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Abstract

Trivalent erbium ions doped (48 —x) AIPO, + 15K,0 + 12MgF 4+ 20Na,O + 5NaF + xEr,0; glass samples have been prepared
utilizing the melt-quench process and studied to understand the efficacy of Er** ions content on physical, structural and
luminescence attributes of host glass. The functional groups of the glass structure such as metaphosphate, orthophosphate
and pyrophosphate have been elucidated through Fourier Transform Infrared (FTIR) spectroscopic investigation. The least-
square approach was used to calculate the Judd—Ofelt parameter from the oscillator strength of the Er** ion transitions.
The luminescence emission data captured in the visible and near-infrared (NIR) province using 380 and 980 nm excitation
wavelengths. The up-conversion (recorded at the excitation at 980 nm) of 0.5 Er glass exhibited emission at 664, 550 and
488 nm wavelengths. The decay plots of the studied glass specimens were measured at 980 nm excitation. The McCumber
(MC) theory has been implemented to calculate the gain coefficient of the 0.5 Er glass and flat gain curve was drawn for
S-band, C-band and L-band. The attributes for optical amplification were ascertained, including the quality factor (0.85),
branching ratio (1), stimulated emission cross-section (1.3 X 1072° cm?), gain bandwidth (1.26 X 1072 cm?®) and optical gain
(0.394 x 1072 cm? s) for 0.5 Er glass. The yellowish green light emission ability of the 0.5 Er glass after 980 nm excitation
evident through CIE co-ordinates position (x 0.36, y 0.58) at 1931 CIE chromaticity diagram. The spectroscopic and lumi-
nescence results endorse that the alumino—phosphate glass specimens loaded with 0.5 mol% of Er,0; are beneficial for NIR
and green light emission applications.
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1 Introduction

In modern days, optical materials have been taken into
lot of research for light production and as a wavelength
converter for photonics and optoelectronic devices. The
luminescent ions doped glasses and crystals were consid-
ered as primary hosts for technological applications such
as optical amplifier, solid-state lasers, fibre optic laser,
wave guide amplifier, sensors and white light emitting
diodes (WLEDs) [1-4]. Among the light emitting species,
for aforementioned purposes, the rare earth (RE) ions used
to dope into the glasses and polycrystalline materials for
long-lasting ability to produce electromagnetic radiations
upon suitable excitations. The doped glass also consid-
ered for solar energy concentrators to enhance solar cell
efficiency [5].

In particular, the trivalent erbium (Er’*) ions doped
glasses were prime materials of research because of their
unique spectral emission attributes in the visible to near-
infrared (NIR) spectral span [6]. The Er** ions in its tri-
ply oxidized state are able to absorb ultra-violet—visible
(UV-Vis) and NIR wavelengths and their-after shows
strong luminesce due to 4f~4f intra-band electronic tran-
sitions [7, 8]. Among emission bands, the wide emis-
sion band around 1532 nm (C band) of Er’* ions have
been made worthy luminescent ions for low loss optical
amplifiers [9]. The Er** doped silica glass based optical
fiber amplifier has been commercialised for telecommu-
nication on account its low loss in L band emission [10].
Nevertheless, the rise in internet usage, optical amplifier
demands the materials which are capable of transmit more
light channels. In this regard, the full-width half maxima
(FWHM) of L band of Er** ions need to be tuned to cre-
ate a lot of wavelength division multiplex channels [10,
11]. The four energy levels and high metastable lifetime
of Er’* ions are made former ion doped glasses as most
affable to construct light gain material for visible and NIR
solid-state fibre laser [9]. However, the Er’* emission
intensity, FWHM and stimulated emission cross-section
are always intra-dependent on structural inhomogeneity
of glass, bonding between Er’* ions to ligand and ions
concentrations [12].

Among all conventional glasses including the silicate,
borate, tellurite, germanate, and phosphate, the phosphate
glass samples have been considered as paradigmatic hosts
for activating the Er’* ions due to their thermo-chemical
and mechanical robustness [13]. Additionally, the contrast
to other glass systems the phosphate-based glass systems
owe excellent solubility of RE ions (here, Er** ions) due to
which they exhibit excellent optical properties required for
optoelectronic and photonic applications [14]. Also, the
phosphate glass preparation was energy efficient due to its
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low melting temperature and offers high light transmission
from UV to NIR optical region [1]. However, the hygro-
scopic decomposition nature of phosphate glasses hinders
their practical usage and which has been addressed by add-
ing alkali and alkaline oxides into phosphate glass matrix.
The Er** doped in pure oxide glass is to show moderate
spectral properties due to high energy phonons in the oxide
glass. The emission intensity and metastable lifetime was
affected due to multiphonon relaxation of Er** ions from
its excited levels. Nevertheless, the presence of Er3* ele-
ments in the fluoride phase of the oxyfluoride phosphate
glass often enhances the emission intensity of the excited
ions and spectral properties [15]. The Er** ion possesses
multi excitation peaks in NIR as well as visible region.
Hence, Er’* ions doped in glasses have been explored
for green light application via down conversion and up
conversion process [16, 17]. In consideration to attain the
excellent spectroscopic characteristics in NIR and green
spectral provenance, in the current project, we investigate
the structural and spectroscopic characteristics of varied
concentrations of Er,O; loaded fluorophosphate glass
specimens bearing the nominal composition of (48 —x)AIP
0, +15K,0+ 12MgF + 20Na,O + 5NaF + xEr,0;.

2 Experimental work

The glass-forming salts for the 7.5 g batch were weighed
according to the standard glass batch computation and
ground well for uniform mixing. The finely powdered
glass batches bearing different concentration of Er,0,
were filled to 7.5 g crucibles and loaded into high tempera-
ture electric furnace. The batches were melted at 1100 °C
by maintaining for 45 min and later molten batches were
cooled to room temperature (RT) on pre-heated stainless-
steel mould. The glass specimens have been heat treated
at 350 °C for 3 h to reduce the induced thermal stresses
during the quenching and subsequently cooled down to
RT. Further, glass specimens were subjected for polishing
utilizing various grain size abbery sheets. The polished
samples were utilized for optical, density and refractive
index measurements.

The Rigaku mini X-Ray diffractometer with Cu—K alpha
radiation has been used to analyse the glass network. The
Fourier Transform Infrared (FTIR) spectrometer with Mid-
IR 400-1500 cm™! wavenumbers was used to scan over the
samples to determine the functional units exist in the glass.
The absorption data of the obtained specimens was meas-
ured with a benifit of Perkin Elmer Lambda 750-S UV-
visible spectrophotometer. The Edinburg spectrofluorometer
has been utilized to collect the photoluminescence spectral
outcomes of glass specimens used in the current work.
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3 Result and discussion
3.1 Physical attributes

The density and index of refraction measurements were car-
ried out on glass specimens utilizing a density measurement
apparatus kit and Abbe Refractometer, respectively. In den-
sity measurements, acetone was utilized as an immersion
liquid and bromide naphthalene was as the contact medium
in refractive index measurements. The physical attributes of

Table 1 Physical properties of Er,Os-loaded (48—x)AIPO,+ 15K,0
+ 12MgF +20Na, O + 5NaF-Er,0; glasses

Er,0; concentration — Glass codes

Parameters | 0.1Er O03Er O05Er O0.7Er
Density (g/cm®) 2.660 2.665 2.669 2.673
Index of refraction (n) 1.560 1.561 1.562 1.563
Molecular Weight (g/mol) 110.318 110.871 111.424 111.977
Molar volume 41.467 41.606 41.735 41.899
V,, (cm*/mol)
Molar refraction 13.414 13473 13.533 13.598
R, (cm*/mol)
Molar polarizability (x107* ~ 5.320  5.344 5368 5393
cm®)
Rare earth concentration 0.145 0.4342 0.721 1.006
(Ngg) x 10% (ions/cm?)
Inter-ionic distance 41.048 28494 24.058 21.534
(r) (A)
Polaron radius 16.539  11.481 9.694 8.677
(t,) (A)
Field strength 1.0967 2.276 3.192 3.985
(F)x 10" /em?
——O0.1Er

Intensity (a.u)

L) - Ll - Ll - T v T L L) L 1

20 30 40 50 60 70 80
20 (degree)

(@)

the glass specimens were computed using ion (Er*™) concen-
tration, refractive index, and density [18]. Table 1 displays
the experimental and computed physical attributes of the
studied glass specimens. Glass density and index of refrac-
tion values of the glass specimens increase with the augment
of Er’* ions quantity in the glass network. In the current
work, the Er,0; added againstAIPO, in the glass matrix and
molar mass of Er,O; was higher contrast to lighter to AIPO,,
thereby the density of the glass specimens improves with
Er,0;. Table 1 shows the fact that as the quantity of Er**
ions in the glass increases, the molar electron polarizability
and molar volume of the glasses increase while the polaron
radius and inter-ion distance decrease [19]. As Er,0; is
doped to AIPO,, the glass network forms non-bridging oxy-
gen, which is the cause of all these variations in physical
attributes.

3.2 Structural properties

The structural elucidation of the glass specimens was carried
out utilizing XRD and FTIR analysis. The Fig. 1a displays
the XRD signatures of the studied glass specimens. The dif-
fused broad halo humps appeared around 25° and 45° of 2
0 confirms the non-crystalline structure of the investigated
glass specimens.

The Fig. 1b shows FTIR spectra of studied glasses in
600—1800 cm™! wavenumber region. It is evident from
Fig. 1b that the IR vibrations of the glass network are sig-
nificant in 900-1300 cm™ wavenumber range. The vibra-
tion band around 745 cm™ corresponds to the symmetric
vibrations of P—-O—P motifs of the Q" (pyrophosphate)
phosphate chain linkages in the glass structure. While
the 771 cm™ band corresponds to the stretching symmet-
ric vibrations of oxygen atoms bridging with phosphorus
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— ——0.7Er |
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c
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Fig. 1 XRD (a) and FTIR (b) spectra of Er,0;-doped (48—x)AIPO4+ 15K,0 + 12 MgF +20 Na,O + 5NaF + xEr,0; glasses
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atoms (P-O-P) in phosphate chains. The additional weak —0JEr
signal around 808 cm™' is owing to asymmetric stretch of ——0.3Er
non-bridging oxygens (NBOs) with phosphorus associ- —0.5Er
ated with Q(z) (metaphosphate) units [20]. The vibrational s

band associated with 917 cm™ is connected to the occur-
ance of metaphosphate chained P-O bond in Q* (metaphos-
phate) linkages, occurred on account of asymmetric stretch-
ing motion of P-O-P linkages with metaphosphate chain
in the glass network [21]. Thus the peak around 1085 to
1029 cm™ are corrosponds to vibrations of P-O symmetric
stretching in PO, and PO, units from Q (orthophosphate
tetrahedra) and Q" (pyrophosphate), respectively [22]. The
band at 1180 cm™ is caused by the symmetric stretching of
two NBOs linked with phosphorus atoms (O—P-0O) in Q®
(metaphosphate) units and its intensity is minimum com-
pared with bands related to Q and Q'V units in the present
phosphate network [23]. However, the IR vibration around
1317 cm™ is belongs to NBOs asymmetric stretching vibra-
tions in Q® (metaphosphate) motifs. The bands in higher
wavenumber (< 1350 cm™) side are owing to vibration of
P=0 of Q? groups present in glass linkages [24]. On com-
paring the structural features of other non-aluminum con-
taining fluorophosphate glasses it is clear that the, presence
of glass modifier such as Al,O;, etc. presently investigated
glasses resulted the depolymerization of Q? units into Q'
and Q° units in the current phosphate glass structure [25].

3.3 Optical absorption

The absorption spectral outcomes of the Er’* loaded spec-
imens were captured in the UV-Vis and NIR range. The
displayed absorption spectral results in Fig. 2 showed four-
teen (14) transitions caused by electronic and magnetic
dipole electronic transitions within Er** ions. The ligands
crystal impact on the Er’* ions in the host glass is respon-
sible for the electronic transitions within 4f energy levels.
The energy difference between the ground state *I;s, to
’G,, excited state is 3.30 eV and for other transitions are
Tysn—"Fyp 3.06 €V), *l;sp—*Fsy (275 eV), Tj5— Fypy
(2.54eV), *I;5),— 2H, 1, (2.39 €V), *;5/, — S5/, (2.28 V),
Tisn—"Fopp (1.90eV), *Iisp— Iy, (155 eV), *Tj5p— 1y
(1.27 eV), *I;5/,— *I;3,, (0.80 eV) [1]. The band intensity
of the absorption transition is varied for different transition
and the band at 379 nm *I, 5, — *Gy, was peaked highest in
UV region. The UV and NIR provinces comprise the major-
ity of the transitions. The characteristic NIR absorption of
1,5/, — *I;,), has appeared at 974 nm and the transition of
1,5/, — 1,35, is visible at 1534 nm. The absorption inten-
sity of the peaks augmented with Er’* ion concentration
and there was no major shift in peak position. The shift of
absorption band-edge of the glass specimen from lower
wavelength (0.1 Er—3.50 eV) to a higher wavelength side
(2 Er—3.39 eV) with respect to the doping of the Er’** ion
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Fig.2 Optical absorption spectra of Er,0;-doped (48—x)AIPO,+ 15
K,0+12MgF +20Na,0 + 5NaF + xEr,0; glasses

quantity realized in Fig. 1 is corresponds noticeable change
in NBOs content formed in the glass structure to allow Er**
ions to enter the glass host [26].

The experimental oscillator strength is the numerical
measure of absorption lines of Er** ions. The value often
indicates the strength of electronic transition at wavelength
of light absorption [27]. The formula applied the oscillator
strength is given by

fexp = 4.32x10_9/£v.dv (1

where, € denotes the molar extinction coefficient, v.dv is the
area under the curve [7, 18]. The density of the glasses,
Er’* ion concentration, and thickness of the glass speci-
mens (2 mm) were utilized to compute the molar extinction
coefficient.

The calculated values of f,, are tabulated in Table 2.
The magnitudes were proportional to the areas under the
absorption lines and changed according to the strength of
electronic transitions. Among the transitions, the *I;5, to
’H,,,, band’s oscillator strength was highest and next high-
est was for *1,5, — *1;, hypersensitive electronic transition
[19]. Nonetheless, f,,, value of 1,5/, — “F;,, was moderate
and 977 nm could be considered for one of the potential
excitations for suitable emission at NIR and visible emis-
sion. According to the spectrum and f,,, values wavelength
of 380 nm and 980 nm used as excitation wavelength for
emission study.

Often the Judd-Ofelt (JO) theory has been employed to
understand the influence of structural properties of the glass
network on the Er** ions and ions ability of emission in the
glass host [27]. The magnitude of the JO intensity param-
eter Q, is often correlated with a site-to-site asymmetry
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Table 2 Judd-Ofelt parameters Q,, Q, &Q, (x 1072%) and spectroscopic quality values of (48—x)AIPO, + 15K,0 + 12MgF 4 20Na,0 + 5NaF +x

Er,0; glasses
Transition Energy (cm™) 0.1 Er 0.3 Er 0.5 Er 0.7 Er

(From *I;5, ground state) X .

Jew Ja Sexp Ja feop Ja fep Jea

‘Giun 26,736 5.41 5.62 6.01 6.15 6.54 6.27 3.83 3.82
(*G,*F,*H),), 24,782 - - - - 0.32 033 023 0.25
‘Fipn 20,620 0.96 0.87 1.05 0.95 1.16 0.87 0.61 0.68
H,,p 19,329 3.36 3.16 3.29 3.20 3.27 3.52 2.13 2.15
“Fon 15,440 0.78 0.82 0.76 0.80 0.74 0.79 0.73 0.72
Ty 10,357 0.16 0.28 0.15 0.21 0.26 0.29 0.14 0.20

L3y 6557 0.59 0.58 0.62 0.65 0.56 0.57 0.45 0.43
O rms 1.93E-07 2.32E-07 2.40E-07 4.79E-07
Spectroscopic quality factor 0.927 0.640 0.857 1.323

Q, 2.027E-20 2.250E-20 2.324E-20 1.259E-20

Q, 5.405E-21 5.116E-21 5.035E-21 5.615E-21

Q¢ 5.830E-21 5.74E-21 5.872E-21 4.245E-21

change around the Er** sites and magnitude of covalent bond
between Er** to O~ oxygen ligand [28]. The Q, and Q, indi-
cates rigidity and viscosity of the glass structure. In this
work, JO intensity parameters were computed utilizing
the least square approach by using the JO equations and
reduced square matrix elements mentioned in earlier work
[29]. The JO intensity parameters of current host glass and
with other glass matrices are shown in Table 2. The trend of
JO parameter observed to be Q, > Q, > Q, and with respect
to ion concentration the €, magnitude is comparable with
the other phosphate and phospotellurite glass matrices [14,
30, 31]. This change can be attributed to the increase in the
site asymmetry nearby the Er’* ions. The decrease of Q,
with respect to the ion concertation’s can be ascribed to the
creation of NBOs [31]. The diminution of Q, value indicates
the abatement of glass rigidity around the Er** ions in the
glass matrix. A vital metric for evaluating the radiative tran-
sition over non-radiative relaxation of Er** ions in the glass
structure is the spectroscopic quality factor and was calcu-
lated by Q,/Q, [30]. The quality factor for the 0.5 Er glass
listed in Table 2 to be 0.81, which is high compared to other
phosphate glass and among other prepared glass specimens
utilized in the current study, this illustrate that the stimulated
emission can be dominated over non-radiative emission of
Er’* jons.

3.4 Excitation and emission properties

The photoluminescence ability of Er** doped glasses made
the revolution in the telecommunication industry as Er**
doped fibre amplifier. The stoke and anti-stoke shift is viable
in the case of emission after suitable excitation. In addition,
for wavelength down-converting or upconverting applica-
tions, the imprint of excitation spectra is necessary. The

Fig. 3 (left) displays the excitation spectra of 1 mol% Er**
loaded glass. The spectra covered the UV to visible region
(350-550 nm) and several excitation bands were appeared
in the spectrum. The band assignment of appeared peaks
were “1;5,, — *Gy), (364.98 nm), “I;5,, —*G,,, (377 nm)
nm, 1,5, — *Fg), at (406 nm), *I;5,, — *F5,, (443 nm),
1,5/, — *Fsj5 (450 nm) *I;5, — *F;), (487 nm) [31]. The
excitation wavelengths (A, ;) of 380 and 980 nm were used
to excite the glasses for recording the NIR and visible down-
conversion and up-conversion emission spectra of glasses
used in this study.

The NIR emission spectral results of studied glass hosts
were captured under the excitation of 980 nm and presented
in the Fig. 3 (right). From the emission spectra presented
in Fig. 3 (right), it can be noticed that the intensity of Er**
ions luminous emission of *I;;,— *I,5/, transition changed
relatively according to the ion concentration in the glass
host. The intensity was highest for 0.5 mol% of Er** loaded
glass and beyond that the decrease in intensity of emission
was observed. The high ion concentration in the glass host
was led to the Er*™ ion clustering and perhaps led to the con-
centration quenching of emission intensity [31]. However,
with respect to the ion concertation in the alumino—phos-
phate glass, full width half maxima of the overall emission
band have been considered and tune in the FWHM of the
same band is visible in the spectra. Emission intensity for
the 0.5 mol% was optimum and FWHM (96.94 nm) was
highest compared to other phosphate glasses [14, 30, 31].
Moreover, bandwidth which is influenced by the FWHM is
expected to increase in 0.5 Er glass and thereby help in add
in multiplexing channels for light transmission.

The Er’* ions usually exhibit a non-linear emission
mechanism at 980 nm excitation. The up-conversion emis-
sion curve of the glass has been presented in the Fig. 4

@ Springer
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Fig. 3 Excitation (left) and NIR emission (right) spectra of Er** doped 48AIPO, + 15 K,0+ 12 MgF +20 Na,O + 5NaF glasses
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Fig.4 Emission spectra of Er’* doped 48A1PO, + 15 K,0 + 12 MgF + 20 Na,O + 5NaF glasses at excitation of 380 nm (left) and at the pumping

of 980 nm (right)

(left). The optimum 0.5 Er glass shown visible emission
curves in the red, green and blue province of the electro-
magnetic spectrum upon NIR light excitation. The rea-
son for the emission bands lies in electronic transition
of *Fo — 5/, *S3, — 115, and *F,, — *1;5, at 664 nm,
550 nm and 488 nm [16]. The intensity of the emission
curve in blue is moderate and considerably high for green
and after red emission curves. Hence, the Fig. 4 (right)
shows, emission spectrum of the same glass at 380 nm
excitation. The nature of the luminous emission of Er’*
ion differs compared to previous spectrum and it also
consists of three emission curves at 658 nm, 554 nm and
521 nm because of electronic transitions of “Fg, — *I;5,,
S5, — Y15, and *H,,, — *I;5/, [32]. The intensity of the
luminous band at 554 nm peaked highest and intensity of
*Fy), — *1,5), transition at 658 nm was low. The reason for
change in emission of rate of electronic transition is solely
attributed to the Er’* excitation mechanism.

@ Springer

Further, the energy scheme diagram of Er’* ion has
been used to explain the change in emission profiles of the
spectrum at different excitations.Fig. 5 depicts the energy
scheme diagram which consist of ground state and other
excited states. At 980 nm, the Er** ions excited from ground
state 4115,2—>4I11 1, due to ground state absorption (GSA).
After that, a few ions are allowed to relax to nearby state
*I,5/, and then remaining ions at *I;,, undergoes excited
state absorption (*I,,, + photon =“*F,,)) or energy transfer
up-conversion ((*I;1., *1;1,5) = (*F7p0, *1;50) to reach *F ),
state [33, 34]. Then, a significant number of excited ions are
relaxed to ground state (*F,,, — *I,s),) and resulted in 488 nm
photon emission in the spectrum. The large number of ions
non-radiatively decays to adjacent levels of *S;,, and *Fq,
and after ions made transition of *S;, — *I,5, by emitting
photon of 550 nm and *Fy, — 1,5, transition resulted in
photon of 664 nm wavelength [33]. Moreover, ion transition
from 4113 n— 411 s Tesulted in 1532 nm broad band emission.
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Fig.5 Schematic energy level diagram of Er** ion

Interestingly, when glass specimens are excited with
380 nm different emission profiles have been detected. The
Er** ion directly excited to *Gy, state from ground state
*I,5/, because of UV photon absorption. The excited Er**
ions can be non-radiatively decayed to *Fy,, S5/, and *H, ),
state and most favourable state for ions accompany is *S,,
according to the selection rule. Further ions are radiatively
made transition to ground state by emitting feeble emission
at 521 nm, 658 nm and intense emission only at 554 nm.
The emission intensity at UV excitation is one order less
than NIR photon excitation. This change may be owing to
the large absorption cross-section of Er** content at around
980 nm.

The lifetime of the metastable state of *I,5,, was deter-
mined after exciting the sample at 980 nm. The relaxation
time for photon counting is taken in microsecond regime
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and Fig. 6 (left) presents the decay curves of the Er’* loaded
glass specimens. In current study, the lifetime was meas-
ured after fitting the data to the exponential decay—1 func-
tion using Origin software and value was around 0.303 ms.
The value of lifetime was found to decrease against the
doping concentration on account of increase in non-radi-
ative transition of Er’* ions of 0.5 mol% of Er’* doping
into the host glass. The escalation in Er** ion content in
the host glass led to the ion-ion interaction owing to the
lessening in inter-ionic distance of Er** ions in phosphate
glass structure [28]. Therefore, only 0.5 Er glass was con-
sidered for further evaluation of stimulated emission cross-
section and optical gain evaluation and the evluated values
given in Table 3. The results were compared to PBaLaEr:
47.5P,05+47.5Ba0O +4.5La,0; + 0.5Er,05 [35], S1:
49B,05+ 10BaO + 10ZnO + 10LiF + 10Li,0 + 1Er,05 [36],
TZN4: 70TeO0,-20Zn0O-6Nb,0O; + 4Er,0; [37], ZBaOEr:
69P,05-10Gd,05-10Ba0-10Zn0O-1Er,05 [38], LBABET:
20Li,CO5;-7.5B,05-7.5A1,05;-45H;B0;-20Si0, [39] other
phosphate, tellurite and borate glasses. The stimulated emis-
sion cross-section (1.30 x 1072° cm?) and optical gain result
of 0.5 Er glass is (0.394 X 107>* (cm?.s)) promising for light
amplification and continuous laser applications at 1532 nm.

The 1931 CIE theory has been implemented to under-
stand the aggregate emission colour of the glass due to dif-
ferent emission profiles [18]. The resulted colour chromatic-
ity co-ordinates are indexed in Fig. 6 (right). The luminous
colour of the glass changed according to the excitation wave-
length and emission colour of the glass was green at 380 nm
excitation and it turned into yellowish green when samples
are excited with 980 nm. This tune in emission colour is
highly useful in the anticounterfeiting and solid-state light
emitting devices.

The potential of the glass composition to use as optical
amplifier can be evaluated using McCumber (MC) theory.

CIE 1931

520

0.32
0.36

0.62
0.58

0.8 4 540{ '0' 0.5 Er: 380 nm

"** 0.5 Er: 980 nm

0.6

[
=]
°

620

y chromaticity co-ordinate
o o
N ES
1 1

T ] T ] )
03 04 05 06 07

]
0.2

x Chromaticity co-ordinate

0.0 0.1 0.8

Fig.6 Decay profile (left) and 1931 CIE chromaticity diagram of Er** doped 48 AIPO, + 15 K,0 + 12 MgF + 20 Na,O + 5NaF glasses
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Table 3 Full width half Parameters 0.5Er PBaLaFrl SI  TZN4 ZBaOEr LBABEr
maxima (A/lp), total transition
probability (A), measured A, (nm) 1526 1530 1531 1530 1535 1538
lifetime (7y,e,,), stimulated A4, (nm) 96.94 59 74 978 5l 492
emission cross-section (o), /’71
gain bandwidth (o, X A4,) A7) 427 270 206 - - 745
and optical gain (o, X Tes) Tppeas (MS) 0.303 1.53 360 193 33 0.07
of *Ij3p— s, of 0.5 Er B 1 1 1 - 1 1
doped 48A1PO4+ 15 K,0+12 . L . 20 2
MgF +20 Na,O + SNaF glasses Stimulated emission cross sect102n o, (x10"cm?) 1.30 1.35 072 071 0.44 2.07
and other glasses studied in Gain bandwidth o, X A4, (x 10°cm?) 126 08 053 - 0.24 1.02
recent past Optical gain 6, X 7,,,,; (X 107°cm?.s) 0.394 2.06 35 - - 2.78

For that, essential parameter such as absorption (c,,,(v)) and
emission cross-section (o,,,,(v)) from 1400 to 1600 nm for

*1,3, to *I,5, transition of 0.5 Er glass was assessed utilizing
the following relation [40, 41],
2.303

Oaps(V) = = =AW)

5 @)

where A(v) is the 0.5Er glass absorbance, t is the thickness
of 0.5Er glass and N is related to the concentration of Er**
ion [41]. The change in (6,,,(v) with NIR wavelength is plot-
ted and the plot is shown Fig. 7 (left). For 0.5Er emission
cross-section,

s—hv) 3)

Uemi(v) = ahs(v)exp< kT

where € is the excitation energy for *I,5, to *I,5,, transition
of Er** ion [32] and value gathered for present analysis is
6540 cm™, hv is the energy attributed to the 0.5 Er glass's
NIR emission. The values of ¢,,,;(v) with wavelength is plot-
ted in the Fig. 7 (left). The maximum magnitude of 6,,,(v)
and ¢,,,,(v) around 1531 nm is found to be 1.30x 1072 cm?
and it is comparable to other glass matrices [31]. The Fig. 7

(left) indicates overlap in the emission and absorption curve,

—— Absorption cross section
—— Emission cross section

Cross section (x10%° cm?)

T T T
1500 1550 1600

Wavelength

T
1450

Gain coefficient

which indicates the efficiency of self-absorption at this
wavelength. Thus 0.5 Er glass can be matched to broadband
optical amplifier applications.

Er’* glass is predicted to be employed as an optical
amplifier in communication materials due to its broad and
flat gain spectrum, which spans numerous communications
windows. The o, (v) and o, .(v) can be utilized to determine

abs emi

the gain coefficient G(v) as [7].

G(V) = J/O'em(V) - (1 - y)aabs(v) (4)

where y (0—1, in increment) is shows the population inver-
sion. The terminology of parameter v is stated explicitly as
the ratio of the quantity of Er’* ions in the metastable level
to the quantity of Er’* ions in the lower ground levels. The
gain coefficient variation of 0.5 Er glass with wavelength
is shown in Fig. 7 (right). The flat gain curve covered the
L, C, S and E bands. As the population in an excited level
increased, the gain coefficient also increased. In this study,
gain coefficient turned into positive after y = 0.5, thus popu-
lation inversion is more than 50% and lasing action is easily
achievable around 1531 nm [7]. According to the flat gain
curve, L and E windows between 1530 and 1565 nm (C
band) and 1460 and 1530 nm (S band), the glass specimens

S-band

iC-band{  L-band

T T T
1500 1550 1600

Wavelenth (nm)

T
1450 1650

Fig.7 Cross-section overlay (left) and gain coefficient curve (right) of 0.5 mol% of Er’** doped 48 AIPO, + 15 K,0+ 12 MgF +20 Na,O + 5NaF

glasses
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showed a promising gain response for optical amplification
purposes in C+ S communication window.

4 Summary

The Er** doped (48-x)AIPO, + 15K,0 + 12MgF +20Na,O
+ 5NaF + xEr,05 glass matrix was prepared utilizing melt
quench process. The refractive index and density of the
glass specimens were increased and inter-atomic distance
decreased with the Er** ion doping into the glass structure.
The XRD profile of the glass was broad and diffused due
to amorphous structure of the glass. The FTIR vibrational
spectra of the glass confirmed the Q" (pyrophosphate),
Q©® (orthophosphate tetrahedra) and Q® (metaphosphate)
units in the glass network. Using absorption intensity val-
ues of the glasses JO parameters were determined and trend
(Q,>Q,> Q) of the JO parameter indicated the strong
covalent bond between the oxygen ligand and Er** ions. The
NIR emission profiles of the glass was broaden and inten-
sity was highest for 0.5 Er glass. The metastable *I,5, state
lifetime of the excited ion after 980 nm excitation is 0.3 ms
in 0.5 Er glass and optical gain offered by the same glass is
0.394 x 1072 cm?s. The two photon up-conversion of Er**
ions at 0.5 Er glass resulted blue, green and red color emis-
sion in the spectrum and the emission colour of the glass
was yellowish green. However, the down-conversion emis-
sion spectra of 0.5 Er glass was dominated by green light
emission. The change in emission colour of the glass is more
affable for solid state lighting applications. Large bandwidth,
experimental lifetime, stimulated emission cross-section and
optical gain values of 0.5 Er glass suits for C and L band
light production and amplification applications.
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