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The propagation of light emitted from silicon nanocrystals forming planar waveguides buried in
SiO2 is studied both experimentally and theoretically. Experiments reveal that photolumines-
cence spectra detected from the sample facet mainly contains narrow(10–20 nm
full-with-at-half-maximum) polarization-resolved transverse electric and transverse magnetic modes
instead of the usual broad nanocrystal emission band peaked at 700–800 nm. A theoretical model
developed in the framework of wave optics identifies these modes as substrate modes propagating
along the waveguide boundary(not the usual modes guided inside the nanocrystal plane due to its
graded index profile). This peculiar observation is the consequence of the high losses in the
nanocrystalline waveguide and may occur in other dissipative waveguide structures under
conditions that are discussed. ©2004 American Institute of Physics. [DOI: 10.1063/1.1795984]

I. INTRODUCTION

Light-emitting silicon nanostructures have attracted con-
siderable interest since the discovery of bright visible photo-
luminescence(PL) in porous silicon by Canham.1 This inter-
est has been further stimulated by recent reports of optical
gain in an ensemble of silicon nanocrystalssSi-NCsd.2–7

Most of the investigators looking for optical gain use
samples in the form of a thin Si-NC layer(prepared either by
the Si-ion implantation or by the plasma-enhanced chemical
vapour deposition method) embedded in a transparent silica
matrix, or Si/SiO2 superlattices. Such structures work as
asymmetricactiveplanar optical waveguides, where the light
is not coupled to the core from outside but originates from an
ensemble of emitting Si-NCs inside the waveguide.

Here we report on experimental observations of unusual
PL from planar waveguides made of luminescent Si-NCs in
SiO2 matrix. In particular, a significant narrowing of PL line-
shape and splitting of the emission into spectrally separated
transverse electric(TE) and transverse magnetic(TM)
modes. Such behavior is very similar to III-V semiconductor-
based microcavity PL TE-TM splitting observed in directions

different from surface normal.8,9 We show that the narrow
TE and TM modes, which the waveguide self-selects from a
wide spontaneous emission spectrum, are not the usual
guided modes, as assumed in our earlier report, but leaky
substrate modes. They arise from constructive Fabry-Perot
interference of luminescence rays leaving the active Si-NC
layer to the substrate near the angle of total internal reflec-
tion. The existence of such modes is a general property of
thin luminescent layers, irrespective of whether they are in
the form of semiconductor microcavities.9,10 or simple
organic/inorganic thin films.11,12 Hereafter, we deal with a
general case of an asymmetric planar waveguide with a
graded index profile where these modes are extremely well
developed. We show, both experimentally and theoretically,
that such experimental dominance of the leaky modes de-
pends strongly upon a coincidence of several parameters,
including the waveguide losses experienced by guided
modes, the refractive index contrast of the core and cladding
and the depth of core layer within the substrate.

II. SAMPLE PREPARATION AND EXPERIMENTAL
SET-UPS

The samples used in this study were prepared by im-
planting 400 keV Si+ ions into 1 nm thick silica slab(Infra-
sil) with optically polished surface and edges. Implantation
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doses of 3, 4, 5, and 631017 Si cm−2 (in four different re-
gions of the slab) were chosen to produce different levels of
refractive index contrast between the core and cladding/
substrate layers. Peak excess Si concentrations were up to
26 at. %Si. Implanted samples were subsequently annealed
for 1 h in N2 ambient at 1100°C and 1 h in forming-gas(
5%H2 in N2) at 500°C. The presence of Si-NCs in the an-
nealed layers, with diameter between 4–5 nm, was con-
firmed by Raman scattering(not shown here).

The PL properties of samples were investigated using a
continuous wave He-Cd lasers325 nmd as the excitation
source(excitation intensity,0.3 W/cm2) and a microscope
connected to an imaging spectrograph with a CCD camera
for detection[Fig. 1(a)]. The detection numerical aperture
(NA) was 0.075(i.e., an angular resolution of about 8.6°).
All measurements were performed at room temperature and
all PL spectra were corrected for the system response. To
achieve better angular resolution a second experimental ar-
rangement was also employed in which the sample was fixed
to the centre of a goniometer[Fig. 1(b)]. The PL emission
was then collected by a silica optical fiber(core diameter
1 mm) rotated around the sample at a distance of 50 mm,
giving an angular resolution slightly less than 1°sNA
,0.01d. The output of the fibre was measured using the
same detection system described above.

Typical images observed with the microscopic setup
[Fig. 1(a)] are illustrated in Figs. 1(c) and 1(d). Here the
diameter of the excitation spot, located at about 1 mm from
the sample edge, is roughly 1 mm. One can easily recognize
PL emission from the excited spot as a bright ellipsoid. How-
ever, there is also a second contribution emanating from the
facet of the sample. This light is obviously guided in the
implanted layer or close to it. The images in Figs. 1(c) and
1(d) were collected for sample inclination angles of −15° and
+15°, respectively, i.e., in a geometry for which the excited
spot was observed either directly[Fig. 1(c)] or through the
substrate[Fig. 1(d)]. The experimental arrangement shown
in Fig. 1(a) enables the detection of the PL either from the
excited spot or from the edge of sample by positioning the
entrance slit of the spectrograph to different locations of the
PL image.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2(left column) presents PL spectra of four layers
produced by implanting to different doses. The broad dotted
curves correspond to PL emanating from the sample surface
(perpendicularly to the Si-NC layer, i.e., conventional geom-
etry) while the other curves represent PL collected from the
facet of the sample(sample inclination was +2.5°). It can be
seen that these two types of spectra differ considerably. The
facet PL spectra are much narrower and contain(except the
331017 cm−2 sample) narrow TE and TM modes clearly re-

FIG. 1. Sketch of the experimental geometry for the
microPL setup(a) and for the goniometer setup(b).
Lower panels show PL intensity images(area 2
31.2 mm2) of the excited waveguide(using micro-PL
setup) for sample inclination of a=−15° (c) and
a= +15° (d). The elliptical spot is the excited region on
the surface of the sample, and the narrow line is the PL
emanating from the sample facet. The substrate is
slightly illuminated with a white lamp giving rise to the
lighter gray color in the bottom part of the images. The
white arrows indicate the direction of excited beam.

FIG. 2. Left column: Experimental PL spectra for layers implanted with
doses 3, 4, 5, and 631017 Si cm−2 (from top down) detected in two different
directions: The conventional normal incidence PL spectra(broad dotted line)
and PL spectra emanating from the facet of the sample[black line—PL
without polarizer, dashed line—with polarizer parallel to the layer(TE
mode), short-dashed lines—polarizer perpendicular to the layer(TM
mode)]. Right column: Calculated PL spectra from the sample facetsa
=0°d, taking into account the detection NA=0.075. The broad emission
bands appearing in the samples 331017 Si cm−2 and 431017 Si cm−2 rep-
resent guided modes scattered into the detector collection angle.
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solved with a linear polarization filter parallel(TE) or per-
pendicular(TM) to the layer edge. Such surprising PL spec-
tra from a simple layer of Si-NCs have been reported for the
first time only recently.13,14 Typical PL spectra from Si-NCs
consist of a broad band centered at 700–800 nm with
FWHM of 150–200 nm, consistent with the dotted curves in
Fig. 2.

We stress that the TE/TM mode structure is only re-
solved in PL spectra collected in a direction close toa=0°
(i.e., detection axis lying in the implanted plane). This is
clearly illustrated in Fig. 3(a) where PL spectra for several
collection anglesa are plotted. These results were obtained
using the goniometer setup[Fig. 1(b)] with an angular reso-
lution of about 1°. In this case, however, all emission propa-
gating towards the collecting optical fibre is detected. Only
in the micro-PL setup we can separate the contribution of
light guided along the implanted layer from normal inci-
dence light emission[Fig. 1(a)]. The angular dependence of
the separated edge emission is shown in Fig. 3(b) where one
can see clear mode structure emitted preferentially to thea
=0° direction.

The crucial question to be addressed is how do these
narrow lines originate? The waveguide formed by the
Si-NC plane “buried” in the SiO2 matrix is shown schemati-
cally in Fig. 4(a). The refractive index profilenszd across the
layer is determined by the Si-NC distribution beneath the
surface. Such profiles were obtained by fitting interference
fringes in visible-infrared transmission spectra of Si-NC lay-
ers (not shown here). Thesenszd profiles are displayed in
Fig. 4(b) for each of the samples investigated. Their differ-
ences from the substrate refracted indexnsub=1.455 are ap-
proximated either by nonsymmetric Gaussian or by
Gaussian-Lorentzian curves. The depth of the maximum re-
fractive index contrastDn below the surface was found to be
d=0.63mm in all samples and the profiles are asymmetric,
tailing towards the surface, consistent with the implanted Si
distribution (not shown).

Figure 4(a) summarizes the following reasoning in the

framework of a ray scheme. PL rays, emerging(at depthd) at
high enough anglesu, undergo total internal reflection at the
core-cladding interface and propagate within the Si-NC core
region as normal guided modes(representing continuous
spectrum). However, rays emerging at anglesu that are close
but slightly below the critical angleuc=arcsinfnsub/ snsub

+Dndg for total reflection at the core-substrate interface can
reach the sample surfacez=0 and be totally reflected at this
boundary.15 This reflection introduces an extra steplike phase
shift that causes the splitting of the TE and TM modes.16,17

The reflected beam then propagates through the core region
and undergoes partial reflection from the core-substrate in-
terface. At each such reflection a small part of energy of
modes can leak out from the Si-NC layer into the SiO2 ma-
trix as a substrate mode18 that finally leaves the sample facet
at the detection anglea close to zero[Fig. 4(a)].

It is now demonstrated that this model can simulate the
experimental emission spectra with high fidelity when taking
into consideration these substrate modes. We assume isotro-
pic radiation of randomly oriented dipolessSi-NCd that are
randomly scattered inside the waveguide(i.e., we neglect
their positions with respect to the z axis which would be-
come important when studying microcavity effects). The in-
terest here is on the mode energy, i.e., the output PL inten-
sity, as a function of the angleu and wavelengthl.19 With
the aid of equations for deriving the cavity enhancement
factor20 we get for the mode amplitude inside the waveguide

Asu,ld = A0/s1 − tr1r2d,

whereA0 is an effective source strength andt,1 is a trans-
mission coefficient [in general t= tsu ,ld] during one
roundtrip of the wave in the waveguide.r1 and r2 are the
reflectivities of the waveguide boundaries that can be calcu-
lated (see, e.g., 16) by using a transfer-matrix method. The
transfer matrixM is calculated asM =M1M2M3¯Mn, where

FIG. 3. Angular dependencies(sample 531017 Si cm−2): Unpolarized PL
spectra measured at various anglesa with respect to the normal to the
output facet in the sample 531017 Si cm−2 using either the goniometer
setup(a) or the micro-PL setup(b). The angular resolution is about 8.6° and
1°, respectively. Panel(c) represents model calculations of the angular de-
pendence for aperture collection angle of 8.6°.

FIG. 4. (a) Cross section of the Si-NC planar waveguide with a graded
index profilenszd. Rays of both guided and substrate modes are indicated.
(b) Refractive index profilesnszd in the investigated samples. Lower two
panels show calculated spectral positions of the substrate modes: As a func-
tion of the refractive index contrastDn (c) and as a function of the maxi-
mum index contrast depthd in the sample 531017 Si cm−2 (d).
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Mk, 0,køn, are transfer matrices for very thin layers into
which the structure was “cut,” in parallel with the sample
surface, for the purpose of numerical calculation. The inten-
sity of a mode is proportional toAA* . In the present study we
usedt=0.995[in agreement with experimentally established
damping of about 10 cm−1 (Ref. 21) ] andn=5000.

The results of calculations are presented in Fig. 2(right
column). The overall agreement with the experimental data
(left column) is excellent, providing strong support for the
proposed model that the observed PL spectral narrowing and
TE/TM splitting are due to the substrate modes propagating
nearly in parallel with the boundary of the waveguide.(We
should note that the intensity of the calculated modes here
has been modulated by the spontaneous broad PL emission
band to allow direct comparison with experiment.) One can
easily recognize in Fig. 2 a TE/TM “doublet” whose spectral
position is red shifting and the separation between compo-
nents is increasing with increasing implantation dose. This
behavior is displayed more generally in Fig. 4(c) (calculated
mode position as a function of the maximum index contrast
Dn, which is linked to the implantation energy) and Fig. 4(d)
(calculated mode position as a function of the depthd). Simi-
lar calculations were performed for the angular dependence
of PL for the layer 531017 Si cm−2 and the results are dis-
played in Fig. 3(c). One can clearly see the narrow modes at
angles close toa=0 in good agreement with the experimen-
tal results[Fig. 3(b)].

The question that remains is why the substrate modes are
so significant here. A likely answer to this question is that the
regular guided modes experience greater loss during their
propagation in the plane of the waveguide. Indeed, the beams
responsible for generating the substrate modes travel reduced
distances through the core region and once launched, the
substrate mode undergoes virtually no loss in traveling to the
substrate facet. On the other hand, the standard guided
modes are strongly damped on their trip over a macroscopic
distance from the place of creation towards the sample edge
due to absorption and scattering. The model employed here
does not depend on the nature of the core losses but simply
on the fact that the loss is significant. The most likely source
of loss in the present case is absorption and scattering from
nanocrystals, as well as scattering from the “interface” be-
tween the core and cladding layers. The latter likely arises
from the implantation process where the penetration depth of
the Si+ ions directly reflects the surface roughness of the
polished silica substrate, which is of the order of ±10 nm. It
is known that microphotonic etched waveguide structures
suffer from optical scattering loss due to sidewall roughness
and that this loss increases with increasing refractive index
contrastDn.22 The contribution of this later process is sup-
ported by the fact that these substrate modes do not reveal
themselves in the edge emission of waveguides with atomi-
cally flat sidewalls.

IV. CONCLUSIONS

It has been demonstrated, both experimentally and theo-
retically, that continuous wave PL can propagate in specific
narrow band, highly directional, substrate modes instead of

normal guided modes in an active planar optical waveguide.
We have analyzed a waveguide made of Si-NCs but the ef-
fect is a general property of asymmetric thin films. The
waveguide self-selects these modes from the broadband PL
emission of the core. The spectral distribution and experi-
mental manifestation of such modes is critically dependent
upon several waveguide parameters, predominantly the re-
fractive index difference between the core and cladding/
substrate(determined by the implantation dose in the present
study), the waveguide loss, the depthd of Si-NCs distribu-
tion beneath the surface and also upon the shape ofnszd. The
role of these modes in facilitating/hampering optical gain
requires further analysis.11
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