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Abstract

The influence of magnesium oxide (MgO) content on the intensity of red photoluminescence (PL) of Mn** ions in Mn-doped
phosphors Mg, TiO,:Mn produced by solid-state reaction at 1200 °C has been investigated by PL, optical absorption, X-ray
diffraction, and electron paramagnetic resonance methods. The phosphors synthesized with excess MgO show an increase
of Mn** red emission compared with those of stoichiometric composition. The magnitude of this increase depends on both
MgO and Mn content. The largest increase of PL intensity is found for the phosphors synthesized under 3:1 molar ratios
of MgO to TiO,. For these phosphors, the PL intensity increases from time 1.1 to time 3 when Mn concentration decreases
from 1.0 to 0.0001 mol%. The phosphors produced under 6:1 molar ratios demonstrate a decrease of PL intensity at any
Mn concentration. It is shown that excess MgO promotes stabilization of Mg,TiO, phase against decomposition, hinders
formation of Mn?* centers, and enhances Mn** ions incorporation in the Mg, TiO, crystal lattice. The latter together with
reduced concentration quenching are supposed to be the main reasons of PL enhancement, which leads to the conclusion

that excess MgO is necessary to produce an efficient red phosphor.

1 Introduction

Over the last decade, Mn**-activated oxide and fluoride
materials have attracted much interest as the cost-effective
alternatives to rare-earth doped red phosphors for applica-
tion in white light-emitting diodes (LEDs) [1]. The addition
of red phosphor to Ce**-activated yttrium garnet yellow
phosphor excited by (Ga, In)N blue LED improves color ren-
dering index and decreases correlated temperature of white
LED [2]. All Mn*"-doped phosphors exhibit both broadband
excitation in the ultraviolet-blue spectral region and narrow
emission in the red that meet the spectral requirements for
an ideal red-emitting phosphor for blue-chip excited white
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LED. Today, Mn**-activated fluorides demonstrate the high-
est quantum efficiency of about 98% [3] and found com-
mercial application as red phosphors in white LEDs [4].
However, their use in high-power LEDs is largely impeded
by their low thermal stability and insufficient humidity
resistance. Moreover, toxic HF solution used in the synthe-
sis process is harmful to the environment and human. On the
contrary, Mn**-activated oxides are distinguished by excel-
lent stability and environmental safety.

Magnesium orthotitanate, Mg,TiO,, is considered as a
proper host matrix for substitution of Ti** ions by Mn*" ions
since no charge compensation is needed. Mn**-activated
Mg,TiO, shows intense emission peaked in the range of
565-560 nm that is both red and within the eye sensitiv-
ity curve [5-7]. The corresponding Commission Interna-
tionale de I’Eclairage (C.I.E.) chromaticity coordinate of
this phosphor is (0.73, 0.26) that is better than commercial
product YZOZS:Eu3+ (0.64, 0.35) [8]. It has been shown
that the Mg, TiO,:Mn*" is a potential efficient red phosphor
for application in InGaN blue-chip white LEDs to obtain
a warmer white light emission with a higher color render-
ing index (CRI) and a lower correlated color temperature
(CCT) [9, 10]. For example, it has been shown that the
CRI of YAG:Ce**-based white LED can be increased from
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68.1 to 79.8 with the CCT decreasing from 6565 to 4344 K
when Mg,Ti0,:0.1%Mn**, 0.4%Zn>" red phosphor is added
[10] as well the CCT can be decreased to 4270 K when
Mg, TiO,:Mn**, Bi**, Li* red phosphor is introduced [9].
The MngiO4:Mn4+ phosphors can be fabricated easily by
classical solid-state reaction via sintering of magnesium
oxide (MgO) and titanium dioxide (TiO,) powders in the
air [7-12]. The reduced pollution, low cost, simplicity in
process and handling, and ability to produce materials in
large quantities make this method practical for the low-
cost mass production. However, the quantum efficiency of
Mg, TiO,:Mn** red phosphor is still too low for commer-
cial application in white LEDs [6] and needs therefore to
be improved.

The method of solid-state reaction is known to be highly
sensitive to process conditions. In particular, for sintering
of MngiO4:Mn4+ phosphors, the annealing temperatures in
the range of 1250-1400 °C are usually used [8—11]. How-
ever, the sintering of Mg,TiO,:Mn*" at temperatures higher
than 1200 °C results in weaker intensity of red emission
[7]. Different technological approaches were proposed for
the increasing of intensity of Mn** photoluminescence (PL)
in oxide matrices, including additional annealing in oxygen
flow [8], adding of fluxes [13] and co-doping [14]. Specifi-
cally, it has been shown that, the intensity of Mn*" emis-
sion in Mg,TiO,:Mn*" can be increased by co-doping with
metal ions such as Li*, Zn?*, Nb>*, Bi**. [9, 10, 12, 15].
The role of co-dopant has been assigned to the flux effect
[10, 12] and to the formation of Ti vacancies [15]. It has
been shown that the introduction of a small amount of MgO
into Mn**-activated CaAl,,0,, [16], Sr,Al,,O,5 [17], and
LiGaTiO, [18] red phosphors results in an increase of the PL
efficiency. Although no satisfactory explanation of this effect
has been proposed yet, some authors consider that Mg>*
ion substitutes one of the Mn** ions in close Mn**—Mn**
pair connected with O?~ impurity and reduces the effect of
luminescence quenching [16]. However, possible influence
of MgO on the PL intensity of Mn*"-activated Mg,TiO,
phosphor has not been investigated.

Hereafter, the results of optical and structural studies
of Mn-doped Mg,TiO, red phosphors produced through a
classical solid-state synthesis under excess MgO are pre-
sented and the conditions for improvement of Mn** red PL
are proposed.

2 Experimental details

The phosphors were obtained by a classical solid-state
reaction method. The raw MgO and TiO, powders were
weighted in different molar ratios: mol MgO:mol TiO,=2:1,
3:1 and 6:1. The 2:1 molar ratios correspond to stoichio-
metric composition of Mg,TiO,, and the other two result in
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the multicomponent phosphors with Mg,TiO, and excess
MgO phases, respectively. A saturated aqueous solution
of manganese sulfate (MnSO,) was diluted with distilled
water in different ratios and added to powder mixture to
provide a nominal Mn content, N,,,, of 0.0001, 0.1, and
1.0 mol% assuming that Mn substitute Ti site atoms only.
After a thoroughly mixing, the pellets of the average size of
about 10X 5 x5 mm® were formed from the powder mix-
ture. The pellets were dried in air at 200 °C for 3 h and then
sintered in air at 1200 °C for 3 h. The ceramic samples were
cooled naturally with furnace cooling down. Two sets of
phosphors with Mn content of 0.0001 and 0.1 mol% and
molar ratios mol MgO:mol TiO,=x:1, where x varied in
the range (2.4—4), were also produced in the same manner.
The PL spectra were recorded using an SDL-23 spec-
trometer (LOMO, St. Petersburg) equipped with a photomul-
tiplier tube and excited by a 409 nm continuous diode laser
(50 mW). In the case of PL excitation spectra study, the opti-
cal excitation source was the Lot-Oriel 1 kW Xenon white
lamp with an OMNI300 monochromator selecting the wave-
length. For PL relaxation investigation, the 337.1 nm line
of pulse N,-laser was used as an excitation source. The PL
spectra were studied both at room and at liquid nitrogen tem-
perature, and the PL relaxation was recorded at room tem-
perature only. The diffuse reflectance spectra were recorded
using a Cary 4000 UV-Vis spectrophotometer (Varian). The
optical absorption spectra were recalculated from the dif-
fuse reflectance spectra using the Kubelka—Munk theory.
The X-ray diffraction (XRD) study was realized in the 6-260
geometry using High-Resolution Philips X’Pert PRO MRD
diffractometer with CuKao, radiation. The topology of sin-
tered ceramic samples was investigated by scanning electron
microscopy (SEM) using High-resolution scanning electron
microscope Tescan Mira 3 LMU. The elemental analysis of
ceramic surface was realized by Energy dispersive X-ray
spectrometry (EDX) using Oxford Instruments energy dis-
persive spectrometer Oxford Instruments X-Max 80. Elec-
tron paramagnetic resonance (EPR) study was carried out
using X-band EPR spectrometer Varian E12 (~9.5 GHz)
equipped by paired cavity that allows recording EPR signals
from a standard (a Mn-doped MgO sample) and a phosphor
separately by modulation switching. The EPR spectra were
normalized with respect to the intensity of the signal of a
standard, as well as on the mass of each sample studied.

3 Experimental results

3.1 Scanning electron microscopy and elemental
analysis investigations

Figure 1 shows SEM images of cleaved ceramic surfaces
of 1% Mn-doped phosphors synthesized under different
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Fig.1 SEM micrographs of the cleaved ceramic surfaces of the
Mg, TiO,:Mn*" phosphors with Ny, =1% and different MgO-to-TiO,
molar ratios: 2:1 (a), 3:1 (b) and 6:1 (c¢) as well as the enlarged sur-

MgO-to-TiO, molar ratios. All the ceramics demonstrate
relatively dense and fine-grained microstructures and the
presence of rare not spherical pores (Fig. la—c). The pores
of two types were revealed. The pores of the first type of
sizes ranging from 2 to 20 pm were observed in all sam-
ples and contained faceted crystal grains of pm sizes related
apparently to Mg,TiO, (Fig. 1d). The pores of second type
reached 80 pm in diameter and were found in the phosphor
produced under 3:1 molar ratio only. They also contained
crystal grains of pm sizes of different shape (Fig. le). The
EDX analysis of the regions inside these pores found the
decreased concentration of Ti ((Mg] =62 at.%, [Ti]=1 at.%,
[O] =38 at.%) which allows ascribing them to MgO inclu-
sions. In addition, the EDX spectra recorded in different
points of the sample outside the pores showed varied ratio
of Mg to Ti elements (point 1: [Mg]=39 at.%, [Ti]=19
at.%, [0] =51 at.%; point 2: [Mg]=34 at.%, [Ti]=15 at.%,
[O]=51 at.%). This indicates non-uniform distribution of
excess MgO in the phosphor. Analysis of the EDX spectra

2 RSN
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face microstructures in pores of different types of the phosphor pro-
duced under 3:1 ratio (c, d) and cleaved surface of phosphor synthe-
sized under 6:1 ratio (e)

measured in tightly sintered regions of the samples dem-
onstrated the decrease of relative intensity of Ti peak as
the excess MgO content increases (from [Mg] =36 at.%,
[Ti]=18 at.%, [O] =46 at.% in the sample produced under
2:1 molar ratio to [Mg] =43 at.%, [Ti]=11 at.%, [0O] =46
at.% in the sample synthesized under 6:1 ratio). It can be
supposed that excess MgO not only forms relatively large
inclusions inside the ceramic pellets but also produces
smaller MgO crystal grains sintered with the Mg, TiO, ones.
It should be noted that, no Mn-rich inclusions were found
in the elemental analysis of the cleaved ceramic surfaces.
This implies relatively homogeneous distribution of dopant
inside the pellets.

3.2 XRD study
The XRD patterns of the phosphors of stoichiomet-

ric (2:1) composition (Fig. 2a, b) reveal intense peaks
caused by reflections of cubic Mg,TiO, phase (JCDD PDF
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Fig.2 XRD patterns of the phosphors with Ny, =0.0001% (a) and 0.1% (b) produced under different MgO-to-TiO, molar ratios, and the simu-
lated XRD patterns for MgO (PDF 010-77-2364), Mg,TiO, (PDF 01-079-0830), and MgTiO; (PDF 01-075-3957)

000-25-1157) and the peaks of lower intensity of rhombohe-
dral MgTiO; phase (JCDD PDF 010-75-3957). The concen-
trations of these phases estimated by the Reference intensity
ratio method were about 90 and 10%, respectively.

It is well established that MgTiO; accompanies formation
of Mg,TiO, at temperatures lower than 1400 °C [19] follow-
ing the decomposition reaction Mg,TiO, =MgTiO;+MgO
[20]. However, it has been proposed also [19] that
Mg,TiO, decomposes on Mg-rich spinel and MgTiOj; as
Mg,TiO,=Mg, ,,Ti;_sO,+MgTiO;. This was concluded
from the fact that the peaks of MgO were not observed in
the XRD patterns. We also do not find the peaks of crys-
talline MgO phase in the XRD patterns of the phosphors
of stoichiometric composition. Although it is worth noting
that, the most intense peaks of cubic MgO strongly overlap
with those of cubic Mg,TiO,, which complicates making
precise conclusion about the presence of MgO. At the same
time, a clear peak at 36.96 degrees of low intensity for (111)
reflection of the crystalline MgO appears only in the XRD
patterns of the phosphors produced with excess of MgO. It
is hardly believed that some preferred grain orientation for
(111) planes of MgO phase is present only in the phosphors
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produced with excess of MgO and is absent in the phosphors
of stoichiometric composition. So, it can be concluded that
MgO phase is not formed in the phosphors of stoichiometric
composition that correlates with the SEM investigations.
The XRD studies show that excess MgO hinders the
decomposition of Mg,TiO, (Fig. 2a, b). In the samples pre-
pared with excess MgO, the MgTiO; phase is not formed at
all in the case of low Mn concentrations (N, =0.0001%) or
formed in a smaller amount in the samples with higher Mn
concentrations (Ny, =0.1%). In the last case, the appear-
ance of MgTiO; phase can be due to a complex effect of Mn
dopant on Mg, TiO, decomposition. The XRD study allows
estimation of size of perfect crystallites (coherent domains).
The average crystallite sizes (D) was evaluated from the full
width at a half maximum (FWHM) of the most intensive
(311) diffraction peak of Mg,TiO, using the Scherrer equa-
tion [21]: D(20) =KA/($(20)cosh), where A=1.540562 A and
is the X-ray wavelength, $(26) is the FWHM, K=0.9 and is
the shape factor. As the diffraction patterns were recorded
using XRD Panalitycal Xpert PRO MRD diffractometer
with the instrumental line broadening S, =0.08° (0.0014
Rad), its contribution to $(26) was negligible. The average
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coherent domain sizes remain in the 29-31 nm range. As
only one peak was used for size evaluation, the line broaden-
ing caused by residual strains was not taking into account.
This results in somewhat underestimation of crystallite sizes.
The values of coherent domain sizes are more than ten
times smaller than grain sizes obtained from SEM images
(about microns). This means that observed grains contain
extended defects (dislocations, subgrain boundaries) with a
high density. In fact, some roughness of the surface of the
grains is observed (Fig. 1), which confirms that the grains
are the conglomerates of crystallites (coherent domains).
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3.3 Photoluminescence and optical absorption
investigations

The room temperature PL spectra of all phosphors
(Fig. 3a—c) show the PL bands in the red spectral range
with the most intense one peaked at 660 nm and ascribed
to spin forbidden 2Eg — 4A2g transitions of the Mn** ions in
octahedral symmetry substituted Ti** ions in crystal lattice
of Mg,TiO,. The corresponding PL caused by Mn** ions
in MgTiO; is found at about 701 nm [12] as a hump of low
intensity apparently because of low concentration of this
phase.

The PL study reveals that excess MgO affects the inten-
sity of Mn** red PL. The PL intensity of the phosphors
synthesized under 3:1 ratio increases by 10 to 300% as
compared with those of stoichiometric composition. The
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Fig.3 Room temperature (a—c) and low-temperature (d) PL spectra of the phosphors with Ny, =0.0001% (a, d), 0.1% (b), and 1.0% (c) pro-

duced under different MgO-to-TiO, molar ratios

@ Springer



7560 Journal of Materials Science: Materials in Electronics (2020) 31:7555-7564
> N =0.0001 % %
© —H T, e . Ay =337 Nm, T=293 K
. 3 —e— —O—N,_ =0.1% 2 14
= N, =1.0 % N
B My E mol MgO : mol TiO,=
i 2 ]
£ 2- Qe
o =]
o
o _
@ o 0,1 .
e N
© © 4
£ E
O c 1 0 TNew
ZO — T T T T T T T 1T < AN
2:1 3:1 4:1 5:1 6:1 0 500 1000 1500 2000
mol MgO : mol TiO, Time, us

Fig.4 Normalized intensity of Mn** red PL versus MgO content in
the phosphors with different doping level. The solid lines are drawn
for better eye guide

largest magnitude of the effect is for the lowest Mn-doping
level (N, =0.0001%) and decreases as the Mn content
increases (Fig. 4). At the same time, the phosphors pro-
duced under 6:1 molar ratio demonstrate up to two times
lower PL even compared to the phosphors of stoichiomet-
ric composition. The PL spectra of the set of phosphors
with smaller step of MgO excess show that the optimal
ratio to produce the phosphor with the largest PL intensity
is in the range of (2.6 +3):1, the higher is Mn content, the
lower should be the excess MgO content. For Ny, =0.1%,
that is close to critical concentration of Mn** in Mg, TiO,
[8, 11], the PL intensity can increase in 1.5 times. The low-
temperature PL spectra (Fig. 3d) reveal similar changes of
the PL intensity versus excess MgO content as the room
temperature PL spectra, i.e., the phosphors produced under
3:1 ratio show an increased PL and those made under 6:1
molar ratio demonstrate a decreased red PL.

The PL relaxation curves of the phosphor of stoichi-
ometric composition and the one produced with excess
MgO (3:1 ratio) are shown in Fig. 5. The curves do not
show single-exponential behavior and have been approxi-
mated by double-exponential function as W(#) =A exp(— #/
7,) +A,exp(— t/t,), where W(z) refers to the PL intensity at
time ¢, A| and A, are constants, and 7z, and 7, are the decay
times of the two components. The approximation gives
decay times of 498 and 508 ps for slower component, and
87 and 100 ps for faster component in the phosphors of
stoichiometric composition and in the phosphors produced
under 3:1 molar ratio, respectively. The decay times of
slower component agree well with those reported by other
authors for room temperature Mn** red PL in Mg, TiO,
[11].
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Fig.5 Decay curves of normalized PL intensity monitored at 660 nm
in Mn-doped phosphors (N, =0.0001%) produced under different
molar ratios of MgO to TiO,

In general, the PL relaxation time, 7, can be expressed
as 1/r= 1/t + 1/7yg, where 7y is the radiative decay time
and 7y is the non-radiative decay time. The second term
reflects contribution of thermal quenching as well as the
energy transfer from Mn** ion to the centers of non-radiative
recombination. The latter are considered to be Fe** ions [22]
or Mn ions in other valence states than +4 [23]. The multi-
exponential behavior of PL relaxation is often observed
in Mn-doped compounds [23, 24] and can be caused by
non-equivalent surroundings of Mn** centers. In particu-
lar, incorporation of Mn** ions in close vicinity of another
point defect can affect radiative recombination time [25, 26]
or promote quenching of Mn** emission via metal-to-metal
charge states or direct energy transfer [23]. In the proxim-
ity of Mn** ions, where energy migration is possible, the
contribution of non-radiative recombination will increase
and PL relaxation time 7 become shorter. Small increase
of relaxation times in the phosphors synthesized under 3:1
molar ratio most likely indicates a decrease of contribution
of non-radiative recombination in the PL relaxation. This
can be caused by the decrease of concentration of the centers
on non-radiative recombination as well as by reduced energy
migration owing to more uniform distribution of Mn** ions
in Mg, TiO, grains.

The phosphors produced under 3:1 molar ratio demon-
strated not only higher PL intensity but also more saturated
color than those made under 2:1 and 6:1 ratios. The changes
in the phosphor color were noticeable in the eye. Optical
absorption spectra show that this is due to more intense
absorption caused by Mn** ions in Mg,TiO, phase (Fig. 6a).
In fact, the absorption edge of the phosphors in the visible
spectra range is determined by the broad absorption band
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peaked at about 490 nm, which originates from *A,, — *T,,
spin-allowed transitions of Mn** in Mg, TiO,. The identifi-
cation of the absorption bands is consistent with the excita-
tion spectra of Mn** emission (Fig. 6b). In the phosphors
produced under 3:1 molar ratio, the intensity of this absorp-
tion increases noticeably. This allows concluding that excess
MgO stimulates formation of Mn** centers in Mg, TiO,.

3.4 EPRstudy

The X-band EPR spectra of the phosphors of stoichiometric
composition are presented in Fig. 7a. Each spectrum shows
several EPR sextets with the g factor of about 2.0 caused
by the interaction of electron—nuclear spins of Mn?* ions in
MgTiO, and Mg,TiO, phases. The EPR signal due to Mn**
ions in MgO phase was not detected that is consistent with
the XRD results. The experimental spectra were simulated
using the powder program included in the Visual-EPR pro-
gram package [27]. The spin-Hamiltonian parameters of Mn
signals, such as the fine constant D and hyperfine constant
A, were found to be 165x 10™* cm™! and 79x 10 cm™!

350 400 450 500 550 600
Wavelength, nm

250 300 350 400 450 500 550 600
Wavelength, nm

for MgTiO;, and 60x 10~ cm™" and 74 x 107* cm™" for
Mg, TiO,, respectively. The simulations of Mn** signals
in MgO, MgTiO;, and Mg,TiO, phases are presented in
Fig. 7b.

The EPR signal that can be ascribed to Mn** ions in
MgTiO; and Mg,TiO, phases was not detected. Most
likely, this is because of unfavorable relaxation conditions
of Mn** ions in magnesium titanates (too short or too long
spin relaxation times). The EPR spectra (Fig. 7a) show that
the increasing of Mn-doping level produces the increase of
Mn** ion content in both titanate phases. The concentrations
of Mn?* ions estimated from the EPR spectra are found to be
more than ten times smaller than corresponding Mn content.

An excess MgO leads also to noticeable changes in the
EPR spectra (Fig. 8). Firstly, an intense signal caused by
Mn** ions in MgO phase arises and increases in intensity
as the MgO content increases. Secondly, the EPR signal of
Mn?* ions in MgTiO, disappears. Since at least some of
these phosphors contain MgTiO; phase (Fig. 2b), it can be
concluded that excess MgO completely suppresses the for-
mation of Mn?* centers in MgTiOj;. Thirdly, the EPR signal
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Fig.8 Experimental EPR spec-
tra of the phosphors with Mn
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under different molar ratios of
MgO to TiO,

(a)

mol MgO:mol TiO,=
6:1

Intensity, arb. units

I I
NLn= 0.0001 %

(b) |
mol MgO:mol TiO, =
6:1

N|=0I1%
Mn 1

R

W

e

-

-

Intensity, arb. units

T T T T T v T T T T T T
3000 3100 3200 3300 3400 3500 3600
Magnetic field, G

(c) I

mol MgO:mol TiO_=

caused by Mn* ions in Mg, TiO, decreases in intensity. This
suggests that excess MgO hinders formation of Mn?* centers
in both titanate phases.

4 Discussion

The obtained results show that an excess MgO has com-
plex effect on phase stabilization and Mn incorporation in
magnesium titanate crystal phases. Specifically, the XRD
reveals that excess MgO hinders decomposition of Mg, TiO,.
One of the possible explanations can be that excess MgO
affects the surface energy of Mg, TiO, grains. For nanosized
grains, the surface energy contributes distinctly into free
energy term. The effect is noticeable when the grain size is
lower than 30 nm [28]. In our phosphors, the grain size of
Mg, TiO, phase evaluated from the FWHM of corresponding
XRD peak is about 30 nm. Therefore, the changes in surface
energy of titanate grains can influence Mg,TiO, decomposi-
tion. In fact, both MgO and Mg, TiO, have cubic structure.
Moreover, the unit cell parameter of MgO is half of that of
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Mg,TiO,. Thus, they may form coherent structures, which
save surface energy of Mg,TiO, grain. On the contrary,
the rhombohedral MgTiO; and cubic MgO phases require
incoherent boundaries. Therefore, an excess MgO can be
efficient in the stabilization of Mg, TiO, phase. Another pos-
sible role of excess MgO in stabilization of Mg, TiO, phase
can be related to its effect on intrinsic defect formation, in
particular on concentration of oxygen vacancies. In fact, sta-
bilization of cubic/tetragonal crystal phase of other oxide-
based materials (for instance, HfO, and ZrO,) via doping
with subvalent impurities is known to be associated with
introduction of intrinsic defects, such as oxygen vacancies,
required for charge compensation [29, 30].

An excess MgO also affects Mn incorporation in mag-
nesium titanate phases and promotes PL intensity increase.
In general, the increase of PL intensity can be caused by
(i) an increase in concentration of Mn** centers and (ii) a
decrease of non-radiative recombination that affects Mn**
emission. The first process apparently contributes to the PL
enhancement in the phosphors studied. The optical absorp-
tion spectra show an increased absorption of Mn** ions in
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the phosphors synthesized under excess MgO. This implies
that excess MgO stimulates formation of “additional” Mn**
centers in the Mg,TiO, phase. The source of these “addi-
tional” ions can be some residuary Mn compounds or man-
ganese ions incorporated in Mg, TiO, in other charge states
than +4. In fact, the EPR spectra show that in the phosphors
synthesized under 3:1 molar ratio, the concentration of Mn%*
ions in Mg,TiO, phase decreases. The reason can be the
diffusion of Mg?* ions from MgO into Mg, TiO, and substi-
tution of Mn>" ions on lattice sites. Similarly, the improve-
ment of PL intensity of Mn-doped CaAl,,0,4 due to MgF,
addition has been explained by the increment of the fraction
of Mn ions in the +4 charge state due to the incorporation of
Mg?* instead of Mn?* [31].

However, if the increase of Mn** ions content is the only
reason of PL increase, the intensity of Mn** emission in the
phosphors with nominal Mn content of 1.0 and 0.1% should
decrease upon MgO adding. This is because of the concen-
tration quenching of Mn*" PL occurred at Ny, >0.1%. At
the same time, an increase of PL intensity is found. This
means that a decrease of contribution of non-radiative
recombination takes place. At room temperature the latter
occurs via thermal quenching of PL intensity and energy
exchange between Mn*" ions via electric dipole—dipole or
exchange interaction following by energy transfer to the
center of non-radiative recombination. According to the
Struck-Fonger model [32], thermal quenching occurs due
to the increasing probability of tunneling of charge carrier
from a vibrational level of the excited state to a high vibra-
tional level of the ground state. It is unlikely that the incor-
poration of Mg?* into crystal lattice of magnesium titanates
affects this process. In fact, the low-temperature PL spectra
of the phosphors with the same doping level show similar
dependence of PL intensity on the excess quantity of MgO
as the room temperature spectra. This means that the thermal
quenching of PL intensity does not change with MgO addi-
tion. In turn, Mg?* can affect the energy exchange between
Mn*" ions and concentration of non-radiative defects. In
general, Mg?* can substitute both Mn** and Mn** ions in
the crystal lattice of magnesium titanate. If Mg?* substi-
tutes one Mn** in close Mn?*—Mn** pair, it will prevent the
energy exchange between the ions, thus enhancing the Mn**
PL efficiency [16]. If Mg?* substitutes Mn>* ion in close
Mn**—Mn** pair, it will impede energy transfer from Mn**
to Mn** followed by non-radiative recombination. In fact, it
has been proposed that the quenching of Mn** luminescence
can occur via metal-to-metal charge-transfer or direct energy
transfer from Mn** to Mn>" and Mn>* ions [23, 33]. In this
case, the decrease of concentration of Mn ions in charge
states other than +4 can decrease the number of the centers
of non-radiative recombination and increase the Mn** PL
efficiency. It can be concluded that excess MgO not only
increases the number of Mn** ions but also decreases the

effect of non-radiative recombination on Mn** emission.
The latter presumably occurs via more uniform distribution
of Mn** ions and/or decreasing the number of Mn ions in
charge states other than 44 acting as the centers of non-
radiative recombination.

The obtained results indicate that the intensity of Mn**
emission in Mg,TiO, can be increased up to 3 times upon
MgO adding. This effect seems to be very promising for
practical application of the phosphors for lighting. An excess
MgO stimulates incorporation of manganese in Mg,TiO, in
+4 charge state and decreases concentration of Mn** cent-
ers upon sintering at 1200 °C. This allows producing red
phosphors at temperatures that do not exceed 1200 °C and
eliminates the necessity of additional annealing in oxygen.
We suppose that the using of excess MgO allows decreasing
the cost and time of phosphor production.

5 Conclusion

The effect of excess MgO with respect to the stoichiometric
Mg,TiO, composition on the intensity of red emission in
Mn**-activated Mg,TiO, phosphors has been investigated.
The phosphors were synthesized via solid-state reaction at
1200 °C in the air under molar ratios of MgO to TiO, var-
ied in the range from 2:1 to 6:1. The XRD study revealed
that excess MgO hindered the decomposition of Mg, TiO,
on MgTiO; and MgO. It is supposed that excess MgO saves
the surface energy of Mg,TiO, grain and stabilizes Mg,TiO,
phase.

The optical study showed that additional MgO promoted
the incorporation of Mn in + 4 charge state in both Mg, TiO,
and MgTiO; phases. This is proved by the increase of opti-
cal absorption and PL intensity caused by Mn** ions in
Mg,TiO,, as well as by a decrease of the EPR signal due
to Mn?* ions in Mg,TiO, crystal phase. The EPR signal of
Mn?* ions in MgTiO, disappeared. This implies that excess
MgO completely suppresses the incorporation of Mn in +2
charge state in MgTiO;. The effect is ascribed to the diffu-
sion of Mg?* ions from MgO into titanate phases and the
substitution of Mn>* ions on the lattice sites.

The PL intensity was found to depend non-monotonously
on the quantity of additional MgO. The largest increase of
PL intensity was found for molar ratios (2.6-3.0):1 and its
magnitude varied in 1.1-3 times depending on Mn content,
namely the larger was the Mn concentration, the lower was
the PL intensity rise. The PL intensity increase was 1.5 times
for 0.1% of Mn concentration and 2.6:1 molar ratios of MgO
to TiO,. The effect is ascribed mainly to the increase of
concentration of Mn** ions as well as to the decrease of the
influence of non-radiative recombination. The latter presum-
ably occurs through the decrease of energy transfer between
the Mn** ions and/or the decrease of concentration of the
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centers of non-radiative recombination. It is proposed that
the adding of excess MgO can be used for the improvement
of Mn** red PL in magnesium titanate crystal phases.
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