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An analysis of the optical response of photonic crystals in the high-order band energy range is herein
presented. High and abruptly fluctuating specular reflectance is predicted for perfect lattices at those energies
even in the absence of any photonic gap or pseudogap. As optical extinction is gradually introduced, it is
possible to reproduce experimental results found in the literature and which have recently been the subject of
an intense debate. Band structure calculations demonstrate that extinction is extraordinarily amplified in the
high-energy range and is responsible for the features so far observed in that range in real crystals.
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The large spatial anisotropy of the dielectric constant in
two- and three-dimensional photonic crystals �PCs� results in
very complex band structures.1 In the higher-order bands, the
interaction of multiple wave vectors propagating along dif-
ferent crystalline directions gives rise to very low dispersion
modes, and although full gaps may open if the dielectric
contrast is high enough, most practically feasible lattices
present a wide passband in which the photon density of
states fluctuates abruptly.2 Interesting fundamental phenom-
ena with great potential applications have been observed
when light propagates through higher band modes, such as
the superprism effect3 or beam self-focusing.4 Different ex-
perimental and theoretical works have deepened our knowl-
edge of this energy range.5–7 However, the optical features
observed in the reflectance and transmittance spectra of real
crystals are not yet fully understood.

Here we present a complete description of the optical re-
sponse of real PCs in the high-energy range, in which the
spatial variation of the dielectric constant is on the order of
the wavelength. We chose a face-centered cubic �fcc� lattice
of low-refractive-index spheres to analyze the effect of ex-
tinction on the optical properties in this range. We start by
describing the band structure and predicting the optical re-
sponse of a fcc crystal with almost no losses and then gradu-
ally introduce extinction in its components. At those energies
for which very low-dispersion propagation modes are at-
tained, we predict that perfect lattices should present a
strongly fluctuating optical response that rapidly smooths out
as extinction is gradually increased. A similar behavior has
been reported by Modinos et al.8 although it seems to have
been overlooked in the literature so far. Furthermore, we ob-
serve that a residual imaginary part of the dielectric constant
introduced in the spheres gives rise to extraordinarily high
values of the extinction for the high-energy region. We found
that this extinction amplification effect is responsible for the
shape of all actual reflectance and transmittance spectra so
far reported, all experimental data available being explained
by our model.

Transmittance and reflectance spectra, as well as the band
structure, were calculated using the code reported by Ste-
fanou et al.9,10 and based on the Korringa-Kohn-Rostoker
�KKR� wave calculation method. To study the convergence

of the fields, the values of the code parameters that control
the number of terms in both the spherical-wave and plane-
wave expansions of the electric field, have been increased
from LMAXD=7 and IGD=21 to LMAXD=19 and IGD
=99, respectively. For the calculations shown in this paper,
we used 41 two-dimensional �2D� reciprocal lattice vectors
in the plane-wave expansions and spherical waves with an-
gular momentum up to lmax=7. These are the minimum val-
ues providing good convergence in that range. Lower values
of lmax and fewer reciprocal lattice vectors still give a correct
result for lower-energy bands, enough to describe the optical
response around the stop band, although not sufficient to
provide trustworthy information on the region we are inter-
ested in.The model structure employed is a close-packed fcc
lattice of spheres of dielectric constant �s=2.4964+�i in a
medium of �=1. This value corresponds to latex spheres in
air, a structure that has been repeatedly fabricated and typi-
cally considered of high structural quality in the field of 3D
PCs.11 The largest accessible surface is determined by the
crystal growth direction, typically the �111�.12 We will focus
on the optical properties when light impinges in that particu-
lar direction since they are best known.

The calculated band structure along the �L direction for a
sphere of dielectric constant �s=2.4964+0.0001i, along with
the reflectance spectrum in a selected range are shown in Fig.
1. Energy is expressed in reduced units a /� where a is the
lattice constant. The band structure of this lattice hardly dif-
fers from that calculated using a purely real �s, at least in the
energy range we are interested in, since the imaginary part of
the wave vector is negligible. Interestingly, a similar ap-
proach has been employed to calculate the scattered electron
spectra of semiconductors.13 Although the KKR method con-
verges for �i=0, the introduction of this residual extinction
allows one to obtain the reflectance in a range in which its
fluctuations are so abrupt in the lattice without losses that its
analysis is almost unaffordable. In Fig. 1�c�, the reflectance
for a crystal made of 21 layers is shown. It can be observed
that a strongly fluctuating reflectance is expected for low-
dielectric-contrast fcc lattices in which extinction can be ne-
glected, for energies above the pseudogap. Reflectance may
reach very high values in the absence of any gap, while total
transmission may occur for some other narrow spectral
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ranges. Our results reproduce the abrupt changes in the
specular reflectance already predicted in Ref. 8 for perfect
lattices without absorption. None of the fcc structures re-
ported so far have shown any of the features shown in Fig. 1
for photon energies a /��1, but much smoother ones. The
reasons are addressed in what follows.

Real structures present imperfections14,15 that cause light
to be scattered diffusely, removing part of the energy from
the specularly reflected or forward-transmitted beams. This
extinction is here modeled by adding a small imaginary part
in the � of the spheres of our crystal, which accounts for all
possible sources of losses in the lattice.

The relation between the optical response and the band
structure of a sphere lattice having optical extinction was
analyzed. The real Re�k� and imaginary Im�k� parts of the
wave vector along the �L direction are plotted separately in
Figs. 2�a� and 2�b� for �s=2.4964+0.04i, that is, �i two or-
ders of magnitude larger than that used in Fig. 1. As ex-
pected, in the low-energy region �a /��0.9�, the effect of

such losses is weak, although it has to be taken into account
if a precise description of the measurements is needed.16,17

For a /��0.9, the band dispersion is almost identical to that
of the crystal without extinction: the wave vector may be
considered real and linear with frequency, Im�k� becoming
significantly larger within the pseudogap. However, well
above it, the band structure becomes completely different
from that of a crystal without losses �see Fig. 1�. In the range
1.1�a /��1.3, Im�k� reaches up to four clearly distinguish-
able maxima whose positions precisely coincide with the
minima observed in the forward transmittance, Fig. 2�d�, and
with three of the maxima of the reflectance spectrum, Fig.
2�c�. This coincidence reveals that the features of the experi-
mental optical spectra in the high-energy region are due to
the excitation of light modes with a complex wave vector in
a finite-thickness PC slab. For these modes, extinction, esti-
mated from the requirement of energy conservation, is
greatly amplified, as shown in Fig. 2�e�. This amplification
effect may be put into practice to enhance the efficiency of
devices in which large photon absorption is required in very
short distances, such as solar cells or photodetectors. Our
results confirm that the optical properties of a PC at wave-
lengths similar to or shorter than the lattice parameter �a /�
�1� are much more sensitive to any modification of the
structure, in good agreement with previous studies.18 The
extinction we are introducing has little effect on the optical
properties at lower band energies, but gives rise to huge dis-
tortion of both the spectra and the band structure at higher
frequencies. Similarly, any small structural modification can
give rise to large variations of the optical response at higher
frequencies. A similar absorption amplification effect has
previously been described for photonic crystal waveguides,
in which it was found that loss scales inversely with group
velocity.19,20

The parameter �i was varied in order to analyze the effect
of different amounts of structural disorder. Figures 3�a� and
3�b� show the specularly reflected and the forward-
transmitted spectra for 21 sphere layers, a value used in Ref.
5 for real fcc crystals. For a very low �i, two sets of reflec-
tance peaks �deep transmission dips� are attained for
1.1�a /��1.3 and 1.55�a /��1.8. As we increase �i, the
reflectance peaks decrease, while the dips in transmission
become less pronounced.

The comparison between the calculations and experimen-

FIG. 1. �a� Band structure along the �L direction of a perfect fcc
crystal consisting of spheres of dielectric constant �s=2.4964 in air.
�b� Zoom of the band structure in the range 1.1�a /��1.3. �c�
Specularly reflected light spectrum for �s=2.4964+0.0001i.

FIG. 2. Band structure, reflectance, transmittance, and extinction
spectra of a fcc crystal consisting of spheres of dielectric constant
�s=2.4964+0.04i in air. Real �a� and imaginary �b� parts of the
wave vector along the �L direction. Specular reflectance �c�, for-
ward transmittance �d�, and extinction �e� spectra.

FIG. 3. �Color online� �a�, �b� Specularly reflected and forward-
transmitted light spectra for spheres of dielectric constant �s

=2.4964+ i�i, and for several values of �i, indicated in the insets of
the figure.
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tal spectra extracted from the literature5,21,22 are shown in
Fig. 4. The best fit to experimental data was attained for �i
around 0.04 and adding some dispersion in the real part of
the dielectric constant, which accounts for a small refractive
index increase as we move toward higher energies. Excellent
agreement with experiment is found for the number of peaks
in reflectance and dips in transmittance, their position and
intensity in the two high-energy ranges of interest �1.1
�a /��1.3 and 1.55�a /��1.8�. These ranges are different
in the case of the spectra shown in Fig. 4�e�, since they
correspond to silica �n=1.42� spheres in which the higher-
order band effects occur at higher energies. All these lattices
have been built by evaporation-induced self-assembly, and
their optical response is fitted using much lower values of
extinction than needed for other lattices �results not shown
here� grown using other methods,11,23 thus probing their
higher optical quality. The reflectance spectra of the PC slabs
with the highest losses, Fig. 3�a�, present just two peaks of
low intensity in the range 1.1�a /��1.3, instead of a fine
three-peak structure. This trait coincides with what has re-
peatedly been observed for colloidal crystals which are
known to present a higher density of defects. However, none
of the experimental data so far reported presents such intense
features as those shown in Fig. 1, which indicates that there
is still a long way to go to achieve true defect-free fcc crys-
tals. These results prove that the rich optical properties at
higher band energies are very sensitive to the presence of
defects and may be used to assess the quality of the lattice.

Our results demonstrate that, in the high-energy region,
perfect 3D PCs should present a very intense and highly
fluctuating reflectance spectrum, which smooths out due to
extinction sources of different sort. All measurements re-
ported up to date at those frequencies for sphere fcc lattices
show just a peak or dip structure reminiscent of the well-
defined one expected for a perfect lattice. The agreement
between our model and the optical experiments supports the
idea that extinction plays a crucial role in determining the
shape and intensity of these features. However, full under-
standing of the physical origin of the properties of perfect
lattices at those frequencies is still a challenge. Deficient
coupling to flat dispersion bands18 or the reminiscence of
gaps due to the anticrossing of bands20 have been proposed
as causes of this very complex high-energy spectrum. Lack
of coupling due to the existence of blind modes, not excit-
able for symmetry reasons, has been previously discarded.24

Recently, the abrupt drop of intensity occurring at a /��1
has been attributed to bands that scatter light in nonforward
directions, as explained in Ref. 6. Therein, the authors point
out that diffraction is responsible for the dips observed in the
transmission spectra of sphere fcc lattices. In order to shed
some light on this debate, we calculated the spectral distri-
bution of the energy diffracted modes for a fcc lattice both
deposited on a substrate of index of refraction n2=1.53 �as in
Ref. 6� and self-standing �n2=1�. In both cases, the incoming
medium has n1=1. The ratio of the power carried by each
diffracted mode to the incident power is Rm,l �reflected� or
Tm,l �transmitted�. The integers �m , l� give the order of dif-
fraction, �m , l�= �0,0� being the specularly reflected or
forward-transmitted light, which are typically measured.

Figure 5 shows the spectrum of T0,0 and that of
�m�0,l�0Tm,l �the sum of the intensities of all diffracted
modes in the homogeneous transmission medium� for both
the glass-supported lattice and the self-standing one. The pa-
rameters of the structure are similar to those used in Fig. 2.
Our calculations show that, when the presence of a substrate
�n2=1.53� is considered, diffraction in the glass starts for
a /��1.1, as observed in Ref. 6. This diffraction coincides
with the beginning of the drop in transmission observed ex-
perimentally and reproduced by the calculation of T0,0 shown
in Fig. 5�a�. When the response of the self-standing crystal is
analyzed �n2=1�, an abrupt change in transmittance is still
attained for a /��1 even when no diffraction occurs in that
range, as shown in Figs. 5�c� and 5�d�. In fact, diffraction in
air starts �that is, �m�0,l�0Tm,l�0� at a /��1.63, as expected
from the condition of conservation of the tangential compo-
nent of the wave vectors for a close-packed 2D sphere lat-
tice:

a

�
�

�2

n2
�l2 +

�2m + l�2

3
. �1�

This expression explains the onset of diffracted modes only
within the substrate �n2=1.53� and not in the incoming me-
dium at a /��1.1 for the supported lattice. These results
show that scattering in nonforward directions is not respon-
sible for the main transmission dips observed at a /��1.1, as
proposed in Ref. 6. The fact that the drop in transmittance
occurs at the same spectral value as the diffracted modes in
Ref. 6 is just a coincidence originating in the value of the
refractive index of the substrate. The two phenomena are not
related, as proved in Figs. 5�c� and 5�d�. Diffracted modes

FIG. 4. �Color online� Measured reflectance
and transmittance spectra extracted from Ref. 5
�a�, �b� and Ref. 20 �c�, �d� �solid lines� and the
calculated spectra ��i=0.04, dashed lines� for
spheres of refractive index 1.59 in air. �e� Mea-
sured transmittance spectrum extracted from Ref.
21 �solid line� and the calculated spectrum ��i

=0.02, dashed line� for spheres of refractive in-
dex 1.42 in air.
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within the substrate provoke a further although not signifi-
cant decrease of the transmittance of sustained lattices at
frequencies that will depend on the refractive index of the
substrate. Thus, we take into account all possible sources of
scattering and attain good agreement with all previously re-
ported measurements, even in spectral regions well above the
fundamental stop band where diffraction effects come into
play. Previous theoretical studies have not provided simulta-
neous satisfactory fitting of experimental reflectance and
transmittance as we do herein.

In conclusion, we have realized an integral approach to
the optical response of 3D PCs in the higher-order band en-
ergy range. We have demonstrated that extinction due to in-
trinsic defects determines the shape of the experimental spec-
tra that have been so far reported. Calculations of the crystal
photon modes, also performed considering extinction, shows

a clear correlation between the behavior of the imaginary
part of the wave vector and the optical features observed in
that range. Our results imply that the higher-order band re-
gion of PCs may be used to amplify losses in devices in
which enhanced absorption is desirable, such as solar cells or
photon detectors.
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