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Highlights:

e  Glass with formula (65-x)B203:15Na20:10Pb0:5Zn0:5Li20:xDy203 (x = 0.0; 0.05; 0.1;

0.5; 1.0; 2.0 mol%) was developed using the melt and quenching technique.

e The range of direct and indirect bandgap value for all samples was 2.84 to 3.57 eV.

e The strongest absorption band was found at a wavelength of 1270
(®H1s/2 — ®Hor2 + SF1112).

e  The emission spectra and CIE 1931 chromaticity confirmed the white emission of
glasses when excited by 349 nm.

e  The JO parameter of the glasses was Q2> Q6 > Q4 with a high lasing parameter.

Abstract. In this research, Dy** ion-doped Na;O-PbO-ZnO-Li,0-B,0s glasses
were developed using the melt and quenching method. The addition of Dy®* ions
in the glass improved the optical properties. The XRD graph verified the
amorphous of the glass sample. FTIR showed the vibration of BO3; and BO4 in the
structure of the glass. The enhancement of NBOs in the structure of the glass
affected the reduction of the bandgap energy of the glass. The hypersensitive
transition of the present glass was found at 1270 nm (infrared region) due to
electron movement from the ®Hisy, level to the ®Hg+%F11/2 level. The strong white
emission of the glasses came from 575 nm (yellow region) and 483 nm (blue
region) when excited by 349 nm. The CIE 1931 chromaticity was located at
(0.37;0.40) and verified the white emission of the glasses. Meanwhile, the
trendline of the JO parameter was Q, > Qs > Qu, indicating the high ionic character
of the glass structure. The value of the calculated branching ratio and emission
cross-section of Dy_1.0 glass was 0.64 and 0.90 x 102°cm?, respectively. From
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the analysis of results, the present glass has high potential for WLED and laser
application.

Keywords: borate glass; laser; luminescence; trivalent dysprosium; WLED.

1 Introduction

Photonics devices such as lasers, solid-state lighting and thermoluminescence
sensors are widely used in our daily life. The optical gain medium is an important
part of an illumination source. Solid-state lighting commonly uses
semiconductors, organic or polymer materials as illumination source. The most
popular optical gain is composed of a crystal material as the host matrix.
However, the downside of crystal materials is that their development highly
complex and production is high cost. Glass is a potential material to replace
crystal as the host matrix. Glass has extraordinary characteristic, such as high
transparency and a high refractive index. Moreover, the development of glass is
simple and production is low-cost. Trivalent rare-earth ions including Dy**, Sm*",
Pm3®, Eu* and Er®, which can act as dopant in glass systems such as borate,
silicate, phosphate, and tellurite [1].

They produce intensely visible to infrared emissions due to f-f transition. Among
glass types, borate glass has interesting behavior because of the modification of
BO3 to BO4 with the addition of oxide glass. Borate glass has a lower melting
point than silicate glass, high transparency and good thermal stability. In the Eu®*
ion case, the reduction of the B,Os; glass concentration can increase the
luminescence intensity [2]. In another case, the addition of B,Os decreases the
BO4 unit and increases the number of BOs units indicating that most of the BO4
units are converted to BOs units [3]. The addition of R,O such as Na, Li or K
improves the glass structure, including BO4 or NBO formation. The addition of
Na,O in the glass host can reduce the glass bonding strength and decrease the
probability of spontaneous emission [4,5]. It is well known that borate has high
phonon energy, around 1500 cm™?, the addition of PbO in borate glass can reduce
the phonon energy due to the higher molecular weight [6]. The addition of ZnO
in the glass host can increase the glass-forming ability and the refractive index
[7]. Meanwhile, a mix of Li,O can produce a bubble-free and highly stable glass

[8].

The addition of Dy** in glasses such as tellurium-borate glass [9], tellurite glasses
[10], borotellurite glasses [11], silicate glass [12], fluorosilicate glass [13] and
borosilicate glasses [14] has been investigated. It was shown that Dy** ion-doped
glasses generated a strong white emission, which makes them suitable for solid-
state lighting (SSL) or white illumination applications. The white emission of
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Dy?®* ions was generated from the combination of yellow and blue light under
ultraviolet excitation.

A variety of glass compositions can improve the ratio of yellow and blue emission
(Y/B). From previous work, yellow and blue emission, respectively, originate
from a *Fo, — ®Hi32 (~570 nm) transition and *Fe;2 — ®His;2 (~480 nm) transition.
The Y/B ratio can be adjusted by the host material, the Dy** ion concentration
and the excitation wavelenght [10]. The proper material combination is a crucial
problem to be solved to find better properties, such as a long lifetime and high
emission intensity.

We found that Dy** ion doped Na,O-PbO-ZnO-Li,0-B,0; glass has not been
investigated. Therefore, in this research, we investigated the structural, optical,
photoluminescence and radiative properties of this glass to understanding their
future application, especially for WLED and laser applications. The Judd-Ofelt
(JO) theory was used to predict the glasses’ lasing potential parameters, including
the Judd-Ofelt (JO) parameter (.= 246), the oscillator strength (f), the radiative
transition probability (Ar), the stimulated emission cross-section (ce) and the
branching ratio (Br).

2 Method

2.1  Glass Preparation and Characterization

In this research, the glasses were manufactured using a conventional method,
namely melt and quenching. The glass molar composition was (65-
X)B203:15Na20:10Pb0O:5Li,0:5Zn0:xDy,03 (x = 0.0; 0.05; 0.1; 0.5; 1.0; 2.0
mol%). The glass samples were labeled as Dy 0.0, Dy _0.05, Dy 0.1, Dy 0.5,
Dy_1.0 and Dy_2.0, respectively. Twenty grams of raw material with high purity
(95-99 %) from Sigma Aldrich was used. The batch material was kept in tanhe
alumina crucible and melted in an electric furnace at 1200 °C for 4 hours.
Afterwards, the glassy mass was poured out immediately on a preheated stainless
steel plate. For releasing the residual stresses, the glass samples were annealed at
300 °C for 3 hours.

For the measurement of their properties, the glass samples were cut into a shape
of 10 x 10 x 3 mm?® and then polished. X-ray powder diffraction (XRD) and
Fourier-transform infrared spectroscopy (FTIR) were used to study the glass
structure while the refractive index and absorption spectra were measured to
investigate the optical properties. A UV-VIS-NIR spectrophotometer (Shimadzu
3600) was used to obtain the optical absorption spectrum of the glass samples.
The photoluminescence properties were observed using a fluorescence
spectrophotometer (Cary Eclipse) produced by Agilent Technology Inc.
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The physical properties were obtained by weighing the glass samples following
Archimedes’ law [12]. Radiative properties, including JO parameter (£,);
experiment (fep) and calculated oscillator strength (fca); stimulated emission
cross-section (oe); radiative transition probability (Agr); experiment (Bexp) and
calculated branching ratio (fcar); and radiative lifetime (trq), were analyzed using
FORTRAN, where Judd Ofelt theory [15,16] was implemented in the program.
The program has been used in previous works such as [11-13].

3 Results and Discussion

3.1  Physical and Structural Properties

Figure 1 shows the density and molar volume of the glasses. The glass samples’
density increased with the presence of Dy,O3 concentration from 0.1 to 2 mol%
due to the larger molecular mass of Dy,Os; compared to B,Os. The density of
Dy 1.0 glass is 2.98 gcm™, which is higher than that of S6 glass [14] and Dy,0s
doped lithium borate glass [17]. The enhancement of molar volume occurs with
the increase of the Dy,O3 concentration, indicating excessive NBOs in the glass
structure. The NBO units influence BO; or BO,4 formation in the glass structure
following the reaction BO3z + NBO — BO..
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Figure 1 Density and molar volume graph of Dy3* ion-doped Na,O-PbO-ZnO-
Li,0-B,0; glasses.

The merging of NBO units contributes to the enrichment of the BO4 units in the
structure of the glass [3]. Figure 2(a) reveals the FTIR spectra of the Dy** ion-
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doped Na,O-Pb0O-ZnO-Li,0-B,0s glasses, offering 5 bands from 680 to 4000
cm™. The FTIR band centered at 680 cm™ confirms the bending mode vibrations
of B-O-B linkage [18].

The FTIR band of 844 cm™ is raised because of the asymmetric stretching mode
of B-O units in BO4[19]. The strong band at 1189 cm™ shows up because of B—
O bond stretching vibration mode with NBO atoms in the symmetric BOs units
and asymmetric stretching vibration mode of B-O bonds in the [BO4] unit from
ortho-borate and pyro-borate groups [20,21]. Water, B-OH hydroxyl and OH
group vibrations emerge at 2924 cm™ and 3387 cm™ [18].

The list of wavenumbers and the assignment of FTIR is presented in Table 1.
Figure 2(b) presents the XRD pattern of the glass samples with various Dy®*
contents from 0.0 mol% to 2.0 mol%. All samples of Dy.O; doped Na,O-PbO-
Zn0-Li,0-B,03 glasses, including the undoped (Dy_0.0) sample, exhibited an
amorphous nature with a broad hump at around 20 to 30 degrees.
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Figure 2 (a) FTIR spectra and (b) XRD pattern of 2 mol Dy,O3 doped Na,O-
Li»O-Zn0O- B,0;3 glasses.

Table 1 Wavenumber and assignment of FTIR spectra of trivalent
dysprosium ion-doped Na,O- Li»0O-ZnO- B,03 glasses.
Wavenumber (cm?) Assignment Ref
680 B-O-B bending mode vibrations [18]
844 Asymmetric stretching mode of B—O unit in BO4 [19]

B—O bond stretching vibration in symmetric BO3 units

with bridging oxygen atoms, B-O bonds asymmetric

stretching mode vibrations in [BO4] units from ortho-
borate and pyro-borate groups

2924, 3387 Water, B-OH hydroxyl and OH groups vibrations [18]

1189 [20,21]
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3.2 Optical Properties

The optical band gap shows the threshold value of photons to be absorbed. It is
well known that glass has an amorphous and disorderly structure. The absorption
edge will be shifted due to the modification of oxygen binding that influences
NBO formation.

Electrons in ground state will move to excited state when the photons of the initial
light are absorbed by the material, and the electron transition can be direct or
indirect [22]. From the optical band gap, the electronic structure of the material
can be understood. Figure 3(a) and (b) show the direct and indirect bandgap of
Dy _00 to Dy_2.00 glass. The absorption spectra of the glasses were extracted to
obtain the optical band gap following Eq. (1).

o ao(hv— E )n

hv @)

where o is the coefficient of absorption, and Egpt is the optical bandgap.

Meanwhile, ‘n’ shows the typical optical transition and Tauc’s plot obliges n = %2
for direct and n = 2 for indirect transition [12]. For the oxide glass system, Eq.

(1) can be written as (ozhv)}/2 =a, (hv— E )n .

The values of the optical band gap were analyzed by plotting (ohv)Y? as a function
of hv. Eqpt Was obtained by linear extrapolation of the x-intercept fitted to high v
data. Plots of (ahv)? versus hv and (chv)Y? versus hv for direct and indirect
transitions respectively are shown in Figure 3. The direct and indirect bandgap of
Dy*" ion-doped glasses were 2.84 to 3.57 eV, as shown in Table 2. The direct and
indirect bandgap decreased with the addition of Dy.Os concentration in the
structure of glass.

The presence of Dy** ions in the glass structure effects the conversion of BOs;
units to BO4 unit and increases NBO formation. They donate more electrons and
move the electronic state closer to the conduction band. This induces the
reduction of the bandgap energy [23,24]. The ionic structure of the NBOs causes
high polarizability of material so that the present glass has a high tendency to
polarize [25]. Figure 4 presents the trend line of the direct and indirect bandgap
of the present glass.

The absorption spectra were studied between a wavelength of 320 nm to 1850 nm
as presented in Figure 5. Several absorption bands, i.e. 349 nm, 363 nm, 387 nm,
426 nm, 452 nm, 473 nm, 754 nm, 801 nm, 900 nm, 1090 nm, 1270 nm and 1680
nm, occur due to electron transition from %Has, level.
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Figure 3 (a) Direct bandgap energy and (b) indirect bandgap energy of Dy3*
doped glasses.
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Table 2 Direct and indirect bandgap energy of Dy** doped glasses.

Glasses Dy 0.0 Dy 0.05 Dy 0.1 Dy 05 Dy 10 Dy 20
Direct Eg 3.57 3.57 3.53 3.51 3.48 3.45
Indirect Eg 3.27 3.21 3.12 3.02 2.93 2.84
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Figure 4 Distribution of direct and indirect bandgap energy of Dy®* ions in the
glass system.

The absorption bands correspond with excited states such as ®Psp, ®Psp,
1zt Fr2, *Gavz, *lisiz, *Forz, ®Farz, ®Fsiz, ®F 712, Ha2+®For2, ®Hop+®Fa12 and PHaap
level, respectively. The excited levels are comparable with reported data [26-28].

The absorption intensity increased with enhancement of the Dy.Os; concentration
in the glass structure. The alteration of Dy®* ions in the glass system slightly shifts
the absorption band, as shown in Table 3. The sharpest absorption bands,
emerging at 1270 nm in the infrared region, are generated from the ®Hys; level to
the 8Hg/2+5F 11/ level.
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Figure 5 Optical absorption spectra of Dy** doped glasses.

Experimental oscillator strength (fexp) and calculated oscillator

Transitions Dy 0.5 Dy 1.0 Dy 2.0
6H15/2 - ﬂabs fex fcal ﬂabs fex fcal ﬂabs fex fcal
(nm) P (nm) P (nm) i
P32 348 3.18 2.68 349 3.73 286 350 3.65 2.68
5Ps)2 363 134 164 363 195 175 364 1.00 164
F72+* 1312 387 2.63 286 387 3,50 3.03 387 260 262
Gue 426 049 0.25 426 0.36 0.26 426 037 021
*1sp2 452 0.88 155 452 161 165 452 090 156
“For 471 040 0.60 473 0.85 0.64 473 050 0.59
6Fap 754 079 0.69 754 1.16 0.74 753 049 0.69
6Fs/ 800 5,53 3.68 801 542 393 801 422 3.69
F712 900 738 1776 900 8.36 8.29 900 789 7.63
6H72+%Fa, 1090 9.45  9.40 1090 9.92 10.01 1090 8.79 8.87
6Ho+%F112 1270 2159 21.55 1270 2257 2252 1271 20.85 20.82
5H117 1678 4.18 4.47 1680 4.31 475 1679 423 4.46
RMS +0.621 +0.554 +0.436

deviation
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3.3 Luminescence Properties

Figure 6(a) reveals the excitation spectra that were measured between the
wavelength of 300 nm to 550 nm with Aem = 575 nm. The electrons from the ®Hs
level were excited to Pap, ®P72, ®Psp, *liant?Fr, *Grip, *lisp and *Fop level,
comparable with previous work [26,29]. The highest peak of the excitation
spectra came from the ®His;, — ®P7p transition centered at 349 nm. Figure 6(b)
displays the emission spectra that were observed between 420 nm to 800 nm and
349 nm as excitation wavelength (Aex).
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Figure 6 (a) Excitation spectra with Aem = 575 nm, and (b) emission spectra of
Dy** doped Na,O-PbO-Zn0O-Li,0-B20; glasses with Aex = 349 nm.

The emission intensity became more intense with the addition of Dy.0; at a
concentration of 0.05 mol% to 1.0 mol% due to the increasing absorption
intensity from the pump source at the initial concentration. However, the
emission intensity decreased with the addition of Dy,O3 concentration to 2.0
mol%. A reduction of the emission intensity due to absorption saturation was
achieved in this stage and the emission intensity rate began to decrease [30]. This
is well known as a quenching effect between Dy3* ions, where the clustering of
ions speedily shortens the distance between Dy** ions. Therefore, the optimal
concentration of Dy*" ions was found in the Dy 1.0 specimen. When the glass
sample was excited, the metastable *Fg/, level was generated and electrons from
the excited level immediately fell to the “Fg. level. This is a non-radiative
transition, where phonons are generated as released energy. Afterwards, the
electrons from the metastable *Fg, level go down to the ®His; (483) nm, ®Haap
(575) nm, ®H1/2 (665) nm and ®Hgj, (753) nm level, comparable with [9,12].

In the emission spectra, the highest emission peak came from the “Fo, — ®Hasp
transition centered at 575 nm (yellow region). This occurs because the collusion
strength calculation shows that, in the same energy range, excitation from ground
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level to ®Hasp; level was higher than at ®Hi1, and ®Hgy level. Therefore, it predicts
that the®His,2 level is more populated than the other levels in electron collusion
excitation [28]. The second sharp light emission is centered at 483 nm (blue
region) due to *Fe2 — ®Hisp transition. The blue region is generated by the
magnetic-dipole mechanism while the yellow region is affected by the electronic-
dipole mechanism. The combination of yellow and blue emission of Dy** ions in
the glass system contributes to white emission, as shown Figure 7(b).

3.4  Radiative Properties

The experimental and calculated oscillator strengths of Dy 0.5, Dy 1.0, and
Dy 2.0 are presented in Table 3. The highest oscillator strength was obtained
from the strongest absorption band centered at 1271 nm due to
®His;2 — ®Ho2 + ®F11/2 transition. The strongest absorption spectra transition is
known as the hypersensitive transition. This transition respects the selection rule
following |AS|=0, |ALI<2 and |AJ|I<2 [27]. Table 4 shows the Judd-Ofelt (JO)
parameters (), effective bandwidth (A)er), branching ratio (Br), stimulated
emission cross-section (oe), radiative lifetime (tg) and radiative transition
probability (Ar) of the present glass and the reported Dy®*: glasses for the
4Fg;2 — ®Haap2 transition.

Table 4 Judd-Ofelt parameters (QAx10-20 cm?2), effective bandwidth
(Aeff, nm), emission cross-section (ce x 10-20 ,cm2), branching ratio (BR,%),
radiative transition probability (AR, s-1) and color coordinate (x,y) of present
glass and reported Dy3+: glassess for the 4F9/2—6H13/2 transition (Ap = 575
nm).

Glass (¢ (o1 [¢] Trendline Adett e Br AR xy)
Dy_0.5 [p.w] 19.85  6.66 8.64 >0y 15.94 0.81 0.64 2430  0.36.0.41
Dy_1.0 [p.w] 20.76  7.08 9.33 ==y 14.45 0.90 0.64 2446 0.37.0.40
Dy_2.0 [p.w] 20.68 5.82 9.03 >0y 16.40 0.74 0.64 2293 0.36.0.40

TBZDyl.0 [11] 1391 499 2.01 =010 10.25 0.07 0.78 510 0.42,043
TWLD1 [10] 5895 093 1.22 =00y - 0.61 0.71 435 0.38.0.43
SENPILIDy1.0[13] 10.02 4.84 2.70 =010 12.32 0.51 0.64 1194 -
Al glass [29] 7.43 336 232 =010 - 0.15 0.63 507  0.40,043
LBGS-0.5Dy [12] 8.32 2.14 2.75 >0y 18.93 0.48 - 878 041,042
BGGD [30] 5.36 0.54 1.38 =050 - - - - -
ZNBBD-3 [32] 5.64 1.25 1.03 =010 13 0.24 0.61 609 -
LBZLFB [31] 1444 523 5.71 >0y 16 0.54 0.73 1478 0.29.0.34

The JO parameter of Dy_0.5, Dy_1.0 and Dy_2.0 glass was Q2> Qg > Qq, Which
is similar to TWLD1 [10], LBGS-0.5Dy [12], BGGD [31] and LBZLFB [32].
The JO parameter of Q, associated with the covalent and asymmetric nature of
Dy?* ions and the ligands of the glass structure. Meanwhile, the JO parameter of
Qsand Qg shows the glass sample’s viscosity and rigidity. The Q,value of Dy_1.0
glass was the highest among the other glasses, indicating more asymmetry of the
glass structure.The Dy_1.0 glass had larger ce than TBZDy1.0 [11], TWLD1
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[10], SKNPfLfDy1.0 [13], Al glass [29], LBGS-0.5Dy [12], ZNBBD-3 [33] and
LBZLFB [32]. Among the other glass samples, the Dy 1.0 glass had high
potential for high gain laser and low laser threshold application due to the highest
ceand B > 0.64. It is well known that the requirement of 3 for laser application is
> 0.50. The radiative lifetime (tr) of the Dy_0.5, Dy_1.0 and Dy_2.0 glass was
0.283 ms; 0.260 ms; and 0.279 ms, respectively. Meanwhile, the total radiative
transition probability of the Dy_0.5, Dy_1.0 and Dy_2.0 glass was 3531 s, 3551
stand 3312 s, respectively.

3.5  Luminescence Decay Curve and CIE 1931 Chromaticity

Figure 7(a) is the decay curve of the Dy 0.05 to Dy_2.0 glass samples for
*Foro — ®Higpp transition excited by 349 nm. The experiment lifetime (Texp) iS
shown in the graph. The experimental lifetime was 0.787, 1.174, 1.348, 1.470,
and 1.609 ms for Dy_0.05, Dy_0.1, Dy0.5, Dy _1.0 and Dy_2.0, respectively.
Dy_1.0 had a longer experimental lifetime than 0.168 ms, 0.384 ms, 0.573 ms,
and 0.370 ms corresponding to TWLD1 [10], TBZDy1.0 [11], LBGS-0.5Dy [12]
and SKNPfLfDy1.0 glass [13], respectively.

Dy_0.05; 1em:0.787 ms
Dy 0.1;7, =1.174ms
Dy 05; , =1.348 ms
Dy_1.0;t_=1470ms

Dy 2.0;< =1.609ms

®

A 4 » o &

Xp
Xp
Xp
Xp

o
[

Normalized Intensity (arb. unit)

0 1 2 3 4 5
Time (ms)

@)

Figure 7 (a) Decay time (lifetime), and (b) CIE 1931 chromaticity diagram for
white emission of Dy®* ion doped Na,O-PbO-ZnO-Li,0-B20s3 glasses.

Color vision is a psychophysical phenomenon and color measurement should be
determined where the results precisely correspond to human vision. Colorimetry
is a way to accurately quantify and describe color vision, called the CIE 1931
chromaticity coordinate. Using the XYZ color matching function, the CIE 1931
chromaticity measures the color coordinate, called the tristimulus value [34].
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Figure 7(b) shows the CIE 1931 chromaticity of all glasses with dex = 349 nm.
The color coordinate (x,y) of Dy 0.5, Dy 1.0, and Dy 2.0 was (0.36;0.41),
(0.36;0.40), (0.36;0.41), (0.37;0.40) and (0.36;0.40), respectively. The addition
of Dy,0s in the glasses system did not significantly change the color coordinate
of the glasses. They fell down to the white region, comparable to previous reports
[9,35]. The strong white emission is due to the combination of yellow (575 nm
transition from “Fgy, level to ®Hug level) and blue (483 nm transition from “Foy
level to ®Hisp, level) emission. Therefore, the present glass is suitable for the
optical gain medium of WLED applications [27].

4 Conclusion

We developed (65-x)B203:15Na;0:10Pb0O:5Li20:5Zn0:xDy,0s (x = 0.0; 0.05;
0.1; 0.5; 1.0; 2.0 mol%) by using the melt and quenching technique. The glass
sample density and molar volume have a tendency to increase by the addition of
Dy-0; concentration. Several bands were found from the FTIR spectra, including
B-O-B linkage bending mode vibrations, B-O asymmetric stretching mode in
BO4, and hydroxyl (OH) group vibrations. The XRD graph confirmed the
amorphousness of the sample with a broadening peak in the graph. The
absorption spectra showed that the hypersensitive transition of all glass samples
was centered at 1270 nm.

The emission spectra showed intense emission in the 483 nm (blue region) and
575 nm (yellow region). The color coordinate of the Dy_1.0 glass sample was
(0.37,0.40), which is in the white region. The JO trend line of Dy 1.0 is
0,>06>Q4. Since Dy_1.0 had a white emission coordinate with a high value of
stimulated emission cross-section (ce= 0.90x10° cm?) and branching ratios
(0.64), it has high potential to be developed for WLED and laser applications.
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