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ARTICLE INFO ABSTRACT

Keywords: We investigated the changes in the structural and luminescent properties of Eu-ion-doped A3SiO4
A2§%04 . (A2SiO4:Eu, A = Ba, Sr, and Ca) by annealing in oxidizing and reducing atmospheres. The initially
Eu”"/Eu

synthesized samples displayed distinct, intense red emissions at approximately 600 and 700 nm,
which can be attributed to the presence of Eu®" ions. The emission intensity of Eu" was the
strongest in CaySiO4:Eu, which exhibited the lowest lattice symmetry among the three samples.
Remarkably, following annealing in a reducing atmosphere (Hy), the previously observed red
emission vanished, and instead, a strong green emission at around 500 nm, which is characteristic
of Eu?* ions. Because of the two occupation sites of the Eu ions in A2SiOg4, the emission of Eu®**
strongly depends on the excitation wavelength, which is the most evident in CaySiO4:Eu.
Conversely, after annealing in an oxidizing atmosphere (O3), the emission in the green region was
suppressed and the emission in the red region returned. The reversible transition between two
oxidation states occurred repeatedly by alternating Hy and O, annealing, resulting in good color
tunability in wide visible region with a simple ambient annealing process in a single compound.

Photoluminescence
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1. Introduction

Rare earth (RE) ion-doped oxides, that is, phosphors, have attracted considerable attention for several photoelectronic applications
such as three-dimensional displays, solid-state lighting, bio-imaging, and photocatalysis [1-3]. The colors of the phosphors are
determined mainly by the RE ions, whose 4f-4f and 4f-5d transitions are the origin of the luminescent properties. Each RE ion has its
own 4f orbital energy levels, which are rather insensitive to the host material owing to the screening effect of the 5s and 5p orbitals.
Because the color of the phosphor depends strongly on the RE elements, color tunability of the phosphor is an important issue. Changes
in the host material, doping concentration, multiple doping, site occupancy engineering, and charge transfer between RE ions can be
employed to improve the color tunability of phosphors [4].

Eu ions have good color tunability according to their valence state [5]. Eu ions can be stably present as Eu?>* or Eu®". The lumi-
nescence of trivalent Eu>* ions is caused by 4f% — 4{® transitions, resulting in narrow and weak emission spectra. Under ultraviolet and
violet-blue excitation, Eu®' ions show emissions in a range of 570-710 nm because of the 5D0 -7F 7J=0,1, 2,3, and 4) transitions. In
contrast, the divalent Eu?* ion shows a broad and strong emission spectrum owing to the allowed 4f°5d' — 4f” transition. The energy
levels of the 5d orbitals in Eu?* ions are significantly influenced by the crystal field. As a result, the absorption and emission bands of
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Eu* ions exhibit considerable variation, depending on the specific host crystal material. These bands can span a wide range of
wavelengths, extending from the ultraviolet (UV) to the blue region of the electromagnetic spectrum [6,7]. Thanks to the
above-mentioned sharp contrast between two luminescent behaviors, we could have good tunability of the luminescence in oxide
phosphors doped with the Eu ions under control of their valence states, e.g., 2+/3+, which could lead to high optoelectronic appli-
cation potential [8]. However, few studies have demonstrated the broad color tunability of the european ions according to their
valence states of a single material.

A5Si04 (A = Ba, Sr, and Ca) compounds have proven to be suitable hosts for luminescent lanthanide ions with several advantages,
such as good chemical and thermal stability, abundant crystal structure, and relatively easy synthesis, including low sintering tem-
peratures and inexpensive raw materials [9-11]. Therefore, they have been considered for applications in phosphors and scintillators.
In addition, the crystalline structures of A,SiO4 change considerably with the A ion. The structure of Ba;SiOy4 is orthorhombic and its
space group is Pnma [12]. Sr5SiO4 has two stable structural phases, « and B. o-Sr2SiO4 has an orthorhombic structure with the space
group Pnma, whereas p-SrySiO4 has a monoclinic structure with the space group P2;/c [13-15]. CagSiO4 has two phases, y- and
B-phases are stable at room temperature. The y-phase has an orthorhombic structure (space group Pnma), whereas the p-phase has a
monoclinic structure with the space group P2;/c. In addition, A3SiO4 (A = Ba, Sr, and Ca) compounds have two cation sites where Eu
ions can be doped. Two cation sites in A»SiOy result in different Eu?" emissions depending on site occupancy. Moreover, because the
ionic radii of two cation sites are similar to those of Eu** and Eu®* ions, Eu ions can exist in both divalent and trivalent states in A2SiO4
[16]. Therefore, this series of compounds can be a good platform for investigating the relationship between structural and luminescent
properties for Eu ion emission.

There have been several studies focusing on the luminescent properties of high efficiency emitting [17,18], and systematic peak
shift [19] of the Eu ion in A3SiO4, no studies have been conducted on the switching through thermal treatment between the divalent
and trivalent states and the related changes in the structural and luminescent properties of Eu ion-doped A2SiOy4. In this study, A2SiO4
(A = Ba, Sr, or Ca) doped with Eu ions was synthesized using a solid-state reaction method. The structural and luminescent charac-
teristics of the phosphors were studied by changing the valence state of the Eu ions through annealing in oxidizing and reducing
atmospheres. The emission properties of Eu>* and Eu>" vary significantly depending on the ions at A-site, which are relevant to the
lattice distortion in the compounds. We confirmed that the Eu-ion-doped A2SiO4 showed good color tunability with a simple ambient
annealing process.

2. Experimental

We synthesized Eu-ion-doped A3SiO4 (A2SiO4:Eu) compounds, where A = Ba, Sr, or Ca, through a solid-state reaction method. The
synthesis process involved blending high-purity raw materials: SiO3 (99.9%), Euz03 (99.99%), BaCO3 (99.98%), SrCO3 (99.9%), and
CaCO3 (99.95%) in a specific ratio of SiOy: EugO3: (Ba/Sr/Ca)CO3 = 1:0.01:1.98, enabling the substitution of Eu ions for A ions. The
doping concentration of Eu®" was set at 0.02. The resulting mixture was calcined at 1100 °C for 2 h and then formed into pellets.
Subsequently, the pellet samples were sintered at 1250 °C for 4 h in an ambient air atmosphere. For an investigation into the envi-
ronmental dependence of the materials, we subjected the sintered samples to the 900 °C annealing processes (4 h) in two different
atmospheres: O, and Hy (Ha:Ar = 0.04:0.96).

We performed X-ray diffraction (XRD) patterns in examine the structural characteristics of our samples. We measured luminescent
spectra using a JASCO FP-8500 spectrofluorometer, which utilized a Xe lamp as the excitation source. Time-resolved photo-
luminescence (TRPL) spectra were obtained using a spectrofluorometer (FluoroMax Plus, HORIBA) equipped with a Xe arc lamp.

(a) Ba,SiO, (b)  o-Sr,8i0, B-SL,Si0, (c) B-Ca,SiO,
[

e

°
Ba(l) Ba(ll) si(l) Sr(Il) si(l) Sr(ll) Ca(l) Ca(ll)

Fig. 1. The structure of (a) Ba;SiOy, (b) a'-SrySiO4, -SraSiO4, and (c) p-CasSiO4. Two cation sites (A(I) and A(II)) are indicated under each structure.
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3. Results and discussion
3.1. Structural properties of A2SiO4:Eu

First, we review the structural properties of A;SiO4 (A = Ba, Sr, and Ca), which strongly depend on the A ions. Fig. 1 shows the
structure of A3SiO4. As explained in the Introduction section, The structure of BaySiO4 is orthorhombic and its space group is Pnma
[12]. The Ba ion has two cation sites: Ba(I) in a 10-coordinate system and Ba(Il) in a 9-coordinate system (Fig. 1(a)) [20]. SrySiO4 has
two stable structural phases, «’ and p. «’-Sr2SiO4 has an orthorhombic structure with the space group Pnma, whereas p-SroSiO4 has a
monoclinic structure with the space group P2,/c [13-15]. Both phases are stable at room temperature and coexist easily. The transition
between the two phases is possible with a coordination structure rearrangement at a short distance [20-22]. Similar to Ba3SiO4, both
phases of SrySi04 have two cation sites: Sr(I) with 10 coordinates and Sr(II) in a 9-coordinate (Fig. 1(b)) [20,21,23,24]. CasSiO4 has
five phases that are stable at high temperatures in the order of o, o1, &'y, B, and y. Among them, the y- and p-phases are stable at room
temperature, but in general, the y-phase has higher thermal stability than the p-phase. According to a recent study, impurity ions could
make the p-phase stabler, acting as a stabilizer [25-28]. The y-phase has an orthorhombic structure (space group Pnma), whereas the
B-phase has a monoclinic structure with the space group P2;/c. In both phases, the Ca ion has two cation sites: Ca(I) and Ca(II) in the
6-coordinate space in the y-phase and Ca(I) in the 8-coordinate space and Ca(Il) in the 7-coordinate space in the -phase (Fig. 1(c))
[25].

Fig. 2 shows the XRD patterns of A»SiO4:Eu before and after Hy/O9 annealing. Our BaySiO4:Eu samples exhibited the same XRD
patterns as undoped BaySiO4 (JCPDS 26-1403), and no change in the XRD patterns was observed upon Hy/O» annealing (Fig. 2(a)).
The XRD pattern of the as-synthesized Sr,SiO4:Eu appeared to be a mixture of the two phase ratios of «-Sr2Si0O4 (JCPDS 39-1256) and
B-SraSi04 (JCPDS 38-2071) (Fig. 2(b)). The characteristic peaks for each phase were observed at 20 = 27.2° for «’-Sr,SiO4 and 20 =
27.7° and 32.4° for B-SrpSiO4. Interestingly, the intensity of the peak at 20 = 27.2° increased in the H annealed samples and decreased
in the Oy annealed samples, whereas those at 20 = 27.7° and 32.4° exhibited the opposite trend. This change implies that the Hy
annealing process increased the volume fraction of the o-phase, as detailed by the Rietveld refinement analysis. In CasSiO4:Eu, the
XRD pattern matched well with that of p-CaSiO4 (JCPDS 33-0302) before and after Hy/O4 annealing (Fig. 2(c)). This indicates that
doping with Eu ions makes the p-phase more stable than then y-phase in CaySiO4 [25-28].

To quantitatively analyze the structural changes induced by Hy/O5 annealing, we performed Rietveld refinement analysis of the
XRD patterns of A;SiO4:Eu (Fig. 3(a—f)). Rietveld refinement analysis showed agreement between the XRD data and the theoretical
data calculated using the relevant lattice constants and atomic positions [29]. The calculated data, measured data, and the difference
between the two sets of data are represented by the red lines, empty circles, and blue lines, respectively. The weighted profile R-factors
(Rwp) from the Rietveld refinement results were in the range of 7.78-21.05, and the goodness of fit (Xz) values from the results were in
the range of 1.13-3.71. These values indicate that the Rietveld refinement results were appropriate. Through Rietveld refinement
analysis, we confirmed that the structure of BaySiO4:Eu was orthorhombic (Pnma), the structure of SroSiO4:Eu was a mixture of
orthorhombic (o, Pnma) and monoclinic (B, P21/c), and the structure of CasSiO4:Eu was monoclinic (B, P2;/¢) [6,18,30]. Interestingly,
the weight ratios of the o- and B-phases of Sr2SiO4:Eu were approximately 1:1 in the Hy annealed sample, but the ratio changed to 1:2
in the O, annealed sample. This result suggests that the o-phase prefers an oxygen-deficient environment. According to Catti et al. the
bond valence sums (BVS) are lower in the o/-phase than in the p-phase: BVS = 1.58 in o-phase and 1.78 in f-phase [15]. In the oxygen
deficient environment (Hy annealing), the Sr(I) atoms are no longer bonded with the oxygen atoms, which reduces the BVS and thus
makes the o-phase preferred [31]. We summaried the lattice constant of A;SiO4:Eu obtained through Rietveld refinement and the

(a) Ba,SiO,:Eu As-syn. (b) Sr,Si0,:Eu As-syn.| (¢) Ca,SiO:Eu As-syn.
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Fig. 2. The XRD patterns of (a) BaySiO4:Eu (JCPDS 26-1403), (b) Sr2SiO4:Eu (JCPDS 39-1256, 38-2071), and (c) CapSiO4:Eu (JCPDS 33-0302)
before and after H,/O, annealing. In (b), the triangles indicate the characteristic peaks of the o'~ and § phases.
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Fig. 3. The Rietveld refinement analysis data of (a) BaySiO4:Eu" (b) BazSiO4:Eu>", (¢) SraSiO4Eu®" (d) SrySi04EuT, (e) CaySi04:Eu®t, and (f)
Ca2SiO4:Eu3+. The open circles (o) represent the XRD data, and the solid line (red) is calculated ones. A difference (Obs.-Cal.) plot is shown beneath.
Tick marks above the difference data indicate the Bragg position (orange tick mark is o/-Sr,SiO4).

weight ratio of the - and p-phases of Sr2SiO4:Eu in Table 1. Our results suggest that the symmetry of the lattice should be lower for A
= Ba (orthorhombic), Sr (orthorhombic + monoclinic), and Ca (monoclinic).

3.2. Luminescence of A,SiO4Eu in Hy and Oy annealing: Eu?* vs. Eu®*

Fig. 4 shows the photoluminescence (PL) of our samples before and after the Hy and O, annealings. The excitation wavelength (Aex)
was set to 395 nm, which is the photoexcitation wavelength for both Eu?" (4f-5d transition) and Eu®* (7F0—5L6 transition). The as-
synthesized A,SiO4:Eu exhibited emission peaks at approximately 600 and 700 nm, corresponding to the °Dy — 7Fj G=0,1,2 3,
and 4) transitions of Eu®* (Fig. 4(a)), whereas the emissions corresponding to the 5Do - 7F4 transition (703 nm) were the strongest.
This observation clearly indicates that the Eu ions in the as-synthesized state were trivalent. Among the three species, Ca3SiO4:Eu
exhibits the strongest emission, possibly because of its low lattice symmetry.

To investigate the ambient dependence of the emission properties of A;SiO4:Eu, we performed the post-annealing of the as-
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Table 1
Results of Rietveld refinement analysis of A;SiO4:Eu (A = Ba, Sr, and Ca): lattice constants (a, b, and c), angle (B), and cell volume (V).
Anneal Phase Weight ratio (%) a(A) b(A) c(A) BC) V(A% Xz Rup(%)
Sample
Ba,SiO4:Eu Hy - - 7.51 5.81 10.22 - 445.93 1.13 21.05
(2% - - 7.51 5.81 10.22 - 445.93 1.15 19.27
SrySi04:Eu H, o 50.64 7.07 5.67 9.74 - 390.45 3.71 10.68
i} 49.36 5.66 7.08 11.05 118.13 442.80
(2% o 33.35 7.07 5.66 9.73 - 389.36 2.91 7.78
i} 66.65 5.65 7.08 11.03 118.15 441.22
CaySi04:Eu H, i} 5.51 6.75 10.44 117.21 388.29 3.34 14.20
[e2% i} 5.51 6.76 10.44 117.21 388.86 1.15 11.39
1000 (a) As-syn. A, =395 nm
— Ba,SiO,:Eu x10
| — Sr,Si0,:Eu x10
500
2000
= L(b) H, anneal A, = 395 nm
< 1500
N
2
= 1000
=
L
= 500 |
=
0 m
¢) O, anneal. = 395 nm
1000 (©)
’l M/\
0 4
450 5 750
Wavelength (nm)

Fig. 4. (a) As-synthesized, (b) H, annealed, and (c) O, annealed PL spectra of A;SiO4:Eu (A = Ba, Sr, and Ca).

synthesized samples under an H, atmosphere. Interestingly, we observed strong and broad peaks at approximately 400-600 nm, which
were assigned to the 5d-4f transition of Eu?* (Fig. 4(b)). The PL intensity was the highest for CaZSiO4:Eu2+. The emergence of Eu?**
emission suggests that the Eu ions in A;SiO4:Eu can be easily converted from a trivalent state to a divalent state through the reduction
process of annealing in Hy atmosphere. We re-annealed the samples in an O ambience, and their luinescnece re-exhibited a typical f-f
emission in the range of 600-700 nm (Fig. 4(c)). This finding indicates that Eut changed to Eu3+, and that the annealing process in an
O, environment can easily convert Eu ions from a divalent state to a trivalent state by oxidation.

To confirm the reversibility of the Eu ion valence state conversion, successive annealing in Hy and O atmospheres was repeated for

Table 2
Integration of PL intensities of A;SiO4:Eu at dex = 330 nm (Eu?") and 395 nm (Eu®"). The emission peak was calculated around 500 nm (Eu®*") and
600-700 nm (Eu®").

Sample As-synthesized 1st H, anneal 1st O, anneal 2nd H, anneal 2nd O, anneal
Ba,SiO4:Eu 773.8 94627.1 747.1 97489.4 741.2
SrySi04:Eu 177.1 125935.2 172.8 109949.2 161.3
Ca,Si04:Eu 20307.5 271654.7 19582.3 361257.3 18509.6
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the A;Si0O4:Eu samples. For the quantitative analysis of the change in PL intensity, we estimated the PL intensities of Eu?>* and Eu®" by
integrating the PL spectra in the spectral ranges of 450-550 nm and 580-720 nm, respectively (Table 2). The reversible behaviors in
the integrated intensity of PL were clearly observed in A»SiO4:Eu for all three A ions under successive redox process (Fig. 5(a—c)). This
result shows that the emission properties of A2SiO4:Eu could be easily manuplated by converting the Eu ion valence state through
ambient treatment.

3.3. Luminescence properties of A2SiO4:Eu

3.3.1. Luminescent properties of A2$'i04:Eu2+

To investigate the emission properties of Eu?" in A2SiO4:Eu?" in depth, we recorded the emission spectra of the Hy annealed
samples at lex = of 330 nm (Fig. 6(a-c)). We observed broad 5d-4f emission in Eu?" near 500 nm [6,19,32-35]. Notably, Eu ions
occupy two A-sites in A3SiOy4, that is, the A(I) and A(I)sites. We denote the Eu ions substituted at the A(I) and A(II) sites as Eu(I) and Eu
(ID), respectively. The absorption and emission spectra of Eu?>* depend on the substitution sites because of different local lattice en-
vironments. We fitted the emission spectrum of A;SiO4:Eu with two bands, Peaks I and I, as shown in Fig. 6. We estimated the po-
sitions of Peak I to be 500 nm (2.48 eV), 490 nm (2.53 eV), and 510 nm (2.43 eV) and those of Peak II to be 535 nm (2.31 eV), 540 nm
(2.30 eV), and 570 nm (2.18 eV); therefore, the difference in the two peak positions was 0.17 eV, 0.23 eV, and 0.25 eV for A = Ba, Sr,
and Ca, respectively. The positions of the two emissions and their differences are associated with the crystal field strengths at the two
cation sites doped with Eu ions in these materials. The details are discussed in Section 3.3.2.

The photoluminescence excitation (PLE) spectra were also measured by monitoring the emissions of Peaks I and II. As shown in
Fig. 6, for the PLE spectra of Peak I (black line), all three A,SiO4:Eu samples exhibited a wide excitation band in the range of
approximately 220-450 nm. The PLE spectra of Peak II (blue line) were measured and compared with those of Peak I. In BaySiO4:Eu®",
the range of the PLE spectrum of Peak II was the same as that of Peak I, but weaker. The compounds Sr,SiO4:Eu?" and Ca,SiO4:Eu®"
exhibited a weak peak II excitation intensity, but the excitation spectra spread up to 500 nm.

Interestingly, owing to the two substitution sites, the emission spectra depend strongly on the excitation wavelength. For a more
detailed analysis, we measured the PL intensity of A;SiO4:Eu®" at different excitation wavelengths (Fig. 7). In Fig. 7(a), the PL intensity
of BaySi04:Eu?* hardly depended on the excitation wavelength because the excitation wavelength ranges of Peaks I and II were nearly
identical. In SrZSiO4:Eu2+, as shown in Fig. 7(b), the PL intensity of Peak I was dominant near the short excitation wavelength, lex =
310-360 nm, but with the photoexcitation of 1. increasing up to 400 nm, Peak I was suppressed, and then Peak II developed [19].
Similarly, the wavelength of the maximum PL intensity of CaySiO4:Eu®* changed significantly from 500 to 600 nm as the excitation

[ (a) Ba,SiO,:Eu » B —e—Eu
800 |- g 7 . 4 100000
L u n ]
600 |- i
400 = 450000
200 | i
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2 200 [(b) Sr,8i0,:Eu 3 150000
[ |
é\. | || | | -
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£ 100 -
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Fig. 5. Integrated PL intensities of the Eu?*(blue squares) and Eu®*(black squares) of (a) BaySiO4:Eu, (b) SrySiO4:Eu, and (c) CasSiO4:Eu.
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Fig. 6. The PL and PLE spectra of (a) Ba,SiO4:Eut, (b) SraSiO4:Eut, and (¢) CaySiO4:Eu?" annealed in an H, atmosphere.
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Fig. 7. Contour plot of the PL intensity of (a) BaZSiO4:Eu2+, (b) SrZSiO4:Eu2+, and (c) CazSiO‘,:Eu2+ annealed in H, atmosphere, measured while
varying the photoexcitation wavelength (y-axis).
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wavelength increased from 420 to 470 nm (Fig. 7(c)). The strong dependence of the emission wavelength on the substitution doping
sites resulted in good tunability of the emission color with excitation wavelength in Sr,SiO4:Eu?" and Ca,SiO4:Eu?".

3.3.2. Electric potential calculation using point charge model

The positions of peaks I and II are associated with the crystal-field strength of the 5d orbitals of Eu**. To estimate the strength of the
crystal field at the A-site of A;SiO4:Eu", we calculated the electric potential at the A-site caused by the oxygen atoms in the A-Oy
complex (N: coordination number) using a simple point-charge model, considering each oxygen ion as a point charge in three-
dimensional space. To calculate this, we used the positions of the oxygen ions around the A-site ions obtained from Rietveld refine-
ment. The electric potential V originating from the oxygen complex was estimated using the following equation:

Mo qi
V=3 i— €3]
i=1

7ey |r — i

in the calculation, the variables N, ¢, q;, and r; represent the coordinate number of the oxygen complex, the dielectric permittivity in
vacuum, the charge of oxygen, and the position of the ith oxygen, respectively. The calculated V values at the A(I) and A(II)sites of
A5SiO4:Eu are summarized in Table 3. The comparison of the V value according to the A ion used the average of the V values of the
o-phase and p-phases of SraSiO4.

Remarkably, the V of A;SiO4 was in good agreement with the results obtained from the PL spectra. Specifically, as we mentioned
above, the positions of Peak I were determined to be 2.48, 2.53, and 2.43 eV for A = Ba, Sr, and Ca, respectively. Correspondingly, the
calculated V values at the A(I) site were found to be —87.227 x 10’10, —89.551 x 10’10, and —79.840 x 10719V for A = Ba, Sr, and Ca,
respectively. Similarly, the results obtained for Peak Il were consistent with the observations from the PL spectra. As mentioned earlier,
the positions of Peak II were determined to be 2.31, 2.30, and 2.18 eV for A = Ba, Sr, and Ca, respectively. The calculated values of V at
the A(II) site were found to be —83.105 x 107 1%, —82.983 x 1071%, and —62.293 x 1071° V for A = Ba, Sr, and Ca, respectively.
Furthermore, the differences in V (AV) between Peaks I and II of A;SiO4 were 4.12201071° 6.567¢1071°, and 17.548e10 1%V for A =
Ba, Sr, and Ca, respectively. The differences are in good agreement with the PL spectra; the largest AV value in CazSiO4:Eu is consistent
with the largest separation between Peak I and Peak II.

3.3.3. Luminescent properties of AgSiO4:Eu3+

To investigate the emission properties of Eu>* in A,SiO4, we examined the emisison spectra of the O, annealed samples at Aex = 395
nm (®Fo-°Lg transition of Eu®"). The emission spectra were in good agreement with those reported in previous studies [6,13,36]. As
shown in Fig. 8(a—c), the emission peaks of all three samples were commonly observed at approximately 575, 590, 613, 650, and 700
nm, corresponding to the transitions from 5Dg to "Fy, “Fy, “Fy, "Fs, and “F4 in Eu®t ions, respectively. The common emission pattern in
the three A»Si04:Eu®" complexes is in good agreement with the general idea that the transitions between the 4f orbitals are insensitive
to the crystal field owing to the screening effect of the 5s and 5p orbitals. For a similar reason, the emission spectra do not clearly reflect
the two-site occupation of Eu®" in A,SiO4, unlike the emission properties of Eu®" in the H, annealed samples. The emission intensity of
Eu>" was the highest for CaySiO4:Eu®t, which is in good agreement with the lowest lattice symmetry of CaySiO4:Eu®t among our
samples.

PLE measurements were performed on A,SiO4:Eu*. The emission at 700 nm, corresponding to the 5Dy-"F4 transition in Eu>*, was
monitored for this measurement. The PLE spectra revealed a broad absorption band in the range of 200-300 nm, which corresponds to
the charge transfer (CT) transition from the 2p orbital of the oxygen ion to the 4f orbital of the Eu®>" ion. Additionally, sharp peaks were
observed at 319, 362, 383, and 395 nm, corresponding to the 7Fo->Hj, "Fo-"Da, "Fo-"Gy, °Ly, and "Fo-"Lg transition of Eu®*, respectively.

3.3.4. Contrast in luminescent features between Eu?* and Fu®*

Few studies have compared the emission spectra of Eu>" and Eu®" ions in a single-host material [37,38]. In this study, we suc-
cessfully obtained the luminescent spectra of Eu?t (H, annealing) and Eu®" (O, annealing) from our samples by simple ambient
annealing. Trivalent Eu®* with no electrons in the 5d and 6s orbitals typically exhibits transitions between energy levels of 4f orbitals
[39]. It is noted that the parity forbiddent transition between f-orbitals could be forcedly allowed in the non-centrosymmetric structure
around Eu®*, without significant disturbance of the crystal field due to the shielding effect on the 5s and 5p outer electrons. For these

Table 3
The calculated electric potential (V) of A;SiO4:Eu using the point charge model.

Sample A-Site Coordinate V0,00 (1071°V) AV(0,0,0) (1071°V)
BaySiO4:Eu Ba(l) 10 —87.227 4.122
Ba(I) 9 —83.105
o'-SrySi04:Eu Sr(D) 10 —91.887 5.722
Sr(11) 9 —86.165
B-SrpSiO4:Eu Sr(l) 10 —87.215 7.413
Sr(1I) 9 —79.802
CaySi04:Eu Ca(D) 8 —79.840 17.548

Ca(ID) 7 —62.293
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Fig. 8. The PL and PLE spectra of (a) BaZSiO4:Eu3+, (b) SrZSiO4:Eu3+, and (c) CaZSiOA,:Eu3+ annealed in an O, atmosphere.

reasons, despite the difference in the crystal structure of A;SiO4 with respect to the A ion (orthorhombic for A = Ba, a mixture of
orthorhombic and monoclinic for A = Sr, and monoclinic for A = Ca), the emission spectral patterns of our samples at approximately
600 nm were quite similar, as shown in Fig. 8. In addition, the f-f transitions in Eu®", that is, forced electric dipole transitions, should be
sensitive to the lattice distortion of the host material. Indeed, the emission intensity of Eu®* increases as the crystal symmetry of A;SiO4
decreases in the order of A = Ba, Sr, and Ca; the intensity is much stronger by an order of 2 in Ca3SiO4:Eu than in Ba;SiO4:Eu. Moreover,
Stark splitting was clearly observed for A = Ca because the number of Stark splittings was larger in the lower lattice symmetry.

On the other hand, Eu®" with one more 4f electron than Eu®* shows a 4f"-4f("~15q transition, which can be the origin of absorption
and emission bands in strong and broad features. Due to the outer 5d orbitals, the spectra of Eu>" lie in a wide spectra ranges with
respect to the host material. In Fig. 6, the emission spectra of A,SiO4 with Eu?* depend strongly on the A ion (equivalently, the lattice
structure of A3SiO4) as well as the occupation sites. The emission of Eu?* for A = Ca increased from 500 to 650 nm, whereas the
emission for A = Ba was confined to approximately 500 nm. In contrast, the emission intensity of Eu?" appears to be insensitive to the
lattice symmetry compared to the emission of Eu>". The enhancement factor from A = Ca to A = Ba in the Eu?>" emission was
approximately 2-3, whereas that in the Eu>* emission was approximately 100. Because the 5d-4f transition is parity allowed, sym-
metry lowering is not essential for the emission of Eu®".

The TRPL spectra of A;SiO4:Eu were obtained to compare the emission decay characteristics of Eu?>* and Eu®* (Fig. 9). The PL
lifetimes (1) were calculated using least square fitting with a single (Eu3+)/double (Eu2+) exponential functional form. The intensity-
weighted average PL lifetime (t,yg) is defined as [40,41].

AT

av, :1— 2
Tavg A 2

where A; is the amplitude of the ith component and 7; is the lifetime of the ith component. The decay curves of A5SiO4Eu?t were
measured at e, = 500 nm upon excitation at ex = 395 nm. As shown in Fig. 9(a), the average PL lifetimes were found to be 4.03-7.33
ps, which are reasonable for the values of the 5d-4f transitions of Eu?' [42]. The decay curves of A5Si04EuT at deym = 700 nm were
measured at dex = 395 nm excitation. As shown in Fig. 9(b), the average decay times were found to be 1.47-2.51 ms, which are
reasonable for the values of the 5D0-7F4 transitions of Eu*t [43,44]. The decay times of Eu®" are much shorter than those of Eu®*. The
obtained parameters of A3SiO4:Eu from the TRPL curves are summarized in Table 4.
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Fig. 9. Measured TRPL decay curves of (a) A5SiO4:Eu®" and (b) A,SiO4:Eu®" annealed in an Hy/O, atmosphere.

Table 4
PL lifetime obtained from fitted TRPL decay and average lifetime of the A;SiO4:Eu.
Sample Anneal Relative amplitude PL lifetime
Ay Ay T1 T2 Tavg
BaySiO4Eu H, 0.783 0.217 0.93 ps 9.59 s 7.33 s
O, 1 1.47 ms 1.47 ms
SrySi04:Eu Hy 0.968 0.032 1.13 ps 12.18 ps 4.03 ps
0, 1 2.37 ms 2.37 ms
CaySiO4:Eu Hy 0.964 0.036 1.02 ps 11.73 ps 4.21 ps
[o2% 1 2.51 ms 2.51 ms

3.4. CIE coordinates of A2SiO4Eu

The CIE chromaticity coordinates (x, y) calculated from the PL spectra of A3SiO4:Eu are shown in Fig. 10 [45]. The CIE coordinates
of A,SiO4 with Eu®" are marked with solid squares, whereas those of the Oy annealed A2SiO4:Eu (trivalent) are marked with open
squares. Interestingly, the CIE coordinates of the Hy annealed A,SiO4:Eu (divalent) varied depending on the excitation wavelength.
SrpSi04:Eut and CaySiO4:Eu®t exhibited turquoise-to-yellow and green-to-red color changes, respectively, depending on the exci-
tation wavelength, whereas BagsiO‘;:Eu2+ emitted fixed green colors. In contrast, irrespective of the excitation wavelength, the O,
annealed A,SiO4:Eu (trivalent) exhibited red colors: (0.435, 0.325) for A = Ba, (0.621, 0.379) for A = Sr, and (0.63, 0.352) for A = Ca.
These results indicate that the emission color of A3SiO4:Eu could be fine-tuned over a spectral range from turquoise to red through
controling the valence states of Eu ions and the photo-excitation energy.

4. Conclusion
We report on the structures of A;SiO4 with doping of Eu ion (A2SiO4:Eu), where A = Ba, Sr, or Ca, and their emission properties.
Through Rietveld refinement analysis of the XRD measurement data, we found that the structure of Ba;SiO4:Eu was orthorhombic,

SrySi0O4:Eu existed in a mixed phase of orthorhombic (o-phase) and monoclinic (B-phase), whereas CasSiO4:Eu was defect-induced

10
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Fig. 10. The CIE coordinates of A;SiO4:Eu. The color coordinates of Sr,8i04Eu®" and Ca,SiO4:Eu®" that vary depending on the excitation
wavelength are indicated by black arrows.

monoclinic (B-phase). After synthesis, A2SiO4:Eu showed typical Eu®* emissions near 600 and 700 nm. With H, ambient annealing, a
blue-green Eu?" emission emerged near 500 nm, with suppression of the Eu*" emission. The emission of Eu>" depended strongly on
the excitation wavelength owing to the two-site occupation of Eu ions, which was most clearly observed in CaSiO4:Eu. The O,
annealing restored the Eu®" emission. Conversion between the divalent and trivalent states can be repeated through Hy and Oy
alternative annealing. Our results show that A;SiO4:Eu is a suitable material for comparing the emissions of two Eu ions in a single
material and has the potential for use in turquoise-to-red-emitting phosphors for various lighting applications with good tunable color
via simple ambient thermal annealing.
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