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Abstract The spectral reflectance of microperiodic structures of silica microspheres
was investigated. The electromagnetic dispersion relation in a close-packed structure
of silica spheres is computed. The three-dimensional close-packed structures, self-
assembled with silica microspheres (2 µm and 3 µm), were rapidly fabricated over a
large area. Specular reflectance was measured by using Fourier transform-infrared
spectroscopy (FT-IR). The experimental results were evaluated by a modification of
Bragg’s law, taking into account Snell’s law of refraction, and calculations of multiple
reflections and the scalar wave approximation method. In addition, to expand the
reflection wavelength range, a double-layered sample was fabricated, and its spectral
reflectance was determined.

Keywords Close-packed structure · FT-IR · Microperiodic structures ·
Self-assembly · Silica microspheres

1 Introduction

Thermal radiation is energy transferred by electromagnetic waves. Thermal radia-
tive properties of materials can be improved artificially by microstructured surfaces
[1–4]. The propagation of electromagnetic waves can be controlled by microperiod-
ic structures such as photonic crystals [5,6]. Photonic crystals can form a frequency
bandgap for electromagnetic radiation much like natural crystals having a bandgap for
electrons. Incident electromagnetic radiation is reflected by photonic crystals because
propagation of electromagnetic waves is inhibited at a photonic gap [7,8]. Hence,
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photonic crystals are expected to be used for a thermal radiation shield [9,10], i.e.,
suppression of thermal radiation [11].

However, fabricated photonic crystals have been very small for thermal engineering
applications because standard microfabrication processes are used for sample prep-
aration. Large photonic crystals are fabricated by means of colloidal techniques to
solve the size issue. The prepared large photonic crystals are called colloidal photonic
crystals [12–14]. Macroscopic periodic dielectric spheres induce Bragg diffraction for
incident electromagnetic waves at specific wavelengths. Optical properties of colloi-
dal crystals assembled with dielectric submicron spheres have been studied experi-
mentally and theoretically [15–17]. The colloidal crystals can be applied to modify
thermal radiative properties by increasing the size of particles. It is one of the prob-
lems that the reflection wavelength range of colloidal crystals assembled with only one
size of dielectric spheres is too narrow for thermal radiation reflection. To solve this
issue, a multilayer colloidal crystal may be useful to expand the reflection wavelength
range [18].

In this paper, the spectral reflectance of microperiodic structures of silica micro-
spheres of well-defined thickness are investigated in the infrared region. The electro-
magnetic dispersion relation in a close-packed structure of silica spheres is computed,
and then the sizes of particles are determined to reflect the infrared range. The samples
are fabricated over a Si substrate by layer-by-layer stacking of hexagonally close-
packed monolayers of silica microspheres. The sample configurations are observed
by a scanning ion microscope (SIM). The spectral reflectances of microperiodic struc-
tures are measured using a microscopic FT-IR spectrometer. The measured spectral
reflectances are evaluated by using a modification of Bragg’s law, taking into account
Snell’s law of refraction, and calculations of multiple reflections (MRs) and the SWA.

2 Microperiodic Structure Design

Microperiodic structures were designed by using a numerical code named MIT Pho-
tonic Band (MPB) [19]. The dispersion relation of electromagnetic waves in an face-
centered-cubic (fcc) lattice of dielectric spheres was computed by MPB. In this study,
prepared samples are close-packed structures of silica microspheres fabricated by
self-assembly. The close-packed structure takes three possible stacking structures:
ABC type as fcc lattice, ABA type as hexagonal-close-packed (hcp) structure, and a
mixture of fcc and hcp. From experimental observations, fcc is more stable than hcp
[15,20]. Therefore, an fcc lattice was considered as a periodic structure in the calcu-
lation. In this calculation, the dimensionless radius, r/a, and the dielectric constant of
spheres, ε, can be used as parameters. The dimensionless radius r/a = 0.354 because
of the close-packed structure of spheres. The dielectric constant, ε, can be expressed
as εε′ + iε′′ = n2 − k2 + i2nk. The refractive index of silica, nsilica, is approximately
1.4, and the extinction coefficient, ksilica, is from 10−2 to 10−5 [21] in the infrared
range, especially below 8 µm in wavelength. Thus, the dielectric constant of silica,
εsilica, is calculated to be 1.96. The computed dispersion relation of electromagnetic
waves is shown in Fig. 1. The solid and broken lines show the computed transverse
magnetic (TM) and transverse electric (TE) bands against the special k-points labeled
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Fig. 1 Photonic band structure of fcc lattice of dielectric spheres

in the Brillouin zone. The �-L direction corresponds to the [111] direction in an fcc
lattice. The photonic gap appeared at ωa/(2πc) = 0.67 in the �-L direction. The
numerical results show that the relation between the photonic gap wavelength, λ, and
the center-to-center distance, D, of a close-packed structure is expressed by

λ = a/0.67 = √
2D/0.67 = 2.11D (1)

where D is equal to the particle diameter, d, because of the close-packed structure.
According to results of the numerical analysis, the sizes of the silica spheres were
selected as 2 µm and 3 µm in diameter to enhance reflectance in the infrared range.

3 Fabrication of Microperiodic Structure

Mono-dispersed silica microspheres (2 µm and 3 µm in diameter) were obtained from
Catalysts & Chemicals Ind. Co, Ltd. A few drops of a suspension of silica microspheres
were dropped onto a water surface by using a microsyringe. The silica microspheres
form a hexagonally close-packed monolayer by self-assembly as the solvent evap-
orates over the water surface. The mechanism of two-dimensional crystallization is
governed by the capillary forces between particles partially protruded from a solvent
surface, and the crystal grows through convective particle flux caused by the solvent
evaporation from the already ordered array [22]. After the solvent evaporates com-
pletely, the monolayer of silica microspheres was transferred to a Si substrate [23].
The size of the Si wafer is up to 5 cm (2 in) with a double-sided mirror surface and a
thickness of 0.3 mm. The sample was dried on a hot plate. The thickness of the samples
was controlled precisely by repeating these processes. We prepared samples consist-
ing of 3, 5, 8, and 10 layers of close-packed silica microspheres (2 µm and 3 µm in
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Fig. 2 Sample images: (a) full images, (b) surface, (c) oblique, (d) particle arrays, (e) cross-sectional
image of a 10-layered sample, and (f) cross-sectional image of a double-layered close-packed structure

diameter). In addition, a double-layered sample which had 10 layers of close-packed
3 µm silica spheres on 10 layers of close-packed 2 µm silica spheres was prepared.

4 Observation of Sample Configuration

The fabricated samples were observed by mean of SIM (JFIB-2300, Seiko Instruments
Inc.), as shown in Fig. 2. Although dislocations and lattice defects were observed, the
silica microspheres formed a close-packed structure over a large area. The diameters of
the silica spheres were measured directly from the SIM images by using image analy-
sis software (Asahi Kasei Engineering). The measured average diameters of 2 µm and
3 µm samples were 2.07 µm and 2.82 µm, respectively.

5 Measurements of Spectral Reflectance

The spectral reflectance was measured by using a microscopic FT-IR spectrometer
(Micro FT/IR-300, JASCO). The focal point was adjusted to the surface of a sam-
ple. The incident light enters the surface of a sample with an incident angle of 20◦
through a Cassegrain mirror, and then specularly reflected light is collected by the
same Cassegrain mirror and fed to a detector (mercury cadmium telluride, MCT).
The transmitted light passes through to the back of a sample, and does not contrib-
ute to the measurement. The measuring infrared wavelength range is from 2.5 µm to
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15.4 µm (from 650 cm−1 to 4000 cm−1). The measuring area of the sample surface is
300 µm×300 µm.

The reflectance of the real surface consists of mostly a specular component and a
diffuse component. However, we focused only on the specular component, because
the effects of microperiodic structures strongly appear in the specular component.

The reflection spectrum of a gold mirror was measured as a reference I0(λ) prior
to the following measurements. Next the reflection spectrum of a sample Ir(λ) was
measured. The spectral reflectance of a sample ρ(λ) is calculated as the ratio of the
measured result of a sample to that of a reference per the following equation:

ρ (λ) = Ir (λ)/I0 (λ). (2)

6 Optical Properties of Close-Packed Silica Microspheres

6.1 Bragg’s Law

The approximate prediction of the reflection peak wavelength, λ, due to Bragg dif-
fraction from colloidal crystals have been expressed by a modification of Bragg’s
law, taking into account Snell’s law of refraction [12,13,17], for an arbitrary incident
angle, θ ,

λ = 2d111

√
n2

eff − sin2 θ. (3)

where d111 is the interplanar spacing of (111) planes of a close-packed structure,
and is given by d111 = √

2/3D. The effective refractive index, neff , is expressed as
[12,13,24,25]

n2
eff = φn2

SiO2
+ (1 − φ) n2

air. (4)

where nsilica and nair are refractive indexes of silica and air. The refractive index of
silica in the infrared range from 2 µm to 7.5 µm in wavelength [21] is approximately
1.4, while the value for nair is 1.0. φ is the volume fraction of the spheres. Thus, neff
is calculated to be 1.31.

6.2 Scalar Wave Approximation

The quantitative prediction of the optical properties of the colloidal crystals based on
the SWA has been performed [26]. The peak wavelength and width of the reflection
peak due to Bragg diffraction as a function of the numbers of layers are described
by the SWA. The solution of the Maxwell equation for an electric field in a periodic
structure leads to expressions for the transmission rate TSWA,

TSWA = 2β0 exp(−ik0 Nd111)

2β0 cos(k Nd111) − i
(
1 + β2

0

)
sin(k Nd111)

. (5)
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where N is the number of layers. k0, k, and β0 are analytical expressions depend-
ing on other parameters not described here (For details, see Ref. [26]). If we neglect
absorption, the reflection rate RSWA can be expressed as RSWA = 1 − TSWA.

At wavelengths greater than 7.5 µm, the refractive index and extinction coefficient
of silica become too large; thus, the reflection rate is not accurately calculated. There-
fore, the reflection rate at wavelengths smaller than 7.5 µm is adopted here. The optical
constants of silica as a function of wavelength [21] are used in this calculation.

6.3 Multiple Reflections

The difference between the refractive index of the layer of close-packed silica micro-
spheres and the Si substrate may cause MRs inside each medium. If we assume the
layer of close-packed silica microspheres is a homogeneous plane sheet with an effec-
tive refractive index, neff , and an effective extinction coefficient, keff , the radiative
properties of the plane sheet is determined through geometric optics and ray trac-
ing [27]. The reflection coefficient, taking into account multiple reflections inside the
plane sheet and substrate can be approximately expressed as

RMRs = r12 + r23 (1 − r12)
2 τ 2

2

1 − r12r23τ
2
2

+ r34 (1 − r12)
2 (1 − r23)

2 τ 2
2 τ 2

3

1 − r23r34τ
2
3

. (6)

where ri j is the reflectance at the interfaces between two contiguous media. In this
calculation, the incident angle is the normal incidence, although the incident angle is
20◦ in this experiment because of a small discrepancy from Fresnel’s equations. For
the case of normal incidence, the reflectance at the interface [27] is

ri j =
(
n j − ni

)2 + k2
j(

n j + ni
)2 + k2

j

. (7)

The optical constants of silica as a function of wavelength [21] are used in this calcu-
lation. τ is the transmittance of the medium, and is expressed as

τ = exp[−4πkh/λ0] . (8)

where k is the extinction coefficient, and λ0 is the wavelength of incident radiation. h
is the thickness, and the thickness of the sample hsmp consisting of N layers of particle
diameter, d, can be calculated as

hsmp = [(N − 1) d111 + 1] d. (9)

7 Results and Discussion

The experimental spectral reflectances of samples which consist of close-packed silica
microspheres (2 µm and 3 µm in diameter) made up of 3, 5, 8, and 10 layers are shown in
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Fig. 3 Spectral reflectance of samples consisting of silica microspheres: (a) 2 µm silica spheres and
(b) 3 µm silica spheres

Fig. 3. The reflection peak due to Bragg diffraction appeared at a specific wavelength
depending on the particle size. The (arrowed) reflection peak becomes higher and
narrower with an increasing number of layers, and the peak position shifts to longer
wavelengths. The peak wavelengths are 4.32 µm and 5.90 µm for samples consisting
of 10 layers of 2 µm and 3 µm silica spheres, respectively. A broad reflection increase
under the Bragg reflection peak is observed in the wavelength range below 8 µm, and
it decreases with an increase in the number of layers.

The reflection peak wavelength due to Bragg diffraction as a function of the inci-
dent angle is approximately expressed by a modification of Bragg’s law, taking into
account Snell’s law of refraction. Comparisons between the experimental and calcu-
lated reflection peak wavelengths are shown in Fig. 4. The calculated peak wavelengths
are 4.27 µm and 5.81 µm for samples of close-packed, 2 µm and 3 µm, silica spheres,
respectively. The experimental values are well reproduced by the equation.

The experimental reflection spectrum of close-packed silica microspheres fabri-
cated over a Si substrate includes mainly Bragg diffraction, multiple reflections, and
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Fig. 4 Peak wavelength of spectral reflectance of samples with different diameters of silica spheres

solid-state properties of silica. To understand the experimental spectra, we consider
these effects separately. The spectral reflectances calculated by Eqs. 5 and 6 for sam-
ples which consist of close-packed silica microspheres (2 µm and 3 µm in diameter)
made up of 3, 5, 8, and 10 layers are shown in Fig. 5.

From SWA calculations, the Bragg reflection peak position and peak width vary
with an increase in the number of layers. Comparisons between the experimental and
calculated Bragg reflection peak wavelengths and peak widths as a function of the
thickness of the samples (the number of layers) is shown in Fig. 6. The plotted values
are normalized by the Bragg wavelength, λB, calculated by SWA. The Bragg reflec-
tion peak wavelength converges to the Bragg wavelength by increasing the number of
layers sufficiently (more than about 50 layers). The reflection peak shifts slightly to
longer wavelengths with an increase in the number of layers in the experiment. On the
contrary, the reflection peak shifts to shorter wavelengths in the calculation of the SWA.
Although the shifting direction is reversed, both reflection peaks approach asymptot-
ically to the Bragg reflection peak wavelength. The experimental data of samples of
3 µm silica spheres slightly overlap. The optical constant of silica spheres may not
agree with the reference value. The magnitudes of reflectances between experimental
and calculated results are not consistent. The peak width become narrower with an
increase in the number of layers, and becomes consistent for the sample consisting of
10 layers.

From the calculation of the reflectance considering multiple reflections, the reflec-
tance increases at wavelengths <8 µm, and the magnitude of the reflectance decreases
with an increase in the number of layers, as in the experiment. Comparisons between
experimental and calculated reflectances for close-packed silica microspheres (2 µm
and 3 µm in diameter) consisting of 10 layers are shown in Fig. 7. The magnitude of
the reflectance is of the same order for both experimental and calculated reflectances.

In the wavelength range from 8 µm to 12 µm, the strong reflection peak is due to
the solid-state properties of silica. Although the magnitude is not consistent, the peak
position is the same, so that this reflection peak is identified as a solid-state property
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Fig. 5 Calculated reflectance of multiple reflection and SWA calculation: (a) 2 µm silica spheres and
(b) 3 µm silica spheres

of silica. At wavelengths below 5 µm, the reflectance is constant with a value of approx-
imately 0.4 in the calculation of multiple reflections.

This is not consistent within experimental results. The propagating light is scattered
by particles, and the specular component decreases. The reason for the strong peak
of reflection of 3 µm samples at 10.5 µm wavelength is unknown. It is possibly due to
some kind of substance added by the manufacturer.

The reflection wavelength range of a close-packed structure which consists of only
one size of silica particles is too narrow. The multiple wavelength range can be reflected
by stacking layers consisting of different size particles [14,16]. To enhance the reflec-
tance at multiple wavelengths, a double-layered sample, stacking 10 layers of 3 µm
silica spheres on 10 layers of 2 µm silica spheres, was fabricated. The measured spec-
tral reflectance is shown in Fig. 8. Two reflection peaks appeared simultaneously at
4.29 µm and 5.80 µm. The two peaks correspond to reflection peaks of samples consist-
ing of 2 µm and 3 µm silica spheres. Therefore, the double-layered sample combines
the properties of each layer. However, the reflectance at each peak of the double-lay-
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Fig. 6 Variation of reflection peak position and width as the function of the number of layers: (a) 2 µm
silica spheres and (b) 3 µm silica spheres

ered sample is lower than the reflectances of samples consisting of only one size of
silica spheres. A stacking structure for which the reflectance becomes a maximum
with a broad reflection wavelength range is required.

8 Summary

The spectral reflectance of close-packed silica microspheres is investigated in the
infrared wavelength range. The electromagnetic dispersion relation in a close-packed
structure of spheres is computed. The photonic gap is found at a frequency ωa/(2πc) =
0.67. The close-packed structures are prepared over a large area by self-assembly with
silica microspheres; particle sizes are 2 µm and 3 µm to enhance the reflectance in the
infrared range. Close-packed structures which assembled with only one size of silica
spheres and a double-layered close-packed structure which formed by layer-by-layer
stacking are fabricated with silica microspheres on a Si substrate. The spectral re-
flectances are measured by using an FT-IR spectrometer. The reflection peak due to
Bragg diffraction appears at a specific wavelength depending on particle size. The
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reflection peak position shifts asymptotically to the Bragg wavelength, and the peak
width become narrower with an increase in the number of layers. The reflection peak
wavelengths on samples consisting of 10 layers are 4.29 µm and 5.90 µm on samples
of 2 µm and 3 µm silica spheres, respectively. The peak wavelengths correspond to
Bragg’s law, taking into account Snell’s law of refraction. From calculation of the
reflectance considering multiple reflections inside a sample and substrate, the mag-
nitude of the reflectance is of the same order at wavelengths greater than the Bragg
wavelength. The variation of peak position and width with an increase in the number
of layers is explained by the comparison between experimental and SWA calculated
results. Although the direction of peak shifts is opposite, the peak shifts asymptotically
to the Bragg wavelength. The peak width narrows with an increase in the number of
layers, and becomes consistent for the sample consisting of 10 layers. The magnitude
of the reflection peak is not consistent. In the reflection spectrum of double-layered
close-packed structure, two reflection peaks appeared simultaneously. The two peaks
can be explained by the reflection spectrum of each layer.
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