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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 nanoci&talc) rich SiO, layer

with nominal Si excess ranging from 10% to 20% was produced by quadrupole ion implantation of
Si into thermal SiQ formed on a silicon substrate. Si-ncs were precipitated by annealing at
1100 °C, forming a 0.4:+m-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 amnlihes spectroscopy. Rib-loaded
waveguides were fabricated by photolithographic and reactive ion etching processes, with patterned
rib widths ranging from 1 to §wm. Light propagation in the waveguide was observed and losses of
11 dB/cm at 633 and 780 nm were measured, modeled and interpre@@D3cAmerican Institute

of Physics[DOI: 10.1063/1.1876574

I. INTRODUCTION doped both with Si-nc and Er and working in the near infra-

Si-based photonics has already demonstrated most of tt{gd are needed for these purposes. In this context, investiga-

. R 1ons of light propagation in heterogeneous glass materials
photonic components within Si technology, such as low-loss . : : : )

) ) L o g o containing Si-nc are required, since the control and reduction
waveguidedoxides, nitrides, oxinitrides, SiGe, and Silicon-

on-insulator (SOI)], optical modulators(Si thermo-optic fi)r:z:lptlz:iil Ilc:):ve?ofsast% rggﬁ;ﬁguggeemnigtcteonﬁd:fv:ng?grﬂ_
modulators and SiGe-Si Mach—Zengeand switches and gain. yrep y

; : . 16-18
detectorq avalanche photodiodd#&\PD) from SiGe and Ge on slab yvavegwdgs with Si-ric.

p-i-n photodiode};1 One of the major open issues is the ".1 this work'ﬂrst we pres.en.t a thqrough study on t.he
achievement of an efficient and reliable light source. A fur-phySICaI and optical characteristics of rib-loaded waveguides

. . : : .~ _containing Si-nc obtained by ion implantation of Si into
ther step ahead is to find a low-loss optically active medium_. . . )

s . ; silica to create a well-controlled Si excess profile followed
that can be used for achieving optical gain and then pave the

way to a Si-based laser. Silicon nanocryst8i-n¢ rich by an annealing step for the preC|p|tat|qn and grovvth o_f the
. . Si nanoclusters. The structural and optical characteristics of
waveguide could be such a medium.

! : . ._the active material have been studied, leading to a good
The luminescent properties of Si-nc have been studie nowledge and control of its properties. X-ray photoelectron
for more than a decade® They show a certain number of 9 Prop y yp

striking properties, which look like a direct consequence of pectroscopy(XPS), Raman spectroscopy, energy-filtered

, . . transmission electron microscopigFTEM), and photolumi-
guantum confinement of generated excitons. Si-nc present .

; . .. nescencePL) have allowed determining the shape of the
tunable photo- and electroluminescence in the visible—neat-

infrared range and recently, relatively efficient light-emitting implanted profile, the actual Si excess introduced, the crys-

devices(LEDs) have been demonstraté8i The observation talline fraction of the Si excess phase, the grain-size distri-
bution, and the emission properties of the nanoparticles.

of optical gain in Si nanostructures provides a breakthroug " . . . i
towards the realization of a coherent Si-based Iigh3‘hen, rib-loaded waveguides were fabricated by photolithog

910 raphy and reactive ion etching. An accurate characterization
source.™ To take advantage of these effects, low-loss . . S
. . ) .- of the optical losses in the visible range was then performed
waveguides should be fabricated from such active material if ) . . . )
e - Dby surface light-scattering experiments and insertion losses
order to produce edge-emitting structures. At the same time ) .
. - . . . theasurement at 630 and 780 nm. A model is proposed which
the discovery of an efficient sensitizing action of Er provided
. : accounts for the measured 11-dB/cm loss values.
by Si-nc pushed the research towards Er-based optical wave-
guide amplifiers>*? allowing for the use of broadband

pumping source¥*° Low-loss silica-based waveguides ' EXPERIMENTAL DETAILS

In order to introduce Si excess inside the oxide matrix,
¥Electronic mail: paolo@el.ub.es multiple Si-ion implantations have been performed in both
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2-um-thick SiO, films, thermally grown on Si and pure T T v T J ! '
fused quartz wafers. lon 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@m. 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 SiBefore im-
plantation. Afterwards the samples were annealed at
1100 °C in N, 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 ultraFiG. 1. Si-implanted profile, as obtained by transport of ions in matter
violet range(900—190 nm by means of an UV-2101 Shi- (TRIM) simulation and XPS analysis.
madzu spectrophotometer. Raman-scattering measurements
on the same set of samples were made by exciting with SMD-1M15 computer controlled by theBA-500 SPIRICON
514-nm Ar laser line and detecting the signal by a micro-beam analyzer software. A prism beam splitter allows to split
objective (NA=0.95 and a cooled charge-coupled device the transmitted light in two parts: one is directed to the CCD
(CCD) array detector. Secondary-ion-mass spectroscopgamera, the other is directed to a calibrated photodiode,
(SIMS) measurements were carried out by means of amvhich yields power measurement of the waveguide transmit-
A-DIDA 3000-30 Atomica microanalyzer using an Apri-  ted light.
mary ion beam with a net impact energy of 12 keV. The
beam current was typically 04A and the Af ions were || CHARACTERIZATION OF THE ACTIVE MATERIAL
rastered over a surface area of 50800 um?. Positive sec-
ondary ions were collected from the central part of this ared": XPS measurements

(around 200um in diametey. The Si-implanted profile was obtained by the XPS analy-
Conventional transmission electron microscd@EM)  sis and compared with simulation IsRiM2000 (Fig. 1). The

in dark field was used to image the different multilayer struc-simulated profile was used to calibrate the energies and doses

ture using a Philips 200-kV microscope equipped with a Gaof the implantation. Some significant differences are ob-

tan 666 spectrometer. EFTEM was employed to monitor th&erved between simulation and measuremémjghe central

size distribution of nanocrystals and its evolution with theflat profile region is 300 nm wide in measurements while it

implanted dose. The observations were performed by meangas expected to be 400 nm according to calculati¢®sthe

of a field-emission 200-kV Jeol 2010F equipped with a Ga-measured profile shows broader tailsnainly beyond

tan image filte(GIF 2000 which adds energy-loss spectros- 350 nnj than the calculated one. This could affect modal

copy and filtered imaging capabilities. In order to enhanceonfinement in the waveguides. It is worth noticing that no

the nanocrystals contrast on the TEM image, we energetiariation in the excess silicon profile shape was observed by

cally filter the electron energy-loss spectroscofBELS increasing the implantation dose. Confirmation of the XPS

spectra, by using the GIF, around the Si plasnplaced at  profile comes from the SIMS measureméFig. 2).

17 eV), which is sufficiently separated from the Si@las- Let us evaluate the Si excess content in the implanted
mon (placed at 26 ey, region. The XPS measurements allow to determine the sto-
We have performed systematic luminescence measuréchiometric ratiox=[O]/[Si], where[O] and[Si] are the totall
ments in all samples by using a 60-mW He—Cd laser foratomic concentrations of oxygen and silicon in the layer.

ultraviolet excitation at 325 nm. The luminescent emissionFrom x and the stoichiometric formula SiQit is easy to
was analyzed in backscattering mode by a monochromataralculate the excess silicon contdi®ile,cess (1-X%/2)/(1
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 diodes(633 nm—few milliwatt,
780 nm—about 7 mWthrough a tapered fiber mounted on a
nanopositioning systertMelles—Griott nanomax-T)SA 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 objective{_40><) matched to a zoonfNavitar g 2. g profile of the 9.5% sample as measured by SIMS superimposed to
12x) mounted on a high-performance CCD cam@alstar  the TEM image of the corresponding region.
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TABLE I. Implanted Si excess and corresponding nanocrystal density and size.

Si nanocrystals

Si excess in the implanted layéat. %) size
Simulated Simulated
(with respect (with Density of
to the respectto  Simulated Mean Si

Sample unimplanted the implanted (including Determined value Dispersion nanocrystals
code targel targel swelling) by XPS (nm) (nm) (X108 cm3)

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

+X) [Si] (column 5 in Table ). For the three sets of samples, contribution coming from the silica substrate. In the as-
ion doses have been tailored to 10%, 15%, and 20% oimplanted sample$zero annealing time in Fig.)3the Ra-
6.66X 10?2 cm 3, the atomic concentration of Sjd@column  man spectrum is dominated by a bra@@-cni! bandwidth

2 in Table ). They correspond to 9%, 13%, and 16.7% Sistructure peaking at 480 ¢ which is a typical signature of
excess, respectively, if it is referred to the total atomic conthe transverse-optical mode of amorphous Si. It is quite sur-
centrations of oxygen and silicon once the layer has beeprising to find signal due to amorphous Si in the as-
implanted(column 3 in Table ). Thus these figures can be implanted samples. This suggests that most of the implanted
directly compared with the experimental results, and a slighsilicon is already in small amorphous clusters even in the
difference among the two sets of values can be observed ias-implanted state. The high local temperatures reached dur-
Table I. The agreement is improved once considering swelling the implantation and the enhanced diffusivity of Si and O
ing in the simulationcolumn 4 in Table ). Swelling appears due to radiation damage would favor such a situation. After
when implanting to high doses. In these conditions, a plastiannealing at 1100 °C for 20 min, the Raman spectrum
deformation of the oxide takes place to restore an almosthows a narrow asymmetric peak centred around 52%,cm
constant density of SiQ (independent of x) at indicating the phase separation and rapid crystallization of
equilibrium®?° The relative increase in volume is directly the amorphous Si clusters. Further annealing at the same
proportional to the introduced Si excess, with a proportiontemperaturgfor durations up to 8 hdoes not appreciably

ality factor equal toMg;/ (1/3Mgi+2/3Mg), whereMg; and
Mg are the atomic masses of Si and O, respectively.

B. Raman and absorption measurements

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,?* 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-

Additional information about the microstructure of the more, the integrated Raman signal due to Si-nc increases

layers has been obtained by means of Raman and Visiblgi, the jmplanted dose and this strongly supports the con-

absorption measurements on Si-nc samples prepared Qf|;sion that the overall excess Si has precipitated into the
transparent substratéused silica glasses Representative Si-nc (see Fig. % additional infrared experiments corrobo-
Raman spectra as a function of the annealing treatments 3f&ted that the matrix is stoichiometric Sio

shown in Fig. 3 for the highest Si excess sample. A careful Optical transmission measuremerigig. 5 show that

analysis of the Raman spectra involved the subtraction of thE’i) the energy onset of absorption increases as the Si excess
content in the sample decreas€®) the line shape of the

1100 °C ina absorption spectra is very similar for all the samples, once
annealing time
(min)
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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 beeRIG. 4. Optical-absorption cross section per Si atom for the three Si
vertically displaced for the sake of clarity. concentrations.
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FIG. 5. Raman spectra of the 8-h annealed samples for the three Si
concentrations.

rescaled to the implanted dose, a8 after the first 20

. . . FIG. 7. Statistical histograms of the nanocrystal size distributions as a func-
-min annealing the absorption spectrum does not change.

tion of the Si content, as obtained from the EFTEM measurements.

C. Transmission electron microscopy excesgand up to 4.6 nn{13% Si excess It is worth notic-
measurements ing that high-resolution TEM(HRTEM) image analysis

In Fig. 2 a typical TEM image is shown in dark field and yields lower values for the Si-nc size; values between 2.5
displays a uniform region with a high density of Si-nc which and 3 nm were obtained. ,
lies at about 50 nm from the surface and extends up to BY @ssuming a perfect phase separation between the ex-
around 300 nm in depth, right in correspondence to the flaf€SS Si and Sigand by combining the values of both the Si-
portion of the Si implantation as obtained from the SIMS EXCESS and average particle size, an egtlmatlon of the density
signal which has been superimposed in the same figure. Jut Sgnc_ can be performed. We obtain a density -o#
small variations in the thickness of the nanocrystal-rich layer< 10" Si-nc/cnf, independent on the Si excess value. The

have been observed in the wafers implanted to differenPPServation by the EFTEM imaging that the areal density of

doses. By varying the implanted dose a tuning in the averag@e nanoparticles is quite similar in all kinds of samples pro-

size and density of Si-nc is expected. The EFTEM analysi¥!des an additional support to this evaluation.
provides valuable information to this regard, allowing to _
buildup a statistical histogram of the nanocrystal size as & Luminescence measurements

function of the Si excess. Typical PL spectra are presented in Fig. 8, with an inset
_ Atypical EFTEM image is given in Fig. 6 for the sample gpowing the dependence of the integrated PL intensity with
with 9.5% of the Si excess. Repeated measurements for eaghy sj excess. The luminescence spectrum is dominated by a
Si excess allow to prepare a statistical histogram of the NanGsirong band due to Si-nc recombination at 800 nm and a
particle size, as reported in Fig. 7 for the various Si excess. Ayeak defect-related emission at 400 nm. Two results are very
systematic increase of the average size of the Si-nc with thgiaar from the data. the PL redshifts and the PL intensity
Si excess is observed, together with a rather small dispersiqfcrease with increasing the Si excess. The redshift of the
around the mean valué)(;S—C_).S nm typical The tyoplca_l maximum is consistent with the increase in the Si-nc size
sizes range from 3.6 nif¥% Si excessto 4.1 Nm(9.5% Si. measured by EFTEM, while the peak spectral positions are
in agreement with previous results from singlé-Bin im-
plants in thermal oxide¥: The increase in the PL intensity

T T
_8
3
&
4
= H
=3 -
s | g
_-?2 - = 8 10 12 ]
2 Atomic Si excess (%)
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FIG. 8. PL spectra measured for the three Si concentrations. The inset shows
FIG. 6. EFTEM image of the implanted region of the 9.5% sample.  the integrated photoluminescence as a function of the Si excess.
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o ' B ' T X 10 cm2 for the chosen processing conditions. Thus, for
. o Thermal oxide / E h | d . f al 100% in the |
% Fused silica ,’ the explored range, an increase of almost 100% in the ion
x18r —--Fit L, g dose does not imply a corresponding variation in the Si-ncs
-3 . density, which stays constant, but uniquely an overall in-
=17k 7 < . . T .
o Yo crease of the Si-ncs size. This finding may shed some light
B16- ® - on the studies of the kinetics of formation of Si-ncs in §iO
% -6/ an important field of research, still not fully exploréd:
11'5‘8,,-’ T The absorption cross section in the 3.5—64-eV spectral
1.4 . . \ . region scales with the implanted ion density. At these ener-
0 5 10 B2 gies, the available density of states is proportional to the

Si t. % . . -
| excess (at. %) number of Si atoms composing the nanopatrticle. Then, the

FIG. 9. Refractive index of the active layer as a function of the introducedpresented data allow the calculation of the absorption char-
Si excess. The values obtained fMines measurements at 632.8 nm have gcteristics in the blue-UV range for an arbitrary ensemble of
been interpolated by a polynomial fit. Si-ncs, once their dimension is known.

follows the variation of the absorption cross sectwnvith

the implanted dosésee Fig. 5, where- has been normalized

to the implanted doggit appears that the density of states

available for excitation at high energiébe blue-UV range  IV. WAVEGUIDE DESIGN AND FABRICATION
is proportional to the number of the introduced Si atoms an%_ Design

not to the density of Si nanocrystals.
Simulations were performed in order to determine the

o best combination of geometrical parameters for the design of
E. Refractive index measurements waveguides for the visible—near-infrared rangé 633 and

m-lines measurement yields the refractive index and the’80 Nm. Design has been done by using a photonics
effective thickness of the core layer in the waveguide struccomputer-aided desigCAD) tool for the simulation, the
ture. We found a thickness of 340 nm, a value independent dpode-solver softwargiMmwave 3.0 (Photon Design Ing,
the Si excess content. On the contrary, the refractive inde¥hich is a fully vectorial mode finder for waveguide struc-
values depend on the Si excess. Figure 9 reports the meH.res. All the simulations have been made for a signal wave-
sured values together with those for fused silisabstrate ~ '€ngth of 780 nm. As the waveguides were to be made on the
and the unimplanted thermal oxide. As expected within &2-5% Si excess sample, already discussed above, the active
simple effective-index model, the refractive index increasedayer was taken to be 340 nm thick, with a refractive index
with the Si excess. Such dependence of the refractive indeXf 1.61, as deduced by time-line measurements. A refractive
with the silicon excess has been corroborated by ellipsomindex of 1.45 and a thickness of 1.6n have been used for
etry measuremenigesults not shown The values obtained the SiG layers and for the bottom cladding.
here for the refractive index at 632 nm are about 7% higher ~ Two-dimensional(2D) waveguide structures are pre-
than those obtained by Chanwtal. for similar Si excess in ~ ferred with respect to one-dimensioriaD) slab waveguide,
sputtered sampléé.This difference can be accounted for by when new optical devices have to be tested. With this re-
the higher compactness of our samples. spect, it is important to verify that the processing to form 2D

In summary, the overall characterization of the activewaveguides does not degrade the optical quality of the wave-
layers allowed to determine important parameters for the inguide and, most important, does not introduce further losses,
terpretation of the losses in the waveguide structures. Moresuch as those due to sidewall scattering. A rib-loaded geom-
over, it has been possible to establish some new origintry was chosen due to the need for single mode behavior
results regarding ion-beam synthesis of Si-ncs in,S&  and large confinement factor, attainable with the resolution
summarized in the following. At the processed temperaturegf the available lithography. Given the large contrast be-
the whole implanted Si has been precipitated in the form ofween the refractive index of the active and the Si&@yers,
Si nanocrystals, with an average size ranging fromchannel waveguides would have needed a channel width
3.6 to 4.6 nm, depending on the ion dose. These values atewer than 2um wide in order to be monomode. This re-
systematically larger than the ones found in many early restriction is less tight for a single mode rib-loaded waveguide.
ports on the formation of Si-ncs by ion-beam synthé‘sﬁs, A set of rib widths from 2 to &m was considered in order
where the conventional TEM analysis was carried out. Sucho study the effect of mode size on the losses behavior.
a technique has been revealed to underestimate the Si grain Both effective refractive index(nrg=1.52 and npy
size, as pointed out in Ref. 6 for the Si-nc rich Si@yers =1.51 at 780 nmand filling factors(66% and 62% for TE
grown by chemical-vapor deposition. Similar to our findings,and TM fundamental modes at 780 hrslightly increase
it is interesting to note how these authors stress the impomith increasing the rib width. This is due to the chosen ge-
tance to establish quite firmly the crystalline/amorphous rati@mmetry which confines light underneath the rib. The wave-
of the nanoprecipitated for a chosen annealing regime. guide becomes multimode for a rib width larger thaph.

The density of Si particles has been found completelyFigure 10 shows the profile of the fundamental TE mode in
independent on the introduced excess, laying close to the 4.um-wide rib-loaded waveguide.
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4 6
Length {mm)

[pm]
~

- 0 2
m
: : : = FIG. 12. Top-view image of the light scattered along the waveguide for an
8-um-wide rib.
FIG. 10. Intensity plot profile of the fundamental optical mode of am-
width rib loaded simulateda) and measured by a beam analy@er

dependence, independently on the evaluation of coupling
B. Fabrication losses. Fo_r a discussion and vali_dation of the method_ see
Ref. 23. Figure 12 shows a top view of the scattered light

A 1-um-thick plasma-enhanced chemical-vapor deposifrom an 8um-wide rib and 0.95-cm-long waveguide. One
tion (PECVD) SiO, layer was deposited over the 4-in. wafer can appreciate the good lateral confinement of the mode that
with the 9.5% Si excess. A 0.4m-thick rib structure was propagates in the waveguide. Figure 13 shows the scattered
then formed by using standard photolithography and reactivgght intensity versus waveguide length, as obtained by the
ion etching. The mask used in the photolithographic procesgnage analysis, and the typical quality of the exponential
was patterned with 1-cfnsquares, each containing eight decay fit to extract propagation losses at 780 nm. The con-
groups of 2—8um-wide waveguides, 24Qm apart to as- tripution of the scattered light of the first 1—2 mm from the
sure proper mode isolation. The squares were subsequenifyput facet is not considered in the data analysis in order to
cut by a dicing saw to a length of 0.95 cm. In Fig. 11 theimprove the signal-to-noise ratio. Averaging of multiple mea-
resulting structure of staking layers is illustrated. surements on several waveguides with the same width was

To test the process results, room-temperature air atomigone. The propagation loss coefficients for the different rib
force microscopyAFM) images were performed by using an widths are reported in Table II for two light wavelengths, 633
NT-MDT microscope. From cross-section image analysiSgnd 780 nm.
the mean rib height was 670+50 nm and rib widths were  The insertion losses technique is based on the measure-
2.45, 4.45, 6.6, and 8.4+0.Qam for the nominal 2, 4, 6, ment of the power transmitted from the waveguide output
and 8um, respectively. Some structures around the wall offacet as a function of input signal power. This technique can
the rib have been observed and they can be attributed to |5 useful in order to estimate the propagation losses through
nonperfect etching process. Moreover, the AFM imageshe waveguide, once coupling losses have been estimated.
show that the profile is not sharp and the shape of the wall§he losses through the optical collection system have been

is trapezoidal for all rib widths. determined by measuring the transmitted power of the ta-
pered fiber in front of the collecting microscope objective; a
V. LOSS MEASUREMENTS AND DISCUSSION value of 5 dB was found. The coupling losses are due to

several effects. Not perfect coupling between tapered fiber
Efficient propagation of light was observed at 780 nm byand input facet accounts for about 3 ¢B0-um separation
top and front views for all the waveguides. Coupling in light errorg plus 2 dB(1 um or 1 deg of misalignment errors
has been easily achieved because of the good quality of tiBy considering a Gaussian input laser beam, the difference
polished edges and the homogeneity of the sample, whichbetween the tapered fiber’s spot siabout 5um) and wave-
resulted in efficient propagation of light in different parts of guide dimensiong350 nm thick and width ranging from
the sample. 2.4 to 8.4um) accounts for about 12 dB for the core thick-
Propagation losses measurements have been performadss and 1-5 dB for rib width ranging from 6 to 2uin.
by looking at the surface scattered light intensity and byNo losses due to the different numerical apert(M&\) are
insertion loss measurements. The decrease of the scattergésent because the NA of the waveguide is larger than that
light intensity along the waveguide can be related to the
propagation losses by simply fitting an exponential decay

v L] v | 1 | v
20
Unetched clad- ;
ding layer 0.3 um & 151
(SiO,) 2
K]
0.35 um &
% <= 10}k .
Si-nc layer “p === £ o Experimental data
1.6 um Si021 Exponential decay fit
buffer B 1 1 1 L. 1

02 03 04 05 06 07 08
Length {cm)

Si substrateZ

FIG. 11. Schematic picture of a channel waveguide showing the stack of thEIG. 13. Scattered light intensity at 780 nm along the waveguide for an 8
different layers with their composition and typical dimensions. -um-wide rib.
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TABLE II. Rib widths and propagation losses.

Propagation loss coefficient Propagation loss coefficient
(dB/cm) (dB/cm)
Rib width (xm) as obtained by light scattering 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

of the input fiber. Therefore, a conservative estimate of théabout 2.5 cm') of propagation losses is quite good consid-
coupling losses is about 17 dB for the largest rib waveguidesring the mode confinement. No direct comparison with
(8.4 um), which increases up to 23 dB for the smallestsimilar measurements on 2D waveguides is possible, as most
(2.4 um) waveguide measured. An experimental estimate obf the results reported in the literature refer to pla(feb)
about 15 dB has been obtained by comparison with similawaveguides. Due to a renewed interest in this kind of
samples for which it was possible to determine the propagawaveguides for optical amplification experiments, in the lit-
tion losses by the cut-back technique and, hence, to deduezature several measurements of losses have been recently
the coupling losse¥® reported based on the so-called shift-excitation-S#9
Propagation losses coefficients have been obtained bygchnique, the detection of the attenuation of the spontaneous
subtracting coupling from insertion losses and are reported iemission as a function of the distance from the recording
Table Il for light at 633 and 780 nm. It is worth noting that point. Optical losses of 15—20 ¢mhave been reported in
the two independent techniques give the samighin the  porous silicon grains embedded in sol-gel derived ,SiO
error bay loss coefficients, thus demonstrating the reliability matrix 2 while values of 30—40 ciit have been reported for
of both experimental procedures. Furthermore, no significangi-nc?>?° Lower valuegabout 2.6 critt) have been reported
differences in the propagation loss coefficient have beefor thick slab waveguides at 780 nm by means of shift-
found by changing the wavelength of the input light from excitation-spot techniqu¥. In the same paper, losses of
633 to 780 nm. This is expected since no significant differ-about 0.9 cr' have been found for longer propagation
ence in modal confinement was observed in the waveguidgavelengths(1000 nm) where Rayleigh scattering is de-
simulations. We also tried coupling in light at wavelengths ofcreased according to the well-known)\t/law. Let us note
1310 and 1500 nm but no guided modes were observed, ifhat the reliability of the SES technique to measure low-loss
accordance with the simulations, where no confined mod@alues is quite limited due to inherent difficulties of the tech-
was observed at 1310 nm or longer wavelengths. nique. What is important to remark here is that the process-
A summary of the loss data is reported in Fig. 14. It ising to fabricate 2D waveguides does not degrade the optical
worth nOtiCing that the loss coefficient is mainly Constantproperties of the WaveguideS, since the propagation loss val-
(about 11 dB/cmfor rib widths down to 4um, while fora  yes found in this work compare among the best results ever
value of 2.4um an increase up to about 20 dB/cm is ob-reported for this kind of waveguide.
served. This can be explained mainly by considering that for | eakage losses towards the Si substrate can be ruled out
small widths the rib sidewall scattering increases and thgecause of the thick bottom cladding lay&ré xm). In fact,
modal confinement becomes poorer. By the loss differencgg |ight at the output facet has been observed from the sub-
between large and small waveguides we estimated this CORyrate, in accordance with the simulations which show that
tribution to be about 8 dB/cm. _ 1 um is sufficient to avoid leakage losses. Scattering losses
Let us discuss the value of 11-dB/cm propagation lossege to the composite nature of the core layer have been cal-
we found for large waveguides. This value of 11 dB/cmcyjated by Mie theory and result in about 2 dB/cm at
633 nm and 1 dB/cm at 780 n?ﬁ.Scattering losses depend

24 7 ' s =780nm ] on the density and size of the Si nanocrystals. Scattering
20| é v 4=633nm i losses due to i_nterface. roughnesses are not copsidered be-
cause of the high quality of the core and cladding layers,

-
(2]
T
1

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

9

a

L
a

Propagation losses (dB/cm)

8r 1 the absorption cross section for Si-n6gpe= aywg/N~5
4|  Mie scattering 1 X 10719 cn?, whereay,g are the absorption losses aNdis
ToTTeme ST T T the density of Si-nc. This value far,,sis compatible with

2 4 6 8 other reported dat® If for the stimulated emission cross

Rib width (um) section a value of about2107%7 cn? is assumed® we can

FIG. 14. Variation of the propagation losses with rib width at 633 and 96t an estimate of the gain Cf)eﬁiCiem in these \{VaVegUiqu,
780 nm. attainable when the system is pumped with suitable high-
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