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Abstract: Elastico-mechanoluminescence (EML) of diphase (Ba,Ca)TiO;:Pr’",RE
(RE includes all rare-earth-ions except Sc and Pm) is systematically investigated. The
EML intensity is obviously controlled by the co-doped RE ions. Y, La, Nd, Gd, Yb,
and Lu have the positive effect on improving EML, among which Gd enhances the
EML intensity 61% at least. The depth and concentration of traps in
(Ba,Ca)TiO3:Pr3+,RE are estimated according to the thermoluminescence curves. The
consistent correlation between the dependences of EML intensity and trap
concentration on the RE ions illuminates that the change of trap concentration induced
by co-doping regulates the EML performance. Furthermore, the similar variations
between the EML and afterglow (AG) intensities with the RE ions suggest the
possibility that the same types of traps participating in the EML and AG processes. An
EML mechanism is proposed on the basis of electrons as the main charge carriers.
Keywords: Elastico-mechanoluminescence; (Ba,Ca)TiO3:Pr3 *. Rare earth ions;

Codoping; Thermoluminescence
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1. Introduction

Mechanoluminescence (ML) materials, a specific type of solid phosphors, can
convert the local mechanical energy into light emission with the application of any
mechanical stimulus.'~ As a category of ML materials,
elastico-mechanoluminescence (EML) materials present an accurate linearity of ML
intensity against load in the elastic deformation range, in addition to the
mechano-optical conversion.* The potential of EML materials has been recognized
as stress probes to monitor the stress distribution in artificial skin and bone,
engineering structures, and living body in view of the advantages such as
non-destruction, reproducibility, real-time, and reliability.5 12 Thus, research for EML
materials has continuously gained popularity. More than twenty kinds of inorganic
EML materials with different emission spectra from ultraviolet to infrared light have
been successfully developed since ZnS:Mn”>" and SrAl,O4:Eu®" were firstly reported
in 1999.>" Nevertheless, the number of intense EML materials is quite limited.
Among them, SrALO4:Eu®" and ZnS:Mn/Mn,Te/Cu/Cu,Mn have relatively more
intense EML.>"*!7 The brightness can be seen even in day light with naked eyes.
Unfortunately, the aluminates and sulfides are chemically unstable, especially very
sensitive to moisture, which greatly limits the scope of applications. Accordingly, the
water-resistant EML materials, such as silicates SrCaMgSi207:Eu2+ and
Ca,MgSi;O:Eu*", aluminosilicates Ca,A1,Si07:Ce’* and CaASi,Og:Eu’’, have been
synthesized, but their EML intensities are much weaker than that of SrAle4:Eu2+.18'2 !
Stable and intense EML materials are thus urgently needed.

Recently, an intense EML has been reported in diphase (Ba,Ca)TiO3:Pr’*, which
is considered one of the promising candidates for the EML applications. The most
intense EML brightness achieved at the 60 mol% Ca content is above 15 mcd/m?
roughly 5000 times the light perception of dark-adapted eye (0.32 mcd/m?).**** More
importantly, the host of this EML material has excellent chemical stability and
superior water-resistant behavior.”* Therefore, to further enhance the EML intensity of
diphase (Ba,Ca)TiOs:Pr’" has very important value to realize the practical application

in outdoor and day-light environments.
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The interesting multifunctional phenomenon of EML materials provides us a
clue to optimize EML performance. The developed EML materials including diphase
(Ba,Ca)TiOs:Pr*" are also long afterglow phosphors (LAPs). As indicated by the
previous investigations, both of EML materials and LAPs belong to the
defect-controlled type of luminescent materials.”'** The EML and afterglow (AG)
performances are closely related to the trap properties, especially the depth and
concentration of trap levels. It is well known that rare earth ions co-doping is an
effective concept in regulating the trap properties. It has been presented that the
persistent luminescence of LAPs is strongly enhanced by co-doping with selected rare
earth ions, e.g. blue LAPs C21A1204:Eu2+,Nd3+ and SrzMgSi207:Eu2+,Dy3+, green
LAPs SrA1204:Eu2+,Dy3+ and CaGaZS4:Eu2+,H03+, and red LAPs CaS:Eu*",Tm*" and
Sr,Sn04:Sm>", Dy %! Up to now, countless reports have already been published on
the influence of different rare earth ions co-doping on the persistent luminescence of
LAPs in order to select the suitable co-doped rare earth ions. 22 Accordingly, this
method has also been used to enhance the EML intensity, but its validity has only
been reported in a few cases of SrA1204:Eu2+,Dy3+, CazMgSi207:Eu2+,Dy3+, and

1 4
93334 Even so, less

SrAL,04:Ce’" Ho’" co-doped by the special rare earth ions.
agreement exists on the role of the rare earth codopant. The introduced rare earth ions
have been assumed to act as a new trap or to modify the trap properties, such as to
deepen the trap depth or to increase trap concentration. The mechanism of EML
obtained from the co-doped materials has also not been elucidated. Furthermore, the
relation between AG and EML is still unclear. Although most authors agree on the
existence of long-lived trap levels related to AG and EML, many details are still
shrouded in mystery. In particular, it is wondered that whether the same types of traps
are responsible for AG and EML. More importantly, the design and development of
new EML materials would be greatly facilitated if the related mechanisms are
revealed.

In the present work, different rare earth ions (including Y, La, Ce, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) co-doped diphase (Ba,Ca)TiOs:Pr’",RE with 60

mol% Ca were synthesized to search for suitable rare earth ions favoring the
3
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enhancement of EML intensity. The new introduced traps, trap depth and trap
concentration in these materials were derived from the thermoluminescence (ThL)
curves. The role of the rare earth codopant was studied. The nature of traps in
(Ba,Ca)TiO3:Pr’",RE as well as the co-doping effect on the photoluminescence (PL),
AG, and EML were discussed in view of the results obtained. The intrinsic relation
between AG and EML were assessed according to the similar variation trends among
the ThL, AG and EML intensities with the co-doped rare earth ions. Finally, the EML

mechanism of (Ba,Ca)TiOs:Pr’",RE was proposed.

2. Experimental

Diphase (Ba,Ca)TiO3:Pr3 " (BCTP) with the formula (Bag4Cag6)0.998P10.002T10;3
and rare earth ions co-doped (Ba,Ca)TiO5:Pr’",RE (BCTPRE) with the formula
(Bag.4Ca.6)0.996P10.002RE0.002T103 (RE =Y, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, and Lu) were synthesized in air by the solid-state reaction method. Raw
materials of BaCO;, CaCOs;, TiO,, Pr¢O;;, and various trivalent rare earth oxides
RE»O3 (= 99.9%) were mixed thoroughly and prefired at 900°C for 4 h, then remixed,
and subsequently sintered at 1400 °C for 4 h. To evaluate the EML property, the
synthesized products were ground and screened through a 20 pum sieve, and then
mixed in a transparent epoxy resin at a weight ratio of 1:9 (0.5 g : 4.5 g) to form the
plastic disks 25 mm in diameter and 15 mm thick.

The structural characterization was examined by X-ray diffraction (XRD, D8
Advance, Bruker AXS Gmbh). Photoluminescence (PL) was recorded with a
fluorescence spectrometer (LS-55, Perkin-Elmer). The ThL curves were measured by
combining a fluorescence spectrometer (FP-6600, Jasco Co.) with an in-house made
temperature control unit. In order to actually compare the PL and ThL curves of
different rare earth ions co-doped samples with those of (Ba,Ca)TiOs:Pr’", the
screened (Ba,Ca)TiOs:Pr' and (Ba,Ca)TiOs:Pr' " ,RE powders with the same weight
(0.5 g) were prepared. Compressive stress was applied on the composite disk with a
universal testing machine (RTC-1310A, Orientec Corp.). The EML intensity was

measured with a computer-driven photon-counting system that consists of a
1
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photomultiplier tube (R649, Hamamatsu Photonics K. K.) and a photon counter
(C3866, Hamamatsu Photonics K. K.). Prior to the EML and ThL measurements, all
the samples were irradiated at 254 nm for 1 min with a 6 W conventional ultraviolet
(UV) lamp, and then the measurements were executed after the delay of 1 min. All
measurements except ThL were performed at room temperature. All measurements

were executed twice at least, and the experimental results have better repeatability.

3. Results and discussion

3.1 Crystallographic investigation of (Ba,Ca)TiO;:Pr’*,RE

h BCTPNd h BCTPDy h BCTPLu
A l. ‘l Ar AA A A l ‘l AA I A A
h BCTPCe BCTPTb h BCTPYb
A J. A A Adne A J. A A A
n : n n N n h n n n
ll BCTPLa ll BCTPGd ‘I BCTPTM
A J. A A A A
n n " n n n ! n n n n n n n n
. BCTPY M BCTPEu h BCTPEr
A ]. Al AN Ao A L A Arern]
N M N N ! n ! n n n n N n n N
! =Tetragonal *Orthorhombic
[ BCTP BCTPSm BCTPHo
v * I 1% wx  w

20 30 40 50 60 70 8 20 30 40 50 60 70 8 20 30 40 50 60 70 80
20 (degree) 20 (degree) 20 (degree)

Intensity (a.u.)

Figure 1. XRD patterns of (Bao.4cao.6)o.998Pr0_002Ti03 (BCTP) and
(Ba0,4Ca0,6)0_996Pr0_002RE0_002TiO3 (BCTPRE, RE = Y, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Lu).

Figure 1 shows the powder XRD patterns of (Bay4Cag 6)0.998P10.002Ti03 (BCTP)
and (Bag4Ca.6)0.996P10.0020RE0.002TiO3 (BCTPRE). BCTP has a diphase coexistence of
the tetragonal piezoelectric phase Bao_77Cao_23TiO3:Pr3+ and the orthorhombic
phosphor phase Bao,1Cao,9TiO3:Pr3 . The stoichiometries of Bao_77Ca0,23TiO3:Pr3 " and
BagCagoTiO:Pr’" have been calculated to be 44.8 mol% and 55.2 mol%,
respectively. Our previous reports have indicated that EML in diphase

(Ba,Ca)TiOg:Pr3+ comes from the interaction of sandwich architectures composed of
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piezoelectric phase and phosphor phase*” The XRD patterns of
(Ba,Ca)TiO3:Pr’",RE do not contain any impure phase in comparison with that of
(Ba,Ca)TiOs:Pr’", indicating that low concentration of rare earth ions co-doping has

no remarkable influence on the crystalline structure.

3.2 Photoluminescence properties of (Ba,Ca)TiO;:Pr’",RE

Figure 2 shows the PLE (A, = 613 nm) and PL (Aex = 343 nm) spectra of BCTP
and selected BCTPRE. All of the co-doped rare earth ions cause the decrease of PLE
and PL intensities, but none of them were found to affect the locations of PLE and PL
peaks, as well as the shape of spectra. The relative PL integral intensities of BCTPRE
are plotted and compared in Figure 3. Among them, Ce co-doping has the most

serious quenching effect on the emission.
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Figure 2. (a) Photoluminescence excitation (PLE, A, = 613 nm) and (b)
photoluminescence (PL, A = 343 nm) spectra of (Ba,Ca)TiOs:Pr’" (BCTP) and

selected (Ba,Ca)TiO3:Pr’* RE (BCTPRE).

Figure 2a shows that the excitation spectra are composed of four bands: two
strong broad bands centered at ~256 nm (A band) and ~343 nm (B band), a weak
broad band centered at ~400 nm (C band), as well as the weak peaks (D band) at 456,
476, and 494 nm, respectively. These results are in good agreement with our previous
reports on CaTingPr3+ and diphase (Ba,Ca)Tiog:PrH.3 336 A band is ascribed to the

lowest field component of the 4f5d state of Pr’". B band is assigned to the

6
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valence-to-conduction band transition [O(2p)-Ti(3d)]. C band is attributed to a

*.Ti*") intervalence charge transfer state (CTS), by which

low-lying Pr-to-metal (Pr
photo-electrons are radiationlessly de-excited from the Py state to the 'D, state of Pr**,
The weak peaks (D band) at 456, 476, and 494 nm originate from H, to °Py J=0,1,
2) transitions of Pr’*, respectively. It is apparent that rare earth ions co-doping
decreases the absorption of 4f5d state of Pr’" (A band) and host (B band), and no
energy transfer from the co-doped rare earth ions to Pr’* takes place.

Figure 2b presents that the main emission peaks of BCTPRE all lie in 613 nm,

which are ascribed to the 1D2—3H4 transition of Pr**.3%3°

Rare earth ions co-doping
does not change the PL peak position and spectral shape. No rare earth ions or
intrinsic defect related emission has been observed whether the excitation wavelength
is 256, 343, 400, 456, 476 or 494 nm for BCTPRE, indicating that neither direct
excitation of co-doped rare earth ions nor energy transfer from Pr’” to co-doped rare
earth ions occurs. It is well known that the energy absorbed by phosphors will be
released mainly by three ways, i.e. light emission, energy transfer, and
nonradiative transition. Therefore, the above results suggest that the co-doped rare
earth ions could introduce trap centers to capture the excited charge carriers, delaying
the recombination emission in Pr’" and suppressing the PL intensity, or create

nonradiative recombination centers to compete with Pr, quenching PL, rather than

form new luminescence centers or act as sensitizers.
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Figure 3. Effect of rare earth ions co-doping on the photoluminescence (PL) integral
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3.3 Elastico-mechanoluminescence properties of (Ba,Ca)TiOs:Pr’*,RE
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Figure 5. Effect of rare earth ions co-doping on the EML intensity of
(Ba,Ca)TiO3:Pr’",RE: (a) for the 1st EML peak intensity and (b) for the 2nd EML

peak intensity.

With a view to investigating the effect of rare earth ions co-doping on the EML
performance, the EML behaviors of BCTP and BCTPRE are studied when a repetitive
pressure up to 1000 N is applied at a rate of 3 mm/min, as shown in Figure 4. All of
the EML curves except that of BCTPCe have a similar EML behavior. In each cycle,
the EML intensity linearly changes with the increase of load, showing an EML peak
at the peak load. When the load is released, the light is attenuated rapidly. As a
repetitive pressure is applied, the EML peak intensity decreases obviously, which is
ascribed to the de-trapping process of trapped carriers. It should be noted that the
EML intensities of all these samples compressed repetitively will recover completely
after the irradiation of UV light (254 nm) for 1 min, indicating the reproducibility of
EML. The damage on their samples is very small after the repetitive mechanical
experiments, which is useful for the practical application. These results are consistent
with those of BCTP.**** However, rare earth ions have apparently different effects on
EML. Only a few of rare earth ions (including Y, La, Nd, Gd, Yb, and Lu) enhance the
EML intensity, while others have negative effect on EML. Similar with the case of PL,
Ce co-doping also has a serious quenching effect on the EML of BCTP, resulting in

the total disappearance of EML.
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The EML intensities of BCTP and BCTPRE for the 1st EML peak and the 2nd
EML peak are compared and shown in Figures 5a and b, respectively. It is evident that
the EML intensity depends strongly on the type of co-doped rare earth ions. The
co-doping effect on EML intensity has a similar change tendency with rare earth ions
for the 1st and 2nd EML peaks. It is worthy of note that, different from the PL results,
the EML intensity is improved prominently by several co-doped rare earth ions,
including Y, La, Nd, Gd, Yb, and Lu. Among them, Gd and La have the most positive
effect. For the Ist EML peak, about 60% enhancement of the EML intensity is
obtained by Gd co-doping and about 40% enhancement for La co-doping, while for
the 2nd EML peak, about 65% enhancement is obtained by Gd co-doping and about
70% enhancement for La co-doping. On the other hand, Sm, Eu, Dy, Er, and Tm
quench EML in varying degrees, in addition to Ce inducing the disappearance of
EML. The detailed parameters on the influence of rare earth ions co-doping in the

EML intensity are listed in Table S1 (ESI).
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Figure 6. Effect of rare earth ions co-doping on the afterglow (AG) background of
(Ba,Ca)TiO;:Pr’",RE.

Furthermore, as indicated in the section of experimental, the EML measurements
were executed with the delay of 1 min after the UV irradiation. Thus, the EML
intensity at the applied force of 0 N stands for the AG background (i.e. the long

afterglow intensity) after stopping the UV irradiation for 1 minute. Figure 6 shows the

10
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effect of rare earth ions co-doping on the AG background of (Ba,Ca)TiO;:Pr’" RE.
Interestingly, there are the similar variations for the EML intensity and AG
background with the co-doped rare earth ions. The consistency indicates the EML and
AG behaviors are closely related in (Ba,Ca)TiOs:Pr’",RE, suggesting the possibility

that the same types of traps participating in the processes of EML and AG.

3.4 Thermoluminescence analysis of (Ba,Ca)TiO3:Pr3+

Diphase (Ba,Ca)TiO3:Pr’" belongs to defect-controlled type of EML materials,
and the EML mechanism has been explained by a piezoelectrically induced trapped
carrier de-trapping model, in which carriers (electrons or holes) trapped at the trap
levels are released under the piezoelectric field induced by mechanical stimulus and
then recombine with the luminescence centers, resulting in photon emission.”*** Thus,
the trap levels play an important role in the EML process. Thermoluminescence (ThL)
technique is one of the most effective methods to determine the concentration as well
as the depth (i.e. the activation energy) of trap levels in materials. The trap
concentration is proportional to the area under the ThL curve. The trap depth E is
proportional to corresponding ThL peak temperature. It can be estimated from the
slope of the Hoogenstraaten plot and is expressed by the following equation:

E=—=kIn(B/Tm) l(UTm) oo (1)
Here, f denotes the constant heating ratio, 7, the maximum peak temperature of the
ThL glow curve, and k the Boltzmann constant.”’

In the present study, the ThL curves of (Ba,Ca)TiOs:Pr’" were measured from
83.15 K to 483.15 K at different heating rates of 10, 30, 60, and 90 K/min. Before the
measurement, UV lighting with a wavelength of 254 nm was irradiated on the sample
for 1 min for charging the excitation electrons in the trap levels. The ThL curves are
presented in Figure 7. The shape of ThL curve is non-symmetric, suggesting multiple
components. Accordingly, the ThL curves were analyzed by Gaussian deconvolution
to better investigate the property of trap levels. The fitting result shows that there are
two partly overlapping peaks, indicating that at least two kinds of traps exist in BCTP.

The Hoogenstraaten plots for different fitting peaks allow us to derive £ = 0.096 eV
11
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for Peak 1 and 0.356 eV for Peak 2 (Figure 8). The ThL peaks close to (or above)
room temperature are expected to be essential to EML and AG. The location of the
Peak 1 is apparently far below room temperature (Figure 7), thus the trap levels
corresponding to Peak 1 will be emptied instantaneously at room temperature because
of the shallow depth without contribution to the desired EML performance. The trap
levels corresponding to Peak 2 with suitable depths could not be thermally activated
at room temperature. They are responsible for the reproducible EML and AG
phenomenon, but the traps related to EML are emptied faster than in the case of AG

due to the application of mechanical stimulation.
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Figure 7. Thermoluminescence (ThL) curves of (Ba,Ca)TiO;:Pr’" at different heating
rate: (a) 90 K/min; (b) 60 K/min; (c) 30 K/min; (d) 10 K/min. Dashed lines are the

Gaussian components of ThL glow curves.
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Figure 8. Hoogenstraaten plots for the different ThL peaks of (Ba,Ca)TiOs:Pr’: (a)

Peak 1; (b) Peak 2.

3.5 Thermoluminescence analysis of (Ba,Ca)TiO3:Pr3+,RE

In order to investigate the co-doping effect on the properties of trap levels, the
ThL measurements of (Ba,Ca)TiogzPr3+,RE (BCTPRE, RE =Y, La, Ce, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) were also carried out under the same
measurement conditions as that of (Ba,Ca)TiO3:Pr3+ (BCTP). Figure 9 presents the
ThL curves of BCTPRE at a heating rate of 90 K/min. The ThL curves are fitted using
Gaussian deconvolution and the dashed lines are the Gaussian components. The ThL
curves of BCTPRE except those of BCTPCe and BCTPEr are composed of three
Gaussian peaks (Peak 1, Peak 2, and Peak 3), indicating that at least three kinds of
traps exist in BCTPRE. Comparing these ThL Gaussian peaks of BCTPRE with those
of BCTP (Figure 7a), in addition to two ThL peaks (Peak 1 and Peak 2) whose
location and shape are almost the same as those of BCTP, there is a new
low-temperature peak (Peak 3) located at about 160 K for BCTPRE. These results
illuminate that rare earth ions co-doping indeed introduces a new kind of trap levels
into the phosphors. However, the location of Peak 3 is far below room temperature,
thus these trap levels will be emptied at or above room temperature, i.e. without
contribution to EML. The same explanation applies to Peak 1. It should be pointed out
that for BCTPCe, only the addition of Ce completely suppresses the ThL Peak 2,

inducing the disappearance of EML (Figure 4d). This phenomenon also confirms that
13



RSC Advances

Peak 2 in the ThL curve is responsible for the EML process. For BCTPEr, Er

co-doping has no effect on introducing new ThL peak. There are still two ThL peaks

(Peak 1 and Peak 2), which is similar with BCTP.
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Figure 9. (a) - (n) Thermoluminescence (ThL) curves of (Ba,Ca)TiOs:Pr’",RE

(BCTPRE, RE =Y, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) at a

heating rate of 90 K/min. Dashed lines are the Gaussian components of ThL glow
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Figure 10. Effect of rare earth ions co-doping on the trap depth (Peak 2) of
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Figure 11. Effect of rare earth ions co-doping on the relative ThL intergral intensity

(Peak 2) of (Ba,Ca)TiO3:Pr’",RE.

Considering the dominant role of Peak 2 in the EML process of BCTPRE, the
depth of trap levels corresponding to Peak 2 was estimated according to the
above-mentioned Hoogenstraaten method. The effect of rare earth ions co-doping on
the trap depth and relative ThL intergral intensity corresponding to Peak 2 of

(Ba,Ca)TiOs:Pr’",RE are plotted in Figures 10 and 11, respectively. Table S2 (ESI)
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presents these calculated trap depths and ThL intergral intensities of BCTPRE.
Obviously, the trap depth seems to be less affected by rare earth ions (except Ce)
co-doping. The trap depths of BCTPRE (except BCTPCe) are in the range of 0.30 to
0.38 eV, which are close to that of BCTP (0.356 e¢V). No correlation was found
between the variation trends of trap depth and EML intensity with co-doped rare earth
ion when comparing Figure 10 and Figure 6. In contrast, the ThL intensity is strongly
influenced by co-doping. The ThL intensity is enhanced by the Y, La, Nd, Gd, Yb, and
Lu co-dopings. As noted above, these rare earth ions co-dopings have the same
positive effect on the improvement of EML intensity. More importantly, it is
apparently observed that the variation of the ThL intensity with co-doped rare earth
ion (Figure 11) agrees well with that of the EML intensity (Figure 6). Therefore, it is
concluded that the change of trap concentration induced by rare earth ions co-doping
has a more significant impact on regulating the EML performance of BCTPRe than
that of trap depth. A similar direct correlation has also been found between the long

afterglow luminescence and ThL intensity in CaAle4:Eu2+,RE3 t2

3.6 Elastico-mechanoluminescence mechanism of (Ba,Ca)TiOs:Pr’",RE

It is well known that Pr*" can be oxidized to Pr** when sintered in air, while Ti*"
would get the electron released by Pr’" and be reduced to Ti*', i.e. Pr'-e—Pr*" and
Ti*" +e—Ti*", or Pr'+Ti* >Pr*'+Ti*". Thus, several kinds of defects were formed
during the synthesis process of (Ba,Ca)TiOs:Pr’", including calcium and/or barium
vacancies ([Vcapa]") to compensate [Prcaga]’, pr** ([PrcaBa]®) which tends to form by
oxidization of Pr’" after thermal treatment in air, and negatively charged centers like
Ti*" ([Tiri]') and/or interstitial oxygen [Oj]" correlated with the presence of prtt 840
However, except [Prcapa]” as the electron trapping center which participates in the
processes of AG and EML, the other defects which are not anticipated from the
nominal chemical formulae act as nonradiative recombination centers.”~
In this study, (Ba,Ca)TiOs:Pr’" RE were synthesized using various trivalent

rare-earth oxides RE,O; for the raw materials at high temperature (1400 °C) in air. A

few of rare earth ions can be easily oxidized into tetravalent state or coexistence of
16
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different valence states, including Ce-Ce*", Tb-Tb>"/Tb*", and Dy-Dy**/Dy*", while
other rare earth ions are mostly trivalent, i.c. Y, La*", Nd*, sm®", Ev’’, G&**, Ho™,
Er’’, Tm*", Yb*, and Lu*".*' It is considered that RE*" and RE*" are incorporated into
Ca®" or Ba®" sites according to the acceptable ion radius percentage difference (< 30%)
between the doped and substituted ions.* Therefore, in the case of
(Ba,Ca)Ti03:Pr3+,RE, besides those above-mentioned defects in (Ba,Ca)TingPr3+,
more point defects arising from the rare earth ions impurity ([REcysa]® and [REcaBa]*®)
and the Ca or Ba vacancy ([Vcasa]") can be created in the host lattice due to charge
compensation. Accordingly, the significant suppress of PL in (Ba,Ca)TiOs:Pr’",RE
(Figures 2 and 3) should be attributed to the formation of more defects hampering the
process of energy transfer to Pr'". It is a typical example that the addition of Ce*"
which is known to be a luminescence killer causes a drastic quenching of PL in the
several kinds of phosphors.* ™

On the other hand, these introduced defects also provide the possibility for
regulating the EML properties of (Ba,Ca)TiOs:Pr’",RE (Figure 5 and Table 1). The
results of Figure 11 and Table 2 have indicated that the EML intensity is strongly
influenced by the ThL intensity of Peak 2. In (Ba,Ca)TiO3:Pr’", the trap corresponding
to the ThL Peak 2 has been ascribed to the electron trapping center [Prcapa]®, which is
responsible for the EML process.21 In (Ba,Ca)TiO3:Pr3 " RE, however, rare earth ions
(except Ce) co-doping have less influence on the trap depth corresponding to ThL
Peak 2. Therefore, rare earth ions co-doping acts upon regulating the EML intensity
through changing the concentration of electron trapping center related to [Prcapa]’, i.€.
[REcaBa]° introduced by co-doping. It should be noted that the co-doped Ce mainly
forms the [Cecapa]”® defect in (Ba,Ca)TiO3:Pr3 " Ce prepared in air because of its low
reduction potential. The total quenching of EML in Ce do-doped sample suggests the
rare earth ions with low reduction potentials (i.e. easily be oxidized to tetravalent
state), such as Ce and Dy, present the negative effect on EML (Figure 5 and Table 1).
The ability of the rare earth ions to trap electron is probably based on the different
reduction potentials. This conclusion can also be confirmed by the result that the most

stable rare earth ions (e.g. La, Gd, Lu) with high reduction potentials have the most
17
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positive effect on EML (Figure 5 and Table 1). Nevertheless, the less effect of Tb
co-doping on EML possibly arises from the instability of Tb* in (Ba,Ca)TiO3:Pr3 ", Tb.

However, it is still uncertain why different RE*" ions do not have the similar
behavior on regulating EML. Because of their rather similar chemical properties, the
effect of the RE®" ions should be similar and thus the physical properties, mainly the
ionization potentials and the 4f and 5d energy levels may play an important role. The
effect of the differences in ionic size and bonding characteristics as well as some
redox properties also cannot be excluded. Nevertheless, no correlation was found
between the trap depths and the RE’" level locations in this study. The effect of the
RE*" co-doping seems to be composed of several factors. The small differences in
different factors will finally lead to the large differences observed in the efficiency of
EML. Further studies are needed.

Fortunately, it is clear that the increase of EML from the Y, La, Nd, Gd, Yb, and
Lu co-doped samples should be attributed to the new introduced electron trapping
centers [REc,pa]® which have the similar trap depths with [Prcypa]® participating in
the EML process. On the other hand, according to the PL, AG and EML results, the
[REcama]® defects formed by the other RE®" ions co-doping possibly act as the
nonradiative recombination centers which are adjacent to [Prcyga]’ to compete with
[Prcaa]’, resulting in the EML decrease. The detailed discussion is out of the scope of

this work and will be presented elsewhere.
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co-doping, showing the possible trapping and de-trapping processes of electrons. CTS:

charge transfer state.

According to the results previously reported and obtained in this work,**2*>3¢
the EML processes of (Ba,Ca)TiOs:Pr’* (before co-doping) and (Ba,Ca)TiO;:Pr’",RE
(after co-doping) are explained based on electrons as the main charge carriers as
follows. Figure 12 shows the schematic diagram of EML processes before and after
co-doping.

(1) Before co-doping. When (Ba,Ca)TiO3:Pr3+ is irradiated with UV light (254
nm), the electrons are firstly excited from the *Hy ground level of Pr’* to the
conduction band of phosphor phase Bao,1Cao.9TiO3:Pr3+. pr** stays now as P’ -h"
ionic complex. Then the electrons are trapped by the electron traps ([Prcasa]®). When
the stress is applied, the local piezoelectric field induced by piezoelectric phase
Bao,77Cao,23TiO3:Pr3+ acts on the phosphor phase and leads to the de-trapping of
trapped electrons to conduction band. Subsequently, these electrons radiationlessly
de-excite from CTS via the Py state to the 'D, level of Pr**-h". Finally, the relaxation
of the electrons back to the ground level of Pr’” emits a red light of 613 nm.

(2) After co-doping. More electron trapping centers [REcyp.]° (RE =Y, La, Nd,
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Gd, Yb, Lu) are formed in the host. These traps have the similar depth with [Prcapa]°.
When the electrons of Pr*" are excited to the conduction band, these electrons could
be trapped by [Prcusa]’ and [REcapa]® which is adjacent to [Prcasa]’. Under the
application of stress, in contrast to the case before co-doping, more trapped electrons
are released from the traps of [Prcapa]’ and [REcug.]’ and then come back to
luminescent center Pr’’, resulting in more intense EML. Alternatively, other
positively charged defects including [REcap,]° and [REcypa]” (RE = Ce, Sm, Eu, Dy,
Er, Tm) might be created as nonradiative recombination centers after co-doping,
hampering the EML process. This process is not depicted in Figure 12.

It is important to note that Pr’" has stronger natural tendency to be oxidized to
Pr*" than to be reduced to Pr**, especially in (Ba,Ca)TiOs:Pr*" sintered in air. In this

work, therefore, electrons are the main charge carriers in the EML mechanism.

4. Conclusions

EML in diphase (Ba,Ca)TiOs:Pr’" co-doped by various rare earth ions was
systematically investigated. The EML intensities of (Ba,Ca)TiO3:Pr’",RE are
controlled by the co-doped RE ions. The Gd co-doping has the most positive effect on
EML and the EML intensity is enhanced 61% at least. The similar variations were
found between the EML and AG intensities with the RE ions, suggesting the
possibility that the same types of traps responsible for EML and AG. The ThL curve
of (Ba,Ca)TiOs:Pr’",RE was used as a reference to study the effect of the rare earth
ions co-doping on the properties of traps. A direct correlation between the EML
intensity and high-temperature ThL peak intensity was found. The trap depths were
affected by co-doping but not as much as the ThL intensity. The results indicate that
the change of trap concentration induced by co-doping regulates the EML
performance of (Ba,Ca)TiO3:Pr’" RE. Finally, the EML mechanism of

(Ba,Ca)TiO3:Pr’",RE are explained based on electrons as the main charge carriers.
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