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ABSTRACT 

The glasses with a composition of (65 - x) B2O3 – 5ZnO – 5Li2O – 15 

Na2O – 10PbO – x Sm2O3 (x = 0.0; 0.05; 0.1; 0.5; 1.0; 2.0 and 4.0 

mol.%) which has been prepared using the melt quenching technique 

(1100oC for 3 hour). The spectroscopic properties can be determined 

by investigating the absorption, excitation, and emission spectra of a 

glass sample. There are 14 centered absorption bands starting from 
6H5/2. The excitation spectrum of the Sm3+ doped borate glasses was 

measured at the wavelength of 300-550 nm which is the strongest 

intensity (4F7/2 at 403 nm) used as the excitation wavelength to 

measure the glass emission spectrum. The emission peaks transition 

starts from 4G5/2. The Judd-Ofelt theory has been applied to the 

absorption spectrum of Sm3+ doped borate glass to estimate the 

intensity parameters (Ωλ, λ = 2, 4 and 6) which are then used to 

calculate the radiative properties. The energy of the optical bandgap 

is in the range 3.85-3.77 eV for direct transitions and 3.42 - 4.22 eV 

for indirect transitions. The decay times obtained were 3.42, 3.99, 

3.98, 2.96, 1.67, 1.48 ms for 0.05 - 4.00 mol%. Using the CIE 

chromaticity diagram for borate glass it can be determined that the 
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glass from this work has a high performance for use as an orange 

emitting material application. 

Keywords: radiative, spectroscopic, borate glass 

INTRODUCTION 

Many researchers have paid great attention to research on rare-earth ions, in particular for the 

material of glass. A glass doped with rare earth ions is an important material in the manufacture 

of lasers, laser waveguides, and fiber optics [1-4]. It causes rare-earth ions can emit visible 

light, near-infrared (NIR), and infrared (infrared), and rare earth ions to have very stable 

emissions due to the 4f-4f electronic transition [5-6]. 

For all of the rare earth ions, Samarium (Sm3+) is one of the most attractive rare-earth ions for 

use as fluorescent in the orange region (4G5/2 → 6H7/2) [7]. In addition, Sm3+ doped glass has 

been considered a promising luminescence material for the device's appearance and orange 

emitting material [7-8]. This is in line with previous research which stated that Sm3+ is one of 

the rare-earth ions used as a luminescence material such as high density optical storage, 

different color rendition of fluorescent devices and solid state lasers as a result of a strong 

orange/red light emitting [2, 9]. 

The performance of rare-earth doped glass is highly dependent on the host-glass composition 

and the rare-earth dopant ion concentration [10]. Borate (B2O3) is one of the best glass formers 

known for its unprecedented features such as high transparency, low melting point, high 

chemical resistance, low production costs, and high thermal resistance [11-12]. On the other 

hand, however, borate glass has one disadvantage, which is that it has high phonon energy 

(1300 cm-1) and produces multi-phononic relaxation for rare-earth ions, which results in non-

radiation emission [13]. To suppress excess phonon energy and thereby increase the radiation 

emission capacity of the main material, a suitable metal such as PbO can be added to the borate 

[14]. The presence of lead ions (Pb2+) will provide a huge advantage in the spectroscopic 

characterization of the RE ion. There is also a strong absorption in the UV region due to the 

electronic transition of S-P from the Pb2+ ion [15]. Sodium oxide (Na2O) added to borate glass 

makes this glass suitable for use as a luminescent material for optical applications, especially 

because of its good solubility of rare-earth ions [11]. Then to increase the density and refractive 

index added ZnO and the addition of Li2O for a high degree of transparency and thermal 

equilibrium in the borate glass [2, 16]. 

We report the results in this study, among others, optical properties, luminescence properties, 

and radiative properties of borate glass doped with Samarium (Sm3+). Judd-Ofelt parameter 

analysis is used to obtain radiation rate, branching ratio, lifetime, emission cross-section by 

first obtaining absorption and emission spectra measurements. 

METHOD 

In this study, the glass developed was borate-type glass with a glass medium added with rare 

earth ion doping. Chemical formulations developed is (65 – x)B2O3 – 5ZnO – 5Li2O – 15Na2O 

– 10PbO – x Sm2O3 (where x = 0.05; 0.1; 0.5; 1.0; 2.0 and 4.0 mol%) with sample code were 
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BZLNPSm 0.05; BZLNPSm 0.1; BZLNPSm 0.5; BZLNPSm 1.0; BZLNPSm 2.0; BZLNPSm 

4.0 respectively. The high purity chemical with a total mass of 20 g is prepared by the melt 

quenching technique. The composition mixture is placed in an alumina crucible for processing 

melt-quenched in a furnace at a temperature of 1100oC for 3 hours. Samples were also 

annealed at 500oC for 3 hours. After the previously heated mixture is cooled and the sample 

is produced in the form of a glass solid, then a cutting process is carried out with dimensions 

of 20 x 10 x 5 mm3 and polish. 

After the sample is cut and polished, the synthesis process is carried out using a 

spectrophotometer to determine spectroscopic properties (absorption, excitation, emissions, 

etc) and using JO parameters to get radiative properties (branching ratio, lifetime, emission 

cross-section). 

RESULT AND DISCUSSION 

Absorption Properties 

FIGURE 1 shows the absorbance spectrum of Sm3+ doped borate glass. It can be seen in 

FIGURE 1 that there are 14 centered absorption bands at 341, 362, 377, 403, 439, 475, 947, 

1080, 1234, 1376, 1476, 1520, 1583, 2022 nm corresponding to the transitions from 6H5/2 to 
4D7/2 , 

4D3/2 , 
4D1/2 , 

4F7/2 , 
4G9/2 , 

4I11/2 , 
6F11/2 , 

6F9/2, 
6F7/2 , 

6F5/2 , 
6F3/2 , 

6H15/2 , 
6F1/2 , 

6H13/2. The 

most striking Sm2O3 ion absorption is 403 and 1234 nm in the Vis and NIR regions and the 

intensity of the absorption band is directly proportional to the concentration of rare earth ions 

where the absorption band increases with increasing Sm2O3 concentration [6, 17-20]. 

 

FIGURE 1. Absorption spectra of Sm3+ doped borate glasses. 
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Emission Spectra 

FIGURE 2 shows the excitation spectrum of the Sm3+ doped borate glasses measured at the 

wavelength of 300-550 nm monitored at 599 nm emission. Excitation bands centered on 318, 

345, 362, 375, 403, 416, 439, 463, 477, 527 nm, corresponds to 6H5/2 to 4F11/2, 
3D7/2, 

4D3/2, 
4D1/2, 

4F7/2, 
6P5/2;

4M19/2, 
4G9/2;

4I15/2, 
4I13/2, 

4I11/2;
4M15/2 and 4F3/2 respectively. For all of the 

excitation transitions, the excitation peak 6H5/2 to 4F7/2 at 403 nm represents the strongest 

intensity used as the excitation wavelength to measure the glass emission spectrum [20-21]. 

The emission spectrum from the glass system measured under excitation 403 nm in the 525-

700 nm wavelength region is presented in FIGURE 3. The emission peaks at 563, 599, and 

645 correspond to the transition 4G5/2 to 6H5/2, 
6H7/2 and 6H9/2 respectively. Among the three 

transitions the most intense were 4G5/2 to 6H7/2, which emitted orange fluorescence, while the 

weakest 6G5/2 to 6H5/2 indicated red emission [21-22]. It can be observed from FIGURE 3 that 

the peak intensity increases, namely the increase in Sm2O3 content up to 1 mol% and then 

decreases [23]. So the optimum concentration of Sm2O3 in a borate glass is 1 mol% which 

results in the highest intensity coming out of the glass sample [6]. Then in FIGURE 4 shows 

a diagram of the energy level of the Sm3+ ion in a borate glass. Emission transitions 

corresponding to 4G5/2 to 6H5/2, 
6H7/2, 

6H9/2 resulted from rapid non-radiative multiphonon (NR) 

relaxation from the excited state to the 4G5/2 level. In addition, the emission band from the 4F3/2 

level to the 6P5/2; 
4M19/2 level is negligible compared to the emission from the 4G5/2 level due 

to the high energy phonons in the glass material [2]. 

 

FIGURE 2. Exication spectrum of Sm3+ doped borate glass. 
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FIGURE 3. Emission spectrum of Sm3+ doped borate glass. 

 

 

 

FIGURE 4. Energy level diagram of Sm3+ doped borate glasses. 
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Judd-Ofelt Analysis 

TABLE 1 shows the results of the calculation of the oscillator strength both experimental (fexp 

x 10-6) and calculated (fcal x 10-6) as well as the results of the calculation of the root mean 

square deviation (δrms) of Sm3+ ion doped borate glass. 

TABLE 1. The value of oscillator strength (f x 10-6) was experimental and calculated for BZLNPSm 0.05; BZLNPSm 

0.1; BZLNPSm 0.5; BZLNPSm 1.0; BZLNPSm 2.0; BZLNPSm 4.0;   glasses. 

Transition abs 

(nm) 

Eexp 

(cm-1) 

BZLNPSm 

0.05 

BZLNPSm  

0.10 

BZLNPSm 

0.50 

BZLNPSm 

1.00 

BZLNPSm 

2.00 

BZLNPSm 

4.00 
6H5/2 → fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal 
4D7/2 341 29325.5 3.21 2.73 2.82 2.66 3.74 3.32 2.99 2.83 2.05 2.59 3.19 2.36 
4D3/2 362 27624.3 1.05 1.03 1.11 1.10 3.06 3.01 2.75 2.72 1.61 2.52 2.69 2.66 
4D1/2 377 26525.2 0.00 0.00 1.02 0.00 0.75 0.00

4 

0.83 0.00

3 

0.91 0.00

2 

0.77 0.00

2 
4F7/2 403 24813.9 0.00 0.06 0.44 0.06 0.65 1.58 0.96 0.14 1.38 0.13 1.07 0.13 
4G9/2 439 22779.0 0.70 0.19 0.37 0.19 0.27 0.30 0.24 0.25 0.21 0.23 0.31 0.22 
4I11/2 475 21052.6 0.61 0.56 0.65 0.55 0.58 0.67 0.62 0.57 0.53 0.53 0.66 0.48 
6F11/2 947 10559.7 1.06 1.35 0.90 1.32 2.45 1.64 2.17 1.40 1.36 1.28 1.21 1.16 
6F9/2 1080 9259.3 8.05 8.08 7.37 7.90 10.1

0 

10.1

9 

8.73 8.71 8.09 7.99 7.54 7.35 

6F7/2 1234 8103.7 10.5

8 

10.3

6 

10.8

4 

10.2

5 

15.6

1 

15.4

3 

13.4

7 

13.4

0 

12.3

6 

12.2

3 

11.7

0 

11.7

5 
6F5/2 1376 7267.4 3.00 3.08 3.17 3.27 9.18 9.30 8.06 8.32 7.18 7.58 7.64 8.06 
6F3/2 1476 6775.1 1.40 1.43 1.21 1.47 5.62 5.53 5.05 4.62 4.63 3.88 4.96 4.13 
6H15/2 1520 6578.9 0.46 0.07 0.37 0.07 0.10 0.08 0.09 0.07 0.06 0.07 0.07 0.06 
6F1/2 1583 6317.1 0.11 0.08 0.20 001 1.89 1.93 1.01 1.27 0.24 0.69 0.21 0.73 
6H13/2 2022 4945.6 0.03 0.81 0.04 0.79 0.21 0.98 0.18 0.83 0.21 0.77 0.24 0.70 

δrms 0.316   0.448 0.405 0.443 0.584 0.507 

 

The results showed that the 6H5/2 → 6F7/2 transition at a wavelength of 1234 nm displayed the 

highest magnitudes ƒexp and ƒcal, which are called hypersensitive transitions [6]. Relatively 

small rms deviation indicates a good match between the experimental and calculated spectral 

intensities which are shown at a value of 0.316 [6, 24]. 

TABLE 2. Judd-Ofelt parameter values (x 10-20 cm2) and quality factors for Sm3+ Borate glass. 

Glass 2 4 6 (4/6) Trend Reference 

BZLNPSm 0.05 0.25 5.80 9.64 0.62 Ω6  > Ω4  > Ω2 Present work 

BZLNPSm 0.10 0.03 6.12 9.31 0.66 Ω6  > Ω4  > Ω2 Present work 

BZLNPSm 0.50 6.0 16.4 11.3 1.45 Ω4  > Ω6 > Ω2 Present work 
BZLNPSm 1.00 3.98 14.95 9.67 1.55 Ω4  > Ω6 > Ω2 Present work 

BZLNPSm 2.00 2.16 13.67 8.78 1.55 Ω4  > Ω6 > Ω2 Present work 

BZLNPSm 4.00 2.25 14.60 7.97 1.83 Ω4  > Ω6 > Ω2 Present work 

NNS01 0.33 5.45 0.55 0.98 Ω2  > Ω4  > Ω6 [18] 
PNZSm0.5 4.46 6.79 10.91 0.62 Ω6  > Ω4  > Ω2 [25] 

PZSMS-Ag0.2 12.69 5.29 4.07 1.30 Ω2  > Ω4  > Ω6 [26] 

PKACaLFSm10 5.87 9.75 4.82 1.66 Ω4  > Ω2 > Ω6 [27] 
SLfSfASm1.0 2.73 7.49 3.01 3.84 Ω4  > Ω6 > Ω2 [28] 

TSWS2 0.12 3.36 2.65 1.26 Ω4  > Ω6 > Ω2 [29] 

TWSm10 2.01 4.38 1.56 2.81 Ω4  > Ω2 > Ω6 [30] 

TeWNaSm 0.27 3.36 3.30 1.02 Ω4  > Ω6 > Ω2 [31] 
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TABLE 3. Radiative properties, such as emission peak wavelength (p), effective bandwidth 

(eff), emission cross-section (e(p) x 10-20), branching ratio (R) and radiative transition 

probability (AR), of various Sm3+-doped borate glasses. 

Glass Transition 
4G3/2 → 

p 

(nm) 

eff 

(nm) 

e (p) 

(cm2) 

exp 

(%) 

cal 

(%) 

AR 

(s-1) 

BZLNPSm 0.05 6H5/2 563 9.220 0.013 0.134 0.047 23.46 
6H7/2

 599 14.282 0.128 0.622 0.762 278.26 
6H9/2

 645 13.450 0.062 0.244 0.191 94.53 

BZLNPSm 0.10 6H5/2 562 12.764 0.010 0.151 0.048 24.49 
6H7/2 598 15.948 0.117 0.576 0.758 284.66 
6H9/2 644 17.663 0.050 0.273 0.195 99.39 

BZLNPSm 0.50 6H5/2 563 11.243 0.020 0.144 0.040 44.63 
6H7/2 599 14.976 0.227 0.600 0.667 516.77 
6H9/2 645 15.896 0.185 0.255 0.294 332.03 

BZLNPSm 1.00 6H5/2 562 12.294 0.017 0.149 0.042 40.33 
6H7/2 598 15.596 0.191 0.581 0.680 454.01 
6H9/2 644 17.126 0.138 0.270 0.278 267.54 

BZLNPSm 2.00 6H5/2 562 11.803 0.016 0.149 0.044 37.73 
 

6H7/2 598 15.275 0.180 0.608 0.697 420.46 
 

6H9/2 644 14.091 0.139 0.242 0.259 222.22 
 

BZLNPSm 4.00 6H5/2 563 5.078 0.039 0.094 0.045 38.78 
 

6H7/2 599 11.719 0.235 0.652 0.690 417.36 
 

6H9/2 645 9.115 0.224 0.254 0.266 230.32 
 

 

In general, the covalence and asymmetry of the ligand field which is precisely around the Sm3+ 

ion site can affect the Ω2 parameter, while the parameter values of Ω4 and Ω6 can be related to 

the viscosity and stiffness of the host medium, both of which are included in the bulk properties 

[11, 24]. It can be seen in TABLE 2 that the high value of Ω6 and Ω4 parameters indicates that 

the viscosity and stiffness of the host medium are getting higher in the glass, this is because 

more BO4 units are observed in the glass [25-27]. The spectroscopic quality factor χ = (Ω4 / 

Ω6) describes the quality of the glass. TABLE 2 has summarized the calculation of the 

spectroscopic quality factor for borate glass doped Sm3+. Based on this factor, it was found 

that BZLNPSm 0.5 glass looks like a better optical glass [25]. 

The radiative properties that are emission peak wavelength (p), effective bandwidth (eff), 

spontaneous emission transition probability (AR), stimulated emission cross section (σ (λp)), 

and the branching ratio (ΒR) both the experimental (exp) and calculation (cal) on Sm3+ doped 

borate glass are summarized in TABLE 3. The non-radiation transition that occurs between 

Sm3+ ions causes a difference in the values of βexp and βcal [35]. It can be observed in TABLE 

3 that the AR and σ (λp) values in the 4G5/2 to 6H7/2 transition have a higher value than the other 

transitions, where the βR value has a value of more than 0.5 indicates that the Sm3+ doped 

borate glass has a high potential as a laser amplifying medium for emissions around 599 nm 

due to its high amplifying power, low laser threshold, and high gain laser applications in the 

reddish-orange region of the spectrum, which is useful in underwater communications and 

medical diagnostic applications [6, 35, 37]. 
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TABLE 4. The radiative properties for transition 4G3/2→
4H7/2 of various Sm3+-doped sodium borate 

glasses compared with other Sm-doped glass. 

Label Glasses AR (s-1) e (p) 

(cm2) 

exp 

(%) 

cal 

(%) 

Reference 

BZLNPSm 0.05 278.26 0.13 0.622 0.762 Present work 

BZLNPSm 0.10 284.66 0.12 0.576 0.758 Present work 

BZLNPSm 0.50 516.77 0.23 0.600 0.667 Present work 

BZLNPSm 1.00 454.01 0.19 0.581 0.680 Present work 

BZLNPSm 2.00 420.46 0.18 0.608 0.697 Present work 

BZLNPSm 4.00 417.36 0.24 0.652 0.690 Present work 

SLfSfASm1.0 185.00 0.10 0.46 0.47 [28] 

TeWNaSm 399.51 0.21 0.47 0.51 [31] 

TeO2eZnF2ePbOeNb2O5eSm2O3 259.00 0.11 0.48 0.48 [32] 

PKANbSm10 271 0.12 0.423 0.366 [33] 

Sm4 BI 565.76 0.31 0.52 0.55 [34] 

Glass A 228.4 0.13 0.57 0.34 [35] 

Bandgap Energy 

The function of the bandgap is very important, namely to analyze the fundamentals of the 

absorption edge of crystalline and non-crystalline materials [36-37]. To determine the 

properties of solid materials, there are two types of transitions that are generally used, namely 

direct transitions and indirect transitions [36]. In this study, the Sm3+ doped borate glass 

bandgap was calculated and summarized in FIGURE 5, FIGURE 6 and TABLE 5.  

 

FIGURE 5. Indirect Bandgap  
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FIGURE 6. Direct Bandgap 

 

The energy of the optical bandgap is in the range 3.85-3.77 eV for direct transitions and 3.42 

- 4.22 eV for indirect transitions. From these data it can be concluded that the optical bandgap 

depends on the composition of Sm3+. Based on TABLE 5, it can be seen that at the Sm3+ ion 

concentration, namely BZLNPSm 0.1 to BZLNPSm 4.0, the direct and indirect bandgap 

values were found to decrease with the increase in Sm2O3. Due to the formation of more NBO 

(non-bridging oxygen) in the host matrix by the structural rearrangement of the BO3 units into 

BO4 units causes the optical absorption edge wavelength of the glasses is shifted to the lower 

energy side of the electromagnetic spectrum. NBO binds to less excited electrons than the 

bridging oxygen [19]. 

TABLE 5. Optical Bandgap of Sm3+ doped Sodium Borate glass system a) Indirect  and b) Direct 

No Glass Initial Indirect 

Bandgap 

Direct Bandgap Reference 

1. BZLNPSm 0.05 3.36 3.80 Present work 
2. BZLNPSm 0.10 3.42 3.85 Present work 

3. BZLNPSm 0.50 3.39 3.83 Present work 

4. BZLNPSm 1.00 3.34 3.81 Present work 

5. BZLNPSm 2.00 3.26 3.79 Present work 
6. BZLNPSm 4.00 3.22 3.77 Present work 

7. NPABSSm5 3.94 4.02 [19] 

8. PZSMS-Ag0.5 3.74 4.13 [26] 

9. 0.05 LBTPS 2.99 3.16 [36] 
10. Sm 0.4 3.11 3.21 [37] 

11. 1.0 CSm 3.11 3.12 [38] 

12. Zinc-phosphate 

glasses 5% 

3.96 3.96 [39] 
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Radiative Lifetime 

FIGURE 7 shows the decay time curve. The decay times obtained were 3.42, 3.99, 3.98, 2.96, 

1.67, 1.48 ms for 0.05, 0.1, 0.5, 1.00, 2.00 and 4.00 mol% of Sm2O3 doped in borate glass, 

respectively. The lifetime decreases when the Sm2O3 concentration increases due to an 

increase in the energy transfer process of the Sm3+ ion [11, 40]. 

 

FIGURE 7. Lifetime of Sm3+ Doped Glasses 

CIE Chromaticity Diagram 

The x, y color coordinates of the light emission, carried out with the CIE 1931 chromaticity 

diagram, found that the x, y coordinates were (0.5939, 0.4053); (0.5921, 0.4072); (0.5954, 

0.4039); (0.5926, 0.4066); (0.5921, 0.4071); (0.5945, 0.4047) corresponding to 0.05, 0.1, 0.5, 

1.00, 2.00 and 4.00 mol% of Sm2O3 doped in borate glasses, respectively.  
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FIGURE 8. The CIE 1931 diagram of the borate glass. 

From these coordinates it shows that all Sm2O3 glass samples emit the same emission 

coordinates of the light emission, so that all coordinates can be approximated to (0.59, 0.40). 

The CIE chromaticity diagram for borate glass is shown in FIGURE 8. From FIGURE 8 it can 

be concluded that the emission of the glass sample is shown in the orange region [11]. 

CONCLUSION 

It has been found that the most striking Sm2O3 ion absorption is 403 and 1234 nm 403 in the 

Vis and NIR regions and the intensity of the absorption band is directly proportional to the 

concentration of rare-earth ions where the absorption band increases with increasing Sm2O3 

concentration. For all of the excitation transitions, the excitation peak 6H5/2 to 4F7/2 at 403 nm 

represents the strongest intensity used as the excitation wavelength to measure the glass 

emission spectrum. The emission peaks at 563, 599, and 645 correspond to the transition 4G5/2 

to 6H5/2, 
6H7/2, and 6H9/2 respectively. Among the three transitions, the most intense were 4G5/2 

to 6H7/2, which emitted orange fluorescence, while the weakest 6G5/2 to 6H5/2 indicated red 

emission. 

The radiative properties such as emission peak wavelength (p), effective bandwidth (eff), 

spontaneous emission transition probability (AR), stimulated emission cross section (σ (λp)), 

and the branching ratio (ΒR) both the experimental (exp) and calculation (cal) on Sm3+ doped 

borate glass have been obtained and AR and σ (λp) values in the 4G5/2 to 6H7/2 transition have 

a higher value than the other transitions, where the βR value has a value of more than 0.5 

indicates that the Sm3+ doped borate glass has a high potential. Based on these results, the 

Sm3+ doped borate glass can be used as a material for the optical, photonic, and laser industries, 
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in particular as a laser amplifying medium for emissions around 599 nm due to its high 

amplifying power, low laser threshold, and high gain laser applications in the orange region 

of the spectrum. 
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