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Abstract

Surface-enhanced Raman scattering (SERS) is a molecule-specific ultra-sensitive spectroscopic technique. With the development
of portable Raman equipment, it has become possible to apply the SERS technique for rapid on-site detection. Therefore, the
search for materials with excellent surface plasmon resonance (SPR) activity and high stability has become an important research
focus in recent years. In this study, we successfully prepared plasmonic nanostructures with a large number of SERS “hotspots”
using alloy nanoparticles (NPs) with tunable gold—silver mole ratios. These structures were composed of numerous narrow
gapped gold-silver alloy NPs with diameters ranging from 10 to 100 nm. SERS property evaluation showed that the prepared
alloy SERS substrates had good uniformity, and the performance of the substrates rapidly improved as the Ag content increased.
Gold-stabilized Au—Ag alloy SERS substrates combine the high performance of the Ag SERS substrate and the excellent stability
of Au. In addition, the wavelength of the SPR can be tuned by adjusting the mole ratio of Au and Ag to satisfy different excitation
wavelengths. Thus, the Au—Ag alloy SERS substrates we prepared show good comprehensive performance. The lowest con-
centration of thodamine 6G that can be homogeneously detected by the prepared Au; Agg alloy substrate is 5 x 107'% M, and the
enhancement factor is 5.1 x 10%. Finite-difference time-domain (FDTD) theoretical calculations further confirmed our experi-
mental results and theoretically demonstrated the unique properties of the Au—Ag alloy SERS substrates.

Keywords Surface-enhanced Raman scattering (SERS), - Surface plasmon resonance (SPR), - Au—Ag alloy - Finite-difference
time-domain (FDTD)

Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy is
an ultra-fast, non-destructive analysis technique based on the
fingerprint vibration information of the molecule to be ana-
lyzed. Its detection limit is in the order of single molecule
[1-4]; therefore, it has become an important inspection meth-
od in fields such as guaranteeing food safety [5], preventing
drug abuse [6, 7], preserving the environment [8, 9], and
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fighting terrorism [10]. With the rapid development of porta-
ble Raman spectrometers, it has been possible for SERS to be
applied for rapid on-site detections [11]. Therefore, searching
for high-performance and low-cost SERS active materials or
structures has become an important research subject.
Multicomponent nanostructures have recently attracted atten-
tion as they provide novel functions not available in single-
component materials or structures [12—15]. For example, Y.
H. Liu et al. demonstrated a Ag—Ti alloy substrate in which
2% Ti could be sacrificed against oxidation and corrosion,
protecting Ag in harsh environments and ensuring the long-
term stability of the SERS substrate [12]. T. C. Gong et al.
reported a hybrid substrate of octahedral Au nanocrystal—
filled Ag nanohole arrays for SERS applications. This hybrid
structure showed higher SERS sensitivity than either of the
single structures owing to the plasmonic coupling effect gen-
erated by the hybrid structure [13]. K. G. Li et al. fabricated
porous Au—Ag hybrid nanoparticle arrays. These structures
exhibited a long shelf-life in an ambient environment and
showed better SERS activities than simple Ag structures ow-
ing to the large number of “hotspots” and the hybrid
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nanostructure [14]. Multicomponent nanostructures exhibit
better SERS activity than any of the single components; how-
ever, their preparation is generally complicated and costly,
which significantly limits their practical applications.

In 2014 we proposed a facile route for the assembly of gold
nanoparticles (NPs) into SERS substrates [16]. The substrates
show high uniformity, and the relative standard deviation of the
SERS signal intensity on the substrate is less than 5.4%, and the
global enhancement factor is 1 x 10”. This preparation method
can be used to prepare SERS substrates with large areas at low
cost, and the preparation process is easy to control. However,
since the preparation of solution dispersible alloy nanoparticles
was not mature at that time, the assembly of Au—Ag alloy SERS
substrates was challenging. In our recent work, we improved the
Brust method and successfully fabricated Au—Ag alloy NPs,
which showed good dispersion in organic solvents. By using a
solution processing method, Au—Ag alloy SERS substrates with
different Au and Ag mole ratios could be synthesized. By eval-
uating the SERS sensitivity, we found that the alloy SERS sub-
strates showed good performance and stability. The lowest de-
tection concentration with high uniformity was 5 x 10~'* M for
AggAu,; samples. Compared with the pure Ag SERS substrates,
the substrates of the alloy can be stored for a long period. The
unannealed sample can be stored for a long time without being
oxidized owing to the protection of the 1-hexanethiol monolayer
that bonds to the surface of the metallic NPs.

Preparation of SERS Substrates with Different
Gold-Silver Ratios

Brust and co-workers have been developing a method for the
efficient synthesis of alkyl thiol-stabilized gold nanoparticles
since 1994 [17]. However, it is not possible to synthesize Au—
Ag alloy NPs in large quantities using this method because the
AgX (X =Br" or CI) precipitate forms when AgNOj5 reactant is
mixed with tetra-n-octylammonium bromide (TOAB) and hy-
drogen chloroaurate (HAuCly,), making it difficult to achieve a
homogeneous reaction. Through our research we found that if a
certain amount of alkyl-thiol compound is added in advance, the
formation of AgX precipitate in the solution can be prevented.
Based on this finding, we modified the Brust method and suc-
cessfully synthesized Au—Ag alloy NPs in large quantities.
Tetraoctylammonium bromide (1.50 g, 2.75 mmol) and 1-
hexanethiol (0.36 g, 3.04 mmol) were dissolved in 80 mL of
toluene, then AgNO; (0.066 g, 0.39 mmol) in 2 mL of water
was added to the mixture. When the light-yellow precipitate had
completely transferred into the organic phase, HAuCl,4H,0O
(0.32 g, 0.78 mmol) in 1 mL of water was added. Finally,
20 mL of freshly prepared aqueous sodium borohydride
(0.28 g, 7.4 mmol) solution was rapidly injected into the flask,
and the solution quickly became purple. The aqueous phase was
removed after 4 h of reaction. The remaining organic solvent was
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removed using a rotary vacuum evaporator. The black solid
product was washed four times with methanol using centrifugal
methods and dried under vacuum. Finally, the black powder
with a Au-to-Ag mole ratio of 2:1 was obtained. By changing
the mole ratio of silver nitrate and gold chloride, nanoparticles
with different Au and Ag mole ratios could be obtained. By
dissolving 40 mg of alloy nanoparticles in 0.5 mL of chloroform,
a colloidal solution of 80 mg/mL was prepared. The colloidal
solution was then spin-coated onto a silicon wafer at 2000 rpm
and annealed in a muffle furnace at 200 °C for 20 min to remove
the 1-hexanethiol ligands and obtain clean Au—Ag alloy
nanostructures.

Morphology of SERS Substrates with Different
Gold-Silver Ratios

The surface morphology of the metallic nanostructures was char-
acterized using a Hitachi S-4800 scanning electron microscope
(SEM). Figure la—d shows typical SEM images of SERS sub-
strates assembled from metallic alloy NPs with different Au-Ag
compositions and reveals large-scale assemblies of closely
packed NPs. The corresponding high-resolution SEM images
of these assemblies are shown as insets. We found that the alloy
nanoparticles on the substrates vary in size, with diameters in the
range 10-100 nm, and there are numerous narrow nanogaps
between the particles. Comparing samples with different com-
position, we found that the diameter of the nanoparticles on the
substrate increased gradually with increasing Ag content. For
example, the diameter of the Au;Ag, alloy nanoparticles was
between 10 and 50 nm, while the diameter of the Au;Agg alloy
nanoparticles was in the range 40—100 nm. This is because silver
has a lower melting point than gold, and the increased proportion
of silver reduced the melting point of the alloy NPs, so they fused
into larger particles after annealing.

In the SERS phenomenon, intense electromagnetic fields
occur in gaps narrower than 10 nm between adjacent metallic
NPs, which are called “hotspots” [18]. Reliable fabrication of
homogeneous and high density “hotspots™ at low cost remains
a challenge. We found that the nanogaps between the NPs in
the structures we prepared were so small that SEM was unable
to clearly distinguish them (Fig. 1a—d), indicating that there
were many enhancement “hotspots” buried in these structures.

Properties of SERS Substrates with Different
Gold-Silver Ratios

SERS Performance of the Substrates with Different
Gold-Silver Ratios

To evaluate the SERS properties of the plasmonic structures,
Raman experiments were conducted using rhodamine 6G
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Fig. 1 Morphology of plasmonic
nanostructures composed of
different gold and silver mole
ratios: a Au;Ag;, b AujAg,, ¢
AulAg4, and d AulAgg

(R6G) as the probe molecule because of its well-established
vibrational features. In order to make sure all of the substrates
exhibited distinguishable SERS signals under the same test
conditions, we used a solution of 1 x 10~® M. First, we drop
cast 20 uL of the solutions on the prepared 0.25 cm? SERS
substrates, and then characterized them using a WlTec
Alpha300A confocal Raman spectrometer equipped with
532 nm and 633 nm excitation laser sources. A x 50 objective
(numerical aperture NA % 0.8) was used for the measure-
ments, and the light spot at the focus was approximately
811 nm in diameter for the 532 nm laser and 965 nm for the
633 nm laser. A 0.5-mW laser power was used to continuous-
ly scan 50 x 50 points with a step of 1 um on an area of 50 x

50 pum?, the integration time of each point was 0.5 s, and the
“mapping” data were used to show the fluctuation of the
SERS signal at each point. The average of the 2500 scan
spectra was used as the final measurement result. The SERS
spectra from the substrates with different Au-to-Ag mole ra-
tios are longitudinally distributed in Fig. 2. When the 532-nm
laser was used for excitation, significant increases in the in-
tensity of the spectra were observed when the proportion of
Ag was increased, and the greatest intensity was observed for
the pure Ag substrate. However, when the SERS substrates
were excited with a 633-nm laser, the SERS signal did not
increase with increasing Ag content, but instead decreased
slightly (Fig. S1). We attribute this to the 633-nm incident
light not matching the SPR wavelength of the Au—Ag alloy
NPs. The 532-nm light matches well because when the Ag
content increases, the SPR wavelength of the Au-Ag alloy

NPs blue shifts. To confirm our speculation, we measured
the extinction spectra of SERS substrates with different com-
positions, as shown in Fig. S2. A fairly broad extinction spec-
trum was observed for all the samples owing to the small gaps
between the adjacent NPs leading to strong plasmonic cou-
pling. Even so, the blue shift trend of the extinction spectra
could still be observed in Fig. S2.

19000+
=

S 15200

@

§ 11400 Ag
(&) Au,Agy
Q 7600

O uAg,
© Au,Ag,

3800 -__A__/\__—_—-—-M—AA"MAU1AQ1

Au—,
A

600 800 1000 1200 1400 1600 1800
Raman Shift (cm™)

Fig. 2 Longitudinally distributed SERS spectra of plasmonic alloy
nanostructures with different Au—Ag mole ratios. The probe molecule
was R6G, the concentration was 1 x 107 M, and the excitation light
source was a 532-nm laser
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Stability of the Gold-Silver Alloy Substrates

An ideal substrate must be stable for long periods of time;
therefore, the stability of the Au—Ag alloy SERS substrates is
an important issue that needs to be evaluated. We investigated
the stability of the alloy substrates by comparing the properties
of freshly prepared SERS substrates with those of substrates
stored in air for several weeks. Figure 3 shows the SERS per-
formance variation of Au, Au;Agg, and Ag substrates with
time. Figure 3a shows that the gold substrate had a very stable
SERS performance. Its SERS spectrum did not decrease in
intensity with increasing storage time, but gradually increased,
accompanied by the gradual increase of the fluorescence of
R6G. We estimate that the fluorescence enhancement was
due to the adsorption of air molecules on the surface of the
Au NPs, which weakened the fluorescence quenching of R6G
by metal. However, after only 1 week, the SERS signal inten-
sity of the Ag and Au;Agg substrates decreased to nearly a
quarter of that of the freshly prepared samples. This is because
the oxidation of Ag changes the chemical composition of the
surface of the Ag and alloy nanoparticles, thereby reducing the
surface enhancement properties of the substrate. As the oxide
layer thickened, the intensity of the SERS spectrum of the Ag
substrate rapidly decreased, and the SERS signal became very
weak after 4 weeks. Encouragingly, the intensity of the SERS
spectrum of the alloy substrate stabilized after 2 weeks and no
longer decreased, which is attributed to the stabilizing effect of
Au preventing further oxidation of the substrates. By compar-
ing Fig. 3a—c, we found that the Au; Agg alloy SERS substrates
had both better stability than Ag substrates and better SERS
performance than Au substrates. Thus, the performance of the
optimized alloy substrate combined the advantages of the Au
and Ag SERS substrates and exhibited the best properties.
Further experiments showed that the unannealed samples could
be stored for a much longer time without being oxidized than
annealed samples owing to the antioxidant effect of the 1-
hexanethiol ligands on the surface of the NPs. Therefore, dop-
ing gold into silver to form alloy SERS substrates and annealing
when required for use are effective methods for improving the
stability of this kind of SERS substrate.

Homogeneity of the Alloy SERS Substrates

Uniformity is another significant concern for SERS sub-
strates. To characterize the homogeneity of SERS enhance-
ment on the substrates, the main vibrations of R6G were
measured using the “mapping” mode. Up to 6400 spectra
were collected in the image shown in Fig. 4a, which is
based on the intensity distribution of the Raman peak at
1364 cm™ ! over an area of 50 x 50 um?. We found that the
bright and dark spots were homogeneously distributed on
the image. The average SERS spectrum over the entire
mapping area was calculated and is shown as a black line
in Fig. 4b. We found that the C—C—C ring in-plane bending
of R6G at 613 cm !, the out-of-plane bending at 769 cm |,
and the ring breathing (RB), such as aromatic C-C
stretching at 1183, 1312, 1364, 1512, and 1648 cm !,
and v(C-H) at 1127 cm” ! were enhanced at all test points,
indicating excellent SERS activity on the substrate. The
maximum and minimum SERS intensity signals were also
picked from the 6400 spectra and are shown as blue and
red lines in Fig. 4b, respectively. We found that there were
no points for which no signal was detected over the entire
measurement area, which further illustrates the high uni-
formity of the SERS substrate. Fluctuations in signal am-
plitude are mainly due to the uneven spread of R6G mol-
ecules on the surface of the substrates as a result of drop
casting. The global enhancement factor (EF) was calculat-
ed according to the method reported in reference [19], and
the average EF was 1.1 x 10° at 1364 cm™'. The lowest
concentration of R6G solution that our Raman spectrome-
ter can uniformly detect is 5x 107" M for the Au Agg
alloy SERS substrates, and the spectra are shown in Fig.
4c. These spectra show that the RB vibration mode of R6G
was significantly enhanced, and the ring bending modes
were just detectable. For the maximum, minimum, and
average intensity SERS spectra, there was no significant
fluctuation at low concentrations, indicating that the R6G
molecules were uniformly distributed at low detection con-
centration. The global enhancement factor was calculated
to be 5.1 x 10® for 1650 cm™' peaks.
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Fig. 3 SERS spectra of R6G loaded a Au and b Au;Agg and ¢ Ag SERS substrates. The substrates were stored in air for 0—4 weeks
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Fig. 4 a The “mapping” image of a 50- x 50-um? area for the Raman
vibration at 1364 cm ' of 1% 10°® M R6G obtained from an AujAgg
alloy SERS substrate. b The maximum (blue), average (black), and

Theoretical Calculation of the Near-Field
Electric Field Intensity

Finite-difference time-domain (FDTD) is an efficient tech-
nique that can calculate the electromagnetic fields within a
compact spatial region and can also obtain the scattered and/
or radiated far fields via near-to-far-field transformation [20,
21]. Here this method was used to simulate the intensity of the
localized electromagnetic fields between the metallic NPs.
The following equation was then used to calculate the local
enhancement factor (EF.) [18]:

EFjoc = \E[oc(w,-)|4/|E0(w,~)|4

We found that the EF}, is proportional to the fourth power
oflocal electric fields (E),.) at the incident frequency (w;). The
simulations were carried out for NPs with different Au—Ag
mole ratios. The geometry of the Au—Ag metal nanostructures
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Fig. 5 FDTD simulations of the Ag mole fraction—dependentlocal en-
hancement factor of the Au—Ag alloy nanospheres, with incident wave-
lengths of A =532 nm and 633 nm. Inset shows the calculated geometry
of the nanospheres: the diameter of the NPs is D =80 nm, and the gap
between them is d =4 nm
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SERS spectra of 5x 10 ' M R6G obtained from the Au;Agg alloy
SERS substrate

we calculated is shown in the inset of Fig. 5. The nanoparticles
are both 80 nm in diameter, and the distance between them is
4 nm. We first calculated the E,. between the particles at
excitation wavelengths of 532 and 633 nm, and then the local
electromagnetic enhancement factor and described them in
Fig. 5. We found that the enhancement factor strongly
depended on the composition of the NPs for the given geom-
etry with incident irradiation of 532 nm. The EFs increased
rapidly with increasing silver content. When the silver mole
fraction was over 60%, the EF,, increased exponentially with
the increase of silver content. However, under 633 nm irradi-
ation the local EFs of the same geometry decreased gradually
with increasing silver mole fraction. When the silver mole
ratio was over 50%, the EFs were almost unchanged. The
significant difference between the different excitation wave-
lengths theoretically demonstrates that the SPR wavelengths
of Au—Ag alloy NPs match the 532-nm irradiation well.
Therefore, in the silver-dominated plasmonic structures, the
SPR can be effectively excited by 532 nm rather than 633-nm
laser. When effective excitation occurs, the incident and
scattered Raman photons are both strongly enhanced. The
maximum of the local enhancement factor is 1 x 10* for
532 nm irradiation in the silver-dominated structure, which
is 2 orders of magnitude higher than that of 633 nm. To further
confirm the effect of the composition of metal NPs on the SPR
wavelength, we theoretically calculated the extinction spectra
of the NPs with different Ag mole compositions, as shown in
Fig. S3. It can be seen that the extinction peaks were signifi-
cantly blue-shifted as the proportion of silver increased. This
means that by changing the composition of the Au—Ag alloy,
the SERS substrates were able to meet the needs of different
excitation wavelengths in practice.

Conclusions
In conclusion, we successfully assembled Au—Ag alloy SERS

substrates with uniform “hotspot” distribution using a solution
processing method. The SERS performance of the alloy
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substrates increased significantly with the increase of the sil-
ver content. The lowest R6G concentration that the Au;Agg
substrate could homogeneously detect was 5 x 10”'* M, and
the corresponding global enhancement factor was 5.1 x 105,
Increasing the doping ratio of silver causes the SPR wave-
length of the alloy NPs to blue shift; therefore, the 532-nm
excitation light became the optimal excitation wavelength.
The pure Ag SERS substrate exhibited unexpectedly high
SERS performance, while the pure Au SERS substrate exhib-
ited excellent stability. The alloy SERS substrates exhibited
the advantages of both Ag and Au, showing good stability and
excellent performance. It is also thought to be possible to tune
the SPR wavelength of the alloy SERS substrates by adjusting
the ratio of Au and Ag to adapt them to different excitation
wavelengths. The FDTD theoretical calculation results were
consistent with our experimental results, which further con-
firm the unique properties of the Au—Ag alloy SERS substrate.
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