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Colloidal photonic superlattices
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We report on the fabrication and optical characterization of photonic superlattices comprised of sequentially
grown stacks of colloidal photonic crystals. The superlattice periodicity induces the formation of minibands
due to folding of the photonic band structure. This represents the first instance in which midgap states have
been incorporated into a colloidal photonic crystal via a specifically engineered structural modification.
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The development of three-dimensional photonic crys
with stop bands in the visible and near-IR regions has
tracted much attention recently, in part because of their
tential value in the fabrication of photonic integrate
circuits.1 Photonic crystals with three-dimensional period
ity have been fabricated using a variety of lithographic a
selective etching techniques,2–5 holographic methods,5 and
colloidal self-assembly.6,7 Unlike most other techniques, thi
latter method relies on either entropic or chemical forces
drive the self-assembly of micron-sized particles. The res
ing crystals have a number of appealing features. They
readily fabricated in a large-area planar thin-film format w
controllable thickness up to hundreds of repeating layers
addition, self-assembly and templating techniques offer
impressive versatility with respect to the materials used
fabricating the crystals8–13 as well as their structura
morphology.14,15

One issue which has not yet been addressed in the fa
cation of colloidal photonic crystals is that of engineer
defects. There has been much work on the incorporatio
specific types of structural defects into both two-dimensio
and three-dimensional crystals. When photonic crystals
formed via lithographic or micromachining methods, bo
point and extended defects can naturally be built into
structure during the fabrication process. Such defects g
rise to propagating modes lying within the forbidden gap
the photonic density of states. These modes are a cru
element in the development of photonic crystals
waveguides, resonant cavities for low-threshold lasers, o
other photonic devices.1,16–18 However, in the case of self
assembled crystals, the fabrication of specific types of
fects in specific locations within the periodic dielectric latti
is not so straightforward. As a result, the formation of m
gap propagating modes in colloidal crystals is problemat

Another approach to the controlled formation of sta
within the forbidden gap is to use an extended periodicity
the form of an optical superlattice. The general properties
such systems were first described theoretically by Russell19,20

and subsequently discussed by several authors.21–28 Ex-
amples have been experimentally realized in o
dimensional structures, in both semiconduc
multilayers21,29 and in optical fiber gratings.30 As in elec-
tronic superlattice structures, the properties of such syst
are dictated by the interplay between the two superimpo
periodicities, one corresponding to that of the underlying
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tice ~with lattice parametera! and the second arising from a
engineered multilayer structure, typically with a much long
length scaleL. This longer periodicity introduces folding in
the Brillouin zone and induces the formation of a series
minibands and corresponding midgap states.31

Here we report the observation of miniband formation
a colloidal crystal superlattice. To our knowledge, this is t
first instance in which midgap states have been intention
located in a colloidal crystal system. This result is promisi
not only for the eventual application of colloidal photon
crystals as optical elements, but also because these sam
represent a new regime for optical superlattices. Most of
previous experimental studies of superlattice states h
been based on one-dimensional fiber Bragg gratings.32 In this
case, the maximum modulation of the refractive index t
can be achieved is quite small, on the order of 1023. As a
result, many periods of the photonic crystal are required
order to obtain a significant optical stop band. For this rea
and also for practical reasons involving the methods use
form these structures, the length scaleL, associated with the
longer periodicity, is almost always much larger than that
the lattice parametera.23 Typical values for the ratioL/a are
;103 in fiber gratings and;102 in the semiconductor mul-
tilayers. In contrast, superlattices formed using colloid
techniques can exhibit a much larger index contrast a
therefore, a much smaller separation of length scales.

The samples used in this study are based on the techn
of convective self-assembly, in which a crystal of submicr
silica spheres grows on a vertical substrate from a liq
suspension.6 The superlattice structure is formed by the s
quential deposition of colloidal photonic crystals using tw
alternating sizes of silica colloids.33 Structures fabricated in
this fashion offer all of the advantages of colloidal crysta
including simple and inexpensive fabrication from a wi
range of materials, precise thickness control, planar thin-fi
formats, and long-range three-dimensional order with
grain boundaries.6 Moreover, they provide a unique forma
for the study of photonic superlattices, because the dielec
contrast is on the order of 1. As a result, it is possible
obtain a large optical stop band and pronounced miniba
even if L/a is on the order of 10 or less.

Figure 1 shows scanning electron microscope~SEM! im-
ages of cross-sectional views of a typical sample. Th
show macroporous polymer superlattices, formed by in
trating the original silica superlattice structure with polyst
©2001 The American Physical Society03-1
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rene and then removing the silica spheres by etching to
duce an inverted structure.11 This process replicates th
structure of the original silica films in a form amenable
cross-sectional imaging. These data clarify the morphol
of the samples and permit us to accurately determine
radii of the spheres and the number of layers in each su
lattice period. Also, they permit a careful evaluation of t
quality of the interface between crystalline layers with d
ferent lattice constants. Figure 1~a! shows a cross-sectiona
view of anABA structure, with three successive depositio
The twoA sections consist ofNA511$111% lattice planes of
a close-packed face-centered-cubic~fcc! colloidal crystal
composed of 451-nm diameter spheres. The middleB section
is NB517$111% planes of an fcc crystal, with sphere diam
eter of 381 nm. The figure shows that both theA andB layers
are planar and of uniform thickness throughout the struc
and that the preferred vertical orientation of the$111% crys-
talline axis is preserved. Figures 1~b! and 1~c! show close-up
views of theAB and BA interfaces, respectively. It is inter
esting to note that both interfaces are flat and well defin
indicating ordered growth of larger spheres on smaller o
and also of smaller spheres on larger ones. This somew
surprising result holds for a fairly wide range of diame
ratios and permits us to fabricate a structure of arbitr
thickness by multiple depositions of alternating layers.33 We
have fabricated structures as thick as six layers~ABABAB!.

The solid curves in Fig. 2 show the evolution of th
normal-incidence transmission spectra as the number o
peat layers is increased. The lower two traces are single c
tals of theA and B layers with numbers of lattice plane
NA511 andNB517, respectively. With only one layer~bot-
tom spectra!, the transmission shows a broad photonic s
band consistent with that observed for traditional colloid
crystals. When one size is layered on top of another, resu

FIG. 1. SEM cross-sectional images of a typical colloidal sup
lattice. The silica colloidal crystal has been converted to
macroporous polymer, to facilitate imaging of the cross section.~a!
A cross section of an ABA~three-layer! sample. ~b! and ~c!
Close-up views of the AB and BA interfaces, respectively. Th
demonstrate that the interfaces are flat and uniform, even thoug
sphere diameters differ by more than 15%.
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in anAB structure, two distinct stop bands with widths com
parable to the individual layers are observed~third spectrum
from the bottom!. As the layering is repeated, however, ea
additional layer reinforces the long-range periodicity of t
superlattice, resulting in significant modifications to the o
served stop bands. In the thicker samples, the broad phot
stop bands exhibit pronounced modulation.

These general spectral features are similar to those
served in Moire´ fiber Bragg gratings and are the hallmarks
an optical superlattice.24,26 The superlattice periodicity in
these films has the effect of modifying the original photon
band structure. This results in the folding of the band str
ture along the$111% direction in reciprocal space, leading t
the formation of minibands. It should be noted that this zo
folding description has generally been formulated with t
assumption that the longer structural periodicity~of period
L! can be described as a slowly varying modulation of
unperturbed grating, with perioda. In the structures de-
scribed here, this description is not applicable, because
periodicity changes abruptly at eachAB interface. Nonethe-
less, the general behavior is very similar to that observed
one-dimensional optical superlattices.

A simple description based on grating physics can prov

-
a

e
the

FIG. 2. The solid curves show normal-incidence optical dens
spectra of a series of films, in arbitrary units, vertically displac
for clarity. The lower two represent the spectra of an 11-layer fi
of the A spheres~451 nm! and a 17-layer film of the B spheres~381
nm!, respectively. The remaining spectra are measured on sam
with additional crystalline layers added alternately~AB, ABA,
ABAB, etc.! as labeled. The dashed curves show the simula
spectra, calculated using the scalar-wave approximation. The
rameters for each calculated curve are chosen to match those o
corresponding sample. With the exception of an overall multipli
tive scaling for each curve, these simulations contain no adjust
parameters.
3-2
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a qualitative understanding of the observed structure in
optical spectra of these films. The spectral positions of
flectivity peaks can be found from the lowest-order Four
component of the spatially varying dielectric functio
«(x).21 In our case, the amplitude of this component is co
stant~since the dielectric contrast in theA layers is the same
as the dielectric contrast in theB layers!, but the spatial
period varies. So if the$111% lattice spacings for theA andB
layers are denoteddA anddB , respectively, the lowest-orde
approximation to«(x) can be written as«0 cos(2px/dA)
within the A layers and«0 cos(2px/dB) within the B layers.
The Fourier transform of this dielectric function contains
series of equally spaced sidebands, as a result of the
quency modulation. The sideband spectrum obtained in
fashion is shown in Fig. 3 along with the normal-inciden
reflectivity of the thickest sample, derived from the optic
density spectrum shown in Fig. 2. While the exact peak
sitions do not match precisely, we note that the general
tern and spacing of lines is in reasonable agreement.
peak spacingDn is inversely related to the repeat distance
the superlattice, L5NAdA1NBdB , according to Dn
5c/2n0L, wheren0 is the average refractive index of th
crystal. This simple argument predicts a peak separatio
Dn512.4 THz, comparable to the experimentally det
mined value of 9.261.0 THz.

While this schematic description provides a useful sta
ing point, it does not yield any information about the evo
tion of the optical spectrum with the thickness of the film
For this, more sophisticated calculations which describe
interaction of an electromagnetic field with a multiply pe
odic dielectric are required. As a first step towards this e

FIG. 3. The normal-incidence reflectivity of the ABABAB
sample, derived from the optical density shown in Fig. 2. The s
spectrum represents the Fourier transform of the lowest-order
proximation to the spatially varying dielectric function, as describ
in the text.
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we employ a scalar wave approximation,34 in which scatter-
ing off of all except the$111% lattice planes is neglected
While this approximation is a severe one, it is worth noti
that it has been shown to be reasonably accurate for mo
ing transmission line shapes as long as the propagation
rection is along a high-symmetry direction of the lattice.35,36

In order to model superlattice structures using the sca
wave approach, we apply continuity boundary conditions
the scalar field and its derivative at each interface betw
crystals of different spheres and at the front and rear facet
the multilayer stack. The resulting system of linear equatio
can be solved by matrix inversion. These calculations
sume values ofNA ,NB , and sphere diameters determin
from SEM images and, therefore, contain no adjustable
rameters other than multiplicative scaling factors.

The optical density spectra calculated in this fashion
shown in Fig. 2~dotted curves!. For the thicker samples
neither the modulation depth nor the spectral positions of
stop bands agree well with the simulations. This could
because of the accumulated effects of disorder in the
lattices or, more likely, because of small variations in t
thicknesses of the uppermost layers relative to the underly
layers. Despite these discrepancies, the qualitative feature
the experimental spectra are reproduced in these simulat
In particular, the simulations reproduce the fact that theB
peak~at ;800 nm! is not strongly modulated until the fourt
layer is added to the sample (ABAB), while theA peak~at
;950 nm! exhibits pronounced modulation when the thi
layer is added~ABA!. The qualitative correspondence b
tween this simple theory and the experimental results p
vides convincing evidence that the observed structure d
indeed arise from superlattice effects.

In conclusion, we report the fabrication of a thre
dimensional optical superlattice structure from sequen
depositions of silica colloidal crystals by convective se
assembly. These samples represent the first examples o
loidal crystals with engineered midgap states and are th
fore an important step in the development of photo
devices based on colloidal crystals. In contrast with ot
optical superlattice structures, these samples exhibit m
higher index contrast and a much smaller superperiod
principle, it should be possible to measure an optical s
band even if the superlattice period is as small as a few tim
the crystal lattice constant. These samples are also th
dimensional photonic crystals, which could lead to a uniq
interplay between the superlattice diffraction and high
order Bragg diffraction phenomena.37 They therefore offer an
intriguing set of possibilities for engineering the optic
properties of colloidal thin films.

This work has been partially supported by the Nation
Science Foundation~CHE-967020! and the R. A. Welch
foundation~C-1342!.
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