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Abstract

A series of novel red emitting CaM@SnT* (1.0 mol %) phosphors substituted with different
anionic groups (B&®, PQ® and SQ?) were prepared using a high temperature solice stat
reaction method. The effects of anionic substitution the crystalline structure and
photoluminescence (PL) properties of the CaM&®@F", CaMoQ-BOs;Snt*, CaMoQ-
PO;:Snt*and CaMoQ@-SO,:Snt* phosphors were investigated. The structure, partic
morphology, chemical composition, vibration modasd PL properties of the phosphors were
investigated by X-ray diffraction (XRD), Field emien scanning electron microscopy (FE-
SEM), energy dispersive spectroscopy (EDS), Fourarsform infrared spectrometry (FT-IR)
and PL spectroscopy, respectively. The XRD patterdigated that the crystalline structures of
all the samples were consistent with the standelndedite structure of CaMaoOThe structural
parameters of the pure phase of CaM®&®’" phosphor were obtained from the Rietveld
analysis. Red PL attributed to tf®s;,— °Hoy, transition of Sni" was observed at 646 nm when
the CaMoQ:Snt* samples were excited by 404 nm using a monchrogtati¢enon lamp.
Furthermore, orange-red color tunable emissionldeen achieved by substitution of different
anionic groups (B&®, PQ° and SQ?) into the CaMo@Snt* phosphors. Among all the
studied phosphors, the CaMpS0O,:Snt* phosphor showed the strongest PL emission
compared to all other phosphors suggesting that & promising potential candidate for red

emission in the near UV excited white LED applioas.
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1. Introduction:

Today, light-emitting diodes (LEDs) are widely used solid state lighting thereby
generating research interest in the developmeatiednced materials that can serve as source of
light in LED applications. Since the realization ®a&N or near-ultraviolet (NUV) based light-
emitting diode (LED), solid-state lighting emissidwased on phosphor converted (pc) white
LEDs have generated interest because of their gael@antages over the conventional
incandescent and fluorescent lamps [1-6]. The gém@proach of producing white light is by
combining a blue LED chip with a yellow color eritity phosphor (YAG:C¥). However, this
combination has a low color rendering index fa¢@RI1) because of the poor red component in
the YAG:Cé" phosphor. The combination of a NUV LED with redeen and blue color
emitting phosphors is another alternative that m@yide a high CRI factor [7]. Therefore, the
development of new red-emitting phosphors that lsarexcited by a near ultraviolet (NUV)
(350420 nm) LED is necessary. Rare earth ions )Ribped molybdate phosphors have been
evaluated extensively and they have made signifiadaances in white LEDs [8-11]. Among
the rare-earth ions, the Sfg4f°) ion is one of the most promising sources of ightl The red
emission associated with tf€s/,— °Hgj, transition of Smi" exhibits a relatively high quantum
efficiency. In addition, the Sthions exhibit different quenching emission chanmielined from
the features of the excited state relaxation dynsrof the luminescence in the host materials
[12,13]. Compared to other available rare earthadtq Sri" ions are very popular because of
its reddish orange emission in the visible reg®mt" ions belongs to the Atonfiguration and
in any crystal field perturbation it is doubly geaed. The excitation spectra of $rions doped
materials covers the UV, blue and bluish-greentspleange Therefore it is possible to get the
reddish orange emission by excitation in this regithe emission profile of Sthions is narrow
and it shows longer life times, similar to ¥uons. Smi* ions doped materials are, however, a
better alternative. The reddish-orange fluorescémue the Sri" ions is aligned to the emission
peak of the NUV-emitting InGaN chips. Today, theselepment of Srif doped phosphors for
NUV LEDs such as NaGd(Wg:Snt[14], BaCaWQy:Snt'[15], BaLa(PQy)s:Snt* [16] and
La,WM0,0q:SnT'[17] has been reported. Molybdates are being cemsitias attractive host
materials due to their chemical and thermal stgtdind excellent luminescent properties, among
other things. Recently, Sthdoped molybdates, such as CalLa(MpGnT* [18], CdMoQ;:Snt*
[19] and LaMoBQ@:SnT* [20] have been investigated extensively as poteméd-emitting



phosphors for NUV GaN chip-based W-LEDs. In additialkaline-earth metal molybdates have
important applications in various fields that inwel optical fibers, scintillator materials,
catalysis, lithium ion batteries, sensors, detsctibght emitting devices and microwave systems
devices [21-25]. For luminescent application, CaM@Oan excellent material due to ease of
energy transfer (ET) from the MaQ@bsorption band to the excited states of the lasuant

centres (lanthanide-ions) [26,27].

Calcium molybdate CaMaoQis a typical scheelite compound and has a tet@gon
symmetry with space group 141/a [28-30]. In gendtak an excellent host lattice as it can be
excited via the O/Mo ligand-to-metal charge trangteMCT). CaMoQ has been doped with
different rare-earths ions such as*Ttsnt* and Ed* resulting in phosphors that emit green,
orange and red light respectively [31,32]. Up tavnthere are only a few reports on the35m
doped CaMo® phosphor [33-35] and their luminescence propedresnot good-enough for
LEDs application. Therefore, some efforts are nemgsto improve the luminescence intensity
of Sn?* doped molybdate based phosphors. Xi and co-workenshesized N&EU(MOOy)s.-
x(POy)x (x<0.10) phosphors by solid-state reaction and obdettve PL emission intensity from
NasEu(MoQy)39dPOu)o0s that was 5.0 times higher than that of commerdiaD,S:EG
phosphor [36]. In a study conducted by Zhang etaljmprovement in the red PL emission
intensity of NaEu(MoO4)and anionic (S& and SiQ*)-doped NaEu(Mog), was observed
[37]. Furthermore, the crystal sites of MgOions in improved red photoluminescence was
observed from NalLa(Mofy:EL** due to incorporation of S® or BO;> anions [38]. We
therefore, substituted different anionic group® itiie MoQ?” sites to improve the emission
intensity of the CaMo@Snt*.

In this study, CaMo@Snt*, CaMoQ-BOzSnt*, CaMoQ-PO;:Snt* and CaMoQ-
SO, Snt*phosphors were prepared by the conventional stdi seaction method. The effects
of (BOs3, PQy® and SQ?) substitution on the PL properties of CaMdr** phosphors and the

possible mechanism for the PL intensity enhancementliscussed in detail.
2. Experimental

2.1 Sample preparation



CaMoQ;:Sn?*, CaMoQ-BOs:Snt*, CaMoQ-PO;:Snt* and CaMoQ-SOy:Snt*
phosphors were synthesized using the solid statgioa method. Highly pure CaG@9.9%),
M003(99.9%), HBO3;, NH4H,P(O,(99.9%), (NH).SO, and SmmO3; (99.99%) supplied by Sigma
—Aldrich in Germany were used as starting materidlee doping concentration of the
Snt*amount in the CaMo®was 1.0 mol%, the same concentration that Zamad) 3] found as
the optimal concentration to obtain the maximum iRfensity. Stoichiometric amounts of all
these starting materials were used. The anionistgutton amounts added were, 0.1 mol (0.21
g) HsBOs3, 0.1 mol (0.37 g) NyH,PQ,, 0.1 mol (0.43 g) (N.SO,, and 0.01 mol (0.057 g)
SmOs. All these were mixed thoroughly with few dropsaafetone in an agate mortar and dried
in an oven for 2 h at12@. The dried powders were calcined at 056r 5 h and then cooled
at room temperature. Finally, the products wereugd gently and were ready for
characterization.

2.2 Sample characterization

The XRD patterns were recorded with a Bruker AXSAmBance X-ray diffractometer using a
nickel-filtered Cuk, radiation § = 0.154056 nm). The particle morphology study wasied out
using a JEOL JSM-7800F field emission scanningtelaanicroscope (FE-SEM) coupled with
an Oxford X-Max80 energy-dispersive X-ray spectopgc (EDS) system for chemical
composition analysis. Fourier transform infrared-{R) spectra were recorded with a Nicolet
6700 spectrometer in the spectral range of 40000tc&hi’. The UV-vis diffuse reflection
spectra were recorded using a Perkin Elmer Lamladal®/—vis at room temperature in the
range of 300-1800 nm. The PL excitation and emissjopectra, and the decay curves were
measured with the excitation and emission optidé set at 0.9 nm using a Edinburgh
Instruments FLS980 Fluorescence Spectrometer eegdiippth a xenon lamp as excitation
source. For the lifetime measurements the gatewasefixed at 0.05 ms and the delay time was
varied starting from 0.1 ms. All the PL and lifeermeasurements were performed in air at room

temperature.
3. Results and discussion

3.1 Structural characterization and XRD analysis



In order to obtain detailed crystallographic stasat information of the synthesized
different CaMoQ:Snt* phosphors substituted with anionic groups {BAPQ,> and SG?), the
Rietveld structure refinements of the CaMd&rt ‘phosphors were performed using the Fullprof
software program [39] and the results are presemmdeig. 1. The observed and calculated
intensities, the Bragg reflection positions as wadl the difference in intensities between
observed and calculated data are shdWhile employing the refinement procedure, the Pseud
Voigt function was used to define the profile shape a 6 coefficient polynomial function was
used as background. A good agreement was obseeragdn the experimental and calculated
XRD patterns obtained for the four CaMp@bwders as shown Fig. 1.

The refined structural parameters are presentdale 1. The CaMoQ host phosphors
crystallized in a tetragonal structure with spacsug | 41/a (88) and lattice constants of a=b =
5.22 A,c = 11.42 A and cell volume, V = 311.44 Ahe unit cell polyhedral crystal structure
diagram of the CaMofhost material is presentedfiig. 2. It consists of Cdand MoQ? ionic
sites which can be easily occupied by*Sand different anionic groups (B® PQ;® and SQ
%), The incorporation of Sfiion with anionic groups into the host CaMpghosphors slightly
increased the lattice parameter as follows: a=%23 A,c = 11.44 A and V = 312.25°AThis
change in volume signifies the incorporation of Hweate group (B€) and Sm" ion into the
tetragonal CaMo@ host material. Upon substitution of $mand BQ® group on C& and
MoO,*sites, some changes in luminescence characteristitise incorporated activators are
expected. The unit cell of the periodic structufeh® CaMoQ crystal structure includes the
CaQy polyhedra and Mogxetrahedral as building blocks. The four existinigjes of the Ca®
polyhedral are shared with another four @gilyhedral. Each oxygen atom of the GaO
polyhedra is connected to the Mo atom of the Motetrahedra. Thus the oxygen atom is
coordinated with two Ca atoms and one Mo atom wititie unit cell. A cubic close packing of
CaQy polyhedra and Mo@tetrahedral units disposed in an ordered manneresg@fain the
scheelite structure molybdates, where the pointnsgtry can significantly be reduced tg [80-
44]. Furthermore, all calcium atoms have eight-foiklygen coordination, thereby forming

distorted deltahedral type [Callusters with twelve faces [45].

During the refinement process, the occupancy paesef the atoms (Ca, Mo and O)

comprising the host were evaluated with referengetheir insignificant stoichiometric



composition rangeTable 2 presents the Rietveld refined structural pararsetdr different
CaMoQy:Snt*powder substituted with different anionic grouptsyss.

Fig. 1: Reitveld analysis of differentCaMg@hosphors substituted with anionic group systems
(BOs3, PO and SQ?).

Crystal Host CaMoO,:Sm**sample

parameters

formulae CaMoQ, CaMoQ;:Sm CaMoQi-BO; CaMoQi-PO, CaMoQ-SO,
Formulae weight 800.07 804.4832 774.18 846.3091 774.18
Crystal system  Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal
Unit Cell a=b=5.220284, a=b=5.22531, a=b=5.23077, a=b=5.22675, a=b=5.22725,
parameters €c=11.42849 c=11.43613 c=11.44397 c=11.44088 c=11.43375
Volume 311.442 312.250 313.117 311.553 312.417
Density g/cni 4.266 4.322 4.1270 4.1780 4,182

Tablel. Crystallographic data for CaMofsamples

Fig. 2: Unit cell sheelite tetragonal structure of the CaMbcrystal-partial substitution of
different anionic groupic systems (BYPO,* and SQ?).



Sample Atom X y z Occupancy B  Site

Ca 0.00000 0.25000 0.62500 1.000 0.37 4b
CaMoQ, Mo  0.00000 0.25000 0.12500 1.000 0.41 4a
O 0.14970 0.00330 0.20980 1.000 0.20 16f

Ca 0.00000 0.25000 0.62500 0.990 0.13 4b
CaMoQ-Sm Mo  0.00000 0.25000 0.12500 1.000 0.00 4a
Sm  0.00000 0.25000 0.62500 0.010 0.13 4b
O 0.14970 0.00330 0.20980 1.000 0.00 16f

Ca 0.00000 0.25000 0.62500 0.980 0.28 4b
CaMoQ-BO;:Sm Mo  0.00000 0.25000 0.12500 0.890 0.00 4a
Sm  0.00000 0.25000 0.62500 0.020 0.04 4b
B 0.00000 0.25000 0.12500 0.110 0.00 4a
O 0.15630 -0.00790 0.21410 1.000 0.00 16f

Ca 0.00000 0.25000 0.62500 0.940 0.50 4b
CaMoQ-PO,;Sm Mo  0.00000 0.25000 0.12500 0.974 0.50 4a
Sm  0.00000 0.25000 0.62500 0.060 0.50 4b
P 0.00000 0.25000 0.25000 0.113 0.50 8e
O 0.15420 -0.00930 0.21290 1.000 0.00 16f

Ca 0.00000 0.25000 0.62500 0.990 0.50 4b

CaMoQ-SO;:Sm Mo  0.00000 0.25000 0.12500 0.890 0.50 4a
Sm  0.00000 0.25000 0.62500 0.010 0.50 4b

S 0.00000 0.25000 0.12500 0.100 0.50 4a

0.14480 -0.00660 0.21160 1.000 0.50 16f

Table 2. Refined structural parameters of four different@nc group systems substituted.

Fig. 3 shows the XRD patterns of CaMgOn?*, CaMoQ-BOsSnt", CaMoQ-
PO;:SnT* and CaMoQ-SO,:Snt* phosphors. The patterns exhibit all diffraction lasg(®) of
CaMoQ, observed at 18°28.9, 31.4, 34.4, 39.5,45.7, 47.2, 49.4, 54.2, 56.3, 58.1, 59.6,



64.9, 69.3, 72.3 and 76.2 These peaks correspond to the (101), (112), (0(®DO),
(211&114), (213), (204), (220), (116), (215), (31@24), (321), (323), (400) and (316) planes,
which can be indexed to the pure scheelite-typadenal structure with a space group of 141/a,
referenced in international tables of crystallogmagNo. 88), and point-group symmetty, [46-
50] of CaMoQ. As shown inFig. 3, the XRD patterns are indexed to the standard @Mo
(JCPDS 29-0351) phase, which reveal that the pluwspéxhibited identical structures. The
uniform diffraction pattern means that phase forombf CaMoQ was not influenced by small
amounts of St dopant ion and B, PQ,° and SQ? anions. The substitution of Sfrinto
Cd" sites is highly probable due to similarities betwéee ionic radii of the Sii (0.0964 nm,
eight-coordinated) and €&a(r=0.112 nm), which resulted in the formation of afght
coordination with nearby oxygen atoms. Consequentg crystal structure did not change

significantly.

It is interesting to note that the diffraction psadf the CaMo@BOs:Snt*, CaMoQ-
PQO;:Snt" and CaMo@-SO,;:Snt* were less intense relative to those of CaM8@F*. Some
small changes can be observed in the enlargednensihe XRD spectra iRig. 4. It shows that
with the substitution of B&®, PQ,® and SQ?anions, the diffraction peaks shifted to high8r 2
values. These shifts were assigned to strains lieidact that the ionic radius of B(41 pm),
P°*(52 pm) and & (43 pm) is smaller than that of Rfa73 pm) [51, 52].

Fig. 3: XRD patterns of CaMo©Snt", CaMoQ-BOs:Snt*, CaMoQ-PO,:Snt* and
CaMoQ-SQ,:Snt* phosphors.

Fig. 4: Enlarged version of 101 and 112 diffraction peakthe XRD patterns of
CaMoQ;: Snt*, CaMoQ-BOs:Snt*, CaMoQ-PO,:Snt" and CaMoQ-SQ;:Snt* phosphors.

It also can be seen that the phases of the anjpaigps were not detected in the CaMEdT,
which may be due to the fact that borates, phosghantd sulphates are amorphous [53, 54].
These results demonstrate that highly crystalli@ed’ - doped CaMo@phosphors with S§3,
PO,> and BQ* substitution could be obtained using a simple sstlide reaction.



The line broadening of the high intensity diffractipeaks was used to calculate the
average crystallite size (d) of the phosphors ussuperrer's formula [55]. The average
crystallite sizes of different CaMant’, CaMoQ-BOs;Snt*, CaMoQ-PO,:Snt* and
CaMoQ;-SO;:SnT* phosphors were calculated by Scherrer’s formuthwaere found to be ~52,
70, 41 and 44 nm, respectively. For further condition of the crystallite sizes, the Williamson—
Hall (W—H) equation was also used. The shape imdlst@in and crystallite size were estimated
from the XRD patterns by using W-H method. Caldolsd were made using the full width at
half maximum (FWHM) of the diffraction peaks ancethV-H equation [56,57]. The plots of
Lrwnvcod/A as a function of sl of the four different samples are shownhig. 5 The
crystallite sizes and the strains were estimatethfthe best fitted line. From the figure, the
crystallite sizes were estimated from the y-intptcand the strains were estimated from the

slope. A comparison of the crystallite size andistvalues is presented Table 3.

Sample Average crystal size (hm) Strain

Scherrer  W-H plots  (10%)

CaMoQ;:Snv* 52 77 1.6
CaMoQ-BOsz:Snt™* 70 72 1.0
CaMoQ-PQO,:Snt* 41 50 0.74
CaMoQ-SQO;:Snt* 44 58 0.84

Table3: Estimated crystallite size and strain valoé different CaMo@SnT* phosphor using

Scherrer’s equation and W-H plot.

The calculated crystallite size values fall in ttehometer range. The strain and size values do
not follow a similar trend for all the differentianic group substitution. In general, the strain is
reduced in the case of the bigger particles. Tlierdince in crystallite sizes resulted in non-
uniform strain values, as listed Trable 3 The effective shape induced strain decreasethéor
co-doped CaMo@Snt" phosphors and were found to be higher in the CajBOs:Snt"
phosphors because of the nearest ionic radi*b{® pm) to that of Sii when compared to the

other anions. The crystallite sizes estimated ftioenW—-H plots were to some extent higher than



those determined using Scherrer's method. The Bistancy in the values was due to the fact
that in Scherrer's method, the strain component asssimed to be zero and the broadening of
XRD of the diffraction peak due to the instrumertsmeglected® Usually, prepared samples by
solid-state reaction based samples produces vasiaes of particles, leading to non-uniform
strain within the crystal.

Fig 5: W-H plots of the four differentCaMa@n?*phosphors.

3.3. Surface characterization by X-ray photoelectro spectroscopy (XPS)

The chemical composition and the valance statéBeo$amples were examined by XPS.
The typical XPS full survey spectra in Fig. 6 (d)-6how the chemical composition of the
CaMoQy:Snt* (1 mol %) phosphors substituted with differentaait groups (B@3, PQ and
SOy, and they confirm that all the chemical elememése present as identified by the Ca 2p,
Mo 3d, O 1s, C 1s, B 1s, P 2p, S 2p and Sm 3d gwakent in our materials.

Fig. 6: XPS survey scan spectra of different CaM86r* phosphors substituted with different

anionic groups.

Fig. 7(a)-(d) show the core level XPS spectra of26aMo 3d, O 1s, C 1s in CaMgO
SO:SnT* phosphors. Fig. 7(a) shows the XPS peak of CalM®Q:Snt* phosphors
corresponding to Ca (2p) with a core binding enéRJy) of 345.3 eV for 2§, and 348.9 eV for
2pi2 [59]. These results confirm the presence of theoxi#lation state of Ca in the CaMgO
SO, St phosphors. The Mo 3d spectrum of CaMe&,:Snt* phosphors are shown in Fig. 7
(b). The XPS peaks corresponding to the Mo (3dhéphosphor with a core BE of 230.7 eV for
the 3d,, and 233.8 eV for the 3d with the FWHM of 1.51 and 1.68 eV respectively.e$a
were identified as MB[60]. The C 1s curve in Fig. 7 (c) shows a stroeglpat 282.5 eV,
shown which is assigned to the aliphatic C—C ch@ims is consistent with the residual carbon
and the carbon concomitant in the vacuum chambigr. Hd) shows the Ols core-level
spectrum, and three Gaussians were resolved bgva-titting procedure. The peak at the lower
energy of 528.8 eV is in agreement with that féri® CaMoQ. The higher energy XPS peak of
O 1s for the CaMo@SO,:Snt* phosphors is located at 530.0 eV, which is atteiuo oxygen



bonding of the S@ network [61]. Based on the above consideratidris, found that valances
of Mo(VI) and O(ll) elements is +2, further confimg the valence of Ca and S element in
CaMoQ-SO,:Snt*is +2 and +6. Additionally, the high energy sidetlid O(1s) peak is due to
hydroxyl groups —OH or other radicals on the samspigéace, such as CO or €{82]. However,
the asymmetric behavior of the high energy ped30.0 eV) in an O 1s spectrum indicates the

presence of oxygen ion vacancies in the latticé¢ [63

Fig. 7. The high resolution XPS scan spectra of (a) Cabl#40 3d (c) C 1s and (d)O 1s
for the CaMoQ-SQ,:Snt* phosphors. Gaussian fit of O 1s is shown in (d).

Fig. 8(a) shows the high-resolution XPS spectrB & of CaMo@-BOs:Snt" phosphor.
The spectra are deconvoluted into two Gaussianspleakted at 190.3 and 191.0 eV, indicating
the formation of an additional B containing compaduiihe higher binding energy component
191.0 eV is attributed to the formation ot@®, which does not normally contribute to the
activity of the sample [64-66]. The lower bindingeegy component at 190.0 eV is due to boron
entering the oxygen vacancy substitutionally, whiels been reported to be responsible for the
origin of visible light [67, 68]. The P 2p XPS peialkocated at 131.6 eV in the spectrum shown
in Fig. 8 (b), suggesting that phosphorus was stablthe form of pentavalent oxidation state
(P") [69]. Since the bonding energy of P—O (502 kJjnimistronger than that of Ca—O (486.8
kJ/ mol), PQ* group is difficult to break compared to Ca—-O ire t€aMoQ-PQ,:Snt*
phosphor. Therefore, the existence of,P@roup on the surface of CaMg®ample cannot be
excluded. Fig. 8(c) shows the XPS spectrum of ST2@ two weak peaks appearing at the
binding energies of 161.3 and 164.5 eV are asciibé¢be S 2g, and S 2p, of the $ chemical
state, respectively. Based on the literature, [i@] peak at the binding energy of 164.5 eV is
assigned to the sulfur in th&8*Shemical state on the substituted compound, A8HSQ, [70].
The binding energies of SGnd SQ were located at 169.9 eV and 171.4 eV respectively
providing evidence for the existence of S (VI) asdn the S 2p photoelectron spectra as shown
in Fig. 8(c).

Fig. 8: The high resolution XPS spectra of (a) B(ASP2s and (c) S 2p.



Fig. 9 shows the Sm 3d core level spectra for timedSped samples. The two chemical
states of S in the present samples, namely,3dnd 3d,, are located at 1081.1 eV and 1108.0
eV respectively. These peaks were identical irfaalt CaMoQ:Sn?* phosphors. Hence, in all
four CaMoQ:Sn?* phosphor powders, the Sm exists in a 3+ valanate.stAccording to
previous report, Sii exist in the powder composites as network modifistead of network
former because of its large ionic radius and highrdination number [71, 72]. Sfhas the
largest radius among all the cations except @athis system, so the Siris too large to replace
other cations. When Sthenters the lattice, it can only replacé Csites because of their similar

ionic radii [73].

Fig. 9: High resolution XPS Sm 3d spectrum.

3.2 Particle morphology of CaMoQ:Sm**

Fig. 10 (a), (b), (c) and (d)show the SEM images of all the samples. The images
indicate that the particles were agglomerated tagenith well-defined grain boundaries. With
addition of anionic groups (BG, PQ® and SQ?), the particle sizes became bigger for,PO
and BQ* and they became smaller in the case of*S@he reason for the discrepancy in the
particle size induced by anionic substitution i$ kiown yet. The related EDS spectra presented
in Fig. 10 (a), (b), (c) and (dronfirm the presence of all the elements presenuimmaterials

with actual mole ratios approaching the stoichioioetalues as shown in the inset.

Fig. 10 (a), (b), (c) and (d): The SEM images and EDS spectra of different
CaMoQy:Snt* phosphors substituted with anionic groups.

3.3. FT-IR study

Fig. 11 shows the FT-IR spectra of different CaMp®nrt" phosphors substituted with
anionic groups (Bg", PQ®> and SG%). The spectra of all CaMaBnT 'samples are similar,
except for strong absorption peaks appearing araarid 20 crit are assigned to B, PQ>
and SQ” vibrations and they are present in the CaM8Ds:Snt*, CaMoQ-PQO,:Snt* and



CaMoQ-SO,:Snt* phosphors, respectively. In addition, the speatrghér confirm that anion
groups (S@, PQ*> and BQ*) were present in CaMagBOs:Snt*, CaMoQ-PO,:Snt* and
CaMoQ-SO,:Snt* phosphors and this is in agreement with the XRBults. Different
prominent bands were detected around 424, 811, 4063.217 ci\. A strong absorption band
at 811 crt is related to the O—Mo-O stretching frequency maded that at 424 chis
attributed to the stretching vibration of Mo—O [78]. For Smi" doped samples, similar peaks
were observed. No significant change in the peatipa was observed from the un-doped and
anionic groups doped samples. This is becausattteadnide ions were most likely doped in the
lattice site of the CaMoOhost and hence their FT-IR spectra show similakgeo that of the

host.

Fig. 11: The FT-IR spectra of different CaMgSnt* phosphors substituted with anionic

groups.

3.4 Ultraviolet—visible absorption spectroscopy:

The diffuse reflectance spectra (DRS) measurethenspectral region of 300-1800 nm
are shown irFig. 12 The peak at 306 nm from all the spectra is attetd to charge transfer
from oxygen (2p) ligand to the central molybdenuvio) atom in MoQ?on [76-78]. This is
similar to previous observations reported in r§f9-81]. The absorption peak around at 1245
nm is ascribed to th&Hs—°F7/,) transition of S’ [82]. In all the DRS spectra, several optical
bands were observed in the region above 400 nm eawh band originates from the
characteristic transitions of the $ion, which are attributed to the transitions kesw the
®Hs/, ground state and different excited states suctPas “lo;+* Masiz+ 113, *Frii *For, CFysa,
®Fs/o, ®Fai2, °Fu2 and®Hisp, of SN, In the case of CaMaEB0,:Snt* phosphors in the UV-vis
region, the optical absorption was noticed at highavelength compare to the other studied
phosphors. The strong absorption band from 30@H€r8n could be attributed to the absorption
of the host materials, suggesting that CaM8®t* phosphors can be excited by n-UV LEDs. It
is worth noting that in the diffuse reflectance ctpee of Sni*-doped CaMo@SQ;, the full width
at half-maximums (FWHMs) of the absorption bandSof* ions are very strong, compared to
other Sni*-doped hosts such as BHPOs)s, SE2xSmNaB.SiOs and NaCaROs [80-82].



When the different anionic groups (BQ PQ® and SQ") were substituted into the
CaMoQ;:Snt* phosphors, several weak absorption bands were eatiain the larger
wavelength range of 920-1670 nm (i.e., towards énergy). Especially for the absorption
bands originating from th8Hs,— (°Fsp, °Fie, ®Hisp) transitions, the FWHMs of absorption
bands were widened and the Stark components bemamaicated. One possible reason for this
observation is that in the CaM@SnT" systems there are three nonequivalent crystatéasites
to which Md* are 4-fold coordinated, while €zand Sni* ions are 8-fold coordinated. The $m
ions occupying the Césites can reside in more than one crystallographés, therefore the
absorption lines of Sffi ions became more intense and wider, which canttoieed to the
substitution of larger sized Ma® sites by the smaller sized $Q PQ¥and BQ* in
CaMoQ;:Snt* and this has also been observed in different rartae doped hosts [83-85]. The
wider FWHMSs of absorption bands of $nin CaMoQ-SO.:Snt* are helpful to allow the
excitation wavelength shift of blue LED chips.

Fig. 12: The diffuse reflectance spectra (DRS) measurédeolifferent CaMo@Snt”
phosphors in the spectral region of 300-1800 nm.

The diffuse reflectance data were used to estitha®ptical band gap @k values using
the Kubelka Munk (K-M) function [83,85]. Particullgr it can be used in limited cases of
infinitely thick sample layer. Based on this pasiti the optical band gap energysjEan be
evaluated from the data presentedrig. 13. The steep absorption edges in the range of 3.0-3.4
eV for the four different CaMog£Snt* phosphors are due to the intrinsic transition @f fiost
lattice rather than the electronic transitions teem the f-f levels of the Sthion [86]. The
absorption band energies calculated from the DRtspeising the K—-M function FR for all
the CaMoQ-BOsSn?*, CaMoQ-BOs:Sn*, CaMoQ-PO;:Sn?* and CaMoQ-SQu:Snt*
phosphors were found to be 3.353, 3.380, 3.276 &B02 eV respectively. Due to the
substitution of different anionic groups into thaMbO,:Snt*, the absorption band tends to shift
toward the lower energies. The optical band gapggnéEg) decreased and the absorption
improved. The exponential optical absorption edgd ¢e optical band gap energy were
controlled by the structural changes in the hdsitla The decrease in the Ean be attributed to

the existence of local defects and bond deformd8@h



Fig. 13: The absorption edges in the range of 3.0-3.4 eh®four different
CaMoQ;:Snt*phosphors.

3.5. Photoluminescent properties of CaMo@Sm®*: Effect of BOs>, PO,> and SO

Fig. 14 shows the PL excitation (PLE) spectra recordednwhenitoring the'Gs/, - *Hgy»
emission peak of Sth ion at 646 nm from the different phosphors. Theseir f
CaMoQy:Snt"phosphors showed a broad PLE band ranging frorn2®@ 500 nm with some
narrow peaks centered at 286, 346, 363, 377, 303, 408, 421, 440, 464 and 482 nm.
Generally, the wide band is formed by-0Snt* and G —Mo®" charge-transfer (C-T) band
[33]. In the present case, the band is ascribeth#oge-transfer (CT) band ofGMo®" and the

4 6 4 6 6. 6 6 6 4
narrow peaks belongs to tfiels— “Dap, *Hsp— Dir, *Hsiz— °priz, *Hsr— *Lisiz, *Hsia— Fapa,

®Hs/p— *“M10/2, CHs— 1372, CHsia— *M1sja, CHsa— *lgi» and ®Hsjo— “Gyp, characteristic transitions
of Sn?* ions. The peak at 404 nm is more intense andriesponds to the emission wavelength
of InGaN based LED chips. Hence the phosphor cbelefficiently excited by the near UV
LEDs.

Fig. 14: The PL excitation (PLE) spectra recorded when itaimg the*Gs, - °Ha
emission peak of Sfrion at 646 nm for the four different CaMgSnt* phosphors.

Fig. 15 shows the PL emission (PL) spectra of the diffe@aMoQ;:Snt* phosphors
substituted with S¢&, PQ* and BQ* anionic groups. The spectra were measured when
exciting the wavelength of 404 nm. Four emissioakge namely 563, 605, 646 and 706 nm,
with the strongest emission peak located at 646 were observed. The peak at 563 nm is
attributed to théGs;,—°Hs), transition within the scanning range of 550 to BIAT: the peak at



605 nm is attributed to tH&s;,—°Hy;, transition within the scanning range of 580 to 620

the peak at 646 nm is attributed to fi@;,—°Hg, transition within the scanning range of the
625 to 670 nm; and the peak at 706 nm is attribtiethe *Gs>—°H11/» transition within the
scanning range of 685 to 720 nm. All the four eroisspeaks are attributed to the»f
transitions in the 4f electron shell of $nion [88, 89]. The shape and peak positions of the
CaMoQy:Snt*emission spectra did not vary with the substitutiranionic groups, indicating
that the different anions substitution did notuefice the electronic transition in CaMp&nt*
phosphor. Furthermore the substitution of anioniougs enhanced the PL intensities. For
example, the PL emissions of CaMpBOs:SnT*, CaMoQ-PQ,:Snt** and CaMoQ-SQy:Snt*

are 30 times more intense than that of Cal86r'phosphors. This indicates that the
substitution of different anions into the CaMp&nT* enhanced the photoluminescence emission

intensity considerably.

Fig. 15: The PL emission spectra of the different CaM8@?" phosphors substituted
with SQ, PO, and BQ™ anionic groups.

This can be explained by the increase in the dimitaof the UV light for the
CaMoQ;:SnT* phosphor due to the anion substitution. Thereforere excitation UV light is
easily absorbed by CaMa@nT* phosphor due to the presence of different anistigctural
phases, resulting in the enhancement of luminesicémnsity [36—38]. In the CaMagBnt*
phosphor, one Sthion is expected to replace one’Cion. If so, it would be difficult to keep
charge balance in the phosphor sample. Therefond’ ®ns may not be fully introduced into
the Ca ion sites in order to keep charge balandditidnally, some cations may exist in ‘CaO’
defect states instead of forming CaMofith MoO; and produce vacancies &Y that act as
luminescent quenchers. Both possible mechanismsmé&ntain chemical neutrality in
CaMoQ;:SnT* phosphor would lead to the less emission intenbiégause the impurity phase,
SmO; and CaO, could restrain the CaMpgpain growth during the sintering process. However
in anionic substituted phosphor samples, namely @MOz:Snt*, CaMoQ-PO,:Snt* and
CaMoQ-SO;:Snt™*, Sni, it is most likely that the ions could easily opgithe C&" sites. The
anionic substitution did not only enhanced the Riission intensity it also tuned the emission

colour from reddish-orange to red.



3.6. Lifetime study

The kinetic decay curves of the CaMp&nt" phosphors substituted with different
anionic groups were measured for the 646 nm emmssieited at 406 nm, and the data are
presented irFig. 16. The decay curves were fitted with the bi-exponértiaction. The bi-
exponential behavior is dependent on the numb&moihescent centers created by the*Sion
dopant, energy transfer from the donor to the attivand defects present in the host [90]. All

the PL decay curves were fitted with the followlrnigexponential decay equation,

I(t) = Io+ Arexp <— %) + Asexp (— %) (1)
f S

where | is the luminescence intensity, wheie and zs are the fast and slow decay times
respectively andy andAs are their respective weight. The lifetime valuessavobtained for the
fast and slow decay phenomena and are listed ile PabThe average lifetime was determined
using [91]:

Z’ _ (Af szf + As Tg)

avg Artr + Ag 7

The average lifetimeag values were found to be 654, 429, 572 and 49for CaMoQ:Snt",
CaMoQ-BO3:Snt*, CaMoQ-PO;:Snt* and CaMoQ-SO,:Snt* respectively. The lifetimes of
the luminescent centers are shown to decrease alithghe substitution of different anionic
groups, which is due to the fact that Brions substitute into the &aions for the combined
anionic phosphors made the electrons transitioos fhigher energy states to lower energy
states. This could shorten the time the electroag i& the specific energy level. It is worth
noting that the average lifetime) (values of the SQandBO; substitution of CaMo@SQOy:Snt*
and CaMoQ-BO;:Snt™* are much smaller than that of CaM@SnT* phosphors, indicating the

more profound replacement of $hions into the CaMoglattice.

Fig. 16: The fluorescence decay curves of Sion in different CaMoQSnT* phosphors
substituted with anionic groups (8€) PO, and SG?) by monitoring 646 nm from the
transitions of'Gs;>—°Hg,under the excitation of 403 nm.



Sample Double Exponentialfitting factors  Average life

time (us)
As (1S As  1(us)
CaMoC,:Sn* 4640 22 189C 70z 654
CaMoQ-BOz:Snt* 3602 57 1523 525 429
CaMoQ-PO,:Snt* 2780 76 396 585 572
CaMoQ-SO,:Snt* 1632 55 3576 511 490

Table 4. Decay times of the luminescencé®§,— °Hg, transition in different CaMo@Snt*

phosphor.
3.7. Color coordinates of phosphors-orange to retor shifting

To evaluate the effect of different anionic growyp&itution on the luminescent colors,
the CIE (Commission International del’Eclairagejarhaticity coordinates of the CaMaGnt*
phosphors were calculated by using the emissiontigpand are shown iRig. 17. The CIE
chromaticity coordinates of a florescence systere aery important certification for
photoluminescence applications [92]. Every natooddr could be identified by (x,y) coordinates
that are determined using CIE chromaticity diagr&sishown inFig 17, the color coordinates
of CaMoQ:Sn™* and CaMoQ@BOszSn?*, CaMoQ-PQuSnt* and CaMoQ-SQy:Snt*
phosphors are all in the red region. All phosphaage a similar value, which are quite close to
the standard red chromaticity (0.67, 0.33) for tational Television Standard Committee
system. In addition, by comparing the CIE valuesyramong all CaMo@Snt* systems, it can
be seen that the CIE values (x, y) shifted sigarfity from the reddish orange to the red region
due to the substitution of the anionic group. Tigsult confirms the role of different anionic
substitution into the CaMagBnt* phosphors. Therefore, the phosphors CaM8@’* with
different anionic groups may possess great poleiatiscommercial applications. It is seen that
the colors of the phosphors shift gradually froma tinange (0.571, 0.423) to the red color region
(0.627, 0.366) with substitution of the differemti@nic groups, confirming that their emission

colors are tunable. Upon exciting at 408 nm xerong, the same trend from orange to red color



for all CaMoQ-BOs:Snt*, CaMoQ-PO,:Snt* and CaMoQ-SO,:Snt* phosphors was observed.
Therefore, the orange-red tunable emission ofhalldtudied systems can be realized when the
excitation wavelength is located at 403 nm, whishsuitable for application in n-UV based
WLEDs.

Fig. 17: CIE chromaticity coordinates of the CaMgOnt* phosphors a) CaMogsnt*b)
CaMoQ-BOs:Snt", ¢) CaMoQ-PO,:Snt*and d) CaMo@SQ::Snt* The insets show the
corresponding digital photographs of samples urtierexcitation of a 404 nm Xenon lamp.

3.8. Photon distribution and quantum yield

The quantum yield of St emission in the studied phosphor powders wereuated
from the photon distribution N§. The N{) spectrum can be deconvoluted into two
components: reflected light from the excitation reeuand fluorescence from the powders as
shown inFig. 18 The photon distribution of the source set to A6#reflected from Spectralon
is shown as curve 1 (red color line). To show theoaption extent of the pumping energy, the
photon distribution of excitation source reflecteain the sample is also shown as curve 2 (black
color line). By subtracting curve 1 from curve Be tabsorbed photon number can be estimated
by integrating the distribution with wavelength. eTtemitted photon number can also be

evaluated from integrating the fluorescence compbne

Fig. 18: Spectral power distribution of Sfion in different CaMo@Snt* phosphors

substituted with anionic groups.

The quantum yield QY is defined by:
QY= emitted photoriabsorbed photons

The QY of four different CaMo©Snt* phosphors was calculated to be 0.53, 16, 12 and 21%
respectively. The quantum efficiency of the presemi* ion doped CaMo@materials are well
comparable and found in some cases higher tharothather Smi* ion doped glass materials
[93, 94]



Conclusion

In summary, a series of novel red emitting, CaM®&®t" phosphors, substituted with
different anionic groups (BE, PQ;°® and SQ?) were successfully synthesized using the high
temperature solid state reaction method. Anionlesstution did not affect the crystal structure
but it influenced the photoluminescence lumineseantensity and emission colour. The XPS
analysis indicated variation in the Taurroundings, Mo-O charge transfer energy and emyg
vacancy distribution after substitution of diffeteanionic groupic systems. These changes
modified the optical and the luminescence behawfothe material. The PL intensity was 30
times more intense due to anionic substitution. Pheresults reveal that the present phosphor
can be effectively excited by near UV LED chipsamit in the red region with improved
guantum efficiency. With the introduction of thdfdrent anionic groups, the optical band gap
energy (Eg) decreased. Simultaneously, the CRI a¥1@;:Snt* phosphors, vary with the
substitution of different anionic groups (B® PQ° and SQ? into the CaMoQ@Snt*
phosphors. Based on these experimental result§aMoQ,: St phosphors can act as potential
color-tunable phosphors. Therefore, the differamibric substituted CaMog£Bnt" phosphors
are expected to be novel red phosphors that caly éaspaired with highly efficient InGaN
chips for white LED applications.
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Fig. 1: Reitveld analysis ofdifferentCaMoQO, phosphors substituted with anionic group systems
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Highlights

«  CaMo004Sm*" was substituted with anionic groups (BOs >, PO, and SO4>.
* PL indicated that al of them can be effectively excited by 404 nm.

» Orange-red tuneable emission has been achieved by the substitution.

«  CaMo004S04:Sm*" phosphor showed the strongest PL emission.

» Potential candidates for UV excited red emission LED applications.



