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Photonic Crystals from Core-Shell Colloids with Incorporated
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We report the preparation of nanoscaled PS/PMMA core-shell spheres with highly fluorescent CdS/
ZnS coated CdSe quantum dots (QDs) integrated in the core. Core-shell spheres of different diameters
have been self-assembled to colloidal photonic crystals (PCs) with photonic stop bands located in the
visible range of the electromagnetic spectrum. For the synthesis of the core, a modified miniemulsion
polymerization has been used; the shell was prepared by a newly developed core-shell polymerization.
The CdSe QDs embedded in the core were coated with the higher band gap semiconductor materials
CdS and ZnS in a successive ion layer adsorption reaction (SILAR) keeping up the light-emitting properties
of the QDs during the integration process. A modifying influence of the photonic band structure of the
PC on the photoluminescence (PL) of the embedded QDs was observed by angular-dependent fluorescence
measurements. The controlled combination of electronic confinement, originating from the QDs, and
photon confinement, due to the periodic dielectric structure of the colloidal crystal, as it has been realized
in this work presents a huge platform for the design and construction of novel optoelectronic devices
based on PCs.

Introduction tives of 3D PCs with stop bands in the visible or NIR

_ o . wavelength range. They are self-assembled from monodis-
Photonic crystals (PCs) are a fascinating class of materlalsperse nanospheres made of polymers or, ®iDbottom-up

and highly promising candidates for a variety of nanoscaled methods and can be fabricated at low cost and large scale,

optoelectronic devices? They are generally characterized required by mass productiéfr.?

by a periodic dielectric structure that induces the opening  gemjconductor QDs with diameters in the lower nanometer

of photonic stop bands or band gaps due to Bragg diffraction, yange (1-10 nm) exhibit size-tunable electronic and optical

in which the photon density of states can be depleted. yroperties because of 3D electronic confinem&By doping

Consequently, in these particular wavelength ranges that arépcs with fluorescent QDs, discrete electronic and photonic

at the PCs’ lattice vector scale, the propagation of electro- giates can be combined as well as separately engineered

magnetic radiation is blocked entirely or at least in certain \yiihin a single structure. This presents a powerful platform

lattice directions. This property can be exploited to modify

for the creation of novel nanoscaled light sources with

the spontaneous emission of light sources incorporated intogntrollable spontaneous emission.

the PC such as organic dy&s, rare earth ion&!° or
semiconductor quantum dots (QOs}. 14 Colloidal PCs that

Up to now, semiconductor QDs have been incorporated
into the voids of colloidal crystals either by in-situ growth

are also known as artificial opals are important representa- jathods (such as chemical vapor and chemical or electro-

chemical bath depositioH) 12 or by electrostatic fixation on
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Figure 1. Schematic illustration of QD incorporation into the core of core-shell colloids.

growth method$—%2 do not allow the formation of high-  supplied with a conical standard microtip. The polymerization was
quality QDs known for low polydispersity and strong started with 0.01 g potassium persulfate at a temperature o€70
photoluminescence (PL). The electrostatic fixation of QDs and was completed in less than 2 h.

on the surface of polymer spheres requires QDs surrounded (¢) Synthesis of PS/PMMA Core-Shell Colloids with Incor-

by hydrophilic ligands such as thioglycolic atidthat are ~ Porated CdS/ZnS Coated CdSe QDs in the Cored.6-0.8 mL
well-known PL reducing agent8.Concerning PCs from Of;:‘eer 2‘§g?|r§g’d”egreptiriﬁir'2 (sz]vf":rrgg”muFﬁd;"'tg‘ 22 ’:;t?e'%“(')zsed
" : : LW with nitrog in. Subsequently, 0.05 g
Cr:rlilgflijg c_)tbytg(iani(l%\g spheres doped with QDs, no signifi- AIBN dissolved in 0.3 mL MMA was added and the mixture was

hi K h hesis of . heated to 70C. Next, MMA was continuously injected at a speed
In this work, we report the synthesis of composite PCs of 6 mL/h. The size of the core-shell colloids could be controlled

from polymer core-shell spheres with incorporated highly py the injected volume of MMA as well as by the amount of core
quorescent. monodisperse CdSe QDS in the core. Further-particles used in this reaction (eq 1). When the desired size of the
more, the influence of the photonic band structure on the colloids was obtained, the injection of MMA was stopped. Having

PL of the embedded QDs is successfully investigated. stirred the mixture for a further 5 min, the reaction was quenched
with air and filtered afterwards to remove minor traces of
Experimental Section agglomerates.

(d) Crystallization of the Core-Shell Spheres to Colloidal

(a) Synthesis of CdS/ZnS Coated CdSe QD3he synthesis  crystals. The crystallization of the core-shell spheres to artificial
of the uncoated CdSe QDs was done according to standardgpals was performed according to the same procedure we already
procedureg! reported for other types of polymer sphefes.

The SILAR coating was performed by modifying the reaction  (e) Instrumental Details. Transmission electron microscopy was
procedure reported by Peng et&dditionally to the cadmium  capried out using a FEI Tecnai F30 TEM. UV/vis absorption spectra
and sulfur injection solutions a zinc solution was prepared by \ere recorded on a Shimadzu UV-2102 PC spectrometer. PL spectra
dissolving 0.485 g ZnO in 10.83 g oleic acid and 108 mL \ere taken with a FluoroMax-2 spectrometer from ISA JOBIN
octadecene at 25 under argon flow. After a clear solution had  yvON-SPEX Instruments S. A. The PL in the angular-dependent
been obtained, it was cooled to 80. The zinc injection solution  fiyorescence measurements was excited by a Spectra Physics Beam

was used to prepare a SILAR coating consisting of three layers of | 5ck 2080 cw argon ion laser at 457.9 nm. The photographs were
CdS and three additional layers of ZnS. The synthesis of the ZnS (aken with a Kodak digital camera DX 3900.

layers was carried out in analogy to that of the CdS layers.
(b) Synthesis of PS Core Colloids with Incorporated CdS/
ZnS Coated CdSe QDs2.39 x 10°¢ mmol of CdS/ZnS coated
CdSe QDs was dispersed in 0.33 g styrene and 0.014 g hexadecane. The synthesis of core-shell colloids with embedded CdSe
A solution of 0.014 g sodium dodecyl sulfate (SDS) dissolved in QDs in the core was performed according to the following
1.34 g deionized water was added and the mixture was stirred for procedure (Figure 1): Initially, highly fluorescent CdSe QDs
1 h. The miniemulsion was prepared by ultrasonifying the emulsion {5+ are resistant to the required chemical and mechanical
for 150 s with a Branson Sonifier W250 Digital (amplitude: 70%) - yoatment were synthesized. Then, monodisperse core colloids
were prepared by a modified miniemulsion proééskat

Results and Discussion

(20) Potapova, I.; Mruk, R.; Prehl, S.; Zentel, R.; Basche Mews, A.J.
Am. Chem. SoQ003 125 320.
(21) Qu, L.; Peng, XJ. Am. Chem. So2002 124, 2049. (23) Egen, M.; Voss, R.; Griesebock, B.; Zentel, Ghem. Mater2003
(22) Li, J.,J.; Wang, Y. W.; Guo, W.; Keay, J. C.; Mishima, T. D.; Johnson, 15, 3786.
M. B.; Peng, X.J. Am. Chem. SoQ003 125 12567. (24) Landfester, KMacromol. Rapid Commur2001, 22, 896.
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allowed the incorporation of fluorescent QDs. Finally, the B
core particles were converted into core-shell colloids by a
newly developed core-shell polymerization technique and
crystallized to opals with photonic stop bands located in the
visible range of the electromagnetic spectrum.

CdSe QDs.CdSe QDs with hydrophobic ligands (hexa-
decylamine) were prepared according to Peng et al. in a
molecular precursor rouféTo passivate surface nonradiative
recombination sites reducing fluorescence quantum yields,
the particles were coated with the higher band gap semi-

conductor materials CdS and ZnS using a modified SILAR 104101 n

reaction?> QDs prepared by this method showed strong —
fluorescence even after having been subjected to the mini- @ i

emulsion and core-shell polymerization process. That is g soae]

probably due to a uniform and complete coverage of the £ 4.0x10]

CdSe surface resulting from a layer-by-layer coating and a L / \\.\
smooth adaptation of the lattice constants from CdSe via CdS T W_‘_______,__/" N
to ZnS leading to a mechanically stable and fluorescence

protecting coating. o 6?0 N a0
However, CdSe QDs that were only coated with ZnS using wavelength (nm)
a different method reported by Bawendi et*fhiled to show Figure 2. (A) PS core colloids with SILAR-coated CdSe QDs (TEM).
fluorescence after incorporation into core-shell spheres. We The colloid mean diameter is 75 nm with a standard deviation of 6%. The
h hi b . is d hanicallv | observed attachment of the spheres at the connecting points is due to the
assume that this o lservatlon Is due to a mec an'ca_y €SSTEM electron beam. (B) Single SILAR-coated CdSe QD in high resolution.
stable and less uniform ZnS shell. Reasons for this are(C) Fluorescence spectrum of an aqueous core colloid dispersion with
probably the abrupt lattice constant change from CdSe to SILAR-coated CdSe QDs. The sample was excited at 360 nm.
ZnS as well as the formation of islandlike ZnS clusters on
the CdSe surface. These clusters finally coalesce and lead
to grain boundaries within the coatifg.

Core Colloids. A modified miniemulsion polymerization
was used to prepare the core of the core-shell colloids with
embedded QDs. The basics of miniemulsions are described
elsewheré? A characteristic feature of miniemulsions is that

polymerization proceeds in the monomer droplets in contrast

to conventional emulsion polymerizations where the micelles 1.4
are the center of polymerization. Consequently, no diffusion 12
of monomer from monomer droplets through the aqueous 5
phase into the micelles is necessary and nanoparticles & 101
dispersed in the monomer phase or rather in the monomer E 0_8_'
droplets after sonication should be directly integrated into ‘g‘ ]
the resulting polymer spheres. 0.6
By dispersing a definite amount of SILAR coated CdSe ED 0'4_'
QDs in styrene and subsequently carrying out a miniemulsion =
process with SDS as surfactant, hexadecane as hydrophobe, T 024
and potassium persulfate as initiator, highly fluorescent and 00— ==
monodisperse core colloids doped with QDs could be 300 400 500 600 700 800
prepared (Figure 2). According to TEM measurements, the wavelength (nm)

diameter of the cores is about 75 nm. The observed i 3. (A) Phot b of colloidal PCs from PS/PMMA hell
: : . igure 3. otograph of colloidal PCs from core-she
atta(_:hment of the spheres at the connecting points (Flgurespheres with embedded CdSe QDs. The colors result from the corresponding
2A) is caused by the TEM electron beam. Due to the higher wavelengths reflected by the opaline structure due to stop bands parallel to
electron contrast, the CdSe QDs are visible as small blacktne [lll]baXiZ of Ithe Or;]al- \_/é}tr)slling the Sifzehof tlhe spheres allows a shift C(>If3)
; : L ; ; the stop bands along the visible range of the electromagnetic spectrum.
thS in TEM (Figure 2A). The high reSOIUtIO_n TEM image UV —vis spectra in absorption of the PCs described in A. The spectra were
(Figure 2B) clearly shows the resolved lattice planes of a recorded with an angle of incidence parallel to the [111] axis of the crystal.
single SILAR-coated CdSe QD. Besides that, distinct signals lo is the intensity of the incident, aridis the intensity of the transmitted
for Cd. Se. S. and Zn resulting from the CdSe QDs coated light beam. The peaks are due to stop bands parallel to the [111] axis of

: ; he colloidal Is.
with a CdS/ZnS shell were observed when analyzing the coret ¢ colloidal crystals

colloids with EDX. The PL spectrum of an aqueous core 5.y juminescence peak. The observed full width at half-
colloid dispersion (Figure 2C) shows a pronounced and very maximum of about 30 nm underlines the high monodispersity
(25) Dabbousi, B. O.; Rodi Vielo. 3 Mikulee. F. V. Heine. 3. R of the SILAR coated CdSe QDs. Due to strong scattering
abbousi, B. O.; Rodriguez-Viejo, J.; Mikulec, F. V.; Heine, J. R.; . . .
Mattoussi, H.. Ober, R.; Jensen, K. .. Bawendi. MJGPhys. Chem. effects of the d_|sperS|on, exact data of quantum yields could
B 1997 101, 9463. not be determined.
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Figure 4. PC from PS/PMMA core-shell colloids with embedded SILAR coated CdSe QDs (photogré&h3he sample is irradiated with white light.
The color results from reflected light & 558 nm) because of the colloidal crystal stop bgB).The sample is irradiated with UV light. The color is caused
by the PL of the embedded CdSe Qs (= 613 nm).

Styrene presents an excellent monomer for miniemulsions 258441 . Ri
because of its pronounced hydrophobicity and radical po- 2E-14 4 a R2
lymerizability. Additionally, it is a suitable dispersion agent s R3

—— linear fit

for CdSe QDs without fluorescence-quenching properties. < 1.56-14 -
The amount of CdSe QDs was chosen in a way that each~
core sphere contains one QD on average. Because of”
statistical reasons, the exact number of QDs per core as well

1E-14 -

5E-15
as the exact location of the QDs could not be controlled.
Regarding the QDs in Figure 2A, a driving force to the 0 ——————
surface of the PS spheres can be observed. This might result 0 2 4 6 8 10 12 14 16 13

from favorable interactions between the alkyl chains of the MMA (i)

hex lamine ligan rroundina th D nd th r_Figure 5. The volymg of the core-shel_l colloid¥/ds) synthesjz_ed in the
€ adecya € g.a ds su .O.u d g the QDs and the su core-shell polymerizations (R1, R2, R3) is plotted versus the injected volume
faCtant_ SDS used in the miniemulsion process. After the of MMA and linear fits are applietVcsis determined with the help of the
formation of core-shell spheres, the location of the QDs is Bragg equatioff and the stop bands of the corresponding opals observed

limited to the core. by UV—vis spectroscopy.

Core-Shell Colloids.The preparation of core-shell colloids  Table 1. Characteristic Data of the Core-Shell Polymerizations (R1,
that are used as fluorescent building blocks for colloidal PCs R2, R3) Taken from Figure &

was performed according to the following considerations: R1 R2 R3
To prevent the formation of new spheres in addition to ~ slope (10 1.02 127 2.33
. . . . intersection (106 cm?) 2.74 2.53 2.67
(or instead of) the formation of core-shell spheres in this ‘) a1 78 80
B calc
step, any separate generation of monomer droplets as well  drem (nm) 75 75 75
as any start of the polymerization outside the core spheres N (10Y) 7.38 6.22 3.39

should be avoided. Consequently, an oil-soluble initiator was Vasp (ML) 08 07 04

fi ffini he hvdrophobi re where i aS_Iopes and intersectior)s of thg linear fits, the digmeter of the core
used because of its a ty to the yd op obic core ere it colloids calculated from the intersectiortz{) and determined from TEM-

is to start the polymerization. Additi'ona")’a the amount of  yeasurementsiten), the amount of core colloid$\j calculated from the
monomer necessary for the synthesis of the shell was addedlopes, and the volume of core colloid dispersion actually usgh)

continuously to the core spheres and not en bloc. The speed

of monomer addition was adjusted such that the addedpolymerization as well as by the injected volume of MMA

monomer could be picked up by the core spheres but noaccording to the following equation:

separate monomer droplets were formed. PMMA was chosen

as material for the shell: MMA presents a suitable monomer Vo= V. Pyma -l-V (1)

for radical polymerization as well as for continuous injection S TC T opuma N MMA

since thermally induced polymerization is unlikely. Because

of its hydrophobicity and minimal water solubility, it should Here,Vcsis the volume of the core-shell colloidgg is the

be picked up by the polystyrene cores dispersed in watervolume of the core colloids, andyua is the volume of

after having been injected. MMA added to the amount of coreN in the core-shell
This newly developed core-shell polymerization allowed polymerization. The quotienpmwa/opvma considers the

the conversion of CdSe doped core particles prepared bychange in density from MMA to PMMA.

miniemulsion into core-shell colloids of controllable size that  potting Vs versusvia (Figure 5) for different amounts

self-assemble to PCs with stop bands covering the visible of core colloids of the same diameter used in three different

range of the electromagnetic spectrum (Figure 3). reactions (R1, R2, R3) leads to a graph with pronounced
Core-shell colloids synthesized according to this procedure linearity underlining the validity of eq 1. The values for the

and subsequently crystallized to opals showed strong PL duecore colloid diameterd..) calculated from the intersections

to the embedded CdSe QDs in the core as well as the colorof the linear fits are in good agreement with the diameter

of those wavelengths being reflected due to the photonic band(dy) according to TEM-measurements, and also the ratios

structure of the opal (Figure 4). of the core colloid amounts\j calculated from the slopes
The size of the core-shell colloids and consequently the perfectly agree with the amounts of core latex dispersion

photonic stop band position of the opal could be controlled (Vgisp) used in the core-shell polymerization (Table 1). In

by the amount of core colloids used in the core-shell general, core-shell spheres with diameters from 150 to
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Laser
beam

iy

Figure 6. Experimental setup for angular-dependent PL measurements in
reflection.

Spectrometer
Sample

350 nm could be prepared by this procedure. For the pre-
paration of larger spheres, an additional amount of surfactant

had to be added during the core-shell polymerization to
prevent coalescence of the spheres.

PL Measurements. The effect of the colloidal crystal
photonic stop band on the PL of the integrated QDs was

Fleischhaker and Zentel

The used experimental setup is sketched in Figure 6. In
Figures 7B and 7D the normalized intensity of the PL
maximum of the CdSe QDs embedded in the core-shell
spheres of the investigated opals is plotted versus different
angles of detectiod. The angle of detection describes the
angle between the emitted light beam and the [111] axis of
the colloidal crystal. Since independent of the existence of
a photonic band structure, an intensity decrease of the emitted
light with increasing angle of detection according to

1(6) = 1(6 = 0)-cos6 (Lambert law}® 2)

has to be taken into account, ca@§ (n dependence of is
plotted as a theoretical reference curve. To reproduce the
Lambert law for a nonopal surface, the normalized intensity
of the PL maximum of CdSe QDs randomly dispersed in a

investigated by angular-dependent fluorescence measurethin PS film is shown at different angles of detection, too
ments. The measurements were performed in reflection and(experimental reference curve). At larger anglgsthe

the PL was excited with an argon ion laser at 457.9 nm.

decrease of PL is more enhanced than expected according

sample 1:
A absorption of the opal B —a—PL (613 nm)
kil MO PL 0° 1.0 a4 - reference (theo.)
I i AN e 4 reference (exp.)
e i i Uit
—~ 1.0 N =) il
: il /
g i g il \\ .
L o8 i w® "
E il £ J ™, .
— 0.6 8 0.4 _.’";.I \
o — J e i
S 04 X overlap of photonic stop ‘\'\.\
0.2 | band with PL maximum o
0.2 | Ny
0.0 / L b 0.0 : i
500 600 700 800 0 20 40 60 80
wavelength (nm) detection angle (6)
sample 2:
absorption of the opal m = PL (613 nm)
1.4} PL 0° eyl M o reference (theo.)
1 By 4 reference (exp.)
1.2 /// N e
0.8 3 \‘i‘ .
sl R = »
5 ; @ A .
- i M 0.6
L os = s
& \ £ S
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Figure 7. (A, C) Solid line: UV—vis spectra in absorption of colloidal crystals from PS/PMMA core-shell spheres with embedded CdSe QDs. The photonic
stop bands along the [111] axis arelat 640 nm (A) and af = 614 nm (C). Dashed line: PL spectra in transmission recordéd=a0°. The PL maxima
are atA = 613 nm. The excitation wavelength is &t= 457.9 nm.(B, D) Black solid line: Normalized intensities of the PL maximum of CdSe QDs
embedded in the corresponding core-shell colloidal crystals in dependence of the detectidh Bleglke dashed line: Co8in dependence df (theoretical
reference curve). Gray solid line: Normalized intensities of the PL maximum of CdSe QDs randomly dispersed in a nonopal PS film (experimeatal referen

curve).
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to the Lambert law, which is probably due to a slight to overlap with the fluorescence maximum of the embedded
photodegradation of the CdSe QDs during the measure-QDs. The measurements are reproducible and measurement
ments. errors concerning the PL intensity are limited to maximal
The PL maximum of the CdSe QDs is/at = 613 nm, 5% for detection angles between 0 and.dDespite the fact
and the photonic stop bands parallel to the [111] axis of the that light emitted by QDs close to the surface of the colloidal
investigated colloidal crystals are &t= 640 nm andi = crystal and an imperfect lattice structure limit the PL reduc-
614 nm (Figures 7A and 7C). According to the Bragg fdw,  ton to 25%, a modifying effect of the photonic band structure
the stop bands of colloidal PCs are shifted to smaller 5, the spontaneous emission of the QDs could be shown.
wavelengths with increasing angleln Figures 7B and 7D,
a reduction of the PL intensity can be observed at those Acknowledgment. Financial support from the DFG
angles# that allow the stop bands of the colloidal crystals (Schwerpunkt: Photonische Kristalle) is highly appreciated.
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