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The hazard of Hg ion pollution triggers the motivation to explore a fast, sensitive, and reliable detection method.
Here, we design and fabricate novel 36-nm-thick Ag—Au composite layers alternately deposited on three-dimensional (3D)
periodic SiO, nanogrids as surface-enhanced Raman scattering (SERS) probes. The SERS effects of the probes depend
mainly on the positions and intensities of their localized surface plasmon resonance (LSPR) peaks, which is confirmed by
the absorption spectra from finite-difference time-domain (FDTD) calculations. By optimizing the structure and material
to maximize the intrinsic electric field enhancement based on the design method of 3D periodic SERS probes proposed,
high performance of the Ag—Au/SiO, nanogrid probes is achieved with the stability further enhanced by annealing. The
optimized probes show the outstanding stability with only 4.0% SERS intensity change during 10-day storage, the excellent
detection uniformity of 5.78% (RSD), the detection limit of 5.0x10~12 M (1 ppt), and superior selectivity for Hg ions. The
present study renders it possible to realize the rapid and reliable detection of trace heavy metal ions by developing high-
performance 3D periodic structure SERS probes by designing novel 3D structure and optimizing plasmonic material.

Keywords: surface-enhanced Raman scattering, Ag—Au composite layer, nanostructure design, trace Hg ions

detection
PACS: 74.25.nd, 73.90.+f, 78.30.—j, 78.67.—n

1. Introduction

It is well known that mercury is a highly toxic pol-
lutant that can do harms to human health even at a
very low concentration due to the bio-concentration.!!-?]
At present, several methods, such as atomic absorption
spectrometry,’! atomic fluorescence spectrometry,!*! X-ray
fluorescence spectrometry,! and inductively coupled plasma
mass spectroscopy!®! have been proposed for the detection of
mercury. However, these methodologies are time-consuming
and tedious, and thus it is quite necessary to develop a fast,
sensitive, and reliable detection method of Hg ion residues.
Surface-enhanced Raman scattering (SERS) is a very powerful
technique for molecule detection which has extensive applica-
tions in chemical, biological and environmental fields with a
low limit of detection.!’~!!]

The detection limit of SERS probes does mean something
especially for trace or single molecule detection, which is pri-

marily dependent on the maximum intrinsic electromagnetic

DOI: 10.1088/1674-1056/27/7/077406

field (EMF) produced on plasmonic substrates.!'?! So far, the
main methods to improve the detection limit is by reducing
the gaps at hot spots and/or utilizing coupling effects between
surface plasmon polaritons (SPPs) and localized surface plas-
mon resonance (LSPR) in some specific nanostructures.[13-16]
In addition, bimetallic composite nanostructures like Ag—
Au nanoparticles have presented higher SERS activity than
the nanoparticles made from either pure silver or gold.[!7-20]
Meanwhile, bimetallic Ag—Au materials have the potential to
combine the advantages of both metals, i.e., higher SERS ac-
tivity of Ag,[21:*?! better biocompatibility, and chemical stabil-
ity of Au.?>?* Improving the stability of the SERS probes is
beneficial to the reproducibility of signals, which is significant
for the practical application.

Herein, we developed novel three-dimensional (3D) pe-
riodic Ag—-Au/SiO; hybrid SERS probes by electron beam
evaporating alternately Ag and Au with different thickness
ratios on 3D periodic hexagonal SiO; nanogrids combining

annealing treatment for exploration of SERS activity and sta-
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bility. Based on the general design principles for the 3D pe-
riodic nanostructures SERS probes we proposed,>! we de-
signed the optimized sizes for Ag—Au SERS probes. The opti-
mized SERS probes show the strongest intrinsic electric field
enhancement, which is demonstrated by SERS experiments.
The SERS activity of Ag—Au/SiO, nanogrid probes with a cer-
tain thickness ratio of Ag and Au is stronger than that of pure
Ag and Au structures with the same total thickness under the
excitation of a 514 nm laser, which can be explained by the
relative positions and intensities of LSPR absorption peaks of
these probe structures. The optimized probes show the su-
perior sensitivity, stability, uniformity, and selectivity which
were successfully applied to the detection of trace Hg ions in
water.

2. Experimental
2.1. Design and fabrication of Ag—Au/SiO, nanogrids

Three-dimensional (3D) Ag—Au/SiO; periodic nanogrids
with various thickness ratios of Ag and Au were designed and
fabricated. Hydrogen silsesquioxane (HSQ XR-1541-006,
Dow Corning, USA) was firstly spin-coated on silicon (100)
substrates with the thickness of 198 nm. Patterning was real-
ized by using electron beam lithography (EBL, Vistec EBPG
5000 plus ES, Raith Company, Germany) with an accelerating
voltage of 100 kV and a beam current of 2 nA, followed by
the development. The typical width of SiO; sidewalls for all
nanogrids was controlled to be around 11 nm (Fig. A1).126:27]
Alternate deposition of Ag and Au with m cycles, along with
a 1-nm-thick Cr adhesion layer was performed on an electron-
beam evaporator (OHMIKER-50B, Cello-Tech Company, Tai-
wan, China) with the constant total thickness of 36 nm. The
rate of deposition was 0.4 A/s for Cr and 0.2 A/s for both
Ag and Au. The fabricated structures were observed using
a scanning electron microscope (NOVA NanoSEM 430, FEI
Company, USA). Upon annealing, the samples were heated to
200 °C at a rate of 10 °C/min and kept for 1 h in nitrogen in a
fast alloy furnace (RTP3, Shentong-TOEC Company, China),
followed by cooling down to room temperature.

2.2. Optical measurements and FDTD calculations

The optical constants of Ag—Au composite layers were
determined using a spectroscopic ellipsometer (SE 850 DUV,
Sentech Company, Germany). Finite- difference time-domain
(FDTD) method was used to calculate the absorption spectra
and spatial distributions of the electromagnetic fields. For sim-
plicity, we used the rough Ag—Au/SiO; models with periodi-
cally arranged semiellipsoid-like Ag—Au composite nanopar-
ticles with a smooth Ag—Au composite film of 2 nm thick on
the sidewalls of SiO; nanogrids to model the real Ag—Au/SiO;
nanogrids in which the sizes and center distance of particles
were semi-principal axes, a = b = 20.0 nm, ¢ = 10.0 nm, and

d = 40.0 nm for the calculations of absorption spectra.!>>! The
width and height of SiO, grids were 11 and 198 nm, respec-
tively. The structures were illuminated with a plane wave with
x-direction linear polarization incident along the —z axis. Peri-
odic boundary conditions for the xz and yz planes were ap-
plied to simulate an infinite array of periodic nanogrids or
nanowalls. Perfectly matched layer (PML) boundary condi-
tions were used in the z-direction. The mesh size used in the
simulation region was 2 nm for the calculations of absorption
spectra and 0.5 nm for the calculations of the electromagnetic
fields.

2.3. SERS measurements for detection of Hg ions

The samples were first immersed into 4,4’-Bipyridine
(Bpy) absolute ethanol solution with a concentration of
107> M for 4 h, and then dried naturally in air as SERS
probes for Hg ions detection. 35 pL of Hg ion solutions with
different concentrations of 5.0 x 10~!2 (1 ppt), 5.0 x 10~!!
(10 ppt), 5.0 x 1072, 5.0 x 1077, and 5.0 x 107> M were
dropped onto the SERS probes, respectively, then kept for
10 min, and finally dried in air. Likewise, 35 uL deionized
water was prepared with the same procedure as SERS probes
for the blank control group. The SERS measurements were
performed using a 514 nm laser with a power of 0.5 mW
and the x-polarization on a Raman microscope (Renishaw in-
Via, Renishaw company, UK) equipped with a 20x objective
(NA = 0.4) and an integration time of 10 s. For each sample,
measurements on at least five different positions were taken.

3. Results and discussion

3.1. Effect of Au—Ag composite materials on the SERS sig-
nal

We designed and fabricated alternate Ag and Au layers
with various thicknesses deposited on hexagonal 3D periodic
Si0, nanogrids with a total thickness of 36 nm to maximize
the SPP effects based on the proposed design method for ex-
ploration of SERS activity and stability.[>>] Here, 2-nm-thick
Ag and 2-nm-thick Au deposited alternately on hexagonal
Si0, nanogrids with a grid length of 188 nm and a height
of 198 nm for 9 cycles is labeled by (2 nm Ag-2 nm Au)-
9¢/198 nm SiO,_h188. The scanning electron microscopy
(SEM) images of these samples are shown in Fig. 1, which
reveals Ag—Au nanoparticles to form the rough sidewalls of
nanogrids and the roughness of sidewalls appears to be very
similar for Ag—Au layers with different thickness ratios. The
statistical analysis of SEM images shown in Fig. 1 gives the
almost same average widths of hybrid nanogrids with differ-
ent atomic percents of Ag of about 28 nm with about 8.5-nm-
thick Ag—Au layers on each side of about 11-nm-thick SiO;
nanogrids, as shown in Fig. Al.
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Fig. 1. Tilt SEM images of SiO, and hybrid hexagonal nanogrids_/188 with a height of 198 nm. (a) SiO, nanogrids. (b) 36 nm
Au/SiO; nanogrids. (c) (2 nm Ag-2 nm Au)-9¢/SiO; nanogrids. (d) (5 nm Ag—1 nm Au)-6¢/SiO; nanogrids. (e) (11 nm Ag—1 nm
Au)-3¢/SiO; nanogrids. (f) 36 nm Ag/SiO; nanogrids. Scale bars: 200 nm.

2.0
(a) —— 36 nm Au

— (2 nm Ag—2 nm Au)—9c
— (2.7 nm Ag—1.3 nm Au)—9c
— (5 nm Ag—1 nm Au)—6¢
—— (10 nm Ag—2 nm Au)—3c
— (11 nm Ag—1 nm Au)—3c
— (17 nm Ag—1 nm Au)—2c
— 36 nm Ag

1.5 A

0.5 1

0 T T T T T T
400 500 600 700 800 900
Wavelength /nm
6
~ 80
514 nm laser 5 <
w O T g
c
: e Y o
= y 7]
3 PP S
3 B e
= 3 o
~ .
.*? o v O i
%] o~ s M~
2 94 4 o oo
Q < PR
E 1 £ "A S H%
4 = .
: o 2y
o c\ll l¢
0-L1H . —_— —
0 20 40 60 80 100

At. % of Ag

— 36 nm Au
81— (2 nm Ag—2 nm Au)—9c (b)
—— (2.7 nm Ag—1.3 nm Au)—9c

— (5 nm Ag—1 nm Au)—6¢
64— (10 nm Ag—2 nm Au)—3c

— (11 nm Ag—1 nm Au)—3c
—— (17 nm Ag—1 nm Au)—2c

0 — 36 nm Ag
400 500 600 700 800 900
Wavelength /nm
I —36 nm Au
1.01 (d) | — (2 nm Ag—2 nm Au)—9c
| — (2.7 nm Ag—1.3 nm Au)—9c
0.8 1 N (5 nm Ag—1 nm Au)—6¢c
.4? — (10 nm Ag—2 nm Au)—3c
>
= 0.6 1
jon)
-
2
2 0.41
<
0.2 1

I'— (11 nm Ag—1 nm Au)—3c
| — (17 nm Ag—1 nm Au)—2c

04 | —36 nm Ag
400 500 600 700 800
Wavelength /nm

Fig. 2. (color online) (a), (b) Refractive indexes and extinction coefficients of different Ag—Au composite layers derived from the measurements by
spectroscopic ellipsometry, respectively. (c) Changes of experimental Raman intensities of the peak positioned at 1610 cm~! of the Bpy-decorated
36 nm Ag—Au/198 nm SiO; nanogrids_#188 with different thickness ratios of Ag and Au (atomic percentage of Ag) for 514 nm wavelength laser.
(d) The calculated absorption spectra of 36 nm Ag—Au/198 nm SiO; nanogrids_ /188 with different thickness ratios of Ag and Au.

In order to obtain optical properties of the Ag—Au com-
posite layers above, their equivalent refractive indexes n and
extinction coefficients k within the wavelength range from
360 nm to 930 nm were derived by fitting the spectroscopic
ellipsometric curves using effective medium approximation
method (EMA),!?8! as shown in Figs. 2(a) and 2(b), respec-
tively. It is evident that the equivalent optical constants change
with Ag—Au composite layers even for the thickness ratio of

Agto Au, such as (5 nm Au-1 nm Ag)-6¢ and (10 nm Au-2 nm
Ag)-3c.

To evaluate the performance, the Raman intensity of the
peak at 1610 cm~! of Bpy molecules is recorded to investigate
SERS activity here, and its dependences on atomic ratio of Ag
for 36 nm Ag—Au/198 nm SiO; nanogrids_#188 are presented
in Fig. 2(c). The intensity is found to firstly increase more
rapidly with the increase of Ag proportion and reach the maxi-
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mum at 84.3% (i.e., (5 nm Ag-1 nm Au)-6¢), and then decrease
gradually but increase suddenly for pure Ag, indicative of the
material properties dependences. Interestingly, the intensity of
the (10 nm Ag-2 nm Au)-3c sample is found to be far lower
than that of (5 nm Ag—1 nm Au)-6¢ sample though with the
same percentage of Ag atoms. We believe that the SERS sig-
nal intensities were mainly related to their LSPR peaks which
depend on the optical properties of materials (Figs. 2(a) and
2(b)) and structures. LSPRs are excited at the gaps between
bottom and sidewalls, and at those on rough sidewalls under
the light illumination, but those on the bottom film are negli-
gible due to the weak electric field enhancements. [>3!

To get plasmon resonance modes for the hybrid struc-
tures with different Ag—Au components, we performed finite-
difference time-domain (FDTD) simulations to derive the cor-
responding absorption spectra by assuming the same side-
wall roughness and using the measured equivalent optical con-
stants. The results are shown in Fig. 2(d) from which we
can see three groups of peaks in the spectra. For the 36 nm
Au/Si0; structure, one of the absorption peaks is near 675 nm
and blue shifts to 523 nm with the increase of Ag atomic ra-
tio. With the Ag atomic ratio above 84% (i.e., (5 nm Ag—1 nm
Au)-6¢), the position of the peak changes little but its intensity
decreases. For the 36 nm Ag/SiO, structure, the resonance
peak red shifts slightly but its intensity increases significantly.
In addition, the resonance peak of the (10 nm Ag—2 nm Au)-3c
structure red shifts a little compared with the (5 nm Ag—1 nm
Au)-6¢ structure. Therefore, the changes of the absorption
peak intensity under excitation of 514 nm laser can explain
the Ag atomic ratio dependence of the experimental Raman
intensity well.

3.2. Size optimization for Au-Ag/SiO, nanogrids

For periodic and rough Ag—Au/SiO; hybrid nanogrids,
SPP waves and their interference effects, LSPR effects, stand-
ing wave effect of incident light and coupling effects between
LSPR and SPP are involved.!*! For 514 nm light, a height
with 36% of the incident light wavelength, 185 nm, is ad-
equate for the strongest intrinsic EMF enhancement due to
the standing wave effect (the height here is 198 nm which
can meet the condition).!?®! The interference effects of SPP
waves due to Fabry Perot (FP)-like resonance caused by mul-
tiple reflections in periodic structures,?>3%! can excite LSPR
as a secondary source (incident light as primary sources), like

S. [25

Au/SiO, nanogrid structures.>>! According to the calculation

formula of SPP wavelength and the equivalent optical con-
stants of the Ag—Au composite layers (Figs. 2(a) and 2(b)),?!]
the wavelengths of SPP waves excited at these metal/air in-
terfaces for the 514 nm excitation light are shown in Ta-
ble Al. The SPP wavelengths range from 474 nm to 488 nm

for Ag—Au composite layers with different thickness ratios,

with 485 nm for the pure Ag and 375 nm for the pure Au.
Here, we employ 488 nm for structure design.
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Fig. 3. (color online) (a) Changes of experimental SERS intensities of
hexagonal Ag—Au/198 nm SiO; nanogrids with different thickness ra-
tios of Ag and Au against grid length for 514 nm laser. (b) Changes of
their corresponding normalized SERS intensities.

The general design principles for 3D structures also hold
for Ag—Au/SiO; nanogrids structures here.!?! It is known
that the SPP interference effects depend mainly on the ge-
ometries of structure especially the sidewall spacing (mate-
rials independent) and the reflectance of SPP wave reflected
by the sidewall (materials dependent).!?>! Therefore, we need
to know the sidewall spacing dependence of LSPR and the
reflectance for Ag—Au/SiO, nanogrids. Taking (5 nm Ag—
1 nm Au)-6¢/198 nm SiO; as an example, sidewall spacing
Ly, dependences of the maximum and averaged |E /Ey|* from
LSPR on the rough nanowalls at TE mode calculated by FDTD
solutions are given in Fig. A2. The maximum and average
electric field enhancements (|E/Eg|*) are both maximized at
Ly ~ 300 nm. Its reflectance of SPP wave, R = 0.46 calculated
by FDTD on the model with 8.5-nm-thick Ag—Au composite
layers on each side of SiO; sidewall for the 488 nm SPP wave,
is larger than that of 36 nm Au/SiO; sidewall, R = 0.29, im-
plying the stronger interference intensity of SPP wave in Ag—
Au/SiO; nanogrids compared to Au/SiO, nanogrids. There-
fore, the geometric dimension dependence of SPP wave inter-
ference effect (FP-like resonance) still plays a dominant role
in the relationship between the total electric field enhancement
and the size of the Ag—Au/SiO, nanogrids. The hexagonal
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Ag—Au/SiO; nanogrids with the sidewall spacing of half SPP
wavelength is the optimum structure with the strongest intrin-
sic electric field enhancement, which will be confirmed by the
following SERS experiments.

SEM image of the optimized hexagonal 36 nm Ag—
Au/198 nm SiO; nanogrids_/157 samples with 28 nm side-
wall width and 244 nm sidewall spacing (half of 488 nm SPP
wavelength) is compared with those 487, h101, h105, h188,
h194, h227, h274, and h282, as shown in Fig. A3. Their SERS
intensities and corresponding normalized intensities are shown
in Figs. 3(a) and 3(b), respectively. Both the intensity and nor-
malized intensity of the (5 nm Ag—1 nm Au)-6¢/198 nm SiO,
nanogrids SERS probe are the largest compared to those of
(3 nm Ag—1 nm Au)-9c, (5 nm Ag-1 nm Au)-6¢ and (8 nm
Ag—1 nm Au)-4c with the same grid length, which is attributed
to the positions and intensities of the absorption peaks as dis-
cussed above (Fig. 2(d)). With the grid length, the normalized
intensity shows the quasi-periodic characteristics and reaches
the maximum at 4157 for three kinds of Ag—Au structures,
which indicates the maximum intrinsic electric field enhance-
ment of 2157. This reveals that our design method for 3D
periodic SERS probes is generalized which can be applied to

different materials. !

3.3. Stability improvement and Hg ions detection

In order to study the detection performances of the Ag—
Au and Ag/SiO; nanogrid SERS probes for Hg ions, SERS
measurements were conducted on the SERS probes onto
which Hg ion solutions with different concentrations were
dropped. Meanwhile, deionized water instead of Hg ion so-
lutions was prepared as the blank control experiments with
the same procedure. The intensity changes of Ag—Au and
Ag/Si0; nanogrid probes with the concentration of Hg ions
and their SEM images after SERS measurements are shown in
Fig. A4. The probes with the higher percentages of Au, such
as the pure Aul®! and (2 nm Ag-2 nm Au)-9c samples are
not sensitive enough to the extremely low Hg ions concentra-
tions, and thus their detection limits are only 5.0 x 1071 M.
Their morphologies changed little after SERS measurements.
In sharp contrast, the morphology of the pure Ag probe un-
derwent significant changes after Hg ion detection, and its
detection limit is also only 5.0 x 10~!" M with a poorly lin-
ear relationship between intensity variations and concentra-
tions which should be attributed to the instability of Ag in the
atmosphere.3? For the (5 nm Ag—1 nm Au)-6¢ and (11 nm
Ag—1 nm Au)-3¢/SiO;, nanogrid probes, their detection limits
for Hg ions are 5.0 x 1072 M (1 ppt) with the linear relation-
ships between intensity variations and Hg concentrations. This
indicates that the Ag—Au composite layers with proper config-
urations would show the strengths of high sensitivity Ag and
the high stability of Au simultaneously, which is therefore of

great significance for practical applications.

We found that the change of signal intensity for (10 nm
Ag-2 nm Au)-3¢/SiO; nanogrids probe during the storage of
10 days is smaller than that of (5 nm Ag—1 nm Au)-6¢/SiO,
nanogrids probe, which indicates the better stability with 2 nm
Au surface layer. Based on this, we fabricated (7 nm Ag—
2 nm Au)-4c and (16 nm Ag-2 nm Au)-2¢/198 nm SiO,
nanogrids_#A157 probes with 2 nm thick Au outermost layer
to study the stability of the unannealed and annealed probes
after 10 days of storage. We annealed the Au, Ag, and Ag—
Au/198 nm SiO; nanogrids structures, and their SEM images
are shown in Fig. 4. We found that the changes of morpholo-
gies for structures with thickness ratios of Ag and Au less than
8:1 after annealed are not obvious, but those of the structures
with a higher percentage of Ag are significant. These SERS
probes annealed were also used to detect the Hg ions, without
obvious changes of morphologies, indicating that the anneal-
ing treatment makes the SERS probes more stable.

Experimental SERS intensities of unannealed and an-
nealed hexagonal (2 nm Ag-2 nm Au)-9c, (7 nm Ag-—
2 nm Au)-4c, and (16 nm Ag-2 nm Au)-2¢/198 nm SiO,
nanogrids_h157 probes are shown in Fig. 5(a). Their SERS
intensities changed by -34.7%, 27.7%, and 24.4% after anneal-
ing. Relative intensity changes of unannealed, annealed, and
10-day stored hexagonal 36 nm Ag—Au/198 nm SiO; nanogrid
probes with different thickness ratios of Ag and Au are shown
in Fig. 5(b). The SERS intensity for the pure Au probe stored
for 10 days decreased by 32.2%, possibly related to the surface
adsorption of C, O, S, and other elements. [33] The SERS inten-
sity for the Ag—Au probes with higher percentages of Ag in-
creased significantly by 200%—-370% after 10 days of storage,
which is mainly due to the formation of silver sulfide on silver

r.1321 Exposure to air for a short time

during the exposure to ai
would lead to a Ag,S layer as thin as about 1 nm which could
enhance the average electric field at hot spots dramatically.
However, the longer time exposure would increase the thick-
ness of Ag,S layer,’? decreasing the average electric field
enhancement greatly again, as demonstrated by FDTD calcu-
lations in Fig. AS5. In addition, few changes of SERS intensi-
ties for the Ag—Au composite layers with proper proportions
of Ag changed little after 10 days of storage are considered
to probably result from a synergistic effect of the enhance-
ment effect caused by a thin Ag,S layer and the weakening
effect caused by the adsorption of C, O, S and other elements.
Again, for the same atomic ratios of Ag the intensities for
the probes with a 2-nm-thick Au outermost layer changed less
than those a 1-nm-thick Au outermost layer, which is mainly
due to the better stability of Au.[>*! Therefore, increasing the
thickness of outermost Au layer may facilitate the stability of
probes. It can also be observed that annealing leads to the less
change of intensity for SERS probes after 10- day storage,
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which stabilizes the probes by releasing the stress and stabi-
lizing the microstructure.**! By comparison, annealed (7 nm
Ag-2 nm Au)-4¢c/198 nm SiO; nanogrids_%157 probe shows

both the highest intensity and the best stability with only 4.0%
change in SERS intensity after 10-day storage, as illustrated in
Fig. 5(a).

Fig. 4. Tilt SEM images of annealed Au, Ag—Au and Ag/198 nm SiO, nanogrids. (a)—(f) 36 nm Au, (3 nm Ag—1 nm Au)-9c, (5 nm Ag—1 nm
Au)-6¢, (11 nm Ag—1 nm Au)-3c, (17 nm Ag—1 nm Au)-2c, and 36 nm Ag/198 nm SiO,_1188, respectively. (g)—(i) (2 nm Ag—2 nm Au)-9c,
(7 nm Ag-2 nm Au)-4c, and (16 nm Ag-2 nm Au)-2¢/198 nm SiO,_h157, respectively. Scale bars: 200 nm.
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Fig. 5. (color online) (a) Experimental SERS intensities of annealed and unannealed hexagonal Ag—Au/198 nm SiO; nanogrids with different
Ag and Au thickness ratios. (b) Relative changes of SERS intensities of the above probes stored for 10 days.

Here, the annealed hexagonal (7 nm Ag-2 nm Au)-
4c/198 nm SiO; nanogrids_%157 SERS probes with 10-day
and without storage (0 day) were used to detect Hg ions,
as shown in Figs. 6(a) and 6(b), respectively. The relation-
ships between intensity variation and the concentration (5.0 x
1072 M to 5.0 x 107> M) for both probes are found to be lin-
ear (Figs. 6(a) and 6(b)). Both probes detected 5.0 x 107> M
(1 ppt) trace Hg ions in water successfully, which is out-
standing among those reported, about three orders of magni-
tude lower than the US threshold value (10 nM or 2000 ppt)
for drinkable water.>33¢] The SERS mapping of the annealed

probe gives a low RSD of 5.78% (Fig. 6(c)), normally much
smaller than those of the reported SERS substrates, 1337381
which is quite significant for SERS probes. The excellent se-
lectivity of the optimized SERS probes to Hg ions shown in
Fig. 6(d) was demonstrated by comparing with other metal
ions with the same concentration of 10~® M, such as Mg”*,
Co*", Ni?*, Lit, Cu**, Zn?*, Fe3t, AT, In**, Mn?*, Pb*F,
and mixed (without and with Hg ions) metal ions. The supe-
rior selectivity of the probes renders it possible to be applied

for practical detections of trace Hg ions.
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Fig. 6. (color online) (a), (b) Detection of Hg ions by the annealed (7 nm Ag—2 nm Au)-4¢/198 nm SiO, nanogrids_/4157 probes stored for
0 and 10 days, respectively. Raman spectra of Bpy molecules and the relationships between Raman signal intensities and concentrations of
Hg ions. (c) Raman intensity mapping of the annealed hexagonal (7 nm Ag—2 nm Au)-4¢/198 nm SiO; nanogrids_#A157 decorated by Bpy as
SERS probes. (d) Selectivity of the optimized SERS probes for the detection of Hg ions over other metal ions.

4. Conclusion and perspectives

In summary, we designed and fabricated novel 3D peri-
odic Ag—Au/SiO; nanogrids as SERS probes for trace Hg ions
detection. High performances were realized by structural op-
timization in terms of maximization of electric field enhance-
ment at hot spots responsible for SERS effects, and material
optimization, i.e., deposition of alternate Au and Ag layers
on SiO, nanogrids with different thickness ratios and a total
thickness of 36 nm. Annealing is demonstrated to favor sta-
bilizing SERS probes. The SERS effects of the probes are
related to not only the positions and intensities of their LSPR
peaks but the Ag and Au proportions at the surface, which was
basically confirmed by the absorption spectra derived from
FDTD calculations. The design method of 3D periodic SERS
probes proposed based on plasmonic gold proves to hold for
not only single constituent plasmonic materials but also plas-
monic composite materials such as Ag—Au composite layers
here.?>! By structural optimization the annealed (7 nm Ag—
2 nm Au)-4¢/198 nm SiO; nanogrids_A157 probes show the
best stability with only 4.0% SERS intensity change during

10-day storage, good detection uniformity (RSD 5.78%), the
detection limit of 5.0 x 1072 M (1 ppt), and superior selec-
tivity of detection for Hg ions. Therefore, the combination of
structural design and material optimization makes it possible
to develop novel 3D periodic structures as high-performance
SERS probes which can be applied to rapid and reliable detec-
tion of trace heavy ion such as trace Hg ions in water.

Appendix A
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Fig. A1. Width of 36 nm Ag—Au/198 nm SiO; nanogrids with different
Ag and Au thickness ratios.
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Table Al. Relative perrpittivities €m anq calculated SPP wave}engths (5 nm Ag—1 nm Au)—6¢/198 nm SiOz} 9 5 .
Aspp of Ag—Au composite layers with different Ag and Au thickness o 1.0 ’ =)
. s . = Max. LSPR2 @514 nm — —
ratios for 514 nm excitation light. - —0-9—9 ~
= 0.87 ° ~ r2.0 =
= . * o
(=] ~, Lﬂ
R 9 ° 15 =
Metals Em Aspp/nm E 0.6 1 )
36 nm Au -2.144 375.44 & 0.47 1.0 g
]
(2 nm Ag-2 nm Au)-9¢ -6.658 473.83 0;3 0.2 L0O.5 ~§
(2.7 nm Ag—1.3 nm Au)-9c -8.296 482.03 < 0 0 =
(5 nm Ag—1 nm Au)-6¢ -10.215 488.19 100 200 300 400 500
Ly/nm
(10 nm Ag-2 nm Au)-3c -9.078 484.86

Fig. A2. (color online) The calculated average and maximum localized
(11 nm Ag—1 nm Au)-3c -10.270 488.33 electric field enhancements of (5 nm Ag—1 nm Au)-6¢/198 nm SiO,

nanogrids with various sidewall spacings for TE mode under the exci-
(17 nm Ag-1 nm Au)-2c -10.286 488.38 tation of a 514 nm laser, respectively, in which the sizes and center dis-
36 nm Ag -9.261 485.46 tance of particles were semi-principal axes, a = b = 6.5 nm, ¢ = 8.0 nm,
and d = 13.3 nm for the calculations of the electromagnetic fields. %)

Fig. A3. (color online) Tilt SEM images of hexagonal (5 nm Ag—1 nm Au)-6¢/198 nm SiO, nanogrids with 87 (a), 101 (b), 105 (c),
157 (d), 188 (e), 194 (f), 227 (g), 274 (h), and 282 nm (i) grid length, respectively. Scale bar: 200 nm.
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Fig. A4. (color online) Detection of Hg ions by Ag—Au and Ag/198 nm SiO;nanogrids_/188 probes and their tilt SEM images after
measurements. (a) (2 nm Ag-2 nm Au)-9c, (b) (5 nm Ag—1 nm Au)-6¢c, (¢) (11 nm Ag—1 nm Au)-3c, and (d) 36 nm Ag/198 nm
Si0, _h188. Scale bar: 200 nm.
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Fig. AS. (color online) (a) Calculated spatial distributions of the electric field intensities at the cross sections of Ag/198 nm SiO,_D272
nanowalls (244 nm sidewall spacing and 28 nm sidewall width) with different Ag,S thicknesses for TE mode. (b) The calculated average
|E/E|* of these structures. At the initial stage of exposure, a Ag,S film as thin as about 1 nm could improve the average electric field
enhancement of hot spots dramatically. As the exposure time increases, the thickness of Ag,S film increased, 132 which would weaken the
average electric field enhancement again.
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