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Abstract

Glass samples with the composition (mol%) 80TeO,-10Nb,0s—5K,0-5Li,0, stable against crystallization, were
prepared containing Yb*", Tm*" and Ho>". The energy transfer and energy back transfer mechanisms in samples
containing 5% Yb*"=5% Tm** and 5% Yb*™—5% Tm**-0.5% Ho>" were estimated by measuring the absorption and
fluorescence spectra together with the time dependence of the Yb*™ 2F; /> excited state. A good fit for the luminescence
time evolution was obtained with the Yokota—Tanimoto’s diffusion-limited model. The up-conversion fluorescence was
also studied in 5% Yb-5% Tm, 5% Yb-0.5% Ho and 5% Yb-5% Tm-0.5% Ho tellurite glasses under laser excitation at
975 nm. Strong emission was observed from 'G, and *F, Tm>" energy levels in all samples. The 3S, Ho*" emission was
observed only in Yb*"Ho>" samples being completely quenched in Yb*" / Tm?* / Tm*" samples. © 2001 Elsevier

Science B.V. All rights reserved.
PACS: 42.65; 42.55; 78.20

1. Introduction

The development of high power lasers for some
applications like nuclear fusion has indicated that
the Yb*"-doped materials, particularly glasses, are
the best host materials due to the energy storage
properties in the excited state [1]. The tripositive
ion has the [Xe] 4f" electron configuration with a
small number of well spaced 4f states. The prob-
ability of energy loss through inter state non-ra-
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diative transitions is therefore smaller than the one
observed in other rare-earth ions. Moreover ma-
terials doped with Yb'" ions are more efficient
emitters when pumped by diode lasers without the
possibility of excited state absorption [2].

Several different glass matrix containing Yb*"
jons are known and Yb*"-doped tellurite samples
have attracted much interest mainly because
emission properties (emission cross-section and
excited state lifetime) are comparable to those
observed for well known Ilaser crystals like
Yb:YAG and Yb:YAP [3,4].

The Yb*" ion can also be an excellent sensitizer
for Tm*" and Ho®" ions when embedded in crys-
tals or glasses [5], improving the efficiency for the
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Table 1
Rare-earth concentrations in the studied tellurite glasses
Sample Density Yb (mol%) Tm (mol%) Ho (mol%)
(g/cm®) £0.1 (ions/cm’ £ 1 x 10") (ions/cm’ £ 1 x 10") (ions/cm® £ 1 x 10")
TNKL:Tm - 5 -
TNKL:Ho - - 5
TNKL:Yb 5.5 5 (4.2 x 10%) - -
TNKL:Yb:Tm:Ho 6.6 5 (4.7 x 10%) 5 (4.8 x 10%) 0.5 (4.9 x 10")
TNKL:Yb:Tm 5.5 5 (4.2 x 10%) 5 (4.3 x 10%) -
TNKL:Yb:Ho 5.5 5 (4.2 x 10%) - 0.5 (4.4 x 10")

eye-safe 2 pm laser emission assigned to the
5T, — 5I; Ho®" transition. This kind of solid state
lasers has been investigated for various applica-
tions including medicine and dentistry, eye-safe
laser radar, among others with fluoride glasses
being considered the basic host for developing
these materials [5]. However, fluoride glasses have
smaller emission cross-sections and spontancous
emission probabilities when compared to some
oxide glasses.

Alkali niobium tellurite glasses have been
studied before by our group [6]. Some glasses well
stable against crystallization and displaying good
optical properties for some Nd*" containing
compositions were studied [6]. In this paper we
present the study of these alkali niobium tellurite
glasses doped with Yb*" to produce a new Yb laser
host material. We also present results on the effi-
ciency of the energy transfer processes between the
pairs Yb*" — Tm*", Yb*" — Ho’" and Tm*" —
Ho®" ions in these telurite glasses. It will be shown
hereafter that the decay rates of donor ions may be
described using standard models such as that of
Yokota-Tanimoto [7].

2. Experimental methods

Glasses were prepared as described before [6].
Appropriate mixtures of reagent-grade TeO,,
Nb,0s, Li,CO; and K,CO; were melted in gold
crucibles for 30 min at 830°C in air. The liquids
were quenched to room temperature in steel molds
and annealed for 30 min at 320°C. Samples with
the base compositions (mol%) 80TeO,~10Nb,Os—
5K,0-5Li,O were prepared containing the rare-

earth ions with the concentrations shown in
Table 1.

Absorption spectra were obtained with a spec-
trophotometer (Cary 17 D/OLIS). The lumines-
cence spectra in the visible range were obtained
with a 1 m monochromator (SPEX) and a
photomultiplier (EMI QB9556) after exciting the
sample with a Quantel OPO laser pumped by a
second harmonic of Nd:YAG laser (pulses of 4 ns
at 10 Hz frequency). Emission decay curves were
recorded with a digital oscilloscope (TDS 412
Tektronix). Infrared signals were detected by a fast
S-1 extended type photomultiplier detector and
analyzed using a signal processing box-car aver-
ager (PAR 4402).

3. Results

Absorption spectra are shown in Fig. 1. Elec-
tronic transitions were assigned by comparison
with literature [8] and the assignments are also
shown in the figure.

The Yb’" emission spectra were obtained by
excitation into the absorption band of Yb*" at 975
nm. The Yb*" emission cross-section at the
?Fs/, — ?F7), transition was calculated using the
fluorescence lineshape and the expression [8]

2 1(%)
8nn2ctg [AI(4)dA

Oem(A) =

where 7y is the radiative lifetime (tg = 590 ps) and
the refractive index » is equal to 2.09. With these
numbers the emission cross-section of Yb*" in
these tellurite glass is around 1.1 x 1072 cm™2 in

the 980-1010 nm range, as shown in Fig. 2.
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Fig. 1. Absorption spectra for (a) Yb*", (b) Yb*"/Tm’", and
(¢) Yb** /Tm** /Ho>" co-doped glasses. Final states for transi-
tion arising from the *Hs(Tm**) and 2F, (Yb*") are indi-
cated.
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Fig. 2. Emission cross-section for Yb:tellurite glass.

In these tellurite glasses the temporal evolution
of the Yb** Fs;, level is fit by an exponential
function after a short (10 ns) pulse excitation (Fig.
3(a)). The time constant measured is 500 4 25 ps.
The time evolution of the Yb*" fluorescence in co-
doped samples has been fitted using the Yokota—
Tanimoto expression [7].
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Fig. 3. Yb* *F;), time evolution in niobium alkali tellurite
glasses: (a) 5 mol% Yb*"; (b) 5 mol% Yb** + 5 mol% Tm>*; (c)
5 mol% Yb*" 4+ 0.5 mol% Ho>"; and (d) 5 mol% Yb*" +5
mol% Tm** +0.5 mol% Ho*". In (b) and (c) the solid lines
correspond to Yokota—Tanimoto fits for the decay curves.

2N\ 3/4
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T =500425 ps is the exponential time-con-
stant of the decay of the Yb'' 2Fs; — 2Fy)
fluorescence obtained in single-doped Yb’" tel-
lurite glass. Cy, and C, are the Yb’™ and Tm?**
or Ho*" concentrations. D is the Yb*" diffusion
constant due to the excitation energy migration
and Ry, represents the critical radius of
Yb''/Tm*" (Yb*"/Ho*") dipole—dipole interac-
tion. This model considers the effects of diffusion
limited energy transfer between rare-earth ions.
In this case it is possible to fit the experimental
decay curves obtained for donor ions to obtain
the diffusion parameters. Table 2 shows the
transfer efficiencies obtained from the fit results.
From the observation of the Yb*" decay time in
Tm*" /Ho*" co-doped samples we obtained the
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Table 2

Yb** diffusion constant (D), critical radius (R,) of dipole-dipole interactions and energy transfer quantum yields obtained from ex-

perimental lifetimes

Ry (A)£1 D (cm? s™!) £ 10% n (%) £5
Yb/Ho 16 1.12 x 10°13 435
Yb/Tm 10.4 1.08 x 10710 96
Yb/Tm/Ho - - 95

efficiency for the Tm—Ho energy transfer process
(Figs. 3(b)—(d)). The measured lifetime for the
Ho*" °1; level under 975 nm excitation was es-
timated to be 2390 £25 pus in Yb’"/Ho®" co-
doped samples. A decrease to 310 425 pus was
observed for the tri-doped (Yb*"/Tm*'/Ho’")
sample.

Anti-Stokes emission transitions arising from
upper Tm*" levels were also investigated in both

0.08

Yb/Tm*" and Yb*"/Tm*'/Ho'" glasses. In
Yb’"/Tm*" glasses emission was observed after
Yb®' excitation at 975 nm emission at 480, 650
and 820 nm corresponding to the Tm*" 'G, —
‘He, 'G4 — 3F4 and *Hy — *Hg transitions, re-
spectively as shown in Fig. 4 (note the change in
scale for the left and right figures). Ho’" anti-
Stokes emission at 540 nm was readily observed in
Yb3+/H03Jr co-doped glass and it was not ob-
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Fig. 4. Left: anti-Stokes emission observed after pumping at 975 nm in (a) Yb*"/Ho", (b) Yb**/Tm*", and (c) Yb** /Tm** /Ho*" co-
doped glasses. Right: the same for the 760-860 nm region. (a) Yb*"/Tm>" and (b) Yb*"/Tm** /Ho** co-doped glasses. Assignments

are indicated in the figure.
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served in the Yb*"/Tm?*" /Ho®" within the limits of
the sensitivity of our detection apparatus.

4. Discussion

The Yb' emission cross-section (o) in nio-
bium alkali tellurite glasses studied here is larger
than in other oxide glasses such as silicates,
germanates, phosphates and borates [8]. Ligand
field effects such asymmetry in the local sur-
rounding of the Yb*" ions and the covalency of the
Yb*" first neighbors interaction should account
for this larger emission cross-section.

In Yb'/Tm*, Yb*/Ho* or Yb''/Tm*
/Ho*" co-doped glasses, the Yb*" emission decay
profile is observed to be strongly non-exponential
(Fig. 3). Yb’" — Tm*" and Yb*" — Ho’" energy
transfer channels for the Yb*" 2Fs), level should
be considered (Scheme 1): Transfer (1):
’Fs/2 (Yb); *He(Tm) — *Fy, (Yb); *Hs (Tm) and
Transfer (2): ?Fs; (Yb); °Is(Ho) — *F7, (Yb);
3I¢ (Ho). These energy transfer processes are non-
resonant as the gap between Yb’" emission and
the Tm*" absorption peaks is 1864 cm™'. For the
Ho*" absorption peak the gap is 2012 cm~'. Based
on these energy values we suggest that in fact a
phonon-assisted energy transfer process should
apply here.

The Yb’" decay curve in co-doped samples
could be fitted by the Yokota-Tanimoto ex-
pression [7] since at the Yb’" concentrations
used diffusion limited model for the energy
transfer between rare-earth ions should apply [8].

The obtained values show that for the
Yb*™ — Tm’" interaction the critical radius is
smaller and the diffusion constant is larger than
for Yb*" — Ho’" interaction. Moreover these
times show that the increase of diffusion con-
stant makes the critical radius smaller. We con-
clude that the energy migration assists the
donor—acceptor energy transfer processes. In the
systems studied here, the Yb’" — Tm’" energy
transfer process is more efficient than the
Yb*" — Ho*" one. The differences in the Tm*"
and Ho" relative concentrations in both samples
should account for this observation since this
process could be simply related to concentrations
of acceptor ions.

Tm** (*H; — *Hg) emission overlaps the Ho'"
(°I; — °Ig) absorption band, and two efficient en-
ergy transfer channels from Tm*" to Ho*" occur:
Transfer (3): 5Is(Ho); *Hg(Tm) — Iy (Ho); *Hs
(Tm) and Transfer (4): *F, (Tm); Iz (Ho) —
3Hs (Tm); °1; (Ho).

We observed however that besides the
Ho — Tm energy back-transfer, another efficient
trap, not identified yet, diminishes the °I, level
lifetime. The complete understanding of Tm and
Ho dynamics is complex, and will be verified in a
future work.

5. Conclusions

Emission cross-section of 1.1 x 1072° ¢m? in the
980-1010 nm range, with fluorescence lifetime
of 500+ 25 ps, were obtained for Yb''-doped
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niobium tellurite glasses, showing that this mate-
rial can be used in the development of terawatt
table top lasers.

The energy transfer from Yb*" to Tm*" is more
efficient (96%) than the Yb’" to Ho'" energy
transfer (43%). Tm*" and Ho®' anti-stokes emis-
sion was also observed. In tri-doped glass sample
the Ho®" up-conversion is much smaller due to the
resonant °Is (Ho) — *Hs (Tm) transfer.
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