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Heavy metal lead borate glasses doped with rare earth ions were examined. The influence of heavy
metal oxide PbO and activator concentration on luminescence properties of rare earth ions are
discussed. Rare earth ions were limited to Eu®*, Dy** and Tb>" which are emitting in the visible
light. Increasing concentration of lead oxide in relation to boron oxide causes an increase
in R (Eu’"), Y/B (Dy>") and G/B (Tb*") spectroscopic factors which correspond to the relative
integrated luminescence intensities of Dy—'F,/’Dy-"F), 4F9/2—6H13/2/ 4F9/2—6H1 sp and
3D,~"Fs/°D,~"F transitions, respectively. Moreover, the influence of heavy metal oxide and
activator concentration on luminescence decays from excited states of rare earth ions was
examined in details.
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1. Introduction

Boron oxide B,O; is a very important component in various kinds of glasses.
Luminescence properties of rare earth ions in borate glasses are not so rewarding in
comparison with heavy metal oxide glasses [1-4]. The addition of B,O3 to heavy metal
glass matrix improves broadband luminescence properties of Er3* ions, which is
important for optical amplifiers [5]. On the other hand, the presence of heavy metal
component in glass matrix enhance radiative parameters for rare earth ions. Receiving
mixed lead borate glasses allowed connecting low-phonon energy of the heavy metal
glass host with good mechanical and physical properties of borate glass systems.
Especially, lead borate glasses are interesting from the structural point of view. Various
borate units exist in lead borate glass system and BO; <> BO, conversion is
successfully observed using FT-IR spectroscopic technique [6].

The influence of PbX, (where X denotes F, Cl or Br) content and thermal treatment
on structural and spectroscopic properties of lead borate glasses doped with rare earth
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ions was analyzed in the previously published work [7]. In this paper, spectroscopic
properties of lead borate glass system doped with Eu**, Dy>" and Tb>" ions have been
studied as a function of heavy metal and activator concentrations. The experimental
data available in the literature indicate that an incorporation of Dy3*" [8-11],
Eu®" [12-15] and Tb** [14-16] to lead borate glasses is promising for yellow/blue,
red and green luminescence. However, their spectroscopic properties were not examined
with various PbO/B,0; ratios.

Our work is divided into two parts. The first part presents the influence of glass
host composition, especially heavy metal oxide PbO on luminescence properties of
Eu’*, Dy3* and Tb>" ions in lead borate glasses.

Second part of this work concerns the influence of activator concentrations on
luminescence properties of investigated glasses. With increasing concentration of
lanthanide ions, Ln—Ln interaction increases usually resulting in shortening lumines-
cence decay from the excited state of rare earth ions. Here, we present some interesting
behavior for rare earth ions in lead borate glass, quite different than that obtained
previously.

2. Experiment

Series of samples: (90 — x)B,0;—xPbO-6A1,0;—3WO;-1Ln,0; (where x =45, 60,
67.5, 72 wt%, Ln = Eu, Dy, Tb) and 18B,0;-72PbO—(7 — »)Al,0;—3WO;—yLn,0;
(where y=0.5, 1, 1.5, 3, 5 wt%) were prepared by mixing and melting appropriate
amounts of metal oxides of high purity 99.99% (Aldrich Chemical Co.) as starting
materials. In the glass samples, PbO to B,0; ratio is changed from 1:1 to 4:1. Reagents
were mixed homogeneously together in an agate ball mill for two hours. Then, they
were melted at 850-1250 °C for 1 h, depending on PbO/B,05 weight ratio in chemical
composition. Next, they were quenched and annealed below T, in order to eliminate
internal mechanical stresses. The fully amorphous and transparent Ln-doped glass
samples were obtained, except the sample with 5% of Eu’". The sample containing
5% Eu’" is non-transparent. The X-ray diffraction (XRD) was carried out using INEL
diffractometer with Cu K« radiation. XRD analysis confirms the amorphous nature
of the studied systems. Typical XRD patterns for lead borate glass samples were
presented in the previously published work [17].

The luminescence spectra and luminescence decays were performed using a Jobin
Yvon Fluoromax4 spectrophotometer. The measurements were carried out with a spec-
tral resolution of 0.2 nm. Luminescence lifetimes were determined with the accuracy
of 2 us.

3. Results and discussion

3.1. Influence of heavy metal oxide concentration

Figure 1 presents luminescence spectra for lead borate glasses singly doped with

europium, dysprosium and terbium. The spectra were monitored at A, =393 nm,
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Fig. 1. Luminescence spectra for Eu’" (a), Dy** (b) and Tb>" (¢) ions in lead borate glasses with various
PbO/B,0; ratios.

386 nm and 378 nm for Eu®*, Dy*" and Tb*", respectively. Weight ratio of PbO to
B,0; in glass composition is changed from 1:1 to 4:1. Two main luminescence bands
of Eu*" correspond to the °Dy—'F, (red) and >D,~"F, (orange) transitions. The ratio of
integrated emission intensity of the >D—'F, transition to that of the >Dy—'F transition
informs about local asymmetry and covalence bonding between lanthanide ion and its
nearest surrounding. This red-to-orange fluorescence intensity ratio for Eu*" ions is
well-known in the literature as R/O (or R) factor. The R/O value increases with
increasing asymmetry and covalency. Our results indicate that the R/O value increases
from 2.95 (PbO:B,0; = 1:1) to 4.65 (PbO:B,0; = 4:1) with increasing heavy metal
oxide PbO content.

The same situation is also observed for Dy*" ions which play an important role as
a spectroscopic probe in lead borate glasses. Three characteristic luminescence bands
are related to the *Fo,~SH,s,, (blue), *Fo,,—SH5,, (yellow) and *Fy,—°H,, ), (red)
transitions of Dy>" ions. The yellow-to-blue luminescence intensity ratio, the so-called
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Y/B factor, is due to the integrated luminescence intensities of the *Fo,—SH 5, (yellow)
and *Fy,,~%H,5/, (blue) transitions of Dy’*. Its value increases from 1.12 to 1.19
with increasing PbO concentration. It confirms the experimental results obtained for
Eu®" ions in lead borate glasses. Similarly to R/O factor of Eu**, the Y/B value
increases with increasing asymmetry and covalency between Dy** and surrounding
ligands.

Luminescence spectra of Tb®>" show four characteristic bands due to *D,~'F,
(J = 3-6) transitions. The main luminescence band corresponds to °D,~Fs transition
and it is the most intensive in all prepared glass samples. However, interesting is
the fact that the relative band intensities due to the >D,~"F (green) and °D,~F (blue)
transitions are also changed with heavy metal PbO concentration.

The ratio of integrated emission intensity of the >D,~'Fs transition to that of
the >Dy—'F, ¢ transition, defined as green-to-blue luminescence intensity ratio (G/B)
of Tb3*, increases from 2.25 (PbO:B,0; = 1:1) to 2.40 (PbO:B,05 = 4:1) with increas-
ing heavy metal oxide PbO content. Comparing it with behavior of Eu®** and Dy*" ions,
we suggest that trivalent terbium can also play a role of a spectroscopic probe in heavy
metal lead borate glasses.

The luminescence decays from the 5D0 (Eu*"), *F, 92 (Dy*") and 5D4 (Tb>") excited
states of rare earth ions in lead borate glasses were also examined as a function of
heavy metal oxide concentration. It was stated that the radiative relaxation rates start
to increase with the increasing concentration of the heavy metal glass component.
Thus, the luminescence lifetime as an inverse of total radiative relaxation rates starts
to decrease. This conclusion is well corroborated by the experimental dependence of
the luminescence lifetime on the PbO/B,0O; ratio. In all cases, the luminescence
lifetimes for excited states of rare earth ions are reduced, when PbO:B,0Oj; ratio was
changed from 1:1 to 4:1 (Fig. 2).

3.2. Influence of activator concentration

Figure 3 presents luminescence spectra for Dy*", Eu*" and Tb>" ions in lead borate
glasses, which have been examined as a function of activator concentration. The spec-
troscopic investigations are limited to glass samples, in which the ratio of heavy metal
oxide to boron oxide was equal to 4:1. The spectra show characteristic luminescence
bands, which correspond to well-known f~f electronic transitions of rare earth ions.
The luminescence characteristics are well discussed in Section 3.1. Here, the inter-
esting phenomena in luminescence lifetimes were observed. Figure 4 shows
luminescence decay curves for *F, state of Dy>", °D, state of Eu’* and °D, state
of Tb>" in lead borate glasses.

According to previous data obtained for Er** [18] and Nd>" [19] ions in lead borate
glasses, luminescence decays from excited states of Ln’" ions start to decrease with
increasing concentration of active dopant. These phenomena strongly depend on
activator concentration. They are observed when activator concentration usually
increases up to 3% or 5%, depending on kind of rare earth ions. In advance,
the concentration quenching for rare earth ions in lead borate glasses was reported.
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Fig. 4. Luminescence decay curves for Dy*" (a), Eu®" (b) and Tb>" (¢) ions in lead borate glasses.

The luminescence decay curves for excited states of rare earth ions are changed from
a near single exponential to non-exponential with increasing Ln>" content. For higher
activator concentration, the interaction between neighboring Ln** ions becomes im-
portant and gives contribution to the energy transfer process from excited (donor) to
ground (acceptor) Ln*". It resulted in concentration-dependent luminescence
quenching. These effects are well observed for Dy** ions in lead borate glass samples,
where the *Fy/, luminescence lifetime reduces from 0.47 ms (0.5% Dy>") to 0.29 ms
(3% Dy>") with increasing activator concentration.

Quite different behavior for glass samples singly doped with europium and
terbium ions was noticed. Increasing concentration of europium ions in glass samples
(from 0.5% to 5%) has not influenced the luminescence decay from °D,, state. For
both glass samples 5DO luminescence lifetime is practically unchanged and its value
is close to 1.65 ms. However, prepared samples look different (sample with 0.5% of
Eu’" is transparent in contrast to non-transparent 5% Eu’"-doped sample) but still
have similar spectroscopic parameters. It is also interesting to note that for highly
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Eu**-concentrated sample, the ratio of integrated emission intensity of the SDy-'F,
transition to that of the °D—~F| transition is drastically reduced (Fig. 3b), suggesting
more ordered environment around Eu’’ jons. The sample is non-transparent, but
narrow diffraction lines due to the presence of crystalline phases are not observed in
the X-ray diffraction pattern.

In contrast to glass samples with Dy>" and Eu®" ions, the D, luminescence lifetime
for Tb>" ions in lead borate glasses increases from 1.34 ms to 1.70 ms in 0.5-3%
concentration range. We suppose that luminescence of Tb*>" will be successfully
quenched for glass samples containing significantly higher activator concentration,
which is useful from the optical point of view. It also suggests that lead borate glasses
can accommodate higher concentration of Tb>* than other rare earth ions simulta-
neously with the absence of luminescence quenching process. The similar effects were
observed for fluorophosphate glasses containing high concentration of terbium ions [20].

4. Conclusions

Compositional-dependent lead borate glasses doped with rare earth ions were
examined. The optically active ions were limited to trivalent Eu®>*, Dy*" and Tb>".
Some correlations between glass composition (change of PbO/B,0; ratio), activator
concentration and spectral characteristics of rare earth ions are presented and
discussed. The spectral line analysis for Eu**, Dy>" and Tb*>" ions was performed with
increasing heavy metal oxide (PbO) content. The spectra were analyzed for glass
samples, where PbO:B,0; ratio varies from 1:1 to 4:1. From luminescence spectra and
their decays, the intensity ratios R (Eu*") and Y/B (Dy>") as well as luminescence
lifetimes for °D, state of Eu®" and 4F,, state of Dy3* were determined. The same
procedure was applied for Tb>" ions in lead borate glass.

Additionally, the glass samples were examined as a function of rare earth
concentration. Luminescence quenching due to increasing activator—activator inter-
actions is well observed, but the variation of luminescence lifetime with activator
concentration is quite different for Eu®*, Dy>" and Tb*" ions in lead borate glasses.
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