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Abstract

:

Silica nanospheres with a well-controlled particle size were prepared via a nucleation-to-growth synthesis process. A facile method is proposed for improving the self-assembly behavior of silica colloidal particles in droplet coatings by the simple controlling of the drying temperature. It is shown that a periodically arranged, opal-structured, photonic crystal film with a large area of approximately 4.0 cm2 can be prepared, even when the particle size is up to 840 nm. When the band gap of the silica photonic crystals falls in the visible-light region, the crystals exhibit distinct structural colors. Moreover, the wavelength of the reflected light increases with an increasing particle size of silica. When the photonic band gap overlaps the wavelength of the laser source, the overall Raman spectrum intensity is significantly enhanced. Accordingly, the proposed nucleation-to-growth process and drop-coating method provides a cheap and simple approach for the manufacture of uniform sized silica and surface-enhanced Raman scattering substrates, respectively.
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1. Introduction


Photonic crystals (PCs) are periodic array structures consisting of two dielectric materials. Due to their unique optical photonic band gap (PBG) properties, PCs exhibit a significant light emission enhancement effect [1]. Furthermore, three-dimensional colloidal crystals, generally referred to as opal-structured PCs [2], exhibit a distinct structural color when the PBG falls within the visible light range [3]. The term “structural color” refers to the color produced by the internal structure of the crystals. Notably, when the crystals are illuminated by different light sources with a similar spatial period and wavelength, the color produced by scattering, interference and diffraction effects does not decay over time, as in traditional pigments and dyes. This is an extremely attractive optical phenomenon with many practical applications [4]. For example, by carefully adjusting the particle size of the PCs, the crystals can be made to display different visible colors at different angles and to show a brilliant iridescent color with strong anti-light bleaching properties [5].



In recent years, PCs have been widely applied in LEDs [6,7], sensors [8,9,10,11], solar cells [12,13], lasers [14], textiles [15,16], and other fields [17,18,19,20]. The three-dimensional PCs used in such applications are generally prepared via a film growth and etching process [21,22]. However, this process is cumbersome, expensive and time-consuming. Consequently, the feasibility for using well-dispersed colloidal particles to self-assemble into colloidal crystals has attracted great interest as a simple and low-cost alternative. Many self-assembling methods have been proposed including natural deposition [23], vertical deposition [24,25], electrophoresis [26,27,28], drop-coating [29,30], dip-coating [31], and isothermal induced self-assembly [32]. However, these methods still suffer the disadvantages of complex equipment requirements, processing time, and particle size limitations. As a result, rapid, low-cost and more efficient methods for the preparation of high-quality colloidal crystals are still required.



Among the various methods described above, the drop-coating method, in which a colloidal suspension is simply dropped onto a glass substrate, is one of the simplest [33]. However, the drop-coating method still has several shortcomings, including, most notably, a limited particle size and a poor coverage area. The literature contains many proposals for overcoming these limitations [34,35,36,37,38,39,40]. For example, Ion et al. [34] prepared high-quality, thick PCs with polystyrene and SiO2 colloidal nanoparticles by hanging droplets on a substrate. In the present study, an isothermal heating-evaporation induced self-assembly (IHEISA) method [32] is employed to improve the uniformity of the silica-based PC film and increase the particle size through a simple control of the drying temperature during the droplet coating procedure.



In recent years, environmental pollution and pesticide residues in food have emerged as important concerns. As a result, surface-enhanced Raman scattering (SERS) has attracted growing attention as an analyte detection method for a wide variety of environmental and food samples [41,42]. However, in improving the detection performance of SERS, one of the most critical challenges is that of fabricating noble metal nanostructure substrates with a large and reproducible Raman enhancement effect over a wide sampling area using less costly, high-throughput methods. Accordingly, the present study proposes a facile method for preparing opal PCs, consisting of well-ordered silica nanospheres with good control and tunability to serve as a cheap and effective substrate for SERS applications. It is shown that through carefully controlling the drop-coating temperature, the density of the nano-sized cavities in the silica PC structure can be enhanced and the transmittance of the excitation laser through the PBG reduced, thereby increasing the intensity of the reflected Raman signal.




2. Materials and Methods


2.1. Material and Substrates


Tetraethoxysilane (TEOS) (Mw: 208.33 g/mol, CAS No. 78-10-4) was purchased from Merck, Co., Ltd. (Darmstadt, Germany). Ammonia water (Mw: 35.04 g/mol, 28 wt.%, CAS No. 1336-21-6) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethanol (Mw: 46.07 g/mol, 95%, CAS No. 64-17-5) was purchased from Merck Millipore (Burlington, VT, USA). Slide glass was purchased from Xin-Xin Chemistry Co. Ltd. (Tainan, Taiwan). All of the chemicals were used directly without further purification. In addition, distilled water was used in all of the experiments.




2.2. Synthesis of Monodisperse SiO2 Nanospheres


In this experiment, the monodisperse SiO2 nanospheres were prepared by a modified Stöber method, under normal temperature and pressure conditions. In particular, 2.0 g of ammonia aqueous solution (28 wt.%) and 15.0 g of distilled water were poured into 80 ml of ethanol and stirred at 250 rpm for 5 min to produce a reaction environment for nucleation. Meanwhile, 1.49 g of TEOS was dispersed in 23.7 mL of ethanol and diluted as the nucleating agent. After mixing, the nucleating agent was poured into the reaction environment and stirred at 700 rpm for 2 h to prompt nucleation. Growth agent (8.0 mL of TEOS and 32.0 mL of EtOH) was then added to the nucleation solution to enter the growth stage and stirred for 2.5 h. The solution was centrifuged at 6000 rpm, and the product was washed twice with distilled water to remove any unreacted TEOS and residual alkali. Finally, uniform monodisperse SiO2 nanospheres were obtained by washing the product in ethanol and then drying at 70 °C for 12 h.




2.3. Surface Modification of Glass Slides


The piranha solution was prepared by slowly adding hydrogen peroxide to concentrated sulfuric acid to a final volume ratio of 2:1 (concentrated sulfuric acid to hydrogen peroxide). The glass slides were immersed in the piranha solution for 8 h for surface modification. After rinsing with deionized water, the residual water droplets were removed using a high-pressure air gun. Finally, the hydrophobicity of the slides was confirmed via contact-angle tests.




2.4. Fabrication of Colloidal Crystal Coatings


A 5.0 wt.% colloidal solution was prepared by dispersing the prepared silica nanosphere powder in water and agitating the mixture ultrasonically for 10 min. The colloidal solution was placed at room temperature for 15 min, and the precipitated agglomerate was then removed. The residual solution was analyzed using a dynamic light scattering (DLS) technique to confirm the colloidal stability and uniformity of the particle size. The colloidal particles were then self-assembled on glass substrates under a constant relative humidity of 25% and drying temperatures ranging from 25 to 55 °C to form three-dimensional PCs.




2.5. Deposition of Au Thin Film


The high density and uniformity of an Au layer coated on silica-based PC films make them suitable as SERS substrates. In this work, the experiment started with the deposition of 5.0-nm-thick Au layers via an electron beam (e-beam) evaporator (VT1-10CE, ULVAC, Tainan, Taiwan) on the thin silica-based PC films. The deposition was performed under a pressure of 6–8 × 10−6 torr, having a deposition rate of 0.1 Å/s.




2.6. Characterization


The polydispersity index (PDI) of the colloidal solutions was measured using DLS with a particle size analyzer (DelsaNano C, Beckman Coulter Inc, Brea, CA, USA). The morphologies of the SiO2 nanospheres and PC film were characterized by scanning electron microscopy (Joel, JSM-7001F, JEOL, Ltd., Tokyo, Japan). The optical properties of the PC film were measured using a UV-vis-NIR measurement system (UV-Vis Hitachi U-4100, Hitachi, Ltd., Ibaraki, Japan). Finally, the SERS spectra of the R6G deposited on Au-coated silica-based PC films with different concentrations were acquired by Raman spectroscopy (Renishaw, Renishaw, LTD., Taichung, Taiwan).





3. Results and Discussion


3.1. Preparation of Uniform SiO2 Nanospheres


The uniform-sized silica nanospheres were prepared via a nucleation-to-growth synthesis process (see Section 2.2). To control the particle size of the nanospheres, different weights of TEOS (i.e., 1.5, 2.5, 4.0, 6.0, 7.0, and 9.0 g) were added to an alkaline solution consisting of NH3(aq)/H2O/EtOH = 2.0/15.0/81.8 g. When added to the alkaline solution, the TEOS hydrolyzed and condensed to form nuclei with a nano-sized dimension. Following an appropriate nucleation time, another TEOS ethanolic solution (7.5 g of TEOS and 25.2 g of EtOH) was poured into the nuclei solution to grow the particles. As the reaction process proceeded, the suspended particles grew homogeneously on the nuclei to form SiO2 nanospheres with particle sizes ranging from 190 to 316 nm, depending on the TEOS concentration (Figure 1). It was found that silica nanoparticles with a larger size could be formed by increasing the NH3 weight content in the nuclei solution. In particular, when the NH3 content was increased from 0.63 to 0.951 and 2.0 M for a fixed TEOS weight of 0.39 g, the particle size of the silica nanoparticles increased from 354 to 500 and 840 nm, respectively, due to the effect of the additional ammonia in increasing the silica condensation rate, as shown in Figure 2.



In general, the uniformity and dispersity of colloidal silica particles play a key role in ensuring the formation of high-quality PCs [1,2,3]. In the present study, the dispersity and particle size of the colloidal silica particles were analyzed by DLS. The corresponding results are shown in Figure 3, in which all of the particle size distribution curves have the form of Gaussian distributions with a single peak and narrow width. Table 1 shows the average silica nanoparticle size and PDI of the various samples. A PDI value of less than 0.07 indicates the existence of only slight agglomerations between the particles [43]. Thus, the results presented in Table 1 confirm that the synthesis process results in the formation of a nearly monodisperse colloidal solution for the subsequent assembly of PCs.




3.2. Modified Drop-Coating Method Using IHEISA Approach


In the IHEISA drop-coating process, the assembling behavior and close-packing of the silica nanospheres were found to be strongly dependent on the drying temperature during the droplet coating procedure. For example, Figure 4a–c show the PC samples prepared using silica particles with a size of 500 nm at temperatures of 40, 43 and 45 °C, respectively. (Note that the relative humidity is 25% in every case). It is seen that the packing of the silica-based PCs is extremely sensitive to the drying temperature in droplet coatings. In particular, the PCs prepared at 43 °C have a more ordered packing arrangement than those prepared at either a lower or higher temperature. A similar tendency is noted for the PCs assembled from silica nanoparticles with a size of 840 nm (Figure 4d–f), for which an ordered packing arrangement is observed only for an intermediate drying temperature of 50 °C (Figure 4e). When the PCs were assembled at temperatures lower than the optimal temperature, some cubic-packing structures (indicated by the arrows in Figure 4a,d) were clearly seen. The presence of these structures indicates that the silica nanoparticles lack sufficient kinetic energy to transform from a cubic packing structure to a close-packed hexagonal structure. Conversely, at higher temperatures, the silica nanoparticles have too much kinetic energy to be trapped within the low-energy cavities of the hexagonal arrangement. Consequently, the PC samples contain a large number of structural defects, such as vacancies or dislocations, as shown in Figure 4c,f. The optimal preparation temperatures for the silica nanoparticles with a size of 500 and 840 nm are therefore 43 and 50 °C, respectively. The PC samples were also prepared using silica nanoparticles with a size of 300 and 400 nm. It was found that the optimal deposition temperatures increased with an increasing particle size of silica. In other words, the optimal deposition temperature for the preparation of well-ordered PC structures increases with an increasing silica nanoparticle size, as shown in Figure 5. Moreover, it is shown that a periodically arranged, opal-structured, photonic crystal film with a large area of approximately 4.0 cm2 can be prepared, as shown in Figure S1.




3.3. Optical Properties of the Silica-Based PC Film


Opal photonic crystals with periodic array structures have unique optical properties of PBG properties that prevent the light of specific wavelengths from penetrating. Limited wavelengths are reflected from the structure and follow to the modified Bragg–Snell law [44,45]; the PBG wavelength can be calculated as:


  λ = 1.63 · a ·    (   n  e f f     2  − s i  n 2  θ  )    0.5    



(1)




where the term 1.63 · a is the distance between the crystal planes in the (111) direction in the close-packing structure, and a is the size of the nanospheres in the PC. Moreover, λ is the wavelength of the PBG, θ is the angle of the incident light, and neff is the effective refractive index of the two different constituents of the PC (i.e., silica and air) [46], and can be calculated as:


   n  e f f     2  = f ·  n  m a t e r i a l     2  +  (  1 − f  )  ·  n  v o i d     2   



(2)







Figure 6 shows the structural color of the PC films composed of silica nanospheres with a size of 180 to 310 nm. It is seen that as the particle size increases, the color changes from violet (181 nm) to lavender (199 nm), blue (231 nm), green (242 nm), yellow (271 nm), and red (310 nm), as a result of Bragg diffraction. For each film, the different layers comprise particles of the same size and have the same thickness. As a result, an equal thickness interference phenomenon is induced, resulting in the formation of highly light-diffracting patterns [47,48].



As shown in the reflection spectra in Figure 7a, the PBG of the silica-based PCs produces a red shift tendency as the particle size increases. Furthermore, the bandwidth of each spectrum is very narrow, which indicates a high assembly close-packing of the silica nanospheres. As shown in Figure 7b, and as predicted in Equation (1), the reflection wavelength of the PC films increases linearly (R2 = 0.99) with an increasing particle size. Although the PCs possess grain boundaries and therefore cannot form a perfect close-packed structure, it is apparent that the IHEISA synthesis process provides a convenient approach for preparing PCs with the desired band gaps. Moreover, the wavelength positions of the PBGs, determined from the reflection spectra, are consistent with the structural color observed by the naked eye, and correspond to the wavelength range of the CIE1931 color space.




3.4. Application of Silica-Basecd PC Films to SERS Substrates


PC films have a high density of nanosized cavities, and therefore provide an ideal substrate for the Au thin film for SERS (see Figure 8). Figure 9 shows the SERS spectra of R6G solutions of different concentrations deposited on Au-coated PC films with SiO2 particle sizes of 316 (Figure 9a) and 354 nm (Figure 9b). It is seen that for the silica-based PC film with a particle size of 316 nm, the R6G detection limit is close to 1 × 10−6 M, while for the 354 nm film, the detection limit is 1 × 10−5 M. In other words, the Au-coated PC film with a silica particle size of 316 nm produces a greater Raman signal enhancement effect than the film with a particle size of 354 nm. This finding can be attributed to the fact that the PBG wavelength of the 316 nm PC film (614 nm) is close to the wavelength of the laser source (633 nm) in the Raman spectroscopy system. Thus, the likelihood of the laser beam being reflected from the film is increased, and the subsequent interaction effect between the Au hot spots and the laser therefore also increases, resulting in a greater overall Raman intensity [49]. By contrast, for the 354 nm PC film, the PBG wavelength (700 nm) is much higher than that of the laser source, and hence the enhancement effect is significantly reduced.





4. Conclusions


A simple nucleation-to-growth synthesis method and IHEISA drop-coating technique were used to prepare PC films consisting of uniform silica nanospheres with a well-controlled particle size. It has been shown that the PC films have a tunable PBG and hence exhibit distinct structural colors. The feasibility of the silica-based PC films for SERS applications was demonstrated by depositing a thin Au coating on the silica-based PC film surface using an E-beam evaporation technique. The results show that, given an appropriate particle size, the PBG of the PC film overlaps the wavelength of the laser source and enhances the intensity of the Raman spectrum accordingly. Thus, the proposed PC assembly method provides a low-cost and facile approach for the fabrication of SERS substrates.
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Figure 1. SEM images of SiO2 nanoparticles prepared with TEOS weights of: (a) 1.5; (b) 4.0; (c) 6.0; and (d) 7.0 g. 
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Figure 2. SEM images of enlarged SiO2 nanoparticles prepared using increased NH3(aq) concentrations of: (a) 0.63 M and (b) 2.0 M. 
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Figure 3. Dynamic light scattering (DLS) size distribution curves for colloidal silica particles prepared using different TEOS concentrations. 
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Figure 4. SEM images of photonic crystal (PC) structures prepared using 500 nm silica particles at drying temperatures of: (a) 40; (b) 43; (c) and 45 °C; and 840 nm silica particles at temperatures of: (d) 45; (e) 50; and (f) 55 °C. 
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Figure 5. Optimal drying temperature in droplet coatings as a function of silica nanoparticle size. 
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Figure 6. Optical micrographs of PC films consisting of SiO2 spheres with dimensions of: (a) 181; (b) 199; (c) 231; (d) 242; (e) 271; and (f) 310 nm. 
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Figure 7. (a) Reflectance spectra of PC films consisting of SiO2 spheres with particle dimensions between 190 and 354 nm; and (b) linear regression plot of photonic band gap (PBG) wavelength versus particle size. 
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Figure 8. Silica-based PC films as a substrate for the Au thin film for surface-enhanced Raman scattering (SERS). 
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Figure 9. SERS spectra of R6G solutions with different concentrations deposited on Au-coated PC films with silica particle sizes of (a) 316 and (b) 354 nm. (I) R6G concentration 5 × 10−3 M, (II) 1 × 10−5 M, (III) 1 × 10−6 M. 
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Table 1. Polydispersity index (PDI) and particle size distribution results obtained from DLS.
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	TEOS (g)
	PDI
	Particle Size (nm)





	1.5
	0.068
	190



	2.5
	0.001
	205



	4.0
	0.057
	239



	6.0
	0.007
	247



	7.0
	0.002
	279



	8.0
	0.040
	316
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