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ABSTRACT

Silver (Ag) nanoparticles were photocatalytically deposited on TiO2-coated glass
slides (Ag/TiO2-coated glass slides). In order to control the size and shape of the Ag
nanoparticles, as-prepared Ag/TiO2-coated glass slides were heat-treated at various
temperatures (100, 200 and 300℃) in air. The average diameter of the Ag nanoparticles
became larger and the surface roughness became smaller with increasing the heat-
treatment temperatures. We have compared the surface-enhanced Raman scattering
(SERS) substrate properties of the Ag/TiO2-coated glass slides with and without heat-
treatment. The SERS signal intensities of Rhodamine 6G (R6G) dripped and dried on the
Ag/TiO2-coated glass slides were decreased with increasing the heat-treatment
temperatures. This is mainly due to the changes of the shape and surface roughness of
the Ag nanoparticles. The SERS signal intensities of R6G on the as-prepared Ag/TiO2-
coated glass slide was more than 10 times larger than that on Ag thin films deposited on
glass slides by sputtering. The Ag/TiO2-coated glass slides seem to be a promising
candidate for SERS substrates.

1. INTRODUCTION

Recently, the metal nanoparticles have attracted much attention because of their
interesting optical properties as compared with the bulk metal. (Kreibig 1969) Especially,
we have focused on the surface-enhanced Raman scattering (SERS) properties of the
metal nanoparticles. SERS technique was shown to be a very effective analytical tool for
the detection of small amount of chemicals. The local electromagnetic field enhancement
induced by the excitation of the localized surface plasmon resonance (LSPR) of the metal
nanoparticles is the major mechanism for SERS. Many types of metal nanoparticles have
been prepared for SERS active substrates. (Xie 2011) It is reported that the LSPR
properties are strongly dependent on the kinds of metal nanoparticles. (Chumanov 1995)

1)
Professor

2)
Associate Professor



2

In particular, Ag nanoparticles with clear LSPR absorption in the visible wavelength region
are suitable candidate for SERS active substrates. In our previous studies, we have
reported the preparation and SERS substrate properties of the Ag nanoparticles which
were photocatalytically deposited on insect wings. (Tanahashi 2015) However, the size
and shape control is still one of the challenging problems. In order to make SERS
technique as a general analytical tool, the fabrication of the SERS substrates should be
more inexpensive and easily handled.

In this paper, we have reported the preparation of the Ag/TiO2-coated glass slides by
photoreduction technique at room temperature and the SERS substrate properties of the
various size and shape of Ag nanoparticles deposited on TiO2-coated glass slides.

2. Experimental

2.1 Preparation of Ag/TiO2-coated glass slides

Glass slides (Matsunami Glass Ind., Ltd., size: 76×26 mm, thickness: 0.8-1.0 mm,
S1126) were used as substrates. The glass slides were coated on both sides with TiO2

thin films from anatase sol (Ishihara Sangyo Kaisha, ST-K211) by using a dip-coating
technique. TiO2 is well known as a photocatalyst. We have applied TiO2-coated glass
slides for preparing the Ag nanoparticles by the photoreduction of Ag+ ions. The resulting
TiO2-coated glass slides were soaked in a mixture of 30 mL of a 1.0×10-2 mol L-1 AgNO3

aqueous solution and 10 mL of a 5% polyvinylpyrrolidone (PVP, Wako Pure Chemical Ind.,
Ltd., K25) aqueous solution about 10 mm away under an UV lamp. PVP was used as
protective agents and stabilizers for making the Ag nanoparticles. The UV lamp used was
a 15 W low-pressure mercury lamp and the TiO2-coated glass slides were irradiated with a
power density of 1.0 mWcm-2 for 2 h. The resultant Ag/TiO2-coated glass slides were
washed with deionized water, finally dried in air. All the preparation procedures were
carried out at room temperature. All compounds were of reagent grade and were used
without further purification.

2.2 Characterization of Ag/TiO2-coated glass slides

Scanning electron microscopy (SEM) analysis of the Ag/TiO2-coated glass slides
was performed using a VE-8800 scanning electron microscope (Keyence Corporation) at
an acceleration voltage of 12 kV and a working distance of about 10 mm. X-ray diffraction
(XRD) measurements were carried out on a RINT 2000 X-ray diffractometer (Rigaku
Corporation), using Cu K α radiation working at 40 kV and 40 mA. Atomic force
microscopy (AFM) images were collected using an AFM5100 microscope (Hitachi)
operating in dynamic force mode (DFM). The absorption spectra were measured from 300
to 700 nm on an UV-3600 dual beam spectrophotometer (Shimadzu Corporation).

2.3 SERS spectra measurements



SERS spectra measurements were performed by irradiating the sample with 50 mW
of 514.5 nm line of Ar+ laser in back scattering geometry at room temperature and a
cooled CCD detector was
diameter of approximately 2 μm and the data acquisition time for each measurement was 
1 s. The intensities of Raman s
dripped and dried on various
reference, 10-3 mol L-1 R6G (2 μL) 
glass slides was prepared by

3. Results and Discussion

From the XRD spectra

heat treatment, all the spectra
respectively assigned to the (111)
nanoparticles were successfully deposited on

Figure 1 shows typical SEM images of the Ag/TiO
without heat-treatment. In the case of

Fig. 1 SEM images
temperatures for 2 h. (a):
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measurements were performed by irradiating the sample with 50 mW
laser in back scattering geometry at room temperature and a

employed. The laser beam was focused on a spot with a
pproximately 2 μm and the data acquisition time for each measurement was 

1 s. The intensities of Raman spectra of 10-6 and 10-3 mol L-1 Rhodamine 6G (R6G, 2 μL) 
and dried on various kinds of Ag/TiO2-coated glass slides were compared.

R6G (2 μL) dripped and dried on the Ag thin films deposited on
by rf magneton sputtering.

spectra patterns of the Ag/TiO2-coated glass slides

all the spectra obtained show the peak at 2θ =38.1
assigned to the (111) and (200) reflection lines of cubic Ag.
were successfully deposited on TiO2-coated glass slides

shows typical SEM images of the Ag/TiO2-coated glass slides
. In the case of as-prepared Ag/TiO2-coated glass slide

of Ag/TiO2-coated glass slides heat-treated at various
for 2 h. (a): as-prepared, (b): 100 ℃, (c): 200 ℃

measurements were performed by irradiating the sample with 50 mW
laser in back scattering geometry at room temperature and a

employed. The laser beam was focused on a spot with a
pproximately 2 μm and the data acquisition time for each measurement was 

Rhodamine 6G (R6G, 2 μL) 
were compared. As a

Ag thin films deposited on

glass slides with and without

=38.1 and 44.3 o which were
(200) reflection lines of cubic Ag. Thus, the Ag

glass slides.

glass slides with and
glass slide shown in Fig.

treated at various
and (d): 300 ℃.



1 (a), densely stacked Ag nanoparticles of 100
coated glass slide. A part of the micrograph field including
selected to analyze the size distribution. The average diameter of the Ag nanoparticles
was estimated to be 157 nm. On the other hand, the average diameter of the Ag
nanoparticles of the Ag/TiO
Fig.1 (b) was estimated to be 187 nm, that of the Ag/TiO
at 200 ℃ (c) 206 nm and that of the Ag/TiO
(d) 219 nm. The average diameters became larger from
heat-treatment temperatures.
ratio (the ratio of three-dimensional surface area to the flat plane surface area)
Ag/TiO2-coated glass slides was decreased with increasing the heat treatment
temperatures. Therefore, the
treatment temperatures.

Optical absorption spectra of
treatment are shown in Fig. 2.
shown in Fig. 2 (a) and the Ag/TiO
absorption peak at 410 nm which is
is observed. The peak of LSPR absorption band is shifted to 370 nm in the case of
Ag/TiO2-coated glass slides
changes of the size and shape of
the Ag/TiO2-coated glass slides
band around 370 nm (transverse
suggesting the formation of ellipse
the large back- ground absorption is observed from 3

Fig. 2 Optical absorption spectra of the
various temperatures for 2 h. (a): as
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stacked Ag nanoparticles of 100-200 nm in diameter are seen
. A part of the micrograph field including 99 particles was randomly

selected to analyze the size distribution. The average diameter of the Ag nanoparticles
ated to be 157 nm. On the other hand, the average diameter of the Ag

nanoparticles of the Ag/TiO2-coated glass slides heat-treated at 100
(b) was estimated to be 187 nm, that of the Ag/TiO2-coated glass slides

that of the Ag/TiO2-coated glass slides heat
(d) 219 nm. The average diameters became larger from 157 to 219 nm with increasing the

treatment temperatures. From the AFM images, it was observed that the
dimensional surface area to the flat plane surface area)

glass slides was decreased with increasing the heat treatment
temperatures. Therefore, the surface roughness became smaller with increasin

ptical absorption spectra of the Ag/TiO2-coated glass slide with and
are shown in Fig. 2. In the spectra of the as-prepared Ag/TiO

shown in Fig. 2 (a) and the Ag/TiO2-coated glass slides heat-treated at
which is due to the LSPR absorption band of Ag nanoparticles

The peak of LSPR absorption band is shifted to 370 nm in the case of
glass slides heat-treated at 200 ℃ (c). This is

changes of the size and shape of Ag nanoparticles. On the other hand, the spectrum of
glass slides heat-treated at 300 ℃ (d) shows the LSPR absorption

band around 370 nm (transverse mode) and around 580-650 nm (longitudinal mode)
formation of ellipse-shaped Ag nanoparticles. In all the spectr
ground absorption is observed from 320 to 700 nm.

Optical absorption spectra of the Ag/TiO2-coated glass slide
various temperatures for 2 h. (a): as-prepared, (b): 100 ℃, (c): 200

0 nm in diameter are seen on the TiO2-
particles was randomly

selected to analyze the size distribution. The average diameter of the Ag nanoparticles
ated to be 157 nm. On the other hand, the average diameter of the Ag

100℃ for 2 h shown in
glass slides heat-treated

heat-treated at 300 ℃
to 219 nm with increasing the

it was observed that the surface area
dimensional surface area to the flat plane surface area) of the

glass slides was decreased with increasing the heat treatment
became smaller with increasing the heat-

with and without heat-
prepared Ag/TiO2-coated glass slide

treated at 100 ℃ (b), an
due to the LSPR absorption band of Ag nanoparticles

The peak of LSPR absorption band is shifted to 370 nm in the case of the
his is probably due to the
other hand, the spectrum of

(d) shows the LSPR absorption
650 nm (longitudinal mode),

In all the spectra of (a)-(d),

glass slides heat-treated at
, (c): 200 ℃ and (d): 300 ℃.



This is probably because that the
nanoparticles and the light scattering of

SERS spectra of R6G (10
glass slides of (a) as-prepared, (b)
2 h are shown in Fig. 3. SERS spectrum
dripped and dried on the Ag thin film
measured. In the spectra (a)
are assigned to R6G include
plane bend mode at ca. 1129 cm
cm-1. (Liu 2007) On the other hand, i
signal intensities of R6G a
background from 750 to 1
photoluminescence of R6G.
Ag/TiO2-coated glass slides
temperatures, the SERS peak intensities became small
treatment temperatures. This is probably due to the surface roughness of the Ag
nanoparticles became smaller with increasing
number of “hotspots” of the Ag nanoparticles became smaller.
spectrum of R6G (10-6 mol L
coated glass slides, the SERS signals of R6G was observed. Thus,
as-prepared Ag/TiO2-coated

Fig. 3 SERS spectra of the
temperatures for 2 h. (a): as
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This is probably because that the shape variation, the size distribution of the Ag
nanoparticles and the light scattering of the Ag/TiO2-coated glass slides

SERS spectra of R6G (10-3 mol L-1, 2μL) dripped and dried on the Ag/TiO
prepared, (b) heat-treated at 100 ℃, (c) 200 ℃

SERS spectrum, not shown here, of R6G (10
dripped and dried on the Ag thin film deposited on the glass slides by sputtering

(a) and (b) shown in Fig. 3, the clearly observed Raman bands
are assigned to R6G include ν(C-H) out-of-plane bend mode at ca. 774 cm
plane bend mode at ca. 1129 cm-1, ν(C-C) stretching modes at ca. 1358, 1505 and 1649

On the other hand, in all the spectra (c) and (d) shown in Fig. 3,
are small. In the spectra of Fig. 3, a broad band of the

0 to 1650 cm-1 are seen. This broad band was due to the
Although the average diameter of the Ag nanoparticles

glass slides became larger with increasing the heat
peak intensities became smaller with increasing the heat

This is probably due to the surface roughness of the Ag
nanoparticles became smaller with increasing the heat-treatment temperature

of the Ag nanoparticles became smaller. In t
mol L-1, 2 μL) dropped and dried on the

, the SERS signals of R6G was observed. Thus,
coated glass slides for R6G was found to be 10

spectra of the Ag/TiO2-coated glass slides heat-treated at various
temperatures for 2 h. (a): as-prepared, (b): 100 ℃, (c): 200 ℃

variation, the size distribution of the Ag
glass slides are large.

and dried on the Ag/TiO2-coated
℃ and (d) 300 ℃ for

R6G (10-3 mol L-1, 2 μL) 
by sputtering was also

observed Raman bands
plane bend mode at ca. 774 cm-1, ν(C-H) in-

C) stretching modes at ca. 1358, 1505 and 1649
) shown in Fig. 3, the SERS

, a broad band of the
are seen. This broad band was due to the

of the Ag nanoparticles of the
became larger with increasing the heat-treatment

with increasing the heat-
This is probably due to the surface roughness of the Ag

treatment temperatures. The
In the case of SERS

and dried on the as-prepared Ag/TiO2-
, the SERS signals of R6G was observed. Thus, the sensitivity of the

for R6G was found to be 10-6 mol L-1.

treated at various
and (d): 300 ℃.
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The peak intensity of R6G at 1649 cm-1 of the R6G (10-3 mol L-1, 2μL) dripped and 
dried on the Ag/TiO2-coated glass slides of (a) as-prepared, (b) heat-treated at 100 ℃, (c)

200 ℃ and (d) 300 ℃ for 2 h were respectively 11, 8.1, 1.2 and 0.3 times larger than
that of the Ag thin film deposited on glass slides by sputtering.

4. CONCLUSIONS

Ag nanoparticles with the average diameter of more than 150 nm were
photocatalytically deposited on TiO2-coated glass slides (Ag/TiO2-coated glass slides) at
room temperature. In the SERS spectra, the peak intensity of R6G (10-3 mol L-1) at 1649
cm-1 (514.5 nm excitation line) of the as-prepared Ag/TiO2-coated glass slides was 11
times larger than that of the Ag thin film deposited on glass slides by sputtering. The
sensitivity of the as-prepared Ag/TiO2-coated glass slides for R6G was found to be 10-6

mol L-1. With increasing the heat-treatment temperatures, the average diameter of the Ag
nanoparticles became larger and the surface roughness of the Ag nanoparticles became
smaller. The peak intensities of R6G in the SERS spectra of the Ag/TiO2-coated glass
slides became smaller with increasing the heat-treatment temperatures. This is probably
because the number of “hotspots” of the Ag nanoparticles with smooth surfaces became
smaller. The surface morphology of the Ag nanoparticles is one of the important factors to
obtain the SERS substrates with high sensitivity.
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