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Flexible Polymer Opal Films Prepared by Slide Coating from Alcoholic 
Media

Abstract: In this study, we investigated the fabrication of a colloidal photonic crys-tal film on flexible substrate, which can be used as a scaffold material for various pho-tonic applications. A thin polyethylene terephthalate (PET) film was treated byoxygen plasma and then used as a flexible substrate. The surface characterizationsrevealed that the surface roughness increased, and that the treated PET film wasrendered hydrophilic. The contact angles of the films with water/isopropyl alcohol(IPA) mixtures at five different weight ratios (25%, 40%, 50%, 60%, and 75% ofIPA) prepared on both treated and non-treated PET films were measured. Theresults indicated that water/IPA wets on oxygen plasma-treated PET film. The colloi-dal dispersions were prepared in five different water/IPA mixtures, and slide coatingwas carried out on both PET films aided by hot air to promote opal formation. Seri-ous dewetting of opal film was observed on the non-treated PET film, except thatwith a 75% IPA. However, the treated PET film enabled the formation of high-qual-ity opal film, regardless of IPA content in colloidal dispersion. The optical properties and surface morphologies of opal films on flexible PETfilm were confirmed by reflectance spectra and scanning electron microscopy images of the respective films.
Keywords: slide coating, flexible substrate, PET film, oxygen plasma treatment, opal, photonic crystal.
1. IntroductionPhotonic crystals are naturally occurring colored materialsfound in peacock feather and opal gemstone, among others.These crystals exhibit angle-dependent reflective colors fromthe periodic structures within the materials. Recently, research-ers have attempted to mimic natural photonic crystals becausethey can be used as scaffolds for various photonic devices, suchas microlasers,1,2 optical waveguides, and chemical sensors.3,4Among various methods for fabricating artificial photonic crys-tals, colloidal crystallization is a relatively simple and fast wayto produce artificial opals, which can be utilized as three-dimensional (3D) scaffolds for many applications; thus, theyhave been extensively studied in the literature.3-8 Artificial opalfilms can be created through the self-assembly process of thesubmicron-sized colloidal spheres dispersed in water. The col-loidal particles with narrow size distribution are closely packed

into the opalline face centered cubic (fcc) structure through thestrong capillary force of evaporating water, and the resultingartificial opal exhibits brilliant structural colors by Bragg dif-fraction of visible light from [111] fcc facets. To fabricate opalfilms, various methods can be used, such as dip coating,9-12direct coating,13,14 capillary method,5,8,15,16 and so on. Recently,we developed a direct coating method, by which a polymericopal film with standard slide glass size (2×6 cm2) can beformed in 30 minutes.17 In this slide coating method, hot air isblown on to the wet, as-coated colloidal film to acceleratewater drying. Furthermore, the aqueous dispersion of the col-loid is coated onto the hydrophilic glass substrate. However, ifthe opal films are to be coated on a flexible polymer sub-strate, the wettability of the colloidal dispersion on the poly-meric substrate should be considered. Thus, in this study, wedemonstrate the slide-coating of the polymer particle disper-sions in water/alcohol mixture on flexible polyethylene tere-phthalate (PET) film by controlling the alcohol content andthe surface polarity of the substrate. 
2. Experimental

2.1. MaterialsStyrene, potassium persulfate (PPS), and sodium dodecylsul-fate (SDS) were purchased from Aldrich. A semipermeable cel-
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Macromolecular Research lulose membrane (MWCO 12,000-14,000) was supplied byMFPI Co.. Deionized (DI) water was prepared by water purifi-cation system (Humantech Co.) PET film (Mylar®) was pur-chased from Dupont Industrial Chemistry.
2.2. Synthesis of PS particlesPolystyrene (PS) colloidal particles with an average diameterof 260 nm were synthesized by emulsion polymerizationmethod, using PPS as a radical initiator and SDS as a surfactantin water.18 As-prepared PS particles were purified by dialysisusing a semipermeable cellulose membrane (MWCO 12,000-14,000) within DI water for 2 weeks; the solid content of thefinal dispersions was 12 wt%. The average diameter of the PScolloid was characterized by scanning electron microscopy(SEM, S-4700, HITACHI). 
2.3. Slide coating of PS opal fims on flexible PET sub-
strateThe slide coating apparatus consisted of a top glass slide and abottom substrate with Teflon® tape spacers (thickness: ~200μm) attached on each side of a substrate, which was slowlypulled out by a syringe pump (KD scientific) at a prepro-gramed speed. In this study, Mylar® film (thickness: ~100 μm)was used as a flexible PET film, which was fixed on a glass slideand used as a bottom substrate. An aqueous PS dispersion wasmixed with isopropyl alcohol (IPA, 99%, Aldrich) at variousweight ratios (25%, 40%, 50%, 60%, and 75% of IPA), andthen infiltrated into a thin space between the top and bottomslides. As the bottom substrate was pulled out, the colloidalcrystallization took place at the drying front aided by hot airblown onto the drying colloidal film. Before the slide coating,the PET film was treated by 200 W oxygen plasma (covance,FEMTO SCIENCE) for 3 min.19
2.4. CharacterizationsWettability of a PET film was confirmed by contact angle mea-surement (PNX300, Surface Electro Optics), and its surface wascharacterized by X-ray photoelectron spectroscopy (XPS, Ther-moVG, Sigma Probe) as well as atomic force microscopy (AFM,NanoScope IV, Digital Instruments). The coated colloidal crys-tal films were analyzed by SEM and a digital single lens reflex(DSLR) camera (DSLR-A550, SONY). The reflectance of a filmwas measured using a fiber-optic UV-Vis spectrometer (AvaSpec,Avantes), which was connected to the reflected light micros-copy (L2003A, Bimeince) through an objective lens (20x/0.30NA). In all measurements, the raw data of reflected signalfrom the sample were referenced by a silver mirror (EdmundOptics).
3. Results and discussionThe slide coating of PS colloidal dispersion from water/IPAmixture is schematically illustrated in Figure 1(a). As a flexiblesubstrate is continuously pulled out, air-exposed colloidal dis-

persion is instantly subjected to drying through the hot airblown onto the wet colloidal film. At a drying front, capillaryforces are variously exerted on each particle, as indicated bythe arrow (Fa–Fd) in Figure 1(b), depending on the curvature(r) of liquid menisci formed at the three phase interfaces of par-ticle/liquid/air. This process helps determine the net drivingforces so that the colloidal particles are closely packed with oneanother. The curvature r is given by the wettability of the liquidon a substrate. Noting that the capillary force at the three phaseinterface is given by F=2πrγ (γ:surface tension), a driving forcefor opal formation is larger in water than in the water/IPA mix-ture owing to the larger surface tension of water than that ofIPA (γwater=72.8 vs. γIPA=28.0). If a colloidal dispersion is coatedon a substrate, which is less hydrophilic than a glass slide, thewettability of a given liquid as well as the interaction betweenthe colloidal particle and the substrate can affect the packing ofcolloidal particles and, consequently, the quality of the opalfilm. The PET film used in this study is a nonpolar flexible filmon which water does not wet. Therefore, a PET film was treatedby using 200 W oxygen plasma for 3 min to render the surfacehydrophilic. In Figure 2, the contact angles of the differentwater/IPA mixtures on three different substrates are plotted.As can be seen, a lower contact angle is obtained on a plasma-treated PET film than on a slide glass, which is a typical hydro-philic substrate; at the same time, better wettability with the

Figure 1. (a) Schematic illustration of slide coating of polymeric parti-cle dispersion in water/IPA mixture. (b) Capillary forces exerted toeach particle.

Figure 2. Contact angles of the water/IPA mixture on three differentsubstrates. 



Macromolecular Research

Macromol. Res., 25(5), 415-419 (2017) 417 © The Polymer Society of Korea and Springer 2017

water/IPA mixtures of all compositions can be observed. At ahigh IPA content, contact angles on both slide glass and plasma-treated PET film approach zero degree, implying that the water/IPA mixtures are completely wet on both substrates. The physical/chemical rendering on PET film by oxygenplasma treatment was analyzed by tapping mode AFM andXPS. In Figure 3(a) and (b), it is compared that the surface of aplasma-treated film is rougher than that of a non-treated PETfilm. Figure 3(c) and(d) show that oxygen content on a film sur-face significantly increases after plasma treatment as a result ofthe formation of oxygen-containing functional groups, such as -OH, -COOH, and so on. PS colloidal dispersions in the water/IPA mixtures with var-ious IPA contents were slide-coated on both treated and non-treated PET films. Shown in Figures 4(a–e) are the coated opalfilms on non-treated PET films, and Figures 4(f–j) show thoseon treated films. On non-treated PET films, only a colloidal dis-persion with 75% IPA is coated well, whereas other disper-sions suffer from the dewetting of the opal film. Dewettingbecomes less serious with increasing IPA in the mixed disper-sant. Yet, despite the dewetting, the dried colloidal particlesfrom every liquid mixture show green reflective colors, becausethe drying of colloidal dispersions ends up forming opallinestructures anyway. However, the color of an opal film from75% IPA appeared to be more yellowish than those of otherfilms, implying that there is a significant contribution of thereflectance of higher wavelength light. In our previous investi-

gation, higher content of alcohol weakens the capillary force ofliquid at the meniscus between particles to result in lessordered opal arrays which will broaden the reflectance spec-trum.20 It is noteworthy that the same series of colloidal filmson the plasma-treated PET films do not exhibit serious dewet-ting, and more importantly, an opal film is perfectly coatedfrom a 75% IPA dispersant without any significant change instructural color. The strong reflective color from every film implies that theopalline structures are obtained for all of them. To extract morequantitative data, reflectance measurements were carried outon the opal films. Figures 5(a) and 5(b) show the reflectancespectra of the slide-coated opal films on non-treated PET filmsand plasma-treated PET films, respectively. As can be seen, thepeak reflectances on the treated films are stronger than thoseon the non-treated PET films by more than 20%. Meanwhile,the inset figures in Figures 5(a) and 5(b) respectively show thephotographs of the opal films from 75% IPA dispersions whileeach flexible substrate is bent. Each coated film was annealed at 90 oC for 1 h so that the col-loidal particles can be slightly connected to one another, and nodelamination of the opal film was observed from the substrate.From this result, we again confirmed that an oxygen plasma-treated PET film is very useful as a substrate for opal film.In Figure 6, the different defect densities of colloidal packingstructures from five dispersions are confirmed by SEM; thetypical surface morphologies of opal films on the plasma-

Figure 3. (a, b) AFM Images and (c, d) XPS spectra of (a, c): non-treated PET film, (b, d) oxygen plasma-treated PET film.
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treated PET films are also shown in the figure. Although somelinear defects are observed at the films from high IPA contentcases (i.e., 60%, 75%), overall packing structures are not sig-nificantly deteriorated by the increased IPA content, whichshould have weakened the capillary forces of the liquid mix-tures for colloidal arrangement.21,22In our previous investigation, in which the colloidal disper-sion in water/alcohol mixture was slide-coated on a glass sub-strate, we observed that a dispersion with high IPA contentsignificantly increased the defect density.20 However, in thecurrent study, the quality of opal film from a high IPA content(i.e., 75%) appears to be not much deteriorated on the plasma-treated PET film, as revealed by both the reflectance spec-

trum and SEM images. The improved colloidal arrangementon a treated PET film at a high IPA content may have resultedfrom the better wettability of the mixed liquid on a treatedPET film than on a glass, which evidently affects the colloidalassembly process upon evaporation of the liquid. 
4. ConclusionsThe rapid fabrication of colloidal opal film on a flexible sub-strate is investigated. After O2 plasma treatment of flexible PETfilm surface, the wettabily of the water/IPA mixture improvedthan on a glass substrate as demonstrated by the contact anglemeasurements. Results showed a high-quality opal film obtained

Figure 5. Reflectance spectra from the opal films from different dispersing media on flexible substrates of (a) non-treated PET film, (b) plasma-treated PET film. Inset figures in (a) and (b) are the photographs of the opal films from 75% IPA on each film with bending. 

Figure 6. SEM Micrographs of opal films that were slide-coated on the plasma-treated PET films. As can be seen, IPA contents in dispersing mediaincreased from left to right (25%, 40%, 50%, 60%, 75%).

Figure 4. Photographs of opal films that were slide-coated on (a–e): non-treated PET film, (f–j) plasma-treated PET film. IPA contents in dispers-ing media increased from left to right (25%, 40%, 50%, 60%, 75%).



Macromolecular Research

Macromol. Res., 25(5), 415-419 (2017) 419 © The Polymer Society of Korea and Springer 2017

by slide-coating colloidal dispersion in the water/IPA mixtureon a treated PET film without a dewetting problem. With fur-ther optimization, the opal film on a flexible substrate is expectedto promote the development of many promising applications,such as an esthetic coating and a template film for various pho-tonic sensors. 
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