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AccEpl:ed: 24 February 2024 The lithium bismuth alumino borosilicate (LiBiAIBSi) glasses incorporated with
different concentrations (0.1 to 2mel%) of Er ions were formed through the melt

£ The Authex(s), under quench technique. Studies on optical absorption. photoluminescence, and decay
exdusive Boenee to Springsr profiles were performed. Detailed analvsis of absorption and emission spectra
Science+Brisiniess Madia, LLC, was done by applving Judd- Ofelt (JO) theory. Under an excitation wavelength
part of Springer Naturs, 2024 of 378 nm, the samples show intense green and NIR emission corresponding to

. transitions *5, , — *I.. - (547 nm) and 1,5 E—i'IiE:: {1238 im), respectively. Dex-

ter theory was applied to the NIR emission spectra to confirm the dipole—dipele
nature of interaction among the Er™ ions. CIE coordinates for the visible specira
lie in the green region. Various parameters such as stimulated emission cross-
section, optical gain, and gain bandwidth for the as-prepared glasses show that
these glasses exhibit good luminescence behavior and that the optimized LiBi-
AIBSIEr10 glass is ideal for laser applications in visible and NIR regions.

1 Introduction by integrating Rare Earth (RE) (optically active) ions
with different host materials. The RE ions show optical
Optically active lnminescence glasses and phos- absorption and photoluminescence (PL) features due

phor materials aftract the attention of scientists and  to the 4f transifions where 4f electrons are shielded
researchers owing to their versatile applications in from surrounding ligands and external interactions by
numerous fields such as telecommunication networks,  the outermaost electrons of the trivalent lanthanides.
solid-state laser, light-emitting diodes (LED), optical ~ The RE elements have 5= and 5p electrons that sur-
amplifiers, data storage devices, displav monitors, and round 4f electrons and in this wavs, 4f elecirons get
sensors [1-4]. In several of the aforesaid applications,  shielded from outer electrons. This leads to very less
the optical properties of the materials are improved contributions of phonons ie, weak lattice coupling
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and negligible Stark splitting of the electronic states
resulting in sharp luminescence. Among the RE ions,
erbium (Er) is suitable for several potential pho-
tonic applications such as gain media, visible lasers
and near-infrared lasers, fiber amplifiers, temperature
sensor, color displavs etc. due to presence of the sharp
spectral emissions in the Mear Infra-Red (NIE) and
visible region [5-7]. The glasses doped with Er ions
play a vibrant role in the expansion & development
of telecommunication networks. Er’ ions can be rel-
evant specifically for eve-safe lasers due to the bands
that exhibit in the NIR region. Extensive studies on KE
ions doped glasses have been done in visible and NIR
regions [4, 6, 8, 9]

Glasses as host materials can incorporate a large
concentration of RE ions due to a good elastic matrix
as compared to a crvstalline host. The properties of
glasses can be well optimized because their composi-
tions. size, and shapes can be modified easily. Thus,
glasses are a great choice as host materials to incorpo-
rate RE ions since their optical homogeneity is high,
thev have good thermal & mechanical stability along
with the possibility of drawing the glasses into fiber
form with low production cost. It this article, the boro-
silicate glass host is the combination of glass formers
B,O. and 5i0, which have valuable qualities such as
high mechanical strength, high thermal stabilitv, and
lower melting temperatures. Due to these beneficial
properties, borosilicate glasses are utilized in innu-
merable ficlds of application [10-15]. But, relatively
high phonon energy of borosilicate glasses leads to
non-radiative losses resulting in loss of luminescence
intensity [15, 17]. To reduce the non-radiative losses,
the phonon energy is reduced by adding heavv metal
bismuth oxdde (Bi, 0 ) into the glass mairix which also
plays an admirable role as a network former in addi-
tion to network modifier [18, 18]. Bi;O; incorporated
glasses have advantageous qualities such as higher
infrared transparency, high density, higher refractive
index (RI); and large dielectric constant. As spontane-
ous emission transition probahility rises with B the
high value of RI of bismuth deployed materials has
considerable significance as a host material for lumi-
nous characteristics [20-22]. AL O, acts as glass net-
work modifier and can improve luminescence proper-
ties of host matrix due to tetrahedral and octahedral
AP structural units: AL, also helps in improving
the chemical stability, thermo-mechanical stability
along with the emission of the REions [13, 23, 24] The
addition of Li,0 modifies the glass network as it has
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a low thermal expansion, acceptable thermo-optical
performance, and high thermal conductivity. So Li;O
decreases the thermal expansion coefficient and raises
the transition temperature '-TE-] of the glass matrix [1,
25]. In the light of above-mentioned properties;, we
have alreadv studied lithium bismuth alumino boro-
silicate (LiBiAIBSi) glasses doped with Tb™, Sm™ and
codoped Sm™/Eu™ ions [13, 15, 26]. The encouraging
results from the above-mentioned studies motivated
us to engage further in this glass host.

In the present work, we investigate LiBiATB5i glass
svstem doped with Er ionsto identify the optimized
concentration of the Er ions and determine the phsi-
cal and optical properties using absorption spectrum,
excitation spectrum, visible-NIR emission specira and
decay spectra analyvsis for their appropriateness in
laser applications in visible and NIR regions.

2 Experimental

A series of different concentrations (0.1 to 2 mol%) of
Er’ ions incorporated LiBiATB5i glasses was formed
ithrough melt quench technique. The composition of
the glass is as follosws:
20Li,C0O5-7.5Bi,0,-(7.5-x) Al,O0;—45H
20510, —x Er,0; (x =01 to 2.0 mol%).
As per concentration 0.1, 0.7 1.0, 1.5, and

BO.—

3 3

2.0 mol%, of Ex™ ions, the glasses have been
lzbeled as LiBiAlIBSiErD]l, LiBiAIBSiErDS. LiBiAlIB-
5iErl0, LiBiAIBSiErl5, and LiBiAIBSIEr20, respec-
tively. The AR grade raw materials Li,CO5; BiO;,
AlLOs H:BO;, 5i0; with high purity and Er,0; of
99.99% purity wers used for the synthesis of the glass
sa.mples. Aca:q:rrding to series composifion, constitn-
ent chemicals were weighed for 7g batch, crushed,
and mixed in an agate mortar using acetone as a
wetting medium until a proper homogenous mix-
ture was formed. This homogenous mix was then
collected into silica crucible and kept in an electrical
muffle furnace heated at 1150 *C for one hour until
a uniform melt was obtained. A brass plate was Xept
at 350 °C for the purpose of quenching the melt. The
melf was taken out of the furnace and poured on the
preheated brass plate and quenched with another
brass plate resulting in the formation of a transpar-
ent glass sample of uniform thickness and shape.
The sampleswerecircular in shape and had average
thickness of approximately 0.13 cm. These obtained
glasses were then annealed in an electrical furnace
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for another £ hours at 350 °C to relieve the glass from
air bubbles and thermal strains.

The X-ray diffraction patterns were observed
nsing X-ray diffractometer Bruker-Model DE. Archi-
medes’ princple was used to measure the densitv of
prepared glasses with water being used as immer-
sion liquid in the measurement. All spectral meas-
urements were done under ambient conditions. The
UV-Vis-NIR specirophotometer V-670 of JASCO was
utilized to record absorption specira. The exdtation
and NIR and visible photoluminescence (FPL) spec-
tra were taken in Photon Technology International
OM-51 and Hitachi-F7000 fuorescence spectropho-
tometers. The PL decay profiles were measured
with an Edinburgh FLI20 flucrescence specirometer
which has an excitation source of Xenon flash lamp.

3 Result and discussion
3.1 X-ray diffraction pattern study

The diffraction patterns of undoped glass LiBiAlB5i
and Er” doped glass LiBiAIBRSIEr]0 are illustrated
in Fig. 1. X-ray diffraction patterns are not present-
ing anv narrow and sharp peaks that suggests the
absence of long-range order and supports an amor-
phous or non-crystalline nature of the prepared
glasses [§, 27].

Undoped LIBIALBS] Glass

Intensity (a.u.)

= LiBiAIBS:Er 10 Glass

30 an
20 (deg.)

Fig. 1 XRD patterns of LiBiAIRS: and LiBiAIBSIEr 10 glasses
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3.2 UV—Visible and NIR absorption spectrum

To attain the optical transitions characteristics, the
gbsorption specira of the LiBiAIBS glasses incorpo-
rated with trivalent erbium ions was measured at
ambient temperature in the range 350-1700 nm. Fig. 2
represents the absorption curve of the prepared glass
sample LiBiAIBSEr10 in UV-Visible and NIE region.
Many absorption bands are seen because of the inter-
actions between electrostatic and spin orbits of the
f—f energy level of Er ions. The absorption peaks
were observed for the transitions from ground level
*1,= » to various upper levels *G,, » (378 nm), (°G, *F)g 2
(408 nm}, ifa_.z (453), *F;; (48% nm), *H,; 5 (523 nm),
*53_.: (545 nm), ':Fg s 1653 nmy), 'EI,;__.,_ {798 nm), 4111 5
(978 nm), and "Ii:_: (1331 nm) of Er ions These peaks
match well with data published by Carnall et al [25,
29]. The obtained specirum peak positionis are compa-
rable to the reported literature signifving that Erions
merge uniformly into the prepared glass network The
absorption intensity for the transition *Iﬁ 5 =¥ 4611 "
(378 nm) is higher than other transitions in absorption
spectra and follows |AJl =2, |AL! =2, and |AS] =0
selection rules. Therefore, this higher intensity transi-
tion is identified as hypersensitive transition since this
transition is sensitive for host environment [30]. The
inset of Fig. 2 presents the relationship of absorption
intensity at 1531 nm peaks with Er” ions concentra-
tion. The absorption intensity increases almost linearlv
from 0.1 to' 2.0 mol% concentration of Er ions and
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Fig. 2 Absorption spectrum of the Er* ions doped LiBiAIB-
SIEri0 glass (imset: dependence of absorption intensity 1331 nm
on the Fr.™ jons concentration)
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the shape of absorption peak at 1531 nm is not influ-
enced by variation in Er concentration. It means the
crvstal field in the host glass is controlled by the basic
constituents of the host and not by the amount of Er
concentration [31].

The bonding nature among doped RE ions and oocy-
gen ligands in the matrix of host glass is predicted by
the nephelauxetic ratio {,_ﬂ) and bonding parameters

(5). The plus or minus sign before the bonding param-
eter (&) predicts whether the bond is covalent or ionic
in nature. The nephelauxetic ratio {H) and bonding
parameter (8} was estimated for all the attained fransi-
tions using the equations as mentioned below [28, 22,

33):
i ¥ .
p= "'_.1 (1)
-
g 1B 5
B

In the above equations, v, and v, denote the wave-
numbers of the fransitions in complex and aguea-ion,
respectively. The calculated values of Nephelaux-
etic ratio (§) and bonding parameter (&) for glass

Fig. 3 Indirect bandgap plot
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LiBiAIBSEr10 are 0.999968 and + 0.00317, respectively.
The positive value of b means that the Er’ ions share
covalent bond with oxvgen ligands in the host glass
sVstem.

32.1 Energy bandoap

The indirect optical energy bandgap q.l:'w:l was esti-
mated by using the absorption specira of Er in LiBi-
AlB5i glasses. The fundamental absorption edge was
used for the estimation of E,, for LiBiAIE5i glasses
incorporated with Er'” ions by emploving the equation
of Davis and Mott [34 35]:

ahy = H(m _ E,w)m, (3)

where o. . and B denote the absorption coefficient; fre-
quency and the bond tailing parameter, respectively,
whereas the index number m helps to determine the
nature of the opiical transition from absorption. The
values of m canbe 2 and 1/2 for indirect and direct per-
mitted transitions, respectively. Generally, for oxide
glasses, the indirect bandgap E"rﬂ wvalues were deter-
mined by the fitting of Tauc's plot in the linear region
as represented in Fig. 3 and values of Eg, are given in

of Er'* ions doped LiBi-
AlRS: glasses
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Table 1. It can be seen that the indirect energy band-
gap values are increasing (3.218 to 3322 V) with Er-
concentration in the present glasses. This observed rise
in the values of the energy bandgap may be because
of the lessening of non-bridging cxvgen (WBOs) in the
glass matrix owing to oxygen binding variation. The
reduction in NBOs lowers the valence band which
leads fo a surge in the values of E,, [38]. Below the
absorption edge region, a change as exponentially
with the photon energy which denotes the presence
of Urbach region. The Urbach region occurs due to
the degeneracy of disorder in the amorphous mate-
rial natrix and is measured in terms of Urbach energy
(AE). The calculated values of AE tabulated in Table 1
by using the method used for other host glasses
reported in published literature. The variation in the
values of AE indicates the creation of defects in the
matrix of as-prepared glasses [29, 37].

3.2.2 Refractive tmdex ane physical properiies

The walues of indirect E,,'._IJ were used for the estima-
tion of the refractive index (n) for Er> doped LiBiAIBSi
glasses by using the relation [38, 39]:

Page50f14 304

"2_1=I— E I:'-I;I
nt+2 20

The n values for LiBiAIBSI glasses doped with Er~
ions are represented in Table 1 with the measured val-
ues of density and molar volume. The increasing val-
ues of density and decreasing values of molar volume
& refractive index support the lessening of NBOsin
as-prepared glasses by addition of Er*” content [40,
41]. Some other phvsical parameters with the help of
refractive index were identified for the LiBiAIBSiET10
glass by using the certain eguation explained else-
where [32]. In Table 2 estimated physical parameters
are tabulated with other reported Er- doped glasses
BiBTErl.0 [9], BLFBErl [42] and ZnAIBIBErID 4] It
is observed from Table 2 that the presented physical
properties of LiBIAIBSIErll glass and the reported
glasses in literature are comparahle. Density is the
property for the studv of the modification of geometric
confizurations, degree of structural compactness and
change in the coordination of glass networks. A refrac-
tive index 15 an effective tool for the investigation of
optical materials. The soluhility of RE ions is related to
the field strength value and RE ions are highlv soluble

Table 1 The oplical band

o T Glass samiples Density glnfcm"‘ Molar Volume Indirect Urhach ener-  Refractive

B3P (Eog), for incirect (V,)cmimol)  E,, (eV) gies AEeV) Index(m)

allowed Lransitions along o el

with the refractive index LiBiAIBSiEM 3478 28030 3218 0.2968 234|

of Er'* ions in LiBiAIBSi LiBIAIBSITEOS  3.531 27.927 3237 0.2954 2336

plasses LiBiAIBSiErio  3.634 27.521 326l 0.2943 2330
LiBiAIBSIiErls  3.692 27.292 3292 0.2915 2.322
LiBiAIBSIEr20 3751 27411 3322 0.2912 2315

Tnlile 3. Priysical poperties Physical properties LiBiAIBS- BiBTEr.0[9] BLFBEr! 42]  ZnAl

of the LiBIAIBSIEr10 glass 10| | .

along with uiher reported 4]

plasses
Density, d (g/em’) 3674 3T 347 3.904
Relractive index, n 2330 1.741 I.781 1.816
Average molecular weight{g) 100l 137.8 o261 1144
Dielectric constant{r} 5.428 3031 3172 3297
Optical dielectric constant {c-1) 4428 2031 = 1279
Polaron radios, r, (A) 1.44 1582 5.035 1.187
Inter-atomic distance,r; {A) 3.575 3927 12497 1945
Molecular electronic polarizabil- 0651 0.584 0.195 0.350

ity @ (107 cm”)
Ficld Strength, F (10" cm™?) 14.456 11.976 2.37 2128
Q_'.l Springer
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in the present glass host matrix as the calculated value
of Geld strength is low. Molecular electronic polariza-
bility is correlated to various properties such as dielec-
tric properties, ionic refraction, opfical UV absorption
and chemical stability. The chemical stabilitv of mate-
rial has an inverse relation with the value of molecu-
lar electronic polarizability [43-45]. The present glass
svstem has low value of molecular electronic polariz-

ability which shows its good stability.

323 Judd-Ofel (JO) dralysis

10 theory [46, 47] has been recognized to evaluate
the JO intensity parameters [£2,, £}y, 0 | and various
radiative properties of the glasses. The JO param-
eters evaluated using oscillator strengith determined
experimentally were discussed thoroughly in our
earlier paper [16]. The values of oscillator sirength
were estimated by describing the absorption spec-
tral intensities of the {-f transitions of the LiBiAIBS1
glasses doped with the Er-” ions. The experimental
oscillator sirengih | _f“‘,?} was calculated with the help
of the area under the absorption peak for the cor-
responding absorption transition by following the
equaiion described in the literature and the calcu-
lated oscillator strength ( fy) was assessed by using
the JO theory [30]. The values of f,,, and f, oscillator
strengths of absorption transitions in LiBiAIBSiEr10
glass are presented in Table 3 along with the transi-
tions, transition energies, band positions and root

Table 3 Transitions. transition emergies (A, nm}, experimendal
{ fup) and calculated { f ) oscillator strengths for LiBiIAIBSIEr10
plass

Transition from ', A (mm) Ovscillator sirenplhs

(%107

Sy Soa
G 378 F7.1872 18.7624
(%G, Pl 408 0.623 2.0405
y . 453 0.854 1.8015
y 489 21577 4795
s 523 12.0396 10.5738
o 545 2.47 14817
g 653 3. 28849
s 798 0421 0.1272
y . 978 1.28 16838
y . 1531 40333 35712
Brmsx< 10 * +1.264
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mean square deviation (&__,) values. Relatively less
value of the root mean square deviation (&,,,.) shown
in Table 3 predict the better quality of fit between the
experimental and calculated oscillator strengths and
validity of JO analvs=is_ It i= noticed from Table 3 that
1,52 — *Gyy 2 “Hy, . transitions show much higher
values of oscillator strength when compared with
other transitions. This iz due to the enrichment of
asyvmmetry nature which upsurges the possibility
of emission in our prepared glasses and hence, the
elecirons oscillate at greater transition strengths [43].
In general, the values of JO intensity parameters are
correlated with the local environment around triva-
lent rare-earth ions which affect the radiative transi-
tion properties. JO parameters were used to explain
the symmetry, bonding nature, and rigidity of the
present glass system

The JOintensity parameters (£1; .. 4 ¢} of LiBi-
AIBSErl0 glass are represented in Table 4. The 02,
parameter is associated with the bonding nature and
sensitivity towards the local environment among the
surrounding ligand and the RE ions positions [30].
Table 4 is also predicting the covalent characteristic
between BE ions and ligand bond for the as-prepared
glass as it shows the higher value of the £, Other JO
parameters {1, and {1, are less sensitive to the local
atmosphere and are related to the viscosity and rigid-
ity of the host glass matrix [4]. From Takle 4, the
less values of 02, and (1, are advantageous for good
Iluminescence characteristics and the revealed trend
£X, > b > Oy may predict good quality luminescence
of LiBiAIBSErID glass svstem for the applications as
optical devices [9, 49]. The JO parameters of the LiBi-
AIB5i Erl0 glass and the other reparted Er ion-doped
glasses PKAZFETLD [2], LBTAFEr1O [7], BiBTErl.0
[2]. BLEBEr1 [42], and ZBLANP [50] are tabulated in
Table 4 All show a similar trend $2; > £, > 43,

Table 4 Judd-Ofelt Parameters (£, % 10 %em®) of LiBiAIB-
SiErl0 glass along with reported values in literature

Trend

Cilass System L), L, Ly Relerences

LiBiAIB- 394 021 204 0, >0, >0, present work
Silrlo

PEKAZFETIO 823 104 191 9, >0, =48y 2]

LBTAFErO 589 L10 147 Q> >0, [7]

BiBTErL.0 1199 232 354 0> £, >4, {9]

BLFBErl 353 064 168 L, > L3 =4}, [42]

ZBLANP 308 L300 L7 .= 0 =L, [50]

2 Springer
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3.3 Photoluminescence (PL) analysis
and radiative properties

33.1 Exciiefion spectrum

In order to studv PL characteristics of erbium incor-
porated LiBiAlIBS glasses, the excitation spectrum
of the LiBiAIB5IELD glass sample has been observed
in the wavelength range 200-1050 nm with emission
wavelength 1538 nm and depicted in Fig. 4 The excita-
tion spectrum reveals the following peak positions at
wavelengths 368, 378, 407, 401, 489, 523, 546, 653, 504,
and 380 nm corresponding to transitions from level
*1,5z (ground ) to excited levels *G, ; *G,; 5, (PG, *F)s
Fyp Fop "Hy, %55, Fyp op and 1, respectively
[28] The transition (T5; — iG;Ll] at wavelength 378
nm is most intense and therefore, it has been used as
an excitation wavelength (A_} for recording emission

spectra for all Erions doped LiBiAIBSi glasses.

33.2 Visible emission spectral study

The emission spectra were measured under excitation
378 nm at room temperature in the visible range from
500 to 650 nm and shown in Fig. 5{a) for the above-
mentioned glasses. Three emission peaks of Er- ions
are seen and assigned to the transitions: Hio— s
{527 nm), *S55— M= (547 nm) and *Fyp — Los
(63% nm). Among all the three transitions, the green
transition *55.1—~ .52 (547 nm) is found to be most
intense. The emission peak intensity rises ill 1 mol %

Np
— LiBiAIBSIErID
a4
Cyum 2
# =
o T Aar= 1538 nm
=
=
-
=
-
s
= 4
— ; " iz
i - o
-]
T s i
| ”
r 8
i
N i
Xl Iy

200 300 400 300 GO0 TOD 800
Wavelength (nm)

800 1000 1100

Fig. 4 The excitation spectrum of the Er'* jons doped LiBiAIB-
SIErl 0 plass
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— — e e
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E — LilliAINSiEr] 3 (ol %)
& | —— LiBiuBSiE20
[ =
-]
=
b T

1400 1450 1 ‘IEIW 1E!5|:|' - 1E1m I 1650 1 1700
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Fig. 5 Luminescence specira of Er' jon-doped LiBiAIBSi

plasses in () visible region (b) NIR region (insel: Variation of

the emission intensity of transition *1,3,— 1,5, at 1538 nm with

Er.™ jons concentration)

and after that intensity shows decrement due to the
quenching effect. The inter-ionic distance decreases
between adjacent Er* ions with increment in their
molar concentration which increases the possibility
of nen-radiative energy transfer through the mecha-
nism of cross-relaxation, resulting in diminishing of
emission intensity at higher concentration of Er ions
[2, 27]. Tudd-Ofelt (TO) theory is & semi-empirical
method that is used to evaluate the various spectro-
scopic Tadiative paramefters as radiative branching
ratio (Pg). transition probability { A) and radiative life-
times (i g) of the upper levels of RE ions doped glasses
with the spectral data of absorption & PL emission.

@ Springer
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The B, is a significant parameter for emission transi-
tion to describe the lasing power and its value should
be greater than 0.5 for p-::tenna.l laser application [21].
The radiative parameters for LiBiAIBSIET10 glass for
the transition é‘Et_; o— 5115__1 are estimated bv using
the expression in the literature [532]. The values of A,
tp and B, of *5, . —*L_ transition are obtained as
7419.08 5%, 91 us, and 0.676, respectivelv. The high
intensity of green luminescence along with large value
of transition probability and branching ratio allow us
to conclude that our optimized LiBiAIBSIErll glass is
an appropriate candidate for the applications of green
lazer action.

3.3.3 Near infre-red (NIR) emission spectral study

The emission spectra were recorded under excitation
378 nm in the NIR region from 1400 to 1650 and shown
in Fig. 5(b). The graph has one broad emission peak
at 1238 nm wavelength corresponding to transition
J‘IE.: — "[15_1_ The transition '11-43, - — 4115 - has received
significant attention because of its feasibility in infra-
red laser, communication and rangs determination
eve-safe laser applications [25]. The inset in Fig. 5(b)
depicts the variation of emission intensity at 1._,38 s
with Er™ concentration. LiBiAIBSIE-1D gIas.s has high-
est intensity and after that, the luminescence inten-
sity decreases due to concentration quenching jist
like the case with visible emission spectra. This isdue
to the nion-radiative energy transfer mechanisms or
multipole-multipole interaction [53].

To investigate the tvpe of interaction mechanism,
Dexter’s theorv was applied to emission spectral pro-
file. According to Dexter theory, three inmteraction
mechanisms can be investigated depending on the
tvpe of inter-ionic interaction and are identified by
the expression [13, 34]

Ing(-i') =L'—-§|.U‘E{I}, (3}

where [ the emission intensity of *[,; . — *[,. , obtained
from Fig. 3(b), x is activator (Er”) conceniration in mol,
¢ is a constant and s is the fitting parameter. The values
of s.are 6 for dipole-dipole (d-d}, 8 for dipole-guad-
rupole (d—g) and 10 for quadrupele—quadrupele (g—q)
interaction. For higher concentrations, equation (3} is
more accurate. Fig. 6 depicts the graphs of log (I/x)
versus log({x) and parameter ‘s’ is attained from the
slope of a linear fitted plot from experimental data.
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4.54 * Experimental data

Linear fitting
4.0+

3.5+

log (1/x)

3.0

2.54 Slope= -1.72

2.“ T T i 1 ] T = Ll
-3.2 2.8 2.4 2.0 1.6

log(x)

Fig. & Relation between Tog (I/x) and log (x) for different con-
centrations of Er'". Dexter model filting shown by solid line

From Fig: 6 it can be seen that the slope is — 1.72 and
the value of 5is 5.16, which is nearly 6. This result indi-
cated that the interaction among Er- ioms is dipole-
dipole in nature. The emission intensiiies decline
above 1.0 mol% concentration of Er™ ions due to the
electric dipole-dipole interactions among the Er~ ioms.

From the NIR emission specirum of optimized
LiBiAIBSIEr10 glass for the *T,- . — *I;; ; transition the
determined transition probakility, branching ratio and
radiative decay time were found to be 745 5, * 10and
1343 s, respectively. The value of transition pmhabﬂ.ttv
is much higher than reported values Ancther impor-
tant factor to understanding for the efficacy of the RE
ions doped materials for laser application from emission
specirum is stimulated emission cross-section (5,,). This
parameter determines the amount of energy withdrawn
from the lasing material o, value can be assessed by
using the following expression [53]

4
..lp

=—A (&)
Bren?Adp

where, Ap, ¢, nnndﬁip are the emission peak wave-
length, the light speed, the refractive index and tran-
sition effective bandwidth, respectively. In Table 5,
radiative parameters such as peak wavelength (Ap),
branching ratio (§), effective bandwidths ( Adp), tran-
sition probability (A), stimulated emission cross-sec-
tions (v ), opiical gain parameter (&, X rg) and gain
bandwidth (o, X Adp) of LiBiAIBSIEr10 for the NIR
transition 5., — *I,., (4p =1538 nm) are presented

apply. Rights reserved.
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Table 5 Emission peak wavelenglh dp (nm), effective band-
widths (Adp) (nm), branchimg rativ ([}), transition probability
(A) (571, radiative lifetime {rx) (s}, stimulated emission cross-
sections {o,, % 107" (em®), sain bandwidth (o, % Adp % 1077
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{cm’) and oplical gain parameter (s, % ry % 107 (em® 5) of
1.0 mol% Er ions in LiBiAIBS slass for the NIR emission
transition ‘13— *l;55 (Ap =1538 nm) and compared wilh other
reported glasses in literature for BEX* doped glasses

Transition Parameters LiBiAIBSIiErID | Pre- MBSERID Ref [29] BiBTEr].0 Ref [9] SAN-
senl| SCEr-
|0Ref
1561
M ™ My Ap 1538 153& 1572 1535
Adp 4910 &7 80 53
B | I | |
A 74501 3Ti2 441.05 193
Ty 1342 2690 2260 5180
7, 207 L.578 1472 .98
o, X AAp 1.02 1.057 1.178 0.52
o, X Ty 278 0425 134 0.378

and compared with other glasses doped with Er¥
doped reported in the literature [%, 25, 56]. The opii-
cal gain (g, ¥ g} is an important parameter to evalu-
ate the glass medium amplification for RE ions doped
glasses. It is conspicuous from Table 7 that these
radiative parameters have comparable values with
other reported values which help concur that the opti-
mized LiBiAlIB5iErlD glass is.a possible applicant for
optical amplifiers used in broadband.

Further, stimulated emission cross-section (e, is
estimated via employing the theory givenby McCum-
bers [57]. A= per the theory, the oy can be evaluated
bv coupling absorption cross-secton for i P S
transition (1400-1700 nm range) in Er ions given by
the expression:

2.303 x log(¥)

N7 7

EF*{S]' =

In the above equation here, Ing[!tg:l represents the
optical density, N is the concentration of Er'7 ions
in LiBiAlBSi glasses {iunsf'cmﬁ] and | denotes glass
thickness. The ou(#) value expresses the efficiency
of absorption for Er* ions. The stimulated emission
tross-section (o, | can be obiained based on the o)
via using formula as [38]:

b8
T () =crm-‘?}l‘ e I (5)

In formula, ¢ signifies the energy fo excite the Er—
ions from *115_.1 level, K signifies Planck's constant and

# demonstrations frequency of the photon. Figure 7
illustrates the g, ando  (#) profile by using McCum-
ber's theory for optimized glass. Further, on the basis
of o,yando g, (A, the optical gain cross-section G (#) was
evaluated with varving population inversion param-
eter (y) and signified as [59-61]

G(8) = yo_ (3 — (1 —y)a,(# (2

Figure & represents ({#) for different v values of
opiimized glass. The prepared LiBiAIBSi glasses incor-
porated with Er ions, the NIR emission specira show
a wide-ranging emission (1.45-1.65 um) with a peak
position at 1.538 um thereby signifving the relevance
of the present glass system in telecommunication

15
o, ol LiBiAIHSErTa

YT I & T o, of LiBLAIBSiEr 10
u
A
=
=
= lsd
i
E 1it
=

(R

i - =

|4 1451 1500 1580 Fa [ | Tie
Woavelenpth (nm)

Fig. 7 Absorption and emission cross-sections of LiBiAIBS-
iER 1D plass by McCumber theory
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1t asa 15 1550 Lhivy (L] il

Wavelength | nimj)

Fig. 8 The gain cross-section of LiBIAIBSIEr10 plass for differ-
ent y values

sector which covers optical communication bands
such as Long (L), conventional (C) and, short {5} [23,
62].

To explain the mechanisms of excitation and emis-
sion, the partial energy level diagram of Er™ doped
glass TiBiAIB5IEr is shown in Fig. 9. When the glass
was excited with 378 nm wavelength, the Er- ions
move from the level *I. . (ground) to higher excited
state *Gn_.; These excited Er ions, via non-radiative
(NR) relaxations, fall to the levels °H,, 5, %555, *F; 0
and *I,;. as shown in Fig. 9. After falling to these
excited levels non-radiafively, the Er ions fall to the
ground state resulfing in peaks in different regions
of the specira as shown in Fig. #{a & b), respectively.

30E4y  Energy Level Diagram (a)
4
[
l. :I!-I-‘HHI!
2564 - Jate.
i
4Fﬂ
2.0E4- P
-“:H
— X “s_ p f [
A a2
S 1 SEd+—nr Fosz
E =X tarz
@ 1.0E4-fx "1z
] i a4
I,
5.0E 3 o9
Ty 4,
Excitation E miission 1
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The strong NIR emission transition (*I;;, — *,,,) is
detected at 1538 nm whereas visible transitions are
observed at the peak wavelengths 63% nm, 327 nm,
and 347 nm corresponding to the red, strong green
amd green emissions, respectivelv. These are the two
possible regions where radiative emission-of Er* ions
can be observed under UV excitation as represented
inenergyv level diagram.

3.4 Chromaticity color coordinates

For defining the colors, Commission Internation-
ale de I"Eclairage (CIE) coordinates iz a standard
tool [27, 52]. The visible emission spectra of LiBi-
AIBSi glasses incorporated with Er’™ ions are used
for evaluation of the CIE coordinates under excita-
tion wavelength 378 nm and have been presented
in Table 6. Fig_ 10 shows the CIE coordinates value

Table 6 CII chromaticity coordinates of Er jons in LIBIAIBSi
glasses under 378 nm excitation wavelength and Experimental
lifetimes (r,.,) (ps) for *Sy— 1,5, (348 nm) transition of Er*
ions in LiBiAlBS: plasses

Glass samples r-coordimates y-coordinates i

LiBiAIBSiE 0318 (1.666 7842
LiBiAIBSiEMS 0316 0.677 76.67
LiBiAIBSiEr 10 0322 0.669 T4.67
LiBiAIRSIEr1 3 0.332 (.659 69.17
LiBiAIBSiEr20 0312 0673 59.46

304 Energy Level Diagram (b)
4
X Ss 4
2.5E4+ ) 3.4 ki)
\‘ '.‘ a1 J‘.!
F,
] i
2.0E4- Y Fra
— 1 "n ';;';'I*Hm
y 4
51.554-—. —
&= x vz
2 E
€ 1.0E4qx 1
u | ‘ ‘
5.0E3- g e
- =
L
‘r
Excitation Emission "%

Fig. 9 Enerpy level disgram of 1.0 mol% Er' jons in LiBiAIBSi plass
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hgy= 378 M

Fig. 10 CIE chromaticity coordinates of 1.0 mol% of Er' jons
doped LiBiAIBSi plass

of optimum glass LiBiAIBSEr1Q (0322, 0.669) in
intense green region. Hernice, glass LiBIAIBSErLD is
an appropriate candidate for photonic applications
in visible green regions.

Page1lof 14 304

3.5 Visible Fluorescence decay analysis

For all the as-prepared glasses, decay profiles were
measured under excitation and emission wavelengths
378 nm and 547 nm, respectively. These decav pro-
files were recorded for characteristic green emission
of Er"" ions which initiates from excited level *5, to
lower level ¥I,. ;. A bi-exponential function fitted well
for the decay profiles which have been presented in
Fig_11. The emission intensity (I} of decav profiles can
be shown by the expression [13, 83]

I =lg+uexpl—t/n) +nzexp[—rh3}, {10}

where intensities I; and I are at time =0 and =1,
respectivelv. The values uyand ap represent the decay
constants amplitudes. 1; and 1 represent fast decay
arud slow decav times, respectivelv.

Theaverage value of decav lifetime for the bi-expo-
nential function is denoted by Lang and assessed by the
Eq_uaticm

iy 1_1! + ﬂz‘.l:'% {_11
Famy = ATy + Ty )

The Tamg values of LiBiAlIBSi glasses doped with

Er ions are represented in Table & as experimental

Fig. 11 Bi-exponential decay 1 g
produced for 48, —*1 a LiBAIBSIEA1 = LiBIAIRSIF 1S
{347 nmy) r}mimﬁ Lr'.J.r:jﬁiun a 'l] == ST 0.1 R
of Er'* ions-doped LiBi-
AlBSi glasses under 378 nm I!.lH-l 0.01
excibation - :
: 0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75
- Time (ms) Time {ms)
£ 1 1
z o LIBIAIBSIEF10 o LiBAMSIEr1S
E 044 — Bi-expaneniial fted curve 04 — Bi-exponentiol ftled curve
5“-511 0.01
3 . : | - ;
Z 000 0.25 0.50 0.75 0.00 025 050 0.75
= Time (ms) lime {ms)
= 4 4
+ LiBIAIBSIES2M -
l.'l,'l-l — Bi-eaponeitinl fitted curve 53-"2 15!‘2
oo gy =378 nm
0.00 025 0.60 0.5 j"'em = 547 nm
Time (ms)
ritiger
€) Spring
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lifetime (1) in microseconds (us). The values of 1,
in Table & are decreasing from 78.72 to 5946 us with
increasing ErT ions content from 0.1 to 2.0 mol%. The
decline in lifetimes with an upsurge in the content of
Er ions is primarily due to the rise of energy trans-
fer (ET) among Er’” ionz and ET from Er’** ions to the
impurities and other defects in the host.

4 Conclusions

The LiBiAIB5 glasses incorporated with different con-
centrations of Er ions were synthesized via the melt
quench method. These glasses have good transpar-
ency and optical qualitv. The indirect bandgap and JO
parameters for the as-prepared glasses were calculated
after analvzing the recorded absorption specirum. The
indirect energy bandgap values are increasing from
3.218 to 3.322 eV with increasing Er,0; concentration:
The bonding parameter (&) and trend £, > L > Oy of
TO parameters indicate the predominance of covalent
bonds between RE ions and ligand bond. Visible pho-
toluminescence and strong NIK luminescence spec-
tra were recorded under an excitation wavelength
of 378 nm. The quenching effect is observed bevond
1.0 mol% of Er- ions signifving that LiBiAIBGiEr10
is the optimized glass and the radiative parameters
were estimated for assessing the lasing features for
this glass only. CIE color coordinates value for LiBi-
AIBSIErlD is (0332, 0.6659) in the visible green regiomn.
Encouraging results from the study of radiative prop-
erties prove that the optimized glass system LiBiAIB-
SiErl0 is suitable for applications such as laser and
optical amplifiers in the NIR region.
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