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Abstract The possibilities of successive ionic layer
deposition technology for synthesizing the Ag nanoclusters
and nanolayers were analyzed in present article. It was
shown that this technology, based on successive treatments
of appropriate substrates in solution of cations and anions,
is acceptable for the controllable forming of the Ag
nanoparticles at the surface of different substrates. Results
related to characterization of the Ag nanoclusters synthe-
sized using Ag(NH3),NO; or AgNO; precursors were
discussed. It was found that the concentration and the size
of the Ag nanoparticles deposited on a surface of fused
quartz, silica gel, and monocrystalline silicon can be con-
trolled by varying composition and pH of the reagent
solutions as well as the number of the deposition cycles. It
was established that the size of Ag nanoclusters depending
on a synthesis conditions may vary from 1-5 nm to
500 nm. Model explained the growth of Ag clusters during
successive ionic layer deposition was discussed as well.

L. B. Gulina - V. P. Tolstoy
St. Petersburg State University, St. Petersburg, Russia

G. Korotcenkov - B. K. Cho
Gwangju Institute of Science and Technology, Gwangju,
Korea

S. H. Han
Mokpo National Maritime University, Mokpo, Korea

G. Korotcenkov (<)

Department of Materials Science and Engineering, GIST,
261 Cheomdan-gwagiro, Buk-gu, Gwangju 500-712, Korea
e-mail: ghkoro@yahoo.com

B. K. Cho (X))

Department of Nanobio Materials and Electronics, GIST,
261 Cheomdan-gwagiro, Buk-gu, Gwangju 500-712, Korea
e-mail: chobk@gist.ac.kr

Introduction

Nanoclusters of Ag are currently objects of intensive
research in the field of catalysis [1-6], electrochemical [7]
and gas sensors [8—12], microelectronics, bio-applications
[13], and nanocomposites [4, 6, 14—-16]. Ag nanoclusters
incorporated into either heterogeneous catalysts or gas
sensing matrices considerably improve their respective
operating parameters. For example, oxidation catalysts for
carbon monoxide [2], H,O, reduction [4], NO, conversion
[5], and numerous other volatile organic compounds
(VOCs) [3] based on Ag are well known. For gas sensor
applications, the most important effects of surface modi-
fication by Ag nanoclusters are the increase of sensitivity
and the improvement of selectivity of sensor responses to
specific analytes, such as H, and H,S [8, 9]. Silicon
porosification using metal-assisted chemical stain etching
is another interesting area of Ag cluster application [17-
19]. Noble metal nanoclusters, acting as local cathodes,
while the areas surrounding these nanoclusters act as
anodes, promote Si local etching and the formation of
porous structures.

For Ag cluster synthesis or deposition, different methods
such as impregnation [10, 20, 21], spray pyrolysis deposi-
tion, thermal evaporation [16], chemical vapor deposition
(CVD), laser ablation, electrodeposition [7], magnetron
sputtering [22], chemical decoration [4], solid-state reac-
tions [23], photoinduced and photocatalytic reduction [15],
thermal decomposition [24], and biosynthesis [13], among
others, have already been demonstrated [5, 25-27]. In this
article, we present results related to Ag cluster synthesis via
the successive ionic layer deposition (SILD) method. The
SILD method, taking into account its nature, is identical to
methods such as successive ion layer adsorption and reaction
(SILAR) [28, 29] and layer-by-layer (LBL) deposition [30].

@ Springer



4556

J Mater Sci (2011) 46:4555-4561

However, we believe that the name SILD, which we use, fits
better with the names of other methods of thin film synthesis,
such as chemical vapor deposition (CVD), pulsed laser
deposition (PLD), ion-beam assisted deposition IBAD), and
atomic layer deposition (ALD), etc., and more adequately
reflects the essence of this method.

According to the SILD method, nanoparticles or nano-
layers of an inorganic compound are formed on a substrate
surface through a series of successive reactions of cation and
anion adsorptions. During formation, the substrate surface is
treated in solutions of salts such as acetates, chlorides, and
the nitrates of various metals, with a necessary condition
being the elimination of both excess reagents and reaction
products from the surface. A more detailed description of the
SILD method can be found in [31-33]. Previously, this
method was successfully used to deposit nanolayers of metal
sulfides [34], oxides, and hydroxides [31, 32, 34, 35]. The
ability to accurately control the nanolayer thickness via the
number of ionic deposition cycles is the main advantage of
this technology [31]; the average thickness of metal-oxide
layers after each deposition cycle is about 0.6-1.5 nm.

As it follows from the above description, the SILD
technique is related to chemical deposition methods, which
are among the most used techniques being applied for
synthesizing Ag nanoparticles [4, 5, 14, 21, 25, 36].
However, it should be noted that, to date, there are no well-
developed principles to control the size of Ag particles
during their synthesis on the substrate surface. Indeed,
research in this direction is yet in its initial stages and
frequently has an empirical character. We believe that the
SILD method discussed in this article should have the
additional ability to control the size of Ag particles due to
its multi-step process.

Previous experiments related to SILD technology have
shown that the main problem of noble metal synthesis, in
comparison with the synthesis of metal sulfides, is the fact
that the synthesized layer consists of just one type of
atoms. In this situation, it is difficult to select conditions of
irreversible layer-by-layer adsorption of atoms at the sec-
ond and each subsequent deposition cycles. However,
during our research we found that this problem can be
successfully resolved for metals (in particular for silver),
for which the formation of Me*-type clusters during
adsorption is possible.

Experimental details
Ag cluster synthesis
To synthesize Ag® nanolayers via the SILD method, the

reduction reaction of silver cations in weakly alkaline
solutions of hydrogen peroxide (H,O,) was chosen. It is
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known [6] that upon being mixed, the interaction of these
reagents forms a layer of metallic silver on the walls of the
reaction vessel.

Ag+ + H,0, + 20H™ — Ago +2H, 0+ 0, T. (1)

Plates of fused quartz, silica gel (Merk-60) with a specific
surface area of 360 mz/g, and substrates of monocrystalline
Si (100) (p ~ 40 Q cm) were used in this experiment. The
quartz plates were successively treated in water, in concen-
trated nitric acid, in distilled water, in a solution of KOH with
pH 9, and again in water before being used. Si wafers were
first cleaned by acetone to degrease the Si surface. Next, the
substrates were treated for 0.5 h under ultrasound impact
(P =35W) in a “piranha” solution, which presents a
mixture of 30% H,0O, and concentrated H,SO,4 in a 3:7 ratio,
and then rinsed thoroughly with water to create a hydrophilic
surface [37]. Such a preparation method is critical for SILD.
After this treatment, a hydroxylated surface Si—OH is
formed, which due to the presence of a negative charge at the
surface is able to adsorb cations.

The synthesis of Ag on the substrates via SILD was
carried out using the following procedure. During the first
SILD cycle, substrates were treated in a metal salt solution
(0.01 M solution of Ag(NH3),NO3) and samples were then
washed with distilled water to remove the non-reacted
reagents, treated with reductant, and again washed in dis-
tilled water. The silver ammine was prepared by adding in
AgNO3 solution of 0.1 M NH4NO3 and NH,OH up to pH
8.5-9.0 of solution formed. A 0.1 M solution of ascorbic
acid or a 0.3 M solution of H,O,(OH™) (both supplied by
Vekton) was used as the reductant; the concentrations of
solutions used were selected basing on previous experi-
ence. Time of processing with the Ag(NH3),NOj3 solution
and the time of the subsequent washing with water were
30 s each. Time of processing with the reductant solution
and time of the subsequent washing with water were 1 min
each. Such treatments represent the first deposition cycle.

During the following deposition cycles at the Ag"
adsorption stage, solutions such as Ag(NH3),NO; or AgNO;
(analytical grade) were used. The first route was similar to the
one described earlier. The second route included a series of
treatments in AgNO3 H,O, ascorbic acid, and H,O solutions.
Parameters of the H,O, treatment and washing were kept
unchanged; these conditions were found to provide the max-
imum surface concentration of silver atoms deposited at the
first cycle, as well as the maximum increment of nanolayer
thickness in the subsequent SILD cycles. For Ag deposition,
we used cycles between 1 and 12, as needed.

Structure and morphology characterization

To study the surface reactions during the process of Ag
synthesis, spectroscopic methods of optical transmission
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and diffusive dispersion in ultraviolet (UV) and infrared
(IR) spectral regions were used. The choice of methods is
conditioned by the fact that they allow Ag ions adsorbed at
the surface to be identified. For example, spectra of dif-
fusive dispersion in UV region provide an opportunity to
identify Ag" ions; spectra in the visible region are used to
identify metallic silver, and spectra overtones in the near
infrared region (1,300-1,500 nm) can be used to identify
free and bound hydrogen bond OH-groups on a silica
surface, and then to establish how they change during the
synthesis process. In the overtones region, the relative
intensity of the absorption band of molecular water
(1,450 nm) is considerably lower in comparison to the
intensity of the absorption bands of the =Si—-OH group
(1,370 and 1,405 nm). FTIR spectra were obtained using a
FTIR spectrometer Perkin-Elmer 1760X; the spectra are
averages of 20-50 scans at a resolution of 4 cm™'. In
addition, the UV-Vis spectra were measured with a
Lambda-9 spectrophotometer (Perkin-Elmer) at a scanning
rate of 50 nm/min and a slit program of 2 nm.

A Zeiss EVO-40EP scanning electron microscope
(SEM) with a LaBg cathode and accelerating voltage of
20 keV and a Veeco diNanoscopeV (with tapping mode tip
RTESP 7, f = 277 kHz) atomic force microscope (AFM)
were used to characterize the sample morphology.

An X-ray diffraction (XRD) study of the Ag particles
synthesized on the Si surface was carried out using a
Thermo ARL X’TRA diffractometer (Cu K,) in 0-0
scanning mode at a fixed angle of incidence (2°).

Results and discussions

Transmission spectra of silver nanolayers synthesized on a
fused quartz surface are shown in Fig. 1.
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Fig. 1 Transmission spectra of a fused quartz substrate covered by
nanolayers of metallic silver synthesized by / 3, 2 6, 3 9, and 4 12
SILD cycles. Ag° nanoparticles were synthesized using Ag(NH;),NO;
and H,0, solutions

These spectra show that repeated treatment of the sub-
strate increases the nanolayer thickness on a fused quartz
surface, as evidenced by the fact that an increasing number
of cycles enhanced the absorption bands at 350-700 nm.
According to [38], this band can be ascribed to Ag® clus-
ters. In addition to the Ago band, the band at 200-250 nm
presents Ag' cations [39]. The Ag" band intensity
increases remarkably after treating the sample in an
AgNOj; solution and washing with water. This observation
was interpreted as being due to the non-reversible
adsorption of silver cations on the surface. However, the
subsequent treatment of the sample in a reductant solution
suppresses but does not eliminate the Ag™ band, possibly
indicative of the incomplete reduction of the adsorbed
silver cations. To further interpret the observed SILD
regularities, the following model of the surface reactions
was suggested [40]; treating the substrate in a solution
of silver salt followed by washing with an ammonium
solution produces adsorbed silver ammine according to
following reactions:

=Si—OH + Ag" — =Si—OAg + H", (2)
= Si—OH + Ag(NH3) — =Si—OAg(NH3), + H.  (3)

However, the interaction of pre-adsorbed Ag* cations with
a reducing agent is not complete and by-products such as
Ag3 or Agi clusters are formed [41]. The presence of
these species in the deposited nanolayer can be associated
with the observed abrupt decrease in the intensity of the
overtone absorption bands of free and H-bonded silanols at
1,370 and 1,400 nm, respectively (Fig. 2). It is also pos-
sible that positively charged silver clusters Ag3, Ags ™, etc.
are linked to the surface through the formation of
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Fig. 2 Diffuse reflectance spectra of silica gel / before and 2 after
synthesis of an Ag layer by one SILD cycle. Ag® nanoparticles were
synthesized using Ag(NH3),NO3; and H,0, solutions
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complexes like =Si-OAg, or =Si—-OAg,. Note that the
formation of such surface species is consistent with the
spectral picture observed in the mid-IR region, which fol-
lows from the analysis of the Si—O stretching bands at
950 cm™".

These surface complexes can act as adsorption centers
for silver cations during the following sample interaction
with an AgNOj solution. The subsequent reduction of these
enlarged complexes produces silver clusters of larger size.
It is posited here that Ag* cations can migrate along the
surface during both the washing stage, which follows
conditioning of the substrate with an Ag" solution, and the
reduction stage. This migration could explain the growth of
nanoparticle size with an increasing number of SILD
cycles. As a result, a nanolayer of metallic silver is formed
after several SILD cycles.

Figure 3a shows the SEM image of large silver particles
deposited via the silver ammoniate and H,O, solutions.
The average size of the particles is about 500 nm and they
agglomerate from particles of 100-200 nm in size. When

silver nitrate and ascorbic acid solutions were used as
reagents, the size of the nanoparticles deposited was
20-30 nm (Fig. 3b).

However, it should be noted that a detailed study of the
formed layer morphology, made by AFM (see Fig. 4),
shows that even in case of the Ag nanolayer forming from
Ag(NH;3),NO; and H,O, solutions, at the surface, both
large particles and nanoclusters were formed. The na-
noclusters were uniformly distributed along the square, and
have sizes between 50 and 100 nm after 12 deposition
cycles. The cluster size increases with an increasing
number of deposition cycles.

According to the AFM data, the radius of the Ag par-
ticles is relatively diverse and can range between 47 and
100 nm (see Fig. 5). As shown in the figure, the ratio of the
cluster width to its height could exceed 20 times.

The same situation was observed for layers formed
using AgNO; and ascorbic acid solutions. As seen in
Fig. 6, nanoparticles have a diameter of 5-30 nm and
height of 1-5 nm; the average size of nanoparticles

Fig. 3 SEM images of the silicon surface: a after synthesis of the Ag nanoparticles from Ag(NH;),NO; and H,0, solutions, n = 5; b after
synthesis of the Ag nanoparticles from AgNO; and ascorbic acid solutions, n = 5

Fig. 4 AFM image of the Ag’
layers synthesized on a silicon
surface by a 1 and b 3 SILD
cycles (10 pm x 10 pm). Ag0
nanoparticles were synthesized
using Ag(NH3),NO3 and H,0,
solutions
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Fig. 6 AFM images of the Ag” nanoparticles synthesized on a silicon

surface by 2 SILD cycles using solutions AgNO;5 and ascorbic acid
(500 x 500 nm)

increases with increasing number of SILD cycles. How-
ever, the number of particles, observed at the surface after
1-5 deposition cycles, is being slightly changed. It is in
accordance with conclusion made while studying the SnO,
films synthesized by the SILD method [42]. According to
Korotcenkov et al. [42], film growth during SILD takes
place mostly through the growth of agglomerates. This
same effect was observed while using Ag(NH3),NO;
and H,O,; solutions for the synthesis of Ag clusters. For
comparison, the average size of Ag colloidal particles in
hydrosols, obtained in water solutions via AgNOj resto-
ration, is usually in the range of 10-150 nm [4, 25-27].

The XRD pattern of the Ag particles synthesized on the
Si surface is shown in Fig. 7. It was found that pattern
corresponds to diffraction from the (111) plane of Ag, with
a cubic crystallographic structure [20]. The same situation
was observed in [13, 25]. According to the XRD data
presented in the figure, Ag grains have an average size of
~9-10 nm.

The experimental data allowed us to present a simple
model that describes the observed evolution of the Ag
nanoparticle morphology (Fig. 8). According to this model,
the formation of Ag” nanoparticles on the silicon surface

Fig. 7 XRD pattern of the Ag nanolayer synthesized on the Si
surface (12 deposition cycles). Ag® nanoparticles were synthesized
using Ag(NH;3),NO; and H,O, solutions

takes place through two distinct stages. In the first stage,
Ag™ cations are adsorbed, being distributed uniformly at
the surface. In the following reduction stage, the Ag’
clusters are formed. Note that suggested growth mecha-
nism is often employed to explain the growth of films when
using chemical methods of deposition. By its nature, the
suggested model is close to the diffusion limited aggrega-
tion model proposed by Witten and Sander [43] and the
cluster—cluster aggregation model designed by Meakin
[44].

According to the suggested model, at the initial stage
1-D clusters are being formed with following transforma-
tion in 2-D clusters, which afterward are being transformed
in 3-D clusters with the increase of the number of depo-
sition cycles. According to our estimations, when we use
silver ammoniate and H,O, solutions, minimal size of 1-D
cluster is ~5-10 nm, and while using AgNO; and ascorbic
acid solutions, minimal size of 1-D cluster is about
1-5 nm. Indicated above transformation of Ag particles
from 1-D clusters to 3-D aggregates supposes that Ag™
cations can migrate along the surface during the reduction
process. This means that the =SiO-Ag' bond is not
strong. We need to note that the inclination to aggregation
is well known features of Ag nanoparticles [5, 12, 27]. It
was shown in many articles that silver tends to form big
clusters on the support surface already at relatively low
temperatures [12]. According to Ledo et al. [45], the fact
that Ag 1-D clusters due to self-aggregation form 2-D
islands and then 3-D aggregates can be related with the
relative hydrophobic character of these 1-D clusters.
Guillen-Villafuente et al. [46] have recently shown that Pt
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Fig. 8 Model of the Ag® nanoparticles formation on a substrate
surface in the process of SILD. a after adsorption of the Ag™ cations
in the first SILD cycle, b after treatment with a reductant, ¢ after

clusters prepared in microemulsions have also a tendency
to self-aggregate when they are deposited onto the Au
(111) surface forming ordered arrangements in several
hierarchical levels.

The proposed nanoparticle growth model implies that
SILD has considerable potential in controlling the surface
density and the size of deposited metal nanoparticles since
the SILD method employs separate and multiple stages of
adsorption and reduction of cations. In the given model, the
1-D cluster’s size probably should be determined by the
number of the adsorption centers, formed on the surface of
substrate, and by the concentration of Ag cations, adsorbed
on the substrate surface during one deposition cycle. Such
interpretation is in accordance with existing results. In
particular, big size of the Ag particles synthesized using
silver ammoniate and H,O, solutions can be attributed to a
relatively larger amount of Ag™ cations adsorbed on a
negatively charged surface of silicon oxide at higher
alkaline pH. Then, the subsequent treatment with a
reductant produces a larger amount of reduced Ag® atoms
inclined to aggregation.

The chemical nature of the reductants used is also
expected to affect the morphology of the silver nanoparti-
cles. One can suppose that, as opposed to H,O,, ascorbic
acid adsorbs onto the Ag’ nanoparticles and acts as a
barrier that hinders from aggregation and growth of
nanoparticles. At our point of view, besides indicated
factors, the number of nucleation centers (defects) pre-
sented at the support surface should be of great importance
as well. Just around those centers 2-D and 3-D clusters’
forming takes place. This conclusion is in accordance with
results presented in [47]. It was established that the metal
oxide supports with higher defect density (TiO,) results in
smaller Ag cluster sizes at a higher dispersion.

Conclusions
Conducted research has shown that the SILD technology is

acceptable for the controllable forming of the Ag nano-
particles at the surface of different substrates. For example,

@ Springer

adsorption of the Ag™ cations in the second SILD cycle, and d after
treatment of sample ¢ with a reductant

under the SILD conditions, the concentration and the size
of the Ag nanoparticles deposited on a surface of mono-
crystalline silicon can be controlled by varying composi-
tion and pH of the reagent solution as well as the number of
the SILD cycles. As established, the size of the Ag nano-
particles depending on a synthesis conditions may vary
from 1-5 nm for clusters to 500 nm for aggregates. This
means that the SILD technology can be used for various
purposes, requiring the presence of Ag nanoclusters at the
support surface; in particular, either for the Si stain etching
or for the surface modification of metal oxides aimed for
gas sensor applications.
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