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A highly transparent Sm>* glass with composition B,0;-PbO-Bi,05;-GeO, was obtained by the tradi-
tional melt quenching technique and characterized from structural and spectroscopic points of view.
Analysis by X-ray diffraction and Raman spectroscopy confirmed the amorphous nature of the sample
and revealed the expected low phonon energy. Differential thermal analysis was also carried out to
obtain the glass transition and the crystallization temperatures, related to the thermal stability of the
sample. Judd-Ofelt theory was applied to evaluate phenomenological intensity parameters Q; (1=2,
4 and 6) from the optical absorption measurements. The transition probabilities, radiative lifetimes,
branching ratio and stimulated emission cross-section were also calculated. Photoluminescence spectra
recorded in the visible and infrared regions revealed intense green, orange, red and near infrared

emission bands providing a new trace to develop tunable laser and optoelectronics devices.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Crystals and glasses doped with trivalent rare-earth (RE) ions
have been largely investigated for more than 30 years for photonic
applications such as in optical fibers, fluorescent devices, detectors
and optical waveguides [1-3] . The spectral properties of these ions
depend, to some extent, on the chemical and structural composition
of the glassy or crystalline host matrix [4]. Many compositions have
been studied in the search for more efficient ion-host combinations
that will ultimately lead to reduced suppression of luminescence
[2]. Despite their usually high phonon energies that can negatively
affect the quantum yield of RE ions, oxide glasses exhibit fairly high
transmission window, good thermal, chemical and mechanical
stability and large RE incorporation [5,6]. In order to overcome the
drawback of high frequency vibrations, heavy metal oxide glasses
(HMOG), especially those containing Bi,O; and PbO, have been
investigated [6]. Among different possibilities, the choice of the
network former B,O3 ensures a wide glass-forming range allowing
the incorporation of modifier constituents such as GeO, and Bi;03
to tailor specific properties. Besides the usual suitable features of
oxide glasses, such compositions present high density and high
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linear and nonlinear refractive indexes, broad transmission window
and low phonon energy enabling applications in several optoelec-
tronic devices [7].

The optical spectra of RE ions in glasses provide important
information about the effect of host-ion interaction on the elec-
tronic and vibrational energy levels of the material, which are
essential for the design of applications [8]. Beyond the experi-
mental approach, a theoretical treatment using the Judd-Ofelt (JO)
formalism [9,10] allows the determination of the spectral inten-
sities of RE's electronic transitions.

The optical properties of Sm>* ijons have been reported for a
large number of glassy systems [11-13] with a typical concentra-
tion of 1.0 mol% of Sm>®*. Compared to other RE ions, Sm>* stands
out due to its optical luminescence in the visible region (VIS),
however, little attention has been paid to emissions in the near
infrared (NIR) region [14]. It is a four-level laser system similar to
Nd3*, favoring laser emission, and it allows, also, thermal sensing
applications [15]. Farries et al. [16] reported a Sm>*-doped silica
optical fiber laser operating at 651 nm using a 488 nm argon ion
laser as a pumping source and Zhang et al. [17] investigated the
luminescence properties of Sm>* doped phosphor for white light
emitting diodes. However, severe aggregation of Sm>* at high
doping concentration levels has been reported for some glasses
[18] . Sm®™ ions also present valence instability and, for some
glasses, negative values are obtained for the JO phenomenological
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intensity parameters [19-21]. JO theory is applicable when the
high f-splitting is small compared to the f-d energy gap and,
therefore, it is inappropriate for calculating the Q, for Sm>™.
Nonetheless, the JO theory has been used to investigate Sm3*
doped glasses for applications such as in photodynamic therapy
(PDT) [22] , solar cells substrates [23], laser emission [16] and
white light diodes [17], among others.

In this work the structural and spectroscopic characteristics of a
new lead-containing borate glass with composition B,03-PbO-
Ge0,-Bi;03-Sm;05 (BPGB:Sm) were investigated, revealing effi-
cient visible (VIS) and novel near infrared (NIR) emissions. The
probabilities of spontaneous emission and the maximum stimu-
lated emission cross-sections were calculated using the JO theory.

2. Experimental

A glass with composition 26.66B,03-52.33PbO-16Ge0,-
4Bi;03-1Sm,03 (BPGB:Sm) was prepared by the traditional melt
quenching technique. The starting materials B,O3, PbO and Bi,03
(Alfa-Aesar, 99.99%), GeO, (Preussaug Mettal-Goslar) and Sm,03
(Aldrich, 99.99%) were thoroughly mixed in a 30 g batch and
heated at 850 °C for 15 min in Pt crucible in air. The melt was
poured onto a graphite mold preheated at 270 °C to avoid thermal
shock, and annealed at 50 °C for 12 h, below the glass transition
temperature (383 °C), to release mechanical stress. Finally, the
glass was slowly cooled down to room temperature and cut and
polished for optical measurements. The amorphous nature of the
sample was confirmed by X-ray powder diffraction using a dif-
fractometer Siemens model D500. The thermal stability against
crystallization was verified by DTA (Differential Thermal Analysis)
using a Shimadzu analyzer model DTA 50 in the temperature
range 20-800 °C, at a rate of 10 °C/min under Ar atmosphere.

The refractive index components (np, ng and nc) were measured
using a Sopra GES- 5E ellipsometer. The volume density was cal-
culated through the Archimedes method using an analytical bal-
ance Shimadzu model AUW220D (0.1 mg/0.01 mg) and distilled
water as the immersion liquid. The used equation was as follows:
Pg = PaWe/(Wg—Wg), where pg and p, are the densities for sample
and for water, respectively, w, is the weight of the sample and w,
is the apparent immersed weight of the sample.

Room temperature absorption spectra in the UV-vis-NIR
region were recorded using a high-performance spectrometer
PerkinElmer model LAMBDA 1050 with a spectral resolution of
0.2 nm. Raman spectra were recorded in a Horiba Jobin Yvon
iHR320 system using a 632.8 nm He-Ne excitation laser and a
liquid nitrogen cooled CCD detector with a resolution of 0.5 cm~ .
Photoluminescence (PL) data were measured in a Crylas system
using as excitation sources CW lasers at 266 nm and 488 nm. The
PL signal was dispersed by an Acton SP2300 monochromator and
detected by a Pixis 256E CCD. The luminescence intensity decay
curve of the “Gs), emitting level was measured using an electro-
optic modulator to pulse the CW laser. The signal around 600 nm
was dispersed by a SP2300 monochromator and detected by a
Hamamatsu R955 photomultiplier. The detected signal was fed to
a SR430 multichannel analyzer and transferred to a computer
running acquisition software. The average lifetime value of the
4G5,2 level was determined from a single exponential fit of the
decay curve.

3. Theory
The quantitative analysis of the intensity of the absorption

bands of trivalent lanthanides relates the experimentally deter-
mined oscillator strength f.., to mechanisms by which radiation

can be absorbed. The experimental oscillator strength can be
obtained from the expression fe, = /5% [ @(v)dv, where a(v) is the
linear absorption coefficient as a function of the frequency v(s ')
and N is the concentration of rare earth ions. Following the con-
ventional JO theory, the total theoretical oscillator strength f,, of
the induced electric dipole allowed transition J—]J' is given by the
following equation [9,10]:

2
faa=a " S 2, (w0 ) M

3h(2]+1%:2,4,s

where the frequency v corresponds to the transition from the
ground state yjJ to the excited state yJ, J and J' are the total
angular momentum of the ground and excited states of the RE ion,
respectively, y = (nz+2)2 /9n is the Lorentz local field correction
for the refractivity of the medium, n is the linear refractive index,
U* are the doubly reduced matrix elements of the unit tensor
operator of rank A=2, 4, 6, calculated from intermediate coupling
approximation. The €2; parameters are known as the JO phe-
nomenological intensity parameters determined by a least-square
fit of the theoretical and experimental oscillator strengths. The
radiative lifetime 7,,4 of an emitting state and the emission
branching ratio B were calculated using conventional expres-
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radiative transition rate [24]. The branching ratio can be used to
predict the relative intensities of all emissions lines originating
from a given excited state.

4. Results and discussion
4.1. Structural and physical properties

The X-ray diffraction pattern of the BPGB:Sm glass shown in
Fig. 1(a) confirmed its amorphous structure. Fig. 2(a) shows the DTA
curve indicating the temperatures corresponding to the glass
transition (Tg), softening (Ts), crystallization (Ty) and melting point
(Ty). The slope in the range between 463 °C and 548 °C, after the
glass transition temperature, is due to softening and sintering of the
sample. The thermal stability parameter, defined as AT=T,— T,
gives information about the resistance of the glass against crystal-
lization, which is an important parameter for technological appli-
cations. For BPGB:Sm glass, AT > 170 °C, making it a good candidate
for optical devices [25-27]. For the undoped BPGB glass, T;=333 °C
[6] while for BPGB:Sm, T, increased to 383 °C, indicating a strong
interaction between the Sm>* ions and the host glass.

Fig. 1(c) presents the Raman spectrum for the BPGB:Sm glass.
The low intensity band at ~547 cm™! is related to the stretching of
the symmetric Ge-O-Ge bonds [29] and the band at ~759 cm~ ' is
related to the symmetric Ge-O bonds [29,30]. The bands at ~913
and ~1044 cm~! are assigned to ortho, penta and diborate groups
[29-31]. The band at ~1300 cm™! is related to BO,O~ units con-
nected to BO4 units [6,29-31]. The spectra of doped and undoped
samples look rather similar, giving no evidence of the structural
influence of the doping ions. Another very important observation is
that the most intense band is in the low energy range, specifically at
759 cm™!, different from silicate systems that present intense
vibrational bands around 1150 cm~! [32].

From the measured values of density (p), refractive index np,
concentration of Sm>* ions (N=1 mol%) and average molecular
weight, the polaron radius (r,), mean inter-ionic distance (r;),
molar volume (V,;), molar refraction (R;;) and molar electronic
polarizability («,,) were calculated using standard equations [28].
These values along with the experimental thermal parameters are
summarized in Table 1.
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Fig. 1. (a) X-ray diffraction pattern, (b) differential thermal analysis and (c) Raman spectrum for BPGB:Sm glass sample.

Fig. 2. (a) (ahv)'/? and (b) (ahv)* versus hv for undoped (BPGB) and doped (BPGB:

Sm) glasses.

Table 1
Measured and calculated physical properties for BPGB:Sm glass.

Density p (g/cm?) 6.5

Refractive index np=1.9350
np=1.9440
nc=1.9330

T, (°C) 383

Ty (°C) 556

T, (°C) 498

Ty—Tg (°C) 173

Abbe number 85

Concentration( x 10%° ions/cm?) 2.25

Polaron radius 7, (A) 6.6

Mean inter-ionic distance r; (A) 16.44

Molar volume V,, (cm?/mol) 26.43

Molar refraction Ry, (cm?/mol) 12.77

Molar electronic polarizability a, ( x 10~24 cm?) 5.066

4.2. Optical and spectroscopic properties

The linear absorption coefficient o near the UV absorption edge
due to the host's electronic transitions, can be determined by [33] :

aW)hy = B(hv—Eg)" 2)

where B is a constant, hv is the photon energy and Eg is the optical band
gap. The parameter n is related to the electronic transition: n=1/2 for



A. Herrera et al. / Journal of Luminescence 171 (2016) 106-111 109

allowed direct; n=1/3 for forbidden direct; n=2 for allowed indirect
and n=3 for forbidden indirect transitions. Fig. 2(a) and (b) shows the
Tauc's plots of (ahv)'? and (ahL/)2 versus hv for allowed indirect and
direct transitions, respectively. The optical band gaps were obtained
from the intercept of linear fits with the horizontal axis [34], giving
335eV and 3.21 eV for allowed indirect transition and 3.26 eV and
3.07 eV for allowed direct transition in BPGB and BPGB:Sm glasses,
respectively. The presence of Sm,0s; in small amounts in the glass
composition may induce the formation of energy levels in the forbidden
gap due to increase in the number of non-bridging oxygen species,
changing the absorption spectrum [35].

The Urbach's plot, corresponding to In(o) versus hv, is shown in
Fig. 3. Urbach's energy refers to the width of the tails of localized
states in the forbidden zone of a disordered material. According to
the rule of Urbach, the optical absorption coefficient curve near
the absorption edge is an exponential function of the photon
energy [34]. The values of AE were calculated taking the reci-
procals of the slopes of the linear portion of the curves In(a) vs. hr,
resulting in 0.28 eV and 0.30 eV for BPGB and BPGB:Sm glasses,
respectively. The Urbach's energy increased with the introduction
of Sm,05 in the BPGB glass.

The absorption spectrum for the BPGB:Sm glass, presented in
Fig. 4, shows seven absorption bands in the near infrared region,
peaked at 750.8, 858.5, 977.9, 1095.0, 1178.8,1219.2 and 1266.1 nm
respectively, corresponding to absorption transitions from the
ground state ®Hsj, to the excited states ®Fyyjz, ®Foja, ®F7j2, °Fsp2,
5F3/2, ®Hysj2, °F1j2. Because the near-infrared transitions are spin
allowed (As=0), they are rather intense.

The fluorescence spectra for Sm®>* doped BPGB:Sm glass in the
VIS and NIR regions are presented in Fig. 5(a) and (b), respectively,
revealing strong emissions in both regions. In the visible, the
bands at 563, 601, 648, 711 and 786 nm correspond to the tran-
sitions from the excited state “Gs,-°H; (J=5/2, 7/2, 9/2,11/2, 13/2)

25

0.5 1 I I L L
24 2.6 2.8 3.0 3.2 34
hv (eV)

Fig. 3. In (a) versus hv for undoped (BPGB) and doped (BPGB:Sm) glasses.
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Fig. 4. Room temperature optical absorption spectrum of BPGB:Sm glass.

states of Sm>™. The peaks in the NIR region centered at 912, 954,
1036 and 1182 nm correspond to transitions from the 405/2 state to
SF; (J=3/2, 5/2, 7/2, 9/2). The energy level-diagram of the BPGB:Sm
glass is presented in Fig. 6. It is important to note the large number
of transitions observed, including the 1182 nm one, indicating that
BPGP:Sm glass is a very efficient system.

Table 2 shows the experimental and calculated oscillator
strengths with the corresponding root-means-square (6,.,;s) values
for the BPGB:Sm glass. The deviations are small, indicating a good
fit, and the results for the JO parameters 2, (1=2,4,6) are con-
sistent with previous results for other glasses doped with Sm
[24,36].

Table 3 shows the values of Q; (1=2, 4, 6) calculated in the
present work compared to values found in the literature for Sm3*
doped glasses. In general, the JO intensity parameters are host
dependent and are useful indicators of the glass structure and
transition rates of the rare earth ions [37]. The parameter £2, rises
drastically by lowering the symmetry of rare earth ligand field [38]
and the covalence of the lanthanide ions [39]. In the present work,
the value of the €2, parameter is lower than those obtained for
SI’T13+ doped H3BO3—Li2C03—CaCO3—PbO, ZnO—Sb203—B203, PbO-
PbF,-B,03, PbO-PbF, glasses but higher than those obtained for
Sm>*doped telluride and PbO-H3BO3-TiO,-AlF;— (LBTAF), as
shown in the Table 3. A low value of £2, suggests a symmetric
environment around the Sm>* ion site and a predominantly ionic
bonding with the ligands. Nageno et al. [40] have studied alkali
borate and phosphate glasses and concluded that Q4 and Qg
parameters depend on the viscosity and dielectric properties and
are related to the rigidity of the glassy matrix. The ratio Q4/Qg,
known as spectroscopic quality factor [41], is important for pre-
dicting the stimulated emission for a laser medium. For BPBG:Sm,
this ratio is 1.06, similar to values reported in the literature for
other Sm>* doped glasses [11,42-47], which suggests that it is a
potential candidate for active laser medium.

Radiative transition probabilities A, (s~!), branching ratio B
and radiative lifetime 7,,4 (ms) for BPGB:Sm glass are shown in
Table 4. It is well-known that emission transitions with fg > 0.5
are highly suitable for laser emission. The branching ratio value for
the transition “Gs;;~°Hy, for BPGB:Sm is 51.07%, which is similar
to the values found for other Sm3* doped glasses, as shown in
Table 4, indicating the potential use of this transition for photonic
applications.

The stimulated emission cross-section o(4,)(J,J') for transitions
between J and J' has been used to identify the potential laser
transitions of RE ions in any host material since a good laser
transition should have large stimulated emission cross-section
[47]. Table 5 presents the cross section values for the emission
bands observed in this work, which are high compared to other
Sm>* doped glass matrices [42,48-50]. The higheest value was
observed for *Gsj, —°®Hy/, transition (6.08 x 10~22 cm?). The cor-
responding full-widths at half-maximum (FWHMs) for the novel
NIR emission are 21.1, 26.0 and 31.7 nm, respectively. Despite the
values of o(4,)(JJ") for NIR emissions being lower than those of VIS
emissions, they are of the same order of magnitude. Therefore, the
novel NIR emissions of BPGB:Sm provide a new clue for develop-
ing potential NIR optoelectronic devices [51].

The decay profile for BPGB:Sm glass is shown in Fig. 7. As can
be observed in the inset, it is not a single exponential. A second
order exponential fit was required and the average lifetime
Texp=1.39 ms was calculated [52], while the radiative lifetime
obtained from the JO theory was T,,q=2.58 ms. The quantum
efficiency # for the 65,2 level, defined as =22 T was 54%, indi-
cating that BPBG:Sm glass is a promising lummescent and laser
material in the orange-red region [53].

The experimental lifetime can be expressed as -- T o = Trod T W !
where wyppg is the multiphonon relaxation that arises from the
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Fig. 5. (a) Visible and (b) near-infrared fluorescence spectra for BPGB:Sm glass under excitation at 488 nm.

110
a
4 6 =
| Gy H,, A, .~488nm
z L
=2
=
2
A
2
=\
c
3
cr 6
H5/2
L 6
H13/2
——
500 800
Wavelength (nm)
4
20000 :NR 4(37/2
1 4,32
1 5/2
15000 +
£
£ E|E|E Ele 15 E
< c|e €|S|o|El~ | € o~
e 1Elkz2RER|s|8 |8 ‘
3} Do 9QIF Moo |vl|s | = F
> ® | ©|© I o | |~ 6912
3 10000{¥ ~ F
g /5 72
w / F5/2
\GF
6H 32
5000 132
°H
6 172
SHQIZ
0 6H7/2
H5/2
Fig. 6. Energy level diagram for BPGB:Sm glass.
Table 2

Experimental and calculated oscillator strengths for BPGB:Sm glass.

Transitions Oscillator strength ( x 10~°)

fexp fcul
SHsj2 - ®Fuipa 0.44 0.47
®Fop2 2.66 2.83
5Fy) 3.87 4.01
®Fs)2 2.00 1.90
6F3/2+5*‘[15/2+6F1/2 118 1.19

Srms=0.092 x 10~©

Table 3

Judd-Ofelt intensity parameters calculated for BPGB:Sm glass compared to values

found in literature for other Sm®**+ doped glasses.

Glass Judd-Ofelt parameter Trend Q4/Q6
(10-2° cm?)
(273 Q4 Q¢
Sm:Tellurite [42] 0.006 0.339 0.243 2, <Q<Q4 139
Sm: LBTAF [11] 0.27 2.52 247 2, < Q<24 1.02
Sm:BPGB(This work)  0.42 2.65 248 ;< 26< 24 1.06
H3BO3-Li,CO3-CaCO5-  0.97 5.04 4.73 2, <Qs<Q4 1.06
PbO [43]
Sm:Lead fluoroborate 341 2.92 217 Q<4< 135
[44]
Sm:Silicate [45] 1.94 2.63 1.63 Qe <,<24 162
Sm:PbO-PbF, [46] 1.16 2.60 1.40 2, < Q<4 1.86
Sm:Phosphate [47] 431 428 5.78 Q<4< 074

b

Intensity (arb.units)

xexc=488nm

1000
Wavelength (nm)

Table 4

1100

1300

Radiative transition probabilities Ar.q (s~ '), branching ratio gz, and radiative life-
time 7,24 (ms) for the BPGB:Sm glass compared to the results found in the literature.

Transition from “Gs), to

AE (cm~') BPGB:Sm

Araa Pr Trad
Hs)»
this work 17701 35.83  0.0926 2.58
Sm: LBTAF [11] 20 0.1
Sm:Tellurite [42] 16765.1 2117 0.023
Sm:Lead fluoroborate [44] (0.7 mol%) 1472  0.043
Hyp
this work 16615 197.52  0.51
Sm: LBTAF [11] 102 0.50
Sm:Tellurite [42] 16765.1 43.629 0.492
Sm:Lead fluoroborate [44] (0.7 mol%) 163.65 0.472
SHoj2
this work 15425 87.20 0.2254
Sm: LBTAF [11] 40 0.20
Sm:Tellurite [42] 15475.6 19.167 0.216
Sm:Lead fluoroborate [44] (0.7 mol%) 106.82  0.308
Hyij2
this work 14066 4540 0.1174
Sm: LBTAF [11] 23 0.11
Sm:Tellurite [42] 14025.0 11.829 0.133
Sm:Lead fluoroborate [44] (0.7 mol%) 40.17 0.116
5Fs)2
this work 10482 14.28  0.0369
Sm: LBTAF [11] 7 0.03
Sm:Tellurite [42] 10523.1 1331 0.015
Sm:Lead fluoroborate [44] (0.7 mol%) 10.74  0.031
SFap2
this work 9643 5.52  0.0143
Sm: LBTAF [11] 3 0.01
Sm:Tellurite [42] 9652.8 1.038 0.011
Sm:Lead fluoroborate [44] (0.7 mol%) 3.28 0.009
5Foj2
this work 8460 1.03  0.0027
Sm: LBTAF [11] 0 0
Sm:Tellurite [42] 8493.6 0.174  0.002
Sm:Lead fluoroborate [44] (0.7 mol%) 1.82  0.005

interaction between rare earth ions and the glass and wgr is the energy
transfer rate related to the ion-ion and ion-impurity interactions. For
Sm>* ions, wypg value is negligible due to the large energy gap of
~7250 cm™~ ' between the “Gs, state and the next lower state °Fy;
requiring more than 8 phonons. The non-radiative contribution, Wy,
is due to the energy transfer among excited Sm>* jons and possibly
Sm>* ions and residual impurities from the synthesis process. As a

1
result, Wgr = wyg = 22-1=337 s~

Trad
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Table 5
Stimulated emission cross-section o(4,)(JJ') for transitions from “G5/2 level in BPGB:
Sm glass.

Transition “Gs;z— Ap (nm) Aegr (NM) o(Ap)UJ") ( x10~2 cm?)
SHs/ 563 9.89 129
SHyp 601 15.03 6.08
SHgp 648 16.70 3.26
SHu1j 711 23.40 1.75
SFsz 954 21.10 1.98
SE, 1036 26.0 0.86
SFq 1182 31.70 023

Red Line - Double exponential:
7, =0.558 ms

7, =1363ms

N
o
T

o
©

Blue Line - Single exponential:
t=1.392ms

o

o
o

N

~
)
2

Log (Normalized Intensity)

Normalized Intensity (arb. units)

0.2 ﬁme (ms) ®
0.0
0 2 4 6 8 10
Time (ms)

Fig. 7. Intensity decay profile for “Gs;; level in BPGB:Sm glass. Inset: Log of
intensity decay versus time showing fits with single and double exponentials. (For
interpretation of the references to color in this figure, the reader is referred to the
web version of this article).

5. Conclusions

A Sm>*-doped B,03;-Pb0O-Bi,05-GeO, glass (BPGB:Sm) was
obtained by conventional melt quenching technique. X-ray dif-
fraction confirmed the amorphous nature. Differential thermal
analysis (DTA) revealed that the BPGB:Sm glass is thermally stable.
The Judd-Ofelt intensity parameters were calculated, as well as,
the radiative transition rates, branching ratios, radiative lifetimes
and stimulated emission cross-sections. Multichannel transition
emissions were observed in the VIS and NIR regions. The quantum
efficiency was determined to be 0.54. The obtained results indi-
cated that BPGB:Sm glass should be suitable for laser and optoe-
lectronic applications in the visible and near infrared regions.
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