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An antireflection film was prepared by spin-coating of poly(methyl methacrylate) (PMMA) solution
in chloroform in the presence of small amounts of nonsolvent alkanes. When the vapor pressure of a
nonsolvent was lower than that of chloroform, a dense skin layer was formed because of the rapid solvent
evaporation during spin-coating, whereas increasing the nonsolvent content below this layer resulted in
a phase-separated structure. The phase-separated structure below the dense skin layer became a porous
layer after the complete evaporation of both chloroform and nonsolvent. Since the film thickness after
spin-coating was on the order of hundreds of nanometers, the size of the pores formed at the inner layer
was also a few hundred nanometers. The two layers consisting of a dense skin layer and an inner porous
layer exhibited excellent antireflection (AR) when coated on glass substrate. By a one-step procedure of
spin-coating of PMMA, the film has high transmittance of over 98% at visible wavelengths. Furthermore,
due to the dense skin layer in this AR film, an additional spin-coating could be easily performed on this
film.

I. Introduction

Antireflection (AR) coatings have been widely employed
in optical and optoelectronic materials.1-6 A decrease in light
reflection, and thus an increase in the transmittance of light,
enables clear viewing with the eyes of glass and displaying
surfaces.2 The principle of AR coating is based on the
destructive interference of reflected light from interfaces
between air and a film, one film and another film in the case
of multilayered film coating, or a film and the substrate. In
the case of a one-layer coating, two criteria should be met:
a film thickness of a quarter wavelength and a refractive
index (n) intermediate between those of air and the substrate.
For complete zero-reflectance, the refractive index of the AR
coating layer should have the geometric mean value of the
refractive indices of air and the substrate.1 For a glass
substrate (n ) 1.52), a film with n ) 1.23 gives zero-
reflectance at a specific wavelength. Even though the
refractive index of magnesium fluoride (n ) 1.38) is the
lowest among inorganic materials at visible wavelengths,1

this value is still large for the zero-reflectance condition.
Fluoropolymers withn ∼ 1.34 have been used for AR
coating, but these have limitations due to the lack of suitable

solvent and high melting temperature, in addition to high
price.7

AR coating has usually been achieved by using inorganic
materials with the closest refractive index to the desired value
or porous structures whose sizes are small enough not to
cause light scattering.1,8-11 An etched glass surface8 is used
as a porous layer with lower refractive index than bulk glass.
The sol-gel process9 and randomly deposited particles10,11

could act as porous layers. In nature, a moth’s eye structure12

is an excellent AR layer. Recently, polymer materials13-16

have been used for the AR coating layer because of easy
and economic processing compared with inorganic materials.
Also, they are easily coated on large areas and flexible
substrates. Steiner and co-workers13 used nanophase-
separated film prepared by polystyrene (PS) and poly(methyl
methacrylate) (PMMA) blend followed by selective etching
of the PS phase. Rubner and co-workers14 used a polyelec-
trolyte multilayer film consisting of poly(allylamine hydro-
chloride) and poly(acrylic acid) that undergo a reversible pH-
induced swelling transition. A nanoporous structure can be
erased and reconstructed by cycling pH. Ibn-Elhaj et al.15
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prepared an AR film with nanocorrugated surface topology
by irradiating UV onto the blend consisting of photo-cross-
linkable prepolymer and monomeric liquid crystal. During
UV irradiation, prepolymer becomes a high molecular weight
polymer and phase-separates from monomeric liquid crystal,
which is removed by selective etching. Kim and co-workers16

developed the AR coating layer by using a snowman
structure of polystyrene particles where smaller particles are
located on the bigger particles. However, the above-
mentioned AR coating techniques need multiple steps for
the film preparation or post-treatment such as etching.
Furthermore, these AR films have a porous surface on the
top of the film; thus, an additional spin-coating would not
be easily performed.

On the other hand, a dense skin layer, once it is formed
on the top of the film, can act as a simple protective layer,
which allows further coating. Here, we introduce a simple
method for the preparation of the AR film by spin-coating
of a polymer/solvent/nonsolvent ternary system. This film
consists of a dense skin layer and an inner porous layer. Such
a ternary system has long been employed for the preparation
of separation membrane.17-24 However, the inner porous
layer of a conventional membrane prepared by the ternary
system contains pores with a few microns in size that cannot
be applied to an optical film.

We controlled the pore sizes of the inner layer down to a
few hundreds nanometers by using spin-coating of poly-
(methyl methacrylate) (PMMA) solution in chloroform in
the presence of small amounts of nonsolvent alkanes. When
the vapor pressure of the nonsolvent was lower than that of
chloroform, a dense skin layer was formed due to the rapid
preferential solvent evaporation during spin-coating. At the
same time, the nonsolvent content in the inner layer below
the dense skin layer increased, and the inner layer became
phase-separated from the polymer. The nonsolvent-rich phase
becomes porous after complete evaporation of solvent and
nonsolvent. We found that the two layers consisting of a
dense skin layer and an inner porous layer exhibited excellent
antireflection when coated on glass substrate. By one-step
preparation of the film on glass by spin-coating, the film
exhibited a high transmittance of over 98% at visible
wavelengths.

II. Experimental Section

PMMA with a weight-average molecular weight (Mw) of 540 000
and a polydispersity of 2.19 was purchased from SP2 company.
Chloroform was used as a solvent, whereas alkanes with various
carbon numbers [six (hexane) to 13 (tridecane)] were used as
nonsolvent. Various compositions of polymer/solvent/nonsolvent

at a concentration of 0.009 g/cm3 were spin-coated on both sides
of glass substrate to measure transmittance. The film thickness of
spin-coated PMMA film was measured with atomic force micros-
copy (AFM, Nanoscope III, Digital Instrument Co.) after the film
was scratched by a razor (see the Supporting Information).

On the other hand, to measure reflectance, one-side of the glass
substrate was spin-coated with PMMA solution and the other side
was sealed by black tape to eliminate backside reflection. Glass
slides, purchased from Corning Glass Works [CORNING brand,
Plain (Product #2947)], were soda lime glass withn ∼ 1.52. Light
transmittance and reflectance were measured by UV-vis-NIR
spectrophotometer (Cary 5000, Varian Co.). Total reflectance was
measured with integrating sphere (Internal DRA-2500, Varian Co.).
The characteristic matrix theory1 was used for model fitting of
transmittance and reflectance, assuming that no scattering and
absorption were involved.

Morphologies of spin-coated films were investigated by field
emission scanning electron microscopy (FE-SEM; Hitachi S-4200).
To measure the morphology of the bottom of the spin-coated film,
we used a silicon wafer with 200 nm of the sacrificial layer of
SiO2. After PMMA film was spin-coated on this silicon wafer, the
film was floated onto water by dissolving the SiO2 layer by 5 vol
% of HF aqueous solution.25 We assumed that bottom morphologies
of PMMA films spin-coated on glass were not different from those
spin-coated on the silicon wafer, since top and cross-sectional views
for these two films are identical. Amorphous fluoropolymer (AF)
[Teflon AF(1600)] was purchased from Dupont Co. A solution of
AF 0.003 g/cm3 in a perfluorinated solvent (Fluorinert FC77, 3M
Co.) was spin-coated at 2000 rpm onto the two-layer structured
PMMA AR film.

III. Results and Discussion

Figure 1 gives the transmittance and reflectance of glasses
spin-coated on both sides from PMMA solution (0.009
g/cm3) in chloroform with 2 vol % of nonane at three rotating
speeds (rpm). The boiling points of chloroform and nonane
are 61 and 151°C, respectively, and the vapor pressures at
25 °C of these two are 26.2 and 0.57 kPa, respectively. As
seen in Figure 1, the transmittance of glasses spin-coated
on both sides with PMMA considerably increased compared
to the glass. At 9000 rpm, very high transmittance (and very
low reflectance) was observed at wavelengths of visible light.
The maximum transmittance (and the minimum reflectance)
is 98.5% (0.84%) at 550 nm. The maximum transmittance
(and the minimum reflectance) of a film prepared at 5000
rpm is 99.2% (0.43%) at 710 nm, while that of another film
prepared at 3000 rpm becomes 99.0% (0.53%) at 800 nm.

The wavelengths at which transmittances (and reflectances)
have their maxima (or minima) increased with increasing
film thickness (or decreasing rotating speed). This result can
be explained by considering quarter wavelength thickness
design of one layer AR coating,λo ) 4nd, wheren, d, and
λo are the refractive index, the thickness of the film, and the
wavelength, respectively.

The thicknesses of PMMA films measured by AFM at
three rotating speeds (9000, 5000, and 3000 rpm) were 80,
101, and 111 nm, respectively (see Supporting Information).
For a PMMA film with a thickness of 80 nm, the maximum
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transmittance should occur at a wavelength less than 477
nm, which is calculated from 4nod with no ) 1.49 corre-
sponding to pure PMMA film without pores. This is because
n of the PMMA film spin-coated from the solution should
be lower than 1.49, due to the existence of porous structure
in the spin-coated PMMA film. But the wavelength corre-
sponding to the maximum transmittance for this film was
550 nm, as shown in Figure 1a; thus, a one-layer model is
not valid for this film. We concluded that the porous
morphology of the PMMA film prepared by spin-coating
was not uniform in the thickness direction.

Figure 2 shows cross section, top, and bottom images of
PMMA films prepared by spin-coating at three different
rotating speeds. The cross-sectional images at low magni-
fication (Figure 2A,B,C) and at high magnification (Figure
2a,b,c) showed that PMMA films had two distinct morphol-
ogies consisting of a dense skin layer and an inner porous
layer. Interestingly, dense skin layers contained small por-
tions of round pores with sizes of 100-200 nm (Figure
2d,e,f). Pore areas in the top of the films were 8.0, 6.8, and
3.5% at 9000, 5000, and 3000 rpm, respectively. Co-
continuous porous morphology similar to a thin slice of
sponge structure was seen in bottom layers (Figure 2g,h,i).

On the basis of two distinct morphologies, a two-layer
film by using the characteristic matrix theory1 (See Sup-
porting Information) is employed to calculate transmittance

and reflectance by assuming that light scattering and absorp-
tion are negligible. Since the variations inn for PMMA and
glass with wavelength in visible region (400-850 nm) were
quite small (1.49( 0.010 and 1.52( 0.006, respectively),
n of each layer in the two-layer porous PMMA film was
assumed to be constant at the entire wavelengths. Here, the
thickness and refractive index of the top layer (d1, n1) and
those for the bottom layer (d2, n2) were adjusted as fitting
variables. But, since the total film thicknesses (d ) d1 + d2)
for three films were measured by AFM (80 nm for 9000
rpm, 101 nm for 5000 rpm, and 111 nm for 3000 rpm), three
parameters [d1 (or d2), n1, n2] were adjusted to give the best
fit to the experimental data. Three films prepared by three
rotating speeds were characterized: (1) a top layer with 42
nm andn ) 1.451 and a bottom layer with 38 nm andn )
1.230 for a film prepared under 9000 rpm; (2) a top layer
with 56 nm andn ) 1.457 and a bottom layer with 45 nm
andn ) 1.110 for a film prepared under 5000 rpm; and (3)
a top layer with 61 nm andn ) 1.473 and a bottom layer
with 50 nm andn ) 1.100 for a film prepared at 3000 rpm.
Two thicknesses (d1, d2) for three films obtained from the
characteristic matrix theory are almost the same as those [(42
nm, 35 nm) at 9000 rpm, (56 nm, 48 nm) at 5000 rpm, and
(63 nm, 53 nm) at 3000 rpm, respectively] measured by
cross-sectional SEM images (Figure 2a-c).

The values ofn1 andn2 for each film could be estimated
from the pore fraction at each layer by using the following
relationship10,26

wherene, no, andφ are the effective refractive indices of

(26) Yoldas, B. E.Appl. Opt.1980, 19, 1425.

Figure 1. Transmittances (a) and reflectances (b) of glasses spin-coated
with PMMA solution (0.009 g/cm3) in chloroform with 2 vol % of nonane
at three rotating speeds [9000 (O), 5000 (0), and 3000 (4) rpm]. The
measured ones are shown as symbols, whereas the predicted ones are given
as solid lines. For reference, transmittance and reflectance of the glass are
added.

Figure 2. SEM images of cross sections (A, B, C) at low magnification
and (a, b, c) at high magnification, and top (d, e, f) and bottom (g, h, i)
images of spin-coated PMMA films from 0.009 g/cm3 PMMA (540K)
solution in chloroform with 2 vol % of nonane at three different rotating
speeds; (A, a, d, g) 9000 rpm, (B, b, e, h) 5000 rpm, and (C, c, f, i) 3000
rpm.

ne
2 ) no

2 × (1 - φ) + φ (1)
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porous PMMA film and pure PMMA film, and porosity,
respectively. Calculated valuesn of the top layer, with
porosities determined from SEM images andno ) 1.49, were
1.457, 1.462, and 1.476 for 9000, 5000, and 3000 rpm,
respectively. These values are consistent with those obtained
from the characteristic matrix theory. Furthermore, with
decreasing rpm, the calculatedn value of the top layer
increases (namely, a decrease in pore fraction), which is
consistent with SEM images (Figure 2d,e,f). Calculated
transmittances and reflectances of the films prepared at
different rpm are shown as solid lines in Figure 1a,b. The
predicted values are in good agreement with measured ones.

We also tried to characterize the films by spectroscopic
ellipsometry by assuming two Cauchy layers on the substrate.
From the best fit of experimental results, (d1, n1) and (d2,
n2) were obtained (See Supporting Information). However,
we found that these values obtained from spectroscopic
ellipsometry were not consistent with total film thickness
measured by cross-sectional SEM images andne obtained
from eq 1. This might be attributed to the interface roughness
of the porous film.

To measure transmittance and reflectance for AR coating,
normal incidence (θ ) 0°) was adopted, where path length
is the shortest. But, path length increases with increasing
angle, which is usually employed for ellipsometric measure-
ment. This suggests that transmittance and reflectance
measured atθ ) 0° are less affected by diffusing light than
those measured at larger angles. Furthermore, for AR coating
with very large transmittance (and very small reflectance),
the contribution of diffusing reflectance on transmittance is
very small, whereas that on reflectance would not be
negligible. For instance, the diffuse reflectance was 0.17%
at 550 nm for a porous film prepared at 9000 rpm, whereas
transmittance and reflectance were 98.5% and 0.84%,
respectively. Thus, in this experiment, we measured total
reflectance including specular and diffuse reflectances to
measure reflectance more accurately. The good agreement
between predicted transmittance and reflectance by the
characteristic matrix theory and experimentally measured
ones for a film with the roughened interface is because of
negligible contribution of the diffusing light to transmittance
as well as the measurement of total reflectance.

Interestingly, these two-layer structures withn1 > n2 have
not been reported in the literature. This is because most of
the AR effect has been achieved for the two-layer film for
n1 < n2, e.g.n1(1.38)/n2(1.70).1 It is noted that the effective-
ness of the AR coating can be determined by the maximum
(or minimum) value of transmittance (reflectance) at a given
wavelength as well as the range of wavelengths (∆λ) at which
higher (or lower) transmittance (reflectance) than that of glass
is shown. Minimum reflectance achieved for the two-layer
film prepared in this study was very similar to that (0.8-
1%) of a commercially available one (for instance, Arctop
UR-11 CRNF, Asahi Glass Co.) Also,∆λ for the two-layer
film was broader than that of a commercial two-layer design.

Now, we consider why two distinct morphologies (or
asymmetric porous structures) were obtained for PMMA
films spin coated on glass. This kind of asymmetric structure
was observed in gas separation membranes prepared by a

ternary system of polymer/solvent/nonsolvent under dry, wet,
and dry/wet phase inversion processes. Pinnau and Koros19,20

systematically investigated dry, wet, and dry/wet phase
inversion processes with polysulfone(PSU)/chlorinated sol-
vents/alcohol nonsolvents. In the dry phase inversion process,
solvent and nonsolvent are removed solely by evaporation.
They showed that PSU membrane prepared by dry phase
inversion process had a very thick dense skin layer and inner
porous layer. In the wet phase inversion process, the solution
is cast and immediately quenched in nonsolvent. Phase
inversion is induced by solvent/nonsolvent exchange. PSU
membrane prepared by the wet phase inversion had a
defective skin layer and inner porous layer. In the dry/wet
phase inversion process, a dense skin layer is generated by
evaporation, whereas the inner porous layer is formed by
quenching of the membrane in nonsolvent media. They
suggested that the dry/wet phase inversion process becomes
the best for the fabrication of gas separation membranes with
a defect-free dense skin layer and inner porous layer.

The spin-coating of PMMA solution in chloroform with
a small amount of nonsolvent of alkanes might be referred
to as a dry phase inversion process. For a nonsolvent whose
vapor pressure is lower than that of chloroform, chloroform
evaporates much faster from the surface of the solution upon
spin-coating. Then, the surface of the solution can easily be
solidified compared with inner parts of the solution. On the
other hand, the alkane content in the inner layer increases
with time. The solution at the inner layer then becomes a
phase-separated structure consisting of a polymer-rich phase
and nonsolvent-rich phase. The latter becomes porous after
the complete evaporation of solvent and nonsolvent.

Interestingly, the PMMA films prepared by spin-coating
had some pores on the top layer. It is known that an
asymmetric membrane prepared by a ternary system contains
some defective pores at the top layer.27,28 Strathmann and
Kock27 showed that the highly defective skin layer (namely,
many pores in skin layer) of a membrane prepared under
wet phase inversion was due to small macrovoids that were
formed from stress-induced rupture of the skin layer by the
intrusion of the quench medium. Also, the formation of
defective pores on the skin layer is attributed to the
incomplete coalescence of polymer.28 In the case of a spin-
coating employed in this study, pores observed at the skin
layer of PMMA films was due to the combined effects of
phase separation, kinetic effect, and stress-induced rupture.
During rapid evaporation of the solvent, the nonsolvent
content and consequent viscosity at the top layer would be
higher than those in the bottom layer. Then, polymer chains
are easily precipitated. The growth of the nonsolvent-rich
phase is hampered, and the pore sizes resulting from this
phase become smaller. However, the inner layer remains as
a fluid for a longer time than the top layer; thus, the size of
the phase-separated morphology becomes larger. This is the
case where the dense skin layer has a smaller number of
pores and smaller pore size compared with those of the inner
layer. Finally, stress-induced rupture of the nonsolvent-rich
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phase existing at the top layer might be a source to generate
pores at the top layer. This is because spin-coated film is
exposed at higher shear stress resulting from spin-coating
as well as very thin thickness compared with a conventional
membrane.

It is also noted that the size of pores seen in the top and
inner layers was 100-200 nm, which was much smaller than
that (ca. micron sized) observed in conventional membranes.
Two reasons might be considered. The first is the film
thickness. The films prepared in this study had thickness of
∼100 nm, much smaller than that (∼10µm) in conventional
membranes. Thus, the size of the phase-separated domain
in a confined geometry becomes smaller. Walheim et al.29

reported that the size of the dispersed phase in PS/PMMA
thin films decreased with decreasing thickness, although the
overall morphology was not changed by varying thickness.
The second is the kinetic effect, because of fast drying and
solidification resulting from spin-coating. The growth of a
phase-separated domain needs mobility of polymer chains.
Since drying of solvent and nonsolvents during spin-coating
causes rapid solidification, the phase-separated domain is not
likely to grow to micron size.

We considered the effect of the amount of nonane on the
formation of two-layer structures of PMMA films prepared
by spin-coating. Figure 3 shows transmittances of PMMA
films spin-coated on both sides of glass with various amounts
of nonane. The film without nonane became clear, similar
to amorphous polymer films prepared by spin-coating with
good solvent. Transmittance increased a little (∼1% at 550
nm) compared to uncoated glass because the refractive index
of PMMA (1.49) is slightly lower than that of glass (1.52).
We do not see any interference color by the naked eye. A
glass spin-coated with PMMA film prepared by a solution
with 1 vol % of nonane also became clear, and the
transmittance was increased by 2.1% at 550 nm compared
to uncoated glass. This is because 1 vol % of nonane has
some effect on the film morphology. Interestingly, at 2 vol
% of nonane, the transmittance of coated glass increases
dramatically, as shown in Figure 1. However, with a further

increase in the amount of nonane (3 vol % and higher), the
film shows a milky white color, indicating the presence of
the scattering of incident light. The transmittance becomes
smaller than that prepared with 2 vol % of nonane.

Figure 4 gives SEM images of the cross section, top, and
bottom surfaces of PMMA films prepared by using various
contents of nonane. Without nonane (data not shown), the
top and bottom morphologies of PMMA film are featureless,
and the cross-sectional image shows a compact PMMA film.
At 1 vol % of nonane, we cannot see two distinct layers in
the cross-sectional image of Figure 4A,a. Also, the film
surface is flat, but a few defective pores are clearly seen, as
shown in Figure 4d. The pore fractions in the bottom of the
film (Figure 4g) are much larger than those in the top of the
film. We consider that at 1 vol % of nonane, PMMA film
has a dense skin layer with pore area less than 2 vol %.
When a two-layer model was applied to this film, it is
characterized as follows: a top layer with 48 nm andn )
1.49 and a bottom layer with 10 nm andn ) 1.35. Therefore,
we conclude that 1 vol % of nonane is insufficient to give
inner porous layers suitable to high AR layer. As the amount
of nonane increases (3 and 4 vol %), film surfaces have more
and larger pores (Figure 4e,f). Also, lateral pore sizes in inner
layers increased significantly compared to films prepared
with 2 vol % of nonane. These pores in the top surface and
larger pore sizes located at the inner porous layer induced
more scattering of incident light; thus, transmittances de-
creased.

Since the vapor pressure of the nonsolvent is important
to produce an inner porous layer, various alkanes from carbon
number six (hexane) to 13 (tridecane) were employed as
nonsolvents. Figure 5 gives the transmittance of glasses spin-
coated at 9000 rpm on both sides from PMMA solution
(0.009 g/cm3) in chloroform with three different nonsolvents.
It was found that for hexane, the transmittance did not
increase and spin-coated glass appeared clear without any

(29) Walheim, S.; Boltau, M. B.; Mlynek, J.; Krausch, G.; Steiner, U.
Macromolecules1997, 30, 4995.

Figure 3. Transmittances of glass spin-coated on both sides with PMMA
solution (0.009 g/cm3) in chloroform with various amounts of nonane at
9000 rpm.

Figure 4. SEM images of cross sections (A, B, C) at low magnification
and (a, b, c) at high magnification; top (d, e, f) and bottom (g, h, i) images
of spin-coated PMMA films from 0.009 g/cm3 PMMA (540K) solution in
chloroform at three different amounts of nonane at 9000 rpm. The volume
fraction of nonane is 1% (A, a, d, g), 3% (B, b, e, h), and 4% (C, c, f, i).
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interference color, even when the amount of hexane was
increased up to 30 vol %. This suggests that neither
macrophase separation nor nanophase separation took place
during spin-coating, because the vapor pressure at 25°C and
the boiling point of hexane (20.2 kPa and 69°C) are very
close to those of chloroform (26.2 kPa and 61°C). However,
for heptane with a vapor pressure at 25°C of 6.09 kPa and
a boiling point of 98°C, the transmittance was 95.7% at 10
vol % of heptane. When 3 vol % of octane (or 1.5 vol % of
undecane) was added to PMMA solution in chloroform
(0.009 g/cm3), the transmittances increased to 98% at 520
nm (97.5% at 530 nm). Thus, as the vapor pressure of a
nonsolvent decreased, the volume fraction of the nonsolvent
corresponding to the maximum transmittance became smaller.
This means that nonsolvent with lower vapor pressure (higher
boiling point) effectively develops a two-layer structure to
be used as a good AR film during spin-coating, even with a
smaller amount of a nonsolvent. But for a nonsolvent with
lower vapor pressure (for instance, undecane), it would take
more time to evaporate the solvent residing in the inner layer
below the skin layer; thus, more defects and larger pore size
in the inner layer are expected because of increased phase
separation times, which caused a slight decrease in the
transmittance, as shown in Figure 5.

Compared with conventional porous AR films having
rough surface and large air fractions in the top surface, the
two-layer structure developed in this study had a skin layer
on the top surface. This skin layer could be employed for
further functional coating, such as surface modification by
a polymer with low surface energy, as long as the solution
did not penetrate into the inner porous layer within a short
time during further spin-coating. A thin layer of amorphous
fluoropolymer (AF) layer was spin-coated on the AR film
prepared from 0.009 g/cm3 in chloroform with 2 vol % of
nonane at 9000 rpm. Figure 6a shows transmittances of a
glass coated with AF layer onto PMMA film having a two-
layered structure. Without the AF layer, the maximum
transmittance of 98.5% was observed at 550 nm (see Figure
1a). Even if a thin layer of AF was coated on the two-layer
structure of PMMA film, a high transmittance with a
maximum transmittance of 98% was maintained. Although
the interface of the AF layer and the top layer of PMMA
film was not clearly visible in the cross-sectional SEM image,

as shown in Figure 6b, the thickness of the AF layer coated
on the PMMA AR film was estimated to be 10 nm. This is
because the total film thickness was∼90 nm (Figure 6b,c),
and the thickness of the two-layer porous PMMA film was
80 nm (Figure 2a). We also found that when AF solution
was spin-coated directly on a silicon wafer under the same
condition, the film thickness of AF measured by a spectro-
scopic ellipsometer (M-2000V, J. A. Woollams Co.) was 10
nm. When a three-layer model, where an additional 10 nm
of AF with n ) 1.34 was added to the same two-layer
structure of PMMA as that in Figure 2B,b, was employed,
the prediction by the characteristic matrix theory was in good
agreement with experimental data. Also, the AF coating did
not alter the two-layer structure of the film, as shown in
Figure 6B,b. This suggests that the initial two-layer struc-
tures, namely thicknesses and refractive indices, were well
preserved, and three distinct layers were generated. The
reason that the two-layer structures did not change even for
additional coating might be due to the very small pore
fraction (less than 10%) as well as short residence time for
the solution to penetrate into the inner porous layer because
of fast spin-coating. Due to the existence of a thin AF layer,
the water contact angle was significantly increased to 116°
(Figure 7a) from 52° without the AF layer (Figure 7b).
Finally, better mechanical properties, such as wear and
scratch resistance, might be achieved without sacrificing AR
effect, when a polymer with very high molecular weight is
coated followed by cross-linking. This will be a subject for
future investigation.

Figure 5. Transmittance of glasses spin-coated at 9000 rpm on both sides
from PMMA solution (0.009 g/cm3) in chloroform with three different
nonsolvents: (O) 10 vol % of heptane, (0) 3 vol % of octane, and (4) 1.5
vol % of undecane.

Figure 6. (a) Transmittance of a glass coated with a 10 nm of AF layer
onto a two-layer film prepared from PMMA solution (0.009 g/cm3) in
chloroform with 2 vol % of nonane at 9000 rpm. The solid curve is the
prediction based on a three-layer model. Cross-sectional SEM images of
the PMMA film with a 10 nm AF layer at low magnification (B) and at
high magnification (b).

Figure 7. Water droplet shapes on (a) PMMA film with a 10 nm AF layer
and (b) PMMA film itself, respectively.
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Conclusion

We have shown that spin-coating of a polymer/solvent/
nonsolvent ternary system on the glass exhibits an excellent
AR with a transmittance of over 98% at visible wavelength.
This is because of the two-layer structure: a solid skin layer
that formed due to fast solvent evaporation during spin-
coating and an inner porous layer resulting from phase
separation between the polymer-rich phase and a phase rich
in solvent including nonsolvent. This one-step process has
an advantage in the preparation of AR coating film over
conventional methods, which require multistep treatment and/
or post-treatment. Furthermore, due to the dense skin layer
in this AR film, an additional spin-coating could be easily
performed on this film.
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