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Observation of a red Ce** center in SrLu,0,:Ce>*
e e Do T 2010 48 phosphor and its potential application in
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In Ce*" activated SrLn,O4 type phosphors (Ln = Y, Lu, Sc, etc.) only one Ce®" center was previously
reported to show a blue emission band. In this paper, we report the observation of a second Ce®* center
in SrLu,O4:Ce®*. The new center shows a red emission band peaking at 600 nm with an excitation band
at 485 nm. We attributed the new center (Ce(i)) to the substitution of the Lu®* site and the original blue
center (Ce()) to the substitution of the Sr2* site. Spectroscopy studies indicate that Ce() centers are pre-
ferentially formed at a low doping concentration and the number ratio of Ce(1)/Ce(i) decreases with
increasing Ce®* concentration until beyond 0.002. The fluorescence lifetimes of the two centers were
measured for various doping concentrations. Energy transfer from Ce(l) to Ce(i) was observed. It was
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found that the emission intensity of Ce(i) centers reduces much faster than that of Ce() with increasing
temperature from 83 K up to 350 K, implying their potential application in temperature sensing based on
their temperature dependent intensity ratios. A relative sensing sensitivity as high as 2.28% K™ at 283 K
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Introduction

Among the present phosphors doped with rare-earth ions, Ce*"
ion activated phosphors are the most studied and have been
extensively applied in field emission displays, white LEDs and
scintillation.™ In addition to the high luminescence
efficiency, another advantage of Ce*'-doped phosphors is that
the luminescence color can be tuned from UV to the red
region because of the sensitivity of the 5d energy position to
the host lattice. For example, in different crystal field environ-
ments, Ce*" ions can exhibit near UV-blue (peaking at
~427 nm), blue (peaking at ~445 nm), green (peaking at
~490 nm), yellow (peaking at ~550 nm), and red (peaking
at ~620 nm) emissions in hosts Y,SiOs, Ba,YsB50;7,
BagLu,Sig0,4, Y3Al504,, and Sr;Sc,0s, respectively.* ® Therefore,
Ce**-doped phosphors with a specific emission color can be

“State Key Laboratory of Luminescence and Applications, Changchun Institute of
Optics, Fine Mechanics and Physics, Chinese Academy of Sciences,

3888 Eastern SouthLake Road, Changchun 130033, China.

E-mail: haozd@ciomp.ac.cn, zhangjh@ciomp.ac.cn

bCenter of Materials Science and Optoelectronics Engineering,

University of Chinese Academy of Sciences, Beijing 100049, China

“Van’t Hoff Institute for Molecular Sciences, University of Amsterdam, XH,
Amsterdam, The Netherlands

This journal is © The Royal Society of Chemistry 2019

designed via selecting a host with a special crystal field
environment.

Rare-earth strontium oxides, SrLn,0, (where Ln = Gd, Y, Sc,
Lu, Ho, Er, Tm, Yb), with the space group Prnam were inten-
sively studied for their magnetic properties in the past
decades.”® Recently, a series of rare earth ion doped SrLn,O,
materials have been studied for application as phosphors
because of their superior down/up-conversion characteristics.
Eu3+-doped SrLu,0O, and SrGd,0O, luminescent materials have
been studied and considered as promising red phosphors in
solid state lighting devices."™"? Eu** doped SrLu,0, exhibited
a broad red emission band centered at 610 nm and could be
applied as an optical temperature sensor because of its strong
thermal quenching."?

In the previous reports about SrLn,0, type phosphors, the
doped rare earth ions occupied Sr** or Ln’" sites. SrY,04:Ce’*
phosphor with an excitation of 410 nm shows blue emission
peaking at 470 nm, and Ce®" ions are considered to occupy
Sr** sites."* Another green phosphor SrSc,04:Ce®* shows
491 nm emission with great thermal stability, and Sr** ions are
considered to be replaced by Ce*" ions.”> Eu*" doped SrSc,0,
phosphors show an emission band located in the deep red
regions and Eu®" ions are considered to substitute Sr** sites.'®
In host SrLu,0,4, Eu*" ions are considered to occupy St** sites
and it shows red emission with poor thermal stability."* In
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SrLu,0,:Eu*" phosphor, Eu®* ions are considered to replace
Lu** sites showing red emission."’ Under 980 nm laser
diode excitation, the SrLu,04:Ho>",Yb®>" phosphors exhibit an
intense green upconversion emission band centered at 541 nm
and weak red emission that peaked at 673 nm, and Songbin
Liu et al. hold the view that Ho**, Yb*" ions occupied Lu**
sites.'” The activator ions were all considered occupying only
one site in the respective reports. In our previous work, we
reported a blue phosphor, SrLu,04:Ce*”, with great thermal
stability and fabricated a white LED with a high color render-
ing index (CRI),'® and we also found that there were two
luminescence centers in this phosphor and this phenomenon
was not mentioned in the previous reports about SrLn,0, type
phosphors.

In this paper, a series of Ce** doped SrLu,0O, (SLO) phos-
phors were prepared via a conventional solid-state reaction
technique. The host structure and the diffuse reflectance, exci-
tation, and emission spectra of the samples were investigated
in detail. The relationship and tendency of the two lumine-
scence centers and occupying sites were discussed. The Ce(1)
center shows great thermal stability while the emission of the
Ce(u) center is quenched at room temperature. The values of
relative sensitivity were also calculated and the results indicate
this phosphor has potential in temperature sensing. Based on
luminescence decay curves, lifetime and energy transfer
efficiency have also been figured out. The energy transfer from
Ce(1) to Ce(m) contributes to the red emission enhancement with
increasing doping concentration.

Experimental
Material synthesis

SrLu,0,:Ce** samples were synthesized by a traditional high-
temperature solid-state reaction. The constituent oxides and
carbonates, SrCO; (A.R.), Lu,03 (99.99%), and CeO, (99.99%),
were employed as the raw materials. Powders were mixed
according to the stoichiometric amounts of the formula of
SrLu,_,04:xCe®" and Srg.¢05L1,04:0.002Ce>" in their respective
agate mortars and then placed in alumina crucibles. These
crucibles were heated at 1600 °C for 6 hours in a reducing
atmosphere (95%N,/5%H,), in order to reduce Ce*" to Ce".
After sintering, the powders were furnace-cooled naturally
down to room temperature (RT). Finally, the as-prepared
powders were washed with alcohol three times and dried at
60 °C for 6 hours in a drying oven to obtain the final
phosphors.

Characterization

X-ray diffraction (XRD) patterns were obtained by using a
powder diffractometer (Bruker, D8 Focus, Cu Ko, 40 kV, 40 mA).
The XRD data were collected in the range of 15 to 70 degrees
(260) with a count time of 2 s per step. Rietveld analysis was con-
ducted using the computer software: FullProf program. The PL
and photoluminescence excitation (PLE) spectra of Ce®* ions
were recorded by using a FL900 fluorometer with a xenon lamp
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(Edinburg Instruments, UK). The temperature-dependent PL
spectra were recorded on a fluorescence microscope (Olympus,
BX53M) and CCD spectrometer (Ocean Optics). The decay
curves were measured by using a FL910 fluorometer with 405
and 485 nm laser devices. All the measurements were con-
ducted at room temperature unless specifically mentioned.

Results and discussion

In this work, all the samples were synthesized based on the
substitution of Ce®" for Lu®*" by charge balance and the pure
crystal phases were acquired as shown in Fig. 1. The XRD
patterns of SrLu,O, and Sr(Lu;.g9sCe.002)O4 samples are in
accordance with the standard data (JCPDS #32-1242). However,
the diffraction peak of Lu,O; locating at about 29.8° can be
found as impurities in the patterns of (Sry.g9sCe.002)LU204
samples. As we all know, multiple luminescence centers mean
multiple occupations of sites, and Ce*" ions occupy two sites in
SrLu,0O, samples which causes a red emission to be observed
besides the blue emission previously reported. In the presented
reports, there were rare earth oxides left as impurities while raw
materials were weighed according to the formula of Sr;_,Ln,0,:
xRe**.°" The following explanations may contribute to the
existence of rare oxides as impurities: Lu,O; has low reactivity
and is in excess in the raw materials according to the stoichio-
metric ratio of Sr;_,Ln,04:xRe®". After sintering, the excess Lu,O;
in the raw materials is left as an impurity. According to the stoi-
chiometric ratio, SrLu,_,O.:xCe®* (x = 0-0.008), the excess of
highly reactive SrCO; in the raw materials accelerated the solid-
phase reaction and was volatized completely after sintering with
no impurities left. This is also the reason why we use the stoi-
chiometric ratio of SrLu,_,O,:xCe*" in this work to acquire pure
phosphors though Ce** ions occupy both Sr** and Lu®* sites.

In order to further understand the microstructure of the
as-prepared samples, detailed Rietveld refinements and lattice
parameters are performed shown in Fig. 2(a). The crystal

* Lu, 0 St gosL,0,: 0.002Ce>
K
‘ SrLu, 4050,: 0.002Ce*
‘ l SrLu,0,
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Flg 1 The XRD of sro_ggsLU204:0.002Cez+, SFLU1_99304:0.002C63+, and
SrLu,O4 samples and the standard XRD pattern of SrLu,O4 (JCPDS no.
32-1242) is included as a reference.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Rietveld refinements for SrLu,O,4. (b) Crystal structure sche-
matic diagram of SrLu,Oy4.

structure schematic diagram of SrLu,O, is obtained according
to the JCPDS cord using Diamond software, shown in Fig. 2(b).
The Sr** site is 8-coordinated with an average Sr-O bond
length of 2.6145 A and the ion radius is 1.26 A, while the Lu
site is 6-coordinated with an average Lu-O bond length of
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2.2917 A and 0.861 A ion radius. The ion radius of Ce*" is
1.01 A for 6 coordination and 1.143 A for 8 coordination. It
means Sr** sites can provide larger space for Ce®* ions to
occupy though charge imbalance and this occupancy is also
supported by previous reports.

As mentioned above, Ce®* ions could occupy both Sr** and
Lu’* sites and two different luminescence centers have also
been identified in Fig. 3(a). The Ce() center corresponds to the
higher energy level which can be excited at 405 nm with emis-
sion at 460 nm; the Ce(un) center corresponds to the lower
energy level which can be excited at 485 nm and shows an
ultra-wide red emission band peaking at 600 nm. We used
390 nm excitation to get the full spectrum of Ce(1) emission
shown in Fig. 3(a).

One can observe that the PLE band centered at 485 nm of
Ce(n) entirely overlaps with the PL band of Ce(1), resulting in
effective energy transfer from Ce(r) to Ce(u). The appearance of
the strong Ce(1) PLE band at 405 nm in the PLE spectrum of
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Fig. 3 (a) PLE and PL spectra of SrlLu; 59504:0.002Ce>* (full lines correspond to the Ce(l) center and dotted lines correspond to the Ce(i) center),

and the dashed lines located at 405 nm and 485 nm as reference; (b) DR

spectra of SrLu,_,O4:xCe®* and the absorption rate of Ce(1)/Cel(i) around

the dotted reference lines locating at 405 and 485 nm in the inset; (c) intensity variation of SrLu,O4:xCe®* with varying Ce** concentrations excited

at 405 nm and 485 nm.

This journal is © The Royal Society of Chemistry 2019
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Ce(u) is another strong piece of evidence of effective energy
transfer. However, the Ce(u) emission is too weak to be discern-
ible compared to that of the Ce(1) center under 405 nm excitation
at room temperature whose intensity is lower than 10% of the
Ce(1) emission. This is because Ce(u) is thermally quenched at
room temperature and details will be discussed below.

According to the DR spectra in Fig. 3(b), the absorption in
the range of 250-530 nm strengthened with increasing Ce**
doping concentration. To observe the change of absorption
of the two luminescence centers, the ratio of absorption of
Ce(1)/(u) is also shown in the inset. The ratio is over 3.1 at first
and decreases to nearly 1.1 with the Ce®*" concentration
increasing beyond 0.002. It means Ce®" ions tend to occupy
Ce(1) center sites at a low doping concentration and both sites
at a high doping concentration.

The dependence of emission intensity with changing con-
centration is also shown in Fig. 3(c). When x = 0.0005, the
600 nm emission nearly disappeared while the 460 nm emission
reached a relatively high intensity. It also means Ce®** ions tend to
occupy the Ce(r) center at a low doping concentration. The
460 nm emission intensity reached the highest at x = 0.002 while
the 600 nm emission intensity reached the highest at x = 0.004.
This result also supports that Ce** ions tend to occupy the Ce(1)
center and reaches quenching concentration with a lower doping
concentration of Ce(i) center. After the quenching concentration,
the emission intensities of both luminescence centers decrease
rapidly.

Due to the energy transfer from Ce(1) to Ce(u), the low
quenching concentration and large quenching distance were
discussed in our former report.'® In addition, more details of
the energy transfer between the two luminescence centers will
be discussed below.

To better understand the two luminescence centers and
energy transfer between them, the energy levels are also inves-
tigated. Based on the PLE spectra with different monitoring
wavelengths, five excitation peaks were observed and shown as
reference lines in Fig. 4(a). The excitation spectra and corre-
sponding energy levels of SLO:Ce®" are shown in Fig. 4.
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Fig. 4 (a) The PLE of SrLuy g9504:0.002Ce** monitoring different wave-
lengths (lem = 410, 430, 460, 500, 550, 600, 650 and 700 nm) and
dotted reference lines locating at 264, 306, 358, 405 and 485 nm;
(b) the energy levels of Ce() and Ce(i) centers in SrLuy 99504:0.002Ce>*.
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Due to the energy transfer from Ce(1) to Ce(u), the 5d, level
of Ce(u) can be identified locating at 20.9 x 10° cm™" while the
other 5d levels can be indefinite for the Ce(u) center according
to the excitation band of Ce(i) center.

We discerned that the Ce(i) center corresponds to Ce** ions
occupying Sr** sites while the Ce(i) center corresponds to Ce**
ions occupying Lu®* sites and the details are discussed as
follows. According to the ionic radius, Ce** ions (CN = 6, r =
1.01 A; CN = 8, r = 1.14 A) could occupy both Sr*" (CN =8, r =
1.26 A) and Lu®* (CN = 6, r = 0.861 A) sites. The r change is
9.5% for occupying the Sr** site and 17.3% for occupying the
Lu’" site. This means that Ce*" ions tend to occupy Sr*" sites
instead of Lu®" sites at a low Ce*" doping concentration
because of less lattice distortion. With increasing doping
concentration, charge mismatch promotes the occupation of
Lu’* sites. Due to the serious distortion of CeO, polyhedra, the
electron-phonon coupling strengthens, which leads to the
ultra-wide emission band of the Ce(u) center.

According to the van Uitert formula,

14 % nXxE,xr
E=Q|1- (Z) x10~ "~ 80 (1)

where E signifies the emission peak position of Ce® ions, Q
signifies the energy for the lowest d-band edge of the free Ce®*
(Q = 50000 cm™), V signifies the valence of the ion (V = 3 for
Ce*"), n signifies the number of anions in the immediate shell
about the Ce**, r signifies the radius (A) of the cation replaced
by the Ce®*, and E, signifies the electron affinity of the atoms
that form anions (eV). For SrLu, ¢0304:0.002Ce*", the values of
n and r with Ce** occupying Sr*" sites are bigger than those
with Ce** occupying Lu®* sites. This means that the emission
peak of Ce** occupying Sr** sites is smaller in wavelength.

Covalent bond theory and crystal field theory are often used
to explain the red/blue shift in excitation and emission spectra
caused by co-doped ions. Here they can also help determine
the specific occupation of Ce** ions.

According to the formula:

D _ ze’r!
97 6R5

(2)

where Z and e are the charge of the anion and electron,
respectively, r is the radius of the d wave function, and R is the
bond length. For SrLn,0,:Ce*" phosphors, the band length of
Sr-O in SrSc,0, (2.6041 A) and SrY,0, (2.5698 A) is very close
to that in SrLu,0, (2.6145 A). Tt means that the crystal field
would split while Ce** ions occupy Sr** sites and lead to nearly
the same Stokes shift. In the previous reports about phosphors
with the same configuration and excitation peak locating at
about 410 nm, Ce*" ions were all consdered to occupy Sr**
sites. What’s more, the value of the Stokes shift of the Ce(r)
center is 55 nm which is very close to that in SrLn,O, type
phosphors while it is much smaller than that of the Ce(u)
center (115 nm) as shown in Table 1. For the Ce(u) center, the
bigger Stokes shift means stronger electron-phonon coupling
which leads to a broader red emission band.

This journal is © The Royal Society of Chemistry 2019
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Table 1 PLE and occupying situation in SrLn,O,4 type phosphors

Replaced
Formula Ae/M  Aep/nm AS/nm - sites Ref.
SrSc,0,:Ce®" 432 491 61 Sr* 15
SrY,0,:Ce*" 410 470 60 Sr** 14
SrLu,0,:Ce*" 405 460 55 sr*t This work
SrLu,0,:Ce*" 485 600 115 Lu** This work

As shown in Fig. 5, the temperature-quenching properties
of SrLu,_,O4:xCe*" (x = 0.0005, 0.002, and 0.008) at the two
luminescence centers were also studied. For x = 0.0005 and
0.002, the sample kept nearly 50% of the strongest emission at
a high temperature as shown in Fig. 5(a) and (b). For x = 0.008,
the red emission cannot be neglected at low temperature
as shown in Fig. 5(c). In consideration of the energy transfer
from Ce(1) to Ce(u), the emission was measured with excitation at
both 405 and 485 nm at the same temperature. The independent
Ce(u) emission can be separated from the 405 nm-excitation emis-
sion according to the peak of the 485 nm-excitation emission,
and then become the independent Ce(1) emission. For the Ce(i)
center, SLO:Ce®" shows stability in the whole temperature range
and the stability decreases with increasing Ce®*" concentration.

~
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=
~
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The measured data lines could not be fitted well with the
Arrhenius curves and it meant a complicated luminescence
process had happened with increasing temperature. For x = 0.008,
there exist numerous Ce(1), Ce(u) centers and energy transfers
between them. With increasing temperature, the energy transfer
from Ce(1) to Ce(u) became more efficient.

For the Ce(u) center, the intensity was too weak while x =
0.0005 and the background effect would be equal to the
luminescence of phosphors because of the restriction of the
measuring device. Therefore, we focused on the luminescence
properties of Ce(u) while x = 0.002 and 0.08.

The stability of the luminescence at the Ce(n) center was quite
bad and the luminescence was quenched rapidly with increasing
temperature and showed a weak PL at room temperature. This
also explained the reason why the Ce(u) center emission is too
weak compared to Ce(r) with nearly the same strong absorbance.

To better understand the temperature dependence of the
photoluminescence, the activation energy was calculated using
the Arrhenius equation given as

T 14 Ac E/RT
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~
]
N’

SrLu,0,:0.008Ce3*

tensity

Temperature(°C)

2
W

450 500 550 600 650 700 750 450 500 550 600 650 700 750 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(d A (e) 0.0
't 104 = 1.0 4 au
s 0 SrLup04:0.008Ce3* A\ ®
i 094 XY 0.94 ~-0.5
Il A PL @ A,=405 nm - \ - -
it -1.
) ) = o) < o) S
4x10* 4 o eoe Ce(Il) : :! F -1.5] srLuz0sxces S
-~ 1 1 = 0.74 = 07 & u x=0.0005 "
s T z z -2.01 o x=0.002
& el = = x=0.008
& P v . » 0.6 » 0.6 Y
3,3"104' | 1 g g 25 3 @
= 1 1 = 054 = 051 -1
z i 3 = 8 1/kgT (eV™)
= : 1~ 2 044 2 044
Eaa0q] /N % : Ce(D) -% : Ce(I)
S AL \ < 034 SrLu,0,:xCe** S 039 SrLu,0,:xCe™
1 - ~ 02 ——=0.0005 R 0.2 —=—x=0.0005
bt I o N\ ] ——x=0.002 " ——x=0.002
I oY 0.14 x=0.008 014 —— x=0.008
0 4= N — v 0.0 v r v r 0.0 v v — .
400 500 600 700 800 900 50 150 250 350 450 550 50 150 250 350 450 550
Wavelength (nm) Temperature (K) Temperature (K)

Fig. 5 (a—c) Temperature-dependent photoluminescence measurements of the emission spectrum of SrLup_O4:xCe>* (x = 0.0005, 0.002, and
0.008); (d) the PL of SrLu,04:0.008Ce>* excited by 405 nm at 78 K. The emission spectra is fit to display the two center curves (blue and red dot);
temperature dependence of the integrated emission intensities in SrLu,_,O4:xCe>* (x = 0.0005, 0.002, and 0.008) at Ce()) (e) and Ce(i) (f) centers,

and the Arrhenius analyses are inset.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) The ratio of red/blue emission intensity vs. temperature;
(b) relative sensitivity (S,) of the temperature of SrLu,_,O4:xCe®* (x =
0.0005, 0.002, and 0.008).

In (I(I—;) - 1) =InA— kiaT (4)

where I, is the PL intensity at 0 K, here it is treated as the one
at 90 K if the PL intensity is stable at the liquid nitrogen tem-
perature, I(T) is the PL intensity at a given temperature 7, A is
a constant, E, is the activation energy for thermal quenching,
and kg is the Boltzmann constant. For the Ce(u) center, the
experimental data are well fitted using eqn (4), as shown in the
inset in Fig. 5(f). The value of E, was found to be 0.067 eV for
x = 0.008. This value is very small and explains the bad
thermal stability. The non-radiation transition happened easily
for ions in excited states with a low activation energy.

The two luminescence centers showed a huge difference in
thermal stability and the ratio of emission of the two centers
could be applied in temperature sensing. In the previous
reports, temperature sensing research studies focused on
upconversion, and the emissions of different energy levels
were studied. In this paper, the emission of two centers is set
as a subject and the SrLuy.9,04:0.008Ce>" sample was chosen
for its bright red luminescence. The emission intensity ratio
between Ce(1) and Ce(u), defined as FIR (Icew)/Ice)), is adopted
to study the temperature-dependent luminescence properties,
shown in Fig. 6(a), and the relative sensitivities (S,) are also
analyzed in Fig. 6(b). The value of FIR and S, can be estab-
lished and expressed as

I s
FIR — Ce(1I) _ Red (5)
ICe(I) Ipue
1 OFIR
Sy = |— X ——| x 1009 6
' ‘FIR or g (©)

Due to the Ce(u) center being quenched at 350 K, the value
of FIR is accurate at the temperature below 300 K, and S, main-
tains a high value in the temperature range of 150-300 K. S,
increases firstly then decreases with increasing temperature,
and the maximum is 2.28% K" at 283 K. Compared to the
recent reports, Table 2, SrLu,04:Ce*" is a promising candidate
for optical temperature sensors with high sensitivity in the
range of 150-300 K.
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Table 2 Maximal relative sensitivities of typical lanthanide ion doped
materials in previous reports

Rare-earth Temperature S,
ions Host range (K) (% K") Ref.
Er** Nay §,Cag.0sET0.16Y0.555F4 5-300 0.22 22
Ho*",Yb*" Y,05 10-300 0.97 23
Er*',yb** Y,0; 93-613 0.44 24
Ho',Yb*" Bay.,,Cag 3 TiO; 93-300 0.53 25
pPr** B-NaYF, 120-300 0.73 26
ce* SrLu,0, 150-300 2.28 This work
Er¥*,Yb** Bi,Ti,NbO,, 153-553 0.44 27
Er**,Yb*" B-NaYF, 160-300 1.20 28
Tm**,Yb** YOF 190-300 0.84 29
Er’,yb** BasGdgZn,O,, 200-490 0.32 30
Dy** Y,ALOq 273-1273 0.67 31
Cce*’, Tb*" LaOBr 293-433 0.42 32
Eu’’ Eu*’ CagZrMg(PO,)s(Si0,) 293-473 5.94 33
Er** Ca,Gdg(Si04)s0, 293-553 1.14 34
Er¥*,Yb*" Gd,0, 298-723 0.84 35
Er**,Yb*" NaY(MoO,), 303-523 0.97 36
Tb*" Eu®* p-NaYF, 303-563 1.17 37
ce*’, Tb*" Eu®" p-NaYF, 300-573 0.46 38
@' SrLu,0,: xCe™ ®'T cean SrLu,0,: xCe**

——x=0.0005 7=29.703 ns|
——x=0.002 7=29.083 ns
——x=0.004 =22.378ns
——x=0.006 7=18.760 ns
Yyl ——x=0.008 t=15.338 ns

Ao=485nm = 0.0005 == 14.259 ns
W 2,=600nm ——x=0.002 t=9.372ns
——x=0.004 t=6.820ns
——x=0.006 7=6.283 ns
——x=0.008 t=4.801ns

Intensity (a.u.)
Intensity (a.u.)

0/
Time (ns) Time (ns)

Fig. 7 The decay curves of the two luminescence centers were excited
by 405 nm and 485 nm laser devices and monitored at 460 and 600 nm
at room temperature, and the calculated lifetimes are also listed.

Table 3 The lifetime and ET efficiency of two luminescence centers
with the Ce®* concentration were calculated

Concentration Lifetimel ET efficiency Lifetime2
(%) (v1)/ns () (z2)/ns
0.0005 29.703 14.259
0.002 29.083 0.020873 9.372
0.004 22.378 0.246608 6.82
0.006 18.76 0.368414 6.283
0.008 15.338 0.483621 4.801

The decay curves of the two luminescence centers in the
SrLu,0,:xCe®" (x = 0.0005-0.008) were measured and are
shown in Fig. 7, and the lifetimes (r) were also calculated
according to the formula:

. Jy I(o)ede
T E (o @)

where I(t) stands for the emission intensity of the Ce** ions at
time ¢, and the average decay times were calculated and are
listed in Table 3. The lifetime decrease with increasing Ce*
concentration is due to the lattice distortion and energy trans-
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fer in a single luminescence center. For x = 0.0005, Ce®" ions
mainly occupied Sr** sites corresponding to the Ce(i) center
and both luminescence centers showed quite a long lifetime,
and the values are 29.7 and 14.3 ns. For x > 0.002, both of
luminescence centers were up to the quenching concen-
trations and showed shorter lifetimes. Generally, the lifetime
of Ce*" in the blue phosphor with 8 coordination is about 35
ns and remains about 20 ns with increasing doping
concentration."® " The existence of the Ce(n) center is attribu-
ted to a lower 71 with a higher doping concentration.

To investigate the energy transfer between the two lumine-
scence centers, the energy transfer efficiency (1) can be calcu-
lated from the decay lifetime by using the equation,

T

n=1- P (8)
where 7 is the lifetime of Ce*' emission and 7, is the one
corresponding to the lowest doping concentration. The calcu-
lated results are shown in Fig. 7 and Table 3. For x = 0.002,  is
so small that the energy transfer can be ignored. This result
also supports the point that Ce(i) centers are preferentially
formed at a low doping concentration. For x = 0.004, the value
of 5 increases to 0.25 and it is the quenching concentration for
the Ce(u) center. Energy transfer from Ce(1) to Ce(n) contributes
to the enhancement of red emission with increasing doping
concentration.

Conclusions

The spectroscopic properties of a series of SrLu,_,0,:xCe®"
phosphors (x = 0.0005-0.008) in the near UV-cyan range were
investigated systematically. A new red luminescence center was
observed in SrLn,0, type phosphors. According to the ion
radius, van Uitert formula, crystal field theory and reports on
other SrLn,0, type phosphors, Ce** ions occupying Sr** sites
correspond to the Ce(1) center while those occupying Lu®* sites
correspond to Ce(u) centers. Based on the excitation spectra of
SrLu, ,O4:xCe’", the observed excitation bands of Ce(1) in
Ce(u) excitation mean efficient energy transfer from Ce(r) to
Ce(u) and crystal-field split 5d states are located at 265, 306,
358, 404 and 485 nm. Ce®" ions preferentially occupy Sr*” sites
at low doping concentrations, and they start to occupy the Lu**
sites when the Ce®" concentration increases beyond 0.002
according to the DR spectra. Ce(1) center shows better thermal
stability while the Ce(u) center is quenched at room tempera-
ture. The huge difference in thermal stability between the two
luminescence centers could be applied in temperature sens-
ing, and the maximal S, is 2.28% K™ at 150-300 K. In
STLU;.999504:0.0005Ce>", the emission of the short-wavelength
Ce(1) centers has a decay time of about 30 ns, while that of the
long-wavelength Ce(u) centers is 14 ns. The strong thermal
quenching of the Ce(u) center and energy transfer between the
two luminescence centers lead to the low quenching concen-
tration of the Ce(1) center.

This journal is © The Royal Society of Chemistry 2019
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