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a b s t r a c t

A new strategy derived from seed-mediated growth was applied to attach and grow dense and uni-
form silver nanoparticles (AgNPs) on indium tin oxide (ITO) thin films deposited on glass substrate. This
approach allowed obtaining narrower nanoparticle’s size distribution and a much denser attachment
compared with the classical seed-mediated growth method. Adjusting growth time permitted prepar-
ing relatively small and uniform Ag nanoparticles of less than 40 nm in size. The size, density and the
vailable online 1 December 2010

eywords:
ilver nanoparticles
urface functionalization
ndium tin oxide

regularity of AgNPs were found to be slightly affected by the nature of ITO substrate, which thus affects
the plasmon absorbance spectra. The observed differences are attributed to the cavities existing between
large grains and sub-grains of ITO thin films.

© 2010 Elsevier B.V. All rights reserved.
ano-structured material
V–visible spectroscopy

. Introduction

During the recent years, intensive efforts have been devoted
o the design of functional metal nanoparticles (NPs) due to their
xciting and unique properties arising mainly from the “quantum
ize effect” with a wide spectrum of potential applications in catal-
sis, optics, electronics, sensing, biomaterials and biological and
edical applications [1,2]. Among the targeted elements, silver (Ag)

anoparticles (AgNPs) are of importance due to their unique optical
nd antibacterial properties, excellent conductivity and chemical
tability [3]. For instance, the unique optical properties of AgNPs

riginating from the excitation of the localized surface plasmon
esonance (LSPR) have been applied in biochemical, medical diag-
ostics, and biological imaging [4].
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oi:10.1016/j.jallcom.2010.11.172
Various synthetic strategies of AgNPs solutions have been
reported such as chemical reduction of Ag ions in aqueous solutions
with or without stabilizing agents [5–8], thermal decomposi-
tion in organic solvents [9], chemical- and photo-reduction in
reverse micelles [10], radiation mediated chemical reduction [11]
and microwave assisted synthesis [12]. By contrast, the assembly
and the dispersion of AgNPs on planar surfaces have been only
marginally addressed and due to important experimental difficul-
ties and presence of a real challenge in films and nanoparticles
fabrication. This requires a clear understanding of thin films fabrica-
tion, surface properties of the substrate as well as the chemistry and
physical processes involved in the synthesis. Ghoranneviss et al.
[13] fabricated Cu-NP deposited on different substrates such as
glass, Al2O3 and SiO2 and showed that uniform and nano-sized
Cu nanoparticles can be produced on a lower-roughness substrate.
Ulmeanu et al. [14] have also described the self-assembly process of
silica colloidal particles for substrate surfaces implying mica, glass,
Ag and Au thin films. For a constant solid concentration of colloidal

particles, the quality of the self-assembled mono-layers was highly
improved in rugged surface due to the large contact angle.

Because NPs are often used for the fabrication of specific devices
with solid substrates, it is important to understand how the sub-
strate affects their size and size distribution, spatial distribution

dx.doi.org/10.1016/j.jallcom.2010.11.172
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Scheme 1. A two step chemical modification procedure to create we

nd optical properties. Of particular interest, indium tin oxide (ITO)
atrices represent an attractive class of substrates due to their

ow electrical resistivity, high transparency in the visible range,
nd high reflectivity as well as low infrared emission in middle
nfrared region [15]. They are widely used as optically transpar-
nt electrodes in flat panel displays and in photovoltaic devices
16]. The more popular way to disperse AgNP on the ITO surface
onsists of the introduction of chelating ligands (aminopropyl, mer-
aptopropyl, etc.) by surface modification using the immersion of
gNP [17,18]. Unfortunately, this chemical functionalization causes
n enhancement of electrochemical impedance, limiting thus their
lectrochemical transfer [6a,b].

Recently, we have investigated the electrochemistry of electron
ransfer dynamics of ferrocene terminated self-assembled mono-
ayers (SAMs), co-adsorbed with single-walled carbon nanotube
WCNT on gold electrode [6c] and showed that the neighbor-
ng SWCNTs in the ferrocene molecular assemblies exert distinct
mpacts on the global electron transport and electrocatalytic behav-
or of the ferrocenes. The obtained results showed also that the
resence of SWCNTs in the ferrocene assembly synergetically
nhances the electrocatalytic detection of thiocyanate compared
o pure ferrocene or pure SWCNTs. Looking for a more efficient
lternative route; we recently examined the preparation of well
ontrolled AgNPs with narrow size distribution by the normal seed-
ediated growth method [6a]. However, the density and the size

istribution of AgNPs were irregular and the resulting material suf-
ered important inhomogeneity. To circumvent these limitations,
e decided to revisit the seeding approach aiming at achieving
dense attachment of regular AgNPs size on ITO substrate. This

s particularly important for the photoinduced nonlinear optical
esearch [19,20].

In this work, a new strategy derived from seed-mediated growth
ethod was developed allowing the fabrication of homogeneous

ense and uniform AgNPs on ITO substrate with a sheet resistivity
a. 71 �/sq (ITO-A). Inspired by the reactivity of silica materi-
ls [21], we decided to simplify the strategy by introducing first
he metallic silver nitrate, AgNO3, on the surface followed by its
eduction and growth. In addition, the effect of ITO substrate char-
cteristics on the attached AgNPs size and regularity was examined.
he behavior of these photoactive materials is discussed in terms of
he AgNPs size regularity and density as well as ITO features based
n their UV–visible absorbance spectra.
. Experimental

We have chosen three types of ITO substrates. They were purchased from CBC
ngs. Co. Ltd., Japan. ITO-A is produced by Asahi Beer Optical, Ltd., Japan, on a glass
ubstrate with surface resistivity of about 71.5 �/sq while ITO-B and ITO-C, with low
esistivity 3.6 and 1.9 �/sq, respectively, were obtained from Kuramoto Seisakusho
ched and dispersed silver nanoparticles on indium tin oxide surface.

Co. Ltd., Japan. The ITO films thickness was equal to 120 ± 12 nm, 215 ± 21 nm and
330 ± 25 nm for ITO-A, ITO-B and ITO-C, respectively.

A piece of ITO cut into a dimension of ca. 1 cm × 1 cm was used for each treat-
ment. It was cleaned by sonication in acetone and in ethanol for 15 min each. After
flushing by pure water, it was then cleaned by sonication in ultra pure water for an
additional 15 min. This procedure was repeated twice to reach the desired effect.
Finally, the ITO piece was dried with a stream of nitrogen gas before use.

AgNPs-attached on ITO substrates were prepared using the two-step chemical
treatment.

In the first step, a piece of ITO was put in a solution that contains 0.5 ml of
0.01 M AgNO3, 0.5 ml of 0.01 M trisodium citrate, Na3C6H5O7, and 20 ml of pure
water. Then, 0.5 ml ice-cold of 0.1 M sodium borohydride, NaBH4, aqueous solution
was added into the solution to reduce Ag+. In the second step, the Ag seed-particle
modified ITO was immersed in a growth solution containing 0.5 ml of 0.01 M AgNO3,
0.5 ml of 0.1 M cetyltrimethylammonium bromide, CTAB, 0.1 ml of 0.1 M ascorbic
acid, C6H8O6, and 0.1 ml of 1 M sodium hydroxide, NaOH, during various time inter-
vals (0, 30 min, 1 h, 2 h, 3 h, 4 h, 6 h and 12 h) at a controlled temperature of 28 ◦C.
During the growth time, the substrate color changed from colorless to deep-yellow
upon reduction.

The solutions were prepared using pure water obtained from a water purifi-
cation system Autopure WR600A, Yamato Co. Ltd., with a resistivity higher than
18 M�. AgNO3 and CTAB were purchased from Aldrich Co. Ltd. Na3C6H5O7, C6H8O6,
NaBH4 and NaOH solutions were obtained from Wako Pure Chemicals, Ltd.

The size and the morphology of the Ag nanoparticles attached to the ITO surface
were characterized by field emission scanning electron microscopy (FE-SEM, JSM-
7400F; JEOL, Japan) and SEIKO SPA-400 atomic force microscopy (AFM) in tapping
mode. The optical spectrophotometer, U4100 Hitachi Ltd., Japan, was used to deter-
mine the absorption spectra of AgNPs/ITO within the spectral range 300–900 nm
with the spectral resolution 1 nm, at room temperature. A comparative study of the
amount of Sn dopant in the samples was analyzed with Energy Dispersive X-ray
Analysis (EDAX). The contact angle measurements were performed using a JY-82
contact angle goniometer by the sessile drop technique at room temperature. The
ITO sheet resistance was measured using the four point probe method for all sub-
strates before (RS1) and after (RS2) AgNPs growth. The resistivity was computed from
� = RS × d, where d is the film thickness. The grazing X-ray diffraction (GXRD) was
performed in Xı̌Pert PRO, �/�, using an incidence angle of 1◦ .

3. Results and discussion

By applying the seed mediated growth method pioneered by
Murphy and co-workers for preparing Au nanorods in solution [22],
it was possible to attach AgNPs simply via the two-step immersion
of ITO substrates in AgNO3-based solutions; first, in a seed solu-
tion, and then, in a growth solution [6a]. However, the irregularity
in terms of size and shape of the metallic nanoparticles and their
low density constituted serious limitations. We anticipated that
the introduction of the starting precursor (AgNO3) before reduction
may reduce the problems related to the heterogeneous structure of
the material. Hence, we adopted a modified strategy based on the

immersion of ITO substrate in a solution of AgNO3 in the presence
of a stabilizer (trisodium citrate) and ultra-pure water (see Sec-
tion 2). As ITO surface features contains various hydroxyl groups,
they will react upon immersion with Ag+ allowing Ag cations to be
chelated on the ITO surface. The weakly attached Ag cations were
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Fig. 1. SEM images of AgNPs/ITO-A surface prepared by the present seed-mediated growth method. The growth time was (A) 0, (B) 30 min, (C) 1 h, (D) 2 h, (E) 3 h, (F) 4 h, (G)
6

t
s
t
f
t
d
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t

h and (H) 12 h, respectively, at 28 ◦C.

hen reduced by NaBH4, which results in a homogeneous disper-
ion of the Ag particles on the substrate surface. The summary of
he AgNPs formation mechanism is illustrated in Scheme 1. The
unctionalized substrates were then immersed in a second solu-

ion of AgNO3 stabilized with CTAB. In this growth solution, AgNPs
eposited on the ITO surface will auto-catalytically react with the
econd generation of CATB-stabilized Ag nanoparticles thus leading
o additional growth of the silver nanoparticles on ITO surface.
3.1. Effect of the growth time on the formed AgNPs on ITO surface

Fig. 1 shows the FE-SEM images of the AgNPs grown on the
ITO-A substrate at various growth times, prepared from Ag nano-

seed solution using in situ method based on seed-mediated growth
strategy (see Section 2). The time of immersion was found to be
very crucial for controlling the size and space uniformity of the
nanoparticles as illustrated in the case of ITO-A (Figs. 1 and 2).
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ig. 2. Average AgNPs size and surface density as a function of growth time (ITO-A).

Just after seeding without growth treatment, the attached Ag
ano-seed particles were very small, with dimensions smaller than
nm. The obtained AgNPs from the seed step cannot be observed by
E-SEM directly due to resolution limitations of the FE-SEM appara-
us (Fig. 1A). Interestingly, by combining seed and growth process,
oth the evolution of the surface-density attachment and the size
f AgNPs on ITO substrate were clearly observed (Figs. 1B–H and 2).

The average size of AgNPs increases with increasing the
rowth time from 40 ± 3 nm to 140 ± 3 nm (Fig. 2). Extending the
mmersion time beyond 2 h, the average inter-particular distance
ecreases significantly with respect to the particle sizes, which

eads to important particle–particle surface electrostatic interac-
ions and thus to the coalescence and aggregation phenomena. The
et overall result is an increase in particle size and a decrease in
he total surface density (Fig. 1E–G). Clearly, the obtained results
how that 2 h growth time represents a good balance for a judicious
ontrol of particle size and their dispersion-distribution. Therefore,
he growth time was fixed at 2 h for the subsequent experiments
n order to compare the effect of ITO substrate on the so-formed
gNPs.

.2. Effect of ITO thickness

To examine the effect of the substrate properties, ITO substrate
ith three different characteristics referred to ITO-A, ITO-B, and

TO-C were used. Their properties are given in Table 1. The sur-
ace roughness, along with the particle size and the quality of size
ispersion-distribution were systematically examined by SEM and
FM analyses.

Fig. 3 shows SEM images of the surface morphologies of AgNPs
rown on different ITO films with a growth time fixed at 2 h. For
omparison purposes, typical representative particle sizes are also
ncluded in the figure. SEM images show that ITO-A is characterized
y a more uniform surface with a slightly lower roughness than
TO-B and ITO-C. This results in Ag particles that are larger in size
ut more uniform than the particles that were grown on ITO-B and
TO-C.

The observed differences are attributed to the cavities exist-
ng between large grains and subgrains of ITO. In these conditions,
nitially, two, three or four silver nano-nuclei could be readily pro-
uced in a narrow region depending on the free space volume
xisting between such grains. As the nano-nuclei grow further in

he existing confined space, they start to bond and their growth
ecomes physically restrained as the particles start to impinge on
ther neighboring particles. As a result, each aggregate is generally
arger in size than the individual microspheres, as observed in Fig. 3
ITO-C).
ompounds 509 (2011) 2631–2638

Fig. 4a–c show the AFM images (3 �m × 3 �m) of ITO-A, ITO-B
and ITO-C, respectively. The three sputtered ITO films display dif-
ferent characteristic surface morphologies of grain and sub-grain
structures. The ITO root-mean-square (RMS) roughness gives per-
tinent information about the fine-scale fluctuations in the effective
surface height. It is given by the cross-sectional contour plots from
AFM images (not shown). The RMS is directly related to both the
grain boundary density and the grain size and can generally be
determined by two factors: (i) number of grain’s boundaries, and
(ii) size of the grains. So, as the films thickness increases, the grain
boundaries decrease and ITO’s grain size increases, which explain
the decreased electrical resistivity and contact angle with films
thickness (see Table 1). The additionally performed control of their
homogeneity has shown that the space non-homogeneity does not
exceed 3%.

AFM 3D-images of Fig. 4 show that ITO surface topography is
changed with the ITO type, with large disparities in the surface
roughness and the features of the grains in terms of their fineness,
their orientation and consequently of the total available surface
area. Additionally, it was observed (see Table 1) that an increase in
ITO films thickness is accompanied with a decrease in the elec-
trical resistivity that drops from 8.58 × 10−4 to 0.77 × 10−4 and
then to 0.61 × 10−4 � cm. This is due to the decrease in surface
area of the ITO boundary grain and sub-grain numbers as well
as an increase in their average size. Consequently, as the ITO film
thickness increases, the size of ITO grains increases, which in turn
decreases ITO the total surface area of the grain boundaries and so
the contact angle decreases (see Fig. 5). This phenomenon clearly
affects the ITO structure in terms of the lattice distortion [23,24],
which remarkably decreases with the thickness.

Fig. 6a–c displays GXRD spectra of ITO substrates and their cor-
responding high resolution surface morphology SEM. ITO peaks
around 30.40◦ and 35.30◦ were indexed on the basis of cubic struc-
ture (JCPDS N 71-2194) to (2 2 2) and (4 0 0) plans, respectively.
The lattice parameter was found to be equal 10.12 Å. It is clearly
observed that with increasing films thickness, the peak intensity
I2 2 2 decreases, while the peak intensity I4 0 0 increases, involv-
ing preferred orientation along the (4 0 0) plane for ITO-C, which
implies that the film was more crystallized. The peak intensity ratio
I2 2 2/I4 0 0 variation of GXRD for the three ITO substrates is presented
in Table 1. This variation agrees well with the observed surface
morphology in Figs. 4 and 6. In fact, ITO-A presents a large grain’s
boundaries and regular size dispersion of grains and sub-grains ca.
20 nm and 80 nm, respectively. While the grain boundaries in ITO-B
and ITO-C decrease, the mean grains and subgrains size dispersion
becomes larger (ca. 40 and 400 nm for ITO-B, and ca. 60 nm and
600 nm for ITO-C). Our results are in good agreement with those
observed by Qiao et al. [26] and Lee and Park [25]. In fact, Qiao et al.
[26] reported that an increase in ITO films thickness generates a
decrease in the lattice distortion due to the increase of grains size
and the decrease of subgrains. While Qiao et al. associated such a
change with the smaller interstitial oxygen incorporated into the
crystal lattice, Lee and Park [25] showed that the peak intensity
ratio I2 2 2/I4 0 0 decreases gradually with ITO films thickness.

During the seed-growth process, the lattice variation distortion
can directly affect the contact angle [14,27] of the deposited AgNPs,
which explains the slightly decrease in the AgNPs average size (rAg)
from 40, 35 to 30 nm and AgNPs size regularity (see Table 2) pro-
duced on ITO substrate with different thicknesses and roughness.

The atomic ratio Sn/In calculated from a typical energy-
dispersive X-ray spectrum of the different ITO/glass (figure not

shown). This technique was applied to evaluate the content of
chemical elements through the analysis of corresponding FE-SEM
images. The peaks of In, Sn, O and Ag are clearly seen, which
confirms the impregnation of Ag particles on the ITO matrix. The
corresponding integrated concentration of the composite layer is
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Table 1
Measured physical properties of three ITO substrates and sheet resistance and average size of AgNPs particles with 2 h growth time at T = 28 ◦C.

Sample ITO-A ITO-B ITO-C

Average ITO films thickness d (nm) 120 ± 12 215 ± 21 330 ± 25
Contact angle 107 81 78
Sn/In (at.%) 2.63 6.25 5.43
ITO films roughness RMS (nm) 5.07 ± 0.20 4.73 ± 0 .20 2.49 ± 0.20
Peak intensities ratio I2 2 2/I4 0 0 3.55 1.9 0.66
Resistivity of ITO films (10−4 � cm) 8.58 ± 0.9 0.77 ± 0.09 0.61 ± 0.07
Sheet resistance of AgNPs/ITO films RS2 (�/sq) 35.5 ± 0.5 2.0 ± 0.1 0.95 ± 0.5
Average Ag particle size (nm) 43 ± 2 31 ± 5 25 ± 8
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Fig. 3. SEM images of AgNPs grown on: (a) ITO-A, (b) ITO-B, and (

lso given in Table 1. We can observe from this table, that the ITO
oughness is affected by the doping tin content, which influences
he growth of AgNPs on the ITO surface as observed in FE-SEM
mage (Fig. 3). Following this data one can expect that the titled
lms possess the high stability and is very stable with respect to
he oxygen and humidity.

One of the important factors that influence the size of the
anoparticles and their final physical properties is the surface
nergy and the contact angle during the seed and growth process
hat is influenced by the initial substrate roughness. In fact, the
moothness of the ITO substrate surface helps solution wetting and

preading, which results in large particle size (Figs. 3 and 5). The
ontact angle of ITO-C is two times smaller than the ITO-A (Table 1),
nd FE-SEM (Fig. 3) which explain the irregularity observed in
TO-C. Indeed, during the process, the solution undergoes de-

able 2
alculated specifications parameters (size, FWHM, �max, etc.) of the supported AgNPs on

Sample FWHM (nm) �max (nm) Av

Ag/ITO-A 89 410 64
Ag/ITO-B 102 411 84
Ag/ITO-C 84 416 50
-C with a sheet resistivity of 71.5, 3.6, and 1.9 �/sq, respectively.

wetting and then crystallization, but the numerous generated small
domains suffer from small inter-domain distance and interact via
van der Waals forces and Ostwald ripening that favour coalescence.
In fact, the molecules at the surface of small particles are energeti-
cally not favored with respect to the molecules inside the bulk. To
overcome this frustrated and unstable thermodynamic state, the
surface molecules will detach from the surface and diffuse to join
the neighboring particles, which leads to the increase in particle
size. Such a process in somewhat hindered by the substrate rough-
ness. As the film roughness increases, the contact angle increases,
and the initial seeds find themselves entrapped in narrow and

separated regions. During the growth step, the resulting particles
undergo van der Waals and Ostwald ripening only the available
valleys of the surface. Reaching the neighboring growing particles
is restricted by the surface roughness. This one causes a decrease in

different ITO features (2 h growth).

erage surface density (particles/�m2) AgNPs size homogeneity

Very well
Fairly good
Fair
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Fig. 4. AFM topography images ((2D) and (3D

he particles size with the increase in the substrate surface rough-
ess as shown by the SEM and the AFM micrographs for ITO-A,

TO-B and ITO-C.
This increase in the contact angle can enhance AgNPs sizes for

ome region of the ITO surface (see the illustrated process in Fig. 7).
his scheme illustrates the growth process which occurred on two
lightly different rough substrates with homogeneous and inhomo-
eneous ITO grain size distribution. It shows clearly that the smooth
egion diminishes the contact angle. As the NPs grow, the aggrega-
ion can easily occur due to the Ostwald ripening phenomenon by
hich the larger AgNPs grow at the expense of the smaller ones

28,29].

This is because the smaller particles grown in large particles

re more stable than that deposited on smaller one. Consequently,
he substantially smaller particles can detach and diffuse through
he solution to form larger particles. This process becomes more
avorable with the inhomogeneous ITO grain’s nano-size observed

Fig. 5. Contact angle of uncoated ITO
uncoated ITO-A, ITO-B, and ITO-C substrates.

in ITO-C. Therefore, the number of smaller particles continues to
dissolve and disappear, while larger particles continue to grow.
This big particle which appears in Fig. 3B grows even bigger in
Fig. 3C. This fact confirms the existence of the aforementioned phe-
nomenon. This also affects the LSPR maximum as observed in Fig. 8
(curve c) (for more details see Section 3.3).

So, the dense and homogeneous AgNPs sizes observed on ITO-
A might be due to a high ratio of small homogeneous ITO grain
sizes compared to ITO-B and ITO-C, which present very large ITO
grain and subgrain size dispersion. This ITO grains size disper-
sion are particularly effective in the seeding process, for which
the physisorption of Ag nano-seed particles was promoted by the

ITO grains size, in particular, for the relatively rugged surfaces as
previously observed in AuNPs case [6d].

Consequently, we can conclude that ITO-A with homogeneous
cavities is favorable for uniform and dense AgNPs growth on the
ITO surface without using any undesirable linker molecule. In con-

-A, ITO-B, and ITO-C substrates.
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Fig. 6. GXRD spectra of ITO-A (a), ITO-B (b), and ITO-C (c) substrates and their corresponding SEM images.

aggregation by Ostwald ripening phenomenon.
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Fig. 7. Schematic representing the AgNPs

lusion, it is strongly suspected ITO grain and subgrain sizes clearly
ffect the formation of AgNPs on ITO surface. The homogeneous ITO
rain size that is observed on ITO-A with sheet resistivity 71.5 �/sq
an promote dense and homogeneous nano-size AgNPs of about
0 nm.

.3. Morphological effect of AgNPs on the absorption spectrum

Fig. 8 presents the UV/visible spectra of AgNP attached on the
hree ITO surface used in this study. It can be noticed that the max-
ma of the band absorption are centered at wavelengths of 410, 413
nd 416 nm for ITO-A, ITO-B and ITO-C, respectively. They corre-
pond to the LSPR excitation of metal silver NP originating from the
ollective oscillation mode of the conduction electrons in AgNPs.

The shape of the absorbance curve and resonance peak can be

ualitatively related to the morphology of metal nanoparticles on
urface [30,31]. In fact, small and uniform size with high surface
ensity presents a sharper absorbance curve, while nanoparticles
ith wide size dispersion and/or any type of aggregation or coa-

escence present a broad absorbance curve [33,34]. These �LSPR lie

Fig. 8. UV–visible absorbance of AgNPs/ITO-A, AgNPs/ITO-B, and AgNPs/ITO-C for
2 h growth time.
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n the same order of wavelengths, recently reported for AgNP pre-
ared by various techniques [35,36]. Besides, the LSPR spectral peak
osition is shifted to a longer wavelengths with respect to only Ag
lm (394 nm) [35].

The splitting of the LSPR band (observed in ITO-C) into blue com-
onents around 350 nm may be associated with the multi-polar
lectromagnetic interactions among contacting AgNPs that appear
nce coalescence starts from smaller AgNPs, and to the quadrupole
lasmon resonance and associated to particle geometry [35,37]. The
ifference in the shape and spectral maximum position of the LSPR
and suggests a change in particle size and shape as it is observed

n FE-SEM measurements (Fig. 3C).
The average AgNPs size, the full width at half maximum

FWHM), the spectral position of the maximum wavelength �max,
he average surface density and size homogeneity of AgNPs on ITO
urface for each sample are shown in Table 2. It is necessary to
mphasize that all these parameters for each sample were manu-
lly calculated to clearly quantify the various morphologies.

From Table 2 and Fig. 8, one can see that the maximum of LSPR
avelengths �max is a function of ITO characteristics (composition,

hickness). As mentioned in Table 1, the irregularity of the grain
izes depends on the ITO substrate features. The irregular AgNPs
ize distribution shifts the spectral peak position �max to the red
avelengths. This can explain the two signals observed for ITO-
. The former at 350 nm is attributed to small silver nanoparticle
izes (≈20 nm) and the second one at 416 nm is caused by the large
articles with an average size of 46 nm. Actually, Schatz et al. [38]
nd Gonzalo et al. [32] reported that the LSPR depends strongly on
he particle shape, shifting to the red as the particle becomes more
blate with the appearance of such a smaller peak ca. 398 nm for
nhomogeneous shape of AgNPs.

In the above results, some characteristics of AgNPs on ITO such
s size, regularity and density prepared by the actual method were
ighly improved compared with normal seed-mediated growth
6a]. The present AgNPs attachment would be an alternative

ethod to produce regular and dense metals NPs on surface.
The effect of ITO substrate on AgNPs size, regularity and

heir LSPR response were explicitly presented. The use of
ougher/smoother ITO substrates and employing AgNPs with dif-
erent average particle’s sizes are currently under way.

. Conclusions

This work describes a new chemical approach based on two-
teps seed-mediated growth method to fabricate dense and
niform AgNPs on ITO surface. The immersion time in the growth
olution was determined as 2 h. The ITO substrate nature with
omogeneous cavities is favorable for uniform and dense AgNPs
ithout using any undesirable linker molecule. The attachments of

gNPs on ITO surface as well as their homogeneity are significantly

mproved on relatively rugged surface which is formed by smaller
TO grains sizes, while smooth ITO surface with larger grains and
ubgrains size favour smaller and irregular AgNPs size. Addition-
lly, we demonstrated that the UV–visible absorbance spectroscopy

[
[
[
[
[
[

ompounds 509 (2011) 2631–2638

curve and LSPR band of AgNPs are very sensitive to their size, den-
sity and surrounding particles.
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