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a b s t r a c t

Surface enhanced Raman scattering (SERS) has been developed as a powerful tool for detection of ultra-
trace molecules, thus at foundation of a number of important technologies, such as chemical analysis and
biosensor. Photocatalytic growth of Ag nanoparticles (NPs) by TiO2 film is a cost-effective, facile and
surfactantless way to fabricate SERS substrates with high stability and reproducibility, but the SERS
activity still needs to be improved. In this work, we report a facile way to improve SERS activity of TiO2-
catalyzed Ag NPs by additionally depositing a layer of Ag film using magnetron sputtering. Combining
with the advantages of liquid and vapor environment, the Ag NPs size increase to the resonance size
without decrease of density, so the spacing of Ag NPs decrease and high-density hotspots can be formed.
By optimizing the sputtering time of Ag films, the SERS activity of the Ag NPs/films is improved by a
factor of ~400. This work not only establish a low-cost method for fabricating high-quality SERS sub-
strate, more importantly, propose a novel way to prepare plasmonic nanostructures with high-density
hotspots.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Surface enhanced Raman scattering (SERS), which occurs on
rough metallic (typically Au and Ag) surfaces or nanoparticles
(NPs), has been intensely explored as a highly sensitive technique
for detection of ultra-trace or single molecule [1e3]. For the pur-
pose of SERS application in chemical analysis and biosensing, a key
step is fabrication of high-quality SERS substrates, which needs to
be highly sensitive, reproducible, stable over time, easy to be
fabricated, and cost-effective [4]. In the past decades, many
methods have been explored to fabricate various nanostructures
for SERS substrates, such as cycling oxidation-reduction of Ag
electrode surface [5], deposition of metallic island films [6] or Ag
nanorods [7], lithography for ordered Ag nanostructures [8,9] or
three-dimensional metal nanostructures [10,11]. Though these
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methods are potential for fabrication of SERS substrate, there is a
necessity to be further improved in the viewpoint of practical ap-
plications. For example, lithography is capable of fabricating a SERS
substrate with highly controlled hotspots, but its high cost is
obstructive to commercial application. Extremely high SERS activ-
ity was claimed to achieve on Ag-decorated three-dimensional
nanostructures [12e14], but the reproducibility needs to be
improved. Therefore, it is necessary to explore the way for com-
mercial applications.

Because of the excellent photocatalytic activity, TiO2 films have
been widely used to grow Ag NPs on the surface of TiO2 films by
reducing the Agþ in AgNO3 aqueous solution under the irradiation of
ultraviolet (UV) light [15e19]. The TiO2-catalyzed Ag NPs can be
used as SERS substrate with the following advantages. First, pho-
tocatalytic reduction is a cost-effective method facilitating fabrica-
tion of TiO2-catalyzed Ag NPs, in which the semiconductor (TiO2)
and Ag NPs synergically contribute to Raman enhancement. Second,
the TiO2-catalyzed Ag NPs prepared by the photocatalytic reduction
are surfactant free, thus preventing against the contamination in
SERS measurement from the agents, which are usually necessary in
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synthesis of noble metallic NPs by other solution-phase reactions,
such as the chemical synthesis of Ag NPs in colloids. Third, the TiO2-
catalyzed Ag NPs are stable for long-time use (>1 year) [16]. More
importantly, the TiO2-catalyzed Ag NPs is very uniform in size and
controllable, thus leading to a high reproducibility in acquiring
Raman signals. For example, Li et al. [17] found the spot-to-spot
variance in Raman signals on the TiO2-catalyzed Ag NPs as small
as ~10%, which is a good performance among various SERS sub-
strates. Despite of above advantages, the TiO2-catalyzed Ag NPs are
still absent of enough attention, because the SERS activity needs to
be improved when they are used as SERS substrates.

It is well known that the electromagnetic hotspots, which
mainly occurred in the nanogaps less than 10 nm, make the most
important contribution to the Raman enhancement in SERS sub-
strates [20e23]. By investigations into the TiO2-catalyzed Ag NPs,
the spacing between adjacent Ag NPs was found too large to form
hotspot, thus producing a relatively low SERS activity [17]. Systemic
study revealed that the liquid environment is a major factor
resulting in the wide gaps between the Ag NPs [24]. In the liquid
environment, Ostwald ripening is the dominative mechanism
controlling the photocatalytic growth of Ag NPs, as schematically
shown in Fig. 1(a), and then leading to awide distribution of Ag NPs
in size, as shown in Fig. 1(c), and a lower density, thus obstructing
the formation of high-density hotspots. This shortage cannot be
overcome in the photocatalytic growth of TiO2-catalyzed Ag NPs.
Therefore, we have to explore other methods for improving the
SERS activity of the TiO2-catalyzed Ag NPs.

Differing from the photocatalytic growth of Ag NPs in liquid
environment, OR-dominated growth of Ag NPs is limited at room
temperature in physical vapor deposition (PVD), such as magnetron
sputtering. After nucleation, the Ag NPs deposited by magnetron
sputtering could uniformly grow up without obvious OR process, as
schematically shown in Fig.1(a) and the SEM image in Fig.1(d). High-
Fig. 1. (a) Schematic diagrams of NP growth in solution and in vacuum. (b) Raman spectr
catalyzed Ag NPs prepared by photocatalytic method. (d) SEM image of the typical Ag NPs
density hotspots have been obtained in deposition of Ag films at the
percolation threshold [25], but the sizes of Ag NPs is at a level of
10e30 nm, which is too small to produce a stronger Raman reso-
nance under excitation of visible light. Moreover, there is a difficulty
in technology controlling the growth of Ag NPs at the percolation
threshold. After the point of percolation threshold, coalescence of Ag
NPswill take place, and then resulting in formation of Ag film, which
exhibits a rather low SERS activity, as shown in Fig. 1(b).

The different growth modes between vapor and liquid envi-
ronment make us think of a novel way to fabricate SERS substrates
with high-density hotspots by combining the photocatalytic
growth and magnetron sputtering. It can be expected that the
limited OR growth of Ag NPs in vapor environmentwill increase the
size of TiO2-catalyzed Ag NPs without decrease its density, leading
to the formation of high-density hotspots.

In this work, we report our attempt to fabricate a new SERS
substrate with high-density hotspots by depositing a layer of Ag
film on the TiO2-catalyzed Ag NPs using magnetron sputtering
method. The enhancement of Raman signals was studied as a
function of deposition time of Ag films, and an enhancement factor
as large as ~1.2 � 107 was obtained by optimizing the deposition
time of Ag films. This method was demonstrated easily to control
the SERS activity of TiO2-catalyzed Ag NPs at a relatively high level,
which is comparable with the SERS substrates fabricated by
lithography or other methods. In addition, we studied the depen-
dence of hotspots on the deposition time and gave a discussion on
the enhancement mechanism in the SERS substrates.

2. Experimental details

2.1. Preparation of TiO2 films

Nanoparticulate TiO2 films for depositing Ag NPs were
a of R6G on Ag films deposited at the given time. (c) SEM image of the typical TiO2-
prepared by sputtering method.



Fig. 2. (aee) SEM images of AgeTiO2 films before and after Ag deposition at the given time, (f) Average size and density of Ag NPs plotted as a function of Ag deposition time. The
inset shows the size distributions of the TiO2-catalyzed Ag NPs before Ag deposition.
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prepared by the conventional sol-gel method. Namely, 50 mL ti-
tanium isopropoxide was first mixed with 3 mL acetylacetone and
stirred about 10 min (solution A). Then, 0.21 mL nitric acid, 1.4 mL
deionized water and 150 mL ethyl alcohol were mixed and stirred
for ~10 min (solution B). The TiO2 sol was prepared by slowly
adding solution B dropwise into the vigorously stirring solution A.
After mixing, the TiO2 sol was kept stirring for 2 h at room tem-
perature and aged for 2 days for use. TiO2 gel films were coated on
the substrate of cleaned glass slide with dip-coating method by
immersing the substrate into the as-prepared TiO2 sol. At last, the
TiO2 gel filmwas crystallized at 450 �C for 1 h to form anatase TiO2
film. The thickness of TiO2 films was controlled at ~200 nm. To
avoid any contamination, the TiO2 films were immediately used to
grow Ag NPs. All the chemicals in the preparation of TiO2 films
were of analytical reagent grade and were purchased from Kermel
Chemical Reagents Co. Ltd.
2.2. Growth of Ag NPs and sputtering of Ag films

The growth of Ag NPs was conducted in AgNO3 solution of
180 mg/L (1 mM) under the irradiation of a low-pressure mercury
lamp (Philips TUV, Amsterdam, Holland, 8 W). The experimental
setup was placed in a dark room. The distance from the lamp to the
TiO2-coated film was fixed at 6 cm and the illumination flux of
ultraviolet (UV) photons (>3.1 eV) was estimated to be 1016/cm2$s.
The growth process was monitored by in-situ measurement of
extinction spectra in the wavelength range of 200e1100 nm using
ultravioletevisible-near-infrared spectroscopy (UVeVis.-NIR,
Ocean, Maya 2000-Pro Dunedin FL). After the growth was stopped,
the samples were taken out, carefully cleaned, and dried with a
slow flow of dry nitrogen. The deposition of Ag films were at room
temperature by sputtering a silver target (99.99%) using a magne-
tron sputtering system operated at 0.5 Pa in an ambient of Ar. To
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optimize the SERS activity, the Ag films were deposited on TiO2eAg
NPs for 2, 4, 8, 16, and 32 min, respectively.
2.3. Characterizations of Ag NPs and Ag NPs/film

Scanning electron microscopy (SEM, Nova NanoSEM 450, FEI)
was used to characterize the morphology of TiO2-catalyzed Ag NPs
before and after optimization. The size distribution of Ag NPs and
hotspots length in SEM images were studied using the software for
statistical analysis. To study the change in extinction, Maya 2000-
Pro was used to the transmittance spectra of TiO2-catalyzed Ag NPs
before and after optimization. The SERS measurement was per-
formed on a Raman spectroscopy (Renishaw inVia plus Renishaw)
using R6G as molecular probe by dropping a 50 mL of 1 mM R6G
aqueous solution on the TiO2-catalyzed Ag NPs. At the same time,
the same volume of 0.01M R6G aqueous solution on a TiO2 filmwas
used as a reference to determine the Raman enhancement factor
(EFSERS). The EFSERS is experimentally defined as [26].

EFSERS ¼
ISERS

.
NSurf

IRef
.
NRef

(1)

where ISERS and IRef are the intensities of Raman signals measured
from the SERS and the reference samples, respectively. NSERS and
NRef are the corresponding numbers of R6G molecules within the
irradiated areas. The measurement was conducted under the con-
ditions as follows: a 632.8 nm HeeNe laser with a power of
3.28 mW was used as the source of exciting light; a 50 � objective
Fig. 3. (a) Topological image of the TiO2-catalyzed Ag NPs optimized by Ag deposition for 1
adjacent Ag NPs. (b) Total length of hotspots in a 1 mm2 area plotted as a function of Ag depos
after Ag deposition at the given time, (d) SERS enhancement of the optimized AgeTiO2 film
colour in this figure legend, the reader is referred to the web version of this article.)
was used to focus the laser beam onto the sample surface and to
collect the Raman signals; the size of laser spot was about 2 mm and
the spectra were recorded at three positions with an integral time
of 10 s.
3. Results and discussion

Fig. 2 (aee) shows the typical SEM images of TiO2-catalyzed
AgNPs before and after optimization by depositing a layer of Ag film
with different deposition time. All the Ag NPs exhibit the similar
shapes and uniformly distribute on the TiO2 surface, but their sizes
vary with Ag deposition, as shown in the insets. As shown in Fig 2
(a), most of the as-grown Ag NPs on the TiO2 surface are in the sizes
ranging 40e100 nm, leaving the spacing between two adjacent Ag
NPs rather large, thus there are few gaps could be regarded as the
electromagnetic hotspots in the SEM image. With Ag deposition,
the Ag NPs gradually grow up, and then the spacing among them
changes to be narrower and narrower. For the samples with Ag
deposition less than 8 min, the Ag NPs are not large enough, and
then the hotspots with the spacing less than 10 nm are still rare in
the images. For the samples with Ag deposition time of 16 min or
32min, the Ag NPs have an average size close to 100 nm. As most of
Ag NPs are looked in contact, high-density hotspots are expected in
these samples. The statistical analysis, as shown in Fig. 2(f), also
revealed that the average size of Ag NPs increase from 73 nm to
100 nmwith the increase of Ag deposition timewhile the density of
Ag NPs maintain a nearly constant, thus leading to a reduction of
the spacing between adjacent Ag NPs and the high-density
hotspots.
6 min. The inset shows the profile along the red solid line across the gap between two
ition time. (c) Raman spectra of R6G molecules on the TiO2-catalyzed Ag NPs before and
s plotted as a function of Ag deposition time. (For interpretation of the references to
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To have a deep understanding, we quantitatively calculated the
total length of hotspots in a SEM image. The hotspots are defined to
be the gaps with a spacing less than 15 nm in this study. Fig. 3(a)
shows an example how to determine the hotspot length in gaps.
First, we plotted a line (the red solid line) across the gap to obtain a
profile, as shown in inset in the figure. Then, the width can be
determined by the full width at half maximum (FWHM). Using the
FWHM of line profiles, the hotspot length in a gap could be esti-
mated. In Fig. 3(a), the white bars are the determined hotspots
using this method. In Fig 3(b), we plot the total length of hotspots
per 1 mm2 SEM image as a function of Ag deposition. With the in-
crease in Ag deposition time, the hotspot length gradually increases
from 1.3 to 4.7 nm. At the beginning for Ag deposition, the increase
in the hotspot length is almost a linear function of deposition time.
For a longer deposition, the increment of the hotspot length
changes to be smaller, because coalescence of Ag NPs takes place.
This result suggests that the deposition of Ag film is easily to
optimize TiO2-catalytic Ag NPs with a relatively high density of
hotspots.

Above conclusions are definitely evidenced by the following
SERS measurement. Fig. 3(c) shows the Raman spectra of 1 mM R6G
molecules taken from the TiO2-catalyzed Ag NPs before and after
optimization by deposition of Ag films. All the featured bands of
R6G molecules are clearly identified in the Raman spectra. The
sharp peak at 612 cm�1 is associated with the in-plane bending
vibration of CeCeC ring, peaks at 770 and 1130 cm�1 are assigned
Fig. 4. (a) Optical micrograph of a sample with four different areas, (b) Raman mapping taken
at 1508.95 cm�1 taken along the x and y directions indicated by the white solid lines in
deposition at the given time. (For interpretation of the references to colour in this figure le
to the out-of-plane and in-plane bending vibrations of CeH,
respectively. The bands at 1362,1510, and 1650 cm�1 originate from
the aromatic stretching vibrations [27]. With the increase in Ag
deposition time up to 16 min, the Raman intensities increase, and
then maintain a the high levels when the deposition time changes
from 16 to 32 min. Using the Raman intensity at 612 cm�1 of
0.1 M R6G on a pure TiO2 film as the reference, the enhancement
factors of SERS (EFSERS) are determined by carefully calculating the
numbers of R6G molecules in the irradiating area, and then plotted
as a function of Ag deposition time, as shown in Fig. 3(d). Before Ag
deposition, the EFSERS value of TiO2-catalytic Ag NPs is at a level of
~3 � 104. Ag deposition by magnetron sputtering produces an in-
crease in EFSERS up to ~1.2 � 107, thus the SERS activity of TiO2-
catalytic Ag NPs is enhanced by a factor of ~400. The optimized
SERS activity is good enough for commercial application, whereas
the method to fabricate SERS substrates is cost-effective and much
easier than others. With the increase in Ag deposition, the EFSERS
value exhibits an increasing trend very similar to the hotspot
density, indicating that the increase in the hotspots by deposition of
Ag films plays a crucial role in improving the SERS activities of TiO2-
catalytic Ag NPs.

Raman mapping was also used to evaluate the SERS improve-
ment of TiO2-catalyzed Ag NPs by Ag deposition. We prepared a
sample in which four different areas are included, namely, an area
with pure TiO2 film (TiO2), an areawith TiO2 film covered by a layer
of Ag film (TiO2/Ag film), an area with Ag NPs on TiO2 film (TiO2/Ag
from the square region defined by the blue dash lines in Fig. 4(a). (c) Raman intensities
Fig. 4(b). (d) Transmission spectra of the TiO2-catalyzed Ag NPs before and after Ag
gend, the reader is referred to the web version of this article.)
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NPs), and an area with TiO2/Ag NPs optimized by a layer of Ag film
(TiO2/Ag NPs/Ag film). These different areas are numbered as 1, 2,
3, and 4, respectively, as shown in Fig. 4(a), which was an image
taken by an optical microscope. Fig. 4(b) shows the SERS mapping
taken from the square area (70 mm � 70 mm) defined by the blue
dashed lines in Fig. 4(a). The Raman mapping was collected by
point-to-point imaging with a step of 3 mm using the Raman peak
of R6G at 1508.95 cm�1. The brightness in the image is propor-
tional to the intensity of Raman signal. The difference in SERS
activity is obvious in the Raman mapping. As shown in the image,
the Raman signals in the area of TiO2 film are lowest, and addi-
tional Ag film cannot make the Raman signals on TiO2 film obvi-
ously enhanced, indicating that the SERS activity in these areas is
rather low. The TiO2-catalyzed Ag NPs produce a considerable
Raman enhancement, but the Raman intensity in the area of TiO2/
Ag NPs is still much lower than those in the optimized area by
deposition of Ag film, in accordance with our conclusion obtained
using the individual SERS substrates. The Raman mapping reveals
a fact that the Raman signals on the optimized TiO2-catalytic Ag
NPs have good uniformity and reproducibility, which are impor-
tant for the purpose of commercial application. Fig. 4(c) shows the
quantitative Raman intensities taken along x and y directions
indicated by the white solid lines in Fig. 4(b). We can see that the
Raman signals are close to 0 in the black area, and as high as
~40000 in the bright yellow area.

We noticed that the area of TiO2/Ag film is the brightest in the
optical micrograph in Fig. 4(a), suggesting the reflectance of Ag film
is the largest. However, the TiO2-catalyzed Ag NPs/Ag film is darker
than the TiO2-catalyzed Ag NPs, indicating that the reflectance
decreased after deposition of Ag film. Spectral measurement also
revealed that the transmittance of the sample with TiO2-catalyzed
Ag NPs decreases with the increase in Ag deposition time, as shown
in Fig. 4(d). Therefore, we have a conclusion that the absorbance of
the TiO2-catalyzed Ag NPs is enhanced after deposition of Ag film,
because transmittance þ reflectance þ absorbance ¼ 1. The
enhancement in absorbance can be attributed to the stronger
interaction between the incident light and electrons in Ag NPs, or
the enhanced plasmonic excitation. This result is different from
previous reports for other metallic NPs/film structures [28e30]. In
these studies, the reflectance of metallic NPs was increased after
depositing a layer of film, and then the improvement in SERS ac-
tivity was attributed to the enhanced local electromagnetic field
associated with superposition of the incident wave and the
reflection wave. In this study, we are convinced of that the increase
in the hotspot density produces an enhancement in light trapping,
thus optimizing the SERS activity of TiO2-catalytic Ag NPs to be
possible in commercial application in future.
4. Conclusions

In summary, we report a facile and cost-effective method to
considerably improve the SERS activity of TiO2-catalyzed Ag NPs by
depositing a layer of Ag film. The enhancement factor of optimized
SERS substrate could be increased up to 1.2 � 107, which is high
enough for practical applications in chemical analysis and bio-
sensoring. The SERS activity is highly uniform and reproducible.
More importantly, the SERS activity is easily optimized at a rela-
tively high level by controlling Ag deposition time, thus meeting
the requirement for massive fabrication. Solid evidence shows the
increase in the hotspot density is responsible for the improvement
in the SERS activity of TiO2-catalyzed Ag NPs. The principle revealed
in this study could be used to improve the SERS activity of other NPs
or nanostructures.
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