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Liquid phase deposition is a method used for the nonelectrochemical production of polycrystalline ceramic films at low
temperatures, most commonly silicon dioxide films. Herein, we report that silica spheres are organized in a hexagonal close-packed
array using a patterned substrate. On this monolayer of silica spheres, we could fabricate new nanostructures in which deposition
and etching compete through a modified LPD reaction. In the early stage, silica spheres began to undergo etching, and then, silica
bridges between the silica spheres appeared by the local deposition reaction. Finally, the silica spheres and bridges disappeared
completely. We propose the mechanism for the formation of nanostructure.

1. Introduction

Silicon dioxide (SiO
2
) films are widely useful in various

fields. These films act as interlayer dielectrics and gate oxides
in transistors and in the fabrication of integrated circuits
and ultralarge-scale integration (ULSI) technologies [1–7]. In
addition, SiO

2
films play an important role in semiconductor

devices as electrical insulators preventing the motion of
carriers from [8] and could be universally applicable as one
of the chief components of optical antireflection coatings
and liquid crystal display (LCD) substrates as a mask to
prevent alkali ions from diffusing to the ITO films [9]. Many
techniques to produce SiO

2
films have been researched, such

as thermal oxidation, chemical vapor deposition (CVD), and
sputtering [7, 9, 10]. However, these techniques have several
drawbacks, mainly the need for specific equipments such
as vacuum systems or glove boxes as well as expensive and
sensitive organometallic precursors [11]. Furthermore, some
techniques require a high reaction temperature of around
several hundred degrees centigrade.

Recently, among various techniques, the liquid phase
deposition (LPD) has been focused on as a useful method for
the deposition of oxide films at low temperatures in aqueous
solutions. LPD can overcome the abovementioned drawbacks
of conventionalmethods because it does not require the use of

vacuum systems and sensitive reagents. LPDprogresses easily
at room temperature, demands low production costs, and has
minimal environmental impact. LPD is especially useful in
coating not only flat substrates but also nonplanar substrates
[11].

Upuntil now, research regarding LPDhas investigated the
formation and kinetics of films on planar substrates. In 1998,
Nagayama et al. reported that SiO

2
films could be deposited

on glass in an H
2
SiF
6
solution supersaturated with silica,

after H
3
BO
3
was added to the H

2
SiF
6
solution which was

saturated with SiO
2
[12].Whitsitt and Barron found that SiO

2

films could be formed on substrates in an H
2
SiF
6
solution

supersaturated with SiO
2
by dissolving aluminum instead of

H
3
BO
3
[11]. Further, Tsukuma et al. researched other silicic

acid solutions having the unique ability to deposit films on
a substrate and described the processing and properties of
the silica film with some organic groups, deposited in the
liquid phase [13]. However, most of the LPD research has
been focused on flat substrates, and research on nanostruc-
tured substrates remains to be investigated. Kim and Roh
fabricated isolated nanostructure by using the selective LPD
on silicon substrates with grooves formed through etching
[14]. Whitsitt and Barron researched different morphology
of silica particles by LPD method with different surfactant
[15]. Here, we investigated LPD on nanostructured surfaces
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Figure 1: SEM images of silica spheres synthesized by the Stöber method. The average diameter of the silica spheres is 450 nm (a), 590 nm
(b), and 810 nm (c), denoted by S-450, S-590, and S-810, respectively. The distribution of the diameters of silica spheres is shown in (d). Scale
bars are 1𝜇m.

formed by the manual-assembled building blocks, which
are different from previous research. For more effective
production of oxide films, it is possible to either increase
the concentration of water or decrease the concentration
of hydrofluoric acid based on Le Chatelier’s principle. To
decrease the concentration of hydrofluoric acid, boric acid
or aluminum metals are commonly used to function as
fluoride (F−) scavengers [10]. Boric acid or aluminummetals
could be used to produce more silicon dioxide; however,
the use of these supplementary additives affects the film
properties because other materials might be doped into
SiO
2
film and increase the impurity level. Consequently,

the quality and insulating properties of the SiO
2
film are

degraded.
In this study, we assembled silica spheres with hexago-

nally close-packing by using a patterned substrate. Then, we
performed a modified LPD reaction on the nanostructure,
which meant the silica sphere array, without additives but by
changing the saturation of hydrofluorosilicic acid (H

2
SiF
6
).

As a result, we fabricated a new nanostructure showing local
deposition and etching reaction at the same time and pro-
posed themechanism of formation of the new nanostructure.

2. Experiments

2.1. Synthesis of Silica Spheres. Silica spheres were synthesized
using the Stöber method, which involves the hydrolysis of
tetraethyl orthosilicate (TEOS) in ethanol in the presence
of ammonia (NH

3
) as a catalyst [16, 17]. By controlling

the concentration of reactants, we changed the size of the
silica spheres. Ammonia and ethanol adjusted to the proper
concentrations were placed in a glass flask and stirred. After
stabilizing the solution, TEOS was added and stirred to
induce hydrolysis and condensation process. Finally, the
silica suspension was centrifuged and washed by repeated
redispersion in pure ethanol several times.

2.2. Assembly of Silica Spheres. The silicon wafer with
a 300 nm thick SiO

2
layer was coated with poly(methyl

methacrylate) (PMMA) C2 by spin coating. The patterned
Si substrates were immersed in piranha solution for 30min
and washed with deionized (DI) water. To prepare the
poly(dimethylsiloxane) (PDMS) stamp, PDMS was poured
onto the cleaned, patterned Si substrates and baked at 70∘C
for a few hours. Then, a small amount of the silica spheres
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powder was placed on the PDMS stamp and rubbed repeat-
edly in the same direction using a PDMS slab. After rubbing,
the randomly aggregated upper layers of silica spheres were
removed from the bottom layer with hexagonally close-
packing (HCP) by using a fresh sticky PDMS slab for a few
seconds on top of the silica sphere array and subsequently
removing the PDMS slab. Finally, this monolayer of the HCP
silica spheres on the PDMS stamp was transferred to the
precoated silicon wafer with a 300 nm thick SiO

2
layer with

PMMA [18].

2.3. Liquid Phase Deposition of Nanostructure. Asmentioned
in the previous section, HCP silica spheres were heated
at 200∘C for 2min to soften PMMA, which immobilized
the silica spheres on PMMA layer. On the other hand, the
liquid phase deposition solution was prepared as follows.
First, 110mL of hydrofluorosilicic acid (H

2
SiF
6
, 35%) and

2 g of fumed silica (SiO
2
) powder were mixed and stirred at

400 rpm overnight. After stirring, this solution was filtered
using a vacuum filtration, and DI water was added to the
filtered solution at a ratio of 1 : 2 to allow for supersaturation
with silicic acid. Immediately after preparing the solution, the
sampleswere immersed in the solution for various times from
5 to 30min. After the reaction, the sample was rinsed with DI
water and dried with nitrogen blowing.

3. Results and Discussion

Wesynthesized silica sphereswith various sizes by controlling
the concentrations of the reactants (Figure 1). Among them,
S-590 was the most uniform. Narrow size distribution is
an important factor in forming a uniform nanostructure
consisting of silica spheres with a low density of defects
using patterned substrates. We used the silica spheres with
a diameter of around 600 nm. The assembly process of silica
spheres using patterned substrates is described in Figure 2.
We fabricated a patterned Si substrate with hexagonal arrays
of spherical protrusions. PDMS was poured and hardened
on this patterned Si substrate, and then, a patterned PDMS
stampwith hexagonal array ofwells, contrary to the patterned
Si substrate, was created (see the Supplementary Material
for SEM images of patterned substrate available online
at http://dx.doi.org/10.1155/2013/510524). After rubbing the
silica spheres on the PDMS stamp, the monolayer of silica
spheres was transferred onto the precoated silicon wafer with
a 300 nm thick SiO

2
layer with PMMA.One advantage of this

method is the utilization of silica sphere powder rather than
a dispersion solution of silica spheres. When the Langmuir-
Blodgett assembly method is used, a diluted dispersion
solution of silica spheres that can suspend and spread along
the interface between air and water is required [19, 20].
As the silica sphere array dries after the Langmuir-Blodgett
assembly, water evaporates from them.This evaporation may
influence the assembly of the silica spheres, which may crack
because of particle shrinkage, but eventually, grain formation
occurs. Although it is possible to rub silica sphere powder on
glass, this method may lead to crack formation, as in the case
of the Langmuir-Blodgett assembly. However, when the silica
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Figure 2: Schematic diagram of the general procedure to prepare
perfect hexagonally close-packed arrays of silica spheres.

sphere powder is rubbed on the patterned Si wafer substrate,
a perfect hexagonally close-packed assembly is formed over a
very large area. Thus, this process is highly rapid and simple.

We conducted the LPD of silica on the hexagonally
close-packed monolayer of silica spheres. The general LPD
reaction, hydrofluorosilicic acid supersaturated with silicon
dioxide is used to make the LPD solution. In this study, we
experimented with LPD solutions consisting of unsaturated
hydrofluorosilicic acid with 2 g of fumed silica powder, as
the source of silicon dioxide. When supersaturated hydroflu-
orosilicic acid is filtered, undissolved silica substances are
commonly sieved from the solution. However, our solution
was not supersaturated because of insufficient silicon dioxide,
and hence, there were no filtered substances. The experiment
progressed using this LPD solution, and the results according
to time are shown in Figure 3. In the general LPD reaction,
silicon dioxide is homogeneously precipitated onto the sub-
strate; however, we obtained surprising outcomes. Before the
LPD reaction (0min), the silica spheres were hexagonally
close-packed (Figure 3(a)). After the LPD reaction for 5min,
the silica sphere size was reduced. It should be emphasized
that at this point, short and fine bridges between silica
spheres started appearing (Figure 3(b)). The average length
of the bridges and the standard deviation were 32.59 nm
and 6.32 nm, respectively. After another 5min, the silica
spheres were continuously reduced, and the bridges became
more elongated to 108.18 nm ± 14.82 nm (Figure 3(c)). The
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Figure 3: SEM images of liquid phase deposition according to the deposition time: (a) 0min, (b) 5min, (c) 10min, and (d) 30min. The
dashed circle represents the bridge between silica spheres. Scale bars are 1𝜇m, and inset scale bars are 500 nm.

surface of the silica spheres and the bridges after 10min
were different from those observed after 5min. Commonly,
bridge formation is observed in both assemblies, which
is the result of deposition. However, in Figure 3(c), the
silica spheres seem to be very rough, which is an evidence
of the etching reaction. Therefore, both reactions, that is,
deposition and etching, occur simultaneously in one solution
and compete with each other. After the LPD reaction in
30min, all the silica spheres and bridges were etched and
eventually disappeared. Only a trace of the embedded silica
spheres was discovered (Figure 3(d)). We reported a similar
nanostructure in our previouswork using the same processes:
first, isotropic etching of silica spheres, formation of a sphere-
bridge networks (SB-NWs), and eventual disappearance of
the silica spheres and SB-NWs structure [21].

The changes in silica sphere size during the LPD reaction
with time are shown in Figure 4(a). Once the reaction com-
menced, the silica spheres were etched and their size showed
a consistent decrease. During the etching reaction, the silica
spheres size decreased, and the bridge length between the
silica spheres increased. Finally, the bridges disappeared after
30min because of perfect etching. In our previous work,
while the etching reaction was progressed, the etching rate
of the silica sphere array decreased because the amount
of hydrofluoric acid decreased. On the other hand, while
the current LPD reaction progressed, silicon dioxides were
formed in hydrofluorosilicic acid from the silica spheres by

etching themselves. In accordance with this reaction, a large
amount of hydrofluoric acid was produced because of the
reaction between silicon dioxide and hydrofluorosilicic acid.
For this reason, the reaction rate increased, in contrast to
our previous work, and was probed throughout the slope of
the graph. The slope tended to increase with time. Energy
dispersive X-ray spectrometry (EDS) analysis of the silica
spheres and networks are shown in Figures 4(b) and 4(c).
The EDS spectra measured at the centers of the silica spheres
and bridges confirmed the existence of Si and O. The Si/O
atomic ratio in the silica sphere was estimated to be 1 : 1.17,
which is quite similar to that of the bridge (1 : 1.20) and close
to the stoichiometric composition of SiO

2
. Thus, this analysis

confirms that the bridges are composed of SiO
2
in a ratio

essentially equal to that in the case of the silica spheres.
In our previous work, the sphere-bridge network struc-

ture was formed by etching using a neutral solution of
1 : 30 (v/v) mixture of 49% HF acid and 40% NH

4
F, and

a mechanism for the formation of SB-NW structures was
proposed. This work demonstrates an increased ammo-
nium hexafluorosilicate (AHFS) concentration in the formed
droplets at the interstitial sites of three adjacent silica spheres,
and it indicates where the three materials, that is, AHFS,
silica sphere, and aqueous silicic acid, are in contact, that
is, the bridges formed between the silica spheres through
the precipitation of silicic acids. As opposed to our previ-
ous work, in the present case, we used an LPD solution



Journal of Nanomaterials 5

0 5 10 15 20 25 30
0

50

100

150

200

250

300
Sp

he
re

 ra
di

us
 (n

m
)

Time (min)

(a)

Energy (keV)

cp
s (

eV
)

10

5

0
0 1 2 3 4 5

Si

O

(b)

cp
s (

eV
)

10

5

0

Energy (keV)
0 1 2 3 4 5

Si

O

(c)

Figure 4: (a) Graph of the reaction rate of liquid phase deposition with respect to time. EDS analysis of the center of a silica sphere (b) and
a bridge (c).

containing 2 g of fumed silica instead of a near neutral solu-
tion. In our LPD solution, the following reaction occurred [1]:

H
2
SiF
6
+ SiO

2
←→ 3[SiF

6
SiF
4
]
2−

+ 2H
2
O + 6H+

[SiF
6
SiF
4
]
2−

+ 2H
2
O←→ [SiF

4
(OH)
2
]
2−

+ 2HF
(1)

In these reactions, hydrofluoric acid could start etching
the silica spheres, which were composed of silicon dioxide;
accordingly, the size of the spheres was reduced. Meanwhile,
silicic acid was produced at the same time as the etching
reaction, as per the following reactions [1, 21]:

SiO
2
+ 6HF←→ H

2
SiF
6
+ 2H
2
O

H
2
SiF
6
+ 4H
2
O←→ Si(OH)

4
+ 6HF

[SiF
4
(OH)
2
]
2−

+ 2H+ ←→ SiF
4
+ 2H
2
O

3SiF
4
+ 4H
2
O←→ 2SiF

6

2−
+ Si(OH)

4
+ 4H+

(2)

The concentration of silicic acid was much higher at the
point of contact between the silica spheres than at any other
site. At that contact point, therefore, polymerization of silicic
acid could progress, leading to the formation of bridges
between the silica spheres. In other words, the formation of

bridges indicates a deposition reaction in the local region
which the silica spheres contacted. Concurrently, the etching
reaction occurs in the region of uncontacted silica spheres.
Therefore, two reactions, deposition and etching, competed
with each other. After lapse of time, according to the
abovementioned process, the concentration of hydrofluoric
acid increased, and hence, the etching reaction became more
predominant. After the silica sphere size decreased and
the bridges between silica spheres elongated, the bridges
were also etched. Thus, all the silica spheres and bridges
were etched and eventually disappeared. This final etch-
ing result is explained by (1) the equilibrium reaction of
silicic acid and silicon dioxide and (2) the change in the
reaction rate according to the acidic conditions. First, the
equilibrium reaction of silicic acid and silicon dioxide occurs
as follows:

SiO
2
(s) + 2H

2
O←→ Si(OH)

4
(aq) (3)

In accordance with this reaction, the equilibrium constant
is dependent on the concentration of silicic acid. While
the LPD reaction progressed, the amount of silicic acids
was insufficient. Therefore, the abovementioned reaction
accelerated toward the formation of silicic acid and silicon
dioxide, consistently supplied by the self-etching of the
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Figure 5: Schematic illustration depicting themechanism of formation of nanostructure. (a) Hexagonally close-packed spheres in an aqueous
solution. (b) Decrease in the size of silica spheres through homogeneous etching. (c) High concentration of silicic acid (blue) between the
silica spheres. (d) Deposition of silica bridges between silica spheres. (e) Reduction of the nanostructure size due to etching. (f) Disappearance
of the bridges.

silica spheres. Moreover, in the conditions under pH 7,
the rate of the condensation reaction rapidly decreases,
but the rate of hydrolysis sharply increases [22]. Because
this reaction progresses in acidic solutions, the hydrol-
ysis reaction occurs more easily than the condensation
reaction does. Through this mechanism, we can fabricate
nanostructures that have not been traditionally obtained
by general methods such as synthesis and growth. Figure 5
depicts in brief the mechanism for the formation of the
nanostructure.

4. Conclusions

In this work, we fabricated an array of perfect hexagonally
close-packed silica spheres over a large area of a patterned
substrate. Then, we experimented with a modified LPD
reaction on this nanostructured substrate and demonstrated
a new nanostructure that certified simultaneous deposition
and etching, that is, between these two processes; then, we
proposed themechanism for the formation of this nanostruc-
ture. This nanostructure could be useful in the biointerface
field as a substrate that influences biological systems such as
cell and bacteria. Because biological behaviors are dependent
on the external environment, the unique surface topography
of the nanostructure could trigger new biological responses
such as cellular adhesion, development, differentiation, pro-
liferation, and so on.
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