
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

2/
2/

20
25

 1
0:

42
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Co-doping effec
aState Key Laboratory of High Performance

Shanghai Institute of Ceramics, Chinese A

Shanghai, 200050, China. E-mail: qianliu@
bShanghai Materials Genome Institute, 99 S
cUniversity of Chinese Academy of Sciences,

Cite this: RSC Adv., 2017, 7, 42211

Received 21st June 2017
Accepted 16th August 2017

DOI: 10.1039/c7ra06943j

rsc.li/rsc-advances

This journal is © The Royal Society of C
t of Mn2+ on fluorescence
thermostability of Ca-a-sialon:Eu2+ phosphors

Jia Ni, abc Qian Liu,*ab Zhenzhen Zhouab and Guanghui Liuab

To reveal transition metal manganese ion (Mn2+) co-doping influence on Ca-a-sialon:Eu2+ phosphors,

Mn2+ and europium ion (Eu2+) co-doped Ca-a-sialon phosphors were synthesized using a solid state

reaction at 1600 �C under an ambient nitrogen atmosphere, and the effects of the co-dopant Mn2+ on

the fluorescence thermostability of Ca-a-sialon:Eu2+ phosphors were systematically investigated. With

increasing Mn2+ concentration, X-ray diffraction analysis shows a phase-pure host Ca-a-sialon structure

and unit cell shrinkage (or a tighter structure). The photoluminescence spectra of all samples, with or

without Mn2+ co-doping, exhibit a strong yellow emission. For the energy transfer between Mn2+ and

Eu2+, the emission intensity is strongest when the co-doping concentration of Mn2+ is 0.02 molar and

the CIE chromaticity index of the strongest emission composition is (0.474, 0.513) with a high internal

quantum efficiency of 72.4%. Importantly, the fluorescence thermal quenching behavior of the

as-prepared phosphors is remarkable and is over 80% of the initial emission intensity tested at room

temperature, at a higher temperature of 275 �C. The major energy transition mechanism between

co-dopants Mn2+ and Eu2+ during the heating process was deduced and considered to be

a non-radiative energy transfer and phonon-assisted tunneling. Using further calculations, the thermal

activation energy, DE, is 0.28 eV. In consequence, Mn2+ and Eu2+ co-doped Ca-a-sialon is an attractive

and competitive phosphor candidate for applications in white light emitting diodes.
1. Introduction

In the 1970s, a-sialon was rst found and promised to be useful
as a structural material, which stemmed from its solid solution
feature of strong covalent silicon nitride (Si3N4).1,2 By 2002, the
research teams of Hintzen et al.3 and Xie et al.4 not only
proposed that a-sialon could be applied to phosphor as a con-
solidus host material but also demonstrated its excellent
luminescence properties, such as high thermal stability, high
efficiency and a friendly environment.

In past decade, a-sialon, as a good silicon-based oxynitride
host material has been attracting much attention and has been
widely studied. The chemical formula of a-sialon is
Mm/vSi12�(m+n)Alm+nOnN16�n (where v is the valence of the M
ion). In this composition, M consists of a compensation cation
(calcium (Ca2+), lithium (Li+), magnesium (Mg2+), strontium
(Sr3+), and so on)5–7 and most rare earth metals (europium
(Eu2+), cerium (Ce3+), terbium (Tb3+), and so on).4,7,8 The
changes of the m and n values represent the quantity of (Si–N)
bonds, (Al–N) bonds and (Al–O) bonds in M-a-sialon.9–11 The
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ratio of these bonds exerts effects on the luminescence prop-
erties. In the previously mentioned systematic research, Eu2+

and Ce3+ doped Ca-a-sialon possess better luminescence prop-
erties. In a Ca-a-sialon host, activator Eu2+ and Ce3+ is 5d–4f
transitions with a strong nephelauxetic effect and large ligand
eld splitting, showing a typical broad yellow and green emis-
sion with high thermal stability. They could keep �70% of the
initial emission intensity when the temperature reached 300 �C,
and this was far better than results obtained using yttrium
aluminium garnet (YAG):Ce3+.12 Besides the wider emission
wavelength range and high thermal stability, compared with
other oxide and oxynitride phosphors (e.g., BaSi3O4N2,13

BaMgAl10O17,14 and so on), Eu2+ or Ce3+ doped Ca-a-sialon
possesses a high external quantum efficiency (QE) of about
40%.15,16 Furthermore, relative to nitride phosphors CaAlSiN3

17

which have complex requirements to prepare, Ca-a-sialon
phosphor is easier to prepare.

Currently, to achieve better luminescence properties of
phosphors and low utilization of expensive rare earth elements,
manganese (Mn2+) used as a sensitizer was introduced in to
many host materials co-doped with Eu2+ and this has been
studied extensively.18–21 It has been reported that the energy
transfer between Mn2+ and Eu2+ is efficient with several phos-
phors, such as Mg2Al4Si5O18 and apatite-type uorophosphate
phosphors, and this could improve the emission intensity and
inuence the emission wavelength to red shi. Also, it has been
RSC Adv., 2017, 7, 42211–42217 | 42211
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View Article Online
determined from the previously mentioned papers that the
energy transfer between the sensitizer Mn2+ and the activator
Eu2+ is proportional to the spectral overlap between the emis-
sion band of the sensitizer and the excitation band of the
acceptor. In accordance with the previous studies, the energy
transfer between Eu2+ and Mn2+ in Ca-a-sialon is attributed to
the resonance transfer under excitation in a room temperature
(RT) environment.22 However, much work is still needed to
explore the Mn2+/Eu2+ co-doped Ca-a-sialon to enrich the
understanding of scientic recognition and to understand its
practical applications.

In this research, Mn2+ and Eu2+ co-doped Ca-a-sialon was
successfully prepared using a solid-state reaction. The effects of
co-doped Mn2+ on the luminescence properties and especially
on the thermal quenching behavior were investigated in detail.
Furthermore, the energy transfer phenomenon between Eu2+

and Mn2+ under high temperature conditions was also consid-
ered and a non-radiative energy transfer and phonon-assisted
tunneling mechanism was deduced.
2. Experimental procedures
2.1 Synthesis of Ca-a-sialon:Eu2+,Mn2+ phosphors

The phosphors with the compositions of Ca0.92�xSi9Al3-
ON15:0.08Eu

2+,xMn2+ (x ¼ 0, 2, 4, 6, 8, 10 mol%) were prepared
using a traditional high temperature solid-state reaction
method, with a xed and optimal Eu2+ doping content of
0.08 mol based on previous research, and these were used to
nd out the Mn2+ co-doping inuence on Ca-a-sialon:Eu2+

phosphors. The starting materials were a-Si3N4 (SN-E10, Ube
Industries, Japan), aluminum nitride (AlN, Grade A, Starck
Industries, Germany), calcium carbonate ($99.90%, AR, Sino-
pharm Chemical Reagent Co., Ltd, China), europium(III) oxide
(99.99%, Shanghai Yuelong New Materials Co., Ltd., Shanghai,
China) and manganese(II) carbonate (CP, Sinopharm Chemical
Reagent Co., Ltd, China). Aer mixing and grinding the
powders thoroughly in an agate mortar for two h, the powdered
mixture was put into BN crucibles, loaded in a graphite furnace,
and nally calcined at 1600 �C for 4 h under a 0.8 L min�1

nitrogen (N2) ow. The as-prepared powders were cooled down
to RT in the furnace and ground nely again to obtain the nal
powders for further analysis.
Fig. 1 (a) XRD patterns of Ca-a-sialon:0.08Eu2+,xMn2+ phosphors
with various Mn2+ concentrations (x ¼ 0.00–0.10); (b) magnified
regions of the XRD patterns in the 2q range of 33–36�.
2.2 Characterization

The products of synthesized powders were identied using
X-ray powder diffraction (XRD, D8 ADVANCE, Bruker, Germany)
with CuKa radiation (l ¼ 0.1541 nm). Photoluminescence (PL)
spectra and temperature dependent luminescence properties
(from 25 �C to 275 �C) were performed on a uorescence spec-
trometer (F-4600, Hitachi, Japan) with a 150 W xenon lamp. The
QE spectra were measured by using the integrated sphere on the
time resolved and steady state uorescence spectrophotometer
(FLS980, Edinburgh Instruments, UK). The decay curves of the
lifetime values were also recorded on the FLS 980 with a mF2
tunable microsecond ashlight (Edinburgh Instruments, UK),
using a 450 W xenon lamp as excitation source, with pulsed
42212 | RSC Adv., 2017, 7, 42211–42217
light, measured under a xed wavelength of 570 nm emission
and 375 nm excitation, simultaneously, combined with a time
correlated single photon counting card and specialty soware
(Fluoracle, Edinburgh Instruments) to analyze and draw the
decay curves.

3. Results and discussion
3.1 Phase composition of Ca-a-sialon:Eu2+,Mn2+ phosphors

XRD patterns of Ca-a-sialon:0.08Eu2+,xMn2+ phosphors are
shown in Fig. 1a, with a standard reference pattern of Ca-a-
sialon at the bottom. The intense and sharp crystal diffraction
peaks indicate that all the samples agreed well with the struc-
ture of Ca-a-sialon (JCPDS 33-0261) and no visible impurity
phases were detected. Compared with the phosphors without
dopant Mn2+, the diffraction peaks in the selected 2q region
from 33� to 36� gradually shi to higher 2q angles with
increasing Mn2+ concentration (seen in Fig. 1b), which is
because of the lattice shrinking caused by smaller Mn2+ ions
(0.067 nm ionic radius) substituting for larger Ca2+ ions
(0.10 nm ionic radius). The previous experimental results show
that the transition metal cation, Mn2+, has been co-doped into
the Ca-a-sialon:0.08Eu2+ lattices.

3.2 Photoluminescence properties of Ca-a-sialon:Eu2+,Mn2+

phosphors

The excitation and emission PL spectra of two representative
phosphors of Ca-a-sialon:0.08Eu2+, and Ca-a-sialo-
n:0.08Eu2+,0.02Mn2+ are shown in Fig. 2a. The spectra of both
excitation and emission for the Mn2+ doped sample are iden-
tical to the spectra of the sample without Mn2+ dopant. The
excitation spectra present two broad bands with maxima at
�287 nm and �375 nm. The band of �287 nm is attributed to
the absorption of the Ca-a-sialon host lattice,23 whereas the
band of �375 nm originates from the 4f7 / 4f65d electron
transition of Eu2+. The emission spectra only show one broad
band and its center peak around �570 nm is attributed to the
energy transfer from the 4f65d excited state to the 4f7 ground
state of the Eu2+ rare earth ions.23 The increased excitation
spectrum of Ca-a-sialon:0.02Mn2+ is also illustrated in Fig. 2a,
and shows an obvious overlap between the emission spectrum
of Ca-a-sialon:0.08Eu2+ and the excitation spectrum of Ca-a-
sialon:0.02Mn2+, indicating the energy transfer interaction
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Excitation and emission spectra of Ca-a-sialon:0.08Eu2+,
Ca-a-sialon:0.08Eu2+,0.02Mn2+ phosphors, and the enlarged excita-
tion spectrum of Ca-a-sialon:0.02Mn2+. (b) CIE chromaticity diagram
for Ca-a-sialon:0.08Eu2+ and Ca-a-sialon:0.08Eu2+,0.02Mn2+ phos-
phors under 375 nm excitation. (c) PL intensity of Ca-a-sialon:
0.08Eu2+,xMn2+ (x ¼ 0.00–0.10) around 570 nm emission as a func-
tion of Mn2+ concentration. (d) Emission peak wavelength of Ca-a-
sialon:0.08Eu2+,xMn2+ (x ¼ 0.00–0.10) as a function of Mn2+

concentration.
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between Eu2+ and Mn2+. In Fig. 2b, the Commission Interna-
tional de I'Éclairage (CIE) chromaticity diagrams of the two
phosphors, Ca-a-sialon:0.08Eu2+, and Ca-a-sialon:
0.08Eu2+,0.02Mn2+, excited under 375 nm blue light are shown.
The CIE chromaticity index for Ca-a-sialon:0.08Eu2+ is (0.473,
0.514) and for Ca-a-sialon:0.08Eu2+,0.02Mn2+ is (0.474, 0.513). It
gives a distinct visual that the CIE chromaticity index of these
two phosphors are very close and both of them belong to typical
yellow phosphors which can be coupled to blue light-emitting
diode (LED) chips for generating white light. Meanwhile, the
internal QE of phosphors under 375 nm excitation
were measured and calculated using the following
expression:24,25

hQE ¼

ð
Lsð

ER �
ð
Es

(1)

where Ls is the emission spectra of the measured phosphors, ER
and Es are the excitation spectra without and with the measured
phosphors, respectively, in the integrating sphere. The internal
hQE value of Ca-a-sialon:0.08Eu

2+,0.02Mn2+ phosphors is 72.4%,
a little higher than the 69.44% of Ca-a-sialon:0.08Eu2+ phos-
phors without Mn2+ dopants. Fig. 2c shows the doping depen-
dence of emission luminescence intensity for the samples with
varied Mn2+ concentration co-doped with 0.08Eu2+ in Ca-a-sia-
lon host material. The highest emission intensity belongs to the
as-prepared sample with a co-doping composition of x ¼ 0.02
and then the emission intensity tends to decline with increased
Mn2+ concentration, however, the emission intensity of Ca-a-
sialon:0.08Eu2+,0.04Mn2+ phosphor is also stronger than that of
the phosphor without Mn2+ dopants. This implies that there
This journal is © The Royal Society of Chemistry 2017
exists some energy transfer interactions between Eu2+ and
Mn2+, which can be proved by the evidence of spectral overlap
between the PL spectrum of Eu2+ and the photoluminescence
excitation (PLE) spectrum of Mn2+ shown in Fig. 2a. In addition,
the critical distance, Rc is also an important parameter to
demonstrate the energy transfer. Researchers usually use eqn
(2) to calculate Rc:26,27

Rc ¼ 2(3V/4pNxc)
1/3 (2)

Using eqn (2), V is the volume of the unit cell of Ca-a-sialon
(304.8 Å3), N is the number of Z ions in the single unit cell (1),
and xc is the stoichiometric doping composition sum of the
Eu2+ concentration of 0.08 and the Mn2+ critical concentration
of 0.02 (assumed from Fig. 2c). Therefore, the calculated Rc is
17.98 Å. If the doping concentration of Mn2+ increases to 0.06
and 0.10, the value of R becomes smaller (16.08 Å and 14.78 Å,
respectively). Therefore, with the further increase of Mn2+

content beyond 0.02 (aer the second dot in the curve as shown
in Fig. 2c), the critical distance Rc or the distance between the
Mn2+ and Eu2+ decreases, resulting in an enhanced energy
transfer interaction and the nal concentration quenching of
emission or emission intensity decline. It should be noted that
the addedMn2+ composition is volatile to some extent during the
high temperature calcination of phosphors, and the real content
of Mn2+ in the prepared phosphors is below the stoichiometric
composition and then the calculated critical distance Rc is
rather smaller. Furthermore, based on the calculated Rc (more
than 5–8 Å), the energy transfer model between Eu2+ and Mn2+

can be deduced as being multipolar interactions following
Dexter's principle. In Fig. 2d, the emission peak positions of the
Ca-a-sialon:0.08Eu2+ phosphors with different Mn2+ concentra-
tions are tiny, and uctuate around 570 nm and have no distinct
emission shi. Therefore, the appropriate co-doping of Mn2+

with Eu2+ in the Ca-a-sialon host material can enhance the
emission intensity and the internal QE as well, but does not
induce the red shi of the emission at RT.

In general, the 4T1(
4G) / 6A1(

6S) transition of Mn2+ within
the 3d shell strongly depends on lattice vibration and crystal
eld strength. In previous studies, the emission spectra of Mn2+

shows a broad green emission band in oxide hosts with tetra-
hedral coordination, whereas it emits orange to red light with
octahedral coordination. Whereas, because of the strong
nephelauxetic effect, it can also give red light (�600 nm) with
tetrahedral coordination in AlN and AlON nitride hosts.19,28,29

Furthermore, the dopant Mn2+ in Ca-a-sialon:0.08Eu2+ is ex-
pected to substitute for Ca2+ sites which are coordinated by
seven (O, N) anions at three different M–(O, N) distances.8,30,31

Theoretically speaking, the introduction Mn2+ in Ca-a-sialon:
0.08Eu2+ can result in a red shi of the emission wavelength.
However, in these experiments, the dopant Mn2+ in Ca-a-sialon:
0.08Eu2+ only enhances the luminescence intensity observed
from the spectra (Fig. 2c and d), and obvious emission shi is
absent. It was supposed that 4T1 /

6A1 d–d electron transition
of Mn2+ is spin and parity-forbidden, compared to the 4f / 5d
transition of Eu2+, therefore, the emission intensity of the Mn2+
RSC Adv., 2017, 7, 42211–42217 | 42213
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ion singly doped phosphor is far weaker than that of the Eu2+

ion in many host materials,32 as is the situation in the Ca-a-
sialon host. In addition, the excitation wavelength of longer
than the 375 nm selected in the experiments is probably not an
appropriate excitation wavelength for Mn2+ emitting in Ca-a-
sialon, and this is supported by the curves shown in Fig. 3,
which show a stronger emission of Mn2+ centered at �600 nm
under excitation of wavelengths shorter than 265 nm, rather
than under excitation of a longer wavelength of 375 nm.
Fig. 4 (a) Temperature dependent luminescence of Ca-a-sialon:
0.08Eu2+ with (x ¼ 0.02) and without Mn2+ phosphors measured
under 375 nm excitation. (b) Schematic illustration of the configuration
coordinate diagram of energy transfer in the Ca-a-sialon:
0.08Eu2+,0.02Mn2+ phosphor.
3.3 Thermal quenching behaviors of Ca-a-sialon:Eu2+,Mn2+

phosphors

In this research, the temperature dependent luminescent
intensity of Ca-a-sialon:0.08Eu2+ with (x ¼ 0.02) and without
Mn2+ was measured at a wider temperature range from RT
(25 �C) to 275 �C and the results are shown in Fig. 4a. Because of
the thermal quenching, the trend of the PL intensity trends to
decline. The thermal quenching is ascribed to the non-radiative
energy transfer and expressed in the schematic conguration
coordinate diagram of Eu2+ and Mn2+ electrons in Ca-a-sialon
lattice to describe the energy transfer process, as shown in
Fig. 4b. In the conguration coordinate diagram, the lower
parabola (black line) and higher two parabolas (green lines)
represent the total energy of the ground state and excited states
of Eu2+ and Mn2+, respectively. In general, the electrons jump
from the bottom of the ground state (black) to the Eu2+ and
Mn2+ excited states (green) under 375 nm excitation, then the
excited electrons partly release energy by radiative transition
directly and vertically from the bottom of two excited states of
Eu2+ and Mn2+ parabolas (green) to the bottom of the ground
state (black) accompanied by yellow (575 nm) and red (600 nm)
light emission. When heating the samples, except in the
previously described process, part of the electrons obtains
much more energy and reaches the high cross points P1 and P2
via the Eu2+ and Mn2+ parabola (green) and then transits to the
bottom of the ground state via the ground state parabola
(black). This is the non-radiative energy transfer and it is the
major energy transfer during the whole heating process, and as
Fig. 3 Emission spectra of Ca-a-sialon:0.02Mn2+ phosphors under
excitation of 375 nm and 265 nm.

42214 | RSC Adv., 2017, 7, 42211–42217
a result, the luminescence intensity is gradually weakened.
From Fig. 4a, it is worth noting that the introduction of Mn2+

enhances rather than weakens the emission intensity of the
phosphor at temperatures lower than 125 �C. From another
perspective, the enhanced emission intensity should be
considered as the phonon-assisted tunneling effect. At relatively
low heating temperatures (<125 �C), by absorbing the extra heat
energy, part of the heat excited electrons (also called phonons)
move from the bottom of the low energy excited states (Mn2+,
green parabola) to the high energy excited states (Eu2+, green
parabola) via the cross point P3,33 and nally release the ob-
tained energy by radiatively emitting light. Consequently, the
emission intensity enhancement occurs at relatively low heating
temperatures by the phonon-assisted tunneling effect caused by
the heating excitation. If the heating temperature increases
further to high levels, the electrons could gain more energy and
reach the high cross points, P1 and P2, via the Eu2+ and Mn2+

parabola (green) and then transit to the bottom of the ground
state via the ground state parabola (black). This is described as
non-radiative energy transfer or thermal quenching.

From the measured spectra, illustrated in Fig. 5a and b, the
emission peak wavelengths of Ca-a-sialon:0.08Eu2+,0.02Mn2+

shi from the long wavelength of 573 nm to the short wave-
length of 567 nm with the increase of the heating temperatures,
while the emission peak wavelengths of the single doped Ca-a-
sialon:0.02Mn2+ remain almost unchanged at around 573 nm.
Otherwise, the slight decrease of the x values and the increase of
y values in the chromaticity index, indicated in both Fig. 5c and
Table 1, show more direct evidence of the emission blue-shi
behavior of Ca-a-sialon:0.08Eu2+,0.02Mn2+ with the increase
in temperature. It has to be noted that this blue-shi of emis-
sion is caused partially by phonon-assisted tunneling.33,34 From
Fig. 4b, it can be seen that at rst, although the energy barrier,
E1, can be overcome, it is higher than E2, so the low energy
emission of Mn2+ plays the major role in the reaction. When the
temperature rises to a higher level, the thermal quenching
energy goes over the E2 barrier and the high energy emission of
Eu2+ gradually becomes dominant. Furthermore, in Table 1, the
CIE chromaticity coordinate index of Ca-a-sialon:
0.08Eu2+,0.02Mn2+ phosphor, shi from (0.473, 0.514) at 25 �C
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) and (b) PL emission spectra of Ca-a-sialon:0.08Eu2+ without and with Mn2+ phosphors (x ¼ 0.02) as a function of temperature. (c) CIE
chromaticity coordinates of Ca-a-sialon:0.08Eu2+,0.02Mn2+ phosphor versus temperature.
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to (0.451, 0.523) at 275 �C. This tiny displacement reveals the
strong color stability of the co-doped phosphor.

However, in practical applications, phosphors are packed
with LED chips when applied in solid-state lighting and the heat
generated by LED chips always affects the emission intensity of
phosphors during the service time. In terms of the LED industry
standard, 150 �C is regarded as the working temperature for
a high power white-LED (W-LED). For this standard, thermal
stability under 150 �C becomes one of the crucial phosphor
parameters. When the temperature reaches 150 �C, the emis-
sion intensity of Ca-a-sialon with (x ¼ 0.02) and without Mn2+

maintains 98% and 94% of the initial intensity (RT), respec-
tively, (see Fig. 4a), indicating that both of them have an
excellent resistibility to thermal quenching and have a good
thermal stability. As the working temperature rises to 275 �C,
the emission loss of these two phosphors is less than 20% of the
initial intensity (RT) and in thermal quenching behavior of the
phosphors with Mn2+ co-doping are little better. To better
understand the temperature dependence of the PL, the thermal
activation energy for thermal quenching has been calculated
according to the Arrhenius equation:35,36

I0/I(T) ¼ 1 + A exp(�DE/KBT) (3)

where I0 is the initial PL intensity at RT, I(T) is the PL intensity at
a given temperature, A is a constant, DE is the activation energy
for thermal quenching, and KB is Boltzmann's constant (8.617�
Table 1 CIE chromaticity coordination values for Ca-a-sialo-
n:0.08Eu2+,0.02Mn2+ phosphor versus temperature

Temperature
(�C)

Chromaticity
index x

Chromaticity
index y

25 0.473 0.514
50 0.471 0.515
75 0.469 0.516
100 0.467 0.517
125 0.465 0.518
150 0.463 0.519
175 0.461 0.520
200 0.459 0.521
225 0.456 0.522
250 0.453 0.522
275 0.451 0.523

This journal is © The Royal Society of Chemistry 2017
10�5 eV K�1). Based on eqn (3), the plot of ln[I0/I(T) � 1] versus
(�1/KBT) has a linear relationship. Using the slope of the plot in
Fig. 6, the best activation energy DE obtained is 0.28 eV for the
phosphors with Mn2+ (x¼ 0.02) and the DE value is much larger
than 0.24 eV for the phosphors without Mn2+. Both of them are
better than the thermal activation energy of commonly used
commercial phosphor YAG:Ce3+ (0.189 eV).37 The calculated
results are in agreement with the experimental results and show
that the co-dopant Mn2+ plays an important part in the thermal
quenching property of Ca-a-sialon:Eu2+ phosphors.
3.4 Fluorescence decay

Fig. 7 shows the decay curves for three samples: single doped Ca-a-
sialon:0.08Eu2+, co-doped samples Ca-a-sialon:0.08Eu2+,0.02Mn2+

and Ca-a-sialon:0.08Eu2+,0.04Mn2+, measured simultaneously
with a xed emission wavelength of 570 nm and excitation wave-
length of 375 nm. All the experimental values can be tted using
the double-exponential equation:

I(t) ¼ A1 exp(�t/s1) + A2 exp(�t/s2) (4)

In eqn (4), I is the luminescence intensity, A1 and A2 are
constants, t is the testing time, s1 and s2 are the shorter and
longer decay times calculated using eqn (4). According to eqn (4)
and using computerized tting, the s1 and s2 results for the
Fig. 6 Activation energy DE of thermal quenching of Ca-a-sialon:
0.08Eu2+ with (x ¼ 0.02) and without Mn2+ phosphors.
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Fig. 7 Decay curves of three phosphor samples: Ca-a-sialon:
0.08Eu2+ (black dots), Ca-a-sialon:0.08Eu2+,0.02Mn2+ (red dots) and
Ca-a-sialon:0.08Eu2+,0.04Mn2+ (blue dots), detected at lem¼ 570 nm
and lex ¼ 375 nm.

Table 2 The calculation results of short decay time, long decay time
and average decay time for Ca-a-sialon:0.08Eu2+, Ca-a-sialon:
0.08Eu2+,0.02Mn2+ and Ca-a-sialon:0.08Eu2+,0.04Mn2+ phosphors

Doping content s1 (ns) s2 (ns) s (ns)

(0.08Eu2+) 156.5 553.8 515.1
(0.08Eu2+,0.02Mn2+) 237.4 584.0 521.9
(0.08Eu2+,0.04Mn2+) 151.7 562.3 519.4
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three samples are listed in Table 2. Furthermore, the average
lifetime constant (s) can be estimated as follows:

s ¼ A1s12 þ A2s22

A1s1 þ A2s2
(5)

It is found that the average decay time of the sample with
single Eu2+ doping is a little faster than that of the co-doped
samples with 0.02 and 0.04 Mn2+ addition. In addition, the
double-exponential decay indicates the existence of two relaxa-
tion processes. The fast decay components (s1) are dened by
the PL intensity decay, whereas the slow decay components
possibly result from the luminescence caused by defects of
phosphors on the surface and inside.38
4. Conclusions

In summary, Mn2+ and Eu2+ co-activated Ca-a-sialon phosphors
were prepared using a conventional high temperature solid-
state reaction method. The prepared phosphors display
intense yellow emission centered at 570 nm under 375 nm
excitation and the optimal doping concentration of Mn2+ is x ¼
0.02 molar for all the Ca-a-sialon:0.08Eu2+,xMn2+ compositions.
Compared to Eu2+ single doped Ca-a-sialon, the increase of
emission intensity indicates that additional energy transfer
occurs between Eu2+ andMn2+ during the luminescence process
in the co-doped phosphors. The effective energy transfer leads
to a good resistance behavior to thermal quenching. At 150 �C it
can maintain 98% of the initial emission intensity (measured at
42216 | RSC Adv., 2017, 7, 42211–42217
RT), and its emission intensity remains at over 80% when the
temperature rises to 275 �C. Based on the calculation results,
the thermal activation energy DE (0.28 eV) of the co-doped
phosphors is larger than that of phosphor without Mn2+. All
the results show that the co-dopant Mn2+ plays a promoting role
in the resistance to thermal quenching of the Ca-a-sialon:Eu2+

phosphors.
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