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Abstract

The asymmetry introduced by a complex or nonspherical basis promotes photonic band gap formation in three-dimensional photonic
crystals. However, relatively few techniques have been demonstrated to produce uniform nonspherical colloids for use as photonic crystal
bases. Here we expand the menu of basis types with high refractive index by preparing nonspherical zinc sulfide colloids of uniform size
and shape. Dimers, trimers, and planar tetramers were preadipftate aqueous solution by the thermal decomposition of thioacetamide
in the presence of zinc nitrate, manganese nitrate, and nitric acid. The well-defined morphological types were obtained from suspensions
aged for 4-6 h at 26—-3Z and then for 20-35 min at 8%. Stereological techniques were used to analyze SEM images and determine
the percentage of each particle class. For example, the quetitharacterization of a péele population prepared at 2& for 6 h and
85°C for 22 min had the composition 5393% spheres, 3% 2% dimers, A 1% trimers, 04 + 0.2% tetramers, and.2+ 0.8% complex
clusters (encompasses all other varieties of shape). X-ray diffraction and X-ray photoelectron spectroscopy confirmed the zinc blend crystal
structure and the stoichiometric composition of the particles. The refractive index was estimated as 2.25 (413 nm)-2.09 (709 nm) by fitting
experimental absorption spectra to curves derived from Mie scattering calculations. This indicated an average-2dfasiguch colloids
offer the potential to form diamond-likettices with large, stable photonic band gaps.
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1. Introduction been calculated to close the band gap regardless of high re-
fractive index contrast.

Several of the most promising applications of photonic ~ Band gaps between lower lying bands, such as those that
crystals require the practical realization of a photonic band occur in the case of the diamond structure, are predicted
gap in the near-IR and visible regions [1-3]. The width and to be much less sensitive to disorder [5]. Li et al. pro-
stability of the optical band gein a photonic crystal strongly  posed the FCC arrangement of nonspherical dimer building
depend on the crystal structure and the refractive index con-blocks to mimic the diamond structure, which has two di-
trast (1.) between the basis of the structure and the surround-electric spheres per lattice point [6]. The diamond structure
ing matrix. Currently, many colloid-based photonic crystals has the widest, most stable band gap [7], but is thermo-
have the inverse FCC sphere structure and are constructedynamically impossible to form by the traditional method
by a self-assembly, infiltration, and etching process [4]. The of self-assembly of spheres. Self-assembly generally leads
inverse FCC structure exhibits a bandgap between the eightho structures with higher pailg density such as simple
and ninth photonic bands when the refractive index contrast FCC [8]. For the diamond-analog dimer lattice, both the
is sufficient @ > 2.9). However, geometrical nonuniformity  asymmetry and the openness of the diamond structure are
such as variation in the radif spheres or random displace-  preserved. In fact, the filling fractions of high-index mate-
ments from lattice sites reduces the band gap of inverseyig| are identical, 34%, for dimers aligned along tfid.1)
opals. Disorder as small as 2% of the lattice constant hascrystallographic direction [6].

In this work, nonspherical particles were synthesized
~* Corresponding author. to provide high-refractive-index colloidal building blocks
E-mail address: cliddel@ccmr.cornell.edu (C.M. Liddell). for complex lattices such as the diamond-analog structure.
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Chemical and optical characieation to evaluate the suit-
ability of the colloids for photonic crystaapplications was
performed and is reported here.

2. Experimental

Colloidal suspensions of ZnS were prepared by the ther-
mal decomposition of thioacetami@@A, CH3CSNH,) in
acidic solutions of metal salt [9,10]—0.143 M TAA was
added to mixed cation solutions of 0.024 M @&D3)»-
6H,0 and 0.00048 M M(NO3)2-4H,O at room tempera-
ture. The solutions were acidified with800+ 0.001 ml of
15.8 M HNG; to ensure that the sulfide ions were released
slowly enough to obtain monodisperse particles during pre-
cipitation. The reaction vessels were immersed in a ther-
mostated water bath and aged for 4-6 h at 26-Gllowed
by a second constant-temperature treatment for 20-35 min at
85°C. To end the reaction, suspensions were quenched in an
ice bath to below 10C and the ZnS particles were separated
from the mother liquid by several cycles of centrifugation
and redispersion in water. The particles were collected by
filtration on 0.22-pum cellulose ester membranes.

The particle morphology was examined in the LEO 1530
thermally-assisted field emission gun scanning electron mi-
croscope at 5 kV. X-ray diffraction spectra were obtained
with a Philips PW 1800 automated powder diffractometer.
ZnS particles were dusted onto clear tape and taped to the
diffractometer solid sample mount. Particles were exam-
ined with monochromatized &, radiation,0; = 1.54056.
X-ray photoelectron spectroscopy (XPS) was performed on
an SSX-100 ESCA spectrometer manufactured by Surface
Science Instruments. For the measurements, ZnS powder ()
was contained in an aluminum foil boat and irradiated
with monochromatized A, X-rays at 1486.6 eV. Absorp-
tion/extinction spectra weneecorded using a Beckman DU
640 transmission spectrophotometer over a wavelength scan
range from 200 to 1100 nm. Gas adsorption measurementdetramers, and.@1+ 0.35% complex clusters from 10 mi-
were performed using the Coulter SA 3100 surface area andcrostructural fields each conteng more than 200 particles.
pore size analyzer. Particles were placed in a 3-ml Coulter The most uniform and monodisperse particles were obtained
RapiTube sample tube and outgassed in nitrogen atG00 under these conditions. Fig. 1b shows particles prepared by
for 3 h prior to analysis to eliminate moisture from the pores. aging reactants for 6 h at 2€ and 22 min at 85C for
For the measurement of the gas adsorption and desorptiorfomparison. In this case, the particle morphology distribu-

isotherms, nitrogen was the adsorbate and helium was thelion was 59t 3% spheres, 3% 2% dimers, 2 1% trimers,
carrier gas. 0.4 £+ 0.2% tetramers, and.2 £+ 0.8% complex clusters.

A greater abundance of ZnS clusters were produced using
these conditions; however, the level of control of the clus-
3. Results and discussion tering was reduced, as indicated by the greater number of
complex clusters.
Nonspherical particles having close-packed morphology
types including dimers and trimers, as indicated in Fig. 1, 3.1. Crystallinity and solid phase structure
were observed by scanning electron microscopy. Fig. la
shows the ZnS particles predgted by aging reactants for The diffraction data confirmed the crystalline phase as
5 h at 29°C and 20 min at 83C. The particle morphol-  zinc blend. X-ray diffraction peaks were indexed to the
ogy distribution was determined as.I8+ 2.54% spheres, planes of sphalerite, cubic-phase ZnS structure (JCPDS
23.35+ 1.87% dimers, 32+ 0.99% trimers, 018+ 0.24% Card 05-0566), as shown in Fig. 2a. Using X-ray line-

Fig. 1. SEM images of sample prepared by aging reactants for (a) 5 h at
29°C and 20 min at 88C and (b) 6 h at 29C and 22 min at 85C.
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Fig. 3. Extinction spectra calculateding Mie theory superimposed on ex-
perimental spectra.
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porosity (open and closed pores), while nitrogen adsorption
Binding Energy (eV) data provided the detailed pore size and size distribution
(b) of the open porosity accessible to the gas molecules. Such
open porosity can be utilized for the infiltration of higher-
refractive-index material such as S1(® = 3.3—-3.7) in order

broadening measurements on the three highest intensity,to produce inorganic composite particles with high refractive

peaks led to a primary crystallite sizg éstimate of 15 nm. |nde?< . : .

Thus, the colloids are aggregates of nanocrystals. Fig. 3 shows experimental UV/vis absorption spectra for
The XPS spectrum provided in Fig. 2b shows binding en- 2dU€ous colloidal suspensions of ZnS particles fit to curves

ergies of Znp /2 3/2, 7n3s, Zn3p, Ols .C1s S2,and Sp. derived from Mie scattering theory simulations. The spectra

Several Zn Auger electron peaks were also detected. Oxygerph0Wed numerous resonance features that reflect the change
and carbon impurities may arise from water and unreacted” the scattering efficiency of the particles as a function of
TAA trapped within the particles. wavelength [13]; i.e., spectra exhibited short-range oscil-

The crystalline quality and phase structure purity suggest lations superimposed on a long-range wave structu.re that
the capability of achieving the bulk value of the refractive ©€xteénded over the entire spectral range. The experimental
index, 2.43 (488 nm), for the ZnS colloids. However, the obse.rvatlon of short-range Mie resonance feaFures is only
formation of ZnS colloids by the aggregation of nanocrys- Possible when spheres are sufficiently monodisperse [14].
tals, as indicated by X-ray diffraction, does not occur in a A low degree of polydispersity in the particle system is im-
volume-filling manner and in general leads to lower refrac- Portant for obtaining highly ordered photonic crystal struc-

Fig. 2. (a) X-ray diffraction pattern and (b) XPS spectrum of ZnS particles.

tive index values [11,12]. tures.
For the simulations, particle sizes were fixed to the aver-
3.2. Porosity and refractive index age values determined by SEM image analysis and only the

zinc sulfide fraction was varied. The filling fractions that re-
The porosity and the resulting effect on the refractive in- sulted in the best fit of the long-range wave structures above
dex were evaluated using UV/vis is spectroscopy and gasthe absorption edge of ZnS were 0.73, 0.76, and 0.78 for
adsorption. Results from spectroscopy reflected the total Figs. 3a—3c, respectively. The average filling fraction of ZnS
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Fig. 4. (a) BJH pore volume vs pore diateeand (b) pore size distribution.

for samples with sphere sizes from 630 nm to 1.32 um, was
used to determine the average particle porosity as follows:
porosityie = (1 — fzns) x 100%= (1 — 0.76) x 100%

=24%
The average effective refractive index of the particles in sus-
pension ranged from 2.25 at 413 nm to 2.09 at 709 nm as
determined from the relation
neff = fznshizns + (1 — fzns)nwater

A total pore volume of 0.0445 cfjig was calculated at a
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The porosity determination of 15% by gas adsorption dif-
fered from that estimated using optical methods (24%). This
indicated that~9% of the pores were closed pores or voids.
An average pore size of 8.3 nm was determined from the
pore size distribution in Fig. 4b at a cumulative percentage
finer than value of 50%. Though the presence of porosity
in the particles lowered the refractive index below the bulk
value, the ZnS colloids are still considered high-refractive-
index building blocks relative to common colloidal materials
such as silica and polystyrene{ 1.5).

4. Summary

Uniform zinc sulfide colloidal clusters have been pre-
pared and demonstrated as building blocks having morphol-
ogy and optical properties suitable for photonic crystals.
The precipitation method led to particles with high spha-
lerite phase purity and a stoichiometric composition of zinc
and sulfur. Although the particles were found to be meso-
porous as expected from the nanocrystalline aggregate inter-
nal structure, they still exhibited high refractive index. The
colloids expand the menu of nonspherical particles that can
be used for photonic crystal bases. Since there are few meth-
ods available to synthesize small nonspherical colloids of
well-defined size and shape and high refractive index, the
work is a fundamental step toward the realization of novel
reduced-symmetry assemblies.
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