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We have investigated the spectroscopic properties of Er’*-doped fluorotellurite glasses with the basic
molar composition 75%Te0,-10%P,05-10%Zn0-5%PbF,, modified by replacing 5% TeO, by
a metal oxide, namely WO; or Nb,Os. The absorption edge of the glasses studied has been described
within the Urbach approach, while the absorption and photoluminescence spectra have been ana-
lyzed in terms of the standard Judd—Ofelt theory, along with the photoluminescence decay of the
41,3/, and 48, levels of the Er** ion. The absorption and emission spectra of the *I;s,, < *I\3,
infrared transition have been analyzed within the McCumber theory to yield the peak emission
cross-section and figure of merit for the amplifier gain. It appears that the fluorotellurite glass con-
taining WOj; as a modifier is characterized by the largest figure of merit, indicating this matrix as

a promising new host for doping with Er>* jons.
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1. Introduction

Fluorotellurite glasses are promising materials for photonics applications. Of all oxide
glasses, tellurite glasses are good candidates for infrared applications fiber optic laser
materials due to the low phonon energy, high refractive index and wide transmission

window [1-3].
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In particular, Er**-doped tellurite glasses have been extensively studied due to their
broadband infrared emission at 1.5 um suitable for application in optical amplification
and fiber lasers [4, 5].

In our previous studies [6], we tested the optical properties of fluorotellurite glasses
of various compositions doped with erbium ions. It appears that the glass containing MgO
as a modifier is characterized by the largest figures of merit (FOM) suggesting that such
fluorotellurite matrix can be a good novel host for Er** ion doping. In this work we
tested two other modifiers, namely Nb,Os and WOj;.

2. Experiment

The basic fluorotellurite glass matrix used in this work consists of four components,
namely 75TeO,—10P,05—-10ZnO-5PbF,, in mol% (sample TPZP-Er in Table 1). Replac-
ing 5 mol% of TeO, by the equivalent modifier amount, the glasses with composition
70TeO,—10P,05-10ZnO-5PbF,—5M, 0, have been obtained (see [7] for details), where
the modifier M,O,, = WO; or Nb,Os (in Table 1, samples TPZPW-Er, TPZPNb-Er, re-
spectively).

The densities, determined from the Archimedes law, and the resulting concentra-
tions N of Er’” ions in the glasses studied, are presented in Table 1.

Table 1. Characteristics of fluorotellurite glasses doped with Er** ions.

Sample Glass matrix composition Molar mass Densigy N o
[mol%] [g/mol] [g/cm”] [107 cm™]
TPZPNb-Er  70TeO,~10P,05-10ZnO-5PbF,—5Nb,05  159.60 5.42 4.09
TPZPW-Er  70TeO,~10P,05-10ZnO-5PbF,—5WO; 157.90 5.34 4.02
TPZP-Er 75Te0,~10P,05—10ZnO-5PbF, 154.29 5.26 3.97

For spectroscopic measurements, the glass samples were sliced and polished to di-
mensions of about 10 x 10 x 2 mm?>. The transmission and reflection spectra were re-
corded with a PerkinElmer LAMBDA 900 spectrophotometer [8, 9].

The photoluminescence spectra were measured applying an Optron Dong Woo
fluorometer system; the luminescence decay curves were measured following a short
pulse excitation provided by an optical parametric oscillator pumped by a third harmonic
of a Nd:YAG laser [8, 9]. All measurements were performed at room temperature.

3. Results and discussion

Using the transmittance and reflectance spectra, we have determined the dispersion of
the absorption coefficient of the investigated fluorotellurite glasses doped with Er** ions
(see Table 1), as presented in Fig. 1.

In general, the absorption spectra of the investigated samples are quite similar to each
other, since there are only small differences in the glass composition and Er** ion con-
centration (see Table 1). However, looking at energies higher than 22000 cm™ (2.78 eV),
it can be seen that the absorption edge shifts by about 4000 cm™!, when passing from
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Fig. 1. Absorption spectra of Er**-doped fluorotellurite glass samples. Solid curves in the inset show the
absorption coefficient vs. photon energy in the region of the Urbach absorption edge. Dotted curves rep-
resent the Urbach relation fitted to the experimental data above 3.36 eV, i.e. above the *I 152 — 4G N
absorption band of the Er’" ion.

sample TPZPW-Er to sample TPZP-Er, that enables one to observe the *G,, , peak for
the latter sample.

In the near infrared (NIR), the absorption spectra consist of three bands, corre-
sponding to the transitions 4115/2 -4 1312, 112, 9/2- In the visible spectral range (VIS),
there are further seven bands for sample TPZP-Er and five for samples TPZPNb-Er
and TPZPW-Er.

At the photon energy above 3.36, 3.16 and 2.98 eV for samples TPZP-Er,
TPZPNb-Er and TPZPW-Er, respectively, the absorption coefficient obeys the Urbach
relation a oc exp(E/Ey) with Ey; — the Urbach energy that is a measure of disorder. As
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Fig. 2. Photoluminescence excitation (PLE) spectra of Er**-doped fluorotellurite glasses monitored at
Aem = 1533 nm.
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seen in the inset, the Urbach energy for sample TPZP-Er is significantly higher than
for other samples indicating that the former sample is more defected, i.e. is character-
ized by a higher glass network disorder.

The obtained absorption spectra of the studied glasses have been completed with
the photoluminescence excitation (PLE) spectra that are shown in Fig. 2.

As can be seen in Fig. 2, the registration of PLE spectra has made it possible to
observe for all samples, apart from levels present in the absorption spectra (Fig. 1),
also the higher-lying level *Gy),; additionally, for samples TPZPNb-Er and TPZP-Er,
the *G,,), level, absent in the absorption spectrum, is seen in the PLE spectrum.

3.1. Judd—Ofelt analysis

In a further analysis, we have applied the standard Judd—Ofelt theory [9] to the ob-
served absorption bands from Fig. 2; the experimental oscillator strengths for transi-
tions from the ground */5/, level of Er** ion to consecutive excited levels have been
determined by numerical integration of the corresponding absorption bands, subtract-
ing the background absorption of the glass matrices.

Table 2 summarizes the experimental and calculated oscillator strengths of erbium
ions in the studied glasses together with the phenomenological Judd—Ofelt parameters
and root-mean square deviation. Values of the reduced matrix elements for particular
electric-dipole transitions have been taken from [10]; as for the magnetic-dipole tran-
sitions, it concerns the 7,5, — *I,5,, absorption band and this has been taken into ac-
count as the product of # and the oscillator strength in vacuum from [11].

The obtained values of ©Q, parameters for the studied samples are comparable with
those found in other Er**-doped tellurite glasses and exhibit the same trend, namely

Table 2. Measured and calculated oscillator strengths as well as Judd—Ofelt intensity parameters of
Er*" ions in fluorotellurite glasses.

Oscillator strength P (% 1079

Transition Energy

from * 155 to: [em '] Sample TPZPNb-Er Sample TPZPW-Er Sample TPZP-Er
Pexp Peal Pexp Peal Pexp Peal

3 6580 1.54 1.85 2.46 2.11 2.05 1.81

in 10220 0.94 0.62 0.98 0.73 0.75 0.57

oy, 12510 0.60 0.39 0.45 0.55 0.38 0.50

“Fop 15330 2.18 2.27 3.16 3.02 2.56 2.59

852 18340 0.40 0.48 0.49 0.57 0.36 0.43

2Hi1n 19160 9.93 9.93 12.06 12.07 9.96 10.11

4Fy 20430 2.29 2.10 2.26 2.62 222 2.08

Q, (x107% cm?) 4.20 5.13 3.61

Q, (1072 cm?) 1.28 1.85 1.25

Qs (x10720 cm?) 0.82 1.01 0.77

Opns (<1070 0.27 0.29 0.11
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Q,>Q,> Q¢ [12—-15]. It can be also seen that the sample TPZPW-Er is characterized
by the highest value of the £, parameter which has the decisive effect for enhancing
the 1.5 um band photoluminescence [16].

The determined Judd—Ofelt parameters have been used to estimate the total radia-
tive lifetimes 7,,4 of Er’" excited states, and especially those of the %S, and *1, 5, levels
that can be compared with experimental data as presented below.

3.2. Emission spectra

Figure 3 shows the photoluminescence emission spectra of erbium-doped fluorotel-
lurite glasses. To obtain the relative o,,,, emission cross-section, the emission spectra
were divided by the Er’" ion concentration N.

T T T T T T T T
LA =4 r T T T T 14
[Aoxc = 488 | ao e TPZP-Er
r 4 4 [ 1312 15/2 ]
Sz = s i
- L '’d ]
.t | Aexc =980 nm p
- ST 14
— TPZP-Er S [ A
s 0 & | TPZPNb-Er
s [ S| 1
§ _ 2H11/2 - [ ] 4
o] 4 + ]
l1572 ) ) ) 1
o 1400 1500 1600 E
A [nm]
TPZPNb-Er
*For = *lis2
" 1 T
500 550 600 650 700

A [nm]

Fig. 3. Relative emission cross-section spectra of Er’"-doped fluorotellurite glasses obtained in the visible
and near-infrared regions under excitation at 488 and 980 nm, respectively.
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Fig. 4. Photoluminescence decay of the 4S3/2 state of Er*" ions for all samples.
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Fig. 5. Luminescence lifetimes of the *I;3, state of Er’* ions for all samples.

Table 3. Lifetimes of the Er3* emission bands in fluorotellurite glasses determined experimentally
(Texp and 7g) and those calculated within the Judd-Ofelt approach (z,,4) along with quantum efficiencies

(77 = Tcxp/ Trad) .

Sample #1135 lifetime 4S5, lifetime

Texp [MS] Tryq [ms] n [%] Teir [MS]  Taq[us] 7 [%]
TPZPNb-Er  4.00 4.32 93 19.33 378 5.1
TPZPW-Er 3.20 3.95 81 16.97 327 5.2
TPZP-Er 3.21 4.36 74 16.53 397 4.2

Figure 3 shows two high-intensity emission bands attributed to the 2H,,, — *I,5
and %S5, — *I,5, transitions, and a much weaker one corresponding to the *Fy,, —
*I,s,, transition; the inset presents the *I;;,, — *I,5/, emission in the NIR region.

The photoluminescence decays of S5, and *I,3,, excited levels for all samples are
shown in Figs. 4 and 5, respectively.

The *I;5,, — *I;5, emission has an exponential character, while the %S5, — *I;5,
emission appears to be slightly non-exponential. For this reason, we have determined
the effective lifetime defined as [17]

. j t1(1)dt

) j I(t)dt

for this transition and in Table 3 we have gathered the experimental data for all inves-
tigated samples along with the radiative lifetimes t,,4 calculated within the Judd—-Ofelt
approach.

It appears that the quantum efficiency of the 4/ 32— I 5 transition is quite high,
being the highest for sample TPZPNb-Er.

(1

Teff
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3.3. Absorption and emission cross-sections of *I,5, <> ‘I3, transition

In this subsection we concentrate on the absorption cross-section (ACS) and the emis-
sion cross-section (ECS) of the */,5,, <> *I,3, transition that are fundamental param-
eters for the erbium-doped fiber amplifiers (EDFA) [17].

The ACS is defined as o = a/N and is easily obtained from the absorption spectra
shown in Fig. 1 after subtracting the monotonic background absorption of the glass
matrices.

As for the *I}3, — *I,5,, ECS, it is given in arbitrary units in the inset of Fig. 4.
To scale these emission spectra, we have used the McCumber approach [18] leading
to relation between ACS and ECS in the form [19]

€
6, (2) = exp (k—T) O exp~ ;;:T ) @)
where £ is the Boltzmann constant, T is the temperature, 4 is the Planck constant and
c is the light velocity; the quantity ¢, the key parameter of this equation, may be treated
as the mean transition energy between */;5,, to *I,3/, levels and can be easily evaluated
as the arithmetic average of the barycenter energies of absorption and emission spec-
tra [6]. Making use of barycenter wavelengths gathered in Table 4, we have obtained
the values of ¢ as being equal to 6539, 6523 and 6525 cm™' for samples TPZPNb-Er,
TPZPW-Er and TPZP-Er, respectively. Finally, the measured emission spectra have
been scaled to have the same peak value as the ECS peak calculated from Eq. (2). Both
ECS spectra along with the ACS spectrum for sample TPZP-Er, treated as an example,
are shown in Fig. 6.

As is seen in Fig. 6, the McCumber curve reflects quite satisfactorily the shape of
the measured ECS spectrum; some deviations, especially around the ECS maximum, are
due to the neglect of broadening of the Stark components in deriving Eq. (2) [20, 21].

6 ' Sample TPZP-Er /McCumber -

o (x1072' cm?)

1 1 1
1450 1500 1550 1600

A [nm]

Fig. 6. Experimental ACS (o,,) and ECS spectra (o,,) along with ECS spectrum calculated from
McCumber Eq. (2) for sample TPZP-Er.
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Table 4. Peak wavelengths 4,, barycenter wavelengths 4, and effective linewidths Adyg of s
> 41,3, transition as well as peak emission cross-sections o®, and figures of merit (FOM) for amplifier
gain for Er**-doped fluorotellurite glasses.

1,5, — *I,3/, absorption 1,30 — 41,5/, emission

7 Pl A, pl ) Moy oP FOM

P b eff P b eff em
Sample [nm]  [nm]  [nm] [nm]  [om]  [om]  [x102'em?] [x10°2 cm?s]
TPZPNb-Er 1531.7 1518.6 63.3 15337 15403 58.9 5.9 2.24
TPZPW-Er 15343 1523.1 73.1 15342 15432 683 7.63 2.44
TPZP-Er 15313 1521.1 71.2 1533.9 1544.0 722 6.17 1.98

Taking into account the asymmetric shapes of both absorption and emission spec-
tra, we have calculated the so-called effective linewidth A/ g, instead of full-width at
half-maximum (FWHM) [22]

A = IL j 1(2)d 3)
p

where /; is the peak value of ACS or ECS.

The obtained effective linewidths as well as other parameters characterizing the
ACS and ECS spectra are shown in Table 4 along with figures of merit (FOM) for the
amplifier gain defined as the product of stimulated cross-section and experimental life-
time [23, 24]. Since efficiency of a fiber amplifier is proportional to FOM, therefore,
as far as the material aspects are concerned, a large value of FOM is strongly desirable.

It can be seen from Table 4, that sample TPZPW-Er containing WOj is character-
ized by the largest FOM suggesting that a fluorotellurite glass matrix with this oxide
as a modifier can be a good novel host for Er*" ion doping.

4. Conclusions

The Urbach energy values Eyj, determined in the region of the absorption edge, indicate
that the glass without modifiers (sample TPZP-Er with £{;= 110 meV) is more defected
in comparison to two other glasses containing modifiers, i.e. TPZPNb-Er (with Ey; =
101 meV) and TPZPW-Er (with E;; = 99 meV).

Applying the standard Judd—Ofelt theory to the absorption spectra of the samples
studied, the Judd—Ofelt intensity parameters £,, 2, and £¢ have been estimated, ex-
hibiting the same trend, namely ©, > Q, > Q. It has been also found that the sample
TPZPW-Er is characterized by the highest value of the £¢ parameter which has the
decisive effect for enhancing the 1.5 um band photoluminescence.

The absorption and emission cross-section results show that sample TPZPW-Er is
characterized by the largest figure of merit for the amplifier gain.

The above-mentioned features of the Er**-doped fluorotellurite matrix, containing
tungsten oxide as a modifier, suggest that such matrix may be, from the point of view
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of possible application in optoelectronics and telecommunication, a promising new
host for doping with lathanide ions.
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