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Abstract
The doping of a host glass with rare-earth ions is quite interesting when investigating their wide applications 
in several fields, such as laser and optical fibers. In this study, the glass medium had a composition of (70 − x) 
 P2O5–10Bi2O3–10Na2O–10Gd2O3–xSm2O3 with x = 0, 0.05, 0.1, 0.5, 1.0, 3.0 mol% and were fabricated using melt-quenching 
method. The optical properties of  Sm3+-doped samples with different  Sm3+ concentrations were determined by measuring 
the absorption and luminescence spectra in the visible light region. Both the direct and the indirect bandgap energies were 
slightly decreased after doping with  Sm3+ ions. The maximum experimental oscillator strength was 3.65 × 10–6 for the band 
transition 6H5/2 → 6F7/2 over glass PBNaGSm5. The Judd–Ofelt parameters were applied to evaluate the properties of glass 
samples. The highest emission intensity was located in the orange range with a wavelength of 597 nm under an excitation 
wavelength of 401 nm. An obvious decrease in the lifetime was observed at higher  Sm3+ ion concentrations.

Keywords Optic glass · Phosphate · Samarium · Orange emission · Lifetime

1 Introduction

Glasses doped with rare earth elements have greatly attracted 
the attention of researchers due to their wide applications 
as optical fibers, laser materials, fluorescence screens, opti-
cal detectors, and waveguides [1–5]. Some previous works 
have investigated the effect of the samarium ion doped into 
different host glasses [6–11]. Phosphate glass is one of the 
most suitable hosts because it has high mechanical proper-
ties and high thermal stability [12]. In general, the thermal 
expansions of phosphate glasses are higher while the transi-
tion temperatures are lower than those of silicate or borate 
glasses [13]. Furthermore, rare earth ions are more soluble 
in phosphate glass than they are in telluride glass, leading 
to a higher luminescence quantum yield [14]. The rare-
earth of trivalent samarium ion  (Sm3+) is one of the most 
interesting RE ions to investigate because its 4G5/2 emission 
level has a high quantum efficiency and different emission 
channels [15, 16].  Sm3+shows strong luminescence in the 
orange–red spectra region, which is useful for high-density 

optical data storage, color display and underwater commu-
nication applications.

The addition of sodium oxide  (Na2O) to a host glass can 
increase the glass transition temperature (Tg), eventually 
leading to higher thermal stability [17]. Moreover,  Na2O 
is added to increase homogenization, to reduce the melting 
point of the glass host, and to reduce the glass damage and 
bubbles [18, 19]. This present work investigates the effect of 
the  Sm3+ active ion concentration on the optical properties 
of glass phosphate and obtain the values of the Judd–Ofelt 
parameters.

2  Experimental

Sm3+-doped phosphate bismuth sodium gadolinium was 
prepared using the melt-quenching technique as in our pre-
vious work [20]. The chemical composition of the glass was 
(70 − x)P2O5-10Bi2O3–10Na2–10Gd2O3–xSm2O3, where 
x = 0.05, 0.1, 0.5, 1.0 and 3.0 mol%, where denoted as 
PBNaGS1, PBNaGS2, PBNaGS3, PBNaGS4 and PBNaGS5. 
The chemical compounds  P2O3,  Bi2O3,  Na2O,  Gd2O3, and 
 Sm2O3 were directly used as raw materials without a puri-
fication step. Those chemicals were then mixed homogene-
ously in alumina crucibles, after that, the alumina crucibles 
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containing the materials were inserted into an electric fur-
nace and heated from room temperature to 1200 °C with a 
holding time of 2 h. After the raw materials had melted, the 
alumina crucible was lifted and immediately poured into 
a stainless-steel mold that had been pre-heated to 500 °C 
and held at that temperature for another 2 h. Finally, the 
samples were allowed to slowly cool to room temperature. 
Before the measurements of the optical and radiative prop-
erties, the glass samples were cut and polished (2 × 1.5 × 1 
 cm3). The optical absorption spectra were recorded using 
a UV–Vis-NIR spectrophotometer (UV-3600 Shimadzu). 
The fluorescence spectra were analyzed using a PTI Quanta 
Master series (QM-300) spectrofluorometer.

3  Results and discussion

3.1  Absorption spectra

The absorption spectra of the  Sm3+-doped phosphate glasses 
were recorded using an UV–VIS spectrophotometer in the 
range from 400 to 1800 nm, and the results are presented in 
Fig. 1. Clearly, the absorbance bands are gradually enhanced 
with increasing  Sm3+ concentration. Those bands are located 
at 436, 471, 946, 1080, 1233, 1379, 1486, 1535, 1592 nm 
and are related to transitions of the ground energy level: 
6H5/2 to 4G9/2, 4I11/2, 6F11/2, 6F9/2, 6F7/2, 6F5/2, 6F3/2, 6H15/2, 
and 6F1/2, respectively.

The optical properties of the  Sm3+-doped phosphate 
glasses were investigated using Tauc’s Plot to calculate the 
bandgap energies. Figures 2 and 3 exhibit its indirect and 
direct bandgap energies, respectively. The indirect band 
energy is found to be lower by 0.4 eV after doping with 
1% mol  Sm3+. The indirect bandgap energies of PBNaGS1, 
PBNaGS2, PBNaGS3, PBNaGS4 and PBNaGS5 are 3.20, 

3.00, 2.90, 2.80 and 3.10 eV, respectively. Similarly, the 
direct bandgap energy values of  Sm3+-doped phosphate 
glasses were also decreased after doping. Their values were 
3.42, 3.35, 3.29, 3.24 and 3.37 eV for PBNaGS1, PBNaGS2, 
PBNaGS3, PBNaGS4 and PBNaGS5, respectively. The indi-
rect and the direct bandgap energies exhibited similar trends, 
where their values decreased with increasing concentration 
to an optimum of 1 mol % (PBNaGS4). With further increas-
ing the concentration to 3 mol % (PBNaGS5), the bandgap 
values slightly increased. The variations of bandgap energies 
due to the creation of defects and changes in the composition 
of the glass after doping which were similar to those in our 
previous reports [20, 21].
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Fig. 1  Absorption spectra for glasses Sm: phosphate with different 
 Sm3+ ion concentrations
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Fig. 2  Indirect bandgap energy for glasses Sm: phosphate with differ-
ent  Sm3+ ion concentrations
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3.2  Field strength and Judd–Ofelt analysis

The experimental and the calculated oscillator strengths 
were determined according to equations in the Ref. [22], 
and the results are listed in Table 1. Clearly both the cal-
culated and the experimental oscillator strengths decrease 
significantly with increasing  Sm3+ concentrations. The max-
imum experimental oscillator strength was achieved for the 
PBNaGSm5 glass with a value of 3.65 × 10–6 for the band 
transition 6H5/2 → 6F7/2. For a validation of the quality of the 
spectra intensity, the root-mean-square deviation (δrms) was 
calculated for fittings of the experimental and the calculated 
oscillator strengths. In this case, the small rms deviations 
value corresponds to the reliable calculation. The rms devia-
tions for PBNaGS1, PBNaGS2, PBNaGS3, PBNaGS4 and 
PBNaGS5 were 2.0, 1.2, 1.6, 1.8, and 1.0 × 10–6, respec-
tively. Those values are in good agreement with the data 
limit.

Table 2 lists the Judd–Ofelt parameters and spectroscopy 
quality factors for  Sm3+-doped phosphate glass with differ-
ent  Sm3+ contents. Clearly, all glass samples followed the 
order Ω2 > Ω4 > Ω6. According to the literature [23], glass 
samples with higher values of Ω2 and Ω4 but lower Ω6 are 
considered to be good hosts because they can produce a 
high luminescence intensity ratio. In general, the Ω6 param-
eter corresponds to the rigidity of the host glass. The Ω6 

values did not change with increasing  Sm3+ content even 
up to 3 mol%. This indicates that that the rigidity does not 
change. The highest spectroscopy quality factor was 14.527 
for the PBNaGSm2 sample. However, with further addition 
of  Sm3+, not only did the JO parameters decrease but also 
the spectroscopy quality factor significantly decreased.

3.3  Excitation spectra

The excitation wavelength is well known to be crucial to 
obtain efficient luminescence properties and to record the 
energy level transitions. Thus, the excitation spectra of Sm: 
phosphate were recorded in the wavelength range from 
320 to 540 nm under an emission wavelength of 600 nm. 
As shown in Fig. 4, ten excitations bands located at 332, 
344, 361,374, 401, 416, 440, 472, 490 and 527 nm which 
are related to 6H5/2 → 4D7/2, 6H5/2 → 4D3/2, 6H5/2 → 6P7/2, 
6H5/2 → 4L15/2, 6H5/2 → 6P3/2, 6H5/2 → 6P5/2, 6H5/2 → 4G9/2, 
6H5/2 → 4I13/2, 6H5/2 → 4I11/2 and 6H5/2 → 4F3/2 transition, 
respectively, where recorded clearly from Fig.  4, the 

Table 1  Experimental (fexp) 
and calculated (fcal) oscillator 
strength (× 10–6) of Sm: 
phosphate with different  Sm3+ 
ion concentrations

Transition PBNaGSm1 PBNaGSm2 PBNaGSm3 PBNaGSm4 PBNaGSm5

6H5/2 → fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal
4G9/2 – 0.05 – 0.05 – 0.05 – 0.05 0.45 0.05
4I11/2 – 0.11 – 0.11 0.86 0.11 0.87 0.11 5.62 0.12
6F11/2 – 0.28 – 0.27 0.13 0.28 0.11 0.28 0.97 0.28
6F9/2 0.15 1.72 0.003 1.71 0.55 1.71 0.64 1.71 3.60 1.72
6F7/2 0.14 2.61 0.0006 2.61 0.63 2.61 0.70 2.61 3.95 2.60
6F5/2 0.09 1.89 0.0001 1.89 0.33 1.89 0.38 1.89 2.12 1.89
6F3/2 0.04 2.28 – 2.29 0.13 2.28 0.15 2.29 0.85 2.31
6H15/2 – 0.01 – 0.01 0.08 0.01 0.08 0.01 0.46 0.01
6F1/2 – 2.09 – 2.09 – 2.09 – 2.09 0.03 2.10
Δfrms  ± 2.0  ± 1.2  ± 1.6  ± 1.8  ± 1.0

Table 2  Judd–Ofelt parameter values (× 10–20  cm2) and spectroscopy 
quality factors (χ) for glass Sm: phosphate with different  Sm3+ ion 
concentrations

Glass Ω
2

Ω
4

Ω
6

χ(Ω
4
/Ω

6
)

PBNaGSm1 6.1322 2.6495 0.1832 14.462
PBNaGSm2 6.1263 2.6601 0.18311 14.527
PBNaGSm3 6.1010 0.26665 0.18296 1.4574
PBNaGSm4 6.1263 0.26601 0.18311 1.4527
PBNaGSm5 6.2641 0.26208 0.18387 1.4253
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intensity of excitation gradually increases with increasing 
concentration of  Sm3+ up to 1 mol % (PBNaGSm4), after 
further increases the amount of  Sm3 to 3 mol% (PBNaGSm5) 
lead to a sharp decrease in the excitation intensity 50% as 
compared to the highest one (PBNaGSm4). In addition, the 
excitation located at a wavelength of 402 nm had the highest 
intensity among those ten bands.

3.4  Luminescence properties

Figure 5 shows the luminescence properties of Sm: phos-
phate medium glass in the spectral range from 550 to 720 nm 
with an excitation wavelength (λex) of 401 nm. Four emis-
sion band transitions are observable for all the glass sam-
ples, as clearly shown in Fig. 5. Those bands are located 
at 562, 597, 644, and 703 nm and corresponds to the tran-
sitions of 4G5/2 → 6H5/2, 4G5/2 → 6H7/2, 4G5/2 → 6H9/2, and 
4G5/2 → 6H11/2, respectively. No significant difference in 
the emission intensity was observed for low concentrations 
0.05 and 0.1 mol%, of  Sm3+. However, when the concentra-
tion was increased to 0.5 mol% (PBNaGSm3), the emission 
intensity significantly increased. The highest emission inten-
sity was reached for 1 mol%  Sm3+ doping (PBNaGSm4). 
Similar to the excitation result in the previous section, the 
emission intensity also started to decrease when the concen-
tration of  Sm3+ ion was increased to 3 mol % (PBNaGSm5). 
The decrease in the intensity after doping at a certain level 
is well known in the field due to more interactions RE to 
RE ions and RE ions to the host glass, which causes cross-
relaxation in the active ion centers via concentration quench-
ing [24]. Among these four emission bands, the transition 
of 4G5/2 → 6H7/2 at a wavelength of 597 nm obviously is 
the most intense. This wavelength is in the range of orange 
(590—625 nm). Therefore, this present glass sample has a 
potential application for an orange LED.

3.5  Decay curve analysis

Figure 6 shows the emission decay process for transitions 
with an excitation wavelength of 400 nm. The decay pro-
cess has a non-exponential nature due to cross-relaxation 
through multi-polar interactions between  Sm3+ ions. The 
lifetimes of the energy levels can be determined experi-
mentally by measuring the emission decay from each 
of the 4G5/2 → 6H7/2 transitions [25, 26]. When  Sm3+ is 
excited by an excitation wavelength, a relaxation non-radi-
ation rapidly extends to fluorescent energy levels because 
of the gap energy [27]. Orange luminescence was pro-
duced from a strong band located at a wavelength of about 
600 nm. The decay curves of the 4G5/2 → 6H7/2 (600 nm) 
transition for different concentrations of  Sm3+ were seem 
to have a single exponential character for PBNaG:Sm1 to 
PBNaGS4 and a double exponential for  Sm3+ higher con-
centration (PBNaGS5). The lifetime reduction phenom-
enon from single exponential to double exponential leads 
to a concentration quenching effect in the energy state of 
the 4G5/2 level in PBNaGS5 glass (3.0 mol% concentra-
tion). The single exponential form appears to be the energy 
transfer from cross-relaxation processes among  Sm3+ 
ions. The lifetimes for PBNaGS1, PBNaGS2, PBNaGS3, 
PBNaGS4 and PBNaGS5 were 2.67, 2.66, 2.06, 1.61, and 
0.68 ms, respectively. Obviously, the lifetime significantly 
decreased by adding high concentrations of  Sm3+ due to 
the low probability of non-radiative relaxations.

550 575 600 625 650 675 700

0

50

100

150

200

250

300

350

400

6H9/2

6H7/2

6H11/2

 E
m

is
io

n 
In

te
ns

ity
 (a

.u
.) 

Wavelenght (nm)

 PBNaG:Sm1 
 PBNaG:Sm2 
 PBNaG:Sm3 
 PBNaG:Sm4
 PBNaG:Sm5

4G5/2

6H5/2

Fig. 5  Emission spectra of Sm: phosphate with different  Sm3+ ion 
concentrations

0 1 2 3 4 5 6 7 8 9 10
1E-3

0.01

0.1

1

 PBNaG:Sm1
 PBNaG:Sm2
 PBNaG:Sm3
 PBNaG:Sm4
 PBNaG:Sm5

In
te

ns
ity

 (a
.u

.)

Lifetime (ms)

Fig. 6   Decay profiles of the 4G5/2 → 6H7/2 for different  Sm3+ ion con-
centrations doped phosphate glass

Author's personal copy



Investigation of  Sm3+-doped PBNaG glasses for orange LED applications  

Vol.:(0123456789)1 3

4  Conclusion

Sm3+-doped glass medium has been successfully designed 
and characterized using optical and radiative analyses. We 
found that the absorbance band was significantly enhanced 
and that bandgap energies slightly decreased with increas-
ing  Sm3+ concentrations. The Judd–Ofelt parameters of the 
glass samples followed the order Ω2 > Ω4 > Ω6. The maxi-
mum experimental oscillator strength was 3.65 × 10–6 for the 
band transition 6H5/2 → 6F7/2 in the PBNaGSm5 glass. Under 
an excitation wavelength of 401 nm, four emission bands 
were observed in the visible-light region. Among them, the 
transition of 4G5/2 → 6H7/2 with a peak wavelength of 597 nm 
showed the highest intensity. The lifetime was obviously 
lower at higher concentrations of  Sm3+ due to the low prob-
ability of non-radiative relaxations. This glass sample has 
potential applications for an orange LED.
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