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ABSTRACT: We prepared porous antireflection surfaces from spin-coating of poly(2,2,2-trifluoroethyl
methacrylate) (PTFEMA) latex particles onto bare glass slides. Optical properties resulting from two different
coating structures, multilayer and submonolayer of latex particles, were studied depending upon the particle size.
In both cases, the characteristic matrix theory based on the classical Fresnel coefficient of reflection applied to
estimate the effective refractive index and thickness of the porous coatings from experimentally measured reflectance
spectra. The particle fraction in the coatings was estimated by using a volume-averaged refractive index. For
porous multilayer coatings prepared from 47 nm PTFEMA latex particles, it was found that the effective refractive
indices (7 ~ 1.34) and reflectance minima (R, ~ 0.7%) were almost constant and independent of the coating
thickness. On the other hand, the effective refractive indices were strongly dependent on the coating conditions
in the case of submonolayer coatings of 140 nm PTFEMA latex particles. As increasing the solid content of the
coating solutions or, equivalently, as increasing the particle fraction in the coatings, the effective refractive indices
increased. The minimum specular reflectance was as low as 0.2% when the particle volume fraction in the coating

was 0.40.
Introduction

Reduction or elimination of unwanted light reflection and
glare and increase of light transmission have been received much
attention for nearly two centuries in order to improve the
performance of optical components made from glass-based
materials. As a result, many sophisticated techniques based on
the deposition of inorganic precursors have been developed and
successfully applied to commercial processes, for example,
single-layer interference coatings, two-layer V-coatings, and
multilayer broadband antireflection coatings. At the same time,
the demand for antireflection coating technology applicable to
polymeric substrates independent of their shape and size is
increasing due to the rapid growth of flat panel display
industries. To this end, it is still required to develop simple,
economic, and environmentally benign methods which are
appropriate for roll-to-roll processes.

The fundamental principle of single-layer antireflection
coatings is well understood. In brief, a thin film of transparent
dielectric is coated on the substrate so that the reflections of
light from the outer surface of the film and the film—substrate
interface cancel each other by destructive interference.' The
reflected beams can be canceled with a single-layer coating only
if the reflections are exactly 180° (s radian) out of phase and
they have the same intensity. These conditions are related to
the thickness and refractive index of the coating, respectively.
If the optical thickness of the coating is identical to a quarter
of the desired wavelength, the reflections are in a condition of
exact destructive interference. In addition, the refractive index
ratio must be the same at both the interfaces in order that the
two reflected beams have equal intensities. If it is assumed that
the light travels through the air, the coating should have ideally
a refractive index of n. = v ns, in which n. and n stand for the
refractive indices of the coating and substrate, respectively. For
example, it is required for complete elimination of light
reflection at a certain wavelength that the refractive index of
coating is equal to 1.23 when the glass (ns = 1.52) is used as
a substrate.
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Although suitable materials that can be utilized in the
fabrication of homogeneous films with such a low refractive
index and durability have not been reported yet, it is possible
to reach an effective refractive index satisfying the above-
mentioned requirements with porous dielectric materials. The
pore size must be much smaller than the electromagnetic
wavelengths of interest in this case. One of the traditional
methods is to etch the substrate by using chemicals or laser
ablation, resulting in a roughened, porous surface layer.>”
Recently, with the progress of vacuum-related technologies,
sputtering, physical vapor deposition, and plasma-enhanced
chemical vapor deposition have been widely used to produce
porous layers onto various substrates including plastics.*® Tt
has been also carried out to fabricate microscopically porous
coatings from a single or multiple wet processes. After phase
separation of block copolymer or polymer blend films coated
on the substrate, one of the phases is selectively removed by
solvent to leave porous polymer films with good antireflection
properties.”'” The so-called porogen generating pores in the
coatings during the process is frequently used to produce
inorganic or polymeric porous films from sol—gel or polymer
solutions."' ~'* Electrostatic layer-by-layer deposition of op-
positely charged polyelectrolytes or inorganic particles under
the precise control of coating conditions can be used to produce
tunable antireflection films.'>~2° The porous coatings fabricated
from colloidal particles with appropriate size have been found
to effectively reduce the light reflection of substrates. The
charged particles are deposited on the glass substrates pretreated
with polyelectrolyte multilayer in conventional,>"** but much
more convenient and simple methods have been proposed more
recently for deposition of inorganic or polymeric particles
utilizing convective assembly or spin-coating.”> >’ It has been
also reported that the colloidal particles can be used as template
for the fabrication of biomimic antireflection surfaces.”® *°

In this study, we examine the antireflective properties of
porous coatings fabricated from fluorinated latex particles on
bare glass substrates. Fluorinated polymers have occupied an
important position in material science and have been used in
many industrial fields, mainly due to their excellent mechanical
properties such as heat resistance and chemical inertness.>'
Besides conventional applications, it has been found that unique
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properties of fluorinated polymers such as low surface energy,
low friction coefficient, and low refractive index are very useful
in a myriad of emerging technologies. Amorphous fluorinated
polymers, for example, are successfully applied in plastic fiber
optics and antireflection films where the low refractive index is
a crucial factor. Since these properties cannot be obtained from
other materials based on hydrocarbon or silicone compounds,
the interest in the fluorinated polymers is enlarging. In the
following sections, experimental details and optical properties
of submonolayer and multilayer porous coatings prepared from
spin-coated poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA)
latex particles are reported.

Experimental Section

Materials and Particle Preparation. The fluorinated latex
particles were synthesized by conventional emulsion polymeriza-
tions of partially fluorinated monomer, 2,2,2-trifluoroethyl meth-
acrylate (TFEMA, Tosoh F-Tech, Inc). For the synthesis of the
smaller (47 nm) PTFEMA latex particles, 4.5 g of TFEMA and
0.5 g of ethylene glycol dimethacrylate (EGDMA, Aldrich) were
mixed and emulsified in 56.5 g of deionized water dissolving 1.5 g
of anionic surfactant, sodium lauryl sulfate (SLS, Acros) by
ultrasonic during 10 min. The emulsified mixture was transferred
into 3-neck flask equipped with mechanical stirrer and thermo-
couple. When the temperature inside the reactor reached to 70 °C
in an oil bath, 0.3 g of sodium persulfate (SPS, Aldrich) dissolved
in 2 g of deionized water was injected into the flask to initiate the
polymerization. Remaining monomers, 49.5 g of TFEMA and 5.5 g
of EGDMA, were emulsified in 65 g of water containing 1.5 g of
SLS by ultrasonic and fed into the reactor continuously via precision
metering pump as a rate of 30 mL/h after 30 min of seed formation
step. The polymerization lasted for 3 h after completing monomer
addition. The polymerized product was filtered through glass wool
to remove little coagulum. The solid content of final product was
33.6 wt %. The particle size was measured by photon correlation
spectrometer (Zetasizer 3000HS, Malvern Instrument Inc.).

The larger (140 nm) PTFEMA latex particles were prepared from
batch emulsion polymerization in three-neck flask at 70 °C. 60 g
of TFEMA and 3 g of EGDMA were mixed and emulsified in 237 g
of deionized water containing 0.1 g of sodium dodecyl benzoic
sulfonate (SDBS, TCI) as an anionic surfactant and 0.4 g of sodium
bicarbonate (SBC, DC Chemical Co., Ltd.) as a pH buffer. The
polymerization was started by adding 0.3 g of SPS dissolved in
3 g of deionized water into the reactor and lasted for 6 h. The final
product had 20.1 wt % solids after filtration.

In order to observe the optical properties of PTFEMA homo-
geneous films, TFEMA was polymerized in 2-butanone (Oriental
Chemical industries). 30 g of TFEMA and 0.3 g of 2)2'-
azobis(isobutyronitrile) (AIBN, Junsei) were added to 70 g of
solvent. The polymerization lasted for 24 h at 65 °C. The crude
polymerized product was purified by precipitation in anhydrous
ethyl alcohol (Burdick & Jackson) twice and dried under reduced
pressure. Finally, 27.1 g of glassy polymer was obtained. All
reagents were used as received without further purification.

Coating Characterizations. A precleaned microscope glass slide
(S-1111, Matsunami Glass Ind., Ltd.) was used as a substrate. The
slides were cut into approximately 25 x 25 mm squares and cleaned
by an Alconox solution (Godax Laboratories) for a minimum of
several hours within ultrasonic bath. The slides were rinsed with
deionized water and acetone and dried at 70 °C in convection oven.
The stock emulsion products were diluted with deionized water to
desired particle concentrations. The PTFEMA latex particles were
spin-coated on the substrate with a rotating speed of 5000 rpm for
60 s. 200 uL of aqueous dispersion was deployed on the substrate
before rotation. The coatings were dried at room temperature under
atmospheric condition more than 1 day. To eliminate the backside
reflection of the glass substrate, the other side of glass was painted
in black. The homogeneous PTFEMA thin films were prepared
similarly, except that the polymer was dissolved in 2-butanone.
Reflectance of glass slides coated by PTFEMA particles or
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Figure 1. Reflectance spectrum of glass slide coated with homogeneous
PTFEMA film. The PTFEMA thin film was prepared by spin-coating
of 2.25 wt % solution in 2-butaneone with rotating speed of 3000 rpm
for 30 s. The reflectance predicted by eq 1 is given as circles. For
reference, the reflectance of bare glass slide is also included.

homogeneous films was measured using a UV/vis spectrophotom-
eter (JASCO V550, Jasco Corp.) over the spectral range of 400—800
nm in specular reflectance mode with an incidence angle of 5°.
Every reflectance spectrum shown below is an average of nine
measurements obtained from nine different samples prepared under
the same coating conditions. The surface and cross section of the
coatings were observed with a field-emission scanning electron
microscope (JEOL, F6400). The thickness and effective refractive
index of coatings were estimated from the characteristic matrix
theory based on the Fresnel coefficient of reflectance by fitting
experimentally measured reflectance spectra.

Results and Discussion

Homogeneous PTFEMA Thin Film Coatings. Whether the
single-layer antireflection coating is homogeneous or porous,
the reflectance of the surface can be modeled by the Fresnel
coefficient of reflection. For a thin film coating of thickness &
on a transparent substance, the reflectance, R, is given as follows:

nl(ny — n)’ cos” kh + (n, — n)* sin® kh

n(ny + n)’cos® kh + (n, + n2)* sin® kh

R = Ir?

where k = 27tn. cos 6/4 is the reciprocal space number, ny is
the refractive index of medium, and 6 is an incidence angle of
light. The refractive index and thickness of coating can be
estimated accurately from eq 1 by fitting experimentally
measured reflectance spectrum.

As an example, Figure 1 shows the specular reflectance of
glass coated with homogeneous, nonporous PTFEMA thin film
prepared from 2-butaneone solution. Because PTFEMA has
lower refractive index than glass substrate, the reflectance
reduced to some extent compared with the bare glass slide. The
minimum reflectance was 1.94% at 570 nm, and ~50% of light
reflection was diminished in visible wavelength region. By
letting the refractive index and thickness of coating as two fitting
parameters, the measured reflectance spectrum can be matched
with calculated one, which is shown as circles in Figure 1. The
refractive index and thickness of PTFEMA film estimated by
eq 1 were 1.418 and 102 nm, respectively. The validity of eq 1
has been proven by many researchers mainly comparing
predicted coating thickness with measured one characterized
by various methods such as ellipsometry, profilometry, and
atomic force microscopy after scratching the film.'!'>** The
estimated refractive index coincides well with the reported
values in the literature, which are usually around 1.42. As shown
in Figure S1 in the Supporting Information, the estimated
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Figure 2. Top-down scanning electron micrographs of multilayer
coatings prepared from 47 nm PTFEMA latex particle dispersions. The
solid content of the coating solutions and the magnification were (a)
10.5 wt %, 10 000x; (b) 10.5 wt %, 50 000x; (c) 6.3 wt %, 10 000x;
and (d) 6.3 wt %, 50 000x.

refractive indices of homogeneous PTFEMA films were almost
constant to 1.42 while the film thicknesses varied from 85 to
195 nm depending on the concentration of coating solutions.
This might be another evidence for the validity of eq 1 for
single-layer films.

Multilayer Porous PTFEMA Particle Coatings. While
utilizing existing materials, the refractive index of the coatings
can be lowered further by introducing pores, provided that the
pore sizes are much smaller than the electromagnetic wave-
lengths of interest. If the coating is a porous thin film constituting
of particles of a few tens nanometers in diameter, the effective
refractive index of the coating, n., can be estimated by a
volume-averaged

nl =g’ = g, + (1= gpn,? &)
or the Lorentz—Lorenz relationship
nge — 1 np2 -1

=¢
N +2 'nl 42

3

or many other relationships.***> Here ¢, is the volume fraction
of the particles in the coating and n, is the refractive index of
the particles. There is an implicit restriction imposed on the
maximal particle diameter (d, << A) in order to prevent
transmission losses due to scattering. Both relations show that
the effective refractive index decreases as increasing porosity
or, equivalently, as decreasing the volume fraction of the
particles in the coating. In principle, there is no limitation in
the selection of the material constituting the particles because
it is possible to control the effective refractive index arbitrarily
by adjusting the volume fraction of the particles in the coating.
For instance, the optimal volume fraction of particles is 0.336
for polystyrene nanoparticles (n, = 1.59), while it is 0.505 for
PTFEMA particles (n, = 1.42) to fabricate porous thin films
with nee = 1.23. Upon increasing the refractive index of
particles, the optimal volume fraction of the particles in the
coating should be decreased to match the zero reflectance
condition.

The antireflective properties of porous films prepared from
47 nm PTFEMA latex particles were investigated first. The
typical images of PTFEMA latex particles coated on the glass
are shown in Figure 2. It is obvious that the submicron size
pores are abundant and uniformly distributed over the surface.
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Figure 3. Reflectance spectra for glass slides coated with 47 nm
PTFEMA latex particles. Predicted reflectance spectra are represented
as open symbols. The solid content of the coating solutions were (a)
5.3, (b) 6.3, and (c) 7.9 wt %.

The uniformity of the coatings is preserved in large area without
cracks or other defects. Furthermore, the surface morphology
is actually independent of the solid content of the coating
solutions even in the higher magnification images. The formation
of pores between the latex particles can be attributed to the fact
that the minimum film forming temperature of PTFEMA latex
particles is higher than the ambient temperature at which the
coating was carried out. The interparticle void spaces can be
erased by annealing above the minimum film forming temper-
ature because the particles deform and eventually coalesce to
form a homogeneous latex film in that condition. Even though
the PTFEMA particles used in this study were cross-linked
slightly, it was observed the heat treatment at high temperature
resulted in slight deterioration of antireflective properties,
probably due to the decrease of porosity in the coatings. The
use of highly cross-linked polymer particles or inorganic
particles such as silica can alleviate this poor temperature
response by preventing the necking between the particles and
preserving more void space.

The porous thin films produced via spin-coating of PTFEMA
latex particles were transparent. In other words, severe scattering
or opacity was not observed due to the small size of constituent
particles as well as submicron interparticle pores. Visually,
changes in solid content of coating solution resulted in changes
in the coloration of the light reflected off the coating, ranging
from a blue tint to a yellowish tint as the solid content of coating
solution increased. The reflectance minima shown in Figure 3
shifted from 430 to 620 nm, which roughly correspond to the
blue, green, and yellow color sequence. The large area
uniformity of the coatings was also confirmed by the fact that
the reproducibility of the reflectance measurements from place
to place within a sample and from one sample to another was
tolerable as judged from the coefficient of variations of
reflectance spectra (Figure S2 in Supporting Information).

It is noteworthy that reflectance minima shown in Figure 3
are almost identical independent of the solid content of coating
solutions (Ryin ~ 0.7%). It means that the only effect of the
increasing the solid content of coating solutions is increasing
film thickness, but the effective refractive indices of the coatings
are constant. Thus, we can conceive that the porosity in the
latex films does not change with coating thickness. Again, the
experimentally measured reflectance spectra can be matched
with theoretical ones. Therefore, the film thickness and the effect
refractive index and consequently the volume fraction of the
particles in the coatings can be estimated.

While the coating thickness increased linearly with the solid
content of PTFEMA particles in coating solutions, the effective
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Figure 4. Effective refractive indices (solid circles) and coating
thicknesses (open squares) estimated from eq 1 by fitting measured
reflectance spectra for multilayer porous coatings of 47 nm PTFEMA
particles.

refractive indices of the coatings were almost the same, except
one example prepared from the coating solution with the lowest
solid content as shown in Figure 4. In this case, the coating
thickness estimated from eq 1 was very close to the diameter
of single particle. According to the SEM image of cross-
sectional area of this sample, the coating was composed of one
or two layers of PTFEMA particles. It can be interpreted as an
intermediate state that the coating structure is changed from
submonolayer to multilayer. It is known that the packing fraction
of spherical particles increases as the number of layers increases
from monolayer to multilayer. The particle volume fractions
and thickness of multilayer coatings with different number of
particle layers and symmetry have been described by Pansu et
al.**>7 and Prevo et al.*® Although the effective refractive index
was quite low (nefr = 1.31), the resulting optical properties was
not satisfactory because the coating was too thin compared with
the quarter wavelength thickness. The antireflective efficiency
in visible region is diminished in this case. The effective
refractive indices increased as the coating structure changed to
multilayer but became constant (ner & 1.34) even though the
number of particle layer and thus the coating thickness increased.
This is consistent with the fact that the reflectance minima
observed in Figure 3 were independent of the solid content of
coating solutions. We can also speculate that the microstructure
of multilayer porous films were uniform along the thickness
direction.

The antireflective properties of multilayer porous particle
coatings prepared from convective assembly of silica nanopar-
ticles have been reported recently.>® The overall structure of
the coating was not much different from those observed in the
present study. The polydispersity of the silica particles resulted
in random close-packed structure with little long-range ordering.
The particle volume fraction was centered at 0.70, and the
minimum reflectance of that coating was as low as 1% for
single-side reflection of glass. In our experiments, the volume
fraction of the PTFEMA latex particles was 0.78 and 0.83, which
were estimated from eqs 2 and 3, respectively. These values
are exceeding the limit, ¢, = 0.74, for three-dimensionally close-
packed hard spheres. The higher particle volume fraction
observed in this study can be attributed to the deformability of
the latex particles, in contrast to nondeformable inorganic
particles.

Submonolayer PTFEMA Particle Coatings. Although it has
been shown that porous multilayer PTFEMA particle coatings
are effective to reduce the light reflection, another strategy has
to be sought in case that much better antireflection performance
is required. This is due to that the effective refractive index
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Figure 5. Top-down scanning electron micrographs of submonolayer
coatings prepared from 140 nm PTFEMA latex particles. The solid
content of the particles in coating solutions was (a) 2.1, (b) 3.1, (c)
4.7, and (d) 6.3 wt %.
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Figure 6. Reflectance spectra of glass slides coated with submonolayer
of 140 nm PTFEMA latex particles. Reflectance spectra predicted by
eq | are given as open symbols. For reference, the reflectance of bare
glass slide is also included. The solid content of the coating solutions
was (a) 2.7, (b) 3.8, and (¢) 6.3 wt %.

cannot be easily controlled by varying coating conditions when
the particles are packed closely in multilayer coatings as
described in the previous section. In this study, we tried to
fabricate the submonolayer or monolayer of much larger 140
nm PTFEMA particles in which much lower effective refractive
index is expected.

Figure 5 shows the electron microscope images of the glass
slides spin-coated with 140 nm PTFEMA particles. Obviously,
the submonolayer of PTFEMA particles was produced, and the
surface coverage by the particles was dependent upon the solid
content of the coating solutions. The coating was quite uniform
in large area with little ordered structure and optically transparent
in spite that the larger PTFEMA particles were used.

The corresponding specular reflectance spectra are shown in
Figure 6. It is evident that the reflectance minima as well as
the wavelengths at the minimum reflection are varied simulta-
neously, which is different from the multilayer coatings
discussed previously. Upon increasing the particle concentration
in the coating solutions and, consequently, increasing the surface
coverage by the particles, the minimum reflectance decreased
while the wavelength at minimum reflectance increased. The
minimum reflectance reached to 0.2%, and further reduction of
reflectance was also possible with precise control of the coating
condition such as rotating speed (Figure S3 in Supporting
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Figure 7. Effective refractive indices (solid circles) and coating
thicknesses (open squares) estimated from the reflectance spectra of
submonolayer 140 nm PTFEMA particle coatings by using eq 1.

Information). As shown in the Figure 6, measured reflectance
spectra can be matched with theoretical ones accurately again.
However, it must be checked whether the estimated parameters,
the effective refractive index and coating thickness, are physi-
cally meaningful because the coating is discrete rather than
continuous.

Figure 7 shows the effective refractive indices and thicknesses
of submonolayer PTFEMA particle coatings estimated from eq
1 by fitting the measured reflectance spectra. The effective
refractive index increased with the solid content of coating
solutions, but less than 1.23. In that case, the minimum
reflectance was inversely proportional to the effective refractive
index; that is, the minimum reflectance decreased as increasing
the effective reflective index contrary to the former examples
where the effective refractive indices were larger than 1.23.

Another parameter deduced from the reflectance spectra
is the coating thickness. As shown in Figure 7, the estimated
thickness increased slightly with the surface coverage even
though the same PTFEMA particles were used. In general, the
thickness of submonolayer coating can be regarded as the
diameter of the particle if the size of interparticle void space is
subwavelength. We tried to match the measured reflectance
spectrum with eq 1 by letting the film thickness as constant of
the particle diameter (140 nm), but it was unsuccessful to fit
the experimental results by adjusting only the effective refractive
index of the coatings. One of possible explanations is the
deformation of particles during the drying at ambient condition.
According to the cross-sectional scanning electron microscope
image for the submonolayer coating prepared from 6.3 wt %
coating solution, the particles seem to be flattened (Figure S4
in Supporting Information). What is more, the coating structure
starts changing from submonolayer to multilayer instead of
filling unoccupied interparticle space. This observation can also
explain the relatively steep increase of coating thickness when
the concentration of the coating solution exceeds 6 wt % as
shown in Figure 7.

The thickness control in antireflection coatings is very
important when it is required that the minimum reflectance
appears at desired wavelength. The zero reflectance at 550 nm,
at which the human eyes perceive the best resolved color, is
implemented in usual applications. Since the optimized refractive
index of coating is 1.23 for glass substrate, the quarter
wavelength thickness (k14 = 0.254/n.) should be 112 nm. This
means that slightly smaller PTFEMA particles should have been
used in order that reflectance minima appeared at visible
wavelengths between 500 and 600 nm. For antireflection
surfaces produced from submonolayer particle coatings, the
thickness can be controlled by particle size.
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Figure 8. Volume fraction of particles in the submonolayer PTFEMA
particle coatings determined from the effective refractive index (open
squares) and from the number of particles in unit area under the
assumption of monodisperse particles (solid circles).

The information on the particle volume fraction in the
coatings can be obtained from the effective refractive index by
using eq 2 as described in the previous section. The maximum
particle volume fraction achieved in the present study was 0.40
for submonolayer particle coatings, which was still lower than
the target 0.505 for zero reflectance. In order to evaluate the
validity of the estimated particle volume fraction, another
method was applied separately. At first, the number of particles
in unit area was calculated from the electron microscope images
taken at five different places for each sample. Each image
contained more than 300 particles. By assuming that the particles
were monodisperse in size, the volume fraction of the particles
in the coating could be estimated as given in Figure 8. The
number of particles in unit area was increased almost linearly
as increasing the solid content of the coating solutions (Figure
S5 in Supporting Information). The maximum volume fraction
of the particles calculated from this approach was about 0.52.
The deviation between these two methods for estimation of
particle volume fraction becomes outstanding as the surface
coverage increases. It can be attributed to the polydispersity of
the PTFEMA latex particles. Because of the same reason, the
deviation becomes trivial as the surface coverage decreasing,
where the effect of the polydispersity of the particles is less
important because of the smaller number of particles in unit
area. It is also anticipated that the deformability of latex particles
plays some role.

In Figure 9, the reflectance minima measured at near normal
incidence (5°) are illustrated for both the 47 and 140 nm
PTFEMA particle coated surfaces as a function of particle
volume fraction, which is determined from the effective
refractive index. In addition, the solid curve stands for the theo-
retical reflectance minima for single-side PTFEMA particle
coatings at normal incidence. It has been calculated from eq 1,
by assuming quarter wavelength thickness of coating and
combining with eq 2. As we can see, the measured and predicted
reflectance minima are in good agreement in spite of slight
difference in an incidence angle of light. It must be reminded
that the wavelengths at the minimum reflectance are not identical
in case of 140 nm PTFEMA particle coatings since the refractive
index and thickness of the coating are increased with particle
volume fraction.

In order to accomplish the zero reflectance condition, more
PTFEMA particles should reside on the surface. However,
unfortunately, further increasing of solid content of coating
solutions resulted in transition of coating structure from sub-
monolayer to multilayer rather than more closely packed
amorphous monolayer as described before. In order to increase
the packing density the particles must be pressed to each other
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Figure 9. Reflectance minima measured from submonolayer coatings
of 140 nm PTFEMA particles (open circles). The solid circle stands
for the minimum reflectance measured from multilayer coating of 47
nm PTFEMA particles with thickness 102 nm. The theoretical
reflectance minima for single-side PTFEMA coating with the quarter-
wavelength thickness on glass slide at normal incidence are shown as
a solid curve.
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Figure 10. Transmittance spectra of (a) multilayer 47 nm PTFEMA
particle coating prepared from 6.3 wt % coating solution and (b)
submonolayer 140 nm PTFEMA particle coating from 6.3 wt % coating
solution.

by external forces from a carefully maintained balance between
the hydrodynamic influx and capillary forces, which is a time-
consuming process.>’

Finally, Figure 10 shows representative examples of transmit-
tance spectra for multilayer and submonolayer PTFEMA
coatings measured at normal incidence. A single side of the
glass slides was spin-coated. In both cases, the light transmission
is enhanced significantly. The maximum transmittance was
94.8% at 570 nm for multilayer 47 nm PTFEMA particle
coating, and this means that there is little light loss resulted
from scattering. By comparing reflectance spectrum shown in
Figure 3b, it can be found that wavelength at maximum
transmittance was not the same with that showing minimum
reflectance due to the difference in incidence angle of light.

In contrast, the transmittance of submonolayer coating
produced from larger PTFEMA particles was lower than
expected. The maximum transmittance of submonolayer coating
was almost the same with that of multilayer coating incidentally
even though it showed a lower specular reflectance. Moreover,
antireflection performance vanished rapidly as the wavelength
of incident light decreased. This is due to the diffuse reflection
of light resulting from the roughened surface with considerable
length scale with incident light. However, this is not a drawback
in every application. Even though the primary objective is the
enhancement of light transmission in many applications of
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antireflection coatings, the diffuse reflection is introduced
intentionally in order to reduce the glare by trading off light
transmission.

Until now, we have shown that the deposition of colloidal
particles is an effective and simple method to prepare antire-
flection surfaces with minimal processes. However, there remain
several problems to be solved in order to make particle
deposition of fluorinated latex particles more practicable to the
antireflection coatings. For example, their poor adhesion to the
substrate and durability against wear must be improved further.

Conclusion

Transparent porous coatings with antireflective property were
produced by the spin-coating of fluorinated latex particles onto
the glass slides. The effective refractive index of the coatings
was the most important parameter to determine the overall
antireflection efficiency. For the smaller 47 nm PTFEMA
particles, the solid content of the latex dispersions was varied
and allowed multilayer porous films with various thicknesses.
In most examples, the coatings had a random close-packed
structure with the particle volume fraction around 0.80. The
effective refractive indices (ne¢r ~ 1.34) and reflectance minima
(Rmin ~ 0.7%) were nearly constant independent of the coating
thickness. The submonolayer porous coatings of the larger latex
particles were also considered. As increasing the solid content
of coating solutions, the surface coverage and the effective
refractive indices were increased. The maximum particle volume
fraction and the effective reflective index obtained in this study
were 0.40 and 1.20, respectively, and the corresponding
minimum reflectance was as low as 0.2%. In both cases, the
large area uniformity was observed with little long-range
ordering. The characteristic matrix theory based on the classical
Fresnel coefficient of reflection could be successfully applied
to estimate the effective refractive indices and thickness of
coatings whether the film is homogeneous or porous.
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