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spectral characteristics of Tm3+/
Ho3+ co-doped TeO2–B2O3–BaO glass

Qingbo Wang, Junying Zhang, Weimin Dong, Lintao Liu, Hang Wen, Qian Yao,
Jing Li* and Jiyang Wang

TeO–B2O3–BaO glasses with different compositions were prepared by the conventional melt-quenching

technique. The spectral properties of Tm3+/Ho3+ co-doped TeO–B2O3–BaO glasses with different

doping concentrations were studied. In order to analyze the spectroscopic properties in detail, the

Judd–Ofelt intensity parameters, spontaneous radiative probabilities, branching ratios, absorption and

emission cross-sections, and gain coefficient spectra were calculated using Judd–Ofelt and McCumber

theory based on the absorption and emission spectra. Meanwhile, the optimal doping concentration was

determined as Tm2O3: 1.0 mol% and Ho2O3: 1.0 mol%. The results show that Tm3+/Ho3+ co-doped

TeO–B2O3–BaO glass is an ideal mid-infrared laser gain medium.
Introduction

In recent years, infrared lasers working around 2 mm have
attracted widespread attention because of their wide range of
uses, such as in eye-safe lidar systems, laser remote sensing,
biomedical uses.1,2 It is well-known that lasers at around 2 mm
can be obtained from the Ho3+:5I7 / 5I8 or Tm3+:3F4 / 3H6

transition processes. Ho3+ ions have a wide radiation band-
width and long uorescence lifetime, and the stimulated
emission cross-section is larger than that of Tm3+ ions.3–5

However, due to the lack of a corresponding absorption band,
Ho3+-doped lasers cannot be directly pumped by commercially
available 808 nm or 980 nm LD pump sources. Other rare-earth
ions such as Yb3+, Er3+, and Tm3+ have an absorption band at
808 nm or 980 nm and can be introduced as a sensitizer co-
doped with Ho3+. Among them, Tm3+ has a strong absorption
band at 808 nm and can be directly pumped by an 808 nm LD,
which has attracted widespread interest.6–8 In order to obtain
a strong laser output at around 2 mm, a series of laser glasses
have been developed. Compared with other matrix materials
such as silicate glass, germanate glass, and halide and sulde
glass, tellurate glass has good thermal stability, low thermal
expansion coefficient and good solubility of rare-earth ions.9 It
is generally believed that tellurium ions in tellurate glass are
mainly in the form of trigonal bipyramid [TeO4], deformed
trigonal bipyramid [TeO3+1] and trigonal pyramid [TeO3]. These
structural groups are linked to each other at a certain angle to
form a long chain or a ring chain.10 BaO exists in glass as
a network modier and does not participate in network
construction. With the addition of BaO, the trigonal bipyramid
University, Jinan 250100, China. E-mail:
[TeO4] transforms into the deformed trigonal bipyramid
[TeO3+1] and trigonal pyramid [TeO3].11,12 Furthermore, more
BaO enters the gap between these long chains or ring chains in
the form of [BaO6] and [BaO7] polyhedra, making the network of
glass more compact, which improves the mechanical strength
and thermal stability of the glass.13 The introduction of B2O3

improves the thermal stability and contributes to the formation
of glass.

Here, Tm3+/Ho3+ co-doped tellurate glasses with different
compositions of TeO2–B2O3–BaO were prepared, and an emis-
sion peak at around 2.0 mmwas obtained under the excitation of
an 808 nm LD. We investigate the appropriate co-doping
concentrations of Tm3+ and Ho3+ that can output an intense
ultra-broad uorescence emission band at around 2.0 mm.
Meanwhile, the energy transfer mechanism between Tm3+ and
Ho3+ was systematically analyzed. In addition, quantitative
research was conducted based on Judd–Ofelt theory in order to
evaluate the radiation performance of Tm3+ and Ho3+. Aer
that, the absorption and emission cross-sections and gain
coefficient spectra were calculated and discussed on the basis of
the absorption and emission spectra.
Experimental
Material synthesis

Undoped TeO2–B2O3–BaO glasses with different compositions
and Tm3+/Ho3+ co-doped TeO2–B2O3–BaO glasses with different
doping concentrations were prepared by the traditional melt-
quenching method. 10 g of powders of TeO2, BaCO3, H3BO3,
Tm2O3 and Ho2O3 were weighed exactly according to the ratio,
mixed well and poured into a platinum crucible, and kept at
450 �C for one hour to remove gas and moisture. Then, the
temperature was raised to 850 �C, and the mixture was melted
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 TeO2–B2O3–BaO glass substrates with different glass
compositions and glass samples with different doping concentrations.

Fig. 2 Raman spectra of the glass substrates.
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for 30 minutes and stirred. The purpose of the stirring is to
uniformly mix the raw materials and remove the bubbles in the
glass to homogenize the molten glass. The molten glass was
poured onto a preheated stencil and quickly transferred to
a preheated resistance furnace (the furnace temperature is near
the transition temperature of the glass sample) to anneal the
sample and eliminate stress in the glass. The temperature was
kept near the glass transition temperature for 4 hours and then
the sample was naturally cooled to room temperature. The
annealed glass samples were processed into a certain size and
shape according to the relevant test requirements, and were
polished for related tests such as infrared transmission,
absorption and uorescence spectroscopy.

Measurements

Thermal performance analysis of powder samples crushed
down from the samples was achieved by a Diamond TG/DTA
from Perkin Elmer, USA. The test temperature range was 200–
550 �C, the heating rate was 10 �C min�1, and the analysis was
performed in an air atmosphere. The Raman and infrared
transmission spectra of the glass samples were measured by
a NEXUS 670 Fourier transform infrared-Raman (FT-IR &
Raman) spectrometer from Thermo Nicolet, USA. The test
ranges were 250–1800 cm�1 and 400–4000 cm�1, respectively.
The transmission spectrum of the undoped TeO2–B2O3–BaO
glass samples and the absorption spectrum of the Tm3+/Ho3+

co-doped TeO2–B2O3–BaO glass samples were, respectively,
measured using a U-3500 IR/VIS/UV spectrophotometer manu-
factured by Hitachi. Fluorescence spectra and lifetimes were
measured using an FLSP 980 time-resolved steady-state/
transient spectrometer from Edinburgh Instruments. The exci-
tation sources were 980 nm and 808 nm LDs, respectively. All of
the measurements were carried out at room temperature.

Results and discussion
Glass samples

In this work, TeO2–B2O3–BaO glass substrates with glass
compositions as follows: 33%TeO2–34%B2O3–33%BaO (TBB1),
60%TeO2–20%B2O3–20%BaO (TBB2), 67%TeO2–17%B2O3–16%
BaO (TBB3), 70%TeO2–10%B2O3–20%BaO (TBB4) and 50%
TeO2–30%B2O3–20%BaO (TBB5), were prepared. Glass samples
with the compositions 1Tm2O3–xHo2O3–(99 � x)(TeO2–B2O3–

BaO) (x ¼ 0, 0.6, 1.0, 1.5, 2.0, 3.0 mol%) and xTm2O3–1Ho2O3–

(99 � x)(TeO2–B2O3–BaO) (x ¼ 0, 0.2, 0.5, 1.0, 1.5 mol%) were
also prepared, and de-noted as TBBTH0, TBBTH0.6, TBBTH1.0,
TBBTH1.5, TBBTH2.0, TBBTH3.0, and TBBHT0, TBBHT0.2,
TBBHT0.5, and TBBTH1.0, TBBHT1.5, respectively. Pictures of
these samples are shown in Fig. 1.

Raman spectra

Raman spectroscopy can reect the condition of the internal
structure of the glass, which has an important inuence on its
thermal properties, spectral properties, etc. Fig. 2 presents the
Raman spectra of the glass samples with a test range of 250–
1800 cm�1. In these Raman spectra, the spectral band
This journal is © The Royal Society of Chemistry 2019
appearing at 160–190 cm�1 corresponds to the vibration of Ba2+.
The peak at 450–475 cm�1 corresponds to the Te–O–Te or O–Te–
O bending vibration. The peak at 550–560 cm�1 corresponds to
the vibration of [BO4�], and the peak at 670–680 cm�1 corre-
sponds to the asymmetric stretching vibration of the Te–O bond
in [TeO4]. The Raman band at 750–770 cm�1 corresponds to the
symmetric stretching vibration of Te–O in [TeO3] and
[TeO3+1].14,15

The peak with the largest wave number in the Raman spec-
trum represents the phonon energy of the matrix. The higher
the phonon energy of the glass matrix, the greater the multi-
phonon relaxation rate, which affects the radiation transition
in the mid-infrared region, making uorescence quenching
more likely to occur in the glass. As can be seen from Fig. 2, the
phonon energies of the glass substrates are 772 cm�1, 762 cm�1,
689 cm�1, 692 cm�1 and 756 cm�1, respectively, and are smaller
than those of other glass substrates such as silicate
(�1100 cm�1), germanate (�900 cm�1), etc. This indicates that
the TeO2–B2O3–BaO glass system has the conditions required
for use as a mid-infrared laser gain medium.
RSC Adv., 2019, 9, 7078–7085 | 7079
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Table 1 The hydroxyl absorption coefficient of each glass

Glass TBB1 TBB2 TBB3 TBB4 TBB5

a (cm�1) 4.769 7.324 4.49 5.59 5.77
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OH� group content

The strong vibration of each group in the glass network has
a great inuence on the intrinsic absorption.16 In the matrix
material, an increase in the OH� content weakens the glass
network structure, which in turn affects its absorption of
infrared light. For mid-infrared laser glass materials, OH� can
greatly reduce the uorescence intensity and affect the uo-
rescence output in the mid-infrared band through the multi-
phonon quenching mechanism. The infrared transmission
spectrum of each glass sample is shown in Fig. 3. From the
spectrum and the following formula:

a ¼ lnðI0=IÞ
l

where I0 is the maximum transmittance of the glass, I is the
transmittance near 3000 nm and l is the thickness of the glass
sample, the absorption coefficient (a) of the hydroxyl groups in
the sample can be determined. The calculated hydroxyl
absorption coefficients in each sample are listed in Table 1. It is
deduced that the hydroxyl content of TBB3 is relatively small.
Thermal stability

Thermal stability is one of the important parameters for
measuring the properties of glass. Generally, DT (¼Tx � Tg) is
used to characterize the thermal stability of a glass. A large value
of DT means that inhibition of crystallization and nucleation is
strong, and the thermal stability is good. As can be seen in
Fig. 4, the glass transition temperature (Tg) and crystallization
temperature (Tx) increase with increasing B2O3 content. TBB1
and TBB5 did not observe signicant crystallization peaks
within the test range. The transition temperature of TBB3 is
375 �C and the crystallization temperature is 481 �C. Among the
TBB2, TBB3 and TBB4 glass samples, only the DT of the TBB3
glass sample was larger than 100 �C (DT ¼ 106 �C), indicating
that the TBB3 glass has good thermal stability.
Fig. 3 Infrared transmission spectra of the glass samples.

7080 | RSC Adv., 2019, 9, 7078–7085
A comprehensive comparison of the properties of the
prepared undoped glass samples was carried out, and the TBB3
glass with less phonon energy, lower relative hydroxyl content
and better thermal stability was selected as the matrix material
for subsequent Tm3+/Ho3+ doping.

Absorption spectrum and Judd–Ofelt analysis

Fig. 5 displays the measured absorption spectra of Tm3+ and
Ho3+ single-doped and Tm3+/Ho3+ co-doped TeO2–B2O3–BaO
glass at 300–2500 nm. For the Ho3+ single-doped sample, the
absorption spectrum was found to contain absorption bands
centered at wavelengths of 420 nm, 452 nm, 486 nm, 538 nm,
644 nm, 902 nm, 1158 nm, and 1946 nm, which in turn corre-
spond to the transitions from the ground state 5I8 to the excited
states 5G5,

5G6 +
5F1,

5F3,
5S2 +

5F4,
5F5,

5I5,
5I6, and

5I7. For the
Tm3+ single-doped sample, the absorption spectrum has ve
absorption bands at 466 nm, 686 nm, 792 nm, 1208 nm, and
1695 nm, which are attributed to the transition from the ground
state 3H6 to the excited states 1G4,

3F3,
3H4,

3H5 and 3F4,
respectively. In the Ho3+/Tm3+ co-doped sample, the absorption
spectrum shows a superposition of Ho3+ and Tm3+ ion
absorption peaks, and the positions of the respective absorp-
tion peaks did not change substantially.

The measured absorption spectrum can be analyzed by J–O
theory for the radiation transition characteristics in the 4fN

structure of rare-earth ions.17,18 Based on J–O theory, the
experimental oscillator strength (fexp) can be obtained using the
following formula:

fexp ¼ mc2

0:43dl
2
e2Np

ð
ODðlÞdl
Fig. 4 The DTA curves of the un-doped glass samples.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Absorption spectra of Tm3+ and Ho3+ single doped and Tm3+/
Ho3+ co-doped glasses.

Table 2 fexp and fcal of Ho3+ ions in co-doped glassa

Final state l fexp (�10�6) fcal (�10�6)

5G5 418 3.99 3.91
5F1 +

5G6 452 30.9 30.4
5F4 +

5S2 538 6.19 5.12
5F5 644 3.75 3.93
5I6 1154 1.06 1.45

a U2 ¼ 5.62 � 10�20, U4 ¼ 2.46 � 10�20, U6 ¼ 1.72 � 10�20, d ¼ 0.81 �
10�6.

Table 3 Comparison of the Ut values in different glasses with Ho3+

doping

Glass host U2 U4 U6

Fluoride19 1.86 1.90 1.32
Phosphate20 3.33 3.01 0.61
Silicate21 3.14 3.04 4.97
Sulde22 0.1 4.97 0.98
Germanate23 7.83 6.37 2.05
TBBTH1.0this work 5.62 2.46 1.72
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where m is the electronic mass (9.109 � 10�31 kg), e is the
electron charge (6.02 � 10�19 C), c is the speed of light in
a vacuum (2.998 � 10�8 m s�1), d is the sample thickness, N is
the rare earth ion concentration, l�is the mean wavelength and
OD (l) is the optical density.

The theoretical oscillator strength can be obtained using the
following equation:

fcal ¼ fed + fmd

where fed and fmd are the electric dipole and magnetic dipole
transition oscillator strengths, respectively, and their respective
expressions are as follows:

fed ¼ 8p2mc

3hð2J þ 1ÞlcedS
ed

fmd ¼ 8p2mc

3hð2J þ 1ÞlcmdS
md

where h is Planck's constant, J is the total angular momentum
quantum number, ced and cmd are the correction factors for the
electric- and magnetic-dipole absorption transitions, and Sed
and Smd are the electric- and magnetic-dipole transition line
intensities of the transition from the S L J level to S0 L0 J0 level,
respectively.

The Judd–Ofelt parameters and related spectral performance
parameters of the Ho3+ ions in the TBBTH1.0 samples were
calculated. Table 2 shows the experimental and theoretical
oscillator strength of the Ho3+ in the glass sample. The root
mean square error d ¼ 0.81 � 10�6, indicating that the calcu-
lation results are credible. The corresponding Judd–Ofelt
intensity parameter Ut was obtained by tting. Table 3 shows
the Ut values of Ho3+ ions in TBB3 and other usual glass
matrixes. U2 is closely related to the symmetry and order of the
coordination eld. The smaller the U2, the weaker the covalency
of the bond between the rare-earth atom and the oxygen atom. It
This journal is © The Royal Society of Chemistry 2019
can be seen from the table that the U2 value of TeO2–B2O3–BaO
glass is larger than that of other glass substrates such as uo-
ride, silicate and phosphate glass. This may be due to the
presence of multiple polyhedral structural units in the glass.
The value of U6 is related to the spontaneous radiation proba-
bility (Arad), which becomes larger as the value of U6 increases,
and the large Arad is favorable for obtaining luminescence in the
2 mm band. In the TeO2–B2O3–BaO glass system, the value of U6

is larger than that in uoride glass, phosphate glass and sulde
glass, and slightly smaller than that in germanate glass, indi-
cating that the TeO2–B2O3–BaO glass system has better radia-
tion transition properties.

According to the Ut value calculated in Table 3, the main
spectral parameters of the Ho3+ transitions at different energy
levels in glass sample were further calculated, such as the
spontaneous radiation probability (Arad), the branching ratio (b)
and the radiation lifetime (s), using the following formulae:

Arad ¼ 64p4e2

3hð2J þ 1Þl3
"
nðn2 þ 2Þ2

9
Sed þ n3Smd

#

srad ¼ 1P
g0J 0

Arad

�
gJ;g0J 0�

b ¼
Arad

h
gJ;g0J 0

i
P
g0J 0

Arad

�
gJ;g0J 0�

where h, e, J, l�, Sed and Smd have the same meanings as above. n
is the sample refractive index. The calculation results are shown
in Table 4. It can be seen from Table 4 that the spontaneous
RSC Adv., 2019, 9, 7078–7085 | 7081

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09971e


Table 4 Arad, b and s of Ho3+ ions in glass samples

Aed Amd Arad/s
�1 b/% s/ms

5I7 /
5I8 142.11 43.74 185.85 100 5.38

5I6 /
5I7 26.14 28.76 280.33 80.4 3.57

5I8 225.43
5I5 /

5I6 9.715 13.066 207.301 38.1 4.82
5I7 105.48
5I8 79.04
5F5 /

5I5 10.49 3366.57 76.7 0.30
5I6 134.08
5I7 641.30
5I8 2580.70
5F4 /

5F5 15.96 8.215 5834.97 79.2 0.17
5I5 191.59
5I6 392.80
5I7 603.56
5I8 4622.84

Fig. 7 Energy level scheme of Tm3+ and Ho3+ ions.
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radiation probability of Ho3+:4I7 /
5I8 in the glass sample that

produces a 2 mm uorescence band is 185.85 s�1, which is
higher than that in other matrix materials such as germanate
glass (94.5 s�1), uoride glass (73.04 s�1) and silicate glass
(71.64 s�1).24–26 The larger the value of Arad, the greater the
probability of laser generation, and the more favorable it is for
the output of the 2 mm laser.27
Fluorescence spectroscopy and concentration optimization

Fig. 6 shows the uorescence spectrum in the mid-infrared
range of Tm3+/Ho3+ co-doped glass with different Ho3+ doping
concentrations under 808 nm excitation. The inset is a plot of
the change in uorescence intensity and uorescence lifetime
in glass samples with different Ho2O3 concentrations. There are
mainly two luminescence peaks in Fig. 6, wherein the uores-
cence peak of the Tm3+ single-doped sample is located near 1.8
mm, corresponding to the radiation transition of Tm3+:3F4 /
Fig. 6 Fluorescence spectra of Tm3+/Ho3+ co-doped TeO2–B2O3–
BaO glass with different concentrations of Ho3+. The inset is a plot of
the change of fluorescence intensity and fluorescence lifetime in glass
samples with different Ho2O3 concentrations.

7082 | RSC Adv., 2019, 9, 7078–7085
3H6. In the Tm3+/Ho3+ co-doped sample, the uorescence peak
appeared at around 2.0 mm, corresponding to the Ho3+:5I7/

5I8
radiation transition. As the concentration of Ho3+ ions
increases, the 1.8 mm luminescence peak gradually decreases,
and due to the uorescence quenching phenomenon caused by
the high concentration of Ho3+, the uorescence intensity at
around 2 mm increases rst and then decreases. Though the
uorescence lifetime suddenly decreases from TBBTH1.5 glass,
there is no great difference between TBBTH0.6 and TBBTH1.0
and the intensity of the luminescence peak near 2.0 mm is the
largest when the doping concentration of Ho2O3 is 1 mol%. It
can be seen from the absorption spectrum in Fig. 5 that Ho3+

has no absorption peak near 808 nm, which indicates that there
is an energy transfer process between Tm3+ and Ho3+. The
energy level diagrams and energy transfer processes of Tm3+

and Ho3+ are shown in Fig. 7. Tm3+ ions rst transition from the
3H6 level to the 3H4 level under excitation of 808 nm, and then
they transfer to the 3F4 level manifold quickly in three ways. The
rst approach is that the Tm3+ ions in the excited state radia-
tively transfer to the 3F4 level and emit photons at 1.47 mm, the
second is the cross-relaxation process between the Tm3+:3H4

state and Tm3+:3H6 state (3H4 +
3H6 / 3F4 + 3F4), and the last

one is ET1 in Fig. 7, which is indicated as: 3H4(Tm) + 5I8(Ho)/
3F4(Tm) + 5I7(Ho), but it is so weak that we usually ignore it.
Because the Tm3+:3F4 state and the Ho3+:5I7 state are very close,
Tm3+ ions in the 3F4 state transfer their energy to the Ho3+:5I7 in
the metastable state via 3F4 +

5I8 /
3H6 +

5I7 (ET2). Finally, Ho3+

produces uorescence at around 2.0 mm by the transition from
5I7 to

5I8.
In addition, in order to further analyze the inuence of

different concentrations of Tm3+ ions on the optical properties
of the glass and to explore the optimal doping concentration,
the doping concentration of Ho2O3 was xed at 1 mol%, and the
doping concentration of Tm2O3 was set as 0, 0.2, 0.5, 1.0 and
1.5 mol%, respectively. Fig. 8 is the uorescence spectra of the
Tm3+/Ho3+ co-doped glass samples with different concentra-
tions of Tm3+ excited by an 808 nm laser. The inset shows the
trend in uorescence intensity of the glass samples with
different Tm2O3 concentrations. When the concentration of
Tm3+ increases from 0.2 mol% to 1 mol%, the uorescence
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Fluorescence spectra of Tm3+/Ho3+ co-doped TeO2–B2O3–
BaO glass with different concentrations of Tm3+. The inset is the trend
of fluorescence intensity of glass samples with different Tm2O3

concentrations.
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intensity near 2.0 mm gradually increases, and when the
concentration continues to increase, the uorescence intensity
decreases. Therefore, it can be considered that a suitable
concentration of Tm3+/Ho3+ co-doping in the glass system is
Tm2O3: 1.0 mol% and Ho2O3: 1.0 mol%.
Fig. 9 Absorption and emission cross-sections of Tm3+/Ho3+ co-
doped glass.
Emission cross-section and gain characteristics

The sample with a doping concentration of Tm2O3: 1.0 mol%
and Ho2O3: 1.0 mol%, which is the optimum doping concen-
tration, was selected to calculate the absorption and emission
cross-sections from its absorption spectrum using the
McCumber theory. The absorption cross-section (sabs) of the
ground state energy level to the excited state energy level can be
calculated from the absorption spectrum using the following
formula:

sabsðlÞ ¼ 1

Nl
log

I0

I
¼ 2:303

Nl
ODðlÞ

where N, l, I0, I and OD(l), respectively, represent the doping
concentration of rare-earth ions, the sample thickness, the
input and transmit intensity, and the optical density.

The stimulated emission cross-section is an important
parameter for evaluating the performance of laser glass. The
stimulated emission cross-section of rare-earth ions can be
calculated by McCumber theory.28 The formula is:

semðlÞ ¼ sabsðlÞ
�
Zl

Zu

�
exp

�
EZL � hcl�1

kBT

�

where EZL is the energy gap between the lowest Stark level of the
ground-state manifold and the lowest Stark level of the upper
manifold, kB is the Boltzmann constant, T is temperature (T ¼
298 K), and Zl and Zu are the partition functions of the lower and
upper manifolds, respectively. EZL is the energy corresponding
to the peak wavelength of the absorption, and can be obtained
from the following equation:
This journal is © The Royal Society of Chemistry 2019
EZL ¼ hc

lpeak-abs

The coordination of Ho3+ in a variety of hosts is nearly the
same, so Zl/Zu can be taken as 0.91, as reported in ref. 29. Fig. 9
shows the absorption and emission cross-sections of the
Ho3+:5I7 / 5I8 transition. The maximum absorption cross-
section of Ho3+ at 1944 nm is 5.76 � 10�21 cm2, and the
maximum emission cross-section at 2030 nm is 7.13 � 10�21

cm2. The emission cross-section is larger than that of uoride
glass and germanate glass, indicating that the gain medium is
more conducive to laser output at around 2.0 mm.

sem � srad is an important indicator for measuring the
performance of the gain medium. The larger the value, the
better the performance of the gain matrix material. Table 5
presents a comparison of sem � srad of this sample with other
glass systems doped with Ho3+ ions. The value of sem � srad in
this glass system is 38.36 � 10�21 cm2 ms, which is larger than
that of other glasses, indicating that this glass system has
excellent gain performance.

The gain coefficient is also one of the important indicators
for evaluating the gain performance of a laser gain medium.
The gain coefficient of the laser medium can be deduced using
the following formula:31

G(l) ¼ N � [P � sem � (1 � P) � sabs]

where P is the population inversion parameter fractional factor
of the excited Ho3+ at the 5I7 level, and N is the concentration of
doped rare-earth ions, which can be calculated using the
following equation:

N ¼ rMðRe3þÞ
M

�NA

where r, M, M(Re3+) and NA, respectively, represent the sample
density, the sum of the average molecular weights of the
components in the sample, the molar percentage concentration
RSC Adv., 2019, 9, 7078–7085 | 7083
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Table 5 The sem, srad and sem � srad of Ho3+ ion doping in different
glass substrates

Glass host
sem
(�10�21 cm2)

srad
(ms)

sem � srad
(�10�21 cm2 ms)

Germanate glass23 4.0 0.36 1.44
Silicate glass22 7.0 0.32 2.24
Oxyuoride22 5.2 — —
PbO–Bi2O3–Ga2O3 (ref. 30) 5.44 4.79 26.06
TBBTH1.0this work 7.13 5.38 38.36

Fig. 10 Gain spectra of TBBTH1.0.
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of rare-earth ions and Avogadro's constant. The gain coefficient
of the TBBTH1.0 glass that we calculated is shown in Fig. 10.
The maximum gain coefficient of Ho3+ ions in the glass sample
is 3.1 cm�1, which is larger than that of germanate glass
(0.47 cm�1), lanthanum–tungsten–tellurite glass (1.2 cm�1) and
uorophosphate glass (0.66 cm�1).32–34 When the number of
inverted ions increases to P ¼ 0.3, the gain coefficient at 2000–
2100 nm is already positive, indicating that the glass has
excellent laser gain performance and a lower pumping
threshold.
Conclusions

The TBB3 (67%TeO2–17%B2O3–16%BaO) glass substrate, which
has less phonon energy, a lower relative hydroxyl content, better
thermal stability and good anti-crystallization properties, was
selected as the matrix material by analyzing the Raman spec-
trum, infrared transmission spectrum and DTA curve.

A series of Tm3+/Ho3+ co-doped TeO2–B2O3–BaO glasses with
different doping concentrations were prepared by the tradi-
tional melt-quenching technique. Through the analysis of the
absorption spectra, the J–O parameters were calculated. The
spontaneous radiative probability of Ho3+:5I7 /

5I8 was as high
as 185.85 s�1. Under the pumping of an 808 nm laser diode, the
optimum doping concentration for an emission peak at around
2.0 mm is Tm2O3: 1.0 mol% and Ho2O3: 1.0 mol%. For the
7084 | RSC Adv., 2019, 9, 7078–7085
TBBTH1.0 glass, the absorption cross-section at 1944 nm and
the emission cross-section at 2030 nm of the Ho3+:5I7 / 5I8
transition reach 5.76 � 10�21 cm2 and 7.13 � 10�21 cm2,
respectively. Furthermore, the value of sem � srad of Ho3+ in
TeO2–B2O3–BaO glass is also up to 38.36 � 10�21 cm2 ms. In
addition, TBBTH1.0 has a lower pumping threshold and the
gain coefficient of Ho3+ in it reaches 3.1 cm�1. All of these
results indicate that the prepared Tm3+/Ho3+ co-doped TeO2–

B2O3–BaO glass is an ideal mid-infrared laser gain medium.
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