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ABSTRACT

Surface-enhanced Raman scattering (SERS) technique is a powerful spectrum

analysis technique for the ultra-low molecular trace detection. Conventionally,

noble metals like silver (Ag) and gold (Au) are used to prepare the SERS sub-

strates; however, limitations of complicated experimental designs and sophis-

ticated process steps impede their wide applications in practice. Recently, metal

oxides arise as a promising material for SERS application, but relatively weak

Raman signal enhancement and poor material stability still pose as a challenge.

Here, a UV-light-assisted fabrication of MoO3-x/silver nanoparticles (MoO3-x/

Ag NPs) film is proposed. In the experiment, the sub-transition-metal-oxide of

MoO3-x was used as the Raman chemical enhancement substrate as well as the

reducing agent. Through the spin-coating of MoO3-x layer on the silicon sub-

strate and UV-light-assisted reduction of silver nitride (AgNO3) on the MoO3-x

layer, a novel MoO3-x/Ag NPs one-layer film was fabricated. Using the Rho-

damine B (RhB) as the Raman reporter, SERS measurement shows that

enhancement factor (EF) of 1.195 9 106 could be achieved. Moreover, a Raman

signal amplifying strategy is further demonstrated by constructing MoO3-x/Ag

NPs multi-layer films. And result evidences that maximum gain of 2.07 for the

RhB Raman peak at 1280 cm-1 can be obtained on the MoO3-x/Ag NPs three-

layer film when referred to that on the MoO3-x/Ag NPs one-layer film.

Meanwhile, the EF of the MoO3-x/Ag NPs three-layer film is also improved to

2.985 9 106, giving the minimum detectable concentration of 10-9 M.
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Introduction

Surface-enhanced Raman scattering (SERS) tech-

nique, as a simple, rapid, non-destructive and highly

sensitive spectroscopic analysis method, has gained

enormous interests for the ultra-low trace detection of

chemical composites, biological molecules and envi-

ronmental contaminants [1–4]. Generally, noble met-

als like silver (Ag) and gold (Au) are the prior choice

materials to prepare the SERS substrates, which are

attributed to their excellent electromagnetic

enhancement mechanism (EM) produced by the

surface plasmons [5–15]. However, in order to

achieve strongly confined surface electromagnetic

field or ‘‘hot spots’’, and subsequently promote the

SERS detection capability, careful experiment designs

and preparation of the noble-metal nanostructures

are required [5, 6]. Up to date, a large number of

noble metal structures with various morphologies

that prepared by chemical synthesis or semiconduc-

tor fabrication techniques have been reported [16–23].

For example, Liz-Marzán et al. demonstrated a scal-

able method of preparing the gold nanoparticle

plasmonic superlattices through template-assisted

assembly of gold nanospheres, which showed tun-

able plasmon modes from near-infrared to visible

light and potentially extended the selection of probe

laser [24]. In the meanwhile, Xia et al. addressed the

facile synthesis of sharp corners and edges silver

nanocubes in aqueous environment. From the Raman

measurement, it indicated that these nanocubes

showed strong SERS activities [25]. Other than that,

Yang et al. fabricated the noble metal functionalized

Si nanorod arrays with the reactive ion etching, metal

deposition and chemical etching processes, which

demonstrated excellent spatially uniform SERS per-

formance throughout the whole substrate [26]. Nev-

ertheless, in spite of the fact that attractive SERS

performances have been obtained on numerous

nanostructures, and the enhancement factors (EFs)

can easily reach as high as 105–108, chemical syn-

thesis methods always involve the proper using of

active surfactants and accurate control of the reaction

conditions to guarantee the uniformity and repro-

ducibility of the nanostructures, while the semicon-

ductor fabrication techniques, like metal physical

deposition and etching method, usually consume

time and cost a lot. Moreover, surfactants are certain

kinds of surface-active molecules, in the chemical

synthesis procedure, they selectively attach to specific

crystal surfaces to help the controlled growth of the

nanostructures; however, these molecules also

inevitably occupy the valuable surficial area on the

nanostructures. During the SERS measurement, the

clean area left on the nanoparticle to adsorb the

analytes is significantly reduced; consequently, the

SERS performance is severely deteriorated [27, 28].

Most recently, studies on transition metal oxides,

transition metal chalcogenides and two-dimensional

materials have evidenced that non-noble metal sur-

face could also provide SERS enhancement through

the chemical enhancement mechanism (CM) [29–31].

Since CM strongly depends on the defect level-as-

sisted charge transfer (CT) between the substrate and

molecules, defect engineering is essentially important

to facilitate the CT [32, 33]. Presently, decent SERS

performance has been reported on the materials like

Cu2O, Cu2S, MoS2, TiO2 and WS2, and lately, out-

standing SERS characteristics were also observed on

defective molybdenum oxide [34–38]. For example,

John et al. synthesized urchin-like MoO3 nanostruc-

ture through the chemical bath deposition method.

Experimental results indicated that the urchin-like

MoO3 nanostructures were rich in oxygen vacancies.

And in the Raman measurement, relying on the

efficient CT supported by the defect levels, the MoO3

nanostructures achieved a relatively high EF of 105

and a lower limit of detection (LOD) of 10-7 M by

using the Rhodamine 6 G (R6G) as the Raman

reporter [39]. Moreover, another achievement repor-

ted by Liu et al, presented the synthesis of molyb-

denum oxide nanoparticles through defect

engineering for SERS detection. In the experiment,

the bulk MoS2 was oxidized into MoO2, MoO3-x and

MoO3 by controlling the reaction time, respectively.

And SERS measurement revealed that the most

defective products-MoO2 showed the superior SERS

performance with the detection limit was as low as

5 9 10-8 M [40]. Besides, defect tuning in the MoO3

through hydrogen ion (H?) insertion as well as weak

chemical reduction reaction with poly (ethylene

oxide), ascorbic acid or dopamine etc. was also

widely discussed, and results evidenced that intro-

ducing high level defect density in the molybdenum

oxide can significantly promote the CT process, pro-

ducing admirable SERS performance [40–44]. At this

stage, it is notable that non-noble-metal materials also

show attractive SERS performance; however, com-

pared to most of the noble-metal based SERS
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substrates, the EFs obtained on the majority of non-

noble metal materials are still not high enough for

ultra-sensitive molecule detection, especially for

molecules that the molecular orbits are not well

aligned with the non-noble-metal materials, which

further retards the CT. In view of the above situation,

SERS substrates contain both noble-metal materials

and oxides have attracted massive attentions. In

order to make use of both EM and CM, MoO3-Au

hybrid substrate, MoOx-AuNSs composites, TiO2-Au

nanocomposites and TiO2-Ag hybrid structure, etc.,

has been reported in the studies, and Raman mea-

surements indicate that they own excellent SERS

performance [45–48]. Nevertheless, it should be

mentioned that complex chemical synthesis or pro-

cess steps are required to prepare these combined

substrates, which weaken their advantages on

admirable EFs.

Herein, we report a facile strategy to prepare an

attractive SERS substrate by developing the MoO3-x/

silver nanoparticles (MoO3-x/Ag NPs) film. In this

work, MoO3-x, a relatively stable sub-transition-

metal-oxide, is used as a Raman chemical enhance-

ment substrate as well as the reducing agent. Con-

trolled preparation of MoO3-x/Ag NPs one-layer

film is obtained through the spin-coating of MoO3-x

film on the silicon substrate and UV-light-assisted

reduction of silver nitride (AgNO3) on the MoO3-x

film. The Raman performance of the prepared

MoO3-x/Ag NPs one-layer film is evaluated by using

the Rhodamine B (RhB) as the reporter. Experimental

results reveal that the enhancement factor of the

MoO3-x/Ag NPs one-layer film can reach

1.195 9 106, which is produced by the synergetic

Raman signal enhancement of EM and CM [49]. More

interestingly, a kindly of multi-stage Raman signal

amplifying strategy is realized by constructing

MoO3-x/Ag NPs multi-layer film. Raman measure-

ment result evidences that maximum gain of 2.07 at

the RhB Raman peak of 1280 cm-1 can be obtained on

MoO3-x/Ag NPs three-layer film when compared to

that measured on the MoO3-x/Ag NPs one-layer

film. In the meanwhile, the EF of the MoO3-x/Ag

NPs three-layer film is also improved to 2.985 9 106,

giving the minimum detectable concentration of 10-9

M. All in all, this work offers a facile and effective

method of prepare attractive SERS substrate, and it

potentially enriches the selection of ultra-sensitive

SERS sensor for molecular trace sensing application.

Materials and methods

Chemicals

RhB and AgNO3 were purchased from Sigma-

Aldrich. Aqueous ammonia (NH3�H2O), hydrogen

peroxide (H2O2) and ethanol was obtained from

Sinopharm Chemical Agent Co., Ltd. Molybdenyl

acetylacetonate ([CH3COCH=C(O)CH3]2MoO2) was

purchased from Shanghai Macklin Biochemical Co.,

Ltd. All chemicals in the experiment were of analyt-

ical purity and used without further purification.

Milli-Q water (18.2 MX cm) was used throughout the

whole experiment.

Sample preparation

Synthesis of MoO3-x powder 0.1 g of molybdenyl

acetylacetonate was first added into the mixed solu-

tion of distilled water (41 mL) and absolute ethanol

(9 mL), then stirred for 1 h at room temperature [50].

Thereafter, the above mixture solution was added

into a Teflon-lined stainless-steel autoclave and kept

at 180 �C for 20 h. After the reaction was completed,

the black products were collected by high speed

centrifugation, washed with distilled water for three

times, and finally dried at 50 �C in a vacuum oven.

The morphology of the synthesized MoO3-x was

detected by SEM, and it showed cube-like nanos-

tructure (Fig. S1(a) and (b), Supplementary

Information).

Preparing the MoO3-x/Ag NPs film the MoO3-x film

was prepared by a layer-by-layer method, which was

schematically shown in Fig. 1. Firstly, the silicon

substrate was cleaned by NH3•H2O/H2O2/H2O

solution (1:1:5), thereafter, 20 lL of the prepared

MoO3-x ethanol solution (23 wt %) was dropped on

the center of the silicon substrate, and then it was

spin-coated on the substrate at 450 rpm for 100 s.

This dropping and spin-coating procedures were

repeated for 12 times to obtain a 200-nm MoO3-x film

(Fig. S1(c), Supplementary Information). Then, the

substrates were annealed at 150 �C for 0.5 h in the air

ambient to improve the adhesion. After that, 10 lL of

AgNO3 solution was drop-casted on the MoO3-x film

and then illuminated by 253.7-nm UV-light with the

power of 10 mW�cm-2 for 2 h. During this period,

Ag? ions were reduced to Ag NPs, and MoO3-x/Ag

NPs one-layer film was obtained [51]. Moreover, to

build MoO3-x/Ag NPs multi-layer film, additional
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MoO3-x/Ag NPs layers were sequentially prepared

with the same procedure on the prior one.

Measurements and characterization

The sizes and morphologies of the samples were

detected by SU-70 field emission scanning electron

microscopy (Hitachi, Japan) under an accelerating

voltage of 5 kV, and the object distance was 6 mm.

The element energy-dispersive spectroscopy (EDS)

spectra and element EDS mapping of the samples

were also obtained on SU-70 FESEM equipped with

EDAX (EDAX, USA). The optical absorption spectra

of the products were recorded with a TU-1901 UV–

Vis spectrometer (Shimadzu, Japan). The X-ray

diffraction (XRD) spectra of the samples were iden-

tified on a D8 Advance diffraction meter equipped

with a LynxEye XE detector (Bruker-AXS, Germany).

X-Ray photoelectron spectroscopy (XPS) was mea-

sured by ESCALAB 250Xi (ThermoFisher, USA). The

qualitative analysis for chemical identification was

performed through high-resolution scan of the Mo3d

spectral region. The binding energies (BE) and charge

corrections were referenced to the C1s line at

284.8 eV. The SERS properties of the samples were

examined by a Raman microscope equipped with a

QE Pro spectrometer (Ocean Optics, USA) using a

532-nm semiconductor laser as the excitation source.

The laser power on the sample was 1 mW, the inte-

gration time was 10 s, and the diameter of the spot

size was 12.5 lm (100 9 objective lens with

numerical aperture of 0.8). All the analysis was per-

formed at room temperature.

FDTD simulations

The numerical simulations were performed with the

FDTD method. All the structures were excited by a

planewave source with the wavelength from 370 to

682 nm. The permittivity of Ag was deduced from

the Drude–Lorentz model fitted to the experimental

data. In order to suppress the noise reflected or

scattered from the simulated boundaries, the

boundaries of the area were set to a perfectly mat-

ched layer.

Results and discussion

XRD analysis was first conducted to investigate the

phase structures of the films. Figure 2a shows the

XRD spectra of the annealed MoO3-x film and the

film after the Ag? reducing reaction under the UV-

light illumination. Apparently, on the diffraction

pattern of the annealed MoO3-x film, peaks belong to

the (110), (200), (210), (220) and (002) planes of the

monoclinic MoO3 can be observed (JCPDS No.

78-1069) [36], whereas extra peak around 38.1� only

appears on the diffraction pattern collected on the

film after the reducing reaction under the UV-light

illumination, which can be assigned to the (111) plane

of the Ag lattice (JCPDS No. 04-0783) and indicates

the successful synthesis of the Ag NPs [52].

Figure 1 Schematic

illustration of the preparation

flows for fabricating the

MoO3-x/Ag NPs film.
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Moreover, to obtain the optical characteristics of the

film, UV–Vis absorption spectra of the above two

different films were collected and are shown in

Fig. 2b. As it can be found on the annealed MoO3-x

film that, besides the strong absorption tail beyond

the absorption edge (wavelength[ 300 nm), weak

absorption hump is also detected below the wave-

length of 500 nm, which is considered to be closely

related to the oxygen deficiency-induced small

polarons [42, 53], while absorption curve collected on

the film after the reducing reaction under the UV-

light illumination exhibits a wide absorption envel-

ope with the peak located around 370 nm. This

unique absorption pattern is attributed to the strong

interaction between the irregular Ag NPs and inci-

dent light [54].

SEM detections were then performed to investigate

the morphologies of the nanoparticles on the UV-

light illuminated film. Figure 3 shows the typical

SEM images of Ag NPs obtained by using different

concentrations of AgNO3 solution from 0.18 to

1.8 mg mL-1. It can be found that when the concen-

tration of the AgNO3 solution rises, which tends to

provide more Ag? source during the reaction, the

number and size of Ag NPs on the MoO3-x film

increases. To be more specific, on the MoO3-x film

dropped with 1.8 mg mL-1 of AgNO3 solution, much

denser and larger Ag NPs are synthesized. And SEM

images of Ag NPs illustrate that Ag NPs show

hydrangea-like shapes with notable walls on the

surface, which ensures the generation of intensive

surface electromagnetic field on the Ag NPs surface

(Fig. S2(a) and (b), Supplementary Information). In

addition, relatively small Ag NPs are also detected

between those sizable Ag NPs, this structural

advantage will further narrower the gaps between

the Ag NPs and ultimately generate strong ‘‘hot

spots’’ [55].

Other than that, local element EDS mapping spec-

tra were also collected and are shown in Fig. 4. Ag,

N, Mo and O element are clearly detected (Fig. 4b–f),

and from the Ag element mapping (Fig. 4b), it can be

observed that Ag NPs irregularly distributed on the

surface, which further confirms the formation of

MoO3-x/Ag NPs film under the UV-light illumina-

tion [56]. In addition, Mo element the film is con-

formably distributed on the surface; as an evidence, it

can be inferred that CM also will be present during

the SERS measurement [54].

The valence states of the elements in annealed

MoO3-x film and the MoO3-x/Ag NPs film were

identified by XPS analysis. Figure 5a shows the XPS

survey spectra collected on the annealed MoO3-x

film, and it can be observed that six prominent peaks

in the survey spectra are clearly shown, which can be

indexed to Mo3d (232.07 eV), C1s (283.1 eV), Mo3p

(395.8 and 413.2 eV), Mo3s (505.0 eV) and O1s

(528.7 eV), respectively [36]. In the meanwhile,

Fig. 5b illustrates the XPS survey spectra collected on

the MoO3-x/Ag NPs film, it evidences that, apart

from the Mo3d, Mo3p, Mo3s and O1s peaks, Ag3d5/2
(368.0 eV), Ag3p3/2 (573.0 eV) and Ag3p1/2 (604.0 eV)

are also clearly shown. Moreover, XPS fine-scan

spectra of the Mo element in the annealed MoO3-x

film and MoO3-x/Ag NPs film were performed and

are shown in Fig. 5c and d, respectively. Both of them

show typical four-peak envelopes. Thereafter, in

order to further clarify the valence state of the Mo

element in the film, deconvolution operations were

performed on the two core level spectra of Mo3d. As

it can be found in Fig. 5c and d that four-peak-shaped

Mo3d spectra could be well fitted into three spin–

Figure 2 a the XRD spectra

and b absorption spectra

collected on the annealed

MoO3-x film and the film after

the Ag? reducing reaction

under the UV-light

illumination, respectively.
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orbit doublets. The two characteristic strong peaks at

230.2 and 232.6 eV can be indexed to Mo4?, and the

two weak shoulder peaks at 231.28 and 234.38 eV can

be attributed to Mo5?, while the other two weak

shoulder peaks at 232.68 and 235.98 eV can be

attributed to Mo6?. Furthermore, based on the

integrated area of the specific peak, the percentage of

each Mo valence state in the film is calculated. As it

indicates that, in the annealed MoO3-x film (Fig. 5c),

23.7% of the Mo ions are at Mo6? state, 48.1% are

Mo5? state and 28.2% are Mo4? state. However, in the

MoO3-x/Ag NPs film (Fig. 5d), it reveals that 45.5%

Figure 3 SEM images of MoO3-x/Ag NPs film prepared with different concentrations of AgNO3 solution: a 0.18 mg mL-1,

b 0.36 mg mL-1, c 0.45 mg mL-1, d 0.6 mg mL-1, e 0.9 mg mL-1, f 1.8 mg mL-1.

Figure 4 a SEM image of the film; the corresponding elements mapping, b Ag, c N, d Mo, e O and f the EDS spectra of the MoO3-x film

after the Ag? reducing reaction under the UV-light illumination.
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of the Mo ions are at Mo6? state, 29.7% are Mo5? state

and 24.8% are Mo4? state. Based on above XPS

analysis results, it can be known that part of the low

valence state Mo ions in the annealed MoO3-x film

are oxidized to high valance states during the UV-

light illumination period, which supports the

understanding that the low valence state Mo ions in

the film act as reducing agents, and consequently

facilitate the Ag? reducing reaction.

To evaluate the SERS activity of the MoO3-x/Ag

NPs film, Rhodamine B (RhB) molecules were used

as the Raman reporter. Figure 6a shows the SERS

spectra of RhB molecules detected by using MoO3-x/

Ag NPs one-layer film synthesized with different

AgNO3 solution concentrations. It illustrates that the

characteristic peaks of RhB from 600 to 2000 cm-1

could be noticeably observed.

Specifically, the Raman peak that locates at

620 cm-1 (P1) is attributed to the aromatic banding,

while the Raman peak at 1195 cm-1 (P2) arises from

aromatic C - H banding. In the meanwhile, the

Raman peak at 1280 cm-1 (P3) arises from C–C

bridge bands stretching, and finally the Raman peaks

at 1357 (P4) and 1646 cm-1 (P5) are ascribed to the

aromatic C–C stretching [57]. Besides, those addi-

tional Raman peaks are contributed by the vibrating

bonds of the molybdenum oxide, and the peak

assignments can be found in Fig. S3, Supplementary

Information [45, 54]. Furthermore, from Fig. 6a, it can

be observed that 0.18 mg mL-1 AgNO3 solution only

gives relatively weak Raman signal enhancement

when compared to that obtained on the bare MoO3-x

film, this observation indicates that the EM sup-

ported by the Ag NPs is relatively insignificant as

there are inadequate Ag NPs reduced when the

AgNO3 solution concentration is low. Subsequently,

with the gradual increase in the AgNO3 solution

concentration, it shows that the Raman signal inten-

sities remarkably climb up, and ultimately, the

maximum Raman signal enhancement is found when

the AgNO3 solution concentration reaches

1.8 mg mL-1. This observed significantly Raman

signal enhancement is ascribed to the extraordinarily

synergetic effect of EM produced by denser Ag NPs

and CM.

To further improve the SERS performance of

MoO3-x/Ag NPs film, in the subsequent experiment,

the MoO3-x/Ag NPs film prepared with

Figure 5 The XPS survey

spectrum of a Annealed

MoO3-x film and b MoO3-x/

Ag NPs film; deconvoluted

core level spectra of Mo 3d on

the c surface of annealed

MoO3-x film and (d) MoO3-x/

Ag NPs film.
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1.8 mg mL-1 AgNO3 solution was chosen as the

fundamental unit, and a multi-layer film was con-

structed by repetitively stacking the unit film on the

prior one accordingly to the experimental design (see

Fig. 1). The SERS performance of the MoO3-x/Ag

NPs multi-layer films was then accessed and the

results are shown in Fig. 6b. As it is illustrated that,

with different layers of the MoO3-x/Ag NPs films, a

multi-stage amplifying of the Raman signal could be

observed. More specifically, the intensities of P1, P2,

P3, P4 and P5 all are coincidently enhanced. There-

after, for the purpose of approximating the gain of

the MoO3-x/Ag NPs films with different layer

numbers, the evolution of each Raman peak intensi-

ties (P1, P2, P3, P4 and P5) are extracted when the

film layer numbers increase from one to three

(Fig. 6c), then the gains of the multi-layer films are

calculated. As it can be seen that, for the MoO3-x/Ag

two-layer NPs films, the peak heights of P1, P2, P3, P4

and P5 are about 1.37, 1.63, 1.80, 1.65 and 1.50 times

higher when they compare to those observed on the

MoO3-x/Ag NPs one-layer film, while with the fur-

ther increase in the layer number to three, the peak

heights at P1, P2, P3, P4 and P5 are about 1.47, 1.70,

2.07, 1.63 and 1.64 times higher than those observed

on the MoO3-x/Ag NPs one-layer film. At this

moment, it could be found that the multi-stage

amplifying is weakened when the layer numbers

increase from two to three. In consideration of the

Raman enhancement mechanism, a solid under-

standing is ascribed to the boosted surface electro-

magnetic field induced by the stacked Ag NPs,

however, when the layer numbers of the films

increase, the distance between those lower layer Ag

NPs and the analytes is also enlarged, and as a short-

range enhancement effect, the EM contributed by

these lower layer Ag NPs is severely weakened. In

addition, this amplifying capability is also limited by

the maximum laser penetration depth. When the film

layers increase, those Ag NPs deeply buried in the

oxides can’t receive the incident light, and conse-

quently there is no electromagnetic field contribu-

tions from these Ag NPs, thus even more Ag NPs are

involved in the stacked structure when the layer

numbers increase, the Raman signal intensities won’t

proportionally enhanced.

In the next discussion, the EFs of the above three

different layer-number films are calculated. During

the calculation, the integrated peak intensity at

1646 cm-1 was used to determine the EFs (details in

Figure 6 a The SERS spectra of the RhB-labelled MoO3-x/Ag

NPs synthesized with AgNO3 solutions of 1.8, 0.9, 0.6, 0.45, 0.36

and 0.18 mg mL-1; b Raman spectra of RhB molecules (10-5 M)

collected on MoO3-x/Ag NPs with different layers; c The

corresponding distributions of Raman spectra with the Raman

band at 621, 1193, 1278, 1358 and 1646 cm-1; d The evolution of

EF as a function of MoO3-x/Ag NPs film layers plotted in

logarithmic scale (inset: the structural formula of RhB molecule);

e Raman spectra collected for MoO3-x/Ag NPs film under five

different concentrations, 10-5, 10-6, 10-7, 10-8 and 10-9 M,

suggesting the detection limit was as low as 10-9 M (inset: with

narrowed y scale for 10-8 M and 10-9 M).
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the Supplementary Information). As shown in

Fig. 6d, it can be found that the respective EFs are

1.195 9 106, 2.733 9 106 and 2.985 9 106 for three

structures with different layers, which are compara-

ble to those EFs obtained on metal oxide-noble-metal

nanoparticles composites (Table 1). Additionally, the

detection limit of the MoO3-x/Re Ag NPs films was

also evaluated. To achieve this, the Raman spectra of

different RhB concentrations were measured by

averaging fifteen measurement points. Figure 6e

shows the Raman spectra of different RhB concen-

trations, decreasing from 10-5, 10-6, 10-7, 10-8 to

10-9 M. Clearly, it could be found that Raman signal

of RhB at 10-9 M on the three-layer MoO3-x/Re Ag

NPs films are still observable (inset in Fig. 6e), which

gives the approximated lower detection limit of this

three-layer film to be 10-9 M. At this stage, it is worth

noting that only such a low detection limit enables

the high sensitivity detection of extremely low trace

analytes.

Furthermore, as it is known to all that the unifor-

mity of the Raman signal intensities from the SERS-

active substrate is an important aspect in the quan-

titative detection. Therefore, in the subsequent

experiment, the Raman signal intensity mappings

were measured on all three films with different layer

numbers. Typically, a randomly selected

100 9 100 lm2 square was used to perform the

mapping measurement, and totally 2500 measure-

ment points were recorded for each film by using the

10-5 M RhB as reporter. Figure 7 shows the mapping

data of the Raman peak intensities at 1646 cm-1. It

can be observed in Fig. 7a that the average mapping

intensity obtained from MoO3-x/Re Ag NPs one-

layer film is 1119.6 cps. Meanwhile, for the films with

MoO3-x/Re Ag NPs two- and three-layer film, the

respective average Raman mapping signal intensities

are 2008.8 and 2196.8 cps. Moreover, the relative

standard derivations (RSD) for the three films were

also calculated. As shown in Fig. 7, they are 26.73%,

13.4% and 7.54% for one-layer, two-layer and three-

layer film, respectively. Based on the above results, it

is found that all three prepared structures show

attractive Raman signal intensity enhancements, and

more interestingly, it can be observed that the RSD is

also significantly improved with the increase in the

film layer numbers, which could be ascribed to the

improved average Ag coverage when more layers are

built.

In the end, to understand the layer-dependent

SERS performance of the MoO3-x/Ag NPs films,

FDTD simulation was performed to investigate the

surface electromagnetic field profile around the Ag

NPs. By carefully analyzing the SEM images (Fig. S2,

and Fig. S4, Supplementary Information), it can be

found that the Ag NPs show hydrangea-like shapes

with notable walls on the surface. And in consider-

ation of reaching a compromise between the actual

morphologies of the Ag NPs and the efficiency of the

calculation, the Ag NPs were imitated by a 270-nm

radius of Ag sphere decorated with 130-nm height

and 15-nm thickness of surficial walls in the calcu-

lation (Fig. S5, Supplement Information). Moreover,

the lateral distance between the Ag NPs on the same

layer was set to 120 nm, whereas the vertical distance

of the two Ag NPs on the nearby layer was set to

110 nm. The simulation results are shown in Fig. 8.

Obviously, it could be observed on the one-layer film

Table 1 Summary of the SERS performance of metal oxide and metal oxide-noble metal nanoparticle composites

[29, 36–38, 45, 47, 48, 58]

Substrate Raman reporter and excited wavelength EF and LOD References

W18O49 film Rhodamine 6G; 532 nm 3.4 9 105; 10-7 M [29]

MoO2 film Rhodamine 6G; 532 nm 3.75 9 106; 10-7 M [36]

Cu2O nanospheres 4-Mercaptobenzoic Acid; 488 nm 5.36 9 105; NA [37]

Ar? ion irradiated TiO2 film Rhodamine 6G; 532 nm 4.5 9 105; 10-8 M [38]

MoOx-AuNSs hybrid IR-780 iodide; 785 nm 1.7 9 105; NA [45]

Ag-TiO2 nanorods Rhodamine 6G; 514 nm 105; NA [47]

Au-TiO2 nanocomposites 4-Mercaptobenzoic Acid; 633 nm 0.7 9 104; 10-8 M [48]

Au-Coated ZnO Nanorods Methylene Blue; 632.8 nm 3.4 9 105; 10-12 M [58]

MoO3-x/Ag NPs three-layer film Rhodamine B; 532 nm 2.985 9 106; 10-9 M This work
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that strong surface electromagnetic fields are gener-

ated on the walls of the Ag NPs due the excitation of

the localized surface plasmon resonance by the inci-

dent light, and in the meanwhile, very weak ‘‘hots

pots’’ are also observed within the gap of the closely

arrayed Ag NPs. In the meanwhile, for the two-layer

film, similar surface electromagnetic field profile and

‘‘hot spots’’ also can be found on the top layer of Ag

NPs. In addition, on the lower surface of the top Ag

NPs (Layer 2) and the upper surface of the bottom Ag

Figure 7 Raman mapping intensity at 1646 cm-1 obtained on a 100 9 100 lm2 square with 10-5 M RhB as the reporter a one-layer,

b two-layer and c three-layer film; d the RSD of the Raman mapping intensities for the three different films.

Figure 8 The E-field intensity profile on the Ag NPs when the incident laser wavelength is 532 nm. a one-layer; b two-layer and c three-

layer film.
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NPs (Layer 1), extra strong surface electromagnetic

field is excited due to the interaction between the

light and Ag NPs. Lastly, for the three-layer film,

same as one-layer and two-layer film, surface elec-

tromagnetic field profile and ‘‘hot spots’’ are observed

on the top layer of Ag NPs, and moreover, additional

strong surface electromagnetic field is also excited on

the lower surface of the top Ag NPs (Layer 3) and the

upper surface of the middle Ag NPs (Layer 2).

However, due to the limitation of the light penetra-

tion depth, only very weak surface electromagnetic

field is observed within gap between the middle layer

(Layer 2) and the bottom layer (Layer 1), which

complies with the experimental evidence that very

weak Raman amplifying is observed when the film

reaches three layers.

Conclusion

To summarize, it is demonstrated an easy-fabricating

SERS substrate based on the MoO3-x/Ag NPs film.

Experimental investigations evidence that the pre-

pared MoO3-x/Ag NPs film show superior SERS

performance supported by the joint enhancement

mechanism of EM and CM. Moreover, by construct-

ing multi-layer films, from one to three layers, it

demonstrates a multi-stage amplifying strategy. More

specifically, for MoO3-x/Ag NPs three-layer film, it

gives about 2.07 times gain of the Raman intensity

(1280 cm-1) compared to that of MoO3-x/Ag NPs

one-layer film. Finally, it is also demonstrated that

the MoO3-x/Ag NPs films show relatively good

uniformity of the SERS signal in a large area, which is

verified by the mapping measurement. Overall, this

work presents a high EFs and uniform SERS sensor

with the MoO3-x/Ag NPs multi-layer films, and it is

expected that this sensor can be potentially used in

future for ultra-low trace molecular analysis

applications.
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