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Abstract

A novel application of stereological methods is presented for the down selection of synthesis conditions to produce dimer
building blocks for photonic crystals. Scanning electron microscopy (SEM) images of ZnS clusters were analyzed to determine
the cluster population distribution for mixtures of spheres, dimers, trimers, tetramers, and other complex clusters. The volume
fraction of each particle species was estimated from the average fraction of test points falling within the cluster type of interest.
For example, quantitative microscopy of a particle population prepared at 29 °C for 6 h and 85 °C for 22 min yielded a
composition of 59 + 3% spheres, 31 + 2% dimers, 7 + 1% trimers, 0.4 + 0.2% tetramers, and 2.5 + 0.8% complex clusters.
Images from systematically selected experimental conditions were analyzed to determine the optimal conditions for obtaining
dimer building blocks from solution precipitation. This condition was determined to be 29 °C for 5 h and 85 °C for 20 min and

yielded a monodispersed dimer population of 23 + 2%.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Colloidal self-assembly has been increasingly used
in science and technology areas to create nano- and
mesoscale materials with dielectric properties designed
to vary on the scale of light wavelengths. The class of
materials with a periodic refractive index that promotes
an optical band gap [1] is known as photonic crystals.
Photonic crystals localize photons in microcavities [2]
with spatial volumes of \°, inhibit spontaneous emis-
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sion of excited chromophores [3], control stimulated
emission in lasers [4], and allow the production of ultra-
low loss waveguides [2] and “‘superprisms” [5] with
especially strong dispersion characteristics. Coherent
LEDs, zero-threshold semiconductor lasers [6], and
enhanced optical, electronic, and quantum electronic
devices are some of the important technologies enabled
by the new mechanisms of light control in photonic
crystals.

The width and stability of the optical band gap in a
photonic crystal strongly depends on the crystal
structure. As several groups [7—11] have noted, a
nonspherical basis in a photonic crystal lattice pro-
motes large photonic band gaps and is less susceptible
to the disorders that may occur during colloidal self-
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assembly. Li et al. [10] proposed the face-centered
cubic arrangement of nonspherical dimer building
blocks to mimic the diamond structure. The diamond
structure has the widest, most stable band gap but is
thermodynamically impossible to form by the tradi-
tional method of self-assembly of spheres. For the
proposed dimer lattice, both the asymmetry and the
openness of the diamond structure are preserved. In
fact, the filling fractions are identical, 34%, for dimers
aligned along the <111> direction [10].

Nonspherical particles for photonic crystal bases
have been produced indirectly from their spherical
counterparts by thermal [12,13] and ion stretching
[14,15] of spheres and by directed assembly of
monodispersed [16] or binary-sized [17] spheres into
complex clusters. In contrast, direct synthesis typical-
ly involves solution precipitation [18—20] methods.
These methods may produce multidisperse [21] sys-
tems, having a wide range of size and shape distri-
butions, as the stability of specific morphology
classes varies strongly with the reaction conditions.
Typically, “phase diagrams” or concentration domains
[22] are presented, where the conditions that result in
mixtures of various morphology types are qualitatively
described.

However, the quantitative characterization of mul-
tidisperse colloidal suspensions is necessary if such
systems are to be of use for photonic crystal applica-
tions. Quantitative characterization is needed to (1)
determine the conditions yielding enough particles of
a certain morphology class to build a lattice using the
selected shape as a basis and (2) determine the
conditions that produce a “dopant” percentage of
cluster particles that, when settled along with the
co-synthesized spheres, promote microcavity effects.

Few methods are available, which provide com-
bined shape—size distributions. As an example, Man-
abu et al. [23] characterized “multiplets” of 100 nm
polystyrene latex aerosol particles using a differential
mobility analyzer combined with a condensation
particle counter. Well-resolved concentration peaks
with respect to mobility were attributed to different
clusters carrying one or two units of charge. The
number fraction of singlets, doublets, and triplets
along with the equivalent diameter of each shape
species were reported. Here, we also use a tandem
technique, combining systematic point-counting ste-
reology and quantitative scanning electron microsco-

py (SEM) image analysis to characterize size—shape
distributions of ZnS colloidal clusters for photonic
crystal applications. The quantitative measure esti-
mated is the cluster volume fraction rather than the
number fraction. Fig. 1 defines the morphology
classes—sphere, dimer, trimer, tetramer, and complex
cluster—synthesized and characterized quantitatively
in this work. Additionally, we present the down

Fig. 1. SEM images of zinc sulfide colloidal clusters. (A) Mixture of
morphology classes deposited from multidisperse suspension—(B)
sphere, (C) dimer, (D) trimer, (E) tetramer, (F) tetrahedron, and (G)
complex cluster. The category, complex cluster, is defined to include
all shape varieties which do not belong to the classes shown in (B)—
(E). Scale bars represent (A) 850 nm, (B) 500 nm, (C) 311 nm, (D)
667 nm, (E) 622 nm, (F) 263 nm, and (G) | pm.
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selection of synthesis conditions for the optimum
production of dimers for the diamond—analog lattice
proposed by Li et al. [10]. Selection criteria on the
abundance of dimers, particle size, and particle poly-
dispersity are articulated.

2. Experimental
2.1. Materials

Zn(NO3),-6H,0 (99.999%), Mn(NO3),-4H,0
(99.99%), and thioacetamide (TAA, CH3CSNH,,
ACS reagent grade) were purchased from Aldrich
and used without further purification. Nitric acid,
certified ACS plus, was obtained from Fisher. All
solutions were prepared with ultrapure deionized water
(18 M) cm).

2.2. ZnS particle synthesis

ZnS colloidal clusters were precipitated via a two-
stage process from aqueous solutions with fixed com-
position—0.024 M Zn*>*, 0.00048 M Mn” *, and 0.143
M TAA. TAA was added to the mixed cation solutions
at room temperature. To control the release of sulfide
ions from TAA, the solutions were acidified with
0.800 = 0.001 ml of 15.8 M HNOs. The reactions
were carried out in 200 ml Erlenmeyer flasks sealed
with laboratory film.

Primary nanocrystal seeds were produced by im-
mersing the reaction vessels in a constant temperature
water bath for 4—6 h at 26—-32 °C. The seed solutions

were placed in a second bath at 85 °C to grow colloidal
clusters. The reactions were terminated after 20—30
min by quenching the solutions to below 10 °C in an
ice bath. The combinations of seed time, seed temper-
ature, precipitation time, and precipitation temperature
used in this study are provided in the sample matrix
shown in Table 1. ZnS particles were separated from
the mother liquid by centrifuging and were redispersed
and washed three times with water. The particles were
collected by filtration on 0.22 pum cellulose ester
membranes.

2.3. Scanning electron microscopy

Dried ZnS powders were resuspended in water
and ultrasonically dispersed to insure homogeneity in
the suspension and representative sampling. Several
drops of ZnS suspension were placed on a bare
aluminum SEM mount. Particles were allowed to
settle for several minutes. The excess liquid was
removed and the mount was dried under a flow of
nitrogen gas. By this procedure, particles were de-
posited as monolayers or bilayers onto areas of the
SEM mount. SEM images were obtained at 5 kV
using a LEO 1530 thermally assisted FEG scanning
electron microscope. High-resolution images from 10
sampling regions were obtained without gold coating
the samples.

2.4. Point-counting stereology

The point-counting stereological method was
employed to obtain volume fraction estimates for

Table 1

Sample identification matrix®

Seed Seed Precipitation Precipitation time

time (h) temperature (°C) temperature (°C) 50 min 22 min 95 min 30 min 35 min
4 26 85 4268520 4268522 4268525 4268530 4268535
5 26 85 5268520 5268522 5268525 5268530 5268535
6 26 85 6268520 6268522 6268525 6268530 6268535
4 29 85 4298520 4298522 4298525 4298530 4298535
5 29 85 5298520 5298522 5298525 5298530 5298535
6 29 85 6298520 6298522 6298525 6298530 6298535
4 32 85 4328520 4328522 4328525 4328530 4328535
5 32 85 5328520 5328522 5328525 5328530 5328535
6 32 85 6328520 6328522 6328525 6328530 6328535

# Sample labels reflect the reaction conditions, i.e., 4 26 85 20 refers to a sample prepared with a seed time of 4 h, seed temperature of 26 °C,

precipitation temperature of 85 °C, and precipitation time of 20 min.
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each morphological type in the suspension. Stereolo-
gy is an unbiased statistical method used to charac-
terize the relative number, length, surface area, and/or
volume of features in a microstructure without
assumptions concerning size, shape, orientation, or
location of the features. In practice, it is a technique
that allows the accurate estimation of three-dimen-
sional structural parameters and their standard devia-
tions from two-dimensional projections. In the
present study, the method described by Gokhale et
al. [24] was used with a modification to eliminate the
effect of differences in particle concentration between
SEM images.

SEM images were overlaid with a grid of 728
evenly spaced test points. The number of test points
falling on a particular morphological type was
counted and divided by the total number of test points
falling on particles, regardless of their morphology.
This ratio is defined as the point fraction (Pp). The
point fractions of five particle types—sphere, dimer,
trimer, tetramer, and complex cluster—were deter-
mined. Typically, the volume fraction (Vy) of each
particle species was estimated by averaging Pp over
10 microstructural fields. Volume fractions were cal-

culated according to Eq. (1) and reported in terms of
volume percentage.

24/52
VN
2V52

where —NSZ is the sampling error in the volume fraction
determination, N is the total number of microstructural
fields, and S” is the sample variance. The variance was
calculated as follows:

S ((Pp) — Ppi)’
§* = o (2)

Vy = (Pp) % (1)

where Pp; is the point fraction of the ith microstruc-
tural field (i=1,2,...n).

2.5. Image analysis: particle size measurement

The average size, standard deviation, and coeffi-
cient of variation (CV) were derived from SEM
images, typically by measuring 100 spheres and 50
dimers. The diameter of spheres and longest dimen-
sion of dimers were measured. CV, the ratio of the

Table 2
Systematic point-counting stereology data for sample 5298520
Points in ~ Points in ~ Points in  Points in Points in Total Pp Pp Pp Pp Pp
spheres dimers trimers complex tetramers points in  sphere  dimer trimer complex tetramer

cluster particles cluster
191 61 15 5 3 275 0.6945  0.2218  0.0545 0.0182 0.0109
198 66 14 0 0 278 0.7122  0.2374  0.0504 0.0000 0.0000
258 86 15 4 0 363 0.7107  0.2369  0.0413 0.0110 0.0000
219 88 15 0 0 322 0.6801  0.2733  0.0466 0.0000 0.0000
224 82 11 2 0 319 0.7022  0.2571 0.0345 0.0063 0.0000
245 71 12 2 0 330 0.7424  0.2152  0.0364 0.0061 0.0000
243 53 2 2 0 300 0.8100  0.1767  0.0067 0.0067 0.0000
306 84 9 5 0 404 0.7574  0.2079  0.0223 0.0124 0.0000
219 72 6 2 2 301 0.7276  0.2392  0.0199 0.0066 0.0066
191 76 14 1 0 282 0.6773  0.2695  0.0496 0.0035 0.0000
S%(n) Spheres Dimers  Trimers Complex  Tetramers
Sphere Dimer Trimer Complex cluster  Tetramer (%) %) (%) Z:l}/u)sters (%)

o

0.001618  0.000872  0.000243  3.129¢ — 05 1.47e—05 72.15 23.35 3.62 0.71 0.18

Sampling error

2.54% 1.87%  0.99% 0.35% 0.24%




C.M. Liddell et al. / Materials Characterization 50 (2003) 6979

standard deviation to the mean of the size distribution,
was used to characterize the polydispersity. For col-
loidal self-assembly to occur, CV must be less than
~ 10% [25].

3. Results and discussion
3.1. Morphology distributions
Table 2 provides stereology data from sample

5298520 and lists the resulting shape distribution in
tabular form. For this sample, the morphology distri-

73

bution by volume was 72.15 £ 2.54% spheres,
23.35+1.87% dimers, 3.62 £0.99% trimers,
0.18 = 0.24% tetramers, and 0.71 £ 0.35% complex
clusters. Sampling from 10 microstructural fields was
sufficient to reduce the relative error for percentage
sphere and dimer determinations to acceptable levels
<10%. However, for the less abundant, more complex
morphologies, the error became quite significant. A
more precise determination in these cases requires that
the number of microstructural fields examined be
increased. Digital image analysis would make the
study of much larger numbers of microstructural fields
feasible. The morphology distributions obtained from
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Fig. 2. Morphology distributions of ZnS colloidal clusters. Quantitative shape characterization was obtained by point-counting stereology
analysis of 10 SEM fields per sample. Sample labels refer to experimental conditions: seed time (h), seed temperature (°C), precipitation
temperature (°C), and precipitation time (h), respectively.
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Fig. 3. SEM image of ZnS particle network. Reaction conditions
included seeding for 5 h at 32 °C, incubation at room temperature
for 2 days, and precipitation at 85 °C for 21 min. A close-packed
floc is circled. Scale bar represents 1 pm.

all of the syntheses performed are presented graph-
ically in Fig. 2.

Fig. 2 shows that for all except two samples,
5328535 and 5268530, the quantity of complex clus-
ters produced remained low, less than ~ 3%. The low
percentage of irregularly shaped clusters shows the
viability of the present synthetic method in producing
uniform clusters of each morphology class. For all
conditions presented, spheres account for over half of
the particles produced. Of the other well-defined
morphology types, dimers are next in abundance
(max 31vol.%), followed by trimers (max 7vol.%),
and then tetramers (max 1vol.%). This “stepped”
decrease in abundance may imply that clusters form
by the coagulation of preexisting monodispersed

Table 3

spheres. This type of coagulation can occur as the
volume fraction of spheres increases during colloid
precipitation at elevated temperatures.

The coagulation of ceramic particles (alumina,
titania, and zirconia) in high solids loading slurries
has been utilized by Yang and Sigmund [26,27] to
form ceramic parts by direct casting methods. Fractal
models, which describe either reaction or diffusion
limited cluster aggregation [28,29], as well as perco-
lation [30] models have been proposed for such
processes. Further investigations applying these mod-
els to the current system are required. We note,
however, that we have observed a particle network
of close packed flocs, a characteristic of late stage
cluster—cluster aggregation, in the case of prolonged
aging between seeding and final high temperature
growth steps. Fig. 3 provides an example of the net-
works formed by aging the solutions for 5 h at 32 °C,
incubating for 2 days at room temperature, and aging
at 85 °C for 21 min.

3.2. Dimer maximization

Table 3 summarizes and highlights the synthesis
conditions that generate the greatest percentages of
dimers. The particle suspensions having greater than
20% dimer content are noted by cell shading. These
conditions produce a reasonable yield of dimer par-
ticles, which can be harvested from the suspension
and used as building blocks in photonic crystals or as
dielectric dopants.

Generally, a seed temperature of 29-32 °C cou-
pled with a precipitation time of 20—25 min led to

Average percentage of dimers synthesized in multidisperse suspensions

Seedtime Seed Precipitation Precipitation time and average %dimers

(h) temperature (°C)  temperature (°C) 20 mip 22 min 25 min 30 min 35 min

4 26 85 1.1+0.2% 20 £ 2% 5+3% 3+2% 2.2+0.9%
5 26 85 8 +2% 6.0 £0.9% 7+ 1% 22+2% 6+ 1%
6 26 85 e 12.6 + 1.2% 18+ 2% 8+2% 9420
4 29 85 5.4+0.7% 8 +£2% 12+ 2% 12+ 2% 12+ 1%
5 29 85 23 +£2% 20 +3% 12+ 2% 8+ 1% 9+2%
6 29 85 7+£2% 31+2% 25+2% 13+ 1% 14+ 1%
4 32 85 7.3+0.9% 24 +2% 15+ 2% 15 +2% 7+1%
5 32 85 - 17 +3% 12+ 1% 12+ 1% 29 +2%
6 32 85 94+2% 3+1% 15+ 2% 14 + 3% 13+ 3%
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the highest dimer yields. A higher abundance of
dimers at shorter precipitation times may be ex-
plained by considering the size of the aggregating
spheres. As precipitation proceeded, the spheres typ-
ically increased in size as shown in Fig. 4A. The
larger size of spheres at longer precipitation times
made them less susceptible to van der Waals forces
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Fig. 4. Effect of precipitation time on particle size. Particle size is
plotted as a function of precipitation time for samples (A) 5298520—
5298535, (B) 5328520-5328535, and (C) 5268520-5268535.
Particle size increases with precipitation time over the entire range
illustrated in (A). (B) and (C) show an atypical decrease in particle
size at longer precipitation times. The circled data correspond to
samples 5328535 and 5268530, respectively.

and thus more stable against coagulation. When
sphere size showed an atypical decrease at longer
precipitation times, as in the case of samples 5268530
and 5328536, a corresponding increase in dimer
abundance was observed. The particle sizes for these
two samples are noted in Fig. 4B and C, respectively.
As Table 3 shows, samples 5268530 and 5328535 are
the only samples producing a high dimer yield among
those prepared with precipitation time longer than
25 min.

3.3. Particle size and polydispersity

Particle size is an important parameter for photonic
crystal applications. When colloidal particles are the
building blocks in photonic crystals, the particle size
determines the lattice constant of the crystal. The
lattice constant is directly related to the frequency
location of the photonic band gap [2]. Thus, particle
size determines which frequencies of light can be
expected to interact with the crystal for the observa-
tion of the unique optical properties of photonic
crystals.

Fig. SA-D shows SEM images, particle shape,
and size distributions for selected samples (5298520,
5298522, 6298522, and 6298525), meeting the 20%
dimer threshold and having average dimer size less
than 2 um. In optimizing the ZnS cluster synthesis
conditions for photonic crystal applications, we have
limited the cluster size to 2 um so that the particles
can be used for device operation in the near-IR
region. However, clusters ranging from 950 nm
(4298520) to 6.5 um (4268535) were produced here.
Comprehensive particle size information will be pre-
sented elsewhere.

Generally, a shorter precipitation time resulted in
particles with smaller size and lower polydispersity.
For each sample in Fig. 4, polydispersity was less than
10% for spheres and dimers indicating that the par-
ticles have potential for self-assembly. Sphere and
dimer polydispersity values ranged from 4.74% to
7.61% and 5.67% to 7.91%, respectively.

Though the sample prepared at 29 °C for 6 h and
85 °C for 22 min produced the largest percentage of
dimers, the particles prepared at 29 °C for 5 h and 85
°C for 20 min generated the smallest dimer size and
size distribution, as well as fewer other cluster types.
Thus, for photonic crystal applications, the latter
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synthesis conditions are best suited for producing
dimers that can be harvested by physical means.

4. Conclusion

This work demonstrates a unique application of
stereological methods to the down selection of syn-
thesis conditions for producing the morphology dis-
tributions most desirable for photonic crystal appli-
cations. Stereological methods provided quantitative
characterization of the morphology distributions pro-
duced by multidisperse particle syntheses. The meth-
od is widely applicable for morphology mixtures of
all material types. The tandem size—shape character-
ization presented is limited only by the resolution
of the microscope. With the present instrumentation,
colloids with particle sizes down to 1 nm may be
examined.

We have shown the utility of the systematic point-
counting stereology method in optimizing the con-
ditions to produce ZnS dimer building blocks. The
optimum particle system was obtained from seeds
prepared at 29 °C for 5 h and aged for 20 min at 85
°C. The estimated yield of dimers was 23%, having
average size 1.29 um and polydispersity 5.67%, well
within the requirements for self-assembly.

Assembly of the dimers synthesized here would
promote the formation of a photonic band gap in the
near-IR region. Producing ZnS clusters for photonic
crystals operational in the visible region requires
further synthesis design to reduce the particle size.
Several groups [31-33] have made uniform ZnS
spheres in the applicable size range, 200—350 nm,
by techniques similar to the one discussed here. Our
future work includes varying experimental parameters
such as reactant concentration to prepare smaller ZnS
clusters. Additionally, field flow fractionation will be
utilized to perform the physical separation of the
particle morphology classes.
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