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In this work, we have investigated theoretically the spectral radiative properties of
a monolayer aluminum porous microstructure, including wavelength-selective

transmission, reflection, and absorption. The finite-difference time-domain method

for electromagnetics has been used to calculate the spectral radiative properties of
the monolayer aluminum porous microstructure. It is found that the absorption

spectra of the aluminum porous microstructure will generate two peaks within the
wavelength ranging from 1.0 to 15.0 um at normal incidence of light. Then the sur-

face plasma polarition resonance could be observed clearly in the obtained results

of this work, especially on the top surface near the orifice. Inside the porous struc-

ture, magnetic polariton is the crucial mechanism to elucidate for the power ab-

sorption enhancement. Furthermore, the absorption capacity of the aluminum po-

rous structure with Si/SiO, substrate has been analyzed, to explain the influence of
base on the monolayer porous material. The findings indicate that the absorptance
peak at 3 um incident wavelength significantly improved with silicon substrate,

while that of silica substrate has little difference with aluminum porous plate. The
silicon and silica bases disrupted the distribution of the electromagnetic fields of
the original aluminum porous structure, and form a new magnetic field within the
subbases. Meanwhile the internal microcavity polarition of the porous structure
has enhanced obviously near the bases.
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Introduction

To achieve perfect radiative characteristics of micro nanostructure in different wave-
length ranges is of vital importance in applications such as solar energy harvesting [1], aircraft
radiative cooling [2], and chemical sensing [3]. Thorough development of the fundamentals of
microscale radiation is available in recent research, such as surface plasmon polaritons [4, 5],
microcavity resonance effect [6, 7], and photon tunneling effect [8, 9], efc. In the early 1970s,
microscale radiation effect was found by Zang and Tien et a/. [10, 11]. Then simulation receives
more recognition with the rapid expanding of computer technology in microscale radiation.
Mulet et al. [12] and Francoeur et al. [ 13] pointed out that the magnitude of microscale radiation
heat transfer between two closely semi-infinite plates exceeded Planck's blackbody radiation.
Liu et al. [14] studied near-field radiative heat transfer of Si based metamaterials using fluctua-
tion electrodynamics method. The general method to deal with microscale heat transfer prob-
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lems was based on fluctuation dissipation theorem [15]. The other general method to solve
microscale radiative without heat transfer is based on discrete Maxwell equations combined
with material equations [16]. Fu et al. [17] simulated reflectance of 1-D random roughness sur-
face by using finite-difference time-domain (FDTD). Chen et al. [18] numerically investigated
optical responses of deep slits at transverse magnetic by using rigorous coupled-wave analysis
and found that the optical response was much different for slits with different attached features.
Klimov et al. [19] reported on the fundamental constraints pertaining to the enhancement of the
radiative emission rate achievable with planar lamellar metamaterials of any kind. Zheng [20]
focused on a methodology about adjusting the wavelength selectivity of thin films embedded
with nanoparticles.

So far, current researches on the porous array microstructures mostly stay in the prepa-
ration stage, while the comprehensive studies of their spectral radiative properties are still de-
manded. In this study, we investigated theoretically the spectral radiative properties of a porous
microstructure using the FDTD method for electromagnetics. Aluminum was chosen as the ma-
terial for its ability of temperature stability and ease to electrochemical processing. The structure
contained the arrays of uniformly sized spherical pores which ordered closely inside and the
whole void spaces between the pores are filled up with aluminum. Moreover, the spectral radia-
tive properties of the porous microstructure have been studied when the basis of different mate-
rials substrate added. Finally we explored the energy absorption distribution and how to en-
hance the mechanism of absorption of the aluminum porous microstructure.

Physical model

Aluminum metal foam can be fabricated by some mature methods such as the prepara-
tion methods of inverse opals. Among these methods, the colloidal crystal-templating approach
has been used to prepare 3-D ordered po-
rous materials [21]. The aluminum po-
rous cell that was obtained by means of
inverse opals method can be simplified
into a spherical porous element cell
model which was shown in fig. 1, with
two following assumptions: there is no
metal oxidation on the surface of alumi-
num and the element is a smooth surface.
The porosity of each cell was 0.77, the

Figure 1. The microporous configuration; height of aluminum porous monolayer, /,
(a) porous cell (b) porous monolayer structure and the edge length of aluminum cell was
2.54 pm and the radius of the inner po-
rous, 7, was 1.5 um. The Si and SiO, with
their excellent spectral radiation control-
ling ability are commonly used in optical
components especially as substrate mate-
rial which was shown in fig. 2.

In this paper, we use these models to
study the effect of the substrate on the
aluminum porous monolayer structure.
To simplify the calculation, we assume
that the substrate layer height, 4, was in

Figure 2. The microporous substrate models configuration;
(a) Si substrate structure (b) SiO, substrate structure
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direct proportion to the height of aluminum porous monolayer, /, and the proportional coeffi-
cient was here a constant equal to #// = 1.

Numerical details

Governing equations

The finite volume modeling was conducted by applying the simulation software
FDTD. The basic theory of Maxwell function can govern the distribution of electromag-netic
phenomena, whose curl equations and constitutive equations are written:

VXHZa—D-I-J (1a)
ot

VxE=—a—B— (1b)
ot

VB=p, (Io)

VD =p,, (1d)

where H [V/m] is the magnetic field intensity, £ [A/m] — the electric field intensity, B [Wb/m?] —
the magnetic flux density, D [C/m?] — the electric displacement vector, J [A/m?] — the current
density, # [s] — the time, p [C/m?] — the designed the volume charge density. The egs. (1a) and
(1b) describe, respectively, the interaction of electric field intensity and magnetic flux density in
a vacuum. The material equations are given [20]:

D=¢cE (2a)
B=uH (2b)
J=cFE (2¢0)

where ¢ [F/m] is the permittivity, 4 [H/m] — the permeability, o [S/m] — the conductivity. Fi-
nally, the Maxwell function is obtained by inserting eqgs. (2) into egs. (1) as egs. (3):

OE

VxH=¢6—+0E (3a)
ot
vxE=-ull (3b)
ot
VH =0 (3¢)
VE =P (3d)

£
In 3-D Cartesian co-ordinate system, these equations can be written as egs. (4):

o0E
ai:i y_a&_ginHY (4a)
ot u,\ 0z oy ’

oOH
v _L[(OE, OF, -onH, (4b)
ot u,
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oFE

OH, _1[0E, %% onp. (40)
ot u,\ 0z oy
oH

OE, _1|0H. 9%, ,.p (4d)
ot ¢\ Oy 0z

oE

v L(0H, O0H. . (40)

ot ¢,\ 0z 0x
oH

OE, _1[%%, OH, ,.p (4f)

ot ¢, Ox oy

where x, y, and z are the axis in the Cartesian co-ordinate system. Equations (4) establishes the
relationship between Maxwell function and physical model media. During the calculation, the
top and bottom are treated as the perfectly matched boundary-layer conditions.

Absorption scattering cross-section

In electromagnetic theory, the absorption scattering cross-section is defined:
<s(z’)> =S Re{lED x HO"} (5)
8n

W@ = —SiRej [[EO x HO* + EO x (HO" — HO" )Jndxdy (6)
L

where S is the Poynting vector, n — the unit outward normal, W® [W/s] — the rate of absorption
scattering, () — the system average, superscript (i) — the incidence, (s) — the scattering, * — the
conjugate complex vector, and Re — the real part. Ratio W®/SW is:

_— ~Re| zj [EO x HO* + E® x (HO* — HO")]ndxdy

Q@ = ) = R BTN (7)

where 0@ [m?] is the absorption cross-section. When it comes to monolayer microstructure is
composed its absorptive capacity can be expressed as the absorptive capacity:

L [[(S® +8®)gndxdy

A
f f S @ gndxdy

)

where SU represents the energy of reflection, while S is the transmission energy flow. The A4 is
the absorptance. In the same way, reflectance R and transmittance 7 can be expressed as egs. (9)
and (10):

B j S gndxdy

j S @ gndxdy
[ SO gndxdy
[ S0 gndxdy (10)

)
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In this paper eqs. (9)-(11) were used to 08 n, k model
study the spectral radiant characteristics Enrenreich
of high porosity aluminum porous E 0.6 Bennett
monolayer structure with different bases. &£ Dresselhaus
§ —— Smith and Segall

Result and discussion

These computations were carried out
on a 3.4 GHz Intel 8-Core E3-1231-v3
processor Windows 7 server and 16 GB
RAM. The incidence was TEM wave
ranging of 0.1 um <A <15 pum, which was
divided into 300 intervals for spectral cal-
culations. In this study, a mesh size of
A/100 was used, depending the checking
of the grid independence.

0.4

0.2

0.0

3
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1
9 12 15
Wavelength [um]

Figure 3. Absorbance of different drude models

The previous dielectric constant was 1.0
calculated by using the n, kK model. The ——Absorptance
absorbance of the monolayer aluminum o8 Reflectance
. . ~ Transmittance
cell structure was available according to o
the Drude model [22]. The different Drude < 4
models were used to calculate the absorp-
tance of the monolayer spherical porous 0.4
aluminum structure as shown in fig. 3. The
dielectric constant of the material was dif-
ferent when the Drude model was used to 02
describe the change of the absorption
curve. In the range of 1~3 um, there was 9.0 i i i i
an irregular absorption peak, which was () 3 6 9 12 15
. Wavelength [Lum]
relatively smaller compared to 4.3 um
wavelength, and the peak at 4.3 um does
. 1.0
pot change with the Drude model chang- T
ing. It can also be found that the — Reflectance
absorbance of the model was the same, i 9o Transmittance
and the absorption rate of the » and £ mod- nq:'
els was the smallest. However, at 0.43 um, 0.6
the absorption rate of the » and &£ models
was 0.3, with the absorbance of the Drude 0.4
model increasing to 0.6.
Figure 4 showed that in the infrared e
band range of 1~15 pum, the infinite alumi-
num plate absorptance was 0. The electro-
magnetic waves are almost all reflected 0.0k, 3 6 e 12 15

when vertical incidence. The aluminum

(b)

Wavelength [um]

plate showed full reflection characteristic . o .

. . . Figure 4. The spectral radiative properties;

in the mlc.ldle and near infrared band. For (a) aluminum plate (b) aluminum porous monolayer
the aluminum porous monolayer struc- structure
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the flat structure has undergone great
changes. What is more, at 3 pm wavelength,
the value of absorptance can reach 0.28,
while at 4.5 pum wavelength, it was up to
0.3. In general, the surface plasma forma-
tion of the polarition was easy to produce ir-
regular peaks, and a wide peak can be found
easily in the magnetic polarition formation
of the resonance. To illustrate this phenom-
enon more clearly, we drawn the electric
field distribution and magnetic field inten-
sity at these two places.

Figure 5 showed the current density dis-
tribution and schematic of the aluminum po-
rous monolayer microstructure at normal in-
cidence of wave-length A = 2.86 um. There
are three sections along y-axis, locating at,
y=-635nm, y =0 nm, and y = 635 nm, re-
spectively. The color contour shows the am-

plitude of the magnetic field, while the arrows denote the instantaneous the direction of the current
density. It was obvious that there are two closed loops formed by the induced current near the up-
per and lower surfaces of porous structure. On the basis of Lenz's law, these two new magnetic
fields are activated by the induced current along the direction of x-axis which was opposite to the
direction of the incident magnetic field. It can be seen that this resonance exists only near surface
area and attenuates rapidly, which was a typical characteristic of the surface plasma resonance

(SPR).

0.0

1 "
12 15
Wavelength [LLm]

Figure 6. The SiO” refractive index with

the wavelength of the relationship

In order to consider the influence of the
base on the structure, the base of the alumi-
num was added to Si/SiO, substrate under
the monolayer. In this research, the thick-
ness of Si and SiO, substrates was 2.54 pum.
At the wavelength ranging from 1~15 pm, Si
is a non-dispersive material, whose refrac-
tive index is usually 3.4, comparing with
SiO,. The refractive index of the real and
imaginary parts [22] with the wavelength of
the relationship is shown in fig. 6.

The SiO, material is a dielectric, as well
as a dispersion material in the infrared band.
The real part reduced with the increase in
wavelength of 1~ 6 um, while the imaginary
part was kept at 0. When the wavelength
ranging from 6.5~9 um, the real part also
produced a sharper change, while the imagi-
nary part raised a large protrusions and rapid
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declined. Using these characteristics of SiO,

material, a control devices with radiation — ';2:‘;::;’;?

characteristics can be well designed. Based . °® —— Transmittance

on the previous data, we obtained the Si sub- 2

strate and SiO, substrate absorption trans-
mission and reflection diagram as shown in
fig. 7.

From fig. 7, the continuous irregular peaks
are generated in the 1~6 um band. The peaks
are sharper and the width is narrower, in this
band, the resonant state was strong, and the
curve was almost no change in the 6~15 pm
band. The trend was consistent with that of the
flat plate, indicating that the change of the
structure in the band will not affect the optical
radiation characteristics of the material. The
difference was that the transmittance and
reflectance curves of the graph are sharper in
the range of the wavelength from 1-5 pm. The
absorptance curve of the peak was not so sharp.

Figure 8 showed the relationship between
the absorptance of the monolayer spherical
porous aluminum structure, Si monolayer
spherical porous aluminum structure, and
SiO, monolayer spherical porous aluminum
structure with wavelength. The absorption
rates of three structures are fluctuating in the
range of 1~6 um, while these three absorption
curves coincide with each other, in the 6~15
pm band. The trend was consistent with the
aluminum plate on increasing and changing.
The absorptance of Si substrate had little dif-
ference with that of porous aluminum plate.
To further analyze the mechanism reason of
absorption peaks, figs. 9 and 10 were mapped
to describe the electric field and magnetic in-
tensity in these two places.

Figure 9 showed the current density dis-
tribution and schematic of the aluminum po-
rous monolayer microstructure and Si/SiO,
substrate monolayer structure at normal in-
cidence of wave-length 2 = 3 um, locating
the cross-section at y =0 mm. The color con-
tour shows the amplitude of the magnetic
field, while the arrows denote the instanta-
neous the direction of the current density.
Contrast with the figs. 10(a)-10(c), the dis-
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Figure 8. The absorptance of three models
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Figure 9. The current density distribution when the Figure 10. The current density distribution when
incidence wavelength is 3 um the incidence wavelength is 4.5 um

tribution of the electric field inside the aluminum was consistent, however, the strength of the
SPR effect of the microstructure was significantly enhanced. Due to the addition of the sub-
strate, the magnetization effect of the upper surface of the aluminum layer was enhanced, espe-
cially interior the aluminum porous monolayer, while the nether electric field was in the oppo-
site direction, forming a completely closed loop. The formation of two groups of induction
electric filds affects the initial current distribution in the porous interior. For Si and Si0O,, the rel-
ative of the material, namely » and k, caused the internal electric field deflecting directly, which
formed the induction magnetic field in different directions.

Figure 10 shows the current density distribution and schematic of the aluminum po-
rous monolayer microstructure and Si/SiO, substrate monolayer structure at normal incidence
of wavelength A = 4.5 um, locating the cross-section at y = 0 mm. At this incident frequency,
contrasting fig. 9 with fig. 10, the distribution of the electric field inside the aluminum was con-
sistent, however, the strength of the SPR effect of the microstructure enhance significantly. Due
to the addition of the substrate, the magnetization effect of the upper surface of the aluminum
layer enhance, especially interior the aluminum porous monolayer, while the nether electric
field was in the opposite direction, forming a completely closed loop. The formation of two
groups of induction electric fields affects the initial current distribution in the porous interior. It
was obvious that the two closed loops formed by the induced current near the upper and lower
surfaces of porous structure enhance significantly. Meanwhile, these small new magnetic loops
formed within the base of the substrate further strengthen the surface plasmas of the porous
structure.

Conclusions

In this paper, the spectral characteristics of the spherical porous aluminum monolayer
structure in the infrared band with wavelength ranging from 1-15 um was calculated by FDTD.
The distributions of the electric field and magnetic intensity were analyzed. Then the absorptive
capacity of Si and SiO, substrate structures was considered, respectively. We have consulted the
following conclusions.
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The absorptive capacity of the porous structure of Si and SiO, substrate was calculated. It
was found that in wavelength of 1~6 pm, the single layer of aluminum cell structure with Si
substrate could produce higher absorption peak, while the SiO, based structure could not at
the wavelength from 6 to 15 pm.

The absorptive capacity of these two structures and monolayer spherical porous aluminum
cell structure had no difference.

The highest absorptance of silicon substrate was 0.76, which was three times higher than that
of the porous aluminum plate.
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Nomenclature

A4 — absorptance, [-] ) W — the rate of absorption, [Ws ']

B — magnetic flux density, [Wbm ~] X, ¥, z— the axis in Cartesian co-ordinate, [—]

D — electric displacement

E  — electric field intensity, [Am™] Greek symbols

H  — magnetic field intensity, [Vm '] £ — the permittivity, [Fm™]

J — the current density, [Am ] u — the permeability, [Sm ']

n — the unit outward normal, [] P — volume charge density, [Cm™]

0®  — the absorption cross-section, [m?] s .

R — reflectance, [-] uperscript

S — poynting vector, [Wm ] a — absorption

T — transmittance, [—] S — scattering

t — time, [s]
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