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Order-of-magnitude enhancement of light absorption can take place near the photonic band gaps in three-
dimensional layer-by-layer metallic photonic crystals in the mid-infrared wavelength regime where a conven-
tional bulk metallic material shows weak absorption. In this paper we investigate the dependence of this
enhanced absorption on several structural parameters of the crystal by means of a plane-wave-based transfer-
matrix method in combination with an analytic model expansion approach. We find that when the metallic
layers are brought out of touch, the magnitude of the absorption peaks grows rather than decays, in contrast
with the conventional wisdom that the connectivity of metallic structure can enhance the absorption. Besides,
the increase in the metallic layer separation distance will result in redshifts of absorption peak. The position of
the absorption peak can also be engineered conveniently by simply changing the refractive index of the
dielectric material filling the open domain between metal walls. Due to the approximate scalability of Max-
well’s equations, the absorption peak shows a nearly linear dependence in position on this refractive index.
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I. INTRODUCTION

In recent years, complex three-dimensional(3D) metallic
photonic crystal(MPC) structures have raised great interest
owing to their potential applications in many high technol-
ogy areas such as filters and polarizers in the microwave
wavelength, beam splitters and mirrors in the infrared regime
[1–19]. Compared with their dielectric counterparts[1,2],
MPC’s have a greatly enhanced contrast in the dielectric con-
stant of the composite materials, and as a result possess to a
larger photonic band gap[3–10]. Very recently, Lin and co-
workers have successfully fabricated high-quality 3D MPC’s
working in the infrared wavelengths by means of state-of-
the-art lithographic techniques under a layer-by-layer fabri-
cation scheme[11–15]. Promising experimental data have
demonstrated that these metallic microstructures can be use-
ful for incandescent lamp application and for thermal photo-
voltaic power generation. Theoretical analysis has shown
that the existence of photonic band gaps and modification of
the photon density of states in these MPC’s can lead to sig-
nificant enhancement of thermal radiation at a narrow fre-
quency window around the band gap[16–20]. Such theoret-
ical and experimental works have opened a new frontier for
the MPC’s to be used in the high temperature regime.

It has been well known that metals in their bulk material
form exhibit small absorption in the mid-infrared wavelength
regime. For instance, a tungsten thin film has an absorption
coefficient below 2% at around 4mm. However, when me-
tallic materials are brought into the form of microstructures
such as 3D layer-by-layer photonic crystals, there can be

order-of-magnitude enhancement of absorption due to the
existence of photonic band gaps in these microstructures
[16–18]. Previous theoretical analysis and numerical simula-
tions over the ordinary layer-by-layer MPC’s have shown
that the enhanced absorption peaks are located close to both
the band gap edge and the high transmission pass band, and
this absorption peak can be deep below the conventional
metallic waveguide cutoff frequency when there exists a sig-
nificant global coupling effect between different metallic lay-
ers [16,17]. In Ref. [16], the effect of the metallic layer
thickness on the magnitude and position of the absorption
peaks was investigated. In this paper we will further examine
from the theoretical side the dependence of the structure-
induced enhancement of absorption on other structural pa-
rameters in an MPC that is similar to but more general than
the ordinary layer-by-layer MPC[11–18].

The remaining part of this paper is arranged as follows. In
Sec. II we first briefly describe the procedure of our theoret-
ical approach, which is basically the combination of the
plane-wave-based transfer-matrix method and the analytic
modal solution approach. We then use this approach to in-
vestigate the effect of the separation distance between metal-
lic layers and the separation materials, as well as the mate-
rials filling the open domain between metal walls in each
layer on the absorption of electromagnetic(EM) waves in the
new general MPC structures. Such knowledge allows one to
have a deeper understanding about the physical origin of this
structure-induced enhancement of absorption. In Sec. III we
will present a brief summary to this paper.

II. RESULTS AND DISCUSSIONS

The basic geometric configuration of a usual 3D laer-by-
layer MPC is schematically depicted in Fig. 1(a). The MPC*Electronic address: lizy@aphy.iphy.ac.cn
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is stacked from rectangular metallic rods which are arrayed
in a face-centered-tetragonal lattice. The stacking direction is
set to be the(001) direction, which is parallel to thez axis.
This metallic structure can be built by infiltration of metallic
materials into an original template, which is also a layer-by-
layer photonic crystal but made from dielectric materials
such as silicon[11–15]. The adjacent metallic layers are in
touch with each other and the open domain between the
metal walls in each layer is an air background. The MPC we
consider in this paper is similar to the ordinary layer-by-layer
MPC but has a more general configuration and allows addi-
tional structural freedoms to be incorporated to adjust the
optical properties. The geometry of the new MPC is sche-
matically depicted in Fig. 1(b) for the cross sectional picture
in the (010) plane. The open domain between the metallic
walls now might be filled with a general homogeneous di-
electric material whose refractive index isnf. A homoge-
neous thin film is introduced as a separation layer between
adjacent metallic layers. The thin film has a thicknesss and
refractive index ofns. The usual layer-by-layer MPC can be
assumed to be a special case of the new MPC with param-
eters ofnf =1, s=0, andns=1.

The theoretical approach for solving light propagation
through the general MPC is close to that for an ordinary
layer-by-layer MPC. For such microstructures that are made
from highly conducting metallic materials and operate in the
mid-infrared wavelength regime, the basic theoretical tool is
the plane-wave-based transfer-matrix method in combination
with the analytic modal solution approach. In brief, one first

finds out the solution of the EM eigenmodes within each
metallic layer by means of an analytical manipulation. This
is possible because each metallic layer is a 1D lamellar grat-
ing [18,24–29]. Such an analytical step proves to be the key
to the high efficiency of the whole theoretical scheme as the
eigenmodes have already accurately accounted for the small
skin depth of metal, which is two orders of magnitude
smaller than the incident wavelength. The next step is to
project these eigenmodes onto the plane-wave function space
associated with the eigenmodes of EM fields in an air back-
ground. From this the transfer matrix(such as the scattering
matrix) for the metallic layer on the plane-wave basis can be
built. The same procedure holds for all the four metallic
layers in each unit cell, but a simpler and more efficient way
is to utilize the translational and rotational symmetries be-
tween these layers. The transfer matrix for a homogeneous
dielectric thin film can also be derived analytically. With
these individual transfer matrices at hand, the last thing is to
construct the overall transfer matrix for a unit cell and then a
slab consisting of multiple unit cells, based on which all
interesting physical quantities such as the transmission, re-
flection, and absorption spectra for the metallic MPC can be
extracted. More details of the theoretical approaches can be
referred to Refs.[18,21–23].

The periodic array of metallic rods can be regarded as
forming the principal skeleton of the MPC structure. It
shapes the basic optical properties of the MPC, such as the
existence of a long-wavelength stop band gap due to the
conventional waveguide cutoff, and the enhancement of ab-
sorption induced by the microstructure of metal. In our simu-
lations, we assume that this metal skeleton is made from
tungsten and has fixed geometrical parameters as: the spac-
ing between two adjacent rods isd=4.2 mm, and each rod
has widthw=4.2 mm and thicknessh=1.5 mm. Besides, the
sample is four layers(namely, one unit cell) thick. On the
other hand, the dielectric part can modify the behavior of
wave propagation in the metallic skeleton, so much as to
determine, for instance, the precise position of the lowest
pass band, higher band gaps and absorption peaks, and the
degree of structure-induced enhancement of the absorption
on EM radiations. Investigation on the role played by the
dielectric materials may help to reveal the origin of the en-
hanced absorption in the MPC’s.

We first look at the transmission, reflection, and absorp-
tion spectra for the ordinary layer-by-layer MPC sample,
namely,s=0, nf =1, andns=1. This MPC has been discussed
both experimentally and theoretically[11,16–18]. The calcu-
lation results are reproduced and plotted in Fig. 2(a) for the
sake of reference. Here we have considered normal incidence
of unpolarized plane waves. To achieve this, we consider
incidence of two independent plane waves that are orthogo-
nally polarized(one with the electric field parallel to the rod
in the top layer and the other perpendicular) and have equal
intensity. A high reflection and low transmission range ap-
pears above the wavelength of about 6mm, which is recog-
nized to be the stop band gap. This size is close to the con-
ventional waveguide cutoff wavelength, which is about twice
the open domain sizes3.0 mmd. Below this wavelength, a
wide high-transmission band stands out with the longer-
wavelength peak located at about 5.6mm. The most distin-

FIG. 1. (a) Schematic configuration of an ordinary 3D layer-by-
layer MPC composed of rectangular tungsten rods. The primitive
unit cell is arrayed into an face-centered-tetragonal lattice.(b) The
picture of cross section vertical to the(010) direction of the general
MPC’s under study in the paper. The space between the adjacent
rods, the width and thickness of each rod, and the separation space
between two metallic layers are represented byd, w, h, ands.
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guished feature is a sharp absorption peak located at about
5.7 mm (close to both the transmission peak and the stop
band edge) with a magnitude of about 19%, which is one
order of magnitude larger than the absorption coefficient of a
bulk tungsten(say, a homogeneous tungsten thin film) at the
same wavelength, in consistence with the experimental data
[11]. This absorption enhancement has been ascribed to two
dominant mechanisms: The slow down of EM wave propa-
gation near the band gap(small group velocity) and the pres-
ence of a high transmission band at the same wavelength
[16–18]. Both mechanisms increase the flow of EM wave
through the whole metallic structure, and thus enhance the
absorption.

Due to the structural similarity to the ordinary layer-by-
layer MPC’s, it can be expected that the enhanced absorption
should also exist in the new general MPC’s under the same
physical mechanisms. In our first step, we bring metallic rods
that are originally in connection along the(001) direction out
of touch. The calculated transmission, reflection, and absorp-
tion spectra for increasing separation distances ass=0.2h,
0.4h, and 0.6h are displayed in Figs. 2(b)–2(d), respectively.
It can be seen that the order-of-magnitude enhancement of
absorption take place in all MPC’s compared with an un-
structured tungsten bulk material. The dominant absorption
shows up in the lowest absorption peak, and the peak red-
shifts from 5.7mm for the ordinary MPC(with s=0) to 7.2,
8.5, and 9.8mm, respectively, for the above three MPC’s.
Similar phenomenon of redshift has been observed in the
ordinary layer-by-layer MPC when the thickness of each me-
tallic layer increases. The reason can be attributed to the
appearance of a new pass band within the long-wavelength
stop gap which is primarily induced by the conventional me-
tallic waveguide cutoff effect[16]. That this assumption is
reasonable can be seen from the existence of the long-
wavelength transmission peaks in Fig. 2 below the cutoff
wavelength of 6mm. The pass band shifts to a longer wave-
length for a larger air-film separation distance and therefore a
larger lattice constant in the(001) direction. In addition, the
band width becomes increasingly narrower. As a result, the
group velocity of wave along the(001) direction slows
down, leading to enhancement of absorption. This is clearly
reflected in Figs. 2(a)–2(d) from an increasingly sharper ab-
sorption peak which almost overlaps in frequency with the
transmission peaks(and reflection dips) and whose maxi-
mum magnitude monotonously grows from 19% to 23%, to
27%, and to 32%, although the total thickness of the metallic
domain keeps unchanged. It is obvious that the two physical
mechanisms for the ordinary layer-by-layer MPC’s also play
a key role in shaping the absorption characteristic of the new
MPC’s.

The above observation that the absorption of EM waves
enhances when the metallic rods are brought out of touch
each other is somewhat beyond our expectation. The conven-
tional wisdom holds that the connectivity of metal structures
can offer channels for surface currents that are induced by
external EM wave radiations to flow in the whole metallic
structure, and therefore increases the loss of absorption. This
is a well-known fact for electric direct current transport in
metal wires. Probably for this reason, it has been suggested
that the absorption loss should be significantly reduced in an
opal-based MPC made from metallic spherical particles
when the metal particle is coated with a thin film of polymer
to form a separation layer[30,31]. In this context, it is a little
bit surprising to find the inverse absorption behavior that
isolation of metal structures does not reduce, but increases
the absorption. The possible reason for this anomalous phe-
nomenon might be the difference in the transport mechanism
between EM waves and electric direct currents. The latter
strongly depends on the connectivity of metal structures,
while the former can transport without the help of a medium.
Besides, a separation layer might facilitate the coupling be-
tween surface plasmons that are excited in different metal
rods and leads to a stronger absorption effect.

FIG. 2. Calculated optical spectra of the MPC samples with
different thicknesses of the separation air film as(a) s=0, (b) s
=0.2h, (c) s=0.4h, and (d) s=0.6h. The open domain within each
metallic layer is an air background.
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In our next step we consider MPC’s where the air-film
separation layers in Fig. 2 are replaced by silica layers. The
calculation results of the optical spectra are displayed in Fig.
3 for three cases of layer thickness as(a) s=0.2h, (b) s
=0.4h, and (c) s=0.6h. The open domain in each metallic
layer is still an air background. The overall characteristic of
the spectra is similar to the air-film MPC’s, in particular, an
order-of-magnitude enhancement of absorption is also ob-
served in all MPC’s. Compared with the air-film sample, the
dominant absorption peak in the silica-film sample now fur-
ther shifts to longer wavelengths at 8.0, 9.9, and 11.6mm,
respectively. The maximum absorption coefficient witnesses
a slight reduction and assumes a value of 22%, 27%, and
29% for the three MPC samples. The redshifts of the domi-
nant absorption peak can be understood by noticing that the
silica film increases the light path of EM waves in the(001)
direction due to a refractive index growth, and thus the
equivalent lattice constant in this direction.

Apart from changing the(001) lattice constant by intro-
ducing a separation thin film into the ordinary layer-by-layer
MPC, the absorption band can be engineered by modifying
the open domain within each metallic layer, for instance,
changing the filling dielectric materials. This scheme has a
practical advantage over the above two schemes because in
experiment it is easier to fill dielectric materials into an ex-
isting MPC template than fabrication of a new MPC through

time-consuming lithographic techniques. In Fig. 4, we plot
the optical spectra of MPC samples with the separation space
s=0. The open domain between metallic walls are filled with
dielectric materials of different refractive indices as(b) nf
=1.5, (c) nf =2, and(d) nf =2.5. For clarity of reference, we
also show the optical spectra for the ordinary layer-by-layer
MPC (with nf =1) in Fig. 4(a). With nf increasing gradually,
some interesting spectrum features can be seen from the fig-
ures. First, the lowest band gap edge moves to longer wave-
length, froml1=5.7 mm, to l2=8.5 mm, l3=11.4mm, and
l4=14.3mm. Almost overlapping with this band gap edge is
a pass band with a significantly large transmission coefficient
and a greatly enhanced absorption peak whose maximum
magnitude increases from 19.0% to 29.2%, 36.4%, and

FIG. 3. Calculated optical spectra of the MPC samples with
different thicknesses of the separation silica film as(a) s=0.2h, (b)
s=0.4h, and (c) s=0.6h. The open domain within each metallic
layer is an air background.

FIG. 4. Calculated optical spectra of the MPC samples with the
separation spaces=0. The open domain between metallic walls in
each layer are filled with dielectric materials of different refractive
indices as(a) nf =1, (b) nf =1.5, (c) nf =2, and(d) nf =2.5.
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43.6%. This tendency of redshift of the absorption peak is
similar to those found in Figs. 2 and 3 when the(001) lattice
constant is increased.

The position of the pass band and the absorption peak for
different filling dielectric materials can be well understood
by noticing that the layer-by-layer metallic skeleton shapes
the basic transport behavior of EM waves. This metallic skel-
eton, with all metal rods interconnected with each other,
form a low-frequency filter to incident waves, and can block
long-wavelength radiation with arbitrary polarizations. The
open domain in each unit cell of the MPC, with metallic wall
surrounding the four sides, behaves like a metallic square
waveguide. Therefore there exists a fundamental stop band
gap that can be regarded as originating from the conventional
waveguide cutoff effect. The cutoff wavelengthlof f is fun-
damentally determined by the geometrical size of the open
domain by a relation oflof f<2aminnf, whereamin is the side
length of the open domain, which is 3mm for the MPC here.
For this reason, one can expect that the gap edge positionlc
should nearly scale proportional to the refractive index of the
filling material. Surprisingly, we indeed find that the stop
band gap edge of the above four MPC samples satisfy the
following proportional relations:l2/l1,1.5, l3/l1,2, and
l4/l1,2.5. This observation indicates that the formation of
the lowest band gap in the current MPC’s has a close con-
nection with the metallic waveguide cutoff effect.

Another significant feature that can be found from the
optical spectra in Fig. 4 is the appearance of additional ab-
sorption peaks that is associated with the high-transmission
pass bands whennf increases from 1 to 2.5. In Fig. 1(a),
there appears a small bump in the shoulder of the dominant
absorption peak. The position of this weak absorption peak is
about 4.6mm and the magnitude is about 5%. Whennf in-
creases to 1.5, this second higher absorption peaks becomes
quite apparent. The position shifts to about 6.9mm and the
magnitude grows to about 10.7%. Whennf further increases
to 2.0 and 2.5, the absorption peak continues to redshift to
9.1 and 11.4mm, and the maximum magnitude grows to
15.5% and 20.6%, respectively. Similar behavior can be
found for the other higher absorption peaks. Physically, the
appearance of new pass bands can be attributed to the in-
creased guided mode number that a metallic waveguide can
support when the refractive indexnf increases. Increasingnf
means reduced wavelength within the material or equiva-
lently larger waveguide dimensions. On the other hand, a
largernf also increases the path that the EM wave witnesses
when it transports along the(001) direction, and therefore
more waves are absorbed.

A closer look at the optical spectrum in Fig. 4 shows that
not only the lowest-frequency dominant absorption peak, but
also the other higher absorption peaks nearly follows the
linear scaling law with respect to the refractive index of the
filling materials. For instance, the position of the second
higher absorption peak at the four MPC samples, which is
about 4.6, 6.9, 9.1, and 11.4mm, obviously is nearly linear
with the corresponding refractive index, which is 1.0, 1.5,
2.0, and 2.5, respectively. From the mathematical point of
view, such a scaling law is consistent with the approximate
scalability of Maxwell’s equations for a highly conducting
metallic structure with respect to the refractive index of the

background dielectric medium. To see this more clearly, look
at the wave equation for the MPC:=3 = 3E−esr dk0

2E=0,
wherek0 is the wave number. The dielectric functionesr d is
em in the metal domain ande f =nf

2 in the open domain. The
wave equation can be written in another way:=3 = 3E
−fesr d /e fgsnfk0d2E=0. As the metal has a very large value of
em, esr d /e f can be assumed to be approximately the dielectric
function for the MPC with an air background. But now all
relevant physical sizes, including the absorption wavelength,
have a new scale that isnf times the original ones. In its
extreme case, such a scalability should be satisfied rigorously
for a perfectly conducting structure, such as a microwave
metallic waveguide. From this point of view, it is not surpris-
ing to observe the redshift of the absorption peaks whose
positions are nearly proportional to the refractive index of
the filling material.

The above discussions have clearly shown that the propa-
gation behavior of EM waves can be significantly altered in
a microstructured 3D metallic photonic crystal. As a result,
order of magnitude enhancement of absorption can be
achieved. Previous works[32–34] have shown that a simple
1D metallodielectric photonic crystal made from periodic
stacks of alternating metallic and dielectric thin films can
also radically modify the way by which EM waves used to
transport in metallic materials. For instance, Scalora and co-
workers have shown that deliberately designed metallodi-
electric multilayer thin films can become transparent to vis-
ible or infrared light despite a total thickness of metal films
far larger than the skin depth of the metal, because of a
resonant tunneling effect[32,33]. It might then be possible to
also attain a significant enhancement of absorption in a se-
lective wavelength window in the optical regimes by means
of such simple 1D multilayer structures. These structures are
much easier to fabricate than the 3D metallic photonic crys-
tals and thus might prove useful in application to high-
performance thermal radiation devices.

III. CONCLUSIONS

In summary, we have used an efficient theoretical formu-
lation which combines the plane-wave-based transfer-matrix
method and the analytical modal solution approach to ana-
lyze the optical properties of 3D MPC’s that are similar to
but have more general structural configurations than the or-
dinary layer-by-layer MPC’s, which recently have been suc-
cessfully fabricated via advanced lithographic techniques
and can have potential high-temperature applications. Al-
though in the mid-infrared wavelength regime, metal in its
bulk material form shows weak absorption to EM wave ra-
diation, it can exhibit order of magnitude enhancement of
absorption when it is brought into microstructures such as a
photonic crystal. Two basic physical mechanisms dominantly
contribute to this enhancement, one is the small group veloc-
ity of waves near the band gap edge, the other is the overlap
of the absorption peak with the high-transmission pass band
supported by the MPC.

We have systematically investigated the dependence of
the enhanced absorption effect on several geometrical pa-
rameters of the general MPC’s. We find that when the metal-
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lic layers are brought out of touch and a dielectric thin film is
introduced as the separation layer, the magnitude of the ab-
sorption peaks grows rather than decays. This is in contrast
with the conventional wisdom that the connectivity of metal-
lic structures can enhance the absorption. Besides, the in-
crease in the metallic layer separation distance will result in
a redshift of the absorption peak. The position and magnitude
of the absorption peak can also be engineered conveniently
by simply changing the refractive indexnf of the dielectric
material filling the open domain between metal walls. It is
found that the absorption peak approximately follows a lin-
ear relation in its position withnf. The fundamental reason
for this linearity is due to the scalability of Maxwell’s equa-

tions for a highly conducting MPC with respect tonf. These
systematic examinations about the enhancement of EM wave
absorption could be useful for engineering and designing
MPC’s that exhibit excellent optical properties associated
with the high-temperature application, such as high-
efficiency thermal radiation source.
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