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Luminescent photonic crystals

S.0. Klzmonsky, A. S sztsku, V.V. Abramova S.V.Eliseeva,
J.Li , P. Zhang M. Lz ,dJ.Y. Zhou Yu.D.Tretyakov

Department of Materials Science, M.Lomonosov Moscow State University,

. Lenin Hills, 119991 Moscow, Russia

“State Key Laboratory of Optoelectronic Materials and Technologies, Sun
Yat-Sen University, 510275 Guangzhou, P.R. China

Received November 20, 2008

Angular distribution of photoluminescence of trivalent rare earth ions included inside
three-dimensional opal and inverse opal photonic crystals is experimentally shown to be
strongly modulated for the emission frequencies near the first and higher photonic stop-
bands. Numerical simulations of fractional density of optical states also predict highly
directional emission from photonic crystals with perfect structure. Experimental results
are shown to be in a good agreement with calculated angular dependences. However, better
agreement between experimental and theoretical data requires smoothing of calculated
dependences, which can be attributed to the presence of structural imperfections in real
photonic crystal samples.

OKCIepUMEHTAJbHO IOKABAHO, UTO YIJIOBOE pacIipejeseHre JIOMUHECIIEHIIUY TPEeXBAJIEHT-
HBIX PEeJKO3eMeJbHbIX HOHOB, BBEIEHHBLIX B (DOTOHHBIE KPHUCTAJNJIBI TPEXMEPHBIX ONAJOB U
MHBEPTHBHIX OIIAJI0OB, CUJBHO MOIYJHUPOBAHO [Js YAaCTOT MBJYyYEeHHUS, OJMBKUX K IIEPBOM U
BbICIINX (DOTOHHBIX CTOII-30H. UMCJIEHHOE MOJEeJUPOBaHWE (PPAKIIMOHHOMN IIJIOTHOCTH OIITH-
YeCKUX COCTOSIHUII TaK)Ke IIPeJCKa3blBA€T BBICOKOHAIIPABJIEHHOE HBJIy4YeHHE U3 (DOTOHHBIX
KPHUCTAJJIOB COBEPIIEHHOW CTPYKTYpPbI. IloKasaHo, 4TO SKCIEePUMEHTAJbHbIE PEe3YJbTATHl XO-
POIIIO COTJIACYIOTCS C PACUETHBIMHU YIJIOBLIMHU 3aBUCUMOCTAMH JOMuUHecHeHuuu. OgHaKo mis
JIYYIIIer0 COIJIACOBAHUS OKCIIEPMMEHTAJbHBIX TAHHBIX C TEOPETHUYECKUMH HEOOXOIMMO CrJja-
JKMBaHWE PACUETHBIX 3aBUCHUMOCTEN, UYTO MOYKHO OO'BACHHUTHb HAJUUYMEM CTPYKTYPHBIX HECO-
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BEPIIIEHCTB B PeaJbHBIX 00pasinax (POTOHHBIX KPUCTAJIOB.

Photonic crystals (PCs) are periodic di-
electric materials exhibiting photonic band
gaps (PBGs), where light of certain energies
cannot propagate inside PC. In the case of
three-dimensional PC, a complete PBG is
possible where light cannot propagate in
any direction. However, in practice, due to
symmetry limitations, low refractive index
contrast, and structure imperfections, PCs
typically possess only stop-bands corre-
sponding to the prohibition of light propa-
gation only in some defined directions. As a
result, the emission of luminescence centers
from such PCs undergoes strong spatial
modulation.

In thin PC films (of thickness less than
the mean free path of photons I ~ 20 um),
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the emission directionality can be described
using an approach based on calculation of
the angle-dependent or fractional density of
optical states (FDOS) [1, 2]. According to
simulation results employing this approach,
the emission of active centers from opal and
inverse opal films may be highly directional
[3, 4]. In this work, the results of FDOS
calculations are compared with experimen-
tal data on angular dependences of photolu-
minescence intensity obtained for opal and
inverse opal thin films doped with rare
earth ions Eu3* and Tb3*.

The opal films were grown using the ver-
tical deposition method [5]. The samples
consisted of 410 nm polystyrene micro-
spheres self-assembled in a face-centered
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Fig. 1. Calculated FDOS angular dependences
for Mg,SiO, inverse opal prior to (dashed
curve) and after smoothing (solid curve) in
comparison with experimental dependence of
photoluminescence intensity (circles) for
617 nm Eu®* emission peak from the same
inverse opal film. The normal direction is
[111], the angle counts from this axis to [111].

cubic structure with (111) surface orienta-
tion. Some of such grown films were used
as templates for the synthesis of inverse
opal samples based on Mg,SiO,. Briefly, col-
loidal crystal films were impregnated with a
mixture of tetraethoxysilane (Si(OC,Hjg),),
magnesium nitrate (Mg(NQO3),-6H50), etha-
nol, hydrochloric acid, dried in air for 24 h,
and annealed at 500C for 10 h resulting in
the removal of polystyrene microspheres
and obtaining a porous magnesium silicate
framework. The average diameter of spheri-
cal voids in the inverse opals was 360 nm.
Finally, the samples were impregnated with
water-alcohol solutions of rare earth com-
plexes with 2-pyrazinecarboxylic acid,
Re(pyca);-xH,O (Re =Th or Eu) known to
possess a high efficiency of excitation. Nar-
row emission lines of rare earth ions were
quite suitable to investigate the lumines-
cence directionality from PCs. The micro-
structure of PCs was studied using laser
diffraction [6]. For all samples, relatively
large areas of several thousand pm?2 with
one predominant crystallographic orienta-
tion have been found. The diameter of UV
exciting spot from a xenon arc-lamp was
about 80 pm.

We have prepared PCs so that opal films
had fundamental gap and inverse opals had
second and third stop-bands in the visible
spectral region. Consequently, angular de-
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Fig. 2. Calculated FDOS angular dependences
for emission bands of Tb3" ions in the perfect
opal film. Emission wavelengths: solid curve,
620 nm; dashed curve, 585 nm; dotted curve,
544 nm.

pendences of luminescence recorded for
these samples were different. Fig. 1 shows a
comparison of FDOS angular dependence
with the experimental data on photolumi-
nescence intensity for one of inverse opal
films containing Eu(pyca)s;-xH,0. Zeroing of
FDOS at 10—20° corresponds to overlapping
of 617 nm Eu3* emission band with the
first stop-band of PC. Smoothing of calcu-
lated dependence (see solid curve) is neces-
sary to achieve its good agreement with ex-
perimental data. The physical meaning of
this smoothing is the presence of various
structural imperfections and defects in self-
assembled PCs causing differences in sur-
roundings of emitting centers.

Fig. 2 shows calculated FDOS depend-
ences for three wavelengths corresponding
to different emission bands of Tb3* ions em-
bedded inside opal film made of polysty-
rene microspheres. High and sharp solid
(A = 620 nm) and heavy dashed (A = 585 nm)
peaks at about 20° and 10°, respectively,
correspond to the low energy edge of the
second photonic stop-band, while second
heavy dashed peak at about 386° corresponds
to the high energy edge. The solid curve
clearly demonstrates the possibility of
highly directional emission from the opal
film under the influence of the second pho-
tonic stop-band.

A comparison of FDOS dependences with
real data on emission from polystyrene opal
film with Tb(pyca);-xH50 is shown in Fig. 8.
In this case, smoothing of FDOS depend-
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Fig. 3. Angular dependencies of photoluminescence intensity for Tb%* emission bands from polyster-
ene opal film (circles), from reference film witout photonic band structure (squares) and correspond-
ing FDOS dependencies after smoothing (lines). Emission wavelegths: a — 620 nm, b — 585 nm.

ences to achieve accordance with experimen-
tal data is also necessary.

As a result, FDOS calculations prove that
high directionality of luminescence is possi-
ble for thin films with perfect opal struc-
ture, especially in the energy range of sec-
ond photonic stop-band. However, structure
imperfections result in a reduced direction-
ality of luminescence from the real samples.

This work was supported by the Russian
Foundation for Basic Research (07-03-92113
and 08-03-00938), the Program for Funda-
mental Research of Russian Academy of
Sciences, the Federal Target Science and En-
gineering Program, the National Key Basic
Research Special Foundation (NKBRSF)

(G2004CB719805) and the Chinese National
Natural Science Foundation (60677051).

References

1. E.Pavarini, L.C.Andreani, C.Soci et al., Phys.
Rev. B, 72, 045102 (2005).

2. M.Barth, A.Gruber, F.Cichos, Phys.Rev.B,
72, 085129 (2005).

3. M.Li, P.Zhang, J.Li et al., Appl. Phys. B, 89,
251 (2007).

4. A.S.Sinitskii, S.0.Klimonsky, S.V.Eliseeva et
al., Pis’ma Zh. Eksper. Teor. Phys., 87, 672
(2008)

5. P.Jiang, J.F.Bertone, K.S.Hwang, V.Colvin,
Chem. Mater., 11, 2132 (1999).

6. A.Sinitskii, V.Abramova, T.Laptinskaya,
Yu.D.Tretyakov, Phys.Lett.A, 366, 516
(2007).

JIrominecnenTHI (POTOHHI KpuUcTaIn

C.O.Knumoncovruii, A.C.Cunuysvruii, B.B.A6pamoséa,
C.B.€niceesa, /K.JNi, I1.Uncane, M.JNi, #K.I.Uxnoy,
I0./1.Tpemvakos

ExcnepumeHTaJIbHO IIOCBiUEHO, IO KYTOBHUII POBIIOAIJN JIOMiHECIeHIII TpHUBAJIEHTHUX
pizkicHosemenbHHX iOHIB, BBemeHMX y (POTOHHI KpPHUCTAIM TPUBUMIPHMX OIIAJiB Ta iHBEp-
THUX OIIAJIiB, € CHUJIBHO MOAYJBOBAHMUM [IJS YACTOT BUIIPOMIHIOBAHHS, OJM3BKUX O II€PIIOL
Ta BUMUX (POTOHHUX CTOI-30H. YucioBe MomenoBaHHA (MPAKIIHHOI I'yCTHMHM OIITHYHUX
CTaHIB TaKOK 3aB0auae BHCOKOHAIIPSIMHE BUIIPOMiHIOBAHHS 3 (DOTOHHUX KPHCTAJIB JOCKOHA-
a0l crpyKTypu. Ilokasano, 10 eKCIIeprMMeHTaJIbHI Pe3yabTaTu A00Pe y3roIKyIOThCA 3 PO3pa-
XYHKOBHMHU KYTOBUMHU BaJEKHOCTAMHU JioMiHecieniii. OmHak [mJs KPaImoro ysTroIKeHHs
eKCIIePUMMEHTAJIbHUX MAHUX 3 TEOPeTUUHMMHU HEOOXiJHMM € SriamKyBaHHS PO3PaXOBAHUX
3aJIeKHOCTEM, 10 MOXKHA IIOSCHUTH MNPHUCYTHICTIO CTPYKTYPHHX HEIOCKOHAJIOCTEH y peaJib-

HUX 3pasKax (POTOHHUX KPUCTAIIB.
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