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Abstract

White light LEDs have a long life and high energy efficiency; however, their
application is limited owing to the lack of red components. Herein, we use the solid-
state reaction method to fabricate a new Mn-activated perovskite-type Las;3sMgTaOs
phosphor that exhibits red emission under UV excitation at 365 nm. A-site deficiency in
the perovskite-type structure plays a crucial role in Mn*" emission in Las;sMgTaOs
because Mn*"—which is located in the non-inversion symmetry site—is activated for
such an emission. In addition, the new Mn-activated pyrochlore-type MgzLaTaOg
phosphor exhibited green emission under UV excitation at 254 nm owing to the oxide
ion deficiency of Mg>LaTaOs. Based on the features of the oxide-deficient pyrochlore-
type structure, we infer that Mn?* may be present in the six-coordinate octahedral site

with high distortion in pyrochlore-type Mg>LaTaOg.
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1. Introduction

White LEDs are used worldwide owing to their energy efficiency, high luminous
intensity, and long operational life [1-3]. These comprise blue LEDs [4] with yellow
phosphors (Y3Als012:Ce*") [5]. These colors are complementary and thus produce white
light; however, white LEDs also exhibit low color rendering owing to the lack of a red
component, which limits their applications [6]. Red phosphors excited by ultraviolet
(UV) and blue light have been developed to solve this problem [7], and the resulting
high-color-rendering white LEDs enable control of the color tone of lighting and are
expected to have a wide range of applications.

Some Eu-activated red phosphors, including CaAlSiN3:Eu?" and M>SisNs:Eu** (M =
Ca, Sr, Ba), have been synthesized for practical use [8,9]; however, Eu is expensive, and
such devices are not widely available because their production is unevenly distributed
around the world.

Herein, we develop Mn-activated phosphors as an alternative to Eu-activated red
phosphors. Mn**-activated phosphors are known to absorb near-UV light and emit red
light. Moreover, Mn is considerably cheaper than Eu [10—13]. Mn-activated phosphors
have recently attracted considerable attention as promising red phosphor candidates for
use in high-color-rendering white LEDs such as NaLaMgWOg:Mn*" [10],
Sr2Cai-sLnsWOe:Mn*" [11], Sr3LiSbOs:Mn*" [12], Sr2ScOsF:Mn* [13].

Despite their potential as red phosphors, the absorption and emission of Mn*" are
typically assigned to forbidden transitions. Mn*" preferentially occupies six-coordinate
octahedral sites with a center of inversion [14]; however, a high luminescence efficiency
is not achieved from the octahedral Mn*" owing to its selectivity as per the Laporte rule
[15]. To solve this problem, we chose Las3MgTaOg as a host material for Mn*" activators.
The crystal structure of Las3MgTaOs is characterized by a double perovskite-type
structure with a regular deficiency of La®" along the c-axis [16] (Fig. 1). LassMgTaOs
contains [TaOs] octahedra, which facilitates entry of Mn*" ions into the six-coordinate
octahedral sites. The Mn*' in the B-site of the perovskite-type structure is thus displaced,
thereby removing the center of inversion from Las3MgTaOs. For example, in the defect-
perovskite structures of lithium-containing lanthanum metaniobates and metatantalates,
the cation at the B site is displaced toward the deficient A-site as the amount of lithium is
reduced [17]. Based on these observations, we predict that the Mn*"-activated
Las;sMgTaOs phosphor will exhibit high-intensity red emission owing to the loss of the
inversion symmetry center. A Mn*"-activated SrLaxMg>W-O1 red phosphor with A-site

deficiency in the structure and high luminescence was recently reported by Shi et al [18];



however, the relationship between A-site deficiency and luminescence in the perovskite-
type structure has not yet been reported. Zhou et al. synthesized the perovskite-type
BaLaMgTaOs:Mn*" red phosphor via a high-temperature solid-state procedure [19], the
final calcination temperature (1500 °C) and reaction time (6 h) of which are identical to
those used in the synthesis of Las3sMgTaOs [16]. In addition, the ionic radius of Ba** (1.42
A (eight-coordination)) is similar to that of La*" (1.160 A (eight-coordination)), making
Ba?" a suitable dopant for La®" sites [20]. In this study, we synthesized the Mn*"-activated
phosphors, Las/3-2/3:BaxMgTa0.0906:0.01Mn*" (x =0, 0.2, 0.4, 0.6, 0.8, and 1) at 1500 °C
for 6 h. By substituting Ba?" into the A site of Las3sMgTaOs, we investigated the
relationship between the A-site deficiency and the luminescence properties of the material.

We also synthesized the Mn-activated phosphors, Las/;3-2/3,Mgi+,Ta0.9906:0.01Mn (y =
0,0.2,0.4, 0.6, 0.8, and 1), and investigated the effect of increasing y on their crystal
structure evolution and luminescence properties. With a y value of 1, the chemical
composition of this phosphor is represented as MgzLaTaOg, which has an oxide ion-
deficient pyrochlore-type structure [21]. Mn*"-activated pyrochlore-type RE2Sn>07
(RE* =Y3", Lu** or Gd*") phosphors were previously shown to exhibit red
luminescence [22]. To the best of our knowledge, all Mn-activated pyrochlore-type
phosphors emit red light. Inspired by this, we synthesized the first Mn-activated
pyrochlore-type Mg2LLaTaOs phosphor.

2. Materials and methods

2.1 Sample synthesis

Las;-ianBaiMgTag.99Mno 0106 (x =0, 0.2, 0.4, 0.6, 0.8, and 1) and Las;.
@3)yMgi+Tag99Mno 0106 (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors were synthesized by
a solid-state reaction. The Mn doping level was fixed at 1% of Ta. Stoichiometric
amounts of La;03 (99.9%, Kojundo Chemical, Japan), 4MgCO;-Mg(OH),:5H>O
(485.65 g/mol, Kishida Chemical, Japan), Ta;05 (99.95%, Kanto Chemical, Japan),
MnCO3 (99.9%, Kojundo Chemical, Japan), and BaCOs3 (99.9%, Kanto Chemical,
Japan) were ground and mixed in an agate mortar for 40 min. After calcination at
1200 °C for 4 h, the mixture was cooled to room temperature and thereafter mixed for a
further 20 min. Finally, the mixture was calcined at 1500 °C for 6 h to obtain the desired

products.

2.2 Characterization

The crystalline structures of the phosphors were investigated at room temperature



using powder X-ray diffraction (XRD, SmartLab X-ray Diffractometer, Rigaku, Japan)
with Cu-Ka radiation at 45 kV, 200 mA, and 20 in the range of 10—60°. The particle
shape and size were determined by scanning electron microscopy (SEM, JSM-6510A,
JEOL, Japan). The luminescence properties of all the phosphors were measured by
fluorescence spectrometry (FP-8300 Spectrofluorometer, JASCO, Japan). The same
amounts of phosphors (weighted 0.150 g) were used to compare with the same holder.
The X-ray absorption near edge structure (XANES) spectrum of the Mn-K edge in
fluorescent mode was measured using the BI16B2 beamline at SPring-8, Japan. X-ray
energy selection was achieved using a silicon (111) double crystal monochromator. A
25-element solid-state detector (25-element SSD) was used owing to the low
concentration of Mn. A Cr metal foil was set in front of the SSD for band-pass filter.
The XANES spectra were measured at a rate of 45 (x, y = 1 samples) and 54 (x =0
sample) seconds per point, respectively. After the XANES measurement, the
background process was conducted by REX2000 software.

3. Results and Discussion

3.1 Lasi-2i3xBaxMgTao.99Mno.0106 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors

The XRD patterns of Las/;-3BaxMgTao.990Mno.0106 (x =0, 0.2, 0.4, 0.6, 0.8, and 1)
phosphors calcined at 1500 °C for 6 h are shown in Fig. 2. The diffraction patterns of
the samples with x = 0 and 1 are consistent with the Joint Committee on Powder
Diffraction Standards (JCPDS) card peak patterns of Las3sMgTaOs [16] and
BalLaMgTaOg [23], respectively, confirming the formation of single phase phosphors.
The patterns of samples with x = 0.2—0.8 did not exhibit any peaks corresponding to
other phases. The peak at ~32° continuously shifted to a lower angle with increasing x,
indicating that Ba was successfully doped into the perovskite-type structure (Fig. 2,
right hand side).

SEM images of Mn*"-activated Las;sMgTaOg (x = 0) and BaLaMgTaOg (x = 1)
phosphors are shown in Fig. 3(a) and (b), respectively. We observed coarse particles
measuring ~10-20 micrometers and fine particles measuring several micrometers.

The excitation and emission spectra of Las;3-23:BaxMgTag.99Mng 0106 (x = 0, 0.2, 0.4,
0.6, 0.8, and 1) phosphors are shown in Fig. 4(a) and Fig. 4(b), respectively. The
excitation spectra showed an absorption maximum at ~365 nm, while the fluorescence
spectra showed red emission with a maximum at ~706 nm. The sample with x =0
exhibited the strongest absorption of UV light and emission of red light at ~365 and 706

nm, respectively, demonstrating its potential as a phosphor for high-color-rendering



white LEDs by applying near-UV light excitation. As the amount of Ba®" substitution
increased, both the absorption and emission intensities tended to decrease.

Images of Las;-23.BaxMgTao.09Mno.0106 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors
under UV excitation of 365 nm (Fig. 5) show that the red luminescence tends to be
quenched with increasing x. The sample with x = 0 exhibited the strongest red emission.
We hypothesize that the center of inversion in Las;3sMgTaOs, was lost owing to the
displacement of Mn*" occupying the B-site toward the deficient A-site to avoid
electrostatic repulsion. Accordingly, the forbidden transition was relaxed in the x =0
sample. In addition, the luminescence tended to be increasingly quenched with
increasing x, indicating that reducing the A-site deficiency by the substitution of Ba*"
revives the center of inversion (Fig. 6).

XANES is an effective technique to probe the local coordination environment at a
particular location in the structure. Yamamoto introduced the importance of the intensity
of the pre-edge peak in terms of the d-p hybridization, which is dominated by the orbital
symmetry and can be explained by group theory. The formation of the d-p hybridized
orbital results in an intense pre-edge peak owing to the mixing of s-p electric dipole
transitions [24]. Farges reported that the intensity of the pre-edge peak at ~6540 eV in the
Mn K-edge XANES spectrum increased as the symmetry around the Mn?" center was
reduced [25].

The Mn K-edge XANES spectra of LassMgTaoooMnooiOs (x = 0) and
BalLaMgTao.99Mno 0106 (x = 1) phosphors are shown in Fig. 7. A low-intensity pre-edge
peak was observed at approximately 6540—6545 eV in A-site deficient perovskite-type
structure. Therefore, this result provides evidence that Mn*" occupies the non-inversion
center and explains the strong red emission of the A-site deficient perovskite-type

structure.

3.2 Lasi-23yMgi+,Tao.99Mnp 0106 (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors

The XRD patterns of the Las;3-23,Mgi+Tao99oMno.010s (y =0, 0.2, 0.4, 0.6, 0.8, and 1)
phosphors calcined at 1500 °C for 6 h are shown in Fig. 8. The pattern of the sample
with y = 0 matched the peak pattern of LassMgTaOs, confirming the single phase
phosphor. In contrast, a new diffraction peak appeared at ~29° as y increased. These
star-shaped peaks are derived from the oxide ion-deficient pyrochlore-type structure of
Mg>LaTaOg [21]. A small amount of MgO was also detected as a byproduct in samples
with y = 0.2—1. Magnification of the strongest diffraction peaks at ~27°-33° shows that
the peak shift was not significant, with an increase in y, the intensity of the peaks

derived from Las3MgTaOg decreased and that derived from MgzLaTaOg increased.



This result demonstrates that the addition of Mg to La does not form a solid solution in
the perovskite-type Las;3sMgTaOg structure.

The perovskite-type structure was retained in Las/3.23xBaxMgTao.99Mno.010s (x = 0,
0.2,0.4, 0.6, 0.8, and 1) regardless of the x value; however, Las;s.
3)yMgi+yTao.09Mno.010s (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) formed a pyrochlore-type
structure as y increased. This result was attributed to the difference in the ionic radii of
Mg?* and Ba?" used as dopants. Because the ionic radius of Ba®" (1.42 A (eight-
coordination)) is larger than that of Mg?" (0.89 A (eight-coordination)) [20], the
perovskite-type structure, wherein the A-site cation prefers a greater coordination
number, is stabilized in the Las/;.3xBaMgTao99Mng 0106 (x = 0, 0.2, 0.4, 0.6, 0.8, and
1) system.

An SEM image of the Mn-activated Mg>LaTaOs (y = 1) phosphor is shown in Fig. 9.
The particle size of this phosphor was several micrometers, and the particles were
smoother and more uniform than those of the Mn*'-activated perovskite-type
phosphors.

The emission spectra of Las/3.23,Mgi+,Tao.99Mno.0106 (v =0, 0.2, 0.4, 0.6, and 0.8)
phosphors excited at 365 nm are shown in Fig. 10. As y increased, the emission
intensity tended to decrease.

Images of Las/;-23)yMgi+Tao9oMno.01O0s (y =0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors
under UV excitation at 365 nm are shown in Fig. 11. The quenching of red
luminescence tends to increase with increasing y. The XRD patterns revealed that the
extent of the LassMgTaOg phase decreased with increasing y value (Fig. 8); therefore,
the decreasing trend in the emission intensity is caused by a reduction in the amount of
the LassMgTaOg phase that emits red light.

The excitation spectra of Las/3-23yMgi+,Tao.9oMno 0106 (y = 0.2, 0.4, 0.6, 0.8, and 1)
phosphors at 540 nm showed absorption maxima at ~254 nm (Fig. 12(a)), while the
fluorescence emission spectrum showed green emission with a maximum at ~540 nm
(Fig. 12(b)). The intensity of this green emission increased as y increased, suggesting
that the amount of the pyrochlore-type Mg:LaTaO¢ phase, which emits green light,
increases with increasing y, whereas the amount of the perovskite-type Las3MgTaOsg
phase, which emits red light, decreases.

Images of Las/3-2/3yMg1+Tao.99Mno.0106 (v = 0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors
under UV 254 nm are shown in Fig. 13. The sample with y = 0 consisted of a single
phase of Las;3sMgTaOe: thus, the red luminescence must be derived from the perovskite-
type Las;sMgTaOe. In contrast, the sample with y = 1 primarily contained the

MgzLaTaOg phase, demonstrating that the green luminescence was derived from the



pyrochlore-type Mg2LaTaOg. Orange/yellow emissions were observed from samples
with y = 0.4 and 0.6 owing to the mixture of the perovskite-type red phosphor and
pyrochlore-type green phosphor in the samples with y = 0.2 to 0.8.

The local coordination environment of pyrochlore-type Mg>LaTaOs was explored, and
a schematic of its structure was produced (Fig. 14). The composition of the ideal
pyrochlore-type structure is expressed as A2B2X7, in which the A-cation occupies the
16d site (eight-coordinate site), and the B-cation occupies the 16c¢ site (six-coordinate
site) [26]. The X anions occupy the 48f and 8b sites, while the 8a site is unoccupied.
Kumar et al. [21] found that Mg and La were randomly distributed across the 16d sites
(A-site) in oxide-ion deficient pyrochlore-type MgoLaTaOs, while Mg and Ta were
randomly distributed across the 16c¢ sites (B-site). The sum of the bond strengths of the
48f sites and 8b sites in MgzLaTaOg is calculated by Pauling’s second law [27], as
shown in Fig. 15. The sum of the bond strengths of the 48f position is closer to -2 than
that of the 8b position, suggesting that oxide ions are preferentially lost from the 8b.
Accordingly, this deficient pyrochlore-type MgzLaTaOg structure consists of AOs and
BOs octahedra owing to the empty 8b sites. Both AOs and BOgs octahedra have a center
of inversion identical to that of the nominal pyrochlore-type structure. Ramesha et al.
reported an oxygen ion-deficient pyrochlore-type PboMnReOs [28]. Their refinement
demonstrated that Mn>" and Re®" are disordered at 16¢ sites, while the O anions
occupied the 48f sites and the 8b site was unoccupied. The crystal structure of
PboMnReOg is shown in Fig. 16. The BOg polyhedra in PboMnReOgs were highly
distorted in a similar way to the highly distorted BOs octahedron found in MgxLaTaOs
[21].

The coordination environment in the vicinity of Mn was evaluated using XANES. The
Mn K-edge XANES spectrum of MgrLaTao.99Mno.010s (y = 1) phosphor is shown in
Fig. 17. The pre-edge peak was not identified in the spectrum of the pyrochlore-type
MgzLaTaOg phosphor, leading us to conclude that Mn occupied the site with a center of
inversion.

Mn** phosphors emit red light regardless of the parent material [10—-13]; however, the
emission wavelength of Mn?"-activated phosphors is dependent on the crystal field. As
the crystal field becomes stronger, the emission wavelength shifts toward longer
wavelengths. For example, in the case of the oxide phosphor, Mn?* in a four-coordinate
site without a center of inversion exhibits green emission owing to the relatively weak
crystal field, while that in a six-coordinate site emits orange/red light as a result of the
stronger crystal field [30-33].

Table 1 shows the emission wavelengths and coordination numbers of the Mn?" oxide



phosphors [30—40]. The Mn-activated MgxLaTaOs phosphors in which six-coordinate
sites are occupied exhibited an emission peak at an intermediate wavelength (540 nm),
suggesting that the highly distorted BOs octahedron may weaken the crystal field, thus

resulting in green emission from Mn?",
4. Conclusion

Cost-effective red-emitting phosphors with structures of Las/;3-3:BaxMgTao.99Mno.0106
(x=0,0.2,0.4, 0.6, 0.8, and 1) and Las;3-23,Mgi+Ta0.99Mno.0106 (v = 0, 0.2, 0.4, 0.6,
0.8, and 1) were synthesized by solid-state reaction for use in high-color-rendering
white LEDs. An investigation of the luminescence properties of Mn-activated Las3-
enxBaxMgTao 99Mno.010s (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) phosphors suggests that the
absorption and emission of Mn*" in perovskite-type Las;;MgTaOg is related to the A-site
deficiency of the structure. The deficiency of La*" in LassMgTaOs causes Mn** to
occupy distorted six-coordinate octahedral sites, thereby relaxing the forbidden
transition. The XANES spectra showed evidence that Mn*" was located at the non-
inversion center in the A-site deficient perovskite-type structure. The Mn*-activated
Las3MgTaOg phosphor exhibits red emission under UV excitation at 365 nm, and thus
has potential applications as a red phosphor in high-color-rendering white LEDs.
Similarly, the pyrochlore-type Mg>LaTaOs phosphor exhibited green emission at ~540
nm under UV excitation at 254 nm. In conjunction with the crystallographic data of
MgzLaTaOe, this result suggests that Mn?" is present in the six-coordinated octahedral
sites with a center of inversion in MgxLaTaOg. Our results suggest that the highly
distorted BOs octahedron may weaken the crystal field, thereby resulting in green
emission, and explaining the fact that Mn-activated Mg>LL.aTaOg phosphor exhibited

green emission despite the occupation of the six-coordinate sites.
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Crystal structure of Las3MgTaOs. La®" in the center is missing. Mg*" and Ta>"
ions may be shifted along the respective arrows.

XRD patterns of Las/-23:BaxMgTag 9906:0.01Mn*" (x=0, 0.2, 0.4, 0.6, 0.8, and
1).

SEM images of Mn**-activated (a) LassMgTaOs (x = 0) and (b) BaLaMgTaOg
(x = 1) phosphors.

(a) Excitation and (b) emission spectra of Las/;-23Ba:MgTa.9906:0.01Mn*" (x
=0,0.2,0.4,0.6,0.8, and 1).

Photographs of Las/-23:BaxMgTag 9906:0.01Mn*" (x = 0, 0.2, 0.4, 0.6, 0.8, and
1) under UV excitation at 365 nm.

Crystal structure of Las3MgTaOs (left) and BaLaMgTaOs (right). The A-site
cation deficiency in LassMgTaOg decreases with increasing x. The B-site cation
is displaced in the direction of A-site deficiency to avoid electrostatic repulsion
with the A-site cation La*".

Mn K edge normalized XANES spectra of LassMgTao9Mnoo1Os and
BaLaMgTao.99Mno.010s phosphors.

XRD patterns of Las/3.-2/3,,Mg1+,Ta0.9906:0.01Mn (y =0, 0.2, 0.4, 0.6, 0.8, and 1).
SEM image of Mn-activated Mg2LaTaOg (y = 1) phosphor.

Emission spectra of Las/3.2/3)yMg1+,T20.9906:0.01Mn (y = 0, 0.2, 0.4, 0.6, and 0.8).
Photos of Las/;3-2/3)yMgi+,Ta0.9906:0.01Mn (y = 0, 0.2, 0.4, 0.6, 0.8, and 1) under
UV excitation at 365 nm.

(a) Excitation and (b) emission spectra of Las;3-2/3:Mg1+yT20.9906:0.01Mn** (x =
0,0.2,0.4,0.6,0.8, and 1).

Photos of Las/;3-2/3)yMgi+,Ta0.9906:0.01Mn (y =0, 0.2, 0.4, 0.6, 0.8, and 1) under
UV excitation at 254 nm.

Schematic of pyrochlore-type structure. A and B cations occupy the 16d site
(eight-coordinate site) and 16c¢ site (six-coordinate site), respectively. X anions
occupy the 48f and 8b sites, while the 8a site is unoccupied.

Sum of the bond strengths of 48f and 8b site in Mg2LaTaOe. It is defined by the

. . v o
following equatlon:—zin—‘, where V; and n; are the valence and coordination
i

number of cation, respectively.
Crystal structure of Pb,MnReOgs drawn using VESTA [29]. The BO¢ octahedron
is highly distorted. The purple, black, and red spheres represent Mn/Re, Pb, and



O, respectively. Mn** and Re®" are disordered at 16¢ sites (purple polyhedral
site).
Fig. 17 Mn K edge normalized XANES spectra of MgxLaTao.99Mno.010¢ phosphors.

Table 1 Emission wavelength and coordination number of Mn**-activated oxide

phosphors.
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Table 1

Host Cog;(:lil';,ifon wavlslréllisgstil?[(]nm) Ref.
CdAlLO, 4 495 [34]
KAISi,O, 4 513 [36]
Na,ZnSiO, 4 515 [31]
SrALSi,Oq 4 517 [40]

Na,MgGeO, 4 521 [35]
Zn,Sn0, 4 523 [33]
Zn,Si0, 4 530 [30]

Mg,LaTaOy 6 540 This study
CdSio, 6 575 [37]

Na,Mg,SiOs 6 630 [39]

KMgBO, 6 636 [32]

MgGeO; 6 680 [38]
Tetrahedron This study Octahedron
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