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The relevance of fabrication and investigation of opals and opal-based structures is due to their 

ability to control the emission and propagation of light. Using the method of vertically moving meniscus we 

obtain both single opal films and two-film heterostructures. By examining reflectance spectra, we analyze 

the influence of the ratio of synthesis components on silica particle diameter. Features of the 

heterostructure reflectance spectrum are also discussed by considering the contribution of light scattering 

by the interface. 
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1. Introduction 

Current trends in optoelectronics require materials that ensure confident control over the 
spectral and spatial distribution of optical radiation energy. One of these materials is photonic 
crystals (PhCs), artificial structures with a period of permittivity modulation close to light 
wavelengths. PhCs have the unique ability to create photonic band gaps (PhBG) where 

electromagnetic waves cannot propagate due to destructive interference. As a result, PhCs are 
increasingly used as the basis for creating nanophotonic devices, sensors, and lasers. [1-3].  

One of the prototypes of 3D PhCs is a synthetic opal composed of sequential layers of 
close-packed monodisperse spherical silica particles. Opal films are of great interest here due 
to wider technological abilities of varying their properties, lower defect concentration and 
shorter fabrication time [4, 5]. Their planar structure allows to extend the fields of the PhCs 
application to deformation imaging [6], silicon photovoltaics [7], and anti-counterfeiting 
technology [8] in addition to the above. 

Furthermore, opal films are promising material for creation of controlled defects. As a 
defect leads to an eigenstate in the PhBG, it would be possible to provide directed emission in 
the narrow spectral range by forming a straight line of such defects inside an opal. However, 
creation of predetermined defects becomes challenging for bulk opals. Nevertheless, if a 
heterostructure is created out of two opal films, then the interface is itself a planar defect. 
This approach makes it possible to obtain laser generation from a single PhC chip, as well as 
to fabricate multifrequency optical Bragg filters, PhC sensors or superlattices [9, 10].  

In this paper, we examinate the effect of the synthesis component concentration on the 
diameter of monodisperse spherical silica particles and work out the technology for obtaining 
opal heterostructures with their further parametrisation by optical spectroscopy technique. 

2. Sample fabrication and experimental technique 

The fabrication of opal film samples involved the synthesis of silicate particles (SPs) 
and their subsequent deposition onto substrates. SPs were produced by the hydrolysis of 
tetraethyl orthosilicate Si(OC2H5)4 (TEOS) in an ethanol–water solution in the presence of 

ammonia hydroxide as catalyst. Thereupon particles were deposited on a glass substrate by 
the vertically moving meniscus method (Fig. 1a). SPs formed a face-centred cubic (fcc) 
lattice with the lattice direction [111] perpendicular to the film surface [11]. The film growth 
process was carried out under the isothermal conditions at 25 °C with the subsequent 
annealing at 100 0C for 6 hours to increase mechanical stability. 

To fabricate heterostructures, SPs with another diameter were prepared by the multistage
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Stöber method with using already synthesized particles as seeds [12]. In this respect, 

portion of the suspension was diluted in water–ethanol–ammonium mixed solvent of the 
same compound and additional quantity of TEOS. Depositing new SPs, we obtained the 
second film crystallized on the first one acting like a substrate. Upon the crystallization 
all the samples were annealed at 450 °C for 3 hours to remove physically adsorbed water 
and organic residues [13].  

Reflection spectra of samples were measured at different angles θ with respect to 
normal to the growth surface (Fig. 1b). All the spectra were obtained by using a modified 

spectrometer based on a double monochromator DFS-12 within the 400 – 650 nm range. 
Reflectance coefficients were derived from the corresponding spectra by dividing them 
by the emission spectrum of incandescent lamp used for sample illumination. The light 
beam diameter on the sample surface was no more than 1 mm. An error in angle setting 
did not exceed 1.5°, and an accuracy in defining spectral position was ±0.15 nm.  

  
                                       (a)                                                                                           (b) 

Fig. 1. Fabrication and measurement schemes: (a) – growing the opal film by the method of vertically 

moving meniscus; (b) – obtaining the reflection spectrum of the two-film opal heterostructure.  

3. Results and discussion 

Typical angular dependence of the opal film reflection spectrum is shown by the 

curves 1, 2, and 3 in Fig. 2. Since opal is a structure with dielectric modulation on the 
nanometer scale, its reflection spectrum is due to the Bragg diffraction of light on sets of 
the planes (hkl) of fcc lattice. This process can be described by the Laue equation, k + 
Ghkl = k

/, where k and k
/ are wavevectors of incident and reflected beams respectively, 

and Ghkl is the corresponding reciprocal lattice vector. For light diffraction on the planes 
(111), usually of the first order one, the reflectance maximum position λm is derived from 
the Laue equation as follows  

 

 
 

(1) 

where d111 is the interplanar (111) spacing and neff is the effective refraction index. The 
latter is defined as square root of the sum of partial permittivities of silica and air and 

assigned as 1.27 in our calculations. In the coordinate system , the 

angular dependence of the reflectance maximum is well described by the linear 
approximation with zero intercept (the inset in Fig. 1), and d111 is derived from the slope 
value. According to D = d111 (3/2)1/2, mean SP diameter D for different mixture 
compositions can be calculated (Table 1). The value of the relative reflectance bandwidth, 
not exceeding 10%, indicates a low dispersion of particle diameters within several 
nanometers.  
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Fig. 2. The single film (1-3) and heterostructure (4-6) spectra at θ=40° (1, 4), 50° (2, 5), 60° (3) and    

65° (6). The single and bottom heterostructure films correspond to the mixture composition labelled  

as N7 in Table 1, the top film is related to the composition W3T. Linear approximation of angular 

dependence of the reflectance maximum position for the N7 single film is presented in the inset.  

Table 1 

The mixture composition used for the synthesis silica particles and mean silica particle diameter 

Series 

label 

Volume, 10-6 m3 
D, nm 

H2O C2H5OH (96 %) Si(OC2H5)4 (98 %) NH4OH (25 %) 

N7 12 100 4.8 42 356  
W 7 100 7 13 246  

W10 7 100 7 13 (10 %) 250 
W2T 7 100 9.5 13 270  
W3T 7 100 7 (+ 3.5)* 13 – **  
AM4 7 100 7 13 (+4)* – ** 

* added after the first stage of synthesis (by using the multistage Stöber method) 

** not determined for a single film, used as top film in the heterostructure with bottom N7 film  

As can be seen from Table 1, the combined reduction in water and ammonia 

together with increasing TEOS leads to an essential decrease in the SP diameter. At the 
same time, increasing the amount of TEOS, while keeping all other parameters 
unchanged, contributes to an increase in the SP diameter. As afore stated, the facilitated 
synthesis of silica particles with diameters like N7 composition is used for growing 
bottom films in heterostructures. 

Angular dependence of the N7 + W3T heterostructure reflectance is represented by 
the curves 4, 5, and 6 in Fig. 2. As in the spectra of single films, the reflection band is 

shifted towards the shorter wavelengths with increasing angle of light incidence. It can be 
explained by assuming the heterostructure reflection spectrum as the sum of the reflection 
spectra of top and bottom films. In this case, the “red side” shift of the heterostructure 
band compared to that of N7 single film at the same angle θ indicates the larger SP 
diameter in W3T top film (Fig. 2). The band broadening with increasing θ could be 
caused by different angular dependence of reflection bands for top and bottom films, in 
accordance with Eq. 1. It should also be noted that the heterostructure reflectance is much 

lower than that of a single opal film. It is most likely due to additional light scattering at 
the interface in the heterostructure. 
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4. Conclusions 

Angular dependence of the single opal film reflectance is well described within the 
framework of the Bragg light diffraction and can be used to control the SP diameter. The 
latter is essentially changed by varying the TEOS and ammonia hydroxide 

concentrations, especially with using the multistage Stöber method. Opal heterostructure 
obtained by this method exhibits angular dependence of reflectance generally like that of 
single film, namely, a “blue shift” of reflectance maximum with increasing the angle of 
light incidence. However, its spectrum can rather be seen as a superposition of the spectra 
of the films composing the structure, considering the significant contribution of the 
interface to light scattering and attenuation of the reflected light beam. The obtained 
heterostructures can be used as templates for creating laser-active systems by infiltrating 

them with an appropriate substance.  
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