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We demonstrated a method of fabricating antireflective coatings based on the self-assembly of supra-
molecular block copolymer formed by polystyrene terminated with carboxyl (PS-COOH) and poly(methyl
methacrylate) terminated with amine (PMMA-NH;) via hydrogen bonding. Different porous films were
generated by selectively removing PS-COOH from the spin-coated films with a selective solvent, cyclo-
hexane, under different conditions. The refractive index of such porous film can be tuned from 1.49 down
to 1.26 by controlling the thickness of the porous film. For the porous layer with n~1.26, the light
transmittance of the glass about 97.93% was achieved in the visible range (A~574 nm). By varying the
solution concentration and exposing time in cyclohexane, inhomogeneous three-layered porous films
were generated: top and bottom layers with high porosities and the middle layers with lower porosities,
respectively. The light transmittance of the glass coated with this inhomogeneous film was about 98.00%
in the near-infrared region corresponding to wavelength between 800 and 1400 nm. The wavelength
region of the broadband antireflective films with high transmittance more than 99.00% can be fine tuned
to 1200—2000 nm with increasing the film thickness.

© 2010 Published by Elsevier Ltd.

1. Introduction

Since the light reflection of glass surfaces is undesirable, dis-
turbing, and limits the performance of devices [1], antireflective
coatings play an important role in a wide variety of optical tech-
nologies by reducing reflective losses at interfaces [2]. They have
been widely used in many applications, such as flat-panel displays,
solar cells, lasers and other optical-electronic devices [3—5]. The
basic principle of antireflective coating is destructive interference
of the reflected light from air-coating and coating-substrate inter-
faces [6]. For ideal homogeneous single-layer antireflective coating,
two conditions should be met: the optical thickness of the coating
must be 1/4 of the wavelength of the incident light; n; = (nons)'/?,
where ny, n,, ng, is the refractive index of film, air, and substrate,
respectively. Since the refractive indices of glass and transparent
plastic substrates are generally about 1.52, the refractive index of
the antireflection coating should be 1.23 to meet complete zero
reflectance at a specific wavelength. However, single antireflective
coating cannot satisfy this condition, because the lowest refractive
index of homogeneous dielectric material is about 1.35 [6]. One
approach to lower the refractive index is to design nanoporous
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structure and maintain that the homogeneously distributed pore
sizes are smaller than the wavelengths of incidence light. Such
materials can possess a very low effective n (given by an average
over the film) due to the introduction of air [7], which has the
lowest refractive index of 1.00.

Various top-down and bottom-up techniques have been
proposed to make thin films with tunable porosity. Using chemical
etching method, the transparent substrates can be roughened by
leaching out materials from their surfaces to produce small pores
[8—10]. Sol—gel technique [11—14] is one of the widely used tech-
niques for the forming of porous coatings, and the pore size can be
modified by tuning the process parameters. The deposition of
inorganic or organic charged colloidal particles on glass substrates
by electrostatic interaction has been carried out to obtain antire-
flective coatings [15—21]. Recently, Kotov prepared an antireflective
film using the stiff and rigid tunicate cellulose nanowires by layer-
by-layer (L-B-L) assembly [22]. In nature, the moth’s eye structure is
an excellent antireflective coating [23]. Based on the layer-by-layer
assembly method [24] a snowman-like arrays of colloidal dimmers
by alternating layers of charged polymer colloids and poly-
eletrolytes (PE), were fabricated as a moth-eye-like structure with
a gradient-refractive-index [18]. Compared with the inorganic
materials, polymer materials have been widely used for antire-
flective coating because of easy and economic processing. Based on
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the microphase separation, an antireflective coating with nano-
porous structure was obtained from the self-assembled polymer
blends or block copolymer film followed by selectively removing
one block [25]. Making use of different evaporation speed of
solvents, an antireflective coating with a solid skin layer and an
inner porous layer was formed by spin-coating polymer/solvent/
nonsolvent ternary system on glass substrate [26]. Char and
coworkers prepared the antireflective coatings of block copolymer
micelles (BCM) films, which were assembled making using of the
electrostatic and hydrogen-bonding interactions between different
BCMs [20].

However, the main disadvantage of the antireflective coating is
that the high transmittance is only at the narrow wavelength
region, and the application is limited. To achieve broadband anti-
reflection properties, it is necessary to create a film with gradient-
refractive-index, which index increases gradually from the top to
the bottom of the film [1,27,28]. Surface possessing a gradient-
refractive-index over sufficient depth, such as the cornea of the
moth’s eye, show minimized reflection over a broad range of
wavelengths and angles of incidence [2]. In addition, due to the
important application in near-infrared region, antireflective coating
has been used in transmitting optics, for example, output couplers,
dichroic mirrors, lenses, and windows to eliminate light reflection
from an antireflective spin-coating surface where the signals or
energy of light is received [30,31]. However, to our knowledge,
there are few papers reported on the fabrication of broadband
antireflective coatings with simple method at near-infrared wave-
lengths, and the methods always need several steps [32,2,29]. Also,
it would be much more interesting to control the region of wave-
lengths to meet practical applications.

Here, we present a new procedure for creating porous polymer
films based on the self-assembly of supramolecular block copol-
ymer for antireflective coatings. The self-assembly behavior of
supramolecular block copolymer, which is a A—B type diblock
copolymer that relies on hydrogen-bonded-enforced association of
incompatible polymer chains, is similar with the block copolymer
that the two blocks are connected by covalent bond. Due to the
weakness of hydrogen bonding, one component can be easily
removed with a selective solvent to create a porous film. The
structure of the film formed by supramolecular block copolymer is
generally nanoscale in size, ranging from 5 to 100 nm, which are
much smaller than the wavelengths of incident light to prevent the
light scattering. The porous films with various thicknesses showed
high transmittance at specific wavelength in visible lights and
broadband antireflective property in near-infrared region. Different
from the broadband antireflective coatings of bilayers or multi-
layers that were fabricated step by step, in this case, inhomoge-
neous three-layered structures with different pore volume fraction
in porous films can be obtained with one step, and the broadband
antireflective properties could be achieved. To meet more appli-
cations, the broadband region can be tuned by controlling the
thickness of the porous film.

2. Experimental section
2.1. Materials

The homopolymers with functional terminated groups,
polystyrene terminated with carboxyl (PS-COOH, Mw = 10 500,
Mw/Mn = 1.05) and poly(methyl methacrylate) terminated with
amide (PMMA-NH;, Mw = 9720, Mw/Mn = 1.13), were supplied by
Polymer Source, Inc., and used as received. Tetrahydrofuran and
cyclohexane (A. R. grade) was supplied by Beijing Chemical Reagent
Co., and used without purification. Deionized (DI) water was
obtained using the Millipore water purification system. All

glassware were washed with piranha solution (H2S04:H,02 (7:3)
hazardous solution!) by sonication for 30 min in a normal ultrasonic
bath (50 Hz) and was rinsed thoroughly with DI water. Glass slides
with 1.20 mm thick were purchased from Nanbo group, China, and
the refractive index is 1.52. The glass was cleaned by dipping in the
mixture of sodium hydroxide and ethanol and sonicated for 30 min.
Subsequently, the substrates were rinsed repeatedly with DI water
and blown dry in a N, flow.

2.2. Sample preparation

The solutions containing the two homopolymers were prepared
by mixing PS-COOH and PMMA-NH, with equal mol ratio in
tetrahydrofuran with a desired concentration and stirred for 72 h
by a magnetic stirrer at room temperature. The samples were
prepared by spin-coating the solutions onto the freshly cleaned
glass slides. The spin-coating speed was kept at 3000 rpm for all
samples using a commercial spin-coater KW-4A, Chemat Tech-
nology Inc. After removing residual solvent in spin-coated films in
a vacuum for 48 h, the PS-COOH components were removed by
exposing the samples for different times in cyclohexane without
stirring. All the samples were finally dried at room temperature in
avacuum for 48 h to remove any residual solvent. Prior to SEM test,
the sample was put into liquid nitrogen for several seconds. The
substrates were broken from the surface scratch marks. The cross-
section was used in SEM test.

2.3. Characterization

The morphologies of the obtained products were investigated
by atomic force microscopy (AFM). AFM was performed on
a commercial scanning probe microscopy (SPA 300HV with an SPI
3800 N probe station, Seiko Instruments Inc., Japan) in tapping
mode. A silicon microcantilever (spring constant 2 N m~! and
resonance frequency 70 kHz, Olympus, Japan) with an etched
conical tip (radius of curvature 40 nm as characterized by scanning
over very sharp needle array, NT-MDT, Russia) was used for scan.

The cross-sectional micrographs of all the samples were inves-
tigated by a Micro FEI PHILIPS XL-30-ESEM-FEG field emission
scanning electronic microscope (FESEM) operating at 20 kV. The
samples for scanning electron microscopy were coated with
a 20—30 A layer of Au to make them conductive.

Coating transmittance of normally incident light was measured
using a UV—vis spectrophotometer, UV-3600, SHIMADZU, over the
spectral range of 400—2000 nm. A custom sample holder was used.

Film thicknesses and refractive indices of porous films were
determined by an ellipsometry (AUEL-III, Xi’an, China). The film
thicknesses were also measured by purposely applying a scratch to
the polymer film and subsequent AFM imaging in the vicinity of the
scratch.

3. Results and discussion

3.1. Structure of porous films after removing PS-COOH from the
spin-coated films

The model system in this work consisted of a binary polymer
blend of mono-end-carboxyled polystyrene (PS-COOH) and mono-
end-aminated polymethyl methacrylate (PMMA-NH>). A pictorial
representation of the blend system was given in Scheme 1. As
shown in Scheme 1, mixing the two polymers with a mol ratio of
1:1 in a common solvent (tetrahydrofuran) should lead to
hydrogen-bonded supramolecular diblock copolymer. The
morphology of such blend was basically governed by the compe-
tition between two types of interactions: the unfavorable
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Scheme 1. Schematic representation of the supramolecular block copolymer formed
by PS-COOH and PMMA-NH, via hydrogen bonding. The filled circles and the open
circles represent the carboxyl group and amine group, respectively.

interaction between dissimilar polymers, and the specifically
attractive interaction between two different functional groups
attached to each of the chain ends of dissimilar polymers [33]. So
the phase behavior of this kind of supramolecule was similar with
the typical diblock copolymers [33—36]. The microphase separation
was confirmed by the AFM images of their spin-coated films from
the solution containing PS-COOH and PMMA-NH; (Fig. 1). The
concentrations of the solution were fixed at 1.00 wt%, 2.00 wt%,
3.00 wt%, 4.00 wt%, and the corresponding thicknesses of the films
were 50 nm, 104 nm, 152 nm, 203 nm, respectively. The weight
averaged molecular weight of PS-COOH and PMMA-NHj3 is 10 500
and 9720, respectively, and the volume fraction ratio between PS-
COOH and PMMA-NHj is 0.55/0.45. So the lamellar microdomains
in the equilibrium state should be expected [37]. However,
randomly distributed nanodomains were observed without
exhibiting a sharp boundary between PS-COOH and PMMA-NH,
blocks. The reason was that the morphology obtained by spin-
coating was far from equilibrium morphology since the evaporation
rate of tetrahydrofuran was very fast. The polymer chains had not
enough time to reach the kinetics equilibrium state so that the
lamellar morphology was obtained, which was the same as the
morphology after annealing at high temperatures [38].

Porous structure can be generated by selectively removing one
component from the phase-separated film formed by block
copolymers [37]. But the treatment of ultra-violet irradiation or
ozone is needed to destroy the covalent among one of the blocks. As
known, the strength of noncovalent is much weaker than that of
covalent, and can be tuned by stimuli, such as temperature [14] and
selective solvent exposing [39]. In this case, the porous films can be
generated one step by exposing the spin-coated films in a selective
solvent, cyclohexane, to remove the component of PS-COOH
[40,41], while PMMA-NH, remained due to its poor solubility in
cyclohexane.

Because the size of microdomains generated from the self-
assembly of supramolecular block copolymer in this case was
nanoscale, it was reasonable that the pores in the films after
selectively removing the microdomains formed by PS-COOH were

000 [nm]

also nanoscale. However, for the spin-coated film with 50 nm, at the
exposing time of 5 min (Fig. 2a), both nanopores and micropores
were obtained. With increasing the exposing time from 5 min to
10—40 min (Fig. 2b—e), the microporous films without nanopores
were obtained. All the experiments suggested that the release of
PS-COOH should not be directly responsible for the formation of the
micropores with about 1 um, because the microdomains formed by
PS-COOH are nanoscale (Fig. 1a). Therefore, it was reasonable to
think that the micropores were a result of the reconformation of
PMMA-NH; induced by cyclohexane [42]. Although cyclohexane is
a nonsolvent for PMMA, due to the plasticizing effect, the Tg of
PMMA decreased and the mobility of PMMA chains increased,
which caused the PMMA domains to merge to reduce surface
energy. Thus, the pore size and film thickness increased. Actually,
the film thicknesses were increased from 50 nm to 56 nm after 10
to 40 min exposing time.

However, for the spin-coated films with 104 nm, 152 nm and
203 nm, lateral structures larger than 100 nm were absent and
a rough surface without individual pores was obtained after
exposing the spin-coated films in cyclohexane for 5—40 min
(Fig. 2f—j (104 nm); Fig. 2k—o (152 nm); Fig. 2p—t (203 nm)). The
reason may be that it was difficult to induce the rearrangement of
the films with increasing film thickness. Similar with the results
obtained from the spin-coated film with 50 nm, the film thickness
was almost not changed after exposing the spin-coated films in
cyclohexane for 5 min. With increasing the exposing time, the
thickness of the porous films was also increased.

To investigate the inner structure of the porous films, the
cross-sectional structure of the porous films after exposing the
spin-coated films with 152 nm in cyclohexane for different times
was characterized by FESEM (Fig. 3a—e). At the exposing time of
5 min, there were little pores in the film. With increasing the
exposing time to 10 min, more pores could be obtained. As the
exposing time was increased to 20 min, 30 min and 40 min,
inhomogeneous porous structures were obtained. A kind of
inhomogeneous three-layered structure was obtained with some
pores in the top and bottom layer, and a relative compact struc-
ture in the middle layer. It is the solvent evaporation rate that
controlled the hydrogen-bonded supramolecular diblock copol-
ymer nanostructures [43—46]. After the film was taken from
cyclohexane, the concentration of cyclohexane at the surface was
the lowest and a gradient concentration developed throughout
the vertical direction of the film [47]. With the solvent evapora-
tion, phase separation between the polymer and cyclohexane
occurred only at the surface, which resulted in the gradient
structure after the release of PS-COOH. Compared with the fast
phase separation between polymer and cyclohexane at surface, it
was slow within the film, because the evaporation speed of
cyclohexane is slow, which resulted in the relative compact

Fig. 1. AFM images of the films spin-coated from the solution containing PS-COOH and PMMA-NH, with different concentrations: (a) 1.00 wt%, (b) 2.00 wt%, (c) 3.00 wt% and (d)

4.00 wt%. The mol ratio of the two homopolymers was fixed at 1:1.
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Fig. 2. AFM images of the porous films after removing the component of PS-COOH by exposing the films in cyclohexane for 5-40 min. The thickness of the original spin-coated
films was (a—e) 50 nm, (f—j) 104 nm, (k—o) 152 nm, and (p—t) 203 nm, and surface roughness of the porous films was also showed in each image.

structure in the middle layer. In addition, to reduce the contact resulted in the formation of pores in the bottom layer. In the case
area between slight hydrophobic PMMA-NH, and hydrophilic of the spin-coated film with 203 nm (Fig. 3f—j), porous structures
surface of glass, the extended PMMA-NH; chains in bottom layer were similar with the case of porous films generated from the
gradually folded and the coverage in lateral direction decreased, spin-coated films with 152 nm.

30 min

(e S
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200 nm 200 nm 200 nm

Fig. 3. FESEM images of the porous films after removing the component of PS-COOH by exposing the films in cyclohexane for 5-40 min. The thickness of the original spin-coated
films was (a—e) 152 nm, (f—j) 203 nm.
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3.2. Antireflective property of the porous films

Since the porous films can be generated by selectively removing
the component of PS-COOH, it was reasonable that the optical
property of the films would be changed. The transmission of the
glass slides covered with porous films (after exposing the spin-
coated films in cyclohexane for 5—40 min) on both slides was
shown in Fig. 4. For comparison, the transmission of an uncoated
glass slide and the original spin-coated films were also shown.

For the original spin-coated film with 50 nm, the transmittance
was slightly decreased to 88.82% at 400 nm, compared with an
uncoated glass slide, 89.39%, (Fig. 4a). After exposing the film in
cyclohexane for 5 min, the transmittance was increased to 93.36%
at 400 nm. As the exposing time was increased to 10 min, 20 min
and 30 min, the maximum transmittance loadings became 93.63%,
94.02% and 94.47% at 400 nm, respectively. The maximum trans-
mittance of 95.06% was achieved when the exposing time was
increased to 40 min.

For the original spin-coated film with 104 nm, the trans-
mittance was only 89.93% at 535 nm (Fig. 4b). After exposing the
film in cyclohexane for 5 min, the transmittance was increased by
4.69% at 535 nm to 93.62%, compared with the transmittance of
uncoated glass, 89.93%. As the exposing time in cyclohexane was
increased to 10 min and 20 min, the maximum transmittance of
glasses coated with porous films loadings became 97.65% and
97.93% at 574 nm, respectively. With continuously increasing the
exposing time in cyclohexane to 30 min and 40 min, the trans-
mittance decreased slightly, and reached to 96.48% and 96.95% at
582 nm, respectively.

For the porous films with inhomogeneous three-layered struc-
tures, broadband antireflection at the near-infrared region of
800—1400 nm was achieved (Fig. 4c (the original spin-coated film
was 152 nm)), while the original spin-coated film showed low
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transmittance with no more than 88.00%. After exposing the film in
cyclohexane for 5 min and 10 min, the average transmittance at this
wavelength region was increased to 92.00% and 95.00%, while the
transmittance of uncoated glass in this region was only 90.00%. As
the exposing time in cyclohexane was increased to 20 min, 30 min
and 40 min, the average transmittance of glasses coated with
porous films loadings became about 97.00%, 97.50% and 97.20% at
800—1400 nm respectively.

For the spin-coated film with further increased thickness of
203 nm, after exposing for 5—40 min, the broadband antireflective
properties were also obtained (Fig. 4d), while the wavelength range
was moved from 800—1400 nm to 1200—2000 nm. UV—vis char-
acterization revealed linearly increasing transmittance at this
region by increasing the exposing time from 5 to 30 min (Fig. 4d). At
the exposing time of 5 and 10 min, the transmittances were both
not more than 95.00%. As increasing the exposing time to 20 min
and 30 min, the high transmittance at 1200—2000 nm can be
reached to about 98.50% and 99.00%, respectively. However, the
transmittance of the porous film after 40 min exposing decreased
largely.

3.3. Relationship between the structure and the antireflective
property of porous films

For antireflective coatings, the pore volume fraction of the film
determines the final refractive index. As mentioned above, for zero
reflectance, refractive index of the porous film coated on the glass
should be 1.23. Under this condition, the optimum pore volume
fraction in the film with zero reflectance can be estimated
according to Ref. [48],

(1)
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Fig. 4. The corresponding UV—vis transmittance for the glasses coated with the porous films on both slides after exposing the spin-coated films in cyclohexane for 5—-40 min. The
thickness of the original spin-coated films was (a) 50 nm (inset figure: The linearly increasing light transmittance at 400 nm with increasing the exposing time in cyclohexane.),

(b) 104 nm, (c) 152 nm, and (d) 203 nm.
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where Npolymer, Mair and fpore are the refractive index of polymer, air
and the pore volume fraction of the film, respectively. The refractive
index of the polymer of PMMA and air is 1.49 and 1.00, respectively.
Thus, to obtain zero reflectance, the pore volume fraction of the
film should be 57.96%. In this case, after selectively removing all the
component of PS-COOH, the pore volume fraction of the porous
films is 54.76%, and the corresponding n of the film is 1.25 according
to the formula (1), which is enough to achieve the high trans-
mittance more than 99.00% [1].

For the porous films created by exposing the spin-coated film
with 50 nm in cyclohexane for 5—40 min, the average refractive
index of the films was about 1.24. According to the formula (1), the
average volume fraction of the porous films was about 67.28%,
which was higher than the theoretic value, 54.76%. The reason
may be that more pores were generated due to the rearrangement
of the films by exposing the films in cyclohexane. Although
UV—vis characterization revealed linearly increasing light trans-
mittance at 400 nm with increasing the exposing time in cyclo-
hexane (Fig. 4a), the average transmittance and the maximum of
transmittance of the coatings was only about 94.00% and 95.06% at
400 nm, respectively. Except for the refractive index, surface
topography of the films also had a big effect on the transmittance
and can lead to surface scattering to reduce the transmittance
intensity. Optical transmission through a rough surface is consid-
erably affected by scattering of light [14]. To quantify the surface
topography of the porous films fabricated in this case, the root-
mean-square (rms) surface roughness of the porous films was less
than 20 nm as shown in Fig. 2a—e, which was small enough not to
cause any intense surface light scattering as long as the wave-
length is no longer than 200 nm [49]. But, why the maximum
transmission of the coatings with low refractive indices (around
1.24) was only 95.06%? As mentioned above, the thickness of the
coating must be 1/4 of the wavelength of the incident light. Thus,
to achieve high transmittance in visible wavelengths, the coating
thickness should be located in the area of 80—200 nm. However,
the thickness of the porous films was only about 56 nm after
exposing the spin-coated film in cyclohexane for 20—40 min,
which was too thin to satisfy the A/4 requirement for the
maximum transmittance of 400 nm. Thus, it was reasonable that
the coating cannot reach high transmittance in visible wave-
lengths, whatever the exposing time was.

For the original spin-coated film with 104 nm, the thickness
satisfied the requirement of maximum transmittance in visible
lights. After exposing the film in cyclohexane for 5 min, the pore
volume fraction of the film was 21.32%. Since the pore volume
fraction of the porous films was 54.76% after selectively removing
all the component of PS-COOH, it was reasonable to think that the
PS-COOH components in this film were not removed completely
with short exposing time of 5 min. The film thickness was nearly
not changed and refractive index of this porous film was 1.38. Thus,
the transmittance was increased only by 4.69% at 535 nm to
93.62%. As the exposing time in cyclohexane was increased to
10 min and 20 min, more chains of PS-COOH that hydrogen-
bonded to PMMA-NH; were released from the film by increasing
the exposing time which resulted in the high pore volume frac-
tions dramatically increasing to 49.76%. The refractive indices were
also decreased to about 1.26. Accordingly, the maximum trans-
mittances of glasses coated with porous films were dramatically
increased to 97.65% and 97.93% for the films with 10 min and
20 min exposing time, respectively. However, the maximum
transmittance wavelength was moved from 535 nm to 574 nm, as
shown in Fig. 4b. This result indicated that the thicknesses of the
films were increased by 12—116 nm compared to the film with
5 min exposing time. With continuously increasing the exposing
time in cyclohexane to 30 min and 40 min, the PMMA-NH, chains

merged continuously, and the thickness was also increased,
resulted in the red-shifted to 582 nm of the maximum trans-
mittance wavelength. In fact, the film thicknesses were increased
about 2—118 nm. However, the pore volume fractions of the films
were slightly decreased to about 47.60% and the refractive indices
were increased to about 1.28. The slight decrease of pore volume
fraction in the films may be induced by the reconformation of
PMMA-NH; chains, resulted in the slight decrease of transmittance
(96.48% for 30 min exposing, and 96.95% for 40 min exposing).
However, the maximum pore volume fraction of these porous films
was 49.76%, and less than 54.76% that was obtained in theory. The
reason may be that the long exposing time led to the rearrange-
ment of films.

For the spin-coated film with 152 nm, after exposing the film in
cyclohexane for 5 min, the pore volume fraction and refractive
index of the film was 16.70% and 1.42, respectively. The average
transmittance at 800—1400 nm (Fig. 4c) was only increased by
about 1.00—91.50%. The film thickness was nearly not changed
under this condition. As the exposing time in cyclohexane was
increased to 10 min, the film thickness was slightly increased to
167 nm due to the reconformation of PMMA-NH; chains. The pore
volume fraction was increased from 16.70% to 36.98%, and the
refractive index was down to 1.33. Accordingly, the average
transmittance at 800—1400 nm of glasses coated with porous films
was increased to 94.60%. With increasing the exposing time to
20 min and 30 min, more chains of PS-COOH that hydrogen-
bonded to PMMA-NH; were released from the film, resulted in the
high pore volume fraction, which was dramatically increased to
47.67% and 49.76%, and the refractive index was also decreased to
about 1.28 and 1.27 for the films with 20 min and 30 min exposing
time, respectively. The broadband high transmittances at
800—1400 nm were achieved due to the formation of inhomoge-
neous three-layered structures, and increased as high as 97.00%
and 97.50%. Further increasing the exposing time to 40 min, the
pore volume fraction and refractive index were nearly as the same
as the porous film with 30 min exposing time. However, the
swollen degree of polymer film was increased, resulted in the
formation of structures with large size after the complete evapo-
ration of cyclohexane. The dividing line among the three layers
was not obvious, and the average transmittance was slightly
decreased to 97.30%.

For the porous films generated from the spin-coated films with
increased thickness of 203 nm, it was expected that the wave-
length region should be red-shifted to high wavelengths. Actually,
the wavelength region (Fig. 4d) was moved from 800—1400 nm to
1200—2000 nm, compared with the spectrum in Fig. 4c. At the
exposing time of 5 min the volume fraction and refractive index
was only 16.70% and 1.42, respectively. So the average trans-
mittance in this region was only about 93.50%. The film thickness
was nearly not changed under the condition of short exposing
time. With increasing the exposing time to 10 min, although the
volume fraction was increased to 28.21% and the refractive index
was decreased to 1.38. The average transmittance in this region
was not more than 95.00%. The film thickness was increased to
about 212 nm, due to the reconformation of PMMA-NH; chains. At
the exposing time of 20 min and 30 min, the volume fraction of
the films was increased to 47.67% and 49.76%, respectively. And
the refractive index was also decreased to 1.28 and 1.27, respec-
tively. Thus, the broadband transmittance accounted for the
formation of inhomogeneous three-layered structure was
increased to 98.50% and 99.00% at the exposing time of 20 min
and 30 min, respectively. However, the transmittance of the
porous film with 40 min exposing time decreased largely. The
reason may be that the rearrangement of the film was relatively
high and a lot of large structures were induced. At the mean time,
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Table 1

The porosity ratio, refractive index, the highest transmittance and surface roughness
for different films: the concentration is (a) 1.00 wt%, (b) 2.00 wt%, (c) 3.00 wt%, (d)
4.00 wt%.

Fpore (%) n T% rms (nm)

(@)

5 min 66.32 1.25 93.36 10.0
10 min 67.28 1.24 93.63 16.7
20 min 67.28 1.24 94.02 18.1
30 min 67.28 1.24 94.47 18.0
40 min 68.35 1.24 95.06 18.3
(b)

5 min 21.32 1.40 93.62 7.5
10 min 47.67 127 97.65 44
20 min 49.76 1.27 97.93 3.8
30 min 47.67 1.28 96.48 94
40 min 47.67 1.28 96.95 5.4
()

5 min 16.70 1.42 91.72 333
10 min 36.98 1.33 95.02 3.17
20 min 47.67 1.28 97.11 429
30 min 49.76 1.27 97.73 2.95
40 min 49.76 1.27 97.46 2.90
(d)

5 min 16.70 1.42 93.78 227
10 min 47.67 1.28 95.12 428
20 min 47.67 1.28 98.86 437
30 min 49.76 1.27 99.12 8.65
40 min 47.67 1.28 91.86 12.34

the thicknesses of the porous films were also increased from
203 nm to about 245 nm. Thus, the broadband region was tuned
from 800—1400 nm to 1200—2000 nm by increasing the film
thicknesses. The porosity ratio, refractive index, highest trans-
mittance and surface roughness for different films were all
summarized in Table 1.

4. Conclusion

We demonstrated a method of fabricating antireflective coat-
ings based on the self-assembly of supramolecular block copol-
ymer formed by polystyrene terminated with carboxyl (PS-COOH)
and poly(methyl methacrylate) terminated with amine (PMMA-
NH;) via hydrogen bonding. Microphase separated films in
a short range scale were obtained from the self-assembly of
supramolecluar block copolymer. After removing the component
of PS-COOH with a selective solvent, cyclohexane, from the spin-
coated films with different thicknesses, different porous struc-
tures can be obtained. The porous film with 116 nm with an
appropriate exposing time of 20 min showed high transmittance
of 97.93% in visible lights (~574 nm). When the thicknesses of
the spin-coated films were increased to 152 nm and 203 nm,
a kind of inhomogeneous three-layered structure of the top and
bottom layer with high porosities and the middle layer with low
porosities were generated after exposing the spin-coated films in
cyclohexane for 20—40 min. These three-layered porous films
coated on both slides of the glass exhibited broadband high
transmittance about 98.00% and 99.00% over 800—1400 nm and
1200—2000 nm for the porous films with 186 nm and 243 nm,
respectively.
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