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Cut-activated aluminosilicate oxyfluoride glasses were successfully synthesized by
melt-quenching method in air by adding Al powder as a reducing agent. Their
luminescent properties were studied systematically via optical absorption, excitation,
and emission spectra. Upon UV irradiation, a blue-emitting band of Cu™ was observed
in glass with relatively low optical basicity. By increasing the optical basicity of glass,
obvious redshifts of excitation (290 — 313 nm) and emission (435 — 470 nm) peaks were
obtained. Through enhancing Cu™ content, the excitation and emission bands presented
further redshifts, which shifted from 313 to 338 nm and 470 to 560 nm, respectively. It is
proposed that the absorption band and emitting color of Cu™-doped glass can be tuned
by changing the optical basicity of glass and Cu™ concentration. The highest quantum
yield can reach 62.5%. More importantly, an investigation of the thermal stability showed
that over 85% of the room temperature luminescent intensity is preserved at 200°C.
These results imply that Cut-activated aluminosilicate oxyfluoride glasses may be utilized
for UV-converted W-LEDs.

Keywords: Cut, glass, tunable luminescence, optical basicity, quantum yield, thermal stability

INTRODUCTION

Nowadays, ultraviolet (UV)-converted white light-emitting diodes (W-LEDs) have gained
significant attention because they have a lower color temperature and a higher color-rendering
index compared with those of commercial W-LEDs (Schubert and Kim, 2005; Pimputkar et al.,
2009; Shang et al., 2014; Li et al,, 2015; Zhou et al., 2015; Lu et al., 2017). One of the most
popular ways to realize UV-converted W-LEDs is through the integration of UV LED chips
with single-phase white light-emitting phosphors, of which organic resins are always applied
as encapsulating materials (Huang et al., 2017; Wei et al., 2018b). However, the encapsulating
materials deteriorate easily and turn yellow when the device operates at a higher driving current,
giving rise to the shift of luminescence and the degradation of luminous efficiency and long-
term reliability.

To avoid this deficiency, an alternative strategy for the combination of UV LEDs with white light
luminescent glasses is expected to be developed. Luminescent glasses exhibit simple preparation,
low production costs, excellent physical and chemical stability, high transparency, and outstanding
optical properties. In particular, they present as free of epoxy resin in encapsulation (Dong et al.,
2015; Meza Rocha et al.,, 2016; Kapoor et al., 2017; Ghosh et al., 2018; Li et al., 2019). Much
research about white light-emitting glasses has been performed via doping co-activators including
Eu?*/Eut/TH>* (Fuetal,, 2012; Guo et al., 2019), Ce*/Tb**/Mn?** (Ghosh et al., 2017), Ag/Eu®*
(Li et al., 2012), Bi**/Mn?* (Liu et al., 2016), Sb3+/Mn?* (Guo et al., 2012b; Ming et al., 2013).
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Cu™, as the other kind of activator, displays broad absorption
in the UV region and wide luminescence in the visible region
with a d%s — d!° transition in solids; this is very sensitive to host
compositions (Xu et al., 2018; Wang et al., 2019). Hence, Cu™-
activated glasses have great potential in UV-converted W-LEDs
and have been studied extensively (Zhang et al., 2009; Guo et al,,
2012a; Wei et al,, 2012). Examples include Cu™ /Mn** (Xu et al.,
2018), (Cut)?/Eu®T (Guo et al., 2012a), and Cut/Smt (Wei
et al,, 2012)-doped glasses. However, the deep UV absorption of
Cu™ in many glasses restricts its practical applications. It is still
an imperative challenge to shift the absorption band of Cu™ to a
longer wavelength to match the UV LED chip.

We successfully fabricated Cut-doped aluminosilicate
oxyfluoride glasses via melt-quenching means in air by
adding moderate Al powder as a reducing agent. Significant
redshifts of Cu™ absorption and emission bands are realized by
adjusting the optical basicity of glass and Cu™ concentration. In
particular, the highest quantum yield can reach 62.5% and the
luminescent intensity at 200°C still maintains over 85% of that at
room temperature.

EXPERIMENTAL DETAILS

A series of aluminosilicate oxyfluoride glasses with a nominal
molar composition of 55510,-20Al,03-(15-y)CaF,-(10-x)NaF-
xNayO-yCaO-zCu,O-hAl were prepared via a conventional
melt-quenching technique. The different samples are labeled and
listed in Table 1. Analytical-grade ingredients of SiO,, Al,Os3,
CaF;, NaF, Nay;CO3, CaCO3, CuzO (AR, from Sinopharm
Chemical Reagent Co., Ltd.,) were applied as raw materials.
Meanwhile, moderate Al powder (A.R., from Sinopharm
Chemical Reagent Co., Ltd.,,) was added as reducing agent.
Batches of about 20 g of raw material were ground thoroughly
for about 1h in an agate mortar and then melted in an alumina
crucible at 1550°C for 1h in air atmosphere. After that, the
glass melt was immediately poured onto a 300°C preheated
copper plate and quickly pressed by another plate. Finally, all the
prepared glasses used for the optical measurements were sliced
and polished into a thickness of 2 mm.

Optical transmission spectra were recorded using a Hitachi
U-3900 UV-Visible spectrophotometer in the range of 200-
900 nm. Emission and excitation spectra were performed via
an Edinburgh FS5 spectrofluorometer (Edinburgh Instruments,

Livingston, UK) equipped with a CW Xe-lamp (150 W). All of
the above experiments were conducted at room temperature. In
order to figure out the thermal quenching performance of glasses,
temperature-dependent emission intensities were achieved using
a FS5 spectrofluorometer applied with a TCB1402C temperature
controller (China).

RESULTS AND DISCUSSION

Figure 1 shows the transmission spectra of PO-P5 glasses. All
samples present highly transparent, and the transmittances are
over 80%, further verified by the photographs in the inset of
Figure 1. Compared with the host PO sample, redshifts of the
absorption edge are observed in Cut-doped glasses, which can
be attributed to the absorption of Cu™, corresponding with
the transition from ground d state to excited s state (Zhang
et al., 2009). With the growing optical basicity of glass and
Cu™ concentration, it is clearly found that the absorption
edge shifts toward a longer wavelength. Optical basicity is
identified as the average electron donor power of a fluorinated
or oxidic compound (Herrmann et al., 2015). For a glass system
consisting of fluorinated and oxidic compounds, the optical
basicity can be estimated based on Dufly’s empirical formula
(Sontakke and Annapurna, 2012; Zheng et al., 2014; Guo et al,,
2019),

Ay = Zixi%‘/\i/zixi%‘ (1)

where, g; is the number of fluorine or oxygen atoms in the
ith component fluoride or oxide, x; is the component oxide or
fluoride mole fraction, and A; is the optical basicity of oxide
or fluoride. A; is simply 1/y, where y signifies the basicity-
moderating parameter of the central cation. For the oxide system,
values of y are: Si*t, 2.09; AI’t, 1.64; Nat, 0.87; Ca?*, 1.00,
respectively. For the fluoride system, values of y are achieved
through multiplying those for oxide systems by 2.3 (Duffy, 1989,
1996). The calculated A; are: SiO», 0.48; Al O3, 0.60; CaF,, 0.43;
NaFE 0.50; Na,O, 1.15; CaO, 1.00. Hence, the estimated optical
basicity of samples P1-P3 is 0.508, 0.526 and 0.532 (shown in
Table 1), respectively.

Usually, the absorption edge is related to the optical band
gap of glass. On the basis of the theory reported by Mott and

TABLE 1 | Nominal compositions of samples (mol%), calculated optical basicity (A ), direct optical band gap (Eg), and quantum yield (QY) values.

Sample name Chemical composition (mol%) At Eg (eV) QY (%)
Si02 A|203 CBFZ Cao NaF Na20 CUZO Al

PO 55 20 15 0 10 0 0 0 0.508 4.95 0

P1 55 20 15 0 10 0 0.25 0.242 0.508 4.34 62.5
P2 55 20 15 0 5 5 0.25 0.242 0.526 4.18 60.8
P3 55 20 10 5 5 5 0.25 0.242 0.532 3.95 58.0
P4 55 20 10 5 5 5 0.75 0.726 0.532 3.90 33.3
P5 55 20 10 5 5 5 1.5 1.452 0.532 3.72 30.0
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Davis, the direct optical band gap (E,) is calculated via the
formula (Liu et al., 2016),

ahv = B(hv — Eg)l/2 (2)
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FIGURE 1 | Transmission spectra of samples PO-P5. Insets present the
relationship of (hva)2 vs. photo energy and the photographs of samples
PO-P5, respectively.

1
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where, o stands for the absorption coeflicient, hv corresponds
to the photon energy in eV, and B is a constant. The inset of
Figure 1 depicts the plots of (hva)? with respect to hv for different
samples. Finally, E, is extracted from the extrapolation of the
linear region of (hva)? = 0 and the respective values are displayed
in Table 1. The values of the optical band gap reduce gradually
with an increase in the optical basicity of glass and Cu™ content.
In addition, no evident absorption bands from 400 to 850 nm are
observed, suggesting that almost no Cu?" or Cu nanoparticles in
the obtained glasses exist (Xu et al., 2018).

Figure 2 portrays the normalized excitation and emission
spectra of samples P1-P5 at room temperature. When irradiated
by 290nm UV light, a blue-emitting band centered at 435 nm
is observed in P1 glass, resulting from the s — d transition of
Cu™ (Guo et al., 2012a). While monitored at 435 nm wavelength,
excitation spectra present a broad absorption band peaking at
290 nm, corresponding to the d — s transition of Cu™ (Guo
etal., 2012a). Surprisingly, we can observe that the excitation and
emission peaks of Cu™ can be shifted by changing the optical
basicity of glass. As exhibited in Figures 2A,B, with the growing
optical basicity of glass, it is clear that excitation and emission
peaks of Cu™ experience redshifts from 290 to 313 nm and 435
to 470 nm, respectively. A growing optical basicity of the glass
system signifies an augmenting polarizability at the local active
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FIGURE 2 | Emission (A) and excitation (B) spectra of samples P1-P3 as increasing optical basicity of glass. Emission (C) and excitation (D) spectra of samples
P3-P5 with growing Cu™ content.
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ion sites (Herrmann et al., 2015). According to Dorenbos (2001,
2002), an augmenting polarizability leads to an increasing shift
in the excited state of active ions to lower energies, indicative of
redshifts of the absorption edge, excitation and emission peaks of
the prepared samples.

On the other hand, the influence of the Cu™ content on the
excitation and emission peaks was also investigated. As displayed
in Figures 2C,D, the excitation and emission peaks, from 313
to 338 nm and from 470 to 560 nm, respectively, shift to longer
wavelengths as Cu™ concentration increases. Such phenomena
may be explained as follows (Barrie et al., 1989; Guo et al., 2012a):
with growing Cu™ concentration, the distance between Cu™ ions
is shortened and the overlap of the s excited state of Cu™ is
enhanced, bringing the s excited state closer to the d ground state.

FIGURE 3 | CIE coordinates of samples P1-P5.

Hence, increasing Cu™ content can also induce the redshifts of
excitation and emission peaks.

The CIE color coordinates in Figure 3 first depict the evident
variation of the emission color from blue to green with increasing
optical basicity of glass and then from green to yellow with
increasing Cu™ content. These results suggest that the absorption
band and emitting color of Cu™-doped glass can be modified by
varying the optical basicity of glass and Cu* content.

The quantum yield (QY) of samples P1-P5 was measured
and the values can be estimated via the following formula
(Guo et al., 2019),

Tor = / Lo/( / Ex— / Eg) (4)

where, Lg stands for the emission spectra of the obtained
glasses, and Er and Eg represent the spectra of absorption light
with and without the obtained glasses in integrating spheres. The
estimated QY of Cu™-doped aluminosilicate oxyfluoride glasses
are listed in Table 1. The highest QY can reach 62.5%.

The thermal stability of luminescent material is of great
importance due to its practical applications. Thus, the
temperature-dependent emission behaviors of samples P1-
P5 when irradiated at 338nm light were investigated. As
delineated in Figure 4A, the luminescent intensity of sample P5
is almost unchanged at first when temperature augments from
room temperature to 140°C, over which the emission intensity
gradually decreases due to thermal quenching (because the
optimum excitation wavelength of P5 is largest compared with
other samples, the temperature-dependent emission spectra of
P5 are presented in the figure). Figure 4B plots the integrated
emission intensities with respect to the temperature of Cut-
doped glasses. It shows that luminescent intensities at 200°C
of all the Cut-doped samples still maintain over 85% of those
measured at room temperature (40°C), which are superior to
those of most recently reported luminescent materials (Li et al,,
2015; Zhou et al.,, 2015; Guo et al., 2019). Generally, the thermal
stability of luminescent material can be assessed by the activation
energy (AE), where higher AE signifies better thermal stability
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FIGURE 4 | (A) Emission spectra of sample P5 at temperature from 40 to 295°C under irradiation at 338 nm; (B) Integrated emission intensities of samples P1-P5
with various temperatures; (C) Relationship of Inflo/I(T)-1] with respect to 1/kT for sample P5.
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(Qiao et al., 2018). AE can be calculated by using the Arrhenius
equation (Li et al., 2015; Liu et al., 2016; Wei et al., 2018a),

AE
I(T) =1p/(1 +CexP(—E)) (5)

where, I and I(T) stand for the integrated luminescent
intensities at initial and differently operated temperatures,
respectively. C represents a constant and k corresponds to the
Boltzmann constant (8.625 x 107> eV/K). Figure 4C illustrates
the relationship of In[(Iy/I(T))-1] vs. 1/kT for sample P5. The
slope of the best fit line is —0.52463, which means that AE is
approximately 0.52 eV. The activation energy of the as-prepared
glass is higher than that of most popular luminescent materials
including nitrides (Wang et al., 2014), silicates (Lv et al., 2014;
Wei et al, 2018a), etc. Such results imply that Cu'-doped
aluminosilicate oxyfluoride glasses have a promising utilization
in solid-state lighting and other areas.

CONCLUSION

Cut-doped aluminosilicate oxyfluoride glasses with high
transparency (over 80%) were successfully prepared in air using
Al powder as a reducing agent. Broad UV absorption and
blue-emitting bands in Cut-doped glass with relatively low
optical basicity were obtained. By promoting the optical
basicity of glass, excitation and emission peaks can be
modified to longer wavelengths, which are from 290 to
313nm and 435 to 470 nm, respectively. Besides, by growing
Cut concentration, further redshifts of excitation (313 —

338nm) and emission (470 — 560nm) peaks are realized.
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