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3*_doped glasses

Abstract. Among the various materials currently being investigated for
further development of Er®*-doped waveguide amplifiers (EDWAs), tel-
lurite glasses are gaining attention because of their broad emission band
around 1.5 um. We report our results on the fabrication of optical
waveguides in two kinds of these glasses. Tungsten-tellurite and zinc-
tellurite glasses containing sodium and doped with various Er,O3 per-
centages have been prepared and characterized. The Judd-Ofelt analy-
sis was carried out on some of these glasses. Experimentally, broad
emission and absorption bands corresponding to transition between
41132 %115, were observed as expected. Lifetimes of the *l5/, level were
also measured. lon-exchanged planar waveguides were successfully ob-
tained in both types of glasses and characterized by the prism coupling
technique; the diffusion process was investigated for the different erbium
ion concentrations. All the measured characteristics indicate that both
these tellurite glasses are promising for the development of broadband
integrated optical amplifiers. © 2003 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.1604782]
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1 Introduction glass. The second one is based on ZnO,8aand TeQ
The current trend toward increasing the capacity transmis- (ZNT glasg. Table 1 lists the molar composition and the
sion in wavelength division multiplexingVDM) networks value of the refractive index at 635 nm of the various
makes evident the need for optical amplifiers with a wide samples. Chromatic dispersion of the refractive index was
and flat gain spectrum in the telecommunication window, also measured by using a semiautomatic instrument devel-
and in particular in the C and L bands. Broadening the oped in-house, name@€OMPASSO based on a prism-
amplification bandwidth of Ef -doped waveguide ampli- ~ coupling technique. The resulting values of the Abbe num-
fiers (EDWAS) is now a key issué,and tellurite glasses DPer are 20.7 for ZNT and 19.9 for WNT, indicating that
appear to be highly promising materials as they exhibit POth glasses are highly dispersive. .
large stimulated emission cross sections and broad emis- ©lass fabrication was similar for both types of tellurite
sion bandwidth around the 1,6m wavelength. Further- 9lasses. They were prepared by melting batches composed
more, they exhibit a wide transmission ran@35 to 5 of analytical gradePuratronic grade chemicals from Alfa
um), the lowest vibrational energyabout 780 cril) Aesar, MA, USA of the constituents (Te© WO; or ZnO,
among oxide glass formers, low process temperature, goodN&COs, and E;Os) in a platinum crucible fo 2 h at
chemical durability, and nonlinear propertfe. 750°C. WNT glasses were then quenched in air on a stain-
As to integrated opticglO) fabrication technologies, less steel plate, and the samples were annealed foat
both for EDWAs and for low-loss passive devices for 360°C. Melted ZNT glasses, on the contrary, were cast in a
WDM systems, several different routes have been followed mold, which had been preheated to 270°C, and later an-

to produce the waveguides onto glass substratésnong nealed for 10 h while gradually cooling down to room tem-
them, ion exchange has been recognized as a powerfulperature. Both glasses were subsequently cut to typical
technique for 10 device fabricatiénit allows flexibility to sizes of 1X1x 0.2 cn? and carefully polished for the opti-

accommodate several functions on a glass chip and it iscal measurements and waveguide fabrication.

suitable for cost-effective mass production. High optical  Apsorption spectra in the visible and near-infrared re-
gain per unit length has already been demonstrated in ion-gions were measured at room temperature by a double

9 . ! Hot
exchanged EDWAS! o _ beam spectrometer with a resolution of 1 nm. Emission

Fabrication of waveguides in teIIun}e glasses has been spectra around 1.xm were detected using the 514.5-nm
reported in only a few papers so fr" though analysis jine of an Ar -ion laser as an excitation source: lumines-

predicts that tellurite EDWAs can exhibit improved gain  cence was dispersed using a monochromator with a resolu-
characteristic$? We describe the fabrication and character- tion of 1 nm and detected using a InGaAs photodiode and
ization of ion-exchanged planar waveguides in two types of |, iy technique. Lifetimerq,, of the %15, level was also
tellurite glasses doped with different &), percentages.  easured after excitation atp514.5 An.

The glasses were fabricated, and their stability when chang-

ing glass modifiers was assessed and compared. Spectro-

scopic properties of the glasses were also analyzed an . o

measured. We successfully obtained planar waveguides ir?{fgl_goégl)'vé?lf‘ge ;?a”;‘sjoss;tr'ﬁglesa?r?vegfgﬁg;e?n jefractve index 1

both types of glasses. After the ion exchange, the surface
quality of the processed samples was investigated to evalu- sample wo, znO Na,0 TeO, Er,0, n@635nm
ate chemical corrosion. The diffusion process was charac-

terized with a prism-coupling technique for several differ-  WNTO 25 15 60 0 2.0460
ent erbium ion concentrations. In particular, to the best of wnT005 25 15 60 0.05 2.0471
our knowledge, this is the first demonstration of ion- \wnTO5 25 15 60 0.5 2.0450
exchanged waveguides in zinc-tellurite glasses. WNT10 o5 15 60 1.0 2.0392

. WNT15 25 15 60 15 2.0356
2 Experiment WNT20 25 15 60 2.0 2.0321
Two types of tellurite glasses were fabricated and doped znTo 10 10 80 0 2.0452
with different amounts of EO3. The first one is a tungsten ZNT1 9 10 80 1.0 2040
tellurite, with composition similar to that suggested in Ref.  ,nT2 9 9 80 20 20380

10, namely containing W§ Na&O, and TeQ (WNT
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As the transition temperaturg, of these two glasses is 10 ; ! ! :
relatively low (356 and 290°C for WNT and ZNT glass, < ! ; ; ab‘sorpﬁon
respectively, care was taken to perform the ion-exchange E g ---WNTglass 1___j
processes at temperatures below tfgijr To this purpose, & ;
an eutectic solution of AQNQ KNO;, and NaNQ with gl S
weight percentages of 2, 43, and 55, respectively, was used, ¢
which has a melting temperature of about 245°C. Reagent- &
grade nitrates were weighted, mixed, and placed in stainless ”g L e SRR il Al Ui S
steel crucibles. The ion-exchange temperatures used in this
work were 280 and 330°C for WNT samples and 280°C for § ol f LN NN
ZNT ones. Diffusion constants were relatively low, and the o ; ; ;

Ag*eNa' process was preferred to the' ik Na*, which / | | :

is much slower. Exchange times necessary to achieve o ‘ ‘ ‘
single-mode waveguides at 1u6n ranged from 25 min to 1400 1450 1500 ~ 1550 ~ 1600 1650
6 h, depending on the sample. Wavelength (nm)

Surface quality of the processed samples was visually (a)
inspected with a microscope, and the roughness was mea-
sured using a surface profiléfencor P-10. The effective 10 : : ‘ ‘
indices of the waveguide modes were measured at 635, } } } ;

9_80, 131_0, and 1550 nm using.the prism-coupling tech- °g o INT glass N il 7;77—abs.or;.>tion

nique with the COMPASSOsemiautomatic system, the 2 : ' J} | —emission

same instrument already used to measure the refractive in- N‘C_> ! ; ; !

dices of the bulk glass samplésported in Table 1 Fi- L e T & ') Y-

nally, the index profile of the waveguides in the ion- 2

exchanged samples was calculated from the measured -2

mode indices using the inverse WKB methdd. § L Al A Vi N
@ o i L N SN ]

3 Results and Discussion 8 | |

3.1 Glass Characterization: Stability and 0 L= ‘ 1 1 !

Spectroscopic Properties 1400 1450 1500 1550 1600 1650

The glass stability of the two tellurite types, which contain Wavelength (nm)

different glass modifier€Zn or W), was assessed by using (b)

the Hruby criteriod®*® Ky=(Tc-Tg)/ (T Tc), WhereT,

is the glass transition temperatufie, is the onset crystalli- Fig. 1 Absorption and emission cross sections of (a) WNT10 glass

zation temperature, ant,, is the melting temperature. For and (b) ZNT1 glass.

WNT glass,Ty=356°C, T,=390°C/® and T, is expected
to be around 670°C because for glasskEs,is at about
1.5T, (in Kelvin scalg; hence Ky=0.12. For ZNT  width A\, defined as\\ = [ oe(A)d\/0¢ may, iS Very large
g|ass}8 T4=290°C, T,=420°C, andT,,=600°C; hence in tellurite glasses with respect to silicate and phosphate
K,=0.72. Therefore, according to this criterion, glass sta- glasses. The values ofA\ for the WNT and ZNT glasses
bility, which is of primary importance for processing glassy are 62 and 64 nm, respectively.
materials, is about six times better in ZNT glass compared
to WNT glass.

Absorption cross sections around Ln were deter-  rupie 2 Observed and calculated oscillator strength of Er3* in
mined from absorption spectra, which consist of set§ of  zNT1 glass. The ground level of Er¥* is 4l .
—f transitions that can be accounted for by a magnetic or

forced electric dipole mechanism. Stimulated emission Experimental Theoretical
cross sections were calculated from absorption cross sec- Energy oscillator s Osc”latOffs
tions and luminescence spectra using the McCumber level strengths (1077)  strengths (10°7)
the'ory..lg Figure 1 shows the calculated absorption and g 262.26 202.72 (ed) 63.63 (md)
emission cross sections for the two types of glasses: these " 9741 9789

data specifically refer to samples WNT1Big. 1(a)] and 12 ' '

ZNT1 [Fig. 1(b)], but the absorption cross section results Hlorz 50.36 50.02

were practically the same for all the doped samples of the *For2 329.09 334.76

same type. The emission cross sectiopf EX* ions in Sy 79.77 74.51
tellurite glasses are high, since the refractive index the 2Hiip 1341.98 1393.75

glass is high(see Table 1 and the cross section values Fp 251.45 306.41
increase with the refractive index of the Hdsas (2 Error: §=3.80x 107

+2)?/n. Also the effective emission cross section band-
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Table 3 Calculated spontaneous emission probabilities, branching ratios, and radiative lifetimes for
the main emitting states of Er** in ZNT glass.

Transition rate

Transition (s™hH Branch Radiative
Initial Final wavenumber ratio lifetime
level level (cm™1) E-D M-D (%) (ms)
Fy, —*Fyp 1661 2.97 2.14 0.08 0.15
2Hyypp 3039 9.12 0.14
Sy 3793 2.75 0.04
Fy, 6921 273.05 411
*lorz 9779 292.54 4.41
i1 12030 289.62 4.36
H1a 15664 2769.66 41.73
151 22159 2994.51 45.12
‘Fop —2H,1p 1378 2.44 0.03 0.12
4San 2132 0.06 0.00
“Far 5260 15.7 39.62 0.64
Yo 8118 314.88 3.64
12 10369 542.74 6.27
M1z 14003 1156.9 13.37
15 20498 6586.77 76.06
2Hyyp —4Sg, 754 0.07 0.00 0.05
Fyp 3882 65.24 0.36
Yoz 6740 243.04 1.35
1 8991 174 0.96
13 12625 302.67 1.68
415 19120 17253.88 95.65
Sz —Fop 3128 1.3 0.03 0.26
o2 5986 143.16 3.71
Ny 8237 86.68 2.25
1z 11871 1063.11 27.57
15 18366 2562.07 66.44
*Fop — gy 2858 10.37 0.31 0.29
112 5109 59.23 1.75
liz 8743 168.16 4.96
15 15238 3152.3 92.97
Yo Niup 2251 2.15 4.74 1.62 2.35
13 5885 109.56 25.74
15 12380 309.23 72.64
y1p —*4ap 3634 43.83 22.11 16.37 2.48
151 10129 336.86 83.63
1z —* e 6493.5 213.75 79.78 100 3.41

The experimental oscillator strengths of the bulk els of erbium in the ZNT host matrix, and then the radiative
samples were fit on the basis of the Judd-Ofelt parameter-jifetime 7,54 of this emission. The complete data are re-
ization schemé}??and the phenomenological intensity pa- ported in Table 3.
rameterd); were calculated for both types of glass. Refer-
ring in particular to the ZNT glass, the experimental as an excitation source an argon laser emitting at 514 nm
oscillator strengths are compared in Table 2 with the theo- _ gon 9 '
retical ones. The calculated values of the intensity param- Figuré 2 shows the observed lifetime of thes, level as a
eters Q; (Q,=6.11x10 X cn?, 0,=1.75x10 2% cn?, function of EP* concentration in the two classes of glass.

andQg=1.31x 10" 2 cn?) are similar to those already re- A reduction in lifetime occurs for increasing Er concen-
ported for a 19Zn0O-80TeQR1ErO; glas¢ and for a trations because of concentration quenching, mainly due to
30Zn0-70Te@-1Er,0; glass?® These values were used to @ higher probability of nonradiative relaxation due to en-
calculate the emission probabilities between the energy lev-ergy transfer processes. TRy, level decay curves pre-

The experimental lifetimes,,, were measured by using
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Fig. 2 Measured lifetime of the “l;5, level as a function of Erf™* Diffusion depth (um)

concentration for the two types of glass.

Fig. 3 Calculated index profiles at 635 nm in ZNTO and WNT10

glass samples for different ion-exchange processes performed in

the same molten salt solution.
sented a single exponential decay with values ranging from
3.6 to 2 ms for WNT samples, and from 3.9 to 2.8 ms for
ZNT ones. It is evident that, for the same®*Erconcentra- ] ] ]
tion, lifetime values in ZNT glasses are higher than in Sion timet (length of the procegsby the equationd
WNT glasses. It should also be noted that, for both the ZNT = (Dt)*2, whereD is an effective diffusion coefficient that
and WNT samples with the lowest concentration of'Er ~ depends on the molten salt solution, the glass, and the tem-
we observed an experimental lifetime that was slightly Perature. This type of diffusion profile indicates that the
longer than the calculated radiative lifetime. This is possi- mobility of the incoming alkali ion (Ag) is much lower
bly due to reabsorption phenomefsamples are about 2 than that of the original ion (N‘B) in the glass. Figure 3
mm thick), and we are now preparing thinner samples shows the calculated index profiles at 635 nm in WNT10
(thicknesses of the order of 0.5 mm or less verify the glass samples for three different ion-exchange processes.
dependence of the measured value on the sample thicknes$zrom the 1.5-h exchange at 330°C, we concluded that the
In any case, this issue is worthy of further investigation. ~maximum index change wasn=0.126+0.002, and that

the diffusion coefficient D at 330°C was 9.8

3.2 Waveguide Characterization +0.2*10" % um?/s. Accordingly, single-mode waveguides

After ion exchange, visual inspection of processed samples@t 1950 nm should have been obtained—and were indeed
was carried out through an optical microscope: no surface Obtained—using a 25-min-long |on°exchange. If we reduce
damage was detected in any sample. Surface scanning witfhe exchange temperature to 280°C, 6 h are necessary to
a profilometer did confirm that no major changes occurred Produce a rather similar profile, still with one mode at 1550
in the surface roughness due to the process. Subsequentlyym. Diffusion times 66 h at280°C were also used to get
the presence of guided modes was checked by using a rutilesingle-mode waveguides at 1550 nm in ZNT glasses. The
prism to couple light into the waveguides at different wave- index profile of a waveguide in ZNTO glass is also shown
lengths. The effective indices of TE modes were thus mea-in Fig. 3. In this caseAn=0.102+0.002 andD(280°C)
sured. =7.6-0.210"° um?/s.

Multimode waveguides were first fabricated to use the  In conclusion, the six samples of WNT glasses, having
inverse WKB (IWKB) method to determine the refractive  different EF* concentrations, were all processed for 1.5 h
index profile resulting from the ion-exchange processes. in the molten eutectic salt solution at 330°C, while the
We obtained up to eight modeat 635 nmin WNT glasses  three ZNT samples went through an ion exchaniyé lo at
and up to three modes in ZNT glasses. Our goal was 10 280°C. The maximum index change and the diffusion
characterize the thermal diffusion process of Agns in depth are plotted in Fig. 4 as a function of Erconcentra-
the glasses to be able to design single-mode channekiqn for the two types of glasses. It is worth noticing that in
waveguides at 1550 nm. We found out that the analytical )4ty glasses the index change is not affected by the differ-
function describing the index profile that better fits the o g+ concentrations, which, on the contrary, seem defi-
measured effective indices is: nitely to affect the diffusion depth. With the Er concen-
tration increasing up to *8107° ions/cn?, the diffusion
depth for WNT glasses drops from 3 to 1usn (the diffu-

=gyt Anexp —x%/d3), sion coefficient drops from 1*20°3 um?s to
6.010 % wm?/s: three times smallgrin ZNT glasses, for
wherex is the depth coordinate)g, is the index of the  a similar change in Bff concentration, the diffusion depth
glass substrate,,, is the index at the surface, adds the goes down from 1.28 to 0.72m, and again the diffusion
effective depth of the waveguidd.is related to the diffu-  coefficient drops by a factor of about three, from

N(X) = Ngyt (Nmax— Nsup) €XP( — Xslds)

Optical Engineering, Vol. 42 No. 10, October 2003 2809
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Fig. 4 Index change and diffusion depth as a function of erbium
concentration for the two types of glasses. WNT glasses are pro-
cessed for 1.5 h at 330°C, while ZNT glasses are exchanged for 6 h
at 280°C. The molten salt solution used is the same for both
glasses.

7.6°10°° um?/s to 2.410 ° um?/s. Therefore, the de-
crease of the diffusion coefficients with increasing Er
concentration is almost the same for the two glasses. A
possible reason for this “slowing down” of the diffusion
process can be related to the increased stability and rigidity
of tellurite glass when doped with erbidfr(or another rare
earth, like ytterbium or holmium, for which we observed a
similar effec}: more stable glass would be more reluctant
to lose Nd from its structure. Furthermore, the absolute
values ofD for the two glasses with the same3Ercon-

ion-exchanged waveguides . . .

phenomena affecting the measurement of lifetime, hence of
quantum efficiencyn= 7o,/ 754, In these glasses will be
necessary.

Planar waveguides are also successfully fabricated in
both types of glasses by an AgNa' ion-exchange tech-
nigue, using eutectic mixtures to keep the process tempera-
ture lower than the transition temperature of the glasses.
Characterization of the diffusion process shows that the dif-
fusion depth clearly decreases with increasing Econ-
centration. WNT glasses appear to be more convenient for
IO device fabrication because of the shoiteamely, more
practica) exchange times necessary to produce a single-
mode waveguide at 1.am. This is due to the higher ex-
change temperatur@30 instead of 280°C), made possible
by the higher transition temperature of WNT glask; (
=356°C) with respect to ZNT glas§ {=290°C).

In conclusion, these two types of glasses exhibit modal
and spectroscopic characteristics that, even with their pros
and cons, make both of them quite promising for the devel-
opment of broadband integrated optical amplifiers. Re-
search is in progress to further improve their basic proper-
ties and to measure the optical gain in these glasses.
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centration are almost the same when the ion-exchangeReferences
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