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Structural origin of spectral broadening of 1.5-um emission in EF*-doped tellurite glasses
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The emission spectra and the lifetimes of the lasing transitigg,*l 5, in Er**-doped Te@-Zn0O-Ng0
ternary glasses have been studied. The investigation includes two main studies: The first part discusses the
Raman spectroscopic analysis of the host glass structure. In the second part, we explain the dependence of
Er**-ion photoluminescence near 1500 nm on Gidn concentration. The influence of the concentrations of
Er,0; and the glass structure modifiefZnO, NgO) on the lifetimes of*l 15, level and line shape of the
emission spectra has been analyzed. It was observed that the increasing concentratibhmné Eesulted in
spectral broadening as a consequence df Being distributed in the glass structure. The measured lifetimes
of 41,5, emission vary between 4.5 and 7.8 ms and strongly depend on OH-ion concentrations. The structural
origin of the spectral broadening of the Er emission line is particularly discussed by analyzing the spectral
components in the tellurite, modified silicate, and fluoride glass hosts. The number of spectral components at
room temperature in Er-doped TeGsilicate, and fluoride glasses are compared, and the dependence of line
strengths and site-to-site variation of the rare-earth ions on the structure of each glass is also explained. The
unusually large broadening of the OHband in the Te@family of glasses is analyzed in the context of the
tellurite glass structure.

I. INTRODUCTION must be minimized, but not at the expense of a large varia-
tion in the power out of each channel. Gain excursion must
A rare-earth ion, for example, Er doped in a glass host, be minimized. The design of a rare eaffRE)-doped glass
when excited using a pump photon usually exhibits an inhothat yields an inhomogeneously broadened spectrum with
mogeneously broadened emission line for a transition bedniform output power for each channel will prove beneficial
tween the levela andb. The amplifier channel gain is de- for WDM applications.
fined by the homogeneous spectral widiy,;, of a lasing The low-loss window at 1.5um in the installed silica
transition, which is dependent on the characteristics of thglass optical fiber networks is undergoing a major upgrading
line-shape broadening. The spectral width,,, can be ex- for a WDM operation. For an efficient WDM operation, the
pressed as Er**-doped amplifiers with broadband and flat gain charac-
teristics are required to compensate and maintain the gain at
each channel, so that the gain excursion over the whole spec-
Avgp=Ag+Ap+ : (1) tral width can be minimized. It is, therefore, essential that the
2(ab) dependence of the emission oscillator strength of a transition
whereA, , is the decay rates of treandb levels, andl,,,) @b, fap 0N host glass is understood for designing a broad-
is an effective relaxation rate associated with phonon broadeand amplifier. The emission oscillator strengih is depen-
ening, which is also known as the dephasing time.a  dent on local field correction,H./E)?= x?, which is a
homogeneously broadened spectrum, due to the uniformitost-dependent property.may be either due to electric di-
of the field around the rare-earth ions, a single frequencyole or magnetic dipole; in each case it is proportional to the
pump will interact with all the dopant ions with equal prob- square of the refractive index, i.e., n. By including the
ability. The pump, therefore, produces a gain spectrum iremission cross sectionr,) and local-field correctiory),
which any signal wavelength can saturate the entire gaiffiy, for a given transitiora-b is proportional to the spectral
band. The uniformity of field around the rare-earth ions in aintegral of the cross section, which can be expressed by Eq.
glass host will also enable signals at different wavelengths t62).”® In Eq. (2), the summation sign defines all the sublevel
interact with each other, which may be advantageous in &ansitions, of which the transition between the levsetsdb
high-power laser and amplifiers. However, this feature willis an example:
prove detrimental in a wavelength-division-multiplexing
(WDM) system in which the power amplifiers may suffer
from cross-saturation and cross-talk. On the other hand, the ab=
variations in the nearest-neighbor environment, local site X
symmetry, and ligand field strengths produce an inhomoge-
neously broadened spectrum. As a result of the site-to-sit&; is a constant in Eq(2). Upon rearranging Eq2) yields
variations, there occurs a difference between the nonradiativiaat the line boadeningA(v.¢) is dependent upon two main
and radiative rates, and individual sections of a gain spedactors: the local field effect determined by the ion-host in-
trum respond independently, should these differences beeraction and the emission cross section. The ion-host inter-
come large. In a WDM system, the cross-channel interactioaction also determines the extent of Stark splitting. The

ZO' n < peak
Zl Avapo(ap) - 2
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TABLE I. The identification of Raman peaks and their relative intensities determined from Gaussian peak fit program. The assignment
of vibrational modes in TeQglasses are based on the results reported in Refs. 19-22.

Raman peak cm™! and relative peak intensi
Urbach edge ), peakite) P 5%

Glass compositiorimol %) (eV) PeakA PeakB PeakC PeakD PeakE
80TeQ, 10 ZnO, 10NgO (RR2) 5.44 440(48%) 591 (19%) 663 (91%) 730 (42%) 778 (49%)
90 TeQ, 10 ZnO RR14) 5.08 420(53%) 601 (19%) 656 (77%) 717 (30%) 768 (38%)
60 TeQ, 10 ZnO, 20 N3O (RRL5) 6.25 450(17%  583(9%)  681(51%)  765(64%  793(31%
a-TeO, 450 611 659 716 773

emission cross-section together with the lifetitmeof meta-  glasses is also known to be larger than 5000 gpthin this
stable levelb determines the gaifG) of an amplifier, i.e., paper, we have designed a series of ternary tellurite glasses
Gx(o7). based on Te@® ZnO, and NgO oxides as hosts for Ef

Two main methods have already been adopted for broadens, and analyzed the structural origin of the emission line-
ening and flattening the gain curve in Er-doped silica de-broadening in Er-doped TeOglasses. The spectroscopic
vices. The first approach is based on modifying the structur@roperties of tellurite glasses are also compared with a modi-
of host glass by incorporating XD; and BOs codoping of  fied silicate and a fluorozirconate glass, called ZBLAN. The
silica glass(known as Al/P silica® which is known to dis- structural analysis has been carried out by using Raman and
perse Et" ions in the silica glass matrix and thereby provide UV-visible spectroscopy for analyzing the structural units
multiple sites. The modification of glass structure with and Urbach tail, respectively, of the Te@lasses as a func-
Al,O4P,05 addition leads to an increase in the value of thetion of the composition. The room-temperature emission
full width at half maximum(FWHM) from 8 nm in pure spectra in tellurite, ZBLAN, and silicate glasses have been
silica to 44 nm in Al/P silic&® A significant spectral flat- analyzed for their spectral components, which enabled us to
tening has been also achieved via filtering reported byletermine the spectral width of Stark sublevels and site-to-
Georged. From Eq.(2) the emission cross section increasessite variation in each host. A structural model for broadening
with the increasing refractive index of the host glass. Thes also presented. The effect of OHons on concentration
value of the FWHM is 65 nm for the 1500 nm transition in quenching and the dependence of spectral broadening on
Er*"-doped fluoroziconate family of glasseConsequently Er,0; concentration is also explained on the basis of the
Er¥*-doped fluorozirconate glass fiber amplifiers have beestructural model discussed herein.
considered as an alternative to Al/P silica-based devices. Al-
though the emission and the gain curves are much broader in Il EXPERIMENT
Er-doped zirconium-barium-lanthanum-aluminium-sodium-
fluoride (ZBLAN) glass, it suffers from three main disadvan- ~ The composition of B -doped tellurite glass was chosen
tages. The first disadvantage is related with the low phonoafter a systematic search for stable glass compositions. Mul-
energy of ZBLAN host580 cmi 1), which makes the device ticomponent tellurite glasses are known to be more stable
unsuitable for pumping at 980 nm due to an enhanced exhan pure Te@ glasses; ! the latter requires an extreme
cited state absorption at pump wavelengths a result, the quenching rate to form. The compositions chosen in this in-
device is only pumped at 1480 nm. The second major probvestigation fall in the following composition range: (100
lem is that the glass cannot be heavily doped with"Eas  —x—y) mol% TeQ, xmol%, ZnO, andy mol% NgO
the concentration quenching starts dominating above 100&ee Table | beloy The glasses were prepared from 99.99%
ppm concentration lev&l:*! The third problem is the com- pure powders of N&O;, ZnO, ErO,;, and TeQ. Before
paratively poor stability and durability of ZBLAN fibers. Itis melting the powders in a gold crucible, the molar masses
much weaker than Al/P silica. The unsuitability of were calculated, weighted, and mixed thoroughly, using a
Er*-doped ZBLAN and limitation of Al/P silica led to a mortar and pestle. The mixed oxides were melted in a gold
search for better glass hosts that will dissolve higher concererucible at 750 °C in a stream of dry air. At the melting
trations of EF" ions without causing concentration quench-temperature, the oxide melt was homogenized for 30 min
ing, and at the same time should exhibit a broader FWHMand then quenched into a preheated brass mold to form glass.
than Al/P silica and ZBLAN. In 1997, Mori and The quenched glass samples were annealed for several hours
co-workerd? and Yamada and co workéfgeported the re- at 260°C in a muffle furnace, and then allowed to cool
sults from an Et"-doped TeQ fiber with flat gain over 70 slowly inside the furnace by turning the power supply off.
nm covering the range between 1530 and 1600 nm. The dd-he glass samples were doped with®yin the composition
vice was pumped at 1480 nm and the gain was larger than 2@nge 500—50 000 ppm. Samples of Oldn doped glasses
dB. were also prepared for spectroscopic analysis. In order to

Before the Et"-doped Te®@ amplifiers were invented, carry out a reliable measurement of emission and absorption
these glasses have been known to have a good glass-formisgectra, glass samples were polished carefully using:e1-
tendency with much better resistance to crystallization andliamond paste.
susceptibility to moisture than ZBLAN. The glass has a The analysis of Ef and OH  ion absorption was carried
higher phonon energy780 cml) and refractive index out using a Perkin-Elmer Lamda-19 UV-visible-NIR and a
(>1.9 than ZBLAN*~1®The solubility of RE ions in these Fourier transform infrared spectrophotometers, respectively.
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The absorption peak for OHion was normalized with re- 30

spect to the thickness of the glass. Emission in bulk glass 251

was measured using a Ti-sapphire laser to pump at 980 nm. -~

The emission spectra were recorded by scanning spectrom-  § 20r

eter (Macam Photometrigsequipped with an In-Ga-As de- =

tector. The resolution was 1 nm. The 980-nm excitation %_ 151

wavelength was also used to measure the lifetimes of the S 1ok

upper (ly5,) and the lasing 43, levels in EF*-doped < low OH” concentration

glass samples. A mechanical chopper was used to modulate 0.5 ~ 7 high OH" concentration .
the pump, and fluorescence decay curves were recorded by a 00 , , \ ‘

digital storage adaptor. The lifetimes were calculated by fit- 1500 2000 2500 3000 3500 4000

ting a single exponential function to the measured data. The  (q)
structure of glass was analyzed using a Raman spectrometer
in the 50—900-cm® wave-number range in 90° geometry

Wavenumber (cm™)

1.6 T T

using the Af-ion laser(514.5 nm as excitation source. The 14| Gaussienprofie s |

spectra were observed at an angle of 90° to the propagation - 2 3.3015.3 om”

direction of the pump beam. The emission spectra of 120w S 0NN BT

Er**-doped tellurite and other host glasses used for compara- ¢ ;4 — ™ I 1

tive purposes reported in this paper were analyzed using a 2 / \

peak fit analysis softwaréSPSS Scienge The analyzed 2 08f A // \ 5) 1

Voigtian shapes are described below; for each fitting the s 06k \\ | L4 // 1

value ofr? was maximized to reduce the standard error. The < \/ /)“\\/

spectral analysis was carried out in wavelength domain in- 0.4 f\ / \A\ .
\

stead of frequency for clarity and convenience. Since the
spectral range is so narrow, 200 nm, the error due to conver-
sion is negligible. A Voigtian shape defines both the homo- 0.0 = b 94 S

geneous(Gaussian and the inhomogeneoud_orentzian 2500 5000 3500
parts. Examples of the Voigtian amplitude are given below,
and in some cases, the magnitude of the fitted amplitudes and g5 1 A comparison of OH absorption bands in high and low
widths are also given. The thermal characterization of eaclyy- ion containingRR2 tellurite glasses. The FWHM in high
glass was carried out using a differential scanning calorimpy-RRr2 glass is 900 cmt approximately.(b) A deconvolved

eter(DSC-7, Perkin Elmer in which small fragment$<20  Gaussian amplitude peaks fitted to the broad G#sorption band
mg) of each glass were heated isochronally at a rate of 1¢h high OH™ containingRR2 glass.

K min~?! to determine the glass transition, crystallization, and
peak crystallization temperatures. spectra for all compositions are compared in Fig. 2. In this
figure, the symmetric vibrational modes in Teglasses have
been analyzed and assigned. These assignments are based on
Ill. RESULTS the data reported in the literatd?d®=2?for other types of
TeO, glasses containing modifying oxides, andTeO,
crystals. The assigned vibrations fa-TeO, crystals are
Figure Xa) shows the absorption spectra of Okbns in  compared with those determined in glasses, and their relative
the RR2 glass composition. The OHabsorption band in intensities are compared in Table I. The relative intensities
RR2 is broader, with a FWHM-900 cmi !, when compared were derived from the peak fit program, which enabled de-
with fluoride (FWHM 410 cni?) and silica(FWHM 130  convolution of Raman peaks and yielded the relative magni-
cm 1) glasses. The fundamental Otband in TeQ glass tude of amplitude of each peak. The assigned vibrational
peaks approximately at 2980 ¢f(3.356um). The Voigtian  modes for peaks in-TeO, and glass compositions are com-
components of high-OH peak between 2250 and 3750'cm pared in Table I£819-22
are fitted shown in Fig. (b). Each spectral component ap-  The analysis of Raman peaks points out that the vibra-
pears to be at least as broad as observed in the silicate atidnal modes and their intensities depend on the composi-
fluoride glasses. By comparison the fundamental absorptiotions of divalent and monovalent modifying ions. Since the
peaks in SiQ and fluorozirconate glasses are at 2uf and ~ Raman vibrations are sensitive to the polarizability of the
2.87 um, respectively” The broadening of OH band in  network modifying ions, the larger and more polarizable ions
TeO,-based glass appears to have a relationship with theontribute more to intensify the high-energy peaks than the
glass structure, as, for instance, has been shown for monovalent ions. The high-energy Raman pe@dksnd D)
Na,O-modified silicate glass, in which the broadening ofare due to the stretching mode contributions not only from
OH™ fundamental is associated with the presence of nonTeQ, trigonal bipyramid(tbp) structural units, but also from
bridging oxygen. The nonbridging oxygen sites, according tolreO;, 5 polyhedra and TeQtrigonal pyramid(tp) units in
Adams:® contribute more to the hydrogen bonding in silica, the environment of nonbridging oxygéh?? PeakC is as-
which is associated with the OHabsorption. signed to a convolution of antisymmetric vibration modes,
The structure of Te@glass, described above, was ana-arising from the stretching of two dissimilar Te-O bond
lyzed by Raman spectroscopic technique, and the vibrationaéngths. Sekiya and co-workéfsproposed that this mode

02 /

(b) Wavenumber (cm™)

A. Analysis of vibrational spectroscopic data
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; : : . . , FIG. 3. The measured and fitted electronic absorption edges in
300 400 500 600 700 800 900 RR2, RR14, andRR15 tellurite glasses. The derived valueskyf
from fitted Eq.(3) are 5.44, 5.08, and 6.25 eV, respectively.

Wavenumber (cm™)

FIG. 2. Relative intensities of Raman peakRf2, RR14, and A and B peaks define the network connectivity of TeO
RRL5 compositions. Excitation wavelength is Alaser at 514 nm.  glasses®?%220n the basis of Raman spectroscopic analysis
The curves with broken lines are deconvoluted pe#ks, C, D,  presented in this paper, which is consistent with the pub-
and E, which correspond to 450, 611, 659, 716, and 773'tm |ished resultd*'°~??it can be concluded that a network
respectively, ina-TeG, (Refs. 18—22 modified tellurium oxide glass, for exampRR2 used for

doping erbium ions, has more than one type of structural
determines the connectivity between TeOeO;, s and units, namely, TeQ TeO;, 5, and TeQ structures. The ex-
TeO; structures. According to Komatsu and co-workers, tent of deviation between the two oxygen bond distances is
and Himei and co-worker&, two thp structures can connect strongly dependent on the nature of the modifying oxfdes.
with each other with an equatorial oxygen. In the same wayEach of these structural units, which depend on the concen-
two tp (TeQ,) and two TeQ, 5 polyhedra can be connected trations of modifying oxide$®?? has a unique ligand field
with each other via an equatorial oxygen. Other combinaand these will vary depending on the value ®fFrom the
tions of TeQ, s and TeQ connectivities are also possible, literature?? it is apparent that the Te-O bond distances are
resulting in a range of antisymmetric vibrations. The anti-also dependent on the concentration of modifying ions.
symmetric vibrations of equatorial oxygens arise due to the
presence of the lone-pair electroth$’E), which leads to the
formation of short and long equatorial Te-O bortd4 the
chemical nature and structure of such bonds are discussed The UV absorption in samples &R2, RR14, andRR15
below. glasses were measured by a lamda-19 UV-visible spectro-

The Raman peaks at lower wave numBeandB are due  photometer. The measured Urbach tail for each glass is com-
to the bending(wing mode and stretching modes of the pared in Fig. 3. The position of tail changes with the com-
network as described in Table II. Therefore, the presence gfosition of the glass, indicating that as the ratio of Téo

B. UV-visible spectroscopy of Te@ glass

TABLE II. Vibrational mode assignments for Raman peaks and their comparisorewhiO, structure

(Refs. 19-22

—1

«-TeO, Glassvg (cm™)
Assigned vibrational modes in Tg@lass vr(cm™h RR2 RR14 RR15
Stretching vibrations of Te-O in TeQ;s and 773 778 768 793

TeG,
Vibrations of TeQ tbp’s, Te-Q, in TeO;, 5 716 730 717 765
and Te=0,,, in TeC;
Coupled symmetric vibrations along 659 664 657 681
Te-O-Te axes in Te§) 5/TeO,, TeQ,/TeO;
pairs and similar combinations

Vibration of continuous Te@TeO, networks 611 591 601 582
Symmetric and bending vibrations of 450 440 421 450

Te-O-Te linkages at corner sharing sites
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L 1 — — 0.5 mol% Er,O,
10} 1
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g 8 —— Tellurite glass (RR2) i 09r —— 2mol% Er,0,
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pus 5 071
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o ] 2 04t
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o w 0.3F
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< 011
1 OVO/II\I‘II\\I\IIWIKIII
?450' - .15|oo‘ - '15|50 - ‘16I00‘ 1650 1450 1500 1950 1600 1650
(a) Wavelength (nm)
Wavelength (nm)
FIG. 4. Comparison of measured absorption cross sections of 1.0 L Voigt profile 1.1494.4 nm -
RR2 and ZBLAN glasses fofl5;,— 1 135, transition. 7 peaks 2 15119 om
osf e i
modifying ions M"* =Na’, Zn?") increases, the position of _ § | —n o oassnm
tail shifts to longer wavelength. The measured electronic 2 7.1588.9 nm
edges fit UV energy-gap equatiof8) satisfactorily and 2 06r 7
yields the value oE, (eV), which are compared in Table I. I
For RR15, the Té"/M"* ratio is 2:1, and the corresponding g o4l i
value ofE is 6.25 eV, which decreases to 5.08 eVRIRL4 2
composition having TE€:M"" ratio equals to 9:1,
0.2 B
A(E—Ey)
aw=ao€Xg — — =apexd —a(E—Ep)]. (3 oo
K- . .
1400 1450 1500 1550 1600 1650 1700
Using the UV-visible—near IR spectrophotometer, the ab- (b) Wavelength (nm)
sorption cross sections at 1480 nm i Eion doped glasses , : : : :
were also measured, and an example is shown in Fig. 4. 106 Vet oroi 1 14618 nm
. . Ao [o]] rotie . . 7
Evidently, TeQ glasses have a much larger cross section 7,,3?,;55 2.1510.3 nm
than ZBLAN and Al/P silica glasses. A similar trend was i 3 j2rsom
also observed for the absorption at 980 nm wavelength. g 0Bf - daa 5.1544.2nm ]
2 — fit 6. 15655.3 nm
2 [ 7.15692.8 nm
C. Er®* emission line-shape analysis at room temperature aE) 06 F N
T
In order to study the effect of ED; concentration on N
. . . . ©
413/ 155, transition and lifetime of the lasing leveR R2 £ 04f ]
glass was doped with various amounts 0@t Fig. 5a) 2
shows the fluorescence spectra at differerit Eon concen- ozl AN |
trations; the fitted spectral components for 0.5 and 2 mol % ’ // // \\ /M,f\\ A
Er,0; are shown in Figs. ®) and 5c), respectively. It illus- / »’/\Q{ \\
trates that the higher the concentration of@rdoped in the 00 L .
. .. . . 1400 1450 1500 1550 1600 1650 1700
glasses, the broader its emission, while the peak position Wavelonath
remains unchanged. Because of the differences in the shape ~ © avelength (nm)

of the emission spectrum in different hosts, FWHM is used

as a semiquantitative indication of increase in the bandwidth.

Figure 6 compares the FWHM and the wavelength at half FIG. 5. (a) Comparison of emission cross sections as a function
maximum fluorescence intensitfHFMI) at different EF* of EF" ion concentrations irRR2 tellurite glasses for &l
concentration. The parameter HFMI, plotted in Fig. 6, is de-—*I s, transition.(b) Voigtian spectral components of the overall
fined as the bluex;) and red §,) wavelengths at FWHM. emission peak for & R2 glass with 0.5 mol % BEO;. The widths
The relationships plotted as a function of,@¢ concentra- (W) and amplitudesa) of 7 Voigtian peaks ar¢i) 1494.4 nm,(w)
tion in aRR2 glass shows that the FWHM increases gently31.57 nm(a) 0.2935;(ii) 1535.3 nm{w) 10.35 nm,(a) 0.4906(iii )
up to 11000 ppm, whereas the pointsandy; virtually ~ 1554.7 nm,(w) 29.14 nm,(a) 0.5198;(iv) 1511.9 nm,(w) 28.73
remain unchanged. Above 11 000 ppm concentration, there M (&) 0.2889;(v) 1528.7 nm,(w) 18.13 nm, (&) 0.3714; (vi)

a rapid increase in FWHM and in the valuesgfandy; . 1543.9 nm{w) 9.06 nm,(a) 0.2101;(vii) 1588.9 nm{w) 50.85 nm,

Above 20000 ppm, there is no significant change in the(a) 0.1814.(c) Voigtian spectral components of the overall emis-
' sion peak for eRR2 glass with 2.0 mol % B0
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. v 7% silicate, fluoride(ZBLAN), and a ternary tellurite glass, re-
P ) 170 spectively. The compositions of these glasses are given in
E o W Les Table IIl. The concentration of EF ions in each host was 1
£ ’g mol %. The values of emission peak(nm), FWHM (nm),
g 1540 |- 760 s and emission cross section ofErdoped glasses are also
z 455 g compared in this table, from which it is evident that the FeO
= 1m0 le & glasses studied in the present investigation have the largest
= 1500l 1 us value of emission cross section (&30 ?*cn?). Unlike the
D— modified silicate and ZBLAN glass hosts studied in this in-
1480 ooy 000 90000 400&? vestigation, the spectral broadeningRiR2 tellurite glass is

much larger with the values of FWHM ranging between 50
and 77 nm, compared to 65 nm in ZBLAN, 44 nm in Al/P
FIG. 6. The dependence of FWHM and HMFI orfEconcen-  Silica, and 8 nm in the silicate glass. The main reason for the
tration in RR2 glasses. broadening of emission line shape in tellurite glass is the
local ligand field environment of the dopant ions.

The dependence of the emission line broadening 8f Er
n the composition of the glass is described below, in which
he overall line shape at room temperature has been decon-
volved to identify the spectral components, see Figh),5
5(c), 8(a), and &b) for ternary and binary Tefglasses, and
sion spectra of Ef ions doped in three different glass hosts Figs. 1@ and 1b) for modified silicate and ZBLAN glasses,

with their fitted spectral components, namely, a modifiedreSpeCtively' Figures(8), X(b), and 9c) are the examples of
' ' the absorption line broadening in two binary tellurite and

modified silicate glasses, respectively. The analyzed absorp-

Er,O, concentration (ppm)

shape of the spectrum as function of erbium concentration in
the glass. The relationships in Fig. 6 also help in explainin
the dependence of thll ;5 lifetimes on EF" and OH™ ion
concentrations described in Fig. 12.

Figures Ta), 7(b), and %b) compare the normalized emis-

o ' ' ' ' tion data for other compositions are summarized in Table IV.
T S 3 iaeaerm 7 On the basis of the peak fit analysis for emission and absorp-
3.1529.8nm 1 tion curves at room temperature, the overall extent of Stark
c 08l - data e AN level and sublevel splitting can be determined. In Table IV
% — fit g lgggg nm | below, from the peak-fit analysis, the valuef of the sum of
€ ool 816187 nm | the energy ldlfferences between thl 5, and I'15,2 levels,
® AE a1 (cm ) can be found, and compared with the values
= for AE;, which is for the ground-state absorption. The dif-
E 04 . ference AEy,— AE,) is the value of the extent of the Stark
2 splitting of the ground state?l;s,. The analysis unam-
0ozl | biguously demonstrates that the ground state encounters a
' greater degree of Stark splitting than tfig 5, level, which
is consistent with the earlier findings in the Er-doped silicate
! glasse<® The table also shows that the number of compo-

0.0
1400 1450 1500 1550 1600 1650 1700 nent peaks in a binary tellurite glass is higher than in a ter-

(@) Wavelength (nm) nary glass, thereby proving that as the molar concentrations
of modifying oxides increase, the TgQRaman pealC) to
TeO;, 5 (peaksD and C) and TeQ, 5 (peaksD and C) to

T T T T T

1.0 - Voigt profile .1505.2 nm

6 peaks ; 1521.6 nm TeO; (peakE) structural transformation increase. The pres-
I S eaxZnm ence of larger number of TeQinits in RR15, as evidenced
s o8 ::ta'a 5.1556.0 nm | in the Raman spectra, Fig. 2, confirms that the continuity of
2 L 6. 1584.5nm the glass network is substantially decreased, leading to a
5 osl i lesser variation in the environment of*Erions from one site
§ to other. As a result, in ternary glasses, there are only seven
= spectral componenfsee Figs. &) and 5c)] compared to 10
§ 041 T in a binary TeG-ZnO glass, see Fig.(8. There is also a
z . strong evidence from the spectral analysis of the ternary
02| _ glasses in Figs. (8 and 3b) that with increasing dopant
] v VA concentrations the Stark sublevel splitting increases, thereby
0o - géé& NN indicating that the BY ions occupy new sites at higher con-

400 1450 1500 1550 1600 1650 1700 centrations, which leads to a further line-shape modification.
In Table IV, we have also compared the room-
(b) Wavelength (nm)
temperature spectral components for three other types of
FIG. 7. (@) The emission line for a modified silicate glasee ~ 9lasses besides binary and ternary tellurite compositions,
Tables IIl and 1V and its eight Voigtian spectral components)  €.., @ modified silicate and a ZBLAN glass. From the com-
The emission line for a ZBLAN glagsee Tables Ill and Iyand its ~ parison ofAEy, andAE; values, we find that the ZBLAN
six Voigtian spectral components. glass has the smallest value®E,, andAE; with only six
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TABLE lll. A comparison of emission cross-sectionrX 102 cn?), metastable lifetime ofl 5, level
and FWHM (nm) in tellurite (RR2), modified silicate, and ZBLAN glasses.

Glass compositioimol %) o (10%cm?) 7(m9 FWHM, AN (nm) o7 oA\ (cnPnm)
80 TeQ, 9.5Zn0, 9.5 NgO, 1 ER0, 8.5 7.5 76 64 645
(RR2)
61 Si0y, 11 N3O, 3 ALOs, 12 LaFk; 75 11.0 53 82 398
12 Pbk 1 ErF; (Modified silicate 193
52 ZrF,, 20 Bak, 3 LaFs, 4 AIF,, 5.1 95 65 49 331

20NaF and 1 Er{ZBLAN)

3 mol % ErO;, FWHM for 2 mol % EpO; is 90 nm inRR2 compositions.

spectral components. By comparison, the modified silicatéhis work. The bond covalency decreases in the following
has eight spectral components for both absorption and emisrder: silicate>TeO,>ZBLAN. Based on the absorption and
sion. At room temperature, th# ;5, Stark level and its sub- emission data for a binary tellurite glag9 mol % TeQ, 30
components in ZBLAN and TeQglasses have high popula- mol% ZnO, 1 mol% EO;) the transitions between the
tion density fraction(>0.5), which is determined from the Stark subcomponents are shown in Fig. 10, and the corre-
exp(—AE;/«T) term. On the other hand, the same level in asponding data for the spread of energy sublevels are also
modified silicate is less populated due to a larger Stark splitshown in this figure. Due to the lack of low-temperature
ting. The Stark splitting increases with increasing host glasphotoluminescence data, it is not possible to determine pre-
covalency, which is consistent with the comparisomd; cisely the energy sublevels.
andAEgqngvalues in three different glass hosts discussed in - The peak-fit analysis of room-temperature emission spec-
tra shows that the individual Stark sublevels have both ho-
. mogeneous and inhomogeneous broadening. Homogeneous

10 Voigt profile 1-1498.9nm broadening is described by E(l), whereas the inhomoge-
10 peaks 3 15315 nm | neous width of each Stark sublevel is due to site-to-site
g- ]gﬁ-; nm variation and depends on the composition of the glass host.
5% & 6. 1558.0 nm | As an example, the amplitude and width of each Stark sub-
& g ]gggg nm level is given in Figs. &) and 10. Another important feature
£ . 2 nm . .
o 06 9.1599.4nm of the Stark component analysis is that the short-wavelength
ki 0.1610.2 nm (i.e., the bottom sublevelsand the long-wavelengtiitop
T sublevel$ peaks are much broader than those in the central
£ o4r wavelength regions of both the emission and absorption
z spectra. This feature appears more dominant in the tellurite
02l glasses than either a silicate or a ZBLAN glass. The com-
parison of emission line shape and Stark sublevels points out
that in fluoride glass hosts, Erions appear to have a much
O o 1450 1800 1850 1600 1830 1700 less diversified range of environment due to its ionic charac-
(@) Wavelength (nm) ter compared to those observed in the covalent ;Ted
modified silicate glasses. The emission cross section in, TeO
T . 1 . glasses is higher than ZBLAN and silicates due to their
101 Voigt profile 3 aosanm | higher refractive index and a larger variation in the'Er
| 8peaks 3.1527.3nm | sites. The effect of host glass electric dipole on the electro-
215320 mm static field and spin-orbit interactions is not distinguishable
08 F data . 4nm | L.
5 gt 6. 1556.8 nm quantitatively from our present result. However, for glasses
g | PO with larger atomsi.e., high), the spin-orbit interaction may
C 06 . dominate more than where the host atoms havedaalues.
ks This may be also an important distinction between the Er-
T doped silicate, fluorozirconate, and tellurium oxide glasses.
£ 04t E oo o
5 For a broadband amplifier, the product, emission cross
< section @,p) times FWHM (\gwuvm) Should be large, and
02+ A I, - the results forRR2, modified silicate, and fluorozirconate
/ \ /F\ /\\ glasses are compared in Table Ill, from which it is clear that
0.0 4 _)ﬁgu?{ the productoAX has the largest value for Te@lasses.
1400 1450 1500 1550 1600 1650 1700
(b) Wavelength (nm) D. Lasing level lifetimes

FIG. 8. The fitted Voigtian peaks for two binary tellurite  The decay rate from thél s, lasing level inRR2 glass
glasses(a) 70 mol % TeQ, 29 mol % ZnO, 1 mol % EO;; (b) 90  was found to be single exponential in all samples, regardless
mol % TeQ, 9.5 mol % ZnO, 0.5 mol % EOs. of Er¥*-ion concentration. We have shown that the tellurite
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much shorter than the decay lifetime, shown in Fig. 11. The
goodness of fitted single-exponential equation confirms that
the contributions from 2/and 3£ folding times are virtually
absent. More detailed data analysis confirms that there is an
absence of Er-ion clustering even at high doping levejs
to 12000 ppny as can be seen in Fig. 12 in which the life-
time changes with EO; concentrations from 500 to 45 000
ppm in theRR2 glass with two different OH concentra-
tions. The corresponding OHion absorption spectra for the
lifetime versus EfO; curves shown in Fig. 12 are compared
in Fig. 1. These samples were made by melting &2
composition at the same temperature for a fixed duration of
time, but with two different concentrations of OHontain-
ing air (high and low OH). The low-OH concentration
samples were melted in dry air, while the high-OH samples
were prepared in the laboratory air atmosphere. The lifetime
versus Er-ion concentration curves in Fig. 12 peak and then
drop gently, indicating that the lifetime of the lasing level
increases with erbium ion concentration in the
OH™-containing glass. The observed trend in this figure is
also consistent with the corresponding change in the value of
FWHM plotted as a function of concentration in Fig. 6. At
concentrations of erbium ions less than 10000 ppm, the
sharp increase in the lifetime of tHé, 5/, level confirms that
neither the OH-activated quenching nor the ion-ion cross re-
laxation is a dominating factor. Over and above 15 000 ppm,
the lifetime drops more gently in low-OH glass than in a
high-OH glass, indicating that the Er-Er ion cross-relaxation
process dominates only after 15000 ppm. The lower values
of the measured lifetimes in high-OH glass are not unex-
pected, which is due to an increase in Olén induced
quenching.

For lower OH ion concentration, maximum lifetime of
~7.6 ms was observed at around 11000 pprOEr With
the increase in OHion concentration in host glass, the peak
shifts to lower concentration of Ef ions at around 5000
ppm having lifetime of~4.9 ms. The values of measured
lifetimes reported in this work are at least 1.5 times longer
than the value$<4 msg reported by the investigators in Ref.
12. Devices with large dopant concentrations and short path
lengths are possible without the effect of ion-ion cross relax-
ation and/or OH-induced quenching. By implementing either
dry oxygen or air atmosphere processing condition, glasses
with low OH™ and large(cAN) product can therefore be
designed for a broadband amplifier application.

E. Relaxation behavior of Er,O5-doped TeG, glasses

As a part of the structural investigation on Te@asses,

FIG. 9. The fitted Voigtian peaks for the ground-state absorptiorthermal relaxation properties were measured using a differ-

in two binary tellurite and modified silicat@ 90 mol % TeQ, 9.5
mol % ZnO, 0.5 mol% EO;; (b) 90 mol% TeQ, 9.5 mol %
Na,O, 0.5 mol % EjOs. (c) A modified silicate, see Tables Il and

IV for composition.

glasses have multiple dopant sites fof Eions, and that the

ential scanning calorimeter. The glass transitidg)( onset
of devitrification (T,), and the peak crystallizatiofT () tem-
peratures were measured using a differential scanning calo-
rimeter at an isochronal rate of 10 Kmrh The values of
Ty, Tx, andT, are plotted as a function of Eb; concen-
tration in ppm in glass. The three characteristic temperatures

41132 emission exhibits a considerable inhomogeneousncrease moderately with £r-ion concentration and then
broadening due to a significant variation between the doparievel off, see Fig. 13. The increase Ty and T, is an indi-
sites. Therefore, the single exponential decay character afation of strong bonding between Er ion and the host glass,
fluorescence decay indicates the presence of fast energyhich might be dependent on the concentrations off Er
transfer among Ef ions, which takes place on time scales ions. The broadening of emission line with increasing erbium
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TABLE IV. The analyzed Stark subcomponent from the emission and absorption peak fit analysis. Peak
fit data for a binary zinc tellurite glass 69 Te80 ZnO 1 EpOs;. (i) 1498.9 nm{(w) 39.83 nm,(a) 0.391, area
16.59, (i) 1558.0 nm,(w) 17.42 nm,(a) 0.659, area 12.23jii) 1517.5 nm,(w) 29.75 nm,(a) 0.217, area
6.88,(iv) 1531.5 nm(w) 22.32 nm,(a) 0.446, area 10.6y) 1534.1 nm|(w) 11.83 nm,(a) 0.286, area 4.24,
(vi) 1544.6 nm(w) 14.96 nm,(a) 0.503, area 8.02yii) 1569.6 nm(w) 16.90 nm,(a) 0.303, area 5.48yiii)
1582.3 nm{w) 21.92 nm,(a) 0.197, area 4.73ix) 1599.3 nm(w) 39.79 nm(a) 0.179, area 7.61x) 1610.2
nm, (w) 56.51 nm,(a) 0.164, area 9.88.

Composition of glass AE ot AEgoung AE; Fitted
(mol %) (cm™b (cm™b (cm™b peaks Experiment{ AE; /«T)
69 TeG 30Zn0O 1 EO5 472 412 60 10 0.75
90 TeQ,9.5 NaO 443 371 72 8 0.71
0.5 ER0;
RR2 with 0.5 mol % 397 278 120 7 0.56
Er,O3
RR2 with 2.0 mol % 425 303 122 7 0.55
Er,Os
ZBLAN 1.0 mol % Erk; 333 267 66 6 0.72
Modified silicate-193, 570 357 212 8 0.36

1 mol % EpOg

ion concentration strongly suggests that th&'"BEons may be ~ portions are dependent on the chemical nature and the con-
occupying sites as the modifying oxides and stabilizing noncentrations of the network modifiers used. By comparison,
bridging oxygen bonds, which is why the thermal relaxationthe main structural units in modified silicate and ZBLAN
resistance of glass increases nearly by 20 °C with the addglasses are S{D tetrahedron and Z§ octahedron. These
tion of Er,O; in the glass. The increase in the characteristichree different types of structural units must therefore deter-
temperatures may also be due to a strong bonding of erbiurmine the ligand field environmeriton-static, ion dynamic
ions with nonbridging oxygen. This may suggest that'Er field, and ion-ion cross relaxation, which is also dependent
ions due to their high coordination numbéwrhich varies on the structureof the dopant ion and the host glass. In a
between 6 and)7cannot participate in the formation of glass pure TeQ glass, the TeQstructure dominates, and the evo-
network#2* The contribution of 6/7-fold erbium to network lution of TeQ,, s and TeQ commences with the addition of
formation may be further restricted due to less than fivefoldthe network modifiers, as has been suggested by several au-

coordination of Te in TeQglass. thors in the past®=??By referring to the previous structural
research in the literaturd; ?the following models for struc-
IV. DISCUSSION tural changes are proposed, which differ from the previous

A. Broadening contribution due to the glass-host

structural units -
The line strength and the shape of a transition between the nﬂnnnnnﬂ }

states|j,) and|ip) is dependent on the electric dipalB)

and magnetic dipole matrix element$j,|Dl|i,) and
(jalMl[ip), respectively, both of Xp),x(m)) Which are pro-
portional ton?, wheren is the refractive index of the host.
The line strength also depends on the spin-orbit and the crys
tal lattice field effect, also known as the ion-ligand field. The

spin-orbit(LS) mixing is also known to become more domi- y

nant with increasing value o of rare-earth iond® How-

ever, the LS mixing is also host glass dependent. The analy -'115/z .

sis of host glass structural units, which determines the - Ll il

environment of dopant ions, is essential in understanding the

emission line broadening. The origin of spectral broadening

of E.r3+'|0n emission |n_Te@gIa§ses can be explained on the FIG. 10. An illustration of Stark subcomponents in a binary zinc
baS|s' qf the structural |_nformat|'on deduced _from Raman aneLurite glasdsee Table IV; Figs. @) and 9a)]. The spectral width
UV-visible spectroscopic techniques. The discussion focuse$ oach subcomponent is also givén.1498.9 nm,(w) 39.83 nm,
on the effect of glass host structufen-static host/ion- (4 391, (ii) 1558.0 nm,w) 17.42 nm,(a) 0.659,(iii) 1517.5 nm,
dynamic hostinteraction in Er-doped glasses. The following () 29.75 nm,(a) 0.217,(iv) 1531.5 nm,w) 22.32 nm,(a) 0.446,
model for TeQ glass network helps us in explaining the (v) 1534.1 nm(w) 11.83 nm,(a) 0.286,(vi) 1544.6 nm,(w) 14.96
emission line broadening in Er-doped glasses. The three ditim, (a) 0.503, (vii) 1569.6 nm,(w) 16.90 nm,(a) 0.303, (viii)
ferent types of structural units TgOTeO;, 5, and TeQ in 1582.3 nm{(w) 21.92 nm,(a) 0.197,(ix) 1599.3 nm(w) 39.79 nm,
modified tellurium oxide glasses exist, and their relative pro<{a) 0.179,(x) 1610.2 nm,(w) 56.51 nm,(a) 0.164.
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FIG. 12. The dependence of the measured lifetime$1g§,
FIG. 11. The measured and fitted single exponential decay rattevel on the concentrations of Erat two different OH concen-
from “l 15, level to %l 55, in an RR2 glass. Excitation wavelength trations inRR2 glass.
was 980 nm, and the concentration ofEwas 0.2 mol %.

sites may be similar to those sites, which are shared by, say,
structural analysis. The structural model proposed is consisNa™ ions, in Eq.(5); the third one may also become part of
tent with the spectroscopic analysis reported in this papeithe erbium ion environment at a second nonbridging oxygen
The approach is based on the understanding of the structursite.
changes observed in the modified silicate and phosphate (c) The third possibility can also be exemplified via Eq.
glasses. (5), in which a TeQ unit can replace a Tefunit by forming

. . i , a structural unit:
(a) Two fourfold coordinated Tefunits combine with a

divalent oxide, e.g., ZnO and produce a new unit witfZn

as a bridging ion between a TgOnit and a TeQunit. The O—Te—O—O—Te—0
bridging zinc ion (ZA") can be considered as a part of a ” >
Te,O; (or TeQ,, 5 structure. The zinc ion can also bridge 0

between two Te@tbp’s via the bridging oxygen, as shown
in Eq. (5). It should be noted that a Tg@®tructure, which is
a pyramid with Te at the apex and a double-bonded oxygerindeed such combinations of structural units with FeO
favors an energetically favorable tetrahedron structure by afe0O;, 5, and TeQ will have a major influence on the ion-
lowing the Te atom at the apex to a new site similar to Te inhost ligand field interaction and contribute to a greater varia-
a tbp structure. tion between various rare-earth ion-point group sites. By
(b) The structural modification to a Te®, structure transforming the glass structure from a tbp to a polyhedron
also takes place in the presence of a monovalent sodiumfieQ;. 5, which is the most dominant vibrational mode, i.e.,
ion, as exemplified in Eq5), except in the case of sodium peakC, in the Raman spectra, the site for a double-oxygen
ion as a modifier where the zinc ion site is replaced bybonded Te must change to a single-oxygen bonded Te. The
a bridging oxygen, as shown in Ed4). As a result, presence of multiple structural units is tfiest contributory
three nonbridging oxygens are produced, which are distribfactor affecting the ion-host interactions both in the static
uted over two Te@ tbp’s. Two such nonbridging oxygen and dynamic fields.

0

2[TeO,]+ZnO=0-Te-0-Zn-0-Te-0;+20>  (nonbridging oxygen) 4
O-Na”

2[TeO,]+Na,0=0-Te-0-0-Te-O;+ 0>~ (nonbridging oxygen site) (5)

O-Na™
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s '/.//wf—*"'//g. {132 o O;-Te-O-Te-0O,
£ <
® / 4130 - . . I
g 650 " FIG. 14. The schematic diagram of sixfold Erbium coordination
E P 1128 + via LPE in a TeQ glass structure.
|_
600 P —4 128
' 1124 that the formation of TgD, structure with different modify-
B R S To ing cations produces additional environments fof ‘Bions
—4 122 . . . )
I in TeG, glasses, around which the possible bond configura-
1 | 1 120 . . . .
0 20000 40000 50000 0000 tions for LPE increase. The combination of LPE angQe

structural units is thesecondcontributory in producing a

wide variety of ligand-ion environment and field strengths
FIG. 13. The dependence of the characteristic glass transitioaround Er ions. It should be noted that the lone-pair electrons

(Ty) and crystallization T,) temperatures on Bf concentrations ~are completely absent in fluoride and silicate, phosphate, and

in RR2 glass. borate glasses.

The modifying cations, as expected, also create nonbridg-

It has been reportét2° that when modifying oxides, INg oxygens in the tellurite glass structures, as they do in the
such as BaO, ZnO, and b, are added in a Te@lass, the  Silicate, phosphate, borate, and germanate glasses. In silica

- “ ; clustering takes place. The clustering of RE ions is signifi-
coordinated-T¢"-LPE(O) units (tbp) to TeQ; ; polyhedra. antly re?juced bs the addition of I gnd P* ions whic?w
The polyhedron structure is the result of a corner-shgrm%odify the silica structure and disperse the RE ,ions in the
arrangement of.Tthp) and TeQ (tbp) structures, gnd this environment  of nonbridging oxygeR&2® Arai and
e oDt 1 8. Snce &) coworkeréshowed fat the dspersionoffons n Al
distortion at the oxygen bridging sites shO\’/vn in E4) is P-containing silica is much better than in pure silica; the

. . : same glass also exhibits a much better solubility and ion-ion
expected, The evqluuon'qf 0, structure |s'man|fested separaq[ion between erbium ions. As a result ¥he 1500 nm
by _Changes " the intensities Of. Raman vibration pedfior emission in Er-doped Al/P is lech broader,than in pure
antisymmetric structural breathing mode and péafor the silica?@2728 A similar effect is seen in the Teglass due to
bending mode of the Te(Qlass structure. As a result of the h ad' . f modifvi ides. Welf® he basis of th
comer sharing of Tegland TeQ units, the bending mode Ezrss?al It;?rrsjgturrnec; Ifglinglla%kaerﬁde ese,soqulito;d:s&scci)e;czbes
and antisymmetric vibrations 9{ the %@, polyhedron strylc- higher than six coordination of Er in the &) oxid’e crys-
itzrgsngte?as Slfsy Esswk::efjs?; FTl 4a:r?dréze31€ actof;fi? si(;irg ns tals. Such possibilities may also exist, which cannot be sub-
The emger ence c?f 18, (=TeOy,,) pol hedfon unit. stantiated in this paper without a detailed glass structure,

9 . 7 (= 1€%%+0) POV ’ articularly with reference to the sites for RE ions. From the
therefore, gives rise to an additional set of weak and stron

host ligand E¥" ion interactions. The increased tendency for rystal coordination chemistry of sesquioxides, an erbium
the forgmation of Te structuré shifts the band edae ofythe ion therefore may assume either a sixfold or sevenfold coor-
TeO, glasses to higﬁgr energies from 5.08 eVRrﬁg4 @ dination by sharing the LPE, as shown in Fig. 14. Alterna-
TeO-rich glass to 5.44 eV inRR2 (see Fig. 3, in which the tively it may choose to share the nonbridging oxygen sites,

structure is more modified due to the presence of larger congS does a sodium ion, shown in E@). The EF* ions at
centrations of NgO and ZnO. By comparison, thRR15 uch sites will be then surrounded by six or seven jJlefits

" ; : o by forming an octahedral-like cage. The possibility of more
composition has the highest concentrations of modifying OXinan one type of coordination for anErion in a tellurite

ides, NaO and ZnO, resulting in the value of band edge at f . :
6.25 eV. The shift in the band-edge energy is also an indi—gIass host is théhird contributory factor.
cation of the change in the cation field strength around the
LPE, which may also affect the refractive index of the glass.
It is well known that when an alkalor alkaline-earthoxide The multiplicity of LPE sites and nonbridging oxygens is
is incorporated in germanate glaséeshe refractive index responsible for the extensive broadening of Opeak in a
increases up to 25 mol% of the modifying oxides, whichTeO, glass, which is consistent with the model proposed by
means that the band edge shifts to lower energy. Because kdams*® A wide range of structural sites, which are present
heavily modified tellurite glasses, the band edge shifts tan a TeQ glass, is not available in the SjOfluoride, and
higher frequency, it can be concluded that the effect of alkalgermanate glasses. As a result Oléns disperse and form
and alkaline-earth oxide additions produces an opposite efiydroxyl bonds over range of sites. Arnaudov and
fect in TeG glasses, which is an important factor in under- co-workers® proposed the sites in barium-tellurite glasses
standing the emission line broadening, as it depends on there due to Te@O:--HOTeQ, units. The authors suggested
value ofy (=E,./E). On the basis of the analysis of Raman that “the oxygen atom-electrodonors are strongly polarized
data and the measured UV-edge results, it can be concludeshd become nonbridging sites.”

Er,0, concentration (ppm)

B. Broadening of OH™ absorption peak
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In the present investigation, from the spectroscopic obsergation, we have also measured the lifetimegiak,, level in
vations of EFf*- and OH  ions, the behavior of hydroxyl silicates and fluorozirconate glass@BLAN). In each case
ions appears more complex and is described below. The oxthe measured total lifetimes vary between 10 and 11 ms. The
ide anion in OH acts as an oxygen donor to Te€tructures  refractive indices of silicates and ZBLAN glasses range be-
at the LPE sites at lower concentrations of Oksee effect tween 1.45 and 1.51, which are significantly lower than the
of OH™ on lifetimes of*l 55, level in Fig. 11. By consider- average index of a tellurite glass composition2.1) dis-
ing the approach of Arnaudov and co-workers, we can concussed above. The radiative rate increases with the square of
sider that when an LPE site transforms into a nonbridgingl’efraCtiVe index of the host, which means that a factor of
donated oxygen sitéNDOS), by accepting the oxide anion nearly 2 is required to compare the measured lifetimes of
from OH™, and then forms a bond with the neighboring Er tellurite glasses with those of silicates. The measured life-
ion, there would be a net negative charge deficiency in théimes of “l1, level for Er-doped silicates and ZBLAN are
environment of E¥* ion. The donation of oxygen will ne- approximately 12 ms, which by comparing the measured
cessitate that the protorisl* ion) must move away at least lifetime and refractive index of an Er-doped tellurim oxide
into a second coordination cell of Erion. This would also ~ 9lass refractive index, should be of the order 15-16 ms,
mean that the new O-Hbond due to the release of a proton thereby indicating that in the silicate and ZBLAN glass hosts
will not be available in the immediate vicinity of & to du_e to the _structural constraints, the grbium iqns are neither
induce the quenching of luminescence. The modifying ionémn‘orm_ly dispersed nor they can be dissolved in higher con-
in the same way donate oxygen to LPE sites to form NDOSentrations compared to a Te@lass. The measured long
and cause a major shift in the position of Urbach tail to shorfifetime at higher concentrations of Erions in the tellurite
wavelengthgsee Table IE, values. It is expected that in glasses may not be just due to the non(ad|at|ve component,
the presence of Bf ions coupled with NDOS, the excess b_ut .also.dug to the structural faqtors, which we are unable to
protons will contribute to more nonbridging oxygen sitesdistinguish in the present investigation.
away from the original LPE sites. These may become evi-
dent from the increase in the intensity of pedk&ndD in
Raman spectrum of the glass. Once all the LPE sites have (g) There are three major structural factors due to the host
transformed into NDOS's, the ion-ion cross relaxation be-glass, which contribute to line-shape broadening in Er-doped
comes dominant. There is an additional complementary inTeQ, glasses. The first contribution is due to the presence of
formation on the effect of OH ions on quenching of Er three different types of structural units in the Tesbructure,
luminescence. The initial slope of lifetime versus@&jcon-  which causes the Te-O bond length to change in equatorial
centration is steeper in glasses with higher concentrations @fnd axial directions. As a result, the ion-host field strengths
OH™ than glasses with lower OH This difference in the change. The second contribution arises due to a change in the
initial slopes between high and low OHglasses suggests interaction between an LPE and the modifying cations, e.g.,
that there are much fewer LPE sites, which have not transzn?*, Na". The third contribution arises due to more than
formed to NDOS’s in a high-OH glass than in a low-OH one type of coordination of Ef in a tellurium oxide glass.
glass. It is, therefore, possible to control LPE’s and NDOS'sThe combination of these factors contribute to the line-shape
by selecting a gaseous atmosphere together with the modifysroadening.

V. CONCLUSIONS

ing cations in tellurite glass. (b) The broad OH ion absorption band in TeQylass is
due to the multiplicity of sites, where a nonbridging oxygen
C. Prolonged metastable lifetime forms with the TeQ@, TeQ,, and TgO; structures.

There are two main reasons for a prolonged lifetime of (c) The OH" ions donate oxygens to LPE sites and re-

7.8 ms in 11000 ppm doped Te@lass structure. The first Iease_ protons, which occupy sites away _frorﬁ*Eon Sites.

one is associated with an increased ion-ion separation dig-Ne increased Er-OH ion separation distance reduces the
tance, which may be at least of the order of 0.390 (two Brobabﬂny .Of OH-mduced quenching of thg metastable
times the shortest Te-O bondf not more, which can be 1312 I_evel in Er ions. The rele_ase_ of proton increases the
estimated by considering the structural model in Fig. 14. ThéEr-I_Er ion distance. As a result lon-ion clusterlng d|m|n|shes
second one is due to the increasedBDH- ion distance. rapldly. 'Ehese two factors contrlbute in prolonging the life-
As proposed above, the LPE/NDOS transformation in the'MeS Of "l 1372 Ie_ve_l to 7.8 ms in 11000 ppm doped glasses
TeO, glass structureland hence Bf/NDOS interaction ~ Pesides the radiative components.
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