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The control of light on a micrometer scale is a
subject of active research in contemporary optics.
In this context many experimental efforts have
focused on the investigation of photonic crystals
(PCs). Their inherent potential to suppress light
propagation into certain or all directions makes
themn attractive as new artificial materials for nu-
merous optical applications. In particular wave-
guides embedded into PCs are predicted to have
completely new and exciting properties. Most of
the recent experimental studies have concen-
trated on semiconductors. Their high index con-
trast with respect to air results in complete gaps in
a wide spectral range, therefore atlowing for an
efficient suppression of radiative losses e.g. in
bends and splitters. However, also major prob-
lems are caused by the choice of this material sys-
tem. In particular high losses result from scatter-
ing, residual absorption and index mismatch at
the fiber-pc interface. Thus, the use of amor-
phous low index materials, like Nb,O; and Si0O,,
has potential advantages. Losses are usually
smaller; mature fabrication technologies exist

JThB5 Fig. 1. SEM image of the fabricated
PC-structure with a defect channel of 5 pm
width. The whole structure length is 10 mm.

JThB5 Fig.2. Near-field distribution of 1550
nm radiation (TE polarized) for defect channel
waveguides of 3 im and 20 pm, respectively.
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JThB5 Fig.3. Measurement of scattered light along a waveguide with a width of 5 pm. The fit shows

the exponential decay of the scattered light.

and they fit much better to the well established
fiber technology. In this contribution we experi-
mentally demonsttate that waveguiding along de-
fect channels in PC films made from low index
materials is possible.

The samples under investigation were made
from a layered composite with a waveguiding film
consisting of 500 nm of Nb,Os (n = 2.17). A 300
nm-cladding layer and a 2000 nm buffer layer
made from Si0; (n = 1.43) were used to isolate
the guiding region from air and from the silicon
substrate, respectively. The structure was kept
symmetric to minimize mixing between TE and
TM modes. A hexagonal lattice of air holes of 390
nm diameter and of 620 nm separation was
etched 800 nm deep into the structure. This PC-
structure is designed to have a maximum gap for
TE-polarized light around an operation wave-
length of 1550 nm. Waveguides of varying widths
between 5 and 100 pm were formed by leaving
stripes along the TK direction of the crystal un-
structured (see Fig. 1).

While the PC blocks all TE-polarized light at
the operation wavelength of 1550 nim, all wave-
guides transmitted TE-waves (see Fig. 2). The
losses amount to =20 dB for a structure length of
6 mm (including coupling losses). This is in good
agreement with measurements of the scattered
light along the waveguide {see Fig. 3). In contrast,
the TM transmission is much lower, depending
on the width of the waveguide. While the TM
transmission is about 50% of the TE value for
wide waveguides (20 pm), it reduces to <10% for
the narrow guides (5 um). This can be explained
on the basis of the band structure of the PC. At
the operation wavelength TM-waves have no gap.
Hence light propagating in the channels can enter
the PC causing a damping of the guided mode.
This effect becomes even more pronounced for
narrower guides, were the interaction of light
with the PC-interface is more intense,

In conclusion we have experimentally demon-
strated waveguiding along defect channels in PC
films made from low index materials. The wave-
guiding losses are below 3.5 dB/mm. A proper de-
sign of the basic crystal allows for a polarization
sensitive transmission of the guides.
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1. Introduction

Photonic band gap materials, or simply called
photonic crystals, had recently attracted many at-
tentions for their potential of controlling light
wave in a way similarly to semiconductors con-
trolling particle waves of carriers.! With inten-
tionally designed defects, light cavities, wave-
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JThB6 Fig. 1. Theoretically  calculated

phonon-assisted luminescence spectra from the
discrete states and the continuum states of exci-
ton at 300 K, respectively.

guides, reflectors, filters, and other functional
components can be integrated in the same pho-
tonic crystals, Thas they will form phetenic ¢ir-
cuitry, performing functions similar to the roles
played by electronic circuitry. To have the full
functions, tight sources are also important. On
the other hand, the mature fabrication technol-
ogy using 5i could possibly help the spread of
photonic circuitry based on Si. However, light
generation from Si is hindered by the indirect-
bandgap nature, Here we report the possibility of
breaking the indirect-bandgap limitation to effi-
ciently generate light from S5i. We theoretically
and experimentally discovered that carrier local-
jzation could enhance radiative recombination
corresponding to bandgap energy of Si for orders
of magnitudes. Nearly lasing actions correspon-
ding to Si bandgap energy were even observed
with the enhanced radiative recombination.

2. Theoretical model for efficient
radlative recombinatlon in Sl

Because of the indirect-bandgap nature of Si, the
probability of electron-hole recombination is
very low without the invelvement of phonon.
However, the phonon involvement causes the
process to be like simultaneous collision of three
particles (electron, hole, and phonon), so the
probabiliry is also very low. If an electron and a
hole already form an exciten, the process will be
ltke two-particle collision, exciton vs. phonon.
The probability then greatly increases. Based on
such concept, we derive the following formula for
the emission from Si with phonen and exciton
involvement.”
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JThB6é Fig, 2. Two-dimensional (x-z) sche-
matic of the band structure for nanoparticle-
modified MOS under forward bias. The behavior
along the y-axis is similar to that along the x-axis.
The dashed arrows point to the regions with the
thin oxide, where more holes tunnel to Si.
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The first and second terms are contributed from
the discrete states and the continuum states of
exciton, respectively. The calculated contribu-
tions are shown in Fig. 1. The discrete states have
strongef entission than the continuum states be-
cause the electron and the hole are more tightly
bonded together in the discrete state, giving a bet-
ter chance of simultaneous collision with
phonon. On the other hand, the localization of
electrons and holes in the same region is similar
to excitons, or possibly helps the formation of ex-
citons. The probability of radiative recombina-
tion thus also increases.

3. Experiments

To have the localization of electrons and holes in
the same region, we use nanoparticles in the
oxide layer of the conventional metal-oxide-
semiconductor (MOS) structures. The nanopar-
ticles cause the thickness of the oxide layer to be
nonuniform and lead to the following two effects.
First, as the MOS structure is forward biased, the
band bending of Si toward the thin oxide is more
severe than the thick oxide, resulting in three-di-
mensional potential wells for carrier confine-
ment, as shown in Fig. 2, Second, in the region
with the thin oxide, more carriers tunnel to Si
through the thin oxide layer than through the
thick oxide layer. As a result, electrons and holes
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JThB6 Fig. 3. (left) L-1 curves: (a) with
threshold; (b) without threshold. (right) Mea-
sured spectrum with resonance modes, corre-
sponding to curve (a).

have the similar spatial confinement near the
$i/810), interface.

The above mechanisms significantly enhance
the electroluminescence. The measured differen-
tial quantum efficiency could be as large as 107
at the low the current density of 1.67 Alcm?
There is still great portion of light blocked by
the bonding pad, so the actual efficiency is bet-
ter than 107~'. Nearly lasing actions like the
threshold behavior and resonance modes are also
observed, as shown by the L-I curve (a) in Fig. 3.
For comparison, the L-1 curve of another device
without threshold is shown by curve (b). The
corresponding spectrum for L-1 curve (a} is
shown in the right figure. The resonance modes
are clearly shown. In contrast, no resonance
modes are observed for all of the devices without
the threshold behavior. The details will be dis-
cussed.
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