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Abstract

Samples with the structure of asymmetric planar waveguides are fabricated by implanting Si* ions with energy of 400keV and
doses from 3 to 6 x 10'7cm ™2 into synthetic silica slabs. Broad photoluminescence spectrum is observed when collecting photolu-
minescence (PL) signal in the direction perpendicular to the plane of waveguides while PL collected from the edge of the sample
reveals narrow (FWHM of 10-20 nm) polarization-resolved transverse electric (TE) and transverse magnetic (TM) peaks. This pecu-
liar observation is explained using a theoretical model, developed within the framework of wave optics. The TE and TM modes are
identified as radiative leaky modes of the planar waveguide. Conditions under which the narrow modes can be seen in the edge PL

spectra are described.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Silicon is a material with an indirect band gap and
thus optically excited electrons which had relaxed to
the conduction band minimum cannot directly recom-
bine by a photon emission with holes created at the va-
lence band maxima. Assistance of an optical phonon is
needed to fulfill the k-conservation rule. This fact re-
duces efficiency of photoluminescence by orders of mag-
nitude compared to materials with a direct band gap.
For Si-based optoelectronic devices, it is however, essen-
tial to have silicon-based light emitters. After the first
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observation of luminescence from porous silicon [1],
confined systems became good candidates for light emit-
ters. Recently, researchers try to find optical gain in
samples containing silicon nanocrystals (Si-NCs) for
construction of a silicon-based source of a coherent
optical field [2].

Samples containing Si-NCs are fabricated mostly in a
form of a thin film with nanocrystals deposited on a
SiO, substrate [3,4] or in a form of multilayers of Si-
NCs separated by SiO, layers [5]. A layer with Si-NCs
has a higher refraction index than silica substrate and
thus it forms a core of an active waveguide. Photolumi-
nescence (PL) of the Si-NCs is then affected by confine-
ment of an optical field inside the waveguiding layer.

In our previous publications, we reported on a pecu-
liar observation of unexpected polarization-resolved
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(TE and TM) narrow modes in PL spectra detected in
the direction parallel to the waveguiding layer [6,7].
Such modes were independently observed by other
groups in different waveguiding samples [3]. Acurate
theoretical model is, however, still lacking.

Here we present a model of an active planar wave-
guide based on wave optics. The model describes well
presence of the modes as well as their spectral positions,
widths and other characteristics. Influence of these
modes on the measurements of optical gain (by the Var-
iable Stripe Length (VSL) method [8]) is investigated.

2. Experimental

Our samples were prepared by Si* ion implantation
with energy 400keV into synthetic silica slabs (~1mm
thick) with doses 3, 4, 5 and 6 x 10" cm ™2 Peak excess
concentration of Si atoms was up to about 1.4 X
102 cm . Samples were annealed for 1h in N, ambient
at 1100°C and 1h in forming-gas (5% H, in N,) at
500°C. By the procedure, thin layers (approximately
1 um thick) of Si-NCs below the surface of SiO, slabs
were prepared. The presence of Si-NCs with diameter
between 4 and Snm in the annealed layers was proven
by Raman scattering. The high-quality samples with
homogeneous implantation dose over the whole surface
area (several cm?) were produced. The samples provide
waveguiding in a planar waveguide formed by the layer
of Si-NCs. The profile of the refraction index can be cal-
culated from measurements of near IR transmission
spectra [9].

In the PL measurements, the sample was excited by a
cw laser beam from a He-Cd laser (325nm) without
focusing; the excitation intensity was approximately
0.3W/cm? and thus no nonlinear effects are expected
to occur in the core of the waveguide. A microscope
(numerical aperture 0.075) connected to an imaging
spectrograph with a CCD camera was used for detection
of the light emitted by Si-NCs. All measurements were
performed at room temperature.

Typical PL spectra (measured for the samples with
doses 4 and 5x10"7cm™?) are plotted in Fig. 1. The
dotted lines refer to the PL spectrum collected from
the plane of the sample, i.e. in the direction perpendic-
ular to the plane of the waveguide. These are typical
broad PL spectra of Si-NCs and their shape is almost
independent of the implantation dose. PL spectra
emitted from the edge of the waveguide measured in
the direction parallel to the waveguide plane reveal
much different structure—see solid lines in the graphs
in Fig. 1. Two narrow peaks, the TE and the TM-
polarized modes, are resolved, whose spectral positions
depend on the implantation dose. Fig. 1 illustrates
clear red-shift of the mode doublet with increasing
dose.
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Fig. 1. Measured PL spectra from the edge of the samples with doses
4x%10"cm™2 (a) and 5% 10" cm ™2 (b), numerical aperture was 0.075.
The dashed lines show the TE and TM parts of the detected signal
(detector was placed after an analyzer), the solid line is PL detected
without the analyzer (both polarizations) and the dotted line shows the
PL spectrum detected from the plane of the sample in the x-direction.
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Fig. 2. Scheme of the propagation of rays emitted by an optically
excited nanocrystal. The nanocrystal is embedded inside a layer with
the refraction index ny, this layer is deposited on a substrate with the
refraction index ng. Guided modes (dashed lines) cannot leave the core
of the waveguide while the energy of the leaky modes (solid lines) is
transferred into the substrate after several reflections on the boundary
core/substrate.

In order to fully characterize the mode structure, we
varied parameters of the experiment and we measured
carefully the PL spectra. The parameters under varia-
tion were e.g. angle of observation, position of the exci-
tation spot, numerical aperture of the detection system,
implantation dose etc. [14]. These data were then used
for comparison with the model presented below. We
highlight here the most interesting result of those exper-
iments: the peaks in the PL spectra were detected only at
the angles of detection o (see Fig. 2) greater than 0.

3. Theory

Recent explanation of the occurrence of the modes in
the PL spectra is based on the limit of single-mode guid-
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ing [10]. Khriachtchev et al. suppose that the second
guided mode is mostly delocalized in the critical spectral
area of the transition from the single to two-mode guid-
ing. The more localized mode is, the higher losses are (if
the core is lossy while the substrate transparent) and
thus the mostly delocalized guided modes has the lowest
losses and the highest contributions to the PL spectra.
Since the model of weakly guiding waveguide was used,
the model cannot describe the TE/TM mode splitting.
Predictions of the spectral position of the modes is, how-
ever, in the spectral area of the detected modes in the
experiments.

Even though the model presented in [10] gives reason-
able arguments, no quantitative results were given and
we believe that only the effect of localization of the
guided modes cannot explain occurrence of the narrow
peaks. In order to select important effects for the mode
selection, we investigate carefully properties of light con-
finement by a waveguide.

Let’s first assume a simple model of a three-layer
asymmetric waveguide to show the basic properties of
the active planar waveguides (see Fig. 2). A “core” layer
with the refraction index n; and thickness d is deposited
on the substrate with the refraction index n,. The system
is surrounded by air (refraction index n, = 1). The edge
of the sample is perpendicular to the waveguiding layer.

A nanocrystal containing an excited electron-hole
pair can be modeled by a dipole coupled to an electro-
magnetic field. The dipole is coupled only to the modes
allowed by confinement of the electromagnetic field
caused by the planar waveguiding structure. The al-
lowed modes of the field are classified as the guided
modes and radiative modes [11]. The guided modes
are enclosed inside the core of the waveguide and they
propagate in the z-direction without losses (their prop-
agation constant is real). Contrary, the radiative
modes loose their energy during propagation and thus
the propagation constant has a nonzero imaginary
part.

We use rays to demonstrate the propagation of light
in Fig. 2. The light emitted by a nanocrystal proceeds to-
wards one of the core/air or core/substrate boundary. It
can be partly refracted into the air or substrate and is
partly reflected back to the core. The light then propa-
gates towards the second boundary and it again under-
goes partial refraction and reflection. This scenario
repeats until the ray inside the core looses all of its en-
ergy or it reaches the edge of the sample. Depending
on the portion of the reflected light during reflection
on the core boundaries, we distinguish three types of
modes: (i) the guided modes are totally reflected during
all reflections, (ii) the radiative modes are partly re-
fracted into air during reflection on the core/air bound-
ary and partly refracted into the substrate during
reflection on the core/substrate boundary and (iii) the
substrate radiative modes refract only into the substrate

(they are totally reflected on the core/air boundary). If
we introduce the propagation angle ¢ (see Fig. 2), we
can write sin Jg > ng/ng for the guided modes, sindg <
1/n; for the radiative modes and 1/n; < sindg < ny/ns for
the substrate radiative modes. In addition to the simple
ray model, light is absorbed and scattered by Si-NCs
during propagation inside the core.

Ordinary theory of passive waveguides (light is cou-
pled to a waveguide from outside) considers lossless
media and thus sharp delta-like modes. As stated above,
we assume some significant losses by absorption and
scattering, therefore we expect relatively large linewidth
of the allowed modes compared to the delta function.
We then need to describe fully the spectral shape of
the waveguide modes. We are going to use the theory
presented in [12]. The intensity of light on the wave-
length A propagating at the angle ¥/ from a dipole inside
the waveguide is:

_ 1y(4)
B | 1 — Rexp|2ik(2)d cos 9] exp[—2y(A)d cos ]|*’
(1)

where R stands for the product r;r, of the reflection
coefficients on the core/air and core/substrate bounda-
ries, respectively, d is the thickness of the waveguide,
k = 2nnd A is the wave vector of the light, y is the coeffi-
cient of losses (scattering plus absorption) and (1) is an
intrinsic spectrum of the dipole radiation without con-
finement. It follows from the Fresnel formulas that the
reflection coefficient R is small for small angles ¥ (radi-
ative modes) and complex unity for guided modes.
Guided modes then reveal sharp peaks while the radia-
tive modes have a flat spectrum. The PL spectrum meas-
ured in the x-direction is then expected to represent the
intrinsic PL spectrum of the Si-NCs.

Formula (1) predicts one important consequence con-
cerning the guided modes: for any wavelength 4, there is
an angle 9 for which the denominator has a local mini-
mum, i.e. in the region of the single mode guiding, there
is one guided mode for all wavelengths. Provided that vy
is independent of /, the relative intensities of the modes
would be equal. Detailed study of (1) under the above
consideration revealed no narrow peaks in the overall
spectrum of the guided PL even if the losses in the core
were relatively high.

We have not discussed substrate radiative modes so
far. These modes have the reflection coefficient R consid-
erably greater than zero, i.e. for a fixed ¥, the spectrum
has minima and maxima. Near the critical angle for
total reflection on the boundary core/substrate (sin 9, =
ng/ne), the value of the reflection coefficient R is close to
unity. The spectrum of light emitted under this angle
reveals narrow peaks. Because of different phase shifts
during reflection on the core/air boundary, the TE and
TM modes have slightly different spectral positions.

1(9,7)
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These substrate radiative modes reveal the mode
structure because of a high reflection coefficient on the
core/substrate boundary, but this reflection coefficient
is still less than unity. It causes “leaking” of the energy
into the substrate and thus those modes are called “lea-
ky modes”. The energy of the field transferred into the
substrate leaves the core/substrate boundary as a plane
wave and is no longer coupled to the field inside the
core. This phenomenon is very similar e.g. to the radia-
tion of a microcavity [13]: the confinement of the optical
field selects allowed modes and a dipole transfers its en-
ergy only to those modes. Selecting the phase matching
condition by tuning the angle of observation, PL modes
shift in spectra and split. Once the light leaves the micro-
cavity, it propagates freely and its energy is no more
transferred back into the microcavity.

The basis of the presented model is the fact that the
leaky modes are refracted into the substrate at angles
near /2. It means they propagate nearly parallel to
the waveguide and leave the edge of a sample near the
angle o = 0, but always o > 0 (due to the asymmetry of
the waveguide—the mode cannot leak into the air layer
above the waveguide). Since the PL detection is set to be
in the z-direction, we expect to detect both guided and
leaky modes together—the guided and the leaky modes
are responsible for the continuum in the spectra and the
distinct TE/TM mode structure, respectively.

4. Results of numerical calculations

For calculations, we use a realistic continuous profile
of the refraction index of the waveguiding layers [9]
found by fitting the IR transmission spectra with an
asymmetric double-Gaussian curve added to a constant
ns.

We used the transfer matrix method for calculation of
the intensity of the leaky modes and for calculation of
the electromagnetic field distribution of the guided
modes. Because of variation of refraction index, guided
modes are not simply refracted at the edge of the wave-
guide from the core but a diffraction integral must be
calculated. The intensity of the diffracted mode at the
wavelength A= 713nm (spectral position of the TE
mode) from the edge of the sample with the dose
5% 10" cm 2 is plotted in Fig. 3. The curve has a max-
imum near the angle « = 0, i.e. light is diffracted partic-
ularly in the z-direction. Energy collected by the
detection system is determined by an integral over the
collecting angle, therefore only a small portion of the en-
ergy of the guided modes can be registered by a detec-
tion system with small numerical aperture.

Result of a numerical simulation of the PL spectra
from Fig. la are plotted in Fig. 4a. The narrow peaks
originate from the leaky modes while the broad maxi-
mum at the right-hand side is due to the guided modes.

Intensity [arb. U.]

Fig. 3. Calculated dependence of the intensity of the diffracted guided
mode with A =713nm and ¢ = 55.3° on the angle of detection o. We
used the parameters of the sample with the dose 5x 10'”cm ™ for the
calculation.
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Fig. 4. Calculated PL spectra detected at o =0 for detector with a
numerical aperture 0.075. (a) Leaky modes plus guided modes with the
wavelength—independent coefficient of losses, dose 4 x 10'7 cm™2. (b
and c¢) Leaky modes plus guided modes taking into account
wavelength—dependent losses for the guided modes, doses 4 and
5% 10'7ecm 2, respectively. We took the PL intensity measured from
the edge of the sample with the dose 3 x 10'7 cm™2 (see inset) as a
reference signal of the guided modes. The dashed lines stand for the TE
mode, the dotted lines for the TM mode and the solid lines for the
overall intensity.

The mode structure at the high-energy side of the spec-
tra coincides well with the experimental data in Fig. 1a.
However, the low-energy wings of the spectra (guided
modes) differ—they are blue-shifted in the theory with
respect to the experiment. We think that this feature is
due to wavelength-dependent absorption, the onset of
absorption by Si-NCs starting at approximately 850 nm.

To verify this hypothesis, we performed an experi-
ment where we filtered detected light by a mask in a
Fourier plane of a lens of the detector. By this filtering,
only modes with o <0 passed into the detector so that
the leaky modes were completely cut off. The spectrum
is plotted in Fig. 5. This is the pure spectrum of the
guided modes which is significantly different from the
PL spectrum collected from the plane of sample.
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Fig. 5. Filtering of the leaky modes—the dashed line is the PL
spectrum of the edge emission of the sample with the dose
4% 107 cm™2 without any filtering. The solid line is a filtered signal
(see the inset) and represents the spectrum of the guided modes. The
curves are normalized to unity. The numerical aperture of the
detection system was 0.45 (significantly larger than for the PL spectra
measurements in Fig. 1), the peak of the filtered signal is a doubled
wavelength of an excitation laser.

The PL spectra from the Fig. 1a,b, respectively, were
modeled assuming a waveguide-dependent coefficient of
losses, see Fig. 4b,c, respectively. The spectrum of the
guided modes after propagation through the waveguide
was taken from the PL data measured on a sample with
dose 3x107cm ™2 (see inset of Fig. 4b) because this
spectrum reveals no modes and our calculations have
shown that it should be spectrum only of the guided
modes. The experimental and theoretical spectra reveal
a good agreement.

Validity of the presented theoretical model was fur-
ther confirmed by numerous simulations of experiments
performed on samples with different implantation doses,
different angles of detection etc. [14].

5. Discussion

The ratio between the intensity of the leaky modes
and the guided modes is driven by three main
parameters:

1. Losses of the waveguide—the leaky modes propagate
mostly in the lossless substrate. Contrary, intensity of
the guided modes is exponentially decreasing when
propagating towards the edge of the sample. There-
fore the relative portion of the guided modes in the
diffracted signal is reduced.

2. Spectral position of the leaky modes—as seen in Fig.
4b and c, the leaky modes are always more intense
compared to the intensity of the guided modes at
the same wavelength. But if the leaky modes are in
the region of a weak intrinsic PL of the Si-NCs, they
will have very low intensity compared to spectrum of
the guided modes.

3. Numerical aperture of the detection system—the
guided modes diffract at the edge of the sample while

the leaky modes do not. Detecting in the z-direction
(we collect the PL from an interval around the angle
o = 0), we collect the full energy of the leaky modes
for selected angle ¥ and wavelength A. In contrast,
we detect only a small portion of the energy of the
guided modes at the same wavelength due to small
detection aperture. To detect as much energy of the
guided modes as possible, we propose to use a big
numerical aperture of the detecting system.

The combination of all three above mentioned effects
results in a big contrast between the leaky and the
guided modes in the modeled PL spectra (see for exam-
ple Fig. 4c).

One of the most interesting points related to the leaky
modes is whether or not light amplification can be
achieved on them. On one hand, intensity of these modes
can be high since they do not diffract at the edge of the
sample. They propagate a limited path in the lossy wave-
guide core and thus they may escape from scattering/
absorption on longer distances within the core. These
may be favorable conditions for the occurrence of optical
gain. Indeed, recently we have tentatively ascribed a
weak net modal gain (~2cm™'), observed in a sample
implanted to a dose of 4 x 10'”cm~? (Fig. 1a) under high
density nanosecond excitation to the TM mode [15]. On
the other hand, just because the leaky modes can be
amplified on a relatively short path in the pumped core
only, a significant optical amplification is probably hard
to achieve. The leaky modes thus can play also a role of
artifacts in the optical gain measurements using the VSL
method [6]. It is likely that the occurrence of optical gain
in the leaky modes can be affected by a considerable
number of experimental parameters and as a such, it will
deserve a particular analysis from case to case.

We propose experiments which enable to cut the lea-
ky modes off when using the VSL method. The experi-
mental setup is based on the asymmetry of the leaky
mode emission. We propose a geometry where we cut
all modes diffracted in the direction with o > 0. The
geometry is depicted in the inset of Fig. 5—a mask (a
blade) is placed in the focal plane of a first lens or an
objective (with a large numerical aperture) and the fil-
tered light is then collected by a second lens (objective)
onto a slit of a detection aperture. The intensity of the
measured signal is reduced but all possible artifacts com-
ing from the leaky modes are cut off. This approach can
help to separate contributions from the guided and the
leaky modes (see Fig. 5).

6. Conclusions
In this paper, we use theory of planar wave-

guides to explain a peculiar observation of narrow,
polarization-resolved TE and TM peaks in PL spectra
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detected from the edge of a sample with the structure of
a planar waveguide (this observation was firstly reported
in [6]). The theoretical explanation of the PL measure-
ments is based on the existence of leaky modes of the
waveguide.

To compare theory and measurements quantitatively,
we formulated a mathematical model and performed
numerical calculations taking into account the real
refraction index profile in the sample and wavelength-
dependent absorption of the waveguide core. The results
coincide well with the measured PL spectra—our model
of the leaky modes is able to explain many different as-
pects of the experiments like TE/TM splitting, asymme-
try in the spectra with respect to the angle of detection
etc. We discussed how the leaky modes can manifest
themselves in measurements of optical gain and pro-
posed experiments with Fourier filtering in the focal
plane of the detection system.
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