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Er3+-doped 25BaO-(25-x)SiO2-xAl2O3-25B2O3 transparent glasses are prepared with x = 0, 12.5 and 25 by a

solid-state reaction. The Er-related NIR luminescence intensity, which corresponds to the transition of 4I15/2–
4I13/2,

is obviously altered with different silicon/aluminum ratios. The Judd–Ofelt parameters of the Er3+ ions are adopted

to explain the intensity change in the NIR fluorescence, and the Raman scattering intensity versus the amount of Al

and/or Si components are discussed. The spectra of the three samples are quite similar in the peak positions, but

different in intensity. The maximal phonon density of state for the samples is calculated from the Raman spectra and

is correlated to the NIR luminescence efficiency.
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1. Introduction

Due to near-infrared ray (NIR) luminescence

(centered at around 1540 nm) covering the important

optical communication windows from the 4I13/2–
4I15/2

transition of Er3+, Er3+-doped borate glasses are of

great interest for applications in solid-state glass lasers

and fiber lasers.[1−3] The Er3+ concentration and lo-

cal ligand crystal field are considered as two distinct

and strong factors towards achieving high output ef-

ficiency, good beam quality, and weak temperature

dependence.[4−6] But an excessive concentration over

4 mol% of the Er3+-doped phosphate glasses leads to

a reduction in the transition probability 4I13/2–
4I15/2

of Er3+ because of concentration quenching and non-

radiative transition.[7] Noting that the probability of

radiative transition and nonradiative relaxation were

affected by crystal field symmetry and the strength

around the rare-earth ion, the incorporation of guest-

ions such as Al3+ and B3+ caused an enhancement in

the crystal field strength of the oxygen coordination

structure surrounding Eu3+ ions, and an improved

luminescence efficiency of Y2O3:Eu
3+.[8] Considering

the similar electronegativity and ionic radius between

Al3+ and Si4+, it was reported that the replacement

of Al3+ by Si4+ in the YAG:Ce3+ phosphor could in-

crease the level splitting of Ce3+ and reduce the radia-

tive transition probability.[9] The substitution of dop-

ing ions in the host lattice, inducing local distortions

and changing the local crystal field symmetry of ac-

tive ions, has a significant influence on the luminescent

properties of the material.

As a nondestructive technique, Raman scatter-

ing spectroscopy can be used to determine the in-

teraction between photons and high-frequency opti-

cal phonons caused by the vibration of molecules and

atoms in rare-earth-doped glass materials.[10,11] Con-

sidering the multi-phonon decay of rare-earth ions in

a glass, which depends on the maximum phonon en-

ergy of the host glass,[12,13] Kishimoto and Hirao[14]

explained the enhancement of UV-emission intensity

and the blue up-conversion luminescence of Tm3+ by

phonon sideband spectroscopy. For most matrices

with similar phonon energies, multi-phonon decay ef-
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ficiencies for RE3+ ions, which have a correlation with

the radiative transition probability of the excited up-

per level, are obviously different owing to differences in

the phonon density of state.[15] However, researchers

seldom pay attention to whether phonon density di-

versification has an influence on the luminescent prop-

erties in the course of ion replacement.

In this paper, Er3+-doped 25BaO-(25-x)SiO2-

xAl2O3-25B2O3 transparent glasses were prepared by

a solid-state reaction. The melting temperature was

determined by thermal mechanical analysis, and the

amorphous structure was characterized with X-ray

diffraction (XRD) analysis. The influence of Si4+

and/or Al3+ addition on the infrared fluorescence

properties of Er3+ ions was investigated. The lumi-

nescence intensity parameters, Ω2, of the Er3+ ions

calculated by Judd–Ofelt theory, which is related to

the local crystal field symmetry of Er3+ ions, were

used to explain the luminescence intensity difference

of the samples. The microstructures were investigated

by Raman spectra and the obtained phonon density of

state was used to explain the correlation between the

altered environment of the Er3+ ions for Si4+ and/or

Al3+ addition and infrared luminescence properties.

2. Experimental details

Analytically pure powders of BaCO3, SiO2,

Al2O3, H3BO3, and Er(CH3COO)3 were used as start-

ing materials. The samples were prepared with nomi-

nal molar compositions of 25BaO-(25-x)SiO2-xAl2O3-

25B2O3:0.5Er
3+ (x = 0, 12.5, 25), and the detailed

compositions are listed in Table 1.

Table 1. Composition of the prepared sam-

ples.

Samples
Ingredient/mol%

BaCO3 Al2O3 SiO2 H3BO3 Er(CH3COO)3

BSB 25 0 25 50 0.5

BASB 25 12.5 12.5 50 0.5

BAB 25 25 0 50 0.5

The starting materials were milled completely and

then sintered in an aluminum crucible at the temper-

ature, which was determined by the method of differ-

ential thermal analysis.

The differential thermal analysis (DTA) and ther-

mogravimetric analysis (TGA) were obtained using a

SHIMADZU DTG-60H thermal analyzer operating at

ramp 10 ◦C/min from room temperature to 900 ◦C.

The absorption spectra of the samples were taken by

the Hitachi U-4100 UV absorption spectrophotometer.

X-ray power diffraction (XRD) patterns were charac-

terized on a Bruker D8 advance X-ray diffractmeter

with Cu Kα radiation (λ = 1.5418 Å, 1 Å = 0.1 nm).

The infrared fluorescence spectra were observed under

excitation wavelength at 980 nm by a Jobin Yvon FL3-

221-TCSPC fluorescence spectrophotometer, and the

Raman scattering spectra were recorded by a Thermo-

Fisher Scientific DXR Laser Raman spectroscope. All

the spectra were carried out at room temperature.

3. Results and discussion

Figure 1 shows TGA and DTA curves of the pre-

cursor mixture of BaCO3, SiO2, and H3BO3. Also,

the differential thermogravimetric (DTG) curve was

derived from the TGA curve and displayed in Fig. 1.

For the overall temperature range, the DTA curve ex-

hibits five obvious endothermic peaks, corresponding

to 89 ◦C, 136 ◦C, 169 ◦C, 682 ◦C, 735 ◦C. The temper-

ature of 89 ◦C at the low temperature range usually

suggests the desorption of water molecules[16], and the

two peaks at 136 ◦C and 169 ◦C are attributed to the

thermal decomposition of boric acid.[17] An inconspic-

uous shoulder appears at a temperature of 480 ◦C,

which can be regarded as glass transition tempera-

tures (Tg). For the high temperature range, the two

endothermic peaks at 682 ◦C and 735 ◦C, correspond-

ing to the small weight losses observed in the TGA

curve, indicate the reaction between SiO2 and BaCO3

or H3BO3. Yun
[18] proposed that the formation of the

[BSi4O10]
−1 unit was at the expense of H3BO3 and

SiO2 at temperatures above 600 ◦C. And the barium

orthosilicate (Ba2SiO4) is generally considered to be

the product of the solid state reaction between BaCO3

and SiO2 at 730 ◦C–750 ◦C.[19]

Fig. 1. The DTA and TGA curves of BaCO3, SiO2,

H3BO3.

The formation of the Si-related groups can be

achieved by chemical reaction as follows:
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[BO4]
−1 + 4SiO2 → [BSi4O10]

−1 + O2,

2BaCO3+ SiO2 → Ba2SiO4+2CO2.

The relatively higher temperature that is suffi-

cient to melt the mixture was chosen to be 1100 ◦C.

510 ◦C was determined as the annealing temperature

to exclude stress and air bubbles.

The absorption spectra in the UV-NIR range

are shown in Fig. 2. For all samples, the observed

four main absorption peaks at 378 nm, 518 nm,

650 nm, and 1534 nm can be attributed to the transi-

tion of 4I15/2–
4G11/2,

4I15/2–
2H11/2,

4I15/2–
4F9/2, and

4I15/2–
4I13/2 for Er3+ ions, respectively.

Fig. 2. (colour online) The absorption spectra for glass

samples denoted as BSB, BSAB, and BAB. All the tran-

sitions involving upper energy levels are listed.

Figure 3 shows the XRD patterns of the Er3+-

doped 25BaO-(25-x)SiO2-xAl2O3-25B2O3 samples for

x = 0, 12.5, and 25. There are no significant differ-

ences in the XRD spectra for all the samples. Two en-

velope curves indicate that the samples are not fully

crystallized and are in amorphous form or a glassy

state.

The NIR luminescent spectra of all the samples

are shown in Fig. 4(a) under an excitation wavelength

of 980 nm. The sample with Al 25% doping yields

the stronger emission intensity, but a relatively weaker

emission is observed for the other two samples. Figure

4(b) represents a schematic energy level diagram for

Er3+ emission. The electrons on the ground level of

Er3+ ions can be excited to the 4I11/2 level by 980-nm

light, and then rapidly relax and populate the 4I13/2
level. The other possible route for the excited state

electrons of the 4I11/2 and 4I13/2 level could be reex-

cited to higher energy levels such as 4F7/2 and 4F9/2.

Subsequent up-conversion emission at 540 nm from
4S3/2 to 4I15/2 is also observed, which will not be dis-

cussed in this paper.

Fig. 3. The XRD patterns of the Er3+-doped 25BaO-

(25-x)SiO2-xAl2O3-25B2O3 samples for x = 0, 12.5, 25.

Fig. 4. (colour online) (a) The NIR spectra for different additives of Si and/or Al excited by wavelengths of 980 nm, and (b)

the energy level diagram of Er3+.
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According to Judd–Ofelt theory,[20,21] the Ωλ in-

tensity parameters, which can be obtained from ab-

sorption or emission spectra, are lattice-dependent for

a particular lanthanide ion in different host matrices.

The calculated Ωλ of Er3+ ions for all samples from

the absorption spectra are summarized in Table 2. It

is noted that the symmetric complex network struc-

ture shows an obvious relationship with the Si4+/Al3+

additive amount. Among the intensity parametersΩλ,

Ω2 is more sensitive to the symmetry of the crystal

lattice and the covalency of the rare-earth ions with

near-neighbour anions.[22] Both of them may exert an

influence on the transition probabilities and nonra-

diative relaxation of the excitation state of rare-earth

ions.[23] As revealed by Table 2, Ω2 gets to a mini-

mum value of 2.866 when Si4+ and Al3+ are codoped

into the glasses, indicating a crystal structure with

high symmetry.[24] For the glass with Al3+ 25% ad-

ditive, corresponding to the strong infrared emission

at 1540 nm, Ω2 is at 4.205, which is due to partially

broken or forbidden transition for the low symmetry

of the crystal field.

Table 2. The calculated intensity parameters of Er3+-

doped borate glass.

Samples
Intensity parameters/(10−20 cm2)

Ω2 Ω4 Ω6

BSB 3.083 5.645 6.410

BSAB 2.866 2.083 6.318

BAB 4.205 2.198 9.233

To identify the correlation of observed infrared

properties and the local environment of the Er3+ ions,

the Raman spectra of the BSB, BSAB, and BAB

glasses are illustrated. Similar spectra are observed

for all samples except that an additional band appears

at the low-frequency band of 196 cm−1 in BSAB and

BSB in Fig. 5, ascribing to a possible formation of new

groups by Si4+ doping. According to Ref. [10], the

band peaked at 1510 cm−1 originates from the asym-

metric stretching mode of borate triangles [BO2O]−1.

While the asymmetrical B=O stretching at 1893 cm−1

and the B–O–B stretching mode at 1720 cm−1 belong

to the hexagonal [B(BO)4]
−1 group.[25] Also, several

small bands at 976 cm−1, 740 cm−1, and 476 cm−1 be-

long to the [SiO4]
−1 and [BSi4O10]

−1 groups[26] in the

BSAB and BSB samples, which are consistent with

the position of the endothermic peaks at 682 ◦C and

735 ◦C in Fig. 1. The scattering intensity of BAB at

1510 cm−1 and 1720 cm−1 is twice as strong as that

of the other two samples, meaning that more groups

of [BO2O]−1 and [B(BO)4]
−1 are formed by the addi-

tion of Al3+. The difference in this property is gov-

erned by Al3+ substitution for Si4+, which induces a

local charge mismatch[27] and the sequential decline

in bond energies of Si–O, B–O, and Al–O.[28] Stretch-

ing from the [BO2O]−1 and [B(BO)4]
−1 groups yields

high-energy vibrations (1510 cm−1 and 1720 cm−1,

respectively) that cause an increase in the probability

of nonradiative relaxation and then a severe change in

NIR luminescence intensity.[29]

Fig. 5. (colour online) The Raman spectra of borate glass

samples for different additions of Si and/or Al. The insets

are three-dimensional sketch maps for the main groups

[BO2O]−1, [SiO4]−1, [BSi4O10]−1, and [B(BO)4]−1.

In rare-earth glass, the maximum phonon energy

of the host could be used for a discussion on multi-

phonon relaxation, which has an influence on the ef-

ficiency of infrared light-emittance.[12,13] Considering

the effect of the nonradiative transition process of

the intermediate excited state 4I11/2 on infrared emis-

sion at 1540 nm of Er3+, the nonradiative relaxation

probability for the 4I11/2–
4I13/2 transition can be for-

mulized by[13]

WNR = C [n (T ) + 1]
P
exp(−α∆E),

where exponent P is the phonon order, linking the

energy level difference (∆E) of the 4I11/2 level to the

next lower energy level 4I13/2. n(T ), which is corre-

lated with absolute temperature, represents the av-

erage vibrational quantum number at 1540 nm. For

the maximum phonon energy position of the matrix

host, α is denoted as ~ωp, which relates to the ion–

phonon coupling. The constant C is dependent on the

host and can be expressed as C ∝ ρ(ω)5/3.[13] By the

choice of maximum phonon energy ωp, ρ(ωp) is the

maximum phonon density of state of the matrix. For

three samples with different additives of Al3+ and/or

Si4+ doping, the maximum phonon energy value does

not change. But there is a significant increase in the

maximum phonon density of states in the Al 25% ad-

ditional sample, corresponding to the highest value of
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C. As a result, the WNR value for the Er3+ 4I11/2
energy level reaches a maximum, resulting in the en-

hancement of NIR luminescence at 1540 nm.

4. Conclusions

The NIR luminescence properties of Er3+ at

1540 nm in borate glass containing Al3+ and/or Si4+

are investigated. A remarkable intensity enhancement

is observed for the sample with an Al additive of

25%. The Judd–Ofelt parameters of the Er3+ ions are

adopted to explain the intensity change of the NIR flu-

orescence at 1540 nm. The calculated Judd–Ofelt pa-

rameter Ω2 reaches a maximum value of 4.205, which

shows a partially broken forbidden transition for the

weak symmetry of the crystal field. The Raman spec-

tra show that the positions of the Raman bands are all

similar, but the maximum phonon density of states is

completely different. The maximum value of the WNR

of the Er3+ 4I11/2 energy level for the Al 25% addition

supports the increase in NIR luminescent intensity at

1540 nm.
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