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CO3 on the gain coefficient for the
4I13/2 / 4I15/2 transition of Er3+ ions and near-
infrared emission bandwidth flatness of Er3+/Tm3+/
Yb3+ co-doped barium zinc silicate glasses†

Ho Kim Dan, *ab Nguyen Dinh Trung,cd Nguyen Minh Tam, e L. T. Ha, *f

Nguyen Le Thai,g Tran Dang Thanh,h Dacheng Zhoui and Jianbei Qiui

The roles of Mn2+ ions in the MnCO3 compound, leading to the formation of an Mn2+–Yb3+ dimer and

affecting the gain coefficient for the 4I13/2 / 4I15/2 transition of Er3+ ions and near-infrared (NIR)

emission bandwidth flatness of Er3+/Tm3+/Yb3+ co-doped in SiO2–ZnO–BaO (SZB) barium zinc silicate

glasses, were investigated in this work. The composition of all elements from the original raw materials

that exist in the host glasses was determined using energy-dispersive X-ray spectroscopy (EDS). Under

the excitation of a 980 nm laser diode (LD), the NIR emission of Er3+/Tm3+/Yb3+-co-doped SZB glasses

produced a bandwidth of about 430 nm covering the O, E, and C bands. The effects of Mn2+ ions and

the Mn2+–Yb3+ dimer on the gain coefficient for the 4I13/2 / 4I15/2 transition of Er3+ ions and bandwidth

flatness of NIR emission of Er3+/Tm3+-co-doped and Er3+/Tm3+/Yb3+-co-doped SZB glasses were also

assigned. The optimal molar concentration of Mn2+ ions was determined such that the NIR bandwidth

flatness of Er3+/Tm3+/Yb3+-co-doped SZB glasses was the flattest. In addition, the role of Mn2+ ions in

reducing the gain coefficient for the 4I13/2 /
4I15/2 transition of Er3+ ions was also calculated and discussed.
1. Introduction

The near-infrared (NIR) emission spectra of rare earth ions
(REIs), such as Pr3+, Er3+, Tm3+, and Ho3+ ions, in the wave-
length range from ∼1200 to 2000 nm with the coverage of long-
band (L-band), ultra-band (U-band), and (L + U)-bands have
been of interest to researchers due to their expected applica-
tions in optical ampliers and bre lasers.1–3 The NIR emission
spectra of the Er3+-doped peak at about 1545 nm and of the
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Tm3+-doped peak at about 1769 nm, corresponding to 4I13/2 /
4I15/2 (ref. 4) and

3F4 /
3H6 transitions, respectively, have been

widely investigated because of their typical applications in an
erbium-doped ber amplier (EDFA)5,6 and a thulium-doped
ber amplier (TDFA).7 While Er3+ ions can be directly excited
by commercial wavelengths of both 808 nm LD and 980 nm
LD,1,5,6,8 Tm3+ ions can only be directly excited by the wavelength
of an 808 nm LD but not by a 980 nm LD.9,10 Therefore, for the
NIR emission spectra of Tm3+-doped and Er3+/Tm3+-co-doped
glasses using a commercial wavelength 980 nm LD for excita-
tion, Yb3+ ions are oen introduced as a sensitizer or for
a cooperative energy transfer (CET) process through dimers/
trimers such as a Yb3+–Yb3+ dimer,11 Cr3+–Yb3+ dimer,12 Mn2+–

Yb3+ dimer,13,14 or Mn2+–Mn2+–Yb3+ trimer4,15 for direct excita-
tion by the commercial wavelength of a 980 nm LD.16 Among the
dimers, the Mn2+–Yb3+ dimer formed by transition metal ions
Mn2+ and Yb3+ ions is commonly used for the CET process of
NIR emission spectra of Tm3+ doped or Er3+/Tm3+ co-doped in
host glasses.13,14,17 In addition to expanding the NIR spectral
bandwidth for REIs, recent studies have also focused on
investigating and nding solutions to atten the NIR spectral
bandwidth of these REIs to optimize the obtained NIR spectral
bandwidth for optical applications.18–22 In our previous
studies,23,24 we investigated, calculated, and reported solutions
to widen the bandwidth as well as to enhance the near-infrared
bandwidth atness of Tm3+-doped, Ho3+-doped, Tm3+/Ho3+-co-
RSC Adv., 2023, 13, 31881–31890 | 31881
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View Article Online
doped, and Ho3+/Tm3+/Yb3+-co-doped glasses.19,23 The obtained
results indicated that the NIR bandwidth atness of Tm3+-
doped, Ho3+-doped, Tm3+/Ho3+-co-doped, and Ho3+/Tm3+/
Yb3+co-doped glasses was signicantly improved by the pres-
ence of Mn2+ ions and an Mn2+–Yb3+ dimer in the host
glasses.13,14,23

Following the positive results described above, in this work,
we continue to examine and report the effects of Mn2+ ions and
Mn2+–Yb3+ dimers on the gain coefficient for the 4I13/2 /

4I15/2
transition of Er3+ ions and NIR emission bandwidth atness of
Er3+/Tm3+/Yb3+-co-doped barium zinc silicate glasses with the
aim of clarifying the roles of Mn2+ ions in the MnCO3

compound in the formation of an Mn2+–Yb3+ dimer. Remark-
ably, we have attempted to determine not only the optimal
BFN_NIR emission of Er3+/Tm3+/Yb3+-co-doped SZB glasses but
also the optimal molar concentration of Mn2+ ions in the
MnCO3 compound such that the BFN_NIR emission of Er3+/
Tm3+/Yb3+-co-doped SZB glasses is a maximum. In addition, the
role of Mn2+ ions in the MnCO3 compound in reducing the gain
coefficient for the 4I13/2 /

4I15/2 transition of Er3+ ions was also
examined. The obtained results are able to guide the selection
of more optimal materials for EDFA and TDFA optical
ampliers.
2. Experimental details
2.1. Materials

In this experiment, the glass materials are fabricated by the
conventional melting method. All the raw materials consisting
of SiO2, ZnO, BaO, TiO2, MnCO3, Er2O3, Tm2O3, and Yb2O3 used
in this study are laboratory reagents with high purity (99.99%).
Table 1 Detailed chemical composition and concentration ratios of SiO2

glasses

Name of glass sample

Details of composition and molar conc

SiO2 ZnO BaO

SZB-2Mn2Yb 45 26 17
SZB-0.5Er 45 26 20.5
SZB-1Tm 45 26 20
SZB-0.5Er2Yb 45 26 18.5
SZB-0.5Er2Yb2Mn 45 26 16.5
SZB-0.5Er2Yb2.5Mn 45 26 16
SZB-0.5Er2Yb3Mn 45 26 15.5
SZB-0.5Er2Yb3.5Mn 45 26 15
SZB-0.5Er2Yb4Mn 45 26 14.5
SZB-1Tm2Yb 45 26 18
SZB-1Tm2Yb2Mn 45 26 16
SZB-1Tm2Yb2.5Mn 45 26 15.5
SZB-1Tm2Yb3Mn 45 26 15
SZB-1Tm2Yb3.5Mn 45 26 14.5
SZB-1Tm2Yb4Mn 45 26 14
SZB-0.5Er1Tm2Yb 45 26 17.5
SZB-0.5Er21TmYb2Mn 45 26 15.5
SZB-0.5Er1Tm2Yb2.5Mn 45 26 15
SZB-0.5Er1Tm2Yb3Mn 45 26 14.5
SZB-0.5Er1Tm2Yb3.5Mn 45 26 14
SZB-0.5Er1Tm2Yb4Mn 45 26 13.5

31882 | RSC Adv., 2023, 13, 31881–31890
The abbreviations, chemical compositions, and detailed molar
ratios are listed in Table 1.
2.2. Experimental methods

Approximately 12 g of the mixtures of raw materials were
weighed for each glass sample using an electronic analytical
balance. Aer being nely ground using an onyx mortar and
pestle, these mixtures were compressed into a platinum
crucible and were then heated in a German-manufactured
Nabertherm electric furnace at 1580 °C for a continuous
period of 50 minutes, under an air atmosphere.23 In the process
of fabrication of the host glass and the glass doped with rare
earth elements, the rawmaterial mixtures aer ne grinding are
oen heated at a temperature that is equal to or greater than the
glass transition temperature of the raw materials, (abbreviated
Tg). This temperature Tg is related to the melting point
temperature of the materials (Tm) through the expression

Tg ¼ 2
3
Tm.24,25 In the experiment in this study, the SiO2, ZnO,

TiO2, BaO, Er2O3, Tm2O3, and Yb2O3 rawmaterial mixtures have
melting points greater than 1580 °C. However, we chose the
material melting temperature of 1580 °C23 at which these
material mixtures are melted enough to form glasses.23,24 In the
next step, the melted mixtures were poured into a mold and
quenched on the surface of a stainless steel plate to form the
raw glass. To increase the mechanical strength and remove
thermal strain from the raw glass, all raw glass samples were
annealed at∼500 °C for a continuous period of 12 hours.17,19,23,26

The glass samples used for optical measurements were cut to
a size of ∼10 mm × 10 mm × 2 mm. The edges and surfaces of
these glass samples were then thoroughly polished.
–ZnO–BaO–TiO2–Er2O3–Tm2O3–MnCO3–Yb2O3 barium zinc silicate

entration (in mol%)

TiO2 Er2O3 Tm2O3 MnCO3 Yb2O3

8 0 0 2 2
8 0.5 0 0 0
8 0 1 0 0
8 0.5 0 0 2
8 0.5 0 2 2
8 0.5 0 2.5 2
8 0.5 0 3 2
8 0.5 0 3.5 2
8 0.5 0 4 2
8 0 1 0 2
8 0 1 2 2
8 0 1 2.5 2
8 0 1 3 2
8 0 1 3.5 2
8 0 1 4 2
8 0.5 1 0 2
8 0.5 1 2 2
8 0.5 1 2.5 2
8 0.5 1 3 2
8 0.5 1 3.5 2
8 0.5 1 4 2

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06348h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/3
/2

02
6 

9:
53

:1
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The EDS spectrum was carried out using eld emission
scanning electron microscopy (FE-SEM), with a Jeol JSM-
6510LV. Optical transmittance spectra of the glass within the
wavelength range of 350 to 2000 nm were carried out using
a Hitachi U-4100 UV/VIS/NIR spectrophotometer. NIR emission
spectra of the glass within the wavelength range of 1300 to
2100 nm were measured using a Zolix SBP300 spectrophotom-
eter with an InGaAs detector under excitation by a 980 nm LD.
Optical transmittance and NIR emission spectra measurements
as well as EDS analysis of the glass samples were performed at
ambient temperature.17,19
3. Results and discussion
3.1. EDS analysis

To determine whether the elements in the original raw material
still exist in the glass materials aer fabrication, we conducted
an EDS analysis for the SZB-0.5Er1Tm2Yb2Mn glass sample,
and the analyzed results within the energy range from 0 to 10
keV are plotted in Fig. 1. The energy levels of each element are
listed in detail in Table 2. The obtained results of the EDS
spectrum analysis of the SZB-0.5Er1Tm2Yb2Mn glass sample
conrmed that the C, Ti, O, Ba, Zn, Si, Mn, Tm, Er, and Yb
elements were still present in the SiO2–ZnO–BaO–TiO2–Er2O3–

Tm2O3–MnCO3–Yb2O3 glass matrix.27,28 It should be noted that
Fig. 1 EDS spectral analysis of the SZB-0.5Er1Tm2Yb2Mn glass
sample.

Table 2 Details of the energy levels of the elements in the EDS spectra

Energy

Element

C Ti O Ba Zn

La (keV) 0.278 0.452 0.526 0.971 1.0
Ka (keV) 4.509 4.466 8.6

© 2023 The Author(s). Published by the Royal Society of Chemistry
the Mn element has many different valence states, including +2,
+3, +4, +5, +6, and +7 valences. When the MnCO3 compound is
introduced into the host glasses, the Mn element exists almost
exclusively in the Mn 2p1 and Mn 2p3 valence states and this
was investigated through XPS analysis and reported in
a previous study.17 Following the results achieved on the
behavior of the MnCO3 compound doped into barium zinc
silicate glasses, the goal of this work is mainly to focus on
investigating the role of Mn2+ ions in the MnCO3 compound for
combining to form anMn2+–Yb3+ dimer and transferring energy
to Er3+ and Tm3+ ions to enhance the NIR emission intensity of
Er3+/Tm3+/Yb3+-co-doped barium zinc silicate glasses under
980 nm LD excitation.
3.2. Optical transmittance spectra

In Fig. 2(A), optical transmittance spectra of the SZB-0.5Er, SZB-
0.5Er2Yb2Mn, SZB-1Tm, and SZB-1Tm2Yb2Mn glass samples
are shown in curves (a), (b), (c) and (d), respectively. Curve (a)
shows the optical transmittance spectra of the Er3+-doped
sample in which seven optical transmittance bands can be
observed corresponding to the 4I15/2 / 4G11/2, -

4F7/2, -
2H11/2,

-4S3/2, -
4F9/2, -

4I11/2 and -4I13/2 transitions of Er
3+ ions.29,30 Curve

(b) shows the optical transmittance spectrum of the Er3+/Yb3+/
Mn2+-co-doped sample in which nine optical transmittance
bands can be observed, among which, one corresponds to the
6A1g / 4T1g transition of Mn2+ ions,13,14,17 one corresponds to
the 2F7/2 /

2F5/2 transition of Yb3+ ions,27,28 and the remaining
seven correspond to the 4I15/2/

4G11/2, -
4F7/2, -

2H11/2, -
4S3/2, -

4F9/
2, -

4I11/2 and -4I13/2 transitions of Er3+ ions.30,31 Curve (c) shows
the optical transmittance spectra of the Tm3+-doped in SZB-
1Tm glass sample in which ve optical transmittance bands
can be observed corresponding to the 3H6 / 1G4, -

3F2,3, -
3H4,

-3H5, and -3F4 transitions of Tm3+ ions. Curve (d) shows the
optical transmittance spectra of the Tm3+/Yb3+/Mn2+ co-doped
in SZB-1Tm2Yb2Mn glass sample in which seven optical
transmittance bands can be observed, among which, one
corresponds to the 6A1g / 4T1g transition of Mn2+ ions,13,14,17

one corresponds to the 2F7/2 / 2F5/2 transition of Yb3+

ions,27,28,31 and the remaining ve optical transmittance bands
correspond to the 3H6 / 1G4, -

3F2,3, -
3H4, -

3H5, and -3F4 tran-
sitions of Tm3+ ions.27,28

To more clearly observe the optical transmittance spectra of
Er3+, Mn2+, and Yb3+ ions, we measured and further analyzed
the optical transmittance spectra of the SZB-2Mn2Yb, SZB-
0.5Er1Tm2Yb, and SZB-0.5Er1Tm2Yb2Mn glass samples. The
analyzed results of these optical transmittance spectra are
plotted in Fig. 2(B). The obtained results displayed in curve (c)
l analysis

Si Mn Er Tm Yb

12 1.741 0.638 1.405 7.179 1.521
29 5.895 6.946 7.415

RSC Adv., 2023, 13, 31881–31890 | 31883
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Fig. 2 (A) Optical transmittance spectra of the SZB-0.5Er, SZB-
0.5Er2Yb2Mn, SZB-1Tm, and SZB-1Tm2Yb2Mn glass samples. (B)
Optical transmittance spectra of the SZB-2Mn2Yb, SZB-0.5Er1Tm2Yb,
and SZB-0.5Er1Tm2Yb2Mn glass samples.

Fig. 3 NIR emission spectra of the SZB-0.5Er2YbxMn (x = 0, 2, 2.5, 3,
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of Fig. 2(B) indicate that we can also observe all nine optical
transmittance bands corresponding to 6A1g / 4T1g of Mn2+

ions, 2F7/2 /
2F5/2 of Yb

3+ ions,4,11,13,14,17 and the 4I15/2 /
4G11/2,

-4F7/2, -2H11/2, -4S3/2, -4F9/2, -4I11/2, -4I13/2 transitions of Er3+

ions,4,30,31 similar to the analysis above. Interestingly, the
analyzed results reveal that the transmittance spectrum of the
SZB-0.5Er1Tm2Yb2Mn glass samples containing Mn2+
31884 | RSC Adv., 2023, 13, 31881–31890
components in the wavelength region of ∼380–900 nm was
decreased whereas the optical transmittance spectrum in the
wavelength region of∼900–2000 nmwas increased compared to
SZB-0.5Er1Tm2Yb glass samples without Mn2+ components.
Also from the results displayed in Fig. 2(B), it can be seen that
the optical transmittance spectrum of the SZB-2Mn2Yb glass
sample within the wavelength range ∼1000–2000 nm is higher
than that of the SZB-0.5Er1Tm2Yb or SZB0.5Er1Tm2Yb2Mn
glass samples. For the SZB-0.5Er1Tm2Yb and SZB0.5Er1T-
m2Yb2Mn glass samples, in addition to the Mn2+ and Yb3+

components, there are also Er3+ and Tm3+ components with
absorption peaks at about 1230 nm and 1542 nm in the wave-
length range ∼1000 to 2000 nm, corresponding to the 3H6 /
3H5 transition of Tm3+ ions and the 4I15/2 /

4I13/2 transition of
Er3+ ions, respectively. Part of the excitation energy is thus
absorbed in the wavelength region from ∼1000 to 2000 nm,
which does not occur for the SZB-2Mn2Yb glass sample. This is
the reason why the transmittance spectrum of the SZB-2Mn2Yb
sample is higher than those of the other glass samples.
3.3. NIR emission spectra

NIR emission spectra of the SZB-0.5Er2YbxMn (x = 0, 2, 2.5, 3,
3.5, and 4 mol%) glass samples under 980 nm LD excitation are
plotted in Fig. 3. For the SZB-0.5Er2Yb glass sample, the NIR
emission of Er3+/Yb3+-co-doped peaks at∼1542 nm corresponds
to the 4I13/2 / 4I15/2 transition of Er3+. With the increased
concentrations of the MnCO3 compound from 2 up to 4 mol%,
the NIR emission intensity of the Er3+/Yb3+-co-doped peaks at
∼1542 nm was signicantly increased. Moreover, the NIR
emission peak of Er3+ tends to split and shi the peaks by Dl =
1553 − 1542 nm = 11 nm. The main reason for the increase in
NIR emission intensity of Er3+/Yb3+-co-doped peaks at
∼1542 nm can be attributed to the combination between Yb3+

and Mn2+ ions in the MnCO3 compound leading to the forma-
tion of Mn2+–Yb3+ dimers13,32 contributing to the energy transfer
(ET) to the 4I13/2 / 4I15/2 transition of Er3+ ions.13,23 The
3.5, and 4 mol%) glass samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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formation of an Mn2+–Yb3+ dimer can be interpreted with the
result shown in Fig. 3, where the Er3+ and Yb3+ concentrations
are unchanged when the concentration of the MnCO3

compound increases from 2 up to 4 mol%, and the NIR emis-
sion intensity of the Er3+/Yb3+-co-doped peaks at ∼1542 nm
under the excitation of 980 nm LD was signicantly increased.
However, the Mn2+ ions cannot receive the direct excitation of
the 980 nm LD, proving that Mn2+ ions combine with the Yb3+

ions to form an Mn2+–Yb3+ dimer,13,23 and therefore, the Mn2+–

Yb3+ dimers receive the excitation of the 980 nm LD and transfer
energy from the Mn2+–Yb3+ dimer to the 4I13/2 / 4I15/2 transi-
tion of Er3+ ions.13,23 The addition of MnCO3 compound into the
host glass efficiently promotes not only the formation of the
Mn2+–Yb3+ dimer but also contributes to breaking of the O–Zn,
Si–O, Si–O–Si, Zn–O–Zn, and Si–O–Zn bonds,33 subsequently
creating new non-bridging oxygens (NBOs), like Mn–O, Mn–Si,
Si–O–Mn, Mn–O–Mn, and Mn–O–Zn bonds.34,35 Therefore, we
believe that the presence of Mn2+ ions in the MnCO3 compound
contributed to shiing the NIR emission peak at the 4I13/2 /
4I15/2 transition of Er3+ ions.

We also investigated the effects of Mn2+ on the NIR emission
bandwidth atness (NIR_EBF) parameter of Er3+/Yb3+ co-doped
in SZB glasses. The NIR_EBF parameter of Er3+/Yb3+ co-doped in
SZB glasses can be calculated based on the NIR emission
spectra of Er3+/Yb3+ co-doped in SZB glasses with the following
formula:19,23

NIR_EBF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiQN�1

n ¼ 0 IðnÞN

q
PN�1

n ¼ 0

IðnÞ
N

¼
exp

 
1

N

XN�1

n ¼ 0

ln IðnÞ
!

1

N

XN�1

n ¼ 0

IðnÞ
(1)

where I(n) is the NIR emission intensity of Er3+/Yb3+ co-doped in
SZB glasses within the analytical data range n of the NIR
emission wavelength N.19,23 NIR_EBF takes a value from 0 to
Fig. 4 Relationship between NIR spectra flatness of the SZB-
0.5Er2YbxMn (x= 0, 2, 2.5, 3, 3.5, and 4mol%) glass samples andmolar
concentration of Mn2+ ions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
1.19,23 The value of NIR_EBF is equal to 1 when all values of I(n)
are equal.19,23 The NIR_EBF calculated results of Er3+/Yb3+ co-
doped in SZB glasses displayed in Fig. 4 show that with
increasing concentrations of Mn2+ ions, the NIR_EBF of Er3+/
Yb3+ co-doped in SZB glasses gradually decreased.

Similarly, the NIR emission spectra of SZB-1Tm2YbxMn (x =
0, 2, 2.5, 3, 3.5, and 4 mol%) glass samples under excitation of
980 nm LD are plotted in Fig. 5 and indicate that the NIR
emission of the Tm3+/Yb3+-co-doped sample has two peaks at
about ∼1457 and ∼1801 nm, corresponding to the 3H4 / 3F4
and 3F4 / 3H6 transitions of Tm3+ ions.36,37 Along with the
increase in MnCO3 concentration from 2 up to 4 mol%, the NIR
emission intensity of Tm3+/Yb3+-co-doped peaks at ∼1457 and
∼1801 nm was also signicantly increased. This result is due to
the ET processes from the Mn2+–Yb3+ dimer to the 3H4 / 3F4
and 3F4 /

3H6 transitions of Tm
3+ ions.17

Formula (1) continued to be used to calculate the NIR_EBF
spectra of Tm3+/Yb3+-co-doped samples when the molar
concentration of the MnCO3 compound increases from 0 up to
4 mol% and the results of the calculation are shown in the
insert to Fig. 5. These results show that the NIR_EBF spectra of
the Tm3+/Yb3+-co-doped sample reached the optimal value of
0.668 when the molar concentration of the MnCO3 compound
was 2 mol%. Energy levels of Er3+, Tm3+, Yb3+ ions, the Mn2+–

Yb3+ dimer and mechanisms of the ETI (I = 1, 2, 3, 4, and 5)
processes in the SZB glass system are shown in Fig. 6. Mecha-
nisms of the ETI (I = 1, 2, 3, 4, and 5) processes between the
Mn2+–Yb3+ dimer with Er3+, Tm3+ ions were also reported and
discussed in detail in our previous studies.17,26 These ETI (I = 1,
2, 3, 4, and 5) processes can be described in detail in the form of
the following equations:

ET1:
2F5/2(Yb3+) + 3H5(Tm

3+) / 2F7/2(Yb3+) + 3H6(Tm
3+).17

ET2: j2F5/2,
6A1i(Mn2+–Yb3+) + 3H5(Tm

3+) /

j2F7/2,
6A1i(Mn2+–Yb3+) + 3H6(Tm

3+).17
Fig. 5 NIR emission spectra of the SZB-1Tm2YbxMn (x = 0, 2, 2.5, 3,
3.5, and 4 mol%) glass samples.
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Fig. 6 Energy levels of Er3+, Tm3+, Yb3+, Mn2+–Yb3+ dimer and
mechanisms of ETI (I = 1, 2, 3, 4, and 5) processes in the SZB glass
system.

Fig. 8 The relationship between themolar concentration of Mn2+ ions
and NIR_EBF parameter of the SZB-0.5Er1Tm2YbxMn (x = 0, 2, 2.5, 3,
3.5, and 4 mol%) glass samples.
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ET3: j2F5/2,
6A1i(Mn2+–Yb3+) + 4I11/2(Er

3+) /

j2F7/2,
6A1i(Mn2+–Yb3+) + 4I15/2(Er

3+).17,23

ET4:
2F5/2(Yb3+) + 4I11/2(Er

3+) / 2F7/2(Yb3+) + 4I15/2(Er
3+).26

ET5: j2F7/2,
4T2i(Mn2+–Yb3+) + 1G4(Tm

3+) /

j2F7/2,
6A1i(Mn2+–Yb3+) + 3H6(Tm

3+).17,23

To achieve one of the main goals of this study, we investi-
gated the effects of Mn2+ ions in the MnCO3 compound on the
NIR_EBF spectra of Er3+/Tm3+/Yb3+-co-doped SZB glasses. We
kept the molar compositions of the Er3+/Tm3+/Yb3+-co-doped
Fig. 7 NIR emission spectra of the SZB-0.5Er1Tm2YbxMn (x = 0, 2,
2.5, 3, 3.5, and 4 mol%) glass samples.

31886 | RSC Adv., 2023, 13, 31881–31890
sample to 0.5Er3+/1Tm3+/2Yb3+, and changed the molar
composition of the MnCO3 compound from 2 up to 4 mol%. As
shown in Fig. 7, the NIR emission spectra of SZB-0.5Er1T-
m2YbxMn (x = 0, 2, 2.5, 3, 3.5, and 4 mol%) glass samples
under excitation by a 980 nm LD reveal that when the molar
concentration of the MnCO3 compound increases from 2 up to
4 mol%, the NIR emission intensity of the Er3+/Tm3+/Yb3+-co-
doped peaks at ∼1553 and ∼1801 nm also strongly increases.
This result may be due to Mn2+–Yb3+ dimers being formed
during the excitation by 980 nm LD, with the energies from
Mn2+ ions and Mn2+–Yb3+ dimers simultaneously transferred to
Er3+ and Tm3+ ions. The NIR emission spectra of Er3+/Tm3+/Yb3+

co-doped in the SZB-0.5Er1Tm2YbxMn (x = 0, 2, 2.5, 3, 3.5, and
4 mol%) glass under 980 nm LD excitation created an NIR
bandwidth of ∼430 nm. The NIR_EBF spectra of the Er3+/Tm3+/
Yb3+-co-doped samples were determined when the molar
concentration of Mn2+ ions in the MnCO3 compound increased
from 2 up to 4 mol% using formula (1). The results of the
calculation of the NIR_EBF value, given in Fig. 8, showed that
the NIR_EBF spectra of the Er3+/Tm3+/Yb3+-co-doped sample
reached the optimal value of 0.849 when the molar concentra-
tion of Mn2+ ions in the MnCO3 compound was 3.5 mol%.

3.4. Cross-section and gain coefficient study

To evaluate the inuence of Mn2+ ions in the MnCO3 compound
on the gain coefficient of Er3+ (GEr(l)), we rst investigated and
calculated the absorption cross-section sabs(l) and emission
cross-section sems(l) for the

4I13/2/
4I15/2 transition of Er3+ ions

in the SZB glasses based on McCumber's theory.6,38,39 The value
of sabs(l) is calculated from the absorbance spectrum according
to the following formula:6,38,39

sabsðlÞ ¼ 2:303

Cd
AðlÞ; (2)

in which A(l) is the absorbance spectrum; l is the wavelength; C
is the concentration of Er3+ ions; and d is the thickness of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Gain coefficient for the 4I13/2 /
4I15/2 transition of Er3+ ions in

the SZB-0.5Er glass sample.
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SZB glass samples, where the glass sample in this study has
a thickness of d = 2 mm.6,38 The absorbance spectrum A(l) can
be calculated from the transmittance spectrum T(l) according
to the formula:40,41

A(l) = −log10T(l) = 2 − log10(% T(l)), (3)

where % T(l) is the transmittance spectrum (measured as
a percentage) determined from the experimental results in
Fig. 2(A) and (B).

The value of sems(l) is thus determined in relation to the
value of sabs(l) as follows:6,39

semsðlÞ ¼ sabsðlÞ ZL

ZU

exp

�
hc

kT

�
1

lUL

� 1

l

��
; (4)

where ZU and ZL are the partition functions of the upper and
lower manifolds, respectively; T is the temperature; h is Planck's
constant, k is Boltzmann's constant; c is the speed of light; l is
the photon wavelength; lUL the wavelength corresponding to
the transition between the bottom of the excited (upper) state
manifold and the bottom of the ground (lower) state mani-
fold.6,35,36 The value of sabs(l) for the 4I15/2 / 4I13/2 transition
and of sems(l) for the

4I13/2 /
4I15/2 transition of Er3+ ions are

determined as shown in Fig. 9. The gain coefficient G(l) for
transitions of the REIs in the glass samples can be determined
with the following formula:6,38,39

G(l) = C$[P$sems(l) − (1 − P)$sabs(l)], (5)

in which P is the population inversion and P = 0–1 stands for
the ratio between the number of REIs in the excited state to the
total number of REIs.

Formulae (2)–(5) are used to determine the values of sabs(l),
sems(l), and GEr(l), respectively, for the

4I13/2 /
4I15/2 transition

of Er3+ ions in the SZB-0.5Er glass sample. The values of GEr(l)
were calculated and are shown in Fig. 10. We can observe that
the GEr(l) value becomes positive in the range wavelength of
∼1500–1600 nm for cases where P is equal to 0.5 to 1. When P is
Fig. 9 Absorption and emission cross-sections of the SZB-0.5Er glass
sample.

© 2023 The Author(s). Published by the Royal Society of Chemistry
greater than 0.6, the NIR emission of the Er3+-doped SZB-0.5Er
glass sample exhibits a at net gain covering the L-, U-, and (L +
U)-bands.6 At the same time, the GEr(l) value is found to be
about 0.38, corresponding to P = 1. Similarly, we also used
formulae (2)–(5) to determine the values of sabs(l), sems(l), and
GEr_Mn(l), respectively, for the

4I13/2 / 4I15/2 transition of Er3+

ions in the SZB-0.5Er2Yb2Mn glass sample. The values of sabs(l)
and sems(l) of the SZB-0.5Er2Yb2Mn glass sample are shown in
Fig. 11 and the values of GEr_Mn(l) for the

4I13/2 / 4I15/2 tran-
sition of Er3+ ions in the SZB-0.5Er2Yb2Mn glass sample are
shown in Fig. 12. Comparison of the results in Fig. 10 and 12
shows that with the existence of Mn2+ ions in the SZB-
0.5Er2Yb2Mn glass sample, the value of GEr_Mn(l) for the

4I13/2
/ 4I15/2 transition of Er3+ ions was signicantly reduced. The
value of GEr_Mn(l) is found to be about 0.21 corresponding to P
= 1. These GEr_Mn(l) and GEr(l) calculation results showed that
in the presence of Mn2+ ions and an Mn2+–Yb3+ dimer, the
broadband NIR emission of the 4I13/2 /

4I15/2 transition of Er3+
Fig. 11 Absorption and emission cross-sections of the SZB-
0.5Er2Yb2Mn glass sample.
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Fig. 12 Gain coefficient for the 4I13/2 /
4I15/2 transition of Er3+ ions in

the SZB-0.5Er2Yb2Mn glass sample.
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ions in this study can be utilized for optical ampliers. The gG

ratio between GEr_Mn(l) and GEr(l) is determined as follows:

gG ¼ GEr_MnðlÞ
GErðlÞ ¼ 0:21

0:38
¼ 0:553 (6)

Based on the above results and analyses, we can conrm
that in the presence of Mn2+ ions, the NIR bandwidth atness
of Er3+ ions was improved, but the gain coefficient for the 4I13/2
/ 4I15/2 transition of Er3+ ions was signicantly reduced.
Therefore, depending on the specicity of the application in
the optical amplier, we should choose the type of SZB glass
material with or without the Mn2+ component to suit the
specic applications.
4. Conclusions

In this work, the effects of Mn2+ ions in the MnCO3 compound
leading to the formation of an Mn2+–Yb3+ dimer and affecting
the gain coefficient for the 4I13/2 /

4I15/2 transition of Er3+ ions
and the NIR_EBF value of Er3+-doped and Er3+/Tm3+/Yb3+-co-
doped barium zinc silicate glasses under 980 nm LD excita-
tion were investigated. A broadband NIR emission of Er3+/Tm3+/
Yb3+-co-doped barium zinc silicate glasses with an FWHM of
∼430 nm was observed. The roles of Mn2+ ions in the MnCO3

compound led to the formation of an Mn2+–Yb3+ dimer and
contributed to a signicant increase in the NIR_EBF value of
Er3+-doped and Er3+/Tm3+/Yb3+-co-doped barium zinc silicate
within the NIR wavelength range of 1600–2200 nm. The NIR_-
EBF value of Er3+/Tm3+/Yb3+-co-doped SZB glasses obtained at
0.849 corresponds to the molar concentration of MnCO3

compound of 3.5 mol%. However, the presence of Mn2+ ions in
the SZB glass composition also led to a signicant decrease in
the gain coefficient for the 4I13/2 /

4I15/2 transition of Er3+ ions.
The results obtained in this study will be able to guide the
selection of glass material compositions for applications in
optical ampliers in the future.
31888 | RSC Adv., 2023, 13, 31881–31890
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B. Dussardier, G. Monnom and V. Kubeček, Thulium-
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