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For years, researchers have been exploring effective methods of sustaining the emission intensity of
phosphors with increasing temperature by suppressing emission loss. In this work, we developed
a multi-cationic site and lattice-distorted phosphosilicate phosphor, CagAlLPgSiO,5:Ce, Eu. To obtain
luminous-self-healing properties, we attempted to change the energy depths and density distributions of
the traps to achieve self-suppression of emission loss by energy compensation from the traps or energy
transfer between Ce®* and Eu?*/Eu*". The temperature-dependent emission spectra indicate that the
luminescence of Ce>" presents similar change trends in both single and co-doped samples. Meanwhile,
the change trends of the Eu?*/Eu®* emission intensities show obvious differences. Combined with the
thermoluminescence curves, decay times, temperature-dependent fluorescence characteristics and

cathodoluminescence spectra, we speculate that the traps play an important role in the luminescence of
Received 11th September 2018

Accepted 28th October 2018 Ce** due to the smaller energy difference of the Ce®" excited states and the conduction band. The

abnormal luminescence of Eu®*/Eu®* mainly results from the energy transfer of Ce®* to Eu®*/Eu*. For

DOI: 10.1039/cBra07566b this phenomenon, a high thermal sensitive fluorescence intensity ratio is obtained in a broad
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1. Introduction

It is well known that phosphates and silicates have attracted
considerable attention in luminescence research due to their
excellent photoluminescence and thermal properties, such as
higher physical and chemical stability and lower synthesis
temperature. Rare earth-doped materials have the advantages of
large Stokes shifts, narrow emission lines and long lifetimes.* ™
These materials feature a broad range of potential applications
in display devices, optoelectronics, laser cooling, optical
sensing, luminescence solar cell concentrators, security appli-
cations and bio-imaging; they include SrwO,:Yb*", Er**u
YPO,:Yb*", Tb**,* Y;Al,Ga30,,:Ce**, Cr**,* Y,8i05:Eu®*, Bi**
CagMg(PO,)eF,:Eu”’, Mn*","® KLu,F,:Er’", Yb**® K;LuFg:Er*",
and Yb**.7

In practical application, phosphors usually exhibit typical
thermal quenching phenomena at high temperature.'® This
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temperature range, which implies that this material can be applied in temperature sensors.

decreases the luminescence intensity when the phosphor is
operated at elevated temperature. For years, researchers have
been exploring effective methods to sustain the emission
intensity of phosphors with increasing temperature by sup-
pressing emission loss from non-radiative transitions by
a counter mechanism. Recently, some beneficial results have
been obtained. In a 2017 Nature Materials article, Yoon Hwa
Kim et al. reported an interesting host that can absorb excess
thermal energy, generate structural transformation, and then
engender defect levels; these serve as electron-trapping centers,
transferring energy to the assisted ions by thermal activation
from traps.” That is to say, appropriate traps are a key factor
and ultimately play an important role in the process of sup-
pressing emission loss. In view of this thought, we hoped to
design a multi-cationic site material in which rational traps can
be introduced by adjusting and optimizing the synthesis
scheme to decrease the probability of energy loss. Combined
with multi-activators, we expected to exploit the specific energy
compensation from traps or energy transfer (ET) from the
sensitizer to the activator to suppress or even tailor the energy
loss of the luminescence centers in the heating process. In this
paper, we selected the phosphosilicate CagAl,P¢SiO,5 (CAPS) as
a general luminescent matrix. CAPS has a mineral whitlockite
structure that is similar to that of B-Ca;(PO,),. In this structure,
there are six different sites that can offer changeable crystal
environments. Especially, these cationic sites are not
completely filled, which is beneficial to produce traps with

This journal is © The Royal Society of Chemistry 2018
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different depths. Additionally, we can also replace the partial
[PO,]’~ tetrahedra with [SiO4]*~ tetrahedra to further adjust the
energy and density distributions of the traps. A series of CAP-
S:Ce, Eu phosphors were successfully synthesized by solid state
reactions at high temperature, and we carefully studied their
structures, luminescence characteristics, trap distributions and
detailed physical processes of electron transition with
increasing temperature by XRD, photoluminescence (PL), pho-
toluminescence excitation (PLE) spectra, decay times,
temperature-dependent fluorescence studies, cath-
odoluminescence (CL) spectra, etc.

2. Experimental section

2.1. Materials and synthesis

The CAPS:0.03Ce, xEu samples were synthesized by high
temperature solid-state reactions. Firstly, the raw materials
Eu,0; (4 N), CaCO; (A.R.), SiO, (A.R.), Al,O; (A.R.), CeO, (4 N)
and (NH,),HPO, (A.R.) were weighed in an agate mortar. The
samples were then calcined in a crucible for 2 hours in air at
900 °C to release NH;, CO, and H,O and were then heated for 6
hours in a fluidized N,-H, (5%) reduction atmosphere at
1250 °C to 1300 °C. Finally, the samples were cooled to room
temperature and ground into powder for further
characterization.

2.2. Measurements and characterization

The crystal structures of the samples were characterized by
powder X-ray diffraction (Rigaku D/Max-2400 X-ray diffractom-
eter) and XRD analysis with CuKa rays filtered by nickel. The PL,
PLE and attenuation curves of the samples were measured
using a 450 W Xe light source and a ns pulse hydrogen lamp on
a FLS-920T fluorescence spectrophotometer (Livingston, UK).
All measurements were carried out at room temperature. The
thermal quenching was tested by a heating device (TAP-02)
combined with PL equipment. The TL curves were measured
by an FJ-417A TL measuring instrument (Beijing nuclear
instrument plant, Beijing, China). Low-voltage CL spectra were
obtained using a modified Mp-Micro-S instrument.

3. Results and discussion

3.1. Phase identification

The representative XRD diagrams of single and co-doped CAPS
samples with Ce and Eu ions are given in Fig. S17 and 1. The
diffraction peaks of all the samples can be attributed to the pure
phase of CagAlP,0,5 (CAP) by its standard JCPDS card (no. 48-
1192). No other phases were detected, indicating that the
samples were single phase. CAP is related to the mineral
pyroxene and has the same structure as B-Caz(PO,),. In the host,
there are six cation sites: M1 to M6. The M1, M2, and M3 sites
are eight-coordinated with oxygen atoms and are fully occupied
by Ca®". The M4 site is surrounded by nine oxygen atoms and is
50% occupied by Ca”*. The distorted octahedral M5 site is fully
occupied by Ca®*. The M6 site is vacant. In this experiment, the
diffraction peaks of the CAPS:0.03Ce and xEu samples shifted to

This journal is © The Royal Society of Chemistry 2018
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Fig.1 The XRD patterns of CAP and the CAPS:0.03Ce, xEu samples (x
= 0.1%, 0.5%, 1%, 2%, 4%, 7%).

smaller angles with increasing doping ion concentration. In the
reference crystal radii of all the species,* the effective ionic radii
for eight-coordinated Ca", Ce**, Eu®>*, and Eu®" are 1.12, 1.143,
1.25 and 1.066 A, respectively. For nine-coordinated Ca**, Ce®",
Eu?', and Eu®”, the effective ionic radii are 1.18, 1.196, 1.3 and
1.12 A, respectively. For six-coordinated AI*', Ce**, Eu**, and
Eu®’, the effective ionic radii are 0.39, 1.01, 1.17 and 0.947 A,
respectively. It is obvious that the shifts are caused by the
differences in the ionic radii. According to a report by B. L
Lazoryak et al.,** solid solutions in CagRP,0,g systems can be
formed in this region for all trivalent elements with radii 0.5 = r
=1.3A. Large cations, such as some rare earth elements, prefer
to occupy the M1 to M3 positions, while small cations (AI*",
Fe®, etc.) prefer to occupy the M5 position. Thus, we consider
that the doped ions Ce*", Eu*", and Eu®" are likely to occupy the
four sites M1 to M4; this speculation is further proved in the
following spectrum analysis. The structure diagram of CAPS is
shown in Fig. S2.7

3.2. Photoluminescence property analysis

Fig. 2 shows the PLE spectrum monitored at 339 nm and the PL
spectrum excited at 296 nm of CAPS:0.03Ce>"; the PLE spectrum
(black line) contains three obvious absorption bands at 265, 296
and 313 nm due to the 4f-5d transition of Ce**, with the highest
peak at 296 nm. Upon excitation at 296 nm, CAPS:0.03Ce>"
exhibits a broad purple-blue emission band in the range from
310 to 420 nm that peaks at 339 nm. To further determine the
crystallographic sites of the doping ions in the CAPS host, the
coordination number n can be calculated by the following
empirical relation:*?

1
. Q{l - (g) S _} n

n=-801g{[1 - E/0] /(V/4)7 } [ (ea)r )
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Fig.2 PLE spectrum monitored at 339 nm and PL spectrum excited at
296 nm of CAPS:0.03Ce*"; the inset shows the curve of the intensity
of Ce®* with concentration at 339 nm.

where Q is the lowest energy position at the edge of the d band
of the free ion (here, Q = 50 000 cm ™" for Ce**), V is the valence
state of the active ion, n is the coordination number, ea is the
electron affinity of the anion, and r is the radius of the cation
(Ca**) replaced by the active cation. The value of the parameter n
was calculated to be 8 to 10. That is, the doping ion Ce*" may
replace two different eight-coordinated sites (M1, M2, M3) and
one nine-coordinated site (M4), which corresponds with the
XRD measurement results. Because the crystal environments of
M1, M2 and M3 are very similar, the emission bands of the
active ions in the three sites are difficult to distinguish. In order
to simplify the analysis, we assume that the active ions in the
M1, M2, and M3 sites only show emission bands. For the
sample CAPS:0.03Ce>", the emission spectrum in Fig. 2 can be
readily decomposed into four separate Gaussian components
centered at 340 nm (29 412 cm '), 365 nm (27 392 cm %),
359 nm (27 855 cm™ ') and 390 nm (25 641 cm ') by the Gauss
curve fitting. The energy difference AE; between 340 and
365 nm is 2020 cm ! and AE, between 359 and 390 nm is
2214 cm™ ', which is very close to the usual energy difference
between the Ce** *F; (J = 7/2, 5/2) states.?® From eqn (1), we can
see that the larger the value of n x r, the higher the value of E.
Thus, the fitting peaks at 340 and 365 nm and 359 and 390 nm
can be attributed to the nine- and eight-coordinated sites,
respectively. In addition, the inset of Fig. 2 shows the curve of
concentration quenching of Ce®* and the optimal emission
intensity located at x = 0.03.

Fig. 3 shows the PLE and PL spectra of the phosphor CAP-
S:0.03Eu. The excitation spectrum was monitored at 614 nm,
and the corresponding excitation spectrum includes broad
absorption bands and some line absorptions. The charge
transfer band (CTB) of O°>-Eu*" has the largest broadband
absorption at 260 nm.>***” The strong sharp lines at 394 and
465 nm correspond to the characteristic f—f transitions of Eu®*.
When monitored at 451 nm, the corresponding PLE spectrum
simply consists of a strong emission broadband that peaks at
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Fig. 3 The PLE spectra monitored at 451 and 614 nm and the PL
spectra excited at 260, 351, and 394 nm of CAPS:0.03Eu. The inset
shows the Gauss curves of the PL spectra of CAPS:0.03Eu under
excitation at 351 nm.

351 nm; this results from the 4f-5d transition absorption of
Eu®". When comparing the black solid line with the red line, we
can see that there is no Eu®" broadband absorption when
monitored at 614 nm (the red line). This indicates that there is
no ET between Eu®" and Eu®; that is, the luminescence prop-
erties of Eu®>" and Eu®" can be considered to be completely
independent. Upon 260 nm excitation, the corresponding PL
spectrum contains a broad band centered at ~445 nm and some
line peaks due to the Eu>" d-f transition and Eu®* characteristic
f-f transition, which suggests that Eu®" has not been fully
reduced under a flowing N,-H, (5%) atmosphere in the host
CAPS. The weak peak is located at about 593 nm and belongs to
the °D, — ’F,; magnetic dipole transition of Eu’*, which is
insensitive to the site symmetry. The main peak at 614 nm is
attributed to the D, — F, electric dipole transition of Eu®",
indicating that Eu** occupies the asymmetric center of the main
lattice. Upon 394 nm excitation, the PL spectrum shape is
similar to that upon 260 nm excitation except for the broadband
emission position and the slight difference in the full-width at
haft-maximum of Eu®>", which may originate from the selective
excitation of Eu®" at the different sites. When excited at 351 nm,
the PL spectrum of CAPS:0.03Eu only shows an asymmetric
broad band from 380 to 650 nm with a maximum wavelength at
about 451 nm, as shown in the inset of Fig. 3. By eqn (1) and (2)
(Q = 3400 cm™ "), the n for Eu** can be also calculated as 8 to 10,
which is similar to the case of Ce®". By the Gaussian fitting, the
asymmetric emission band can be fitted by two components
with peaks at 435 and 473 nm, respectively,**** which can be
attributed to Eu”" occupying two different sites with nine and
eight-coordination.

Comparing the PLE spectra of Eu®>", Eu®*" with the PL spec-
trum of Ce*" in Fig. 4(a), we can clearly see an obvious spectrum
overlap in the range of 310 to 420 nm; this implies that ET can
occur between Ce*" and Eu®', Eu®*". In order to confirm the
existence of ET, we measured the PLE spectra of CAPS:0.03Ce

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) The PL spectra of CAPS:0.03Ce excited at 296 nm and the PLE spectra of CAPS:0.03Ce monitored at 339 nm, CAPS:0.03Ce, 0.01Eu

monitored at 443 and 614 nm and CAPS:0.03Eu monitored at 451 and 614 nm. (b) and (c) PL spectra of CAPS:0.03Ce, xEu excited at 296 and
265 nm. (d) The emission intensities of Ce and Eu ions in CAPS:0.03Ce, xEu excited at 296 and 265 nm (0 < x = 0.07).

monitored at 339 nm, CAPS:0.03Ce, 0.01Eu monitored at 443
and 614 nm and CAPS:0.03Eu monitored at 451 and 614 nm.
Compared to the PLE spectra of CAPS:0.03Eu monitored at 451
and 614 nm, the PLE spectrum of CAPS:0.03Ce, 0.01Eu clearly
has a new absorption band at about 296 nm, marked by a green
ellipse line, and a slight enhancement at about 265 nm, marked
by a black ellipse line. These phenomena indicate that the
absorption of Ce*" contributes to the emissions of Eu*" and
Eu®*" and thus proves that ET occurs between Ce®* and Eu*",
Eu®’. Similar to the PLE spectrum of the Eu single-doped
sample, the excitation spectrum of the Ce, Eu co-doped
sample monitored at 614 nm also does not present the
obvious excitation of Eu?*, which indicates that ET does not
similarly occur between Eu** and Eu®" in CAPS:0.03Ce, 0.01Eu.
Fig. 4(b) and (c) reveal the PL spectra of CAPS:0.03Ce, xEu (0 < x
= 0.07). Under excitation at 296 and 265 nm, the PL spectra of
the CAPS:0.03Ce, xEu samples consist of two emission bands
due to Ce*" (310 to 420) and Eu*" (370 to 550) and several weak
emission peaks of Eu** (above 575 nm). As the Eu ion concen-
tration x increases, the emission intensity of the Ce®" ions
decreases monotonically, whereas the emission intensities of
Eu®" and Eu®' simultaneously increase, as shown in the insets
of Fig. 4(b) and (c); this also indirectly supports the occurrence
of ET among Ce**, Eu** and Eu®".** Meanwhile, with increasing

This journal is © The Royal Society of Chemistry 2018

x, the emission band of Eu®" still shows a slight red shift, which
is probably due to two reasons: the change in the crystal field
environment and the selective excitation of Eu®" at the different
sites. In addition, as the Eu content increases, the distance
between the sensitizer Ce®" and the activators Eu®>" and Eu**
becomes shorter. When the distances of Ce**, Eu*" and Eu*"
exceed the critical distances, concentration quenching will
occur, as shown in Fig. 4(d). Upon 296 nm excitation, the
optimal concentrations of both Eu** and Eu®" are 1%. However,
under excitation at 265 nm, the Eu*" emission intensities ach-
ieve the maximum at 2%. This may be due to the differences in
ET efficiency between Ce®" at different sites and Eu”* and Eu®*
at different sites.

In order to more clearly understand the ET process, the
lifetimes as well as the ET efficiencies were measured and
calculated. Fig. 5(a) shows the decay curves of Ce*" in CAP-
S:0.03Ce, xEu excited at 296 nm and monitored at 339 nm. The
corresponding luminescence decay times can be well fitted with
a second-order exponential decay mode by the following
equation:**

1= A4, GXp(—l/’L’1) + A, exp(—t/rz) [3)
where I is the luminescence intensity; A; and A, are the

constants; ¢ is time; and 7, and t, are the rapid and slow

RSC Adv., 2018, 8, 38538-38549 | 38541
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(a) The decay curves of the CAPS:0.03Ce, xEu samples excited at 296 nm and monitored at 339 nm. (b) The variation of  and nt with

increasing Eu. (c) The CIE chromaticity coordinates of the samples CAPS:0.03Ce, xEu under excitation at 296 nm (0.001 = x = 0.07); the insets

show photos of the samples under UV irradiation.

lifetimes for the exponential components, respectively. Using
these parameters, the average decay times (t) can be determined
by the formula given below:*

T = (41112 + Ayt)l(A17) + ArT)) (4)

The average decay times (t) were calculated to be 27.01,
20.67,5.11, 3.21, 2.24 and 1.85 ns for CAPS:0.03Ce, xEu with x =
0, 0.001, 0.005, 0.01, 0.02, 0.04 and 0.07, respectively. In this Ce
and Eu ions co-doped system, the average decay times were
found to shorten with increasing Eu content. The changing
trend is also shown in Fig. 5(b), which strongly supports the ET
process from Ce®** to Eu®" or Eu*’; this ET process may happen
via a resonant-type mechanism.*

The efficiency of ET (n1) from Ce** to Eu*'/Eu’" in the CAP-
S:0.03Ce, xEu sample was calculated using the following
formula:**

nr=1 Ts, (5)
where 15, and 15 are the decay lifetimes of Ce*" in the absence
and presence of Eu** and Eu®", respectively. The ET efficiency
curve is shown in Fig. 5(b). In addition, the CIE chromaticity
coordinates of the samples CAPS:0.03Ce, xEu under excitation
at 296 nm (0.001 = x = 0.07) and photos of the samples under
UV irradiation are shown in Fig. 5(c); the emission color
changes from pink to blue-green with increasing Eu ion content
from 0 to 0.07.

3.3. Temperature-dependent photoluminescence behavior

A comprehensive understanding of the temperature depen-
dence of phosphors in the process of their application is
indispensable due to the thermal problems in many running
devices and fluorescent temperature sensors.*®> Numerous
investigations have discussed these thermal quenching behav-
iors. Two competing factors prevail:one is the activation energy
of non-radiative relaxation, and the other is the photon and
phonon coupling effect caused by temperature, which improves
the luminescence intensity of the activator. The temperature-

38542 | RSC Adv., 2018, 8, 38538-38549

dependent luminescence properties for the CAPS:Ce, CAPS:Eu
and CAPS:0.03Ce, 0.005Eu phosphors are traced in the
temperature range from 25 °C to 250 °C, and the results are
shown in Fig. 6(a—c) . For the CAPS:Ce and CAPS:Eu phosphors,
with increasing temperature, the emission intensities of all the
samples gradually decline. The emission intensities of Ce®",
Eu®" and Eu®' at 250 °C are 81%, 10% and 47% of their initial
intensities at 25 °C, respectively. When Ce and Eu ions are co-
doped into the CAPS host, the decreasing trend of the Ce** PL
intensity does not change greatly, as shown in Fig. 6(d). As the
PL intensity decline of Eu>" becomes slower, the PL intensity of
Eu®" actually increases. The intensities of Ce**, Eu®>" and Eu®** in
the sample CAPS:0.03Ce>", 0.005(Eu>*/Eu’") at 250 °C are 76%,
58% and 152% of those at 25 °C, respectively. In other words,
Eu®" and Eu®" in the Ce, Eu co-doped samples show good
thermal stability, which can be easily explained by the ET from
Ce*" to Eu”*, Eu®" under the stronger electron-phonon coupling
with increasing temperature. Also, according to this specula-
tion, the emission intensity of Ce** in the co-doped sample
should rapidly decrease due to a large number of transferred
electrons in the Ce®*' excited states to the Eu*', Eu®" excited
states. However, the actual experimental data indicate that the
Ce*" luminescence demonstrates similarly excellent thermal
stability in the two samples. Thus, there should be an additional
physical process to compensate the loss of Ce®". The traps are
the only possible source of this additional physical process. In
the following paragraphs, we will carefully analyse the effect of
the traps.

In the previous structural analysis, we found that our CAPS
samples have six cation sites. The M1, M2, M3 and M5 sites are
fully occupied by Ca**. The M4 site is 50% occupied by Ca**. The
M6 site is vacant. Therefore, when doping ions are introduced,
especially in the case of non-equivalent replacement, cation
vacancies are generated easily. Meanwhile, for the phosphate
material, there are many reports about the occurrence of oxygen
vacancies through oxygen escaping from sites during the sin-
tering process under both reducing and air atmospheres.*® As
a result, numerous traps may exist to capture electrons or holes
in the host. Fig. 7(a) shows the thermoluminescence (TL) curves
of the CAPS, CAPS:0.03Ce®", CAPS:0.03Eu, and CAPS:0.03Ce,

This journal is © The Royal Society of Chemistry 2018
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0.005Eu samples under the same conditions of exposure to pre-
excitation at 254 nm for 5 min before measurement. The heat-
ing rate of TL measurements is 1 K s~ . It can be seen that the
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TL curve of the Ce**-doped sample is similar to that of the host.
Both samples have two broad bands; with the introduction of
Ce*, the bands slightly shift to higher temperatures. For the
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Fig.7 (a) TL curves of the CAPS, CAPS:0.03Ce®*, CAPS:0.03Eu, and CAPS:0.03Ce, 0.005Eu samples after irradiation by a UV lamp for 5 min. (b)
TL curves of CAPS:0.03Ce®*, 0.005Eu at different delay times after irradiation by a UV lamp for 5 min.
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sample CAPS:0.03Eu, the shapes of the TL curves greatly
change. The second peak at about 250 °C almost disappears.
When Ce and Eu ions are co-doped, the curve is similar to that
of the Eu single sample, except that a weak shoulder peak re-
appears above 150 °C. These results indicate that Eu ions are
the dominant factor affecting the trap energy and density
distribution. Fig. 7(b) and S3(a)} show the TL curves of CAP-
S:0.03Ce, 0.005Eu and CAPS:0.03Eu at different delay times. As
the delay time increases, the TL intensity gradually decreases
and the highest peak of the TL curve continuously shifts to
a higher temperature; this indicates that the escape rate of the
charges captured in shallow traps is much faster than that of
those in deep traps at room temperature.®’

According to the Eeckhout method,*® a series of excitation
temperature-dependent TL experiments of CAPS:0.03Ce,
0.005Eu and CAPS:0.03Eu were performed, as shown in Fig. 8(a)
and S3(b).T First, the two samples were exposed to re-excitation
by a UV lamp for 5 min and preheated to a certain temperature
(Texc) for 10 min in a muffle furnace; then, they were cooled to
ambient temperature. Thermal disturbance can affect the
distribution of trapped electrons by detrapping a portion of the
electrons in the shallow traps; therefore, the TL curves
measured at different T.,. values provide important informa-
tion regarding the different unemptied fractions of trapped
electrons. Fig. 8(a) and S3(b)T manifest that with increasing
Texe, DOt only does the TL intensity decrease but the maximum
TL peak gradually shifts to a higher temperature. Because the
trap depth is generally proportional to the temperature of the TL
peak, the shift of the TL peak shows that the trap distribution in
co-doped CAPS is consecutive and broad. As the Te,. increases,
the electrons in the shallow traps are released gradually, and the
decrease corresponds to a decrease of the electron density in the
traps at a certain depth. The trap depths of these defects can be
calculated by the following equation:*

v

Er= 500

(6)
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where Er is the thermo-active energy of the trap depths (in eV),
denoting the energy gap between the trap levels and the
conduction band of the host, and Ty is the temperature of the
TL peak (in Kelvin, K). The trap depths of CAPS:0.03Ce, 0.005Eu
and CAPS:0.03Eu were calculated to be 0.744, 0.818, 0.836,
0.882, 0.966, 1.028, 1.054, and 1.156 eV and 0.682, 0.776, 0.824,
0.868, 0.892, 0.926, 1.022, and 1.084 eV for the temperatures
298, 323, 348, 373, 398, 423, 448 and 473 K, respectively. Based
on this, the trap density and energy distributions can be
depicted, as shown in Fig. 8(b) and S3(c).t These results indicate
that traps with different energy depths and density distribu-
tions indeed exist in our materials.

Based on the configuration coordinate model, Fig. 9 care-
fully depicts the possible ET processes among the trap levels,
Ce’’, Eu®" and Eu®". With increasing temperature, the traps
with appropriate energy depths and density distributions will
affect our PL spectra in three probable ways: (1) the radiative
transitions from recombination of electron-hole pairs can
transfer energy to activators along path ®; (2) direct cross
transfer occurs between the trap levels and activator excited
states along path @; (3) the traps near the conduction band
capture electrons, release them by thermal excitation to the
conduction band, and then compensate for the activator
excited states along path ®. In the material CAPS, we do not
observe an obvious self-luminescence phenomenon, indi-
cating that the influence of traps on Ce or Eu from path @ is
weak. Efficient ET from the traps to Ce and Eu by path ®
requires at least three factors: (1) the energies of the trap levels
and the Ce or Eu excited states must be similar; (2) the
numbers of traps with similar energies must be sufficiently
high; (3) the distances between traps with similar energies and
Ce or Eu must be sufficiently short. We consider that few traps
can satisfy these strict conditions in our materials. Thus, the
influence of the traps on Ce or Eu from path @ can be
neglected. With increasing temperature, the electrons in the
traps can leap into the conduction band by a thermal distur-
bance effect and become free electrons. This is because Ce**
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Fig. 9 The configurational coordinate diagram of the excited and ground states of the trap levels, Ce®*, Eu* and Eu*.
has a higher excitation state and a closer conduction band I(T) E N
than Eu®" and Eu®'. Thus, the vast majority of electrons can I {1 + 4 exp (_k—B Tﬂ ?)

relax to the excitation state of Ce®*, and only a few electrons
can relax to the excitation states of Eu*>* and Eu®". As a result,
Ce®" has excellent thermal stability in both the single and co-
doped systems. For the single and co-doped systems of Eu**
and Eu’”, it is obvious that the co-doped systems of Eu>* and
Eu®* present an improvement in thermal stability compared to
the single systems of Eu®>" and Eu®". We can give a reasonable
explanation that under the excitation of UV light, the electrons
of Ce*" are excited to the excited states. Then, most of the
electrons return to their ground states by radiative transition
to obtain the characteristic emission of Ce*" at room temper-
ature. However, for the Ce and Eu ions co-doped system, the
excited state electrons of Ce*" likely overcome the energy
barrier AE; or AE,, transferring to the excited states of Eu**
and Eu®" under electron-phonon coupling; that is, Ce**
compensates for the excited state electrons of Eu”" and Eu®".
Therefore, the decreasing rates of the PL intensities for Eu>"
and Eu®" in CAPS:0.03Ce, 0.005Eu are suppressed, and the
trend even appears to increase.

The temperature-dependent luminescence properties of the
typical samples imply that this material can be applied in
temperature fluorescence sensors based on the luminescence
intensity ratio (FIR).*** The histogram (Ig;4/I330) of Eu**/Ce®" in
CAPS:0.03Ce, 0.005Eu and the histogram (Is14/I;51) of Eu®**/Eu**
in CAPS:0.03Eu are presented in Fig. 10(a) and S4(a).T Photos of
typical samples are shown in Fig. 10(b) and S4(b).{ It can be
clearly observed that the luminescence color obviously changes
with increasing temperature from 25 °C to 250 °C. According to
Struck and Fonger's theory,” the relationship between the
temperature and PL intensity can be expressed as:

This journal is © The Royal Society of Chemistry 2018

where I, is the PL intensity at 0 K, A is a pre-exponential
constant, kg is the Boltzmann constant, T is the absolute
temperature, and E is the thermal quenching activation energy.
Based on eqn (7), the FIR of Eu** to Ce®" (Ig14/I330) and Eu®* to
Eu®" (Is14/1451) can be deduced and expressed as follows:

Eee
1+ Agor exp( - kC—T)
B

E Eu’* (8)
ks T

_ I 01Eu3+

leer locer 1+ A+ exp( —

= B+ Cexp(—AE/KgT)

where A, B, C and AE are basic constants for specific hosts. The
absolute and relative temperature sensitivities, S, and S;, can be
further derived and expressed by the following equations:

JFIR AFE
S, = ‘G_T‘ = Cexp( —AE/KpT) % N 9)
1 JdFIR
— 0
S = 100% x ‘FIR 9T ‘
AE
Cexp( — )
= 100% x KBZE X KM; (10)
B+ C exp( “X T) B
B

As displayed in Fig. 10(c) and S4(c),t the measured plots of
FIR versus temperature can be fitted well by eqn (8). The S, and
S, values calculated by eqn (9) and (10) are presented in
Fig. 10(d) and S4(d).T Detailed data for S, and S, are listed in

RSC Adv., 2018, 8, 38538-38549 | 38545
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Fig. 10 (a) Histogram displaying the luminescence intensities of Eu®* (=614 nm) and Ce>* (=339 nm) at various temperatures. (b) Photos of the
sample at various temperatures under UV irradiation. (c) Experimentally measured and eqn (8)-fitted plots of FIR (/g14//339) versus temperature. (d)

Absolute sensitivity S, and relative sensitivity S, versus temperature.

Tables S1 and S2.f Although the CAPS:0.03Eu sample has
a greater absolute temperature sensitivity S,, in fact, Fig. 10(c)
presents better monotonicity than Fig. S4(c).t The photos in
Fig. 10(b) and S4(b)T also obviously show that the luminescence
color becomes indistinguishable when the temperature reaches
125 °C for the sample CAPS:0.03Eu. Thus, we consider that the
Ce and Eu co-doped CAPS samples have better signal discrim-
inabilities than Eu single CAPS in a broad temperature range,
which is beneficial for application in fluorescent temperature
Sensors.

3.4. CL properties

To more profoundly investigate the physical process of electron
transition upon excitation from different sources and explore
their potential application in FEDs, the CL spectral properties of
CAPS:0.03Ce, xEu (0.001 = x =< 0.07) were investigated and
revealed typical emissions of Ce**, Eu**, and Eu®*; the results
are shown in Fig. S5(a).f The CIE chromaticity diagram and
coordinates for the CAPS:0.03Ce, xEu phosphors are shown in
Fig. S5(b) and Table S3.1 Compared with the PL spectra under
excitation at 265 and 296 nm, the intensity ratio of I,41/I339 of
the CL spectrum for the sample CAPS:0.03Ce, 0.005Eu was
greatly strengthened while the intensity ratio of Is;4/I330 showed
no remarkable change, as shown in Fig. 11(a) and (b). From the
energy level diagram in Fig. 11(d), the phenomenon can be

38546 | RSC Adv., 2018, 8, 38538-38549

reasonably explained as follows. For the PL spectrum, the
excitation sources of 265 and 296 nm only provide energies of 3
to 4 eV, which can excite partial electrons of the energy levels of
Ce*’, Eu*", Eu*" and the traps. Meanwhile, an electron beam can
provide energies of several thousand and even tens of thou-
sands of eV. The high-energy particles bombard the sample and
bring out more secondary electrons with decreasing electron
energy. Finally, a large number of electrons in the valence band
will be excited to the conduction band, and some of these may
excite or transfer energy to the activators and traps. Most of the
excited electrons in the conduction band can move and grad-
ually aggregate in the excited state of Ce*" and the trap levels, as
shown in Fig. 11(d). In Fig. 5, we show that the decay time of
Ce*" is on the order of nanoseconds. The electrons in the
excited states of Ce®" can transfer quickly to the ground state by
radiative transition. Because the cardinal number of electrons
in the excited states is large, electron saturation of the Ce**
ground state is very likely. The redundant electrons in the Ce**
excited state can be easily transferred to the excited states of
Eu®" and Eu®* through ET, correspondingly increasing the Eu**
and Eu®* emission intensities. As we know, the decay times of
Eu®" and Eu®" are usually on the order of microseconds and
milliseconds.* The electrons in the Eu®>* and Eu®* ground states
have enough time to return to the valence band, suppressing
the occurrence of ground state saturation. Also, because the
radiation rate of Eu®" is faster than that of Eu®', the Eu*

This journal is © The Royal Society of Chemistry 2018
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Fig. 11

(a) PL curves excited at 296 and 265 nm and CL curves at an accelerated voltage of 5 kV and a filament current of 70 mA for CAPS:0.03Ce,

0.005Eu. (b) The intensity ratios of /441/1339 and lg14/1339 upon excitation from different sources. (c) The Gauss curves of the PL spectra of
CAPS:0.03Ce, 0.005Eu. (d) The CIE chromaticity coordinates of CAPS:0.03Ce, 0.005Eu upon excitation from different sources. (e) Schematic
energy level diagram. (f) The intensity of degradation of CAPS:0.03Ce, 0.005Eu at different times. (g) The relative CL intensities of CAPS:0.03Ce,
0.005Eu at different accelerating voltages and filament currents. (h) and (i) intensity ratios of ls39/l441 and Is3z9/l614.

emission finally presents a more obvious change than the Ce**
and Eu®' emissions. In addition, in the above content, we have
discussed possible three paths (D, @ and ®) of trap influence
on the activators. Under excitation by electron beams, the
electrons in the conduction band are much more numerous
than under excitation by UV light because of the extremely high
energy of the excitation source. This may be the reason why the
contributions of the traps in the CL spectra are relatively smaller
than those in the PL spectra. Fig. 11(c) shows the Eu®>" emission
band from 380 to 525 nm. Two distinct peaks at 435 and 475 nm
can be observed by Gauss fitting, which is completely coincident
with the PL spectrum in Fig. 3 and further indicates that Eu*"
occupies two different sites with 8- and 9-coordination.
Fig. 11(d) presents the CIE chromaticity coordinates of CAP-
S:0.03Ce, 0.005Eu upon excitation from different sources. The
degradation behaviour of CAPS:0.03Ce, 0.005Eu under
a continuous fixed accelerating voltage (5 kV) and a fixed fila-
ment current (70 mA) was measured and is shown in Fig. 11(f).
It is apparent that the CL intensities of three peaks (339, 441
and 614 nm) slowly decrease with increasing bombing time,
which may be due to the following four reasons: (1) accumula-
tion of graphitic carbon on the surface of the samples during

This journal is © The Royal Society of Chemistry 2018

continuous electron bombardment, resulting in carbon
contamination, (2) accumulation of surface charges, (3) thermal
quenching effects caused by the increase of the surface
temperature of the sample over the long period of electron
beam bombardment, (4) ground-state depletion.***” In our
work, the sample CAPS:0.03Ce, 0.005Eu has good degradation
properties. When bombarded by a persistent electron beam for
90 min, the CL intensities of Ce**, Eu**, and Eu®' decreased to
67.1%, 72.3% and 71.8% of the initial values, respectively.
Fig. 11(g) shows the CL intensities of the CAPS:0.03Ce, 0.005Eu
sample as a function of the accelerating voltage and filament
current. With increasing voltage from 1 kV to 6 kV with a fixed
current at 70 mA, the electronic penetration depth increased
continually; more luminescence centers will be activated and
release energy, resulting in this continuous enhancement in the
emission intensity. When increasing the filament current from
10 mA to 100 mA under 5 KV accelerating voltage, the same
penetration layer of our sample has a larger electron density,
which will also cause more luminescence centers to be acti-
vated; thus, the CL emission intensities also gradually increase
and reach a maximum at 90 mA due to ground-state depletion,
the thermal quenching effect and charge buildup effects. It is

RSC Aadv., 2018, 8, 38538-38549 | 38547
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noteworthy that the CL intensity at variable voltage increases
more rapidly than that at variable current, which implies that
the influence of the penetration depth is greater than that of the
electron density. In addition, the intensity ratios of both I339/I441
and I330/I614 gradually changed and stabilized with increasing
accelerating voltage and filament current.

4. Conclusion

Temperature-dependent fluorescence is a key index of rare
earth ion-doped functional materials. In this work, to obtain
luminous-self-healing properties, we successfully synthesized
a multi-cationic site phosphosilicate phosphor, CagAl,P¢-
SiO,g:Ce, Eu. By XRD, PL and PLE spectra, decay times, CIE
chromaticity coordinates, thermal quenching, etc., the
temperature-dependent fluorescence properties and effects of
traps on the emissions of the activators were investigated in
detail. Under UV light excitation, CagAl,P¢SiO,s:Ce showed
a broad blue-violet band due to the Ce** d-f transition. Mean-
while, for the CagAl,P¢SiO,g:Eu sample, Eu could not be
completely reduced and was present in coexisting states of Eu**
and Eu*". By designing the synthesis schemes of the target
materials, the energy depths and density distributions of the
traps could be reasonably adjusted. Finally, we realized self-
suppression of the emission loss by energy compensation
from traps or ET between Ce and Eu ions in the material CAPS.
With increasing temperature, for the typical single and co-
doped samples, the luminescence intensities of Ce** at 250 °C
were 81% and 76% of their initial intensities at ambient
temperature, which may be due to energy compensation from
traps; the luminescence intensities of Eu*'/Eu’" at 250 °C were
10%/47% and 58%/52%, respectively, which mainly resulted
from ET between Ce and Eu**/Eu®". This phenomenon implies
that CAPS can be applied in fluorescent temperature sensors.
Upon excitation by electron beams, the shapes of the emission
spectra were obviously different from those of the PL spectra.
Based on the CL curves at an accelerated voltage of 5 KV and
a filament current of 70 mA, the degradation intensities at
different times and the CL intensity ratios at different acceler-
ating voltages and filament currents, we carefully illuminated
the photo-physical mechanism of electron transition by
a configurational coordinate diagram. These results can be
useful in the discussion of trap energy compensation or ET
effects for luminous-self-healing materials or abnormal lumi-
nescence changes with different excitation sources.
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