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a b s t r a c t

We developed an efficient synthesis of monodisperse, highly surface charged, high refractive index ZnS
spherical particles by using a gel–sol method. Concentrated solutions of zinc–ammonia–NTA (nitrilotri-
acetic acid) were reacted with thioacetamide in the presence of gelatin which stabilized the growing par-
ticles. We dramatically increased the particle surface charge density by condensing silica and silylated
phosphonate groups on the particle surface. These monodisperse highly charged ZnS particles are some-
what porous and have a refractive index of 1.868. These are the highest refractive index, monodisperse,
highly charged spherical particles to self assemble into non-close-packed crystalline colloidal arrays
which Bragg diffract light.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Photonic crystals materials contain periodic modulations of
their optical dielectric constants. As a result, these materials show
optical bandgaps such that light in specific spectral regions cannot
propagate at specific angles [1–4]. These bandgaps can be one or
two dimensional, where light cannot propagate within particular
angular ranges. In addition, these bandgaps can be three dimen-
sional, such that light in a particular spectral interval cannot prop-
agate at any angle within the photonic crystal. These materials are
of great interest both for fundamental scientific reasons, as well as,
for their potential for revolutionizing photonic technologies
[5–11].

Photonic crystal materials can be fabricated by either using
top-down lithographic approaches [12,13], or by using bottom-
up approaches such as colloidal crystal self assembly techniques
[14–20]. The use of top-down lithography [12,13] is generally
expensive and its use is limited to fabricating a finite number of
periodic layers. Bottom-up approaches have the opportunity to
be inexpensive and to be easily scaled up. Examples of bottom-
up fabrication processes of photonic crystals include production
of close-packed particle arrays through techniques [14–20] such
as, for example, gravity or external field driven sedimentation
[14,15] or convective self assembly [16].

A potential disadvantage of sedimentation processes is that the
resulting close-packed materials typically contain numerous de-
fects such as vacancies, dislocations, stacking faults, and grain
ll rights reserved.
boundaries [21]. The convective self assembly method can give rise
to better ordered close-packed systems but the success of this
method is sensitive to particle size and charge [22]. In addition,
it is unclear whether this method can be easily scaled up to pro-
duce large area, thick photonic crystals.

Electrostatic self assembly of highly charged, monodisperse col-
loids is an alternative approach which appears much more conve-
nient since the particles directly self assemble into highly ordered
fcc or bcc crystalline colloidal arrays (CCA) in low ionic strength,
aqueous solutions [23–25]. This self assembly occurs within the
entire colloid dispersion volume. The only question is whether
crystal orientation can be maintained over large sample thick-
nesses, since crystal nucleation often occurs at the walls of the con-
tainer [26]. These CCA diffract ultra-violet, visible, or infra-red
light, depending on their crystal lattice spacing [27,28].

Although the diffraction properties of CCA have been exten-
sively studied, these studies have generally been limited to colloi-
dal particles of low refractive index materials [23,24,29–36]. The
production of full three dimensional bandgaps in photonic crystals
requires specific crystal structures together with very high modu-
lations of their optical dielectric constants. For an inverted fcc lat-
tice (air sphere in high dielectric medium), a full photonic band gap
will open up between the 8th and 9th bands if the refractive index
mismatch exceeds 2.9 [37]. Close-packed inverse opal structures of
air spheres in silicon [38] and germanium [39] have been fabri-
cated which show complete photonic band gaps in the NIR region.

Unfortunately, no complete 3-D photonic band gap occurs for
dielectric spheres in direct fcc structures [40,41]. The diffraction
efficiency of all photonic crystals is generally increased by increas-
ing the refractive index mismatch between the spheres and the
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medium [23]. A number of groups have synthesized high refractive
index monodisperse spheres out of semiconductor materials such
as ZnS, Se, CdSe and TiO2 in order to prepare high refractive index
modulated photonic crystal materials [42–47]. However, the use of
these spheres has been limited to close-packed photonic crystal
systems.

In the work here we demonstrate the synthesis of novel high
refractive index, monodisperse, highly surface charged ZnS parti-
cles that are surface functionalized such that they form non-
close-packed electrostatically stabilized CCA. We use a method
similar to that of Sugimoto et al. [48,49] to synthesize the mono-
disperse ZnS particles from concentrated solutions of zinc–chelate
complexes in gelatin which effectively prevents growing particles
from aggregating [50] at the required high ionic strength condi-
tions. We can easily control the particle size and the size distribu-
tion. We maximized the ZnS surface charge density by
simultaneously condensing silica and functionalizing the particles
with a phosphonate silane coupling agent. The highly charged,
monodisperse ZnS colloids self-assemble into CCA at high concen-
trations and low ionic strengths. These CCA with e = 3.49 (n = 1.87)
particles diffract light in the near IR and the visible regions.

2. Experimental section

2.1. Chemicals

Zinc nitrate hexahydrate Zn(NO3)2�6H2O (purum p.a. >99.0%)
was purchased from Fluka (Germany). Ammonium acetate (ACS re-
agent 98%), ammonia (ACS grade, 28–30 wt.% NH3 in water) and
absolute ethanol were obtained from Mallinckrodt Baker Inc. (Phil-
lipsburg, NJ). Nitrilotriacetic acid (NTA) (Sigma grade 99%), thioac-
etamide (TAA, reagent grade 98%), porcine skin gelatin (type A, 300
bloom), gelatin from cold water fish skin and tetraethoxysilane
(TEOS, 99%) were obtained from Sigma–Aldrich (St. Louis, MO).
3-trihydroxylsilylpropylmethylphosphonate, sodium salt, 42% in
water was purchased from Gelest Inc. Ion exchange resin (AG
501-X8, 20–50 mesh) was obtained from Bio-Rad Laboratories
Inc. All chemicals were used as received without further purifica-
tion. Pure water was obtained from a Barnstead nano-pure water
system.

2.2. Preparation of monodisperse ZnS particles

ZnS particles were synthesized by using a method similar to the
gel–sol process described by Sugimoto et al. [49]. ZnS particles
were formed by mixing thioacetamide (TAA) solution with a con-
Fig. 1. Transmission electron microscope images of zinc sulfide particle
centrated solution of zinc–nitrilotriacetate (Zn–NTA). In one recipe,
the thioacetamide (TAA) solution was prepared by dissolving
1.38 g (0.018 mol) TAA and 0.15 g (1% by wt.) porcine skin gelatin
(type A, 300 bloom) in 15 ml pure water. The Zn–NTA solution was
prepared by dissolving 5.36 g (0.018 mol) Zn(NO3)2�6H2O, 9.25 g
(0.12 mol) CH3COONH4, 6.88 g (0.036 mol) NTA, 12 ml ammonia
(28–30 wt.% NH3 in water) and 0.60 g (1% by wt.) porcine skin gel-
atin (type A, 300 bloom) in pure water. The total volume was ad-
justed to 60 ml. The Zn–NTA solution at 45 �C was adjusted to
pH � 9.0 by adding NH4OH. To initiate ZnS nucleation, a 45 �C
TAA solution was then poured into the 45 �C Zn–NTA solution un-
der vigorous stirring. After 1 min the stirring was stopped and the
reaction mixture was maintained at 45 �C for 4 h.

The ZnS nanoparticles were separated and purified by adding
concentrated NaOH solution at 60 �C under vigorous stirring to
hydrolyze the gelatin. The zinc sulfide particles were centrifuged,
redispersed and washed multiple times with pure water. TEM of
the resulting particles are shown in Fig. 1.

2.3. Attachment of ZnS particle surface charge

In a typical synthesis, 1.0 ml tetraethoxysilane (TEOS) and
1.0 ml of 3-trihydroxylsilylpropylmethylphosphonate aqueous
solution (42 wt.%) were added to a 100 ml aqueous suspension
containing 1.0 g ZnS colloids, 40 ml ethanol and 1.0 ml ammonium
hydroxide, and the reaction mixture was heated to 80 �C and re-
mained under reflux for 4 h. For a control we used the same reac-
tion conditions but did not add the phosphonate silane coupling
agent but only added TEOS.

2.4. Materials characterization

X-ray diffraction measurements were carried out by utilizing a
Philips PW 3710 based X’per diffractometer systems using Cu Ka
radiation from a Philips PW 1830 X-ray generator. A Philips Mog-
agni 268 transmission electron microscope was used to character-
ize the size of the particles synthesized. A Zeta PALS QELS
instrument (Brookhaven Instruments Corporation) was used to
measure the Zeta potential of the colloidal particles. All the Zeta
potential measurements were taken by suspending a small amount
of colloidal particles in a 1 mM KCl solution. The pH of the suspen-
sions was varied from 3 to 12 using dilute HCl and NaOH solutions.
A YSI 3200 conductivity instrument was used to measure the con-
ductance of the colloidal suspensions.

A Craic QDI 2010 UV–Visible–NIR microspectrophotometer was
used to measure some of the normal incidence reflectance spectra
s after washing (A) 125 ± 13 nm; (B) 285 ± 9 nm; (C) 498 ± 18 nm.
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of the ZnS particle CCA. Normal incidence reflectance measure-
ments were also made by using a fiber-optic diode spectrometer
with a tungsten halogen light source (Ocean Optics). A Varian Cary
5000 UV–Visible spectrometer was used to measure transmission
spectra of thin CCA films. Variable angle reflectance (VAR) spectra
of the ZnS CCA were measured by using the VAR accessory of a Var-
ian Cary 5000 spectrophotometer.
Table 1
Relationship between the size of monodisperse ZnS particles and the solution
3. Results and discussions

3.1. Synthesis and characterization of zinc sulfide particles

Monodisperse ZnS particles between 100 and 600 nm were pro-
duced by varying the reaction stoichiometry. TEM images of some
typical monodisperse zinc sulfide particle samples are shown in
Fig. 1.

The X-ray diffraction pattern shown in Fig. 2 from the prepared
ZnS particles indicates that the particles synthesized are in the ZnS
cubic sphalerite phase.

The Zeta potentials of the synthesized �500 nm ZnS particles
were measured to be �4 mV ± 25 mV at pH 7. The pure ZnS particle
suspensions appear white and do not show any trace of CCA ordering
that would give rise to visible wavelength light diffraction even for
particle concentrations above 10% by volume. Presumably, no or-
dered CCA formed because of insufficient ZnS particle surface charge.

The synthesis of the monodisperse ZnS particles involves two
steps: a fast nucleation step and a slow growth step. In basic med-
ia, the reaction involves the reaction of a concentrated Zn–NTA
solution with TAA.

CH3—CS—NH2ðaqÞ $ CH3CNðaqÞ þH2SðaqÞ
H2SðaqÞ þH2O! HS�ðaqÞ þH2O! S2�ðaqÞ þH3Oþ

Zn2þðaqÞ þ S2�ðaqÞ ! ZnSðsÞ

According to Sugimoto [48], if the H2S concentration is too high,
addition of concentrated Zn2+ solutions results in random agglom-
eration which forms a large number of nuclei. To avoid this, chelat-
ing agents are used that coordinate to the Zn2+, reducing its free
concentration. Zn2+ is slowly released to react with S2� to form a
presumably soluble, small ZnS ‘‘precursor” species [51]. ZnS parti-
cle nuclei form when the concentration of dissolved ZnS ‘‘precur-
sor” exceeds the critical supersaturation concentration. Nuclei
continue to form until the ZnS ‘‘precursor” concentration drops be-
low the critical supersaturation level. These nuclei will grow
homogeneously to form monodisperse ZnS particles if secondary
nucleation is prevented.
Fig. 2. X-ray powder diffraction pattern of synthesized ZnS particles. The indexing
indicates the cubic sphalerite phase (Powder Diffraction File card number 80-0020).
Table 1 tabulates the impact of compositional changes on the fi-
nal particle size. Four parameters, the initial [Zn(NO3)2], the [NTA]/
[Zn], the [NH3 + NH4

+] and the pH values were varied to control the
final particle size. The pH values were varied by adding ammonia
to the Zn–NTA solution containing 1.6 M CH3COONH4. Table 1A
shows that the particle size decreases as the amount of ammonia
increases, while [Zn(NO3)2] and [NTA]/[Zn] are held constant (the
pH increases as the ammonia concentration increases). Table 1B
shows that particle size decreases when [NTA]/[Zn] and
[NH3 + NH4

+] simultaneously decrease, while [Zn(NO3)2] is held
constant and the relative amounts of NTA to ammonia is varied
to maintain pH = 9.0. Table 1C shows that particle size increases
when the concentration of Zn(NO3)2 decreases, while [NTA]/[Zn]
is held constant. The [NH3 + NH4

+] is varied to maintain pH = 9.0.
To obtain monodisperse particles we find that stirring must be

stopped shortly after mixing the reactants. In our case, stirring
throughout the reaction results in a larger polydispersity which
might arise from secondary nucleation. As pointed out by Sugimot-
o et al. [49], agitation may release subcrystals from the polycrystal-
line ZnS particles which can result in secondary nucleation during
the particle growth period.

Gelatin was added to the reaction solution to prevent growing
ZnS particles from aggregating under our high ionic strength con-
ditions [52]. Without gelatin, ZnS particles aggregate and settle
shortly after the nucleation stage.

We find that the polydispersity of our synthesized particles de-
pends on the gelatin type and the reaction temperature. For exam-
ple, for a particular reaction stoichiometry using porcine skin
gelatin the particles are monodisperse (PD = 5%) if the reaction oc-
curs at 60 �C. The particles become polydisperse (PD = 16%) for
reaction temperatures below 40 �C. The porcine skin gelatin shows
a helix to coil conformational transition at 40 �C. The transition
temperature varies between different gelatins [53]. For example,
gelatin made from cold water fish skin has a transition tempera-
ture of 22 �C [54]. Using gelatin from cold water fish skin we can
obtain monodisperse particles at room temperature (�22 �C,
PD = 6%), as well as at 30 �C, (PD = 4%).

Thus, it appears that the gelatin coil conformation increases the
particle monodispersity. The improved monodispersity of reac-
tions above the gelatin transition temperature results from the
adsorption of gelatin layers as random coils on the particle surface
which protect the particles from aggregation [55–57].
stoichiometry. (Reaction temperature was 45 �C and the yields for all the samples are
�90%. TEM images of samples marked with asterisks are shown in Fig. 1.).

A. [Zn(NO3)2] = 0.28 M, [NTA]/[Zn] = 1.8
[NH3 + NH4

+] (M) pH Size (nm)

3.7 9.0 150 ± 30
4.0 9.4 125 ± 13�

4.4 9.6 120 ± 12
4.8 9.9 105 ± 18

B. [Zn(NO3)2] = 0.24 M, pH = 9.0
[NH3 + NH4

+] (M) [NTA]/[Zn] Size (nm)

4.0 2.2 323 ± 19
3.75 2.0 285 ± 9�

3.0 1.8 238 ± 20
2.9 1.7 225 ± 19

C. [NTA]/[Zn] = 2.0, pH = 9.0
[NH3 + NH4

+] (M) [Zn(NO3)2] (M) Size (nm)

4.35 0.28 146 ± 33
3.75 0.24 285 ± 9�

2.8 0.18 498 ± 18�
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3.2. Functionalization of ZnS particle surfaces

The ZnS particle diameter increases relatively little after reaction
with TEOS and the phosphonate silane coupling agent compared to
the particle diameter standard deviation. For example, the diameter
of the 498 ± 18 nm and 458 ± 18 nm bare ZnS particles increased to
506 ± 17 nm and 472 ± 12 nm respectively, after simultaneously
reacting with TEOS and the phosphonate silane coupling agent.
The reaction is obviously incomplete since we expect to observe
an 80 nm and 72 nm diameter increase respectively, if all of the
TEOS and the phosphonate silane coupling agent condensed onto
the particle surface. Consistent with this observation is that we
see significant formation of small particles in the TEM of the ZnS
particles reacted with TEOS and the phosphonate silane coupling
agent (Fig. 3A, 472 ± 12 nm sample). The concentration of small
particles is roughly comparable to that which occurs after TEOS
and phosphonate silane are reacted in the absence of ZnS under
the same condition (Fig. 3C). These small particles can be removed
by centrifuging and washing (Fig. 3B). As seen below, the surface
charge is increased by this TEOS and phosphonate silane coupling
agent reaction which forms a very thin nonobservable shell.

Fig. 4 shows the pH dependence of the Zeta potential of the
�500 nm ZnS particles before, and after simultaneous reaction
with TEOS and the phosphonate silane coupling agent in order to
increase surface charge. Also shown is the pH dependence of the
Zeta potential of the product of the reaction of the ZnS particles
with only TEOS. The bare ZnS particles are almost uncharged at
neutral pH. The absolute magnitude of the charge increases (and
the sign inverts) as the pH increases or decreases away from neu-
trality, presumably due to ion adsorption onto the particles.

ZnS particles reacted with only TEOS have a much higher Zeta
potential at all pH values than the bare ZnS particles. The TEOS re-
acted particle surface groups titrate over a broad pH range with a
pKa � 6, within the range of pKa discussed for silica surfaces
[58–60]. ZnS particles simultaneously reacted with TEOS and the
phosphonate silane coupling agent (ZnSTP) show a distinctly high-
er Zeta potential until pH > 9. The apparent pKa � 3, which gives
rise to a distinctly higher Zeta potential, indicates a higher surface
charge at acidic and neutral pH values due to deprotonation of the
attached phosphonate group. The pKa of propyl methylphosphonic
acid is 2.29 [61].

3.3. Formation of ZnS crystalline colloidal arrays

When the monodisperse ZnSTP colloidal particles are concen-
trated to 8–10 vol.%, they self assemble due to Coulombic repulsive
Fig. 3. TEM of (A) 472 ± 12 nm ZnSTP colloids suspension after simultaneous reaction w
mixture; (B) 472 ± 12 nm ZnSTP particles after washing to remove the small particles; (C
in the absence of ZnS particles under the same conditions.
interactions into CCA [25,28] which diffract light at a wavelength
that depends on the CCA lattice spacing [24,62].

Fig. 5 shows transmission spectra of the 498 nm bare ZnS parti-
cles, the ZnS particles reacted with only TEOS and the 506 nm
ZnSTP particles injected into 50 lm thick flow cells. The colloid
suspensions were repeatedly pumped back and forth in the flow
cell to achieve shear ordering. The cell was then tapped to induce
mechanical perturbations that cause CCA annealing. All spectra
were referenced to the transmission spectra of the same flow cell
containing water.

The lack of a transmission minimum and the monotonic trans-
mission decrease towards shorter wavelength indicate that the
bare ZnS particles do not form CCA (due to their low surface
charge). The transmission decreases as the wavelength decreases
due to the increasing scattering cross section of these particles at
shorter wavelength. This bare ZnS particle sample also showed
visually evident particle flocculation.

Particles reacted with TEOS form a CCA with a broad, essentially
complete rejection band at 1720 nm. The diffraction band is broad
and asymmetric. Normally, fcc (sometimes bcc) CCA form with
their (1 1 1) planes aligned parallel to the sample walls. A perfect
fcc crystal illuminated by light normally incident to the (1 1 1)
planes will diffract the longest wavelength light, k111, from the
(1 1 1) planes as given by Bragg’s Law, k111 = 2nd111, where n is
the system refractive index and d111 is the (1 1 1) plane spacing.
ith TEOS and the phosphonate silane coupling agent directly out from the reaction
) the reaction mixture after TEOS and phosphonate silane coupling agent are reacted
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For light at normal incidence no diffraction should be observed for
shorter wavelengths until k111/2. The observed low transmission at
wavelengths between 1000 and 1600 nm indicates that the ZnS
particles reacted only with TEOS shows poor ordering.

Ordering is much improved for the ZnSTP particles simulta-
neously reacted with TEOS and the phosphonate silane coupling
agent (Fig. 5). The 1700 nm diffraction peak is much better defined
and less scattering occurs in the 1000–1600 nm spectral region.
This clearly indicates that ZnSTP particles reacted with TEOS and
phosphonate silane coupling agent have the highest surface charge
(as also evidenced by the Zeta potential results).

Reflectance spectra of the CCA formed from ZnSTP are shown in
Fig. 6. Diffraction from the (1 1 1) planes gives rise to the 1708 nm
reflection diffraction peak. To determine the refractive index of the
ZnSTP particles we measured variable angle reflectance spectra of
the ZnSTP CCA (Fig. 6 inset). The 1st order (1 1 1) diffraction peaks
blue shift as the incident angle changes from 20� to 29�,
respectively.

To determine the light incidence angle dependence of the dif-
fraction we must account for refraction of the incident light from
Snell’s law:
Fig. 6. Reflectance spectra of a CCA sample of 506 nm ZnSTP particles in a 700 lm
thick flow cell measured with a Craic microspectrophotometer. The (1 1 1) peak
position at normal incidence is 1708 nm. The inset shows the incident angle
dependence of the fcc (1 1 1) reflectance spectra of the CCA sample from right to left
from 20� to 29�, respectively.
sin hair

sin hPhC
¼ nPhC ð1Þ

Bragg’s law thus gives:

k111 ¼ 2nPhCd111 sinð90� � hPhCÞ ð2Þ

where nPhC is the overall effective refractive index of the ZnSTP CCA
which we approximate as the volume averaged refractive index:

nPhC ¼ ð1�uÞnwater þu � nZnSTP ð3Þ

where u is the volume fraction occupied by the ZnSTP spheres.
The refractive indices of ZnS [63] and water are weakly wave-

length dependent [64]:

n2
ZnS ¼ 5:164þ 1:208� 105

k2 � 0:732� 105 ð4Þ

nwater ¼ 1:3240þ 3:046� 103

k2 ð5Þ

where the wavelength k is in units of nm. In a small wavelength
range, the refractive indices can be considered constant. Thus, from
Eqs. (1) and (2), we have

k2
111 ¼ �4 � d2

111 � sin h2
air þ 4 � n2

PhC � d
2
111 ð6Þ

From the reflectance spectra, we calculate a (1 1 1) lattice plane
spacing of d111 = 580.0 nm with an average CCA refractive index of
nPhC = 1.468. The ZnSTP colloid particle diameter is 506 ± 17 nm
from the TEM measurements, while the calculated volume fraction
of ZnSTP colloid in the suspension is 0.268 ± 0.027, and the
calculated weight fraction is 0.594 ± 0.0083, which agrees with
our measured weight fraction of 0.612 ± 0.012. In this wavelength
range, the water refractive index is nwater � 1.325, and we can calcu-
late that the refractive index of the ZnSTP composite particle is
1.868 ± 0.007. Since bulk ZnS has a refractive index n = 2.283 at this
wavelength, our ZnSTP particles must not be fully dense. This al-
lows us to calculate a porosity which we assume is water filled of
�43%.

From the angle dependent diffraction measurements we calcu-
late the normal incidence (1 1 1) diffraction peak to be at 1704 nm,
which is close to the measured normal incidence (1 1 1) diffraction
peak wavelength at 1708 nm measured in reflection with a Craic
microspectrophotometer.

3.4. Ordering of ZnSTP CCA

Fig. 7 compares the diffraction from CCA of the 506 nm ZnSTP
particles as a function of sample ordering. All of the CCA show a
small transmission even at the �1660 nm transmission minimum.
The green spectrum from the ZnSTP sample simply injected with a
minimum shear flow alignment is the broadest, showing a mini-
mum transmission globally. The blue spectrum from the sample
subject to shear by pumping the CCA back and forth in the flow cell
is narrower and shows more transmission at shorter wavelengths.
The black spectrum is the best ordered CCA because it was subject
to both shear and mechanical tapping to induce maximum CCA
ordering. It has the narrowest transmission peak and the most
transmission at shorter wavelengths. The inset to Fig. 7 shows
the reflection spectrum between 500 and 1000 nm and demon-
strates strong second order diffraction at almost half of the
1660 nm transmission minimum of the most ordered sample.

Fig. 7 also shows the theoretical transmission spectrum due to
diffraction by a perfect fcc CCA of 506 nm ZnSTP particles at the
same concentration. We recently developed an extended kinematic
theory for calculating the diffraction of perfect fcc CCA [65]. We
calculated the diffraction expected for a CCA of 20 fcc (1 1 1) layers
(11 lm) and 80 fcc (1 1 1) layers (44 lm) compared to the 50 lm
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Fig. 7. Transmission spectra of a CCA sample of 506 nm ZnSTP particles in a 50 lm
thick flow cell. The spectra are taken right after injection of the CCA (green); after
shear flow (blue); after tapping and annealing (black). The transmission dip at
�1660 nm results from 1st order Bragg diffractions from the (1 1 1) planes. The
(1 1 1) lattice spacing is calculated to be 555 nm, indicating a sample thickness of
90 layers. Theoretical transmission calculations for perfect fcc lattice of 506 nm
particles of n = 1.868 in water (burgundy 20 layers, red 80 layers). Inset shows the
normal incidence reflectance in the second order diffraction region of the same
sample (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.).
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thick ZnSTP sample. We calculate that 20 layers should transmit
�2% of the light, whereas 80 layers will transmit only 5 � 10�8%
of the light. The fact that 2% of the light transmits through our
90 layer sample indicates that CCA disorder degrades the diffrac-
tion compared to the perfect lattice.

Fig. 8 compares the transmission spectrum of a very thin CCA
(�3.94 lm) of these 506 nm ZnSTP particles which was made by
sandwiching 10 lL of the ZnSTP particle suspension between two
quartz plates. The CCA thickness was determined from the ob-
served interference fringes [66]. The transmission spectra were ref-
erenced to the transmission spectrum of the same two quartz
plates containing water with approximately the same thickness.
From Bragg’s law, the (1 1 1) lattice spacing was calculated to be
about 494 nm, indicating that the �8 CCA (1 1 1) layers diffract
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Fig. 8. Transmission spectrum for normally incident light of a �3.94 lm thick CCA
sample of 506 nm ZnSTP particles (�8 fcc (1 1 1) layers). The transmission
minimum at 1542 nm results from the 1st order Bragg diffraction from the (1 1 1)
planes. The green and red curves indicate the theoretically expected diffraction
from perfect fcc lattice of 506 nm ZnSTP particles in water of eight and nine layers
respectively (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.).
�50% of the light. Our theoretical calculation for a perfect lattice
indicates that the diffraction should be �2-fold greater.

4. Conclusions

We successfully fabricated high refractive index particle crys-
talline colloidal arrays (CCA) by synthesizing highly charged,
monodisperse, high refractive index ZnS particles in the size range
of 100–600 nm. The high surface charge density was obtained by
simultaneously condensing silica and a silylated phosphonate
group onto the particle surface. The resulting highly charged ZnS
particles readily self-assemble into CCA. The refractive index of
these ZnS particles was measured to be 1.868. The CCA sample
shows high attenuation of light at wavelengths that coincide with
1st order (1 1 1) Bragg diffraction. These high refractive index par-
ticles should find utility in highly efficiency photonic crystal
materials.
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