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ARTICLE INFO ABSTRACT

Trivalent neodymium (Nd3*)-doped boro-bismuth glasses have been prepared adopting the high temperature
melt and quick quenching procedure and investigated their physical and optical characteristics. Physical prop-
erties and their relationship with the composition are demonstrated. Judd-Ofelt parameters have been derived
using absorption spectra of Nd>* ions embedded boro-bismuth glasses and are taken to estimate radiative pa-
rameters of the fluorescent states of Nd>* ions. The calculated radiative properties, experimental quantities
derived from emission spectra and decay curves of the F5 5 state provide comprehensive optical properties of the
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glasses besides their emission capability for the laser activity near 1.06 pm.

1. Introduction

Rare-earths embedded glasses are an important group of materials
which find new opportunities in the fields of optical fiber amplifiers,
near-infrared (NIR) laser devices, sensors, etc. [1-4]. Trivalent neo-
dymium (Nd®") is one of the successfully used trivalent rare earth ions in
the field of NIR lasers and it has also been used in glasses for halogen
lamps to absorb harmful ultra-violet rays. Among the lanthanide ions,
Nd3* plays a vital role as it has efficient emission property in NIR region
and shows marginal changes in optical properties with change in com-
positions [3-9].

Among different glass hosts such as oxide, germinate, fluoride,
chalcogenide, etc, oxide glass is highly preferred material as a host since
it is thermally and chemically stable besides transparent at the emission
and excitation wavelengths [5-7,10-19]. Borate glass as a host possess
several interesting properties such as easy to prepare, high viscosity,
high transparency, low melting point, non-toxicity of the raw material,
cheap, simplicity of preparation set up, efficient radiative transitions,
homogeneity and high rare earth ions solubility. But there are only few
reports on the laser action in these borate glasses and the efficiencies are
also not satisfactory [4]. On the other hand, bismuth borate glasses have
potential use in optoelectronic devices due to their extensive glass
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formation range, low melting temperature (600-800 °C), high refractive
index (~2.0), non-linear optical property and high chemical and phys-
ical stability [25]. Also, RE3* ions doped bismuth borate glasses are
found to have higher stimulated emission cross-sections and quantum
efficiencies [4,8,9,20-26]. The above properties are essential charac-
teristics of a solid state laser gain medium.

The Nd*'-doped boro-bismuth glasses, possess desirable physical
and optical properties for laser applications [3,25,26]. Hence, a uniform
investigation on laser spectroscopic characteristics of Nd** ions
embedded boro-bismuth (BBiNd) glasses are made by varying the
composition of By03 and BizOs. Judd-Ofelt (JO) parameters [27,28]
were calculated using the absorption intensities of 4f-4f transitions of
1.0 mol % Nd**-doped glasses and are used to calculate radiative
characteristics that include stimulated-emission cross-sections, branch-
ing ratios, transition probabilities and photoluminescence quantum ef-
ficiencies [5-26,29-38]. The results have been correlated with the
experimental results of spontaneous emission and decay curves by
exciting the samples with the 808 nm radiation [5-26,29-38].

Nie et al. [3], studied BizO3+B203+SiO2 glass by fixing the BiyO3
content at 43 mol % and varying B,Os and SiO and keeping the Nd>*
ions concentration at 1.0 mol %. They mainly investigated the nature of
1.3 pm emission in these glasses. The same group [9] studied
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70Biy03+20B203+10S8i0, glass system with varying Nd>* content
ranges from 0.1 to 1.5 mol %. In that report they studied concentration
quenching effect and 1.3 pm emission properties.

Mahamuda et al. [21] investigated zinc alumino bismuth borate
glasses having a composition of 60B303+20Zn0+10A1503+(10-x)
Bi;O3+xNd;03 (where x = 0.5, 1.0, 1.5, 2.0 and 2.5 mol %) and studied
their spectroscopic and luminescence properties. Karthikeyan et al.
[22], prepared Nd>*-doped heavy metal borate glasses of composition,
35MO0+30Nay0+34B,03+1Nd,03 (MO = Bi;O3, PbO) and studied their
optical and non-linear properties. They also prepared Nd>*-embedded
borate lead bismuth (B2O3 +PbO + BiyO3) glasses [24] and studied their
glass transition, structural and optical properties.

Chen et al. [25], made bismuth borate glasses of the compositions,
(100-x) (40Biz03+60B203). xNd203 (x = 0.1, 0.3,0.5,1.0,1.5, 2.0) and
studied their spectroscopic properties. Saisudha and Ramakrishna [26]
prepared binary bismuth borate glasses of the composition, 97
(xBiy03+(100-x)B203).3Nd,05, x = 30, 40, 50 and 60 mol % and
studied their optical absorption properties using the Judd-Ofelt theory
[27,28]. Gupta et al. [36], prepared zinc-boro bismuthate glasses of the
composition, (99.5-x) (3B,03+ 4Zn0)+xBiz03+0.5Nd203, where x = 0,
5,10, 20, 30,40,50 and 60) and studied the role of bismuth on elastic,
structural and spectroscopic characteristics.

Though optical properties of Nd*>* embedded boro-bismuth glasses
have been reported [3,25,26], but details of experimental fluorescence
properties are not at all attempted. Therefore, the present work reports
detailed study of not only compositional variation of ByO3/Bi»0O3, but
also concentration variation of Nd>* ions are systematically character-
ized and related both experimental results with theoretical values as
well as compared with similar reported results of Nd3+:glasses [3,9,21,
22,24-26,36].

2. Experimental details

Three types of Nd**-doped boro-bismuth (BnBiNd, n = 20, 50 and
70) glasses having the nomenclature, composition and dopant concen-
trations, prepared in the present work, are shown in Table 1 along with
those of some reported boro-bismuth glasses for comparison. Glass la-
bels for each glass composition has been framed as proposed by Chan-
drappa et al. [39,40]. Compositions of Nd>* embedded bismuth borate
glasses of the present study are listed in Table 1 along with the com-
positions of some reported ones [3,21,22,24-26,36].

All the glasses were prepared by melt-quenching technique.
Analytical reagent grade chemicals, H3BO3 and Bi»O3 were used for host
matrix while spectroscopic quality Nd2O3 has been used as dopant. The
weight of 20 g batch mixture of raw chemicals was taken and well
grinded to get a homogeneous batch. The fine mixture was taken in a
crucible (alumina) for melting at 850 °C for 2 h in an electric furnace.
The temperature was sufficient to produce clear and bubble free melt.
The melted liquid was quickly quenched on brass mould at 300 °C and
later annealed for 12 h to minimize thermal stresses produced by sudden
quenching of the glass. Transparent, bubble free and homogenous
glasses were obtained and taken for further characterization.

The prepared glasses are optically polished for measurement of their
optical and physical characteristics. The refractive indices are estimated
by Brewster’s method at 2 = 632 nm (diode laser). The densities are
estimated using Archimedes’ method with high pure distilled water for
immersion. Absorption spectrum was measured on a PerkinElmer
spectrophotometer (Lambda-950). The excitation, emission and decay
characteristics are made with a FLS980 spectrofluorometer, where
continuous and pulsed mode operation of xenon lamp has been used.

3. Results and discussion
3.1. Physical properties

All the physical properties of the BnBiNd glasses are determined

Table 1

Glass label and composition of N

Physica B: Physics of Condensed Matter 646 (2022) 414327

-doped glasses of the present work (PW) and

those of some reported Nd>":glasses.

S.No. Glass label Composition

1 B20BiNdy o1 [PW] 79.995H3B05+19.995Bi,03+0.01Nd,05
2 B20BiNdy ; [PW] 79.95H3B03+19.95Bi;03+0.1Nd»03

3 B20BiNd, o [PW] 79.5H3B03+19.5Biz03+1.0Nd203

4 B20BiNd; o [PW] 79H3B03+19Bi,03+2.0Nd203

5 B50BiNdg o1 [PW] 49.995H3B03+49.995Bi,03+0.01Nd,03
6 B50BiNd ; [PW] 49.95H3B03+49.95Bi;03+0.1Nd;03

7 B50BiNd; o [PW] 49.5H3B03+49.5Bi;03+1.0Nd203

8 B50BiNd, o [PW] 49H3B03+49Bi,03+2.0Nd,03

9 B70BiNdg 01 [PW] 29.995H3B03+69.995Bi,03+0.01Nd,03
10 B70BiNdg 1 [PW] 29.95H3B03+69.95Bi»03+0.1Nd203

11 B70BiNd; o [PW] 29.5H3B03+69.5Bi>03+1.0Nd»03

12 B70BiNd; o [PW] 29H3B03+69Bi»03+2.0Nd,03

13 B43BiNd; o [3] 57B203+43Bi,03+1Nd,03

14 B10SBiNd; o [3] 47B503+108i02+43Biz03+1Nd,03

15 B15SBiNd; ¢ [3] 42B,03+158i0,+43Biy03+1Nd,03

16 B20SBiNd; o [3] 37B,03+20Si02+43Biz03+1Nd03

17 S20BBiNd; o [3] 37.55i02+19.5B2,03+43Biz03+1Nd,03
18 S10BBiNd, o [3] 478i02+10By05+43Biz03+1Nd203

19 BiBSNd; o [9] 70Biz03+25B,03+10Si203+1.0Nd;03
20 BZA9BiNd; ¢ [21] 60B,03+20Zn0+ 10A1,03+9Bi;03+1Nd,03
21 B35BiNNd; o [22] 34B,05+35Biy03+30Nay0+1Nd;05

22 BBiPbNd; o [24] 49B,03+25Biy03+25Pb0O+1.0Nd,03

23 B40BiNdy; [25] 59.94B203-+39.94Bi;03+0.1Nd»03

24 B39.9BiNdg 3 [25] 59.82B,05+39.88Bi»03+0.3Nd,05

25 B39.8BiNd 5 [25] 59.7B,03+39.8Bi»03+0.5Nd>03

26 B39.6BiNd; o [25] 59.4B,03+39.6Bi;03+1Nd203

27 B39.4BiNd; 5 [25] 59.1B,03+39.4Bi5,03+1.5Nd203

28 B39.2BiNd, o [25] 58.8B,03+39.2Bi,05+2Nd,03

29 B29BiNd; 5 [26] 68.5B203+28.5Bi,03+3Nd03

30 B39BiNd; 5 [26] 58.5B,03+38.5Bi;03+3Nd03

31 B49BiNd, 5 [26] 48.5B,03+48.5Bi;05+3Nd,03

32 B59BiNd; 5 [26] 38.5B,03+58.5Bi,03+3Nd03

33 BZ5BiNdy 5 [36] 40.5B303+54.0Zn0+5Bi,03+0.5Nd>03
34 BZ10BiNdy 5 [36] 38.4B,03+51.1Zn0+10Bi,03+0.5Nd,03
35 BZ20BiNdy 5 [36] 34.1B,03+45.4Zn0+20Bi503+0.5Nd,03
36 BZ30BiNd, 5 [36] 29.8B,03+39.7Zn0+30Bi»03+0.5Nd>03
37 BZ40BiNd, 5 [36] 25.5B,03+34.0Zn0+40Bi,03+0.5Nd,03
38 BZ50BiNdy 5 [36] 21.2B,03+28.3Zn0+50Bi503+0.5Nd,03
39 BZ60BiNd, 5 [36] 16.9B503+22.6Zn0+60Bi,03+0.5Nd203

using suitable expressions and are shown in Table 2. As can be seen, with
increase in bismuth in the glass composition, the density also increases
because of the replacement of BoO3 (lighter mass, mol. wt. = 61.98 gm)
by BiyO3 (heavier mass, mol. wt. = 465.96 gm). As can be observed, the
refractive index values of the present systems increase from 1.81 to 2.24
with increase in bismuth content from 20 to 70 mol %. Similar trend of
refractive index was noticed in bismuth modifier in BnBiNd (n = 29, 39,
49 and 59) [26] and BZnBiNd (n = 5,10, 20, 30,40,50 and 60) [36]
glasses. The magnitude as well as variation in refractive index with
variation in bismuth content are found to be comparable with those
observed in BnSBiNd (n = 10,15 and 20) [3], BBiPbNd; ¢ [24], BBiNd
[25], BnBiNd [26] and BZnBiNd [36] glasses. From this trend, it is

Table 2
Physical properties of the 1.0 mol % Nd>* doped bismuth borate glasses.
Physical properties B20BiNd;, B50BiNd;, B70BiNd; o
Density, d (g/cm®) 5.11 6.83 7.53
Refractive index, n (at 632 nm) 1.81 2.01 2.24
Nd®* ion concentration (N, ions/cm3, 6.03 6.32 7.43
x 10%0)
Inter-nuclear distance, r; A 12.04 13.51 16.21
Field strength, F ( x 10'* cm™®) 5.21 5.66 5.92
Molar volume, Vi, (cm®/mol) 26.31 29.21 31.12
Molar refractivity, Ry, (em ™) 11.61 14.30 16.24
Electric polarizability, ae ( x 6.41 6.66 7.02
10’22cm3)
Dielectric constant (&) 3.01 3.21 3.84
Reflection loss, R (%) 8.30 9.61 10.31
Metallization factor (M) 0.66 0.53 0.41
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concluded that the higher index of refraction of the title glasses is very

much favorable for making waveguide and optical fiber applications.
The inter-nuclear distance is the distance (r;) between two nuclei of

the Nd** ion in the glass matrix and can be calculated using the formula,

1\ 13
Inter — nuclear distance, r;(A°) = (ﬁ)

where ‘N’ is the concentration of Nd** ions in the glass sample.
Polaron radius is the distance from the radius of the one Nd*"
the radius of another Nd®* ion and is given by,

ion to

1/11\!/3
. oy L/ID
Polaron radius, r,(A") = 2( GN)
The vector sum of all forces exerted by a field on a unit mass, unit
charge, unit magnetic pole, etc., at a given point within the field is
known as field strength given by,

Field strength, F( X 1014)cm’2 = 5
()

where ‘Z’ is the oxidation number of the Nd** ion.

The molar volume (V) of a substance is the ratio of the volume
occupied by a substance to the amount of substance, usually given at a
given temperature and pressure. It is equal to the molar mass (M)
divided by the density (p), where ‘M’ is the effective molecular weight
(sum of the products of composition and molecular weights of the
chemical components of the glass material) and ‘d’ is the density of the
glass and it is represented as,

Molar volume, V,, (cm3 /mol) :%

Molar refraction is a measure of the total polarizability of a mole of a
material. Through Lorentz-Lorenz Eq., the relationship between molar
refraction, R, refractive index (n) and molar volume (Vy,) for isotropic
substance such as liquid, glasses and cubic crystals can be defined as,

n?—1
Mol fractivity, R,, (cm® N=(——]v,
Olar relfractuivity, (cm /mo ) <n2 T 1)
Electronic polarizability is the magnitude of electrons response to an
electric-field which can be calculated by applying following expression,

3R
Electronic polarizabilty, a,(1072c¢m®) =-—=
P s a )=,
The dielectric constant is the ratio of the permittivity of a substance
to the permittivity of free space and is given by,

Dielectric constant, &= n?

The reflection loss gives the information about the reduction of in-
tensity given by,

2
Reflection loss, R(%) = (%) x 100
n

Metallization criterion is calculated to determine the tendency for
metallization and to investigate the insulating behavior of the fabricated
glasses and is given by,

Rm
Metallization factor, M=1——

All the physical properties listed in Table 2, except metallization
factor increases with increase in bismuth content in the glasses from
B20BiNd; o to B70BiNd; o, where as the metallization factor decreases
with increase in bismuth content.
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3.2. Optical absorption and Judd-Ofelt analysis

Fig. 1 presents the optical absorption spectra of 1.0 mol % Nd>* ions
in bismuth borate glasses. The absorption peak centers differ slightly
with change in glass compositions. The observed absorption peaks are
the consequence of exciting the ground multiplet (*Io,2) of Nd** ions in
glass matrices to the excited states [11,18,20,34,40-43]. There are 9, 8
and 7 absorption bands for the B20BiNd; o, BSOBiNd; (o and B70BiNd ¢
glass systems, respectively. The observed peak energies of the
Nd3*-doped boro-bismuth glasses are given in Table 3. Areas under the
respective absorption bands are used to calculate the experimental
oscillator strengths (fexp) using the following Eq.,

_ 2.303mc?
P Nrme?

/e(v)du =4.318 x 10’9/6(11)(111 (@)

From Judd-Ofelt analysis, the calculated oscillator strength (f.q) is

given as,

8 2 ( 2+2)2 2

T-mco n ) ’r
o = e Qi (w J| |0 W' 2
Jd = 3h@r 1) o A.;M (v U w ) @

here ‘m’ represents the mass of the electron, ‘c’ indicates light velocity,
‘n’ is the refractive index, ‘v’ corresponds the transition energy (cm’l),
‘h’ represents the Plank’s constant, (n2+2)2/9n indicates Lorentz local
field correction of the absorption state, ‘J° corresponds the angular
momentum of the ground level, Q, (1 = 2, 4 and 6) are the phenome-
nologically fitted JO intensity parameters and ||[U™||? are the matrix
elements of the rank 4 = 2, 4 and 6 and are evaluated through inter-
mediate coupling for the yJ — y’J’ transition. These matrix elements
are independent of host. By applying standard Judd-Ofelt theory on
distinct energy levels of Nd>* ions in bismuth borate glasses, theoretical
(calculated) oscillator strengths are estimated using least squares fit
approach using Eq. (2) and the reduced matrix elements reported else-
where [44].

Table 3 presents the energy position of the absorption bands, their
experimental and theoretical oscillator strengths along with JO param-
eters, spectroscopic quality factor and root mean square (rms) deviation
for BnBiNd glasses. The rms values between fey, and feq are +0.36,
+0.43 and +0.81 for B20BiNd; o, B5OBiNd; o and B70BiNd; o glasses,
respectively. The rms deviation between calculated and experimental
oscillator strengths is considerably less for all the glasses, suggesting the
accuracy of JO analysis. The intensities of some 4f-4f transitions are
higher compared to other transitions which are identified by the larger
quantities of matrix element (y J ||U?|| y 'J)? [44].

The Judd-Ofelt intensity parametrization is highly beneficial to
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Fig. 1. Absorption spectra of BnBiNd glasses in the UV-Visible-NIR region.
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Table 3
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Optical absorption transitions with peak positions, experimental (feyp) and calculated (fca)) oscillator strengths (x107°), rms deviations (6,ms), JO intensity parameters
(€@, (1 = 2,4,6), x 1072° cm?) and spectroscopic quality factors (Q4/96) of 1.0 mol % Nd3* ions-doped BnBiNd, o glasses.

Transition *lg 5 — B20BiNd; o B50BiNd; ¢ B70BiNd, ¢
Energy (nm) fexp fean Energy (nm) fexp fea Energy (nm) fexp fea
“Faa 874 3.24 3.27 878 2.24 2.47 878 1.35 2.24
“Fs/2 + *Ho 2 801 10.35 9.86 805 9.35 8.63 807 8.32 6.89
“Fryo + %832 741 9.89 10.27 749 8.89 9.43 749 6.03 7.101
“Foya 679 0.64 0.42 683 0.99 0.72 681 0.45 0.557
“Hi1/2 625 0.27 0.222 627 0.34 0.200 626 0.15 0.155
4Gs/2 + 2Gy2 582 19.09 19.06 585 14.06 14.05 587 9.09 9.02
4Gya 525 4.24 4.60 527 3.24 3.63 528 2.35 3.16
“Goyz + 2Ki3/2 512 2.48 2.83 514 2.65 3.25 - - -
(®D+P)3/2 + %Goy2 475 3.65 4.21 - - - - - -
Grms +0.36 +0.43 +0.81
Q, 4.30 2.24 0.94
Q 4.67 3.96 2.63
Qe 5.99 4.81 2.78
Q4/Q6 0.77 0.86 0.94
predict required radiative characteristics of rare earths embedded in any
glass host. From the JO parameter quantities shown in Table 3, it is 25000
observed that the order of the JO parameters for all the three BnBiNd; ¢ | 2P1 "
glasses is Qg > Q4 > Q. The parameter, Q2 mainly influences the site 6 +D +K
asymmetry of Nd>* and also the covalence bonding of Nd3*-0%. The 20000 422 oz 112
Bi®t possesses lower field strength than B3* and hence exhibit strong 4G9’2
ionic bond with O~ ligands anions. This results in comparatively higher I 4G7/2+ g
covalent bonding of Ln3* active ions with 02~, which could be a reason < 252 "
for the noted decrease in Qy magnitudes for glasses with higher BizOs. E 15000 |- SNR “F;zlz
Even though, Q4 and Qg values do not reveal any role on nature of : | AN :F7,2+ :Sm
environment structure, they together show considerable influence on o F.,* H,,
radiative properties of luminescence transitions originating from the ® 10000+ E g E E . AFE‘,2
4F3/2 level to its lower multiplets, 4115/2, 4113/2 and 419/2. This occurs ch ; olal S A
mainly because in the case of Nd®*, as the matrix element of (y J ||U?|| R & el|e \CR
w'J)? = 0 [44] for transitions originating from *Fs/, excited level to 5000 kL ' \ T 4|15/2
lower multiplets “*n 5/2 4113 /2 and 419 ,2) and hence the value of Q4/Q¢ = y . 4
x> defined as the spectroscopic quality factor. The ‘y’ values of the s ] \ 4‘3’2
BnBiNd, ¢ glasses are presented in Table 3. Lesser value of ‘¢’ favors the . L
lasing action for 4F3/2 - 1y, ,2 transition over 4F3/2 — 419/2 and vice oL y 4

versa. If the quality factor increases, the fluorescence efficiency also
increases. In the present study, it is found that the quality factor varies
directly with the bismuth content in the composition.

3.3. Radiative properties and emission spectra

Fig. 2 shows the partial electronic energy level diagram of Nd** ions
indicating the excitation and possible NIR emission channels of BnBiNd
glasses along with cross-relaxation (CR) and non-radiative (NR) chan-
nels. The emission spectra are measured for all the glasses of the present
study, exciting with 808 nm and monitoring the emission between 850
and 1450 nm which are presented in Fig. 3.

The radiative emission spectra of all the glasses exhibit three emis-
sion bands corresponding to 4F3/2 N /25 I ,2 and 4113/2 transitions
around 905, 1065 and 1340 nm, respectively. In these three bands, the
4F3/2 - 4111 ,2 (1065 nm) is found to be the most intense and 4F3/2 -
4113/2 (1339 nm) is found to be weak intensity in all the glasses. The
intensity of 4F3/2 - 4111/2 band increases with increase in Nd>* ions
concentration and quenching has been observed after 1.0 mol % of Nd>*
ions . This quenching is due to the energy transfer process through cross-
relaxation process (4F3/2: 419/2 - 4115/2: 4115/2) as depicted in Fig. 3 [11,
18,20,34,40-42]. It can be noted from Fig. 3 that the relative intensity
value of 4F3/2 - 14 ,2 emission has become more preferable with
respect to *F3/5 — *Ig /5 transitions with the increase in bismuth content
which is also evident from the Q4/Q¢ magnitudes, estimated from JO
parameters. Luminescence properties of Nd3* ions increase with in-
crease in BiO3 content leading to improved radiative properties [36].

For treating the emission process, electric (A¢q) and magnetic (Anyq)

I9/2

Nd*

Fig. 2. Partial energy level diagram of the Nd>* ions in BnBiNd glasses showing
the possible near-infrared emission transitions along with non-radiative (NR)
and cross-relaxation (CR) channels.
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L 4 —001mol%  B20BiNd
400 =, | e ——0.1mol %
200 L o ——1.0 mol % .
N g; ——2.0mol % |13/2
603 F
. r B50BiNd
£ 400 F
ey -
3 r
S 200 F
S L é%;
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21208 1
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400 -
ok
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Fig. 3. Near-infrared emission spectra (1 .x = 808 nm) of the BnBiNd glasses for
different concentrations of Nd** ions.
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dipole radiative transition probabilities have been evaluated by the
following expressions [11,18,20,34,40-42].

,, 64n*1? n (n2+2)° ,,

Afd(l//‘]7y/‘])73h (2J+1) 9 Sed(y/‘,‘y/‘/) (3)
' 64n*L3 '

Amd(ll/‘lal//‘]):m 0 S, (wd, wJ) @

Total of the Aqq and Ayq gives the radiative transition probability
(AR) for a given transition as

AW W T ) =AaWd W ) + Auad W' T) 5)
' 64n*L? n (n?+2)° 5
A = e "
Ry J) R g St 'S (6)

The total transition probability of fluorescent level is the sum of the
radiative transition probabilities of all lower terminal levels,

Ar(pd) = > Ax (W, yT) )
vy
The radiative lifetime (zg) of an excited level estimated to be from
the total radiative transition rate (A7) by the following relation,

o= M) = ZAR ), wT) ®
v ]

The electrons in an excited state are relaxed to several lower energy

states, the calculated branching ratio (Br) can be obtained by the

following expression,

o\ _ ARy )
m(ww)f Ar(yd) 9

These pr could be taken to evaluate the intensities of all emission
transitions coming from an excited fluorescent level. The experimental
Pr (Pexp) can be evaluated using the relative areas of the emission levels.
The fg is an important quantity for the designing of laser gain media, as
it indicates possibility of achieving stimulated emission for a given
emission channel.

The most important characteristic property that controls the laser
performance of a laser material is nothing but stimulated emission cross-
section (6(4p)) which can be calculated using the emission spectra
through the expression,

4

Ge(V’val,J,):mAR(WLW’J/) 10$)

here 4p denotes the emission peak in nm, Ale corresponds effective
linewidth of the emission band (nm) which is also known as fullwidth at
half maximum (FWHM) of the emission level estimated by taking ratio
of the area of the emission level and its average height.

Tables 4-6 present the radiative properties like emission peak posi-
tions (Ap), Pexps Beal, AR, Alefr, 6(4p) and gain bandwidth which is the
product of Akegr x 6(Ap) for the emission transitions, 4F3 /2—>4I 1(J=15/2,
13/2, 11/2and 9/2) and lifetime (tg) of the 4F3/2 state for B20BiNd; o,
B50BiNd; o and B70BiNd; o glasses, respectively, derived using JO in-
tensity parameters and emission spectra [11,18,20,34,40-42].

From Tables 4-6, rx values for “Fs /o — I ,2 emission channel are
calculated to be 182, 163 and 153 ps whereas ¢(4,) values are found to
be 2.97, 4.0 and 3.15 x 1072° cm? for B20BiNd; o, B5OBiNd; ¢ and
B70BiNd; o, glasses, respectively. As can be seen, radiative lifetimes of
the B20BiNd; ¢ glass has higher value while emission cross-section of the
B50BiNd; ¢ glass has higher value among the three glasses. The exper-
imental decay curves and further analysis of relaxation or energy
transfer mechanisms should give an insight into the performance of the
glasses.
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Table 4

Emission peak positions (i, nm), experimental (Peyp) and calculated (Bear)
branching ratios, radiative transition probabilities (Ag, s, effective band-
widths (Ahegr, nm), stimulated emission cross-sections (6(4,), x 1072, cm?) and
radiative lifetime (tg, ps), gain bandwidth (Akegs x 6(4p), x 10728 cm®) of NIR
emission transitions of B20BiNd; .

Transition 4F3 Y Ap Branching AR Adetr 6(Ap) Adefr X
9 — (nm) ratios 6(Ap)
ﬁexp |3cal

B PP 1339 0.14 0.11 560 28 1.67 47
M1y2 1064 0.60 050 2749 31 2.97 92
“lojn 904 0.36 0.39 2128 48 0.69 33

Ar =

5465

TR =

182

Table 5

Emission peak positions (ip, nm), experimental (Pexp) and calculated (Bear)
branching ratios, radiative transition probabilities (Ag, s71), effective band-
widths (A)ef, nm), stimulated emission cross-sections (6(4p), x 10’20, cm?) and
radiative lifetime (tg, ps), gain bandwidth (Akegs x 0(4p), x 10728 cm®) of NIR
emission transitions of BS0BiNd; .

Transition “F5, Ap Branching Agr Ahefr  0(4p) Ahefr X
P (nm) ratios 6(4p)
Bexp  Beal

*Lia/a 1304 0.07 0.10 655 45 1.32 59
*hiya 1063 0.57 050 3246 29 4.00 116
419/2 904 0.36 0.40 2577 48 0.91 43

Ar=

6510

TR =

163

Table 6

Emission peak positions (4, nm), experimental (Pexp) and calculated (Bcar)
branching ratios, radiative transition probabilities (Ag, s~ 1), effective band-
widths (Algr, nm), stimulated emission cross-sections (6(4p), x 1072, em?) and
radiative lifetime (tg, ps), gain bandwidth (Akess x 6(4p), x 10728 em®) of NIR
emission transitions of B70BiNd; .

Transition *F3, 4, Branching Ar Aletr 6(Ap)  Adegr X
PR (nm) ratios 6(4p)
Pexp  PBear

4113/2 1341 0.05 0.10 569 28 1.69 47
4111/2 1064 0.6 0.48 2921 31 3.15 98
419/2 903 0.35 0.42 2511 48 0.81 39

At =

6748

TR =

153

For efficient optical systems, the gain bandwidth parameter (Ahgg X
6(4p), x 10728 ¢m®) should be as high as possible to attain high gain and
in the present glasses the gain bandwidth values have been calculated
and are shown in Tables 4-6 for B20BiNd; g, B5OBiNd; o and B70BiNd; ¢
glasses, respectively. The values are found to be comparable with those
of reported Nd3+-doped glasses [6,34,36,42] and are lower than those of
SLBNd; o [6] glasses.

3.4. Decay curve analysis

The lifetime is also an important characteristic parameter to analyse
laser gain medium. Fig. 4 shows the decay curves of “F33 level measured
by exciting at 808 nm and monitoring the emission at 1065 nm. For all
the three sets of glass samples, it is observed that the decay curve shows



K. Udaya Kumar et al.

1=
B20BINd
0.1 g '
i = Ndoot1| S v
i + Ndo.1 Y w >
0014 . Nato LR L T A
1 - Nd20 ' S : £ 4
> 1E-3 AW FEETE FREEE PR FRE RS RN ER RS N '
2
g
£ 01 Nd0.01
o NdO.1
g 0.01 Nd1.0
§1E-3 7 Nd20 |||||'|v e
S B70BiNd
0.1 = Nd0.01
e Ndo.1
0.01 4 Nd1.0
v Nd2.0
E3le v v v v e vy
0 100 200 300 400 500 600

Time (micro s)

Fig. 4. Decay curves for the “Fs/, level in BnBiNd glasses for different con-
centrations of Nd*" ions under 808 nm excitation (solid line represents the I-H
model fitting).

nearly mono-exponential trend for lower concentrations and tend to
transform into bi-exponential at higher active ion concentrations.

Many transitions and larger emission probabilities from initial level
causes to quick decay resulting in very short lifetimes. The calculated
lifetime (zg) via JO parameters are compared to the experimental life-
times (7jes). The difference between 7g and 7, arises due to the pres-
ence of multiphonon non-radiative relaxation processes as given by,

1 1

Wn =—— — an
Tines TR

where Wy refers the non-radiative transition probability s, TR COI-
responds to radiative lifetime and 7,5 refers the experimental lifetime.
Using Tmes and Tg, quantum efficiency (1) can be calculated as,

Times

n = 12

In the present glasses, only Nd>* ion is the active ion. Hence, both
acceptor and donor ions are Nd>* ions only. In the presence of acceptor
ions, donor in the vicinity of acceptors can interact among them through
multipolar or exchange forces and can transfer energy. The rate of
transfer for different acceptor-donor pairs depend quite significantly
with the strength of the acceptor-donor interaction and normally de-
creases quickly on par their separation. With the increase in concen-
tration, the distance between the ions is sufficiently small enough that
the ions can interact greatly. These processes are found to be due to
either the interaction between similar or/and different dopant ions.

The interaction between the active ions can be due to different
magnetic and electric multipolar interactions between adjacent Nd>*
ions. These interaction processes were investigated by Dexter [45] and
Forster [46] for energy transfer in complexes involving electric
dipole-dipole interaction. The work by Dexter [45] and Kushida [47]
have taken the contribution of electric dipole-quadrupole, electric
dipole-dipole, and exchange interactions and obtained relation for the
luminescence yield for different concentrations of active ions. Inokuti
and Hirayama [48] revised the theory and considered energy transfer
between intra 4f — 4f levels of triply ionized lanthanide ions and
concluded that the luminescence decay can be explained by the
following Eq.,

t 1\
I(r) =1 expy — P Q<a> (13)

where ‘t’ corresponds the time after excitation, 7y represents donors
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intrinsic decay time when there are no acceptors and ‘Q’ is the energy
transfer parameter given by,

The value of ‘Q’ depends on I'(x) (gamma function) which in turn
depends on ‘S’. If S = 6, then I"(x) = 1.77 which refers dipole-dipole; if S
= 8, then I'(x) = 1.43 corresponds to dipole-quadrupole and S = 10,
then I'(x) = 1.3 belongs to quadrupole-quadrupole interactions. N4 in-
dicates the concentration of acceptors, which is more or less same as that
of total Ln3* concentration and Ry refers the critical transfer distance
which is equal to acceptor-donor separation for which energy transfer
rate between acceptor and donor is same as intrinsic decay rate, 7,'. The
dipole-dipole interaction value (Cpa) is co-related to R as,

($)
Con =R 1s)
To

The values of measured lifetimes, quantum efficiencies, non-
radiative relaxation rates, acceptor-donor interaction, critical transfer
distances and energy transfer parameters for 0.01, 0.1, 1.0 and 2.0 mol
% of Nd>* in the present glasses are presented in Table 7. It could be
inferred that all the non-exponential decay curves relatively have good
fit to S = 6. It is also noticed that as the concentration of Nd>* ions
increases, Texp of the 4F3/2 level decreases and the non-radiative relax-
ation rate increases due to energy transfer between Nd>* via cross-
relaxation (4F3 /2,419/2 - 4115/2,4115 ,2) which is also responsible for the
quenching of emission at higher concentrations. Similarly, the values of
Cpa, ‘Q” and Rg increases with Nd>* ions concentration in all the sets of
glasses as presented in Table 7. Among the glasses studied, B70BiNd; o
glass is found to be a very good candidate for the laser performance as it
has highest measured lifetime of 123 ps and an efficiency of 80%.

For efficient laser action, the figure of merit (6(p) X Tmes, X 1
cm? pis) should be as large as possible to attain high-gain. In the present
study, the figure of merit (FOM) has been calculated to be 172 for
B20BiNd, 324 for B50BiNd and 387 for B70BiNd glasses and are shown
in Table 7. The magnitude of FOM for the present glass is lower
compared to BSLBNd; o [34] and PKSAFNd; o [42] and are comparable
to those of ZnBBiNd; ¢ [36] and SLBNd; o [6] glasses. The present
analysis suggests that the Nd>*-doped bismuth borate glasses can be a
suitable host for lasing emission at 1064 nm and also for optical
amplification applications.

Table 8 presents glass labels, concentration of Nd>* ions, densities,
refractive indices, JO parameters, total radiative transition probabilities,

0—20

Table 7

Measured lifetimes (Texp), quantum efficiencies (n %), non-radiative relaxation
rates (Wy,, s~ 1), energy transfer parameters (Q), critical donor-acceptor transfer
distances (Ro, A%, dipole-dipole interaction parameters (Cpa, x10-*?), for
different concentrations of Nd*>* ions and figure of merit (FOM, 6(4p) X Tmes, X
10720 ¢cm? ps) of the 4F3/2 - 1 2 transition for 1.0 mol% of Nd3* ions in
different sets of bismuth-bortate glasses.

Glass set Nd3* concentration Tmes n Wy Q Ro Cpa

B20BiNd  0.01 77 - - - - -
0.1 75 - - 0.09 4.66 2.54
1 58 32 10297 035 427 423
2 37 - - 045 267 712

FOM = 172

B50BiNd  0.01 97 - 8016 - - -
0.1 91 - 8695 0.09 5.68 0.82
1 81 50 10052 0.17 3.30 296
2 50 - 17706 0.86 2.67 77.3

FOM = 324

B70BiNd  0.01 180 - 1906 - - -
0.1 161 - 2562 0.13 4.70 3.21
1 123 80 4480 042 426 326
2 117 - 4897 0.57 289 589

FOM = 387
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Table 8
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Glass labels, concentrations (C, x10%2 cm~3) of Nd>* ions, densities (g, cm ™), refractive indices (RI), JO parameters
(Qy, 1= 2,4,6 x 1072° cm?), total radiative transition probabilities (AT, s™1), calculated (tg) and experimental (Typ) lifetimes (us) and quantum efficiencies (QE, %) of

the *Fs3,; level in BnBiNdj ¢ glasses and those of reported Nd>*-doped glasses.

S.No. Glass label C g RI Qs Q4 Q6 Ar TR Texp QE
1 B20BiNd; o [PW] 603 5.11 1.810 4.30 4.67 5.99 5465 182 58 32
2 B50BiNd, o [PW] 632 6.83 2.010 2.24 3.96 4.81 6510 163 81 50
3 B70BiNd; o [PW] 743 7.53 2.240 0.94 2.63 2.78 6748 153 123 80
4 B43BiNd, ¢ [3] 2.89 5.78 1.952 4.03 3.00 3.31 411 288 70
5 B10SBiNd, o [3] 2.94 5.87 1.953 4.09 2.57 3.65 414 297 72
6 B15SBiNd; ¢ [3] 2.96 5.88 1.956 4.16 2.98 3.61 391 313 80
7 B20SBiNd; ¢ [3] 3.00 5.96 1.973 4.04 2.73 3.60 393 298 76
8 S20BBiNd; ¢ [3] 3.04 5.99 1.973 4.40 3.35 3.79 365 318 87
9 S10BBiNd; ¢ [3] 3.07 6.04 1.978 4.31 3.03 3.73 368 332 90
10 S43BiNd; o [3] 3.15 6.16 1.993 4.49 3.13 3.53 355 343 97
11 BiBSNd; o [9] 25.4 7.27 2.180 4.42 3.06 3.26 412 317 77
12 BZA9BiNd, o [21] 3.29 1.805 5.31 3.84 4.61 4301 232 - -
13 B35BiNNd; o [22] 7.00 4.90 1.800 4.72 2.12 3.93 2862 349

14 BBiPbNd, o [24] 1.66 5.78 1.851 1.58 4.48 3.33

15 B40BiNd; [25] 33.0 2.000 3.71 2.59 4.24 206 84 41
16 B39.9BiNdy 3 [25] 100 2.000 3.80 3.77 4.59 170 86 51
17 B39.8BiNd 5 [25] 166 2.000 3.28 3.88 4.24 176 95 54
18 B39.6BiNd,  [25] 324 2.000 3.22 3.84 4.33 175 71 41
19 B39.4BiNd, 5 [25] 501 2.000 2.70 4.10 4.47 167 54 32
20 B39.2BiNd, ¢ [25] 644 2.000 2.61 3.86 4.24 177 45 25
21 B29BiNd, 5 [26] 1003 5.51 1.920 4.65 2.90 5.85

22 B39BiNd; 5 [26] 948 6.26 2.030 4.29 3.00 6.02

23 B49BiNd; 5 [26] 916 7.40 2.130 4.24 3.31 6.12

24 B59BiNd; 5 [26] 866 7.61 2.210 4.12 3.30 6.06

25 B57ZNdg 5 [36] 282 3.64 1.661 3.45 3.61 4.36 2766 361 58 16
26 BZ5BiNd, 5 [36] 266 4.41 1.773 3.56 4.30 4.87 3910 256 67 26
27 BZ30BiNdy 5 [36] 197 6.45 2.021 2.80 4.53 4.49 5920 169 83 49
28 BZ60BiNdg 5 [36] 154 7.97 2.299 2.42 3.76 3.45 7633 131 96 73

quantum efficiencies, calculated and experimental lifetimes of “Fs/s
level in the present study along with similar parameters of some re-
ported Nd3+-doped bismuth borate glasses [3,9,21,22,24-26,36]. Of all
the glasses that are shown in Table 8, the B29BiNd; 5 [26] has highest
and BBiPbNd; ¢ [24] has the lowest concentration of Nd>* ions. Density
is found to be highest for the BZ60BiNd 5 glass [36] and lowest for the
BZA9BiNd; o glass [21]. Refractive index is highest for the B70BiNd; o
glass and is lowest for the B57ZNd 5 glass [36].

Of all the glasses that are compared in Table 8, the Q, parameters are
highest for B20BiNd; ¢ glass and Q, and Qg are lowest for the B70BiNd;
glass. The Q, values of other glasses are intermediate between these
values. Calculated lifetimes are highest for the BIOSBiNd; ¢ glass [3] and
lowest for BZ60BiNdg 5 glass [36] whereas experimental lifetimes are
highest for S43BiNd; o [3] glass and lowest for the B39.2BiNd; o glass
[25]. Quantum efficiencies are found to be highest for the S43BiNd; ¢
glass [3] and lowest for the B57ZNdy 5 glass [36]. Further, uniform in-
vestigations are necessary to explain the non-uniform variations of the
above parameters in the glass systems presented in Table 8.

4. Conclusions

Three compositions of boro-bismuth glasses embedded various con-
centrations (0.01-2.0 mol %) of Nd>* ions have been prepared by melt
quenching method. The optical properties of the glasses are analyzed
through UV-visible-NIR absorption and photo luminescence spectra
and lifetime measurements. The Judd-Ofelt intensity parameters are
evaluated from the absorption transition intensities of Nd3* (1.0 mol %)
embedded glasses and are used to determine the radiative properties for
the excited fluorescent states of Nd**:BnBiNd glasses. The “Fq o — Iy /2
transition is having higher stimulated emission cross-section, branching
ratio and radiative transition probability. The decays of *F3,5 (Nd**) are
single exponential in nature for lower concentrations and as the con-
centration of the dopant ions increases, the decay curves transform to
non-exponential nature. Inokuti and Hirayama model has been used to
determine the energy transfer parameters, critical transfer distances and
dipole-dipole interaction parameters. The analyzed optical properties

indicate that B70BiNd; o is the optimum glass composition for laser
applications.
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