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Broadband visible luminescence in tin
fluorophosphate glasses with ultra-low glass
transition temperature

Yajie Wang,® Yue Yu,® Ya Zou,S Liyan Zhang,*? Lili Hu? and Danping Chen {*2

The structure of tin fluorophosphate glasses and their low melting point properties have attracted a great
deal of attention recently, but their own luminescent features have not been well studied.
Photoluminescence properties of ultra-low glass transition temperature (<200 °C) tin fluorophosphate
glasses with varying SnO/SnF, molar ratios at room temperature have been investigated in the present
study. Broad photoluminescence in the range from 400 nm to 700 nm, originating from the S;—-Sq and
T,-So transitions of Sn?* with the ultra-high concentration (70 mol%), was obtained. And the SnF,—SnO—
P,Os glasses exhibited a fast decay lifetime of 2 ns. Both wavelengths of the excitation peak and
emission peak depend on the local structure of Sn*, which is influenced by different SNO/SnF, molar
ratios. White light can be generated by appropriately altering the SnO/SnF, molar ratios in the SnF,—
SnO-P,0s5 glasses. The ultra-low glass transition temperature SnF,-SnO-P,Os5 glasses without rare
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Introduction

In recent years, low glass transition temperature (7,) glasses, of
which the T, value is generally lower than 200 °C, have received
widespread attention because of broad applications in different
fields of science and technology such as glass-metal sealing, IC
packaging, photon conversion and filler."® Fluorophosphate
glasses are of great significance to these applications. In addi-
tion to the low transition temperature, fluorophosphate glasses
have attracted much interest by combining the common
advantages of phosphate glasses and fluoride glasses, such as
high thermal expansion coefficients, perfect glass forming
ability and excellent optical properties.”™ The divalent Sn with
a lone electron pair has low activation energy for glass network
rearrangement, which is preferable to obtain lower T, value
glasses. Meanwhile, the Sn ion can improve the chemical
durability due to its large polarizability to fluorophosphate
glasses.

Owing to Tick's report that tin fluorophosphate glasses have
a low transition temperature,' they are considered as potential
sealing materials instead of glasses containing PbO. Since then,
a great deal of work has been done to study the preparation and
properties of SnO-SnF,-P,0s5 glasses. Shaw et al.,*”® Ding et al.™*
and York-Winegar et al”> etc. employed Fourier transform
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earth elements are a possible candidate for future high white light emission.

infrared spectroscopy, Raman microscopy, X-ray photoelectron
spectroscopy and magic angle spinning nuclear magnetic
resonance spectroscopy techniques to understand tin fluo-
rophosphate glass structure, respectively. They concluded that
the structural feature of tin fluorophosphate glasses are the
high ratio between non-bridging and bridging oxygen, occupa-
tion of fluorine in two different chemical states (F-P and F-Sn),
two types of Sn-containing building blocks (preferably Sn-O,F
and secondary Sn-F,0) and P atoms (P-O;F structural units) in
a single chemical environment. Liu et al.* investigated the effect
of composition and melting time on the structure and proper-
ties of SnO-SnF,-P,0; glasses and found that F/Sn molar ratios
and melting time can influence the glass network dimension
which decided the properties of the glasses. Radic et al*
researched the effect of photorefraction was studied in different
tin-fluorophosphate compositions and reported that the pho-
torefraction property of tin fluorophosphate glasses is compa-
rable with those seen in GeO,-SiO, glasses. Induja et al'®
studied that the 45SnF,-25Sn0O-30P,0s glass has excellent
dielectric properties both in radio (¢, of 20 and tan 6 of 0.007 at 1
MHz) and microwave frequencies (¢, of 16 [6.2 GHz], Q,*f= 990
GHz with a t¢value of —290 ppm °C™ ") and found that ultralow-
temperature sinterable alumina-45SnF,-255n0-30P,05 glass is
a possible candidate for ultralow-temperature cofired ceramics
applications. With their low melting point properties, a large
number of studies have also been made on the luminescent
properties of tin fluorophosphate glasses doped with organic
dyes such as rhodamine 6G" and stilbene-3.'* Although exten-
sive work has been reported on the structure and properties of
tin fluorophosphate glasses, few attempts were made to study
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the intrinsic photoluminescence (PL) properties. Liu et al.*® just
observed the emission peaked about 440 nm from the lead-tin-
fluorophosphate glass at low temperature but quenched at
room temperature.

In the present study, we reported that PL and PL excitation
(PLE) properties of SnO-SnF,-P,05 glasses without any addition
of active ions at room temperature. The effect of different
compositions on the luminescence properties of SnO-SnF,—
P,0s glasses has been investigated in detail.

Experimental
Sample preparation

A series of tin fluorophosphate glasses having the composition
range of 30-70 mol% SnF, and 0-40 mol% SnO were prepared
by conventional melt quenching technique. The batched
materials used in the glass melts were SnF, (99.9%, Shanghai
Macklin Biochemical Co., Ltd), SnO (>99%, Shanghai Aladdin
Bio-Chem Technology Co., Ltd) and NH,H,PO, (>99%, Sino-
pharm Chemical Reagent Co., Ltd). These glasses were
expressed as (70 — x)SnF,-xSn0O-30P,05 glasses (x = 0, 10, 20,
30, 40) named as SSP0, SSP1, SSP2, SSP3, SSP4, respectively. A
two-step melting process was adopted to minimize fluorine loss.
NH,H,PO, was first pre-decomposed at 400 °C for 30 minutes.
After that, a certain proportion of SnF, and SnO were mixed into
the same crucible and then transferred into the furnace once
again and melted at 400 °C for 30 min. The melt was cast into
preheated steel molds and annealed at the corresponding
transition temperature in a muffle furnace. All of the samples
were cooled down to room temperature, then cut and polished
for tests. In order to prevent moisture absorption, all of the
samples were saved in the electronic moisture-proof cabinet
(FU1200, Hangzhou FRK Precision Electronics Co. Ltd, China)
which maintained a constant relative humidity of 5% and
a constant temperature of 20 °C.

Characterization

The XPS measurements were conducted with a high-
performance K-Alpha X-ray photoelectron spectrometer (XPS,
Thermo Fisher Scientific, United States) in ultra-high vacuum.
The binding energies of all elements were corrected by
assuming the adventitious alkyl (C-C) peak at 284.6 eV. The
glass transition temperatures (T,) of the glasses were measured
using a NetzschSTA449/C differential scanning calorimeter
(DSC) at a heating rate of 10 °C min~'. The powder X-ray
diffraction (XRD) patterns of the samples were recorded on
a PANalytical Empyrean X-ray diffractometer using Cu K,
radiation. The PL, PLE spectra and the emission decay were
measured by a high-resolution spectrofluorometer (Edinburgh
Instruments FLS 920, UK). The absorption spectra were recor-
ded using a Lambda 950 UV-VIS-NIR spectrophotometer in the
range of 300-800 nm. The structure of the glasses was measured
by the KBr pellet method utilizing a tensor Fourier transform
infrared spectroscopy (FTIR, Nicolet 6700). The data was
recorded between 1600 and 400 cm™'. Raman spectra were
recorded by a Renishaw inVia Raman microscope in the range
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of 200-1400 cm ™" using the 488 nm laser line for excitation. All
measurements were carried out at room temperature.

Results and discussion
XPS spectra

XPS measurements were performed to identify the actual
composition of the glasses. Fig. 1 shows the XPS survey spec-
trum for all the samples. According to the ref. 4, all the glasses
contained P, Sn, O, and F elements. Sn and F of the theoretical
composition and the experimental value measured by XPS are
shown in Table 1. About 20% of SnF, is volatilized in all samples
because of the low melting point of SnF,. Table 1 also shows the
theoretical and experimental values of Sn/F molar ratios. In
spite of volatilization, the experimental value of Sn/F molar
ratios is the same as the theoretical value gradually increases
which is in line with our expectation.

XRD and T,

XRD patterns of the SSP glasses with varying SnO/SnF, molar
ratios are depicted in Fig. 2(a). There were just two broad,
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Fig.1 The XPS survey spectrum for all SSP glasses.

Tablel Snand F of the theoretical composition and the experimental
value measured by XPS. And the theoretical and experimental values of
Sn/F molar ratios

Theoretical Experimental
elemental elemental
composition  composition
(at%) (at%) Sn/F
Sample Sn F Sn F Theoretical Experimental
SSPO 16.70 33.32 13.03 22.28 0.50 0.58
SSP1 1711 29.25 13.85 19.49 0.58 0.71
SSP2 17.53 2499 14.29 16.24 0.70 0.87
SSP3 17.98 20.50 15.95 1296 0.88 1.23
SSP4 18.45 15.79 15.46 9.61 1.17 1.60

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 XRD (a) and DSC (b) of SSP glasses.

amorphous humps and no crystalline phase detected from XRD,
indicating that all the glasses samples were amorphous regard-
less of the compositions. As shown in Fig. 2(b), T, increased
from 84 °C to 160 °C with the increase of the SnO/SnF, molar
ratios. The trend is the same as the previous report.*® The
difference in the T, value between the present study and the
previous literature may be caused by the difference in origin and
purity of and furnace heating conditions which have an influ-
ence on the decomposition and volatilization of NH** and OH .
The increase of T, may due to the higher field strength cations
(0>~ > F) create a more tightly bonded glass structure with SnO
replacing SnF, in these glasses.” Although the temperature
increased, the maximum T is below 200 °C, which meets the
requirements of low-temperature sealing glasses.

Structural analysis

The variations of glass structure with varying SnO/SnF, molar
ratios were studied by FTIR spectra, as show Fig. 3(a). The bands
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Fig. 3 FTIR (a) and Raman (b) spectra of SSP glasses.

at 730 cm~ ' and 920 cm ™" were attributed to P-O-P (bridging
oxygen) bending and stretching vibrations,**>*° respectively. The
bands at 840 em™" and 1027 em™" were assigned to the P-F
stretching vibrations of the [PO,_,F,] tetrahedral structures.*>
The bands at 507 cm ™" and 1093 cm ™" originated from P-O~
(non-bridging oxygen) bending and stretching vibrations,**2°
respectively. Notably, with the addition of SnO, the weakened
P-F vibrations at 847 cm ™" and 1025 cm ™" were observed which
is due to the increased amount of oxygen atoms and the
decreased amount of fluorine atoms resulting in less F~ ions
entering into [PO,] to form the [PO,_,F,] tetrahedron.” Mean-
while, more O link with P to form P-O-P (bridging oxygen)
bonds leading to the enhancement of the vibrations at 740 cm ™"
and 929 em™".*

Raman spectra of SSP glasses were given by Fig. 3(b) to
further explain the structural changes. In the high-frequency
region of the spectrum, the peak near 1105 cm™ " is associated
with the P-O symmetric stretch of the metaphosphate Q* unit
(where Q" denotes a PO, tetrahedron with n bridging oxygen
atoms), the peak at 1037 cm ™ is assigned to the P-O symmetric
stretching vibration of the pyrophosphate Q' unit.>?*** The
band near 865 cm™' is associated with the P-F symmetric
stretch and the band near 730 cm ™' is related to a P-O-P
symmetric stretching mode.?*** In the 600 cm™ ' peak was
connected with SnO,-F structural units.> The band in the
530 cm ™! regions was associated with P-F bending modes.*
The peaks near 370 cm™ ' and 415 cm ™' to Sn-F fragments, the
band near 250 cm™ " have been associated with Sn-0, bending

RSC Adv., 2018, 8, 4921-4927 | 4923
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modes.”* Obviously, the intensity of P-F stretching mode at
530 cm ™' and 865 cm ™' decreases with the increase of SnO,
which is in good agreement with these FTIR results. Meanwhile,
the weakened Sn-F vibrations at near 370 and 415 cm™ " are
observed with the increase of SnO due to the decreased amount
of fluorine atoms. Furthermore, a decrease in intensity of the
band near 1125 cm™ ' that is associated with Q* units. This
change is consistent with the depolymerization of the phos-
phate chain as the [P]/[O] ratio decreases when SnO replaces
SnF,. No significant changes in other groups are observed.
Taking into account the results of FTIR and Raman spec-
troscopy, the Sn-F and P-F bonds decrease, the Q> group
depolymerize and the P-O-P bond increase when SnO gradually
replaces SnF,. These results suggested a progressive break of
the linear phosphate chains by insertion of SnO. On the other
hand, Q” units gradually transformed into Q' units when SnO
replaces SnF,. No significant change in other tin-related bonds
implies that SnO is incorporated into the glass as a network
modifier and the liberation of Sn>" in the glass network.

Excitation and emission spectra of SSP glass

Fig. 4(a) shows normalized PLE and absorption spectra of SSPO
glass. The PLE spectrum was measured at the peak photon
energy of PL spectrum. The ultraviolet absorption edge of flu-
orophosphate glass is around 165 nm,*® which is much smaller
than that of SSPO glasses (~325 nm). Apparently, the intro-
duction of Sn results in a massive peak shift of the optical band
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Fig. 4 (a) Normalized PLE and absorption spectra of SSPO glass. (b)
Normalized PL spectrum of SSPO glass.
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edge energy, which indicates that the absorption edge derives
from a Sn** species. Therefore, it can be said that a strong
absorption band of the Sn>* species exists within the band gap
of the host tin fluorophosphate glasses. Comparing the
absorption spectrum with the PLE spectrum, it can be found
that the central excitation band position locates in the vicinity
of the optical band edge. Normalized PL spectrum of SSPO glass
is given in Fig. 4(b). It is also found that PL spectrum shows
a broad emission in the range from 400 nm to 700 nm, which is
characteristic of a parity-allowed ns*type emission center. It
was reported that two fold-coordinated Sn** in the 60ZnO-
40P,05 glass shows a triplet (T;)-singlet (S,) relaxation band in
the range from 310 nm to 620 nm.*”*®* To the best of our
knowledge, pure fluorophosphate glass has no emission, which
indicates that a Sn>" species is the origin of both the absorption
edge and the PLE band in the SSPO glass, and gives strong
emission under irradiation with a light whose photon energy
corresponds to the optical band gap of Sn>* center. The inset of
Fig. 4(a) shows energy scheme for PLE and PL process of Sn>".
PLE spectra apparently consist of two bands: the shorter wave-
length absorption band (named as S,) around 275 nm and the
longer wavelength absorption band (named as S';) around
335 nm in the Fig. 4(a). As shown in Fig. 4(b), it is also found
that PL spectrum in present glass is composed of two bands, the
longer wavelength emission band around 520 nm and the
shorter wavelength emission band around 432 nm, which is
deconvoluted by the Gaussian functions. It was reported that
the two fold coordinated Sn in SiO, and borate glass shows two
emission bands: a-band [singlet (S;)-singlet (S,)] and B-band
[triplet (T;)-singlet (So)] and the Sn in phosphate glass just
shows an emission band [triplet (T,)-singlet (Sy)].>*>* Based on
the above facts, we put forward that the shorter wavelength
emission band around 432 nm can be mainly attributed to the
S1-Sp transition and the longer wavelength emission band
around 520 nm can be ascribed to the T,-S, transition.
Compared with Sn*'-doped 60ZnO-40P,05 glass,””* the
broadband luminescence of the SSPO glass is in the visible
wavelength range, which could be a new light source.

Fig. 5(a) shows the optical absorption spectra of five SSP
glasses with different ratios of SnO/SnF,. A trend towards a red
shift in the ultraviolet absorption edge of the glass is noticed as
a result of adding increasing amounts of SnO. An analogous
tendency has been reported for Sn**-doped 60Zn0O-40P,05 glass
prepared in air using different starting materials.*” It was found
that the absorption edge of the Sn**-doped ZnO-P,0s glass
correlated with the local coordination state of the Sn*>* emission
center.”®*® Fig. 5(b) also shows the normalized PLE spectra of
the SSP glasses containing various ratios of SnO/SnF,. It is
found that all the PLE spectra apparently consist of two bands:
the shorter wavelength absorption band S; around 275 nm is
almost unchanged, whereas the longer wavelength absorption
band S'; around 335 nm red-shifts with varying SnO/SnF, molar
ratios, which is consistent with the literature.***' According to
the previous literature, the lower energy band §'; is a strongly
concentration dependent excitation band. However, the total
amount of Sn does not change in this paper, only the way of
introducing tin has changed, the red-shifts of S'; is still

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Optical absorption spectra of five SSP glasses with different

ratios of SnO/SnF,. (b) Normalized PLE spectra of the SSP glasses.

observed, which reveals §'; is not only related to the concen-
tration of Sn but also affected by the local structure of Sn**. As
the FTIR and Raman shows, with increasing the ratio of SnO/
SnF,, the more oxygen enter the glass network to replace fluo-
rine, the more Sn-F and P-F convert into Sn-O and P-O bond,
which makes the local structure of Sn>" change. According to
the nephelauxetic effect, when the anionic ligand orbital is
bonded to the central metal atom, it has a covalent property.
This effect is mainly affected by the type of anion, the larger the
anion polarization, the higher the covalency, the more
pronounced the nephelauxetic effect. For the anionic polariza-
tion of Sn, O®>~ > F~. Therefore, the covalent bond of the Sn-O
bond is larger than that of Sn—F, which results in the red shift of
the excitation spectrum and the absorption spectrum.

Fig. 6(a) shows the PL spectra of the SSP glasses containing
different ratios of SnO/SnF,. The PL spectra were measured by
excitation with a light at the peak energy of each PLE spectrum.
All the samples are the same as SSPO glass, which shows the
broad emission in the range from 400 to 700 nm. In addition,
these PL spectra consist of two bands, and the peak intensity of
each band depends on the ratio of SnO/SnF,. In order to illus-
trate this phenomenon, the PL spectra are deconvoluted into
two bands using the Gaussian functions as Fig. 4(b) shows the

This journal is © The Royal Society of Chemistry 2018
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shorter wavelength emission band A around 432 nm and the
longer wavelength emission band B around 531 nm. Fig. 6(b)
shows the peak area ratio B/(A + B) and the peak position of B
bands as a function of the ratio of SnO/SnF,. With increasing
the ratios of SnO/SnF,, the peak red-shifts from 510 nm to
532 nm. From FTIR and Raman results, the weaker linkages of
Sn-F and P-F are gradually replaced by stronger Sn-O and
P-O-P linkages with the increase of SnO content, thus leading
to the local structural change of Sn>*. The redshift of the
emission spectrum is attributed to the nephelauxetic effect that
the covalent bond of the Sn-O bond is larger than that of Sn-F.
Meanwhile, the peak area ratio of the B band first increases and
then decreases with increasing the ratios of SnO/SnF,. Although
note that the total amount of tin is constant (70 mol%), these
changes are due not only to changes in the local structure of
Sn*" but also to the concentration. FTIR and Raman data indi-
cated that SnO is introduced into the glass as a glass modifier
and Sn*" is liberated in the glass network. When SnO gradually
replaces SnF,, more Sn>* are liberated in the glass network,
which results in the increase of the peak area ratio of the B
band. With the continued increase of SnO, the peak area ratio of
the B band decreased due to concentration quenching.

Fig. 7 shows PL-PLE contour plots of the SSP glasses: (a)
SSPo, (b) SSP1, (c) SSP2, (d) SSP3, and (e) SSP4, using an
intensity axis on a linear scale. The contour plot of pure fluo-
rophosphate glass (f) is also shown for comparison. With

RSC Adv., 2018, 8, 4921-4927 | 4925
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increasing the ratio of SnO/SnF,, the red-shift of PLE peak was
easily observed due to the nephelauxetic effect. The pure fluo-
rophosphate glass shows no emission and the SSP glasses show
broad emission in the range from 400 to 700 nm. Around
520 nm PL peak also red-shifts with increasing the ratio of SnO/
SnF,.

Fig. 8 shows the emission decay curves of the SSP glasses
with different ratios of SnO/SnF,, where is excited by UV light of
330 nm. The decays are composed of two parts: a faster decay
possessing a lifetime of 2 ns and a slower decay possessing
a lifetime of 11 ns, albeit both on the order of nanoseconds. In
borate and phosphate glass,* *> the decays also consist of two
parts: a faster decay and a slower decay. However, these slower
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Fig. 8 The emission decay curves of the SSP glasses with different
ratios of SNO/SnF,, where is excited by UV light of 330 nm.

4926 | RSC Adv., 2018, 8, 4921-4927

belong to the microsecond level decay. This difference may be
due to different concentrations of Sn. It was reported that the
lifetime decreases with increasing SnO amount.”® In the present
article, the total tin concentration is as high as 70 mol%, which
may account for a fast decay with a lifetime of nanoseconds.

SSP1

Fig. 9 Daylight pictures and luminescence images excited by a UV
light at 365 nm for all prepared SSP glasses, respectively.

This journal is © The Royal Society of Chemistry 2018
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Compared with Ce**-doped fluorophosphates,* the SnF,-SnO-
P,0s5 glasses exhibited an extremely fast decay lifetime, which is
a potential application for the fast scintillation.

Fig. 9 shows daylight pictures and luminescence images
excited by a UV light at 365 nm for all prepared SSP glasses,
respectively. As we can see from Fig. 9, the SSP glasses are
homogeneous, completely transparent and are -colorless.
Luminescence images of SSP samples, excited with a UV lamp at
365 nm indicates a different color rendering of the emission
from light blue (SSPO glass samples) to pale green (SSP4 glass
samples) according to the ratio of SnO/SnF,. The color chro-
maticity coordinates of the SSP glasses are also shown in Fig. 9.
The color gradually shifts from blue to white and finally falls
into the green region with varying SnO/SnF, molar ratios (as
indicated by the black arrow). Perfect white light emission is
obtained in SSP, and SSP; samples with the CIE coordinates of
(0.284, 0.347) and (0.301, 0.379), respectively, indicating that tin
fluorophosphate glasses without rare earth could be used as
white-emitting phosphors for UV LED chips.

Conclusions

A series of tin fluorophosphate glasses with varying SnO/SnF,
molar ratios were prepared via a two-step melting method to
demonstrate UV-excited PL properties. Broad photo-
luminescence in the range from 400 nm to 700 nm, originating
from the S;-S, and T;-S, transitions of Sn>" respectively, was
obtained at room temperature. Moreover, the SnF,-SnO-P,05
glasses exhibited a fast decay lifetime of 2 ns. Both energies of
the excitation peak and emission peak depend on the local
structure of Sn>*. White light can be generated by appropriately
altering the SnO/SnF, molar ratios in the SnF,-SnO-P,Os
glasses. Our present systematic study broadens the application
of SnF,-SnO-P,0; glasses with low T, (<200 °C), making it
possible to achieve white light emission by glass without rare
earth.
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