sustain. Chem. Eng. 7,
5200–5208 (2019).

7. R. M. Liu, Y. Xiong, W. Y. Tang, Y. Guo, X. H. Yan, and M. Z. Si, “Near-
infrared surface-enhanced Raman spectroscopy (NIR-SERS) studies
on oxyheamoglobin (OxyHb) of liver cancer based on PVA-Ag nano-
film,” J. Raman Spectrosc. 44, 362–369 (2013).

8. Y. T. Chen, L. Pan, A. Horneber, M. van den Berg, P. Miao, P. Xu, P.
M. Adam, A. J. Meixner, and D. Zhang, “Charge transfer and electro-
magnetic enhancement processes revealed in the SERS and TERS of
a CoPc thin film,” Nanophotonics 8, 1533–1546 (2019).

9. G. Q. Liu, Y. Liu, L. Tang, X. S. Liu, G. L. Fu, and Z. Q. Liu,
“Semiconductor-enhanced Raman scattering sensors via quasi-three-
dimensional Au/Si/Au structures,” Nanophotonics 8, 1095–1107 (2019).

10. S. H. Huang, X. F. Jiang, B. Peng, C. Janisch, A. Cocking, S. K.
Özdemir, Z. W. Liu, and L. Yang, “Surface-enhanced Raman scatter-
ing on dielectric microspheres with whispering gallery mode reso-
nance,” Photon. Res. 6, 346–356 (2018).

11. J. R. Lombardi and R. L. Birke, “A unified approach to surface-
enhanced Raman spectroscopy,” J. Phys. Chem. C 112, 5605–5617
(2008).

12. Z. Yu, W. L. Yu, J. Xing, R. A. Ganeev, W. Xin, J. L. Cheng, and C. L.
Guo, “Charge transfer effects on resonance-enhanced Raman scat-
tering for molecules adsorbed on single-crystalline perovskite,” ACS
Photon. 5, 1619–1627 (2018).

13. L. Yang, Y. Peng, Y. Yang, J. Liu, H. Huang, B. Yu, J. Zhao, Y.
Liu, Z. Huang, Z. Li, and J. R. Lombardi, “A novel ultra-sensitive

semiconductor SERS substrate boosted by the coupled resonance
effect,” Adv. Sci. 6, 1900310 (2019).

14. L. W. Nien, S. C. Lin, B. K. Chao, M. J. Chen, J. H. Li, and C. H. Hsueh,
“Giant electric field enhancement and localized surface plasmon res-
onance by optimizing contour bowtie nanoantennas,” J. Phys. Chem.
C 117, 25004–25011 (2013).

15. X. Y. Xuan, S. P. Xu, Y. Liu, H. B. Li, W. Q. Xu, and J. R. Lombardi,
“A long-range surface plasmon resonance/probe/silver nanoparticle
(LRSPR-P-NP) nanoantenna configuration for surface-enhanced
Raman scattering,” J. Phys. Chem. Lett. 3, 2773–2778 (2012).

16. Z. Zhu, B. Bai, O. You, Q. Li, and S. Fan, “Fano resonance boosted
cascaded optical field enhancement in a plasmonic nanoparticle-
in-cavity nanoantenna array and its SERS application,” Light Sci.
Appl. 4, e296 (2015).

17. M. P. Cecchini, V. A. Turek, J. Paget, A. A. Kornyshev, and J. B. Edel,
“Self-assembled nanoparticle arrays for multiphase trace analyte
detection,” Nat. Mater. 12, 165–171 (2012).

18. Z. Y. Fang and X. Zhu, “Plasmonics in nanostructures,” Adv. Mater.
25, 3840–3856 (2013).

19. J. H. Zhang, M. ElKabbash, R. Wei, S. C. Singh, B. Lam, and C. L.
Guo, “Plasmonic metasurfaces with 42.3% transmission efficiency in
the visible,” Light Sci. Appl. 8, 53 (2019).

20. R. Gillibert, M. Sarkar, J. Moreau, M. Besbes, M. Canva, and D. L. C. M.
Lamy, “Near-field enhancement localization on plasmonic gratings,”
J. Phys. Chem. C 120, 27562–27570 (2016).

21. D. Etezadi, J. B. Warner, F. S. Ruggeri, G. Dietler, H. A. Lashuel, and
H. Altug, “Nanoplasmonic mid-infrared biosensor for in vitro protein
secondary structure detection,” Light Sci. Appl. 6, e17029 (2017).

22. Y. B. Zhu, Z. Y. Li, Z. Hao, C. DiMarco, P. Maturavongsadit, Y. F. Hao,
M. Lu, A. Stein, Q. Wang, J. Hone, N. F. Yu, and Q. Lin, “Optical
conductivity-based ultrasensitive mid-infrared biosensing on a hybrid
metasurface,” Light Sci. Appl. 7, 67 (2018).

23. B. Schreiber, M. Kauk, H. S. Heil, M. Emmerling, I. Tessmer, M. Kamp,
S. Höfling, U. Holzgrabe, C. Hoffmann, and K. G. Heinze, “Enhanced
fluorescence resonance energy transfer in G-protein-coupled recep-
tor probes on nanocoated microscopy coverslips,” ACS Photon. 5,
2225–2233 (2018).

24. K. J. Russell, T. L. Liu, S. Cui, and E. L. Hu, “Large spontaneous emis-
sion enhancement in plasmonic nanocavities,” Nat. Photonics 6,
459–462 (2012).

25. H. Q. Zhao, H. T. Gao, T. Cao, and B. Y. Li, “Efficient full-spectrum
utilization, reception and conversion of solar energy by broad-band
nanospiral antenna,” Opt. Express 26, A178–A191 (2018).

26. W. Wang, J. Zhang, X. Che, and G. Qin, “Large absorption enhance-
ment in ultrathin solar cells patterned by metallic nanocavity arrays,”
Sci. Rep. 6, 34219 (2016).

27. C. Zhang, Y. Lu, Y. Ni, M. Li, L. Mao, and C. Liu, “Plasmonic lasing of
nanocavity embedding in metallic nanoantenna array,” Nano Lett. 15,
1382–1387 (2015).

28. G. Lozano, D. J. Louwers, S. R. K. Rodríguez, S. Murai, O. T. Jansen,
M. A. Verschuuren, and J. G. Rivas, “Plasmonics for solid-state light-
ing: enhanced excitation and directional emission of highly efficient
light sources,” Light Sci. Appl. 2, e66 (2013).

29. B. Wang, S. C. Singh, H. Y. Lu, and C. L. Guo, “Design of aluminum
bowtie nanoantenna array with geometrical control to tune LSPR from
UV to near-IR for optical sensing,” Plasmonics (2019).

30. Y. Chen, Y. H. Chen, J. R. Chu, and X. F. Xu, “Bridged bowtie aperture
antenna for producing an electromagnetic hot spot,” ACS Photon. 4,
567–575 (2017).

31. D. Simeone, M. Esposito, M. Scuderi, G. Calafiore, G. Palermo, A. D.
Luca, F. Todisco, D. Sanvitto, G. Nicotra, S. Cabrini, V. Tasco, A.
Passaseo, and M. Cuscunà, “Tailoring electromagnetic hot spots to-
ward visible frequencies in ultra-narrow gap Al/Al2O3 bowtie nanoan-
tennas,” ACS Photon. 5, 3399–3407 (2018).

32. J. Zhang, M. Irannejad, and B. Cui, “Bowtie nanoantenna with single-
digit nanometer gap for surface-enhanced Raman scattering (SERS),”
Plasmonics 10, 831–837 (2014).

33. L. Li, S. Fang Lim, A. A. Puretzky, R. Riehn, and H. D. Hallen, “Near-
field enhanced ultraviolet resonance Raman spectroscopy using
aluminum bow-tie nano-antenna,” Appl. Phys. Lett. 101, 113116
(2012).

562 Vol. 8, No. 4 / April 2020 / Photonics Research Research Article

https://doi.org/10.1016/S0009-2614(89)87459-7
https://doi.org/10.1021/acs.jpcc.6b00606
https://doi.org/10.1021/acs.jpcc.6b00606
https://doi.org/10.1039/b708839f
https://doi.org/10.1039/C9TB00061E
https://doi.org/10.1039/C9TB00061E
https://doi.org/10.1016/j.snb.2019.02.065
https://doi.org/10.1016/j.snb.2019.02.065
https://doi.org/10.1021/acssuschemeng.8b06116
https://doi.org/10.1021/acssuschemeng.8b06116
https://doi.org/10.1002/jrs.4216
https://doi.org/10.1515/nanoph-2019-0100
https://doi.org/10.1515/nanoph-2019-0078
https://doi.org/10.1364/PRJ.6.000346
https://doi.org/10.1021/jp800167v
https://doi.org/10.1021/jp800167v
https://doi.org/10.1021/acsphotonics.8b00152
https://doi.org/10.1021/acsphotonics.8b00152
https://doi.org/10.1002/advs.201900310
https://doi.org/10.1021/jp408610q
https://doi.org/10.1021/jp408610q
https://doi.org/10.1021/jz300948t
https://doi.org/10.1038/lsa.2015.69
https://doi.org/10.1038/lsa.2015.69
https://doi.org/10.1038/nmat3488
https://doi.org/10.1002/adma.201301203
https://doi.org/10.1002/adma.201301203
https://doi.org/10.1038/s41377-019-0164-8
https://doi.org/10.1021/acs.jpcc.6b09717
https://doi.org/10.1038/lsa.2017.29
https://doi.org/10.1038/s41377-018-0066-1
https://doi.org/10.1021/acsphotonics.8b00072
https://doi.org/10.1021/acsphotonics.8b00072
https://doi.org/10.1038/nphoton.2012.112
https://doi.org/10.1038/nphoton.2012.112
https://doi.org/10.1364/OE.26.00A178
https://doi.org/10.1038/srep34219
https://doi.org/10.1021/nl504689s
https://doi.org/10.1021/nl504689s
https://doi.org/10.1038/lsa.2013.22
https://doi.org/10.1007/s11468-019-01071-z
https://doi.org/10.1021/acsphotonics.6b00857
https://doi.org/10.1021/acsphotonics.6b00857
https://doi.org/10.1021/acsphotonics.8b00665
https://doi.org/10.1007/s11468-014-9870-5
https://doi.org/10.1063/1.4746747
https://doi.org/10.1063/1.4746747


34. N. A. Hatab, C. H. Hsueh, A. L. Gaddis, S. T. Retterer, J. H. Li, G.
Eres, Z. Y. Zhang, and B. H. Gu, “Free-standing optical gold bowtie
nanoantenna with variable gap size for enhanced Raman spectros-
copy,” Nano Lett. 10, 4952–4955 (2010).

35. J. Cesario, R. Quidant, G. Badenes, and S. Enoch, “Electromagnetic
coupling between a metal nanoparticle grating and a metallic surface,”
Opt. Lett. 30, 3404–3406 (2005).

36. Y. Chu, D. Wang, W. Zhu, and K. B. Crozier, “Double resonance sur-
face enhanced Raman scattering substrates: an intuitive coupled
oscillator model,” Opt. Express 19, 14919–14928 (2011).

37. L. H. Lin and Y. B. Zheng, “Optimizing plasmonic nanoantennas via
coordinated multiple coupling,” Sci. Rep. 5, 14788 (2015).

38. Y. Chu, M. G. Banaee, and K. B. Crozier, “Double-resonance plasmon
substrates for surface-enhanced Raman scattering with enhancement
at excitation and Stokes frequencies,” ACS Nano 4, 2804–2810
(2010).

39. Y. K. Zhao, F. Yun, Y. Huang, S. Wang, L. G. Feng, Y. F. Li, M. F.
Guo, W. Ding, and Y. Zhang, “Metamaterial study of quasi-three-
dimensional bowtie nanoantennas at visible wavelengths,” Sci.
Rep. 7, 41966 (2017).

40. Z. G. Dai, X. H. Xiao, W. Wu, Y. P. Zhang, L. Liao, S. S. Guo, J. J.
Ying, C. X. Shan, M. T. Sun, and C. Z. Jiang, “Plasmon-driven reaction
controlled by the number of graphene layers and localized surface
plasmon distribution during optical excitation,” Light Sci. Appl. 4,
e342 (2015).

41. Y. Wang, W. Ji, Z. Yu, R. Li, X. Wang, W. Song, W. Ruan, B. Zhao,
and Y. Ozaki, “Contribution of hydrogen bonding to charge-transfer
induced surface-enhanced Raman scattering of an intermolecular
system comprising p-aminothiophenol and benzoic acid,” Phys.
Chem. Chem. Phys. 16, 3153–3161 (2014).

42. J. R. Lombardi, R. L. Birke, T. Lu, and J. Xu, “Charge-transfer theory of
surface enhanced Raman spectroscopy: Herzberg-Teller contribu-
tions,” J. Chem. Phys. 84, 4174–4180 (1986).

43. L. Guo, X. Zhang, P. Li, R. Han, Y. Liu, X. Han, and B. Zhao, “Surface-
enhanced Raman scattering (SERS) as a probe for detection of
charge-transfer between TiO2 and CdS nanoparticles,” New J.
Chem. 43, 230–237 (2019).

44. J. Wu, P. Wang, F. Wang, and Y. Fang, “Investigation of the micro-
structures of graphene quantum dots (GQDs) by surface-enhanced
Raman spectroscopy,” Nanomaterials 8, 864 (2018).

45. D. Wu, J. Chen, Y. Ruan, K. Sun, K. Zhang, W. Xie, F. Xie, X. Zhao,
and X. Wang, “A novel sensitive and stable surface enhanced Raman
scattering substrate based on a MoS2 quantum dot/reduced graphene
oxide hybrid system,” J. Mater. Chem. C. 6, 12547–12554 (2018).

46. X. Hou, X. Zhang, W. Yang, Y. Liu, and X. Zhai, “Synthesis of SERS
active Ag2S nanocrystals using oleylamine as solvent, reducing agent
and stabilizer,” Mater. Res. Bull. 47, 2579–2583 (2012).

47. X. Peng, L. Manna, W. Yang, J. Wickham, E. Scher, A. Kadavanich,
and A. P. Alivisatos, “Shape control of CdSe nanocrystals,” Nature
404, 59–61 (2000).

48. J. T. Hugall, J. J. Baumberg, and S. Mahajan, “Surface-enhanced
Raman spectroscopy of CdSe quantum dots on nanostructured plas-
monic surfaces,” Appl. Phys. Lett. 95, 141111 (2009).

49. Y. Zhang, G. Hong, Y. Zhang, G. Chen, F. Li, H. Dai, and Q. Wang,
“Ag2S quantum dot: a bright and biocompatible fluorescent nanoprobe
in the second near-infrared window,” ACS Nano 6, 3695–3702 (2012).

50. Y. Delgado-Beleño, C. E. Martinez-Nuñez, M. Cortez-Valadez, N. S.
Flores-López, and M. Flores-Acosta, “Optical properties of silver,
silver sulfide and silver selenide nanoparticles and antibacterial appli-
cations,” Mater. Res. Bull. 99, 385–392 (2018).

51. A. Sahu, L. Qi, M. S. Kang, D. Deng, and D. J. Norris, “Facile synthesis
of silver chalcogenide (Ag2E; E = Se, S, Te) semiconductor nanocrys-
tals,” J. Am. Chem. Soc. 133, 6509–6512 (2011).

52. J. Xue, J. Liu, S. Mao, Y. Wang, W. Shen, W. Wang, L. Huang, H. Li,
and J. Tang, “Recent progress in synthetic methods and applications

in solar cells of Ag2S quantum dots,” Mater. Res. Bull. 106, 113–123
(2018).

53. C. Li, F. Li, Y. Zhang, W. Zhang, X. E. Zhang, and Q. Wang, “Real-
time monitoring surface chemistry-dependent in vivo behaviors of
protein nanocages via encapsulating an NIR-II Ag2S quantum dot,”
ACS Nano 9, 12255–12263 (2015).

54. C. Lu, G. Chen, B. Yu, and H. Cong, “Recent advances of low biologi-
cal toxicity Ag2S QDs for biomedical application,” Adv. Eng. Mater. 20,
1700940 (2018).

55. X. Fu, T. Jiang, Q. Zhao, and H. Yin, “Charge-transfer contributions
in surface-enhanced Raman scattering from Ag, Ag2S and Ag2Se
substrates,” J. Raman Spectrosc. 43, 1191–1195 (2012).

56. S. Pan, X. Liu, and X. Wang, “Preparation of Ag2S-Graphene nano-
composite from a single source precursor and its surface-enhanced
Raman scattering and photoluminescent activity,”Mater. Charact. 62,
1094–1101 (2011).

57. J. Wu, Y. Zhou, W. Nie, and P. Chen, “One-step synthesis of Ag2S/
Ag@MoS2 nanocomposites for SERS and photocatalytic applica-
tions,” J. Nanopart. Res. 20, 7 (2018).

58. A. Taflove and S. C. Hagness, Computational Electrodynamics: The
Finite-Difference Time Domain Method (Artech House, 2005).

59. E. D. Palik, Handbook of Optical Constants of Solids I (Academic,
1991).

60. W. Ding, R. Bachelot, S. Kostcheev, P. Royer, and R. E. de
Lamaestre, “Surface plasmon resonances in silver Bowtie nanoanten-
nas with varied bow angles,” J. Appl. Phys. 108, 124314 (2010).

61. A. Dutta, K. Alam, T. Nuutinen, E. Hulkko, P. Karvinen, M. Kuittinen,
J. J. Toppari, and E. M. Vartiainen, “Influence of Fano resonance on
SERS enhancement in Fano-plasmonic oligomers,” Opt. Express 27,
30031–30043 (2019).

62. Z. Sun, C. Wang, J. Yang, B. Zhao, and J. R. Lombardi, “Nanoparticle
metal-semiconductor charge transfer in ZnO/PATP/Ag assemblies
by surface-enhanced Raman spectroscopy,” J. Phys. Chem. C
112, 6093–6098 (2008).

63. M. Pang, J. Hu, and H. C. Zeng, “Synthesis, morphological control,
and antibacterial properties of hollow/solid Ag2S/Ag heterodimers,”
J. Am. Chem. Soc. 132, 10771–10785 (2010).

64. J. Yang and J. Y. Ying, “Nanocomposites of Ag2S and noble metals,”
Angew. Chem. (Int. Ed.) 50, 4637–4643 (2011).

65. M. Osawa, N. Matsuda, K. Yoshii, and I. Uchida, “Charge transfer res-
onance Raman process in surface-enhanced Raman scattering from
p-aminothiophenol adsorbed on silver: Herzberg-Teller contribution,”
J. Phys. Chem. 98, 12702–12707 (1994).

66. L. Liu, H. Yang, X. Ren, J. Tang, Y. Li, X. Zhang, and Z. Cheng,
“Au-ZnO hybrid nanoparticles exhibiting strong charge-transfer-
induced SERS for recyclable SERS-active substrates,” Nanoscale
7, 5147–5151 (2015).

67. L. Yang, W. Ruan, X. Jiang, B. Zhao, W. Xu, and J. R. Lombardi,
“Contribution of ZnO to charge-transfer induced surface-enhanced
Raman scattering in Au/ZnO/PATP assembly,” J. Phys. Chem. C
113, 117–120 (2009).

68. X. Jiang, X. Sun, D. Yin, X. Li, M. Yang, X. Han, L. Yang, and B. Zhao,
“Recyclable Au-TiO2 nanocomposite SERS-active substrates contrib-
uted by synergistic charge-transfer effect,” Phys. Chem. Chem. Phys.
19, 11212–11219 (2017).

69. C. Chenal, R. L. Birke, and J. R. Lombardi, “Determination of the de-
gree of charge-transfer contributions to surface-enhanced Raman
spectroscopy,” Chem. Phys. Chem. 9, 1617–1623 (2008).

70. W. Zhang, L. Zhang, Z. Hui, X. Zhang, and Y. Qian, “Synthesis of
nanocrystalline Ag2S in aqueous solution,” Solid State Ionics 130,
111–114 (2000).

71. J. W. Xu, C. W. Wang, Z. Rong, X. A. Cheng, and R. Xiao, “A
graphene-interlayered magnetic composite as a multifunctional
SERS substrate,” RSC Adv. 5, 62101–62109 (2015).

Research Article Vol. 8, No. 4 / April 2020 / Photonics Research 563

https://doi.org/10.1021/nl102963g
https://doi.org/10.1364/OL.30.003404
https://doi.org/10.1364/OE.19.014919
https://doi.org/10.1038/srep14788
https://doi.org/10.1021/nn901826q
https://doi.org/10.1021/nn901826q
https://doi.org/10.1038/srep41966
https://doi.org/10.1038/srep41966
https://doi.org/10.1038/lsa.2015.115
https://doi.org/10.1038/lsa.2015.115
https://doi.org/10.1039/c3cp54856b
https://doi.org/10.1039/c3cp54856b
https://doi.org/10.1063/1.450037
https://doi.org/10.1039/C8NJ04003F
https://doi.org/10.1039/C8NJ04003F
https://doi.org/10.3390/nano8100864
https://doi.org/10.1039/C8TC05151H
https://doi.org/10.1016/j.materresbull.2012.04.144
https://doi.org/10.1038/35003535
https://doi.org/10.1038/35003535
https://doi.org/10.1063/1.3243982
https://doi.org/10.1021/nn301218z
https://doi.org/10.1016/j.materresbull.2017.11.015
https://doi.org/10.1021/ja200012e
https://doi.org/10.1016/j.materresbull.2018.05.041
https://doi.org/10.1016/j.materresbull.2018.05.041
https://doi.org/10.1021/acsnano.5b05503
https://doi.org/10.1002/adem.201700940
https://doi.org/10.1002/adem.201700940
https://doi.org/10.1002/jrs.4033
https://doi.org/10.1016/j.matchar.2011.08.004
https://doi.org/10.1016/j.matchar.2011.08.004
https://doi.org/10.1007/s11051-017-4106-1
https://doi.org/10.1063/1.3524504
https://doi.org/10.1364/OE.27.030031
https://doi.org/10.1364/OE.27.030031
https://doi.org/10.1021/jp711240a
https://doi.org/10.1021/jp711240a
https://doi.org/10.1021/ja102105q
https://doi.org/10.1002/anie.201101213
https://doi.org/10.1021/j100099a038
https://doi.org/10.1039/C5NR00491H
https://doi.org/10.1039/C5NR00491H
https://doi.org/10.1021/jp8074095
https://doi.org/10.1021/jp8074095
https://doi.org/10.1039/C7CP01610G
https://doi.org/10.1039/C7CP01610G
https://doi.org/10.1002/cphc.200800221
https://doi.org/10.1016/S0167-2738(00)00497-5
https://doi.org/10.1016/S0167-2738(00)00497-5
https://doi.org/10.1039/C5RA09738J

	XML ID funding

