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Abstract—An ordered porous antimony-doped tin oxide (ATO)
film was successfully prepared using a simple coating process with
colloidal templates. The facile production was effective when a
combination of 16-nm ATO (asamode of an inorganic nanoparticle)
and polystyrene (PS) spheres (as amodel of the template) weres mply
coated to produce a composite ATO/PS film. Heat treatment was then
used to remove the PS and produce the porous film. The porous film
with a spherical pore shape and a highly ordered porous structure
could be obtained. A potential way for the control of pore size could be
aso achieved by changing initial template size. The theoretica
explanation and mechanism of porous formation were aso added,
which would be important for the scaling-up prediction and
estimation.

Keywords—Porous structure film; ATO particle; Ultra-low
refractive index; vertica drop method; Low-density material;
Polystyrene.

|. INTRODUCTION

ANTIMONY-DOPED TIN OXIDE (ATO) thin film hasbeen
important inboth research and technology duetoits usein
various applications.[1]Many fabrication methods have been
suggested by several research groups. Tsuchiya et al. reported
the use of dip-coating method to achieve the thin ATO film
with size of micrometer.[2]Ravichandranet al. developed the
method to prepare thinner ATO film using a spray-assisted
technique.[3] Although thinner film (thickness of 1.2
micrometer) could be prepared, the need of specific equipment
faces a problem for industrial application. Further devel opment
to produce thin film was then reported by Lin et al. reported a
rapid fabrication method to prepare ATO film by a spin-coating
method.However, the lack of chemica/material efficiency
become a problem for further application and scale-up process
(spin-coating process has efficiency of 5%[4]). Tsukumaet al.
was then reported a method to fabricate densed film with
thickness of down to 100 nmusing a simple dipping process.[5]
However, above suggested methods reported the fabrication of
densed film only, which results in the reduction of the film
performance (i.e. transparency, refractive index, etc) dueto its
densed structure.

The common process for developing this porous materia is
relatively simple, which uses a self-assembly template
technique that employs an organic materia as the templatef8].
The pore formation reflects the template shape, and easy
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removal of the template is one of the main advantages of using
this procesy 9]. However, several disadvantages of the current
materials remain. When producing mesoporous materials
(Dpore<50  nm), surfactant typically used as the
template[6].Unfortunately, unordered pore structure is
produced, and the surfactant could never be completely
removed[9]. Further, when a smal pore size was used,
difficulties associated with mass transfer, diffusivity, and
penetration of molecules either into or out of the pore system
became a limiting factor for several applicationg[10]. These
were the concerns that prevented further application of
mesoporous materials.

In this report, we reported a simple route to fabricate the
ordered porous film using dual-component colloid, based on
our study in the fabrication of materials with controllable
morphology in film[4,7,11] and particle formg[9, 10, 12-17].
This method could prepared porous particles by the infiltration
method, in which both colloids were self-arranged on the
substrate and the voids between colloida spheresareinfiltrated
with other nanocolloid (i.e. ATO nanoparticles). Then, when
the coated film are solidified, the porous films can be obtained
by removing the colloidal templates, which could use through
wet-etching or thermal decomposition. The porous ATO film
with a highly ordered porous structure could be produced, in
which to the best of our knowledge, it is the first method to
prepare such porous ATO film in the facile process. Although
many reports have been published in the preparation of porous
film, the fabrication methods have multistep, time-consuming,
and rigid process[5] Here, the introduction of the simple
coating method used in this paper is one of aternative ways to
produce film. No additiona specia functiona chemical was
used that was typically put on the substrate to support and
achieve homogeneous film in the current film fabrication. This
point alowed this method as the novel method to prepare film
without any supporting chemicas/materials. The other
interesting result obtai ned from the use of present method isthe
ability in forming uniform spherical-shaped pore, which could
not be achieved by the current devel opment. These interesting
results were believed due to use of polystyrene (PS) particles as
thetemplate. A potentid way for controlling pore size was aso
reported in this paper by investigating the effect of PS particle
size. In addition, we al so added a mechanism hypothesisin how
the particles were self-assembled to form porous film.

I1. EXPERIMENTAL METHOD

The porous ATOfilm was prepared from a mixture of ATO
nanoparticlesand PS particles (Japan Synthetic Rubber Corp.,
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with a size of 136, 300, and 500 nm). These comialerc

particles were used to simplify the process becahs&
preparation methods have been well-known usingcthreent
technologies[18].Further, the other purpose from tise of
commercial colloidal particles that were
monodispersed was to achieve our objective indhadtion of
highly ordered particles in the film. When monodisged
particles are self-assembled, the possibility & fidrmation of
highly ordered particles is high; otherwise, it Iwibe
impossible.[5]

First, both commercial particles were diluted intoe
aqueous suspension and mixed with mass ratio ohkéveral
minutes. The mixed colloidal suspension,
precursor, was then coated onto the substratetm far
composite ATO/PS film using a simple coating predesing a
vertical drop spoit). For the substrate, eitheflieos wafer or a
glass plate (microslide) was washed with a basigeaqgs
solution in an ultrasonic bath for several minufidse substrate
was then spoited by theprecursor and dried forrséteurs at
40 °C. The use of a relatively low drying temperaturasvio
allow sufficient time for the PS spheres to becarmanged
into an ordered structure, and to allow the ATOareanticles to
be arranged into the voids of the template pagjclghich
would result in self-organization of the colloidamplates [7].
After the coating process was complete, a whiterim&tm
was produced. Finally, the coated film was theneated in a

The porous film formation mechanism is represerited
Figure 1b-e. During the coating process, a meniseg®n is
formed. The meniscus region is the interface regibare all of
the solvent can no longer be held in its liquidgghaand some

relativelyof the solvent begins to release and vaporize.e®tlkemoval

from this meniscus region induces capillary flomdathe
inter-particle capillary forces, causing self-asbmof the
colloid particles. All particles at the very beging of the
process are distributed homogeneously in the psec(Figure
1b). Then, as a result of buoyancy forces and eatipo
condition, the precursor (containing particles) e®virom
center to the edge of the substrate, covering theesubstrate

namely thurface, in which the O-ring phenomenon happened.

In the initial time of process, the speed of evafion
(O-ring formation) regulates the spread of preauseer the
area. This phenomenon causes the movement of ¢cargor
onto the edge of the substrate (Figure 1c). Thghtesf the
coated precursor on the substrate, which is a ifumobf
evaporation of O-ring structure, must be considéeszhuse the
thicker coating has a relatively large amount ofvesat
remained in the substrate, causing the lower sblven
evaporation and resulting in a negative relatiothto particle
self-assembly process.

After several time, the continuity of the coatingogess
allows the addition of other movement of particlaad
formation of complete O-ring structure (Figure 1dhe

furnace a furnace at 450Cto evaporate PS. The templatePrecursor (containing colloidal particles) re-mowegay with

removal process left the matrix with hole and riésglporous
ATO film. In addition, to minimize possibility ofistering

and/or shrinking phenomenon as well as maintairp@ous

structure in the film, the heat treatment with wdeeating rate
(5 °C/min) and short-holding time (45T; 15 minutes) was
conducted.The porous morphology of the prepared filas

then characterized using a scanning electron niopes(SEM,;

S-5000, Hitachi, Tokyo, Japan, operated at 20 kV).

Ill.  RESULTS ANDDISCUSSIONS

When using thesimple coating method to producdna, fi
several factors should be determined to make a mmari

coating over the film: type of substrate, precurgoperties (i.e.

concentration, viscosity, density, and particleesigf the
precursor is a nanoparticle sol or suspension)), @ating
condition (i.e. volume of dropped precursor, terapgme and
humidity). However, in this paper, we focused oply the
development of porous film under the effect of téatwsize to
control the pore size in the film, while other pasters would
be reported in our future work.Figure 1 shows tle¢aited
experimental procedure with its mechanism durirgptocess.
In the present study, we used two steps in thedation of
porous ATO film (Figure l1a). First, after the horeagus
suspension contained ATO and PS particles werepedpthe
vertical drop coating process was conducted. Tepared film
was then put into the template removal process (ieat
treatment) to remove the PS, which allowed to theelpction
of porous ATO film.

the opposite direction to the center, releasing udtilayer
particle formation in the center.

After the stable condition is reached (no movemeft
precursor contained particles from the substraie) particles
start to get a stable arrangement (Figure 1le)-&sémbly
particles in the covered precursor on the subshappen. The
particles move away with opposite direction to ¢eeter; but,
due to buoyancy force, they move also to the masisegion.
An attraction-repulsion phenomenon among the pesgialso
occurs and impacts to the particle movement[7].s€hearticle
movement parameters permit a self-assembly arraggem
among the particles, producing compact and arrapgetitles
(ATO/PS) in the film, which occurs at the same tiwiéh the
solvent evaporation.

In the present case, multi-sized colloidal partidiee. ATO
nanoparticles and PS particles) were used. The diZETO
nanoparticles is smaller than the size of PS pesti@allowing
this ATO to have a lower buoyancy force but higBeswnian
motion effect. This circumstance makes ATO nandglag to
move and swirl easily from one position to anotRS particles
have a larger size (lower Brownian motion but higlmement
inertia) that makes their movement more stable tharATO
nanoparticles. Consequently, PS particles canyeskift the
arrangement of ATO nanoparticles and penetrattbestitial
channels between ATO nano-spheres. This conditilows
the PS particles to organize and form equilibrium
configurations in a stable pattern with the minimemergy,
while the smaller ATO nanoparticles fill the spabesveen the
large PS particles configurations. Finally, whee template
removal process was conducted to the prepared tapo
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ATO/PS film, the PS released and remained a porous structure
in thefinal film product (Figurelf). Detailed information about
the self-organization kinetics of particles has been described in
our previous work.[4, 7]

Figure 2 showsthe SEM analysisof initia colloida particles
(ATO (a) and PS (b)) and coated film before (c) and after
template removal process (d-f). The SEM results showed that
the sizes of ATO particles (Figure 2a) and PS particles (Figure
2b) were relatively monodispersed and free of agglomeration,
which would be effective for preparing highly ordered particles
using the sef-assembly process. When these colloidal
suspensions were mixed and coated, the result showed the PS
particles were arranged on the film, forming a dome
structure-like film (Figure2c). This confirms that a small
particles (i.e. ATO) induces an attractive depl etion-interaction
between large templates (i.e. PS particles)[7].A hexagonal
pattern for a large PS template was observed and small ATO
particles were only located in the free space between larger
templates. When heat was added to remove the PS, a
porousATO film (Figure2d).The size and the shape of pore
were identica to the initia PS, in which the measurement of
hole size (D,p,) Was described in our previous work[4]. From
these results, it can be concluded that the PS was simply
removed leaving a pore without changing the initial ATO/PS
arrangement.Although therewas asmall difference between the
pore and the initiad PS sizes due to appearance of small
sintering in the template removal process, the result gave a
potential way for further developments (e.g. control of
poresize[7]).

To confirm the possibility in the control of pore size,
different PS with different sizes were used (Figure 2d-f). As
expected, decrease of PS diameter alowed to the fabrication of
materials with smaller pore size. Ferret analysis of pore size
showed that when PS diameter of 136, 300, and 500 nm were
used, the pore size could be controlled, corresponding to hole
size of 98, 231, and 354nm, respectively.

Figure 3 shows the low-magnification SEM images of
porous film prepared using 300nm PS. Hexagona pore
arrangements were obtained in the large area, confirming that
the current method was a so possible to fabricate porous filmin
the relatively wide area.

Although this demonstration of the preparation of highly
ordered porous ATO film had been succeeded, severd
inadequate data and di sadvantages/exceptions from our method
were still found and needing further study (i.e. film
homogeneity, surface area, particle order (e.g. low angle X-ray
Diffraction), refractive index, etc). Materia performances (e.g.
XRD analysis and material composition and pattern-related
characterization) were not reported in this paper because we
used commercial ATO nanoparticles, and the heat treatment
with alow-heating rate (5 °C/min) and short-holding time (450
°C; 15 minutes) would not change the materia phase
andpattern.However, we believe that further insights gained
from research such as the present study should make other
fabrication innovations possible due to its very relatively
fast-fabrication, facile production, and possibility in the
scaling-up production.

Fig. 1 lllustration of the vertical drop coating procedures (a) and its
mechanism (b-d)

W
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Fig. 2 SEM images of initia colloidal particles (ATO (a) and PS (b))
andcoated film before (c) and after template removal process (d-f).
using different PS sizes (500 (c and d), 130, and 300 nm (f)). SEM

images of coated film using different PS sizes: (c and d) 500, (€) 130,
and (f) 300 nm.
SO

AR AR
Fig. 3 SEM images of porous ATO film at high (a) and low (b)
magnification. Sample was prepared from the use of ATO
nanoparticles and 300-nm PS particles
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IV. CONCLUSION

In summation, we developed a facile-fabrication method to
produce the porous ATOfilmin therelatively large areausing
thesimple coating method. The present study also demonstrated
the concept and feasibility of preparing porous materials. The
pore size and shape (spherical form) was identical to theinitia
PS. A potential way to control pore size was aso reported,
which could be effectively achieved by means of PS size.
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