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ABSTRACT:

The SgCaWQ: RE* (RE = Dy, Sm and Eu) phosphors with the unusuaissions
corresponding to the magnetic-dipole (MD) transitigere synthesized via a sol-gel process.
The crystal structure, electronic properties, pluhinescence excitation and emission
spectra, and fluorescence lifetimes of the as-pegb@amples were investigated. X-ray
diffraction analysis confirmed that £aWGQ; crystallized in the monoclinic structure with the
centrosymmetric monoclinic space group RR The indirect band gap for SaWQ was
4.24 eV, which was calculated within the framewofldensity functional theory (DFT). The
phosphors could be excited by the ultra-violet (UNQht at 280 nm, and exhibited
characteristic emissions corresponding to the Mibditions for different RE ions. The W@
groups in the host lattice can absorb UV lightosdintly, and then transferred the energy to
activator ions. The results indicated that the dopare earth ions occupied the
centrosymmetric site in 2aWQ; lattice. With increasing the concentration of tapants,
the local symmetry of the activator ions can beaitely changed, which resulted in the
enhancement of the characteristic emissions doednay the electric-dipole (ED) transitions
of the doped RE. The SgCawQ;: Sn?* phosphor exhibited near white emission under
radiation of 280 nm.

Keywor ds: Double perovskite; Phosphors; Photoluminescentd€EDs



1. INTRODUCTION

Because of the unique performances, such as Itetgrie, low energy consumption, high
efficiency, environmental friendliness and highesafcoefficient, the white light-emitting
diodes (WLEDs) have been considered as the fowgttergtion solid state lighting source
[1-4]. Usually, there are two primary routes to gexte white light from LED chip, i.e., the
multi-LED chip method and the phosphor conversicethod [5, 6]. Although the devices
based on the former route usually exhibit highearqum efficiency, the less stability and
high cost limit its application. Hence the phospleonversion method is widely used to
fabricate WLEDs due to its practicability and lowst [7]. Obviously, phosphors play an
important role in creating white light with satistary color rendering index (CRI) and high
quantum efficiency (QE). The mostly common WLEDs amanufactured by combining a
blue LED chip and a yellow-emitting cerium-dopedriym aluminum garnet (YAG: C8
phosphor. But these devices usually suffer from ©R1 (Ra < 80) due to the lack of red
emission in spectra [8-12]. To solve these probjamdtiple phosphors are coupled to a blue
LED to strengthen the red part of the spectrum.[ABErnatively, white LEDs with high CRI
performances can be achieved by pumping the meiltgdi/green/blue phosphors blend with
an ultraviolet (UV) or a near-UV chip [14]. Of padlar interest are the rare earth ions
activated tungastates which usually exhibit higrergy-conversion efficiency, excellent
thermal and chemical stability [15, 16].

Recently, the compounds with the general formulaAgBB O and double perovskite
structure have been intensively studied becausis ahteresting electrical, magnetic and

optical properties for technological applicatiod3{19]. The double-perovskite structure can



be described as a three-dimensional network ofralting BOs and BOs octahedra, with A
atoms occupying the interstitial locations. The tmmesmmon A-site cations are the
alkaline-earth or rare-earth elements with largbus such as Ca, Sr, Ba and La. The B-site
cations are usually transition metal elements itiall radius. Due to the flexibility on
structure and composition, the double perovskitagbeen considered as the potential hosts
for the rare-earth ions activated phosphors. Ugu#ille tungstates and molybdates with
double perovskite structure exhibit broad and gtrahsorption in near ultraviolet and blue
region, which is suitable for blue or ultra-violéVV) LED chips [20-22]. The emission
spectra of phosphors can be effectively modulateddupling different activators and hosts.
The SgCaMoQ;: Snt* phosphors synthesized with the solid state reaatethod were
simultaneously excitable by UV and blue radiatiamd exhibited white emission band
consisted of three peaks located at 567, 603 arid r66 [23]. The counterparts, the
Sr,CaWQ;: Snt" phosphors, were excited under UV and violet ligiid showed similar
emission band with three peaks [24]. TheCaMoQ;: Eu** phosphors exhibited the red
emission at around 594 nm [25]. While, owing to difenging of local symmetry by the
introduced N& as charge compensator, theCaWQ;: EL**, Na" phosphors showed intense
emission at 615 nm [26]. It is noted that the fegmence of rare earth ions in these hosts is
almost dominated by the electric dipole (ED) traoes. The dependence of
photoluminescent properties on the composition adt twas also studied for other double
perovskites [27-30]. However, the systematic ingesion on the photoluminescent
properties of rare-earth ions dopedCGWQ,; is still absent.

In this work, the series of &awQ: RE* (RE = Dy, Sm and Eu) phosphors were



synthesized with a sol-gel method. The alkalineatnien, Li’, was introduced as the charge
compensator. The crystal structure of the tungstate discussed with both experimental
results and the first-principles calculations. Tdmical bandgap, excitation, emission and
lifetime spectra of the as-prepares phosphors wmied. The unusual photoluminescence

corresponding to the magnetic dipole (MD) transitieas discussed.

2. Experimental and Calculation Details
2.1 Materialsand Synthess

The SgCaWQ;: RE®* (RE = Dy, Sm and Eu) samples were prepared wehcttric acid
assisted sol-gel method using Sr@¥ Ca(NQ),-4H0, (NH,)eW-0,4 6H0,
SmM(NQ)s-6H,0, EuOs;, Dy,0s; LIOH-H0, critic acid (GHgO;-H,O, CA) and
ethylenediaminetetraacetic acid (EDTA) as the raatemals. All the reagents were purchased
from Shanghai Aladdin Reagent Co. Ltd. with analyiagent. The oxides of rare earths were
dissolved in the nitric acid solution with an apmiate concentration. The molar ratio of CA,
EDTA and the total content of cations was seleei®@: 1: 1. Firstly, all the inorganic salts
with the stoichiometric ratio were dissolved inatezed water at 68C. Secondly, CA and
EDTA were added in the above solution in turn at’80with strongly stirring to form
transparent gel. The as-prepared gel was heatd@(tC for 0.5 h in oven to obtained
foam-like precursor powders. Thirdly, the precungowders were sintered at 600°C for 4h in
muffle furnace under air condition to remove th@amics. Finally, the phosphors were
fabricated by sintering the precursor powders 801€ for 6h under air condition.

2.2 Characterization



The phase compositions of the samples were analyzady X-ray powder diffraction
(XRD, Cu Ka, SmartLab, Riguka, Japan). The ultraviolet-visibifuse reflectance spectra
(DRS) of the as-prepared samples were recorded nomilteaviolet-visible spectrometer
(UV-Vis, Hitachi U3900) at room temperature. Thecigation and emission spectra were
measured with a steady and transient state spactapeter (Horiba, FL-3-22).

2.3 Calculation Details

The crystal structure and electronic propertiesSp€aWQ; were investigated with the
first-principles calculations based on density twomal theory (DFT). As reported by
Gateshki et. al. [31], €aWQ; shows a rich polymorphism over a wide range ofpermature.

In the present work, we investigated the structarad electronic properties of ,8aWQ
crystallized in two different crystal structures.ithe orthorhombic structure with the space
group of Pmm2 (No. 25) and the monoclinic structwith the space group of #& (No. 14).
Figure 1 illustrates the schematic diagrams ofuthé cells for these two structures. For each
structure, the full optimizations of both latticenstants and atomic coordinates, and the
calculations electronic structures were carriedusirtg the projector-augmented wave (PAW)
method [32], as implemented in the Vienna ab irstroulation package (VASP) [33, 34]. The
exchange-correlation functional was treated with gleneral gradient approximation (GGA)
of Perdew-Burke-Ernzerhof (PBE) scheme [35]. THegration over the first Brillouin zone
was performed with Monkhorst-Pack scheme and 6 x 5 grid was used for k-point
sampling. The Zp* electrons on O, the 35 electronson Ca, the Zg°5< electrons on Sr,
and the 66d" electrons on W were explicitly treated as valeeleetrons. It is well known

that DFT calculations usually underestimate thedgap of a semiconductor. Therefore, we



employed screened hybrid functional with the sdregmparameter of 0.2 as prescribed by
Heyd, Scuseria and Ernzerhof (HSEO06) to accuratelgulate the electronic structure of

SrL,CawQ, [36].

3. Results and Discussion
3.1Crystal Structure

According to the investigation on the phase trams&tion of SsCaWQ, by Gateshki et al.
[31], the crystal structure of this tungstate shaemaperature-dependent evolution with the
following sequence: Rt — 14/m — Fm3m. These two phase transitions occur at 1130 and
1250 K, respectively. In other words,,SaWQ; crystallized in the monoclinic structure at
room temperature rather than the orthorhombic strac(Pmm2), which had usually been
adopted to describe the crystal structure of thigystate in the original [37] and recent
literatures [24, 26]. Thus, it is necessary toifyiahe crystal structure of SLawa,.

After the full geometry optimization with the DFBlculations, the symmetry of the unit
cell of SpCaWQ; with orthorhombic structure changes from Pmm2 (R&). to Pmmn (No.
59). Furthermore, the optimized lattice constaritthe optimized structure show relatively
large deviation (~ 4 %) from the experimental resul24]. According to both the
experimental [31] and theoretical results, it isaasonable to analyze the crystal structure of
Sr,CaWQ with the space group of Pmm2. As shown in Figuréh& orthorhombic and
monoclinic structures bear some resemblances toaonéher. The common nature is the
presence of the WQand Ca@ octahedra in the unit cell. However, there ar® alsme

structural differences between these two phasest, Bie WQ octahedra in the monoclinic



cell are distorted and unparallel to the latticesa®econd, the angel of W-O-W in the
distorted WQ octahedron deviates from 90Third, the Sr atoms in the monoclinic cell are
located at the inside positions of the unit cellcls differences could be also reflected in the
XRD patterns of the as-prepared@WQ; samples. Figure 2 (a) shows the experimental and
refined profiles of the XRD patterns of,SaWGQ; in the P2/n space group. The as-prepared
sample is mainly composed of ,6aWQ with tiny amount of SfWQ The Rietveld
refinements of the structural parameters wereewut using the General Structure Analysis
System (GSAS) program [38]. The reliability factofsthe refinement arR,, = 11.65 %R,
=8.55% andc2 = 3.042. As tabulated in Table | and I, the valoérefined lattice constants
and atomic coordinates are in good agreement \Wehcalculated results and the previous
study [31]. Hence, the refined results using acstine mode with the R space group are
creditable. Furthermore, as shown in Figure 2 {3, splitting of diffraction peaks at2
ranged from 63 to 65° is also observed in the XRD patterns, which caitweodeduced from
the orthorhombic structure in the Pmm2 space g{8lip We also note that SrCaMgQhe
counterpart of SCaWQ;, also has the space group 0f/RZ23]. In summary, the as-prepared
Sr,CaWQ, powders crystallize in the monoclinic structuréhathe space group of P2 (No.
14).

Figure 3 illustrates the XRD patterns of the’Dyoped SiICawQ, phosphors. All the XRD
patterns of the as-prepared samples can be weakaulto the monoclinic g2awQ,. The
diffraction peaks at@= 27.7 belonged to the second phase of Syén be observed [31,
39]. The XRD patterns of the other samples, inclgdBsCaWQ;: Sn?*, SLCaWwQ;: Eu*,

and SyCawWQ;: REY, Li*, are similar to the above patterns, and are rmt/shere.



3.2 Electronic Structure

In the previous study, the electronic structurethe@d orthorhombic $€aWQ with the
space group of Pmm2 had been investigated withpdeudopotential method using the
GGA-PBE exchange-correlation functional [24]. Hoeevto our best knowledge, the
electronic structure of the monoclinic,SaWQ; with the space group of & was still of
lack. In the present work, the accurate resultthefelectronic structure were obtained with
the HSEOG6 hybrid functional. Figure 4 displays baad structure of monoclinic £awaQ,.
The plots of total and projected density of states presented in Figure 5. The Fermi level
was aligned at 0 eV. Obviously, the monoclinigC&WQ; is an indirect semiconductor with
the band gap of 4.24 eV. The maximum of valencel@BM) is mainly contributed by O
2p states, while the conduction band minimum (CBdvjominated by W 5d state. Due to the
structural analogy, these natures are similaréa¢isults of the other perovskites [24, 40, 41].

Figure 6 shows the UV-Vis DRS of the as-preparesC&VQ;: Dy** phosphors. The
undoped SCaWQ; shows strong absorption in the UV light regionhatite absorption edge
of ~320 nm. The optical band gap of,GaWQ; can be estimated from the insert plot in
Figure 6 using the following equation [42],

ahv = A(hv — Eg)n/2

1)
where,Eg, a, v, A are optical band gap, absorption coefficieightl frequency and a constant,
respectively. The values ai for the direct and indirect semiconductors are ntl &,
respectively. Herein, the value aofis equal to 4 for the monoclinic RawWQ with the

indirect gap. The calculated value of the optiGidygap is 3.51 eV for §aWQ, which is

well agree with the previously experimental stud&% 26]. According to the studies on the



optical properties of WO, [43, 44], the optical band gap of the tungstatestrongly
dependent on the preparation conditions, the ntierasire and surface defects, etc.
Furthermore, the theoretical value of the band glap semiconductor calculated with the
hybrid functional is usually larger than the optiband gap derived from the UV-Vis DRS
[45, 46]. In the present work, the DFT result ohthagap for SICaWQ; is 0.73 eV higher
than the experimental one. For the’Dgnd other rare earth ions dopedCBWQ, phosphors,
the add-on shoulder is imposed onto the cutoff eafgeach spectrum, which extends the
absorption range to about 460 nm. The introduabiothe doped rare earth ions also result in
the red shift of absorption edge. Hence, the dapame effectively incorporated with

Sr,CaW(Q and introduce the energy transfer from the hotttéadoped rare earth ions.

3.3 Photoluminescent Properties.

Figure 7 exhibits the photoluminescence excita(ibBLE) and emission (PL) spectra of
Sr,CaWQ. A broad and symmetric emission band centere@@trvn can be observed upon
the excitation at 275 nm. The emission spectrumiclviarises from the annihilation of
self-trapped excitation in Wgoctahedral complex, is similar to those of alkalearth
tungstates with the perovskite structure [30, 44je board band in blue wavelength region
suggests that the emission process is a typical plubnon process. In the other word, the
relaxation from CBM to VBM of SCaWQ; occurs by several paths, involving the coupling
of several energy states within the band gap. Hotogtuminescence performance makes the
tungstate suitable for the host of full-color-emigt phosphors under the excitation with

near-UV.



In the present work, the comparative study on ti@quminescent property of SrawQ;:
RE®* (RE = Dy, Sm and Eu) was carried out. The photatestent property of these rare
earth ions is sensitive to the locally chemicalienment, and is further applied to discuss
the local symmetry of the host. Figure 8 (a) preséime PLE and PL spectra of,GaWQ;:
0.01 Dy" sample. The excitation spectrum monitored at 494iscomposed of two parts,
including the charge transfer (CT) band of tHfe-Q\°* transition centered at 280 nm, and the
weak peaks originated from the f-f transitions gf Dion. The peaks at 353, 365 and 455 nm
are ascribed to the transitions®f,s;, — °Pyj, ®°Hisio — Psjo, °Hiso— *lisi respectively. It is
noted that the intensity of CT band is much highan those of characteristic peaks of Dy
ion, implying that the excitation energy can beeefively transferred from W¢octahedral
complex to Dy* ion. The emission spectrum in Figure 8 (a) unberexcitation of 280 nm
also consists of two parts: one is the correspandim band with low intensity centered at
426 nm, the other is the peaks in blue (482 and@¥and yellow (585 nm) wavelength
region. The blue emissions are assigned to the etiagaipole (MD) transition fromiFg, to
®H,5, of Dy** ion, while the yellow emission is due to the fatcelectric dipole (ED)
transition from*Fgy, to ®Hy3, of Dy** ion [30]. The intensity of the peak at 494 nm limat
five times higher than that of the peak at 585 fiis result indicates that the doped®Dy
ions are substituted at centrosymmetric site int ladtice [30]. As P2n is a centrosymmetric
monoclinic space group, the finding further contighthe creditability of the above structural
analysis for SICaWQ.

Figure 8 (b) plots the dependence of emission sitgiof the MD transition at 494 nm on

the concentration of dopants in,SaWQ;: x Dy** and SsCaWQy: xDy**, xLi* (x = 0.01 ~ 0.1)



phosphors. The co-doped'lions were introduced as the charge compensatbescddoping

of Li* ion in low concentratiorx(= 0.005, 0.01) nearly has no effects on the relatimission
intensity of the MD transition to ED transition, piging the symmetry of DY ions in
Sr,CaWQ host is not varied. The optimum concentration @baht is about 0.01. When the
concentration of dopant (either monodoping of Dyr codoping of DY and L") is further
increased beyond 0.01, the intensities of both hBhetyellow emission gradually decrease. It
is usually attributed to the nonradiative energ@nsfer among DV ions [24, 30, 44]. The
critical distance ) is also calculated to discover the average distdretween the nearest
trivalent Dy ions at which energy transfer occurSECaWQ;: Dy** phosphors. The value of

R. can be estimated from the optimum concentrationdiyg the following equation [47]

Re =12 (41T3:(:N)§ (2)

whereV is the volume of the unit cel; is the optimum concentration of the activator ion,

andN is the number of available crystallographic sibesupied by the activator ions in the
unit cell. According to the above experimental tessof V, x. andN (276.447 R 0.01, 4), the
R. of Dy*" in SkCaWQ, phosphors is calculated to be about 23.6 A. Theeefthe energy
migration between DV ions is dominated when the distance between thé iDygs in the
host lattice is larger than tlig.

As discussed above, the,SaWQ;: Dy** phosphors exhibit dual-mode emission in blue
and yellow wavelength region. However, the red smisin the spectrum is still of lack for
full-color-emitting under the excitation of UV lighMeanwhile, it is also interesting to
discover more MD emissions of other rare earth iorS,CaWQ, host. Hence, two types of

phosphors, including 82aWQ;: Sn* and SsCaWQ;: EU**, were considered in the present



work. Figure 9 (a) shows the PLE and PL spectrthefSgCawQ;: 0.03 Smi* sample. The
excitation spectra are composed of the CT bandtandarrow peaks originating from the f-f
transitions of S ions. These narrow peaks can be ascribed to ¢eer@hic transitions from
®Hsy to *Hgpo (346 nm),°Hyp (355 nm),"Dayz (364 nm),* Py (378 nm), L1z (407 nm),*Ps,
(420 nm), respectively [24, 48]. Similarly to theGaWQ;: Dy*" samples, the intensity of the
CT band is much higher than those of the charatierexcitation peaks of Sinfor the
Sr,CaWQ;: Snt* samples. The PL emission spectrum consists oétville emission band
and the peaks originating from the transitions'®{, excited state t8H, ground states of
snt, including®Gs, - ®Hs, (564, 568, 577 nmfGs, — °Hy, (602, 616 nm) andGs, -
®Hg, (648 Nm).

In comparison with the previous studies [23, 24], 4Be PL and PLE spectra exhibit
interesting differences in the present work. Thet fis that the excitation of SaWQ;: Snt*
is dominated by the charge transfer of YW@tahedral complexes rather than the intrinsic f-f
transition of SrY. The second is that the relative intensities @f tharacteristic emission
peaks of Sif ion are obviously different from the reported fes(24]. The*Gs, - °Hsp,
transition of S is mainly magnetic-dipole-allowed, and the trapsitof “Gs, — °Hp is
of mixed ED and MD character. Whereas e, - °Hg, related emission of Sthhas a
dominantly ED character [49]. For the,GaWQ;: 0.03 Sm* sample (Figure 9 (a)), the
intensity of MD related emission is much higherrthiaat of ED dominated emission. On the
contrary, the ED emission of the,SaWQ;: Snt* samples synthesized with the solid-state
reaction method is much more intense than the M3san [24]. As shown in Figure 9 (b)

and (c), with either increasing the concentratibSm’" or introducing the codoped "Lions,



the intensity of the ED related emissions is enbdnmeanwhile MD dominated emission is
suppressed. We adopted two intensity ratios) (!€s, — °Ho)/I(*Gs~Hs) andl(‘Gs, —
®H,.)/1(“Gs;~°Hsy,) (denoted af;, andR,, respectively) to discuss the above variation. The
index R, is usually supposed as a measure for the polditgalof Sm** chemical
environment or an indicator for the lattice distmmt i.e. the departure from centrosymmetry
[50]. Owing to the partial ED feature &5, » °Hy, transition, the indexR, can be also
applied to characterize the chemical environmerraf’. Figure 9 (d) shows the variations
of R, and R, with the concentration of Sth The variation of these two ratios with the
concentration of Si is similar to one another. The values of bRffandR, are much lower
than the results reported by Wastcal [24], which implies that the site occupation ofdd
Snt" ions is significantly different in the present gmevious studies. As mentioned above,
the phosphors were synthesized using the sol-gkhigue in this work, which was favorable
for the formation of homogeneous mixture of allateats in molecular scale. Hence, the
doped rare earth ions could orderly replace Acatens in the host lattice with less distortion.
In the case of $€aWQ;: Snt", the doped St ions occupy the centrosymmetric site with
high symmetry, and thereby exhibit intense MD edaemission. As the concentration of
dopants increases, the host lattice is graduadiioded, which results in the deviation of the
local symmetry of doped Sfnions from the inversion symmetry. Thus, the MDatetl
emission is depressed, and the ED emission is eatlamhe critical distance of Siions in
SL,CaWQ, host was also estimated as 16.4 A with equation fcordingly, the
photoluminescent properties of theGaWQ;: Snt* phosphors are strongly influenced by the

preparation route.



It is well known that théD, — 'F, transition of trivalent europium ion is hyperséivei to
the local crystal environment of host lattice. Thise photoluminescent properties of
Sr,CaWQ;: EU** phosphors are investigated to further verify tifieots of the synthesis
method on the performance of the phosphor. Figar@)Ldisplays the PLE and PL spectra of
the as-prepared S2aWQ;: 0.05E4* phosphor. The phosphor shows two strong red emnissi
bands centered at around 595 and 616 nm, whiclta@responding to th&D, — ‘F, MD
transition and®D, — ‘F, ED transition, respectively [26-30]. Similar toetlabove results,
under the excitation of UV light, the intensitytbe MD related emission is much higher than
that of ED transition. While, under the radiatidnbtue light at 465 nm, the ED emission is
more intense than the MD one. As a result, the di&pé’ ions tend to occupy the inversion
center sites with high symmetry. As shown in Figl®e(b) and (c), the emission i, — 'F,
transition can be effectively enhanced by increagime content of Eli or inducing the
codoped Li, which is also ascribed to the variation of losgimmetry. Figure 10 (d)
illustrates the red emission under the excitatib#6s nm for SfCaWQ;: EU**, Li* phosphors.
Obviously, the dominated emission centered at 6th4an be dramatically improved by the
codoping of LT [26]. For the Et doped SiCaWQ; phosphors, the critical distance for’Eu
ions was estimated to be about 12.4 A with equd2pn

To further investigate the energy transfer behawbrthe as-prepared phosphors, the
fluorescence lifetimes of §2awQ;: RE** phosphors were measured at room temperature.
Figure 11(a) shows the decay curve of #ig, — °H,3, emission for Dy at 494 nm under
the excitation of 280 nm. Each of the five decagves consists of a fast decay at initial stage

and a subsequently slow decay with a long tail. feis¢ component of the decay curve for



Sn.,Dy,CaWQ; was well fitted using a mono-exponential formutal ghe lifetime was on the
order of microseconds. The initial intensity of flast part for the $xDy,CaWQ; phosphors
increases with increasing the concentration of yn. This dramatically fast decay had also
been observed in the other ™yactivated phosphors [51]. The slow part fits weith the
following double-exponential equation:

I(t) = A exp (— %) + A, exp (— %) 3)
wherel is the luminescence intensityis time,A; andA, are fitting parameters; andz, are
the slow and rapid decay time for exponential conembs, respectively. The average decay

time (*) can be determined with the equation as follows:

* AlT% +AZT% (4)
A1T1 +A2T2

As indicated in Figure 11(a), the decay times of'lyns were determined to be 144, 127, 70,
37 and 14us for Sp.Dy,CaWQ, with x = 0.005, 0.01, 0.03, 0.05 and 0.1, respectiveliye T
decay time sharply decreases with increasiny Bgping concentrations beyond 1 %, which
is in good agreement with the above discussionhenoptimum concentration of By As
illustrated below, the decay curves of thgCawQ;: Sn™* and SyCawQ;: EU** phosphors
are also fitted well into the double-exponentiahdtions. The double-exponential decay
behaviors of the activators are mainly attributedtite energy transfer from the donor to
activators [52]. In other words, the behavior igimated from the energy transfer from the
WOg octahedron to the rare earth ions. Upon UV exoitatan electron is excited from the
valence band to the conduction band gC8WGQ,. Then, the excitation energy is transferred
directly from the WQ group to the corresponding levels of the doped-earth ions, which

partially occupy the position of Srions [24, 26]. Subsequently, the nonradiativexatian is



occurred from the high energy level to the charigtte level (the’Fq, level for Dy, the
*Gs), level for Sni* and the®Dq level for Ed*). Finally, the intrinsic emissions of the
activators occur. The other two explanations, iditig the inhomogeneous distribution of the
doped ions in the host material and the differandée decay behaviors of the doped ions at
the surface and the ions in the core of the padjclhave also been suggested for
double-exponential decay [52].

Figure 11(b) and (c) depict the normalized decayesifor the'Gs;, - °Hs,, emission of
Snt* and the’D, — 'F, transition of EG" excited at 280 nm, respectively. The decay curves
of these two rare earth ions are also well fittegthwhe double-exponential equation (3).
Accordingly, the decay times were calculated anduleted in Figure 11. When the
S« SMmCaWQ, phosphors were excited with 280 nm pulsed lighg lifetimes of MD
transition decreased with the increasing’Stoncentration. The shorten lifetimes implies that
the cross relaxation may happen betweed” $ms due to its high concentration. As indicated
in Figure 11 (c), the lifetimes of tH®, — 'F, emission of Etf ion in SEkCaWQ; host are
much higher than those of the other rare earth. iGusthermore, the lifetimes decrease
slowly with increasing EUi concentration up to 10 %. It can be attributedthat with
increasing the concentration of doped®Eions, the density of the Euions around the
guenching center is enhanced, which can lead t@mdapture to resonance fluorescence
transfer of the activator ions [53].

The emission color of the phosphors can be exat#hermined with the international
Commission on lllumination (CIE) chromaticity coardtes. Table Il lists the CIE

chromaticity cooordinates calculated from the Pecs@ of the SCaWQ: RE* phosphors.



The SgCaWQ;: Dy** phosphor exhibits bluish-green light with CIE odioate of (0.18, 0.22).
Under the excitation of 407 and 465 nm light, tne*’Sand EJ* doped SiCaWQ; phosphors
show the orange emission with the CIE coordinateg0047, 0.39) and (0.50, 0.40),
respectively. It is interesting that the CIE coaale of SfCawQ;: Sn?* is calculated to be
(0.36, 0.30) under 280 nm excitation. The resuiticiate that the 8EaWQ;: Snt* phosphor

is suitable for generating white emission by conmgriJV emitting chips.

4. CONCLUSIONS

A series of SCaWwQ: RE™ (RE = Dy, Sm and Eu) phosphors with different
concentrations were synthesized by a sol-gel methioe results of both Rietveld refinement
on the XRD patterns and DFT calculations indicdtat tSgCaWQ; crystallizes in the
monoclinic structure with the space group of/RZNo. 14). The electronic structure of the
monoclinic SsgCaWQ, was accurately calculated with the HSEO6 hybridcfional. The
monoclinic SgCaWQ; is an indirect semiconductor with the band gag.a# eV. The Dy
doped SICaWQ; exhibits intense emission band centered at 494imter excitation at 280
nm. The dominated emission is ascribed to*fg — °His» MD transition. Similarly, the
main emission of the S2awQ;: Sn?" and SsCawQy Eu** phosphors are dominated by the
*Gs;, » °Hsp, MD transition of S and the’D, — ‘F, MD transition of Ed", respectively.
All these results indicate that the doped rarehemms occupy the centrosymmetric site in
SrL,CaWQ lattice, and further confirm the creditability sfructural analysis for gLawQ.
The unique site occupation can be attributed tstheel process applied in the present work.

The relative intensity of the bands originated frdifferent transitions is strongly dependent



upon the local chemical environment aroundRE&ns, which can be changed by increasing
the concentration of the doped REand codoped Li The critical distance for energy
migration between RE pairs in SfCaWQ, host are estimated to be 23.6, 16.4 and 12.4 A for
Dy**, Sn" and Ed", respectively. Furthermore, the appropriate ClBrdimate (0.36, 0.30)

of SLCaWQ;: Snt* makes it suitable for generating white emission doynbining UV

emitting chips.
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Table and Figure Captions

Table | Summary of the lattice constants and cell volurhéhe SsCaWQ; with the space
group of P2/n.

Table I DFT calculated and refinement results of crystaicture for SfCaWQ, at room
temperature. The atomic positions (in fractionadrdmates) were refined in the space group
of P2/n.

Tablelll CIE chromaticity coordinates of the,SaWQ:: RE> samples.

Figure 1 Schematic diagrams of the unit cell ofGaWQ; with different space group of (a)
Pmm2 (No. 25) and (b) P2 (No. 14). The brown and green octahedrons repté&Q and
CaQ complexes, respectively.

Figure 2 (a) Observed (Obs.), calculated (Calc.) and difiee (Diff.) diffraction profiles for
the Rietveld refinement of XRD patterns of the esppred SCaWQ samples at room
temperature using the reported unit cell with tBgriPspace group. The background (Bckgr.)
curve was plotted with the green line. (b) Enlargedfiles of the XRD patterns of
SrL,CaWQ.

Figure 3 The X-ray diffraction patterns of the,SDy,CaWQ, samples.

Figure 4 Band structure of monoclinic £aWQ; along the point with high symmetry in the
Brillouin zone. The horizontal dashed line représéine Fermi level.

Figure 5 Total and projected density of the states ofC&8WQ,. The vertical dashed line
indicates the Fermi level.

Figure 6 UV-Vis diffuse reflectance spectra of the,GaWQ, and D)?+-doped SiICaWwQ,

1/2

samples with different concentrations. The insethe plot the ofohv)™ vs. photon energy



(hv) for undoped SCaWaQ.

Figure 7 PL excitation spectra and emission spectra ¢€&8NQ; monitored at the 426 and
275 nm, respectively.

Figure 8 (a) PL excitation and emission spectra of the  8y,.,CaWQ sample. (b)
Dependence of the emission intensity at 494 nmhenconcentration of dopants for the
Sn,Dy,CaWQ and Sy.,Dy,Li,CaWQ;: samples.

Figure 9 (a) PL and PLE spectra of the; $6m :CaWQ, sample. (b) PL spectra of the
Sr,SMCaWQ, sample with different concentration of Smnder the radiation of 280 nm. (c)
PL spectra excited at 280 nm for the*5mi* codoped SCaWQ, samples. (d) Dependence
of Ry (I("Gsz » °He)/I(*Gsa~°Hs)) and Re (I(*Gsz > °Hz/I(“Gez—>Hsi2)) on the
concentration of SH.

Figure 10 (a) PL and PLE spectra of the; §Eu osCaWQ sample. (b) PL spectra of the
Sr,CaWQ;: XEU** phosphors under the excitation of 280 nm. (c) péctra of the EU, Li*
codoped SICaWQy phosphors under the radiation of UV light at 280. {d) PL spectra
excited at 465 nm for the EuLi* codoped SCaWQ; phosphors.

Figure 11 (a) The fluorescence decay curves of fRg, — °®His, emission for Dy
monitored at 494 nm for the By,..CaWQ samples with different DY concentrations. (b)
The fluorescence decay curves of the for'@g, — °Hs;, emission of Srii monitored at 568
nm for the SiISm,,,CaWQ; samples. (c) The decay curves for g — F; transition of Ed'
monitored at 595 nm. All curves are measured urkderexcitation of 280 nm at room
temperature. The inserts tabulate the lifetimestle®# phosphors calculated with the

double-exponential equation.



Table | Summary of the lattice constants and cell volurhéhe SsCaWQ; with the space

group of P2/n.

a® bA cd pO VA

Cal. 5.7311 5.8665 8.1656 90.168 274.649
Exp. 5.7663 5.8480 8.1923 90.140 276.255
Ref.[29] 5.7672 5.8506 8.1931 90.165 276.447




Table I DFT calculated and refinement results of crystaicture for SfCaWQ, at room

temperature. The atomic positions (in fractionadrdmates) were refined in the space group

of P2/n.

Atom  Wyckoff x y z
Position

Rietveld Refined

w 2a 0.0000 0.0000 0.0000

Ca 2b 0.0000 0.0000 0.5000

Sr de 0.0101 0.5468 0.2561

01 de 0.0877 0.0271 0.7843

02 de 0.2631 0.8230 0.0420

03 de 0.1892 0.2711 0.0504

DFT Calculated

w 2a 0.0000 0.0000 0.0000

Ca 2b 0.0000 0.0000 0.5000

Sr de 0.0099 0.5442 0.2516

01 de 0.0846 0.0284 0.7731

02 de 0.2690 0.8125 0.0408

03 4e 0.1831 0.2677 0.0491




Tablelll CIE chromaticity coordinates of the,SaWQ:: RE* samples.

Phosphor Excitation CIE
wavelength (nm) coordinate
SrL,CaWQ 275 (0.12, 0.08)
Sr,CawQ; :Dy** 280 (0.18, 0.22)
SrL,CaWQ; :EUW* 285 (0.43, 0.28)
465 (0.50, 0.44)
SrL,CaWQ; :Snt* 280 (0.36, 0.30)

407 (0.47, 0.39)




Figure 1 Schematic diagrams of the unit cell ofGaWQ; with different space group of (a)
Pmm2 (No. 25) and (b) P2 (No. 14). The brown and green octahedrons repté&Q and

CaQ, complexes, respectively.
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Figure 2 (a) Observed (Obs.), calculated (Calc.) and difiee (Diff.) diffraction profiles for
the Rietveld refinement of XRD patterns of the esppred SCaWQ samples at room
temperature using the reported unit cell with tBgriPspace group. The background (Bckgr.)
curve was plotted with the green line. (b) Enlargedfiles of the XRD patterns of

Sr,CaWwaQ.
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Figure 3 The X-ray diffraction patterns of the,SDy,CaWQ, samples.
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Figure 4 Band structure of monoclinic £aWQ; along the point with high symmetry in the

Brillouin zone. The horizontal dashed line représéine Fermi level.
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Figure 5 Total and projected density of the states ofc&8WQ,. The vertical dashed line

indicates the Fermi level.
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Figure 6 UV-Vis diffuse reflectance spectra of the,GaWQ, and D)7+-doped SiICaWwQ,

1/2

samples with different concentrations. The insethe plot the ofohv)™ vs. photon energy

(hv) for undoped SCaWwQ.
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Figure 7 PL excitation spectra and emission spectra 88N Q, monitored at the 426 and

275 nm, respectively.
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Figure 8 (a) PL excitation and emission spectra of the  y,.,CaWQ sample. (b)
Dependence of the emission intensity at 494 nmhenconcentration of dopants for the

Sn,Dy,CaWQ; and Si.,Dy,Li,CaWQ;: samples.
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Figure 9 (a) PL and PLE spectra of the; $6m :CaWQ, sample. (b) PL spectra of the
Sr..SmCaWQ sample with different concentration of Srander the radiation of 280 nm. (c)
PL spectra excited at 280 nm for the*§mi* codoped SCaWQ samples. (d) Dependence
of Ry (I("Gsz » °He)/I(*Gsa~°Hs)) and Re (I(*Gsz » °Hz/I(“Gez»Hsi2)) on the

concentration of SHi.
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Figure 10 (a) PL and PLE spectra of the; §Eu sCaWQ sample. (b) PL spectra of the
SrL,CaWQ;: xEU** phosphors under the excitation of 280 nm. (c) péctra of the Elj, Li*
codoped SCaWQ;, phosphors under the radiation of UV light at 280. {d) PL spectra

excited at 465 nm for the EuLi* codoped SCawWQ, phosphors.
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Figure 11 (a) The fluorescence decay curves of fRe, — °Hys, emission for fo

monitored at 494 nm for the By,.CaWQ samples with different DY concentrations. (b)

The fluorescence decay curves of the for'ae, —» °Hs, emission of S monitored at 568

nm for the SISm,,,CaWQ, samples. (c) The decay curves for ¥g — 'F; transition of Ed"

monitored at 595 nm. All curves are measured uriderexcitation of 280 nm at room

temperature. The inserts tabulate the lifetimestle# phosphors calculated with the

double-exponential equation.



Highlights:

1) The as-prepared Sro,CaWOg sample crystallizes in the monoclinic structure.

2) The PL emission of Sr,CaWOg: RE*" is dominated by MD transitions of RE>".
3) The doped RE3+ ions occupy the centrosymmetric sites of Sr,CaWOg host.

4) The CIE coordinate of Sr,CaWOg: Sm*" is (0.36, 0.30).



