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Selected heavy metal glasses containing Yb?* and Er3* ions have been studied. Near-infrared luminescence
spectra at 1.53 wm and up-conversion spectra of Er3* ions were registered under excitation of Yb?* ions
by 975 nm diode laser line. The luminescence bands correspond to *I;3,—-4I3s2 (NIR), 4S5/2=%115/2 (green)
and *Fg—I15p2 (red) transitions of Er3*, respectively. The optical transitions of rare earth ions have been
examined as a function of glass host. The unusual large spectral linewidth nearly close to 110 nm for
4l43;2=%1152 transition of Er3* ions in Yb-Er co-doped lead borate glass was obtained, whereas long-
lived NIR luminescence at 1.53 wm was detected in lead germanate glass. The NIR luminescence and
up-conversion phenomena strongly depend on stretching vibrations of glass host, which was confirmed

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, many scientific works were devoted to optical
properties of glass matrices containing Yb3* and Er3* ions [1-8]. The
Yb3* ions play the important role as an excellent sensitizer for Er3*.
When Yb3* ions are pumped by 975 nm diode laser, the excitation
energy is quickly transferred to Er3*. The energy transfer process is
usually very efficient due to small energy gap between 2F5/2 (Yb3*)
and 4111/2 (Er3*) excited states. There are two ways to depopulate
the 411/, state of Er3*. One of them is the most important radia-
tive relaxation due to 4I;;,-%1y3/; mid-infrared laser transition of
Er3* at about 2.8 wm, which is interesting in the domain of opti-
cal sources for sensors and applications in medicine. However, the
quantum efficiency of this transition is rather low for several glass
matrices. In most cases, the excitation energy relaxes nonradia-
tively to the upper 4[13/2 laser state by multiphonon process. Next,
we observe 4l;3,-41y5/ near-infrared laser transition of Er3*, which
is located in the eye-safe region and provides amplification near
1.5 wm in Erbium-Doped Fiber Amplifiers (EDFA). This is the most
important NIR transition for application in the third optical com-
munication window. On the other hand, the up-conversion process
generating green and red luminescence is the second efficient way,
which provide to depopulation of the 41, |2 state of Er3*, Green and
red lines are associated to 4S3;,-4I;5, and 4Fg—41; 5, transitions of
erbium ions, respectively. Glasses singly doped with Er3* [9,10] or
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doubly doped with Er3* and Yb3* [11,12] were examined mainly for
near-infrared (1.5 pm), mid-infrared (2.8 um) and up-conversion
luminescence applications. The up-conversion process in Yb-Er co-
doped glass systems can also be applied for temperature sensing.
Several glass matrices containing Yb3* and Er3* ions play a signifi-
cant role in the sensitivity and accuracy of the up-conversion-based
optical thermometer [13,14].

Heavy metal oxide, oxyfluoride and fluoride glasses referred as
HMG systems singly doped with Er3* [15-17] and doubly doped
with Er3* and Yb3* [18] are very attractive and promising amor-
phous materials for near-infrared luminescence and up-conversion
processes. An incorporation of lead oxide or bismuth oxide to tra-
ditional glasses containing rare earth ions significantly increases
their radiative parameters. The radiative transitions start to domi-
nate in the excited state relaxation and near-infrared luminescence
bands of rare earth ions become more intense and long-lived.
For that reason, we can also observe efficient conversion of near-
infrared radiation into visible light for rare earth ions in heavy
metal systems, in contrast to traditional high-phonon glasses. The
experimental data obtained for heavy metal glasses doped with
rare earth ions clearly indicate that the up-conversion processes
play the important role for wide applications in the optoelectron-
ics and medicine. For example, it is interesting to note that rare
earth doped heavy metal glasses can be adopted for lighting in
minimally invasive photodynamic therapy and minimally invasive
surgery [19].

The presented work deals with heavy metal glasses doubly
doped with Yb3* and Er3* ions. The near-infrared luminescence at
1.5pum due to 4lj3,,-%115p> transition as well as green and red
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up-conversion corresponding  to  2Hyyp,  4S3p-%lisp  and
4Fgj2-%1152 transitions of Er>* were examined under direct
excitation of Yb3* ions by 975 nm diode laser. Optical transitions
of Yb3* and Er3* ions were analyzed in lead germanate glass and
compared to the ones obtained for lead borate glass. Our experi-
mental data clearly demonstrate that lead germanate glasses and
lead borate glasses belong to the same heavy metal glass family,
but their spectroscopic properties are quite different. The results
with the singly Yb-doped lead borate glass are also presented to
clarify the excitation energy transfer process.

The energy transfer mechanism was studied by use of several
combinations of Yb3* and Er3* concentrations [20]. The relatively
high Yb3* content is required for optimal energy transfer efficiency.
The results obtained previously for lead germanate glass [21,22]
indicate that the optimized rare earth doping ratio of Er3* and Yb3*
is 1:5 in order to enhance pumping efficiency.

2. Experimental

Heavy metal oxide glass systems (%mol) in 45Pb0-45Ge0,-4Ga;
03 -1 El'z 03 —5Yb2 03 and 45Pb0—45B203 —4632 03 -1 Erz 03 —5Yb2 03 chemical
compositions were prepared by mixing and melting appropriate amounts of metal
oxides of high purity (99.99%, Aldrich Chemical Co.). A homogeneous mixture
was heated in a protective atmosphere of dried argon in glove box in order to
minimize OH- content. Mixed reagents were melted for 0.5h at 1100°C, and
then quenched and annealed below T; in order to eliminate internal stresses.
The same procedure was applied for preparation of Yb singly doped sample in
45Pb0-45B,03-5Ga,;03-5Yb, 03 chemical composition.

Thermal behavior of the glass samples was characterized by the PerkinElmer
calorimeter. The heating curves were acquired with the rate of 10°/min. The glass
transition temperatures Ty were determined with the accuracy of +1°C. The FT-IR
spectra were performed by Bruker spectrometer using standard KBr disc techniques.

Luminescence has been excited with diode laser at 975 nm, then dispersed by a
1 m double grating monochromator and detected with a photomultiplier with S-20
spectral response or InGaAs detector, depending on spectral region. Luminescence
spectra were recorded using a Stanford SRS 250 boxcar integrator controlled by a
computer. Luminescence decay curves were recorded and stored by a Tektronix TDS
3052 oscilloscope. The resolution for spectral measurements was 0.1 nm. Lumi-
nescence decay curves with accuracy +1 s were acquired. All measurements were
carried out at room temperature.

3. Results and discussion

Ternary PbO-GeO,-Ga,03 and PbO-B,03-Ga,03 glass sys-
tems co-doped with Yb3* and Er3* ions were prepared by
conventional melting and quenching method. The molar ratio
Pb0O:GeO, =Pb0:B,03 =1:1 is the same in the studied heavy metal
glasses. The third Ga;03 component plays the important role as
a stabilizer of glass network. Additionally, the glass samples were
prepared under the same experimental conditions (melting tem-
perature and time), so the spectroscopic changes for rare earth
ions are due to presence of GeO, or B,O3 component in lead-based
heavy metal glasses, only. From the DSC curves, the glass transition
temperatures Ty were determined for the studied glass systems.
Our previously published results for lead borate glasses indicate
thatvalues of the glass transition temperature Tg varied from 310 °C
to 475 °C, dependently on the B,03/PbO ratio and the PbF, content
[23]. For oxide glass, the glass transition temperature Tg is close to
440°C and its value starts to decrease for oxyhalide glass samples
with PbXj; in X=Br (390°C) - X=Cl (375°C) — X=F (340 °C) direc-
tion [24].In this case, the glass transition temperature reduces from
440°C to 397 °C when B,03 component was replaced by GeO, in
the studied PbO-based heavy metal glasses. The thermal data are in
a good agreement with the previously obtained results for similar
lead germanate glasses, for which glass transition temperatures Tg
varies from 382 °C to 402 °C, depending on Er3* concentration [25].

Two excited state relaxation processes can be observed after the
nearly resonant energy transfer from 2Fsj, state of Yb3* to 41y
state of Er3*. The first excited state relaxation is connected with
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Fig. 1. Near-infrared luminescence of Er3* ions in glass samples under excitation of
Yb3*.

near-infrared laser emission at about 1.5 pm, which is important
for third optical telecommunication window.

Fig. 1 presents near-infrared luminescence of Er3* ions in lead
borate glass and lead germanate glass upon excitation of the 2F5/2
state of Yb3* with a diode laser at 975 nm. The excited Yb3* ion
resonantly transfers its energy to Er3* ion, which nonradiatively
decays from the 4111/2 state to the 4113/2 upper laser state. Then,
we observe near-infrared emission lines centered at Ap =1525nm
for lead borate glass and A, =1535nm for lead germanate glass,
which are associated to main 4Iy3/,-%I;5p laser transition of Er3*.
Luminescence lines were normalized in order to compare their
spectral widths. The spectral linewidth for 4I;3/,-%1y5, transition
of Er3* defined as full width in half maximum (FWHM) is twice
higher for lead borate glass (AA=110nm) than lead germanate
glass (AA=55nm). Our previously published results for lead borate
glasses singly doped with Er3* [10] indicate that the proper amount
of B,03 in heavy metal systems improved broadband property,
which is very important for tunable NIR laser active media. The
spectral linewidth A close to 100.5 nm was obtained for the oxide
Er-doped lead borate glass and its value was reduced for the oxy-
halide glass samples in Br — Cl — F direction [10]. Here, we observe
the unusual large spectral linewidth for 4113/2—4115/2 transition of
Er3*ions in Yb-Er co-doped lead borate glass. The A A value is nearly
close to 110 nm, which is required for tunable solid-state lasers and
broadband optical amplifiers.

On the other hand, luminescence lifetime for the 41,5 |2 state of
Er3* is an important spectroscopic parameter for optical amplifiers.
The relatively long lifetime of the metastable state required for the
high population inversion is the critical factor in the success of Er-
doped fiber amplifiers in the optical communications [16]. Lead
borate glasses singly doped with Er3* or doubly doped with Yb3*
and Er3* exhibit very good broadband properties, but the lumines-
cence decays from the upper 4113/2 laser state are relatively short
compared to lead germanate glass. Luminescence decays from the
4113/2 state of Er3* ions were analyzed in our previous works [10,26].
Luminescence decay analysis clearly indicates that the 4113/2 life-
time of Er3* ions in lead borate glass is close to 400 w.s and its value
increases up to 820 s, when PbO was totally replaced by PbF, [26].
Our values are not changed, when glass samples are co-doped with
Yb3* and Er3*. It is in a good agreement with the results obtained
earlier by Kassab et al. [27], where the same values of luminescence
lifetimes for I3/, state of Er3* in lead fluoroborate glasses singly
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Fig. 2. Up-conversion luminescence of Er3* ions in glass samples under excitation
of Yb?* Inset shows logarithmic dependence of integrated luminescence intensity
on the excitation power.

doped with Er3* and co-doped with Er3* and Yb3* were determined.
However, these values are considerably lower than that obtained
for lead germanate glass. The relatively long-lived near-infrared
luminescence with the 4Iy5, lifetime of 3.24 ms was detected for
our lead germanate glass doubly doped with Yb3* and Er3*, which s
about one magnitude of order higher in comparison to lead borate
glass. The lifetime is consistent with the values (7=3.5-4.0ms)
measured for PbO-Ge0O,-Nb, 05 glasses [28], but smaller than for
the oxyfluoride lead germanate glass systems [16,29].

We can conclude that the spectroscopic parameters such as
spectral linewidth and luminescence lifetime for rare earth ions
in lead borate glass and lead germanate glass are quite different.
Their values are strongly affected by glass hosts. From this point
of view, the proper choice of glass host, which we would like to
use for tunable and long-lived NIR luminescence is a compromise
between spectral linewidth and luminescence lifetime for excited
state of rare earth ions.

The second excited state relaxation is related to the up-
conversion process, which usually generates green and red
luminescence. Fig. 2 presents up-conversion luminescence spec-
tra for lead borate glass (top) and lead germanate glass (bottom)
co-doped with Yb3* and Er3*, which were excited by 975 nm line
of diode laser. Inset shows the log-log dependence of the up-
conversion integrated luminescence intensities on the excitation
power.

Two successive energy transfer processes in Yb3*-Er3* co-doped
glass samples are needed for the excitation of 4F7/2 state of Er3*
ions. The excited Yb3* ion transfers energy to Er3* ion, which results
in the excitation of4ln/2 state. The same or neighboring Yb3* ion
transfers energy to the Er3* ion once again. Thus, two Er3* ions
excited in the 4I;; |2 state interact with each other. One of them is
promoted to the 4F7/2 state, whereas the other relaxes to the ground
state. Then, the energy is nonradiatively transferred very fast from
4F7/2 state to 453/2 state by multiphonon relaxation. Finally, the
excitation energy relaxes to the 4I;5 /2 ground state emitting green
light. When concentration of Er3* is relatively high, the 4F9/2 state
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Fig. 3. Energy level diagram for Yb-Er systems. All radiative and nonradiative tran-
sitions are also schematized in the case of the energy transfer process (ET) between
Yb3* and Er3*.

was populated by well known cross-relaxation processes and red
luminescence originating to transition from the 4F9/2 state to the
4115/2 ground state occurs [30]. Fig. 3 presents the energy levels
diagram, where all optical transitions are schematized in the case
of the energy transfer process (ET) between Yb3* and Er3*.

Similarly to previous work [28], the intense and broad green
and red up-conversion lines of Er3* ions in lead germanate glass
were detected upon excitation of Yb**. Luminescence bands cor-
respond to the 2Hyj;-%ly52 (green), 4S3;—*lys;; (green) and
4Fo;,-%115p2 (red) transitions of Er3*. The up-conversion lines can
be enhanced in the presence of Au nanoparticles [31,32] and
lead halide PbX;, where X denotes Cl [33,34] or F [35,36] in
lead germanate glasses. The up-conversion luminescence intensity
was increased drastically with GeO, content in mixed oxyfluo-
ride TeO,-GeO,-PbF,-BaF, glass systems co-doped with Yb3* and
Er3* [37]. These effects are important for Yb-Er visible waveguide
devices [38].

Here, we also observe quite intense red line due to 4F9/2—4l15/2
transition of Er3*, but concentration of Er3* is relatively low.
There exist two main possible pumping mechanisms for red lumi-
nescence. The first pumping mechanism is associated to fast
nonradiative decay through multiphonon interaction from the 4S; 2
state to the %Fq), state. The energy gap between 4S5/, and “Fq,
states is about 3200 cm~!, whereas phonon energy of the lead ger-
manate glass is close to about 800 cm~. It indicates that at least four
phonons would be required to bridge the energy gap between 4S5 12
and 4F9/2 excited states. Based on the second pumping mechanism,
the 4F9/2 state is populated using the following energy transfer
processes:

2F5/5 (Yb*T)+ 41132 (Er3T) — 2F7 5 (Yb3T) +4Fg 5 (Er*T)

432 (EPT)+ 31 )2 (ErF) — 45,5 (ErF) +*Fg 5 (Er3)

Sun and et al. [34] deduced that the first pumping mechanism
for the red luminescence is rather unlikely.

The log-log dependence of up-conversion luminescence inten-
sities for the 4S3-4lj5;; and 4Fg;—4l;s; transitions on the
excitation power was determined. It can be obtained using
the following relation: Iypc~Ppymp, Where: Iypc denotes the up-
conversion integrated luminescence intensity, P—the laser power
and n—photons. The slope of 2.01 and 2.13 for 4S3;,-%l;5,, and
4F9/2—4I15/2 transitions indicates that 2-photon mechanism was
involved in the up-conversion process.
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Fig. 4. Luminescence decay curves for 2Fs), state of Yb3* in lead borate glass singly
doped with Yb3* ions and doubly doped with Yb3* and Er3* ions.

Quite different situation is observed for lead borate glass dou-
bly doped with Yb3* and Er3*. Here, we detect very low intense and
narrow green up-conversion luminescence due to the 453/2—4115/2
transition of Er3* under excitation of Yb3*. The relatively high power
of the excitation source (3 W)was used toregister the luminescence
spectrum, due to low efficiency of the up-conversion process. This
process is not observed for the studied system in the low power
limit of the diode laser. For that reason, the log-log dependence
of up-conversion luminescence intensity on the excitation power
was not determined. It is consistent with the previously published
results obtained for lead borate glasses singly doped with Er3* ions.
In contrast to Yb-Er glass systems, the conversion of near-infrared
radiation into visible light does not occur for lead borate glass singly
doped with Er3* [1]. However, the up-conversion process is pos-
sible to detect for Er-doped lead borate glasses and transparent
glass—ceramics under relatively high power of the excitation source
[39].

Itis interesting to see why both near-infrared luminescence and
up-conversion lines of Er3* jons in Yb-Er co-doped lead borate glass
are less efficient and short-lived. Which mechanism is responsible
for quenching of up-conversion process in lead borate glass. From
literature data it is well known that the presence of OH~ groups
successfully quench up-conversion luminescence spectra of Er3*
ions in glasses [40]. However, our glass samples were prepared in a
special glass box in order to minimize hydroxyl content. Moreover,
the intensity of FT-IR band at 3400 cm~! was monitored in order
to minimize OH~ content. Especially, it is very important factor
for synthesis of mixed oxyhalide glass systems with low OH~ con-
tent, where PbX, (X=F, Cl, Br) component is strongly hygroscopic.
Our previous studies indicate that the Er-doped oxide and oxy-
halide lead borate glasses possess low-intensity FT-IR bands due
to stretching vibrations of OH~ groups [10].

Another possible explanation is very low efficiency of energy
transfer from Yb3* to Er3*. For that reason, luminescence decays
from 2F5/2 state of Yb3* ions in Yb-singly doped and Yb-Er co-doped
lead borate glass samples were registered. Fig. 4 shows lumines-
cence decay curves for the 2F5/2 state of Yb3* ions in lead borate
glasses singly doped with Yb3* and doubly doped with Yb3* and
Er3*. The 2F5/2 luminescence lifetime is close to 710 s, which is in
a good agreement with the results obtained for similar glass doped
with Yb3* [41]. The value of T decreases from 710 s to 25 s in the
presence of Er3* ions. Therefore, the energy transfer efficiency given
by n=1-11/12 (Where t1 =25 pus; T2 =710 ps) is close to 96.5%. The
excitation energy transfer between Yb3* and Er3* ions in lead borate

PbO - GeO,

00

1600
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Fig. 5. FT-IR spectra for lead germanate glass and lead borate glass.

glass is very efficient, because the energy mismatch between inter-
acting excited states 2Fsj, (Yb®*) and 41,1, (Er®*) is very small. At
consequence, the nearly resonant Yb — Er energy transfer in lead
borate glass occurs, in contrast to Yb — Tm system [42].

In aim to clarifying differences in the up-conversion lumines-
cence, the FT-IR spectra for lead borate glass and lead germanate
glass were carried out. Fig. 5 presents FT-IR spectra registered
for the studied glass systems in the 400-1600cm~! frequency
region, which were de-convoluted into Gaussian bands. In both
cases, the FT-IR bands in the 460-520 cm~! frequency region are
observed, which correspond to Pb-O stretching vibrations of the
[PbOy4] structural units along with the deformation modes of the
X-0 glass network (X=Ge or B). The observed FT-IR bands in the
690-930cm™! frequency region are responsible for the vibrations
of [GeOy4], [GeOg] germanate units and interconnected through
Ge-0-Ge bridges in [GeO4] structural units. The main FT-IR band
located at about 775 cm~! can be due to [GeOy4] tetrahedral struc-
tural units attributable to the Ge-O-Ge asymmetric stretching
modes [43]. Three characteristic groups of near-infrared bands
are observed for lead borate glass. They correspond to BO3 bend-
ing (650-700cm~1), B-O stretching vibrations of tetrahedral BO,4
units (850-1050 cm~!) and trigonal BO3 units (1200-1400cm™1),
respectively [44]. The highest and most intense B-O and Ge-O
stretching vibrations for both heavy metal glass systems are close
to 1320cm~! and 775 cm~!. It indicates that stretching vibrations
of glass network are considerably higher for lead borate glass than
lead germanate glass. At consequence, the up-conversion lumines-
cence of Er3* ions in lead borate glass was partially quenched by
stronger vibrations of glass host. Our results clearly demonstrate
that the vibration strengths of appropriate structural units sur-
rounding around optically active ions are influenced strongly on
the spectroscopic parameters for rare earth ions. This is also the



8092 W.A. Pisarski et al. / Journal of Alloys and Compounds 509 (2011) 8088-8092

main reason why we are not observed luminescence bands from the
higher-lying 4S5, and 4Fg ; excited states of Er3* inlead borate glass
under 488 nm excitation in the 4F7/2 state, in contrast to Er-doped
lead germanate glass [28].

4. Conclusions

Two excited state relaxation processes originating from Er3*
ions in selected heavy metal glass systems have been observed,
when 2Fs, state of Yb3* ions was excited with diode laser at 975 nm.
The first one is related to the near-infrared 4113/2—4115/2 laser
transition of Er3* ions, which is useful for third optical telecom-
munication window. The second one is connected with green
and red up-converted luminescence, which corresponds to the
2Hy1/2,4S32—-*1152 and 4Fg 4115, transitions of Er3* ions. The NIR
luminescence spectra and up-conversion processes were examined
as a function of glass host. Especially, some spectroscopic parame-
ters like spectral linewidth for the 41;3/,-41;5) transition and 413,
luminescence lifetime of Er3* ions in Yb-Er co-doped lead borate
glass and lead germanate glass were determined and compared.
The unusual large spectral linewidth nearly close to 110 nm for
411312-%1452 transition of Er3* ions in Yb-Er co-doped lead borate
glass was obtained, which is required for tunable solid-state lasers
and broadband optical amplifiers. On the other hand, the long lumi-
nescence lifetime of the 4113/2 metastable level is required for the
high population inversion. The relatively long-lived NIR lumines-
cence with 7(*ly3)3) = 3.24 ms was detected for lead germanate glass
doubly doped with Yb3* and Er3*, which is about one magnitude
of order higher in comparison to lead borate glass. Our investiga-
tions clearly demonstrate that the near-infrared and up-conversion
luminescence phenomena strongly depend on stretching vibra-
tions of glass host, which was confirmed by FT-IR spectroscopy.
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