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130 nm, ~ 20 X &±1) and SiO2 (~ 15 nm) films. The deposition was performed
by RF sputtering in 2.5 deposition cycles (1 cycle » 0.8 lm) at a deposition rate
of 1.5 nm s±1 and a pressure below 1.0  10±5 torr. Aluminum anodization was
carried out in a 10 % phosphoric acid solution at 130 V and 7 C. The TiO2 sol
(Sol. A, ~ 5 wt.-%) was prepared with titanium tetraisopropoxide, acetylacetone, distilled water, and ethanol at a mole ratio of 1:1:3:20, and the SiO2±TeO2
sol (Sol. B, ~ 5 wt.-%) with tetraethyl orthosilicate, telluric acid, ethanol, H2O,
and HCl at a mole ratio of 1:0.2:20:4:0.03. The composite TiO2±SiO2±TeO2 sol
was produced by adding 5±20 wt.-% of Sol. B to Sol. A. Other details of the sol
synthesis are the same as in reference [21]. The morphology and the structural
characteristics of the specimens were investigated by field emission scanning
electron microscopy (FESEM) (S-5000, Hitachi), TEM (JEOL-100 kV), XRD
(RINT-2200 V/PC, Cu Ka, 40 V/40 mA), and UV-vis spectrometry (U-3500,
Hitachi). For TEM observation, the alumina/titania composite layers stripped
from the substrates were embedded into epoxy resin and cut using an ultramicrotome (LKB-2088 /V) with a diamond knife into ~ 60 nm thick slices. The
sliced samples were set on carbon-coated copper micro-grids and observed in
the bright field mode along with the corresponding diffraction patterns.
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A New Approach to Hybrid Polymer±Metal
and Polymer±Semiconductor Particles
By Jiguang Zhang, Neil Coombs, Eugenia Kumacheva,*
Yuankun Lin, and Edward H. Sargent
Recently, monodisperse polymer and silica microspheres
have stimulated great interest in materials science. Their ability to organize in three-dimensional (3D) colloid crystals,
whose periodicity is commensurate to the wavelength of light,
is used in the fabrication of 3D photonic bandgap materials.[1]
Following microbead assembly, the structure of colloid crystal
is replicated in a high refractive index material,[2] after which
the beads are removed. In another application, individual
submicrometer particles are employed as templates for production of hollow microspheres with potential applications in
drug delivery and as reactor or specific recognition systems.
In this approach, inorganic, polymeric, or hybrid shells carrying useful functionalities are deposited onto the surface of a
microsphere. In the next step, the particle core (generally of a
polymeric nature) is dissolved. Shell attachment is accomplished using a layer-by-layer (LbL) strategy,[3] or by depositing small nanoclusters of the shell-forming material followed
by their coalescence.[4] Finally, submicrometer particles can
be used in their own rightÐas building blocks of periodic
nanostructured materials. Such materials can have properties
of photonic crystals and can be used in optical data storage,
chemical sensors, and optical limiters and switches.[5] Furthermore, microbeads can have a core±shell morphology or a
multilayer structure, which would lead to complex compositional and structural patterns in the ultimate nanocomposite
material.[6]
In the last approach, the incorporation of semiconductor or
metal nanoparticles (NPs) in submicrometer spheres is particularly attractive. The optical properties of the NPs (e.g., optical nonlinearity or photoluminescence) can be enhanced
through resonance with the structural periodicity of the material on the scale of the optical wavelength. Preformed NPs
have been incorporated in submicrometer beads during their
synthesis,[7] or have been attached to the microbead surface
through controlled heterocoagulation[8] and by means of LbL
deposition.[3,9] In all these methods the main challenges were
to control the size of NPs and their uptake by microspheres,
along with control of colloid stability and monodispersity of
the modified silica or polymer particles. These features determined the possibility of the further use of the modified microspheres as the building blocks of periodically structured materials.
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duced at 0 C using a freshly prepared 1 mM solution of
Herein, we describe a strategy for production of monodisNaBH4. The dispersion instantly changed color from white to
perse polymer microspheres coated with semiconductor
(CdS) or metal (Ag) nanocrystals. In the first step, we emdark-brown. After removing the unattached Ag nanoparticles,
ployed an ion exchange between the counter ions in the electhe hybrid microbeads had polydispersity of 1.2.
tric double layer of the latex microbeads and Cd2+ or Ag+
Figures 1a and 1e show transmission electron microscopy
(TEM) images of hybrid 320 nm microspheres, uniformly
ions. In the second step, CdS or Ag nanoparticles were formed
coated with CdS and Ag NPs, respectively. Image analysis of
by treating the latex dispersion with Na2S or NaBH4, respecthe TEM micrographs showed that the surface coverage of
tively. A similar method was recently demonstrated for the
the latex surface with the NPs could reach ca. 40 %. A fragpreparation of Ag and PbS NPs in polyelectrolyte multilayers
ment of the latex surface coated with CdS NPs is shown in
adsorbed on flat surfaces by a LbL technique,[10] However, in
Figure 1b. The size of the CdS NPs varied from ca. 4 to 7 nm.
the present work, ion exchange of NPs was conducted directly
Figure 1f shows a fragment of the surface of a latex microin the electrical double layer of the microspheres, which were
sphere coated with 4±5 nm sized Ag NPs. For both CdS and
later used in the fabrication of photonic crystals.
Ag NPs, the size of nanocrystals and their concentration on
Poly(methyl methacrylate)±poly(methacrylic acid) (PMMA±
the microsphere surface could be controlled by varying conPMAA) latex particles, with polydispersity 1.05, average dicentration of PMAA in the latex beads, and by changing the
ameter varying from 150 to 600 nm, and the weight ratio of
ratio of Cd2+ or Ag+ to surface COO± groups.
PMMA/PMAA varying from 10:1 to 4:1 were synthesized via
emulsion polymerization.[6] For each dispersion, the concenThe composition of the NPs synthesized on the latex surface
was examined using energy dispersive X-ray (EDX) analysis.
tration of surface COO± groups was determined by titration
Figure 1c shows the results of surface mapping of the fragment
of the latex by 0.1 M KOH solution. For example, for 600 nm
shown in Figure 1b. A good correlation was obtained between
particles and a PMMA/PMAA weight ratio of 5:1, the concenthe TEM image and the EDX map showing the localization of
tration of the surface COO± groups was 5 mol.-% of their
cadmium on the surface. The results of surface mapping with
total concentration.
respect to sulfur were less conclusive. A strong ªbackgroundº
The PMMA/PMAA dispersion with particle concentration
sulfur signal was obtained, due to the presence of SO42± groups
about 20 wt.-% was treated with 0.1 M KOH solution, and
then dialyzed to pH 8.5. In the next step, the dispersion was
on polymer chains anchored to the particle surface, since
treated with a 1 M solution of Cd(ClO4)2 in different molar
K2S2O4 was used as the initiator in latex polymerization. Figratios of Cd2+ to surface COO± groups to provide ion-exure 1g shows the results of surface mapping of the surface
fragment shown in Figure 1f. The correlation between the Ag
change between K+ counter ions in the double electric layer
map and the TEM image was very good. Figures 1d and 1h
of the latex particles, and Cd2+ ions bearing a higher charge.[11]
show high resolution TEM images of the individual crystalline
After 4 h stirring, the dispersion was repeatedly centrifuged
CdS and Ag NPs, respectively. The periodic dot pattern arises
to settle modified particles, and redispersed in the deionized
from the coherent imaging of Cd and S atoms (Fig. 1d) or Ag
water to remove excess Cd2+ ions. A 1 M solution of Na2S was
atoms (Fig 1h) making up the nanoparticle.
then slowly introduced into the dispersion. The color of the
The size of Ag and CdS NPs was further characterized by
latex instantly became yellow, indicating the formation of
UV-vis spectroscopy. To suppress strong light scattering, aqueCdS. The dispersion was again purified by centrifugation to
remove CdS nanoparticles weakly
attached to the polymer surface.
After 2±3 cycles of centrifugation
the supernatant became colorless,
while the latex particles remained
yellow, indicating that CdS NPs
were strongly bound to the latex surface. The dispersion of the composite CdS±latex particles remained
stable and particle polydispersity
did not exceed 1.1.
The approach to coating of the
microbeads with Ag NPs was similar
to that used for CdS±PMMA/PMAA
microbeads. Following addition of
KOH and dialysis, the latex disperFig. 1. TEM micrographs of PMMA±PMAA beads covered with CdS (a±d) and Ag (e±h) NPs. Weight ratio is
sion was treated with a 0.1 M solu5:1 PMMA/PMAA and the concentration of the surface COO± groups is 4.8 mol.-%. a,e) Individual latex microspheres coated with CdS (a) and Ag (e) NPs. Scale bar is 100 nm; b,f) Fragment of the latex surface covered with
tion of AgNO3. After several centriCdS (b) and Ag (f) NPs. Scale bar is 20 nm; c,g) Surface map of the coated microbead surface with respect to Cd
fugation±redispersion cycles, Ag+
(c) and Ag (g). Scale bar is 20 nm; d,f) High resolution image of individual CdS (d) and Ag (f) NPs. Scale bar is
ions on the latex surface were re5 nm.
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Fig. 3. a) SEM image of the multilayer array of CdS-doped PMMA/PMAA
latex beads. Scale bar is 2.5 lm. b) Reciprocal of optical transmission of the colloid crystal fabricated from bare (curve 1) and CdS-coated (curve 2) microspheres. c) Photoluminescence of CdS nanoparticles in the colloid crystal prior
to (curve 1) and after (curve 2) infiltration with DMSO. PL was excited with
He-Cd laser at k = 442 nm. PMMA/PMAA weight ratio is 5:1.
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Fig. 2. UV-vis spectra of CdS (a) and Ag (b) nanoparticles formed on the surface on latex beads for PMMA/PMAA weight ratio 5:1. To minimize strong
light scattering, hybrid beads were dispersed in DMSO.

ca. 515 nm gives the largest size of CdS NPs at ca. 6.8 nm,[12,13]
in reasonable agreement with the results obtained by TEM.
Figure 2b shows the UV-vis spectrum of Ag nanoparticles. The
position of the peak of 430 nm for surface plasmon absorbance
was close to the value measured by Asher et al.[14] and Bruening
et al.[10] for 2±5 nm sized Ag quantum dots.
The advantage of in-situ synthesis of CdS and Ag NPs was
that the hybrid microbeads retained the ability to form largearea mono- and multilayer ordered colloid arrays.[15±17] This
feature distinguished the resulting microbeads from LbLmodified particles, in which a relatively soft shell formed by
polyelectrolyte layers and substantial surface roughness of the
microbeads[18] could impede particle assembly in large colloid
crystals. Figure 3a shows the scanning electron microscopy
(SEM) image of the colloid crystal formed by hybrid CdS±
PMMA/PMAA particles, following their sedimentation under
gravity. While this method is not ideal for the preparation of
colloid crystals, good particle ordering obtained over areas
exceeding 40 lm  60 lm was achieved after deliberate
removal of electrolytes from the dispersion. This feature suggested that electrostatically driven repulsion between hybrid
microbeads strongly influenced the process of self-assembly.
Indeed, after synthesis of the NPs, the electrokinetic potential,
n, of the modified latex particles varied from ±20 to ±45 mV at
pH 7.4. Although these values were lower than n = ±60 mV
measured for the corresponding bare latex particles, the electrostatic repulsion arising from free surface COO± groups (as
well as from the surface SO42± groups) was sufficient to suppress particle aggregation prior to their assembly on the sub-
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ous dispersions of hybrid particles were strongly diluted by
dimethyl sulfoxide (refractive index = 1.4790). The absorption
spectrum of the CdS NPs synthesized on the surface of PMMA±
PMAA beads is shown in Figure 2a. The maximum of 480 nm
on the absorption peak corresponds to the average size of CdS
NPs of ca. 5.0 nm, while the position of the absorption edge of

Ó 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

strate. In addition, Ag NPs could contribute to the negative
charge of the latex microspheres.[7]
Since colloid arrays formed from hybrid CdS±PMMA/
PMAA microspheres have potential applications as photonic
crystals, their optical properties were studied by measuring
their transmission and luminescence. Figure 3b shows optical
transmission spectra measured at normal incidence (h = 0) to
the (111) plane of the colloid crystals fabricated from the uncoated (curve 1) and CdS-coated (curve 2) microspheres. For
the array of 285 nm PMMA/PMAA microspheres, a diffraction peak appeared at 631 nm, whereas when the same
spheres were doped with CdS NPs, the peak shifted to
656 nm. For such crystals the relation between the spectral
position of the diffraction peak, kc, and the effective refractive
index, neff, is defined by kc = 1.632 neff D[19], where D is the
diameter of a microsphere. Since the colloid crystals obtained
from the modified and uncoated microbeads had a similar lattice constant, we estimated a 4 % increase in effective refractive index, in comparison with the array formed by unmodified PMMA/PMAA beads. The effective refractive indices of
the bare and CdS-coated particles were 1.357 and 1.410, respectively. The fraction of CdS NPs in the latex microspheres
was estimated from this measured value of neff of the CdSdoped colloid crystal. We assumed the volume fraction of
PMMA±PMAA beads to be 74 %, and used the relationship
neff2 = 0.26na2 + nPMMA/PMAA2(0.74±f) + nNP2f [19] where na,
nPMMA/PMAA, and nNP are the refractive indices of air,
PMMA/PMAA, and CdS, respectively, and f is the volume
fraction of CdS in the colloid crystal. For nPMMA/PMAA = 1.491
and nNP = 2.5, f was found to be 0.021 and the CdS/polymer
volume ratio in the microspheres was 2.9 vol.-%.
Figure 3c shows photoluminescence (PL) spectra of CdS
NPs coating PMMA±PMAA microspheres, before and after
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removed. The sample was in air before introduction into the electron microscope. High resolution TEM images were obtained using a JEOL 2010F
microscope operating at 200 kV. UV-vis spectra were taken on Cary 500 spectrophotometer. Photoluminescence measurements were taken with a PTI
spectrofluorometer.
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Surface concentration of carboxyl groups in the latex beads was determined
by titrating 10 mL of PMMA/PMAA dispersion (solid content 5±20 wt.-%)
with 0.1 M KOH. Potentiometric signals were recorded 5 min after each dosage, using an inline MV III-SC pH meter (Malvern Instruments, UK) portable
pH meter. The same instrument was used to determine particle size and electrokinetic potential.
A Hitachi S-570 scanning electron microscope was used to characterize the
morphology and organization of the modified PMMA/PMAA particles. The
accelerating voltage was 15 kV, and the working distance used was 1 mm. TEM
measurements were carried out on a Hitachi model 600 electron microscope
with 70 kV accelerating voltage. A small drop of the dispersion was placed on a
Cu grid covered with carbon film and after 1 min the excess of the liquid was
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infiltration of the colloid crystalline array with dimethyl sulfoxide (DMSO). The PL spectrum of CdS NPs features bandedge emission at 480 nm, close to the onset of absorption, and
a broad peak in the range 560±740 nm, attributed to the
recombination of charge carriers in deep traps of surface localized states.[18] Prior to infiltration of the colloid crystal with
DMSO, a spectral dip in the spectrum occurred at 650 nm for
PL collected perpendicular to the (111) plane of the colloidal
crystal (bottom curve). The spectral position of the dip corresponded to the centre of the diffraction peak obtained for
CdS-doped colloid crystal (Fig. 2b, bottom curve). When the
crystal was infiltrated with index-matching DMSO, the dip in
the PL spectrum disappeared as a result of the loss of strong
diffraction within the colloid crystal. These results gave evidence of coupling between the structurally and compositionally driven optical properties of the colloid array produced
from hybrid microspheres.
The strategy described in this work opens in a new avenue
for production of polymer submicrometer size particles coated with semiconductor and metal NPs. A sufficiently smooth
surface, a significant surface charge, and a strong attachment
of the NPs to the latex surface, provides growth of high quality colloid crystalline arrays, a vital condition for production
of photonic crystals. Good control over the diameter of NPs
determines their confined electronic states, and consequently
the spectral properties of their interactions with light, via the
quantum size effect.[20]
While high-density doping of the colloid crystal with NPs
can be used as a strategy to achieve high refractive index
contrast towards a full photonic bandgap,[21] the present work
reports progress at the other end of the doping density spectrum. Lasers based on photonic crystals require controlled
gain per unit length: today's semiconductor lasers typically
target a ~1±5 % overlap factor between optical mode and
gain-producing active materials.[22] Devices for processing
optical signals in the time domain require control over both
linear and nonlinear refractive index (Kerr coefficient) which
demands a few percent doping with nanocrystals.[23]
The experimental proof of interaction between nanoscale
engineering of electronic bandstructure, and submicrometerscale engineering of photonic bandstructure, lies in our observation of photoluminescence influenced by photonic crystal
Bragg diffraction.

