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A B S T R A C T

Alkali and alkaline zinc fluorophosphate (ZFP) glasses doped with Ho3+ ions were synthesized and characterized 
for potential visible green emission applications. The glasses were prepared using the melt-quenching technique 
with varying concentrations of Ho2O3 (0.5, 1.0, 1.5, and 2.0 mol%). The amorphous nature of the glasses was 
confirmed using X-ray diffraction (XRD) analysis. The presence of functional groups and structural units was 
determined by Fourier transform infrared (FTIR) spectroscopy and Raman spectroscopy. The optical absorption 
spectra exhibited ten peaks attributed to transitions from the ground state (5I8) to various excited states of Ho3+. 
Judd-Ofelt (JO) intensity parameters (Ω2, Ω4, and Ω6) were evaluated, and the trend Ω2>Ω4>Ω6 was observed 
for all glasses, indicating low symmetry and high covalency around Ho3+ ions. The emission spectra obtained 
under 450 nm excitation, revealed three main peaks corresponding to the 5F4→5I8, 5F5→5I8, and 5F4→5I7 tran-
sitions. The 5F5→5I8 transition exhibited the highest branching ratio, stimulated emission cross section, and 
bandwidth gain among the observed transitions. The ZFPHo0.5 glass, containing 0.5 mol% Ho2O3, demonstrated 
the highest branching ratio (96.30 %), stimulated emission cross-section (3.28 × 10− 22 cm2), and bandwidth gain 
(9.68 × 10− 28 cm3) for the 5F5→5I8 transition, suggesting its suitability for visible laser applications. The decay 
profiles of the glasses followed a double exponential decay, and the lifetime decreased with increasing Ho3+

concentration, owing to concentration quenching. The CIE chromaticity coordinates of the glasses fell within the 
yellowish-green region, with high colour purity (86.1–87.3 %) and correlated colour temperatures in the range of 
direct sunlight (4620–4773 K). The results indicate that Ho3+-doped alkali and alkaline zinc fluorophosphate 
glasses, particularly ZFPHo0.5, are promising candidates for visible-green emission applications.

1. Introduction

Rare-earth element-doped glasses are important materials for 
broadband optical amplifiers, temperature sensors, up-conversion 
luminescence, solid-state lasers, display devices, and optical fiber tech-
nology [1]. In this study, zinc fluorophosphate glasses doped with Ho3+

ions were investigated, where the host was phosphate, the network 
modifier was zinc oxide (ZnO), alkaline oxides such as magnesium oxide 
(MgO), alkali fluorides such as potassium fluoride (KF) and bismuth 
trifluoride (BiF3), and the activator or dopant was holmium oxide 
(Ho2O3). Holmium, a rare earth ion, plays a vital role in laser 

applications because of its relatively large emission cross-section and 
metastable energy level [2]. Ho3+ ions emit light in several regions, 
including the blue, green, red, and near-infrared regions, which makes 
them useful for a variety of purposes, such as radar, visible lasers, and 
cancer diagnosis [3]. The emission and luminescence decay of the Ho3+

ions are noteworthy. When glasses are doped with Ho3+ ions, visible 
green and red emissions generally occur owing to the following transi-
tions: (5F4,5S2) →5I8 and 5F5→5I8 [4]. The positions and intensities of 
these emissions depend on the base matrix and concentration of Ho3+

ions.
The use of fluoride as a starting material in the production of 
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phosphate glasses is crucial for optical applications [5] because it en-
ables the glasses to act as hosts for luminescent rare-earth ions and en-
dows them with the optical properties of fluoride glasses. These glasses 
also exhibit exceptional mechanical and thermal stabilities. These 
glasses possess a high level of chemical stability, low melting point, 
excellent resistance to moisture, relatively low refractive index, and low 
phonon energy, making them highly transparent in the UV region [6]. 
Fluorophosphate glasses offer a promising foundation for a wide range 
of applications in optics, photonics, and energy storage [7]. Ho3+

ion-containing fluorophosphate glasses are promising candidates for 
efficient mid-infrared lasers [8] and green luminescent device applica-
tions [9,10].

Recently, there has been considerable academic interest in various 
glass matrices doped with Ho3+ ions owing to their luminescent and 
laser properties. Recently, Mariselvam et al. (2021) studied a TiO2‒ 
PbO‒CaF2‒Li2CO3‒H3BO3 glass system doped with Ho3+ ions, focusing 
on its application in colour displays and optoelectronics [3]. Shoaib 
et al. (2022) examined the effect of fluoride on the luminescence 
properties of Ho3+ ion-doped BaO-ZnO-Gd2O3-P2O5 and BaO-Z-
nO-GdF3-P2O5 glass systems [2]. Baino et al. (2023) explored the po-
tential of Ho3+ ions in the SiO2-CaO-P2O5 glass system for 3D scaffold 
applications [11]. Vani et al. (2023) investigated the structural, thermal, 
linear, and nonlinear optical properties of a TeO2+ZnO + BaF2+BaCO3 
glass system doped with Ho3+ ions [12]. Pisarska et al. (2023) used the 
Judd-Ofelt (JO) theory to study a TiO2-GeO2-BaO-Ga2O3 system doped 
with Ho3+ ions [13]. Naik et al. (2023) investigated the luminescence 
properties of holmium-doped zinc magnesium lithium fluoroborate 
(ZMLB) glasses [14]. The present study focuses mainly on the evaluation 
of zinc fluorophosphate glasses doped with Ho3+ ions for potential use in 
solid-state visible laser applications. A thorough investigation was 
conducted, which included a detailed examination of optical absorption 
using Judd-Ofelt analysis, as well as profiles of emission, decay, and 
colour characteristics.

2. Experimental

2.1. Glass preparation

The current study utilized a conventional method, melt quenching, 
to fabricate ZFP glasses with various concentrations of Ho3+ ions. High- 
grade chemicals with a purity of 99.99 %, including Himedia 
NH4H2PO4, KF, MgO, ZnO, Ho2O3, and Otto’s BiF3, were used according 
to the empirical formula (60-x) P2O5+10MgO+10ZnO+10BiF3+10 KF 
+ xHo2O3, with x values of 0.5, 1.0, 1.5, and 2.0 mol%. The composi-
tions of the glass systems and their codes are presented in Table 1.

The chemicals were mixed in a stoichiometric ratio and ground using 
an agate mortar to ensure their homogeneity. The mixture was then 
placed in an aluminium crucible and heated in an electric heating 
chamber at 1150 ◦C for 1 h. Subsequently, the molten substance was 
quenched on a brass plate and pressed through another brass plate. To 
minimize internal stress, the resulting transparent glasses were placed in 
an electric heating chamber and annealed at 400 ◦C for 3 h. Finally, the 
glass was cooled to room temperature after annealing.

2.2. Characterization

The refractive indices (n) of the Ho3+ ion-doped ZFP glass were 
precisely determined at room temperature using an Abbe ATAGO 
refractometer operating at a yellow sodium D spectral line of 589 nm 
with 1-bromonaphthalene serving as the contact liquid. The densities of 
the synthesized Ho3+-ion-doped alkali and alkaline ZFP glasses were 
determined at room temperature using a Shimadzu digital weighing 
balance and Archimedes’ principle, with deionized water serving as the 
immersion liquid. The amorphous nature of Ho3+-ion-doped alkali and 
alkaline ZFP glasses was characterized using a Rigaku Mini Flex 600 X- 
ray diffractometer with Cuα radiation. A JSM-IT 500 MODEL manu-
factured by JEOL, equipped with a remarkable AMETEK EDS device, 
was used to capture the SEM images. The KBr pellet technique was 
employed to acquire FTIR spectra in the 4000-500 cm− 1 range via a 
Bruker Alpha Compact FTIR spectrophotometer. An Invia Reflex Laser 
Confocal Raman Microscope with a spectrometer (Renishaw Metrolog-
ical Systems UK) was used to acquire the Raman spectrum, which ranged 
from 100 cm− 1 to 1500 cm− 1. A JASCO V570 spectrophotometer with a 
resolution of 1.0 nm was used to record the optical absorption spectra in 
the UV–Vis–NIR region at room temperature. A JOBIN YVON Fluorolog- 
3 fluorometer equipped with a double-beam monochromator in front- 
surface mode (22.5◦) and a 450 W xenon lamp as the excitation 
source was used to measure the excitation and emission spectra and 
decay profiles of alkali and alkaline ZFP glasses doped with Ho3+ ions at 
all concentrations in the visible region.

3. Results and discussion

3.1. Physical properties

At room temperature, the n values of alkali and alkaline ZFP glasses 
doped with Ho3+ were evaluated at various concentrations (0.5, 1.0, 1.5, 
and 2.0 mol%), and the observed values were 1.651, 1.652, 1.654, and 
1.655, respectively. Density (ρ) exhibited a positive linear relationship 
with the quantity of holmium. In particular, the density (ρ) values of 
Ho3+ ions doped at 0.5, 1.0, 1.5, and 2.0 mol% ZFP glasses were 3.249, 
3.592, 3.759, and 4.001 gm/cm3, respectively. These findings suggest 
that the concentration of holmium ions directly affects the enhancement 
of both refractive indices and density values. Other physical parameters 
were calculated via density (ρ) and refractive index (n) using equations 
explained elsewhere in the literature [15]. The results are presented in 
Table 2. As shown in Fig. 1, as the concentration of Ho3+ ions increased, 
the molar volume (Vm) of the alkali and alkaline ZFP glasses decreased 
from 56.431 to 46.378 cm3 mol− 1, the molar refraction (Rm) values 
decreased from 20.608 cm3 to 17.019 cm3, the electronic polarizability 

Table 1 
Nominal compositions of the prepared glass system with respective codes.

Glass code Composition (mol %)

MgO ZnO KF BiF3 P2O5 Ho2O3

ZFPHo0.5 10 10 10 10 59.5 0.5
ZFPHo1.0 10 10 10 10 59.0 1.0
ZFPHo1.5 10 10 10 10 58.5 1.5
ZFPHo2.0 10 10 10 10 58.0 2.0

Table 2 
Important physical and optical parameters.

Parameter ZFPHo0.5 ZFPHo1.0 ZFPHo1.5 ZFPHo2.0

Refractive Index, n 1.651 1.652 1.654 1.655
Thickness t (cm) 0.265 0.325 0.375 0.285
Density, ρ (gm/cm3) 3.249 3.592 3.759 4.001
Average Molecular Weight (gm/ 

mol)
183.34 184.08 184.82 185.56

Concentration, N × 1022 (ions/ 
cm3)

0.534 1.175 1.837 2.597

Molar Volume, Vm (cm3.mol− 1) 56.431 51.248 49.168 46.378
Molar Refraction, Rm (cm3) 20.608 18.738 18.021 17.019
Transmission Coefficient T 0.886 0.886 0.886 0.885
Reflection Loss, RL (%) 6.030 6.044 6.072 6.086
Molar electronic polarizability, 

αm (10− 24.cm3)
8.178 7.436 7.151 6.754

Dielectric Constant ε 2.726 2.729 2.736 2.739
Optical Dielectric Constant εopt 1.726 1.729 1.736 1.739
Metallization factor (m) 0.635 0.634 0.633 0.633
Inter ionic distance Ri (Å) 1.233 0.948 0.816 0.728
Polaran Radius RP (Å) 0.789 0.606 0.522 0.465
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(αm) decreased from 8.178 cm3 to 6.754 cm3, and the interionic distance 
and polaron radius decreased from 1.233 to 0.728 Å and 0.789 Å to 
0.465 Å, respectively. The reflection loss, dielectric constant, and optical 
dielectric constant increased from 6.030 % to 6.086 %, 2.726 to 2.739, 
and 1.726 to 1.739, respectively. Density and molar volume are useful 
for predicting structural changes in glass matrices [16]. This increase in 
density may be due to the replacement of the less dense oxides (P2O5) 
with denser oxides (Ho2O3). A decrease in molar volume indicates a 
change in the structure of the vitreous network as a function of 
composition [17]. The calculated metallization factor (M) values indi-
cate that Rm/Vm < 1, which indicates that the prepared glasses are 
amorphous in nature and supports the XRD results [18].

3.2. XRD analysis

X-ray diffraction (XRD) patterns are shown in Fig. 2, revealing the 
characteristics of alkali and alkaline ZFP glasses doped with Ho3+. After 
inspection, no peaks were observed, indicating the presence of crystals. 
Instead, a wide hump, which is characteristic of amorphization, is 
observed in the 10–40◦ range. Thus, the XRD profiles show that the glass 
samples under investigation maintained their amorphous nature.

3.3. Morphological studies

Fig. 3 shows the EDX spectrum of a typical ZFPHo2.0 glass sample. 
The peaks in Fig. 3 represent the distinctive X-rays of P, O, F, Zn, Ho, K, 
Mg, and Bi, which are evenly distributed across the observation region. 
Significant intensities were observed among the peaks at approximately 
0.5 keV and 2.0 keV, which correspond to phosphorus and oxygen, 
respectively. This spectrum indicates the presence of components in the 
analyzed glass samples. The surface morphologies of alkali and alkaline 
ZFP glasses doped with 2.0 mol% Ho3+ ions were captured by scanning 
electron microscopy (SEM), as shown in the inset of Fig. 3. The inset of 
the morphological image in Fig. 3 shows the surface morphology of the 
glass sample, revealing that there were no crystals or flaws on the sur-
face. SEM and EDS confirmed that the prepared glass samples were 
amorphous and that all the elements were present.

3.4. Vibrational studies (FTIR and Raman spectroscopy)

The presence of functional groups and configurations of different 
structural units in the synthesized glasses were determined by Fourier 
transform infrared (FTIR) spectroscopy [19]. Vibrations related to 
structural units are thought to be independent of those generated by 
nearby units [20]. Fig. 4 shows the FTIR spectra of alkali and alkaline 
ZFP glasses doped with different concentrations of Ho3+ ions. One can 
perceive eleven IR bands at 539, 726, 902, 1077, 1269, 1479, 1595, 

Fig. 1. Variation of properties with respect to concentration of Ho3+ ions a) Refractive index vs Density b) Density vs Molar volume.

Fig. 2. X-ray diffraction profiles of ZFP glasses doped with different concen-
trations of Ho3+ ions.

Fig. 3. Representative image of surface morphology and EDX spectrum of ZFP 
glasses doped with 2.0 mol% of Ho3+ ions.
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2343, 2956, 3750 and 3810 cm− 1, which are in the range of 4000-500 
cm− 1. Among the 11 bands, five were in the functional group region and 
the remaining six were in the fingerprint region. The P-O bond 
stretching vibrations with Zn-O vibrations are responsible for the band 
at 539 cm− 1 [21]. The band at 726 cm− 1 is attributed to P–O–P bond 
symmetric stretching vibrations [9]. The symmetric stretching of the 
νsy(P-O-P) molecule with P-F groups and a linear metaphosphate chain is 
indicated by the band at 902 cm− 1 [22]. The P–O and P–O–H stretching 
vibrations are represented by bands at 1077 cm− 1 and 1479 cm− 1, 
respectively [23]. The asymmetric stretching vibrations of tetrahedral 
[PO4]3- units linked to two nonbridging oxygen atoms (NBOs) are 
responsible for the peak at 1269 cm− 1 [24]. The asymmetric stretching 
vibrations of the O–H bond are responsible for the vibrational band at 
2343 cm− 1 [25]. Owing to the presence of NBOs in phosphate, the 
H–O–H stretching vibrations of hydroxyl groups are responsible for the 
peaks at approximately 3755 and 3810 cm− 1 [26]. As the concentration 
of Ho3+ increased (Fig. 4), only the band intensities changed, leaving the 
total number of bands unchanged.

The Raman spectrum of the ZFPHo1.5 glass sample is shown in Fig. 5. 

Five Raman bands were identified in the studied glass, with Raman shifts 
of 258, 340, 575, 702, and 1139 cm− 1. The band at 1139 cm− 1 displayed 
the highest intensity among the five bands and was attributed to the 
symmetric stretching vibration of the O-P-O groups in the Q2 tetrahedra 
of the metaphosphate glass [27]. The remaining Raman bands were 
attributed to the weak vibrations caused by PO2 bending (258 cm− 1) 
[27], P-O-Zn chain bending (340 cm− 1) [28], O-P-O tetrahedral PO4

3−

bending (575 cm− 1) [29], and P-O-P bridge oxygen stretching (702 
cm− 1) [30]. The Raman spectra suggest that the prepared alkali and 
alkaline zinc fluorophosphate glasses were constructed using phosphate 
and different network modifiers, as identified by FTIR.

3.5. Analysis of the optical absorption spectra and oscillator strengths

The optical absorption spectra of the Ho3+-ion-doped alkali and 
alkaline ZFP glasses were observed in the UV–visible region, as shown in 
Fig. 6. Ten peaks are observed. According to Carnall [31], these peaks 
are attributed to transitions of Ho3+ ions from the ground state 5I8 to 
different excited states, 5F5, 5F4, 5F3, 5F2, 5F1, (5G, 3G)5, 5G4, 3H6, 3L9, 
and 3K6, at wavenumbers of ~15612, ~18635, ~20612, ~21271, 
~22418, ~24003, ~25980, ~27782, ~29054, and ~30054 cm− 1, 
respectively. The 5I8→5F1 transition occurring at approximately 22,218 
cm− 1 is more intense than the other transitions and is sensitive to 
changes surrounding the Ho3+ ions, and adheres to the selection criteria 
of 2≥ǀΔLǀ, ΔS = 0, and 2≥ǀΔJǀ [3]. Hence, the 5I8→5F1 transition is 
referred to as the hypersensitive transition (HST). Using the most 
well-known theory proposed by prominent scientists B. R. Judd [32] and 
G. S. Ofelt [33], called the Judd-Ofelt theory, calculated oscillator 
strengths for the different transitions found in the absorption spectra of 
alkali and alkaline ZFP glasses containing Ho3+ ions. The probability of 
transitions between the energy levels in atoms or molecules is measured 
by oscillator strength, a dimensionless quantity [1]. There are two types 
of oscillator strengths: experimental (fexp) and theoretical (fcal) [34]. 
According to JO theory [35], both the experimental (fexp) and theoret-
ical (fcal) oscillator strengths were calculated using the following 
equations: 

fexp = 4.319 × 10− 9
∫

ε(ϑ)dϑ (1) 

where ε(ϑ) is the molar extinction coefficient. 

fcal =
8π2mcv

3he2(2j + 1)
×
(n2 + 2)2

9n
∑

λ=2,4,6
Ωλ〈ψj ‖ Uλ ‖ ψJʹ〉2 (2) 

where h, e, and m are the Planck’s constant, charge, and mass of an 
electron, respectively. Where 

∑
λ=2,4,6Ωλ〈ψ j ‖ Uλ‖ ψJʹ〉2 is the line 

Fig. 4. Fourier transform IR spectra of ZFP glasses doped with 0.5 and 2.0 mol 
% of Ho3+ ions.

Fig. 5. Deconvoluted Raman spectrum of ZFP glass doped with 1.5 mol% 
Ho3+ ions.

Fig. 6. Optical absorption spectra of ZFP glasses doped with different con-
centrations of Ho3+ ions in the UV–Visible region.

B. Bujji Babu et al.                                                                                                                                                                                                                             Journal of Luminescence 280 (2025) 121130 

4 



strength, n is the refractive index, and Ωλ represents the JO parameter. 
The results are presented in Table 3. Table 3 shows that the oscillator 
strengths (fexp and fcal) of the 5I8→5F1 transition occurred at a wave-
number of 22,218 cm− 1, which is noteworthy for all the fabricated alkali 
and alkaline ZFP glasses. Among the prepared alkali and alkaline ZFP 
glasses, glasses doped with 0.5 mol% Ho3+ (ZFPHo0.5) presented the 
highest oscillator strengths (fexp, and fcal). This indicates that the 
ZFPHo0.5 glass exhibits the highest radiative transition probabilities. To 
evaluate the quality of fit between the experimental (fexp) and theoret-
ical (fcal) oscillator strengths, the root-mean-square deviation (δRMS) was 
calculated using the following equation [36]: 

δRMS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑(

fexp − fcal

)2

N

2

√
√
√
√ (3) 

where N is the number of transitions used in the fit. The obtained δRMS 
values were very low (0.63 × 10− 6, 0.18 × 10− 6, 0.13 × 10− 6, and 0.11 
× 10− 6) for the studied alkali and alkaline ZFP glasses doped with Ho3+

ions. These low δRMS values demonstrate a good fit between the theo-
retical and experimental (fexp and fcal) oscillator strengths, and confirm 
the accuracy of the JO intensity parameters [37].

3.6. Analysis of Judd-Ofelt (JO) and radiative parameters

A deeper understanding of the nearby framework encompassing 
rare-earth ions via an analysis of the JO intensity parameters Ωλ (where 
λ = 2,4, and 6) is feasible. The Ω2 value generally characterizes the 
degree of asymmetry and covalency between the RE ions and local 
ligand anions, whereas the Ω4 and Ω6 values reflect the bulk properties 
of the medium, such as rigidity and viscosity [4]. The Ω2 value is 
strongly influenced by hypersensitive transitions in the absorption 
spectra [38]. The JO intensity parameters Ωλ (λ = 2,4,6) of the alkali and 
alkaline ZFP glasses doped with Ho3+ ions were computed using the 

following equation [39], Ωλ = 9.22 × 10− 12
[
9n(2J + 1)
(n2 + 2)2

]

× Tλ (4) 

where n and J denote the refractive index and ground state, respectively, 
and Tλ represents the product of the total reduced matrix elements and 
the overall experimental oscillator strength. Table 4 presents the 
Judd-Ofelt intensity parameters for the studied alkali and alkaline ZFP 
glasses, along with those of other Ho3+-doped glasses from previous 
reports. In the present study, the JO intensity parameters of all studied 
alkali and alkaline ZFP glasses exhibited a consistent trend of 
Ω2>Ω4>Ω6. Each glass system has distinctive intensity parameters, 
covalence, and asymmetry factors; however, the Ho3+ ion-infused glass 
systems, including LaF3 [40], fluoride [41], LBTAFHo10 [42], BaP-
bAlFBHo0.5 [28], GdCaSBHo10 [3], and AYFT [43], followed the same 
trend. It is evident from the present study that the Ω2 parameter mag-
nitudes are larger than those of the Ω4 and Ω6 parameters, confirming 

the low symmetry and high covalency of Ho3+ ions in the prepared alkali 
and alkaline ZFP glasses. The JO parameters exhibited variations in 
relation to the glass composition, following the descending order of 
ZFPHo0.5>ZFPHo1.0>ZFPHo2.0>ZFPHo1.5. The JO parameters 
decreased as the concentration of Ho3 + ions increased from 0.5 to 1.5 
mol%. However, upon further increasing the concentration of Ho3+ ions, 
the JO parameter increased. As the Ho3+ ion concentration increased 
from 0.5 to 1.5 mol%, the magnitude of Ω2 decreased, indicating a 
reduction in the asymmetry and covalency of the Ho-O bond [20]. 
However, beyond 1.5 mol%, the Ω2 value increases with increasing 
Ho3+ ion concentration, suggesting an increase in the asymmetry and 
covalency of the Ho-O bond due to the cross-relaxation process. Glass 
ZFPHo0.5 has significant JO parameters, specifically Ω2 (1.38 × 10− 20), 
Ω4 (0.56 × 10− 20) and Ω6 (0.55 × 10− 20), indicating exceptional quality. 
The quality factor (χ), which can be used to predict the stimulated 
emission of laser materials, is the ratio of Ω4 to Ω6 [13]. These values 
were calculated for all the studied Ho3+-doped alkali and alkaline ZFP 
glasses, and the results are presented in Table 4. As shown in Table 4, the 
quality factor (χ) values were in the range of 1.0–1.80. The obtained 
higher value of the spectroscopic quality factor is beneficial for lasing 
applications [44].

Using the J-O intensity parameters and refractive indices (n), radi-
ative properties such as the radiative total transition probabilities (AT) 
and radiative lifetimes (τR) of 3H5, 5G6, 3K8, 5F2, 5F3, 5F4, and 5F5 excited 
levels of the studied alkali and alkaline ZFP glasses doped with different 
concentrations of Ho3+ ions were calculated. Table 5 presents the results 
of this study. The magnitudes of the total radiative transition probabil-
ities (AT) were in the order 5G6 >

3H5 >
5F4 >

5F3 >
5F5 >

5F2 >
3K8 for 

all the studied ZFP glasses. Among the four prepared alkali and alkaline 
ZFP glasses, the ZFPHo0.5 glass had the highest magnitude of total 
transition probability (AT) compared to the remaining studied glasses at 
all levels. The magnitude of the AT for the ZFPHo0.5 glass was 8535 s− 1 

for the 5G6 level. The radiative lifetime (τR) is the inverse of the total 
transition probability (AT). The radiative lifetime (τR) values were 
calculated for all levels of the Ho3+-doped alkali and alkaline ZFP 
glasses. In this study, the 3K8 level had the highest magnitude of radi-
ative lifetime (τR) among all the levels. The magnitudes of the radiative 
lifetimes (τR) were in the order of 5G6 <

3H5 <
5F4 <

5F3 <
5F5 <

5F2 <
3K8 for all glasses. Among the studied glasses, the ZFPHo2.0 glasses had 
the highest radiative lifetime of 10707 μs for the 3K8 level.

3.7. Photoluminescence analysis

The excitation spectra of various concentrations of Ho3+-doped al-
kali and alkaline ZFP glasses were recorded at room temperature in the 
range 350–500 nm. These spectra were identical to the excitation 

Table 3 
Experimental and calculated oscillator strengths (fexp, fcal × 10− 6) of certain 
excited states and root mean square deviations (δRMS × 10− 6) of studied ZFP 
glasses doped with different concentration of Ho3+ ions.

Transition 
5I8→

ZFPHo0.5 ZFPHo1.0 ZFPHo1.5 ZFPHo2.0

fexp fcal fexp fcal fexp fcal fexp fcal

5F5 0.55 0.82 0.33 0.36 0.15 0.21 0.14 0.20
5F4 0.92 0.93 0.39 0.40 0.23 0.22 0.22 0.21
5F3 0.49 0.37 0.15 0.16 0.09 0.08 0.08 0.07
5F2 0.58 0.21 0.20 0.09 0.11 0.05 0.10 0.04
5F1+

5G8 5.48 5.58 2.38 2.42 1.66 1.69 1.99 2.00
(5G, 3G)5 1.00 0.68 0.36 0.31 0.26 0.21 0.27 0.22
5G4 0.56 0.09 0.16 0.04 0.14 0.02 0.16 0.02
3H6 1.71 0.95 0.70 0.41 0.48 0.29 0.44 0.35
3L9 1.19 0.31 0.29 0.13 0.22 0.07 0.20 0.07
3K6 1.44 0.01 0.44 0.01 0.29 0.00 0.27 0.00
δRMS ±0.63 ±0.18 ±0.13 ±0.11

Table 4 
JO intensity parameters (Ω2, Ω4, Ω6 × 10− 20 cm2), trends and spectroscopic 
quality factor(χ) of studied ZFP glasses along with other glasses doped with Ho3+

ions.

Glass code Ω2 Ω4 Ω6 Trend Quality factor 
(χ)

ZFPHo0.5[Present 
work]

1.38 0.56 0.55 Ω2>Ω4>Ω6 1.00

ZFPHo1.0[Present 
work]

0.59 0.26 0.24 Ω2>Ω4>Ω6 1.08

ZFPHo1.5[Present 
work]

0.42 0.17 0.12 Ω2>Ω4>Ω6 1.41

ZFPHo2.0[Present 
work]

0.51 0.18 0.10 Ω2>Ω4>Ω6 1.80

LaF3 [40] 1.03 0.98 0.31 Ω2>Ω4>Ω6 3.16
Fluoride [41] 2.78 1.39 1.23 Ω2>Ω4>Ω6 1.13
LBTAFHo10 [42] 2.74 2.35 1.72 Ω2>Ω4>Ω6 1.37
BaPbAlFBHo0.5 [28] 2.98 2.92 1.35 Ω2>Ω4>Ω6 2.16
GdCaSBHo10 [3] 2.84 2.11 1.18 Ω2>Ω4>Ω6 1.79
AYFT [43] 1.68 1.64 0.89 Ω2>Ω4>Ω6 1.84
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spectra of 0.5 mol% Ho3+-doped alkali and alkaline ZFP glass, as shown 
in Fig. 7. As shown in Fig. 7, the spectra exhibited six peaks at wave-
lengths of 362, 373, 418, 450, 473, and 487 nm. These peaks were due to 
transitions from the ground state 5I8 to different excited states 3H6, 5G4, 
(5G,3G)5, 5F1, 5F2, and 5F3. Among the six peaks, the peak at 450 nm is 
significantly more intense than the other peaks. This indicates that the 
5I8→5F1 transition at 450 nm can effectively serve as an excitation 
source for capturing the emission spectra of the fabricated alkali and 
alkaline ZFP glass samples.

The emission spectra of the Ho3+ ion-doped alkali and alkaline ZFP 
glasses, when excited at 450 nm in the UV–vis region, are displayed in 
Fig. 8. Three main peaks were observed in the emission spectra, which 
were assigned to the 5F4→5I8, 5F5→5I8, and 5F4→5I7 transitions, corre-
sponding to wavelengths of ~538, ~679, and ~764 nm, respectively 
[45]. The figure shows that Among the three peaks, the peak at 679 nm 
had the highest intensity. One of the most important parameters in laser 
physics and optical engineering is the stimulated emission cross-section 
(σP), which is considered when analysing laser characteristics. Another 
important factor in laser design is the branching ratio [46]. The suit-
ability of a material for laser applications depends critically on its 
stimulated emission cross-section (σP), branching ratio (βexp), and 
bandwidth gain (BWG) values [2]. To select materials for lasing appli-
cations, materials with branching ratios equivalent to or greater than 50 
% are required to yield better laser action [47]. Among the three tran-
sitions, the 5F5→5I8 transition resulted in the highest branching ratio. 
Among the prepared glasses, the ZFPHo0.5 glass had the highest 
branching ratio (βexp) of 96.30 % for the 5F5→5I8 transition. Stimulated 
emission cross-sections (σP) were calculated using the following 
Füchtbauer ‒Ladenburg equation [48,49]: 

σP =
λ4

p × AR

8πcn2 × Δλeff
(5) 

where λP, AR, and Δλeff are the wavelength of the peak stimulated 
emission, the transition probability rate, and the effective bandwidth of 
the transition, respectively. The bandwidth (BWG) gains were calculated 
from the obtained stimulated emission cross-section (σp) values and the 
effective bandwidths (Δλeff). Bandwidth gain is the product of the 
stimulated emission cross-section (σP) and effective bandwidth (Δλeff) of 
the transition [50] and is an important laser parameter for identifying 
lasing in glass hosts and near-infrared broadband amplification [51]. 
Table 6 presents the results. As shown in Table 6, the 5F5→5I8 transition 
displayed higher values of experimental branching ratios (βexp, %), 
stimulated emission cross-sections (σp × 10− 22 cm2), and bandwidth 
gains (σp × Δλeff) among the three observed transitions. Upon increasing 
the concentration of Ho3+ ions, the stimulated emission cross-section 
(σP) decreased. Typically, transitions with a higher value of the emis-
sion cross-section (σP) demonstrate high-gain and low-threshold laser 
operation [52]. For the prepared glasses, among the three transitions, 
the 5F5→5I8 transition resulted in high magnitudes of stimulated emis-
sion cross sections (σP) and bandwidth gain (σp × Δλeff) values of 3.28 ×
10− 22 cm2, and 9.68 × 10− 28 cm3, respectively. Among the four fabri-
cated alkali and alkaline ZFP glasses, the ZFPHo0.5 glass had elevated 
values of βexp, σP, and σp × Δλeff compared with those of the other 
glasses. Based on the results obtained, it can be inferred that ZFPHo0.5 
glass has potential as a suitable contender for visible-laser applications.

Ho3+ ion-doped alkali and alkaline ZFP glasses were stimulated at a 
wavelength of 450 nm, and their emission spectra were subsequently 

Table 5 
Radiative total transition probabilities (AT, s− 1), and radiative lifetimes (τR, μs) of certain excited states of studied ZFP glasses doped with different concentration of 
Ho3+ ions.

Glass code 3H5
5G6

3K8
5F2

5F3
5F4

5F5

AT τR AT τR AT τR AT τR AT τR AT τR AT τR

ZFPHo0.5 5160 194 8535 117 394 2541 510 1960 880 1136 1120 893 746 1341
ZFPHo1.0 2248 445 3719 269 171 5851 222 4513 385 2598 494 2026 331 3020
ZFPHo1.5 1515 660 2570 389 97 10309 117 8547 208 4803 274 3647 189 5288
ZFPHo2.0 1735 576 3007 333 93 10707 103 9756 188 5325 254 3943 180 5556
              

Fig. 7. Representative excitation spectrum of 0.5 mol% Ho3+ ions doped ZFP 
glass sample.

Fig. 8. Emission spectra of ZFP glass doped with different concentrations of 
Ho3+ ions at stimulated wavelength of 450 nm.
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utilized to determine the color coordinates, which are illustrated in the 
1931 CIE color chart shown in Fig. 9, and the values are presented in 
Table 7. These color coordinates fall within the yellowish–green region 
and are situated near the locus line. The CCT values were computed 
using the following equation of McCamy’s approximation [53], the 
correlated colour temperatures (CCTs) were computed. 

CCT = 437n3 + 3601n2 + 6861n + 5517 (6) 

n is the reciprocal slope calculated using the equation, 
n= (x − 0.332) /(y − 0.186), where x and y are the chromaticity co-
ordinates. The color purity and dominant wavelengths were calculated 
using Osram color calculator software, and the results are presented in 
Table 7. The calculated CCT values ranged from 4620 K to 4773 K, 
falling within the range of direct sunlight (4500–5000 K). The color 
purities were in the range of 86.1–87.3 %. Among the prepared glasses, 
the ZFPHo0.5 glass had the highest color purity (87.3 %).

Fig. 10 shows the normalized luminescence decay profiles of alkali 

and alkaline ZFP glasses doped with different concentrations of Ho3+

ions for the 5F5→5I8 transition at an excitation wavelength of 450 nm. 
The decay profiles of the studied glasses were well fitted with a double 
exponential decay fit, which represents the equation [54]. 

I(t) = A0 + A1 exp

(

− t/τ1

)

+ A2 exp

(

− t/τ2

)

(7) 

where A0,1,2 are constants obtained from curve fitting, t is the time, and 
τ1 and τ2 are the decay lifetime values for the exponential components. 
The mean lifetimes (τexp) were obtained using the following equation 
from literature [54]: 

τexp =
A1τ2

1 + A2τ2
2

A1τ1 + A2τ2
(8) 

The obtained mean lifetimes (τexp) are 1.72, 1.70, 1.45 and 1.40 ms 
for ZFPHo0.5, ZFPHo1.0, ZFPHo1.5, and ZFPHo2.0, respectively. As the 
concentration of Ho3+ ions increases, the decay lifetime decreases. This 
phenomenon is mainly due to the shortened distances between neigh-
bouring Ho3+ ions, which enhances the likelihood of interactions be-
tween ions and leads to concentration quenching (also known as self- 
quenching) [55]. Additionally, the higher concentration facilitates 
faster Ho3+–Ho3+ energy transfer to quenching trap sites located near 
Ho3+ ions, further contributing to this effect [9].

4. Conclusions

Alkali and alkaline zinc fluorophosphate glasses doped with varying 
concentrations of Ho3+ ions were synthesized using a melt-quenching 

Table 6 
Peak emission wavelength (λP, nm), radiative transition probability (AR, s− 1), 
experimental branching ratios (βexp, %), stimulated emission cross-section (σp ×

10− 22, cm2), and bandwidth gain (σp × Δλ, × 10− 28, cm3) of studied ZFP glasses 
doped with different concentration of Ho3+ ions for the 5F4→5I8, 5F5→5I8, and 
5F4→5I7 transitions.

Glass 
code

Transition λP AR βexp 

(%)
σp ×

10− 22
σp × Δλ ×
10− 28

ZFPHo0.5

 5F4→5I8 538 921.5 1.76 0.36 0.10
5F5→5I8 679 569.2 96.30 3.28 9.68
5F4→5I7 764 84.6 5.58 0.08 0.02

ZFPHo1.0

 5F4→5I8 538 404 1.35 0.14 0.03
5F5→5I8 678 253.1 93.20 1.57 5.03
5F4→5I7 764 38.9 5.45 0.05 0.02

ZFPHo1.5

 5F4→5I8 538 219.6 1.28 0.07 0.02
5F5→5I8 676 144.4 82.37 0.92 3.05
5F4→5I7 764 24.8 4.52 0.03 0.01

ZFPHo2.0

 5F4→5I8 538 199.3 1.28 0.06 0.01
5F5→5I8 678 137.1 92.43 0.87 2.84
5F4→5I7 764 25.7 6.29 0.03 0.01

Fig. 9. CIE 1931 chromaticity colour diagram of different concentrations of 
Ho3+ ion-incorporated ZFP glasses excited at 450 nm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.)

Table 7 
CIE 1931 chromaticity colour coordinates (x, y), correlated colour temperatures 
(CCT, K), dominant wavelength nm and colour purity (%) of prepared Ho3+ ions- 
incorporated ZFP glasses.

Glass 
Sample

Colour 
Coordinates

Colour Coordinate 
Temperature

Dominant 
wavelength

Colour 
Purity

x y CCT, (Kelvin) nm %

ZFPHo0.5 0.383 0.574 4677 562.5 87.3
ZFPHo1.0 0.382 0.573 4690 562.4 86.7
ZFPHo1.5 0.377 0.576 4773 561.6 86.1
ZFPHo2.0 0.386 0.569 4620 563.0 86.6

Fig. 10. Decay profiles for the 5F5→5I8 emission transition of different con-
centrations of Ho3+ ions doped ZFP glasses at an excitation wavelength of 
450 nm.
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technique. The amorphous nature of the glasses was confirmed by X-ray 
diffraction analysis. FTIR and Raman spectroscopies were used to 
determine the presence of functional groups and structural units. The 
optical absorption spectra exhibited ten peaks attributed to transitions 
from the ground state (5I8) to various excited states of Ho3+. The Judd- 
Ofelt intensity parameters followed the trend Ω2>Ω4>Ω6, indicating 
low symmetry and high covalency around Ho3+ ions. The emission 
spectra obtained under 450 nm excitation, revealed three main peaks 
corresponding to the 5F4→5I8, 5F5→5I8, and 5F4→5I7 transitions. The 
5F5→5I8 transition exhibited the highest branching ratio (βexp), stimu-
lated emission cross section (σp), and bandwidth gain (σp × Δλeff). 
Among the studied glasses, the ZFPHo0.5 glass demonstrated superior 
optical performance with the highest branching ratio (96.30 %), stim-
ulated emission cross-section (3.28 × 10− 22 cm2), and bandwidth gain 
(9.68 × 10− 28 cm3) for the 5F5→5I8 green emission transition, indicating 
its potential for efficient green laser output, surpassing glasses with 
higher Ho³⁺ concentrations, where concentration quenching diminishes 
efficiency. The ZFPHo0.5 glass exhibited a color purity of 87.3 % with 
correlated color temperature (CCT) of 4773 K, approximating direct 
sunlight. The chromaticity coordinates position the emission in the 
yellowish-green region, which is optimal for visible-laser sources in 
display technologies, optical communications, and biomedical 
applications.
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