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Abstract: This communication reports the intrinsic luminescence of tin chlorophosphate glasses. The
glass maintains the low melting point characteristics of tin fluorophosphate glasses, and exhibits
a red-shifted and broadened excitation wavelength peak. Tin chlorophosphate glasses can exhibit
a broadband luminescence of 400-700 nm under an excitation of 380-430 nm. Furthermore, the
introduction of ZnCl, into tin chlorophosphate glasses can considerably enhance the luminescence
without affecting their low-melting characteristics. The luminescence intensity can be increased
fourfold, with the enhancement attributed to the reduced visible absorption, improved dispersion
of Sn* ions, and the energy exchange between Sn?* and Zn?* in the glasses owing to the addition
of ZnCl,.
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1. Introduction

The tin fluorophosphate system is a well-known glass system with a low glass transi-
tion temperature (Tg); it also prevents the degradation in the luminous efficacy of white
light-emitting diodes (WLEDs) and color shift due to aging and yellowing, compared
with traditional encapsulation materials such as organic silicone or resin [1-3]. Moreover,
tin-containing glasses are considered to be excellent substrates for the preparation of white
fluorescent glasses, and the Sn?* activation center can exhibit broadband blue-green emis-
sions with a short lifetime and high quantum efficiency [4]. Sn?* acts as a ns-type (1 > 4)
emission center and exhibits an s-p parity-permissive transition, the emission properties of
which strongly depend on the local coordination states of Sn, because the s and p electrons
are in the outermost layers in the ground state (ns?) and the excited state (ns' npl) [5-7].

Wang et al. [8] reported that Sn-P-O-F (TFP) glasses without rare-earth elements can
exhibit an intrinsic broadband visible emission under excitation of a 325 nm wavelength,
but these glasses could not be used as the light source for LED excitation because the
wavelength was too short. Subsequently, active ions such as Mn?* or Eu3* were doped
into TFP host glasses to achieve a tunable white-light emission [9,10]. Because of the
low-melting point of TFP glasses, SrSi;O,N»: Eu?* and CaAlSiN3: Eu?* phosphors were
added to achieve the full-spectrum emission of visible light under 370 nm excitation [11].
Low-melting glass is also considered an ideal solid host for organic chromophores, which
includes the incorporation of Rhodamine 6G to prepare glass-organic luminophore com-
posites [12]. Recently, Sn-P-O-Cl (TCP) glasses with a Tg lower than 200 °C, which replaced
F with ClI and melted below 400 °C, were reported [13]. Because of the different electroneg-
ativities of F and Cl, it can be expected that CI will change the nearby environment of
SnZ*. On the other hand, ZnCl, is a luminescent material with a low melting point; its
introduction may lead to some changes in the luminescence properties and improve the
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luminescence intensity. Therefore, this paper will report the spectral properties of TCP
glasses and the effect of ZnCl, concentration on the fluorescence of TCP glasses.

2. Materials and Methods
2.1. Sample Preparation

A series of x P,Os- (100-x) SnCl; (x = 30, 35, 40, and 50 mol%) and 35P,Os5-(65-y) SnCl,-
y ZnCl, glasses (y = 10, 20, 30, and 40 mol%) were melted at 350 °C, then quickly cooled to
glass and labeled as TCP30, TCP35, TCP40, and TCP50, as well as TCPZ1, TCPZ2, TCPZ3,
and TCPZ4, respectively. The raw materials were NH4H;POy4 (>99%, Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China), SnCl, (99.95%, Shanghai Macklin Biochemical Co.,
Ltd., Shanghai, China), and ZnCl, (99.9%, Shanghai Macklin Biochemical Co., Ltd.). Well-
mixed 25 g batches of the raw materials were placed in a covered alumina crucible and
melted at 350 °C for 10 min. The melts were then quickly poured onto preheated graphite
molds and annealed in a mulffle furnace at temperatures approximately equal to their glass
transition temperatures. All samples were cooled to room temperature, cut, and optically
polished for the subsequent tests. Since the alumina crucible may introduce A13* into the
glass liquid during the melting process, the composition of P, Sn, and Al elements in the
glass was quantitatively measured by ICP-MS. At the melting temperature of 350 °C, the
content of Al introduced by the alumina crucible in the sample does not exceed 0.1 wt %.
Therefore, the influence of Al>* ions in the glass is negligible.

2.2. Characterization

Absorption spectra were obtained using a PerkinElmer Lambda 950 UV /VIS/NIR
spectrophotometer in the range of 300-800 nm. PL and PLE spectra and the emission decay
were measured using a high-resolution spectrofluorometer (Edinburgh Instruments FLS
920, UK). The glass transition temperature (Tg) was determined by a Netzsch STA449/C
differential scanning calorimeter (DSC) at a heating rate of 5 K/min. Raman spectra were
measured using a Renishaw In Via Raman microscope in the range of 100-1400 cm ! using
a 785 nm excitation line. All measurements were performed at room temperature.

3. Results and Discussion
3.1. Spectral Properties of Binary TCP Glasses

Figure 1a shows the absorption spectra of the TCP glasses. Compared to traditional
phosphate glasses, the absorption edge of TCP glasses red-shifts with increasing SnCl,
content, which is due to the strong absorption band of Sn in the band gap of the host
tin chlorophosphate glasses [8]. The illustration shows the energy transfer process from
the excitation to the emission of Sn?*, and reveals the energy transfer of the triplet (T1)-
singlet (S1) relaxation band model of the Sn?* activator [14]. The excited states include
two energy bands: the high-energy state S1 and the low-energy state S1’. Between the
excited states of S1/S1” and ground state S0, there is a triple-merged emission band T1.
The Sn?* ions in SO are transferred to the excited state by absorbing photons through the
following process: SO + hv — S1/S1’. The Sn?* ions in the excited states are transferred
to T1 by nonradiative transitions, and the transition probability is dependent on the Sn
concentration and the glass structure [15]. Therefore, there are two emission methods in
TCP glasses: S1/51" — SO (x-band, ~450 nm) and T1 — S0 (B-band, ~530 nm). Figure 1b
shows the PLE spectra of the TCP glasses under 530 nm excitation, which consist of short
and long absorption bands. The short band remains almost unchanged around 275 nm,
which may be the luminescence of Sn?* in the pure oxidation environment of the phosphate
network; its intensity decreases with increasing SnCl, content [4,16]. The long band is due
to the SO— S1’ absorption transition of Sn?*, and presents a red shift with increasing SnCl,
content. The excited-state S1’ with lower energy is not only strongly dependent on the Sn**
concentration but is also affected by the local structure of Sn2* [8]. Because some Sn-O and
P-O bonds are replaced by Sn-Cl and P-Cl bonds with increasing SnClI2 concentration and
the electronegativity of Cl is lower than that of O, the covalency of Sn-Cl bonds is higher,
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which narrows the optical energy bandgap, resulting in a red shift in the absorption and
excitation spectra. On the other hand, the covalency of Sn-Cl is also higher than that of Sn-F;
therefore, compared with Sn-P-O-F glasses, the absorption and excitation wavelengths of
the TCP glasses are red-shifted, and the excitation bands render the glasses suitable for
application as ultraviolet/visible LED light sources.
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Figure 1. (a) Absorption spectra of TCP glasses, inset: Sn>* energy transfer model; (b) PLE spectra of
TCP glasses under 530 nm excitation.

Figure 2a shows the PL spectra of the TCP glasses when the excitation wavelength is
390 nm; an ultralong broadband emission of 400-700 nm is observed, which is characteristic
of s-p parity-allowed ns?-type emission centers. It consists of a- and 3-bands and is strongly
influenced by the surrounding coordination field. The PL spectra were deconvoluted into
two bands using a Gaussian function (Table 1). The «- and 3-bands are located at ~450
and ~530 nm. Figure 2b shows the 3-peak area ratio 3/ («x + ) and the position of the
-peak as a function of the Sn/P molar ratio. The red shifts of the two peaks are different
with the increasing Sn/P ratio; the 3-peak shifts from 504 to 540 nm, and the peak area
ratio shows an increasing trend. When Sn/P < 1, the fluorescence intensity of the TCP glass
increases gradually with the increasing Sn/P ratio, and that for Sn/P ~ 1 (TCP 35) is the
highest. A previous study [17] indicated that Sn>* ions act as activators and participate
in the formation of glass networks. From the composition and structural analysis of TCP
glasses [13], when Sn/P < 1, some Sn atoms form P-O-Sn bonds in the glass network,
and some Sn?* is activated to promote the luminescence of TCP glasses. When Sn/P > 1
(TCP 30), numerous CI-Sn-Cl bonds form clusters of SnCl, in the glass, and the cross-
relaxation of «-bands in the glass is increased, resulting in concentration quenching effects
that reduce the luminescence intensity. From the perspective of ion spacing, at lower Sn?*
concentrations, the probability of energy cross-relaxation is lower; hence, the electrons in
the excited states of S1 and S1’ rarely transition to the T energy level, and the luminescence
of the B-bands is weak. At higher Sn?* concentrations, the energy cross-relaxation increases,
thereby enhancing the luminescence of the (3-bands.

Table 1. Emission peak performance parameters of TCP glasses with different Sn/P ratios.

Emission Peak Position (nm) Fluorescence
Sample / (x + B) (%)
P «-Band B-Band Decay (ns) B B
TCP50 435 504 2.61/20.03 56.4%
TCP40 444 518 2.39 57%
TCP35 452 520 2.30 61%

TCP30 463 540 2.37 78%
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Figure 2. (a) PL spectra of TCP glasses. Two emission peaks obtained by Gaussian fitting are marked:
(b) Peak area ratio 3 /(x + 3) and peak position in the $-band as a function of the P/Sn ratio.

The fluorescence decay curves of TCP glasses under 390 nm excitation are shown
in Figure 3, and the measured fluorescence decays of the glasses are listed in Table 1.
The fluorescence decays decrease slightly with increasing SnCl, content. The fast decay
coefficients of the TCP samples are ~2.5 ns. However, the samples of TCP50 have two
decay coefficients of 2.5 ns and 20 ns, which may be due to the influence of oxygen vacancy
defects in the glasses [17].

Normalized intensity

Time (ns)
Figure 3. Fluorescence decay curve of TCPZ glasses at 530 nm.

3.2. Spectral Properties of Ternary P,O5-SnCly-ZnCl, Glasses

Compounds of Zn?* are often used as low-melting-point luminescent materials. To
maintain a low melting point and improve the luminescence of the glass, ZnCl, was
added to the TCP glass. The luminescence of Sn-Zn co-doped glasses has been extensively
studied in oxide glasses [4,6,18,19]; however, the content of SnO is often low because of
the concentration quenching effect. Herein, the tin-zinc chlorophosphate (TCPZ) glasses
exhibited different luminescent properties.

A stable ternary TCPZ glass was obtained at the same melting temperature of 350 °C.
Figure 4a shows DSC curves of all the TCPZ glasses, their Ty increased with an increase in
the ZnCl, content. Compared with TCP glasses, the Ty of TCPZ glasses did not change
significantly [13]. The Tg of TCPZ glasses is less than 200 °C and still maintains the char-
acteristics of low melting point glass. Figure 4b shows the Raman spectrum of TCPZ
glasses and TCP35 glasses. In the high-frequency region of the Raman spectra, the peak at
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approximately 1103 cm ! corresponds to the P-O symmetric stretching of the metaphos-
phate Q, unit [20], and the peak at approximately 1051 cm~! was attributed to the P-O
symmetric stretching vibration of the pyrophosphate Q; unit [8]. The weak vibrational peak
near 978 cm ™! was assigned to the P-O vibration of Qg [21]. The vibrational peak located
near 736 cm ™! is associated with the symmetric stretching mode of P-O-P [8]. The peak
at approximately 240 cm~! corresponds to the Sn-O-Sn bond and asymmetric stretching
vibration of the Sn-Cl-Sn bond [22,23]. There is no significant change in the vibration of the
phosphorus-oxygen unit with the incorporation of Zn. The vibration peak of Sn-O/5n-Cl
bonds moves slightly to the high frequency and the vibration intensity weakens with
increasing Zn?* content, which is due to the gradual appearance of Zn-Cl bonds in the
TCPZ glasses with the incorporation of Zn.
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Figure 4. DSC curves (a) and Raman spectra (b) of TCPZ glasses.

Figure 5a shows the absorption spectra of the TCPZ glasses, in which the transparency
increases and the UV absorption edges blue-shift with increasing ZnCl, content. Figure 5b
shows the PLE spectra of the TCPZ glasses when the excitation wavelength is 530 nm.
Like the TCP glasses, the excitation band at approximately 275 nm is almost unchanged.
However, the long absorption bands blue-shift and broaden with increasing ZnCl, content.
The Sn?* ions are dispersed after the Zn?* ions enter the TCPZ glasses, which changes the
coordination field of Sn?* and increases the asymmetry of the next nearest neighbor of
Sn?*, broadening the PLE spectra. However, the covalency of Zn-Cl bonds is lower than
that of Sn-Cl bonds; therefore, the charge density in the glass structure decreases with
increasing Zn-Cl bonds, resulting in broadening band-gap and blue shifts of the absorption
and PLE spectra.

Figure 5c shows the PL spectra of the TCPZ glasses when the excitation wavelength is
390 nm. The luminescence intensities of the TCPZ glasses first increase and then decrease
with increasing ZnCl, content. Among them, the luminescence intensity of the TCPZ3
glass is the highest, and approximately four times that of the binary TCP35 glass. The
addition of ZnCl, not only increases the luminescence of the «-band at 450 nm, but also
increases the luminescence of the -band at 530 nm. To explore the action of ZnCl, on
increasing the luminescence, the 35P,05-65ZnCl; (P-Zn) sample was melted at 350 °C and
then quickly cooled, and an opaque glass-ceramic (Figure 5d) was obtained. Figure 5d
shows the PLE-PL spectra of the binary P-Zn and P-Sn samples. The P-Zn samples exhibit
a strong excitation band at 285 nm, which may originate from the charge transfer of Zn-
O [24]. It also exhibits a green broadband visible luminescence when excited at 390 nm,
which may be due to intrinsic defects in the samples [25]. However, it should be noted
that the P-Zn sample is not only opaque but also has high hygroscopicity, whose spectral
properties are significantly affected with time. For three reasons, ZnCl, plays a significant
role in improving the luminescence of the glass. First, the introduction of ZnCl, reduces
the visible-light absorption of the TCP glasses; second, it improves the dispersion of Sn?*
ions, significantly enhancing the luminescence of the a-band. Finally, Zn?* increases the
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luminescence of the TCP glasses at 530 nm, and an energy exchange may occur between
Sn?* and Zn?* in TCPZ glasses, thereby increasing the luminescence intensity.
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Figure 5. (a) Absorption spectra; (b) PLE spectra under 530 nm excitation; (c) PL spectra of TCPZ
glasses under 390 nm excitation; (d) PLE-PL spectra of TCP35 and 35P,05-65ZnCl; glasses. The inset
is the physical image of binary P-Zn glasses.

Figure 6a shows the fluorescence decay curve of the TCPZ samples; the decay time of
the samples increased only slightly with the introduction of ZnCl,, but the change was not
significant. It has been reported that the decay time of Sn?* centers in zinc phosphate glasses
is in the microsecond range, corresponding to the relaxation of the T1 to S0 states [19].
The decay times of Sn?* in the TCPZ glasses are significantly shorter than those reported
previously, mainly due to the high Sn?* content in the TCPZ glasses. Generally, the decay
time of tin-containing glasses decreases with increasing Sn* content [6]. The SnCl, content
is more than 20% in the TCPZ glasses, leading to the rapid decay of the glasses. Figure 6b
shows the color chromaticity coordinates, physical photographs, and luminescence images
of the TCPZ glasses excited by UV light at 365 nm. The ternary TCPZ glasses are colorless
and transparent, and their luminescence shows different color-rendering properties when
excited at 365 nm. Perfect white-light emission is obtained in the TCPZ2 and TCPZ3
samples with CIE coordinates of (0.3149, 0.3580) and (0.2811, 0.3306), respectively. This
indicates that Sn-Zn chlorophosphate glasses without rare-earth elements can be used as
white-light-emitting glasses and phosphors for UV LED chips.
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Figure 6. (a) Fluorescence decay curve of TCPZ glasses at 530 nm; (b) Color coordinates of the TCPZ

glasses and photograph of the physical samples and luminescence under UV lamp excitation.

4. Conclusions

TCP glasses prepared at 350 °C exhibit an intrinsic luminescence with a broadband
luminescence of 400-700 nm under excitation at 380—430 nm. Compared to tin fluoride-
phosphorous glasses, the excitation wavelength peak of tin chlorophosphorous glasses
is red-shifted and broadened due to the covalence of the Sn-F bond being lower than
that of the Sn-Cl bond. Furthermore, the introduction of ZnCl, into tin chlorophosphate
glasses can considerably enhance luminescence, but it does not affect their low-temperature
characteristics, and luminescence intensity can be increased fourfold. The reason for the
enhancement effect is considered to be that ZnCl, reduces the visible-light absorption,
improves the dispersion of Sn?* ions, and increases the luminescence of TCPZ glasses at
530 nm; moreover, an energy exchange may occur between Sn?* and Zn?* in TCPZ glasses.
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