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Synthesis and Testing of BaZrGe;0,: Mn*+ for Application
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A series of novel red-emitting phosphors BaZrGe;Og:Mn*" (BZG:Mn*") were synthesized through high-
temperature solid-state reaction method in order to explore their capabilities for application as red-emitting
phosphors. The phosphors were characterized by X-ray diffraction, photoluminescence spectra, and decay curve
measurements at the temperature ranging from 80 to 500 K. The luminescence intensity increases to maximum at
doping concentration of 0.2 mol.%, and then decreases with concentration. Serious thermal quenching was also

revealed.
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1. Introduction

White light-emitting diodes (WLEDs) attract considerable
attention of researchers worldwide due to their excel-
lent performance in terms of durability, long lifetime,
and energy-saving effects which obviously result in many
economic benefits from their extensively expanding use.
Commercial phosphor-converted WLEDs (pc-WLEDs) are
composed of blue-emitting InGaN chip and green/yellow-
emitting and orange/red-emitting phosphors that convert
part of the blue InGaN emission. Deficiency of the
red spectral component is a well-known problem for
YAG : Ce’*-based WLEDs that limits their applications for
indoor lighting requiring warmer light. Another method is
based on combining near-UV GaN or AlGaN chips with
green, blue, and red phosphors. Since recently, extensive
research has been conducted for the development of novel
luminescent materials suitable for application as red emitting
phosphors in pc-WLED. Among them, Mn**-doped materi-
als were proposed to demonstrate better luminous efficacy,
higher colour rendering index and low colour temperature
(< 4000K) [1-5].

The electronic configuration of transition metal ion Mn**
is 3d°, energy levels of which in an octahedral crystal
field (assuming Racah parameters being C = 4.5B) could
be obtained according to the Tanabe—Sugano energy-
level diagram [6]. The excitation transitions involved are
from ground state “A, to excited states 4T; and *T,,
respectively. Due to the strong influence on “T; and
4T, by the crystal field splitting, these excitations are
characterized by broad absorption bands. The emission
transition originates from °E, to A, and is characterized
by line emissions, which is attributed to the 2E, state
independence of crystal field splitting. Owing to the

fact of parity forbidden and spin forbidden for 2Eg — A,
transition, the lifetime of the corresponding 2Eg emission is
of order of milliseconds [7].

Photoluminescence quantum efficiencies (QEs) is a very
important parameter for phosphors. Temperature and
concentration quenching are among the factors affecting
the QEs, especially for Mn**-activated phosphors. The
energy level structure of Mn** in a specific host lattice de-
termines the quenching temperature, while the mechanism
of quenching generally occurs through thermally activated
crossover between excited state and ground state [8,9].
In addition, an anomalous thermal quenching behaviour
was observed to increase integrated photoluminescence
intensity with T increasing in a temperature range. Also
possible mechanisms responsible for this phenomenon
were proposed but they still remain debatable [10-13].
As mentioned above, Mn** 3d—3d transition is parity-
forbidden. To increase absorption efficiency of blue light
from LED chip, a higher doping concentration can be a
solution. However, the quenching concentration is very low
for Mn**-activated hosts and the related mechanism is still
an open question. Therefore, the study on photolumines-
cence properties of Mn**-activated inorganic materials is
not only of interest for understanding the mechanisms of
thermal and concentration quenching, but also helpful for
the development of novel red or far red Mn**-activated
phosphors.

While searching for new inorganic hosts suitable for
doping with Mn** ions, we found it inspiring to test
BaZrGe;O9 (BZG) that, being a representative of the
germanate family, is expected to have good thermal stability
and moisture resistance. Recently, quite promising results
were obtained for Y,Mg3Ge;Opp:Mn*, Lit [14] that
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Figure 1. a) XRD patterns of non-doped BZG and BZG:2.0 mol.% Mn*" samples confronted with the standard XRD pattern (PDF

#38-1258), b) crystal structure of host lattice BZG.

demonstrated high thermal quenching temperature for deep
red Mn** emission. As for BZG host, it was reported to
demonstrate excellent photoluminescence properties when
doped with Eu3* [15], Pr’* [16], and Cr3* [17,18].
The crystal structure of this host suggests that Zr** is
coordinated with six O?~ ions forming octahedral structure,
which is a favourable environment for Mn** ion.

In this work, we investigate the photoluminescence
properties including concentration quenching and thermal
quenching of Mn**-doped BZG. Photoluminescence spectra
and decay curves of BZG:xmol.% Mn*" (x = 0.1-2.0)
are studied in the temperature range from 80 to 550 K.
BZG:0.2mol% with deep red luminescence at around
667nm processes the maximum intensity, which may
have potential application in pc-WLED for indoor plant
cultivation. The results obtained in this study are also
beneficial for better understanding of concentration and
thermal quenching in Mn**-activated phosphors.

2. Experiments

A series of BZG:xmol% Mn*" (x =0.1-2.0) were
prepared following a solid-state reaction method [15], using
BaCO; (analytical reagent grade, AR.), ZrO, (AR)),
GeOy (99.99%), and MnO, (AR.) as raw materials.
Stoichiometric amounts of raw materials were weighed and
homogeneously ground in an agate mortar. The mixtures
were calcined in corundum crucibles at 1200° for 4h
and naturally cooled down to room temperature (RT).
The final products were ground once again for further
characterization.

Powder X-ray diffraction (XRD) patterns over the
range from 10 to 80° were collected using a Shimadzu
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XRD-6000 diffractometer equipped with a Cu target (Ke,
A =1.5405 ,&) as an X-ray source operating at 40kV
and 30 mA. Photoluminescence spectra and decay curves
measurements were performed on an Edinburgh Instrument
FLS1000 spectrometer upon excitation with an ozone-free
Xenon arc lamp (450 W, 230—1000nm) and a microsec-
ond flash lamp (uF,, pulse width 1—2us), respectively.
A cooled (—20°) single-photon counting photomultiplier
tube (Hamamatsu R928P, working range 200—900 nm) was
used as a detector for both photoluminescence spectra
and decay curves measurements. The temperature of
samples was controlled by an Oxford Instruments Microstat
N2 cryostat (working range 80—300K) and a Techcomp
heating stage (300—550K).

3. Results and discussion

3.1. XRD patterns and crystal structure

XRD patterns of undoped and maximum 2.0%
Mn**-doped BZG samples as most representative are shown
along with the standard XRD pattern of PDF card #38-1258
in Fig. 1,a. XRD patterns of intermediate doped samples
are not shown for brevity. The position of diffraction peaks
agrees well with that of the standard pattern, while no extra
peaks appear indicating successful synthesis of hexagonal
BZG phase. In addition, the position of diffraction peaks
of the sample with maximum concentration at 2.0 mol.%
Mn** in this work does not shift revealing that the dopant
almost has no effect on the crystal structure parameters.
The crystal system of the BZG host lattice is hexagonal
with space group of P6¢c2 (188) as shown in Fig. 1,b. The
cations coordination environments are also demonstrated in
Fig. 1,b. It can be seen that both Ba’* and Zr*' are
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Figure 2. Excitation spectrum (on the left) recorded monitoring
Mn*" emission at 667 nm, and emission spectrum (on the right)
recorded upon excitation at 294nm for BZG:0.2mol% Mn*"
at RT.

coordinated with six oxygen anions forming polyhedron
and octahedron, respectively. Ge** is coordinated with four
oxygen forming tetrahedron. Considering the fact of same
valence state and similar effective ionic radii between Zr**
(0.72A for CN=6) and Mn** (0.53A for CN=6) ions,
that latter are supposed to occupy Zr** sites [19].
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3.2. Photoluminescence properties

The excitation and emission spectra of BZG:0.2 mol.%
Mn** recorded at RT are demonstrated in Fig. 2. The
excitation spectrum (on the left) is obtained by monitoring
the emission connected with Mn** 2E, — A,y transition
at 667nm. The excitation spectrum is composed of
two broad excitation bands centred near 435 and 294 nm
which originate from Mn** spin-allowed intraconfigura-
tional *Ayg — 4Tog and *Ayy — 4Tyq transitions in octa-
hedral coordination, respectively, as indicated in Fig. 2.
A higher relative intensity of the short wavelength excitation
is explained by superposition with an 0>~ —Mn** charge
transfer band (CTB) that is situated at around 280 nm with
an energy little higher than Mn*" 4A,q — “Ty4 transition.
Similar O?>~—Mn*" CTB was earlier documented to be
observed in Y,Mg3;Ge3O1,: Mn*t, Lit [14].

The emission spectrum recorded upon intraconfigura-
tional *A,gy — “Tyq excitation at 294nm (Fig. 2, on the
right) is dominated by a group of superimposed emission
features with most pronounced one peaked at ~ 667 nm
which are attributed to Stokes and anti-Stokes Mn**
2E, — *Ayq transitions [20).

The concentration-dependent emission spectra and decay
curves of BZG:x mol.% Mn*" recorded upon *Asg — *Tygq
excitation at 294nm at RT are shown in Fig. 3. As it
can be seen from the spectra, a maximum intensity is
observed for the sample doped 0.2% of Mn** while further
increase of the doping concentration leads to gradual drop of
emission intensity. The initial rise of emission intensity with
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Figure 3. Mn*" concentration-dependent a) emission spectra and b) *E, — *A,q emission decay curves of BZG:x mol.% Mn*" (x = 0.1,
0.2, 03, 0.5, 1.0, 1.5, and 2.0) recorded upon excitation into Mn** 2Eg state at 294 nm at RT.
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Figure 4. a) Temperature-dependent emission spectra and b) normalized temperature dependence of integrated 2Eg — 4Azg emission
intensity for BZG:0.2 mol.% Mn*" recorded upon excitation into Mn*" E, state at 294 nm.
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Figure 5. Temperature-dependent a) decay curves and b) decay time of Mn*" 2E, state luminescence (BZG:0.2mol.% Mn*") upon

excitation into Mn*" *E, state at 294 nm.

increasing of dopant concentration is obviously attributed to
the increase of number of emitting centres. Further increase
of doping concentration results in shortening of distances
between Mn** ions that triggers energy migration among
them and eventually promotes transfer of excitation energy
to defects (killer centres). The observed concentration
quenching of Mn** luminescence is supposed to be accom-
panied by shortening of lifetime. However, the decay curves
recorded for the E, — *A,q emission of Mn*" are almost
concentration independent with no obvious shortening of
lifetime that keeps stable at about 1.5ms. The same
effect was observed upon *Ayg — *T,q excitation at 435nm
(not shown for brevity). We suppose that the observed
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phenomenon originates from quenching of Mn** lumines-
cence through a single-step energy transfer to neighbouring
quenchers. In this case, the quenching is expected to speed
up the initial (right after the excitation) stage of the decay
curves with no influence on the longer time stage. The
same phenomenon has been previously observed Mn**+
E, — *Ayg emission K, TiFs:Mn** [8]. Unfortunately, we
were not able to distinguish any acceleration of decay curves
in the initial stage of the recorded decay curves because of
low time resolution of the setup that was rather designed
for measurements millisecond-order decay kinetics.

The emission spectra of optimally doped BZG:0.2 mol.%
Mn** phosphor in the temperature range from 80 to
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550K are presented in Fig. 4,a. The spectra reveal
decrease of emission intensity with temperature increasing
that suggest the occurrence of temperature quenching for
the ?E, excited state. In addition, the emission peaks
get broadened and shifted towards longer wavelength with
temperature. The normalized temperature dependence
of integrated ?E, — %A, emission intensity presented in
Fig. 4,b shows nearly linear decrease with temperature
increasing. The mechanism responsible for temperature
quenching is attributed to thermal activation of electron
from 2E, state to *A,q ground state through the crossover
between the Franck—Condon shifted *T,g and *A,q ground
states [8].

Fig. 5 demonstrates the temperature-dependent decay
curves of Mn** 2E, — *Ayy emission and temperature
dependence of its average lifetime for BZG:0.2mol.%
Mn** recorded upon #A,q — 4T)g excitation at 294 nm.
The decay curves taken at temperatures of 80 and 100K are
almost single exponential and show lifetime of about 1.7 ms.
Increasing of temperature results in departure of the decay
curves from single exponential behaviour. Moreover, fitting
the corresponding decay curves with two exponential decay
function did not lead to satisfactory results. Due to this, the
decay curves recorded at 150K and above were analysed
via average lifetime as suggested in [21]. The average
lifetime shows systematic decrease with temperature and
gets minimum of about 0.07 ms at 550 K.

4. Conclusion

A deep red emitting BGZ: Mn** phosphor was success-
fully synthesized via a conventional solid state reaction.
The temperature and Mn**-concentration dependencies of
photoluminescence, spectroscopic, and decay properties
were investigated. The optimum concentration of Mn**
was found to be about 0.2mol.%. Although the phosphor
demonstrates well-pronounced deep red emission at RT, its
commercial application is questionable due to significant
thermal quenching originated from crossover of 4Toq excited
state and *Ayg ground states.
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