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Aluminum tends to oxidize naturally, which hence changes the radiative properties of the metallic structure. The

focus of this study is on the effect of oxide film on the infrared radiative properties of grating structures made of

aluminum. Two kinds of grating-surface geometries (namely, square-wave grating and sawtooth grating) with

alumina thin film are considered. The impact of the size of the oxide coating on the infrared radiative properties is

predicted numerically by the finite difference time-domain method within an incident-wavelength range of 2 to

12 �m. The effect of the alumina film on the cavity resonance of square-wave gratings and the surface wave of

sawtooth gratings is discussed. For the oxidized square-wave gratingwith a givenfilm thickness, four differentmodes

of cavity resonances are observed at different wavelengths. The resonance wavelengths will be changed as the oxide-

film thickness increases. Because of the absorption characteristics of alumina, one mode of resonance is only formed

in alumina films, while the others are excited in both alumina films and cavity. The energy of the resonance is mainly

absorbed by alumina films when the resonance wavelength within the range of 10.2 to 12 �m, and it is transmitted

and absorbed by aluminum substrate within the range of 2 to 10:2 �m. For the oxidized sawtooth grating, no cavity-

resonance absorption peaks are observed; only one absorption peak exists, which is due to the surface waves

absorbed by alumina films. The finding of this workmay facilitate the design and applications of metallic gratings in

cases in which the metal is easily oxidized.

Nomenclature

c = speed of light, m=s
E = electric field vector, V=m
H = magnetic field vector, A=m

j =
�������
�1
p

k = wave vector, 1=m
kz = wave vector component in the z direction, 1=m

n̂ = complex refractive index
S = Poynting vector,W=m2

t = transmission coefficient or time, s
� = damping term, rad=s
" = relative (electric) permittivity or dielectric function
"0 = permittivity of vacuum, 8:854 � 10�12 F=m
� = angle, deg
� = imaginary part of n
� = wavelength, m
� = relative (magnetic) permeability
�0 = permeability of vacuum, 4� � 10�7 H=m

�c = collision frequency or scattering rate, rad=s
� = susceptibility
! = angular frequency, rad=s
!0 = resonance frequency, rad=s

Subscripts

i = imaginary part
p = plasmon
r = real part
x, y, z = x, y, and z axes in the Cartesian coordinate system

Superscript

* = complex conjugate

I. Introduction

T HE unique radiative properties, such as resonance transmission
or absorption, of metallic-grating structures have potentials in

numerous applications in surface plasmon-assisted nanolithography
[1], coherent thermal emission [2], andwavelength-selective thermo-
photovoltaic radiators [3]. In addition to the commonly studied
factors of materials’ properties and geometries [4–7], many other
factors will also affect the radiative properties of subwavelength
structures, such as surface oxidation and pollution [8,9]. It often
happens that aluminum oxidizes naturally. Hence, it is important to
understand how the oxide will affect the radiative properties of the
metallic-grating structures.

The physical mechanism of the resonance transmission or absorp-
tion has been intensively investigated, due to surface plasmon
polaritons [10], cavity resonance [11], and magnetic polaritons
[12,13]. Wang et al. [11] conducted a numerical study on infrared
radiative properties of heavily doped silicon complex gratings with
geometric modifications and found that the resonance wavelength
can be adjusted by varying the doping concentration and engineering
the height of the ridges or the period. Wang and Zhang [12] provided
a quantitative explanation of the phenomenon that resonance
transmission or absorption observed in metallic deep gratings. They
pointed out that the resonance frequency is independent of the
incidence angle and strip width but depends strongly on the grating
height and slit width. Lee et al. [13] demonstrated that coherent
thermal emission can be achieved by exciting magnetic polaritons
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using a metallic grating coupled with a metal film. However, most
previous studies just focused on the effect of materials properties and
geometries of gratings on the resonance. The effects of surface
oxidation on radiative properties of metallic-grating structure have
not yet been studied comprehensively.

The objective of present work is to investigate the influences of
oxide film on infrared radiative properties of metallic gratings. Two
kinds of grating-surface geometries of aluminum coated with
alumina thin film are introduced. The finite difference time-domain
method is applied to solve the Maxwell’s equations of wave
scattering from the thin film surfaces and predict the impact of the
size of the oxide coating on the infrared radiative properties within
incident-wavelength range of 2 to 12 �m. The effect of the alumina
film on the cavity resonance of square-wave gratings and the surface
wave of sawtooth gratings is discussed. The finding of this workmay
facilitate the design and applications of metallic gratings in cases in
which the metal is easily oxidized.

II. Numerical Methods and Model Development

A. Optical Constants and Numerical Algorithm

Optical properties of aluminum is described by Drude dispersion
relation [14] as follows:

"Al � 1 �
!2
p

!�!� j � 	c�
� "1 � ��!� (1)

where !p is the radian plasma frequency, 	c is the collision
frequency, "1 is the high-frequency limiting value, and

��!� � �
!2
p

!�!� j	c�

is the frequency-domain susceptibility. When the temperature is
298 K, !p � 0:1976 � 1017 rad=s and 	c � 0:9804 � 1014 rad=s
for aluminum [14,15]. The optical properties of alumina [16] are
plotted in Fig. 1, which can be transformed into complex permittivity
"� "r � i"i � �n� ik�2, where "r � n2 � �2 and "i � 2n�.

Many metals in the wavelength of interest (say, infrared) have
large negative "r. Special treatment for such a property in the
difference equations is needed and discussed below.

By using convolution integral method, the frequency-domain
relationship of the electric vector and displacement vector can be
transformed into the time domain as [17]

D �t� � "1"0E�t� � "0
Z
t

0

E�t ������� d� (2)

The preferred approach is to express the relationship betweenD and
E in the time domain with a convolution integral as follows [17]:

D n � "1"0En � "0
Xn�1
m�0

En�m
Z �m�1��t
m�t

���� d� (3)

The value of D at the next time step is

D n�1 � "1"0En�1 � "0
Xn
m�0

En�1�m
Z �m�1��t
m�t

���� d� (4)

We now proceed to use Eqs. (3) and (4) to eliminate D from the
dispersive finite difference time-domain equation. To simplify the
algebra involved only the 1-D case is considered, but the extension to
2-D and 3-D cases is straightforward:

Dn�1
y �i� � Dn

y�i�
�t

��
H
n�1

2
z �i� 1

2
� �H

n�1
2

z �i� 1
2
�

�x
� 
En�1

y �i� (5)

Substituting Eqs. (3) and (4) into Eq. (5) yields [17]
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�
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��
="0�x (6)

B. Geometry

As the surface geometry of aluminum is complex, in order to
facilitate analysis we only consider 1-D surface geometry structure.
The computational domain is thus 2-D. The left and right edges of the
computational domain boundaries are treated as periodic boundary
conditions. The top and bottom sides of the computational domain
are treated with Berenger’s [18] perfectly-matched-layer absorbing
boundary condition. Only the transverse magnetic (TM) wave
incidence and normal incidence �� 0� are considered here. For the
TMwave, its magnetic fieldH oscillates perpendicularly to the plane
of incidence.

The aluminum surface can easily be oxidized. The oxide film
(Al2O3) can be generated at room temperature very quickly [19]. To
simplify the analysis, the alumina layer will be reduced to a smooth
film. The geometry of the periodic structure of bare aluminum
surface is shown in Fig. 2, and that coatedwith alumina film is shown
in Fig. 3 (where b, d, and c dimensions represent different
thicknesses of alumina film coated on different parts of the aluminum

Fig. 1 Optical properties of alumina.

Fig. 2 Schematic of two different periodic geometries of aluminum:

a) case A and b) case B; units are in microns and p is the period.
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surface). The wavelength range of interest in the present study is the
midinfrared band: namely, 2 to 12 �m.

Figure 2 shows the cases of two different periodic geometries of
aluminum. In Fig. 2a, the geometry of a binary grating is defined by
its ridge height H � 6 �m, ridge width W � 5:5 �m, and groove
width L� 0:5 �m. Figure 2b shows the geometry of a triangular
profile grating defined by its ridge height H � 4:2 �m, ridge width
W � 2:4 �m, and groove width L� 0:4 �m. It is further assumed
that the aluminum is sufficiently thick and the substrate can be
modeled as semi-infinite.

The cases of two different periodic geometries of aluminumcoated
with alumina, namely, square-wave-shaped grating (case A) and
sawtooth-shaped grating (case B), are depicted in Figs. 3a and 3b,
respectively. The local coordinate is defined for each case, and values
of all dimensions (including p,H,W, andL) are the same as those in
Fig. 2. Radiative properties of periodic geometries of aluminum
without alumina film serve as reference.

III. Results and Discussion

A. Case A: Square-Wave Gratings

The physical mechanism of the reflectance minimum from
metallic gratings has been intensively investigated regarding cavity
resonance [20]. The resonancewavelength is not only affected by the
period of grating structures, but also by the geometries of grating,
including ridge height H, ridge width W, and groove width L. This
was also shown similarly in [12]. This paper mainly focuses on the
oxide-film effects on the radiative properties. The spectral reflec-
tances for TM waves of the square-wave aluminum grating coated
with oxide film are illustrated in Fig. 4. It can be seen that the
minimum reflectance of aluminum (solid line) is observed at �� 5:3
and 9 �m. The spectral reflectance of alumina-coated aluminum is
plotted with dashed lines. The dashed lines with symbols (triangles
or rectangles) indicate different alumina-film thicknesses. It is

observed that four resonance wavelengths appear when the alumina-
film thickness increases. The four resonance wavelengths (RWs) are
designated as RW1, RW2, RW3, and RW4 in Fig. 4. RW1 shifts
toward a shorter wavelength, but the magnitude is almost the same.
RW2 is almost unchanged, but the magnitude increases. RW3 and
RW4 shift toward a longer wavelength and the magnitude reduces.
RW2 behaves differently from RW3 and RW4, as the thickness of
alumina increases, which may be caused by the effect of the oxide
films of different locations. It is clear that the spectral location of the
reflectance minimum is very sensitive to alumina film. The reflec-
tances of RW1, RW2, and RW3 are less than that of the square-wave
aluminum grating, while that for RW4 is almost the same. That is to
say, the cavity resonance of aluminum grating can be affected by the
oxide film. Further confirmation of the effect of the oxide film on
cavity resonance and its corresponding electromagnetic (EM) fields
will be shown in following section.

Figure 4 shows that the deep minimum observed at �� 9 �m for
the uncoated case (the black solid line) comes from the cavity
resonance, which can be analyzed by the time-average Poynting
vector and square of the z-component magnetic field strength, as
shown in Fig. 5. The Poynting vector is defined by [21]

S � 0:5 � Re	E �H
� (7)

where Re denotes the real part of the complex quantity, andE andH


are the electric field vector and complex conjugate of the magnetic
field vector, respectively. The Poynting vector is normalized to that of
incidence, whose wavelength is 9 �m.

In Fig. 5a, the time-averaged Poynting vectors around the grating
region are plotted for grating case A (without Al2O3) at normal
incidence. The grating profile is marked by white lines for easy
identification. The arrows indicate the direction of the Poynting
vector as well as the path of net energy flow. The magnitude of
Poynting vector inside gratings is greater than that above the gratings
and marked with different shades. The energy is squeezed into the
narrow gratings with negligible reflectance from the grating surface.
Figure 5b shows the corresponding magnetic fields in one period of
grating caseA.A clear cavity resonance is shown. Themagneticfield
strength inside gratings is higher than that above the grating structure.

The cavity-resonance mode and roles of alumina film can be
further investigated by exhibiting the Poynting vector S and EM
fields around gratings. The grating aluminum (case A) coated with
alumina size b� d� c� 0:5 �m at normal incidence and four
spectral locations of minima (�� 10:9, 9.6, 7.3, and 6:1 �m) are
taken as examples, shown in Fig. 6. Poynting vectors in Fig. 6a at
�� 10:9 �m clearly show the metal-surface plasmon and the
incident-wave polarization coupling in the alumina films coated on
both sides of the ridge. Poynting vectors are mostly guided into
alumina films, forming standing waves. The difference with grating
aluminum without alumina films, as in Fig. 5, is that the case A
(b� d� c� 0:5 �m) structure does not form a standing wave
inside the cavity. That is to say, the energy flow is attracted mainly in
the form of a standing wave in the alumina films coated on both sides
of the ridge. The constants of the optical properties of alumina are

Fig. 3 Schematic of two different periodic geometries of aluminum

coated with alumina, where b, d, and c are the dimensions of alumina on

the different positions: a) case A and b) case B.

Fig. 4 Spectral reflectance of aluminum coated with alumina (case A)

for TM waves at �� 0�.
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shown in Fig. 1; at the incident wavelength of 10:9 �m, the
extinction coefficient � of alumina is about 0.4. Note that the
extinction coefficient is directly related to the spectral absorption.
Therefore, the energy of the standing wave is mainly absorbed by the
alumina films at the incidencewavelength of 10:9 �m, which is also
confirmed by Fig. 7a. Figure 7a shows the square of the complex
magnetic field strength at the incident wavelength of 10:9 �m and
the reflectance of 0.075. From this figurewe can see the energy in the
alumina films coated on both sides of ridge is almost the same as the

energy in the cavity. When this is compared with Figs. 7b–7d, the
energy in the alumina film and the cavity is much less than RW2,
RW3, and RW4, but the reflectance of RW1 is almost the same as
RW2 and RW3, as shown in Fig. 4. So the energy of the standing
waves ismainly absorbed by the aluminafilm,which is demonstrated
as mentioned before. Figure 6b shows the Poynting vectors at
�� 9:6 �m and the reflectance of 0.0058. It is clear that the metal-
surface plasmon and the incident-wave polarization coupling in the
alumina films are coated on both sides of the convex ridge and the

Fig. 5 Poynting vectors and themagnitude square of the complexmagneticfield in the logarithmic scale for grating caseA (withoutAl2O3) at�� 0� and

�� 9:0 �m (p=�� 0:667 with 0.170 reflectance: a) Poynting vectors and b) square of the complex magnetic field strength in the logarithmic scale.

Fig. 6 Poynting vectors for grating case A (b� d� c� 0:5 �m) at �� 0�: a) �� 10:9 �m, b) �� 9:6 �m, c) �� 7:3 �m, and d) �� 6:1 �m.
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cavity. Poynting vectors aremostly guided into alumina films and the
cavity, forming standing waves. Referring to the optical constants of
alumina shown in Fig. 1, when the wavelength increases from 2 to
10:2 �m, the n value decreases from 1.7 to 0.6, but the � value stays
at 0. Therefore, the alumina film does not absorb the energy. And the
energy is absorbed by the aluminumwhen the incident wavelength is
from 2 to 10:2 �m. This is confirmed by Fig. 7b, which shows the
square of the complex magnetic field strength at the incident
wavelength of 9:6 �m. From this figurewe can see that the energy in
the alumina films coated on both sides of convex ridge is almost the
same as the energy in the cavity and much more than that in Fig. 7a.
The interference forms a standing wave in the alumina films coated
on both sides of ridge as well as in the cavity. The reason for the
minimum at the wavelengths of RW3 and RW4 is the same as for
RW2 and is not repeated here.

B. Case B: Sawtooth Gratings

The oxide-film effects on the spectral reflectance of the sawtooth
aluminum grating for TM waves are illustrated in Fig. 8 by
individually changing b, d, or c from parameters listed in Table 1.
The deep reflectance minimum can be observed at �� 11:4 �m of
coated aluminum in Fig. 8a. On the contrary, the spectral reflectance
of uncoated aluminum (the solid line) does not have an obvious
reflectance minimum. The figure also shows that the spectral
reflectance of aluminum coated with 0:2 �m alumina is almost the
same as that of 0:4 �m alumina. That is to say, the thickness of
alumina films does not produce significant effect on the spectral
reflectance. Figure 8b shows that the aluminum base surface, either
coated or uncoatedwith alumina (caseB), produces little effect on the
spectral reflectance; specifically, the location and magnitude of the
minimum do not change with the alumina thickness c.

Fig. 7 Square of the complex magnetic field strength in the logarithmic scale for grating case A (b� d� c� 0:5 �m) at �� 0�: a) �� 10:9 �m,

b) �� 9:6 �m, c) �� 7:3 �m, and d) �� 6:1 �m.

Fig. 8 Spectral reflectance of aluminum coated with alumina (case B)

for TM waves at �� 0�.
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The reasons for the reflectance minimum in Fig. 8 are discussed
below. Figure 9 plots Poynting vectors and the square of the complex
magnetic field strength in the logarithmic scale for grating case B-1
(without Al2O3) at normal incidence. It is clear that the spectral
reflectance of aluminum without coating does not have a deep
minimum, as shown in Fig. 8a. That is to say, the sawtooth aluminum
grating cannot form a cavity resonance in the wavelength range of 4
to 12 �m. In Fig. 9a, arrowheads tell the directions of Poynting
vectors, such that the path of net energy flow is clear. The EM
propagates toward the bottom of the cavity along the sides of the
ridge. A surface wave can be observed clearly in this figure. Such a
wave is associated with surface plasmon polaritons, resulting from
the interaction of photons in the dielectric material and electrons in
the metal. A high angle between the surface plane and incidence
wave is required to excite a surface wave. This was demonstrated in
[22] and is not repeated here.

Poynting vectors and the square of the complex magnetic field
strength in the logarithmic scale for grating case B-2 (b� d�
c� 0:2 �m) for TM waves at normal incidence and �� 11:4 �m
are plotted in Fig. 10. The reasons for the formation of reflectance
minimum can be further investigated by comparing Figs. 9 and 10
and noting the following:

1) The deep minimum of the spectral reflectance of coated
aluminum (case B-2) observed at �� 11:4 �m is mainly due to the
alumina optical properties and surface wave. The optical constant of
alumina (Fig. 1) at the incident wavelength of 11:4 �m the � value is
about 0.7, so it can absorb the surface wave energy. This is the same
reason that the alumina film (case A) can absorb part of the standing-
wave energy at the incident wavelength of 10:9 �m.

2) Radiative properties are dependent on the grating and coating
structure. When the incident wavelength is 10:9 �m, the metal-
surface plasmon and the incident-wave polarization are coupled in
the alumina films coated on both sides of the ridge (case A). Poynting
vectors are mostly guided into alumina films and forming standing
waves. However, no standing wave is formed inside the cavity. The
energy flow is attracted mainly in the form of standing waves in the
alumina films coated on both sides of ridge, whereas the surface
waves are forming in the alumina film of the case B-2 structure. The
energy of the surfacewave is mainly absorbed by the alumina film on
both sides of the ridge, as shown in Fig. 10b. In other words, the
magnitude of the reflectance minimum depends on the structure and
optical constants of alumina film.

Fig. 9 Uncoated-grating case B-1 (without Al2O3) at �� 0� and �� 11:4 �m with reflectance of 0.652: a) Poynting vectors and b) square of the

complex magnetic field strength in the logarithmic scale.

Fig. 10 Coated-grating case B-2 (b� d� c� 0:2 �m) at �� 0� and �� 11:4 �m with reflectance of 0.005: a) Poynting vectors and b) square of the

complex magnetic field strength in the logarithmic scale.

Table 1 Coating dimension of case B

grating structures

Case B b, �m d, �m c, �m

1 0 0 0
2 0.2 0.2 0.2
3 0.4 0.4 0.4
4 0.2 0.2 0
5 0.4 0.4 0
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IV. Conclusions

This study uses the finite difference time-domain method to
examine the infrared radiative properties of microscale grating-
surface structure of aluminum coated with alumina films. The main
conclusions follow.

With the two different periodic geometries of aluminum coated
with alumina films, some minima of the spectral reflectance will
appear.Moreover, minimum spectral location shifts withwavelength
when the alumina-film thickness changes. This study analyzes the
reasons for the reflectance-minimum formation and variation with
the alumina film.

First, it is due to the different geometries of the aluminum and
alumina coating structures. Cavity resonances are formed in square-
wave gratings, while surface waves are excited in sawtooth gratings.
For the oxidized square-wave grating with a given film thickness,
four different modes of cavity resonances are observed at different
wavelengths. The resonance wavelengths will be changed as the
oxide-film thickness increases. One mode of resonance is only
formed in alumina films, while the others are excited in both alumina
films and cavity. For the oxidized sawtooth grating, no cavity-
resonance absorption peaks are observed; only one absorption peak
exists, which is due to the surface waves absorbed by alumina films.

Second, it is due to alumina optical properties. The energy of the
resonance is absorbed by alumina films when the resonance
wavelength is within the range of 10.2 to 12 �m and absorbed by
aluminum at the range of 2 to 10:2 �m, which is mainly due to the
extinction coefficient of alumina. In conclusion, the results show that
alumina film plays an important role in the propagation of
electromagnetic waves and infrared radiative properties of the
aluminum grating. The finding of this work may facilitate the design
and applications of metallic gratings in cases in which the metal is
easily oxidized.
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