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We have fabricated Ag-decorated ZnO nanoplate arrays by combining water-bath heating toward
ZnO hexagonal nanoplate arrays and subsequent decoration of Ag films or nanoparticles on the
ZnO surfaces by magnetron sputtering or photoreduction. Experimental surface-enhanced Raman
scattering (SERS) results show that Ag-film–ZnO hybrid substrates with different Ag sputtering
times exhibit a large difference in enhanced SERS signals for Rhodamine 6G (10�7 M). Atomic force
microscope analysis reveals that two kinds of positions create abundant “hot spots” in this SERS
substrate: one is located at the gap between adjacent separate Ag-film–ZnO hybrid nanoplates, and
the other is located at the V-grooves formed by two adjacent interlaced Ag-film–ZnO hybrid
nanoplates. The effects of simultaneous changes in interplate spacing and groove wall angle are
considered to be the key factors affecting the SERS of our prepared Ag-film–ZnO hybrid substrates,
which have also been evaluated by finite-difference time-domain simulation.

I. INTRODUCTION

Raman spectroscopy is a powerful tool to acquire the
chemical information of molecules. However, it is a kind
of weak spectroscopy, and representative data of the scat-
tering section are below 10�30 cm2, which greatly
limits its application in physics, chemistry, material,
medicine, biology, and other fields. Since Fleischmann
et al.1 first reported that the Raman scattering from a
material can be significantly increased when the material
was attached on a metal nanostructure surface, the so-called
surface enhanced Raman scattering (SERS), some
researchers have focused on studying SERS including
its enhancement mechanism and potential applications.
The key to a wider and practical application of SERS is
the fabrication of a SERS-active substrate that should
be strong in Raman signal enhancement, reproducible,
uniformly rough, easy to fabricate, and stable over a
long time. Most of the conventional SERS substrates
were obtained from pure noble gold (Au) or silver (Ag)
nanostructures with various morphologies, such as nano-
particles (NPs), nanocubes, nanorods, and nanowires
(NWs).2–6 In recent years, semiconductor SERS-active
substrates have been investigated. For example, Cao et al.7

have reported a strong enhancement of the spontaneous
Raman scattering from individual Si NWs and nanocones.
Yang et al.8 have observed SERS from molecules adsorbed
on TiO2, and they attributed this to the dominant contri-

bution of TiO2-to-molecule charge-transfer mechanism.
In addition, the modification of semiconductor with noble
metal has also been attracting significant attention in SERS
application, which would exhibit some advantages over
the pure noble metal and semiconductor nanostructures.
As far as we know, many different kinds of noble metal–
semiconductor hybrid nanostructures have been fabricated,
such as Ag NPs–Si NWs hybrid,9–11 Ag NPs–Ge NWs
hybrid,12 Ag–TiO2 hybrid,

13–16 Ag (Au)–ZnO hybrid,17–20

and so on.
Among the above semiconductor materials, ZnO is

one of the most important n-type semiconductors with
a direct wide band gap of 3.37 eV and a large excitation
binding energy of 60 meV.21 ZnO exhibits excellent
piezoelectricity,22–26 transparent conductivity,27–30 gas
sensing,31–33 and field-emission34–37 properties, which can
be used in piezoelectric transducers, optical coating, gas
sensors, varistors, photocatalysis, and display devices, etc.
In addition to these, ZnO nanostructures with different
dimensions can be easily prepared in large scales and at
relatively low cost, which are considered to be capable as
SERS substrates or templates for practical application.
Zhao et al. have demonstrated that ZnO nanocrystals
can give rise to surface-enhanced Raman signal with an
enhancement factor (EF) of 103, and they considered that
the chemical enhancement is most likely responsible for
the observed enhancement. Song et al.18 have prepared
Ag–ZnO composite microspheres by the reduction of
Ag(NH3)2

1 with the reducing agent formaldehyde in
aqueous solution, whose Raman EF was about 9 � 104.
Yin et al.38 have fabricated two-dimensional (2D)
Ag NP/ZnO hollow nanosphere arrays in a large scale
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using self-assembled polystyrene (PS) monolayer nano-
spheres as a template, which proved to be an effective SERS
substrate for Raman signal detection. Moreover, three-
dimensional (3D) Ag (Au)–ZnO NW or nanorod hybrid
arrays have also been reported by some research groups,
most of which can produce much large SERS enhancement
than that of the typical 2D SERS substrates due to the
enhanced light-scattering local field and the interwire
plasmon-enhanced electronic field (E-field).17,39,40 ZnO
hexagonal nanoplates are another kind of interestingmaterial
which can be obtained easily and exhibit unique optical
property and enhanced photocatalysis activity.41,42 However,
as far as we know, its potential as a substrate or template for
Raman enhancement has not been investigated up to now.

In this work, we have fabricated Ag-decorated ZnO
nanoplate arrays by combining water-bath heating toward
ZnO hexagonal nanoplate arrays, and subsequent decora-
tion of Ag film or NPs on the ZnO surface by magnetron
sputtering or photoreduction. The effects of Ag sputtering
time on the morphology and the SERS activity of the
as-prepared Ag–ZnO hybrid substrate have been in-
vestigated based on the experimental and finite-different
time-domain (FDTD) numerical simulation. It is found
that the measured Raman enhancement in Ag-film–ZnO
hybrid nanoplate arrays is in good agreement with the
simulation results. In addition, the SERS mapping images
exhibit a good uniform Raman enhanced results for our
prepared Ag–ZnO hexagonal nanoplate arrays, which can
be used as an excellent and homogeneous SERS substrate
or sensor in the rapid measurement of trace materials.

II. EXPERIMENTAL

A. Fabrication of ZnO nanoplate arrays

The ZnO nanoplate arrays were prepared by the follow-
ing two steps:

1. Fabrication of ZnO seeding layer

The n-type (001) Si substrates were first washed sequen-
tially with acetone/ethanol/deionized water in an ultrasonic
bath. Then, the ZnO seeding layer was deposited onto
the Si substrates by the magnetron sputtering method.
When the pressure in the chamber was decreased to
1.8 � 10�3 Pa, O2 and Ar gases with flow rates of 15 and
5 sccm were brought into the chamber, and the working
pressure was adjusted to 0.4 Pa. The sputtering power for
Zn target was 80 W. The sputtering time was controlled
to be 20 min.

2. Synthesis of ZnO nanoplate arrays

First, 100 mL of aqueous triethanolamine (0.1 M)
was mixed with 100 mL of aqueous zinc acetate (0.1 M)
and stirred for 5 min. Then, ZnO seeding layer-coated

Si substrates were put into the above mixed solution.
Next, the solution was stirred constantly at 70 °C in a
water bath for 2 h. After the reaction, the resulting sub-
strates were taken out from the water bath and washed with
aqueous water, and finally, the samples were blow-dried
by nitrogen gas.

B. Preparation of the SERS substrate

The combination of Ag nanostructures and ZnO
nanoplate arrays was realized by the following two methods:

1. Magnetron sputtering method

Herein, Ag films were deposited onto ZnO hexagonal
nanoplate substrates by magnetron sputtering method in
an ultrahigh vacuum system (JGPG-450, Zky, Shenyang,
China). When the pressure in the chamber was decreased to
10�4 Pa, Ar gas with a flow rate of 30 sccm was introduced
into the chamber, and the working pressure was adjusted
to 0.4 Pa. The sputtering power for Ag target was 30 W.
The sputtering time was ranging from 2 to 10 min.

2. Photoreduction method

The ZnO hexagonal nanoplate substrates were immersed
in an aqueous solution containing 500 mg/L AgNO3 and
were irradiated with an ultraviolet lamp (wave length:
254 nm, power: 6W) for 5 min to photocatalytically deposit
Ag NPs, where the distance between the substrate and the
ultraviolet lamp was approximately 5 cm. After irradiation,
the substrates were removed from AgNO3 solution,
blow-dried by nitrogen gas, and stored in the dark room.

C. SERS measurement

In SERS measurement, Rhodamine 6G (R6G) solution
with a concentration of 10�7 M was selected as the probe
molecule, which was prepared via successive dilution by
factors of 10. The above two kinds of SERS substrates
were soaked in the R6G solution for 2 h. After soaking, the
sample with R6G molecules was washed with deionized
water to remove the free molecules and dried in air.
All Raman spectra were measured under the same con-
ditions as follows: a 632.8-nm He–Ne laser with a power
of 3.28 mWwas used as the exciting light; a 50x objective
was used to focus the laser beam onto the sample surface
and to collect the Raman signal; the size of the laser spot
was about 2 lm; the spectra were recorded with an
accumulation time of 10 s.

D. Characterization

The products were analyzed by a scanning electron
microscope (SEM, Nova NanoSEM 450, FEI), an atomic
force microscope (AFM; Agilent PicoPlusII, Agilent,
Santa Clara, CA), and a Raman spectrometer (Renishaw
inVia plus, Renishaw, Gloucetershire, U.K.).
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III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the SEM images of ZnO
nanoplates grown by the water-bath heating method on a
Si substrate. Obviously, it can be seen that a large amount
of interlaced hexagonal ZnO nanoplates uniformly disperse
on the Si substrate with an average side length of approx-
imately 350 nm. From the side view of ZnO nanoplates
[Fig. 1(c)], the thickness of the nanoplate is measured to be
about 30–40 nm. Figures 1(d) and 1(e) show the typical 2D
and 3D AFM topographies of as-prepared ZnO nanoplates,
respectively. Consistent with the SEM images, regular
hexagonal nanoplates protrude from the surface of the Si
substrate. In addition, the maximum fluctuating quantity
and the root-mean-square roughness of the nanoplate sub-
strate are measured about 220 nm and (1586 43) nm from
Fig. 1(d) and the inset in the same image, which indicates
that this ZnO nanoplate substrate is rough-textured and
suitable to serve as a 3D template for SERS. The phase
diagram of ZnO nanoplates is shown in Fig. 1(f), where
three different regions can be distinguished as indicated
by the sequence numbers of 1, 2, and 3. Based on the AFM
imaging theory, different phase regions reveal different
surface features of both multicomponent compounds and
one-component systems with different density distribu-
tions.43 Thus, the three phase distributions in Fig. 1(f)
manifest that the grown hexagonal ZnO nanoplates are

composed of three different components or crystal faces.
It has been reported that the hexagonal wurtzite ZnO with
a polar structure can be described as the hexagonal close
packing of O and Zn atoms, which mainly exhibit several
crystal planes: a positively charged (0001)-Zn polar face,
a negatively charged (0001)-O polar face, and six symmetric
nonpolar (0110) planes parallel to the [0001] direction.41,44

Therefore, it can be inferred from the phase diagram image
that regions 1 and 2 correspond to the Zn-terminated (0001)
plane and the O-terminated (0001) plane, which can be
distinguished due to the different surface adsorbed atoms,
whereas region 3 points to the (0110) surfaces of ZnO.

A. Ag-film–ZnO hybrid SERS substrate prepared
by the magnetron sputtering method

Figure 2 shows the typical SEM images of hexagonal
ZnO nanoplate arrays coated with Ag NPs or films pre-
pared by the magnetron sputtering method. The thickness
of the Ag film on the ZnO nanoplate surface is controlled
by changing the sputtering time. When depositing Ag for
4 min, Ag films composed of continuous Ag NPs are
formed, as shown in Fig. 2(a). It is found that the surface of
Ag film-coated ZnO nanoplates is very rough, which may
be beneficial for SERS enhancement. However, when the
sputtering time reaches 10 min, ZnO nanoplates (especially
for the grooves formed between adjacent ZnO nanoplates)

FIG. 1. SEM images of (a) and (b) top view, (c) side view for ZnO nanoplates grown by the water-bath heating method on a Si substrate. (d) 2D AFM
image, (e) 3D AFM image, and (f) the corresponding phase diagram of ZnO nanoplates grown on a Si substrate. The inset in (d) shows the
cross-section height along the line drawn in the same image.

K. Liu et al.: Silver-decorated ZnO hexagonal nanoplate arrays as SERS-active substrates: An experimental and simulation study

J. Mater. Res., Vol. 28, No. 24, Dec 28, 20133376



are almost covered by a thick Ag film, leading to a relatively
smooth Ag-film–ZnO surface [Fig. 2(b)]. The thickness of
the Ag film formed on ZnO nanoplates with 4-min sput-
tering is approximately 40 nm measured from the cross-
sectional view and the enlarged image in Fig. 2(c).
The energy dispersive x-ray (EDX) spectroscopy analysis
of the ZnO nanoplate sample with 4-min Ag sputtering
reveals that this hybrid is composed of Zn, Ag, and
O (Si mainly originated from the n-type Si substrate)
[Fig. 2(d)], indicating that Ag-film–ZnO hybrid is success-
fully formed.

To test the SERS activity of Ag-film–ZnO nanoplate
hybrids, R6G with a concentration of 10�7 M was selected
as the probe molecule. Figure 3(a) shows the SERS signals
of R6G absorbed on Ag-film–ZnO hybrids with different
Ag sputtering times. Many Raman peaks originated from
R6G are clearly observed, which are similar to those
reported by other researchers.45,46 It is found that the
SERS enhancement is very sensitive to the Ag sputtering
time. SERS signals of R6G first increase gradually with
increasing Ag sputtering time, and then it reaches
a maximum when the Ag sputtering time is 8 min.
However, the further increase in the Ag sputtering time
results in a rapid decrease in the SERS intensity. To
further compare the Raman enhancement on these sub-

strates, the SERS EF has been estimated according to the
following formula:

EF ¼ ISERS
Inormal

� Cnormal

CSERS

; ð1Þ

where ISERS and Inormal are SERS intensities of probes
detected on the SERS substrate and normal Raman
scattering intensity of the probe solution, CSERS and
Cnormal are the analyte solution concentrations that contrib-
ute to the SERS and normal Raman spectra, respectively.47

ISERS and Inormal are both measured at 1510 cm�1, and the
EF as a function of Ag sputtering time is plotted, as
shown in Fig. 3(b), which indicates that the highest EF
achieved using Ag-film–ZnO hybrid substrate has reached
nearly 1 � 106.

At the same time, a question is raised of why the
Ag-film–ZnO nanoplate substrates with different Ag sput-
tering times exhibit such a large difference in SERS
activity. It is known that SERS can be attributed to two
mechanisms, the electromagnetic enhancement due to
the localized surface plasmon resonance mode and the
chemical enhancement that arises from the interaction
between molecules and nanostructure. In general, the
electromagnetic mechanism contributes to most of the

FIG. 2. SEM images of ZnO nanoplates coated with Ag films bymagnetron sputtering for (a) 4 min and (b) 10min. (c) Cross-sectional SEM image of
ZnO nanoplates coated with Ag films by magnetron sputtering for 4 min. (d) EDX spectrum of ZnO nanoplates coated with Ag films by magnetron
sputtering for 4 min.
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enhancement. For electromagnetic enhancement, SERS
largely depends on the detailed physical structures of a
metal nanomaterial, including its size, shape, morphology,
and composition. In this experimental, different Ag sputter-
ing times would gradually change the surface structure of
Ag-film–ZnO nanoplate array from 3D to 2D, as can be
clearly observed in Fig. 2, and then affects the production
and distribution of “hot spots” for SERS enhancement.
Figure 4(a) shows the typical AFM topography image of
ZnO nanoplates coated with Ag film by sputtering for
4 min, where the dotted line circles and rectangles point to
the gaps formed between adjacent separate Ag-film–ZnO
hybrid nanoplates and V-grooves formed between two
adjacent interlaced Ag-film–ZnO hybrid nanoplates,
respectively. It is considered that the strong optical electric
field (E-field) can be produced under the excitation of laser
at the gap and V-groove positions, namely, the formed gaps
and grooves are two kinds of hot spots for our SERS sub-
strates. Figure 4(b) shows the schematic for the cross section
of ZnO nanoplates coated with Ag films for different
sputtering times. We believe that with an increase in Ag
sputtering time, the size of the gap D between two adjacent
nanoplates will become smaller until the two nanoplates turn
into a whole [see the inset in Fig. 4(b)]; meanwhile, the

angle h of V-grooves formed by two adjacent inter-
laced Ag-film–ZnO nanoplates will become larger. To
understand the influences of the size of the gap and the
angle of the V-groove on the E-field or SERS enhance-
ment, a theoretical simulation is carried out by using
the FDTD method in the following section.

The 2D geometric model of two adjacent separate Ag
nanoplates is shown in Figs. S1(a) and S1(b), which is
presented by a variable interplate distance D and a fixed
regular hexagonal plate structure (side length: 150 nm,
thickness: 30 nm). A p-polarized plane wave with a wave
length of 632.8 nm is projected on the structure from two
directions: the wave vector K is parallel to the nanoplate
surface [Fig. S1(a)] and K is vertical to the nanoplate
surface [Fig. S1(b)]. Figure 5 illustrates the calculated
optical E-field distribution at the gap between two adjacent
Ag nanoplates. Figures 5(a)–5(e) show the E-field distri-
bution between two adjacent Ag nanoplates under the
excitation of laser with wave K parallel to the nanoplate
surface and with interplate distances of 0, 2, 5, 7, and 9 nm,
respectively. It is clearly observed that E-field enhance-
ment for the narrow gap is stronger than that for the wide
gap. However, when the size of the gap becomes 0 nm, the
E-field intensity will be very weak. A similar variance law

FIG. 3. (a) SERS spectra of R6G with a concentration of 10�7 M adsorbed on the Ag-film–ZnO hybrid substrate prepared by magnetron sputtering
for different time periods. (b) The dependence of SERS EF on Ag sputtering time.

FIG. 4. (a) The typical AFM image of ZnO nanoplates coated with Ag film by magnetron sputtering for 4 min. (b) Schematic of cross section of
ZnO nanoplates coated with Ag films for different sputtering times. The dotted line circles and rectangles in (a) point to the gaps and grooves
formed between two adjacent Ag-film–ZnO hybrid nanoplates, respectively. The inset in (b) shows the top view of the gap formed by two adjacent
Ag-film–ZnO hybrid nanoplates.
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has been obtained when the plane wave enters perpendic-
ularly the nanoplate surface, as shown in Figs. 5(f)–5(j).
The SERS EF can give a more direct indication of the
enhancement ability of Ag nanoplates. To more quantita-
tively investigate the relationship between the size of the
gap and the enhancement ability, the dependence of SERS
EF on the interplate distance is plotted in Figs. S1(c) and
S1(d). Herein, the SERS EF is simply defined as |E/E0|

4

(E0 is the incident field). Figures 5(k) and 5(l) show the
variation of maximum SERS EF on the interplate distance.
It is observed that the maximum SERS EF increases and
then decreases rapidly with continuous increase in dis-
tance, similar to that of changing law for the coupled metal
NPs2,48,49 and coupled metal nanorods,50 which indicates
that the formation of a narrow gap is crucial for the SERS
enhancement. In addition, it is found that the E-field
intensity produced at the gap under the excitation of laser
with wave K vertical to the nanoplate surface is stronger
than that under the excitation of laser with waveK parallel
to the nanoplate surface. This may be due to the asym-
metric structure of Ag hexagonal nanoplates, which leads
to the different plasmon coupling effects.

Figure 6(a) shows the 2D geometric model of the
V-groove formed by two adjacent Ag-film–ZnO nano-
plates, where a 632.8-nm wave length p-polarized plane
wave enters perpendicularly above the V-groove. The angle
of ZnO groove is 90°, and the ZnO groove surface is
coated with an Ag film with variable groove wall angle h
and thickness H. The dependence of the E-field enhance-
ment on the groove wall angle is analyzed by changing the
angles from 100 to 135°, as shown in Figs. 6(b)–6(f).

Overall, the E-field contribution to SERS shows continual
increase with an increase in groove angles from 100 to
115° [Figs. 6(b)–6(e)], while there appears to be a sudden
decrease in E-field intensity for a groove angle of 135°
[Fig. 6(f)]. The E-field distribution also changes drastically
when the groove angle is increased. At small angle
[Fig. 6(b)], the E-field is highly localized at the groove
bottom,which is possibly due to the strong diffraction effects
arising from the effective refractive index changing.51,52

As the groove angle is increased [Figs. 6(c)–6(e)], the
E-field is not only located at the groove bottom, but also
on the groove wall, which is possibly due to the smaller
effective index.51 In addition, the E-field distribution along
the groove wall becomes broader and the corresponding
E-field intensity becomes stronger as the angle is increased.
The increase in E-field intensity is considered to be due to
the increase in Ag film thickness, where sufficient Ag thin
film allows the coupling of plasmons to the both sides of the
film. In the other words, the E-field enhancement and
distribution at the groove is a result of a combination of
diffraction and plasmon coupling effects. Since most of
the probe molecules usually adhere to both the groove
bottom and the groove wall, the optimized groove wall
angle and Ag film thickness may provide a stronger SERS
enhancement.

B. Ag-NPs-ZnO hybrid SERS substrate prepared
by the photoreduction method

It has been reported that Ag NPs can be generated
on some semiconductor film surfaces by photocatalysis
reduction, such as TiO2, ZnO, etc.

15,19 Prompted by this

FIG. 5. FDTD simulation of E-field distributions at the gap between two adjacent Ag nanoplates with interplate distances of (a) and (f) 0 nm, (b) and
(g) 2 nm, (c) and (h) 5 nm, (d) and (i) 7 nm, (e) and ( j) 9 nm. (k) and (l) Dependence of the maximum SERS EF at the gap on the interplate distance.
Laser wave length: 632.8 nm. In (a–e) and (k), the plane waveK is parallel to the nanoplate surface; in (f–j) and (l), the plane waveK is vertical to the
nanoplate surface. The insets in (b) and (g) show the enlarged images of E-field distributions at the gap.
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feature, Ag NPs are grown on hexagonal ZnO nanoplate
arrays by photoreduction in an AgNO3 aqueous solution.
To simultaneously evaluate the uniformity and reproduc-
ibility of the SERS substrates and distinguish the SERS
enhancement differences of Ag–ZnO hybrid substrates
prepared by sputtering and photoreduction methods, we
have fabricated the Ag-film–ZnO hybrid (sputtering) and
Ag-NPs-ZnO hybrid (photoreduction) on the same Si
substrate, the schematic of which is shown in Fig. 7(a).
Figure 7(b) shows the AFM topography (top) and phase
diagram (bottom) of ZnO nanoplates coated with Ag films
by sputtering (the left part of the red dashed line) and Ag
NPs by the photoreduction method (the right part of the
dashed line) on the same substrate. The Ag film and Ag
NPs formed on the ZnO nanoplates can be clearly dis-
tinguished, both of which distribute uniformly on the ZnO
array surfaces. Figure 7(c) shows the high-magnification
AFM topography image of ZnO nanoplates coated with Ag
NPs. It is observed that the Ag NPs attached to the ZnO
surface has a narrow dispersion in particle size, typically
with an average diameter of 30 nm [Fig. 7(d)].

To evaluate the SERS performances of our prepared
Ag–ZnO hybrid substrates using two different methods,
a Raman mapping of R6G with a concentration of 10�7 M
over ZnO nanoplates coated with Ag film and Ag NPs has
been made, as shown in Fig. 8. The top views in Fig. 8
illustrate the measured region and the brightness is pro-
portional to the R6G signal at 1510 cm�1 [Fig. 8(a)] and at

1310 cm�1 [Fig. 8(b)]. In addition, the left part of the
vertical dashed line corresponds to the Ag-film–ZnO
hybrid region, whereas the right part of the vertical dashed
line corresponds to the Ag-NPs-ZnO hybrid region.
The bottom curves in Figs. 8(a) and 8(b) are the cor-
responding R6G signal intensity changes along the
horizontal green lines in the above two Raman mapping
views. Comparing with the Raman signal of R6Gmeasured
on the Ag-film–ZnO hybrid, the SERS activity of the
Ag-NPs-ZnO hybrid is relatively strong, which may be
due to more hot spots formed on the Ag-NPs-ZnO hybrid
substrate. The standard deviations r in SERS enhancement
(probed at different locations for a single substrate) for
above two kinds of SERS substrates are estimated as
follows:

r ¼ 1

I

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

+
N

i¼1
ðIi � IÞ2

s
� 100% ; ð2Þ

where N are numbers of SERS spectra of R6G (10�7 M),
which are measured at different locations on the same
substrate; Ii is the R6G signal intensity at 1510 cm�1

detected at the ith location; and �I is the average R6G
signal intensity. According to the above equation, we
get r � 14.5% for Ag-film–ZnO hybrid substrate and
r � 16.3% for Ag-NPs-ZnO hybrid substrate, which
indicates that both SERS substrates have a comparative

FIG. 6. (a) A geometric model of the V-groove formed by two adjacent Ag-film–ZnO nanoplates under the excitation of a p-polarized plane wave
with a wave length of 632.8 nm. FDTD simulation of E-field distributions at the groove with angles h and center Ag film thicknessesH of (b) 100°, 10
nm; (c) 105°, 20 nm; (d) 110°, 30 nm; (e) 115°, 40 nm; and (f ) 135°, 80 nm.
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uniform Raman enhancement. These results demonstrate
that the Ag–ZnO nanoplate hybrid array substrate with
excellent and homogeneous SERS activity has potential
feasibility as sensitive SERS sensors.

IV. CONCLUSIONS

In conclusion, we have demonstrated a kind of
simple and economic strategy for the fabrication of

SERS-active substrates based on Ag-coated ZnO
hexagonal nanoplate arrays. The combination of Ag
and ZnO nanoplates is realized by two different
methods namely magnetron sputtering and photoreduction.
The optimized Ag–ZnO nanoplate hybrid SERS substrates
exhibit excellent performance in terms of high sensitivity,
good uniformity, and reproducibility. AFM analysis reveals
that there are two kinds of hot spots in our Ag-film–ZnO
hybrid substrates, which are located at the gaps and the

FIG. 7. (a) Schematic of ZnO nanoplate arrays coated with Ag film by magnetron sputtering (left) and Ag NPs by photoreduction (right) method.
(b) AFM topography (top) and phase diagram (bottom) of ZnO nanoplates coated with Ag film by magnetron sputtering (the left part of the red dashed
line) and Ag NPs by photoreduction method (the right part of the dashed line) on the same Si substrate. (c) High-magnification AFM image of ZnO
nanoplates coated with Ag NPs. (d) The size distribution of Ag NPs in (c).

FIG. 8. SERSmapping (step size 2 lm, 48� 115 528) of R6Gwith a concentration of 10�7M onZnO nanoplates coatedwithAg film (the left part of the
vertical dashed line) andAgNPs (the right part of the vertical dashed line). (a) Themapping view corresponding to R6G at 1510 cm�1, (b) themapping view
corresponding to R6G at 1309 cm�1. The top view in (a) and (b) illustrates the measured rectangular region, and the brightness is proportional to the R6G
signal intensity, the bottom curves in (a) and (b) are the corresponding R6G signal intensity changes along the horizontal green lines.
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V-grooves formed between adjacent Ag-film–ZnO hy-
brid nanoplates. The experimentally observed SERS
difference due to structural changes is in good agreement
with the results of FDTD simulation. Therefore, our
prepared Ag–ZnO nanoplate hybrid substrates due to their
excellent and homogeneous SERS activity have potential
feasibility as sensitive SERS sensors in the rapid measure-
ment of trace materials.
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