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We predict that modified thermal emission can result from three-dimensional, self-assembled photonic
crystals. In previous tungsten structures, known as inverse opals, strong absorption prevented any
influence of the periodicity. We consider the origin of this effect and show how to tailor both absorption
and surface coupling in experimentally realizable metallic inverse opals. Calculations for tungsten,
molybdenum, and tantalum crystals show that their optical properties can be similar to or even better
than the tungsten woodpile, where modified thermal emission has already been seen.
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A photonic crystal is a structure that is three-
dimensionally periodic on an optical length scale [1].
This periodicity can affect not only the optical transmis-
sion and reflection of the material, but also its thermal
emission [2]. For example, a specific photonic crystal,
the tungsten woodpile structure, has exhibited modified
thermal emission when heated [3,4]. This arises because
the photonic density of states is altered in the crystal.
While the full implications of this effect and its relation-
ship to Planck’s blackbody limit are still under discussion
[5–9], the potential for these crystals to suppress emission
at certain wavelengths (e.g., unwanted heat) is clear. They
may allow more efficient emission sources and thermo-
photovoltaic systems to be obtained.

Unfortunately, the woodpile structure (Fig. 1, inset)
requires a complex fabrication process, which has limited
its use in the study of thermal emission. A simpler ap-
proach would be to use self-assembly. Micrometer-scale
colloidal spheres can be organized as a thin face-centered
cubic (fcc) crystal on a substrate [10]. The crystal can then
be infiltrated and the spheres removed to obtain a structure,
known as an inverse opal, in which an fcc array of air
spheres is embedded in a film [11–14]. Indeed, tungsten
inverse opals have recently been made [15,16], and these
could be used to study thermal emission. However, these
crystals suffered from extremely strong optical absorption.
Essentially, propagating light is absorbed before it senses
the periodic structure, eliminating any influence of the
photonic crystal. While Kirchhoff’s law states that absorp-
tion is needed for thermal emission, clearly the absorption
should not be severe. If it is, modification of thermal
emission by the photonic crystal will not occur. Thus,
previous work suggested that inverse opals were ill-suited
for studying thermal emission.

Here, we reexamine inverse opals for thermal emission.
Namely, we seek to understand the severe absorption in
these structures, and to determine if it is intrinsic or can be
moderated. For thermal emission modification, the absorp-
tion should be significant, but not so strong that the peri-
odicity does not play a role. Previously, thermal emission

was treated theoretically for silicon inverse opals [17].
Here, as in the woodpile studies, we begin with tungsten.
Because of its extremely high melting temperature
(3414�C), tungsten structures allow thermal emission to
be studied over a broad temperature range. We then con-
sider other refractory metals such as molybdenum and
tantalum. Surprisingly, we find that small, experimentally
realizable changes in metallic inverse opals can lead to
properties that are very similar to or even better than the
tungsten woodpile. Thus, these new structures, which are
easily prepared, have great potential for both thermal
emission studies and applications.

We begin by calculating the photonic band diagram and
optical spectra for the tungsten woodpile using the transfer
matrix formalism [18,19]. The results, shown in Fig. 1,
were obtained for the structure reported previously [4],
except our crystal is 10 layers thick. Unless stated other-

FIG. 1. Calculated (a) photonic band structure and
(b) transmittance T (open circles) and absorptance A (solid
circles) along [001] for a 10-layer tungsten woodpile (see inset).
The rod width, height, and spacing are 0.5, 0.75, and 1:5 �m,
respectively, so that the total thickness is 7:5 �m. No bands exist
below 0.4 eV. T values are scaled by a factor of 5.
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wise, we used the actual complex dielectric function of all
metals in this work [20], but the imaginary part was set to
zero in all band structure calculations. From the band
diagram [Fig. 1(a)] we can identify two groups of bands,
one below 0.6 and the other above 0.64 eV. The two peaks
in absorption [Fig. 1(b)] correspond to these two groups.
Previous thermal emission experiments [4] utilized the
upper frequency peak, which is stronger. In this frequency
range, transmission is appreciable, suggesting that light is
not severely damped but rather interacting with the peri-
odic structure.

To determine whether tungsten inverse opals can exhibit
similar optical behavior, we need physical intuition about
the origin of the absorption. Then, perhaps we can increase
the spatial decay length via small structural changes.
Following Krokhin and Halevi [21], we consider an infinite
photonic crystal composed of a weakly dissipating material
m and air a. The complex magnetic field in the nth pho-
tonic band takes the Bloch form
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X
G
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i�k�G��r; (1)

where k is the wave vector, G is the reciprocal lattice
vector, and h is the complex orthonormal basis vector,
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If we express the dielectric function of the material in
complex form as "0m � i"00m and the angular frequency as
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with c as the velocity of light [21]. It is useful to rewrite
Eq. (3) in terms of the field in real space by using Parseval’s
theorem and Maxwell’s equations such that
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where Vc is the volume of the unit cell and D is the
complex displacement field, defined as in Eq. (1). Now,
we assume that material m is a metal with a magnetic
permeability of 1 and "0m 
 0. Moreover, the thickness
and radius of curvature of the structured metal are always
much greater than the skin depth �. Then, on separating the
unit cell into metal and air parts with volumes Vm and Va,
Eq. (4) becomes approximately

 !00n�k� � �
"00m
2

�R
Vm
jE�n�k �r�j

2drR
Va
jE�n�k �r�j

2dr

�
!0n�k�; (5)

whereE is the complex electric field, as in Eq. (1). So far, k
has been treated as a real quantity. If we now regard k as
complex, k0 � ik00, the spatial decay length is inversely

proportional to k00 and, in the limit of weak dissipation,
k00 � �!00=vg, where vg is the group velocity [21]. Thus,
to increase the spatial decay length, we need to increase the
group velocity and/or decrease !00. Equation (5) allows!00

to be quantified from the distribution of the field.
Physically, it states that !00 is related to the ratio of the
field intensity in the metal to that in the air, which, in turn,
is roughly proportional to Sm�=Va, where Sm is the surface
area of the metal in the unit cell. Thus, we need to decrease
Sm=Va by altering the inverse opal structure.

Based on this analysis, we considered several simple
alterations to the inverse opal. The most promising in-
volves the insertion of air cylinders into the structure at
the contact points between the air spheres. The cylinders
are oriented along the lines connecting the centers of the
spheres. Outside of these spheres and cylinders, the struc-
ture is filled with metal. This alteration is advantageous for
three reasons. First, the cylinders decrease Sm=Va. For
example, when the cylinder diameter d is half of the sphere
diameter D, Sm=Va is 52% of its value without the cylin-
ders. Second, the cylinders allow the air spheres to interact,
resulting in band broadening and an increase in the group
velocity [22]. Finally, and perhaps most importantly, ex-
perimental techniques already exist to add such cylinders
to inverse opals [16,23].

Figure 2 describes how the optical properties of the
metallic inverse opals vary with air cylinder diameter. To
obtain these plots we assumed a constant dielectric func-
tion with weak absorption and determined the band dia-
gram for the �L direction for a range of cylinder diameters
[19]. From each such diagram, a lower and upper group of
bands could be identified, as in Fig. 1(a). For each group,
we then extracted the minimum value of k00="00m and vg=c at
the same frequency. The resulting plots are useful for two
reasons. First, recalling that the spatial decay length is
inversely proportional to k00, Fig. 2(b) shows that the spatial
decay length increases with cylinder diameter. As k00 is, in
turn, inversely proportional to vg, Fig. 2(a) indicates that
this increase is due in part to an increase in the group
velocity. Because our goal is to lengthen the spatial decay,
these plots suggest that we should use a cylinder with the
largest possible diameter. However, the inverse opal be-
comes disconnected when d=D> 0:577. Thus, to ensure
mechanical stability we use d=D � 0:5 below, correspond-
ing to a reasonable metal filling fraction of 15%. Such a
structure is depicted in Fig. S1 in Ref. [19]. Second, the
plots in Fig. 2 were constructed to allow comparison with
values for the woodpile, shown as horizontal lines. For
d=D � 0:5, Fig. 2(b) shows that the spatial decay length
in the inverse opal should be only slightly shorter than in
the woodpile for the upper group of bands. Moreover, it
should actually be longer for the lower group of bands.
Thus, this plot indicates that absorption in inverse opals
can be moderated by inserting air cylinders [24]. Further,
the tailored structure may exhibit optical behavior compa-
rable to the woodpile, at least at certain frequencies.
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Before testing this, we must first consider how light in
the structure couples to the external field. This coupling,
which also affects the optical properties of the crystal, is
determined by both the symmetry of the eigenmodes and
the surface geometry. For thin self-assembled colloidal
crystals, the external surfaces are typically hexagonally
close-packed sheets of spheres that are perpendicular to
the �L direction. If such a crystal is grown between two
substrates and then processed to obtain a freestanding
inverse opal, the air cylinders discussed above will also
arise at the contact points between the substrates and the
outer spheres. Thus, the two external surfaces will be flat
metal interfaces perforated by a hexagonal array of cylin-
drical holes with diameter d. This surface geometry is
similar to the metal hole arrays that have been investigated
for extraordinary optical transmission [25]. In that case,
enhanced transmission occurs near the frequencies of sur-
face plasmons. For normal incidence, the plasmon fre-
quency of a hexagonal hole array is given by

 

!D
2�c

� 2

����������������������������������������������
�i2 � ij� j2��"0m � 1�

3"0m

s
; (6)

where i and j are integers. A transmission peak will be
located where !D=2�c is near 1, corresponding to the
lowest surface plasmon frequency modes given by �i; j� �
��1; 0�, (0;�1), (1;�1), and (� 1; 1).

As in previous studies on two-dimensional photonic
crystals [26], we examined how this surface influences

the optical properties. The calculated reflectance for the
outermost half-layer of the structure, including the air
cylinders, is shown in Fig. 3(a) for "m � �100� 27i. A
reflectance dip (or transmission peak) occurs near the
frequency predicted by Eq. (6). For comparison, Fig. 3(b)
shows the calculated band diagram for a tailored inverse
opal assuming "m � �100. Because the reflection dip of
the surface [Fig. 3(a)] overlaps with the upper group of
bands, i.e., above !D=2�c � 0:8, one might expect to see
the best coupling to the external field in this region for a
tailored 5-layer inverse opal. Figure 3(c) shows the calcu-
lated reflectance for such a structure with "m � �100�
27i. Indeed, the reflectance dip for the lower group of
bands (i.e., at !D=2�c � 0:66) is weaker than one would
expect based solely on the spatial decay length discussed
above. The surface is effectively blocking the incident light
at these frequencies. Thus, below we utilize the upper
group of bands, which couple to the external field strongly,
even though the spatial decay here is slightly shorter than
in the woodpile.

We can then adjust the lattice constant of the crystal to
locate the absorption peak in the near-infrared region to
compare with the woodpile results. As Fig. 3(c) suggests
that the absorption peak in the inverse opal should occur
around !D=2�c � D=� � 1, we chose D � 1:7 �m to
place the peak near this wavelength. Figures 4(a) and 4(b)
show results for a tailored 5-layer tungsten inverse opal
along the �L direction. The absorption peak [Fig. 4(b)]
occurs at 0.68 eV or � � 1:82 �m. Comparison with
Fig. 1(b) reveals that the optical spectra of the tailored
tungsten inverse opal are quite similar to those of the
tungsten woodpile. The absorption peak of the inverse
opal is even narrower, which may be advantageous for

FIG. 3. (a) Calculated reflectance for normal incidence on the
top half-layer of the inverse opal with air cylinders, using "m �
�100� 27i and d=D � 0:5. (b) Photonic band structure along
[111] for an inverse opal with air cylinders, using "m � �100
and d=D � 0:5. No bands exist below 0.4 eV. (c) Calculated
reflectance for normal incidence along [111] for a 5-layer inverse
opal as in (b) except "m � �100� 27i. The insets show sche-
matic side views of the structures.

FIG. 2. (a) Normalized group velocity and (b) the minimum of
k00="00m vs d=D along [111] for the inverse opal. These values are
extracted from the frequency dependence of k0 and k00 in the limit
of vanishing "00m, as described in Ref. [19]. Results are plotted for
the lowest frequency group of bands (solid circles) and the next
group of bands (open circles). For comparison, values for the
lowest group of bands (dotted line) and the second group of
bands (dashed line) for the woodpile are also shown. A constant
"m � �100� 0:01i was used.
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some applications. The maximum transmittance is 0.03 for
the tungsten inverse opal, which has a thickness of
7:25 �m, compared to 0.09 for the tungsten woodpile in
Fig. 1, which is 7:5 �m thick. The difference in trans-
mittance can be explained by Fig. 2(b), which indicates
that the spatial decay length is longer in the woodpile than
the tailored inverse opal for the upper group of bands.

To test further our tailored structure, we performed
several additional calculations. First, Fig. S2 in Ref. [19]
shows the band structure and optical spectra for our tung-
sten inverse opal along the �X direction. These results are
quite similar to those for the �L direction [Fig. 4(b)],
indicating that thermal emission from several external
facets of the crystal should act similarly. Second,
Figs. 4(c) and 4(d) present optical spectra along the �L
direction for our tailored inverse opal made from Mo and
Ta, respectively. These spectra show that the transmission
can be even higher than the tungsten woodpile. Thus, by
compromising slightly on the melting temperature of the
metal (2622 �C and 3007 �C for Mo and Ta, respectively),
even better properties may be possible.

In conclusion, we predict that metallic inverse opals can
be tailored to have optical properties similar to or even
better than the tungsten woodpile. By inserting air cylin-
ders and considering the coupling to the external field,
these inverse opals should exhibit optical absorption that,
while still significant, is sufficiently moderated that the
periodicity of the photonic crystal will have an effect.
Because Kirchhoff’s law relates thermal emission directly
to absorption, such structures should exhibit modified ther-
mal emission. Moreover, these inverse opals are experi-

mentally realizable and have external surfaces that are
convenient for predicting coupling to the external field.
Thus, these self-assembled photonic crystals have great
potential for experimental studies and applications of
modified thermal emission.
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FIG. 4. (a) Calculated photonic band structure and (b) optical
transmittance T (open circles) and absorptance A (solid circles)
along [111] for a 5-layer tungsten inverse opal with air cylinders.
(c),(d) Calculations for analogous structures from molybdenum
and tantalum, respectively. For all, we used D � 1:7 �m,
d=D � 0:5. T values are scaled by a factor of 5. In (a) no bands
exist below 0.3 eV.
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