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Silica—titania planar waveguides of different thicknesses and compositions have been produced by
radio-frequency sputtering and dip coating on silica substrates. Waveguides were also produced by
silver exchange on a soda-lime silicate glass substrate. Brillouin scattering of the samples has been
studied by coupling the exciting laser beam with a prism to different transverse-e(@&jimodes

of the waveguides, and collecting the scattered light from the front surface. In multimode
waveguides, the spectra depend on tinenode of excitation. For waveguides with a step index
profile, two main peaks due to longitudinal phonons are present, apart from the case ofythe TE
excitation, where a single peak is observed. The energy separation between the two peaks increases
with the mode index. In graded-index waveguides;-1 peaks of comparable intensities are
observed. The spectra are reproduced very well by a model which considers the space distribution
of the exciting field in the mode, a simple space dependence of the elasto-optic coefficients, through
the value of the refraction index, and neglects the refraction of phonons. A single-fit parameter, i.e.,
the longitudinal sound velocity, is used to calculate as many spectra as is the number of modes in
the waveguide. ©2003 American Institute of Physic§DOI: 10.1063/1.1607520

I. INTRODUCTION mode dependent: Two main peaks are produced by the lon-
gitudinal phonons and two by the transverse phonons, apart
Brillouin scattering, by excitation with visible light, is a from the case of the TEexcitation, which produces a single
powerful nondestructive technique for the measure of thgyeak!! This is because Brillouin scattering depends on the
sound velocity in bulk transparent glassesurface Brillouin  scattering angle and the light propagates in the waveguide at
scattering is extensively used in strongly absorbing materialgifferent angles for different modes, with a zig-zag path in a
or in thin films which cannot propagate the light.In this  ray-tracing approach. A model for the calculation of the BS
case, surface phonons, propagating along the plane and ex- a waveguide, valid for any refractive index profile, has
ponentially decaying along the direction perpendicular to theyeen proposed in Ref. 12. This model makes provision for a
Surface, are active in the inelastic Scattering. In planaﬁch phenomeno'ogy of line Shapes in the case of graded_
waveguides, Brillouin scattering by bulk phonons can bepgex waveguides.
measured by coupling the exciting laser line to a transverse-  The main aim of this article is to test this model on some
electric(TE) or transverse-magnetigM) mode of the guide \yavequides of different thicknesses and compositions, ho-
by a prism?~* The shape of the Brillouin specti®S) is mogeneous or graded-index, produced by rf sputtering, sol
gel, and ion mixing. The waveguides were characterized by
dElectronic mail: montagna@science.unitn. it scanning electron microscopySEM), Rutherford back-
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scattering(RBS), m-line technique, loss measurements, andwaveguides were submitted to a further heat treatment at
Raman scattering. It is shown that a fit of the BS with the1000 °C with a heating rate from 600 to 1000 °C of 20 °C/
model of Ref. 12 allows the sound velocity of the waveguidemin.

to be measured with a good accuracy. This is an important Waveguides were also produced by silver exchange on a
characterization of a waveguide, as a preliminary step to opsoda-lime silicate glass substrate. Samples were obtained by
timizing the fabrication process in view of integrated opticsmelting, at 1400 °C, the base oxides with different weight
applications:®>~°In fact, the measure of the sound velocity, concentrations; the glass used for the fabrication of the IEW1
together with that of the refractive index, can give informa-waveguide had the composition 68.8 $i2.0 ALO5;—1.0

tion on possible porosity or nonstoichiometry of the wave-P,0O5—14.8 NgO-1.0 K0-9.4 CaO-3.0 EO;. The
guide. For instance, a residual small porosity, frequentlyglasses were cut in 3525x1 mn? plates. The planar
present in sol—gel produced glasses, may strongly affect th@aveguides were obtained by immersing the plates for dif-
sound velocity®!” more than the refractive index. This is ferent times, of the order of 1 h, in a molten salt containing
due to the fact that the mismatch of the refractive index i90.5 AgNGO; and 99.5 NaN@ mol % at 325 °C, in order to
lower than that of the elastic constant, since the light propaproduce waveguides of different thicknesses.

gates in the pores volume, whereas the acoustic waves can-

not. B. Sample characterization

SEM was used to analyze the morphology of both the
Il. EXPERIMENT substrates and the waveguiding films. The surface of the
A. Sample preparation films was analyzed by a JEOL-JSM 6300 apparatus at 15 kV

- o ) . by covering the films with a 20 nm gold layer. Energy dis-
S|.I|ca—t|tan|a. fllm§ were deposited by a rf sp.u'tterln.g persive spectrometryEDS) was performed in order to
technique, described in Ref. 18_. Two samples, a silica slicg pieve a compositional analysis, by using a Noran Instru-
(25x70 mnt) and a silicon slice, were coupled on the e mod. Voyager apparatus. In order to obtain more ac-
sample holder: The films deposited on silicon were used fOgrate values for the concentration of the different atomic
performing SEM and RBS measurements. The as-preparegecies, some samples were analyzed by RBS. RBS analyses
films on the silica substrate did not propagate the light beyq e performed at INFN National Labs of LegnaRadova

cause of nonstoichiometric structure of Si@ith x<2, and using a 2.2 MeV*He* beam at normal incidence; scattered
thermal annealing in air for 6 h at 600 °C was necessary t‘barticles were detected at an angle of 160°. ’

achieve light propagation. The axis of circular symmetry of g refractive index and the thickness of the waveguides
the sputtering apparatus was at the middle point of the 1o0N¢,are measured for both TE and TM polarization by an

side border between the silica and silicon substrates. Due @, |ine apparatugMetricon mod. 201pbased on the prism
the geometry of the plasma generated by circular magnetror_&oup”ng technique. We used a gadolinium gallium garnet

the thickness of the deposited films decreases from the aX[Srism with a refractive index 1.9644 at 632.8 nm. The appa-

toward the borders of the sample holder. This effect is eviia,s was equipped with a Si detector to collect the visible

denced by the appearance of circular interference fringes Ofyht. Two He—Ne lasers, operating at 632.8 and 543.5 nm
the films. For instance, the thickness of sample RFSWlyare employed. The resolution in the determination of the
measured by anline technique, decreases from about 2.8,41e5 synchronous to the propagation modes was 0.0075°.
xm 10 2.65um going from near one border side of the slice |, orger to measure propagation losses, the light inten-
to the other one, along a 15 mm length. sity scattered out of the waveguide plane, which is propor-

The sample RFSWl(’J “ég‘fg for photonics applications;qng) 1o the guided intensity, was recorded by a video cam-
was activated with 1 mol % Ef-"The sample RFSW2 was g5 The |osses were evaluated by fitting the intensity to an

produced with a higher erbium content. Due to an inh0MO,onential decay function, assuming a homogeneous distri-

geneous concentration of erbium caused by a progressivgion of the scattering centers in the fifhThe measure-

increase of the sputtering efficiency of the erbium wire, \ents were performed by exciting the transverse electric TE
which was initially oxidized, a graded-index waveguide wWasyqde of the waveguide with a He—Ne laser operating at
produced. This effect was negligible for the RFSW1 wave-g35 g ym.

guide, having a lower erbium content.

Silica—titania sol—gel samples were deposited by a dip- L ,
coating technique, described in Ref. 20. The graded-indeg' Brillouin scattering
SiO,—TiO, planar waveguidéSGW1) was obtained by sub- BS spectra were measured by using ari Aaser, oper-
sequently depositing 35 layers of 8% Ti02% SiQ com-  ating at a power of about 250 mW on a single mode of the
position, 25 layers of 16% Ti&-84% SiQ, and finally 23  514.5 nm line, coupled to a TEmode of the waveguide by
layers of 24% TiQ—76% SiQ composition, on a silica sub- a prism. The scattered light was collected from the front
strate (725X 1 mnt). In parallel, three single-layered surface in a direction nearly perpendicular to the planar
planar waveguidegR1, R2, and RBwere also produced, for waveguide. A He—Ne laser, coaxial with the detection axis
reference, with the same composition and experimental praallowed the actual orientation of the waveguide to be mea-
cedure. After each dip, the films were annealed in air asured, because the orientation changed with the mode index
900 °C for 30 s. After every ten dipping cycles, the films m. A SOPRA double monochromator with gratings operating
were heat treated at 900°C for 2 min. Finally, theat the 11th order was employed. This slits were placed in
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order to have a typical frequency resolution of 0.03—0.06
cm L. Some BS were measured by means of a Sandercock- TE
type (3+3)-pass tandem Fabry—Perot interferometer char-
acterized by a finesse approximately 100 and a contrast ratio
greater than % 10%.3 A single-mode diode pumped solid-
state laser operating at 532 nm was used with a power of
about 250 mW. The instrumental resolution function was es-
timated by the half width at half maximum of the elastic
peak and it proved to be around 0.013¢m

The low resolution of the Sopra apparatus was sufficient,
except for the case of the spectra of the RFS2 waveguide. In
this case, the use of the higher-resolution Fabry—Perot appa-
ratus was really crucial to detect the structured BS.

Brillouin intensity (counts)

Ill. RESULTS AND DISCUSSION

A. Homogeneous waveguides

The refractive index profile of the RFSW1 planar wave- ] PP S S S—
guide, reconstructed from the effective indices at 543.5 nm 1.0 05 0.0 05 10
by an inverse Wentzel—Kramer—BrillouiitVKB) method?? Frequency shift (cm™)
is similar for TE and TM polarizations, indicating that the ) ) )
birefringence in this waveguide is negligible. The refractive'C; 1- BS of the RFSW1 waveguide, excited at 514.5 nm in the foyy TE
. ) ; . . . modes. The scattering from transverse and longitudinal phonons appears in
index along the thickness is sufficiently uniform, indicating ahe spectral regions at about 0.5 em and 0.8 cm-1, respectively. The
good homogeneity of the film. In fact, the six effective indi- elastic peak of the TEspectrum, reduced in intensity by a factor of about
ces, for the three TE and three TM modes, are reproducetf’, shows the frequency resolutic.055 cm-1) of the measure. The
within a An<0.001 by a single-step profile Willhb= 1.493 gg;t;dralmes are an estimation of the elastic tail, to be subtracted from the
and thicknes$=2.8 um. These data were obtained by cou- '
pling the waveguide in a region near the maximum thickness
(the center of the circular fringgsThe further the coupling
from this region, the lower the effective indices. All data aremm of the guided light, seen by the collection optics of the
consistent with a constant refractive index of the fip ~ Raman or Brillouin spectrometers.
=1.493 and with a thickness which decreases by about 5% Figure 1 shows the BS of the RFSW1 waveguide, ex-
(from t=2.80um tot=2.65um) at 1.5 cm from the center cited in the four Tk, modes. Two well defined peaks at
of the rings. At 514.5 nm, a fourth mode appears in TEabout 0.5 cm' and 0.8 cm* appear in the TEspectra, due
polarization(not in TM), but this occurs only in the region to the scattering from transverse and longitudinal phonons,
where the thickness is greater than about2n7. To calcu- respectively. They are relatively well resolved from the tails
late the electric-field patterns of the modes, we need the resf the elastic scattering both in the Stokes and in the anti-
fractive index at 514.5 nm; the wavelength used in Brillouin Stokes parts of the spectrum. The elastic peak, reduced in
spectroscopy. The valuey(514.5 nm)=1.4975 is obtained intensity by a factor of about #0is also reported in order to
by extrapolation from the datay(543.5nm)=1.493 and show the frequency resolution of the measurdv(
Ng(632.8 nm)=1.489. Since the dispersion curves of mixed =0.055 cm 1), The width of Brillouin peaks is larger than
SiO,—TiO, systems are not available, the extrapolation prothe frequency resolution of the apparatus.
cedure could be affected by a serious error. The two weak peaks centered at about 0.6 tiand at

EDS measurements on the film deposited on silicon subt.0 cm! are spurious and their intensity depends on the
strate, reference of the RFSW1 waveguide, give a 92%juality of the prism waveguide coupling. They are due to
SiO—7% TiO,—1% ErG,; composition, with 10% esti- substrate modes produced by light scattered at the prism
mated error. The measured refractive index of the wavewaveguide coupling region: They dominate the spectra ob-
guide, at 632.8 nm, is reproduced very well by the Lorentz—tained by detuning the waveguide from the guiding angle on
Lorenz equation for this composition, usimg=1.457 and both sides, when the waveguide is not excited and a quite
n=2.385 for the refractive index of SiCand TiO,, respec- weak intensity enters into the substrate. These two spurious
tively. This indicates that the film has no important residualpeaks are present in all spectra, but their intensity is usually
porosity. weak and they are often confused in the background.

An attenuation coefficient of 0.2 dB/cm is measured at  For TE; excitation, the longitudinal and the transverse
632.8 nm for the Tk mode of the RFSW1 waveguide. The peaks split into two components, even if the splitting of the
main source of losses in this kind of waveguide is the surfacéransverse peak is not really well resolved. The splitting in-
roughnes$® By SEM measurements, no surface structure iscreases as the modal number increases. The origin of this
evidenced. The losses are low also at 514.5 nm, so that gplitting, discussed in detail in Ref. 12, is easily explained by
nearly constant excitation is present along the path of about & simple ray-tracing approach, which considers that scatter-
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where n(X) is the refractive index at a deptk from the

surface of the film. For the waveguide under studgX)
=1.4975 forX<2.75um andn(X)=1.4617, the value of
the silica substrate, fok>2.75um. The convolution of the
calculated spectra with the spectral response of the apparatus
is also shown, in order to allow a direct comparison with the
experimental spectra. The calculated spectra were stretched
in both directions: On the intensity scale, as usual, but also
on the frequency scale. This corresponds to adjusting the
sound velocities to fit the frequencies of the peaks. In this
way, the values of the longitudinal and transverse sound ve-
locities are obtained from each spectrum. The model repro-
duces very well the Tgand TE spectra while the agree-
, S ment, in the case of the TEpectrum, is not as close. The
TE ¢ TE; spectrum shows three peaks. The position of the central
3 B , 2 peak is not reproduced by the model. This point will be
N discussed later.
Within the uncertainty due to the limited reproducibility
o of the peak frequencies, the value of the sound velocities are
the same for alm, v, =(5.88+0.06) km/s, andb+=(3.63
+0.05) km/s.
FIG. 2. Left-hand side column: Calculated squared electric-field patterns of A detailed analysis of the four experimental spectra of
the A =514.5 nm TE, excitations as a function of the depth in the RFSW1 Fig. 2 shows that the center of mass of both the longitudinal
waveguide. The vertical bar indicate_s the position qf th_e film—substrate i”and transverse contributions shifts slightly toward lower fre-
terface. The percentage of the laser intensity traveling in the evanescent tail . . .
of the substrate is indicated. Right-hand side column: BS in the frequencﬂu?nc{es as_t-he mode mdexmcreases. In fact, th? Wav_e'
region of the longitudinal phonons after subtraction of the elastic tail and ofguide is positioned nearly perpendicular to the axis of light
the estimated transverse contribution and averaging the Stokes and antletection and turned at different angles in order to couple the
Stokes spectréopen circlefs spectra calculated by the modefl Ref. 12 gy citing laser beam to the four modes. Therefore, the scat-
(dotted ling with v, =5.88 ki/s for T excitation,v, =5.90 kmis (TR). o0 jight is not really collected exactly at 90° degrees, but
v, =5.86 km/s (Tk), andv_ =5.90 km/s (TE); convolution of the calcu- o !
lated spectra with the instrumental resporfsaid line). at angles between 91° for the a—EXCﬂatlon and 88.5° for
TE; excitation. Of course, the calculated spectra take into
account the actual orientation of the waveguide.
ing occurs at two different exchangedvalues, correspond- As shown on the left-hand side of Fig. 2, the three,TE
ing to the two directions of propagation of the laser beam irmodes withm=2 are very well confined in the waveguide,
its zig-zag path within the waveguidéThe interference of but this is not the case for the FHEnode which extends
the two scattered fields causes the appearance of a singleeply into the substrate with an important evanescent tail.
peak in the case of TEexcitation. Therefore, them=<2 BS gain intensity only on the guiding
For m=2,3, this splitting is large enough to cause a par-film and indeed give the right information on their elastic
tial superimposition of the longitudinal and transverse partgproperties. On the contrary, the JBpectrum has an impor-
of the spectrum; furthermore, the low-energy part of thetant contribution deriving from the silica substrate. In this
transverse contribution is no longer well resolved from thecase, the measured sound velocities are effective values, with
elastic tail. The dotted lines in Fig. 1 are an estimation of thigdifferent weights from the substrate and the film. This is
tail, to be subtracted from the spectra. After this subtractionbetter clarified in Fig. 3 by the comparison of the;Idpectra
the anti-Stokes and Stokes spectra are compared to chetdken by coupling the prism to different regions of the
intensities and frequency position of the peaks. The intensiwaveguides, corresponding to different values of thickiness
ties should be the same, since the Bose fao{es,T), at In each measurement, the excited volume had a nearly
room temperature and fap<1 cm !, is much larger than equivalent thickness, because the waveguide was oriented on
1.0. The peak positions, after the corrections for the nonlinthe coupling prism in order to have the laser beam tangent to
ear scan of the apparatus, are reproduced, from scan to scdhe interference rings produced by the thickness gradient. A
within 0.01 cmi L. This limits the accuracy of the measure of small change in the thickness has dramatic effects on the
the longitudinal sound velocity to about 192% for the field profile of the TE mode and, therefore, on the BS, the
transverse oneAfter this comparison, the average of Stokesmore important the evanescent field in the substrate, the
and anti-Stokes spectra is considered. Figure 2 shows thmore intense the central peak with respect to the two other
result of this analysis in the longitudinal phonon spectralexternal peaks. In fact, the external peaks are produced by
region, after a further subtraction of the transverse phonothe two beams which propagate with different wave vectors,
contribution for the Tk and TE spectra. The experimental and with a definite phase relation, causing interference, in the
spectra are compared with the results of the calculation usingig-zag path within the waveguidéThe central peak, on the
the model of Ref. 12. Here, and in the following, we will use contrary, is due to the scattering of the substrate, excited by
for the polarizability tensor the forrﬂyy(X)oc(nz(X) -1), the evanescent field. Since the model assumes a single sound

6.7 %

Brillouin intensity (arb. units)

Normalized squared electric field (arb. units)
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FIG. 3. Left-hand side column: Squared electric-field patterns ofxhe FIG. 4. Upper left-hand side frame: Refractive index profile at 514.5 nm of
=514.5 nm TE excitations as a function of the depth in the RFSW1 wave- the RFSW2 waveguide, reconstructed from modal measurements at 543.5
guide, calculated for three different values of the thickness. The vertical bahm and at 632.8 nm for the TE polarization. Left-hand side column: calcu-
indicates the position of the film—substrate interface ag@r8(a), 2.75um lated squared electric-field patterns of the five,TBodes at 514.5 nm.

(b), and 2.7um (c). The percentage of the laser intensity traveling in the Right-hand side column: estimated Brillouin spectra of the longitudinal
evanescent tail of the substrate is indicated. Right-hand side column: Estphonons(open circlel spectra calculated by the modeif Ref. 12 with

mated BS of the longitudinal phonofspen circlel spectra calculated with v =5.6 km/s(dotted ling and convolution of the calculated spectra with the

v, =5.88 km/s[(a) and(b)Jandv, =6.1 km/s(c) (dotted lin@ and convolu-  instrumental responggolid line).

tion of the calculated spectra with the instrumental respéssid line).

locitv for th id b ) +0.06) km/s and v;=(3.63£0.05) km/s, are slightly
velocity for t g.wavegm e-su strgte §ystem, It cannot re_progreater than those measured in Ref. 11. This could be attrib-
duce the position of the two contributions at the same time

. uted to the higher-temperature annealifig= 600 °C in the
The frequencies of the two external peaks are reproduced bé(resent casel,,=400°C in the case of Ref. 1lwhich im-

o . ) a .
a Iong|tud|na'l sound velocny(of' the waveguide v, proves the stoichiometry and reduces the losses by producing
=5.88 km/s[F_|gs. da) and 3b)], while t_he frequency of the_ a more compact structuréij) the model of Ref. 12 repro-
central peak is r_eproduced ‘?y a 'O”Q't“d'”a' sound Veloc'tyduces the observed BS not only for well confined mode, but
v, =6.10 I<|m/§[F|g?. dc)]. This valug_ls CIOSE tothat of the 5545 for modes with an important evanescent field in the
sound velocity of the substrate;’=(6.05=0.06) km/s. substrate, even if the two fit with different values of the

Note that the scattered intensity at any frequency is obtained, ;.4 velocities of the waveguide and substrate and are
by squaring the sum of the fields scattered at any point in th§ ,oqeqd for reproducing the two contributions

system, i.e., waveguide and substrate. Therefore, the afore-
mentioned attributions should be considered as purely inl-3 Graded-ind id
dicative, since the interference of the two contributions is™ raded-index waveguides
important. However, the spectrum of FigcBis very similar Figure 4 shows the BS of a graded-index planar wave-
to that of the bulk substrate, measured in a standard 90juide (RFSW2 in the region of the longitudinal phonons.
geometry. As a matter of fact, in this case, most of the intenThe upper left-hand side of Fig. 4 shows the refractive index
sity (77%) of the laser beam travels in the substrate. Theprofile obtained at 514.5 nm by extrapolation of those calcu-
width of the Brillouin line in the substrate spectrumot lated by a WKB inverse method at 543.5 nm and 632.8 nm,
showr) is governed only by the frequency response of thebased on then-line data. RBS data indicate that the silica/
apparatus since the excitation beam has a large asiut  titania ratio is constant across the waveguid®&0%
50 um) in this experiment; the width of the peak of FigcB  TiO,—90% SiQ). On the contrary, a gradient of erbium
is greater, because the excitation exponentially decreases @oncentration is measured. The ratio ErASi) increases
the substratéhalf of the intensity is reached at a demth from about 1.4 mol % near the substrate, to about 2.9 mol %
=3.3um from the waveguide—substrate interfacgo that at the surface of the film. The observed gradient of the re-
phonons producing scattering do not have a well definedractive index can be ascribed to the erbium concentration
wave vector component along the direction perpendicular tgradien* The squared electric-field patterns of four JE
the waveguide surfaceAky=1/d). modes(the waveguide has six TE modes at 514.5) rare
From the analysis of the RFSW1 waveguide, we con-also shown on the left-hand side of Fig. 4. The right-hand
clude: (i) the measured sound velocities; =(5.88  column of Fig. 4 shows the corresponding BS, measured by
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not really well resolved, seem to appear, but the observed
structures are broader than the calculated ones. The observed
splittings are larger than the calculated ones and the relative
intensities of the two main peaks of the longitudinal phonons
are not well reproduced by the model. In this case, the com-
parison of the experimental spectra with those calculated by
the model of Ref. 12 is quite critical since the model does not
reproduce the observed line shape very well. The lack of a
full agreement is the main source of error in the estimated
sound velocities. For TE excitation, both the transverse
(v7=3.45£0.04 km/s) and longitudinal v(=5.74
+0.04 km/s) sound velocities appear to be slightly higher
than those used for fitting the spectra of other excitations
(v7=3.37£0.04 km/s,v; =5.60+=0.04 km/s). This could be
related to a gradient in the elastic constant profile caused by
the gradient in the erbium content.

Brillouin intensity (arb. units)

C. Sol-gel waveguides

S 22 A more stringent test of the Brillouin scattering model
0.4 0.5 0.6 0.7 0.8 0.9 . i
F . » for the graded-index waveguides has been performed by pro-
requency shift (cm™) . . . .
ducing a three-layered Sj© TiO, waveguide by the sol—gel
FIG. 5. BS(open circley of the RFSW2 waveguide by excitation at 532 nm dip-coating technique. The waveguit@GW1) supports five

after averaging the Stokes and anti-Stokes spectra; spectra calculated by HFE and TM modes at 543.5 nm and four at 632.8 nm. Three
model (of Ref. 12 usingv_ =5.6 km/s andv;=3.37 km/s for them=1, 2

spectra and| =5.74 km/s and)t=3.45 km/s for then=3 spectrum(dot- Smgle_lajyered waveguidg®1l, R2, and RB with the same
ted line and convolution of the calculated spectra with the instrumentalCOMposition and growth procedure, were also produced for
responsésolid line). reference. The composition of the three layers was
8% Ti0,—92% SiQ, 16% TiO,—84% SiQ, and
24% TiO,—76% SiQ, respectively, starting from the sub-
the SOPRA apparatus, together with the results of the modeitrate. The thickness and refractive index of the three refer-
of Ref. 12 (dotted ling. For TE, excitations withm=2, ence waveguides, measured hyline technique, are re-
additional peaks between the two main longitudinal peakgorted in Table |I. The graded-index and the three single-
appear in the calculated spectra. However, the minor strudayered waveguides were characterized by Raman scattering.
tures are lost after convolution of the calculated spectra witiThe comparison of the Raman spectra taken by excitation in
the response function of the SOPRA spectromételid line  different modes of the graded-index waveguide, allows one
in Fig. 4). Higher-resolution measurements are indeed tdo selectively study the three layeérsFrom this study, the
possibly evidence the provisions made by the model. Figurstructure of the second and the third layer appears to be the
5 shows the BS for the modes=1, 2, 3 taken with higher same as that of the reference samples, but this is not the case
resolution (0.013 cm?) by using a tandem Fabry—Perot. for the first layer with the lowest titania concentration. The
This apparatus employs a single-mode diode pumped solidinal thermal annealing at 1000 °C produced complete densi-
state laser operating at 532 nm and, therefore, the data ditation in the reference waveguide, but a residual porosity
Figs. 4 and 5 are not directly comparable. Of course, also theas present in the first layer of the graded-index waveguide.
field profiles of Fig. 5(not reported; at 532 nm there are only This was probably due to a densification of the external lay-
five TE mode$ and the calculated BS are slightly different ers occurring at a lower temperature than that of the internal
from those of Fig. 4. The experimental resolution is nowfirst one, which was indeed not allowed to freely expel its
sufficient to detect the central peaks in the,Téhd T products of reaction. The Raman data were supported by the
spectra, as shown by the convolution of the calculated speen-line measurements: It was not possible to reproduce the
tra with the response function of the Fabry-Peguailid line  five effective indices measured at 543.5 nm in the graded-
in Fig. 5. As a matter of fact, the central structures, even ifindex waveguide by using the values of thickness and refrac-

TABLE I. Parameters of the three layered sol—gel silica—titania wavedGi@&V1 and of the three reference
waveguidegR1, R2, and RB Chemical composition, thickne$s, refractive index at 543.&1), number of TE
and TM modegN), thickness {;), and refractive indicesn{) of the three layers used for reproducing théine

results.

Composition t(pem) n N t; n;
R1 (8% TiG—92% SiQ) 1.15+0.10 1.496+0.010 1 1.0 1.478
R2 (16% TiG—-84% SiQ) 0.78+0.05 1.556+0.005 2 0.78 1.556

R3 (24% TiQ—-76% SiQ) 0.89+0.05 1.621+0.005 2 0.89 1.621
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FIG. 6. Upper left-hand side frame: Refractive index profile at 514.5 nm ofF|G. 7. Upper left-hand side frame: Refractive index profile at 514.5 nm of
the three-layered SGW1 planar waveguide. Left-hand side column: Calcuhe IEW1 waveguide. Left-hand side column: Calculated squared electric-
lated squared electric-field patterns of the five,TiBodes. Right-hand side field patterns of the four TEmodes. Right-hand side column: Experimental
column: BS(open circley calculated spectradotted ling, and convolution  (open circlep and calculatedsolid line) Brillouin spectra. The longitudinal

of the calculated spectra with the instrumental respdsséd line). The sound velocity used in the calculation awe=5.68 km/s form=0, v,
longitudinal sound velocity used in the fit is =5.9 km/s form=0, 1, 2, =5.70 km/s form=1, 2, andv, =5.75 km/s form=3.

and 3 andv =5.75 km/s form=4.

are observed instead of the four calculated ones. The TE
tive index measured in the three reference Waveguides. éhows a Sing|e Strong peak with shoulders, par“a”y repro-
refractive index lower than that expected for thequced by the calculations. It is possible that the lack of com-
8% Ti0,—92% SiQ composition was needed for reproduc- plete agreement of the model results with the experimental
ing, in particular, the T mode, which has a large field in TE, and TE, spectra is due to bad modeling of the first layer.
this layer. Therefore, we were forced to take, as free paramn any case, a general agreement is present in all spectra,
eters, the thickness and refractive index of this lajg®e  syfficient to determine with high accuracy the longitudinal
Table )), in this way reproducing therline results within the  sound velocity. Within the experimental error, we use the
experimental error. The refractive index prOfile, calculated agame Va|ue}L:5_9 km/s for the four excitation witiin=3.
514.5 nm by extrapolation of the data at 543.5 nm and athese four modes involve, with different weights, the two
632.8 nm, is shown on the upper left-hand side of Fig. 6. Thexxternal layers with the compositions 24% Fi€¥6% SiGQ
calculated profiles of the squared electric field show that thend 169% TiQ—84% SiG. We should conclude that the
different modes selectively excite the different layers of thelongitudinal sound velocity is nearly the same for the two
waveguide: The TEmode is practically completely confined compositions. A rather weak dependence of the sound veloc-
in the third (from the substratelayer, while the TE mainly ity on the titania content was already observetf On the
occupies the first layer. The BS in the longitudinal phononcontrary, the TE spectrum, with most of the excitation in the
spectral region are shown on the right-hand side of Fig. Ginternal layer with the composition of 8% Ti©92% SiQ,
together with the calculated ones, after averaging the StOk%OWS a lower value of the |ongitudina| sound Ve|ocity,
and anti-Stokes spectra and subtracting the transverse pha-5 75 km/s. Therefore, the Brillouin scattering result is in
non contribution. The longitudinal phonon contribution of agreement with those of the measurements of the refractive
the TE, spectrum shows a feature with three peaks of comand of Raman scattering, all indicating that this internal layer
parable intensities. The phenomenology is very similar tohas a residual porosity and did not undergo full densification.
that of the Tk spectrum of the triangular refractive index  The BS of transverse phonons is well resolved from the
profile studied in Ref. 12. In such a system, the calculationongitudinal contribution and the tail of the Rayleigh scatter-

made a provision for the presenceroft 1 peaks of compa- ing only for the excitation in TEand TE modes. The two
rable intensity, for anyn, instead of the two peaks typical of spectra are fitted with = 3.6 km/s.

the step profiled! For the TR, TE;, and TE spectra, the
agreement is good even if the observed intensity of th
higher-frequency components in the ;T&d TE spectra is
lower than expected and the observed linewidth is slightly  Figure 7 shows the result for a Ag-exchanged soda-lime
larger than expected. In the TEpectrum, only three peaks waveguide(IEW1). The refractive index profile at 514.5 nm,

%. lon-exchanged waveguides
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reported in the upper left-hand side frame, was obtained byplification in Rare-Earth-Doped Glass Integrated Optical
extrapolation of the profiles at 632.8 nm and 543.5 nm. ThéVaveguides(No. CNR-CNRS 2002-2003mprovement of
graded-index profile is caused by the exchange of NMms  the Multitarget rf Sputtering and Sol-Gel Techniques for
with heavier Ag ions and reflects the Agconcentration, Fabrication of E¥* —Yb®" Silica-Based Photonic Compo-
which extends to about @m in the glas$’ The observed BS nents Operating in the C-Telecommunication Band, @l
show quite broad peaks, much broader than the calculatedOFIN 2002 Materiali Nanostrutturati per I'Ottica Inte-
ones and broader than those of the experimental resolutiograta.
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