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ABSTRACT: A series of Eu**- and Mn**-codoped y-AION
(Al;,0,:N;) phosphors was synthesized at 1800 °C under 0.5
MPa N, by using the gas-pressure sintering method (GPS).
Eu’" and Mn** ions were proved to enter into y-AION host
lattice by means of XRD, CL, and EDS measurements. Under
365 nm excitation, two emission peaks located at 472 and 517
nm, resulting from 4£°3d' — 4f" and *T|(4G) — °A, electron
transitions of Eu>* and Mn”*, respectively, can be observed. {
Energy transfer from Eu** to Mn*" was evidenced by directly T e
observing appreciable overlap between the excitation spectrum

of Mn?" and the emission spectrum of Eu*" as well as by the decreased decay time of Eu*" with increasing Mn*" concentration.
The critical energy-transfer distance between Eu** and Mn** and the energy-transfer efficiency were also calculated. The
mechanism of energy transfer was identified as a resonant type via a dipole—dipole mechanism. The external quantum efficiency
was increased 7 times (from 7% for y-AION:Mn** to 49% for y-AION:Mn?*,Eu** under 365 nm excitation), and color-tunable
emissions from blue-green to green-yellow were also realized with the Eu** — Mn*" energy transfer in y-AION.
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I. INTRODUCTION 7-AlON, a solid—solution compound in the binary system of
AIN—AI O;, is well known for its use as a transparent ceramic
material owing to its high thermomechanical properties and
large band gap.'> When doped with Mn?* or rare earths, -
AION can also be developed into interesting luminescent
materials."””~" y-AION:Mn*" is a promising green phosphor for
wLEDs, exhibiting a narrow emission band centered at 520 nm,
a small thermal quenching, and high internal quantum
efficiency of 62% under blue light irradiation."”” By carrying
out the synchrotron X-ray diffraction and absorption fine
structure measurements, Takeda confirmed the divalent state of
manganese in y-AION that occupied the tetrahedral sites.'® On

Phosphor-converted white light-emitting diodes (WLEDs) are
high-quality, high-efliciency solid state lighting sources that
promise to strengthen our energy security, reduce the carbon
emissions, and revitalize our economy."” As one of the key
materials, phosphors play a crucial role in determining the
optical quality, lifetime, and cost of wLEDs.> Accordingly, both
development of novel phosphors and improvement of the
existing ones are of great importance to produce highly efficient
and reliable lighting devices and to contribute to the
development of materials science and technology. Among a
large number of phosphor materials, rare-earth-doped nitride

. 2. . .
and oxynitride phosphors, such as M[LiAl;N,]:Eu?* (M = Ca, the ‘other hand, y-AION:Mn>* has a quite low absgrpflon
St), BasSi;;ALN,g:Eu®*, BaSi,ALNy:Eu>, M[Mg,SiN,]:Ce>* efficiency (16% and 21% under 365 and 450 nm excitation,
(M, _ SCa Sr Ffu) éalSSizonOgm-Euz’* ﬂ—sial(a)nEuZ* a- respectively) due to the spin-forbidden transition of 3d°

) ) ) . ) - ) . g o .
sialon:Eu®*, (Ca,Sr,Ba),SiNg:Eu>, CaSiAlNy:Ce™, and Ca- electrons in Mn?*', so. that it is hardl}'f used in wLEDs. '
SiAINy:Eu®" have attracted much attention, due to their strong One of the strategies for overcoming the low absorption of

absorption of the UV-to-blue light, significantly red-shifted ani is t(;fodope a sensitizer that would trar}sfer its e.n'ergy to
luminescence spectra, high emission efficiency, and small Mn2+. Eu has been repor_te_d to be an eﬂfﬂggt sensitizer for
thermal quenching.'™"" These excellent photoluminescence Mn™ in a number of oxidic phosphors. For example,
properties enable them to be used in phosphor-converted white
LEDs to achieve high color rendition or high luminous Received: March 26, 2015
efficiency. Published: May 20, 2015
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Figure 1. XRD patterns of (a) y-AION:5 mol % Mn** doped with varying Eu®* concentrations and (b) y-AION:2 mol % Eu** doped with varying

Mn?** concentrations.

Kwon evidenced the enhanced red emission of Mn®' in
Cag_,_, Mg, (PO,);:Mn*" Eu** through the energy transfer
from Eu®" to Mn**. Although there have been no reports on
such an energy transfer in nitridic phosphors to the best of our
knowledge, it is anticipated that the energy-transfer strategy can
also make sense if both Mn®* and Eu®* concentrations are
carefully controlled.

Therefore, in this work we prepared the Eu**- and Mn*'-
codoped y-AlION phosphors by the gas-pressure sintering
approach and investigated their photoluminescence spectra,
cathodoluminescence (CL), quantum efficiency, absorption,
thermal quenching, and decay times. The energy transfer
between Eu?* and Mn** and its mechanism were discussed. The
experimental results showed that the energy transfer definitely
occurred in y-AION:Mn**,Eu** and led to significant increases
in both luminescence and quantum efficiency. These improve-
ments together with the good thermal stability enable the title
phosphor to be used as a green luminescent material in UV-
LED pumped wLEDs.

Il. EXPERIMENTAL SECTION

A series of y-ALON:xMn**yEu** (Al ;,0,,Ny3, x = 0—15 mol %, y =
0.01—2 mol %) phosphors was prepared by firing the powder mixtures
of AIN (Tokuyama, E-grade), Al,O; (Taimei Chemical, 4N), MgO
(Kojyundo Chemical, 3N), Eu,O (Shin-Etsu Chemical Co. Ltd.), and
MnCO; (Shin-Etsu Chemical Co. Ltd.) in a gas-pressure furnace
(FVPHR-R-10, FRET-40, Fujidempa Kogyo Co. Ltd., Osaka, Japan)
with a graphite heater. For each composition, a total of 2 g was
weighed out from the starting powders and well mixed in a mortar by
hand. The powder mixtures were packed into boron nitride crucibles
with a diameter of 20 mm and heated with a constant heating rate of
600 °C/h in vacuum (<10_3 Pa) from room temperature to 800 °C. At
800 °C, nitrogen gas (99.999% purity) was introduced into the
chamber. The powder samples were heated at 1800 °C for 2 h under a
nitrogen gas pressure of 1.0 MPa. After firing, the electric power was
shut off; and the samples were cooled down naturally with the furnace.
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The phase identification of the synthesized powders was performed
by X-ray powder diffraction (XRD, Smart Lab, Rigaku) operating at 40
kV and 40 mA and using Cu Ka, radiation (4 = 1.5406 A). A step size
of 0.02° was used with a scan speed of 2°/min.

SEM and CL measurements were executed by a field emission SEM
(Hitachi, S4300) equipped with a CL system (Horiba, MP32S/M).
Energy-dispersed X-ray spectroscopy (EDS) measurements were
carried out at room temperature using a high-resolution field emission
scanning electron microscope (Hitachi, $4800).

Diffuse reflection spectra were recorded in a Hamamatsu MPCD-
7000 multichannel photodetector. Photoluminescence spectra were
measured at room temperature using a fluorescent spectrophotometer
(F-4500, Hitachi Ltd., Tokyo, Japan) with a 200 W Xe lamp as an
excitation source. The emission spectrum was corrected for the
spectral response of a monochromator and Hamamatsu R928P
photomultiplier tube by a light diffuser and a tungsten lamp (Noma,
10V, 4 A). The excitation spectrum was also corrected for the spectral
distribution of xenon lamp intensity by measuring rhodamine B as
reference.

Time-resolved PL measurements were conducted using a time-
correlated single-photon counting fluorometer (TemPro, Horiba
Jobin-Yvon) equipped with LED excitation sources of 455 and 493
nm with a pulse duration full width at halfmaximum of ~1 ns.
Thermal quenching was evaluated by measuring the temperature-
dependent photoluminescence in the Hamamatsu MPCD-7000
multichannel photodetector with a 200 W Xe-lamp as an excitation
source. The phosphor powder was loaded in a hot plate connected to
MPCD-7000 and then heated to the desired temperature with a
heating rate of 100 °C/min. The sample was held at a certain
temperature for S min to reach thermal equilibrium, which will
guarantee a uniform temperature distribution both in the surface and
in the interior of the samples.

lll. RESULTS AND DISCUSSION

Phase Identification. Figure 1a presents XRD patterns of
y-AION:S mol % Mn’*yEu** doped with varying Eu®*
concentrations (y = 0—2 mol %). A phase-pure cubic y-AION
(PDF No. 48-0686) is detected when the concentration of Eu**
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Figure 2. (a) Excitation spectra monitored at 517 nm and emission
spectra measured under 450 (b) and 303 nm (c) excitation of y-
AION:S mol % Mn**, yEu** with varying Eu®* concentrations (y = 0—2
mol %).

is smaller than 0.2 mol %. A minor impurity phase of EuAl,,0,
(PDF No. 26-1125) also appears in samples with higher Eu**
concentrations, indicating that the solubility of Eu** in y-AION
is very limited due to the large difference in ionic size of AI*"
(0.39 A, 4CN) and Eu** (1.17 A, 4CN).*” At y = 2 mol %, the
weight percentage of the impurity phase is about 40%. As seen
in Figure 1b, the amount of EuAl},O,, remains unchanged in
samples with varying Mn** concentrations and a fixed Eu®"
content (2 mol %). To know the exact amount of Eu**
accommodated in y-AION:Eu**,Mn**, we calculated it by
considering the consumption of Eu** with the formation of
EuAl,,0,y. The real concentration of Eu®* is then estimated as
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Figure 3. Photoluminescence spectra of (a) y-AION:Eu** and (b)
FuAl,,0.

1.9 mol % for each sample, which is very close to 2.0 mol %
designed for the samples with varying Mn** concentrations.

Photoluminescence Spectra. We reported that y-
AION:Mn*" displays a narrow emission band (with a full-
width at half-maximum of ~45 nm) centered at 517 nm due to
*T,(4G)—CA, transition of Mn*" under 450 nm excitation. Its
excitation spectrum consists of several bands centered at 275,
356, 376, 423, and 444 nm corresponding to electronic
transitions of Mn?* from %A, to *T, (*P), “E (*G), *T,, [*E (*G),
*A (*G)], and *T, (*G), respectively. On the other hand, once
Eu®" is codoped into y-AlON, the excitation spectrum changes
significantly (Figure 2a), with the characteristic sharp lines of
Mn*" turning into a very broad band covering the spectral
range of 200—400 nm and the absorption of the UV light being
dramatically enhanced. This leads to the decrease of the
luminescence intensity under 450 nm excitation (Figure 2b)
but the increase of the PL intensity under 303 nm excitation
(Figure, 2c) as the Eu®" concentration increases. It implies that
the energy transfer between Eu’* and Mn’' occurs and
contributes to the great enhancement of the excitation
spectrum in the UV region. Furthermore, a shoulder emission
at 470 nm is seen in the codoped samples when excited at 303
nm, which is believed to be the emission of Eu** in y-AION
rather than the Mn?* emission in the impurity phase EuAl;,0,,
(because the latter has no luminescence at all).

The excitation spectrum of the sample solely doped with
Eu* has a broad band owing to the 4f'—4f°5d’ transition of
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Figure 4. (a) CL spectra and (b) SEM image and CL images taken at wavelengths of 470 (c) and 517 nm (d) for y-AION:2 mol % Eu*, 5 mol %

Mn2+

Eu® (Figure 3a). Under 365 nm excitation, y-AION:Eu*"
shows a broad emission band centered at 470 nm, which is
in accordance with the previous study repored by Wang et al.*®
In addition, the impurity phase EuAl;,O,y gives a very weak
green emission at about 524 nm (Figure 3b), so that its
emission can be omitted in the codoped samples.

For y-AION:Eu**,Mn*', the PL spectrum consists of a broad
band centered at 470 nm and an intense narrow band at 517
nm. It is believed that these two emission bands correspond to
emissions of y-AION:Mn** and y-AlION:Eu**, respectively. It
thus indicates that both Mn®* and Eu®* enter into the lattice of
7-AION rather than that of the impurity phase. To further
confirm it additional characterization techniques, such as CL
and EDS, were attempted.

Cathodoluminescence Spectra and Mapping. In
contrast to PL where one incident photon generates one
electron—hole pair and only excites levels with lower energies
than the incident photon, CL has an incident electron of energy
enough to excite the electrons directly into the conduction
band. Thus, PL excites just a few emission centers, whereas CL
excites all of them. In other words, the CL measurement will
help to detect the emissions that cannot be appreciably found
or cannot be sure in the PL measurement. As presented in
Figure 4a, the CL spectrum of y-AION:Eu**,Mn** (Eu®* = 2
mol %, Mn*" = § mol %) is in a good agreement with the PL
result (see Figure 2c), indicating that there are no other
emission centers than Mn** and Eu**. One can see from Figure
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4b—d that all of the phosphor particles show both 470 and 517
nm emissions simultaneously, evidencing that both the blue
and the green emissions originate from the same y-AION
lattice.

The cross-sectional CL observation was also performed to
confirm the localized luminescence of the y-AlION:Eu?*,Mn**
phosphor. This information can be used to detect if there are
any impurity phases inside one phosphor particle. As seen in
Figure S, there is no difference between the 517 and the 470
nm CL images, indicative of the absence of any impurity phase
in a luminescent particle, and both of the emissions at 470 and
517 nm stemming from the same host lattice. The elemental
distribution of the cross-sectional y-AION:Eu**,Mn?* particles
was also mapped, as illustrated in Figure 6. Elements of Al, N,
O, Mg, Mn, and Eu were uniformly distributed on the same
particle, implying that both Eu** and Mn*" are accommodated
in the y-AION Ilattice.

Energy-Transfer Mechanism. A great spectral overlap
between the emission band of y-AION:Eu*" and the absorption
band of y-AION:Mn*" is seen in Figure 7. According to the
Dexter theory, the mechanism of energy transfer basically
requires a spectral overlap between the donor emission band
and the acceptor excitation band. Therefore, the energy transfer
between the sensitizer (Eu®*) and the activator (Mn*") in -
AION can be speculated.

To further confirm the energy transfer between Eu*" and
Mn** in y-AION, the decay time of the emission caused by the

DOI: 10.1021/acs.inorgchem.5b00683
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Figure S. Cross-sectional SEM image (a) and CL images taken at (b) 517 and (c) 470 nm.

energy transfer was measured and fitted using the following
equation29

—t
=4 eXP(T) (1)

where I and A are the luminescence intensity at time ¢ and 0,
and 7 is the luminescence lifetime. The decay curve and decay
time of the 470 nm emission of Eu** in y-AION:Eu**,Mn**
phosphors with varying Mn®* concentrations are presented in
Figure 8a and 8b. It can be seen that the lifetime of Eu®"
reduces from 348 to 145 ns with the increase of the Mn?*
amount. The decreased luminescence lifetime of Eu** with
increased Mn** concentration suggests that the energy
absorbed by Eu** transfers to Mn*".This is the strong evidence
for the energy transfer between Eu®* and Mn**, and the similar
phenomenon has also been reported in the literature.>**"
Furthermore, the energy-transfer efficiency from Eu** to Mn?*
in 7-AION (#1) can be computed by using the following

equation32
”T =1- i
Ts0

)

where 7, is the decay time of Eu®* in the absence of Mn?* and
7, is the decay time of Eu®* in the presence of Mn?*. In y-
AION:Eu**,Mn*", 577 was calculated and plotted as a function of
the Mn*" concentration (Figure 8c). With increasing Mn**
doping amount, the energy transfer between Eu®* and Mn** is
enhanced greatly. The energy-transfer efficiency is about 50%
when the Mn®* concentration is § mol %. It increases gradually
when the concentration of Mn*" is larger than S mol %.
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The diagram of Figure 9 presents the luminescence
mechanism in y-AlION:Eu**,Mn>* phosphors. The blue
emission of Eu’* originates from electronic transitions of
4f"—4f°5d. The energy transfer from Eu** to Mn?* is via a
nonradiative way and results in the enhancement of emission of
green light of Mn** owing to the electronic transition from the
*T, level to the °A, level.

As seen in Figure 10, the Eu®" emission intensity at 470 nm
decreases whereas the Mn** emission at 517 nm enhances as
the Mn?* concentration increases, which intuitively indicates
the occurrence of energy transfer between Eu’* and Mn*'. Such
a change in spectral shage has also been reported in Eu**- and
Mn**-codoped silicates® and phosphates.”” The change of the
spectral shape with increasing Mn*" concentration results in
color-tunable emission (from blue-green to green-yellow) in
Mn?*'- and Eu**-codoped y-AION.

The maximum of the Mn®* emission intensity is reached at
5—7 mol % Mn*" (Figure 11). The observed saturation of
intensity may be caused by the Mn?*—Mn?" internal
concentration quenching effect. In many cases, concentration
quenching is due to the energy transfer from one activator to
another until an energy sink in the lattice is reached.** The
critical distance for the energy transfer between Eu** and Mn**
(Rgu—mn) can be calculated by the following formula proposed
by Blasse®

Rpy_yin = 2[3V/47xN]/ 3)
where N is the number of Z ions in the unit cell, V is the
volume of the unit cell, and « is the total concentration of Eu**
and Mn?*. In this case, N = 8, V = 510.006 A3, and x_ = 0.07.
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Figure 6. SEM image and elemental mapping of Al, N, O, Mg, Eu, and Mn.
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Figure 7. Spectral overlap between the PL excitation spectrum of y-
AION:Mn*" and the emission spectrum of y-AION:Eu*".

Therefore, the critical distance (Rg,_y,) for the energy transfer
is estimated to be around 12.03 A. It means that the emission
from Eu®* prevails when Rg,_y, > R, and the energy transfer
from Eu®** to Mn>* dominates when Rg,_nm, < R. It is well
known that if the critical distance between the sensitizer and
the activator is shorter than 4 A, the exchange interaction is
responsible for the energy-transfer mechanism. In our case, the
R, value is much bigger than 4 A, indicating that the energy
transfer between Eu** and Mn** ions mainly takes place via
multipolar interactions. On the basis of Dexter’s energy-transfer
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expressions of multipolar interaction and Reisfeld’s approx-
imation, the following relation can be obtained™*

@ « Cn/3
n 4)

where 7y, and 7 are the luminescence quantum efficiency of
Eu** in the absence and presence of Mn?, C is the sum of the
content of Eu** and Mn?*, and n = 6, 8, and 10 corresponding
to dipole—dipole, dipole—quadrupole, and quadrupole—quad-
rupole interaction, respectively. The value 7,/n# can be
approximately calculated by the ratio of related luminescence
intensity36’37

Lo x« C"3
L (8

where I, is the intrinsic luminescence intensity of Eu** and I, is
the luminescence of Eu** in the presence of te Mn®'. The
dependence of I,/ of Eu** on C"3 (n = 6, 8, 10) is plotted in
Figure 12. The linear relationship of I,/I; versus C"3 is well
fitted at n = 6, which clearly indicates that the energy-transfer
mechanism is a dipole—dipole interaction type. In this case, the
critical distance for the energy transfer can be calculated by the
spectral overlap method. Hence, R, can be achieved from the

following formula®®*°
F.(E)F,(E)dE
R{ = 3.024 X 10°2]f f %

where f, (= 107%) is the oscillator strength of the involved
absorption transition of the acceptor (Mn?*), A, is the
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efficiency of y-AION:2 mol % Eu**,xMn** with various amounts of
Mn*.

wavelength position of the sensitizer’s emission, E is the energy
involved in the transfer, and /Fs(E)F,(E)dE/E" is the spectral
overlap between the normalized shapes of the Eu** emission
Fg(E) and the Mn*" excitation FA(E). In our case, it is
calculated to be about 0.0571 eV™*. Using the formula
mentioned above, R, was estimated to be 12.56 A. This result
is in a good agreement with that obtained using the
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concentration quenching method (12.03 A), which again
confirms the dipole—dipole interaction-induced energy transfer
from the Eu** to Mn*".

Diffuse Reflectance Spectra. In order to explore the
potential of y-AION:Mn*",Eu** to be used as white LEDs
phosphors, its photoluminescence properties and thermal
quenching were investigated in detail. The diffuse reflection
spectra of y-AION:Eu?* (Eu** = 2 mol %), y-AION:Mn**
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C10/3
(Mn** = 5 mol %), and y-AION:Mn?**,Eu** (Eu** = 2 mol %,

Mn*" = S mol %) are presented in Figure 13. All samples
exhibit high reflection at wavelengths of 450—600 nm. The
sample singly doped with Eu** gives strong absorption when
the wavelength is below 450 nm. For the sample only doped
with Mn**, it only shows some absorptions at 425 and 446 nm,
which are ascribed to the transitions from the ground state of
Mn?* to its excited states. In the wavelength range from 300 to
420 nm, however, y-AION:Mn>" shows much stronger
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AION:Mn** (red), and y-AION:Mn?*,Eu** (green).

reflectance than that of y-AION:Eu*, indicative of very weak
absorption of UV light for the former sample, while for the
sample codoped with Eu®* and Mn*', the absorption is
enhanced strongly at wavelengths shorter than 450 nm, caused
by the direct allowed 4f—5d transitions of Eu** codoped with
Mn** in y-AION.

Figure 14 shows the great enhancement at 365 nm for y-
AlON:Mn?**Eu*, which is consistent with the absorption
spectrum shown in Figure 13. The PL intensity of y-
AION:Mn*" Eu** at 517 nm is improved by about 9 times
with respect to that of y-AION:Mn*', thanks to the strong
energy transfer between Eu** and Mn**.

As shown in Figure 15, the absorption, internal quantum, and
external quantum efficiencies of y-AION:Mn”* upon 365 nm
excitation are 16%, 48%, and 7%, whereas those of y-
AION:Mn*" Eu*" are 65%, 75%, and 49%, respectively. The
external quantum efficiency is enhanced 7 times by codoping of
Eu*', validating the efficient energy transfer between Eu*" and
Mn**,

Thermal Quenching. The thermal stability of a phosphor
has a large impact on the lifetime of wLEDs, so that the
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temperature-dependent luminescence is generally required for
understanding the stability of the phosphor against thermal
attack. As seen in Figure 16, the emission intensity of y-
ALON:Mn?"Eu®" measured at 150 °C maintains 80% of that
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measured at room temperature. The thermal quenching is 8%
larger than that of y-ALON:Mn*>*"%, but it is still accepted for
wLED applications. The larger thermal quenching observed in
the codoped sample may be due to the appreciable difference in
the ionic radii of AI** (0.39 A, 4CN) and Eu** (1.17 A, 4CN)
than those of AI** (0.39 A, 4CN) and Mn?** (0.66 A, 4CN).
When Eu**~Mn?* were codoped into the y-AION Ilattice, a
serious lattice distortion would occur, which enhanced the
Stokes shift and finally resulted in a great temperature-
dependent luminescence.

This small thermal quenching is ascribed to the excellent
thermomechanical properties of y-AION with a stiff crystal
structure built up on Al—(O,N) tetrahedra and octahedra. The
quenching mechanism can be considered as a nonradiative
transition. With increasing temperature, the nonradiative
transition probability by thermal activation and release of the
luminescent center through the crossing point between the
excited state and the ground state is enhanced which quenches
the luminescence. In this mechanism model, the activation
energy (AE) for thermal quenching, which is the distance
between the excited state of the activator and the crossing point
described above, plays a critical role. The activation energy,
which is roughly calculated by the Arrhenius equation,® is
about 0.39 eV for y-ALON:Mn**,Eu**. This value is larger than
those of a-SiAION:Yb** and Sr,SisNg:Eu** reported in the
literature.*!

B CONCLUSIONS

In summary, we synthesized y-AION:Eu**,Mn** phosphors and
investigated their luminescence properties and energy-transfer
mechanism. The PL and decay time data indicate that the Eu**
— Mn?" energy-transfer process takes place in y-AION. The
critical energy-transfer distance was calculated by the
concentration quenching method and the spectral overlap
method. From the experimental results it can be deduced that
the mechanism of energy transfer is a resonant type via a
dipole—dipole mechanism. Furthermore, we also demonstrated
that the PL intensity and absorption and quantum efficiencies
of y-AION:Eu*",Mn** measured at 365 nm have been strongly
enhanced by the energy transfer between Eu** and Mn*" in -
AION. The PL intensity of y-AION:Mn**,Eu** at 517 nm is
improved about 9 times with respect to that of y-AION:Mn**;
on the other hand, the external quantum efficiency is enhanced
7 times by codoping of Eu*". The experimental results show
that this kind of phosphor exhibits a potential application for
UV white LEDs.
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