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Visible and near-infrared silica colloidal crystals and photonic gaps
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The transmission spectra at the high-symmetry points of the first Brillouin zone are measured for three
face-centered-cubic colloidal crystals made of silica spheres of different submicrometer sizes. It is found that
at theU point the transmission dip exists not only for ans wave, but also for ap wave. Moreover, at theW
point the transmission dips of boths andp waves appear at the same wavelength. Our calculations confirm that
these dips correspond to the lowest band gaps of the high-symmetry points. The structures and parameters of
these crystals are determined by the Kossel-rings analysis as well as by the transmission spectra.
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In the past decade photonic crystals have attracted con
erable attention.1 Because of the existence of photonic ga
the properties of light propagation and the interaction
tween atoms or molecules may be substantially modified2–7

which may lead to many potential applications for elect
optic devices. One exciting area is the construction of p
tonic crystals that are effective in the near-infrared or visi
region. Recently, many investigations have addressed
formation of three-dimensional dielectric structures with
submicrometer lattice constant. Tarhan and Watson and
et al. created, respectively, polystyrene and silica colloi
face-centered-cubic~fcc! crystals, while Vlasovet al. ob-
served the pseudogap in synthetic opals.8–11 It is quite re-
markable that the transmission measurement at theW point
performed by Tarhan and Watson gave a different re
compared with a previous theoretical calculation, i.
the degeneracy ofp and s waves at theW point for a
fcc crystal with dielectric spheres was not found.12 To find
out if this discrepancy is specific for the colloidal cryst
made of polystyrene spheres or is a common feature
colloidal crystals, we measured the transmission spe
at the high-symmetry points of the first Brilloui

zone, namely,L, @(2p/a) ( 1
2 , 1

2 , 1
2 )#; X, @(2p/a) (1,0,0)#;

U, @(2p/a) (1,1
4 , 1

4 )]; W, @(2p/a) (1,1
2 ,0)#, for three col-

loidal crystals made of silica spheres with diameters 0
0.33, and 0.46mm, respectively. The structure and main p
rameters of the silica colloidal crystals are determined by
Kossel-rings analysis, as well as by the transmission spe
The major results reported here are summarized as follo
At the L point the transmittance drops rapidly as the incid
wavelength decreases. At theU point a transmission dip ex
ists not only for ans wave, but also for ap wave, and at the
W point the transmission dips of boths andp waves appear
for the same wavelength. Our band-gap calculations con
that these dips correspond to the lowest gaps at the diffe
high-symmetry points.

The submicrometer monodisperse silica spheres were
pared by hydrolysis and condensation of tetraethoxysilan
PRB 580163-1829/98/58~1!/35~4!/$15.00
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a mixture of water, ammonia, and ethanol. The sphere
was controlled by the nuclei scale and their growth time13

The spheres obtained were separated by centrifugation
washed several times with doubly distilled water to remo
all solutes. ThepH value of the final suspension was select
to be more than 7, i.e., weak alkaline. We fabricated th
kinds of silica spheres of diameters 0.2, 0.33, and 0.46mm,
respectively, with standard deviation less than 5%. The c
loidal crystals were grown through gravitation sedimentat
in two types of rectangular quartz cuvettes of thickness 1
0.4 mm, respectively. The thicker ones are for the lar
spheres of 0.33 and 0.46mm diameter, while the thinne
cuvette is for 0.2-mm spheres. The time for the formation o
a colloidal crystal depends strongly on the sphere size.
larger the sphere the shorter the time required. It took th
weeks or so to form a 10-mm-high colloidal crystal for 0.3
and 0.46-mm spheres, while it took at least six weeks f
0.2-mm spheres. This is mainly caused by the slow sedim
tation speed of smaller spheres. At the end of this period
iridescence of the whole crystal could be seen. However,
structure of newly formed colloidal crystals is not stab
especially for those made of larger spheres. At the beginn
the lattice constant in the upper and bottom areas of
sample is different, though they possess the same fcc s
ture. For example, their ratio can be as large as 1.04 for
crystal with 0.33-mm spheres. Fortunately, it can be grad
ally and naturally reduced to close to 1 in the ensuing
weeks under the action of gravity and electrostatic forc
After that the structure parameters do not change. We h
tried to shorten the sedimentation time by using centrifugi
but this method cannot ensure the fcc structure of the sam
The silica fraction of a formed crystal is related to the size
the spheres and thepH value of the suspension. Under ou
experimental conditions the volume fractions of the sili
spheresf in the crystals of 0.33- and 0.46-mm spheres vary
between 0.45 and 0.6, while for the crystal with 0.2-mm
spheres it is between 0.3 and 0.4, determined by Kossel-r
analysis and the transmission spectra.
35 © 1998 The American Physical Society
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In the determination of crystal structure by Kossel-ri
analysis, the orientations and spacings of major cry
planes were simultaneously derived. The principle of t
method is rather simple.8,14,15 When a divergent laser beam
passes through a colloidal crystal, the scattering of ligh
anisotropic due to Bragg diffraction. The beam propagat
along the Bragg-diffraction cone will be diffracted, so th
dark rings exist in the transmission. Different crystal plan
have different rings and the axis of each ring is normal to
corresponding diffraction planes. From the half-angu
width of each ringf, the crystal plane spacingd may be
derived byd5l/2ne cosf, wherel andne are the incident
wavelength and effective refractive index of the crystal,
spectively. Previous studies have pointed out that in the c
of fraction f ,0.7 the Maxwell-Garnett theory can give
suitable effective dielectric constant for a fcc crystal, i.
«e5«1@2«11«212 f («22«1)#/ @2«11«222 f («22«1)#,
where«252.1 and«151.77 are the dielectric constants
the spheres and surrounding water, respectively.16 This ex-
pression pertains only to the limit of the wave vectork→0.
However, previous9 and present experimental results sho
that it is quite good for silica colloidal crystals.

We observed the Kossel-ring distributions for three c
loidal crystalsC1, C2, andC3, made of silica spheres 0.2
0.33, and 0.46mm in diameter, respectively. The followin
common characteristics can be derived.~1! All of them have
the fcc structure.~2! Their ~111! planes~the densest plane o
silica spheres! are parallel to the surface of the cuvette.~3!
The normals of the~111! and~002! planes are in a plane tha
is perpendicular to the surface of the cuvette. The third ch
acteristic is not the same as in Tarhan and Watson’s poly
rene experiment, where the normal to the~002! planes was
not perpendicular to the cuvette surface.10 It should also be
noted that though the three crystals have the same chara
istics as described above, the observed ring distributions
quite different. In the cases ofC1 andC2 ~the crystals with
smaller size spheres! the rings originating from the~111!,
~002!, and ~020! planes may be clearly identified, while fo
the crystal of 0.46-mm spheres, instead of rings from th
~002! and ~020! planes, we saw rings from the~111!, ~311!,
and~131! planes. In addition, the appearance and iridesce
of the crystals are different, too. TheC1 crystal looks uni-
form and transparent. The color of its iridescence chan
continuously, like the diffraction for a grating, when th
crystal is rotated. One cannot see the flashing lines un
sunlight. In the case ofC2 andC3 crystals, however, there i
a certain amount of discrete flashing points and lines. T
may be an indication that the micropolycrystal structure
different kinds of defects in theC2 and C3 crystals are
denser than in theC1 crystal. Based on the Kossel-ring o
servations the spacings between the~111!, ~002!, or ~311!
planes can be derived. The corresponding lattice constaa
and volume fraction of the spheref for these three crystal
are obtained to bea;364, 524, and 805 nm, andf ;0.36,
0.52, and 0.46 forC1, C2, andC3, respectively. To make
sure that the measured fraction is reliable, we finally weigh
the dried sample of 0.33-mm spheres and obtained a fractio
of ;0.5, which is slightly less than the 0.52 of our optic
measurement. This is because a small amount of s
spheres became attached strongly to the inner surface o
cuvette during the heating process. Furthermore, from
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spatial arrangement of the colloidal crystals inside the
vette the orientations of the high-symmetry points of the
crystals may be immediately determined, as shown schem
cally in Fig. 1.

The transmission spectra at theL, X, U, and W points
were measured by two spectrometers: a Cary2390 spe
photometer for theC1 crystal in the visible region and
Bio-Rad FTS-6000 spectrometer for theC2 andC3 crystals
in the near-infrared region. To achieve the required angle
incidence in the colloidal crystal the cuvette was embed
in a small glass cylinder filled with water. The main resu
for sampleC1 are shown in Fig. 2. At theL point, i.e.,
incident angle of 0°, a sharp dip about;30 nm wide appears
around 561 nm in the spectrum of Fig. 2~a!, while the trans-
mittanceT drops down as the wavelengthl decreases. In the
opal sample Vlasovet al. found a similar decrease and the
fitted the transmission curve in terms ofl4 dependence.11

This kind of transmitted intensity drop has also been o
served in far-infrared two-dimensional photonic crysta
caused possibly by defects or disorder in the crystals.17,18 It
is well known that for an assembly of random particles w
a size less than a light wavelength, the scattering inten
decreases with the fourth power of wavelength. However
the case of opal and colloidal crystal samples most of
silica spheres have been arranged to form an fcc struc
and, moreover, from the observation of the Kossel rings
the transmission dip, the~111! planes have the best ordere
structure~the sharpest ring and dip!. Therefore, in principle,
thel4 dependence should not be a suitable fit. To underst
this phenomenon we have calculated and plotted the de
dencies ofT on bothl4 andl5, respectively, as the dashe
and dotted line in Fig. 2~a!. It can be seen that thel5 depen-
dence seems to be more likely, except for wavelength sho
than 400 nm. The difference in the short-wavelength reg
might be due to the second gap of theL point, which should
be located at around 295 nm according to our calculation
addition, the transmission spectrum and bothl4 andl5 de-
pendencies at theL point of C3 colloidal crystal ~with
0.46-mm spheres! are plotted in the inset of Fig. 2~a!. As we
have described in the previous paragraph, the defects in
C3 crystal are much more numerous than in theC1 crystal.
Even so, the variations ofT with the wavelength are almos
the same for bothC1 andC3 colloidal crystals. This might
imply that, besides the defects or disorder of the crys
there is another cause for this phenomenon. The stud
coherent x-ray scattering of atomic crystals has pointed
that because the x-ray wavelength and the size of atom h

FIG. 1. Relative orientation of the colloidal crystal and the hig
symmetry points of the first Brillouin zone with respect to the c
vette. The (abd) plane, i.e., the~111! plane of the fcc crystal, is
parallel to the front surface of the cuvette and the line (ec) is
parallel to the base.
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FIG. 2. Transmission spectra of the fcc colloidal crystal with 0.2-mm silica spheres~C1 crystal! at four high-symmetry points of the firs
Brillouin zone. ~a! TheL point. Dashed line,Tal4; dotted line,Tal5. Inset: Corresponding curves for theC3 crystal. ~b! TheX point.
~c! The U point for two polarized incident waves. Inset: Transmission spectra of theU point for theC3 crystal.~d! The W point for both
p ands waves. Inset: Transmission spectra of theW point for theC3 crystal.
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the same order of magnitude, the phase of the scatt
waves from different electrons of atoms are not the sa
Thus, the atomic-scattering factor can be strongly relate
the incident x-ray wavelength, i.e., the scattered intensit
no longer a constant as wavelength changes.19 In the trans-
mission measurement of current photonic crystals the si
tion is very similar, since the wavelength of the light is com
parable with the submicrometer size of the silica sphe
Therefore, the phases of the scattering light waves com
from the different parts of sphere’s surface are not identi
The coherence between these scattered light waves is
related to the light wavelength, which leads to a depende
of scattering intensity, as well as the transmittance, onl.
This effect may be the major cause for the intensity variat
with the wavelength. A quantitative explanation is und
consideration. Furthermore, from the dip position of theL
point, ;561 nm, the corresponding lattice consta
ed
e.
to
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-
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a5355 nm is obtained, which agrees reasonably with
value of 364 nm determined by the Kossel-rings method

The measurements were then carried out by changing
incident angleu, step by step, between 0° and 54°, corr
sponding to the variation of the incident wave vector alo
L(0°) –U(35°) –X(54°). It is found that as the inciden
angle increases, the observed transmission dip beco
wider and shallower, shifting towards short wavelengths
u,35° and back to longer wavelengths for 35°,u,54°. At
theX point there is a rather shallow dip around 517 nm w
a width more than 60 nm@Fig. 2~b!#. In the above experi-
ments an unpolarized beam was used. However, due to
spatial symmetry of the fcc structure the polarization sho
be considered for the transmission measurements at thU
andW points.12 Figure 2~c! shows the spectra of theU point
for an s wave ~the electric vector perpendicular to the inc
dent plane, which is perpendicular to the cuvette front s
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face and parallel to the cuvette base! and p wave ~in the
incident plane!, respectively. The curves for thes and p
waves have the same transmission minimum of;472 nm,
though their depths are slightly different. To make the iss
clearer, the corresponding transmission spectra between
and 1100 nm of theC3 crystal are plotted in the inset of Fig
2~c!. The p-wave dip is more obvious, which means that
the U point the lowestp-wave gap is open too for theC3
crystal. The transmittance decrease in the shorter wavele
for theC3 crystal is more rapid than for theC1 crystal. This
might be partly attributed to the greater number of defect
theC3 crystal. This observation is quite interesting, beca
based on the calculation given by Hoet al. the first gap at the
U point is closed for ap wave and open only for ans
wave.12 The measured results of theW point of theC1 crys-
tal are plotted in Fig. 2~d!, where the spectra for two polar
ized waves are very close and their dips, both around
nm, almost overlap with each other. In the inset of Fig. 2~d!
the transmission spectra at theW point of theC3 crystal are
given, from which it can be seen that the shapes of b
curves are very similar, although the transmittances
slightly different. It should be noted that in the measurem
of theW point the cuvette was tilted by 18.5° with respect
the L-X-U plane, while the polarization of the beam w
unchanged. A similar effect was also found in the fcc po
styrene colloidal crystal by Tarhan and Watson.8 Moreover,
at theW point there is a second broad dip around 350 nm
boths andp waves and the dip of thes wave is much deepe
than that of thep wave, while in Ref. 8 both dips are near
the same. This might correspond to the second gap at thW
point. The phenomena occurring at theU and W points of
the C1 crystal were observed in theC2 crystals, too. To
know if the measured dips are indeed related to the co
sponding photonic gaps, a simple band-gap calculation~the
polarization of the incident beam was not taken into accou!
of the C1 and C3 crystals were performed by the plan
wave expansion of the magnetic vector with 343 ba
waves. Though the number of basis waves is small, the
sitions of the lowest gaps at theL, X, U andW points can
still be obtained with an accuracy of;3%. The agreement
e
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between calculation and measurement of the gap position
reasonably good, as shown in Table I. Thus, our meas
ments at theU andW points mean that the discrepancy b
tween experiments and previous calculation of a perfect
photonic crystal exists for our silica colloidal crystals, to
This seems to be a common feature of colloidal crystals,
which the reason is not fully clear. Sigalaset al. calculated
the transmission spectra of the disordered two-dimensio
photonic crystals and found that the disorder may seriou
affect the spectrum.20 A detailed light-propagation calcula
tion for a three-dimensional photonic crystal, in which d
order is taken into account, is therefore necessary for un
standing the above experimental results. This kind
calculation may also indicate if any uncoupled mode ex
or not.21

In conclusion, we have prepared three silica fcc colloid
crystals and determined their structural parameters, w
their transmission spectra have been measured in the vi
and near-infrared region. In terms of the coherence betw
scattered-light waves coming from different parts of spher
surface, the transmittance decrease with the decreas
wavelength at theL point may be qualitatively understood
The experimental results, which do not coincide with pre
ous calculation, have been also observed at theU and W
points of our silica colloidal crystals. Further study is need
for finding the reason for this.

The authors are grateful to the National Natural Scien
Foundation of China for financial support.

TABLE I. Comparison of the positions between measured d
and calculated gaps at four high-symmetry points of the first B
louin zone~L, X, U, andW! for two crystals composed of 200-nm
(C1) and 460-nm (C3) silica spheres, respectively.

L X U W

C1, meas.~nm! 561 500 472 450
C1, calc.~nm! 574 517 472 460
C3, meas.~1/cm! 8190 9410 9800 10 300
C3, calc.~1/cm! 8150 9430 9980 10 500
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