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We report on the study and modeling of the structural and optical properties of rib-loaded
waveguides working in the 600–900-nm spectral range. A Si nanocrystalsSi-ncd rich SiO2 layer
with nominal Si excess ranging from 10% to 20% was produced by quadrupole ion implantation of
Si into thermal SiO2 formed on a silicon substrate. Si-ncs were precipitated by annealing at
1100 °C, forming a 0.4-mm-thick core layer in the waveguide. The Si content, the Si-nc density and
size, the Si-nc emission, and the active layer effective refractive index were determined by dedicated
experiments using x-ray photoelectron spectroscopy, Raman spectroscopy, energy-filtered
transmission electron microscopy, photoluminescence andm-lines spectroscopy. Rib-loaded
waveguides were fabricated by photolithographic and reactive ion etching processes, with patterned
rib widths ranging from 1 to 8mm. Light propagation in the waveguide was observed and losses of
11 dB/cm at 633 and 780 nm were measured, modeled and interpreted. ©2005 American Institute
of Physics. fDOI: 10.1063/1.1876574g

I. INTRODUCTION

Si-based photonics has already demonstrated most of the
photonic components within Si technology, such as low-loss
waveguidesfoxides, nitrides, oxinitrides, SiGe, and Silicon-
on-insulator sSOIdg, optical modulatorssSi thermo-optic
modulators and SiGe–Si Mach–Zenderd, and switches and
detectorsfavalanche photodiodessAPDd from SiGe and Ge
p-i-n photodiodesg.1 One of the major open issues is the
achievement of an efficient and reliable light source. A fur-
ther step ahead is to find a low-loss optically active medium
that can be used for achieving optical gain and then pave the
way to a Si-based laser. Silicon nanocrystalsSi-ncd rich
waveguide could be such a medium.

The luminescent properties of Si-nc have been studied
for more than a decade.2–6 They show a certain number of
striking properties, which look like a direct consequence of
quantum confinement of generated excitons. Si-nc present
tunable photo- and electroluminescence in the visible–near-
infrared range and recently, relatively efficient light-emitting
devicessLEDsd have been demonstrated.7,8 The observation
of optical gain in Si nanostructures provides a breakthrough
towards the realization of a coherent Si-based light
source.9,10 To take advantage of these effects, low-loss
waveguides should be fabricated from such active material in
order to produce edge-emitting structures. At the same time,
the discovery of an efficient sensitizing action of Er provided
by Si-nc pushed the research towards Er-based optical wave-
guide amplifiers,11,12 allowing for the use of broadband
pumping sources.13–15 Low-loss silica-based waveguides

doped both with Si-nc and Er and working in the near infra-
red are needed for these purposes. In this context, investiga-
tions of light propagation in heterogeneous glass materials
containing Si-nc are required, since the control and reduction
of optical losses is a primary requirement to achieve net op-
tical gain. Few loss studies have been recently reported only
on slab waveguides with Si-nc.16–18

In this work first we present a thorough study on the
physical and optical characteristics of rib-loaded waveguides
containing Si-nc obtained by ion implantation of Si into
silica to create a well-controlled Si excess profile followed
by an annealing step for the precipitation and growth of the
Si nanoclusters. The structural and optical characteristics of
the active material have been studied, leading to a good
knowledge and control of its properties. X-ray photoelectron
spectroscopysXPSd, Raman spectroscopy, energy-filtered
transmission electron microscopysEFTEMd, and photolumi-
nescencesPLd have allowed determining the shape of the
implanted profile, the actual Si excess introduced, the crys-
talline fraction of the Si excess phase, the grain-size distri-
bution, and the emission properties of the nanoparticles.
Then, rib-loaded waveguides were fabricated by photolithog-
raphy and reactive ion etching. An accurate characterization
of the optical losses in the visible range was then performed
by surface light-scattering experiments and insertion losses
measurement at 630 and 780 nm. A model is proposed which
accounts for the measured 11-dB/cm loss values.

II. EXPERIMENTAL DETAILS

In order to introduce Si excess inside the oxide matrix,
multiple Si+-ion implantations have been performed in bothadElectronic mail: paolo@el.ub.es
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2-mm-thick SiO2 films, thermally grown on Si and pure
fused quartz wafers. Ion energies, ranging from
35 to 200 keV, and relative doses of the multiple implanta-
tions were chosen to give rise to a “box-like” Si supersatu-
ration up to a depth of about 0.4mm. This yields planar
waveguides with constant Si content in depth. The total ion
doses were tailored to introduce a Si excess ranging from
10% to 20% of the atomic concentration in SiO2 before im-
plantation. Afterwards the samples were annealed at
1100 °C in N2 atmosphere for different times, from 1 min up
to 16 h.

Optical-absorption measurements of the processed fused
silica wafers have been performed in the visible and ultra-
violet ranges900–190 nmd by means of an UV-2101 Shi-
madzu spectrophotometer. Raman-scattering measurements
on the same set of samples were made by exciting with a
514-nm Ar laser line and detecting the signal by a micro-
objective sNA=0.95d and a cooled charge-coupled device
sCCDd array detector. Secondary-ion-mass spectroscopy
sSIMSd measurements were carried out by means of an
A-DIDA 3000-30 Atomica microanalyzer using an Ar+ pri-
mary ion beam with a net impact energy of 12 keV. The
beam current was typically 0.4mA and the Ar+ ions were
rastered over a surface area of 5003500 mm2. Positive sec-
ondary ions were collected from the central part of this area
saround 200mm in diameterd.

Conventional transmission electron microscopysTEMd
in dark field was used to image the different multilayer struc-
ture using a Philips 200-kV microscope equipped with a Ga-
tan 666 spectrometer. EFTEM was employed to monitor the
size distribution of nanocrystals and its evolution with the
implanted dose. The observations were performed by means
of a field-emission 200-kV Jeol 2010F equipped with a Ga-
tan image filtersGIF 2000d which adds energy-loss spectros-
copy and filtered imaging capabilities. In order to enhance
the nanocrystals contrast on the TEM image, we energeti-
cally filter the electron energy-loss spectroscopysEELSd
spectra, by using the GIF, around the Si plasmonsplaced at
17 eVd, which is sufficiently separated from the SiO2 plas-
mon splaced at 26 eVd.

We have performed systematic luminescence measure-
ments in all samples by using a 60-mW He–Cd laser for
ultraviolet excitation at 325 nm. The luminescent emission
was analyzed in backscattering mode by a monochromator
and detected with a GaAs Hamamatsu photomultiplier. The
standard chopper–lock-in technique was used to increase the
signal-to-noise ratio. All the measurements were corrected
for the system response measured with a calibrated tungsten
lamp.

The waveguides have been characterized by coupling-in
visible light from laser diodess633 nm—few milliwatt,
780 nm—about 7 mWd through a tapered fiber mounted on a
nanopositioning systemsMelles–Griott nanomax-TSd. A top-
view observation of scattered light has been performed by
means of an optical microscope and a CCD camera mounted
on top of the measuring system. A front-view observation of
the exit facet of the waveguide has been obtained by using a
microscope objectives403 d matched to a zoomsNavitar
123d mounted on a high-performance CCD camerasDalstar

SMD-1M15d computer controlled by theLBA-500 SPIRICON

beam analyzer software. A prism beam splitter allows to split
the transmitted light in two parts: one is directed to the CCD
camera, the other is directed to a calibrated photodiode,
which yields power measurement of the waveguide transmit-
ted light.

III. CHARACTERIZATION OF THE ACTIVE MATERIAL

A. XPS measurements

The Si-implanted profile was obtained by the XPS analy-
sis and compared with simulation bySRIM2000 sFig. 1d. The
simulated profile was used to calibrate the energies and doses
of the implantation. Some significant differences are ob-
served between simulation and measurements:s1d the central
flat profile region is 300 nm wide in measurements while it
was expected to be 400 nm according to calculations;s2d the
measured profile shows broader tailssmainly beyond
350 nmd than the calculated one. This could affect modal
confinement in the waveguides. It is worth noticing that no
variation in the excess silicon profile shape was observed by
increasing the implantation dose. Confirmation of the XPS
profile comes from the SIMS measurementsFig. 2d.

Let us evaluate the Si excess content in the implanted
region. The XPS measurements allow to determine the sto-
ichiometric ratiox=fOg / fSig, wherefOg andfSig are the total
atomic concentrations of oxygen and silicon in the layer.
From x and the stoichiometric formula SiO2, it is easy to
calculate the excess silicon contentfSigexcess=s1−x/2d / s1

FIG. 1. Si-implanted profile, as obtained by transport of ions in matter
sTRIMd simulation and XPS analysis.

FIG. 2. Si profile of the 9.5% sample as measured by SIMS superimposed to
the TEM image of the corresponding region.
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+xd fSig scolumn 5 in Table Id. For the three sets of samples,
ion doses have been tailored to 10%, 15%, and 20% of
6.6631022 cm−3, the atomic concentration of SiO2 scolumn
2 in Table Id. They correspond to 9%, 13%, and 16.7% Si
excess, respectively, if it is referred to the total atomic con-
centrations of oxygen and silicon once the layer has been
implantedscolumn 3 in Table Id. Thus these figures can be
directly compared with the experimental results, and a slight
difference among the two sets of values can be observed in
Table I. The agreement is improved once considering swell-
ing in the simulationscolumn 4 in Table Id. Swelling appears
when implanting to high doses. In these conditions, a plastic
deformation of the oxide takes place to restore an almost
constant density of SiOx sindependent of xd at
equilibrium.19,20 The relative increase in volume is directly
proportional to the introduced Si excess, with a proportion-
ality factor equal toMSi/ s1/3MSi+2/3MOd, whereMSi and
MO are the atomic masses of Si and O, respectively.

B. Raman and absorption measurements

Additional information about the microstructure of the
layers has been obtained by means of Raman and visible
absorption measurements on Si-nc samples prepared on
transparent substratesfused silica glassesd. Representative
Raman spectra as a function of the annealing treatments are
shown in Fig. 3 for the highest Si excess sample. A careful
analysis of the Raman spectra involved the subtraction of the

contribution coming from the silica substrate. In the as-
implanted samplesszero annealing time in Fig. 3d, the Ra-
man spectrum is dominated by a broads70-cm−1 bandwidthd
structure peaking at 480 cm−1, which is a typical signature of
the transverse-optical mode of amorphous Si. It is quite sur-
prising to find signal due to amorphous Si in the as-
implanted samples. This suggests that most of the implanted
silicon is already in small amorphous clusters even in the
as-implanted state. The high local temperatures reached dur-
ing the implantation and the enhanced diffusivity of Si and O
due to radiation damage would favor such a situation. After
annealing at 1100 °C for 20 min, the Raman spectrum
shows a narrow asymmetric peak centred around 521 cm−1,
indicating the phase separation and rapid crystallization of
the amorphous Si clusters. Further annealing at the same
temperaturesfor durations up to 8 hd does not appreciably
modify neither the shape nor the intensity of the Si-nc signal.
This is in agreement with a previously published study by
Garrido et al.,21 in which it is shown that the asymptotic
Ostwald ripening growth stage of the population of Si-nc is
reached after few minutes of annealing at 1100 °C. Further-
more, the integrated Raman signal due to Si-nc increases
with the implanted dose and this strongly supports the con-
clusion that the overall excess Si has precipitated into the
Si-nc ssee Fig. 4d; additional infrared experiments corrobo-
rated that the matrix is stoichiometric SiO2.

Optical transmission measurementssFig. 5d show that
s1d the energy onset of absorption increases as the Si excess
content in the sample decreases,s2d the line shape of the
absorption spectra is very similar for all the samples, once

TABLE I. Implanted Si excess and corresponding nanocrystal density and size.

Sample
code

Si excess in the implanted layersat. %d
Si nanocrystals

size

Density of
Si

nanocrystals
s31018 cm−3d

Simulated
swith respect

to the
unimplanted

targetd

Simulated
swith

respect to
the implanted

targetd

Simulated
sincluding
swellingd

Determined
by XPS

Mean
value
snmd

Dispersion
snmd

A 20 16.7 13 13 4.6 0.6 4
B 15 13 10 9.5 4.1 0.5 4
C 10 9 7 7 3.6 0.4 4

FIG. 3. Raman spectra of the sample with 13% Si excess, annealed at
1100 °C for the different times reported in the graph. The spectra have been
vertically displaced for the sake of clarity.

FIG. 4. Optical-absorption cross section per Si atom for the three Si
concentrations.
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rescaled to the implanted dose, ands3d after the first 20
-min annealing the absorption spectrum does not change.

C. Transmission electron microscopy
measurements

In Fig. 2 a typical TEM image is shown in dark field and
displays a uniform region with a high density of Si-nc which
lies at about 50 nm from the surface and extends up to
around 300 nm in depth, right in correspondence to the flat
portion of the Si implantation as obtained from the SIMS
signal which has been superimposed in the same figure. Just
small variations in the thickness of the nanocrystal-rich layer
have been observed in the wafers implanted to different
doses. By varying the implanted dose a tuning in the average
size and density of Si-nc is expected. The EFTEM analysis
provides valuable information to this regard, allowing to
buildup a statistical histogram of the nanocrystal size as a
function of the Si excess.

A typical EFTEM image is given in Fig. 6 for the sample
with 9.5% of the Si excess. Repeated measurements for each
Si excess allow to prepare a statistical histogram of the nano-
particle size, as reported in Fig. 7 for the various Si excess. A
systematic increase of the average size of the Si-nc with the
Si excess is observed, together with a rather small dispersion
around the mean values0.3–0.5 nm typicald. The typical
sizes range from 3.6 nms7% Si excessd to 4.1 nms9.5% Si

excessd and up to 4.6 nms13% Si excessd. It is worth notic-
ing that high-resolution TEMsHRTEMd image analysis
yields lower values for the Si-nc size; values between 2.5
and 3 nm were obtained.

By assuming a perfect phase separation between the ex-
cess Si and SiO2 and by combining the values of both the Si
excess and average particle size, an estimation of the density
of Si-nc can be performed. We obtain a density of,4
31018 Si-nc/cm3, independent on the Si excess value. The
observation by the EFTEM imaging that the areal density of
the nanoparticles is quite similar in all kinds of samples pro-
vides an additional support to this evaluation.

D. Luminescence measurements

Typical PL spectra are presented in Fig. 8, with an inset
showing the dependence of the integrated PL intensity with
the Si excess. The luminescence spectrum is dominated by a
strong band due to Si-nc recombination at 800 nm and a
weak defect-related emission at 400 nm. Two results are very
clear from the data, the PL redshifts and the PL intensity
increase with increasing the Si excess. The redshift of the
maximum is consistent with the increase in the Si-nc size
measured by EFTEM, while the peak spectral positions are
in agreement with previous results from single Si+-ion im-
plants in thermal oxides.21 The increase in the PL intensity

FIG. 8. PL spectra measured for the three Si concentrations. The inset shows
the integrated photoluminescence as a function of the Si excess.

FIG. 5. Raman spectra of the 8-h annealed samples for the three Si
concentrations.

FIG. 6. EFTEM image of the implanted region of the 9.5% sample.

FIG. 7. Statistical histograms of the nanocrystal size distributions as a func-
tion of the Si content, as obtained from the EFTEM measurements.
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follows the variation of the absorption cross sections with
the implanted dosessee Fig. 5, wheres has been normalized
to the implanted dosed; it appears that the density of states
available for excitation at high energiessthe blue-UV ranged
is proportional to the number of the introduced Si atoms and
not to the density of Si nanocrystals.

E. Refractive index measurements

m-lines measurement yields the refractive index and the
effective thickness of the core layer in the waveguide struc-
ture. We found a thickness of 340 nm, a value independent of
the Si excess content. On the contrary, the refractive index
values depend on the Si excess. Figure 9 reports the mea-
sured values together with those for fused silicassubstrated
and the unimplanted thermal oxide. As expected within a
simple effective-index model, the refractive index increases
with the Si excess. Such dependence of the refractive index
with the silicon excess has been corroborated by ellipsom-
etry measurementssresults not shownd. The values obtained
here for the refractive index at 632 nm are about 7% higher
than those obtained by Charvetet al. for similar Si excess in
sputtered samples.22 This difference can be accounted for by
the higher compactness of our samples.

In summary, the overall characterization of the active
layers allowed to determine important parameters for the in-
terpretation of the losses in the waveguide structures. More-
over, it has been possible to establish some new original
results regarding ion-beam synthesis of Si-ncs in SiO2, as
summarized in the following. At the processed temperature,
the whole implanted Si has been precipitated in the form of
Si nanocrystals, with an average size ranging from
3.6 to 4.6 nm, depending on the ion dose. These values are
systematically larger than the ones found in many early re-
ports on the formation of Si-ncs by ion-beam synthesis,3–5

where the conventional TEM analysis was carried out. Such
a technique has been revealed to underestimate the Si grain
size, as pointed out in Ref. 6 for the Si-nc rich SiO2 layers
grown by chemical-vapor deposition. Similar to our findings,
it is interesting to note how these authors stress the impor-
tance to establish quite firmly the crystalline/amorphous ratio
of the nanoprecipitated for a chosen annealing regime.

The density of Si particles has been found completely
independent on the introduced excess, laying close to 4

31018 cm−3 for the chosen processing conditions. Thus, for
the explored range, an increase of almost 100% in the ion
dose does not imply a corresponding variation in the Si-ncs
density, which stays constant, but uniquely an overall in-
crease of the Si-ncs size. This finding may shed some light
on the studies of the kinetics of formation of Si-ncs in SiO2,
an important field of research, still not fully explored.6,21

The absorption cross section in the 3.5–64-eV spectral
region scales with the implanted ion density. At these ener-
gies, the available density of states is proportional to the
number of Si atoms composing the nanoparticle. Then, the
presented data allow the calculation of the absorption char-
acteristics in the blue-UV range for an arbitrary ensemble of
Si-ncs, once their dimension is known.

IV. WAVEGUIDE DESIGN AND FABRICATION

A. Design

Simulations were performed in order to determine the
best combination of geometrical parameters for the design of
waveguides for the visible–near-infrared rangesat 633 and
780 nmd. Design has been done by using a photonics
computer-aided designsCADd tool for the simulation, the
mode-solver softwareFIMMWAVE 3.0 sPhoton Design Inc.d,
which is a fully vectorial mode finder for waveguide struc-
tures. All the simulations have been made for a signal wave-
length of 780 nm. As the waveguides were to be made on the
9.5% Si excess sample, already discussed above, the active
layer was taken to be 340 nm thick, with a refractive index
of 1.61, as deduced by them-line measurements. A refractive
index of 1.45 and a thickness of 1.6mm have been used for
the SiO2 layers and for the bottom cladding.

Two-dimensionals2Dd waveguide structures are pre-
ferred with respect to one-dimensionals1Dd slab waveguide,
when new optical devices have to be tested. With this re-
spect, it is important to verify that the processing to form 2D
waveguides does not degrade the optical quality of the wave-
guide and, most important, does not introduce further losses,
such as those due to sidewall scattering. A rib-loaded geom-
etry was chosen due to the need for single mode behavior
and large confinement factor, attainable with the resolution
of the available lithography. Given the large contrast be-
tween the refractive index of the active and the SiO2 layers,
channel waveguides would have needed a channel width
lower than 2mm wide in order to be monomode. This re-
striction is less tight for a single mode rib-loaded waveguide.
A set of rib widths from 2 to 8mm was considered in order
to study the effect of mode size on the losses behavior.

Both effective refractive indexsnTE=1.52 and nTM

=1.51 at 780 nmd and filling factorss66% and 62% for TE
and TM fundamental modes at 780 nmd slightly increase
with increasing the rib width. This is due to the chosen ge-
ometry which confines light underneath the rib. The wave-
guide becomes multimode for a rib width larger than 4mm.
Figure 10 shows the profile of the fundamental TE mode in
the 4-mm-wide rib-loaded waveguide.

FIG. 9. Refractive index of the active layer as a function of the introduced
Si excess. The values obtained bym-lines measurements at 632.8 nm have
been interpolated by a polynomial fit.
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B. Fabrication

A 1-mm-thick plasma-enhanced chemical-vapor deposi-
tion sPECVDd SiO2 layer was deposited over the 4-in. wafer
with the 9.5% Si excess. A 0.7-mm-thick rib structure was
then formed by using standard photolithography and reactive
ion etching. The mask used in the photolithographic process
was patterned with 1-cm2 squares, each containing eight
groups of 2–8-mm-wide waveguides, 240mm apart to as-
sure proper mode isolation. The squares were subsequently
cut by a dicing saw to a length of 0.95 cm. In Fig. 11 the
resulting structure of staking layers is illustrated.

To test the process results, room-temperature air atomic
force microscopysAFMd images were performed by using an
NT-MDT microscope. From cross-section image analysis,
the mean rib height was 670±50 nm and rib widths were
2.45, 4.45, 6.6, and 8.4±0.05mm for the nominal 2, 4, 6,
and 8mm, respectively. Some structures around the wall of
the rib have been observed and they can be attributed to a
nonperfect etching process. Moreover, the AFM images
show that the profile is not sharp and the shape of the walls
is trapezoidal for all rib widths.

V. LOSS MEASUREMENTS AND DISCUSSION

Efficient propagation of light was observed at 780 nm by
top and front views for all the waveguides. Coupling in light
has been easily achieved because of the good quality of the
polished edges and the homogeneity of the sample, which
resulted in efficient propagation of light in different parts of
the sample.

Propagation losses measurements have been performed
by looking at the surface scattered light intensity and by
insertion loss measurements. The decrease of the scattered
light intensity along the waveguide can be related to the
propagation losses by simply fitting an exponential decay

dependence, independently on the evaluation of coupling
losses. For a discussion and validation of the method see
Ref. 23. Figure 12 shows a top view of the scattered light
from an 8-mm-wide rib and 0.95-cm-long waveguide. One
can appreciate the good lateral confinement of the mode that
propagates in the waveguide. Figure 13 shows the scattered
light intensity versus waveguide length, as obtained by the
image analysis, and the typical quality of the exponential
decay fit to extract propagation losses at 780 nm. The con-
tribution of the scattered light of the first 1–2 mm from the
input facet is not considered in the data analysis in order to
improve the signal-to-noise ratio. Averaging of multiple mea-
surements on several waveguides with the same width was
done. The propagation loss coefficients for the different rib
widths are reported in Table II for two light wavelengths, 633
and 780 nm.

The insertion losses technique is based on the measure-
ment of the power transmitted from the waveguide output
facet as a function of input signal power. This technique can
be useful in order to estimate the propagation losses through
the waveguide, once coupling losses have been estimated.
The losses through the optical collection system have been
determined by measuring the transmitted power of the ta-
pered fiber in front of the collecting microscope objective; a
value of 5 dB was found. The coupling losses are due to
several effects. Not perfect coupling between tapered fiber
and input facet accounts for about 3 dBs20-mm separation
errorsd plus 2 dB s1 mm or 1 deg of misalignment errorsd.
By considering a Gaussian input laser beam, the difference
between the tapered fiber’s spot sizesabout 5mmd and wave-
guide dimensionss350 nm thick and width ranging from
2.4 to 8.4mmd accounts for about 12 dB for the core thick-
ness and 1–5 dB for rib width ranging from 6 to 2.4mm.
No losses due to the different numerical aperturesNAd are
present because the NA of the waveguide is larger than that

FIG. 10. Intensity plot profile of the fundamental optical mode of a 4-mm
width rib loaded simulatedsad and measured by a beam analyzersbd.

FIG. 11. Schematic picture of a channel waveguide showing the stack of the
different layers with their composition and typical dimensions.

FIG. 12. Top-view image of the light scattered along the waveguide for an
8-mm-wide rib.

FIG. 13. Scattered light intensity at 780 nm along the waveguide for an 8
-mm-wide rib.
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of the input fiber. Therefore, a conservative estimate of the
coupling losses is about 17 dB for the largest rib waveguide
s8.4 mmd, which increases up to 23 dB for the smallest
s2.4 mmd waveguide measured. An experimental estimate of
about 15 dB has been obtained by comparison with similar
samples for which it was possible to determine the propaga-
tion losses by the cut-back technique and, hence, to deduce
the coupling losses.23

Propagation losses coefficients have been obtained by
subtracting coupling from insertion losses and are reported in
Table II for light at 633 and 780 nm. It is worth noting that
the two independent techniques give the sameswithin the
error bard loss coefficients, thus demonstrating the reliability
of both experimental procedures. Furthermore, no significant
differences in the propagation loss coefficient have been
found by changing the wavelength of the input light from
633 to 780 nm. This is expected since no significant differ-
ence in modal confinement was observed in the waveguide
simulations. We also tried coupling in light at wavelengths of
1310 and 1500 nm but no guided modes were observed, in
accordance with the simulations, where no confined mode
was observed at 1310 nm or longer wavelengths.

A summary of the loss data is reported in Fig. 14. It is
worth noticing that the loss coefficient is mainly constant
sabout 11 dB/cmd for rib widths down to 4mm, while for a
value of 2.4mm an increase up to about 20 dB/cm is ob-
served. This can be explained mainly by considering that for
small widths the rib sidewall scattering increases and the
modal confinement becomes poorer. By the loss difference
between large and small waveguides we estimated this con-
tribution to be about 8 dB/cm.

Let us discuss the value of 11-dB/cm propagation losses
we found for large waveguides. This value of 11 dB/cm

sabout 2.5 cm−1d of propagation losses is quite good consid-
ering the mode confinement. No direct comparison with
similar measurements on 2D waveguides is possible, as most
of the results reported in the literature refer to planars1Dd
waveguides. Due to a renewed interest in this kind of
waveguides for optical amplification experiments, in the lit-
erature several measurements of losses have been recently
reported based on the so-called shift-excitation-spotsSESd
technique, the detection of the attenuation of the spontaneous
emission as a function of the distance from the recording
point. Optical losses of 15–20 cm−1 have been reported in
porous silicon grains embedded in sol-gel derived SiO2

matrix,24 while values of 30–40 cm−1 have been reported for
Si-nc.25,26Lower valuessabout 2.6 cm−1d have been reported
for thick slab waveguides at 780 nm by means of shift-
excitation-spot technique.17 In the same paper, losses of
about 0.9 cm−1 have been found for longer propagation
wavelengthss1000 nmd where Rayleigh scattering is de-
creased according to the well-known 1/l4 law. Let us note
that the reliability of the SES technique to measure low-loss
values is quite limited due to inherent difficulties of the tech-
nique. What is important to remark here is that the process-
ing to fabricate 2D waveguides does not degrade the optical
properties of the waveguides, since the propagation loss val-
ues found in this work compare among the best results ever
reported for this kind of waveguide.

Leakage losses towards the Si substrate can be ruled out
because of the thick bottom cladding layers1.6 mmd. In fact,
no light at the output facet has been observed from the sub-
strate, in accordance with the simulations which show that
1 mm is sufficient to avoid leakage losses. Scattering losses
due to the composite nature of the core layer have been cal-
culated by Mie theory and result in about 2 dB/cm at
633 nm and 1 dB/cm at 780 nm.27 Scattering losses depend
on the density and size of the Si nanocrystals. Scattering
losses due to interface roughnesses are not considered be-
cause of the high quality of the core and cladding layers,
already discussed in the previous sections.

Finally, if we assume that the remaining 9-dB/cm losses
are absorption losses we can get an upper limit estimate to
the absorption cross section for Si-nc,sabs=aWG/N,5
310−19 cm2, whereaWG are the absorption losses andN is
the density of Si-nc. This value forsabs is compatible with
other reported data.28 If for the stimulated emission cross
section a value of about 1310−17 cm2 is assumed,29 we can
get an estimate of the gain coefficient in these waveguides,
attainable when the system is pumped with suitable high-

TABLE II. Rib widths and propagation losses.

Rib width smmd

Propagation loss coefficient
sdB/cmd

as obtained by light scattering

Propagation loss coefficient
sdB/cmd

as obtained by insertion losses

Nominal Measured 780 nm 633 nm 780 nm 633 nm

8 8.4±0.05 11±1 11±0.5 ,11 ,13
6 6.6±0.05 12±1 12±0.5 ,12 ,13
4 4.45±0.05 12±1 12±0.5 ,15 ,13
2 2.45±0.05 21±1 19±1 ,21 ,19

FIG. 14. Variation of the propagation losses with rib width at 633 and
780 nm.
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energy radiation. The ultimate performances of similar, opti-
mized waveguide amplifier under optical pumping should be
extremely promising, being just 11 dB/cm the measured
losses and about 160 dB/cm the estimated gain coefficient.

VI. CONCLUSIONS

We have studied the formation, loss contributions, and
mechanisms in waveguides made with Si nanocrystal-rich
oxides. An exhaustive characterization of the active layer has
been performed in order to control the formation and emis-
sion properties of the Si-nc, and get valuable physical param-
eters, such as the nanocrystal density and size and refractive
index. Propagation losses have been measured on the pro-
cessed waveguides and related to specific contributions.
Asymptotic values of around 2 dB/cm for Mie scattering
and 9 dB/cm for direct absorption were evaluated. These
numbers are promising for the feasibility of a high-
performance optical amplifier that makes use of similar op-
timized structures. Indeed optical gain values in excess of
40 dB/cm have been reported extensively in Si-nc-based
planar waveguides.30
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