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Abstract. Optical diffraction of opal structure, a colloidal photonic crystal, can be predicted by
Bragg-Snell diffraction and photonic band structure. Theoretical prediction and optical
measurement are frequently slightly different due to distance variation of particle packing. In
this research, opal of 310 nm polystyrene beads was fabricated by self-assembly process and
optically investigated in transmission spectra at varied angles. The measured spectra had less
agreement to the Bragg-Snell prediction at large angle of detection. To explore influence of
packing distance on optical response, photonic band structures were numerically simulated via
plane-wave expansion method at presence of perturbed length in primitive lattice vectors.
Extending each primitive vector with fixing others provided a different eigen-frequency of the
first photonic band, although they had a symmetrical perturbation on (111) face-centered cubic.
Perturbation on lattice length became much strong when the disturbing direction was out of
eigenstate orientation plane.

1. Introduction

Optical diffraction of colloidal photonic crystals, frequently called as opals, can be well predicted by
Bragg-Snell prediction [1] in some regions. The Bragg-Snell equation combines between diffraction of
parallel crystal planes (Bragg’s diffraction) and refraction at interface of two media (Snell’s law) with
various incidence angle. The Bragg-Snell equation from (111) surface can be written in general form

for (hkl) plane diffraction as
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The diffracted wavelength A,y from (hkl) plane at incidence angle 6 is calculated from the product
of (111) d-spacing, effective refractive index Ny and cosine of relative angle of (111) and (hkl) planes
W (huiy - There were several reports that the measured Bragg diffraction angles can be differ from the

theoretical prediction values [2-3]. Moreover, the diffraction intensity becomes weaker in disordered
opal and its peak slightly shifts to longer wavelength [4-5]. The main cause of disordered opal was



assumed by variation of particle diameters, thermal fluctuation in self-assembly process [6] and solution
evaporation rate [7]. For face-centered cubic (fcc) structure of opal, anti-band crossing of (111) to (200)

and (111) was observed at 30° for U and K symmetry points, respectively, and at 40° in the orthogonal

axis for W symmetry point [8].

Fabrication of opals is easily made by self-assembly process of colloidal packing with natural forces
such as capillary and Van der Waals forces [9]. For solution process, a convective deposition is a well-
alternative approach among the others for example spin coting, dip coating or vertical deposition [9]. In
order to obtain better crystal quality, the convective deposition can achieve by using substrate vibration
during coating [10].

In this work, the convective deposition with vibration assistance was used for opal film fabrication.
Opal microstructure was observed by scanning electron microscope (SEM) and the self-assembled opals
were optically characterized by transmission spectra at varied angles. Moreover, an imperfection of opal
structures was computationally studied via plane-wave expansion method (PWEM).

2. Experiment and simulation methods

The fcc structures of polystyrene particles (purchased from Thermo Fisher Scientific) with diameter of
31049 nm (standard deviation < 3%) were prepared by convective deposition [11]. The glass substrate
was moved with speed of 10 um/s by linear motor and vibrated at frequency of 40 Hz during self-
assemble process. The microstructure of fabricated opal films were observed by SEM with conductive
ultrathin film coating.

For optical characterization, the transmission spectra were examined for investing Bragg diffraction
and analyzing opal crystal quality. The transmission measurement was performed in Shimadzu UV-Vis
2600 spectrometer with varying the sample angle from -50° to 0° and 0° to +50° with respect to normal
axis of the substrate.

The photonic band structures and their related electric fields were studied on varied perturbation axes
by PWEM which is having eigenfrequencies and eigenstates by solving Maxwell’s eigen-equation. The
simulation was performed by MIT Photonic Bands (MPB), open-source software. The primitive vectors
and high symmetry points used in this PWEM simulation were taken from reference [12]. Three

primitive vectors of fcc were defined as a,, a, and az for (0,1/2,1/2), (1/2,0,1/2) and (1/2,1/2,0),

respectively. To study photonic bandgap change under perturbed lattice, the translation vector along
each primitive vector was extended by 10%. Thus, the sets of imposed perturbed vectors were

(1.1a;,1.0a,,1.0a3), (1.0a;,1.1a,,1.0a3) and (1.0a,,1.0a,,1.1a3).

3. Results and discussion
The opal film of 310 nm polystyrene particles presented violet color as shown in figure 1 (a). The opal
structure showed hexagonal layer packing as observed by SEM (figure 1 (b)). There are multi-domain
orientations of the order particles and small areas of disorder particle’ assembly at grain boundaries.
Multiple domains in self-assembly can be caused by fast evaporation rate of solution and simultaneous
crystal formation in different places [7]. Moreover, the variation in thermal gradient in solution and
hydrophilicity of substrate surface [6] would induce point and line defects in opal film.

Transmission spectra of the 310 nm opal films were measured at -50° to 0° and 0° to 50° with 5°
increment and plotted in figure 1 (c). Predicted-diffracted wavelengths estimated by Bragg- Snell
equation were labelled on the spectra by black, red and green arrows for (111), (200) and (111) plan

of fcc, respectively. The measured spectra and the estimated diffraction peaks had well agreement in the
region where the angles varied between -20° to 0° to +20° and became different for the wider angles.
This may occur due to a higher chance of multi-domain measurement at large angle with larger
projection area. Additionally, the diffraction peaks merging of (111) and (111) planes at angle of about
25° can be another factor of the shift [2]. The misaligned stacking sequence of particle layers can disturb
the opal crystal structure and can result in variation of packing period.
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Figure 1. (a) Photograph of fabricated opal film presenting violet color, (b)
SEM image of order 310 nm nanoparticle opal film and (c) transmission spectra
measured at angles from -50° to 0° to +50° with black, red, and green arrows

labelled of predicted diffraction wavelength from (111), (200) and (Tl 1) fce
planes, respectively.

Simulation of eigen electric fields on photonic band structures was applied to explore the effect of
perturbed lattice distance on photonic band gap. The lower band-edge of the first bandgap in I'L
direction, corresponding to [111] fcc, indicated strong effect for the case of perturbation vector
(1.0a1,1.1a2 ,1.0a3) , see the circle in figure 2 (b). For electric-field energy density of this perturbation
axis, the mode field was spatially spanned out of plane, while those in the other cases were extended in
plane. Although three primitive vectors had the same projected angle to vector [111], only the perturbed
a, direction case had the most influence on the first photonic bandgap due to pointing out to the plane

of field localization direction. Additionally, the spatial shape of electrical energy localization become
more spherical at the a, perturbation, see color contours figure 3. Having optical localization in
different geometrical shape would be a reason of shifted eigenfrequency.
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Figure 2. Photonic band structures of perturbed opal crystals with primitive vectors of
(a)(1.1a,, 1.0a,, 1.0a3), (b) (1.0a,, 1.1a,, 1.0a3 ) and (c) (1.0a,, 1.0a,, 1.1a3).



Figure 3. Contours of electric-field energy density fixing the
value at 3.5 shown in blue, green and red colors for
perturbation on a,, a, and aj, respectively. The x-, y- and

z-axis presented in red, green and blue arrows.

4. Conclusion

Colloidal photonic crystals or opal structures was fabricated by convective deposition with vibration
assistance and exhibits optical diffraction predicted by Bragg-Snell equation. The measured diffracted
wavelengths have some agreement to the theoretical prediction in region of low angle of incidence but
the shift occurred at large angle probably due to several grains involving at this large projection area of
incidence and non-ideal face-centered cubic packing. For simulation by plane-wave expansion method,
the perturbation effect on photonic bandgap became strong for the perturbed crystal with Eigen electric
field mode extending in out of localization plane.
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