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8 Abstract: A series of Eu* doped CaSiOs/SiO2 nano-phosphor powder of controlled grain size,

9 crystalline structure, and chemical composition were synthesized using the microemulsion
10 technique. XRD profiles of samples sintered over 600 of suggested phase shift from amorphous
11 powder grain to more ordered polycrystalline powder of triclinic type wollastonite, CaSiOs, with
12 preferred crystal phase orientation of (112) and tetragonal type cristobalites of SiOz. The grain size,
13 crystallinity, and chemical composition of the host matrix, activator and sensitizer strongly affected
14 both the absorption and emission bands of these samples. The amplitude of both the orange and red
15 emission bands significantly increased with sintering temperature. The emission band is red-shifted
16 with decreasing grain sizes. These bands displayed good sensitivity to ionic concentration of the
17 Si#, Ca*, and Eu®. With increasing Ca* ion concentration both the intensity of the red
18 photoluminescence (PL) band increased and a concentration quenching observed. Increase in Si#*
19 ion concentration led to quenching in PL intensity of both the orange and red bands whereas the
20 amplitude of the blue-band slightly increased. With increasing Eu®* ion concentration the red-band
21 initially increased whereas it started decreasing at higher sample concentration. In the presence of
22 Ca? ion as a sensitizer, the sample showed a remarkable PL property —including—about 100%
23 photon conversion efficiency and a two-fold increase in excitation and emission photons.
24 Keywords: polycrystalline nano phosphor, photoluminescence, Eu* doped CaSiOs, microemulsion

25 technique
26

27 1. Introduction

28 Eu** doped phosphors employed in lighting and display technologies such as
29 electroluminescence cells, plasma display panels, high-efficiency fluorescent lamps, light emitting
30  diodes, and waveguides as they show remarkable photoluminescence properties [1]. In pure form,
31  Eu® ions show emission lines extending from visible to near infra-red domain of the electromagnetic
32 spectrum. These ions usually absorb photons from 200 nm to 270 nm and emit orange and red lines
33 in the visible region. A phosphor that absorbs photons in this domain is suitable for making display
34  panels and fluorescent lamps [2]. However, absorption of Eu® in the UV region is weak, and such a
35  phosphor are not suitable in making light emitting diodes (LED). By adding Eu3* as a dopant into a
36  host matrix such as SiOs and in the presence of rare earth ions as sensitizers, the luminescence
37  property of this phosphor can, however, enhance substantially. When used as a dopant in a glass
38 matrix, the Eu® ions, however, show absorption and emission bands instead of absorption and
39  emission lines. The peak positions and intensities of these bands bear a strong relationship with the
40  size distribution of the crystal grain, their chemical composition, and morphology. Earlier reports
41  have shown that crystal grain size, their distribution, resistance to particle agglomeration, and
42  spherical morphology are the most critical factors for a phosphor to have good luminescent
43 characteristics [3, 4].

© 2018 by the author(s). Distributed under a Creative Commons CC BY license.


http://dx.doi.org/10.20944/preprints201809.0376.v1
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3390/colloids2040052

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 September 2018 d0i:10.20944/preprints201809.0376.v1

44 In the past techniques such as solid-state chemistry [3] and ion implantation [4] have been the
45  sole means of synthesizing phosphor material. Today these techniques are becoming unpopular for
46  several considerations. These include high production cost and poor product quality as identified by
47  weak PL efficiency and poor non-linear optical effects. The problem is that these methods are energy
48  intensive as the mixing of activator and sensitizer ions with the host are carried out at and around
49  melting temperature of the host matrix. It means the viscous nature of the melt does not allow to have
50  ahomogenous mixing of the activator ion, and the glass matrix is impossible to achieve.

51 Another inherent problem is that phosphor particles and crystallite grains tend to precipitate
52 upon cooling, and this process accompanies agglomeration of particles that is induced by inter-ionic
53 interaction. The result is production of low quality, poorly homogenized phosphor not suitable for
54 the most optoelectronic application. These, in turn, suggest that the possibilities of improving the
55  quality of PM are a cumbersome job when robust state methods are employed, whereas the new
56  developments in display and other technologies such as light amplifiers and wave-guides require
57  drastic improvement in PL efficiency and non-linear optical properties [5]. The need to reduce
58  production cost.

59 The solutions to these problems have been addressed using rather simple solution-based
60  synthesis techniques such as sol-gel and micro-emulsion, and these techniques are gaining
61  widespread popularity for the past few decades [6-8]. Also, these techniques make use of simple room
62  temperature hydrolysis and polycondensation reaction [9, 10] of the starting material such as
63 tetraethylorthosilicate (TEOS), yielding glasses and oxide powders of high purity and homogeneity and
64  to some degree with tailored grain size, morphology, and dispersity index.

65 A large number of reports suggest that the PL properties of the phosphor strongly depend on
66  the composition of the glass matrix, crystal structure and grain size of the crystallites [11, 12]. For
67  example, the reduction in grain size often leads to significant improvement in luminescence efficiency
68  and non-linear optical effects [13]. Interestingly, the increase in luminescence efficiency is reported
69  to be accompanied by a decrease in absorption intensity and redshift in both the absorption and
70 emission bands. For these reasons, for the past decade, the exploration of size-dependent properties
71 of the phosphor has been a subject of scrutiny. This work reports on how the photoluminescence
72 property of Eu* doped nano phosphor is affected by factors such as the composition of glass matrix,
73 dopant concentration, the average size of crystals and sintering temperature as well as on how
74 particle size of the powder can be controlled and tailored using emulsion technique.

75 The excitation and emission bands of Eu’* ion are broad due to the transition of electrons
76  between the “F; ground state and the crystal field component of the #Fs—5D7 excited state
77 configuration [14]. Luminescence band is observed either from excitonic emission, also referred to as
78  recombination of an electron-hole pair, or from the radiative relaxation of the trap states [15]. While
79 excitonic emission is characterized by narrow, near absorption edge luminescence, the trap-state
80  emission is characterized by broad, strong red-shifted luminescence that sometimes exhibits multiple
81  bands, also referred to as band splitting. The electron-hole pair results from the absorption of a
82  photon.

83 The problem is that with the decrease in size, the photoluminescence may show an increasing
84  number of defect sites as the surface-to-volume ratio increases with decreasing particle size. The
85  rising defects result in rapid trapping of either the electron or the hole and lead to localization of
86  charged site at the surface [16, 17].

87 In literature, a wide variety of sensitizers have been used to enhance the photoluminescence
88  efficiency of the silica-based phosphor. However, the problem is that the energy transfer from the
89  sensitizer to Eu® has been minimal. This work utilizes Ca?" as a sensitizer since the energy transfer
90  from Ca? to Eu* is accompanied by endothermic charge transfer reaction, leading to dramatic
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91  enhancement in photoluminescence property of the nano-phosphor - including a two-fold increase
92 in photon absorption and emission and 100 % quantum efficiency for a down-conversion phosphor.

93 2. Materials and Methods

94 Reagent grade cyclohexane of 99.5% purity was used as an oil phase. Ca(NOs): was used as
95  sources of Ca?* ions, and these were of 99 % purity. The anionic surfactant used was Triton X-45, and
96 it was of analytical grade. It usually comes as a poly-dispersed preparation of tetra-methyl-butyl-
97  phenyl-poly-oxyethylene with an average of 5 oxyethylene groups per molecule. The source of silica
98  glass precursor was TEOS (tetra ethoxy silicate). All these were purchased from Fluka. The dopant
99  used was Eu(NOs)s of 99.9 % purity, and it was purchased from Sigma-Aldrich. Ammonium
100 hydroxide (solution of 25 % NH3) was used as a hydrolytic agent, and it was of reagent grade.
101 Absolute ethanol, 99.8 % purity (HmbG GmbH, Germany) was employed to clean the glassware used
102 in this work. The deionized water used was from Millipore system with an ionic conductivity of 18 uS

103 / cm.

104 The morphology, size, and shape of the synthesized phosphor powder were analyzed using a
105  Philips CM12 Transmission Electron Microscope (TEM). The particle size of the sample was also
106  measured using Coulter counter N4 plus photo correlation spectroscopy. The crystal structure and
107  their phase composition were analyzed using Rigaku RINT-1400 X-ray diffraction (Rigaku, Tokyo
108 Japan) system. This system is supplied with a Cu Ka radiation source of 40 kV and 100 mA. Both the
109  PL and photoluminescence excitation spectra were scanned using a PERKIN ELMER LS 50B
110 luminescence spectrometer (PERKIN ELMER LS 50B, UK). Thermal analysis was carried out using
111 Mettler Toledo made thermos gravity metric analyzer (TGA). As far as curing is concerned, the sol-
112 gel reaction was carried from 100°C to 1000°C under neutral gas atmosphere with a heating rate of
113 10°C /minute, whereas the gas flow rate was maintained at 120 cm?® minute.

114 As described above, the Eu® ion doped CaSiOs and MgSiOs phosphor powder were prepared
115 using the microemulsion technique, whereby TEOS is used as the glass precursor. Two types of
116  water-in-oil (w/0) micro-emulsion systems were prepared separately. These can be referred to as w/o
117  system 1 and w/o system 2. Both systems contained three common components, viz., the surfactant,
118  TEOS, and cyclohexane as the continuous phase. Both systems contained 15 wt % surfactant, 82.46
119  wt % of cyclohexane, 1.54 wt % of TEOS and one wt % of the aqueous solution. The only difference
120 between system 1 and 2 was that system 1 contained 3.0 M calcium nitrate with varying concentration
121 of europium nitrate, whereas system 2 included a solution of 0.5 M ammonium hydroxide.

122 The water-to-surfactant molar ratio is also denoted as Ro from now on. By varying total water
123 concentration, the Ro value of samples was varied. In this case, the Ro value of emulsions was
124 changed from 0.12 to 0.3 as the average grain size of the crystallite, which is obtained because of
125  hydrolysis and condensation reaction of TEOS, appears to depend mainly on Ro value of the emulsion
126  system from which they are prepared. The detail of which is given elsewhere, and it will not be
127  discussed here. Note, in any case, while varying the value of Ro the overall concentrations ratios of
128  ethanol, surfactant and TEOS is kept constant. Next, equal amounts of system 1 and 2 were mixed in
129 a third container, which in its turn under-went continuous stirring for 24 hours. At the end of 24
130 hours, this would give Eu® ion doped dispersion of CaSiOs/ and SiOs phosphor. This procedure
131  naturally yields PM with nanometer-sized grains, whereby the grain size is primarily defined by the
132 Ro value of the emulsion used during synthesis.

133 Next, for removing the oil phase (cyclohexene in this case) and surfactant, the dispersed
134 phosphor is then washed five times with ethanol. These particles are then collected and dried at 200
135 oC for two hours followed by sintering at 400 °C to 800 °C for 3 hours. Note, the heat treatment is
136  designed to remove any residue of surfactant, water, and oil from the sample. The given samples
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were calcinated at a temperature ranging from 400 °C to 800 °C, as the grain size of the phosphor is
also affected by curing conditions.

3. Results and Discussions
3.1 Microstructure Analysis

We investigated the microstructure of phosphorous power using transmission electron
microscopy (TEM). The TEM images of the as-synthesized nano phosphor powders with Ro=0.12 to
0.30, are depicted in Fig. 1. These images indicate that grain size of the phosphor depended strongly
on Ro value of the micro-emulsion of which they were synthesized: the grain size of the phosphor
powder, increased with the increase in Ro value of the microemulsion and vice versa. As can be seen
in these TEM images, the phosphor samples under investigation were mono-dispersed regarding
grain size distribution and were spherical irrespective of Ro values. These images further suggest that
by controlling the size of droplets of the microemulsion, the grain size of the phosphor powder can
be controlled with a high degree of accuracy.

Figure 1. TEM images of Eu* doped CaSiOs nano phosphor powder as a function of Ro value of
micro-emulsions of which they were prepared at 800 °C.

Light scattering technique was also employed to measure the grain size of the phosphor powder.
In this case, Coulter Counter N4 Plus was used. Ro value dependent grain size of the phosphor powder
is given in Fig 2. As in the case of TEM images, the average grain size and size distribution of the
phosphor increased with increasing Ro value of the micro-emulsion of which they were synthesized.

Fig. 3 shows the effect of sintering on grain size. As shown in it, the grain size increased with
increasing sintering temperature.

The effect of Eu®* ion concentration on X-ray diffraction, XRD, spectra of the phosphor was
studied. Fig. 4 shows XRD patterns of Eu** doped wollastonite, CaSiOs / SiOsnano phosphor sintered
at 800 °C. Phase analysis indicated that wollastonite type polycrystalline structures dominated these
samples. At the same time, tetragonal cristobalite of SiO:2 was also detected in these samples. The
wollastonite type crystal orientation is identified with main peaks at 28.8 (-310), 30.0° (112), 36.3¢

d0i:10.20944/preprints201809.0376.v1
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(400) and 39.11° (-240), and these correspond to the triclinic structure. It means that these samples
consist of triclinic type unit cell. The tetragonal cristobalite structure due to SiO: is identified with
main peaks at 22.0° (101), 28.5° (111), 31.5° (102) and 36.2° (200).
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Figure 2. The plot of Ro value dependent average particle size of Eu®* doped CaSiOs nano phosphor
powder sintered at 800 °C. The data were analyzed using quadratic regression analysis, by utilizing
the method of least squares, and fitted with the models generated from the available data, thus
ensuring best fits with minimum errors.
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Figure 3. Sintering temperature dependence of grain size distribution of Eu® doped CaSiOs nano
phosphor powder. The samples were prepared in the presence of an identical concentration of
reactants and with a Ro value of 0.30. The data were analyzed using quadratic regression analysis, by
utilizing the method of least squares.

The X-ray diffraction (XRD) profiles in Fig 5 shows that the intensity of the XRD peak increased
monotonously with intensity ratios of (100) and (101), and (002) and (101) peaks with variation in Eu
concentration. The ratio of the peak intensities of (100) and (101) progressively increases from un-
doped to 5% of Eu doping. Past 2% of doping, it showed a rather small increase, suggesting the
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181 dopant concentration is nearing saturation. Likewise, the ratio of the intensity of (002) and (101) peaks
182  showed a similar trend. The only difference is being that past 3% of Eu, a concentration quenching
183  effect is observed. The variation in the latter case is though rather small, while the rate of increase
184  with dopant concentration is higher for the former one. As can be seen, the (100) peak is progressively
185  emerging with increasing Eu. A tendency of enhancing polycrystalline nature of SiOs films appeared
186  with increasing Eu concentration. Finally, with 5% of Eu doping, the intensities of (100), (002) and
187  (101) peaks are almost the same, and it is a quite interesting point to note. The broadening of peaks
188  with doping concentration seems to be due to the substitution of Si*" ions by Eu ion with
189  comparatively higher ionic radius.
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191  Figure 4. XRD spectrum (Intensity vs. 26°) of Eu*+ doped CaSiOs / SiOs nanophosphor powder and
192 its crystallinity. Samples were prepared using a Ro value of 0.30 and were sintered at 800 °C.
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194 Figure 5. Effect of Eu? ion concentration on XRD spectrum (Intensity vs. 26°) of Eu?* doped CaSiOs /

195 SiOsnano phosphor powder and its crystallinity. Samples were prepared using a Ro value of 0.30 and
196  sintered.

197 Fig 6 shows that the crystallinity of the phosphor increased with increasing calcination
198  temperature. Sharp peaks in this figure demonstrate that at and below 600 °C the nano powder
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199  sample is amorphous, whereas the peaks at 22.0°, 28.1°, 30.0> and 31.0° get more defined and more
200  intense when calcinated at 800 °C, suggesting that a distinct crystalline phase develops at this
201  temperature. Also, as can be seen, there is no change in crystal structure when samples sintered at
202 800 °C, and 1000 °C are compared, suggesting that these samples can be sintered well at 800 °C.
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204  Figure 6. Effect of sintering temperature on XDR spectra (Intensity vs. 26°) of Eu?* doped CaSiOs /
205  SiO:2nanophosphor powder. Samples were prepared using a Ro value of 0.30 and by keeping the con-
206  centration of Ca?* and Si** and Eu® in constant.
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208  Figure 7. Effect of Si* concentration on XRD spectra (Intensity vs. 26°) of Eu®* doped CaSiOs/SiOznano
209  phosphor powder. Samples were prepared in an identical reaction condition using a Ro value of 0.30
210 and sintered at 800 °C.

211 Fig. 7 shows the X-ray diffraction spectrum of Eu® doped CaSiOs / SiO: nano phosphor as a
212 function of silica concentration. In this figure, a small peak that appears at 22.0°, corresponding to
213 (101) plane, at a silica ion concentration of 1.83 x105 mol dm3, indicates the presence of SiO:
214 cristobalite. The intensity of this peak increased with increasing silicon concentration, suggesting that
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215 silica composition strongly influences the crystal structure: increasing Si concentration led to an
216  increase in SiO: cristobalite structure with a preferred orientation towards (101).

217 Fig 8 shows the effect of Ca?* ion concentration on XRD spectra of Eu®* doped CaSiOs/ SiO2
218  phosphor powder. These spectrums suggest that Ca?* ion concentration plays a significant role in
219  imparting crystal structure. The preferred crystal orientation is (112) in this case.

500 1

4501 Ca®=1.08x10" mol dm™
24_ -4 3
400 (112) Ca“"=216x10" mol dm

Ca’'=3.24x10" mol dm®

350 1
300
250~
200~
150 1
100 1
50 A

0

Ca’*'=4.33x10™ mol dm®

Intensity (a.u)

(e

10 20 30 40 50 60 70
220 20

221  Figure 8. Effect of Ca?* ion concentration on XRD spectra (Intensity vs. 26°) of Eu®* doped CaSiOs /

222 MgSiOsnano phosphor powder. The samples were prepared in identical condition using a Ro value
223 0f 0.30 and sintered at 800 °C.
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225  Figure 9. The effect of Mg?* concentration on XRD patterns (Intensity vs. 26°) of Eu* doped MgSiOs /

226  SiOwnano phosphor powder. Samples were prepared in identical conditions using a Ro value of 0.30
227  and sintered at 800 °C.

228 A similar effect is observed when Mg?* ion concentration is changed as shown in Fig 9. These
229  XRD patterns suggest that the crystallinity of this batch of phosphor also varies with the variation of
230  Mg?* ion concentration. Much like the effect of Ca?* ion, the powder becomes more crystalline with
231  increasing Mg? ion concentration. However, in this case, the preferred crystal orientation is (310)

232 plane.
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233 3.2 Photoluminescence Study: Wavelength, Composition, Temperature, and Particle Size

234 Eu® doped CaSiOs/ SiO2nano powder showed an absorption band, also referred to as excitation
235  band, resolved at 220 nm and 223 nm, respectively as shown in Fig 10. In accordance to [16], the
236  excitation of Eu® doped CaSiOs / SiO2 can be explained as follows: The energy of the Eu® charge
237  transfer spectra is closely related to the degree of co-valency of the Eu*-ligand bond, and this can be
238  explained by considering Eu3* - O* - Ca?* bonding structure. Since the Ca? ion is a cation with a
239  smaller radius and larger electronegativity compared to Eu® ion, the electron density clouding
240  around O ion decreases when it is bonded to Ca?* ion. It naturally means more energy is needed to
241  transfer an electron from O% to Eu3".
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243  Figure 10. Excitation and emission spectra of Eu* doped CaSiOs / SiO2 nano powder. The
244 concentration of Eu ion 5 mol %. Samples were prepared using a Ro value of 0.30 and sintered at 800

245  °C.

246 With increasing Eu concentration both the band gap as well as the average grain size decrease
247 as reported by Sun et al. for Al-doped ZnO film [26] and Leonyuk et al. for bulk Eu doped ZnO [18].
248  According to this model, periodic variations in potential within the grain occurs due to trapping of
249  impurities arising from doping. This periodic variation of potential, in turn, leads to band bending
250  which is identified by a band tailing effect [15, 17, 19]. Impurity band formation is an obvious
251  consequence of increased doping concentration [16] and the trapping of the Eu atoms at the grain
252 boundary usually leads to the introduction of the Eu defect states within the forbidden band.

253 With increasing Eu doping, the density of the dopant-induced defect states increases, leading to
254  an observed decrease of band gap or redshift. Similar observation of introduction of Eu defect state
255  within the band gap has also been reported by researchers elsewhere. [4, 10, 20].

256 The trapping of Eu impurities within the grain and the introduction of Eu defect states within
257  the forbidden band gap region are intimately related to the disorder introduced into the system by
258  doping.

259 The band gap energy (Eg) can be plotted against the inverse of the average grain size (1/D). 1/D

260  depicts the surface to volume ratio of the constituent particle of the sample, and with decreasing grain
261  size, the disorder gradually can increase. Thus, the variation of 1/D with doping concentration can be
262  used as a measure of disorder introduced into the system. It is quite evident that disorder in crystal
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263 lattice should increase with increasing Eu concentration as the ionic radius of Eu is much higher than
264  thatof Si.
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266  Figure 11. The excitation spectra of Eu3* doped CaSiOs/SiO2nano phosphor powder showing a weak
267  blue emission at 390 nm due to direct excitation of the Eu3* ion. The sample was prepared using a Ro
268  =0.12 and sintered at 800 °C.

269 A typical spectrum consisting of excitation and emission bands of Eu* doped CaSiOs / SiOs
270  nanophosphor powder is displayed in Fig 11. In this case, the broadband resolved at = 220 nm is
271  thought to be due to the excitation of the host lattice. Its immediate implication is that the excited
272 hostlattice in its turn can transfer the energy to its neighboring activator ion through lattice vibration.
273 The activator ion in its turn absorbs this quantum of energy, because of which it shows two broad
274 excitation bands, peaking at 240 nm and 255 nm, whereas a blue color emission rising at 390 nm
275  accompanies these processes.

276 Also, a weak emission band is observed at 390 nm when the sample is excited with a 220-nm
277  band. This absorption-emission process corresponds to “Fe—3D1 transition, within the *F7 electron
278  configuration of the Eu® ion. The broad adsorption band resolved at 220 nm is usually assigned to
279  electronic shift involving the transfer of charge from O ion ligand to rare earth ion, whereas the
280  emission band at 390 nm is thought to be due to intra-ionic “Fe—°D1 transition. Note these transitions
281  are assigned based on lanthanide spectra of [21] and [22].

282 Interestingly, this emission band usually appears at 440 nm [14] for its bulk counterpart,
283 suggesting a robust high energy shift for nanophosphor powder. In this case, the change amounts to
284 50 nm as the average grain size of the phosphor powder is reduced substantially to the nanoscale,
285  and this shift in emission band can be accounted for the so-called nanosized effect. Note with the bulk
286  counterpart the authors intend to refer Eu* doped CaSiOs phosphor powder synthesized using the
287  solid-state method.

288 In any case, the emission at high energy indicates the fact that the activation energy (kinetic
289  energy) of the valence electrons of the activator ion substantially increases as the particle size of the
290  matrix host decreases. Since higher quanta of energy are needed to excite samples as the particle size
291  decreases [23], itis presumed that band gap energy of these phosphor increases with decreasing grain
292 size, and it can be viewed as a nanosized effect. Given that this assumption is valid, the smaller the
293 average size of the crystallites, the higher the quanta of energy they require to be excited. This
294  consideration naturally leads to the conclusion that the position of excitation band is closely related
295  to the structure of the host lattices and size of their crystallites.
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296 The PL spectrum of the Eu®* doped CaSiOs/ SiO2 nanophosphor at the excitation energy of 220
297  nm is given in Fig. 12. Under these conditions, the given phosphor showed a small emission peak
298  centered at = 445 nm, whereas two sharp emission peaks centered at =~ 580 nm and 600 nm. Note the
299  emission peak at 580 nm, and 610 nm is ascribed to 5Do to the 7F1 transition of Eu®.
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301  Figure 12. Photoluminescence spectrum of Eu doped CaSiOs / SiO2 nano phosphor powder at an
302  excitation energy of 220 nm. The sample was prepared using a Ro value of 0.12 and sintered at 800 °C.

303 Eu?* ion is characterized by a ’F ground state electronic manifold, whereas its lowest excited state
304  shows 5D character with the 5D state emitting red light typical of Eu’+ activated phosphor. Also, it is
305  a well-accepted fact that above the 5D states, closely spaced F orbitals are present, and these are
306  responsible for charge transfer states. Through the absorption of UV, the Eu3* ion gets excited into
307  the charge transfer state, which subsequently relaxes into Do level, emitting red light at 590 nm and
308 610 nm [24].

309 It is believed that the main emission peak at 610 nm is due to the electric dipole transition (EDT)
310  of 5Do —7F2, whereas the emission peak at 580 nm is thought to be due to magnetic dipole transition
311  (MDT) of 5Do —7Fu1. It is widely known that the 5Do —7F2 transition is hypersensitive and it depends
312 strongly onlocal symmetry, whereas the SDo—7F1 transition is usually insensitivities to site symmetry.
313 These latter two types of developments generally originate from the presence of impurity ion as it
314  cannot occupy the space along the center of symmetry of the crystal lattice, giving both MDT and
315  EDTs [25]. It is also thought that only MDTs are allowed when a rare-earth impurity ion is located at
316  the center of symmetry of a crystal lattice.

317 Interestingly, as shown in this figure, both the MDT and EDTs, *Do—7F1 and Do —7F>,
318  respectively, are observed in this case. For example, the EDT, at = 610 nm probably arises because of
319  lack of inversion symmetry at the Eu® site. The reason this transition is much stronger than Do —7Fi1
320  transition is that it is usually produced because of the crystal-field splitting of the 7F level. On the
321 other hand, the MDT, Do —7F, is insensitive to the site symmetry, and the reason why it has
322 appeared here can be due to the lack of center of symmetry in CaSiOs crystals [26].

323 On the other extreme, the emission band at 445 nm is usually assigned to *Fs—5D1 excited states
324 due to “F7 ground state transition, and such a shift gives rise to a blue emission. The appearance of
325  this peak is thought to be due to the presence of monoclinic-CaSiOs structure [27]. It is supposed that
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326  this band is related to a variety of factors acting independently or together. These may include
327  multiple luminescent sites, a high degree of inhomogeneity in the sample, strong electron-phonon
328 coupling, re-absorption of the emitted light by other sites [12, 28, 29].

329 Typically, when an electron is promoted from the 8s ground state to *F7 excited states and then
330  into the “Fs—°D1 excited states, it is most likely that it changes its spin orientation as it now moves
331  downward into low energy level in accordance to Hund'’s rule. Such a transition is also referred to as
332 aspin-forbidden transition. Note, at high energy state the spin of 5D electrons is parallel to the total
333 spin of the 4F core, giving a spin multiplicity equal to sextet or octet. Such a transition provides a
334 high-crystal field effect characterized by a broad emission band at a shorter wavelength such as in
335  this case at 445 nm.

336 A series of nano phosphor powders were synthesized in which the concentration of activator ion
337  was varied whereas the composition of host matrix, Ro value, synthesis procedure, and sintering
338  temperature were kept unchanged. These samples offered the possibility of studying the effect of
339  dopant ion concentration on PL spectra of the phosphorous material. Fig 13 displays on how the PL
340  spectra of the nanophosphor particles are affected by dopant ion concentration.

341 It is agreed upon that a critical distance exists between nearby Eu ions above which the effect
342 called concentration quenching is observed. This critical distance is also referred to as the distance

1/3

3v .
) , where V is
47X N

344 the volume of the unit cell, X is the concentration of Eu, and N is the number of cations per unit cell
345  [30]. The electric multipolar interaction is believed to be the primary mode of non-radiative energy
346  transfer among the Eu ions and is responsible for this concentration quenching. At all compositions,
347  the EDT is more predominant over MDT, which indicates that the majority of Eu ion has asymmetric
348  local surrounding sites.

343  between the dopant ion and the quenching site, can be evaluated using re=2 (

349 The intensity of Do—7F1 is seen to change with the concentration of Eu ion. The 5Do—7Fo
350  transition is more intense than Do—7F1 at 5 % concentration of Eu and this trend seems to reverse at
351  higher compositions/concentrations. With increasing Eu content, the intensity of SDo—7F. transition
352  decreases, whereas the strength of SDo—7F1 increases, likely reduced several oxygen vacancies at
353  higher Eu ion concentration. As the Eu concentration increases, the host-dopant energy transfer
354  efficiency increases, and finally complete transfer is observed at higher concentration.

355 The intensity of the MDT is independent of the environment in which Eu is located and can be
356  considered on a first approximation to be constant. The MDT is caused by the interaction of the Eu
357  ionwith the magnetic field component of the light radiation via magnetic dipole, and it usually occurs
358  asthedipole is displaced over a curved path during the transition.

359 The MDT shows parity as the rotational symmetry is not reversed under inversion through an
360  inversion center. It means that the MDT possess even transition under inversion and allows
361  transitions between a state with even parity such as intra configurationally transitions ‘F—*F.

362 Judd-Ofelt method describes the intensities of F— F intra-band transitions in rare earth. Its appeal
363  lies in the fact that it allows the prediction of oscillator strengths in absorption and luminous bands.
364  (For details on theory, interested readers are referred to elsewhere [31]).

365 The selection rule for EDT or electric quadrupole transition arises from the displacement of
366  charge that has quadrupole character. It consists of four-point charges with an overall zero charge
367  and zero dipole moment. It is usually considered as two dipole arrangements in a way their dipole
368  moments cancel out. These have even transition parity. These EDTs are much weaker than MDTs and
369  induced electric transitions.
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370 The mixing of charge transfer states is described by selection rule. Since an inverse relation exists
371  between the energy of states of transition and the crystal field strength: low transition energy for
372 charge transfer states results in strong crystal field effects, which enhances orbital mixing.
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374  Figure 13. Eu* ion concentration (mol %) dependence PL spectra of CaSiOs/ SiO2 nano phosphor

375  powder. Excitation wavelength 220 nm. Samples were prepared using a Ro = 0.12 and sintered at 800
376  °C.

377 Higher intensities are always ascribed to the more ordered crystalline structure, which is
378  believed to give rise to larger linear terms in the crystal field potential.

379 The intensity of the transition strongly depends on the detail of the crystal size and lattice
380  packing and the interionic distance.

381 The 5Do—7Fo transition is also useful in the determination of the presence of number of equivalent
382  sitesin a host crystal or for the calculation of the number of different Eu species in the matrix because
383  the maximum of one peak is expected of a single site or species due to the non-degeneracy of the 7Fo
384  and Do levels.

385 The appearance of more than one peaks in the spectra of 5Do—7Fo transition is expected, and it
386  means more than one sites or species are present.

387 The energy difference between two different peaks due to Do—7Fo transition are small if the
388  structural difference between these two sites is little and an asymmetric shape of the 5D, only reveals
389  the presence of more than one site —7Fo transition line or shoulder. The presence of mixture in the
390  sample means energy difference between the transition.

391 The 5Do—7F1 transition directly reflects the crystal field splitting of the 7F1 levels. In a cubic or
392  tetrahedral crystal fields, the 7F1 level does not split. In the hexagonal, tetragonal, and trigonal crystal
393  fields, the 7Fi level divides into a non-degenerate and a two-fold degeneracy crystal-field level. In
394  orthorhombic or lower symmetries, the total removal of crystal field degeneracy results in three sub-
395  level of 7Fi states.

396 The total splitting of the 7F1 level in highly symmetric compounds ranges between 0-1 cm for the
397  cubic phase. Eu compounds with low site symmetry, a large total splitting of F1 state can be observed.
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398 The °D.-7F2 transition is hypersensitive, meaning its intensity and position is strongly influenced
399 by the local symmetry around the Eu3 ion, and it is profoundly affected by the type and nature of
400  the ligands around Eu compared to the intensities of other EDTs.

401 The results shown in this figure (Fig 13) suggests that, within a specific dopant concentration
402  domain, the PL peak at the vicinity of 610 nm increases with increasing dopant ion concentration.
403  However, when the dopant ion concentration increases beyond a specific threshold concentration,
404  the luminescence intensity started decreasing. Such a decrease in emission intensity as a function of
405  dopant concentration is explained through the so-called quenching effect. It is most likely that, at
406  high concentration, the Eu? ions may get clustered, and in which case neighboring Eu® ions would
407  probably quench the energy of the electronically excited Eu® ion before it gets deactivated through
408  emission, leading to a reduction in emission intensity.
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410  Figure 14. Sintering temperature dependence excitation spectra of Eu® doped CaSiOs/ SiO:
411  nanophosphor powder (A =400 to 700 nm). The concentration of Eu =5 mol %; sample was prepared
412 usinga Ro value of 0.12.

413 A series of nanophosphor powders were synthesized under identical Ro value in which the
414  concentration of activator ion and host matrix were maintained constant whereas the resulting
415  powders were sintered at a different temperature. Fig 14 shows on how the PL spectra of these
416  nanophosphor powders are influenced by sintering temperature. As can be seen, the intensity of
417  emission bands increased with sintering temperature. Sample sintered at 400 °C gave the lowest
418  emission intensity probably due to its amorphous nature. This figure further suggests that emission
419  bands at 610 nm and 590 nm are strongly related to the sintering temperature and crystal structure.
420  Emission intensity centered at both 610 nm and 580 nm increased with firing temperature, probably
421  suggesting the fact that more defined crystal structures evolve and develop in these samples as a
422  function of sintering temperature.

423 As shown in it, as the sintering temperature is raised to 800 °C, the red emission bands became
424  stronger (with no apparent splitting of the 580 nm band). The emission band at 610 nm, which
425  corresponds to electrical dipole transitions, is stronger than that at 580 nm, a shift corresponding to a
426  magnetic dipole. This may suggest why the Eu3* site symmetry has no center of inversion in Eu3+ ion
427  doped CaSiOs powder.
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429  Figure 15. Effect of silica concentration on PL spectra of Eu* doped CaSiOs / SiO2 nano phosphor
430  powder, prepared using Ro=0.12, with a Eu3* ion concentration of 5 mol % and sintered at 800 °C.

431 A series of samples were prepared in which the silica concentration was varied while the
432 concentrations of activator and alkali earth ions, Ro value and firing temperature were maintained
433 constant. This series of samples offered the possibility of studying the effect of silica concentration on
434  PL spectra of the given phosphor. As shown in Fig 15, the emission peak intensity at 610 nm increased
435  significantly with decreasing silica concentration, whereas the intensity of the emission band at 440
436  nm increased with increasing silica concentration. The result suggests that the activation energy of
437  Eud+ ion reduces with increasing silica concentration, and perhaps it has something to do with a
438  crystallinity of the sample as the degree of crystallinity enhances with the increase in silica
439  concentration.

440 The effect of Ca?* ion concentration on emission spectra of Eu** doped CaSiOsnanophospor is
441  given in Fig 16. As can be seen, the intensity of the red emission band has increased with increasing
442  Ca* concentration and past 2.0 mol %, concentration the emission intensity dropped dramatically.

443 It seems that Ca?* ion is deficient at low concentration of 1.08 x 10#mol dm- and this leads to the
444  formation of vacant sites not only at Ca? ions sites but also at those of oxygen ion sites in the
445  conduction plane where charge transfer takes place. The vacancies created at oxygen sites, in turn,
446  can capture electrons, as electron centers at large oxide gaps usually create UV-color centers. And,
447  these color centers provide absorption sites for UV photons and thus compete with activator ions.

448 On the other hand, at higher Ca?* ion concentration (Ca?* = 5.41x10-4 mol dm?), it is evident that
449  Ca*ions are in excess in lattice sites. It, in turn, means that Eu® ions can no longer be able to occupy
450  most cation sites. This situation, in which the crystal lattice contains an excess of Ca?* ion, naturally
451  causes a decrease in emission intensity of bands at 580 nm and 610 nm, due mainly to the loss of
452  sufficient excitation centers and thus excitation energy.

453 The fact that the intensity of SDo—7F2 at 611 nm is stronger than 5Do—7F1 at 587 nm is an indication
454 that the local symmetry around Eu is low and deviates from an inversion center.

455 The coordination number of Ca and Si are 8 and 6 respectively, and their ionic radii are 111 pm
456  and 72 pm, the ionic radii of 8 and 6 coordinated Eu ion are 107 pm and 95 pm, that makes Eu closer
457  insize to Ca and it can easily occupy the larger site near Ca site as opposed to Si site.
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459 Figure 16. Effect of activator Ion, Ca? ion, concentration on the emission spectrum of Eu* doped
460  CaSiOs / SiO2 nano phosphor powder. Samples were prepared using Ro=0.12, and with a dopant
461 concentration of 5 mol % and sintered at 800 °C.

462 The charge matching of Eu and Ca allows distortion of the lattice and the associated defects due
463  to the charge size difference is at far off distance, the local site symmetry around Eu occupying Ca
464  will be center of inversion where the smaller chunk holding Ca site will be without inversion
465  symmetry.

466 The emission spectra where the 5Do—7F2 (EDT) at 611 nm of EU is much more intense than the
467  Do—7F1 (MDT) at 587 nm which can be attributed to the large fraction of Eu occupying Ca sites.
468  Though the oxygen vacancy is introduced in the vicinity to ensure local charge compensation, the
469  presence of MDT is an indication that some of the Eu also occupy Si cites having inversion symmetry.

470 The fact that 7Fo and °D. levels are non-degenerate, since both the emitting and end states are
471  non-degenerate, its number of components indicate the number of different metal ion sites. The
472 splitting of 5Do—"Fo suggests that an Eu ion occupies two or more non-equivalent sites.

473 At low doping level concentration (mol %) the *Do—"Fo level do not exhibit a sharp and single
474  peak. However, splitting of it into two components is seen, justifying that the Eu ion is distributed
475  between both the Ca and Si sites.
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477  Figure 17. Effect of particle size on emission spectra of Eu3* doped CaSiOs / SiO2 nano phosphor,
478  prepared with a dopant concentration =5 mol % and sintered at 800 °C. The average particle size was
479  varied by varying Ro value of the emulsion system during the preparation. The curve was fitted with
480  B-Spline fit (Open parametric B-Spline curve with data as control points).

481 In this case, a series of nanophosphor powders with varying average particle size were
482  synthesized by changing Ro value of the emulsion, whereas the concentration of reactants, fabrication
483  procedure, and sintering temperature was kept constant that offers the possibility of exploring
484  particle size dependent PL property of the given phosphor. As shown in Fig 17 the emission intensity
485  due to the nano phosphor powder decreased with increasing particle size, clearly suggesting the fact
486  that the emission efficiency of this phosphor can be enhanced by controlling average size of particles
487  of which it is made up: the emission efficiency can be enhanced by reducing average particle size.
488  Note the average size of the particle in its turn can be controlled by varying the Ro value of the
489  emulsion during preparation.

490 5. Conclusions

491 In the presence of Ca* ion as a sensitizer Eu** doped CaSiOs / SiO: nanophosphor showed
492  remarkable photoluminescence, PL property- including — 100 % photon conversion efficiency and a
493  two-fold increase in some excitation and emission photons. It is found that the emission intensity of
494 the given nanophosphor can be enhanced by controlling over average size of the grain of which it is
495  made, and by optimizing chemical composition of sensitizer ion, activator ion, and host matrix ion.
496  The intensity of orange emitting bands at 580 nm and red band at 600 nm has been increased by
497  reducing the grain size of the crystalline powder. The average size of the nanophosphor powder was
498  controlled by controlling the Ro value of the emulsion system: by decreasing the Ro value from 0.3 to
499  0.12, a dramatic reduction in particle size is achieved. Secondly, the particle size was controlled by
500  controlling sintering temperature: by increasing sintering temperature from 400 °C to 800 °C a
501  substantial increase in particle size and better-ordered crystal phase was achieved. The crystal
502  structure was strongly affected by the sintering temperature. Activator ion concentration showed a
503  strong effect in PL bands, with increasing Ca2* ion the intensity of the red PL band, also referred to as
504  emission bands, increased significantly. Higher concentration of Ca* showed concentration
505  quenching effect. Si* ion concentration showed a substantial impact on both the blue and red
506  emission bands: Increase in Si ion concentration lead to decrease in intensity of red PL band centered
507  at 610 nm and 580 nm whereas the intensity of the blue PL band increased with increasing Si** ion
508  concentration. With increasing Eu® ion concentration the red emission band initially increased
509  significantly whereas a strong concentration quenching is observed past 2.0 mol %.
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