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ABSTRACT

In recent years, low melting temperature glassese haceived wide attention as the hosts of
phosphor-converted light emitting diodes (pc-WLED)this work, a series of trivalent europium doped
tin fluorophosphates glasses were prepared by obioval melting method. Under ultraviolet excitawjo
the blue-green broadband emission from* @ictivation centers in the glass matrix and theemaission

of EW** ions together constituted a cool white lumineseerithe spectra analysis was used to
demonstrate the energy transfer betweefi 8enters and Efiions. The results showed that?Sand
Eu®* possessed independent intrinsic emission and ieteagy transfer simultaneously. TP, and
°G, excited states of Etiion favored the energy transfer to°Snenter, théL¢ excited state of Efiion
would absorb more of the energy by the”*Sground state excitation to contribute on red eimiss
Therefore, the fluorescent glass can transform eduote light to warm white light by changing the
excitation wavelength. The tunable white light itaned in the WLED devices built with the glassl an
commercial UV chips.
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1 Introduction

In general, many of the low and ultra-low meltingmperature glasses, including tin



fluorophosphates glass, barium fluoride-thoriunofide glass, phosphate glass, boron lead glass@and
on [1-5], have been widely used in glass-metalisgalC packaging, Phosphor-in-Glass (PiG) host
[6-9]. Specially, the tin fluorophosphates ($#z0s-SnO) glass, of which the glass transition
temperature (Tg) value is generally lower than 200 has been considered to be an excellent host of
fluorescent glass in the past two decades. Unlieecobnventional encapsulant material, i.e., organic
silicone or resin, tin fluorophosphates glass avdik problem of the serious yellowing and agisgeés,
which leads to luminous efficacy degradation anldrcshifting in WLED [10]. On the other hand, the
tin fluorophosphates glass, doping the rare easdtals, also has been showed to be a promisingttiost
achieve photon conversion in solar cell applicatifiil]. However, the luminescent materials consisti

of Snk-P,0s-SnO glass host containing trivalent rare earth)(RiBs have rarely been researched,
which is suspected of potential application valughite fluorescent lamp, the pc-WLED and laser.

In recent years, the tunable white fluorescent mesebasing on the tin-containing inorganic glass
matrix have received wide attention. It is consedieto be an excellent matrix for the preparation of
white fluorescence glass, of which the*Sactivation center can emit a broadband blue-geseission
with short lifetime and high quantum efficiency.erafore, a high quality white light can be obtaitgd
simply doping suitable activator. Hirokazu Masaaktfirstly reported that SnO-ZnO,Bs low-melting
glasses showed a broadband blue luminescence vgth dfficiency, which was described as the
emission of Sfi defects as an activation center in the subseqesearch [12-13]. Simultaneously, an
adjustable white light emission with a high valdeqoantum efficiency (QE) was obtained by doping
Mn?* ions into the SnO-ZnO-Ps glass matrix [14]. In the tin fluorophosphates sglamatrix
(SnR-P,0s-Sn0O), Wang et al. reported a similar broadbandblisluminescence, which was also

recognized as the contribution of the*Spenters. Utilizing the efficient energy transfesrh Srf* to



Mn?*, a warm white fluorescence was obtained. It istivaoting that tin-containing glass materials
have been focused on the study of transition m¢Td) doping luminescent materials, however, the
optical properties of rare earth doped tin-contagrinorganic glass have been rarely studied.

Compared with TM ions, the 4f-4f state of RE iomxibits stable and complex transition energy
levels, which makes the energy transfer processthef multi-activator system exhibit special
luminescence characteristics [15]. The®*Eion, as a kind of typical trivalent RE ions, haseb
frequently applied in phosphor crystals, quantuns @md luminescent glasses [16-17]. On one haed, th
energy transitions from the excitdf, level to the’F, (J = 0, 1, 2, 3, 4, 5, 6) emission levels of Eu
provide a stable red emission to material hoststh@rother hand, as one kind of well-known probsjo
the characteristic peak located at 620 nm of Eans will be affected by the change in the surtbng
crystal field environment [18]. In many researches, doped white fluorescent has been obtained by
energy conversion between multi-activators, suctE&S/Eu** [19], CH/EU* [20], Ag/EC" [21],
SB*/EW® [22] in proper materials.

In this text, using the 60SpRBOR.0s-10SNO glass matrix as an example, we preparedies s
Ev**-doped tin fluorophosphates glasses by conventiomelting method. The energy conversion
relationship between the Snactivation center and Blions was investigated by spectrum spectral
analysis. And by adjusting the excitation wavelbnghe tunable emission from cold white to warm
white was obtained in the Eudoped SngFP,0s-SnO glasses. Finally, a WLED device model based on
this fluorescent glass was produced with commettdigdviolet (UV) chips.

2 Experimental
Glass samples were prepared using reagent-gragg®h89%, metals basis), NH.PO, (99.99%,

metals basis), SnO (99.9%, metals basis) an@({99.99%, metals basis)) as starting materiales€h



starting materials were carefully mixed and meitedlumina crucibles heated to 350 °C for 20 mieute
After melting, the glass melts were poured intoo#d cstainless-steel mold for quenching in air and
cooled to room temperature directly. The mixing &edting steps were similar for all glasses, aed th
melting temperature and time for homogenizationewbe same. All samples were cut and polished into
10x10x2 mmi for further measurement.

Absorption spectra were obtained by using a PerEimer Lambda 900UV-VIS-NIR
spectrophotometer in the range of 190-800 nm witksalution of 1 nm. The photoluminescent (PL)
and photoluminescent excitation PLE spectra welkeated by a high resolution spectrofluorometer
(Fluorolog 3-211, Horiba Jobin Yvon Inc., Edison])Nising a 450 W Xe-lamp as the excitation source.
The pump light beams were incident and the emiitgd beams were collected both at a 45° degree
angle to the plate normal with the same slit widthall samples, while reported data were correébed
instrumental response. The color rendering indedt absolute quantum efficiency of glasses were
measured in a integrating sphere with a high seasspectrometer (Nova, Idea Optics Instruments).Al
the measurements were carried out at room temperatu
3 Resultsand Discussion

Regarding the thermal properties of $#E0s-SnG; glass, it has been enthusiastically studied in
recent years [11, 23]. More than 40 mol% of th@fontent leads to the awful chemical stabilityod t
glass and is sensitive to water. However, if thateot of BOs is less than 25 mol%, it will be
disadvantageous for the formation of the glass odtwTherefore, in our work, 30 mol% content of
P,Os was chosen and kept invariable for the followingeximent. As the proportion of stannous
fluoride (Snk) increases, the melting temperature of the glaadugally decreases. When 60 mol% is

reached, the glass transition temperature is asal®8 °C [23]. For our desire to explore the @ptic



properties of rare earth doped ultra-low meltingsgl the 60SRRBOR,0s-10SNQ (TFP) glass is chose
as trivalent Eu doped glass matrix. Herein, x&t60Snk-30R.0s-10SnQ@Q glasses were collectively

referred to as TFPxEu.
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Fig. 1. (a) The absorption spectrum of the TFP. ket is a schematic representation of the erlexgys of the S activation
center. (b) The PL and PLE spectra of the TFPTIfe) absorption spectra of the TFP1Eu. (d) The RLRILE spectra of the TFP1Eu and

TFP matrix.

The absorption spectrum of the TFP sample is shawrthe Fig. 1(a). The undoped tin
fluorophosphates glass exhibits a significant reidt ©f ultraviolet absorption edge compared with
conventional phosphate glasses, which originates the SA" activation center. The triplet (Fsinglet
(So) relaxation band model has been commonly use@soribe the emission mechanism of ‘Benter.

The PL and PLE spectra are reflected in Fig. Miich can more accurately reflect the energy level



the SA" activation center. Under the 365 nm excitatiorg #FP matrix shows a broadband blue
emission from 390 nm to 600 nm. The broadband éomsg 428 nm corresponds to the emissions;of S
and T; states of the Sf activation center, which are defined @$and [singlet (§-singlet (3)] and
B-band [triplet (})-singlet (9)] [13, 24]. The PLE spectra of the 415 nm and Bdbemissions suggest
the wide excited state. It is worth mentioning ttia excited state of Shcan be divided into Sstate
(high energy band) andi'Sstate (low energy band). The' State is confirmed to be a strongly
concentration dependent excitation band, and i@xadon process from ;Sto T; state has been
considered to be the key to high quantum efficienfciin-containing glass. In the inset of Fig. 1(toe
energy transfer of Shactivation center is described. The?Sactivator in tin fluorophosphates glass is
transferred to the excited state by the groune stbsorption: &+ hv(~3.39 eV)— S;. By nonradiation
transition, a part of the absorbed photons;ist&te relaxed to ground state:-S & (a-band emission),
from which produces the blue emission of 3.02 ed5(¥m). And another part of energy for ground state
absorption: T— S + hv (2.41eV,3-band emission).

The absorption, PL and PLE spectra of the TFP1Euwkaare showed in the Fig. 1 (c) and (d)
respectively. When doping the Euons, it exhibits a strong absorption band inrégion of 300 to 400
nm compared with the absorption of TFP matrix. Ahd main peaks at 360nm, 375nm and 395nm
correspond to the ground excitation of Eion: 'Fy — °D., °G, and°L¢ respectively. Under the 365 nm
excitation, the TFP1Eu sample shows a similar dvaad emission as the TFP sample in the blue-green
region. What is different is that the TFP1Eu sanmgxihibits two sharp peaks at 600 nm and 620 nm,
which correspond to the radiation transitions of ¥, states to’F;, 'F, states of the Efi ions,
respectively. The excitation range of TFP1Eu at B80covers the range of excitation and emission of

TFP glass, which appears as narrow linewidth eomisstorresponding to the absorption level of*Eu



ions. Among them, the energy transfers’Bf — °L¢ and°D, are in the emission band of Xnlt
indicates the presence of energy transfer betweerSti* excitation center and the Etions in the
prepared EXf doped TFP glass. At the same time, a clear wid&ation band can be seen in the range
marked by the purple frame, which overlaps withekeitation band of Stiin the TFP glass. It is worth
mentioning that thelLs excited state of Bt ion shows strongest excitation intensity in theEPL
spectrum of TFP1Eu compared to weak intensity efl, and°G, excited states, which suggests that

the energy levels of the Elion possess different trends to energy transfer.
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Fig. 2. (a) The PL spectra of the TFPxEu samplegatkby 365 nm. And the PLE spectra of the TFPs&uples at 415 nm (b) and
515 nm (c). (d) The energy -level diagram of thé&"®&md Ed" and the description of energy transfer (ET). lie)dependence of the
emission intensity of the TFPxEu sample at 428 bime(line) and 600 nm (red line) on the®Eions doping concentration under the

excitation at 365 nm. (f) The two-dimensional catoordinates of TFPXEu samples. The digital ph@plgrof the samples is in the inset.

In order to more deeply understand the energy fisamsmechanism of St centers and Efiions
in EU** doped SngP,0s-SnO glass, a series of TFPxEu (x=1,2,3,4 andd&sgis are prepared with the

same melting process. The Fig. 2 (a) is the PLtspeé TFPxEu samples. As the concentration of Eu



increasing, the emission intensity is graduallyasrded, including the broadband emission at ~428 nm
belonging to the St center and the sharp peaks at 600 nm and 620 tine 6%, (J=1, 2) states. At the
same time, the characteristic peaks of°thgand®D, emitted states belonging to Ewappear at 395 nm
and 464 nm in the broadband emission clearly. Eurthe emission intensity at ~395 nm is signiftban
reduced. The energy transfer of S EU** was demonstrated in previous discussion, whichesatain
the decrease of emission intensity at ~428 nm iRIHu. The increase of emission intensity at ~428 nm
is attributed to the energy transfer ofEions to SA' centers.

The PLE spectra of the TFPXEu samples emitted @anéiand 515 nm are shown in Fig. 2 (b) and
(c) respectively. Their change in excitation inigngs consistent with the change in emission isign
of Fig. 2 (a). As the increasing doping concentratif EG* ions, the characteristic excited stateSlef
and°D, belonging to E¥ gradually become apparent, which proves the erfepback of EX ions to
the SR* centers. Further, it is worth noting that thereléep pit at ~395 nm in the PL excitation spectra
at 415 nm and 515 nm. In combine with the excitapectrum of the TFP1Eu in Fig. 1 (d), it suggests
that the’Ls excited state of Efi ions receive the energy transfer from thé*Srctivation center. The
energy transfer model of $nand Ed* is depicted in Fig. 2(d). Under the excitation~865nm, the
luminescence of the $hcenters and the Blions presence independent stimulated emissioregses.
Furthermore, these two activators exhibit a muermrgy transfer process. The Sate of the S
activation center overlaps with tAB, and®G, excited states of Bliion, and the Sstate is similar to
the°Ls emission state of Etiion, they perform mutual energy transfer.

The mechanism for the blue-green emission can Ipgessed as: Intrinsic emission of ?8n
SJ/S(SN?Y) + Tu(SrfY) — S(SrP); Energy transfer of Bl ion to SA™: ‘Fo(EL’") — "Dy(ELY) +

°Gy(EU*) — S'(Sn?Y).



The mechanism for the red emission can be expresseldtrinsic emission of Bli ‘Fo(EL*") —
*DL(EU) + SGo(EL*) + °Lg(EU®*, mainly) — *Do(EU®") — "Fi(J=1, 2)(Ed"); Energy transfer of Sfito
EU": S(SIT) — PLe(EU®) — °Do(EL*) — 'Fy (I=1, 2)(EDH.

Fig. 2 (e) shows the dependence of the emissiensity of the TFPxEu sample at 428 nm and 600
nm on the E& ions doping concentration under the excitatio86& nm. Due to the energy feedback
process of Eif ions to SA" centers, the broadband emission belonging t6 8wreases with the
concentration of Eli, which is disadvantageous for the desired whibtlemission. In the Fig. 2 (),
the emission spectra data of the TFPXEu samplesfiexted in the two-dimensional color coordinates.
All the samples shown in the Fig. 2 (f) emerge Emcool white light, which are consistent with the

digital photograph of the sample at 365 nm exatatn the inset.
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Fig. 3 (a) The PL spectra of the TFP5Eu samples thi¢ different excitation wavelength form 350 m800 nm. (b) The
dependence between the excitation wavelength wiiksion peak position of $h(Red) and the emission intensity at 600nm (Black),
respectively. (d) The two-dimensional color cooades of TFP5EuU samples. The digital photographefFP5Eu under the different

excitation is in the inset.

Due to the TFP5EuU sample has the strongest emisgmmsity, this sample is used as the research
object. The Fig. 3 (a) is the PL spectra of TFPS&mple under the different excitation wavelengimir
350nm to 390nm. As the excitation wavelength ineesathe emission peaks in the blue-green band are
continuously red-shifted, which corresponds todhange of the Sto S transitions in the St center.

At the same time, the emission of 600nm and 620efoniging to E&' ions is also affected. The



dependence of both these on the excitation wavtiersgdepicted in Fig. 3 (b). In Fig. 3(b), the
emission peak of the Shcenters exhibits an approximately linear changé véspect to the excitation
wavelength, which is advantageous for the prodaabfowhite light with high color rendering indexnO
the other hand, the emission law “&f, — ‘F; in EU** ions is consistent with the results discussed
previously. By regulating the excitation wavelengdtie red portion of emission of TFP5Eu sample is
enhanced and a warm white light is obtained udiegenergy transfer difference of the excited state
and the’Dy, °G, excited states. The results are clearly showrhéndblor coordinates of Fig. 3 (d).
Among them, when the excitation wavelength is clednffom 375 nm to 390 nm, the sample color
gradually changes from warm white light to cool tgHight.

Table 1. The fluorescent properties of WLED devices based TFP5Eu sample with 375nm and

390nm chips
CIE coordinatesColor Renderii Absolute quantu Color
WLED device
X y Index (Ra) efficiency (x5%) Temperature(K)
375 nm 0.33 0.30 91.8 6.12 5896
390 nm 0.30 0.29 88.3 6.70 8815

Further, in order to demonstrate the previous dision, the encapsulated WLED devices based on
this glass with 375 nm and 390 nm ultraviolet ch{®mA, 5V) are also prepared, whose models
shown in the Fig. 3 (c). And the digital photograghlT FP5EuU glass excited by the 375nm and 390 nm
LED chips is shown in the inset of Fig. 3 (d). Thaorescent properties of WLED devices based
TFP5EuU sample with 375nm and 390nm chips are showhe Table 1. Compared to conventional

phosphors, the WLED devices display excellent whiflest consequent: the CIE values close to (0.33,



0.33), higher color rendering indexs (Ra = 91.8;388It demonstrates the different willingness of
different excitation states of Euions for energy transfer. Unfortunately, the WLEBvices exhibit
poor QE values, which affect practical applicatiomsgenerally, the concentration of’Sions and the
relaxation process from;State to T state in Sfi ions have been considered to be important factors
affecting quantum efficiency [25-27]. Therefore,cessive concentration of $nions and F/O
proportion in tin fluorophosphoate glass are susgueto be responsible for poor quantum efficienty i
our glass. It is expected that the QE value casirbaltaneously improved by changing the composition
ratio of xSnk-yP,0s-zSnO, which will be the goal of further work. Moxeer, compared to these
glasses in the existing reports shown higher Tgseeding 500 °C and the melting temperatures
exceeding 700 °C, the tin fluorophosphoate glassreperted is still considered to be a promising
candidate for WLED encapsulant materials.
4 Conclusion

Briefly, a series of Elf doped tin fluorophosphates glasses were succhss$éldricated by a
conventional melt quenching process, which all gadisimilar cool white fluorescence under the same
ultraviolet excitation. By spectra analysis, theergly transfer processes between thé" Stivation
centers and Efi ions were analyzed. The results prove that tHé &ctivation center and Elions in
these glasses possess intrinsic emission and merneay conversion. The part of energy irf 'Hon
will transfer to the ST and participate in the emission process df Siue to theD, and’G, excited
states of Etf ion are energetically close to the Sate in Sfi center. ThéLg excited state in the Eli
ions favor energy transfer from Brcenter and mainly participate in the intrinsic ssion:°Lg — ‘F.
Therefore, the luminescent color of the*Edoped TFP glass can be adjusted from blue/coldevibi

warm white/red by controlling the excitation waveseh from 350 nm to 390 nm. The encapsulated



WLED devices based on this glass with 375 nm ar@ 88 ultraviolet chips were prepared. Although
the WLED device exhibits a poor QE value, it is sidered desirable to increase the QE value by
adjusting the chemical composition of the glasshinword, the TFPxEu white fluorescent glass, Wwhic
possesses the characteristics of mutative fluonéscelors by simply adjusting the excitation
wavelength, has a promising application prospethtérfield of white LEDs.
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1. This work forces on the optical spectroscopy of trivalent europium ions in tin

fluorophosphates glasses.
2. The transition of the glass luminescence from blue/cold white to warm white/red is
controlled by controlling the excitation wavelength from 350 nm to 390 nm.

3. The WLED devices show: the higher CRI (~90) and tunable color temperature.



