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Photonic band-gap effects on photoluminescence of silicon nanocrystals
embedded in artificial opals

J. Valenta®
Department of Chemical Physics and Optics, Charles University, Ke Karlovu 3, 121 16 Prague 2,
Czech Republic

J. Linnros and R. Juhasz
Department of Microelectronics and Information Technology, Royal Institute of Technology, Electrum 229,
164 21 Kista-Stockholm, Sweden

J.-L. Rehspringer, F. Huber, and C. Hirlimann
Institut de Physique et Chimie des Mia#eix de Strasbourg, GMI et GONLO, UMR46 CNRS-ULP-ECPM,
23, rue du Loess, F-67037 Strasbourg, France

S. Cheylan® and R. G. Elliman
Electronic Materials Engineering Department, Research School of Physical Sciences and Engineering,
Australian National University, Canberra, ACT 0200, Australia

(Received 3 September 2002; accepted 23 January) 2003

Si nanocrystals were formed in synthetic opals by Si-ion implantation and their optical properties
studied using microphotoluminescence and reflection techniques. The properties of areas with high
crystalline quality are compared with those of disordered regions of samples. The
photoluminescence spectrum from Si nanocrystals embedded in silica spheres is narrowed by the
inhibition of emission at wavelengths corresponding to the opal photonic pseudoband gap
(~690 nm). Measurements of photoluminescence spectra from individual implanted silica spheres
is also demonstrated and the number of emitting Si nanocrystals in single brightly emitting spheres
is estimated to be of the order of one thousand. 2@3 American Institute of Physics.
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I. INTRODUCTION on the direction of propagation through the opal cry3tal.
Several attempts to fill the opal voids with semiconductors

Following the demonstration of strong room-temperature—including silicof>—have been undertaken and their

photoluminescencéPL) from electrochemically etched sili- modified emission reportét® In contrast, the preparation of

con many different light-emitting silicon nanostructures haveopals with semiconductor nanocrystals embedded inside the

been studied. In general, the quantum efficiency for silicorsilica spheres is an alternative approach.

light emission increases significantly, by three to four orders ~ The aim of this article is to report on the fabrication of Si

of magnitude, in such low-dimensional structuteShis  NCs in artificial opals by means of Si-ion implantation and

raises the possibility of all-silicon-based optoelectronics.annealing. Using imaging microspectroscopy, we explore the

However, the performance of Si-based light-emitting devicesnodifications of Si-NC PL in opal structure and the emission

is still limited by a relatively low emission rate and broad of single silica balls containing Si NCs.

emission spectrum. The inclusion of Si nanocrystil€s)

into photonic structures pro_vide_s an oppo_rtu_nity to manipuy; saAMPLE PREPARATION AND EXPERIMENTAL

late the wavelength and direction of emission and, consegsgTyp

quently, improve the functionality of such devices. In recent

years, artificial opals have proven to be a reliable photonic ~ Silica nanosphere suspensions were prepared following

structure for visible wavelengtsArtificial opals are com- the modified Stber—Finck process that has been shown to

posed of submicrometer silica balls that are organized into &Sult in particle size dispersion of better than 2%. Large

stochastic mixture of hexagonal-close-packed and facescale synthetic opals were prepared using electrosedimenta-

centered-cubidfcc) structure. However, such material has tion from colloidal solution. The sedimentation took approxi-

only optical stop bandénot a complete photonic band gap mately 4 days under static electric fields of 0.2 V/cm applied

due to the fact that the refraction index contrast betweef€tween a platinum grid and a mercury layer. Self-supporting

silica and voids(usually filled with air or some liquidis opals were formed by partial sintering of the silica particles

insufficient. The central frequency of the stop bands depend@t 990 °C for 2 h. The mean diameter of the silica balls used
in this study was about 300 nifFig. 1(a)]. Si NCs were
formed inside the Si@balls by Si* ion implantation(energy

dAuthor to whom correspondence should be addressed; electronic maibf 100 keV and dose of either 0.5 or><§.017cm’2) and
jan.valenta@mff.cuni.cz )

YPresent address: Instituto de Ciences Fotonicas ICFO, Jordi Girona 2§,Ubsequem annealing at 1100 °C foh in nitrpgen. Figure 1
NEXUS I, 08034 Barcelona, Spain. illustrates the structure of an opal sample imaged by a scan-
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FIG. 2. Schematic diagram of the experimental arrangement employed to
detect reflection and PL spectra from the same §pith diameter down to
the diffraction limit ~500 nm) of the opal crystal.

FIG. 1. Scanning electron micrographs of the synthetic opal stru¢aire
The magnified views ittb) and(c) show areas of opal implanted to fluences

of 0.5 and 3< 10" cm™?, respectively. . . .
P Y strong stop-band reflection in the red spectral redibig.

3(b)], while the areas with a disordered structure show much

ning electron microscope. Figuréal is a view of an unim-  weaker reflection.
planted opal and highlights the presence of several isolated The stop band of unimplanted opal has a peak at 685 nm
silica spheres accidentally removed from the bulk structurd1.807 e\). After implantation, the peak is slightly redshifted
and lying on the surface. Figuregbl and 1c) show details [to about 692 nn(1.79 eV}]. The corresponding theoretical
of structures implanted to low and high fluences, respecvalue is given by
tively. There are no apparent morphological modifications to _ 2 12
the sample implanted to low dose but significant distur- \=1.633d (ng—sir’ )" @
bances of the silica spheres are apparent after the high-doadered is diameter of silica ballsp, is average refractive
irradiation. Similar deformation has previously been reportedndex, andé is the incident angle relative to the direction
and has been used to controllably modify the shape of silicperpendicular to plane (111). According to Maxwell-Garnet
spheres! A Transport of lons in MatteTrIM calculatiot?of ~ model, the average refractive index is equal to
the implantation profile for 100 keV Si ions into quartz re-
veals a mean projected range of 150 nm. A simple numerical
calculation gives an estimation of the redistribution of excess
Si ions in the case of an opal structureeglecting the cur-
vature of the silica bal)sshowing that 66%, 29%, and 5% of
the dose is stopped in the first, second, and third layer of
silica spheres, respectivelimplanting the (111) plane of a
perfect opal fcc crystal

PL and reflection spectra were measured using a mi-
crospectroscopy setup based on an imaging spectrograph
connected to a conventional far-field microscope. A liquid-
nitrogen-cooled charge coupled device camera was used for
detection of images and spectra. The setup enables the mea-
surement of a reflection or PL spectrum from any diffraction
limited spot(i.e., roughly 500 nm for visible wavelengths
The UV line of a He—Cd lase325 nm was employed to
excite the PL(in grazing incidence to the observed sample
plane, excitation intensity up to 0.5W/émand a halogen
lamp light (focused and collected by the microscope objec-
tive leng was used for reflection measurement. The experi-
mental arrangement is schematically sketched in Fig. 2.
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Ill. EXPERIMENTAL RESULTS AND DISCUSSION Photon Energy [eV]

; ; FIG. 3. (a) Reflection image of (0.790.37 mm) an unimplanted part of the
Reflection microspectroscopy of opals reveals the presEpal surface(b) Comparison of reflectioflines) and PL(dot9 spectra from

ence of domains with _various_ crystalline qualifigs. 3a) a highly reflective(bold line/black dotsand badly reflectingnarrow line/
and 4a)]. Sample regions with the best structure show awhite dot3 of an unimplanted opal.
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FIG. 4. Reflection imagdéa) and PL image(b) of the same area (1.13
X 0.54 mm) of moderately implanted opal crystebntrast of the PL image
is enhanced on purposéc) Comparison of reflection and PL spectra from
highly reflecting(black dotg and badly reflectingwhite dotg areas.

FIG. 5. (a) PL image (18 18 um) of a few strongly emitting silica spheres
containing embedded Si NCgb) PL spectra from individual silica balls
containing Si NCs.

n,=[n2 J+n2 (1] @) observed PL typical of Si NCs but no deep changes induced
a spher void ' by the stop band. Our experiments give a clear demonstra-
wheref is a filling factor, which is theoretically 0.74. For tion of a strong trapping of PL from Si NG&mbedded in
silica spheres surrounded by air, we obtaj+1.35. Con- the silica sphergsby an opal metacrystal.
sidering balls with diameter of 310 nm, the stop band mea- The application of a sensitive imaging spectroscope also
sured perpendicularly to plane (111) is expected to peak anabled another interesting observation—the detection of PL
683 nm in good agreement with our observation. The presfrom single implanted silica spheres. Because the opal is
ence of Si NCs in silica spheres induces only a small redshifiragile, many silica spheres are removéy the manipula-
of the stop band because the excess silicon concentration figsn and transport of the sampl&gFom their regular position
restricted to a thin layefat the peak of implantation profile in the crystal to other place on the opal surfdsee Fig.
the excess concentration of Si is estimated to be about 5.4a)]. For implanted spheres close to the implant boundary,
at. % for the low dose implant and 32 at. % for the high-dosethis can result in their relocation to the unimplanted surface.
implant. Such spheres then show up as strongly emitting spots on a
Under UV-light excitation the nonimplanted regions surface with low background emissi¢see Fig. 5a)]. Sev-
show a weak blue-white PL emissigdue to the oxygen- eral such spheres were detected and their emission spectra
deficiency centers in silica, Fig(3]'* while implanted re- measured using an imaging spectrogréphy. 5(b) shows
gions show strong red PL typical of Si NCs in Sifbluish  three such spectfaThe PL intensity from these spheres was
emission being suppressed, Figgb)4and 4c)]. In places found to vary significantly presumably because they can
with excellent stop-band reflection, the PL emission isoriginate from either the first or the secofmr even third
strongly reduced up to 50% of expected level within theimplanted opal layer. In some cases, the broad PL spectral
spectral range of the stop bafmbmpare PL spectra detected band appears to contain structufég. 5, curves B and IC
on orderedblack dots and disorderedwhite dotg crystal- and it is interesting to speculate on the origin of such an
line domains—Figs. @) and 4c). effect. For spheres of diameter equal®o greater thanhalf
Zhang and co-worketshave also studied ion-implanted a wavelength of the Si NC PL emissidhe., around 370
opals but used relatively high implantation energy that probnm), this could arise from cavity resonancéshispering-
ably caused significant distortion of the silica sphefiesa  gallery modes associated with light trapping in the
way similar to the case of our strongly implanted 9p@hey  sphereg®® If confirmed, this effect could provide another
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