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We prepared a porous thin film by spin-coating of a cellulose acetate butyrate (CAB) solution in
tetrahydrofuran under a humid environment. Due to evaporative cooling during spin-coating, condensed
water droplets were formed by a breath figure on the CAB solution, and these developed a porous structure
after complete drying. By varying the solution concentration and rotating speeds, two distinct morphologies
were generated: top and bottom layers with higher and lower porosities, respectively. We found that the
two-layer porous film coated on glass exhibited low reflectance of less than 1% in the near-infrared (NIR)
regime corresponding to wavelengths between 900 and 2200 nm. Since the porous structure was very
uniform over a large area, the film could be easily employed for broad-band antireflection coating at NIR

wavelengths.

1. Introduction

Breath figure formation, which has long been a fasci-
nating phenomenon in nature, has become a simple and
useful technique for the preparation of porous polymer
films.1713 It utilizes solvent-evaporative cooling on the
surface of a solution under humid conditions on which
water vapors are condensed into water droplets at the
solution surface. Then, water droplets interact with one
another and are finally hexagonally packed. After complete
evaporation of the solvent and water, traces of water
droplets remain in the polymer film and become pores
with a honeycomb structure. The pore sizes formed by the
breath figure range from a few hundreds of nanometers
to several micrometers depending on the amount of water
inlet by humidity (or the humid air flow rate), evaporation
speed, and polymer concentration.

Porous polymer films prepared by a breath figure have
been used for the assembly of nanoparticles!*~!7 and
templates to transfer the structures to metallic and other
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organic materials for photonic crystals'® and microlens
arrays.'® A superhydrophobic surface was generated by
peeling off the upper layer of the ordered porous film.2°
Also, holes for containing picoliters were produced.?! All
of these applications based on the breath figure utilize
the “drop and evaporation” method, in which a polymer
solution is dropped onto a glass substrate and evaporated
under humid air flow or a humid environment.
Recently, we introduced a new method to prepare a
breath figure by “spin-coating of a polymer solution under
a humid environment”.!? This method allowed the foma-
tion of a uniform porous polymer film over a large area
(several square centimeters). In this study, we extended
this method to broad-band antireflection (AR) coating in
the near-infrared (NIR) regime corresponding to wave-
lengths between 900 and 2200 nm. AR coating in the NIR
region has been used in transmitting optics, for instance,
output couplers, dichroic mirrors, lenses, and windows,
to eliminate light reflection from an AR-coated surface
where the signals or energy of light is received.??23 The
principle of AR coating is based on the destructive
interference of reflected light from interfaces between the
air and a film, one film and another film in the case of a
multilayered film coating, and a film and a substrate.?
The two-layer design among many AR coatings uses a
quarter wavelength thickness of an individual layer:2*
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nd; = n,d, =1 /4 1)

where n; and d; are the refractive index and thickness of
individual layer i. Zero reflectance at a wavelength is
obtained for the following relationship:24

=n (2)

where ng and n, are the refractive indices of the substrate
and air, respectively. To obtain the broad-band AR coating,
films should have a gradual increase of n from the top to
the substrate.?>=3° A porous film also exhibits this kind of
AR when it has two distinct asymmetric porous struc-
tures: top and bottom layers having higher and lower
porosities, respectively. We found that a cellulose acetate
butyrate (CAB) film prepared by spin-coating from the
water-miscible solvent tetrahydrofuran (THF) under a
humid environment exhibited the above-mentioned asym-
metric porous structure. When the film thickness was
carefully controlled, the porous film coated on a glass
substrate showed low reflectance (below 1%) at broad-
band NIR wavelengths.

2. Experimental Section

CAB was purchased from Acros Co., and the molecular
characteristics are given in ref 12. Various solutions of CAB in
chloroform, benzene, and THF were prepared and spin-coated
on 2.5 cm x 2.5 cm glass. A glass slide was purchased from
Corning Glass Works (Corning brand, plain (product no. 2947)),
which was soda lime glass with a refractive index of 1.52. To
measure reflectance, one side of the glass was spin-coated and
the other side was sealed by black tape to eliminate backside
reflection. The reflectance of the sample was measured with a
UV-vis—NIR spectrophotometer (Cary 5000, Varian Co.) and a
diffuse reflectance accessory (Internal DRA-2500, Varian Co.).
The humidity during spin-coating was controlled by pouring 30
cm? of hot water (85 °C) into the cylindrical chamber (25 cm in
diameter and 10 cm in height) enclosing the spinning chuck on
which the substrate was placed. Within 1 min, the relative
humidity (RH) and temperature in the cylindrical chamber
increased to 95% and 32 °C, respectively. The morphologies of
the spin-coated films were investigated by field emission scanning
electron microscopy (FE-SEM; Hitachi S-4200).

3. Results and Discussion

Figure 1 shows top and cross-sectional SEM images of
a CAB film spin-coated from a 0.05 g/cm? solution in THF
at 7000 rpm under a humid environment (RH = 95%).
The film surfaces were covered with pores generated from
traces of condensed water droplets although perfectly
hexagonal order of the pores was not observed. This is
because each condensed water droplet does not have
enough time to interact with other droplets due to the fast
solidification of the solution during spin-coating, which
prevents droplets from packing in an ordered lattice.?
We found that porous films were prepared over a large
area (several square centimeters). The average diameter
and area fraction of the pores on the top surface were
calculated to be 227 nm and 43.6%, respectively, from the
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image analysis ofthe SEM image. From the cross-sectional
image given in Figure 1lc, the film shows two distinct
porous structures. The top layer contains pores with
relatively uniform size and close packing. The bottom
(inner) layer has less porosity than the top layer. The
total film thickness (d) obtained from the SEM image in
Figure 1c was ~450 nm, which is consistent with that
measured (~ 441 nm) by a height profile between the film
surface and the substrate in an AFM image after the film
was scratched by a razor. The depth of pores in the top
layer was also determined to be 204 nm from the AFM
height profile and height image as shown in the inset of
Figure 1d. This value is close to that observed in the SEM
image of Figure 1c.

Itis noted that porous films prepared by a breath figure
from the drop and evaporation method might have a
multilayer porous morphology.>!2 Water droplets on the
top surface can sink into the solution, and newly formed
water droplets cover the surface of the solution. Repeated
water condensation forms a 3-dimensional porous struc-
ture after complete drying of the solvent and water.5 On
the other hand, consecutive inlet and sinking of water
droplets into the polymer solution might be limited for
the spin-coating under a humid environment method,
because the solution is rapidly solidified during spin-
coating. In this situation, after complete evaporation of
water, porous films exhibit an asymmetric morphology:
the top layer of the film has a higher pore fraction, while
the bottom layer contains a smaller pore volume due to
an insufficient number of water droplets.

The porous CAB film prepared in this study looked milky
white, resulting from the scattering of visible light since
the average pore diameter and d were 227 and ~450 nm,
respectively. However, this film did not show a scattering
at NIR wavelengths, where the glass and CAB did not
have any absorption. Figure 2 shows that the reflectance
of glass spin-coated on one side from a CAB solution (0.05
g/em?®) in THF at 7000 rpm under 95% RH was less than
1% at NIR wavelengths between 900 and 2200 nm. Two
minima in the reflectance were observed at 958 nm (0.78%)
and 1741 nm (0.77%). On the basis of the results given in
Figure 2, we consider that the CAB film prepared by spin-
coating under a humid environment could be used as a
broad-band antireflection film at NIR wavelengths.

Low reflectance at broad wavelengths and multiple
minima were not expected for an AR coating consisting
of only a single layer with a uniform reflective index (n)
throughout the entire film thickness. From Figure 1, we
characterized the porous CAB film prepared in this study
by using the two-layer model with the aid of the char-
acteristic matrix theory:2 the top layer with a thickness
of 235 nm with n = 1.290 and the bottom layer with a
thickness of 213 nm with n = 1.445. Since nid, = nods,
this film satisfies the quarter wavelength thickness given
in eq 1. The measured reflectance (symbol) is in good
agreement with the calculated reflectance (line), as shown
in Figure 2. The calculated total thickness from the theory
is also consistent with that observed in the SEM image.
Also, the effective n of the porous CAB film (n.) in the top
layer is calculated from n.2 = n2(1 — ¢) + ¢, in which n,
and ¢ are the n (1.49) of a pure CAB film and porosity,
respectively.3%3! Using ¢ = 0.436 obtained from the top
view of the SEM image (Figure 1a), the calculated n. was
1.299, very similar to that (1.290) predicted by the theory.
It is mentioned that, for a given n, = 1.445 (the
characterized value for the bottom layer of the above film),
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Figure 1. SEM images of top views at a high (a) and a low (b) magnification and (c) cross-sectional view of a spin-coated CAB
film from a 0.05 g/cm? solution in THF at 7000 rpm under an RH of 95%. (d) AFM height profile. The inset is the height AFM image

(1.3 um x 1.3 um).
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Figure 2. Reflectance of glass spin-coated with a CAB film on
one side from a 0.05 g/cm? solution in THF at 7000 rpm under
and RH of 95%. The symbols and solid line represent the
measured and calculated reflectances from the characteristics
matrix theory, respectively. The reflectance of bare glass was
added for reference.

the ideal value of n; estimated by eq 2 is 1.172, which is
smaller than the characterized n; (1.290) for this film.
Thus, as the porosity of the top layer increases further,
abetter broad-band AR effect could be achieved. However,
the average reflectance (0.88%) at 900—2200 nm was
shown to be lower than 1%, which can be practically
employed for AR coating.

We also studied the effect of d on the porous morphology
of the CAB film and reflectance in the NIR region by
changing the CAB solution concentration in THF. Figure
3 shows the top and cross-sectional SEM images of a spin-
coated CAB film from a 0.08 g/cm? solution in THF at
7000 rpm under a humid environment (RH = 95%). d of
this porous film was 690 nm, measured from the cross-
sectional SEM image, and one might be tempted to
consider that this porous film exhibited two distinct porous
layers. The top layer with d; = 210 nm contained pores
with relatively uniform size, and the inner layer with d»
= 480 nm had less porosity than the top layer. Although
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Figure 3. (a) Top and (b) cross-sectional SEM images of a
spin-coated CAB film from a 0.08 g/cm?® solution in THF at
7000 rpm under an RH of 95%. (c) Reflectance of glass spin-
coated with CAB on one side from a 0.08 g/cm? solution in THF
at 7000 rpm under an RH of 95%. The symbols represent the
measured reflectances. Dashed and solid lines represent
calculated reflectances by two-layer and three-layer porous
structures from the characteristic matrix theory, respectively.
The reflectance of bare glass was added for reference.

this film exhibited a minimum in reflectance of 0.74% at
1275 nm, it does not satisfy the quarter wavelength
thickness for the two-layer structure given in eq 1. Namely,
nid; could not be the same (even similar to) as nqds, because
d; <dzandn; <ny. Thus, this film did not show an effective
broad-band AR compared with the film given in Figure 2.
We found that the fit by the two-layer model, which
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Figure 4. (a) Top and (b) cross-sectional SEM images of a
spin-coated CAB film from a 0.03 g/cm? solution in THF at
7000 rpm under an RH of 95%. (c) Reflectance of glass spin-
coated with CAB on one side from a 0.03 g/cm? solution in THF
at 7000 rpm under an RH of 95%. The symbols and solid line
represent the measured and calculated reflectances from the
characteristic matrix theory, respectively. The reflectance of
bare glass was added for reference.

characterizes the film with n; = 1.295 and d; = 210 nm
for the top layer and ny = 1.445 and dy = 480 nm for the
inner layer, showed significant deviation from the mea-
sured reflectance (dashed line in Figure 3c). The failure
of the two-layer model is because the pore population in
the inner layeris not homogeneously distributed, as shown
in the cross-sectional SEM image (Figure 3b). Rather, this
film can be assumed to have a three-layer porous structure.
When we used the characteristic matrix theory by using
the three-layer porous structure, the film was character-
ized: nq = 1.297 and d; = 210 nm for the top layer, ny =
1.430 and d2 =200 nm for the middle layer, and n3 =1.480
and d3 = 280 nm for the bottom layer. But these conditions
do not satisfy the quarter wavelength thickness for the
three-layer model. The predicted reflectances given by
the solid line in Figure 3c are in good agreement with the
observed ones, except at short wavelengths (800—1100
nm). The discrepancy at smaller wavelengths might be
attributed to the fact that scattering (or diffuse reflectance)
resulting from larger pores and film roughness is not
negligible at shorter wavelengths, and the scattering
increases with increasing film thickness. Since the scat-
tering effect is not negligible in this film, the minimum
in reflectance at 1275 nm in Figure 3 would not result
from the interference effect itself. If the scattering is
reduced by decreasing the pore sizes, broad-band AR
coating with lower reflectance than that in Figure 3 could
be achieved even for a thicker porous film. The reason
that a three-layer porous structure was formed in this
film might be an increased total film thickness which can
accommodate more than three layers of water droplets.
The detailed mechanism for the generation of multiple
porous layers depending on the film thickness will be
reported in a future paper.

Figure 4 shows the top and cross-sectional SEM images
of a spin-coated CAB film from a 0.03 g/cm? solution in
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Figure 5. (a) Top and (b) cross-sectional SEM images of a
spin-coated CAB film from a 0.05 g/cm? solution in chloroform
at 7000 rpm under an RH of 95%. (c) Reflectance of glass spin-
coated with a CAB film on one side from a 0.05 g/cm? solution
in chloroform at 7000 rpm under an RH of 95%. The reflectance
of bare glass was added for reference.

THF at 7000 rpm under a humid environment (RH =
95%). Interestingly, only a single porous layer, not a two-
layer morphology, was observed, because d of this film
(~240 nm) is similar to the diameter (227 nm) of the pores.
This film does not exhibit a reflectance smaller than 1%
at a wide range of wavelengths, even though a minimum
in the reflectance (0.74%) was observed at 1274 nm.
Analysis of the film by the characteristic matrix theory
using a single-layer film gave a refractive index of 1.34
and a total film thickness of 238 nm. According to eq 1,
the measured value of 4, (1274 nm) is in good agreement
with the predicted one (1286 nm = 4 x 1.34 x 238 nm).
The predicted reflectance on the basis of a single layer of
porous structure is in good agreement with the measured
one. When the CAB concentration in THF was lower than
0.03 g/cm3, a porous CAB film was not generated by a
breath figure due to the very small thickness.

In this study, a breath figure was formed from a water-
miscible solvent such as THF described in a previous
paper,'? although condensed water droplets could mix into
the solution. This might be due to the fact that condensed
water droplets could be embedded in the THF solution
without mixing for short times either by Marangoni
convection resulting from a temperature difference3? or
by fast evaporation and the increase in viscosity prohibit-
ing the coalescence of the water droplets.'? It isinteresting
to find whether a water-immiscible solvent such as
chloroform can generate a porous film prepared by spin-
coating under humid conditions. Figure 5 gives the top
and cross-sectional SEM images of a CAB film prepared
by spin-coating from a 0.05 g/cm?® solution in chloroform
at 7000 rpm under an RH of 95%. Interestingly, the area
fraction of the pores on the film surface was 12.2%, much
lower than that (43.0%) of a film prepared from THF
solution. This film did not exhibit an effective AR due to
the low porosity (higher refractive index) of the top layer,
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as shown in Figure 5¢. The morphology of the porous CAB
film prepared by spin-coating from a benzene solution
was similar to that of a film prepared from a chloroform
solution. These results suggest that condensed water
droplets by a breath figure could be better embedded into
a THF solution compared with water-immiscible solvent
(chloroform and benzene) solutions during spin-coating.
On the other hand, we previously showed that a well-
ordered porous structure was generated for a CAB solution
in chloroform from the drop and evaporation method and
the hexagonal packing in the pores prepared from a water-
immiscible solvent solution was better than that obtained
with a THF solution.!2 The reason that spin-coating from
the latter solution under a humid environment gives more
pores at the top surface in the porous film compared with
that from the former solution is as follows. During spin-
coating, the total amount of the solvent to cause evapora-
tive cooling would be considerably smaller compared to
that in the drop and evaporation method, because a large
amount of the solution dropped on the substrate was
removed at the beginning of spin-coating. Also, the polymer
solution was fast solidified during spin-coating. In this
situation, nucleation of condensing water onto the solution
at the early stage of spin-coating would be critical. From
classical nucleation theory for the formation of a new
phase, the free energy change (AG) during condensation
is given by?®?
4 31

__4 31 P 2
AG = 37 TlnP + 4ar®y 3)

)

where V, r, and y are the molar volume, radius, and surface
tension of the droplets and P and P, are the vapor pressures
in the vapor phase and droplet, respectively. For con-
densation onto the liquid (namely, a breath figure on the
fluid),343% all of the water droplets cannot be covered by
the solution. In this case, eq 3 becomes

4 31 P
AG = — gnr?’vRT In P, + 7441+ vAs —vB @)

where A; and A, are the contact areas of the droplets with
air and with the solution and B is the disappearing area
of the solution covered by the water droplets. y,, and vy
are the surface tensions of water and the solution,
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respectively, and yys is the interfacial tension between
water and the solution. For the assumption of the same
droplet size, A1, Ay, and B for THF and chloroform, AG for
the THF solution is lower than that for the chloroform
solution by Yw/ehloroform- This is because v, (26.4 ergs/cm?)
and AH.,;, (0.36 kJ/cm?) of THF are similar to those (27.5
ergs/cm? and 0.35 kd/ecm?) of chloroform and yy,ar would
be negligibly small due to the miscibility. Thus, the
maximum value of AG (AGpax) to overcome the energy
barrier to form nuclei on the THF solution is less than
that to overcome the energy barrier to form nuclei on the
chloroform solution. This suggests that the nucleation rate
(I) expressed by exp(—AGnax/ RT) for the former is larger
than that ofthe latter. According to this simple calculation,
water droplet condensation onto the THF solution would
be much favored over that onto the chloroform solution
at the beginning of spin-coating.

We show that a porous film prepared by spin-coating
of a polymer solution in a water-miscible solvent under
humid conditions can be employed for an AR film.
However, the stability of this film in different environ-
ments should be carefully checked for practical applica-
tions. We consider that good adhesion and wear and
scratch resistance would be achieved without sacrificing
the AR effect, when films with functional groups capable
of reacting with the substrate are coated onto the substrate
or the film is cross-linked.

4. Conclusion

In this study, we extended spin-coating under a humid
environment to generate a broad-band antireflection effect
in the NIR region. When d was controlled to be 400—600
nm, a two-layer porous structure with the top layer with
higher porosity and the bottom layer with smaller porosity
was successfully generated. This two-layer porous film
coated on glass exhibited low reflectance of less than 1%
in the NIR region. Since the porous structure was very
uniform over alarge area, the film could be easily employed
for broad-band antireflection coating at NIR wavelengths.
We found that a broad-band AR effect at NIR wavelengths
was better achieved from spin-coating of a water-miscible
solvent than a water-immiscible solvent. The difference
in generating pores by a breath figure from a water-
miscible solvent and a water-immiscible solvent was
mainly due to the different nucleation rates for condensed
droplets on the solution.
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