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Absorption cross section and signal enhancement in Er-doped Si
nanocluster rib-loaded waveguides
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Pump and probe experiments on®*Eions coupled to Si nanoclusters have been performed in
rib-loaded waveguides to investigate optical amplification atuird Rib-loaded waveguides were
obtained by photolithographic and reactive ion etching of Er-doped silica layers containing Si
nanoclusters grown by reactive sputtering. Insertion losses measurements in the infrared erbium
absorption region allowed to gauge an*Eabsorption cross section of aboutk8072 cn? at

1534 nm. Signal transmission under optical pumping at 1310 nm shows confined carrier absorption
of the Si nanoclusters. Amplification experiments at 1535 nm evidence two pump power regimes:
Losses due to confined carrier absorption in the Si nanoclusters at low pump powers and signal
enhancement at high pump powers. For strong optical pumping, signal enhancement of about
1.2 dB/cm was obtained. @005 American Institute of PhysidDOI: 10.1063/1.195711]2

To develop on-chip optical amplifier, Erdoped planar heated. More details on the process have been given
glass optical amplifier operating at L.Bn are actively elsewheré?® After the deposition of a 0.7pm thick
looked for. Compact amplifiers at 1535 nm with a gain valueEr/Si-nc rich layer, a Jum thick SiG, cladding layer was
of about 2—4 dB/cm have been demonstrdtétHowever, deposited by sputtering a Sj@arget in a pure argon plasma.
these systems have both an intrinsic limit, e.g., cooperativ@hen, the samples were annealed for 1 h at 900 °C under a
upconversion and excited state absorption, and extrinsipure N, flux to activate E¥*, form Si nanoclusters, and maxi-
limit, e.g., the need for expensive 980 nm or 1480 nm pumpnize the energy transfer from the Si-nc to*Eions. By the
lasers. The use of suitable ¥t rsensitizers could overcome use of secondary ion mass spectroscts) and Ruther-
these limitations. Si nanocluster$Si-ng in SiO, are good ford backscattering spectroscoffRBS), a Si excess of
candidatebbecause of their broad and continuous absorptiorY at. % and an Er concentratiofg,~4x 107 cm3 (
band in the visible and of the possibility of electrical ~0.5 at. %9 were found. A refractive index of 1.531 at
excitation® Excitation is transferred from the Si-nc to the 1553 nm was determined by-line measurements. Optical
Er* ions via a fast(~1 us), very efficient(>70%), and  lithography and reactive ion etching have been used to define
with a large excitation cross secti¢r101® cn? at 488 nmy  rib-loaded waveguides with rib widths between 2 angré
process“. (optical confinement factdr ~ 0.55. 3 cm long waveguides

Encouraging results on E¥Si-nc coupled waveguides were used for measurements.
have been published. A large internal gain by light emitting  Light from a tuneable lasef1.5—-1.6um) or a diode
diode pumping and an unexpectedly high emission cross seaser(1.31 um) was coupled into the waveguide through a
tion for ER* (0em~2x 1071 cn? at 1535 nmwere found?  single-mode polarization-preserving tapered fiber moved by
Another work reported on an enhanced absorption cross seg- piezoelectric stage. The light exiting the end facet of the
tion oaps~ 8 1072% cn? at 1535 nl. Thus, in this letter, we  waveguide was observed through a prism beam splitter with
address the problem of light amplification in Er-doped silicaa microscope objectivé40x) matched both to a zoom
rib-loaded waveguides containing Si-nc with the aim t0(2_12x), mounted on an InGaAs camera and to a calibrated
check these cross section values. Ge detector. For signal amplification measurements, the op-

Er** and Si-nc rich waveguides have been prepared bYical pumping was supplied by an Ar las@88 nm, up to a
reactive magnetron co-8sg)uttering of a pure silica targebOWer of 2.4 W, focused on the waveguide surface into a
topped with EjO4 pellets™” The incorporation of Si excess stripe 10.m wide and 0.9 cm long by means of a cylindrical
in the film was obtained by mixing the plasma with hydro- |eng. The alignment of the pump with the rib-loaded wave-
gen, owing fo its ability to reduce the oxygen provided by gige was checked by two cameras for side and top obser-
the silica target” The hydrogen ratémixed to argohwas  yations. Note that only the last 0.9 cm of the 3 cm long rib
kept to 60% while the Si substrates, on which aut@ ther- waveguide was pumped. The probe signal was chopped
mal SiO, layer was previously grown, were not intentionally (10 kHz,0.2 mW and detected through a lock in to clean
the amplified spontaneous emission from the signal. Propa-
¥Electronic mail: daldosso@science.unitn.it gation lossed ayqp) have been determined from insertion
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TABLE |. Propagation losses coefficients for 6 anguB wide rib-loaded T T T
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losses measurements once the coupling losses have been ¢ %5
timated(about 10 dB both by calculations and by compari- 13 -
son with similar waveguides in which propagation losses et 100 10 1

have been measured independettly.

In Table I, app, for unpolarized light at different wave-
lengths are shown. No significant differences for the transgig. 2. Luminescence intensity at 1535 nm as a function of the photon flux
verse electric and transverse magnetic modes have been dbr- resonant (488 nm) and nonresonant{476 nn) excitations. Room-
served. The difference betweep,,,at 1534 and 1600 nm is temperature measurements.
due to the different strength of the¥mbsorptionag, and to
the wavelength dependence of scattering losses. By assum-10?° photons/s cfy emission for resonant pumping is
ing a negligibleag, at 1600 nm and a smooth variation of the |arger than for nonresonant pumping due to a saturation of
Rayleigh scattering loss in the 1500—1600 nm wavelengtihe Si-nc excitatiort® Direct excitation of E¥* becomes
region, we can subtract from,,, the scattering losses and, more efficient than indirect excitation through the Si-nc,
thus, estimaterg,. In Fig. 1 (dotted ling ag, is reported and  probably because not all of the active Er ions are coupled to
compared to the luminescence spectru,=I'o,pNg, iS  the Si-nc. Nod-dependence of the Eremission decay time
about 4.8 dB/cm at 1534 nm, which corresponds to a peak~3.9 mg has been observéf‘j,suggesting that both Auger
oaps™~ 52X 1072 cn?. Note that here we have assumed thatcooperative Er upconversion and excited state absorption are
all the Er is optically active. This value coincides with that of negligible. It is worth noting that the linear increase of the
Er3*in pure silicd® and contrasts to that measured in Ref. 7.p| intensity as a function of the 488 nm pump power sug-
lon implantation, a larger Si exce¢$3 at. %9, a smallerl’  gests that the population of Erexcited state is increasing
factor and a higher annealing temperature were used in Rejith the photon flux.

7. Amplification measurements are reported in Fig. 3. The

The Si-nc acted as Ersensitizers in our waveguides as transmitted signal intensity under optical pumpn%gnp can
evidenced in Ref. 9, where an¥rexcitation cross sections pe approximated bYpm,= probeexn:z(rgemN:Er)L]v where
Texc~5X 101 c? at 457 nm was measured at low photon| is the transmitted signal intensity without optical pump-
flux (&~ 10°~10" photon/s crf). This is also shown in ing N is the density of excited Ef, andL is the length of
Fig. 2, where the Bf emission intensity as a function df
for both resonant(488 nm and nonresonani{476 nm

pumping is reported. Fop< 10 photons/s crfy resonant
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FIG. 3. SE at 1534 nntdisks and at 1310 nntfilled squaresas a function
FIG. 1. Emission(full line) and absorptioridotted ling spectra of Er-doped  of the 488 nm photon flux. Empty squares and triangles refer to the contri-
Si nanoclusters waveguide. The emission spectrum is obtained with an exution to SE at 1534 nm due to confined carrier absorption afitlaEnpli-
citation wavelength of 365 nm and excitation power of 90 mW, lumines-fication, respectively. The inset reports a blow-up of the SE at 1534 nm for
cence is collected from the waveguide facet. The absorption spectrum ighoton flux of 18°~10* photons/s crh(the lines act as guides for the eyes
obtained by measuring the insertion losses as a function of the wavelengtand for two different pump wavelength&t88 nm disks and 532 nm

Room-temperature measurements. triangles.
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the optically pumped region of the waveguide; hence, thelain the highg. From the data, an enhanceg.,,~2
signal enhancement SEg,/lyobe At 1310 nm, where X107 cn? at 1535 nm was deduced, which is surprising.
Er¥* is not active, SE decreases with increasihg(filled In fact, theo,, is proportional to the inverse of the radiative
squares in Fig. B We attribute the SE decrease to absorptioniifetime 7,4 0f Er¥*: An increase ofr.,, should correspond to
of the signal light by excited carriers confined within the a decrease of.,4 This was not observed and a luminescence
Si-ncX® By considering as carrier absorption cross sectiordecay time of about 8 ms was reported in Ref. 6.

that of bulk Si(about 7<107® cn? at 1.5um),*® the data In conclusion, at high photon fluxes, a sizeable signal
can be adequately fitted. Two trends are clear in thenhancement in Ef coupled to Si-nc waveguides was ob-
®-dependence of SE at 1534 ridisks in Fig. 3. Forlow®  served. This effect was not coupled to an enhancement in the
(i.e., ®<4X10% photons/s crf), a behavior similar to the Er3* apsorption cross section, and was strongly limited by
one observed at 1310 nm is measufsee inset in Fig. B confined carrier absorption. Further optimization of the num-

ie., confir_wed carrier absorption_dominates. Note tha_lt the datger of active Er ions coupled to each Si-nc can lead to larger
reported in Ref. 7 refers to this low pumping regime. Forsjgnal enhancement.

higher ®, signal enhancement of about 1.06 is observed for

® ~ 6 X 10?! photons/s crh SE>1 has been observed only The authors thank E. Chierici and E. Emelli for wave-

in the 1530-1540 nm range. Note that when the pump waveguide processing and characterization, and C. Sada for the

length is 532 nm, we do not measure any @Ee inset in RBS and SIMS measurements. This work was supported by

Fig. 3. EC (SINERGIA projec}. One of the authoréM.C.) thanks
The data reported in the inset of Fig. 3, where a region othe Region Basse Normandie for financial support. Trento

negative SE is observed, show that the two proceSiesc  was also supported by PAT through the PROFILL project and

confined carrier absorption and3Etrelated signal enhance- by FIRB project.
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