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ABSTRACT: Silver nanoparticle (AgNP) film is a kind of
useful material in biochemical and biomedical fields as it can be
used as a sensor based on its surface plasmon resonance for
surface enhanced Raman scattering (SERS) analysis. In this
work, a uniform AgNP film with controlled nanoparticle size,
shape, and density have been prepared on TiO2 film in a
AgNO3 solution by photocatalysis reduction method. The
influences of TiO2 film thickness and morphology on the
AgNP’s growth have been systemically studied. It is found that
a thicker TiO2 film with nanocrystalline morphology leads to a
higher AgNP’s growth rate, while a thinner TiO2 film with membrane morphology leads to a lower AgNP’s growth rate.
Experimental SERS results show that the AgNP film prepared with different TiO2 films and ultraviolet light irradiation time
exhibit different SERS signals of rhodamine 6G (10−6 M). Atomic force microscope and scanning electron microscope analysis
reveal that the size effect is a key factor affecting the SERS of our prepared AgNP films, which has also been evaluated by finite-
difference time-domain simulation. It is found that the larger the average AgNP’s size (≤λ/4) and roughness, the higher the
Raman enhancement. The SERS mapping images exhibit a good uniform Raman enhanced results in our prepared TiO2-
catalyzed AgNP film with a low relative standard deviation of approximately 10%.

1. INTRODUCTION
Titanium dioxide (TiO2) of anatase form is a wide band
semiconductor with a band gap of 3.26 eV that can be excited
under the irradiation of UV light with a wavelength less than
380 nm to produce electron−hole pairs.1 These photo-
generated electrons and holes can diffuse to the surface of
TiO2 to activate the photocatalytic reaction. Due to their
excellent optical, photochemical, and antibacterial activities,
nanoscaled TiO2 particles have been widely used in many fields,
such as self-cleaning,2 photocatalysis,3−5 and solar cells.6−9.
However, there still exist two main drawbacks for improving
the photocatalytic activity of TiO2, the low quantum yield and
the lack of visible light activation, which are an obstacle to the
overall applications.10−12 It is considered that the low quantum
yield is caused by the high rate of photogenerated electron−
hole recombination; besides, TiO2 has a quite wide band gap,
allowing the exploitation of only 3−5% of all radiant solar
energy.13−15

Noble metal nanoparticles such as Au and Ag have unique
optical,16 magnetic,17 and catalytic properties.18 Some research
groups have experimentally proven that Ag nanoparticles
(AgNPs) can act as electron traps aiding electron−hole
separation.19−21 In addition, AgNPs facilitate electron ex-
citation by creating localized plasmon polaritons on AgNP
surface, which causes a strong increase of local electric field (E-
field) intensity. Therefore, combination of the two materials
together, forming Ag−TiO2 hybrids, would significantly
enhance the photocatalytic reaction rate of TiO2, exhibit
more excellent properties, which would be applied in more

fields. Kawahara et al. have found that Ag−TiO2 nano-
composite films prepared by loading nanoporous TiO2 films
with AgNPs by photocatalytic reduction of Ag+ ion exhibit
multicolor photochromism.22 This material with the unique
property has the potential applications in cheap color rewritable
papers and a new class of multiwavelength optical memories.
Awazu et al. have prepared a plasmonic photocatalyst consisting
of AgNPs embedded in TiO2 and the measured photocatalytic
activity under near UV irradiation of such photocatalyst,
monitored by decomposition of methylene blue, was enhanced
by a factor of 7.14 It is expected that plasmonic photocatalysis
would be of use as a high performance photocatalyst in nearly
all current applications, particularly in locations of minimal light
exposure. Similarly, Sung-Suh and Seery et al. have found
significant enhancement in the Ag−TiO2 photoactivity (such as
photocatalytic degradation of rhodamine B and rhodamine 6G
(R6G)), even under visible light irradiation, which can be
ascribed to the increasing visible absorption capacity due to the
presence of AgNPs.23,24 Recently, the application of Ag−TiO2
hybrids as a surface plasmon resonance (SPR) sensor has also
been widely investigated.25−29 It is a common knowledge that
the signal enhancement of SPR sensor closely depends on the
factors related to the nature of the AgNPs, such as their shape,
size, interparticle spacing, as well as their dielectric environ-
ment. Therefore, the controlled design of Ag−TiO2 composites
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is very meaningful and important for the above potential
applications. From all reported methods for preparing Ag−
TiO2 nanoparticle-film hybrids, photocatalytic reduction is
considered to be a simple and efficient one, where Ag+ ion is
reduced at the surface of the TiO2 by photogenerated
electrons.1,22,25−33 In this method, the properties of TiO2 film
such as the morphology and crystal structure obviously affect
the photocatalytic activity for the photocatalytic decomposition
of aqueous acetic acid.34 To our knowledge, the effect of TiO2
film thickness and morphology on the growth of AgNPs during
the photocatalysis reduction, and the corresponding surface
enhanced Raman scattering (SERS) have not been known yet.
In this paper, a simple and versatile strategy for the

controlled preparation of uniform AgNP films have been
investigated, based on the photoreduction growth of AgNPs on
TiO2 film. The Raman enhancement of as-prepared TiO2-
catalyzed AgNP film has also been evaluated experimentally and
theoretically, and the optimized TiO2-catalyzed AgNP film
exhibit a highly sensitive SERS activity. This work is valuable in
controlled designing TiO2-catalyzed AgNP film used as a SERS-
active sensor.

2. EXPERIMENTAL SECTION

2.1. Preparation of TiO2 Film. TiO2 film was prepared by
an ordinary sol−gel method. A total of 50 mL of tetrabutyl
orthotitanate and 3 mL of acetylacetone were mixed and stirred
for 10 min (called solution A); meanwhile, 110 mL of alcohol,
1.4 mL of deionized water, and 0.2 mL of nitric acid were mixed
and stirred for 10 min (called solution B). Then solution B was
dropwise added into solution A during the stirring process, and
the mixture solution was stirred for 30 min, forming the TiO2
sol solution. TiO2 film was deposited onto the glass substrate
by a dip-coating method, and the thickness of TiO2 film was

controlled by adjusting the lifting rate from 50 to 300 mm/min.
At last, the sample was calcined at 450 °C for 1 h in order to
crystallize and form the anatase phase TiO2 film.

2.2. Growth of AgNPs on TiO2 Films. The growth of
AgNPs on TiO2 films was carried out in a dark room. The
TiO2-coated glass substrate were irradiated with the UV light
(wavelength: 253 nm) from a low pressure mercury lamp
(power: 6 W) in a 3 mM AgNO3 solution to photocatalytically
deposit AgNPs, where the distance between the substrate and
the UV lamp was approximately 6 cm. The whole AgNP’s
growth process was monitored with a UV−visible spectrometer,
and the spectra were recorded per minute. After irradiation, the
substrates were removed from AgNO3 solution, dried in air,
and stored in the dark room.

2.3. SERS Measurement. R6G with a concentration of
10−6 M was selected as the probe molecules. The above
samples were soaked in the R6G solution for 1 h. Then the
samples with R6G molecules were taken out and washed with
deionized water to remove the free molecules and dried in air.
At last, Raman spectra were measured under the same
conditions as follows: a 632.8 nm He−Ne laser with a power
of 3.28 mW was used as the exciting light; a 50× 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
μm; and the spectra were recorded with an accumulation time
of 10 s. The measurement of Raman spectra for each sample
was repeated five times.

2.4. Characterization. The products were studied and
analyzed by UV−visible spectrometer (Ocean Maya2000-Pro,
U.S.A.), atomic force microscope (AFM; Agilent PicoPlus II,
Agilent, Santa Clara, CA), scanning electron microscope (SEM,
Nova NanoSEM 450, FEI), and Raman spectrometer
(Renishaw inVia plus, Renishaw, Gloucetershire, U.K.).

Figure 1. Optical transmission spectra of TiO2 films with different thicknesses: (a) TiO2(H1), (b) TiO2(H2), (c) TiO2(H3), and (d) TiO2(H4).
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3. RESULTS AND DISCUSSION

Figure 1 shows the optical transmission spectra of TiO2 films
with four different thicknesses deposited on the glass substrates.
All the spectra are measured in the wavelength range from 200
to 1000 nm. In each spectrum, there exist two curves in each
figure. The continuous line represents experimental data and
the hollow circle line is the corresponding fitting curve by
envelop method.35 The periodic oscillations observed in the
spectra are due to interferences between reflections at the air−
TiO2 and the TiO2−glass interfaces. The absorption edges of
each TiO2 film are observed around 300 nm. The thicknesses of
the TiO2 films in Figure 1a−d can be measured using the above
fitting method, which are calculated to be approximately 74,
140, 214, and 330 nm, respectively. For convenience, the
samples are labeled as TiO2(H1), TiO2(H2), TiO2(H3), and
TiO2(H4), corresponding to the TiO2 films with thicknesses of
74, 140, 214, and 330 nm, respectively. It is found that the

transmission rate decreases with the increase of TiO2 film
thickness and the maximum transmission varies from 98 to
86%.
Figure 2a−d show the in situ and real-time UV−visible

absorption spectra of AgNPs grown on TiO2 films with
different thicknesses in 3 mM AgNO3 solution under the UV
irradiation for 60 min. In each spectrum, it is clearly observed
that, at the beginning of the UV irradiation, a broad absorbance
band containing three absorption peaks (indicated by arrows)
appear in the spectra. The positions of these three peaks are at
approximately 360 (weak), 420 (strong), and 570 nm
(medium), which correspond to the AgNP’s out-of-plane
quadrupole resonance, out-of-plane dipole resonance, and in-
plane quadrupole resonance, respectively.36 With continuous
increasing of UV irradiation time, the absorption intensity for
the AgNPs gradually increases, indicating that more and more
AgNPs are grown on the TiO2 film surface. It is considered that

Figure 2. In situ and real-time UV−visible absorption spectra of AgNPs grown on (a) TiO2(H1), (b) TiO2(H2), (c) TiO2(H3), and (d) TiO2(H4)
in 3 mM AgNO3 solution with UV irradiation for 60 min. Time dependence of (e) absorbance maximum and (f) growth rate of AgNPs on TiO2
films with different film thicknesses.
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there is a linear relation between the absorbance of AgNPs on
TiO2 film and the amount of AgNPs grown on TiO2 film.
Therefore, to assess the effect of TiO2 film thickness on the
growth of AgNPs, we have compared the time dependence of
absorbance maximum (the strong peak at approximately 420
nm) and the growth rate of AgNPs on TiO2 film with thickness
from 74 to 330 nm, as shown in Figures 2e and 2f. The growth
rate of AgNPs shown in Figure 2f is defined as the rate of
absorbance maximum vs irradiation time, which is obtained by
derivative calculation for the data of absorbance maximum vs
irradiation time shown in Figure 2e. It is found that the growth
rate of AgNPs is obviously increased with the TiO2 film
thickness from 74 to 214 nm, but no longer increased when the
TiO2 film thickness reaches up to 330 nm.
Why does the TiO2 film thickness affect the growth rate of

AgNPs so greatly? So far, the mechanism for this phenomenon
is not well-known yet, but one thing is sure: the growth rate of
AgNPs is directly determined by the photocatalytic activity of
TiO2 film. The higher the activity of TiO2 film, the faster the
growth rate of AgNPs. The main possible reason for the above
phenomenon could be explained as follows. When the TiO2
film thickness is lower than a certain thickness, the TiO2 cannot
totally absorb the UV light whose energy is higher than the
TiO2 band gap energy. As the TiO2 film thickness increases, the
absorption of UV light increases, then the production rate of
photogenerated electron−hole pairs increases. However, when
the thickness of TiO2 film increases to a level that can absorb
the UV light totally, the production rate of photogenerated
electron−hole pairs is no longer increased, even if the film
thickness is continually increased. The above idea of complete
UV light absorption is well supported by the TiO2 transmission
curves shown in Figure 1. In our experiment, the total
absorption of UV light by TiO2 film with a thickness of 330 nm
has been saturated, and then the amount of photogenerated
electron−hole pairs is no longer increased. On the other hand,
to realize the reaction of the photogenerated electrons with Ag+

ion, the diffusion process of generated electron−hole pairs in
the TiO2 to the surface is needed. It is noted that the diffusion
length of the photocarriers (electron−hole pairs) is an order of
nanometers.37 For thinner TiO2 film, with increasing of the
TiO2 film thickness, more electrons per unit time can diffuse to
the surface and react with Ag+ ions; when the thickness of TiO2
film reaches or exceeds a certain level, some of the
photocarriers annihilate because of the recombination before
arriving at the TiO2 surface. Therefore, TiO2 film thickness has
a saturation value for the photocatalytic reaction due to the
saturation of light-harvesting efficiency and the changes in
electron transport.37,38

Figure 3 compares the AFM morphological images of AgNPs
deposited on TiO2 films with different thicknesses (vertical
comparison) after UV irradiation in 3 mM AgNO3 solution for
2−60 min (horizontal comparison). The changes of AgNPs
grown on the TiO2(H1)-film for different UV irradiation time
are shown in Figure 3A1−A5. It is observed that the UV
irradiation on TiO2(H1)-film leads to the self-organized AgNPs
with a high density and the NP size largely depends on the UV
irradiation time. After a 2 min UV irradiation, sparsely
distributed very small AgNPs (bright spots) with sizes down
to a few nanometers are observed from the AFM image (Figure
3A1). After 8 min irradiation, the surface of TiO2(H1)-film has
almost been covered with small spherical AgNPs with a narrow
dispersion in particle size, typically with a diameter of (36.0 ±
4.6) nm (Figure 3A2). Further irradiation appears to increase

the size and density of AgNPs (Figure 3A3−A5). The similar
growth rules of AgNPs have also been observed for the other
three kinds of TiO2 films with different thicknesses (horizontal
comparison). There are more results and rules that could be
obtained on close examination of the whole AFM images in
Figure 3 as follows:

1. Under the same UV irradiation time, the average sizes of
AgNPs grown on TiO2 films with different thicknesses
are increased in the order of AgNPs-TiO2(H1) < AgNPs-
TiO2(H2) < AgNPs-TiO2(H3) ≈ AgNPs-TiO2(H4)
(vertical comparison), which is consistent with the
results of absorption spectral analysis. In addition,
AgNPs grown on TiO2(H2/H3/H4)-films possess
different shapes, most of which are polygonal, differing
from those grown on TiO2(H1)-film.

2. A careful observation of Figure 3B illustrates that, after 2
min UV irradiation, only 50% of TiO2(H2)-film surface
is covered with AgNPs, indicating a higher AgNP growth
rate in these areas (Figure 3B1). As the irradiation time is
increased to 8 min, most of the TiO2(H2)-film surface
has been covered with AgNPs. However, the NP size
distribution is wide (Figure 3B2). The difference in NP
size distribution does not change a lot with further UV
irradiation (Figure 3B3−B5).

3. Compared with NP size distribution in Figure 3B, the
sizes of AgNPs grown on TiO2(H3/H4)-films become
relatively uniform (Figure 3C,D).

4. The root-mean-square (RMS) roughness of samples is
obtained from the AFM images in Figure 3 (shown in
Figure 4). The surface roughness is observed to be
gradually increased within 60 min UV irradiation from
(1.8 ± 0.4) to (49.9 ± 15.5) nm for TiO2(H1), from
(38.3 ± 15.7) to (101.1 ± 30.2) nm for TiO2(H2), from
(61.8 ± 22.3) to (162.6 ± 51.5) nm for TiO2(H3), and
from (50.7 ± 20.3) to (228.6 ± 76.8) nm for TiO2(H4).
This result is also in good agreement with that from the
absorption spectral analysis.

Figure 3. (A1−A5) AFM images of AgNPs deposited on TiO2(H1)-
film in 3 mM AgNO3 solution after UV irradiation for 2, 8, 16, 30, and
60 min. (B1−B5), (C1−C5), and (D1−D5) show the corresponding
AFM images of AgNPs deposited on TiO2(H2)-, TiO2(H3)-, and
TiO2(H4)-films, respectively, with UV irradiation for 2, 8, 16, 30, and
60 min.
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At the same time, a question is raised that what leads to the
different AgNP size distributions on these TiO2 films with
different thicknesses. According to the above UV−visible
absorption and AFM analysis, TiO2 film thickness only affects
the photocatalytic growth rate of AgNPs, which is not
considered to be the main factor that affects the NP size
distribution. Kato et al. have reported that the morphology of
TiO2 films, such as pore size and pore distribution, obviously
affects the photocatalytic activity for the photocatalytic
decomposition of aqueous acetic acid.34 To investigate the
main causes of this phenomenon, AFM images of TiO2 films
with different thickness before irradiation have been compared,
as shown in Figure 5. It is clearly observed from Figure 5a that
the TiO2(H1) film (74 nm) has a continuous membrane
structure and flat texture with RMS roughness of approximately
(1.6 ± 0.5) nm, which is similar to that observed in Figure 3A1.
As the film thickness is increased to 140 nm, the surface
appearance of TiO2 changes dramatically (Figure 5b). Nearly
half of the area has been covered with small TiO2 NPs, typically

(16.4 ± 0.6) nm in diameter, and the remaining area is still
smooth in texture. With the further increasing of TiO2 film
thickness, the quantity and density of TiO2 NPs continue to
increase, but the sizes of TiO2 NPs have changed very little
(Figure 5c). As the TiO2 film thickness reaches up to 330 nm,
almost the entire film surface has been covered by closely
packed, continuous TiO2 NPs (Figure 5d). The variation of
surface roughness with TiO2 film thickness shown in Figure 5e
also follows the above changing pattern of surface morphology.
It is observed from the above AFM analysis that TiO2 film
contains two kinds of surface structures, namely, continuous
membrane structure and granular texture. Raman analysis
(shown in Figure 5f) indicates that the formed TiO2 NPs are
nanocrystalline, which is predominately in anatase phase, while
the continuous membrane structure mainly corresponds to the
amorphous phase of TiO2. It is well-known that the
photocatalytic activity is higher for TiO2 in anatase phase
than that in TiO2 amorphous phase. Therefore, the different
crystal structure distributions on the TiO2 film are considered
to be the key factor that affects the photocatalytic activity on
the TiO2 surface, which then leads to the growth of AgNPs
with different size distributions under UV irradiation (Figure
3B).
Based on the experimental results and the above inferences, a

possible model for the AgNP growth on the TiO2 films with
different thicknesses and morphologies is proposed, as shown
in Figure 6. At the first step, TiO2 films with different
thicknesses (together with different crystal structures) are
formed after calcination. The processes leading to the selective
formation of the resulting AgNPs which absorb UV light begin
from the second step. Under the UV irradiation, photo-
generated electrons reduce Ag+ ions to grow Ag nuclei.
Simultaneously, new AgNPs seed at new sites on the TiO2 film
substrate. From TiO2 film surfaces entirely covered by
membrane structure (Figure 6a) or nanocrystalline structure

Figure 4. Time dependence of surface roughness for AgNP film with
different TiO2 film thickness.

Figure 5. AFM images of (a) TiO2(H1), (b) TiO2(H2), (c) TiO2(H3), and (d) TiO2(H4) films that have been calcined at 450 °C for 60 min. (e)
The variation of surface roughness with TiO2 film thickness. (f) Raman spectra of TiO2 films with different thicknesses.
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(Figure 6c), the uniform AgNPs are likely to be grown; while
from TiO2 film surface with mixed heterogeneous structures
(Figure 6b), AgNPs with different sizes are obtained. In
addition, the sizes and distribution density of AgNPs can be
efficiently controlled by adjusting film thickness and UV
irradiation time.
So far, various SERS substrates or SPR sensors have been

fabricated by using electron beam lithography, nanoimprint
lithography, template assembly of NPs, spin-coating method,
and so on.39−43 In these methods, template self-assembly is
employed utilizing the chemical interaction between NPs and
the surface of substrates, which may introduce additional
information during the SERS measurement. For the lithog-
raphy, though it can produce an ordered pattern and can

control the density of NP distribution; however, this method is
complicated and expensive. In contrast, the photocatalytic
method of producing AgNP film is process controllable, simple
in operation and easy to be scaled up for industrial production.
In addition, the deposited AgNPs on TiO2 film are not easily to
be washed off by deionized water or ethanol and so on.
Prompted by these positive features, the factors that affect the
SERS activity of our prepared TiO2-catalyzed AgNP film is
discussed as follows.
Figure 7a−c illustrates the average SERS spectra of R6G with

a concentration of 10−6 M obtained from TiO2-catalyzed AgNP
films prepared under different UV irradiation time. As indicated
by the results, in each figure, the signal intensity of SERS
spectra increases proportionally with increasing of the UV

Figure 6. Proposed mechanism for growth of AgNPs on TiO2 films with different film thicknesses and morphologies.

Figure 7. SERS spectra of R6G(10−6 M) on AgNP film (a) TiO2(H1)-catalyzed, (b) TiO2(H2)-catalyzed, and (c) TiO2(H3)-catalyzed. (d) The
dependence of SERS intensity at 1509 cm−1 on the TiO2 film thickness and UV irradiation time.
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irradiation time. To investigate and optimize the SERS activity
of TiO2-catalyzed AgNP film, curves of the SERS signal
intensities at 1509 cm−1 as a function of film thickness under
different UV irradiation times are plotted and compared, as
shown in Figure 7d. Overall, the SERS activities of TiO2-
catalyzed AgNP film increase in the order of TiO2(H1) <
TiO2(H2) < TiO2(H3). A careful observation of Figure 7d
shows that the dependence of SERS intensity on UV irradiation
time is different for TiO2 films with different thicknesses. For
TiO2(H1), the relation between SERS intensity and UV
irradiation time is approximately linear; for TiO2(H2), this
relation curve is initially linear and gradually becomes saturated;
while for TiO2(H3), the relation curve rises quickly during the
early reaction stage, then becomes saturated, and finally rises
again. The question is what leads to such large differences in
SERS activity among these TiO2-catalyzed AgNP films. There
are two mechanisms for SERS, namely, the electromagnetic
enhancement due to the localized SPR mode and the chemical
enhancement that arises from the interaction between
molecules and NPs. In this report, R6G is selected because of
its high binding affinity to silver surface. Therefore, the
difference in the affinity or the number of probed R6G
molecules in the Raman measurement can be ruled out. Then,

the electromagnetic mechanism is considered to contribute
most of the enhancement. It is also known that the
electromagnetic enhancement strongly depends on the detailed
physical structure of metal NPs such as their size, shape, and
composition, interparticle spacing, and NP density. According
to the above UV−visible absorption and AFM analysis, the
difference in NP size may be one of the main factors that affect
the SERS difference. However, whether interparticle spacing
affects the SERS greatly is difficult to judge through AFM image
due to the radius of the AFM probe tips, which lead to the
broadening of the image and sequentially underestimating of
interparticle spacing.
To further investigate the main causes of SERS difference, as

an example, SEM images of AgNPs grown on TiO2(H3)-film
under different UV irradiation times have been compared
(shown in Figure 8).
Consistent with the AFM images of Figure 3c, as the

irradiation time increases, the AgNPs grow and coalesce
rapidly, forming large NPs with irregular polyhedron structures.
After 2 min UV irradiation, the size of NPs is approximately
(55.6 ± 1.7) nm; while after 60 min, the NP size has reached
up to (139.7 ± 8.4) nm. However, the average interparticle
spacing has not changed too much, gradually decreased from

Figure 8. SEM images of AgNPs deposited on TiO2(H3)-film after UV irradiation in 3 mM AgNO3 solution for (a) 2, (b) 8, (c) 16, (d) 30, and (e)
60 min. (f) The variation of AgNP size and interparticle spacing with irradiation time.
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(44.2 ± 2.1) nm (2 min) to (29.3 ± 1.1) nm (60 min). The
similar variations are also obtained for TiO2(H1)-film and
TiO2(H2)-film (not shown here). Figure 9 illustrates the

calculated E-field distribution between two adjacent AgNPs by
using finite-difference time-domain (FDTD) simulation. It can
be seen from the inset of Figure 9 that the localized surface
plasmon can be excited in the nanogaps between AgNPs (so-
called hot spots), producing a strong E-field enhancement and
subsequently a great increase of the Raman intensity for
molecules absorbed on the NP surface. However, the E-field
intensity (SERS signal) decreases exponentially with increasing
the spacing of NPs. When the spacing is larger than 10 nm, the
coupling interaction between AgNPs is very weak and can be
ignored. In our system, the interparticle spacing is much larger
than 10 nm, therefore, the NP size effect is considered to play
the major role in SERS enhancement. To further confirm this
effect, we have plotted the dependence of SERS intensity at
1509 cm−1 on the average AgNP size, obtained from the plot of
particle size versus growth time (Figure 8f) and the plot of
SERS intensity versus growth time (Figure 7d), as shown in
Figure 10. It is found that the intensities of the observed SERS

signal increase with the increase of the AgNP sizes. It is noted
that the data for TiO2(H1) and TiO2(H2) overlap at the same
particle size of 55 nm indicated by the arrow, suggesting a
distinct size effect. The curve with hollow dots in Figure 10
illustrates the FDTD simulation result (excitation wavelength:
632.8 nm), showing that the E-field intensity (SERS signal) first
increases gradually with the increasing of the NP size, and then
it reaches a maximum when the NP size is approximately 130
nm. However, the further increase in the NP size results in a
slow (from 130 to 160 nm) and then a rapid (larger than 170
nm) decrease in the E-field intensity. This tendency is almost

the same as that for the dependence of E-field intensity on Au
NP size reported by Tian et al.44 The appearance of maximum
at wavelength of 130 nm (≤λ/4) is considered to be due to the
surface plasmon resonance of NP under the excitation of the
probe laser. In addition, it is observed that the simulation result
is in good agreement with the experimental data, which is a
further proof that the size effect plays a main role in the SERS
enhancement. However, some data do not fall in the calculated
curve, shown by the dotted line circle, which is observed to be
lower in SERS intensity than the others with the similar NP
sizes. The main reason for this phenomenon is considered to be
the difference in NP distribution density.
Both SERS substrate and SPR sensor should have the

features of high signal enhancement, good reproducibility and
uniformly surface roughness etc. to realize their commercial
applications. To evaluate these performances of our prepared
TiO2-catalyzed AgNP film, a Raman mapping of R6G with low
concentration on the TiO2-catalyzed AgNP film has been made.
Figure 11a and b show the low magnified optical microscopic
and SEM images of TiO2(H3)-catalyzed AgNP film after UV
irradiation for 60 min. It is observed that one layer of AgNPs is
formed, and AgNPs distribute densely and uniformly on the
whole substrate, which would be suitable for quantitative or
semiquantitative analysis. The Raman mapping of R6G with a
concentration of 10−6 M on the TiO2(H3)-catalyzed AgNP film
is shown in Figure 11c. The top left in this figure illustrates the
measured region and the brightness is proportional to the R6G
signal intensity at 1508.95 cm−1; the top right is a typical
Raman spectral of the measured area; the bottom left and right
in (c) are the corresponding sectional views of the two crossed
lines shown in the figure of top left. The relatively strong signal
of R6G with low concentration can be detected, indicating that
this TiO2(H3)-catalyzed AgNP film has a high SERS activity.
The standard deviation in SERS enhancement σ (probed at
different locations for the single film) for the TiO2(H3)-
catalyzed AgNP film is estimated as follows:

∑σ =
̅

‐ ̅ ×
=I N

I I
1 1

( ) 100%
i

N

i
1
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N
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where N is the number of SERS spectra of R6G (10−6 M),
which are measured at different locations on the same film, Ii is
the R6G signal intensity at 1508.95 cm−1 detected at the ith
location, and I ̅ is the average R6G signal intensity. Herein, a
total of 196 (14 × 14) SERS spectra of R6G have been
measured. According to eqs 1 and 2, we get σ ≈ 10%. Such low
spot-to-spot variance reveals that the AgNP film prepared by
photocatalysis reduction method can be used as a uniform and
reproducible SERS active substrate.

4. CONCLUSIONS
A simple and versatile method for the growth of uniform AgNP
film, based on the photoreduction growth of AgNPs on TiO2
film, has been studied. The morphology and the factors that
affect SERS activity of the AgNP films prepared under different
conditions have been compared. It is found that the TiO2 film
thickness and morphology greatly affect the size distribution
and density of the grown AgNPs. The Raman enhancement of

Figure 9. FDTD simulation of E-field distribution at the gap between
two adjacent AgNPs with an interspacing ranging from 1 to 13 nm.
Laser wavelength: 632.8 nm. The diameter of the AgNP: 60 nm.

Figure 10. The dependence of SERS intensity at 1509 cm−1 on the
average AgNP size.
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the as-prepared AgNP film has also been evaluated
experimentally and theoretically, and the optimized AgNP
film exhibits a highly sensitive SERS activity. The low film to
film variance (≈10%) suggests that the AgNP films prepared by
the photocatalysis method have the potential to be used as a
uniform and reproducible SERS sensor for quantitative or
semiquantitative analysis.
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