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Abstract Excitation and luminescence properties of
Eu’", Tb®" and Er*" ions in lead phosphate glasses have
been studied. From excitation spectra of Eu’*t ions, the
electron—phonon coupling strength and phonon energy of
the glass host were calculated and compared to that
obtained by Raman spectroscopy. Main intense and long-
lived luminescence bands are related to the 5D0—7F2 (red)
transition of Eu®*, the 5D4—7F5 (green) transition of Tb*+
and the 411 3,2—41 15,2 (near-infrared) transition of Er**. The
critical transfer distances, the donor—acceptor interaction
parameters and the energy transfer probabilities were cal-
culated using the fitting of the luminescence decay curves
from °D, (Eu*"), °D, (Tb*") and 1,3, (Er’") excited
states. The energy transfer probabilities for Eu’" (°Dy),
Tb*" (D) and Er’™ (*1,3) are relatively small, which
indicates low self-quenching luminescence of rare earth
ions in lead phosphate glasses.

1 Introduction

Glass materials doped with rare earth ions are widely used
mainly for near-infrared solid-state lasers [1-4], broadband
optical amplifiers [5-8], up-conversion systems [9-11],
optical temperature sensors [12] and optical coherence
tomography [13]. The optically active rare earth ions play a
crucial role in lighting technology and optical display fields
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due to emission colors based on their 4f~4f intraconfigura-
tional transitions. Among several amorphous materials
doped with rare earths [14-23], oxide and oxyfluoride
phosphates are promising laser hosts because they are able
to accommodate higher content of rare earth ions and still
remain amorphous in comparison with other glass systems.
Their structural and optical properties were characterized
using different spectroscopic techniques in relation to
practical applications such as glass host source emitting
visible light [24-30] or near-infrared radiation [31-33].

In contrast to lead-free phosphate glass systems, near-
infrared [34-39] and visible [40—45] luminescence inves-
tigations of rare earth-doped lead phosphate glasses are less
documented in the literature. Based on thermal and spec-
troscopic parameters obtained for rare earth ions, it can be
concluded that lead phosphate glasses present interesting
thermo-optical [34-36] and nonlinear optical [37] proper-
ties. Large enhancement of second harmonic generation
(SHG) in cerium-doped lead phosphate glass was also
observed [46]. Generally, the incorporation of PbO to
phosphate glasses increases refractive indices of the host,
which is useful for fabrication of holey fibers. The
observed shift in the absorption edge to higher energies
with increasing PbO content indicates the suitability of
these glasses for optical device applications and makes
them a potential candidate for radiation protection devices
[47].

Here, we present the excitation and luminescence
spectra of selected rare earth ions in lead phosphate glas-
ses. The optically active rare earth ions were limited to
Eu’", Tb** and Er**. Trivalent europium and terbium ions
in several glass matrices are known as two red and green
primary color light sources, respectively. Our preliminary
investigations indicate that lead-free phosphate glasses [29]
and lead phosphate glasses [45] are promising red-emitting
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solid-state materials related to *Do—'F, transition of Eu®",
whereas quite efficient and long-lived green luminescence
due to *D4—"Fs transition of Tb>" ions in phosphate glass
and glass fibers was detected under 483-nm excitation [48].
In contrast to Ln-doped glass systems (Ln = Eu, Tb),
glasses doped with Er*™ or codoped with Er* "—Yb>" are
studied mainly for near-infrared emission at the third
telecommunication window [49]. The previously published
work by Santos et al [38] indicates that intense broadband
infrared luminescence at 1,530 nm, corresponding to the
main 4113/2—4115/2 laser transition of Er’" ions in lead
phosphate glass, was observed under 800-nm excitation.
Several radiative parameters were calculated based on the
experimental absorption spectrum and the Judd—Ofelt the-
ory. An analysis of several parameters such as lumines-
cence linewidth and lifetime or stimulated emission cross
section suggests that Er’"-doped PbPO, glass may poten-
tially be a useful material for developing optical devices.

The investigations into the excitation and luminescence
properties of rare earth ions in glasses are essential to
design optical devices such as solid-state lasers, color
displays, up-converters and optical fiber amplifiers. In this
work, the excitation and luminescence properties of Eu3+,
Tb** and Er’" ions in lead phosphate glasses are pre-
sented. From excitation spectra of Eu’t ions, the electron—
phonon coupling strength and phonon energy of the glass
host were calculated and compared to that obtained by
Raman spectrum. The red-to-orange (Eu*") and green-to-
blue (Tb3+) luminescence intensity ratios as well as the
linewidths and measured lifetimes were determined based
on luminescence spectra and their decays. The spectral
characteristics of Eu>" and Tb*" ions in lead phosphate
glasses are important from the optical point of view. These
rare earth ions are still widely used particularly for red and
green emission in modern solid-state lighting and display
technology. In particular, the luminescence linewidth and
measured lifetime were examined for the *I;3,—"I;5/» main
NIR laser transition of Er3+, which is demanded for
broadband optical amplifiers operating in the third tele-
communication window. Theoretical calculations were also
applied for luminescence decay curve analysis in order to
obtain information about interactions between rare earth
ions in lead phosphate glasses. The critical transfer dis-
tances, the donor—acceptor interaction parameters and the
energy transfer probabilities were calculated. The knowl-
edge of these values is necessary to evaluate self-quench-
ing luminescence processes of rare earth ions in the studied
glass system.

On the other hand, the PbO can form stable glasses and
make them more moisture resistant because it plays a dual
role: network modifier (ionic Pb—O) and network former
(covalent Pb—O). Consequently, the luminescence proper-
ties of rare earth ions in lead phosphate glasses are strongly
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influenced by the presence of highly polarizable divalent
Pb>" ions due to the strong and direct nature of Pb—O
bonds. These phenomena were also observed for lead
borate glasses [50, 51]. Because of the above facts, lead
phosphate glasses are significant in the field of solid-state
lasers.

2 Experimental details

Lead phosphate glasses with general formula 45PbO-
45P,05-9.5Ga,03-0.5Ln,05 (where Ln denotes Eu, Tb or
Er) in mole percent (mol%) were prepared by mixing and
melting appropriate amounts of metal oxides of high purity
(99.99 %, Aldrich Chemical Co.). The samples were pre-
pared in a glove box. A homogeneous mixture was heated
in a protective atmosphere of dried argon. In order to
compare OH™ content, the glass samples were also pre-
pared in air. Mixed reagents were melted for 0.5 h at
T = 1,100 °C.

The X-ray diffraction analysis (XRD) was used to
confirm amorphous nature of the studied glass samples.
XRD patterns were carried out using an INEL diffrac-
tometer. Fully amorphous lead phosphate glasses doped
with Eu’* and Tb>", except Er’", were fabricated in a
glove box in order to eliminate hydroxyl groups and then
examined using infrared spectroscopy. The FT-IR and
Raman spectra were measured with a Bruker spectrometer
using standard KBr disk techniques. From accumulated
experience, it is known that the OH™ content is consider-
ably higher in phosphate glass than in other glass systems.
These phenomena are associated with the more hygro-
scopic nature of P,Os. Our previous investigations clearly
indicate that intensity of IR band due to vibration of OH™
groups is drastically lower for glass sample fabricated in a
protective atmosphere of dried argon in glove box than
traditionally in an air [45]. These effects are important
from the optical point of view, because relatively high
content of OH™ groups effectively quenches luminescence
from excited states of rare earth ions in phosphate-based
glasses [52-56].

The excitation and emission spectra for Eu®" and Tb**
were measured with a Jobin Yvon Fluoromax4 spectro-
photometer. Spectral resolution was 0.1 nm. Luminescence
decay curves with accuracy 2 ps were acquired. Near-
infrared emission spectra for Er’ ™ were measured using a
Continuum Model Surelite 1 optical parametric oscillator
pumped by a third harmonic of a Nd:YAG laser. Lumi-
nescence was dispersed by a 1-m double-grating mono-
chromator. Emitted radiation was detected with an InGaAs
TEC 900-2,200-nm detector. Emission spectra were col-
lected using a Stanford SRS 250 boxcar integrator. Spectral
resolution was £0.1 nm. Luminescence decay curves were
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recorded and stored by a Tektronix TDS 3052 oscilloscope.
Decay curves with accuracy of £2 ps were measured. All
measurements were taken at room temperature.

3 Results and discussion
3.1 Excitation

Figure 1 presents excitation spectrum for Eu** ions in lead
phosphate glass. Insets show phonon sideband of Eu’™
(PSB) located near 440 nm (on the right) and Raman
spectrum recorded for the studied glass sample (on the
left). Excitation spectrum for europium ions was recorded
in 300-500 nm ranges monitored at A., = 611 nm
(Do-F, red transition of Eu®"). Several bands can be
assigned to the transitions originating from the 'F, ground
state to the 5D2, 5D3, 5L6, 5L7, SGJ and 5D4 excited states of
Eu**. Phonon sideband (PSB) associated with the pure
electronic transition (PET) of 7F0—5D2 at 463 nm is also
clearly observed. Two important parameters, the electron—
phonon coupling strength g and the phonon energy of the
glass host hw, were determined from phonon sideband
measurement. The electron—phonon coupling strength is
the intensity ratio of the PSB, [Ipspdv, to the PET, [Ippr dv,
whereas the phonon energy is the difference between the
position of the PSB and the one of the PET.
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Fig. 1 Excitation spectrum for Eu" ions in lead phosphate glass.
PSB and PET are indicated. /nset shows Raman spectrum detected for
lead phosphate glass in 800-1,400 cm™" frequency region
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Based on literature data [57], it is well known that the
multiphonon relaxation rate, W,(T), depends on the elec-
tron—phonon coupling strength and phonon energy of the
glass host using the following relations:

W, (T) = Wo(0) exp(—oAE) (3)
_In(p/g) — 1

R )

b= AE (5)

" ho

where p denotes the phonon number, AE the energy gap
between neighboring energy states and W (0) the transition
probability extrapolated to zero energy gap, which is
independent of the electronic nature of rare earth ions.

The nonradiative multiphonon relaxation rate is often
given as Wj,(T)/Wy(0) [58]. The values of 1,750 and
2,500 cm™ ! as the °D;—°Dj, and °D,-’D, energy gaps of
Eu’" ions are used for W, (T)/Wy(0) calculations. The
parameters from phonon sideband measurement are sum-
marized in Table 1. The energy phonon (PSB-PET) is in a
good agreement with the value obtained from Raman
spectrum. The electron—phonon coupling strength and
nonradiative relaxation rate are consistent with the results
obtained for similar oxyhalide phosphate glasses contain-
ing Eu™ ions [58].

Figure 2 shows excitation spectrum for Tb™™ ions in lead
phosphate glass in comparison with that obtained for previ-
ously studied lead borate glass. The excitation spectrum was
monitored at A, = 543 nm, corresponding to the main
>D,~"Fs green transition of Tb>*. The observed bands can be
assigned to transitions originating from the "Fq ground state to
the °Dy, °D3, °Gg, Lo, °Gs, Lo, °Lg, °L, °Dy, °H5 and “Hg
excited states of Tb> " ions. In contrast to lead borate glass, the
intensities of these transitions are relatively high. Indepen-
dently of wavelength excitation, the high-lying excited states

b3+

Table 1 Parameters obtained from phonon sideband measurement

Parameters PbO-P,05 glass host
Energy phonon® (cm™") 1,120
PSB-PET® (cm™) 1,117
Electron—phonon coupling strength g 24
(x1073
Nonradiative relaxation rate W,(T)/ 6.82 x 1072 (from D,
Wo(0) state)
3.62 x 107* (from °D,
state)

? Value obtained from Raman spectrum
® Value obtained from excitation spectrum of Eu*t
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Fig. 2 Excitation spectrum for Tb>* ions in lead phosphate glass. For

comparison, spectrum for Tb-doped lead borate glass is also presented
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Fig. 3 Excitation spectrum for Er*" jons in lead phosphate glass.
Inset shows XRD pattern for semicrystalline Er-doped sample with
GaPO, phase

of Tb>" ions in lead phosphate glass can be quite well popu-
lated under UV diode laser excitation. It suggests efficient
pumping of terbium-doped lead phosphate glasses by
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commercially available UV laser sources, which conse-
quently lead to the intense and long-lived green luminescence
related to °D,—’Fs transition of Tb>T.

Finally, the excitation spectrum for Er’" ions in lead
phosphate glass is presented in Fig. 3. The spectrum was
monitored at Aoy, = 545 nm, due to *Ss,—*1; s/ transition of
Er’". The Stark splitting has been well observed in this
spectrum. Several narrowed and well-resolved bands are
originating to transitions from the 4115,2 ground state to the
*F1r2, *Fsp, “Faa, *Gop, *Giipa, *Gopy and K5, excited
states of Er’". The observed Stark splitting is due to the
semicrystalline nature of the investigated Er-doped sample.
The inset shows an XRD pattern for the Er-doped sample,
which reveals two broad bands typical of amorphous state,
and narrow diffraction lines characteristic of crystalline
phase. These peaks were identified as the GaPO, crystalline
phase (PDF card No. 00-031-0546). This is in a good
agreement with the results obtained for glass in the fol-
lowing chemical composition: 30Ga,0;-20PbO-50P,05
(in mol%), where GaPO, crystalline phase was also iden-
tified [59].

3.2 Luminescence

Luminescence spectra of rare earth ions in lead phosphate
glasses were detected in the visible (Eu>", Tb*") and near
infrared (Er’") ranges. Figure 4 presents visible lumines-
cence spectra for Eu*™ and Tb>" ions in lead phosphate
glasses. Luminescence spectrum of Eu®' jons in lead
phosphate glass was registered upon excitation of *Lg state
(Zext = 393 nm). Owing to small energy gaps between 5L6,
D,, °D, and °D, states, the excitation energy transfers
nonradiative very fast to the SDO state. Next, visible
emission corresponding to the SDe-"F; 0 =0, 1, 2, 4)
transitions of Eu’' jons in lead phosphate glass is
observed. The main red luminescence band at about
611 nm corresponds to *Do—'F, transition of Eu®". The
ratio of integrated emission intensity of the *Dy—F, tran-
sition to the 5D0—7F1 transition, defined as red-to-orange
fluorescence intensity ratio R/O (and usually referred as R
factor), is relative to the strength of covalent/ionic bonding
between the Eu’" ions and the surrounding ligands. The
°Dy—F transition is a magnetic-dipole transition, which is
independent of the local symmetry. Therefore, the intensity
ratio of the *Do—'F, transition to the Dy—'F; transition is
the spectroscopic key to estimate the deviation from the
site symmetries of Eu®" jons. This ratio is a sensitive
function of covalency and asymmetry around Eu®" ions.
Small R value is usually attributed to higher local sym-
metry of Eu®" ions. The increase in R value is due to
increasing asymmetry. The red-to-orange luminescence
intensity ratio R of Eu’" ion in lead phosphate glass is
close to 2.41 [45]. Furthermore, luminescence spectrum for
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Fig. 4 Visible luminescence for Eu’" and Tb*" jons in lead
phosphate glasses. Main red and green luminescence bands corre-
spond to *Dy-"F, (Eu3+) and °D,—"F; (Tb3+) transitions of rare earth
ions

Tb** ions was recorded under excitation by 378-nm line.
Several luminescence bands are observed in the wide
spectral region, which correspond to the 5D4—7FJ J =34,
5, 6) transitions of Tb>* ions. The main green lumines-
cence band located at 543 nm is related to “Dy—Fs tran-
sition of Tb**. The ratio of integrated emission intensity of
the 5D4—7F5 transition (green line) to the 3 D4—7F6 transition
(blue line) allows determination of green-to-blue fluores-
cence factor (G/B). The G/B (Tb”) factor could play the
same role as the R (Eu3+) factor and also describe the
asymmetry of the local environment around the optically
active dopant and covalent/ionic bonding between Tb>"
and O?". Therefore, Tb>" ions could be also used as
spectroscopic probe similarly to europium ions. Calculated
G/B factor for Tb>* ions in lead phosphate glass is equal to
3.09.

From accumulated experience, it is well known that the
luminescence intensity is considered to be dependent on
the glass host lattice through the crystal field. The optical
radiation of rare earth ions is associated mainly with the
forced electric-dipole transition. Thus, luminescence
spectra of rare earths and their relative band intensities are
dependent on the symmetry and strength of crystal field. It
was pointed out that the luminescence intensity of Dy—'Fj;
transition can become comparable to that of the main green

Wavelength [nm]

Fig. 5 Near-infrared luminescence of Er’™" jons in lead phosphate
glass corresponding to the main 411 3/2—411 5> laser transition

D,~"Fs transition of Tb>", when the crystal field is very
strong. It was observed for Tb>"-doped borosilicate glass
samples calcined at 1,000 °C [60]. In our case, the lumi-
nescence intensity is much higher for the *D,~'Fs transi-
tion than for the °D,~F; transition of Tb>*, indicating low
strength of the crystal field. Moreover, the higher values of
G/B (Tb>") and R (Eu®") suggest a higher distortion of site
symmetry and a degree of covalence between rare earth
and oxygen ions. Our investigations indicate that both G/B
(Tb3+) and R (Eu”) values obtained for lead phosphate
glass are rather high, which suggests a large distortion of
local symmetry and a more covalent character of the
bonding between rare earth and oxygen ions. This is due to
the presence of heavy metal oxide (PbO) in glass compo-
sition. Further spectroscopic investigations indicate that the
luminescence band assigned to the magnetic-dipole
>Do-"F, transition of Eu’" ions in lead phosphate glass is
well resolved into three Stark components. The existence
of three overlapping peaks for >Dy—F, transition indicates
low symmetry (orthorhombic, triclinic or monoclinic) of
Eu’" environments. This is also in a good agreement with
the previously published results for Eu®" jons in lead
borate glass systems, which were examined using the
fluorescence line narrowing (FLN) technique [61].
Finally, near-infrared luminescence spectrum for Er*™*
ions in lead phosphate glass was recorded under excitation
by 488-nm line (Fig. 5). The excitation energy transfers
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Table 2 Spectroscopic parameters (A2, 7) for Er** ions in phosphate-based glasses

Phosphate-based glass host 2 (nm) AA (nm) 7 (ms) Ref.
19NaF-38RF,-30AlF;-5YF;—4Al(PO3);—4ErF; (R = Mg, Ca, Sr, Ba) 1,530 56 7.36 31
EDLP, x =1 —4) 1,530 2740 0.63-2.75 38
20Na,0—-40PbCl1,—40P,05 1,540 40-60 2.13-2.5 70
92NAP—(8—x)AL04-(x)Er,04 1,530 5257 0.97-7.86 71
64P,05-12A1,05-3,5(Er,03 + La,03)-20,5MO (M = Mg, Ca, Ba) 1,537 55 7.9 (glass) 72

2.8 (glass fiber)
40MgF,-40BaF,—10Ba(PO5),—10A1(PO;);3 1,536 91 - 73
20Bi(PO3);-10Ba(PO;),~35BaF,~35MgF, 1,516 64 -
67P,05—14A1,05-14Li,0-1K,0-4(Yb,05 + Er,05) 1,535 55 7.9 74
Metaphosphate - 61 7.9 75
24(NaP03)¢-30KH,P0,4~25Ti0,~20XCl,~1Er,05 (X = Mg, Ca, Sr) 1,534 39-41 - 76
45Pb0-45P,05-9.5Ga,05-0.5Er,0; 1,535 50 1.85 This work
nonradiatively very quickly to the *I 3, state due to small 10°

energy gaps between the *S5,, state and lower-lying excited
states of Er’*. For that reason, we also observe very low-
intensity green emission corresponding to 4S3-"T15
transitions of Er’" ions in lead phosphate glass [62]. The
observed near-infrared luminescence at about 1.5 pm cor-
responds to 4113/2—411 5> laser transition of Er**, which is
demanded for optical amplifiers operating in the third
telecommunication window [5-8, 63-70]. Several spec-
troscopic parameters of Er’ " ions are important in relation
to practical application in optoelectronics. Two of them,
luminescence linewidth and lifetime, are determined from
emission spectrum and its decay. The luminescence decay
curves for rare earth (Eu’>", Tb>* and Er*™") ions in lead
phosphate glasses will be examined in the next section. The
spectral linewidth A4 defined as full width in half maxi-
mum (FWHM) is a very important parameter for tunable
broadband NIR laser systems, whereas the relatively long
luminescence lifetime 7 of the metastable level required for
the high population inversion is the critical factor in the
success of Er-doped fiber amplifiers (EDFA) in optical
communications. Both parameters A/ and 7 for Er*" ions
in lead phosphate glass are close to 50 nm and 1.85 ms,
respectively. They are given in Table 2 in comparison with
values obtained for other oxide and oxyhalide phosphate-
based glasses [31, 38, 70-76].

3.3 Luminescence decay analysis

Luminescence decay curves from the excited states of Tb™,
Eu’" and Er’" ions in lead phosphate glasses have been
analyzed in detail. Figure 6 shows luminescence decay
curves from the °D, (Tb>), Dy (Eu*") and *I;5,, (Er*™)
excited states. All decay curves become nearly exponential
due to the lack of energy transfer between rare earth ions. The
luminescence lifetimes for > Dy, 5DO and 4113/2 states of rare
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Fig. 6 Luminescence decay curves for the excited states of Tb>™,
Eu’* and Er** ions in lead phosphate glasses

earth ions in lead phosphate glass are close to 2.65 ms
(Tb*), 2.02 ms (Eu") and 1.85 ms (Er* ™), respectively.

In order to estimate ion—ion interaction, the Inokuti—
Hirayama model [77] has been applied for luminescence
decay curve analysis. The time evolution of the Ln’"
(Ln = Tb, Eu Er) luminescence intensity was fitted to that
predicted by the formula:

I(t) =Aexp l— (i) -« (i) S/S] (6)

where A is a constant, /() is luminescence intensity after
pulse excitation, t,, is the intrinsic lifetime of donors in the
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absence of acceptors, s = 6 for a dipole—dipole interaction
between the ions, and « is the parameter given by the
relation:

o= gnf(l — 3/s)NuR} (7)

where I' is the Euler function, N, is the concentration of
acceptor ions, and R, is the critical transfer distance
defined as a donor—acceptor separation for which the rate
of energy transfer between a donor—acceptor is equal to the
rate of intrinsic decay rate t,,".

The donor-acceptor interaction parameter Cp_,4 is cal-
culated using the following relation:

6

Cp_a= it (8)

Results of the fitting procedure using the Inokuti—Hi-
rayama model are given in Table 3.

The critical transfer distance R, varies nearly from 4 to
8 A, and its value is similar to that obtained from *'P MAS
NMR, X-ray and neutron diffraction measurements, which
were carried out for phosphate glasses containing rare earth
ions [78-82]. Three main types of Ln—Ln separation related
to (1) Ln—O-Ln configuration as found in orthorhombic
metaphosphate crystals in the range 3.9-4.3 A (the Ln-Ln
ion clustering must be present), (2) V-shaped Ln—(OPO)-
Ln configuration as found in ultraphosphate and mono-
clinic metaphosphate crystals in the range 5.2-5.7 A and
(3) approximately linear Ln—(OPO)-Ln configuration as
found in orthorhombic metaphosphate crystals in the range
55-7 A can be present in Ln-doped phosphate-based
glasses. It was discussed based on direct observation of
Ln-Ln distances in rare earth-doped phosphate glasses by
magnetic difference neutron diffraction [83].

Finally, the donor—acceptor interaction parameter Cp_x
was used to calculate the energy transfer probability Wp_,
using the following relation:

Cp-a
Wpa =— ¢
R}

©)

Table 3 Results of the fitting of the luminescence decay curves from
5D, (T, °Dy (Eu®*) and *15, (Er’") excited states of rare earth
ions in lead phosphate glass obtained using the Inokuti—Hirayama
model

Parameters > D)  Ed®t Dy)  Er*t (*Lisp)
N4 (10% jon em™3) 1.52 1.57 1.45
o 0.1 0.6 0.07
Ry (A) 5.62 8.02 4.02
Cpa (107 em®s™h) 122 13.2 0.23

The molar ion concentrations N4, o values, the critical transfer dis-
tances Ry and the donor—acceptor interaction parameters Cp_, are
reported

The results including Wp_, parameters together with the
measured luminescence lifetimes and energy gaps between
excited states and lower-lying states of rare earth ions are
given in Table 4.

Generally, the energy transfer probabilities for the Eu**
(SDO), Tb>+ (5D4) and Er** (4113/2) are similar to the value
(Wp_a = 375 sfl), which was calculated using relation (4)
and some following parameters (R, = 7.12 A;
7 =2.04 ms; Cp_a = 4.88 x 107*" cm® s™!) obtained for
Sm** ions (0.5 mol%) in lead fluorophosphate glasses
[44]. The smaller Wp_, parameters indicate low self-
quenching luminescence of rare earths. Our results clearly
indicate that luminescence lifetime of the excited state of
Ln’" increases, whereas the energy transfer probability for
Ln’*" reduces with increasing separation energy between

Table 4 Results of the fitting of the luminescence decay curves from
5D, (T, °Dy (Eu®*) and *15, (Er*™) excited states of rare earth
ions in lead phosphate glass obtained using the Inokuti-Hirayama
model

Parameters Tb>" (°Dy) Eu’" (Dyp) Er’" (113)
AE® (cm™h) 15,000 12,500 6,600

7, () 2.65 2.02 1.85

Wp_a (s™H 387 496 540

The energy gaps AE between excited states and low-lying states of
rare earth ions, the measured luminescence lifetimes 7,, and the
energy transfer probabilities Wp,_, are reported

* Energy gap between excited state and low-lying state of rare earth
ion (see Fig. 7)
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Fig. 7 Energy-level schemes for Tb*", Eu*" and Er’" ions in lead
phosphate glasses. The main green (Tb‘”), red (Eu3+) and NIR
(Er*™") transitions are indicated (in bold). The energy gaps between
the excited state and low-lying state of rare earth ions are also
presented
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excited state and lower-lying state of Ln*" ions in
Er’" - Eu’" - Tb’" direction (Table 4). The energy
separations for Tb**, Eu®t and Er’** ions are also dem-
onstrated on the energy-level schemes (Fig. 7). From the
emission spectra and their decays as well as the Ln*"—Ln>"
interaction calculations, it can be concluded that lead
phosphate glasses containing rare earth ions are promising
materials emitting visible light (Eu’*, Tb*") or near-
infrared radiation (Er3+).

4 Conclusions

Excitation and luminescence properties of rare earth ions
in lead phosphate glasses have been studied. The optically
active rare earth ions were limited to Eu’*, Tb>* and
Er’". Several registered excitation and luminescence
bands correspond to well-known lines characteristic for
4f5-4f° (BEu’h), 484 (Tb) and 4f''—4f'" (Br’™) elec-
tronic transitions of trivalent rare earths. From excitation
spectra of Eu’" ions, the electron—phonon coupling
strength and phonon energy of the glass host were cal-
culated and compared to that obtained by Raman spec-
trum. Several narrowed and well-resolved excitation and
emission bands for Er’" ions prove the semicrystalline
nature of the studied Er-doped sample. This was con-
firmed by XRD. Some spectroscopic parameters such as
luminescence peak wavelength, linewidth and measured
lifetime were determined based on luminescence spectra
and their decays. Main intense and long-lived lumines-
cence bands correspond to the 5D0—7F2 (red) transition of
Eu’", the *Ds~"Fs (green) transition of Tb>" and the
N135-"115» (near-infrared) transition of Er’*. In particu-
lar, two spectroscopic parameters, the luminescence line-
width and measured lifetime, were analyzed for the latter
main NIR laser transition of Er3+, which is demanded for
broadband optical amplifiers operating in the third tele-
communication window. The red-to-orange (Eu3+) and
green-to-blue (Tb>") luminescence intensity ratios were
also determined.

Theoretical calculations based on the Inokuti—Hirayama
model were applied for luminescence decay curve analysis
in order to obtain information about interactions between
rare earth ions. Some parameters such as the critical
transfer distances, the donor—acceptor interaction parame-
ters and the energy transfer probabilities were calculated
using the fitting of the luminescence decay curves from Dy
(Eu”), 5D4 (Tb3+) and 4113,2 (Er3+) excited states of rare
earth ions in lead phosphate glass. The energy transfer
probabilities for Eu*™ (°Dg), Tb*" (°D,) and Er*™ (*I;3)
are relatively small, which indicates low self-quenching
luminescence of rare earth ions in lead phosphate glasses.
It suggests that lead phosphate glass hosts are promising

@ Springer

solid-state materials for rare earth luminescence in the
visible and near-infrared spectral region.
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