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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 amvave, but also for @ wave. Moreover, at th&V
point the transmission dips of bostandp 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 consid mixture of water, ammonia, and ethanol. The sphere size
erable attentio.Because of the existence of photonic gapswas controlled by the nuclei scale and their growth tihe.
the properties of light propagation and the interaction beThe spheres obtained were separated by centrifugation and
tween atoms or molecules may be substantially modffiéd, washed several times with doubly distilled water to remove
which may lead to many potential applications for electro-all solutes. TheoH value of the final suspension was selected
optic devices. One exciting area is the construction of photo be more than 7, i.e., weak alkaline. We fabricated three
tonic crystals that are effective in the near-infrared or visiblekinds of silica spheres of diameters 0.2, 0.33, and QA6
region. Recently, many investigations have addressed thespectively, with standard deviation less than 5%. The col-
formation of three-dimensional dielectric structures with aloidal crystals were grown through gravitation sedimentation
submicrometer lattice constant. Tarhan and Watson and Vas two types of rectangular quartz cuvettes of thickness 1 and
et al. created, respectively, polystyrene and silica colloidalo.4 mm, respectively. The thicker ones are for the larger
face-centered-cubi¢fcc) crystals, while Viasovet al. ob-  spheres of 0.33 and 0.46m diameter, while the thinner
served the pseudogap in synthetic ofals.It is quite re-  cuvette is for 0.2«m spheres. The time for the formation of
markable that the transmission measurement atAthgoint  a colloidal crystal depends strongly on the sphere size. The
performed by Tarhan and Watson gave a different resullarger the sphere the shorter the time required. It took three
compared with a previous theoretical calculation, i.e.,weeks or so to form a 10-mm-high colloidal crystal for 0.33-
the degeneracy op and s waves at theW point for a  and 0.46um spheres, while it took at least six weeks for
fcc crystal with dielectric spheres was not foufidro find 0.2-um spheres. This is mainly caused by the slow sedimen-
out if this discrepancy is specific for the colloidal crystal tation speed of smaller spheres. At the end of this period the
made of polystyrene spheres or is a common feature Ofjgescence of the whole crystal could be seen. However, the
colloidal crystals, we measured the transmission spectrgycture of newly formed colloidal crystals is not stable,
at the high-symmetry points of the first Brillouin ggnecially for those made of larger spheres. At the beginning
zone, namelyL, [(27/a) (3,3,3)]; X, [(27/a) (1,0,0)];  the lattice constant in the upper and bottom areas of the
U, [(2m/a) (1%, D]; W, [(27/a) (1,5,0)], for three col-  sample is different, though they possess the same fcc struc-
loidal crystals made of silica spheres with diameters 0.2{ure. For example, their ratio can be as large as 1.04 for the
0.33, and 0.4Gum, respectively. The structure and main pa-CI’ySta| with 0.33um spheres. Fortunately, it can be gradu-
rameters of the silica colloidal crystals are determined by th&lly and naturally reduced to close to 1 in the ensuing 12
Kossel-rings analysis, as well as by the transmission spectraeeks under the action of gravity and electrostatic forces.
The major results reported here are summarized as followg\fter that the structure parameters do not change. We have
At the L point the transmittance drops rapidly as the incidenttried to shorten the sedimentation time by using centrifuging,
wavelength decreases. At thepoint a transmission dip ex- but this method cannot ensure the fcc structure of the sample.
ists not only for ars wave, but also for @ wave, and at the The silica fraction of a formed crystal is related to the size of
W point the transmission dips of bothandp waves appear the spheres and theH value of the suspension. Under our
for the same wavelength. Our band-gap calculations confirrexperimental conditions the volume fractions of the silica
that these dips correspond to the lowest gaps at the differespheres in the crystals of 0.33- and 0.46m spheres vary
high-symmetry points. between 0.45 and 0.6, while for the crystal with @@

The submicrometer monodisperse silica spheres were prepheres it is between 0.3 and 0.4, determined by Kossel-rings
pared by hydrolysis and condensation of tetraethoxysilane ianalysis and the transmission spectra.
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In the determination of crystal structure by Kossel-ring
analysis, the orientations and spacings of major crystal b
planes were simultaneously derived. The principle of this
method is rather simpf&*1>When a divergent laser beam
passes through a colloidal crystal, the scattering of light is
anisotropic due to Bragg diffraction. The beam propagating A @%\
along the Bragg-diffraction cone will be diffracted, so that s
dark rings exist in the transmission. Different crystal planes
have different rings and the axis of each ring is normal to the FIG. 1. Relative orientation of the colloidal crystal and the high-

corresponding diffraction planes. From the half-angularsymmetry points of the first Brillouin zone with respect to the cu-
width of each ring¢, the crystal plane spacindg may be  \ette. The @bd) plane, i.e., thg111) plane of the fcc crystal, is
derived byd=\/2n, cos¢, where\ andn, are the incident parallel to the front surface of the cuvette and the lie)(is
wavelength and effective refractive index of the crystal, re-parallel to the base.

spectively. Previous studies have pointed out that in the case
of fraction f<0.7 the Maxwell-Garnett theory can give a spatial arrangement of the colloidal crystals inside the cu-
suitable effective dielectric constant for a fcc crystal, i.e.,vette the orientations of the high-symmetry points of the fcc

ce=eg1[2e1te,+2 f(ey—e1)]/[281Ft&5—2 T(e3—€1)], crystals may be immediately determined, as shown schemati-
wheree,=2.1 ande;=1.77 are the dielectric constants of cally in Fig. 1.
the spheres and surrounding water, respectitfeljhis ex- The transmission spectra at the X, U, and W points

pression pertains only to the limit of the wave vecker0.  were measured by two spectrometers: a Cary2390 spectro-
However, previouSand present experimental results showphotometer for theC1 crystal in the visible region and a
that it is quite good for silica colloidal crystals. Bio-Rad FTS-6000 spectrometer for t82 andC3 crystals

We observed the Kossel-ring distributions for three col-in the near-infrared region. To achieve the required angle of
loidal crystalsC1, C2, andC3, made of silica spheres 0.2, incidence in the colloidal crystal the cuvette was embedded
0.33, and 0.46um in diameter, respectively. The following in a small glass cylinder filled with water. The main results
common characteristics can be derivel). All of them have for sampleC1 are shown in Fig. 2. At thé point, i.e.,
the fcc structure(2) Their (112 planes(the densest plane of incident angle of 0°, a sharp dip abouBB0 nm wide appears
silica spheresare parallel to the surface of the cuvett8) around 561 nm in the spectrum of Figap, while the trans-
The normals of th€111) and(002) planes are in a plane that mittanceT drops down as the wavelengthdecreases. In the
is perpendicular to the surface of the cuvette. The third charepal sample Vlasoet al. found a similar decrease and they
acteristic is not the same as in Tarhan and Watson’s polystyfitted the transmission curve in terms df dependencé&
rene experiment, where the normal to @92 planes was This kind of transmitted intensity drop has also been ob-
not perpendicular to the cuvette surfd@ét should also be served in far-infrared two-dimensional photonic crystals,
noted that though the three crystals have the same characteaused possibly by defects or disorder in the crystal§it
istics as described above, the observed ring distributions aiie well known that for an assembly of random particles with
quite different. In the cases @1 andC2 (the crystals with a size less than a light wavelength, the scattering intensity
smaller size sphergshe rings originating from th€111l),  decreases with the fourth power of wavelength. However, in
(002, and (020 planes may be clearly identified, while for the case of opal and colloidal crystal samples most of the
the crystal of 0.46zm spheres, instead of rings from the silica spheres have been arranged to form an fcc structure
(002 and (020 planes, we saw rings from tH&11), (312), and, moreover, from the observation of the Kossel rings and
and(131) planes. In addition, the appearance and iridescencthe transmission dip, thel11) planes have the best ordered
of the crystals are different, too. TH&l crystal looks uni- structure(the sharpest ring and dipTherefore, in principle,
form and transparent. The color of its iridescence changethe\* dependence should not be a suitable fit. To understand
continuously, like the diffraction for a grating, when the this phenomenon we have calculated and plotted the depen-
crystal is rotated. One cannot see the flashing lines undefencies ofT on bothA* and\®, respectively, as the dashed
sunlight. In the case dE2 andC3 crystals, however, there is and dotted line in Fig. @). It can be seen that the’ depen-
a certain amount of discrete flashing points and lines. Thiglence seems to be more likely, except for wavelength shorter
may be an indication that the micropolycrystal structure orthan 400 nm. The difference in the short-wavelength region
different kinds of defects in th€2 and C3 crystals are might be due to the second gap of theoint, which should
denser than in th€1 crystal. Based on the Kossel-ring ob- be located at around 295 nm according to our calculation. In
servations the spacings between tid1), (002, or (311 addition, the transmission spectrum and befhand\® de-
planes can be derived. The corresponding lattice constant pendencies at thé point of C3 colloidal crystal (with
and volume fraction of the sphefefor these three crystals 0.46-.um spherepare plotted in the inset of Fig(&. As we
are obtained to ba~ 364, 524, and 805 nm, anfd~0.36, have described in the previous paragraph, the defects in the
0.52, and 0.46 foC1, C2, andC3, respectively. To make C3 crystal are much more numerous than in @ik crystal.
sure that the measured fraction is reliable, we finally weighedEven so, the variations of with the wavelength are almost
the dried sample of 0.3am spheres and obtained a fraction the same for bottC1 andC3 colloidal crystals. This might
of ~0.5, which is slightly less than the 0.52 of our optical imply that, besides the defects or disorder of the crystal,
measurement. This is because a small amount of silicthere is another cause for this phenomenon. The study of
spheres became attached strongly to the inner surface of tlveherent x-ray scattering of atomic crystals has pointed out
cuvette during the heating process. Furthermore, from théhat because the x-ray wavelength and the size of atom have
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FIG. 2. Transmission spectra of the fcc colloidal crystal with @r2-silica sphereg¢C1 crysta) at four high-symmetry points of the first
Brillouin zone. (&) TheL point. Dashed lineTa\?; dotted line, Ta\5. Inset: Corresponding curves for t88 crystal. (b) TheX point.
(c) The U point for two polarized incident waves. Inset: Transmission spectra df/tpeint for theC3 crystal.(d) The W point for both
p ands waves. Inset: Transmission spectra of Wepoint for theC3 crystal.

the same order of magnitude, the phase of the scattereg=355nm is obtained, which agrees reasonably with the
waves from different electrons of atoms are not the samevalue of 364 nm determined by the Kossel-rings method.
Thus, the atomic-scattering factor can be strongly related to The measurements were then carried out by changing the
the incident x-ray wavelength, i.e., the scattered intensity isncident angled, step by step, between 0° and 54°, corre-
no longer a constant as wavelength charlgds.the trans-  sponding to the variation of the incident wave vector along
mission measurement of current photonic crystals the situd-=(0°)-U(35°)—X(54°). It is found that as the incident
tion is very similar, since the wavelength of the light is com-angle increases, the observed transmission dip becomes
parable with the submicrometer size of the silica sphereswider and shallower, shifting towards short wavelengths for
Therefore, the phases of the scattering light waves coming<35° and back to longer wavelengths for 358<<54°. At

from the different parts of sphere’s surface are not identicalthe X point there is a rather shallow dip around 517 nm with
The coherence between these scattered light waves is thaswidth more than 60 nriFig. 2(b)]. In the above experi-
related to the light wavelength, which leads to a dependenceents an unpolarized beam was used. However, due to the
of scattering intensity, as well as the transmittance,\on spatial symmetry of the fcc structure the polarization should
This effect may be the major cause for the intensity variatiorbe considered for the transmission measurements atJthe
with the wavelength. A quantitative explanation is underandW points? Figure Zc) shows the spectra of tHé point
consideration. Furthermore, from the dip position of the for ans wave (the electric vector perpendicular to the inci-
point, ~561nm, the corresponding lattice constantdent plane, which is perpendicular to the cuvette front sur-
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TABLE |. Comparison of the positions between measured dips
incident plang respectively. The curves for the and p and calculated gaps at four high-symmetry points of the first Bril-
waves have the same transmission minimun~cf72 nm, louin Zone(L, X, U, andW) for two CryStalS Composed of 200-nm
though their depths are slightly different. To make the issudC1) and 460-nm €3) silica spheres, respectively.

clearer, the corresponding transmission spectra between 756

face and parallel to the cuvette basd p wave (in the

and 1100 nm of th€3 crystal are plotted in the inset of Fig. L X U W

2(c). The p-wave dip is more obvious, which means that atcg meas(nm) 561 500 472 450
the U point the lowestp-wave gap is open too for th€3 ¢ calc.(nm) 574 517 472 460
crystal. The transmittance decrease in the shorter wavelengés meas(1/cm) 8190 9410 9800 10 300
for the C3 crystal is more rapid than for tH@l crystal. This = 3 caic (1/cm) 8150 9430 9980 10 500

might be partly attributed to the greater number of defects in
the C3 crystal. This observation is quite interesting, because . .
based on the calculation given by ldbal.the first gap at the Dbetween calculation and measurement of the gap position are
U point is closed for ap wave and open only for as  reasonably good, as shown in Table I. Thus, our measure-
wave'? The measured results of thé point of theC1 crys- ~ Ments at theJ andW points mean that the discrepancy be-
tal are plotted in Fig. @), where the spectra for two polar- tween _experlments_and previous _calculatl_on of a perfect fcc
ized waves are very close and their dips, both around 4eBhotonic crystal exists for our silica colloidal crystals, too.
nm, almost overlap with each other. In the inset of Figl)2 This seems to be a common feature of colloidal crystals, for
the transmission spectra at tépoint of theC3 crystal are  Which the reason is not fully clear. Sigalasal. calculated
given, from which it can be seen that the shapes of botthe transmission spectra of the disordered two-dimensional
curves are very similar, although the transmittances ar@hotonic crystals and found_ that_the disorder may seriously
slightly different. It should be noted that in the measuremengfféct the spectrqnzﬁ A detailed light-propagation calcula-

of theW point the cuvette was tilted by 18.5° with respect to tion fo_r a three_:-d|men3|onal_photomc crystal, in which dis-
the L-X-U plane, while the polarization of the beam was order is taken into account, is therefore necessary for under-
unchanged. A similar effect was also found in the fcc poly-Standing the above experimental results. This kind of
styrene colloidal crystal by Tarhan and Wat&avoreover, calculrﬂlon may also indicate if any uncoupled mode exists
at theW point there is a second broad dip around 350 nm fo®" "ot _ . _
boths andp waves and the dip of thewave is much deeper In conclusion, we have prepared three silica fcc colloidal

than that of thep wave, while in Ref. 8 both dips are nearly crystals and determined their structural parameters, while
the same. This might (’:orrespond to' the second gap afthe their transmission spectra have been measured in the visible

point. The phenomena occurring at theand W points of and near-infrared region. In terms of the coherence between

the C1 crystal were observed in th82 crystals, too. To scattered-light waves coming from different parts of sphere’s

know if the measured dips are indeed related to the corresurface, the transmittance decrease with the decrease of

sponding photonic gaps, a simple band-gap calcultioe wavelength at the. point may be qualitatively understood.

polarization of the incident beam was not taken into acc)ountThe exlp)er||r?entaL resultt)s, Wh'(l:h dobnot co(;nmtdjhwng \E)Vrew-
of the C1 and C3 crystals were performed by the plane- ous caiculation, have been also observed atuhan

wave expansion of the magnetic vector with 343 basijjomts of our silica colloidal crystals. Further study is needed
waves. Though the number of basis waves is small, the p or finding the reason for this.

sitions of the lowest gaps at the X, U andW points can The authors are grateful to the National Natural Science
still be obtained with an accuracy 6f3%. The agreements Foundation of China for financial support.
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