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Manipulation of luminescence from CdSe nanoparticles by three-
dimensional photonic crystal
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We have demonstrated that the luminescence properties of CdSe nanopatrticles can be manipulated
by self-assembled silica photonic crystal. When the emitting wavelength of nanoparticles matches
the stop band of the photonic crystal, the photoluminescence of the CdSe nanoparticles can be
greatly enhanced by up to five times. By changing the collection angle of photoluminescence
measurements, the photoluminescence intensity of CdSe embedded in photonic crystal can also be
controlled. ©2005 American Institute of PhysidDOI: 10.1063/1.1888042

YablonovitcH and Johf suggested the concept of pho- a three neck flask. At about 300 °C, reddish CdO powder
tonic crystals in 1987. Photonic crystals are macroscopic diwas dissolved into a colorless homogeneous solution. By
electric media arranged in periodic structures. They exhibitooling down to 270 °C, then an injection of 0.9-ml Se so-
photonic band gap that is similar to the electronic band gapution [1.987-g Se dissolved in 50-ml tributylphosphine
of the material. We therefore can control the propagation of TBP)], high-quality CdSe nanoparticles were obtained. The
the light by allowing it only in a certain direction at certain size of the nanoparticles was evaluated by transmission elec-
frequencies or localizing light in specific areas. A tremen-tron microscopy(TEM) to be 4.6 nm+=10%. The UV-VIS
dous application in optical communication is expected. Inand photoluminescencéL) spectra of CdSe show sharp
1989, Yablonovitch and Gmitt%proved the concept experi- absorption peaks that indicate the nanoparticles close to
mentally. Since then great attention has been paid to the faltnonodisperse.
rications and studies of artificial three-dimensional periodic ~ Amorphous monodispersive spherical silica particles
dielectric structures. Many methods have been developed tqere synthesized by using the sol-gel methdd. 20 ml of
fabricate the photonic crystal that include multilayer tetraethylorthosilicaté TEOS was dissolved in 200-ml eth-
lithography;  multibeam  holographic  lithograpfy, anol (95%) and the solution was held and stirred with a me-
self-assembl§;’ etc. Among them, self-assembly is the sim- chanical stirrer in water bath at 30 °C for 30 min. Then
plest method to fabricate three-dimensioi@D) photonic  20-ml ammonia solution(ammonium hydroxide, 28-30
crystals. Essentially, monodisperse colloidal spheres can bt % solution of NH; in watep was added into the TEOS
spontaneously assembled into periodic arrays under certaigblution and stirred for 2 h. After 2 h of the reaction, a
circumstances. Blancet al® and Miller et al® have gone a  monodispersive silica colloid solution was obtained. Then
further step to obtain a complete band gap. They have usele silica colloid solution was centrifuged at 5000 rpm for
nanoparticle-embedded photonic crystal to improve the re10 min to separate the silica particles from the liquid. The
fractive index contrast between periodic structures. For thgowder was then washed by 200-ml ethanol accompanied
application of photonic crystal, silica capillaries had beenwith ultrasonication. The washing procedure was repeated
stacked, fused together, and drawn down to photonic crystahree times to ensure the complete removal of reactants.
fiber® and then it possible to greatly widen the transmissionthen the silica powder was dried at 100 °C for 12 h.
bands by fabricating a different structure, a Kagome lattice. The silica photonic Crysta| was prepared using the con-
Colombelli et al* combined photonic and electronic band- vective method. Silica powder was redispersed in ethanol
structure engineering to create a surface-emitting quantufgith a concentration of 1-wt % solution. Then the glass sub-
cascade microcavity laser. Noda and co-workenave made  strate was immersed into the silica colloid solution vertically.
a photonic nanostructure device which light propagatingrhe solution was placed in an 80 °C oven for 12 h. After the
through the waveguide was trapped by the point defect angyaporation of ethanol, the silica photonic crystal was self-
emitted to free space. assembled onto the vertical substrate.

Here, we report the manipulation of phOtOIUminescence Figure 1 shows the Scanning electron minOSC@M)
properties of CdSe nanoparticles by silica photonic crystalsmicrographs of silica photonic crystal infiltrated with CdSe
The CdSe nanoparticles were grown by modifying Peflg's nanoparticles. The silica photonic crystal reveals a
method. CdO 0.06 g, trioctylphosphine oxi@BOPO 59g,  hexagonal-type close packing. The CdSe nanoparticles are
and tetradecylphosphonic adifiDPA) 0.26 g were loaded in - ypiformly distributed inside the silica photonic crystal.
Colloidal crystals formed from monodisperse spheres
¥Electronic mail: suwf@ntu.edu.tw exhibit a photonic crystal band gap. The photonic stop band
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wavelength of the emitting spectrum of the CdSe nanopar-
ticles, the photoluminescence of CdSe nanoparticles can be
manipulated by 3D photonic crystal.

Samples with three different arrangements of CdSe
nanoparticles were used to study the manipulation of their
photoluminescence by 3D photonic crystals. The sample of
the first arrangement was prepared by placing the CdSe so-
lution onto the glass slide, and then evaporated off the sol-
vent to obtain a thin layer of nanoparticles on the glass. The
photoluminescence was measured at the same side of the
CdSe nanoparticles layer. The sample of the second arrange-
ment was prepared by placing the CdSe solution onto the
silica photonic crystal, and the nanoparticles were infiltrated
into the photonic crystal. Then the solvent was evaporated
FIG. 1. SEM micrograph of silica photonic crystal infiltrated with cdSe Off to obtain the sample. The photoluminescence was mea-
nanoparticles. The inset shows the CdSe nanoparticles that are uniformigured at the same side of the infiltrated CdSe. The sample of
distributed inside the photonic crystal. the third arrangement was prepared by placing the CdSe

nanoparticles onto the glass substrate and the photonic crys-
demonstrates themselves as dips in transmission spectra ortatwas on the other side of the glass substrate. The photolu-
peaks in the corresponding reflection spectra. The spectrainescence was measured at the same side of CdSe. The
position of the stop band depends @) the diameter of the CdSe solution was mixed with 3 and 4.6 nm nanoparticles
spheres that built photonic crysté®) the angle between the and exhibited photoluminescence peak at 517 and 580 nm,
crystal orientation of the sample and the direction of therespectively. For a photonic crystal assembled from 234-nm
incident light, and(3) the refractive index constant of the silica spheres, the stop band of photonic crystal for normal
photonic crystal. In this work, optical transmission spectraincident is at about 490 nm. If the photoluminescent peak of
were measured by UV-VIS spectrometer. Figure 2 shows th€dSe is matched with the transmission peak of photonic
transmission spectra of silica photonic crystals at normal inerystal then a high coupling between the light emission of
cident of light. As expected from the calculatibtfor the fcc  CdSe and the stop band of silica photonic crystal will be
lattice, the stop banil,,,, changes with the spheres diameterrevealed.
D as shown in the following: The photoluminescence measurement of CdSe nanopar-

N = 2(2/3)12D(n? = sir? 6)*2, (1) ticles _with the first arrangement was used as the_ bla_nk of

experiment. The CdSe is a phtoluminescent material without
wheren is the refractive index of the assembly particles andsjlica photonic crystal. The photoluminescence peak at
¢ is the angle between the incident light and the normal t&580 nm, which is not affected by the stopping band of silica
the substrate. The absorption peaks changed with the diafghotonic crystal, was used as an internal standard to normal-
eters of silica spheres varied from 407-738 nm as expectegze the peak intensity at 517 nm. To eliminate the effect of

Photoluminescence measurements were taken at roophotonic crystal band on the photoluminescence of the CdSe
temperature under a 325-nm He-Cd laser line excitationat 580 nm, we selected the stopping band of the photonic
There is no luminescence from silica photonic crystal, thugrystal band at 490 nm, not at 517 nm. The photolumines-
any luminescence observed arises from the CdSe nanopaence intensity at 517 nm from the second arrangement and
ticles. By selecting the right sphere diameter that matches thge third arrangement was greatly enhanced by 4-5 times to
that of the first arrangement, as shown in Fig. 3. In the sec-

w ond arrangement, the CdSe nanoparticles covered the silica
8 - photonic crystal completely. When the CdSe nanoparticles
pfzp“:::;’;“ on the surface of photonic crystal were excited by laser, it
~ 6 —=—738 nim emitted the photoluminescence. The collected photolumines-
p Iggm cence now includes the emitted radiation reflected by silica
§ —a— 563 nm photonic crystal because the emission of CdSe nanoparticles
€ 44 ~o--540 nm is not allowed to travel inside the photonic crystal. Thus the
£ Ii;g“"‘ intensity of the photoluminescence can be increased dramati-
z .o_.m"mn cally. The photoluminescence enhancement was also ob-
< 21 —=—407 nm served for the third arrangement, the mechanism is the same
as that of the second arrangement. The photoluminescence of
0 - CdSe was passed through the glass slide and was reflected by
300 400 500 600 700 800 900 the silica photonic crystal.

Wavelength (nm)

FIG. 2. Transmission spectra of nine samples of silica photonic crystals

When the angle of photoluminescence collection was
ayaried from 90° to 45°, the stop band of the photonic crystal

normal incident light. The absorption peaks are changed with the diameter¥@S moved to lower wavelengths. Using the second arrange-
of silica spheres that can be varied from 407-738 nm.

ment, we carefully controlled the CdSe nanoparticles inside
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450 500 550 600 650 FIG. 4. Photoluminescence spectra were measured at 45° and 90° respect to
Wavelength(nm) the CdSe infiltrated photonic crystal with stop band at 520 ten.The

photoluminescence intensity of 517 nm collected at an angle of 45° is larger
FIG. 3. Photoluminescence spectra of various arrangements of the CdSban that collected at an angle of 9@h) The full spectra including the
nanoparticles with respect to the photonic crystal with stop band at 490 nnstandard peak.
(a) The photoluminescence intensity at 517 nm from the arrangement 2 and
the arrangement 3 was greatly enhanced by 4-5 times as compared to that@ded in photonic crystal can also be controlled.
arrangement 1(b) The full spectra including the standard peak.
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