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Development of orange light emitting materials cannot be ignored. In this paper, a novel Tb3+/Sm3+ co-doped P2O5-SrO-BaO-
ZnO-glasses have been prepared. The prepared glasses consisted predominantly of Q2 units, and a small amount of Q0 and
Q1 units. For absorption spectra of glasses, eight obvious absorption bands were found. Under the excitation of 402 nm and
374 nm xenon lamp, the emission spectra and fluorescence lifetimes of glasses showed big difference. Under the excitation of
374 nm xenon lamp, there was significant energy transfer process between Sm3+ and Tb3+ ions in glasses. The fluorescence
decay curves conformed to a double-exponential decay function, the average fluorescence lifetimes of glasses G02 ~ G10 were
2.38 ms, 2.67 ms, 1.96 ms, 1.81 ms, and 1.61 ms with the increasing of Sm2O3 content, and the glasses emitted a distinct orange
light. The distinctive properties indicate that this system glass has potential applications in display devices.
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Introduction

Rare-earth (RE) luminescent materials are one of the
core materials of current lighting, display and information
detection devices, and are also indispensable materials
for the development of new generation lighting and
display technologies in the future [1]. Due to its excellent
luminescence properties, RE ions-doped luminescent
materials have a wide range of potential applications in
white LEDs, display devices, solar cells, lasers and
optical temperature sensors [2-5], and have attracted
widespread attention from researchers around the world.
Compared with other luminescent materials, luminescent
glass has many excellent properties, such as transparency,
uniformity, low cost, easy processing, as well as it is
also an excellent RE ion matrix material [6]. Therefore,
the research on RE doped luminescent glass has
important scientific significance and application value.

In the past few decades, many RE doped luminescent
materials have been studied, such as Eu3+ [7], Er3+ [8],
Sm3+ [9], Tb3+ [10], Dy3+ [11] doped glasses, etc.
Among various RE ions doped matrix materials, Tb3+/
Sm3+ co-doped glass can be used as a good activator
due to its unique spectral characteristics, rich emission
intensity, and energy transfer from Tb3+ to Sm3+. At
present, research on RE ions doped luminescent glass
materials has mainly focused on oxyfluoride, sulfide,
silicate, and aluminum borosilicate matrix systems.

However, the research on RE ions doped phosphate
luminescent glass is still scarce. It is well known that
the luminescence characteristics of RE ions in glass
depend on the chemical compositions, structure and
properties of the host glass. Among them, phosphate
glass is considered to be a good matrix material doped
with RE ions, because of its good optical properties,
moderate phonon energy, lower melting temperature,
low refractive index, dispersion, as well as high doping
concentrations, etc. Unfortunately, the stability of pure
phosphate glasses is poor, which limits their practical
application. Therefore, it is an effective method to add
some other oxides to pure phosphate glass for
improving the structural stability of glass. It has been
reported that adding ZnO to pure phosphate glass can
improve the stability of the glass [12, 13]. Zn2+ ions act
as a network former in phosphate glass, so it can form
either [ZnO4] tetrahedron or P-O-Zn through ionic
cross-linking, thereby integrating the glass network and
improving its chemical stability. In addition, adding
SrO to phosphate glass can form a metaphosphate
structure, which is beneficial to improve the structural
stability of glass [14]. In view of this, this work will
consider the incorporation of ZnO, SrO, and BaO into
pure phosphate glass to improve the thermal stability
and increase the application range of glass.

In this paper, Tb3+/Sm3+ co-doped P2O5-ZnO-SrO-
BaO luminescent glasses were prepared. The influence
of chemical composition and structure on the luminescence
properties of the glass (emission intensity, fluorescence
lifetimes, chromaticity coordinates and correlate color
temperature, etc.) was studied, and the transition and
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luminescence mechanisms of the excitation energy
levels of RE doped glasses were explored.

Experimental Procedures

Materials preparation
The strontium carbonate (SrCO3 ≥ 99.0%), barium

carbonate (BaCO3 ≥ 99.0%), zinc oxide (ZnO ≥ 99.0%),
and diammonium phosphate ((NH4)2HPO4 ≥ 99.0%)
were purchased from Xilong Chemical Co. Ltd., China.
The antimony trioxide (Sb2O3) was purchased from
Sinopharm Chemical Reagent Co. Ltd., China. The
tetraterbium heptaoxide (Tb4O7 ≥ 99.99%) and samarium
oxide (Sm2O3≥ 99.99%) were purchased from Ganzhou
Jinyi New materials Co. Ltd., China. All chemicals
were used without further purification.

The Tb3+/Sm3+ co-doped phosphate glasses were
prepared by the melt-quenching method, and the molar
compositions of glasses with different Tb3+/Sm3+ are
given in Table 1. The raw materials were thoroughly
mixed and then filled in the platinum crucible. Sub-
sequently, the platinum crucible containing the mixture
was heated at 1,300 ºC for 2 h in a furnace. Then, the
melts were poured onto a preheated stainless-steel plate
and later annealed at 400 ºC for 10 h in another furnace
to release internal stress. 

Characterization
Amorphous nature of glasses was identified by X-ray

diffraction(XRD, MiniFlex 600, Rigaku, Japan) using
Cu Kα radiation at a scanning velocity of 10o/min
between diffraction angles (2θ) from 10 to 80o for all
powder samples. The IR spectra of glasses were measured
by using Fourier transform infrared spectrophotometer

(FTIR, Nicolet 6700, USA) at room temperature with
the wavenumber range of 400-4,000 cm−1. The absorp-
tion spectra of glasses were measured with the UV
spectrophotometer (SP-756P, Shanghai). The densities
of glasses were tested by the Archimedes method using
distilled water as the medium. The emission spectra
and fluorescence decay curves of glasses were measured
by spectrofluorometer (FLS 1000, Edingburgh Instruments,
UK) pumped by 450 W xenon lamp at room tem-
perature. The chromaticity coordinates (x, y) of glasses
were calculated based on emission spectra by using

software CIE1931.

Results and Discussion

Glass characterization 
Fig. 1 shows the typical XRD patterns of the Tb3+/

Sm3+ co-doped phosphate glasses G02 ~ G10. There
was no characteristic peak that corresponded to any
crystalline phase, implying that the obtained samples
are all amorphous state.

FTIR spectra analysis
The IR spectra of glasses were investigated for

identifying the variation of chemical bonds. As shown
in Fig. 2, seven characteristic absorption bands around
517 cm−1, 751 cm−1, 917 cm−1, 1,110 cm−1, 1,620 cm−1,
2,364 cm−1 and 3,425 cm−1 were found in IR spectra of
glasses G02 ~ G10 in the wavenumber range of 400-
4,000 cm−1.

As shown in Fig. 2, the characteristic bands around
517 cm−1 were attributed to the bending vibration of
O=P–O bands in Q0 units [15]. The absorption bands at

Fig. 1. X-ray diffraction patterns of Tb3+/Sm3+ co-doped
phosphate glasses.

Fig. 2. FTIR spectra of Tb3+/Sm3+ co-doped phosphate glasses.

Table 1. The mole composition of glasses with different Sm2O3

contents.

Sample 
numbers

Nominal compo-
sition (mol.%)

RE contents 
(external doping, mol.%)

[O]/[P] 
molar
ratioTb2O3 Sm2O3

G02

45 P2O5-15 SrO-
15 BaO-25 ZnO

0.5 0.2 3.1344

G04 0.5 0.4 3.1411

G06 0.5 0.6 3.1478

G08 0.5 0.8 3.1544

G10 0.5 1.0 3.1611



10 Qian Zhang, Lei Han, Weizhen Liu, Weixiong You, Anxian Lu and Zhiwei Luo

~ 751 cm−1 were ascribed to the symmetric stretching
vibration of P–O–P bonds in Q2 units [14]. The bands
located at ~ 917 cm−1 may be caused by the asymmetric
stretching vibration of P–O–P bonds in Q2 units [16],
while the absorption bands near 1110 cm−1 may be
caused by the asymmetric stretching modes of (PO3)

2-

groups associated with Q1 phosphate units [17]. The
absorption bands near 1,620 cm−1 were ascribed to the
bending vibrations of O–H bonds or stretching vibrations
of P–O–H groups [18], as well as the characteristic bands
around 2,364 cm−1 and 3,430 cm−1 may be assigned to
the stretching vibration of O–H groups [19] and the
symmetric stretching of the O–H bonds [20], respectively.
This may be caused by the incorporation of water
molecules during the sample preparation. Besides, the
detailed vibration types of different wavenumbers in IR
spectra are listed in Table 2.

Considering the measurement errors, the wavenumber
of the absorption bands in IR spectra did not have
significant changes although the Sm2O3 content
increased. However, the intensity of absorption peak at
~ 517, 751, 917 cm−1 increased with the increasing of
Sm2O3 content, which indicates that the contents of Q0

and Q2 units increased to some extent.
In order to identify the distribution of phosphate

groups in the phosphate glass, the O/P molar ratio have
been used by many investigator [12]. In this paper, the
O/P ratio increased from 3.1344 to 3.1611, which is in
the range of 3.0 ~ 3.5. According to the Ref. [12], for
2.5 ≤ O/P < 3, O/P = 3.0, 3 < O/P < 3.5, O/P = 3.5 and
3.5 < O/P < 4.0, glass structure is mainly composed of
ultraphosphate groups (Q3), metaphosphate groups
(Q2), polyphosphate units (Q2, Q1), pyrophosphate
groups (Q1) and orthophosphate units (Q0), respectively.

Consequently, this phosphate glass theoretically consists
predominantly of polyphosphate units. However, it can
be seen from Fig. 2 that the orthophosphate units (Q0)
were presented in the glass network, which is mainly
due to the disproportionation reaction between the

groups [21]:

2Q1  Q0 + Q2 (1)

In view of this, it can be concluded that this glass
consists predominantly of Q2 units, along with minor
Q1 and Q0 units. With the increasing of Sm2O3 content,
the content of Q1 structural units increases, while the
Q2 structural units decreases. Besides, the bond length
and bond angle of P-O-P in glass structure also change.

3.3 Physical properties 
The interdependence in density (ρ) and molar volume

(Vm) with Sm2O3 content is shown in Fig. 3. For the
densities of glasses G02 ~ G10, they were 3.513 g/cm3,
3.528 g/cm3, 3.547 g/cm3, 3.561 g/cm3 and 3.584 g/
cm3, respectively. It can be seen that density
monotonically increased with the increasing of Sm2O3

content, which may be due to the molecular mass of
Sm2O3 is greater. In addition, a monotonic decrease in
the molar volume can be seen, which is most likely due
to the constriction of glass structure. A similar
phenomenon can be found in other references [22, 23].

3.4 Absorption spectra 
The research on optical absorption is helpful to

understand the optical induced transition of glass
materials. In this paper, the absorption spectra of
glasses G02 ~ G10 have been investigated. Fig. 4
depicts the absorption spectra of glasses in the
wavelength of 330 nm to 900 nm. As shown in Fig. 4,
it can be found that there were eight obvious
absorption bands in the wavelength of 300-500 nm for
each glass. Based on the Refs.[24, 25], these eight
obvious absorption bands, around 344 nm, 361 nm,
374 nm, 402 nm, 415 nm, 462 nm, 470 nm, and 475

nm, can be assigned to the electron transition from
ground level to excited levels: 6F5/2 → 4D7/2, 

6H5/2 →
4D3/2, 

6H5/2 → 6P7/2, 
6H5/2 → 5P3/2, 

6H5/2 → 6P5/2, 
6H5/2

→ 4I13/2, 
6H5/2 → 4M15/2, and 6H5/2 → 4I11/2, respectively.

As a whole the intensity of absorption bands gradually

 

Fig. 3. Variation in density and molar volume Tb3+/Sm3+ co-doped
phosphate glasses.

Table 2. Detailed vibration types of different absorption bands.

Absorption 
bands (cm−1)

Vibration types

~ 517 Bending vibration of O=P–O bands in Q0 units 

~ 751 Symmetric stretching vibration of P–O–P bonds in 
Q2 units

~ 917 Asymmetric stretching vibration of P–O–P bonds in 
Q2 units

~ 1,110 Asymmetric stretching modes of (PO3)
2- groups in 

Q1 units

~ 1,620 Bending vibrations of O–H bonds or stretching 
vibrations of P–O–H groups 

~ 2,364 Stretching vibration of O–H groups

~ 3,430 Symmetric stretching of the O–H bonds 

[Qn is the conventional notation for phosphate groups in glass,
where n (n = 0-3) is the number of bridging oxygen per PO4 tet-
rahedron]



Preparation and luminescent properties of Tb3+/Sm3+ co-doped phosphate glasses for display device applications 11

ascended with the Sm3+ content increasing, and the
absorption bands located at 374 nm and 402 nm have
strong intensity. In view of this, this system glass with
different Sm2O3 contents can be excited effectively by
the 394 nm and 402 nm light.

3.5 Emission spectra 
Based on the results of absorption spectra, the Tb3+/

Sm3+ co-doped phosphate glasses were excited by 402
nm and 374 nm xenon lamp, and the emission spectrum
for each glass are presented in Fig. 5 and Fig. 6. As
shown in Fig. 5, the emission spectra excited by 402
nm xenon lamp showed four obvious peaks, which is
ascribed to the transitions of Sm3+ [26, 27]: 4G5/2 →
6H5/2 (561 nm), 4G5/2 → 6H7/2 (599 nm), 4G5/2 → 6H9/2

(645 nm), and 4G5/2 → 6H11/2 (706 nm), respectively.
Among these emission peaks, the emission peak
belonging to the 4G5/2 → 6H9/2 transition was strongest
than others. On the other hands, the intensity of
emission peak gradually increased with the increasing
of Sm2O3 content, and the peaks intensity reached the
maximum as the content of Sm2O3 was 0.8 mol.%, and
then the peaks intensity decreased, which may be
caused by the cross-relaxation of Sm3+. In addition, the
emission peak attributed to the 4G5/2 → 6H7/2 transition
appeared Stark splitting, the emission peaks split into
two sharp peaks, which may be due to the changes of
environment around Sm3+ ions in glasses. However,
there were no the emission peaks of Sm3+, which
indicates that Tb3+ and Sm3+ cannot be effectively
excited simultaneously by 402 nm light, and there was
no energy transfer between Tb3+ and Sm3+.

In view of this, the Tb3+/Sm3+ co-doped phosphate
glasses were excited by 374 nm xenon lamp, and the
emission spectra of glass are depicted in Fig. 6. As
shown in Fig. 6, the emission spectra showed nine
obvious peaks. Based on the Refs. [28, 29], they are
attributed to the transitions of Tb3+and Sm3+: 5D3 → 7F5

(415 nm), 5D3 → 7F4 (436 nm), 5D4 → 7F6 (488 nm),

5D4 → 7F5 (541 nm), 4G5/2 → 6H5/2 (561 nm), 4G5/2 →
6H7/2 (597 nm), 5D4 → 7F3 (618 nm), 4G5/2 → 6H9/2

(643 nm), and 4G5/2 → 6H11/2 (704 nm), respectively.
Among these emission peaks, the emission peak
assigned to the 4G5/2 → 6H9/2 transition was strongest
than others, which is very different from the data
reported in other literatures [26, 28]. Interestingly, the
intensity of 5D4 → 7F5 transition was much greater than
that of the 4G5/2 → 6H9/2 transition in other literatures,
However, the opposite is true in this work. The
intensity of emission peaks increased firstly and then
decreased with increased in Sm2O3 content, and the
peaks intensity reached maximum as the Sm2O3

content was 0.6 mol.%. Compared with the emission
spectra excited by 402 nm xenon lamp, the emission

Fig. 6. Emission spectra of Tb3+/Sm3+ co-doped phosphate glasses
excited by 374 nm xenon lamp. 

Fig. 4. Absorption spectra of Tb3+/Sm3+ co-doped phosphate
glasses.

Fig. 5. Emission spectra of Tb3+/Sm3+ co-doped phosphate glasses
excited by 402 nm xenon lamp. 
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spectra were quite different. On the one hand, there
were obvious emission peaks of Tb3+ in emission
spectra, and these emission peaks are different from
those of glass singly doped Tb3+ [30], which is due to
the energy transfer of Tb3+ and Sm3+ in this glass
system, suggesting that Tb3+ ions can have a sensitizing
effect on the Sm3+ emission through a Tb3+ → Sm3+

energy transfer process [31]. On the other hand, the
emission peaks attributed to the 4G5/2 → 6H7/2 transition
did not appear Stark splitting, which may be related to
the interaction effect between Tb3+ and Sm3+, and the
special structure of glass materials. 

Fig. 7 portrays the energy level scheme of the
emission with 374 nm excitation wavelength for the ET
process from Tb3+ to Sm3+ ions. Two non-radiative
transitions of 5D3 → 5D4 (Tb3+ ions) and 6P7/2→

4G7/2

(Sm3+ ions) were presented within the energy level
scheme. Under the excitation of 394 nm light, the
electrons of Tb3+ and Sm3+ ions are excited from the
ground state (7F6 and 6H5/2) to excited level (5D3 and
6P7/2), respectively. Part of the electrons of Tb3+ ions in
the 5D3 directly get to 7F4 and 7F5 by radiative
relaxation, and the other electrons relax up to the 5D3

through non-radiative relaxation. Finally, the electrons
of 5D4 level get to the 7F3, 

7F5, and 7F6 levels, corres-
ponding to 618 nm, 541 nm, 448 nm, by radiative
relaxation. On the other hand, the 561 nm, 597 nm, 643
nm, and 704 nm emissions occur, respectively, via the
4G5/2 → 6H5/2, 

4G5/2 → 6H7/2, 
4G5/2 → 6H9/2, and 4G5/2 →

6H11/2 transitions of Sm3+ ions. In addition, upon
excitation at 374 nm, the energy transfer processes
between Tb3+ to Sm3+ ions can be described by the

following pathways (as shown in Fig. 7) [26]:

ET1: 5D3(Tb3+) + 6H5/2(Sm3+) → 7F4(Tb3+) + 4M17/4(Sm3+)
ET2: 5D4(Tb3+) + 6H5/2(Sm3+) → 7F6(Tb3+) + 4I9/2(Sm3+)
ET3: 5D4(Tb3+) + 6H5/2(Sm3+) → 7F6(Tb3+) + 4G7/2(Sm3+)

Fluorescence lifetime
In order to study the nature of the energy transfer

process, the fluorescence decay lifetimes all glasses
were analyzed. Fig. 8 shows the fluorescence decay
lifetimes all glasses excited by 402 nm and monitored
at 645 nm (Sm3+: 4G5/2 → 6H9/2). The all fluorescence
decay curves can be described in the framework of tri-
exponential approximation. Based on the Ref. [32], the

Fig. 8. Fluorescence decay curves of Tb3+/Sm3+ co-doped
phosphate glasses excited by 402 nm xenon lamp. 

Fig. 7. Energy level diagram and energy transfer sketch map of Tb3+/Sm3+ ions in glasses excited by 374 nm xenon lamp. 
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average fluorescence decay lifetimes of all glasses can
be calculated by following equation:

(2)

where τ1, τ2 and τ3 are components of lifetimes; B1, B2

and B3 are three constants of fitting. 
According to Eq. (2), the average fluorescence lifetimes

of phosphate glasses co-doped Tb3+/Sm3+ were 2.30
ms, 2.64 ms, 2.03 ms, 1.79 ms, and 1.58 ms, respectively.
It can be found that the average fluorescence lifetimes
for all glasses first increased and then decreased with
increase in Sm2O3 content, which may be caused by
multi-phonon relaxation process and cross-relaxation
energy transfer mechanism between two neighboring
Sm3+ ions.

The fluorescence decay curves for all glasses excited
by 374 nm and monitored at 643 nm are presented in
Fig. 9. Here, all decay curves exhibited a tendency of
increasing first and then decreasing with the increasing
of Sm2O3 content. Different from the fluorescence
decay curves excited by 402 nm xenon lamp, these curves
all conformed to a double-exponential decay function.
This is a common phenomenon in glass matrix. To
calculate the average fluorescence lifetimes under 4G5/2

→ 6H9/2 transition, the Eq. (2) can be used.
Based on Eq. (2), the calculated average fluorescence

lifetimes of glasses were 2.38 ms, 2.67 ms, 1.96 ms,
1.81 ms, and 1.61 ms, respectively. It is observed that
the average fluorescence lifetimes increased firstly and
then decreased with increase in Sm2O3 content. Compared
with the fluorescence lifetimes obtained under 402 nm
light excitation, they had the same variation tendency,

but the maximum of fluorescence lifetime was slightly
greater than that obtained under 402 nm light excitation,
which indicates that energy transition occurs between
Tb3+ and Sm3+ ions in glasses.

CIE chromaticity coordinates and correlated color
temperature

Generally, the visible luminescence characteristics of
glasses are estimated by means of chromaticity coor-
dinates, which can help human to identify the original
dichromatic composition of color. The chromaticity
coordinates of glasses excited by 402 nm xenon lamp
were calculated via CIE 1931 chromaticity diagram (as
shown in Fig. 10). The chromaticity coordinates (x, y)
of all glass were in the range of 0.5985 ~ 0.6062 and
0.3917 ~ 0.4006. From the Fig. 10 and Table 3, it can
be observed that all glasses emit orange color. The
correlated color temperature (CCT) is a specification of
the color appearance of light emitted by a lamp, Table
3 lists the CCTs of all Tb3+/Sm3+ co-doped glasses. As
shown in Table 3, the CCTs of all glasses were in the
range of 1,711 ~ 1,728 K. Fig. 11 shows the chromaticity
coordinates of glasses excited by 374 nm xenon lamp,
and the CCTs of all glass are listed in Table 4. From
the Fig. 11 and Table 4, the chromaticity coordinates

τexp

B1τ1
2 B2τ2

2 B3τ3
2+ +

B1τ1 B2τ2 B3τ3+ +
--------------------------------------=

Fig. 9. Fluorescence decay curves of Tb3+/Sm3+ co-doped
phosphate glasses excited by 374 nm xenon lamp. 

Fig. 10. Chromaticity CIE diagram of Tb3+/Sm3+ co-doped
phosphate glasses excited by 402 nm xenon lamp. 

Table 3. Chromaticity coordinates and correlate color tempera-
tures of Tb3+/Sm3+ co-doped glasses excited by 402 nm xenon
lamp.

Samples
Chromaticity coordinates CCT 

(K)
Color of light 

emissionx y

G02 0.6023 0.3969 1716 Orange

G04 0.6062 0.3930 1728 Orange

G06 0.6019 0.3917 1715 Orange

G08 0.5985 0.4006 1710 Orange

G10 0.5998 0.3994 1711 Orange
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(x, y) of glasses were in the range of 0.5111 ~ 0.5910
and 0.4043 ~ 0.4374, the all glasses emitted orange
color except for glass G04, and the CCTs of all glasses
were in the range of 1,713 ~ 2,297. Comparing the data
obtained at different excitation wavelengths, there was
a big difference, which is mainly due to the interaction
between Sm3+ and Tb3+ ions.

Conclusions

In summary, we have prepared a novel Tb3+T/TSm3+

co-doped phosphate glasses with the composition of
P2O5-SrO-BaO-ZnO doped with 0.5Tb-xEu2O3 (x =
0.2, 0.4, 0.6, 0.8, and 1.0 mol.%). The results suggested
that glasses mainly consisted of metaphosphate groups
as well as minor of pyrophosphate and orthophosphate
groups, the densities of glasses monotonically increased
with the increased Sm2O3 content, while the molar
volume was the opposite. From the absorption spectra,
eight obvious absorption bands were found, which can

be assigned to the electron transition from ground level
to excited levels. the emission spectra of all glasses
excited by 402 nm xenon lamp showed four obvious
peaks, and there was no energy transfer between Tb3+

and Sm3+. However, the emission spectra of all glasses
excited by 374 nm xenon lamp showed nine obvious
peaks, and they were attributed to the transitions of
Tb3+ and Sm3+. Compared with the fluorescence lifetimes
obtained under 402 nm light excitation, they had the
same variation tendency, but the maximum of fluorescence
lifetime was slightly greater. In addition, all glasses
emitted orange color based on the CIE chromaticity
diagram. Given all that, this systematic study would
provide a guidance for preparing orange light emitting
glass, and we believe this system glass will have a
potential application in display devices.
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