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This study reports on the concentration dependent fluorescence properties of Tb3+-doped lead containing
calcium zinc sodium fluoroborate (LCZSFB) glasses and are analyzed by DSC, FT-IR, FT-Raman, optical
absorption, emission and decay curve spectra. Co-existence of trigonal BO3 and tetrahedral BO4 units
was evidenced by FT-IR and Raman spectroscopy. Judd–Ofelt theory was applied to the experimental
oscillator strengths to evaluate the J–O intensity parameters. The fluorescence spectra of Tb3+-doped
glasses have revealed prominent blue and green emissions originating from 5D3 and 5D4 excited levels
to 7FJ ground state multiplet, respectively. The luminescent intensity of the transitions originating from
5D4 state increases with increase of Tb3+ concentration and no quenching effect is noticed up to 2 mol% of
Tb3+ ions. Chromaticity color coordinates have been calculated and the dominant emission in the green
region is discussed. The nature of decay curves of 5D4 level for different Tb3+ ion concentration in all
LCZSFB glasses has been analyzed. Using the J–O intensity parameters as well as from the emission
and decay curve measurements, various radiative and fluorescence properties have been calculated for
the 5D4 fluorescent level. Based on these results, the utility of Tb3+ ions doped LCZSFB glasses as laser
active materials for high intensity emissions in the green region is discussed.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

In the area of photonics rare earth ions doped glasses have re-
ceived much attention, because of their high potential applications
as laser hosts, tunable waveguides, etc. The fluorescence originat-
ing from f–f transitions of rare earth ions activated in glasses, also
due to the high quantum efficiencies and very narrow fluorescence
bands of rare earths in different glass hosts is main reason of inter-
est for practical photonic device applications. Glasses offer med-
ium for the production of most compact and efficient devices and
also from the literature it is clear that these optical glasses when
doped with certain rare earth ions, could display hopeful and sig-
nificant optical results in optical communication fibers, solid state
lasers, light converters, sensors, etc. [1–6]. Rare earth ions doped
glasses are promising for active display and image processing pan-
els due to their transparent, easy shaping and cost effective prop-
erties. Compared with phosphors luminescent glasses have some
advantages when used in the preparation of LED such as lower fab-
rication cost and simpler manufacture procedure. Therefore lumi-
nescent glasses could be considered as good alternatives for LED
[7,8]. Stimulated research and development of new scintillating
ll rights reserved.
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materials is required due to huge demand in the applications of
scintillators in high-energy and nuclear physics, medical imaging
industry, etc.

Selection of glass host and the active ion concentration is more
important to be considered in developing more efficient optical de-
vices based on rare earth ions. The host matrix should have low
phonon energy to minimize the multi phonon relaxation rates
due to less energy difference between the energy levels. Oxide
glasses are attracting hosts for obtaining efficient luminescence
in rare earth ions. Among them borate glasses have attracted much
attention because of their electrochemical and optical applications
such as solid state batteries, optical wave guides and luminescent
materials [9,10]. Moreover borate glasses are important hosts for
rare earth ions because of their chemical durability and better
mechanical properties, but at the same time the rare earth ion
emissions are strongly reduced due to their higher lattice vibra-
tions. To avoid this problem, the glasses with low phonon energies
such as fluorides, tellurites, germinates and heavy metal oxide
glasses are required. Lead containing glasses are more promising
for photonics and optoelectronics. Depending on ionic or covalent
bond between lead and oxide, PbO plays the role as a modifier or a
glass former [9]. Based upon these findings, one can expect that the
incorporation of PbO into the borate matrix will influence signifi-
cantly the structure and glass properties because of extremely
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large difference between the masses of the lead and the boron
atoms [9,11,12]. The structure of the borate glass is a random mix-
ture of different borate groups formed by the gathering of the BO3

and BO4 structural units and concentration of modifier ion also
plays a significant role in the presence of different groups [13]. In
addition the lead borate optical glasses are excellent hosts to incor-
porate trivalent rare earth ions due to their optical transparency
from the visible to NIR range, forming over a wide compositional
region of PbO concentration and also due to the large difference be-
tween the masses of the lead and the boron atoms are favorable for
spectroscopic studies. Due to their high transparency and relatively
low phonon energies fluoride glasses are of special importance in
the development of high performance new materials for infrared
optical applications. These glasses are considered as active opto-
electronic materials. Among the oxyfluoride glasses that have been
investigated so far, particular attention has been devoted to the
fluoroborate glasses as they combine both the advantages of fluo-
ride and borate glasses, such as low phonon energy, good moisture
resistance, physical and chemical stability, high transparency, low
melting point, easy shaping and cost effective properties. These
features characterize them as potential laser active media [14–
16] in the visible and NIR spectral regions and these advantages
are useful for structural and optical investigations in oxyfluoride
lead borate glasses.

Among the various rare earth ions, it is well known that the Tb3+

ions doped glasses are of particular interest due to their wide
applications in various fields of photonics such as in the develop-
ment of efficient green emitting phosphors in fluorescent lamps
for display applications, projection television tubes, X-ray intensi-
fying screens and scintillating materials. The long spontaneous
emission lifetimes and narrow spectral widths of the green emis-
sion and high quantum efficiency make Tb3+ based molecules an
ideal choice for biological probes [17]. Terbium doped scintillating
materials have been extensively used in many applications such as
thermal neutron detection and radiography, non destructive test-
ing. Generally the luminescence spectrum of Tb3+ is very compli-
cated and due to the 4f8 orbital of Tb3+, it requires comparatively
little energy in UV region to excite the ground state to the 5d state.
Its emission mainly originates from 5D4 and 5D3 to 7FJ (J = 0–6) lev-
els [18–20]. Tb3+ ion provide the information about the clustering
of rare earth ions and convenient means of understanding the nat-
ure of metal coordination in various systems. As a result of well
isolated 7FJ multiplet states and the large energy gap between
these states and the emitting level, the luminescence property of
Tb3+ has been proven to be useful in characterizing the energy level
structure and optical transmission process.

In this paper, the spectroscopic properties of different concen-
trations of terbium doped LCZSFB glasses have been investigated
by using the DSC, FT-IR, FT-Raman, optical absorption, photolumi-
nescence and decay measurements.
Table 1
Measured and calculated physical properties of 1.0 mol% Tb3+-doped LCZSFB glass.

Physical quantities LCZSFB

Sample thickness (cm) 0.280
Refractive index, n 1.588
Density (g/cm3) 5.190
Concentration (mol/l) 0.272
Concentration (ions cm�3 � 1020) 1.640
Average molecular weight (g) 187.300
Dielectric constant, e 2.522
Molar volume, Vm (cm3/mol) 36.088
Glass molar refractivity (cm�3) 12.146
Electronic polarizability, ae (�10�24 cm3) 4.820
Reflection losses, R (%) 5.162
Polaron radius, rp (A�) 7.360
Inter ionic distance, ri (A�) 18.230
Field strength, F (�1014 cm�2) 5.500
Glass transition temperature, Tg (�C) 478
2. Experimental methods

LCZSFB glasses of 20PbO + 5CaO + 5ZnO + 10NaF + (60 � x)
B2O3 + xTb2O3, (where x = 0.1, 0.5, 1.0, 1.5 and 2.0 mol%) were pre-
pared. The approximate quantities of reagent grade chemicals
were powdered homogeneously and melted in an electric furnace
at 950 �C about one hour using porcelain crucible. The melt was
poured onto a pre-heated brass mould and annealed at 360 �C for
8 h to remove thermal strains acquired by the glass matrix during
sudden quenching. The glass samples were slowly cooled to room
temperature, shaped and polished to measure their physical and
optical properties. Densities of glass samples were (5.19 g/cm3)
were measured at room temperature with distilled water as the
immersion liquid by the conventional Archimedes’s principle.
Abbe’s refractometer was used to obtain the refractive indices
(�1.588) for all the glass samples at sodium wavelength using 1-
bromonapthlene as the contact liquid. The various measured and
calculated physical properties of the 1.0 mol% Tb3+-doped LCZSFB
glasses are presented in Table 1.

Differential scanning calorimeter profile is recorded on a
Netzsch DSC 204 differential scanning calorimeter in the tempera-
ture range of 0-500 �C, at the rate of 10 �C/min, under N2 gas
atmosphere. FT-IR spectrum in the range 450–4000 cm�1 using
Perkin–Elmer Spectrum One FTIR spectrophotometer by the stan-
dard KBr pellet technique was recorded. FT-Raman spectra in the
range 50–5000 cm�1 with Bruker RFS 27 stand alone Raman spec-
trometer using 1064 nm light from Nd:YAG laser on glass powders
were recorded in black scattering geometry with a resolution of
2 cm�1. The absorption spectra were recorded using a double beam
Perkin Elmer Lambda 950 spectrophotometer in the wavelength
range 250–2500 nm. The excitation, emission and lifetime
measurements were carried out using Jobin Yvon Fluorolog-3 spec-
trofluorometer with xenon flash lamp as source. All the measure-
ments were carried out at room temperature.
3. Results and discussion

3.1. Thermal studies

The DSC thermogram of 1.0 mol% of Tb3+-doped LCZSFB glass is
shown in Fig. 1. From this figure it is observed that the glass tran-
sition temperature (Tg) of the sample is at around 478 �C. The glass
transition temperature is related to the density of cross linking, the
number and strength of the coordinate links formed between oxy-
gen atoms and the cation, and the oxygen density of the network.
Higher values of this factor correspond to higher Tg. The value of Tg

strongly depends on O/F ratio in glass composition. Introduction of
the oxide component to the fluoride matrix introduces an increase
of glass transition temperature, which is attributed to the forma-
tion of stronger chemical bonds [21,22]. The endothermic peak at
around 225 �C is related to the loss of OH and the decomposition
of hydroxide.

3.2. Vibrational studies

3.2.1. Infrared spectroscopy
FT-IR and FT-Raman spectroscopy represent two intensively

employed techniques for study the structural details of the vitre-
ous systems. Having different selection rules, these two spectro-
scopic techniques prove to be very powerful complementary
methods in revealing the glass structure. The structure of vitreous
borate consists of a random network of BO3 triangles with certain



Fig. 1. DSC profile of 1.0 mol% Tb3+-doped LCZSFB glass.
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fraction of boroxol rings but with the inclusion of the network
modifiers, formation of BO4 tetrahedra takes place in the borate
glass network. The FT-IR spectrum of 1.0 mol% Tb3+-doped LCZSFB
glass in the IR region 450–4000 cm�1 is shown in Fig. 2. The peak at
495 cm�1 could be due to loose BO4 units [23]. The bands at 707
and 975 cm�1 could be due to the bending and stretching
vibrations of BO4, while the peak around 1319 cm�1 is due to
B–O stretching vibrations of BO3 units [24]. The peak around
1631 cm�1 may be due to asymmetric stretching relaxation of
the B–O bond of trigonal BO3 units [25]. Similarly the well known
peaks in the region 2700–3500 cm�1 are due to OH bond vibrations
[25]. In general, the band at 806 cm�1 is assigned to the boroxol
ring in the pure borate glass network. In the present study, the
peak at 806 cm�1 is found to be missing, which indicates the ab-
sence of a boroxol ring in the glass network. The vanishing of band
at 806 cm�1 means no boroxol ring in the glass structure and the
progressive substitution of boroxol rings by tri-borate (BO3) and
tetra-borate (BO4) groups are observed.

3.2.2. Raman spectroscopy
The FT-Raman spectrum of 1.0 mol% Tb3+-doped LCZSFB glass in

the region 0–2000 cm�1 is shown in Fig. 3. The asymmetric and
Fig. 2. FT-IR spectrum of 1.0 mol% Tb3+-doped LCZSFB glasses.
depolarized Raman band at 89 cm�1 is named as boson peak and
is associated to the BO3–PbO4 bridged local collective vibrations
[26,27]. The 475 cm�1 band is assigned to a ring angle bending
(B–O–B), which is observed at 470 cm�1 for pure B2O3 [28]. The
bands located at 635 and 720 cm�1 are related to the chain and
ring type metaborate groups [26,29,30]. The occurrence of band
at around 903 cm�1 is an indication of the presence of pentaborate
groups in the borate glasses [26,30]. The band centered at
1269 cm�1 is assigned to pyroborate groups [26,28,29,31]. The
bands in the region 1300–1600 cm�1 is similar to that in the
Raman spectra of large number of modifier borate glasses. These
bands have been assigned to the stretching of B–O� stretching in
metaborate rings and chains [28,29,31]. The absence of Raman
band at 805 cm�1 also confirms the absence of borxol rings in
the present LCZSFB glass which is already identified from FT-IR
spectra of Fig. 2.
3.3. Optical absorption spectra

The optical absorption spectra of 1.0 mol% Tb3+-doped LCZSFB
glass recorded at room temperature in the visible region 450–
550 nm and in near infrared region 1500–2500 nm are shown in
Figs. 4 and 5 respectively. The absorption spectra contain four
bands centered at 485, 1894, 1953 and 2206 nm corresponding to
7F6 ?

5D4, 7F1,
7F2 and 7F3 transitions, respectively. The assignment

of absorption transitions has been done based on the earlier litera-
ture [32]. All the absorption transitions in the spectra are originate
from induced electric dipole interactions following the selection
rules, DS = 0, |DL| 6 6, |DJ| 6 6 [33]. Among these absorption transi-
tions, the 7F6 ? 5D4 transition located in the visible region (Fig. 4) is
very weak and the other transitions 7F6 ? 7FJ (J = 1, 2 and 3) located
in the near infrared region (Fig. 5) are more intense. The absorption
peaks in the visible region are very poor. This is not only in the pres-
ent oxy fluoroborate glass matrix even in other glass matrices too
the absorption spectra of Tb3+ are very weak and only a few peaks
could be observed.
3.4. Oscillator strengths: Judd–Ofelt analysis

The spectral intensities of the observed absorption transitions
are expressed in terms of oscillator strengths. From the absorption
spectra the experimental oscillator strengths (fexp) are determined
Fig. 3. FT-Raman spectrum of 1.0 mol% Tb3+-doped LCZSFB glasses.



Fig. 4. Vis absorption spectra of 1.0 mol% Tb3+-doped LCZSFB glasses.

Fig. 5. NIR absorption spectra of 1.0 mol% Tb3+-doped LCZSFB glasses.

Table 2
Experimental and calculated oscillator strengths (�10�6) for 1.0 mol% Tb3+-doped
LCZSFB glass.

Transition Energy (cm�1) fexp fcal

7F6 ?
5D4 20,619 0.05 0.05
7F1 5280 1.19 0.97
7F2 5120 0.97 1.18
7F3 4533 0.98 0.94

drms = ± 0.076 � 10�6
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by measuring the areas under the 5D4, 7F1,
7F2 and 7F3 transitions

arising from the 7F6 ground state, using the equation

fexp ¼
2:303mc2

Npe2

Z
eðvÞdv ¼ 4:318� 10�9

Z
eðvÞdv ð1Þ

The Judd–Ofelt intensity parameters were calculated using the
experimental values of oscillator strengths (fexp) and the reduced
matrix elements by the least-square-fit method. The calculated
oscillator strengths, fcal of electric dipole transitions between an
initial state WJ and final state W0J0 with in the 4f8 configuration
can be determined by least-square-fit procedure using fexp values
and the J–O intensity parameters Xk (k = 2, 4, 6) from the following
equation [34,35].

fcal ¼
8p2mcv

3hð2J þ 1Þ
ðn2 þ 2Þ2

9n
P

k¼2;4;6
XkðWJjjUkjjW0J0Þ2 ð2Þ

The reduced matrix elements ||Uk|| which are insensitive to the
ion environments were taken from Carnall et al. [32]. The absorp-
tion transitions, their peak positions, experimental and calculated
oscillator strengths are given in Table 2. The magnitude of oscillator
strengths of 7F6 ? 7FJ(J = 1, 2 and 3) absorption transitions indicates
that these three transitions are more intense in 1.0 mol% Tb3+-
doped LCZSFB glass. The quality of the fit between the experimen-
tally determined (fexp) and theoretically calculated (fcal) oscillator
strengths can be expressed by root mean square deviation (drms).
The drms value of ±0.076 � 10�6 shows a good fit between fexp and fcal

values and also the validity of J–O intensity parameters.
Judd–Ofelt theory is the most suitable theory to characterize

the intensities of forced electric dipole transitions between 4f
states of lanthanide ions. The host matrix dependent electric-di-
pole absorption transitions are quantified using the Judd–Ofelt
theory [34,35] and the J–O intensity parameters evaluated for
glass. The evaluated J–O intensity parameters are compared in Ta-
ble 3 along with the values reported for various other glass hosts
doped with Tb3+ ions [36–39]. The J–O intensity parameters are
found in the order X2 > X6 > X4 for all the host matrices. From
magnitudes of Xk, it is noticed that X2 is extremely sensitive
due to the configuration admixing, where as X4 and X6 are less
sensitive to the local environment of the Tb3+ in any glass system.
The J–O parameters can provide a view of the field strength of
hosts. The higher values of Xk and oscillator strengths obtained
in the present case compared to those may be attributed to a
stronger field and lower site symmetry of rare-earth ions in the
glass. In general the X2 is strongly influenced by covalency of me-
tal ligand bonding and explains the asymmetry of ion sites in the
vicinity of RE ions. In general, the lesser the Tb–O average dis-
tance, the stronger is the field around the Tb3+ ion that lead to a
high value of X2. Reasonably high value of X2 results the increase
of covalent bonding and suggests that the RE ion site has lower
symmetry in LCZSFB glass host. On the other hand X4 and X6 val-
ues depend on the bulk properties such as viscosity and rigidity of
the media and are also strongly influenced by the vibrational
levels associated with the central Tb3+ ions bound to the ligand
atoms [40,41].
3.5. Excitation and emission spectra

Fig. 6 represents the excitation spectrum of 1.0 mol% Tb3+-
doped LCZSFB glass monitored by the emission at 547 nm
corresponding to 5D4 ? 7F5 emission level recorded in the region
300–500 nm. It contains five excitation transitions, out of which
one band (7F6 ? 5D4) is already identified in absorption spectrum
at a wavelength of 485 nm (Fig. 4) and the remaining four bands
noticed at 318, 352, 370 and 378 nm corresponding to 7F6 ?

5D1,
5L9, 5L10, and 5G6 transitions are the hidden bands in the absorption
spectra due to intrinsic absorption of the host glass matrix.

When Tb3+ ions are excited by the UV wavelengths, electronic
transitions of either 5D3 ? 7FJ (J = 6, 5, 4, 3) (blue emission) or suc-
cessive 5D3 ?

5D4 and 5D4 ?
7FJ (J = 6, 5, 4, 3) (green emission)

would takes place [42]. In the case of Tb3+-doped glass hosts, the
emissions below 480 nm originate from 5D3 level and the emis-
sions above 480 nm originate from 5D4 levels. Fig. 6 represents
the emission spectra originated from 5D4 excited state for different
concentrations of Tb3+-doped LCZSFB glasses obtained with the



Table 3
Comparison of J–O intensity parameters (�10�20 cm2), their trends for Tb3+ ions in
LCZSFB glass with different glass hosts.

Glass system X2 X4 X6 Trend

LCZSFB [present glass] 14.54 0.17 4.09 X4 > X6 > X2

Fluoride glass [36] 13.40 2.15 4.90 X4 > X6 < X2

KF–B2O3 [37] 11.92 0.26 2.16 X4 > X6 > X2

LiNO3–KNO3 [38] 15.00 2.86 5.24 X4 > X6 > X2

Li2O–B2O3 [39] 05.56 1.33 3.22 X4 > X6 > X2

Fig. 6. Excitation spectrum of 1.0 mol% Tb3+-doped LCZSFB glasses.
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excitation wavelength of 378 nm. In general, Tb3+ ions exhibit
strong fluorescence in blue and green spectral regions correspond-
ing to the 5D4 ? 7F6 and 7F5 transitions, respectively. The emission
spectra in the region 450–650 nm originating from 5D4 state
(Fig. 7) contain four peaks at 492, 547, 588 and 623 nm assigned
to 5D4 ? 7F6, 7F5, 7F4 and 7F3 transitions respectively with in the
4f8 configuration of the Tb3+ ions. Among the four intense transi-
tions the green fluorescence at 547 nm corresponding to
5D4 ?

7F5 transition is the most intense one. The intense green
emission at 547 nm arises from the Laporte-forbidden 5D4 ? 7F5

transition [43,44]. The transition 5D4 ?
7F6 is the magnetic dipole

transition and obeys the selection rule of DJ = ± 1 [45,46]. The fluo-
rescence intensity of the observed transitions increases gradually
with the increase of Tb3+ ion concentration from 0.1 to 2.0 mol%
for the emissions originating from 5D4 state and no fluorescence
quenching has been observed. This may be due to large energy
gap (�14,000 cm�1) and absence of cross-relaxation channels.
Hence, one can conclude that the intensity of luminescence can
be further increased by increasing the Tb3+ ion concentration in
LCZSFB glasses.

Inset of Fig. 7 represents the fluorescence spectra of 5D3 excited
state. The emission from the excited 5D3 state has been reported by
several researchers [42,47–52]. Three peaks are identified at 418,
442 and 458 nm corresponding to 5D3 ? 7F5, 7F4 and 7F3 transitions
respectively. Based on the energies of different transitions obtained
from the absorption, excitation and emission spectra the energy le-
vel diagram drawn for Tb3+ ions in LCZSFB glass is shown in Fig. 8.
From the energy level diagram it is observed that the energy gap
between the 5D3 and 5D4 levels is equal to the energy difference
with in the 7FJ (J = 0–6) multiplets. The energy level diagram also
shows different emission transitions observed from the 5D4 and
5D3 states as indicated in Fig. 8.
3.6. Luminescence analysis and radiative properties

The fluorescence characteristics of 5D4 manifold of Tb3+ in
LCZSFB glasses have been predicted by evaluating the radiative
properties. The evaluated J–O parameters are used to predict the
radiative properties for the electric dipole transitions between
any excited level (WJ) to its lower lying level (W0J0). The radiative
transition probability (AR) for emission from an initial state WJ to
a final state W0J0 can be expressed as

ARðWJ;W0J0Þ ¼ 64p4v3

3hð2J þ 1Þ
nðn2 þ 2Þ2

9
Sedþ n3Smd

" #
ð3Þ

The radiative lifetime (sR) of an excited state is given by

sRðWJÞ ¼ 1P
W0J0

ARðWJ;W0J0Þ
ð4Þ

The branching ratios (bR) corresponding to the emission from an
excited level WJ to its lower level W0J0 are given by

bRðWJ;W0J0Þ ¼ ARðWJ;W0J0ÞP
W0 J0

ARðWJ;W0J0Þ
ð5Þ

The peak stimulated emission cross section re (WJ, W0J0), be-
tween the emission levels WJ and W0J0 having probability of AR

(WJ, W0J0) can be expressed as

reðWJ;W0J0Þ ¼
k4

p

8pcn2Dkp
ARðWJ;W0J0Þ ð6Þ

where kp is the peak wave length and Dkp is the effective line width,
found by dividing the area of the emission band by its average
height.

As the magnetic dipole contribution is negligible, only the elec-
tric dipole transitions are taken into consideration and the electric
dipole line strengths (Sed) corresponding to the transitions from the
upper manifold state 5D4 to the lower manifold states 7FJ (J = 0–6)
have been determined using the following equation

Sed ¼ e2 P
k¼2;4;6

XkðWJjjUkjjW0J0Þ2 ð7Þ

The radiative transition rates (AR), effective emission band
widths (Dkp), branching ratios (bR), measured branching ratios
(bm) and stimulated emission cross sections (re) have been deter-
mined for the 5D4 level of 1.0 mol% Tb3+-doped and are presented
in Table 4. The fluorescent properties such as measured branching
ratios (bm), lifetimes (sm), stimulated emission cross sections (re),
optical gain parameters (re � sm) and quantum efficiencies (g)
are of important to select a good laser host material.

From the values of radiative transition probabilities of Table 4, it
is noticed that 5D4 ? 7F5 has highest radiative transition rate com-
pared to other transitions. Hence this transition is very useful for
laser emission. The predicted branching ratios are found to be high
for those transitions having maximum AR values. The levels having
the relatively large values of AR, bR and energy gap to the next low-
er level may exhibit laser action. The measured branching ratios of
three emission transitions 5D4 ?

7FJ (J = 4–6) were found to be
nearly 4%, 55% and 40% respectively. The contribution of these
transitions to the total branching ratio is nearly 99%, there by sug-
gesting that these transitions have the most potential for visible la-
ser action for 1.0 mol% Tb3+ ions in LCZSFB glasses. In practice, the
most potential laser transitions possess large values of stimulated
emission cross sections [53]. In the present investigation, 5D4 ?

7F5

transition posse’s highest magnitude of stimulated emission cross
section of 15.46 � 10�22 cm2 which is comparable to other re-
ported values [36,37,52,54–56]. Such a trend encourages for green



Fig. 7. Fluorescence spectra of 5D4 energy level for different concentrations of Tb3+-doped LCZSFB glasses. Inset depicts the fluorescence spectra originating from 5D3 energy
level.

Fig. 8. Partial energy level diagram for Tb3+ ions in LCZSFB glasses.

Table 4
Peak emission wavelength (kp), effective line width (Dkp, nm), radiative transition
probabilities (AR, s�1), total radiative transition probability (AT, s�1), radiative
lifetimes (sR, ms), calculated branching ratios (bR), experimental branching ratios
(bm), stimulated emission cross-section (re � 10�22 cm2) and optical gain parameters
(re � sm) � 10�25 cm2 s) for 1.0 mol% Tb3+-doped LCZSFB glass.

Transition kP

(nm)
DkP AR bR bm re re � sm

5D4 ?
7F6 492 13.88 47 0.094 0.398 1.04 1.45
7F5 547 12.00 395 0.790 0.547 15.46 21.49
7F4 588 10.49 14 0.028 0.043 0.84 1.17
7F3 623 7.11 44 0.086 0.012 4.80 6.66

AT = 500 sR = 2.00
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luminescence to be more stable and sustainable display perfor-
mance for its applications as the green luminescent optoelectronic
material. The optical gain parameter (re � sm) is also useful to se-
lect a laser host material with high stability [57]. In the present
investigation, for 1.0 mol% Tb3+-doped LCZSFB glass the optical
gain parameter is found to be 21.49 � 10�25 cm2 s. The fluores-
cence pattern of Tb3+ changes with its contents, i.e., the intensity
of respective emission lines can be modified by varying the glass
compositions. Green emission is observed for the compounds con-
taining Tb3+ in high content, where as the blue emission is ob-
served for that in low content of Tb3+ [58,59]. From the above
analysis it is observed that the bright green emission from Tb3+ is
used for the phosphor of fluorescent light and the chromaticity
parameters of the present glass can be tuned and is important
for the glasses used in LED.
3.7. Color coordinates

The luminescence color of the samples excited at 378 nm has
been characterized by the CIE 1931 chromaticity diagram [7,60].
The emission obtained from Tb3+ ions is green in color. The color
coordinates (x, y) calculated are found to be (0.34, 0.45) as indi-
cated in Fig. 9. For all the Tb3+:LCZSFB glasses, the color coordinates
(0.34, 0.44) located just aside of the pure white color source coor-
dinates (0.33, 0.33) located at the center of the diagram as shown
in Fig. 9. This implies that the light emitted by Tb3+ ions embedded
in LCZSFB glasses is not perfect white light but possess the domi-
nant wavelength deviating from its white light emitting property.
The dominant wavelength is determined by drawing a straight line
from pure white light coordinates i.e., equal energy point (0.33,
0.33) to the color coordinates of Tb3+ ions emission in LCZSFB
glasses. The intersection point (0.36, 0.62) is the dominant wave-
length (558 nm) of the Tb3+ ions emission in LCZSFB glasses. There-
fore the emission obtained from Tb3+ ions is green in color. The
color purity of 558 nm wavelength is 0.91 (91%). Though the emis-
sion of Tb3+: LCZSFB glasses are dominant at 558 nm, the color
coordinates falls in the white light region as shown in Fig. 9.



Fig. 9. CIE chromaticity diagram for Tb3+ ions in LCZSFB glasses.

Table 5
Variation of lifetime (sm, ms), quantum efficiency (g, %) and energy transfer rate (WET,
s�1) with respect to concentration (mol%) of Tb3+ ions in LCZSFB glasses.

Concentration Lifetime(ms) g WET

0.10 1.89 94 29
0.50 1.68 84 95
1.00 1.39 70 219
1.50 1.30 65 270
2.00 1.12 55 393
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3.8. Decay curve analysis

Fluorescence decay curve analysis is very useful for understand-
ing the energy transfer mechanism and quenching behavior of
luminescence of Tb3+ ions. The lifetime of 5D4 fluorescent level
has been measured at room temperature for the glass samples con-
taining 0.5, 1.0, 1.5 and 2.0 mol% of Tb3+ ions in LCZSFB glasses by
controlling the emission at 547 nm corresponding to 5D4 ? 7F5

transition upon excitation at 378 nm as shown in Fig. 10. The mea-
sured lifetimes (sm) of excited 5D4 fluorescent level have been
determined by taking the first e-folding times of the decay curves.
It is observed that the lifetime is strongly depends upon the Tb3+

ion concentration. In lower concentration sample (0.1 and
0.5 mol%), the decay curve shown in Fig. 10 is well fitted to a nearly
single exponential which indicates the absence of energy transfer
Fig. 10. The decay profiles of 5D4 ?
7F5 level for differ
among the Tb3+ ions and the lifetime of the emitted level can be
calculated using the equation [61], IðtÞ ¼ I0 expð�t

s0
Þ, where I0 is a

constant, I(t) is the fluorescence intensity, t is the time after exci-
tation and s0 is the intrinsic lifetime of the donors in the absence
of acceptors. However, for the samples with higher concentrations
(1.0, 1.5 and 2.0 mol%), the fluorescence decay becomes non-expo-
nential due to non-radiative resonant energy transfer between the
5D4 and 7F6 levels of the excited Tb3+ ions as shown in Fig. 8.

In the present glasses, the measured lifetimes are 1.89, 1.68,
1.39, 1.30 and 1.12 ms for 0.1, 0.5, 1.0, 1.5 and 2.0 mol% of Tb3+.
The lifetimes for 1.0 mol% Tb3+-doped glass is comparable to the
other reported values [36,56,62,63]. The measured lifetime of ex-
cited states sm significantly decreases with increase of Tb3+ ion
concentration due to resonant energy transfer as presented in
Table 5. The decrease of lifetime and the departure from the expo-
nential law are characteristic of the existence of a concentration
quenching mechanism in the lifetime of 5D4 level at higher concen-
trations. The sm values are significantly smaller than the predicted
values (sR = 2.0 ms) obtained using the J–O theory. These drastic
changes may be due to resonant energy transfer but not due to
the multi phonon relaxation because the energy gap between the
emitting level (5D4) and the next lower level (7F0) is very high
about 14,000 cm�1, the multi phonon rate can be neglected. The
magnitude of resonant energy transfer rate can be calculated by
using the equation WET ¼ 1

sm
� 1

sR
s�1. For the 5D4 level of 1.0 mol%

Tb3+-doped LCZSFB glass the resonant energy transfer rate is
219 s�1, which indicates high non-exponential nature of decay
ent concentrations of Tb3+ ions in LCZSFB glasses.
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curves at higher concentrations. Reasonably larger values of WET

for higher concentrations (P1.0 mol%) of Tb3+ indicate high non-
exponential behavior of decay curves. The quantum efficiency
ðg ¼ sm

sR
� 100%Þ is one of the laser characteristic parameter to pre-

dict a laser active medium [64] and is defined as the ratio of the
number of photons emitted to the number of photons absorbed.
The quantum efficiency for 1.0 mol% Tb3+-doped LCZSFB glass is
estimated to be 70% and is comparable to other reported values
[36] and for remaining concentrations, the values are noted in Ta-
ble 5. Thus the reasonably high quantum efficiency of 70% for
5D4 ?

7F5 laser transition of 1.0 mol% Tb3+-doped LCZSFB glass
indicates its utility for green luminescence at 545 nm.

4. Conclusions

In summary, it could be concluded that a series of LCZSFB optical
glasses for different concentrations of Tb3+ ions have successively
been prepared by a melt quenching technique. DSC, FT-IR, FT-Ra-
man, optical absorption, photoluminescence and decay curve spec-
tra were recorded and analyzed by using the Judd–Ofelt theory. The
FT-IR and FT-Raman data indicate the presence of trigonal BO3 and
tetrahedral BO4 structural units in the glasses, the network struc-
ture being mainly built by: di-, tri-, tetra-, penta- and ortho-borate
groups. From the analysis of optical absorption and fluorescence
studies, the J–O intensity parameters, radiative transition rates,
branching ratios, radiative lifetimes, stimulated emission cross sec-
tions are calculated and are found to be comparable with other re-
ported values. The photoluminescence spectra of the Tb3+:LCZSFB
glasses show that the concentration of Tb3+ ions increases the inten-
sities of emission peaks originating from 5D4 state also increase. The
CIE chromaticity color coordinates calculated for the emission spec-
tra of present glasses show that the glasses emit near white light.
The dominant wavelength evaluated from the color coordinates is
in the green region and coincides with the most intense transition
5D4 ?

7F5 (547 nm) of Tb3+ ions in LCZSFB glasses. In the present
glasses, lifetime of the 5D4 level has been found to be decrease with
increasing concentrations of Tb3+ ions. At lower concentrations the
decay curves are perfectly single exponential and become non-
exponential for higher concentrations. The decrease of lifetime at
higher concentrations may be due to the resonant energy transfer.
Based on the various spectroscopic and emission results such as
strong visible emissions, high branching ratios and quantum effi-
ciencies, it is suggested that the 1.0 mol% Tb3+ ions doped LCZSFB
glasses may be used as luminescent novel optical material for the
development of lasers and photonic devices to emit intense green
fluorescence at 547 nm corresponding to 5D4 ? 7F5 transition.
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