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Abstract. Polystyrene colloidal crystals form three-dimensional periodic
dielectric structures which can be used for photonic band structure mea-
surements in the visible regime. Kossel lines obtained from these crystals
reveal the underlying photonic band structure of the lattice in a qualitative
way. Also. Kossel lines are useful for locating symmetry points of the lattice
for exact orientation of the crystals. From transmission measurements the
photonic band structure of an fcc crystal has been obtained along the di-
rections between the L-point and the W-point. A modified Mach-Zehnder
interferometer has also been developed for accurately measuring relative
phase shifts of light propagating in photonic crystals to determine the dis-
persion resulting from photonic band structure near the band edges.

1. Introduction

For the last eight years, the analogy between the propagation of electro-
magnetic waves in periodic dielectric structures, dubbed photonic band gap
(PBG) or photonic crystals, and electron waves in atomic crystals has mo-
tivated the exploration of many new possibilities in this field [1-5]. Periodic
modulations of the dielectric constant in PBG crystals, with spatial peri-
ods on the order of the wavelength of interest, cause electromagnetic waves
incident along a particular direction to be diffracted for a certain range of
frequencies, forming stop bands. When these stop bands are wide enough
and overlap for both polarization states along all crystal directions, the
material possesses a complete PBG. In such a crystal, propagation of elec-
tromagnetic waves within a certain frequency range is forbidden irrespective
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of their direction of propagation. This leads to several interesting effects in
quantum optics; one particular example is the suppression of spontaneous
emission of light, where an excited atom embedded in a PBG crystal will
not be able to make a transition to a lower energy state as readily if the
frequency of the emitted photon lies within the bandgap; hence, increasing
the lifetime of the excited state [1]. Of great interest to those searching
for photon localization is the suggestion that the addition of some disorder
to this otherwise ordered structure would require a reinterpretation of the
Ioffe-Regel criterion for Anderson localization of photons, and that localized
states would exist in the vicinity of the gap [2].

Although PBG crystals will have novel applications in the optical regime,
the technological challenge of fabricating a three-dimensional PBG crys-
tal exhibiting a complete band gap in the visible range has been difficult
to surmount. Several important parameters must be controlled to build a
structure with a complete PBG: lattice type, filling fraction, and sufficient
contrast between the low and high dielectric regions. Structures exhibiting
full photonic band gaps in the microwave [6, 7], millimeter (8], and submil-
limeter [9] regimes have already been fabricated: a submicron lengthscale
PBG crystal has been proposed [10] but not yet realized experimentally.

To carry out photonic band structure studies in the optical regime,
polystyrene colloidal crystals with lattice spacings comparable to the wave-
length of light have been grown [11, 12]. These colloidal crystals consist of
charged monodisperse polystyrene microspheres suspended in water, yield-
ing a relative index of refraction of 1.20, which organize into face-centered-
cubic {fcc) lattices under suitable conditions. Although such a crystal is not
expected to exhibit large gaps because of the relatively low index contrast,
it does permit study of photonic band structure, as reported here. The
lattice parameter of these self-organizing structures can be easily tailored,
providing flexibility in designing photonic crystals for use in specific spec-
tral regions. With sufficient microsphere density. these crystals may yield
a pseudogap, a depression of the density of propagating photonic states,
suitable for photon localization studies. In addition, it is also possible to
find that nonlinear optical properties are also modified as strongly as the
linear properties considered to date.

2. Preparation of Colloidal Crystals

To prepare colloidal crystals, a stock solution of polystyrene microspheres
was diluted to the desired volume fraction with deionized water and tum-
bled with ion exchange resin to remove stray ions from the suspension.
The microspheres have a permanent net negative surface charge counter-
balanced by positively charged counterions. Stray ions are also present in
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the suspension, decreasing the Debye screening length. Once the stray ions
are removed with ion-exchange resin,! the microspheres interact with a
short range repulsive Coulomb force, in addition to a long-range attractive
Van der Waals force [12]. The colloidal suspension subsequently undergoes
a phase transition from a disordered state to an fcc lattice (for a range of
volume fractions and microsphere diameters) with the densest planes (111)
parallel to the glass windows of the sample cell.

After the colloidal suspension is transferred into a thin cell [13}, Bragg
diffractions are immediately observed. Usually the surface of the crystal
displays a diffusely mosaic looking structure, a sign of polycrystallinity. If
such a crystal is undisturbed, occasionally high-quality single crystalline re-
gions form over time (on the order of a month). Usually the sample remains
polycrystalline, with the crystallites oriented with (111) planes parallel to
the optical window of the cell but otherwise unoriented.

To obtain single colloidal crystals large enough to permit our measure-
ments, the crystals were annealed. A shear flow is created in the crystal by
mechanically rocking a sample cell about the axis normal to the faces of the
cell [11]. In fec crystals (111) planes are expected to slide over each other
under the influence of the shear flow and achieve the correct relative ori-
entation for fcc stacking. These samples were mechanically shear annealed
with a typical rocking motion with peak-to-peak amplitute of 60 degrees
at a frequency range of ~ 0-50 Hz. After sufficiently large crystals formed
in the cell (typically less than one day), their quality was confirmed by
examining the Kossel line patterns [14, 15], which were also used to orient
the single crystals.

3. Kossel Line Patterns

[lumination of a single colloidal crystal by a monochromatic laser beam
can exhibit an interesting phenomenon: various dark rings and arcs (conic
cross-sections) superimposed on a diffusely lit background form both in
transmission and reflection geometries. These patterns are called Kossel
lines [11,12,14-16] and are formed by attenuated bands of diffuse light which
satisfy the Bragg condition along specific angular cones, as depicted in
Fig. 1. Diffuse light originates by scattering from the impurities in thick
crystals such as deviations in the polystyrene sphere diameter, dislocations,
and vacancies in the lattice; for thin or dilute samples, a diverging source
of light can be generated with an external diffuser [11].

Figure 2 depicts simulated Kossel lines [17] for an fcc crystal with a
lattice parameter of 486 nm. In each case, the incident laser beam passes

'Ton exchange resin enclosed in nylon mesh was also placed in the cell to inhibit the
destruction of the crystal by additional free ions leached into the suspension over time.
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Figure 1. Formation of Kossel lines. (a) Parallel lines represent crystal planes in a
photonic crystal and the probe beam is incident perpendicular to these planes. Some
light is diffused and propagates through the crystal in all directions, as indicated by the
arrows. For a given wavelength, light traveling only along a certain direction (in this
case with an angle about f from the crystal planes) can satisfy the Bragg condition.
Such Bragg diffraction leads to a conical band of attenuation that forms the Kossel line
pattern on intersection with a screen, as depicted in (b).

through the center of each frame; each circle or arc represents a band of
attenuation arising from Bragg diffraction from a specific set of planes.
Backscattered Bragg diffraction of the direct beam occurs at the L-point for
752 nm light and the X-point at 650 nm, where L and X are the symmetry
points on the first Brillouin zone (FBZ) corresponding to [111] and [002]
directions in the fcc crystal. The Bragg condition is satisfied by (111) and
(002) planes, respectively, for these wavelengths, thus the beam is diffracted
backwards and a circular dark spot appears in transmission at the center of
each frame. For the transmission experiments discussed below (see Fig. 4),
such Bragg diffraction of the direct beam leads to a strong attenuation
feature in the spectrum. Simultaneous satisfaction of the Bragg condition
(zone edge) by two sets of crystal planes can be observed where two circles
touch at the center of the frame (e.g., at K and U-points at 614 nm). At
the W-point at 583 nm, the Bragg condition is satisfied simultaneously by
three sets of crystal planes as seen by the intersection of three circles at the
center of the frame in Fig. 3.

Kossel lines are useful for establishing single crystallinity and deter-
mining the lattice type, and are essential for orienting crystals where the
symmetry directions are not known a priori. Even for structures fabricated
with known symmetry directions, exact orientation may be possible only by
inspection of Kossel lines,? since the index of refraction of a photonic crys-
tal along a particular direction is not well known, owing to the anomalous

2One can also possibly rotate the crystal and observe Bragg spots, although this may
be much less convenient.



Optical Measurements of Photonic Band Structure in Colloidal Crystals 5

583 614 A(nm) 650 752

™\

) C K
Fan
O /
O
u
O
N x
Figure 2. Simulated Kossel line patterns for an fec crystal, with a lattice parameter
of 486 nm, along several symmetry directions. Each row shows patterns obtained along

the same direction for different wavelengths. Each frame represents a 90° field of view
projected onto a plane.
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index of refraction at the band edges [18, 19]. For a crystal with a complete
PBG where no light is transmitted, the Kossel lines formed in reflection
can still be used for exact alignment.

By varying the crystal orientation and illumination wavelength, Kossel
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Figure 3. Simulated Kossel line pattern obtained along the [012} direction, corresponding
to the W-point, for A=583 nm. In our experiment, the wavelength of the dye laser is
adjusted so that intersection of the 111, 111 and 002 Kossel lines is obtained. Initially,
the crystal was oriented so the incoming beam was along the [111] direction (L-point).
Then the crystal was rotated from the L-point to the W-point until the center of the
intersection region of the three Kossel lines blocked the transmitted beam. The area
inside the broken circle indicates our experimentally observable area at this orientation.
The symmetry points of first Brillouin zone for the fcc crystal are identified in the inset;
the dashed line indicates the section of the FBZ scanned in Fig. 4.

line patterns can also provide a visual mapping of the photonic band struc-
ture. A complete PBG would be signified by the presence of Kossel lines
along each direction for a given wavelength (center of each frame along a
column of the matrix in Fig. 2). For example, at 583 nm this is only sat-
isfied by the W-point: the Kossel pattern about the L-point indicates the
absence of a band gap at this wavelength. Thus, the fcc lattice does not
produce readily overlapping stop bands. A complete PBG is indicated when
the widths of the Kossel line patterns are sufficient to generate overlap for
all orientations.

4. Transmission Measurements

To measure photonic band structure in the visible regime, a 5.0% vol-
ume fraction colloidal crystal was prepared with 0.135 um mean diameter
polystyrene microspheres, monodisperse to within 4.2%.2 The thickness of

3 As reported by Duke Scientific Corporation, 2463 Faber Place, Palo Alto, CA 94303.
Bulk sample volume fractions were determined by drying and weighing, as needed.
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the crystal studied here was around 450 pm which resulted in about ~1700
layers of (111) planes.

Since the only crystal direction known a priors is the [111] direction
(L-point), the remaining orientational information was obtained via Kossel
line analysis. The major criterion in the adjustment of the lattice spacing
of the sample was to obtain K, U, and W-points (see Fig. 3) on the fcc
FBZ (:.e. corresponding Kossel lines) within the wavelength range of the
dye laser (R6G ~ 570-640 nm). After aligning the crystals, a UV/VIS/NIR
spectrophotometer with a collimated beam was used to obtain transmis-
sion spectra over a much wider range than possible with the dye laser used
for observing Kossel lines. Transmission spectra were obtained for both or-
thogonal components of the plane-polarized beam along directions between
the L and W-points. The transmitted beam and diffuse light were collected
with a large aperture lens.

In Fig. 4 transmission measurements show optical stop bands opening
between two and four orders of magnitude deep. The dramatic variation
of the stop bands as a function of crystal angle is evident. In moving from
the L-point to the W-point, the center wavelength of the stop band shifts
to a shorter wavelength by ~130 nm. This shift is not surprising, since the
L-point is closest to the center of the FBZ while the W-point is the furthest
from the center. Were the FBZ of the lattice more spherical than that of
the fcc crystal, the frequency shift would be smaller. A convergence of two
bands at the W-point is evident and the stop band at the W-point (0.145
eV) is much wider than at the L-point (0.021 eV), an unexpected result
120]. The bandwidths of the gaps are presented in Fig. 5. extracted from the
fullwidths A\ of the normalized transmission bands in Fig. 4 at two orders
of magnitude below unity transmission. Furthermore, on examination of
the different polarization states in the crystal, the degeneracy expected
at the W-point for a spherically symmetric basis (as with microspheres)
[20] is not found for reasons yet uncertain. Additional theoretical work
on photonic band structure of fcc polystyrene colloidal crystals would be
helpful in elucidating the reasons for these discrepancies.

The decline in transmission around 500 nm, seen in Fig. 4(a), arises
possibly from increase of the scattering cross section at shorter wavelengths,
increased absorption of polystyrene, and a second-order Bragg minimum
which is expected around 400 nm. The minimum of the second order gap
is expected to be located at one-half of the first order gap minimum but
may be shifted owing to anomalous dispersion.
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Figure /. Normalized transmission spectra taken along the L-W directions for an fcc
lattice formed by ordered 0.135 pum diameter polystyrene microspheres with a lattice
constant of 469 nm. (a) L-point, (b) L+16°, (c) L+26°, (d) L+36°, (e) L+47°, and (f)
W-point (L+51.1°), where the angles refer to the sample cell orientation relative to the
incident light.
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Figure 5. Photonic band structure, obtained from the transmission spectra in Fig. 4,
for an fcc crystal of 0.135 um diameter polystyrene microspheres with a lattice constant
of 469 nm. Dashed (solid) lines are guides to the eye indicating horizontally (vertically)
polarized incoming probe beam. Sample cell orientation on the top axis has been con-
verted to crystal angle on the bottom axis by application of Snell’s law. The inset shows
a cross-section of part of the first Brillouin zone for this crystal, indicating the points on
the zone edge (crystal orientation) where transmission spectra were obtained.

5. Interferometric Measurements

To observe the photonic dispersion relation directly at the band edges,
a photonic crystal was grown from a colloidal suspension of polystyrene
microspheres, having a diameter of 0.110 um and monodisperse to within
4.3%. The transmission spectrum of the fcc crystal along the [111] direction
exhibited a stop band centered around 599 nm with a bandwidth of 7 nm
at 1% transmisson. Assuming 1.34 for the average index of refraction of the
crystal, the distance between (111) planes was calculated from Bragg’s law
to be 0.224 pm, which corresponds to a lattice spacing of 0.387 pm and
a volume fraction of 4.8%. Dynamical diffraction effects in these crystals
are small, resulting in a correction factor that would lower the computed
lattice parameter by about 1% [21-23].

The dispersion relation of the crystal along the [111] direction was ob-
tained with a modified Mach-Zehnder interferometer as shown in Fig. 6 [18].
This version of the Mach-Zehnder interferometer was chosen because of its
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Figure 8. Wavelength dependence of relative phase of the fringe patterns. The bro-
ken tegion corresponds to the [111] stop band; the low transmitted intensity prohibits
formation of a measureable fringe pattern.

phase information:

I(z) = Iyexp {— (”—I‘U—’iy {1+ Veos[2nfz + Ad]} . (1)

Here I, is the intensity and u and w are the center position and width of
the gaussian envelope. The visibility, spatial frequency, and phase of the
fringe pattern are V, f, and A¢, respectively.

The absolute phase difference between the two interferometer arms can
be considered in two parts, A®(A) = ¢g(Ag) + AP(A), where ¢p is the
initial phase difference arising from the insertion of the crystal at the initial
wavelength, A\g, and A¢ is the incremental phase difference (from Eq. 1)
between the phase of the fringe pattern at a particular wavelength, A, and
Ao. The relative phase shift across the tuning curve of the Rhodamine 6G
dye laser is shown in Fig. 8.

The absolute phase difference between paths 1 and 2 is also given by

AD(N) =27 [nc(A) — 1] L/, (2)
where n. is the index of refraction and L is the thickness of the crystal,

determined to be 240 pm for this sample. Thus, the incremental change
in the index of refraction of the crystal, An.()), can be related to the
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importantly, Kossel lines also provide an exact experimental method for lo-
cating the symmetry directions of a single crystalline sample. In this study,
the symmetry directions of a 3-D photonic crystal have been experimen-
tally obtained with Kossel line analysis and the transmission measurements
along these directions show optical stop bands opening up 2-3 orders of
magnitude deep. As expected, the photonic band structure did not yield a
complete gap along the L-W points; however, the expected degeneracy at
the W-point was not observed. The feasibility of measuring photonic band
structure in colloidal crystals in the optical regime was also demonstrated
by using a modified Mach-Zehnder interferometer.

Photonic crystals formed from polystyrene microspheres provide a novel
system for examining photonic band structure in the optical regime. Col-
loidal crystals form readily by self-organization, requiring no lithography
or advanced artifical structuring techniques. We are able to grow single
crystals of good optical quality that are several mm across and thousands
of lattice parameters thick.

The ability to readily tune the stop band to the wavelength of interest
is an essential feature of using colloidal crystals for photonic band structure
measurements, since the lattice parameter is controlled primarily via the
volume fraction, rather than ball size as with ordinary close-packed struc-
tures. Microsphere size and relative dielectric strength of the microsphere
dictate primarily the width of the stop band. Because of the limited tuning
curve of the dye laser used to date, a relatively small microsphere diam-
eter was selected to generate a narrow stop band to facilitate our initial
studies. By expanding the effective range of the interferometer, complete
mapping of photonic band structure and associated anomalous refractive
index should be possible.

Wider gaps can be generated with balls closer to a Mie resonance. Gener-
ation of a pseudo-gap sufficient to study localization effects will necessitate
generating W-point, L-point, and other stop bands that are wide enough
for significant overlap. Our work, focused to date on growing and charac-
terizing high quality single crystals, will be extended to larger microsphere
diameter and volume fraction to satisfy as much as possible the criterion
of overlapping stop bands. Following growth of a crystal with a suitable
pseudogap, evidence for localized states will be sought around the impurity
modes or by introduction of controlled disorder. An intriguing possibility is
substitutional doping of the colloidal crystal with scatterers of the same size
but having different dielectric strength, thereby preserving the crystalline
order but introducing optical disorder.



