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Tm3+/Tb3+ co-doped TeO2–GeO2–Bi2O3–BaF2 glasses were synthesized via high-temperature melt-quenching to
achieve blue–green fluorescence emission. Under 808-nm pump excitation, the TGBB2 sample (Tm2O3:Tb4O7 = 3 : 8)
exhibited balanced emissions at 452 nm (blue, Tm3+: 1G4 → 3H6) and 544 nm (green, Tb3+: 5D4 → 7F5). With
increasing Tb3+ concentration, green emission intensity increased while blue emission decreased, confirming efficient
Tm3+ →Tb3+ energy transfer. Key performance metrics for TGBB2 included: a forward energy transfer coefficient of
571.83×10−40 cm6/s (far exceeding the reverse coefficient of 63.12×10−40 cm6/s), an energy transfer efficiency of 99.5%,
maximum emission cross-sections of 5.87×10−21 cm2 (476 nm, Tm3+) and 3.37× 10−21 cm2 (486 nm, Tb3+), and cor-
responding gain coefficients of 2.98 cm−1 and 0.46 cm−1. These results validate the glass’s low laser threshold, making
Tm3+/Tb3+ co-doped tellurite–germanate–bismuthate glass a promising candidate for blue–green laser communication and
underwater optical transmission.

Keywords: Tm3+/Tb3+ co-doping, tellurite–germanate–bismuthate glass, blue–green wavelength band, en-
ergy transfer
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1. Introduction
Amidst the rapid pace of technological evolution, the

ocean, Earth’s most resource-abundant yet least explored
realm, has seen a surge in research and development en-
deavors. Within the domain of marine resource exploration,
a pressing need exists for reliable and efficient underwater
communication technologies. This requirement encompasses
deep-sea mineral harvesting, oil and gas exploitation, long-
term climate change monitoring, marine ecosystem health
evaluation, and underwater military maneuvers. These tech-
nologies function not only as indispensable facilitators for re-
source development and environmental research but also as
fundamental pillars for guaranteeing the efficacy of underwa-
ter operations.[1,2] Investigations into seawater transmission
windows have disclosed that blue–green light within the wave-
length range of 440 nm–550 nm displays the greatest trans-
parency in seawater, thereby propelling the rapid advancement
of underwater wireless optical communication (UWOC).[3–6]

When compared to traditional underwater fiber-optic wired
communication, UWOC presents several distinct advantages:
cost-effectiveness, high-bandwidth capacity, high-speed in-
formation transmission, and heightened security owing to
the inherent confidentiality of blue–green light waves in wa-

ter, which minimizes the risk of information interception.
These attributes have established blue–green light UWOC as
a prominent area of focus for researchers.

According to recent investigations in matrix materials and
doping methodologies, a multitude of rare-earth ions are capa-
ble of achieving laser emission within the blue–green spectral
region, with Pr3+, Eu2+, Dy3+, Er3+, Tm3+, and Tb3+ being
the primary candidates.[7] Among them, Pr3+ is able to gener-
ate blue–green light via upconversion luminescence; however,
its extreme susceptibility to the phonon energy of matrix ma-
terials and the preparation conditions severely limits its practi-
cal applications.[8] As a prospective blue-light activator, Eu2+

encounters significant preparation hurdles: europium predom-
inantly exists in the Eu3+ state, necessitating the use of re-
ducing agents during synthesis to facilitate the formation of
Eu2+, and the complete conversion from Eu3+ to Eu2+ re-
mains a formidable task. Furthermore, cross-relaxation be-
tween Eu3+ and Eu2+ causes the emission spectrum to shift
towards red light, substantially impeding efficient blue-light
emission, which represents a crucial scientific challenge that
demands urgent resolution.[9] Dy3+ displays a high absorp-
tion cross-section in the ultraviolet (UV) region, but the low
blue-light emission branching ratio constrains the improve-
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ment of lasing efficiency within the blue spectral band.[10] In
the case of Er3+, while green emission can be realized through
upconversion three-photon absorption, the 2P3/2 energy level
associated with green emission has an extremely brief lifetime
(nanosecond order), thereby preventing sufficient energy ac-
cumulation required for population inversion and rendering it
less than ideal as a high-gain green activator.[11] Conversely,
Tm3+ is characterized by a large absorption cross-section at
358 nm, enabling it to directly emit 458-nm blue light upon
absorption of UV light at this wavelength. Nonetheless, se-
vere fluorescence quenching takes place at high Tm3+ dop-
ing concentrations, resulting in a drastic reduction of emission
intensity.[12] Tb3+ displays intense green emission at 488 nm
and 545 nm; however, its low UV absorption cross-section re-
stricts the luminescence intensity. In order to attain efficient
Tb3+ emission, Tm3+ is incorporated to transfer UV pump
energy to Tb3+: the high degree of energy-level matching be-
tween Tm3+ (1G4) and Tb3+ (5D4) facilitates effective energy
transfer through Tm3+/Tb3+ co-doping, simultaneously pro-
ducing blue–green output.[13]

Compared with traditional blue–green light-emitting de-
vices (e.g., high-power blue light-emitting diodes, LEDs),
rare-earth ion-doped glass lasers offer the following irre-
placeable advantages: (i) Tunable and balanced blue–green
emission. High-power blue–green LEDs are constrained by
their material bandgap, enabling only fixed single-wavelength
emission (e.g., 450-nm blue light, 520-nm green light) and
thus failing to match the dynamically varying seawater trans-
mission window. In rare-earth-doped glasses, the emission in-
tensities of blue light (452 nm) and green light (544 nm) can be
continuously tuned by adjusting the doping ratio of rare-earth
ions. For instance, in this study, such tuning is achieved by
modifying the doping ratio of Tm3+ to Tb3+. This capability
allows the material to adapt to diverse seawater environments
and optimize transmission rates. (ii) Superior compatibility
with optical fiber integration. Direct blue–green light-emitting
devices, particularly LEDs, possess a large emission diver-
gence angle (> 120◦), which hinders their integration with op-
tical fibers and results in coupling losses exceeding 30%.[14]

In contrast, the glass developed in this work exhibits a high re-
fractive index (1.8341 in this study), which matches that of
commercial silica optical fibers. Furthermore, its excellent
glass-forming ability enables the fabrication of fiber preforms
via the rod-in-tube method, supporting long-distance fiber-
assisted underwater wireless optical communication (UWOC).
(iii) Low laser threshold and high energy conversion effi-
ciency. High-power blue–green semiconductor lasers require a
high injection current (> 1 A) to achieve lasing, leading to sub-
stantial power consumption and heat generation.[15] By con-
trast, rare-earth ion-doped glasses exhibit a low laser thresh-
old, attributed to their high emission cross-sections and effi-

cient energy transfer efficiencies.[16] This low threshold facil-
itates the miniaturization of underwater communication sys-
tems and reduces their power consumption, making the mate-
rial suitable for portable underwater equipment.

Previously, laser emission in diverse wavelength bands
was successfully achieved by our research group utilizing var-
ious glass systems, such as tellurite,[17] germanate,[18] and
bismuthate glass.[19] Tellurite glass, a typical heavy-metal
oxide system, assumes an indispensable role in laser appli-
cations owing to its high refractive index and low phonon
energy.[20] Nevertheless, akin to other heavy-metal oxide
glasses, tellurite glass is incapable of forming a vitreous struc-
ture solely from pure TeO2; the incorporation of appropriate
network intermediates and modifiers is imperative for pro-
moting glass formation.[21] Germanate glass, on the contrary,
displays stable glass-forming capability and a wide transmis-
sion range,[22] and it provides superior thermal stability and
reliable mechanical properties when compared with fluoride
glass.[23] Bismuthate glass is characterized by its prominent
refractive index, hardness, and third-order nonlinear refrac-
tive index.[24] It is noteworthy that the hydroxyl (OH) con-
tent in glass has a significant impact on fluorescence emission
intensity, whereas the introduction of fluorides (e.g., BaF2)
can efficiently decrease the OH− concentration.[25] Moreover,
fluorides reduce the melting point of the glass and the maxi-
mum phonon energy, increase the solubility of rare-earth ions,
and consequently minimize non-radiative energy loss during
the transfer process, leading to an improvement in quantum
efficiency.[26]

Therefore, in the present study, GeO3 and Bi2O3 were
introduced into a traditional tellurite glass system to fabri-
cate a TeO2–GeO3–Bi2O3–BaF2 glass system. Tm3+/Tb3+-
co-doped TeO2–GeO3–Bi2O3–BaF2 glass was synthesized
through high-temperature melt-quenching, thereby achieving
blue–green laser emission within the wavelength range of
440 nm–550 nm. The physical properties and microstructure
of the matrix glass were characterized using x-ray diffraction
(XRD), Raman spectroscopy, and differential thermal analy-
sis. Absorption and fluorescence spectra, along with fluores-
cence lifetimes, were measured in the Tm3+/Tb3+ co-doping
experiments. Radiative parameters, emission cross-sections,
energy transfer coefficients, and quantum efficiency were cal-
culated by employing theoretical frameworks such as Judd–
Ofelt, McCumber, and Dexter theories, thereby facilitating the
analysis of the Tm3+→ Tb3+ sensitization effect and energy
transfer mechanism. The results indicate that Tm3+/Tb3+-co-
doped tellurium–germanium–bismuthate glass exhibits broad
application prospects in optical communications.
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2. Experimental details
2.1. Glass sample preparation

In the present experimental work, high-purity (99.99%)
raw materials comprising TeO2, GeO3,Bi2O3, BaF2, Tm2O3,
and Tb4O7 were employed to synthesize Tm3+/Tb3+-
co-doped TeO2–GeO–Bi2O3–BaF2 glass samples through
high-temperature melt-quenching. The glass composition
for Tm3+/Tb3+ co-doping was formulated as 70TeO2–
5GeO2–5Bi2O3–20BaF2–0.75Tm2O3-xTb4O7 (x = 1, 2, 3,
4, 5 mol%), designated sequentially as TGBB1, TGBB2,
TGBB3, TGBB4, and TGBB5, with rare-earth ions (Tm3+ and
Tb3+) introduced as extrinsic dopants. The matrix glass hav-
ing a composition of 70TeO2–5GeO2–5Bi2O3–20BaF2 was
designated as TGBB. The preparation procedure was as fol-
lows: 10 g of raw materials were precisely weighed according
to the formulation, ground in an agate mortar for 15 min within
a dry environment to ensure homogeneous mixing, transferred
into a corundum crucible, and heated at 950 ◦C for 30 min in
a resistance furnace under ambient air with a crucible lid to
mitigate volatilization of TeO2 and BaF2. Subsequently, the
molten glass was poured onto a preheated copper plate. It un-
derwent annealing in a muffle furnace at 370 ◦C for 8 hours
to alleviate thermal stress and enhance mechanical strength,
followed by natural cooling to room temperature. Finally,
all glass samples, including TGBB1–TGBB4 used for fluo-
rescence measurements, were sequentially ground with 800#–
3000# silicon carbide sandpapers and subsequently polished
with 1-µm alumina polishing paste. This processing resulted
in optical-grade double-sided polishing and uniform dimen-
sions of 10 mm×10 mm×2 mm (length×width×thickness),
with surface flatness and roughness verified via a laser inter-
ferometer. All processed glass samples were then used for the
subsequent characterization and analysis of physicochemical
properties and spectral properties. Photographs of all glass
samples are presented in Fig. 1.

Fig. 1. Glass samples of TGBB and TGBB1-TGBB5.

2.2. Measurement methods and instrument

The density of the matrix glass TGBB was determined to
be 4.9702 g/cm3 via Archimedes’ displacement method, with
distilled water serving as the immersion medium, whereas the
doped sample TGBB2 had a density of 5.0629 g/cm3. The
refractive index of the matrix glass at 587 nm was measured
to be 1.8341 by means of a Horiba France SAS ellipsome-
ter, with the Abbe number calculated as 23.23 and the mea-
surement resolution set at 1 nm. The x-ray diffraction (XRD)
measurements of the glass samples were performed using a

Rigaku diffractometer with a step size of 0.02◦, a 2θ scan-
ning range of 10◦–80◦, and a scanning rate of 10◦/min. A
Horiba LabRAM HR evolution spectrometer was used to ob-
tain Raman spectra from 100 cm−1 to 1000 cm−1 at 1-cm−1

intervals, with a 488-nm laser diode (LD) serving as the ex-
citation source. Thermal properties were characterized using
a Netzsch DSC214 differential scanning calorimeter under an
N2 atmosphere, with the temperature scanned from room tem-
perature to 600 ◦C at a heating rate of 5 ◦C/min. Absorp-
tion spectra of Tm3+/Tb3+ co-doped glasses were recorded
using a PerkinElmer Lambda 950 UV–Vis spectrophotometer
with 2-mm-thick sample slices. Fluorescence spectra and rare-
earth ion fluorescence lifetimes were measured with a Hitachi
F4600 spectrofluorometer, excited by a 488-nm laser diode
(LD) at 1-W power, and the signals were detected by a liquid-
nitrogen-cooled PbSe detector.

3. Results and discussion
3.1. Glass structure and physical property characteriza-

tion

Before the present investigation, the physical properties
of Tb3+-doped matrix glass were investigated by our group,
with the densities of the matrix glass and Tb3+-monodoped
glass determined to be 4.9702 g/cm3 and 5.0846 g/cm3, re-
spectively, using Archimedes’ displacement method. The den-
sity of the TGBB2 sample was determined to be 5.0629 g/cm3,
as tabulated in Table 1. Notably, the incorporation of rare-
earth ions led to a noticeable increase in the density of the
glass when compared to the matrix glass (TGBB).

Table 1. Densities of the matrix glass and rare-earth-doped glass (g/cm3).

Glass sample TGBB T5[27] TGBB2
Density 4.9702 5.0846 5.0629

The refractive index of the matrix glass TGBB at 587 nm
was found to be 1.8341 by means of Sellmeier function fitting,
and the Abbe number was calculated as 23.23.[27] The data in
the range of 1000 nm–2000 nm were obtained by fitting the
second-order Sellmeier equation. The second-order Sellmeier
equation is shown in the following equation:

n2 = 1+A0 +∑
2
n=1

Anλ 2

λ 2−a2
n
, (1)

where λ is the wavelength, A0, An, an are the Sellmeier
coefficients A0 = 1.0524, A1 = 0.5812, A2 = 0.5813, a1 =

185.3603 nm2, a2 = 185.3417 nm2.
The degree of chromatic dispersion of a glass sample can

be expressed in terms of the Abbe number (vd), calculated as
follows:[28]

vd =
nd−1
nF−nc

, (2)
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where nF, nd, and nc are the refractive indices at 486 nm,
587 nm, and 656 nm, respectively, which are 1.8625, 1.8341,
and 1.8266.

The thermal stability attributes of the glass specimens
were assessed through an analysis of their DSC curves. In
previous studies,[27] the DSC curve of the matrix glass TGBB
was plotted, indicating a glass transition temperature (Tg) of
396 ◦C, a crystallization onset temperature (Tx) of 513 ◦C, and
a crystallization peak temperature (Tp) of 535 ◦C.

To assess the thermal stability of the glass, Dietzel,[29]

Saad,[30] and Hruby[31] have proposed three parameters: the
temperature difference parameter ∆T , the Saad parameter S,
and the Hruby parameter KH, with their calculation formulas
as follows:

∆T = Tx−Tg, (3)

S =

(
Tp−Tx

)(
Tx−Tg

)
Tg

, (4)

KH =
Tx−Tg

Tm−Tx
. (5)

In the equations above, Tm represents the melting temper-
ature of the glass sample (950 ◦C). It is widely acknowledged
that higher values of ∆T , S, and KH correlate with greater de-
vitrification resistance and superior glass-forming capability.
The thermal stability parameters calculated for the TGBB ma-
trix glass are tabulated in Table 2. Notably, the matrix glass
shows a ∆T value of 117 ◦C, which surpasses those of tradi-
tional fluoride (76 ◦C),[32] bismuthate (88 ◦C, 102 ◦C),[33,34]

and tellurite (88.43 ◦C)[35] glass systems. Furthermore, when
∆T exceeds 100 ◦C, the glass exhibits exceptional thermal sta-
bility, providing benefits for optical fiber fabrication.

Table 2. Thermodynamic parameters of the matrix glass TGBB.

Thermodynamic parameters Calculated value
∆T (◦C) 117

S (K) 3.85
KH 0.27

Figure 2 depicts the XRD patterns of the matrix glass
TGBB and Tm3+/Tb3+-co-doped glass sample TGBB2,
which were measured over a diffraction angle range of 10◦–
80◦ at a scanning rate of 10◦/min. The patterns display no
distinct crystalline diffraction peaks but rather broad humps
at 2θ = 26◦ and 49◦, thereby confirming that all as-prepared
glass samples are in an amorphous (non-crystalline) state. No-
tably, the TGBB glass exhibits two broad diffraction maxima
at ∼ 26◦ and ∼ 29◦ 2θ (angle range of 20◦–30◦) instead of
a single hump. This split arises from the coexistence of dis-
tinct short-range structural units in the multi-component ma-
trix: [TeO4]/[TeO3] units (from TeO2) contribute to the ∼ 26◦

peak, while [GeO4] and [BiO3]/[BiO6] units (from GeO2 and
Bi2O3) give rise to the ∼ 29◦ peak. The broad nature of both

peaks confirms the absence of long-range crystalline order.
This phenomenon is characteristic of multi-component amor-
phous glasses with complex short-range order, distinct from
single-component amorphous systems.[23,25]
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Fig. 2. X-ray diffraction patterns of the glass samples TGBB and TGBB2.

Raman spectroscopy is used to characterize glass struc-
tural groups, key chemical bonds, and the maximum phonon
energy of the glass matrix. To analyze the glass structure in
detail, the Raman spectrum of the matrix glass TGBB is pre-
sented in Fig. 3, which shows the Raman spectrum of the ma-
trix glass TGBB, which was excited at 488 nm over the range
of 100 cm−1–1000 cm−1 and processed via Gaussian peak fit-
ting. Five Raman peaks were identified, and their formation
mechanisms are listed in Table 3.
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Raman shift (cm-1)
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Matrix glass
Fitting peak1
Fitting peak2
Fitting peak3
Fitting peak4
Fitting peak5
Fitting curve

Fig. 3. Raman spectrum of the matrix glass TGBB.

Table 3. Formation mechanisms of the fitted Raman peaks.

Determine the fitted peak Related functional groups or
References

wavelength (cm−1) chemical bonds
138 boson peak [36]
386 [BiO3] and [BiO6] [37]
476 Te–O–Te and O–Te–O [38]
673 [TeO4] and [TeO3] [39]
763 [TeO3], [TeO3+1], and [GeO4] [40,41]

The fitted peak at 138 cm−1 is identified as a boson peak,
which can be observed in nearly all glass materials.[36] The
peak at 386 cm−1 is assigned to vibrations of Bi3+,[37] with
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Bi3+ typically existing as [BiO3] tetrahedra and [BiO6] oc-
tahedra in the glass network. The peak at 476 cm−1 is at-
tributed to the combined vibrations of Te–O–Te and O–Te–O
linkages.[38] The peak at 673 cm−1 corresponds to the stretch-
ing vibrations of Te–O bonds in the trigonal bipyramids of
[TeO4] and [TeO3] structural units.[39] The fitted peak at ap-
proximately 763 cm−1 is attributed to the vibrations of Te–O
bonds in [TeO3] and [TeO3+1] structural units,[40] along with
the formation of [GeO4] structural units induced by the in-
corporation of GeO2.[41] It is widely recognized that the pres-
ence of [TeO3] and [TeO3+1] units in tellurite glass is essen-
tial for stable glass formation, thus confirming that the as-
prepared matrix glass TGBB displays strong glass-forming ca-
pability. Furthermore, the highest-frequency fitted peak corre-
sponds to the maximum phonon energy of the matrix glass.
Thus, the phonon energy of the as-prepared TGBB matrix
glass is 763 cm−1, which is significantly lower than that of
bismuthate glass (1252 cm−1),[42] borate glass (1200 cm−1–
1300 cm−1),[43] and phosphate glass (1290 cm−1).[44] This
suggests that the glass is an ideal material for laser emission.
A lower maximum phonon energy decreases the proportion
of non-radiative relaxation in rare-earth-doped glass, thereby
facilitating efficient energy transfer and enhancing light emis-
sion at specific wavelengths.[45]

3.2. Optical properties and Judd–Ofelt theoretical analy-
sis

The absorption spectra of the TGBB1–TGBB5 glass sam-
ples are illustrated in Fig. 4. These spectra were measured
at ambient temperature across a wavelength spectrum span-
ning 400 nm to 2500 nm. Two groups of absorption peaks
are evident: the four characteristic peaks at 488 nm, 1854 nm,
1974 nm, and 2235 nm correspond to Tb3+ transitions from
the ground state 7F6 to the excited states 5D4, 7F1, 7F2, and
7F3,[46] whereas another five peaks at 473 nm (1G4), 689 nm
(7F2,3), 792 nm (3H4), 1192 nm (3H5), and 1740 nm (3F4)
correspond to Tm3+ transitions from the ground state 3H6 to
the excited states 1G4, 7F2,3, 3H4, 3H5, and 3F4.[47] The en-
ergy level transitions corresponding to the absorption peaks
are labeled in Fig. 4(a). Notably, all peaks represent linear
superpositions of the single-doped spectra without significant
positional shifts, indicating the uniform dissolution of Tb3+

ions in the matrix glass. Additionally, no absorption bands
in the wavelength region below 300 nm were identified, at-
tributed to the intrinsic bandgap absorption characteristics of
the matrix glass.[48] Fig. 4(b) demonstrates the intensity of the
7F6→ 7F1 transition peak as a function of Tb3+ doping con-
centration. With a constant Tm3+ concentration of 0.75 mol%,
the absorption intensity rises gradually with increasing Tb3+

content, reaching its maximum when the Tb4O7 doping con-
centration attains 5 mol%.
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Fig. 4. Absorption spectra of the TGBB1–TGBB5 glass samples: (a)
absorption spectra, (b) intensity of the 7F6 → 7F1 transition peak as a
function of Tb3+ doping concentration.

The Judd–Ofelt (JO) theory is widely utilized to char-
acterize the spectral properties of crystalline materials and
rare-earth (RE)-doped glasses.[49,50] Using the density and re-
fractive index of the TGBB2 glass sample, the experimental
oscillator strengths ( fexp) and theoretical oscillator strengths
( fcal) were computed from the integral values of the absorp-
tion peaks in the aforementioned absorption spectra and the
reduced matrix elements of Tm3+ and Tb3+. Further, the JO
intensity parameters Ωt (t = 2, 4, 6) for Tb3+ and Tm3+ in
TGBB2 were determined by the least-squares method, with
calculation results listed in Table 4.

Table 4. Judd–Ofelt intensity parameters of the TGBB2 glass and other
glass systems (10−20 cm2).

Matrix glass Doped ions Ω2 Ω4 Ω6 χ Ref.

TGBB2
Tm3+ 7.08 2.79 1.06 2.63 this work
Tb3+ 0.98 9.89 5.84 1.69 this work

ZBLAN Tm3+ 2.31 1.28 1.17 1.09 [28]
Bismuth Tm3+ 5.00 1.13 1.17 0.97 [54]
Tellurite Tm3+ 1.96 1.99 1.72 1.16 [55]

The root-mean-square (RMS) errors of the JO intensities
for Tm3+/Tb3+-co-doped systems derived in this study are
3.13×10−7 and 1.42×10−7, respectively. These minimal er-
rors validate the reliability of the derived results. The Ω2 pa-
rameter corresponds to the network configuration and ligand
field symmetry of the glass matrix,[51] whereas Ω4 correlates
with the viscosity of the host glass matrix embedding rare-
earth ions.[52] The larger Ω4 intensity parameter of Tb3+ in
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the TGBB2 sample suggests that the glass exhibits significant
viscosity. Ω6 is considered to be related to the medium rigid-
ity: an increase in Ω6 decreases medium rigidity, weakens the
average force between Tm–O and Tb–O bonds, reduces Stark
splitting of energy levels, and thus enhances the fluorescence
emission spectra.[53] Furthermore, a spectral quality factor χ

is proposed to evaluate the excitation–emission characteristics
of activator ions in laser matrix materials, with its definition
given by χ = Ω4/Ω6. This parameter serves to characterize
the application potential of rare-earth-doped glass materials
within laser system configurations.[16] A higher χ value indi-
cates more intense laser emission. Calculations reveal that the
spectral quality factors χ for Tm3+ and Tb3+ in the TGBB2
glass sample are 2.63 and 1.69, respectively, which exceed the
value of 1.09 in fluoride glass.[28] Meanwhile, the values of
Ω2, Ω4, and Ω6 in TGBB2 glass are all higher than those
in fluoride matrix glass,[28] bismuthate glass,[54] and tellurite
glass[55] with varying compositions.

Various radiative parameters of Tm3+ and Tb3+ in
TGBB2 glass, including the spontaneous emission transition
probability (Arad), fluorescence branching ratio (β ), and radia-
tive lifetime (τrad), were computed using the JO theory. The
results are tabulated in Table 5 and Table 6. The detailed cal-
culation process is provided in our research group’s previous
study.[27] In general, a higher spontaneous emission transition
probability (Arad) implies stronger luminescent performance of
the glass.[56] Furthermore, the high refractive index of tellurite
glass contributes to the enhancement of its spontaneous emis-
sion transition probability. Thus, TGBB glass shows greater
promise for achieving more efficient laser output. Meanwhile,
the radiative lifetimes of the Tb3+:5D3 and 5D4 energy lev-
els in the TGBB2 glass sample are 0.89 ms and 1.89 ms, re-
spectively, while those of the Tm3+:1G4 and 1D2 energy levels
are 0.23 ms and 0.02 ms, respectively, indicating a relatively
strong energy storage capability. The calculation results indi-
cate that TGBB2 glass is a viable gain material for blue–green
fiber lasers.

Table 5. Relevant radiative parameters of Tm3+ in the TGBB2 glass sample.

Up transition Down transition Wavelength (nm) Arad (s−1) ΣA (s−1) β (%) τrad (ms)
1G4

3F2 1488.0 21.95 3847.78 0.51 0.23
3F3 1404.0 113.35 2.62
3F4 624.0 326.47 7.53
3H4 1106.0 592.03 13.66
3H5 750.0 1165.76 38.11
3H6 474.74 1628.22 37.57

1D2
3F2 779.0 1018.57 41546.16 2.54 0.02
3F3 747.0 2273.37 5.47
3F4 454.0 34048.98 81.95
3H4 651.0 3980.04 9.58
3H5 506.0 225.20 0.54

Table 6. Relevant radiative parameters of Tb3+ in the TGBB2 glass sample.

Up transition Down transition Wavelength (nm) Arad (s−1) ΣA (s−1) β (%) τrad (ms)
5D3

7F5 410 328.97 1121.26 29.34 0.89
7F4 433 107.22 9.56
7F3 452 359.34 32.05
7F2 466 165.73 14.78
7F1 472 160.00 14.27

5D4
7F6 486 112.93 528.68 21.36 1.89
7F5 545 223.57 42.29
7F4 584 75.61 14.30
7F3 621 54.78 10.36
7F2 647 23.18 4.38
7F1 659 38.61 7.30

3.3. Fluorescence spectra and lifetime analysis

Upon excitation by a 358-nm laser diode (LD), the fluo-
rescence spectra of TGBB1–TGBB4 glass specimens within
the wavelength interval of 400 nm–650 nm were documented,
as shown in Fig. 5. The figure clearly displays two distinct
sets of fluorescence emission peaks. The fluorescence emis-
sion peak at 452 nm corresponds to the energy-level transition

of Tm3+:1G4 → 3H6. The other group of four fluorescence

emission peaks at 489 nm, 544 nm, 582 nm, and 620 nm cor-

responds to the energy-level transitions of Tb3+:5D4 →7F6,
5D4 → 7F5, 5D4 →7F4, and 5D4 → 7F3, respectively. As

shown in Fig. 5(b), the intensity of the blue fluorescence emis-

sion peak of Tm3+ at 452 nm (Tm3+:1G4 → 3H6) gradually

decreases with the increase of Tb3+ concentration. However,
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the intensity of the green fluorescence emission peak of Tb3+

at 544 nm (Tb3+:5D4→ 7F5) gradually increases with the in-
crease of Tb3+ concentration. When the Tb4O7 doping con-
centration is 2 mol%, the blue–green emission achieves equi-
librium. This demonstrates that Tm3+ continuously sensitizes
Tb3+ luminescence, with effective energy transfer occurring
between the two ions (to be further investigated in the subse-
quent section). This finding suggests that TGBB2 glass repre-
sents a promising candidate for blue–green laser applications.
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Fig. 5. Fluorescence emission spectra of the TGBB1–TGBB4 glass
samples. (a) Fluorescence spectra, (b) variation of blue and green fluo-
rescence emission peak intensities with Tb3+ doping concentration.

Additionally, the effective fluorescence bandwidth of the
fluorescence spectrum (inhomogeneous broadening of rare-
earth ions in aperiodic glass matrices) can qualitatively reflect
the tunability of laser output. This parameter evaluates the
bandwidth for rare-earth ion signal transmission and serves as
a fundamental parameter for characterizing the amplification
properties of rare-earth-doped glass samples. The calculation
formula is as follows:[57]

∆λeff =

∫
I(λ )dλ

Imax
. (6)

In the equation,
∫

I (λ ) dλ represents the integrated inten-
sity of the fluorescence emission peak, and Imax denotes the
peak maximum intensity. The calculated effective fluores-
cence bandwidths for TGBB2 glass at 452 nm and 544 nm
are 7.46 nm and 6.69 nm, respectively.
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Fig. 6. Fluorescence decay curves of the TGBB1–TGBB4 glass sam-
ples: (a) Fluorescence lifetime decay profiles, (b) variation of sample
lifetimes with Tb3+ concentration.

Figure 6 shows the measured decay curves of the
Tm3+:1G4 →3H6 energy level transitions for the TGBB1–
TGBB4 glass samples under 358-nm excitation. The decay
curves of fluorescence lifetimes for rare-earth ions at specific
energy levels in the glass specimens can be modeled using a
double-exponential function[27]

I (t) = I0 +A1 exp
(
− t

τ1

)
+A2 exp

(
− t

τ2

)
. (7)

In the formula, A1 and A2 are the fitting coefficients, τ1 and τ2

are the fluorescence lifetime values, I(t) and I0 represent the
emission intensities at time t and the initial moment, respec-
tively. In addition, the fluorescence lifetime can be calculated
using the following equation[46]

τmea =
A1τ2

1 +A2τ2
2

A1τ1 +A2τ2
. (8)

The radiative lifetime (τrad) derived from JO theory and the ex-
perimentally measured fluorescence lifetime (τmea) enable the
calculation of the glass sample’s quantum efficiency (η) using
the following equation[58]

η =
τmea

τrad
×100%. (9)

Following exponential fitting of the decay curves, the flu-
orescence lifetimes of the glass samples are 0.73 µs, 0.61 µs,
0.50 µs, and 0.32 µs, respectively. The calculated quantum ef-
ficiency for the Tm3+:1G4→ 3H6 transition is 0.217%, which
is low due to the sensitization of Tm3+:1G4 to the Tb3+:5D4
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energy level. Additionally, the calculated energy transfer effi-
ciency reaches 95.5%, indicating efficient energy transfer be-
tween the two ions.

Using the fluorescence emission spectral data under
358 nm excitation, figure 7 presents the CIE 1931 chromatic-
ity diagram of the TGBB1–TGBB4 glass samples. By apply-
ing the color matching functions X(λ ), Y (λ ), and Z(λ ) at the
excitation wavelength of 377 nm, the CIE chromaticity coor-
dinates of the TGBB1–TGBB4 glass samples were calculated
as (0.2031, 0.2143), (0.2145, 0.3032), (0.2237, 0.3560), and
(0.2256, 0.3553), respectively. As clearly observed from the
CIE 1931 chromaticity diagram, the emission color gradually
shifts from blue to green with the increase in Tb3+ concentra-
tion, making it suitable as a gain medium for blue–green laser
bands.
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Fig. 7. CIE 1931 chromaticity diagram of the TGBB1–TGBB4 series
glass samples.

Additionally, the color purity (CP) of the glass sample[59]

serves as a crucial indicator for evaluating the optical prop-
erties of the glass, which is predominantly utilized to char-
acterize the glass’s selective transmission or reflection ability
for specific light wavelengths. The calculation formula is ex-
pressed as follows:

CP =

√
(x− xi)

2 +(y− yi)
2

(xd− xi)
2 +(yd− yi)

2 ×100%. (10)

In this equation, (x, y) denote the chromaticity coordinates of
the glass sample, (xi, yi) represent the chromaticity coordinates
of standard white light (0.3333, 0.3333), and (xd, yd) signify
the chromaticity coordinates of the dominant wavelength. For
the dominant wavelength of 544-nm green light, the corre-
sponding chromaticity coordinates are (0.3453, 0.5565). The
calculated color purity (CP) values are presented in Table 7.

Table 7. CIE chromaticity coordinates and color purity of the TGBB1–
TGBB4 series glass samples.

Glass CIEx CIEy CP (%)
TGBB1 0.2031 0.2143 78.94
TGBB2 0.2145 0.3032 54.85
TGBB3 0.2237 0.3560 50.01
TGBB4 0.2256 0.3553 49.20

3.4. Analysis of absorption and emission cross-sections
and gain performance

To explore the laser performance of TGBB2 glass, the
absorption and emission cross-sections were calculated us-
ing the Beer–Lambert and Füchtbauer–Ladenburg (FL) formu-
las based on the absorption spectra, fluorescence spectra, and
spontaneous emission transition probability (Arad)[60]

σabs =
2.303OD(λ )

N0l
, (11)

σemi =
λ 5AradI(λ )

8πcn2
∫

λ I(λ )dλ
. (12)

Furthermore, the stimulated emission cross-section can
also be expressed using the McCumber theory equation and
the calculated absorption cross-section[61]

σemi = σabs
ZL

ZU
exp
[

hc
kT

(
1

λZL
− 1

λ

)]
. (13)

In the formula above, OD(λ ) denotes the optical density of
the absorption band, N0 represents the doping concentration of
rare-earth ions, l is the sample thickness, I(λ ) is the fluores-
cence emission intensity at wavelength λ , Arad is the sponta-
neous emission transition probability, c is the speed of light in
vacuum, n is the refractive index of the glass, ZL and ZU are the
partition functions of the lower and upper energy levels in the
radiation process, respectively, k is the Boltzmann constant,
T is the temperature in Kelvin, and λZL is the energy differ-
ence between the upper and lower energy levels. Based on the
above formulas, the absorption and emission cross-sections of
the TGBB2 glass sample were calculated, as shown in Fig. 8.
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Fig. 8. Absorption and emission cross-sections of Tm3+:1G4 → 3H6
and Tb3+:5D4→ 7F6 transitions in TGBB2 glass sample.

The emission cross-section of a glass sample character-
izes its laser emission capability and serves as a critical pa-
rameter for evaluating laser performance. The emission cross-
section of Tm3+ exhibits a peak at 476 nm with a maximum
value of 5.87×10−21 cm2, indicating the substantial poten-
tial of TGBB2 glass for blue-light laser emission. The cal-
culated maximum absorption cross-section of Tm3+ is 1.47×
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10−21 cm2. For Tb3+, the absorption cross-section is centered
at ∼ 486 nm with a value of 2.97×10−21 cm2, while the max-
imum emission cross-section attains 3.37× 10−21 cm2, val-
idating the robust green-light laser emission performance of
TGBB2 glass. Notably, the emission cross-section of Tm3+

overlaps with the absorption cross-section of Tb3+, confirming
the energy transfer process between Tm3+ and Tb3+. The in-
tegration of the overlapping area facilitates an in-depth inves-
tigation of the microscopic energy transfer mechanism. Fur-
thermore, the figure of merit (FOM) of glass samples serves
as a key parameter for assessing the laser performance of rare-
earth-doped glass, which is employed to quantify the com-
prehensive efficiency and application potential of materials in
laser systems. It is calculated using the following formula:[62]

FOM = σemi× τmea. (14)

In the aforementioned formula, τmea represents the mea-
sured fluorescence lifetime of the glass sample (0.61 µs), and
σemi denotes the calculated emission cross-section (5.87×
10−21 cm2). The calculated figure of merit (FOM) for the
TGBB2 glass sample is 8.97×10−27 cm2·s, suggesting that
TGBB2 glass enables a broader gain frequency bandwidth.
When utilized in blue–green laser systems, this glass is an-
ticipated to facilitate higher transmission rates.

Based on the calculated values of the rare-earth ion
absorption cross-section (σabs) and emission cross-section
(σemi), the gain coefficient of the TGBB2 glass sample can
be calculated using the following formula[63]

G(λ ) = N[Pσemi(λ )− (1−P)σabs(λ )]. (15)

Here, P denotes the proportion of the population in the upper
laser level to the total population. The calculated gain coeffi-
cients of the TGBB2 glass sample are presented in Fig. 9.

As illustrated in the figure, the gain peaks of both ions
display blue shifts of varying degrees, which is typical of a
three-level emission system. The gain wavelength of Tm3+

is centered at ∼ 476 nm with a maximum gain coefficient
of 2.98 cm−1, whereas that of Tb3+ is at ∼ 487 nm with a
maximum gain coefficient of 0.46 cm−1. Notably, Tm3+ first
achieves positive gain at a gain coefficient of 0.4. The capabil-
ity to generate positive gain at such a low P value suggests that
Tm3+ in the TGBB2 glass sample exhibits a low laser thresh-
old, thereby facilitating laser emission as a blue–green laser
material.
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Fig. 9. Gain coefficient curves of the TGBB2 glass sample: (a) gain co-
efficient curve for the Tm3+:1G4→ 3H6 transition, (b) gain coefficient
curve for the Tb3+:5D4→ 7F6 transition.

Table 8 presents a comparison of key laser parameters
(emission cross-section, gain coefficient, figure of merit, ther-
mal stability, etc.) between Tm3+/Tb3+ co-doped TeO2–
GeO2–Bi2O3–BaF2 glass and other conventional host glasses.

Table 8. Comparisons of key laser parameters for host glasses.

Parameter σemi (10−21 cm2) FOM (cm2·s) G(λ ) (cm−1) ∆T (◦C) Ref.

TGBB2
Tm3+:5.87

8.97×10−27 Tm3+:2.98
117 this work

Tb3+:3.37 Tb3+:0.46
ZBLAN Tm3+:2.35 2.36×10−27 Tm3+:0.71 76 [28]

Bismuthate Tb3+:2.01 3.59×10−27 Tb3+:2.92 102 [46]

3.5. Energy transfer mechanism and microparameter
analysis

Figure 10 depicts the energy transfer mechanism in
Tm3+/Tb3+-co-doped TGBB2 glass. Upon excitation by an
808-nm laser diode (LD), electrons in the Tm3+:3H6 energy
level are excited to the 1D2 level. Subsequently, a por-
tion of electrons at the 1D2 level undergoes radiative relax-

ation to the 3F4 level, emitting 486 nm fluorescence. The
remaining electrons undergo non-radiative relaxation to the
metastable 1G4 level. At this stage, the Tm3+:1G4 level trans-
fers partial energy to the Tb3+:5D4 level, followed by de-
cay to the 3H6 level, resulting in 452 nm fluorescence emis-
sion. The specific energy transfer process is described as:
(ET: Tm3+:1G4+ Tb3+:7F6→ Tm3+:3H6+ Tb3+:5D4). Elec-
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trons at the Tb3+:5D4 level undergo radiative relaxation to the
ground-state 7F6 level, yielding 544-nm green light emission.
The energy transfer from Tm3+ to Tb3+ follows Dexter’s elec-
tron exchange mechanism:[64] the minor energy mismatch be-
tween Tm3+: 1G4 and Tb3+:5D4 can be compensated by the
phonon energy of the matrix (763 cm−1), thereby enabling res-
onant transfer. Microscopically, this transfer occurs between
Tm3+ and Tb3+ ions within a small critical distance (RC):
electrons in the 4f orbitals of Tm3+ exchange with those in the
4f orbitals of Tb3+, completing energy transfer without pho-
ton emission. The low multi-phonon contribution (4.7% for
one-phonon assistance, Table 9) confirms that this process is
dominated by zero-phonon resonant transfer. When Tb3+ con-
centration exceeds 2 mol%, the average Tm3+–Tb3+ distance
decreases below the critical distance (RC), triggering Tb3+–
Tb3+ cross-relaxation (5D4+

7F6 →7F6+
5DJ) and resulting

in slight quenching of emission intensity.
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Fig. 10. Schematic diagram of Tm3+/Tb3+ energy transfer under 808-
nm excitation.

Microscopic parameters of energy transfer were esti-
mated based on the Forster and Dexter theories.[64] The en-
ergy transfer rate from the donor (D) Tm3+ to the acceptor
(A) Tb3+ can be expressed as

WD−A =

(
2π

h

)
|HDA|2 SN

DA. (16)

In the formula, |HDA| is the Hamiltonian matrix element be-
tween the upper and lower energy levels during energy trans-
fer; SN

DA is the overlap integral between the m-phonon emis-
sion sideband of Tm3+ and the k-phonon absorption sideband
of Tb3+; N is the total number of phonons involved in en-
ergy transfer. Based on the Dexter theory, the phonon-assisted
energy transfer rate between rare-earth ions can be further ex-
pressed as

WD−A =
CD−A

R6 =
R6

C

R6
τD

, (17)

where CD−A is the energy transfer coefficient, τD is the ex-
cited state lifetime of Tm3+, R is the distance between Tm3+

and Tb3+, and RC represents the critical distance for interac-
tion between Tm3+ and Tb3+, with the calculation formula as
follows:

R6
C =

6cτDgD
low

(2π)4 n2gD
up

∑
∞

N=0 ∑
N
m=0

∫
σ

D
emi(k−phonon) (λ )

×σ
A
abs(k−phonon) (λ ) dλ . (18)

In the above formula, c and n represent the speed of light
and the refractive index of the glass sample, respectively;
gD

up and gD
low denote the degeneracies of the upper and lower

energy levels of Tm3+ ions, respectively; σD
emi(m-phonon) and

σA
abs(k-phonon) represent the m-phonon emission sideband of

Tm3+ and the k-phonon absorption sideband of Tb3+, which
are calculated by the following formulas:[65]

σ
D
emi(m-phonon) = σ

D
emi
(
λ
+
m
)
≈

sm
0 e− s0

m!
(n+1)m

×σ
D
emi(exp t) (E−mhω0) , (19)

σ
A
abs(k−phonon) = σ

A
abs(λ

−
k )≈

sk
0e− s0

k!
(n)k

×σ
A
abs(exp t)(E + khω0). (20)

In the above formula, λ+
m = 1

1/λ−mhω0
and λ

−
k = 1

1/λ+khω0
rep-

resent the wavelengths corresponding to the m-phonon emis-
sion of Tm3+, and the k-phonon absorption of Tb3+, respec-
tively; n = 1

exp(hω0/KT )−1 denotes the average occupancy of
phonon modes at temperature T , S0 is the Huang–Rhys fac-
tor, and hω0 is the maximum phonon energy of the glass.
When only considering the m-phonon emission of Tm3+ (i.e.,
N = m), the energy transfer probability between Tm3+ and
Tb3+ is

WD−A (R) =
6cgD

low

(2π)4 n2R6gD
up

∑
∞

N=0 ∑
N
k=0 P+

(N−k)P
−
k P+

k

×
∫

σ
D
emi
(
λ
+
N
)

σ
A
abs (λ ) dλ . (21)

In the formula, σD
emi
(
λ
+
N

)
and σA

abs (λ ) denote the emission
sideband of Tm3+ after emitting N phonons and the absorp-
tion cross-section of Tb3+, respectively; P+

(N−k) and P−k repre-

sent the probabilities of Tm3+ emitting N–k phonons and Tb3+

absorbing k phonons, respectively, which can be calculated by
the following formulas:

P+
(N−k)

∼= exp [−(2n+1)S0]
S(N−k)

0
(N− k)!

(n+1)N−k , (22)

P−k ∼= exp [−2nS0]
Sk

0
k!

(n)k . (23)

Thus, the forward and backward energy transfer coeffi-
cients CD−A and CA−D between Tm3+ and Tb3+, as well as the
proportion of phonon-assisted contributions, can be obtained
using the following formulas:[66]

CD−A =
6cgD

low

(2π)4 n2gD
up

∑
∞

N=0 ∑
N
k=0 P+

(N−k)P
−
k P+

k
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×
∫

σ
D
emi
(
λ
+
N
)
σ

A
abs (λ ) dλ , (24)

CA−D =
6cgA(D)

low

(2π)4 n2gA(D)
up

∑
∞

N=0 ∑
N
k=0 P+

(N−k)P
−
k P+

k

×
∫

σ
A
emi
(
λ
−
N
)
σ

D
abs (λ ) dλ , (25)

R1 =
SN

DAP+
(N−k)P

−
k P+

k

∑
∞
N=0 ∑

N
k=0 SN

DAP+
(N−k)P

−
k P+

k
, (26)

R2 =
SN

ADP−
(N−k)P

+
k P−k

∑
∞
N=0 ∑

N
k=0 SN

ADP−
(N−k)P

+
k P−k

. (27)

In the formula, R1 and R2 represent the proportions of dif-
ferent phonon numbers in the forward and backward en-
ergy transfer processes, respectively. Figure 11 shows the
phonon emission sideband diagram calculated in this work,
where panel (a) represents the forward energy transfer (i.e.,
Tm3+:1G4 →Tb3+:5D4), and panel (b) illustrates the back-
ward energy transfer process (i.e., Tb3+:5D4→Tm3+:1G4).

Based on the absorption and emission cross-sections of
Tm3+ and Tb3+ in the TGBB2 glass sample together with
the phonon emission sidebands, Table 9 lists the microscopic
energy transfer parameters between Tm3+ and Tb3+ derived
from the phonon emission sideband theory. The results indi-
cate that in the forward energy transfer process, zero-phonon
energy constitutes the vast majority (95.3%) of energy trans-
fer, whereas one-phonon energy accounts for only 4.7%, con-
firming that forward energy transfer primarily occurs without
phonon energy assistance. In the backward energy transfer
process, zero-phonon energy transfer reaches 99.99%, virtu-
ally dominating the entire process, whereas one-phonon en-
ergy transfer is nearly undetectable, validating that backward
energy transfer scarcely relies on phonons. Furthermore, the
calculated CD−A value is 571.83×10−40 cm6/s, and CA−D is
63.12×10−40 cm6/s. The significantly larger CD−A compared
to CA−D confirms that Tm3+ sensitizes Tb3+ luminescence,

with an energy transfer rate of 442.90×10−20 cm3/s. More-
over, the calculated CD−D is 7.64×10−40 cm6/s, which is neg-
ligible in comparison to CD−A and CA−D, indicating that en-
ergy transfer between Tm3+ ions is minimal, thereby prevent-
ing energy loss. Notably, while zero-phonon energy trans-
fer dominates (82.18%) in Tm3+–Tm3+ energy transfer, one-
phonon energy transfer accounts for 17.82%, which is non-
negligible, indicating partial involvement of phonon-assisted
energy transfer in Tm3+–Tm3+ interactions.
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Fig. 11. Absorption and emission cross-sections of Tm3+ and Tb3+

with corresponding phonon emission sidebands in the TGBB2 glass
sample: (a) forward energy transfer: Tm3+:1G4→Tb3+:5D4, (b) back-
ward energy transfer: Tb3+:5D4→Tm3+:1G4.

Table 9. Microscopic energy transfer parameters between Tm3+ and Tb3+ in the TGBB2 glass sample.

Glass ET
Phonon number (N) and Transfer constant

phonon assisted contribution (%) (10−40 cm6/s)

TGBB2

Tm3+:1G4→Tm3+:1G4
0 1

CD−D = 7.64
82.18 17.82

Tm3+:1G4→Tb3+:5D4
0 1

CD−A = 571.83
95.30 4.70

Tb3+:5D4→Tm3+:1G4
0 1

CA−D = 63.12
99.99 0.01

Furthermore, the energy transfer rate (WET) is calculated
using the following formula:[67]

WET = 13(CD−A)
1/2 (CD−D)

1/2 ND. (28)

In the equation, ND denotes the Tm3+ ion concentration. The
calculated WET for Tm3+→ Tb3+ energy transfer in TGBB2

glass is 442.90×10−20 cm3/s.

4. Conclusion
In this study, a matrix glass with the composition

70TeO2–5GeO2–5Bi2O3–20BaF2 and Tm3+/Tb3+-co-doped
70TeO2–5GeO2–5Bi2O3–20BaF2–0.75Tm2O3–xTb4O7 (x =

077801-11
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1, 2, 3, 4, 5 mol%) glass samples were synthesized via high-
temperature melt-quenching. The structure and physical prop-
erties of the matrix glass were tested and analyzed. The test
results show that the density and refractive index of the ma-
trix glass TGBB are 4.9702 g/cm3 and 1.8341, respectively.
Raman spectroscopy analysis indicates that the glass has a
low phonon energy (763 cm−1). DSC curve analysis gives
the glass transition temperature Tg = 396 ◦C and crystalliza-
tion temperature Tx = 513 ◦C, with a thermal stability interval
∆T = 117 ◦C, demonstrating excellent thermal stability of the
matrix glass TGBB. Subsequently, the fluorescence emission
characteristics in the blue–green wavelength range were in-
vestigated. When the doping ratio of Tm2O3:Tb4O7 is 3:8, the
TGBB2 glass sample exhibits balanced blue fluorescence at
452 nm and green fluorescence at 544 nm. Based on the JO
theory, the calculated spontaneous emission transition proba-
bility (Arad) and radiative lifetime (τrad) for Tm3+:1G4→ 3H6

are 1628.22 s−1 and 0.23 ms, respectively; those for Tb3+:
5D4 → 7F5 are 223.57 s−1 and 1.89 ms, respectively. Fur-
thermore, the maximum absorption cross-sections of Tm3+

and Tb3+ in TGBB2 glass are 5.87×10−21 cm2 (476 nm)
and 2.97×10−21 cm2 (486 nm), respectively; the maximum
gain coefficients G(λ ) are 2.98 cm−1 and 0.46 cm−1, respec-
tively. Further studies show that the forward energy transfer
coefficient (Tm3+: 1G4→ Tb3+:5D4) is 571.83×10−40 cm6/s,
which is significantly higher than the backward energy trans-
fer coefficient (Tb3+:5D4→Tm3+:1G4, 63.12×10−40 cm6/s).
The energy transfer rate (WET) is 442.90×10−20 cm3/s, and
the energy transfer efficiency reaches 99.5%. These findings
confirm that the glass with the composition 70TeO2–5GeO2–
5Bi2O3–20BaF2–0.75Tm2O3–2Tb4O7 (TGBB2) is the opti-
mal luminescent material for blue–green wavelength applica-
tions.
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[12] Kucuk N, Kaynar Ü H, Akca S, Alajlani Y, Yin L, Wang Y, Guinea J G,
Bulcar K, Dogan T, Karabulut Y, Ayvacikli M, Canimoglu A, Topaksu
M and Can N 2020 J. Alloys Compd. 838 155587

[13] Kashif I and Ratep A 2025 Journal of Fluorescence 35 343
[14] Shen T H, Guo J F, Liang H X, Li Y L, Li K W, Dai Y H and Ai Y

2023 Photonics 10 1238
[15] Castiglia A, Malinverni M, Rossetti M, Duelk M and Velez C 2021

IEEE Photonics Technology Lett. 33 1235
[16] Zhang C, Han K X, Wu T, Zhou D C, Wang S B and Liu M 2023 Ce-

ramics International 49 14497
[17] Qin F J, Cong Y X, Zhou D C, Han K X, Ban Y M, Leng Z and Shao

Z H 2024 J. Alloys Compd. 1009 177044
[18] Zhou D C, Bai X M and Zhou H 2017 Sci. Rep. 7 44747
[19] Cao J L, Wu Y X, Cong Y X, Bai Y R, Zhou D C, Ban Y M and Liao

Y 2024 Infrared Physics & Technology 141 105507
[20] Wang C Z, Tian Y, Gao X Y, Liu Q H, Huang F F, Li B P, Zhang J J

and Xu S Q 2018 Journal of Luminescence 194 791
[21] Wei Y L, Zhao J B, Fuhrmann S, Sajzew R, Wondraczek L and

Ebendorff-Heidepriem H 2023 Light: Science & Application 12 293
[22] Wei T, Chen F Z, Jing X F, Wang F C, Tian Y and Xu S Q 2014 Solid

State Sciences 31 5
[23] Farahinia L, Rezvani M and Rezazadeh M 2021 Materials Research

Bulletin 139 111265
[24] Swapna K, Mahamuda S, Rao A S, Jayasimhadri M, Shakya S and

Prakash G V 2014 Journal of Luminescence 156 180
[25] Huang B, Xu C F, Zhang Z, Zang C Y and Sun L Z 2018 Journal of

Non-Crystalline Solids 502 97
[26] Poulain M 2024 APL Photonics 9 91103
[27] Pang R Z, Wu T, Han K X, Zhou Z Y, Zheng W, Kang B, Guo L X, Xie

W T, Zhou D C and Leng Z 2025 Ceramics International 51 27012
[28] Doualan J L, Girard S, Haquin H, Adam J L and Montagne J 2003 Opt.

Mater. 24 563
[29] Lu Z P and Liu C T 2003 Phys. Rev. Lett. 91 115505
[30] Saad M and Poulain M 1987 Materials Science Forum. Trans Tech Pub-

lications Ltd. 19 11
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