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We describe the synthesis of three-dimensional (3D) multilayer ZnO@ Ag/SiO, @ Ag nanorod arrays by the physico—
chemical method. The surface-enhanced Raman scattering (SERS) performance of the 3D multilayer ZnO @ Ag/SiO, @ Ag

nanorod arrays is studied by varying the thickness of dielectric layer SiO, and outer-layer noble Ag.

The 3D

ZnO@Ag/Si0O, @ Ag nanorod arrays create a huge number of SERS “hot spots” that mainly contribute to the high SERS
sensitivity. The great enhancement of SERS results from the electron transfer between ZnO and Ag and different electro-
magnetic enhancements of Ag nanoparticles (NPs) with different thicknesses. Through the finite-difference time-domain
(FDTD) theoretical simulation, the enhancement of SERS signal can be ascribed to a strong electric field enhancement pro-
duced in the 3D framework. The simplicity and generality of our method offer great advantages for further understanding
the SERS mechanism induced by the surface plasmon resonance (SPR) effect.

Keywords: ZnO, multilayer composite structure, surface-enhanced Raman scattering (SERS), dielectric layer,

electromagnetic field enhancement
PACS: 42.55.Ye, 02.70.Bf, 42.62.Fi

1. Introduction

Owing to the urgent need of spectrum analysis, surface-
enhanced Raman scattering (SERS) has been developed
rapidly in chemical and biological fields, which is a power-
ful spectrum analysis technique to detect single-molecule and
identify specific analytes. The sensitivity of an SERS sub-
strate is mainly based on the surface plasmon resonance (SPR)

coupling effect.!-?]

The SPR stimulated by metal nanos-
tructures can effectively couple the light radiation energy to
highly restricted surface mode, and thus form a highly en-
hanced local field in the nanoscaled metal surface.>=! Tt is
a common research method to select the material structure
for obtaining the required surface-enhanced optical proper-
ties, which makes surface plasmons possess broad applica-
tion prospects in nano-optics, super-resolution imaging, pho-
tocatalysis, biosensor, environmental monitoring, and other
fields.[o-14 So far, a great many of endeavors have been de-
voted to the design and synthesis of various nanostructures
as SERS substrates, including two-dimensional (2D),[15’16]
three-dimensional (3D),17-2% and other various semiconduc-
tors nanostructures, such as Ag@SiO,@Ag,!">1 Ag—Silica—
Au hybrid nanostructure, ZnO@Ag 3D nanostructure, 1=
etc. Tian et al. designed a shell-isolated nanoparticle (Au/SiO;

and Au/Al,O3 nanoparticles (NPs)) and obtained the higher
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detection sensitivity and higher enhanced Raman signal.!'!]
Tang et al. designed a highly sensitive and uniform 3D cone-
shaped ZnO@Ag nanorods as SERS substrate and showed a
superior SERS performance.!'?! Zhu er al. provided an Au
NP/graphene/Au NP sandwiched structure and investigated
sub-nanometer gaps and demonstrated high Raman enhance-
ment factors. [13]

Moreover, 3D SERS substrate has attracted much at-
tention in recent years since 3D SERS substrates can pro-
vide more adsorptions of target molecules and “hot spots”
in all three dimensions. Therefore, there is still room for
further development of 3D multilayer SERS structure. It
has been found that various 3D nanostructures, such as
silicon-based nanowires,[?! silicon-based nanocones, 2 and

ZnO nanorods, 271

effectively improve the electromagnetic en-
hancement. For further optimizing SERS performance, we
choose the 3D ZnO @ Ag/Si0, @ Ag nanorod structure to build
a surface plasmon coupling system because multilayer struc-
ture can significantly improve its optical coupling perfor-
mance. On the one hand, in plenty of materials, the ZnO
nanorod arrays’ structure can provide a huge specific surface
area for the deposition of the inner-layer Ag nanoparticles and
the target molecules. Moreover, as a semiconductor mate-
rial, ZnO supports the chemical enhancement effect, which

can be used to make SERS detection concentration limit re-
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duced. On the other hand, the dielectric layer is another im-
portant factor for enhancing the SERS signal. Lots of re-
searches about dielectric layer control for SERS have been
reported, including Si0,, 17 Al O3, [26] gt¢. Liu et al. demon-
strated the tunable SiO; interior insulator and obtained the op-
timized SERS substrate.!!5 Compared with the traditional un-
controlled aggregation of the metal nanoparticles in the aque-
ous phase, the metal nanoparticles wrapped with an ultra-thin
silica or alumina dielectric layer can greatly enhance the SERS
signal.['>] Moreover, the dielectric layer (SiO,) can be pre-
cisely controlled by plasma enhanced chemical vapor deposi-
tion(PECVD) or atomic layer deposition (ALD) method.
Compared with the Ag@SiO, @Ag structure design, the
ZnO@Ag/SiO, @Ag design highlights the 3D structure sub-
strate, which increases the spatial density of hot spots due to
large specific surface area. Meanwhile, compared with the
ZnO@Ag structure design, the ZnO@Ag/SiO, @Ag design
can improve the SERS effect by changing the thickness of the
interior dielectric layer SiO,. Therefore we put forward a sim-
ple method of preparing a 3D SERS substrate to implement the
SERS 3D hot spots and achieve high field enhancement fac-
tors simultaneously. For the 3D ZnO@ Ag/SiO, @ Ag nanorod
arrays, the ZnO nanorods can be prepared by the simple hy-
drothermal method, and the ultrathin SiO,, as an interior in-
sulator between the Ag inner layer and Ag outer layer, can be
precisely tuned by changing the PECVD growth time, and the
multilayer structure can be prepared on different substrates,
such as silicon, ITO and PET. Through a study on theoretical
simulation and SERS activities, the 3D structures can remark-

magnetron
sputtering

sputtering

ZnO+Ag+SiOy+Ag:,

&

magnetron ZnO+Ag+SiO,

ably enhance the SERS signals. The method will provide new
ideas in the development of flexible substrates and the expan-
sion of 3D SERS substrates.

2. Experiment
2.1. Fabrication of ZnO@Ag/Si0, @Ag nanorods

The fabrication process of multilayer SERS substrate is
illustrated schematically in Fig. 1. After ultrasonically clean-
ing the ITO conductive glass substrates with acetone, ethanol,
and deionized water, zinc oxide seed layers were deposited
on ITO conductive glass substrates by magnetron sputtering.
For the growth of ZnO nanorods, hydrothermal growth process
was followed, where the precursor solution was prepared with
Zn(NO3),-6H,0 solution and C¢H2Ny4 solution with equal
molar concentration (0.25 M). Then the mixture of precursor
solutions was added to a 30-ml Teflon-lined stainless steel au-
toclave, and the substrates were vertically placed in the au-
toclave. The autoclave was kept in a hot air oven at 90 °C
for 4 h. After the hydrothermal reaction, the substrates were
removed and rinsed with deionized water and methanol fol-
lowed by drying at 100 °C. Then, a 10-nm-thick Ag film was
deposited on the ZnO nanorod arrays by magnetron sputter-
ing for 67 s. Further, ultrathin SiO; film of 2 nm in thick-
ness was deposited on the ZnO@Ag nanorods arrays by the
PECVD technology. Finally, the Ag NPs with different thick-
ness values such as 10 nm, 30 nm, 50 nm, and 70 nm, re-
spectively were decorated on ZnO@ Ag/SiO; nanorod arrays
by magnetron sputtering technique.

hydrothermal
method

ZnO nanorods

mégnetron
sputtering

PECVD .

Fig. 1. Schematic diagram of fabrication process of multilayer SERS substrate.

2.2. Characterizations

The 3D SERS substrates were analyzed by scanning elec-
tron microscopy (SEM) (FEI/Nova Nano SEM 450). The
SERS measurements were performed at room temperature

with a Raman microscope (Horiba Jobin Yvon/LabRAM HR
Evolution). The wavelength of the excitation laser of SERS
experiments was 532 nm, the laser power was about 1 mW,

the spectra acquisition time was 10 s, and an optical micro-
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scope with a 100x objective lens was used. The laser beam
was normally incident on the substrate, which was parallel
In this
study, the plasma enhanced chemical vapor deposition sys-
tem (SENTECH/SI 500D) was used to grow SiO dielectric
layer, and the multi-cathode sputter deposition platform (Den-

to the surface normal for SERS spectra collection.

ton Vacuum/ Discovery 635) was used to implement the metal
deposition. Rhodamine 6G (R6G) was used as the probe
molecule for the SERS test.
solution with a concentration of 1x107® M. The prepared
ZnO@Ag/SiO, @Ag substrate was soaked for 12 h and then
washed with ethanol to obtain the sample to be measured.

The solution was diluted to a

3. Results and discussion

Figure 2 shows the SEM micrographs of the fabricated
ZnO nanorods coated with Ag/SiO, @Ag. With the increase
of the sputtering time, Ag nanoparticles with a slightly larger
size are formed on the surface of the ZnO nanorods. Firstly,
with a short magnetron sputtering duration of 67 s, a few small
Ag nanoparticles of about 10 nm in diameter are sputtered on
the surface of ZnO as the inner layer Ag nanoparticles. Sec-
ondly, with a short deposition duration of 8 s, a 2-nm ultra-
thin uniform SiO; layer is deposited on the surfaces of Ag
nanoparticles. For a sputtering duration of 67 s, the size of Ag
nanoparticles is about 10 nm. For a longer magnetron sputter-
ing duration of 470 s, the size of outer layer Ag nanoparticles
become larger, about 70 nm.

Fig. 2. (a) and (b) SEM micrographs of the fabricated ZnO nanorods coated
with Ag/SiO, @ Ag for (a) outer layer Ag nanoparticles sputtering duration of
67 s and Ag nanoparticle size of about 10 nm, (b) outer layer Ag nanoparti-
cles sputtering duration of 200 s and Ag nanoparticle size of about 30 nm, (c)
outer layer Ag nanoparticle sputtering duration of 334 s and Ag nanoparticle
size of about 50 nm, and (d) outer layer Ag nanoparticle sputtering duration
of 470 s and Ag nanoparticle size of about 70 nm.

The ZnO@ Ag/Si0; nanorods are further investigated by
using transmission electron microscope (TEM) and energy
dispersive x-ray spectroscopy (EDXS) as shown in Fig. 3.
Figure 3(a) intuitively shows that the deposited Ag/SiO; film
The esti-
mated diameter of ZnO nanorods is about 40 nm on aver-

is distributed uniformly on the ZnO nanorods.

age. Figure 3(b) shows a highly magnified TEM image of
ZnO@Ag/SiO; nanorod. It is recognized that the 2-nm SiO;
dielectric layer covers the surfaces of Ag nanoparticles inside
the 10-nm-thick inner layer. Figure 3(c) shows the side view
of the ZnO nanorods coated with 10-nm Ag and 2-nm SiO;.
The average height of ZnO nanorods is about 1 pm. In order
to further visualize the distributions of SiO, and Ag, EDXS
elemental mapping of the ZnO@ Ag/SiO; nanorods is intro-
duced to reveal the distributions of elements Zn, Ag, Si, and
O as shown in Figs. 3(d)-3(h). Meanwhile, the reasons for
using ZnO nanorods as 3D supporting substrate are twofold:
firstly, ZnO 3D nanostructure is easier to prepare than others,
secondly, there is electron-transfer between ZnO and Ag, and
the ZnO semiconductor material facilitates the SERS enhance-
ment due to the chemical enhancement effect which has been
demonstrated as one of the suitable materials for SERS.[?!]

(a) (b)

Fig. 3. (a) TEM image of an individual ZnO@ Ag/SiO, nanorod with 67-s
inner layer Ag sputtering time and 8-s SiO, PECVD growth time. (b) Magni-
fied TEM image showing 2-nm-thick SiO, dielectric layer. (c) The side view
SEM micrograph of ZnO nanorods coated with 10-nm-thick Ag layer and 2-
nm-thick SiO; layer. (d)—(h) Dark-field scanning TEM and EDXS elemental

mapping.

As is well known, the SERS performance of multilayer
structure is mainly determined by the density and morpholo-
gies of outer layer noble metal nanoparticles. In order to
evaluate the importance of the outer layer noble metals, the
SERS spectra of the as-prepared samples are systematically
collected. Figure 4 shows the SERS spectra obtained from
different-thickness Ag layer-coated 3D multilayer compos-
ite structure substrate with a layer of R6G molecules, and
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typical characteristic Raman peaks of R6G in a range of
500 cm~!-2000 cm™!.
R6G molecules has strong characteristic vibration peaks at
1185 cm™!, 1315 ecm™!, 1366 cm ™!, and 1516 cm ™!, result-
ing from the C—H in-plane bending mode, C—O—C stretching

Specifically, the Raman spectrum of

mode, and C—C stretching mode. It can be seen in Fig. 4
that the order of the SERS signal intensity is as follows:
S4 (for 70-nm-thick Ag layer) > S3 (for 50-nm-thick Ag
layer) > S2 (for 30-nm-thick Ag layer) > S1 (for 10 nm-
thick Ag layer).
of Raman peak is a function of Ag outer layer thickness,

It is clearly concluded that the intensity

the SERS enhancement intensity from S4 at 1655 cm™! is
about four times stronger than that from S1, the SERS sub-
strate S4 shows the best performance, which may be due to
its higher electromagnetic field enhancement. The different
SERS response behaviors of multilayer structures may be due
to the electron transfer between ZnO and Ag and different
electromagnetic enhancement of Ag NPs with different thick-
nesses and adsorption molecular concentrations. Firstly, the
3D ZnO@Ag/Si0, @ Ag multilayer structure has a large sur-
face area, leading R6G molecules to increase. Secondly, due
to the fact that the Fermi energy level of ZnO (5.2 eV) is
lower than that of Ag (4.26 eV), the electron transfer from
Ag-NPs to ZnO will cause the charges to be redistributed,
there exists a highest charge-density region in the adjacent
face of Ag-NPs and ZnO. The charge redistribution between
ZnO and Ag will increase the adjacent face charge density of
ZnO and Ag nanoparticles, and thus causes localized electro-
magnetic field to increase, thereby improving the SERS sig-
nals. Finally, the outer-layer Ag nanoparticle size is conducive
to the improvement of the SERS performance. The average
enhancement factor (EF) can be calculated according to the
standard equation: EF = (Isgrs/Iraman )/ (Nsurface /Noulk )> 2!
where Isgrs denotes the intensity of the vibrational mode mea-
sured on ZnO@Ag/SiO, @ Ag substrate and Iraman represents
the normal Raman intensity of the same vibrational mode mea-
sured on bulk R6G molecules. Nyyx and Ngyface are the num-
bers of absorbed R6G molecules illuminated by the laser fo-
cus spot under normal Raman and SERS conditions respec-
tively. The vibration peak at 617 cm~! is selected for calculat-
ing the EF. The EF of S4 can be estimated to be on the order of
3.05 x10”. Obviously, we present the data demonstrating that
the ZnO @ Ag/SiO, @ Ag multilayer nanorod arrays exhibit the
better SERS performance.

In order to confirm the direct influence of SiO, dielec-
tric layer thickness on SERS performance, the SiO; dielec-
tric layer is varied with a certain thickness of Ag. Figure 4(b)
shows the SERS spectra obtained from different-thickness di-
electric layer. The SERS results reveal that the SERS intensity
is increased exponentially by 2-nm-thick SiO; dielectric layer
compared with the 5-nm-thick SiO, dielectric layer, with the

Ag inter layer thickness fixed at 10 nm. This was demon-
strated in other studies, showing that the ultrathin SiO, di-
electric shell can be attributed to the SERS, that a thicker
dielectric layer (SiO;, Al,O3) may reduce the Raman signal
strength, and that the dielectric layer should be less than 5 nm
in thickness in order to ensure strong electromagnetic field

13291 Because ultrathin SiO, dielectric shell can

enhancement.|
isolate the Ag nanoparticles to produce increased SPR and re-
alize electromagnetic field enhancement, Raman signals can
be remarkably enhanced. Obviously, the SERS signal inten-
sity is related to the interior silica layer thickness, a relatively
thick interior silica layer should weaken the SERS signals. A
comparison of the Raman spectra shows that the as-prepared
arrays of the ZnO nanorods decorated with Ag/Si0, @ Ag hav-
ing an inner layer Ag nanoparticles under a sputtering dura-
tion of 67 s, dielectric layer SiO; with 2 nm in thickness and
an outer layer Ag nanoparticles under a sputtering duration of
470 s have the strongest SERS activity. Theoretical calculation
and experimental result show that the ultrathin SiO, dielectric
shell and multilayer structures induce hot spots that provide a
giant electromagnetic SERS enhancement.
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Fig. 4. (a) Surface-enhanced Raman scattering spectra of R6G molecules
adsorbed on ZnO@Ag/SiO, @ Ag nanorods with different-thickness outer-
layer Ag (S1: sputtering time 67 s, S2: sputtering time 200 s, S3: sputtering
time 334 s, S4: sputtering time 470 s), (b) SERS spectra of R6G molecules
adsorbed on ZnO @ Ag/SiO, @ Ag nanorods with different-thickness Ag and
dielectric layer SiO, with keeping inner layer 10-nm Ag constant (G1: 5-
nm-thick SiO; layer + sputtering time 67-s out-layer Ag, G2: 2-nm-thick
SiO; layer + sputtering time 67-s out-layer Ag, G3: 5-nm-thick SiO; layer
+ sputtering time 334-s out-layer Ag, G4: 2-nm-thick SiO; layer + sputter-
ing time 334-s out-layer Ag).

To better understand the contribution of Ag nanoparti-
cles and dielectric layer in ZnO@Ag/SiO, @ Ag multilayer
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nanorods, a 3D finite difference time domain (FDTD) method
is used. Our theoretical results show that there are stronger
electromagnetic enhancements on the interface between Ag
nanoparticles and dielectric layer, and that the resonant cou-
pling between the inner dielectric layer core and outer Ag layer
can propagate surface plasmons to induce SPR with enhanced
electrical fields as shown in Fig. 5. This is consistent with

the experimental result. In comparison with the conventional
SERS substrate, on the one hand, the 3D substrate can gen-
erate large-area hot spots and achieve high field enhancement
factor simultaneously. On the other hand, by comparing with
other 3D substrates, the ZnO as semiconductor supporting the
chemical enhancement effect has great potential as SERS sub-

strate.

15

10

Fig. 5. Calculated electric field intensity distributions of ZnO @ Ag/SiO, @ Ag multilayer nanorods with different-thickness out-layer Ag at a
wavelength of 532 nm in x—z plane, with (a) sputtering time being 67 s and size of Ag nanoparticles about 10 nm, (b) sputtering time being
200 s and size of Ag nanoparticles about 30 nm, and (c) sputtering time 334 s and size of Ag nanoparticles about 50 nm, (d) sputtering time

being 470 s and size of Ag nanoparticles about 70 nm.

4. Conclusions

In this work, ZnO @ Ag/SiO, @ Ag multilayer structure is
successfully synthesized by the physico—chemical combina-
tion method. The geometries of the nanorods and the thick-
ness of dielectric layer and Ag layer can be well controlled,
which opens up the way to modulating the local electric field
and therefore the SERS enhancement factor is controlled. The
products are characterized by SEM, TEM, Raman spectrum,
and theoretical simulation. By regulating the thickness of both
the Ag outer-layer and the SiO, dielectric layer, the ultimately
optimized SERS substrate is implemented. The experimen-
tal results accord with FDTD simulation. Our results suggest
that the ZnO@Ag/Si0, @ Ag substrate is feasible to generate
large-area hot spots and achieve high field enhancement factor
simultaneously. Moreover, comparing with the ZnO@Ag or
Ag@Si0O, @Ag structures, the proposed method can achieve
3D multilayer structure electromagnetic field regulation, and
the simplicity and generality of our method for further under-
standing the SERS mechanism induced by the SPR effect offer
great advantages. In view of the green and sustainable appli-
cation protocol, we expect that the 3D multilayer structure has
potential applications in flexible substrate, SERS, photocatal-
ysis and biological imaging.
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