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A B S T R A C T   

For six 1 mol% Tm3+-doped B2O3-BaO-ZnO-LiF glasses containing single and mixed alkali oxides (fabricated by 
melt-cast approach), optical absorption, and visible and near-infrared (NIR) fluorescence features including 
visible luminescence decay times were explored. Optical band gaps, Urbach energy, and two-photon absorption 
coefficients were evaluated for all studied glasses. Judd–Ofelt (J–O) analysis from absorption spectra was per-
formed to compute Tm3+: 4f–4f transitions J–O parameters Ωλ (λ = 2, 4, 6), and utilizing Ω2, Ω4 and Ω6 values 
radiative transition probabilities (AR), branching ratios (βR), and radiative lifetimes (τR) for all Tm3+ ion’s excited 
levels were assessed. For obtained intense blue emission band (454 nm) upon 358 nm excitation, various pa-
rameters considered in developing visible laser systems were calculated. Tm3+: Na ions having sample exhibits 
high AR, highest peak emission cross-section (σem

max) (=5.89 × 10–21 cm2) and gain bandwidth(σem
max × Δλeff) 

(=9.69 × 10–27 cm3) for 1D2→3F4 luminescence transition in all glasses for a favorable blue lasing process. All 
emission decay curves of the 1D2 upper level showed nonexponential nature. Commission Internationale de 
l’éclairage (CIE) coordinates, color purity, and luminous efficiency of radiation were derived from visible 
fluorescence spectra, and attained CIE (x,y) coordinates values reflect the purplish-blue light region. Under direct 
optical pumping of 3H6→3H4 transition using 808 nm laser diode, NIR fluorescence spectra exhibit a wideband 
within 1.3–1.6 μm spectral range peaked at 1.46 μm (3H4→3F4 transition). NIR emissions effective bandwidth 
(Δλeff) was varied relying on different alkali oxides. Δλeff ~ 121 nm was deduced for Tm3+: Li ions comprising 
glass with large σem

max (=1.832 × 10–21 cm2), high(σem
max × Δλeff) (=2.22 × 10–26 cm3), and optical gain (=12.608 

× 10–25 cm2s) for 3H4→3F4 emission transition and its gain profile wraps the entire S-optical communication 
band range for efficient broadband amplification purpose in wavelength-division multiplexing systems.   
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Introduction 

Generally, glasses have favorable features like low cost, large 
versatility of compositions, easy fabrication techniques, and distinct 
shape and size productions (e.g. rods, discs, slabs, and thin films) than 
single crystals. Further, an occurrence of both wide absorption and 
emission bands inhomogeneously with adequate stimulated emission 
cross-sections (σem) and gain coefficients with rare-earth (RE) ions 
doping established glasses superiority over single crystals for their uti-
lization in fiber optics and lasers since few decades onwards [1,2]. 

In all distinct trivalent RE ions, Tm3+ (4f12) ion exhibits various near- 
infrared (NIR) and mid-infrared (MIR) emissions peaked at 0.8 μm 
(1G4→3H5/3H4→3H6), 1.2 μm (1G4→3H4/3H5→3H6), 1.47 μm 
(3H4→3F4), 1.9 μm (3F4→3H6), 2.3 μm (3H4 →3H5), and 3.8 μm (3H5 
→3F4), and owing to these IR fluorescences, glasses incorporated with 
Tm3+ ion would have potential applications in wideband NIR light- 
sources (0.8 μm and 1.2 μm luminescences) [3], S+ (1.45–1.48 μm) 
and S-optical bands (1.48–1.53 μm) amplification (1.47 μm emission) 
[4,5], and defense, remote sensing, eye-safe LIDAR (light detection and 
ranging), and medicine (1.9 μm, 2.3 μm, and 3.8 μm fluorescences) 
[6–9]. Here the selection of host glass for lasing will relies on anticipated 
Tm3+: NIR or MIR emission transitions upon suitable optical pumping. 
As Tm3+ ion shows intense absorption at ~ 800 nm (3H6→3H4) in doped 
materials, it could be efficiently pumped by employing commercially 
accessible 808 nm LDs (laser diodes) as usually RE3+ ions could be 
excited optically for wideband NIR or MIR emissions by ~ 0.98 μm or 
0.808 μm LDs. Specifically, Tm3+-doped fiber amplifier (TDFA) which 
possesses the capacity to amplify S-band WDM (wavelength-division 
multiplexing) signals, extend the bandwidths to lower wavelength side 
of C-band (1.53–1.57 μm) for which EDFAs (Er3+-doped fiber amplifiers) 
are utilized nowadays commercially. TDFAs usually demonstrate larger 
pumping efficiency, enhanced bandwidth, cluster approach, and fewer 
nonlinear signal reduction than their competitors such as S-band FRAs 
(fiber Raman amplifiers) [10,11]. Here effective amplification could be 
achieved with Tm3+: 3H4→3F4 transition mostly in low phonon energy 
glasses which have minimal nonradiative (NR) multiphonon relaxations 
[12]. For WDM systems, ~1.47 μm peaked emission effective bandwidth 
(Δλeff) and levelness are vital to propagate a high number of optical 
signals and for avoiding the gain instability and cross-talk between 
channels [13]. Further, Tm3+ ion could exhibits up-conversion (UC) 
fluorescence in red (1G4→3F4 and 3F3→3H6), blue (1D2→3F4 and 
1G4→3H6), ultraviolet (1I6→3F4 and 1D2→3H6), and NIR (3H4→3H6) 
spectral regions under visible or NIR excitation wavelengths for color 
display, optical data storage, under sea-water optical transmission, 
visible laser, and biomedicine applications [14–17]. 

In recent past, Tm3+ ion’s luminescence dynamics were detailedly 
inspected in various kinds of glass hosts such as phosphate [18], ger-
manate [19], fluoride [20,21], tellurite [22,23], chalcogenide [24,25], 
silicate [26,27], and borate [28] glasses. 

Though fluoride [14,20,29], tellurite [22,23,30], and chalcogenide 
[8,24,25] glasses are favorable for TDFAs because of their low phonon 
energies (fluorides ~ 500–600 cm–1, tellurites ~ 700 cm–1, and chal-
cogenides ~ 350–450 cm–1 [2]), problems like complicated synthesis 
approach, quick crystallization nature, and inadequate thermal and 
chemical stabilities are associated with them for viable uses. Further, 
~1.47 μm NIR emission is difficult to obtain in Tm3+: SiO2-based glasses 
owing to NR multiphonon relaxations that suppress 3H4 level decay 
time. Alternatively, Tm3+-doped B2O3 glasses could be explored for NIR 
fiber lasers [28,31–33] because of their lower cost, vast glass-forming 
ability, high optical transparency, better thermal stability, good me-
chanical strength, and sufficient RE ion doping contents. Here to 
decrease B2O3 phonon energy ~ 1400 cm–1 and in turn to enhance RE 
ion radiative emissions efficiency distinct metal fluorides (e.g. alkali/ 
alkaline/heavy metal) should be included in the matrix [34,35], as 
oxyfluoride glasses possess merits of both oxide and fluoride compounds 
in which fluorine ions could alter RE ion local ligand field and lower the 

OH– groups and also extend IR cut-off edges to longer wavelength side 
[34–38]. As a modifier in glass, BaO does not contribute to network 
formation and causes an improvement in the thermal stability of glass 
[39]. ZnO (Eg = 3.37 eV) acts as a network former (ZnO4 units) or 
modifier resting on its included content (high or low) as a glass con-
stituent, and Masuda et al. [40] examined the thermal features and ZnO 
anomaly for B2O3–BaO–ZnO glass system fabricated with low-melting 
points. Moreover, ZnO addition enhances both glass-forming ranges 
and refractive index. Likewise, as modifiers, Li2O or Na2O, or K2O 
generates non-bridging oxygens (NBOs) through BO3 to BO4 unit 
modification and decreases melting points of glass [41]. 

Regarding distinct light sources, CP (color purity) (from CIE (Com-
mission Internationale de l’éclairage) chromaticity coordinates) and 
LER (luminous efficacy of radiation) are necessary aspects apart from 
CCT (correlated color temperature) and CRI (color rendering index) to 
assess the emitted light quality [42,43]. 

In current work, for 1 mol% Tm3+-doped borate-rich glasses con-
taining single and mixed alkali oxides, we investigated visible and NIR 
fluorescence characteristics for blue laser and S-optical band amplifi-
cation applications. Visible emissions and Tm3+: 1D2 level decay life-
times were acquired upon UV light excitation. NIR luminescence was 
achieved by 808 nm LD pumping. All samples show intense lumines-
cences peaked at 0.454 μm and 1.463 μm. Optical band gaps, Urbach 
energies (ΔE), Judd–Ofelt (J–O) parameters, and radiative parameters 
(radiative transition probabilities (AR), radiative lifetimes (τR), and 
branching ratios (βR) of emitting levels of Tm3+ ion) were computed 
following relevant absorption and emission spectra. CIE chromaticity 
coordinates, CP, and LER were derived from visible fluorescence spectra 
for all examined samples and discussed. Further σem

max and Δλeff were 
determined for 1D2→3F4 and 3H4→3F4 transitions from emission spectra. 

Experimental 

Synthesis 

Six Tm3+-doped B2O3-rich glasses with constituents of 49 B2O3–10 
BaO–10 ZnO–10 LiF–x Li2O–y Na2O–z K2O–1.0 Tm2O3 (mol %) (where 
x  = 20, y = 0, z = 0; x  = 0, y = 20, z = 0; x  = 0, y = 0, z = 20; x  = 10, y 
= 10, z = 0; x  = 0, y = 10, z = 10 and x  = 10, y = 0, z = 10) (see Table 1) 
have been fabricated by a customary melting-and-quenching approach 
in air atmosphere. B2O3 (99.98%), BaCO3 (99.98%), ZnO (99.99%), 
anhydrous LiF (≥99.99%), Li2CO3 (99.99%), Na2CO3 (≥99.5%), 
K2CO3 (≥99%), and Tm2O3 (99.99%) chemicals all procured from 
Sigma-Aldrich were used as collected for glass preparation. Here exact 
amounts of BaCO3, Li2CO3, Na2CO3, and K2CO3 (carbonate compounds) 
were utilized with gravimetric factors of 1.287, 2.473, 1.71, and 1.467 
accordingly for BaO, Li2O, Na2O, and K2O oxides. As presented in 
Table 1, synthesized all six glasses were identified as ‘A’, ‘B’, ‘C’, ‘D’, ‘E’, 
and ‘F’ sequentially for ease of use. First, conditional on the respective 
sample’s composition (molar ratio), initial raw materials for a 20 g batch 
were precisely weighed utilizing a high-precision digital balance, and 
then carefully well-mixed and ground evenly by an agate mortar and 
pestle for 1 h. Next, obtained each glass uniformly mixed powders were 
collected in high-purity alumina crucibles with lids and heated for 30 
min at 950 ◦C in a high-temperature electric furnace to attain molten 

Table 1 
Nominal chemical composition of the synthesized glasses (mol %).  

Sample code B2O3 BaO ZnO LiF Li2O Na2O K2O Tm2O3 

A 49 10 10 10 20 0 0  1.0 
B 49 10 10 10 0 20 0  1.0 
C 49 10 10 10 0 0 20  1.0 
D 49 10 10 10 10 10 0  1.0 
E 49 10 10 10 0 10 10  1.0 
F 49 10 10 10 10 0 10  1.0  
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liquids. To acquire high homogeneity liquids with complete mixing and 
to remove the existence of bubbles, molten liquids were frequently 
stirred at the time of heating. Then these molten liquids were rapidly 
poured onto stainless-steel plates and pressed by another stainless-steel 
plate to get optically transparent bulk glasses with diameter ~ 3–4 cm 
and ~ 0.5 cm uniform thickness. Here no apparent defects like phase 
separations or cracks have been noticed in any sample. Later, to ease the 
thermal strain and to minimize the mechanical stress accompanied with 
non-uniform quick quenching action, these as-prepared glasses were 
immediately annealed at 350 ◦C for 5 h in a muffle furnace before it is 
switched off. In the end, all samples were allowed to cool steadily in the 
furnace to ambient temperature. For optical absorption and fluorescence 
aspects study, all annealed A–F samples were cut and polished on both 
sides to obtain good optical quality, and a small portion of each glass was 
pulverized separately for X-ray diffraction (XRD) study. Fig. 1(a) shows 
a photograph of all polished A–F glasses to 1.5 mm thickness. 

Measurements 

For all A–F glasses, physical characteristics such as thickness, 
refractive index (error: ± 0.001), and hydrostatic density (accuracy of 
± 0.001 g/cm3) were measured utilizing a digital Vernier caliper gauge, 
employing an Abbe refractometer at 589.3 nm (sodium vapor lamp) 
wavelength with 1-Bromonaphthalene as contact liquid, and by the 
Archimedes’s principle using a microbalance with xylene (99.99%) as an 
immersion fluid, accordingly. Each sample was tested three times. XRD 
studies have been performed on all powdered A–F samples within 
10◦–80◦ (2θ) range at 2◦/min scanning rate utilizing an Ital Structure 
APD 2000 diffractometer with Cu-Kα (λ = 1.5418 Å) radiation where X- 
ray tube was operated at 20 mA anode current and 40 kV voltage, and by 
a scintillation detector scattered X-rays intensity was recorded. Optical 
absorption spectra of all A–F samples were registered using UV–Vis-NIR 
Varian Cary 5000 spectrophotometer covering 200–2000 nm wave-
length range with a spectral resolution ~ 1 nm. Here absorption coef-
ficient α(λ) was computed as α(λ) = 2.303 × A/t (A = absorbance, t =
thickness (cm)). For all A–F samples, utilizing Horiba Jobin–Yvon 

Fluorolog 3–22 spectrofluorometer supplied with an R928P Hamamatsu 
PMT detector and a 450 W ozone-free CW Xe lamp as pump source, in 
steady-state mode visible luminescence and excitation spectra (spectral 
resolution 0.5 nm, entrance and exit slits width ~ 1.5 mm) were 
recorded, and the same setup with a flash Xe lamp was employed for 
Tm3+: 1D2→3F4 transition fluorescence decay time measurements in 
phosphorescence mode. The decay patterns were collected at 0.01 ms 
delay time, 3 μs half-width pumping pulse, and 5 ms sample window. 
NIR emission spectra at 1300–1600 nm spectral range have been 
measured by an FLS1000 fluorescence spectrometer (Edinburgh In-
struments, UK) upon 808 nm pulsed diode laser pumping (direct exci-
tation from Tm3+: 3H6 level to 3H4 state) and furnished with a NIR-PMT 
(InGaAs) detector. At ambient temperature, all mentioned measure-
ments were carried out and for luminescence (visible and NIR) in-
vestigations, to derive comparable outcomes among all A–F glasses we 
kept experimental settings (i.e. sample shape, position, incident pump-
ing light angle) the same. CIE chromaticity color coordinates were 
calculated from the measured visible luminescence spectra of all A–F 
glasses. 

Results and discussion 

X-ray diffraction (XRD) analysis 

Within 10◦ ≤ 2θ ≤ 80◦ range XRD profiles of all A–F glasses are 
displayed in Fig. 1(b). Being identical all XRD curves reveals no discrete 
or sharp peaks particularly, but only two wide-ranging diffuse bands at 
2θ = 19◦–39◦ and 39◦–62◦, representative of a non-crystalline state. This 
affirms all A–F samples’ fully amorphous phase with short-range struc-
tural order or long-range disorder of atoms arrangement in them. 

Optical absorption spectra and J–O analyses 

In a glass matrix, usually, RE ion’s optical absorption features rely on 
RE ion’s local environment and RE ion connection with ligands. Fig. 2(a) 
illustrates absorption spectra (y-axis scale in absorption coefficient 
(cm–1)) of all A–F glasses within 280–2000 nm wavelength range. Seven 
inhomogeneously wide discrete absorption bands peaked at 358 nm, 
465 nm, 657 nm, 685 nm, 791 nm, 1208 nm, and 1657 nm attributable 
to transitions originating from Tm3+: 3H6 ground state to corresponding 
1D2, 1G4, 3F2, 3F3, 3H4, 3H5, and 3F4 upper levels (4f2–4f2 intra-config-
urational) [18,36] are identified from Fig. 2(a). Here for all A–F samples 
noticed absorption peak positions and shape are the same, possibly 
owing to the similar ligand field, hinting on Tm3+ ions uniform statis-
tical distribution. In all transitions, only 3H6→3H5 IR transition holds 
both magnetic-dipole and electric-dipole (MD and ED) interaction con-
tributions and all remaining are only ED in character. Further, 3H6→3F4 
is classified as “hypersensitive” transition (obey ΔS = 0, |ΔL|≤2 and |Δ 
J|≤2 selection rules [44]) as its intensity varies dramatically resting on 
Tm3+ ion neighboring environment in a host matrix. An intense ab-
sorption band centered at 791 nm and wide absorption band peaked at 
1657 nm signifies that all A–F samples could be excited effectively uti-
lizing pump sources such as high power AlGaAs LDs or Ti: Sapphire 
lasers available commercially and ~ 1.5 μm fiber laser. UV absorption 
spectra at 250–300 nm wavelength range for all A–F samples are dis-
played in Fig. 2(b). Considering the steep rise in absorption after 1D2 
higher state at lower spectral region (i.e. < 342 nm) (see Fig. 2(a)), 
noticed three strong and wide CT (charge-transfer) bands centered at 
260 nm, 275 nm, and 288 nm from Fig. 2(b) could be originated because 
of unavoidable trace impurities such as Fe3+ ion related electron transfer 
processes. These trace impurities may be presented (even at ppm level) 
in the selected initial raw chemicals utilized for all A–F samples’ fabri-
cation. Earlier such UV absorption bands were also identified in NdF3- 
doped oxyfluoride lithium borate [45] and P2O5-B2O3-Na2O-NdF3 [46] 
glasses by other researchers and ascribed similarly. Commonly, in highly 
UV transparent Tm3+: crystals owing to 3H6→3P2, 3H6→3P1, and 

Fig. 1. (a) Photograph of all the studied glasses (b) X-ray diffraction (XRD) 
profiles of all the prepared glasses. 
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3H6→3P0+
1I6 transitions mentioned three UV absorption bands could be 

observed [47]. 
Fig. 3(a) shows UV absorption spectra within 290–390 nm wave-

length range used for cutoff wavelength or fundamental absorption edge 
(λcut-off or λedge) estimation for all A–F samples. Generally, λedge is con-
nected with a glass matrix structure itself, and for all A–F glasses as a 
characteristic of them, λedges are not sharply defined. Following 
Ref. [48], evaluated λedge (error± 0.5 nm) values are given in Table 2 
along with measured density and refractive index values. From Table 2 it 
can be seen that λedge value changes to shorter wavelength side from 
341.65 nm to 323.64 nm for A–C samples while for D–F glasses it de-
creases in the order D > E > F. Overall, λedge value varies at 341.65 – 
323.64 nm range. Such deviations or reductions in λedge with distinct Li, 
Na, K, Li-Na, Na-K, and Li-K ions’ existence from A to F glass hints on the 

BO (bridging oxygen) bonds density variation (NBOs occurrence) in 
studied glasses as λedge relies on ‘O’ (Oxygen) bond strength in B2O3 
network. Here glass C could be utilized for the UV cutoff goal in all 
samples. It is widely known that for insulators or semiconductors, the 
band gap represents the energy break from conduction band edge to 
valance band maximal. Following UV absorption spectra, for all A–F 
samples, considering Mott and Davis [49] or Tauc [50] proposed 
models, optical band gap (Eopt) is determined using the below relation 
between ‘α’ and Eopt [49]: 

α(v) = B ×

(
hv − Eopt

)r

hv
(1)  

where B (band-tailing parameter) = constant, hν = photon energy, and 

Fig. 2. (a) UV–Vis-NIR optical absorption spectra (b) UV absorption spectra at 250–300 nm wavelength range for all 1.0 mol% Tm3+-doped glasses. Here, the y-axis 
scale is shown in the absorption coefficient (cm–1) values. 
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index, r = 1/2 and 2 for direct and indirect transitions accordingly. 
Fig. 3(b) and (c) depict Tauc plots for direct and indirect transitions 

correspondingly for all A–F glasses. Here Eopt is evaluated by projecting 
the linear regions to (αhν)2 = 0 and (αhν)1/2 = 0 accordingly, and the 
derived values (error ±0.01 eV) are listed in Table 2. From Table 2 one 
can see that the values of Eopt (direct) > Eopt (indirect) for all A–F samples 
as Eopt (direct) profiles fit falls on the greater energy region. Both direct 
and indirect Eopt values increase from A to C glass and for mixed alkali 
oxides constituting samples in D < E < F order, indicating structural 
changes activity in these glasses, i.e. fewer NBOs formation in preference 

to BOs, as generally in amorphous substances like glasses, Eopt increases 
owing to NBO ions reduction. Eopt shift to larger energies from A to C 
glass and D to F sample discloses the increasing network cross-linking 
with a lesser degree of disorder in them [41]. As the indirect transi-
tion is located at smaller energy than the direct one, all A–F glasses are 
non-direct or indirect materials. 

Further, applying the ASF (absorption spectrum fitting) procedure 
proposed by Escobar-Alarcon et al. [51] and Souri and Shomalian [52] 
in which Eopt could be computed without a thin film or glass thickness 
requirement but only from absorption spectra, for all A–F samples Eopt is 

Fig. 3. (a) UV optical absorption spectra of all the pre-
pared glasses. Here, the straight lines drawn onto X-axis 
indicate the λcut-off wavelengths for the respective glasses. 
Plots of (b) (αhν)2 vs. (hν) for direct optical band gap (c) 
(αhν)1/2 vs. (hν) for indirect optical band gap (d) (aλ–1)1/2 

vs. (λ–1) for optical band gap (Easf
opt) (e) extinction coeffi-

cient (κ) vs. hν, and (f) Urbach’s plots for all the studied 
glasses. In Fig. 3 (b-e), the lines drawn onto X-axis indicate 
the respective optical band gap energies of the studied 
glasses.   

Table 2 
The fundamental absorption edge (λedge ± 0.5 nm), direct optical band gap (Eopt ± 0.01 eV), indirect optical band gap (Eopt ± 0.01 eV), optical band gap data evaluated 
through ASF method (Easf

opt ± 0.01 eV), optical band gap from the extinction coefficient (Eopt from ‘κ’ ± 0.01 eV), Urbach energy (ΔE ± 0.002 eV), two photon absorption 
coefficient (β ± 0.01 cm/GW), density (±0.001 g/cm3), and refractive index (±0.001) of all the studied A–F glasses.  

Sample 
code 

λedge 

(nm) 
Direct optical 
band gap, Eopt 

(eV) 

Indirect optical 
band gap, Eopt 

(eV) 

(1/λg) (±1×

10-6 nm− 1)  
λg (±1×

10-6 nm)  
Optical band 
gap, Easf

opt (eV)  
Eopt 

from ‘κ’ 
(eV) 

Urbach 
Energy, ΔE 
(eV) 

β (cm/ 
GW) 

Density 
(g/cm3) 

Refractive 
index 

A 341.65  3.829  3.406  0.00268  373.1343  3.323  3.550  0.508  9.17  2.951  1.665 
B 333  3.902  3.507  0.00280  357.1428  3.472  3.686  0.400  8.35  3.013  1.673 
C 323.64  3.947  3.544  0.00283  353.3569  3.509  3.731  0.454  8.05  3.032  1.689 
D 340  3.842  3.452  0.00274  364.9635  3.398  3.598  0.425  8.80  2.945  1.676 
E 328.59  3.912  3.514  0.00281  355.8719  3.484  3.700  0.413  8.30  3.025  1.683 
F 326.73  3.933  3.536  0.00282  354.6099  3.497  3.723  0.390  8.12  2.949  1.681  
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determined from the equation: 

Easf
opt =

1240
λg

(2)  

where λg = wavelength linked to Eopt. 
Fig. 3(d) exhibits the plots of (aλ–1)1/2 vs (λ–1) (a = absorbance) for 

(Easf
opt) estimation at (a/λ)1/2 = 0 with curves linear region extrapolation, 

and acquired 1/λg, λg, and (Easf
opt) (eV) values for all A–F glasses utilizing 

ASF approach are presented in Table 2. Here Easf
optvalues (alters at 3.323 

(lowest) –3.509 eV (highest) range) show an identical trend as direct and 
indirect Eopt values for all alkali and mixed alkali oxides comprising 
samples, and they closely match with indirect Eopt values. 

Later, adopting the relation between ‘α’ and ‘κ’ (extinction coeffi-
cient) as [53]: 

α = 4πκ
λ (3)for all A–F samples, Eopt (experimental) is evaluated by 

drawing the linear parts to ‘κ’ = 0. Fig. 3(e) illustrates the plots of ‘κ’ 
against hν for all A–F glasses and obtained Eopt values are tabulated in 
Table 2. Eopt from ‘κ’ values for all A–F glasses also exhibits a similar 
course as direct and indirect Eopt value and it is related closely with 
Mott–Davis equation for r = 2 transition for sample A while its values fall 
almost in between for r = 1/2 and 2 transitions for rest of the glasses. 
Here Eopt (experimental) deviates at 3.55–3.731 eV range for all studied 
glasses. 

For many non-crystalline semiconductors, at optical absorption 
edge, ‘α’ raises exponentially with hν and adheres to the Urbach rule 
[54] as: 

α(ν) = α0exp
(

hν
ΔE

)

(4) 

(or) 

lnα(ν) = (hν/ΔE)+ constant (5)  

where α0 = constant, ΔE = Urbach energy. 
ΔE characterizes the band tails width of localized states in the band 

gap. This means it’s a transition involving localized tail states next to 
valance band and conduction band that stretches into band gap. Here ΔE 
could be calculated from the inverse of the slopes of the linear portions 
of ln(α) vs hν. Fig. 3(f) displays Urbach’s plots for all A–F glasses and 
derived ΔE values (error ±0.002) are given in Table 2. In Li, Na, and K 
ions having samples, glass B possesses the lowest ΔE (0.4 eV) whereas 
for mixed alkali oxides constituting glasses ΔE values vary inversely 
with Eopt where sample F has the minimum ΔE (0.39 eV). Minimal ΔE 

values reflect usually the least localized states tails width into band gap 
and feasibility of minimal defects in glasses. In all samples, the highest 
ΔE (0.508 eV) value of glass A indicates its larger propensity to trans-
form weak bonds into defects. Overall, all A–F samples have larger ΔE 
values (0.39–0.508 eV range) as opposed to crystalline substances 
related values (ΔE = 0.046–0.066 eV) [49]. 

For alkali or TM (transition metal) oxides comprising glasses, M. 
Abdel-Baki et al. [55] have derived a linear relation between Eopt and 
TPA (two-photon absorption) coefficient (β) as: 

β (cm/GW) = 36.76 – 8.1 Eopt (eV) (6) Using Eq. (6), for all A–F 
samples applying Eopt (indirect) values, obtained β values are listed in 
Table 2. β value varied within 9.17–8.05 cm/GW range in all investi-
gated glasses. Since for all-optical switching waveguides device opera-
tion TPA is a crucial limiting factor [56], a minimal β (8.05 cm/GW) 
possessing glass C could be desirable for this aim. So by altering the Eopt 
one can easily control the TPA for a specific set of materials. Commonly, 
acidic (B2O3) and basic (alkali metal or ZnO) oxides combination in glass 
gives a lower TPA than alone acidic oxides [55]. 

Additionally, for all A–F glasses, utilizing all observed absorption 
transitions, fexp, Judd–Ofelt (J–O) parameters (Ω2, Ω4, and Ω6), fcal, and 
δrms (root-mean-square error) deviations for fexp and fcal are computed 
employing J–O model [57,58], and attained results are presented in 
Table 3. For related operated well-known formulae one could refer to 
Refs. [28,31,32,36,57,58]. MD term arises for transitions which follow 
ΔJ = 0, ±1 and ΔS = ΔL = 0 rules and does not rely on ligand fields 
though usually RE ions f–f transitions (parity forbidden) intensity de-
pends. Here derived smaller δrms values signifies the reliability of the J–O 
model calculation approach. The uncertainties associated with the J–O 
parameters were obtained directly from the J–O fit considering residual 
amounts between calculated and experimental absorption intensities. 
From Table 3 data, it is obvious that samples A, B, D, and F show Ω2 >

Ω4 > Ω6 trend while Ω2 > Ω6 > Ω4 and Ω2 > Ω6 > Ω4 courses are ob-
tained for C and E glasses correspondingly. Here Ω4 is highly reliant on 
U4 reduced matrix element and frequently has fewer quantities than U2 

& U6 owing to Tm3+ neighboring locality non-symmetry. Commonly, 
parameters Ω2, Ω4, and Ω6 reflect the bonding nature between RE ions 
and ligand anions, and the localized structure surrounding RE ions sites. 
Specifically, Ω2 corresponds to both local field symmetry around RE ions 
and RE ions and anions chemical bonds covalence in glass, whereas Ω6 
indicates RE ions and associated anions ionic bonding character and 
could be varied by glass composition [59]. 

Ω4 specifies bulk (degree of viscosity and rigidity) characteristics 
[32]. Here the larger Ω2 value for sample B in all glasses reveals lower 
symmetry at Tm3+ ion sites locality and high covalency between Tm3+

Table 3 
Absorption band assignments (from the ground state, 3H6), experimental (fexp) and calculated (fcal) oscillator strengths (×10–6) of all the 1.0 mol% Tm3+ -doped glasses 
along with J–O parameters. Wavelengths correspond to average transition energies.  

Glass code A B C D E F 

Transition λ (nm) fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal 

3H6→                
1D2 358 7.30 6.65 6.09 5.32 3.87 3.16 4.96 4.37 5.10 4.16 5.84  5.08 
1G4 468 3.34 2.31 3.18 2.16 2.46 1.57 2.44 1.62 2.79 1.84 2.89  1.99 
3F2 660 0.67 1.90 0.61 1.77 0.47 1.32 0.50 1.39 1.04 1.61 0.51  1.63 
3F3 685 8.35 8.85 6.96 7.76 4.36 5.34 5.70 6.19 5.75 6.74 6.57  7.23 
3H4 789 8.44 8.28 8.11 8.09 6.08 6.22 6.14 6.04 7.22 7.28 7.47  7.37 
3H5 1194 5.39 

4.09 ed 
1.30mda 

4.83 5.32 
4.00 ed 
1.32mda 

4.45 4.26 
2.90 ed 
1.36mda 

3.23 3.96 
2.63 ed 
1.33mda 

3.44 4.83 
3.49 ed 
1.34mda 

3.92 4.81 
3.47 ed 
1.34mda  

4.10 

3F4 1711 6.65 6.80 6.26 6.43 4.58 4.73 4.68 4.81 5.37 5.52 5.75  5.90 
RMS deviation (× 10–6)  0.507 0.508 0.455 0.427 0.468 0.484 
J – O parameters (× 10–20 cm2)  
Ω2  8.992 ± 0.231  9.649 ± 0.674  7.966 ± 0.723  6.718 ± 0.332  8.746 ± 0.922  8.585 ± 0.487  
Ω4  4.947 ± 0.305  3.789 ± 0.602  2.062 ± 0.587  3.142 ± 0.351  2.792 ± 0.797  3.630 ± 0.474  
Ω6  3.824 ± 0.451  3.535 ± 0.586  2.588 ± 0.693  2.765 ± 0.384  3.219 ± 0.572  3.224 ± 0.505  
a Magnetic dipole (md) oscillator strength was subracted from experimental oscillator strength for J–O analysis  
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ions and ligand anions when Na2O was incorporated. Both Ω4 and Ω6 are 
the minimal for glass C (K2O added one) where Ω6 is vibronic dependent 
and reduces with rigidity improvement in a medium’s environment 
around RE ion. 

Table 4 shows J–O parameters and their trend derived for sample D 
compared to distinct other Tm3+-doped glass systems [60–70]. Here we 
choose glass D for comparison as it exhibits relatively higher visible 
fluorescences intensity (discussed in 3.3 section) in all examined sam-
ples. From Table 4, Ω2 value for glass D is found to be higher than 
BGGN1.0T [60], BBLC 1.0Tm [61], 36Bi2O3–54GeO2-10Na2O-1Tm2O3 
[62], 50ZrF4 ⋅33BaF2 ⋅12AlF3⋅ 5YF3⋅1.0TmF3 [64], ZBLAN: Tm3+ [65], 
80GeO2–8Ga2O3–10BaO-2Nb2O5–6PbO-1Tm2O3 [67], TeNbK1.0Tm 

[68], and KCaAlP:0.75Tm3+ [69] glasses respective values. Moreover, 
for sample D obtained Ω2, Ω4, and Ω6 values trend is the same as the 
studied glasses in Refs. [60,61,63,65,67,69] in Table 4. Recently, for 
different RE ions doped phosphors or nanocrystals also, J–O parameters 
have been derived and reported by researchers utilizing the excitation 
spectra [71], luminescence spectra and radiative transition lifetimes 
[72], diffuse-reflection spectra [73], and through fluorescence decay 
routes [74]. 

Intending to reckon fluorescence qualities of all A–F samples, radi-
ative factors such as Aed, Amd, AR (=Aed + Amd), βR, and τR for optical 
transitions (SLJ → S’L’J’) from Tm3+: 1D2, 1G4, 3F2, 3F3, 3H4, 3H5 and 3F4 
excited levels are calculated applying related J–O parameters and 

Table 4 
Comparison of Judd–Ofelt intensity parameters (Ωλ, × 10–20 cm2) and their trend of glass D with different Tm3+ -doped glass systems.  

Glass system Ω2 Ω4 Ω6 Trends of Ωλ Reference 

Glass D  6.718  3.142  2.765 Ω2 > Ω4 > Ω6 Present work 
BGGN1.0T glass  4.34  1.85  1.49 Ω2 > Ω4 > Ω6 [60] 
BBLC 1.0Tm glass  0.5803  0.2033  0.1678 Ω2 > Ω4 > Ω6 [61] 
36Bi2O3–54GeO2-10Na2O-1Tm2O3 glass  4.55  0.82  1.16 Ω2 > Ω6 > Ω4 [62] 
PPbKANTm1.0 glass  7.81  0.95  0.55 Ω2 > Ω4 > Ω6 [63] 
50ZrF4⋅33BaF2⋅12AlF3⋅5YF3⋅1.0TmF3 glass  3.16  1.10  1.31 Ω2 > Ω6 > Ω4 [64] 
ZBLAN: Tm3+ glass  2.31  1.28  1.17 Ω2 > Ω4 > Ω6 [65] 
60TeO2-25ZnO-9Na2CO3-5TiO2-1Tm2O3 glass  8.88  1.34  1.91 Ω2 > Ω6 > Ω4 [66] 
80GeO2–8Ga2O3–10BaO-2Nb2O5–6PbO-1Tm2O3 glass  5.66  1.36  1.08 Ω2 > Ω4 > Ω6 [67] 
TeNbK1.0Tm glass  4.51  0.76  1.13 Ω2 > Ω6 > Ω4 [68] 
KCaAlP:0.75Tm3+ glass  5.63  1.75  1.11 Ω2 > Ω4 > Ω6 [69] 
61.5P2O5 + 10K2O + 15.5SrO + 12Al2O3 + 1Tm2O3 glass  8.37  1.08  3.22 Ω2 > Ω6 > Ω4 [70]  

Table 5 
Emission transitions (SLJ → S′L′J’), wavelengths (λem, nm), electric (Aed, s− 1), magnetic (Amd, s− 1), and total radiative transition probabilities (AR, s− 1), branching 
ratios (βR), and radiative (τrad, μs) lifetimes of glass B. Measured lifetime (τmeas, μs) and quantum yield (η, %) of 1D2 higher energy level are also included.  

Transition λem  Aed  Amd  AR  βR  τrad  τmeas  

1D2 →  1G4 1506b 162  162 0.0077 47.50 21.24   
3F2 786 1235  1235  0.0587     
3F3 750 2980  2980  0.1416     
3H4 658b 4549  4549  0.2161     
3H5 514a 113  113  0.0054     
3F4 454a 4825  4825  0.2292     
3H6 358 7187  7187  0.3413                  

η(%)1D2 → 3F4   44.7           

1G4 →  3F2 1616 14  14  0.0046  334.80    
3F3 1474 56  56  0.0188     
3H4 1149 29  29  0.0098     
3H5 770 715  715  0.2392     
3F4 650a 1289  1289  0.4315     
3H6 479a 884  884  0.2961             

3F2 →  3F3 16,703 0 2 2  0.0010  625.54    
3H4 3980 12  12  0.0074     
3H5 1469 220  220  0.1378     
3F4 1071 657  657  0.4110     
3H6 659 708  708  0.4428             

3F3 →  3H4 5225 1  1  0.0002  335.18    
3H5 1611 279  279  0.0935     
3F4 1144 318 341 659  0.2210     
3H6 686 2045  2045  0.6853             

3H4 →  3H5 2329 44 114 158  0.1115  703.73    
3F4 1463a 98  98  0.0691     
3H6 808a 1164  1164  0.8194             

3H5 →  3F4 3949 3  3  0.0059  1857.34    
3H6 1193 246 289 535  0.9941             

3F4 →  3H6 1821b 175  175  1.0000  5704.74  
a Experimental datab Calculated values from emission spectrum  
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refractive indices and attained results are given in Table 5 for glass B and 
for remaining all glasses in Table S1 (i–v) in Supplementary material 
accordingly. For all these radiative features computations, applied 
familiar formulae can be found elsewhere [28,31,32,36]. Glass B has 
relatively high AR (=4825 s− 1) and moderate βR (=22.92%) for 1D2→3F4 
transition which indicates its ascendancy for blue lasing action in all A–F 
samples. Likewise, sample A possesses the largest AR (=103 s− 1) in all 
glasses for 3H4→3F4 transition suggesting its fairer capacity for ~ 1.46 
μm optical amplification. Interestingly all A–F glasses have βR = 100% 
for 3F4→3H6 laser transition where glass C has the highest τR (=7.737 
ms) as commonly longer τR is favorable to decrease laser threshold. 
Further τR for Tm3+: 1D2→3F4 transition in glass B (=47.5 μs) is found to 
be greater than the respective values of BBLC 1.0Tm (=0.0002 ms) [61], 
KCaAlP: Tm3+ (=37.83 μs) [69], and PKSATm10 (=27 μs) [70] glasses 
and lower than LiKB4O7: Tm (=53 μs) [28] glass and almost equal to 
Li2B4O7: Tm,Ag glass (=48 μs) [31]. 

Visible photoluminescence and decay lifetime analyses 

Fig. 4(a) exhibits optical excitation spectra for all A–F glasses within 
300–400 nm spectral range recorded at 454 nm fluorescence wave-
length. An intense excitation band peaked at 358 nm is identified from 
all samples which could be ascribed to the transition from 3H6 level to 

1D2 state [70]. Registered visible luminescence spectra for all A–F 
samples at 400–720 nm wavelength region under 358 nm (representing 
to 1D2 state) pumping are displayed in Fig. 4(b) while the corresponding 
inset plot shows the zoom-in wavelength range at 500–690 nm. All 
samples emission features appear the same in shape and have four 
bands: two in blue (1D2→3F4 and 1G4→3H6), one in green (1D2→3H5), 
and another in red (1G4→3F4) regions that are peaked at 454 nm, 479 
nm, 514 nm, and 650 nm accordingly [28]. Commonly, for Tm3+-doped 
materials, upper excited states 1D2 and 1G4 lead to fluorescence in the 
visible wavelength range whereas lower 3F4 and 3H4 excited levels cause 
NIR emissions. Here 1G4→3H6, 1D2→3H5, and 1G4→3F4 emission tran-
sitions are so weak compared to 1D2→3F4 luminescence transition in-
tensity as blue emission centered at 454 nm is highly intense. In all 
glasses, for observed four bands, sample D shows relatively higher 
fluorescence intensity correlating to its excitation one (see Fig. 4). 
Normally overlapped 4f orbitals with ligands split Tm3+ ion’s energy 
levels causing degenerate states and any change in network structure 
could, in turn, affects Tm3+ ion’s emission and absorption cross-sections. 

Next, for all A–F glasses, to realize identified 1D2→3F4 blue fluores-
cence transition qualitatively, by scaling Fig. 4(b) we determined 

Fig. 4. (a) Photoluminescence excitation (PLE) spectra of all the 1.0 mol% 
Tm3+-doped glasses by monitoring emission at 454 nm (b) Photoluminescence 
(PL) spectra (inset, within the 500–690 nm range) of all the 1.0 mol% Tm3+- 
doped glasses under 358 nm excitation wavelength. 

Fig. 5. (a) Stimulated emission cross-section profiles of the 1D2 → 3F4 transition 
of all the A–F glasses (b) Predicted theoretical gain spectra of the 1D2 → 3F4 
transition of glass B. 
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stimulated emission cross-section (σem) (for operating lasers and fiber 
amplifiers with better gain and energy extraction rate, a large σem is 
essential) applying the Füchtbauer–Ladenburg equation [67,68]: 

σem (λ) =
Aij

8πcn2 ×
λ5I(λ)∫
λI(λ)dλ 

(7)where c, n, Aij, and I(λ) correspond to light 

speed, refractive index, spontaneous emission probability, and fluores-
cence intensity at λ (wavelength) from i → j level separately. 

Derived σem curves of all A–F samples for 1D2→3F4 transition at 
430–475 nm spectral range are depicted in Fig. 5(a) and from them, 
evaluated peak σem (σem

max) values are given in Table 6. 
Also, effective bandwidths (Δλeff) for 454 nm peak emission band are 

obtained by a relation [69]: 

Δλeff =
1

Imax

∫

I(λ)dλ  

where Imax = intensity at band maximum, I(λ) = intensity at λ. 
Acquired Δλeff values for all A–F glasses are listed in Table 6. 
Moreover, peak gain bandwidth (σem

max × Δλeff) and optical gain (σem
max 

× τrad) are computed and presented in Table 6 along with τrad and βR for 
all studied samples. 

Here, typically σem × Δλeff and σem × τrad results are useful in 
inspecting the optical amplification and laser threshold of a RE ion- 
doped medium. From Table 6 it is clear that Tm3+: Na ions containing 
glass (sample B) shows the highest σem

max (=5.89 × 10–21 cm2) andσem
max ×

Δλeff (=9.69 × 10–27 cm3) values for 1D2→3F4 transition in all samples, 
indicating its favorability for cw blue lasing process with a fine gain. 

Later utilizing σem and βR, with an expectation that 1D2 upper state is 
fully (100%) or partly (80%, 60%, 40%, and 20%) populated by Tm3+

ions under 358 nm pumping, for all A–F samples the theoretical gain for 
454 nm centered luminescence band is assessed utilizing the relevant 
formula [75]: 

G(λ, P) = 10 log10 exp(PNβσem(λ)) (9)where P = excited Tm3+ ions’ 

fractional factor in 1D2 state, N = total Tm3+ ion concentration. 
Fig. 5(b) exhibits estimated theoretical gain spectra of 1D2→3F4 

transition at 430–475 nm region for glass B and for remaining all sam-
ples obtained gain spectra are presented in Supplementary material (see 
Fig. S1(a–e)). From Fig. 5(b) and Fig. S1 in Supplementary material, one 
can notice that G(λ, P) is improved constantly with ions population 
density (P) increment from 0.2 to 1.0. Sample B possesses the maximal G 
(λ, P) (=1.395 dB/cm) value in all samples when the 1D2 level is 100% 
populated. Also at P = 0.6, the G(λ, P) at 0.454 μm is 0.835 dB/cm for 
glass B. 

To recognize the total visible fluorescence of all A–F samples, cor-
responding CIE chromaticity coordinates (x, y) are determined from 
Fig. 4(b) applying color functions x (λ), y (λ), and z (λ) and related values 
are listed in Table 7. Also, Fig. 6 depicts the 2-D CIE chromaticity dia-
gram for all A–F glasses under λex = 358 nm. All A–F samples display an 
overall tonality within the purplish-blue region with a dominant 
wavelength in the 457–460 nm range (see Table 7). The CIE1931 
chromaticity coordinates are close to those reported for blue illumina-
tion by the National Television System Committee (NTSC) (x = 0.140, y 
= 0.080) and European Broadcasting Union (EBU) (x = 0.150, y =
0.060) [76]. 

Later, CIE coordinates values are utilized to evaluate percent CP 
values for all A–F glasses utilizing the following relation [43]: 

CP =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − xi)
2
+ (y − yi)

2

(xd − xi)
2
+ (yd − yi)

2

√

× 100% (10)  

where (xi, yi) = (0.310, 0.316) = CIE1931 Standard Source I illuminate 
point coordinates, (xd, yd) = dominant wavelength coordinates, (x, y) =
sample point coordinates. 

Obtained percent CP values are given in Table 7 and they are better 
than those reported for Tm3+-doped zinc phosphate glasses (96%) [77], 
Tm3+: CaAl4O7 (73%) [78], and Tm3+: CaBi2B2O7 (97%) [79] phos-
phors, and similar to those of reported for Tm3+: Ca9NaGd2/3(PO4)7 
phosphors (96.8–99.1%) [80]. This fact points out that all studied A–F 
samples might be suitable to develop a blue-emitting source upon near- 
UV excitation (358 nm), especially glass E. Further for all A–F samples, 
LER values are computed using NIST CQS simulation 7.4 following the 
approach given in Refs. [81,82] and are tabulated in Table 7, and these 
values are varied at 38–40.7 lm/W range. 

For obtaining additional details on luminescence qualities of all A–F 

Table 6 
Radiative lifetime (τrad, μs), effective bandwidth (Δλeff, nm), stimulated peak 
emission cross-section (σem

max × 10–21 cm2), gain bandwidth (σem
max × Δλeff × 10–27 

cm3), optical gain (σem
max × τrad × 10–25 cm2s), and Branching ratio (βR,%) of the 

1D2 → 3F4 transition for all the A–F glasses.  

Sample code τrad Δλeff σem
max  σem

max × Δλeff  σem
max × τrad  βR 

A  44.33  17.738  5.42  9.614  2.403  21.23 
B  47.50  16.452  5.89  9.69  2.798  22.92 
C  65.13  16.773  4.41  7.397  2.872  24.92 
D  62.87  16.500  4.29  7.078  2.697  22.28 
E  55.07  16.615  5.19  8.623  2.858  24.23 
F  51.52  16.789  5.17  8.68  2.663  22.52  

Table 7 
CIE 1931 color coordinates (x, y), dominant wavelength (λd), dominant wave-
length color coordinates (xd, yd), color purity (CP), luminous efficiency of ra-
diation (LER) and emission color for all A–F glasses excited at 358 nm 
wavelength.  

Sample 
code 

CIE (x, y) λd (nm) (xd, yd) CP 
(%) 

LER 
(lm/ 
W) 

Emission 
color 

A (0.1489, 
0.0298) 

457 (0.1458, 
0.0229)  

97.8  40.7 Purplish- 
blue 

B (0.1496, 
0.0285) 

458 (0.1478, 
0.0285)  

99.7  39.2 Purplish- 
blue 

C (0.1507, 
0.0275) 

458 (0.1505, 
0.0270)  

99.8  38.0 Purplish- 
blue 

D (0.1491, 
0.0295) 

459 (0.1482, 
0.0262)  

99.0  40.3 Purplish- 
blue 

E (0.1495, 
0.0288) 

459 (0.1482, 
0.0295)  

100.0  39.6 Purplish- 
blue 

F (0.1494, 
0.0294) 

460 (0.1482, 
0.0285)  

99.6  40.2 Purplish- 
blue  

Fig. 6. 1931 CIE color chromaticity coordinates diagram for all the 1.0 mol% 
Tm3+-doped single and mixed alkali oxides containing glasses under 358 nm 
excitation wavelength. 
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glasses, Tm3+: 1D2 state decay time patterns are studied under λex. = 358 
nm for 454 nm fluorescence band. Fig. 7(a) shows 1D2→3F4 transition 
decay curves for all A–F samples. Here 1D2 level decay profiles of all A–F 
glasses are well fit to double-exponential functions (Adj. R-Square =
0.9925–0.9973) 

as [21]: 
I(t) = A exp(− t

τ1
) + B exp(− t

τ2
), (11)where I(t) = fluorescence intensity, 

A and B = constants, t = time, and τ1 andτ2 = rapid and slow emission 
decay times. 

Fig. 7(b–g) illustrates decay time profiles fit of Tm3+: 1D2→3F4 
transition for all respective A–F samples and derived average lifetimes 
(τmeas) are given in Table 5 and Table S1 (i – v) in Supplementary ma-
terial respectively. Glass D has the largest τmeas (=33.37 μs) in all 
samples for 1D2→3F4 transition. From Table 5 and Table S1, it is clear 
that τrad is higher than τmeas because of larger NR relaxations from 1D2 to 
its lower-lying states. 

For all A–F samples quantum efficiency (η) for 1D2 level of Tm3+ in 
the visible spectral region is calculated by the well-known formula: 

η = τmeas
τrad 

× 100% (12) 
Commonly ‘η’ of a fluorescence state banks on its σem, AR, τexp, and 

RE ion concentration doping levels. For all A–F glasses derived η values 
are listed in Table 5 and Table S1 (i – v) in Supplementary material 

accordingly. In all glasses, sample F possesses high ‘η’ (=55%). Also for 
all A–F samples, ‘η’ for 1D2 state is greater than those of LiKB4O7:Tm (η 
= 26.4%) [28] and Li2B4O7:Tm (η = 32.1%) [31] glasses and lower than 
that of Li2B4O7:Tm,Ag (η = 64.6%) [31] glass reported values. 

NIR luminescence analysis 

Fig. 8 exhibits NIR fluorescence spectra of all A–F samples within 
1300–1600 nm range under 808 nm LD pumping. As expected, a wide 
asymmetric NIR emission band centered at 1463 nm is identified from 
all glasses which can be attributed to Tm3+: 3H4→3F4 transition [4,5]. 
Owing to utilized detector sensitivity maximal constraint, NIR lumi-
nescence was registered up to 1600 nm wavelength only, so 3F4→3H6 
(~1.8 μm) NIR emission transition has not fully observed. In all glasses, 
sample B shows the largest emission intensity for the 3H4→3F4 transi-
tion. Interestingly one can see from Fig. 8 that NIR luminescence spectra 
become wider and expand to longer spectral regions forming shoulder 
bands when respective Na2O and K2O replace Li2O in the glass compo-
sition. Here Na2O and K2O could improve the host-ion ligand’s ionic 
nature leading to increased field strength than Li2O and as a result, 
3H4→3F4 transition shows Stark splittings enhancing NIR emissions 
broadening further [83]. So by optimizing a glass composition one can 

Fig. 7. (a) Decay lifetime profiles of the Tm3 +: 1D2 → 3F4 transition for all A–F glasses under 358 nm excitation wavelength (b–f) Decay lifetime profiles fit of the 
Tm3 +: 1D2 → 3F4 transition for all A–F glasses. 
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get much overlap between C- and S-optical bands for multichannel 
propagation. As can be seen from Fig. 8, the 3H4→3F4 transition is 
extending from 1.36 μm to 1.565 μm wrapping E-+S-+C-optical bands 

for amplification as it is required to design Tm3+-doped media with wide 
Δλeff for optical WDM communication systems. As 1.463 μm NIR emis-
sion from 3H4 level is productive when it is directly excited, it could be 
speculated that sufficient Tm3+ ion population at 3H4 state could be 
obtained under 808 nm LD excitation at 1 mol% doping. Generally, 
because of CR (cross-relaxation) which is a NR ET (energy transfer) 
process, 1.46 μm fluorescence reduces and 1.8 μm emission enhances in 
intensity at relatively larger Tm3+ doping contents by depleting Tm3+

ions population at 3H4 state and increasing them at 3F4 level [67]. 
Utilizing Eq. (7) mentioned previously, by scaling the NIR fluores-

cence spectra at measured 1300–1600 nm spectral range, σem of 
3H4→3F4 transition is assessed for all A–F glasses and related σem profiles 
are illustrated in Fig. 9(a). Deduced peak σem (σem

max) values at 1.46 μm for 
all studied glasses are listed in Table 8. Also, evaluated respective Δλeff 
values for all A–F samples are presented in Table 8 with τrad values for 
3H4→3F4 transition. In all glasses, sample A has the largestσem

max (=1.832 
× 10–21 cm2) correlating to its highest AR. Moreover, evaluated σabs 

(absorption cross-section) (= α(λ)
NTm3+

) values of 3H6→3H4 and 3H6→3F4 

transitions for all A–F samples are (1.68, 1.65, 1.34, 1.26, 1.52, and 
1.48) × 10–20 cm2 and (9.43, 8.75, 5.89, 6.58, 7.30, and 7.93) × 10–21 

cm2 accordingly where glass A possesses the highest σabs for the NIR 
optical pumping. Further one can notice from Table 8 that in single al-
kali oxides containing glasses from A to C sample Δλeff increased 

Fig. 7. (continued). 

Fig. 8. NIR luminescence spectra of all the 1.0 mol% Tm3+-doped glasses upon 
808 nm LD excitation. 
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continuously from 121.228 nm to 137.638 nm whereas in mixed alkali 
oxides having samples Δλeff improved considerably for Na-K ions exis-
tence in the glass compared to Li-Na or Li-K ions. These changes in Δλeff 
and σem

max in all examined glasses suggest a notable effect of changing 
alkali oxides on existed Tm3+ ions environment. Next, using σem

max, Δλeff, 
and τrad, both σem

max × Δλeff and σem
max × τrad values are derived for all A–F 

glasses to understand the chances of high gain amplification with 
wideband (3H4→3F4), and obtained results are tabulated in Table 8. 
Here glass A with largest σem

max, σem
max × Δλeff, and σem

max × τrad values specify 

the chances of effective amplification within identified wide spectral 
range. Further glass A Δλeff, σem

max, andσem
max × Δλeff values of 3H4→3F4 

transition are compared with reported some other Tm3+-doped glasses 
[4,69,70,84–86] (see Table 9). One can see from Table 9 that sample A 
has higher Δλeff than those of Tm3+: P2O5 + K2O + SrO + Al2O3 [70], 1 
mol% Tm3+: ZBLAN and 0.5 mol%: 75TeO2: 10ZnO: 15Na2O [84], and 
TWP20 [86] glasses respective values and it is almost equal to 0.2 wt% 
Tm2O3-doped LKBBG glass [85]. Likewise, glass A possesses largerσem

max 
andσem

max × Δλeff values than 1 mol% Tm3+: ZBLAN glass [84] related 
values and lower than remaining other glasses in comparison. Here, by 
Tm3+ doping content optimization, σem

max andσem
max × Δλeff values could be 

possibly enhanced further for glass A. Moreover, RE ions’ σem enhances 
with host refractive index (n) increment as σem α (n2 + 2)2/n for ED 
transitions and σem α n for MD transitions, so a glass matrix with a high 
‘n’ is desirable for acquiring a large σem for NIR optical amplification 
[87]. 

Later for all A–F samples, utilizing Eq. (9) at P = 0.2, 0.4, 0.6, 0.8, 
and 1.0, the theoretical gain of 3H4→3F4 transition within 1.3–1.6 μm 
range is computed and as an example, Fig. 9(b) depicts gain spectra for 
sample A where for rest of the glasses derived gain profiles are displayed 
in Fig. S2(a–e) in Supplementary material. Glass A exhibits the highest G 
(λ, P) (=0.142 dB/cm) value in all glasses when the 3H4 state is 100% 
populated. Also at P = 0.6, the G(λ, P) at 1.46 μm is 0.085 dB/cm for 
sample A. Here, while gain spectra cover E-+S-+C-bands, both E- and C- 
bands necessitate principally a strong pumping to acquire lasing activ-
ity. Usually, for wideband multimodal fiber amplifiers to operate at 
1.45–1.58 μm range with enhanced SNR (signal-to-noise ratio), TDFA 
gain spectra leading edge must have to overlap with EDFA gain profiles 
trailing end which essentially needs Tm3+ NIR emission peaked at 1.46 
or 1.47 μm and gain pattern to move to longer NIR wavelengths covering 
C-band mostly [83]. Commonly, larger gain bandwidths lower WDM 
systems overall cost as a single fiber amplifier could be utilized to 
amplify all communicating channels. 

Fig. 10 depicts Tm3+ ion’s energy-level diagram for all A–F samples 
upon both 358 nm UV excitation and 808 nm LD pumping showing all 
identified visible and NIR luminescence transitions and relevant NR 
process and CR channels of 1D2 and 3H4 upper levels. Upon 358 nm 
pumping, initially, Tm3+ ions in 3H6 ground state are excited to 1D2 
level. For all A–F glasses, τrad values of 1D2 state which are varied within 
44.33–65.13 μs range are lower than the next lower-lying 1G4 state 
(varied at 324.41– 446.11 μs range, see Table 5 and Table S1 in Sup-
plementary material). So from the 1D2 state, a large number of Tm3+

ions will rapidly deexcite radiatively to 3F4 level emitting intense blue 
light (454 nm) and a weak green emission by relaxing to 3H5 state (514 
nm). Here (1D2, 3H6)→(3F2, 3H4) and (1D2, 3H6)→(3F3,3F3) are the 
feasible CR channels for 1D2→3F4 transition. Residual Tm3+ ions in 1D2 
level will depopulate via NR process to 1G4 level, then, they finally 

Fig. 9. (a) Stimulated emission cross-section profiles of the 3H4 → 3F4 transi-
tion for all A–F glasses (b) Predicted theoretical gain spectra of the 3H4 → 3F4 
transition for glass A. 

Table 8 
Radiative lifetime (τrad, μs), effective bandwidth (Δλeff, nm), stimulated peak 
emission cross-section (σem

max × 10–21 cm2), gain bandwidth (σem
max × Δλeff × 10–26 

cm3), and optical gain (σem
max × τrad × 10–25 cm2s) of the 3H4 → 3F4 transition for 

all the A–F glasses.  

Sample code τrad Δλeff σem
max  σem

max × Δλeff  σem
max × τrad  

A  688.23  121.228  1.832  2.22  12.608 
B  703.73  130.801  1.617  2.115  11.379 
C  890.29  137.638  1.055  1.452  9.392 
D  914.51  125.463  1.27  1.593  11.614 
E  773.84  133.316  1.387  1.849  10.733 
F  763.87  126.596  1.532  1.939  11.702  

Table 9 
Comparison of effective bandwidth (Δλeff, nm), emission peak cross-section 
(σem

max × 10–21 cm2), and gain bandwidth (σem
max × Δλeff × 10–26 cm3) of 

3H4→3F4 emission transition for different Tm3+-doped glass systems.  

Glass system Δλeff σem
max  σem

max ×

Δλeff  

Reference 

Glass A 121.228 1.832  2.22 Present 
work 

1 mol% Tm3+: ZBLAN glass 76 1.8  1.368 [84] 
0.5 mol%: 75TeO2:10ZnO:15Na2O 

glass 
114 3.6  4.104 

0.2 wt% Tm2O3-doped LKBBG glass 122 3.34  4.07 [85] 
Tm3+: TeO2-WO3-PbO (TWP20) 

glass 
102 4  4.08 [86] 

1 mol% Tm3+: 60Bi2O3–20SiO2- 
20Ga2O3-1.5AgNO3 glass 

128 4.8  6.14 [4] 

Tm3+-doped KCaAlP glass 125.21 2.37  2.967 [69] 
Tm3+: P2O5 + K2O + SrO + Al2O3 

glass 
120 3.37  4.04 [70]  
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radiatively deexcite to 3H6 and 3F4 states causing weak blue and red 
fluorescences (479 nm and 650 nm) accordingly. Likewise, under 808 
nm LD excitation, first, Tm3+ ions in 3H6 state are promoted to 3H4 level. 
Later a considerable fraction of Tm3+ ions will radiatively relax to 3F4 
state giving NIR emission peaked at 1.463 μm. Though the CR ET process 
(3H4+

3H6→3F4+
3F4) adversely affects the population of Tm3+ ions at 

the 3H4 level it is advantageous in acquiring intense NIR fluorescence 
radiative transition (3F4→3H6) centered at 1.8 μm owing to the existing 
high energy gap (~6,000 cm–1) between 3F4 and 3H6 states. In glasses, 
generally doping lower Tm3+ ion contents are favorable for S-band 
amplifiers usage, and appropriate large Tm3+ concentrations are desir-
able for designing 1.8 μm NIR lasers [85]. 

Conclusions 

Six transparent Tm3+-doped (1 mol%) B2O3-BaO-ZnO-LiF glasses 
having single and mixed alkali oxides as Li2O (A), Na2O (B), and K2O 
(C), and Li2O-Na2O (D), Na2O-K2O (E), and Li2O-K2O (F) sequentially 
were prepared by the melt-quenching route. All these glasses were 
characterized by optical absorption, Vis-NIR luminescence and decay 
times, and analyzed. From UV absorption spectra, λedge, Eopt, and Urbach 
energies (ΔE) were estimated where Eopt and ΔE relied on NBOs number 
and all A–F samples have larger ΔE values (0.39–0.508 eV range) sug-
gesting maximal defects or disorders in their amorphous structure. 
Applying J–O theory, Ω2 > Ω4 > Ω6 trend for A, B, D, and F glasses, and 
Ω2 > Ω6 > Ω4 and Ω2 > Ω6 > Ω4 courses for C and E samples accordingly 
were derived with fewer δrms deviations (good least-squares fit) between 
fexp and fcal. For sample B, evaluated larger Ω2 signifies a lower sym-
metry at Tm3+ ion sites locality and high covalency between Tm3+ and 
O2– ions. Ωλ (λ = 2, 4, 6) parameters were used to compute AR, βR, and τR 
of Tm3+ ion’s all emitting levels in A–F glasses. Glass B has relatively 
large AR (=4825 s–1) and moderate βR (=22.92%) for 1D2→3F4 transition 
for effective blue lasing action. Upon 358 nm pumping, four visible 
luminescence bands centered at 454 nm, 479 nm, 514 nm, and 650 nm 
respectively were observed, and in them, blue emission (1D2→3F4) 
dominates for all A–F glasses. In all samples, glass B has the highest σem

max 
(=5.89 × 10–21 cm2) andσem

max × Δλeff (=9.69 × 10–27 cm3), and maximal 
G(λ, P) (=1.395 dB/cm at P = 1) value for 1D2→3F4 transition to uti-
lizing it as an active medium for blue lasers and high-density optical data 
storage devices application. 1D2 excited state decay curves of all A–F 
glasses were fitted well using double-exponential function. Under λex =

358 nm, all A–F glasses’ CIE coordinates were located in the purplish- 
blue region, and deduced high CP (%) values are varied at 97.8–100 
range. In all A–F samples, a broad asymmetric NIR fluorescence band 
centered at 1463 nm (3H4→3F4 transition) was noticed upon 808 nm LD 
excitation as 1.46 μm emission is highly essential since it is the next 
minimal loss communication window to Er3+ ion’s NIR (~1.55 μm) 
luminescence. The obtained variations in Δλeff and σem

max of 3H4→3F4 
transition indicated a considerable effect of changing alkali oxides on 
the Tm3+ ions’ environment in the glass matrix. Considering 3H4→3F4 
transition, although A–F glasses have lower σem

max values, Δλeff values are 
considerably higher than those of Tm3+: tellurite glasses, and σem

max for 
sample A is larger than that of fluoride (Tm3+: ZBLAN) glass value. Wide 
Δλeff (=121 nm) (covering entire S-optical band), large σem

max (=1.832 ×
10–21 cm2), high(σem

max × Δλeff) (=2.22 × 10–26 cm3), large σem
max × τrad 

(=12.608 × 10–25 cm2s), and G(λ, P) = 0.085 dB/cm at P = 0.6 for 
3H4→3F4 transition in glass A specifies its potential as a medium for 
wideband amplification application in WDM optical systems. 
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