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Colloidal photonic superlattices

Rajesh RengarajanPeng Jiang,Diane C. Larrabeé Vicki L. Colvin,? and Daniel M. Mittlemat*
Electrical and Computer Engineering Department, Rice University, MS-366, 6100 Main Street, Houston, Texas 77005
’Department of Chemistry, Rice University, MS-60, 6100 Main St., Houston, Texas 77005
(Received 7 August 2001; published 30 October 2001

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 crystalgice (with lattice parametea) and the second arising from an
with stop bands in the visible and near-IR regions has atengineered multilayer structure, typically with a much longer
tracted much attention recently, in part because of their polength scale\. This longer periodicity introduces folding in
tential value in the fabrication of photonic integrated the Brillouin zone and induces the formation of a series of
circuits® Photonic crystals with three-dimensional periodic- minibands and corresponding midgap stafes.
ity have been fabricated using a variety of lithographic and Here we report the observation of miniband formation in
selective etching techniqués® holographic method$,and  a colloidal crystal superlattice. To our knowledge, this is the
colloidal self-assembl§” Unlike most other techniques, this first instance in which midgap states have been intentionally
latter method relies on either entropic or chemical forces tdocated in a colloidal crystal system. This result is promising
drive the self-assembly of micron-sized particles. The resultnot only for the eventual application of colloidal photonic
ing crystals have a number of appealing features. They arerystals as optical elements, but also because these samples
readily fabricated in a large-area planar thin-film format with represent a new regime for optical superlattices. Most of the
controllable thickness up to hundreds of repeating layers. lprevious experimental studies of superlattice states have
addition, self-assembly and templating techniques offer aleen based on one-dimensional fiber Bragg grafihiysthis
impressive versatility with respect to the materials used ircase, the maximum modulation of the refractive index that
fabricating the crystafs®® as well as their structural can be achieved is quite small, on the order of %0As a
morphology**° result, many periods of the photonic crystal are required in

One issue which has not yet been addressed in the fabrdrder to obtain a significant optical stop band. For this reason
cation of colloidal photonic crystals is that of engineeredand also for practical reasons involving the methods used to
defects. There has been much work on the incorporation dbrm these structures, the length scAleassociated with the
specific types of structural defects into both two-dimensionalonger periodicity, is almost always much larger than that of
and three-dimensional crystals. When photonic crystals arthe lattice parametex.? Typical values for the ratid\/a are
formed via lithographic or micromachining methods, both~ 10% in fiber gratings and-10? in the semiconductor mul-
point and extended defects can naturally be built into thdilayers. In contrast, superlattices formed using colloidal
structure during the fabrication process. Such defects giveechniques can exhibit a much larger index contrast and,
rise to propagating modes lying within the forbidden gap intherefore, a much smaller separation of length scales.
the photonic density of states. These modes are a crucial The samples used in this study are based on the technique
element in the development of photonic crystals asof convective self-assembly, in which a crystal of submicron
waveguides, resonant cavities for low-threshold lasers, or aglica spheres grows on a vertical substrate from a liquid
other photonic devices'®~*® However, in the case of self- suspensiofi. The superlattice structure is formed by the se-
assembled crystals, the fabrication of specific types of degquential deposition of colloidal photonic crystals using two
fects in specific locations within the periodic dielectric lattice alternating sizes of silica colloid§.Structures fabricated in
is not so straightforward. As a result, the formation of mid-this fashion offer all of the advantages of colloidal crystals,
gap propagating modes in colloidal crystals is problematic. including simple and inexpensive fabrication from a wide

Another approach to the controlled formation of statesrange of materials, precise thickness control, planar thin-film
within the forbidden gap is to use an extended periodicity, informats, and long-range three-dimensional order with no
the form of an optical superlattice. The general properties ofjrain boundarie8.Moreover, they provide a unique format
such systems were first described theoretically by RUS<8Il  for the study of photonic superlattices, because the dielectric
and subsequently discussed by several authofS.Ex-  contrast is on the order of 1. As a result, it is possible to
amples have been experimentally realized in oneobtain a large optical stop band and pronounced minibands
dimensional  structures, in  both  semiconductoreven if A/a is on the order of 10 or less.
multilayer$>?° and in optical fiber grating® As in elec- Figure 1 shows scanning electron microsc¢BEM) im-
tronic superlattice structures, the properties of such systenages of cross-sectional views of a typical sample. These
are dictated by the interplay between the two superimposeshow macroporous polymer superlattices, formed by infil-
periodicities, one corresponding to that of the underlying lattrating the original silica superlattice structure with polysty-
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FIG. 1. SEM cross-sectional images of a typical colloidal super-
lattice. The silica colloidal crystal has been converted to a
macroporous polymer, to facilitate imaging of the cross sectian.

A cross section of an ABA(three-layer sample. (b) and (c) N . ) . i y 0
Close-up views of the AB and BA interfaces, respectively. These 700 800 900 1000 1100
demonstrate that the interfaces are flat and uniform, even though the Wavelength (nm)

sphere diameters differ by more than 15%.

FIG. 2. The solid curves show normal-incidence optical density
rene and then removing the silica spheres by etching to praspectra of a series of films, in arbitrary units, vertically displaced
duce an inverted structufd.This process replicates the for clarity. The lower two represent the spectra of an 11-layer film
structure of the original silica films in a form amenable to ©f the A sphereg451 nm and a 17-layer film of the B spheré381
cross-sectional imaging. These data clarify the morpholog)'?r_“)' respgctlvely. The remaining spectra are measured on samples
of the samples and permit us to accurately determine th¥ith additional crystalline layers added alternaté$B, ABA,
radii of the spheres and the number of layers in each supef-PAB. €lc) as labeled. The dashed curves show the simulated
lattice period. Also, they permit a careful evaluation of thespectra, calculated using the scalar-wave approximation. The pa-

. . - . .. rameters for each calculated curve are chosen to match those of the
quality of the interface between crystalline layers with dif- . ) ion of I multipfica-
ferent lattice constants. Figuréal shows a cross-sectional c_orrequndmg sample. With the exception of an overall multip

- ! . o tive scaling for each curve, these simulations contain no adjustable
view of anABA structure, with three successive dep03|t|ons.parameters_
The twoA sections consist dil,=11{111} lattice planes of
a close-packed face-centered-culifcc) colloidal crystal  in an AB structure, two distinct stop bands with widths com-
composed of 451-nm diameter spheres. The miBdection  parable to the individual layers are obserddrd spectrum
is Ng=17{111 planes of an fcc crystal, with sphere diam- from the botton). As the layering is repeated, however, each
eter of 381 nm. The figure shows that both thandB layers  additional layer reinforces the long-range periodicity of the
are planar and of uniform thickness throughout the structurguperlattice, resulting in significant modifications to the ob-
and that the preferred vertical orientation of 141} crys-  served stop bands. In the thicker samples, the broad photonic
talline axis is preserved. Figuregbl and Xc) show close-up stop bands exhibit pronounced modulation.
views of theAB and BA interfaces, respectively. It is inter- These general spectral features are similar to those ob-
esting to note that both interfaces are flat and well definedserved in Moirefiber Bragg gratings and are the hallmarks of
indicating ordered growth of larger spheres on smaller onean optical superlattic&?® The superlattice periodicity in
and also of smaller spheres on larger ones. This somewhgiese films has the effect of modifying the original photonic
surprising result holds for a fairly wide range of diameterband structure. This results in the folding of the band struc-
ratios and permits us to fabricate a structure of arbitrarjture along thg111} direction in reciprocal space, leading to
thickness by multiple depositions of alternating lay&rgve  the formation of minibands. It should be noted that this zone
have fabricated structures as thick as six lay&BABAB. folding description has generally been formulated with the

The solid curves in Fig. 2 show the evolution of the assumption that the longer structural periodiditf period

normal-incidence transmission spectra as the number of rex) can be described as a slowly varying modulation of an
peat layers is increased. The lower two traces are single crysmperturbed grating, with period. In the structures de-
tals of theA and B layers with numbers of lattice planes scribed here, this description is not applicable, because the
Na=11 andNg=17, respectively. With only one layébot-  periodicity changes abruptly at eaéB interface. Nonethe-
tom spectrg the transmission shows a broad photonic stofdess, the general behavior is very similar to that observed in
band consistent with that observed for traditional colloidalone-dimensional optical superlattices.
crystals. When one size is layered on top of another, resulting A simple description based on grating physics can provide
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1.0 Y y T d T we employ a scalar wave approximatirin which scatter-
ing off of all except the{111} lattice planes is neglected.
While this approximation is a severe one, it is worth noting
that it has been shown to be reasonably accurate for model-
ing transmission line shapes as long as the propagation di-
rection is along a high-symmetry direction of the latticé®
0.5 In order to model superlattice structures using the scalar-
wave approach, we apply continuity boundary conditions to
the scalar field and its derivative at each interface between
crystals of different spheres and at the front and rear facets of
the multilayer stack. The resulting system of linear equations
can be solved by matrix inversion. These calculations as-
0.0 : i : ] L 1 sume values ofN,,Ng, and sphere diameters determined
300 350 400 from SEM images and, therefore, contain no adjustable pa-
Frequency (THz) rameters other than multiplicative scaling factors.
The optical density spectra calculated in this fashion are
FIG. 3. The normal-incidence reflectivity of the ABABAB shown in Fig. 2(dotted curveps For the thicker samples,
sample, derived from the optical density shown in Fig. 2. The stickneither the modulation depth nor the spectral positions of the
spectrum represents the Fourier transform of the lowest-order agtop bands agree well with the simulations. This could be
proximation to the spatially varying dielectric function, as describedpecause of the accumulated effects of disorder in the fcc
in the text. lattices or, more likely, because of small variations in the
o . . thicknesses of the uppermost layers relative to the underlying
a q_ualltatlve understandmg of the observed strqqture in thFayers. Despite these discrepancies, the qualitative features of
optical spectra of these films. The spectral positions of reg,e eynerimental spectra are reproduced in these simulations.
flectivity peaks can be found from the lowest-order Fourier,, particular, the simulations reproduce the fact that Ehe
component of the spatially varying dielectric function peak(at~80b nm is not strongly modulated until the fourth
e(x).?! In our case, the amplitude of this component is con—|ayer is added to the sampl&BAB), while the A peak (at
stant(since the dielectric contrast in tihelayers is the same ¢ nm exhibits pronounced mo’dulation when the third

as the dielectric contrast in thB layerg, but the spatial la ; -
. X ) X i yer is added(ABA). The qualitative correspondence be-
period varies. So if th¢l11} lattice spacings for thé andB  yeen this simple theory and the experimental results pro-

layers are denoted, anddg, respectively, the lowest-order ;4o convincing evidence that the observed structure does
appr.oxmatlon toe(x) can be wrltten. aseg cos(2mx/dy) indeed arise from superlattice effects.
within the A layers ande, cos(2mx/dg) within the B layers. In conclusion, we report the fabrication of a three-

Thg Fourier transform of th_is dielectric function contains agyimensional optical superlattice structure from sequential
series of equally spaced sidebands, as a result of the frepositions of silica colloidal crystals by convective self-
quency modulation. The sideband spectrum obtained in thigssemply. These samples represent the first examples of col-

fashion is shown in Fig. 3 along with the normal-incidence|qjqa| crystals with engineered midgap states and are there-
reflectivity of the thickest sample, derived from the opticalfye an important step in the development of photonic

density spectrum shown in Fig. 2. While the exact peak poyeyices based on colloidal crystals. In contrast with other

sitions do not match precisely, we note that the general pakpiical superlattice structures, these samples exhibit much
tern and spacing of lines is in reasonable agreement. Thigigher index contrast and a much smaller superperiod. In
peak spacing\v is inversely related to the repeat distance Ofprinciple, it should be possible to measure an optical stop
the superlattice, A=Nada+Ngdg, according 10 Av  pang even if the superlattice period is as small as a few times
=c/2noA, wheren, is the average refractive index of the yne crystal lattice constant. These samples are also three-
crystal. This simple argument predicts a peak separation Qfimensjonal photonic crystals, which could lead to a unique
Ap=12.4THz, comparable to the experimentally deter-interplay between the superlattice diffraction and higher-
mined value of 9.21.0 THz. order Bragg diffraction phenomeRaThey therefore offer an

_ While this schematic description provides a useful startintriguing set of possibilities for engineering the optical
ing point, it does not yield any information about the evolu- yrgperties of colloidal thin films.

tion of the optical spectrum with the thickness of the film.

For this, more sophisticated calculations which describe the This work has been partially supported by the National
interaction of an electromagnetic field with a multiply peri- Science FoundatiofCHE-967020 and the R. A. Welch
odic dielectric are required. As a first step towards this endfoundation(C-1342.

Reflectivity (%)
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