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OPTICAL PROPERTIES OF POROUS ALUMINA CERAMICS WITH MICRON OPEN CELLS
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Porous ceramic material is widely used in a great deal of fields. In this work, porous alumina ceramics
with micron open cells are modeled by applying the inverse opal structure. The considered porous alumina
ceramics are periodic with different size parameters. The diameters of spherical pores are 200, 400, 600,
and 800 nm, while the ratios of height to diameter range from 0.1 to 0.9. The absorptivity, transmissivity,
and reflectivity for the wavelength range from 0.2 to 2 um are calculated using the finite difference time do-
main (FDTD) method. Then the effects of size parameters and incident angle on the optical properties are
discussed. The results show that the absorptivity is usually very small. For the transmissivity, a wide dip in
the transmission spectrum appears when the diameter and height exceed the critical values, and a red shift
of the transmission spectrum’s wide dip with increasing height is observed. When the incident wavelength is
longer than the critical wavelength, the spectral transmissivities of porous ceramics with a certain diameter
reach a stable domain. Moreover, the red shift of the wide dip, the critical incident wavelength, and the crit-
ical ratio of height to diameter are visibly affected by the size parameters and the incident angle.

Keywords: porous ceramic material, inverse opal structure, optical properties, finite difference time
domain method.
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(Illocmynuna 3 cenmsbps 2018)

Tlopucmas anomoOKcuoOHas Kepamuka ¢ MUKPOHHBIMU OMKPLIMbIMU A4eUKaAMU MOOEIUpyemcs ¢ no-
MOWbIO CMPYKMYPbl UHEEPMUPOBAHH020 onand. Paccmampusaemasn kepamuka npeocmasisiem cobotl nepu-
00UHECKYI0 CIPYKIMYPY C PA3TUYHBIMU 2e0MempUudecKumu napamempamu: ouamemp cepuyveckux nop 200,
400, 600 u 800 um, omuowenue goicomul K ouamempy usmensiemes 6 ouanazone 0.1-0.9. Iozrowaowas
CHOCOOHOCb, KOIPOUYUESHM NPONYCKAHUA U OMPANCAMENbHAS ChOCOOHOCMb 05 duana3ona 0.2—2.0 mxm
paccuumansl ¢ UCHOAL308AHUEM MEMO0d KOHEUHbIX pasHocmell 8o epemennol ooracmu (FDTD). O6cyaic-
oaemcs GnUAHUE 2eOMEMPULECKUX NAPAMEMPOS U yena naoeHus na onmuyeckue ceoticmea. Ilokazano, umo
noznowaowads cnocobnocms 06b1uHO ouenv mana. Kozoa ouamemp u gvicoma npeguluuaiom KpumuiecKue
3HAYeHUs, 8 CHeKmpe NPONYCKAHUS NOSAGIAENCI WUPOKULL NPOBAT U C Y8eludeHUeM 8biCOmbl HAbm00aemcs
e2o kpacHoe cmewenue. Koeoa onuna nadaioweti 6onnvl cmanosumcs 60avule KpUMu4ecKkol, CneKmpanvhvle
K03 uyuenmsl nponycKanus NOPUCMoll KePAMUKU ¢ ONpedeeHHbIM OUAMEMPOM 00CMU2am CmabUIbHOU
obnacmu. Kpacnoe cmewenue nposana, Kpumuueckas OnUHA 0AHbI NAOAIOWE20 UTYUEHUS U KpUMU4ecKoe
OMHOWEHUe BbICOMbL K OUAMEMPY, OYe8UOHO, 3AGUCSIN OM 2e0MEeMPUYECKUX NAPAMEMpPOo8 U Yaid NA0eHUsl.

Knrwouesvle cnosa: nopucmulii Kepamuueckuti Mamepuan, CmMpykmypa UH8epmupo8aHHo2o onaid, on-
muueckue ceoUCmed, Memood KOHeUHbIX pa3HOCmell 80 8PeMeHHOl 061acmu.

** Full text is published in JAS V. 86, No. 6 (https://www.springer.com/journal/10812) and in electronic version
of ZhPS V. 86, No. 6 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. Porous materials are expected to find a growing number of applications in modern devel-
opment of science and engineering. Porous materials present unusual superiorities [1-3] including optical
properties, low thermal conductivity, low density, high permeability and high surface area. Extensively em-
ployed porous materials include metal, polymer, and ceramic. Three-dimensionally ordered porous materials
have been intensively investigated in recent decades, and their fabrication processes are rapidly developing
with advanced nano-manufacturing technology [4—6]. The inverse opal structure is one of main techniques
for fabrication of the three-dimensionally ordered porous materials. The sol-gel synthesis method for artifi-
cial inverse titanium opals was introduced by Wijnhoven et al. [7]. An important advantage of the inverse
opals is that this kind of structure consists of an ordered arrangement of pores. As a result of periodic modu-
lation of structures and properties, ceramics are produced with the functionality of a photonic crystal, which
leads to the regulation and control of the incident radiation in certain wavelength ranges [8—10].

The mechanical, chemical, and electromagnetic properties of porous materials have been investigated in
depth. Furlan et al. [11] fabricated the inverse alumina opals and tested the structural transformation under
high temperatures. Bristy et al. [12] presented nanocomposite particles possessing superparamagnetic prop-
erties in porous y-Al,O3 ceramics by applying X-ray photoelectron spectroscopy. Shi et al. [13] demonstrated
a possible phase transition of a-Al,O3 powder and microstructural transformation inside porous ceramic ma-
terials. Bakken et al. [14] reported the biaxial strength and subcritical crack growth of three porous alumina
ceramics prepared by using coarse grained alumina powder and silica as sintering aid. In the fields of cata-
lysts [15], photonic crystals [16, 17], and other application in thermology and optics, the interactions of light
and porous materials are vital and influential for further researches. For the optical and radiative properties
of porous material, some excellent works have appecued. Contento et al. [18] proposed a theoretical ap-
proach to develop a new radiative heat transfer model based on the tetrakaidecahedron representation of
open cell metal foams and evaluated the radiative conductivity of foams by means of the proposed model.
Martin et al. [19] reported on the fabrication and characterization of tungsten inverse opals for the visible and
near-infrared spectral region and investigated experimentally the crucial influence of the strong absorption in
this spectral region by means of the gradient deposition technique. Braun et al. [20] performed some experi-
ments to discuss the reflectivity of nickel inverse opals at the wavelength range of 1.5-5.5 pm. Yeng et al.
[21] studied the emittance of a two-dimensional tungsten photonic crystal, which consists of an array of cy-
lindrical cavities at different high temperatures and experimentally obtained thermal emissivity spectra that
match well with numerical simulations. Liu et al. [22] investigated theoretically the spectral radiative proper-
ties of a kind of nickel porous microstructure, including wavelength-selective transmission, reflection, and
absorption. These works mostly focus on porous material made of metal and polymer.

Comparing with metals and polymers, porous ceramic materials have longer lifetimes, constant filter
quality, and thermal stability [23-25]. Therefore, the materials are widely used in filters, catalysts support,
bioreactors, thermal insulators, sensors, and bone substitutes [26-28]. Kapitonov et al. [29] examined the
optical transmission spectra of a SiO,/TiO, three-dimensional cubic lattice. Kubrin et al. [30] investigated
the feasibility of stacking of thin ceramic inverse opals with incommensurable periodicity constants, and
conducted experiments for TiO; inverse opals. Guan et al. [31] studied the fabrication and structural analysis
of three-dimensionally well-ordered arrangements of silicon oxycarbide microparticles. However, research
on the optical properties of porous ceramic materials has not attracted enough attention. Besides, the alumina
porous ceramics, one of the most widely used hard ceramic oxides possessing properties like thermal stabil-
ity [32], high dielectric constant [33, 34], and advanced application for bioceramics [35, 36] have been stud-
ied less.

In this work, the three-dimensionally ordered porous ceramics made of alumina are modeled by apply-
ing the inverse opal structure. The optical properties are predicted by applying the FDTD method. The mod-
eling process of the three-dimensionally ordered porous ceramics is introduced. The method and calculating
conditions are presented. In the following section, the results of optical properties are discussed.

Geometric model and numerical method. Porous material with the inverse opal structure. The 3D porous
materials are usually made up of micro-scaled structures, and the sizes of these detailed structures are similar
to the wavelength of light. The inverse opal structure is one of the representative manufacturing processes
for micro-scaled porous material. The inverse opal structure could be produced only in the voids between
adapted templates.

In this work, the inverse opal structures made of alumina ceramics are modeled by simulating the manu-
facturing processes. The detailed processes are shown in Fig. 1. The porous ceramics is characterized by two
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size parameters, including the diameter d of spherical templates and the height of the inverse opal structures
h as shown in Figs. 1a,d.

Fig. 1. The modeling process for the inverse opal structure: (a) is the colloidal crystals that self-assembled

into a closely packed structure with 3D ordered lattices. These spheres are the templates for later process;

(b) is the state after filling molten alumina ceramics. The square part represents the molten alumina ceramics

surrounding the spheres; (c)is the resulting structures after removing the templates and solidification
of fluid; (d) are a three-dimensional view of the modeled inverse opal structure.

Many excellent works on the fabrication and properties of three-dimensional periodic porous material
have been presented. In these researches, the diameters of adapted spherical templates range from 200 to
800 nm as shown in [11, 30, 31], while the heights are usually decided by different applications and designs.
After summarizing and analyzing the size characteristics of the inverse opal structures, we note that the studied
opal structures in this work have diameters of 200, 400, 600, and 800 nm. For convenience of expression, the
height of the inverse opal structure is characterized by the ratio of height 4 to diameter d. The ratios 4/d con-
sidered here range from 0.1 to 0.9, which can show the radiative properties with changing height adequately.
The discussed material is alumina, and the spectral complex refractive index of alumina adapted here are
from [37].

From the inverse opal structure shown in Fig. 1d, we see that the whole structure is periodic and sym-
metric. The representative elements having enough micron cells are chosen for subsequent calculation
of optical properties. The three-dimensional computational domain is set as follows. The top and bottom
of the domain are considered as boundary conditions with a perfectly matched layer (PML). When the direc-
tion of light is normal to the upper surface of the inverse opal microstructure, the sides around the structure
computational domain are treated as periodic boundary conditions. When the direction of light is oblique to
the upper surface of the structure, the sides around the structure computational domain are treated as Bloch
boundary conditions. In this work, the discussed problems are under nonpolarized light. The final results are
the mean values of corresponding predicted parameters for two kinds of polarizations.

The FDTD method. In recent decades, methods of numerical calculation for solving micro-scaled radia-
tion problems have been developing rapidly. Many methods, such as the method of moments, the finite ele-
ment method, and others, have been applied in various fields. The finite difference time domain [38] (FDTD)
method used in this work is one of the main methods for computational electromagnetism, and it has been
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improved completely since the method was presented by Yee. The work here for the prediction of optical
parameters of the inverse opal structures is based on the FDTD method. For the nonmagnetic material, the
Maxwell equations and constitutive equation are as followed:

VxH = 6D/ox, (1)
VxE = —1o0H/t, )
D= SoarE, (3)

where H, E, and D are the magnetic field, the electric field and the electric displacement vector, respectively,
Lo is the permeability of vacuum, and g and ¢ are the permittivity of vacuum and relative permittivity. The
time-averaged power flow across a surface is defined by

P=[Sds=]| %Re[ExH*]ds, 4)

where H" is the complex conjugate of the magnetic field vector, and a is the area of the surface used to
monitor the power flux. In this work, the reflectivity and bidirectional reflectance distribution function
(BRDF) are discussed. The reflectivity R and transmissivity 7 is defined by
R = Pw/P;, )
T= PP, (6)
where Pz is the power of reflected light, P; is the power of incident light, and Pr is the power of transmitted
light. Furthermore, the absorption 4 will be obtained by the formula4=1-R-T.

For verifying the accuracy and validity of the FDTD method adapted in this work, the absorptivity of
tungsten grating calculated by the rigorous coupled wave analysis (RCWA) in [39] is calculated again by
applying the adapted FDTD method. The grating has periodic length 1.6 pum, height 0.2 um and width
1.28 um. The results predicted by the FDTD method here are compared with the calculated results in [39].
Moreover, the reflectivity of the nickel porous material in [22] is calculated again. The nickel porous materi-
al is also produced by applying the inverse opal structure, which has a diameter of 0.2 um and a height of
0.175 um. From the comparison, the FDTD method used in this work is reliable for the prediction of optical
properties of the discussed structures.

Results and discussion. The diameters of spherical pores are 200, 400, 600, and 800 nm, and the ratios
of height to diameter range from 0.1 to 0.9. The incident wavelengths range from 0.2 to 2 um, which in-
cludes the visible and near infrared band for spectral calculations. According to the grid independence test, a
mesh size of A/80 is used in this paper. The reflectivities, absorptivities, and transmissivities of different
structures with various size parameters are predicted and compared. Furthermore, the effects of the size pa-
rameters and incident angle on the optical properties are discussed and analyzed.

The characteristics of optical properties. Taking a comprehensive consideration of all the cases dis-
cussed here, the behaviors of optical properties show great consistency. Among all the cases, the transmis-
sion, reflection, and absorption spectra of the porous ceramics with diameters of 600 nm show all the main
variation characteristics of optical properties discussed in this work at the band from 0.2 to 2 pm. The spec-
tral reflectivities, absorptivities, and transmissivities of the porous ceramics with d = 600 nm are depicted in
Fig. 2. In Fig. 2a, the spectral absorptivities of porous ceramics are shown. For an incident wavelength
of 0.2 um, the absorptivity increases gradually with increasing height h. For the condition of #/d = 0.1, the
absorptivity is close to zero. For a longer wavelength, the absorptivity decreases rapidly. The change of the
absorption spectra is due to a rapid decrease of the imaginary part of complex refraction k. The absorptivities
under longer wavelengths tend to zero. The transmissivity 7 is shown in Fig. 2b. The optical properties
of the porous ceramic material show obvious spectral selectivity. When //d < 0.6, the transmissivity increas-
es with growing incident wavelengths, but the increase gradually slows down and then remains in the stable
domain shown in Fig. 2b. In the stable domain, the values of transmissivity are bigger than 0.95 and change
slightly. When h/d > 0.6, a wide dip appears in the transmission spectra. Locations of the wide dip move to
a longer wavelength with increasing //d, which means a red shift of the wide dip exits with increasing 4/d
when //d exceed 0.6. The critical value of h/d for the wide dip appearance is called ‘the first critical value’
in this work, and the first critical value of the case with d = 600 nm is 0.6. When the wavelength exceeds
1.6 um, the transmissivities of all the cases with different h/d reach the stable domain where the transmissivi-
ties of all the cases hold around a stable value above 0.95. There is a critical value of the incident wavelength
after which all transmissivities change hardly. This critical wavelength is called ‘the second critical value’,
and the second critical value of the case with d = 600 nm is 1.6. Figure 2c¢ is the reflectivities of the cases
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discussed here. The reflectivity variation curves are closely mirror to the variation curves of transmissivity
shown in Fig. 2b. Absorptivity is small compared with the transmissivity and reflectivity.
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Fig. 2. The spectral radiative properties of the porous ceramics with d = 600 nm: the absorptivity 4 (a),
transmissivity 7 (b), and reflectivity R (c).

The influence of size parameters on the spectral transmissivity. The effect of size parameters and inci-
dent angle on the optical properties is analyzed. From the discussion above, the absorptivities are very small
compared with the transmissivities and reflectivities, and the shape of the reflectance curve is close to mir-
ror-symmetric as compared with the shape of the transmittance curve. Thus, the transmissivity of porous
ceramics will be discussed only.

Figure 3 depicts the transmissivities of porous alumina ceramics with different diameters. From the
transmissivities of porous alumina ceramics with diameter of 200 nm, as shown in Fig. 3a, the transmissivi-
ties of all the cases here increase with growing wavelength first, and then hold around a stable value above
0.95. Wide dips are absent, and thus the red shift of the wide dip does not exit. For the cases of d = 400, 600,
and 800 nm (Fig. 3b—d) the wide dips exit at different locations. The red shift of the wide dip becomes more
and more obvious when the diameters of pores grow larger overall. The two critical values discussed above
are also compared here. There are no first critical values of the porous ceramics with d = 200 nm because the
wide dip does not exit. For the porous ceramics with diameters of 400, 600, and 800 nm, the corresponding
first critical values are 0.6, 0.6, and 0.2, respectively. Hence, one can see that the first value of the porous
ceramic material with micron open cells changes with increasing diameters. The second critical values can
be observed in the pictures of transmissivities of the porous ceramics with diameters of 200, 400, and 600
nm, while the second critical values of the porous ceramics with different diameters are 0.6, 1.2, and 1.6,
respectively. For the cases with d = 800 nm, the transmissivities of all the cases have not reached the stable
domain when the incident wavelength becomes 2 pm, but the second critical value of the porous ceramics
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with d = 800 nm can be forecasted to be a value exceeding 2. Thus, the second critical value of the porous
ceramics with micron open cells increases with growing diameters.
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Fig. 3. The transmissivity of the porous alumina ceramics
with the pore diameter d = 200 (a), 400 (b), 600 (c), and 800 nm (d).

The effects of incident angle on the spectral transmissivity. From the discussion above, the optical prop-
erties of the porous alumina ceramics with micron open cells are affected by the increasing size parameters.
Another influencing factor of the optical properties is the incident angle. The effects of the incident angle on
the optical parameters are shown in Fig. 4, where the results are based on the structures with 4 = 600 nm and
h/d ranging from 0.1 to 0.9. From Fig. 4, there are wide dips in the transmission spectra for all the porous
ceramics under different incident angles when //d exceeds the first critical values. By comparing the results
shown in Fig. 4, locations of the wide dips under normal incidence are separated completely, while the loca-
tions become nearer under the incident angle of 30°. When the incident angle is 60°, the locations are the
same. Hence it can be seen that the red shift of the wide dip is weakened by growing incident angle and even
vanishes completely when the incident angle is large enough. For the porous ceramics under the incident
angle of 0, 30, and 60°, the corresponding first critical values are 0.6, 0.5, and 0.2. Thus, the first critical val-
ue decreases with increasing incident angle. The second critical values of the porous ceramics under the in-
cident angles of 0, 30, and 60° are 1.6, 1.4, and 0.6, respectively. This shows that the second critical value
decreases with growing incident angle, too.
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Fig. 4. The transmissivity of the porous alumina ceramics under different incident angles:
normal incidence (a), 30° (b), and 60° (c).

Conclusion. The inverse opal structures with different size parameters are applied to model the porous
alumina ceramic material with micron open cells. The optical properties of porous ceramics including ab-
sorptivity, reflectivity and transmissivity are calculated and analyzed by applying the FDTD method. The
effects of size parameters and incident angle on the optical properties are discussed. There are several con-
clusions that can be summarized as following. 1) For the modeled porous alumina ceramics, absorptivity is
usually very small and reflectivity shows opposite variation regulation compared with transmissivity. There
are two critical values for the spectral transmissivity of porous ceramics with certain diameter and various
heights. The wide dip in the transmission spectrum exits when the diameter is not less than 400 nm and the
value of h/d is larger than the first critical value, and the red shift is observed. Transmissivity in all the cases
with a certain diameter reaches the stable domain when the incident wavelength exceeds the second critical
value. 2) Optical properties of the porous alumina ceramics with micron open cells are affected by increasing
size parameter. The red shift of the wide dip becomes more and more obvious when the diameter of pores
grows larger overall. The critical value for the ratio of height to diameter changes with increasing diameters,
while the critical value of incident wavelength increases with growing diameters. 3) The red shift of the wide
dip is weakened by growing incident angle and even vanishes completely when the incident angle is large
enough. The critical height and critical incident wavelength both decrease with increasing the incident angle.
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