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ARTICLE INFO ABSTRACT

In this work, an efficient mechanoluminescent material with green emitting color, CaLaA1307:Tb3+, is reported.
The mechanoluminescent intensity of CaLaA1307:TI)3+ is dependent on the content of luminescent centers, and
the optimum doping concentration of Tb3" is determined to be 6.0%, whatever the sample is stimulated by
stretching or rubbing. The temperature-dependent properties suggest that the mechanoluminescence of CaL-
aAl;07:Tb>* should come from the released carriers from traps under stress stimuli, and therefore the underlying
mechanoluminescent mechanisms of CaLaAlg07:Tb>" is revealed. By comparing with the commercial ZnS:Cu, a
well-known mechanoluminescent material with high efficiency, the CaLaAlz07:Tb%" exhibits an even higher
intensity when tested at the same conditions. It suggests that CaLaAl30,:Tb®" is a very efficient mechanolumi-
nescent material, showing promising applications in the new generation of lighting, displaying and sensing
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devices.

1. Introduction

Mechanoluminescence (ML) is a light-emitting phenomenon when a
material is stimulated by various mechanics, such as compressing,
stretching, bending, rubbing, impact, etc. [1-4]. Compared with the
other types of luminescence, ML has great advantages in energy saving
and convenience, and therefore it shows wide application prospects in
the fields of lighting, displaying, and visualized sensing [5-10]. In the
above applications, ML material with green emission color plays a key
role, because green is one of the most easily captured colors for human
eyes. At present, three kinds of systems, i.e., ZnS:Cu, CaZnOS:Tb** and
SrA1204:Eu2+,Dy3+, are well-accepted as the green ML materials with
high performance [11-13]. However, ZnS:Cu and CaZnOS:Tb%* contain
the sulfur source, resulting in the environmental pollution during syn-
thesis. For the system of SrAl,04:Eu”",Dy>", the prominent long after-
glow behavior causes inevitable interference on the measurement and
analysis of ML signal [14,15]. Herein, it is necessary to develop novel ML
materials with green emitting color towards environmental protection,
high ML efficiency and free from afterglow interference.

* Corresponding authors.

The selection of matrix and doped ion is extremely important in the
design of luminescent materials. Aluminate ABAl3O; with melilite
structure (A is Ca, Sr or Ba, and B is La, Gd or Y) is an important matrix
for luminescence, which belongs to P42;m space group with a layered
structure formed by [AlO4]>~ tetrahedra [16,17]. Structural analysis
shows that A%* and B*' are both eight coordinated occupying the same
4e sites, and hence there are abundant defects/traps in the ABAI30;
matrix itself, which could be further regulated by rare earth ion doping
[18]. This provides great feasibility for the generation of ML [19]. For
the doped ions, Tb* is a well-known activation ion with green emitting
color, which is produced by the typical 5D4—>7F 1(J=3,4,5,6) transitions.
The dopant of Tb3" has the advantages of large absorption coefficient,
high luminescence intensity and stable luminescence [20,21]. There-
fore, it is feasible to achieve green ML by doping Tb>* ions in the melilite
structure.

Inspired by the above considerations, in this work, we doped Tb®" in
a typical melilite structure, CaLaAl307, and investigated its ML prop-
erties. The results suggest that CaLaAl307:Tb®" exhibits extremely
intense green ML, which is even higher than that of the commercial ZnS:
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Cu. By understanding the stimulation/activation and radiative transfer
processes, the underlying mechanisms of CaLaAl30:Tb%" is revealed.

2. Experimental
2.1. Synthesis of Ca.LaAl;,-O7:Tb3Jr powders

A series of CaLaAl;.;O7:be3Jr (x=4.0%, 5.0%, 6.0%, 7.0%, 8.0%)
powders were synthesized by a high-temperature solid-state method.
The raw materials of CaCO3 (99.99%), Las03 (99.99%), Al,03 (99.70%),
and Tb407 (99.99%) were accurately weighed by stoichiometric ratios
and put into an agate mortar. Then, the mixture was dispersed in a
certain amount of alcohol and fully ground. After that, the mixture was
transferred into a corundum crucible and placed in a muffle furnace. The
mixture was kept at 1600 °C for 5 h in a reducing atmosphere composed
of nitrogen and hydrogen (90%N, and 10%H> in volume ratio). After
cooling to room temperature, the sample was taken out and CaLaAl3Oy:
Tb>" was finally obtained.

2.2. Preparation of CaLaAl;0,:Tb>*/PDMS composites

Polydimethylsiloxane (PDMS) was chosen as the flexible matrix for
CaLaAl;07:Tb3* powders to facilitate the ML measurement and analysis.
First, 2.0 g of PDMS precursor and 0.2 g of curing agent were placed in a
dumbbell-shaped mode with a effective length of 25 mm and a width of
10 mm. Then, 1.0 g of the CaLaAl;0,:Tb>* powders were mixed. After
mechanical stirring for 30 min, the mixture was put into a vacuum oven
at room temperature and -8.6x10% Pa for 15 min. Finally, the sample
was cured at 70 °C for 1 h in a regular oven, and the CaLaA1307:Tb3+/
PDMS composite elastomer was obtained.

2.3. Characterizations

X-ray diffractometer (XRD) of Auriga Shimadzu/XRD-6100 was used
to analyze the crystalline structure of the phosphor. The working voltage
is maintained at 220 V, and the excitation source is Cu Ka (1.54056 ;\)
with a scanning step of 0.02° and a scanning speed of 10°/min in a
scanning range of 10° - 80°. The micro-morphology and elemental dis-
tribution of CaLaAlz07:Tb>" powders were characterized by a field
emission scanning electron microscopy (FE-SEM, JSM-6701F, Hitachi)
and scanning electron microscopy (EDS, JSM-5601LV, Hitachi),
respectively. Photoluminescence (PL) and photoluminescence excitation
(PLE) spectra were recorded using a fluorescence spectrometer (Omni-
300i) with Xe900 lamp (500 W) as excitation source. The thermolumi-
nescence (TL) curve was detected by a FJ-427A TL measuring
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instrument. The stretching experiments of CaLaAl;07:Tb>*/PDMS
elastomer were conducted on a self-made tensile testing machine, with
the effective sample size of 25x10x2 mm, the stretching frequency of 3
Hz and the maximum stretching strain of 80%. The rubbing experiments
were operated on a rotary friction testing machine (MS-T3001) using the
stainless-steel rod (radius: 0.2 mm) as the friction pair. The applied load
and rotational speed were set to 4.9 N and 200 r/min, respectively. The
produced ML signals during mechanics stimuli were collected through a
spectrometer (Omni-A300i, Zolix Instruments Co, Ltd) equipped with a
CCD camera (IVAC-316, Edmund Optics Ltd.).

3. Results and discussion

Fig. 1a shows the XRD patterns of the CaLaAl307:xTb>" (x=4.0%,
5.0%, 6.0%, 7.0%, 8.0%) samples synthesized by the solid-state method.
It is observed that all diffraction peaks match well with the standard
JCPDS card (No0.81-1719), indicating that the as-synthesized samples
are of single phase and the doping of Tb®* in CaLaAl30; could not arouse
any impurity peaks. It is also found in Fig. 1a that with the increase of
the doping concentration of Tb>*, the (211) peak at 30.904° exhibits a
slight shift to high position. According to the Bragg’s law 2dsind = ni,
where d is the spacing of the parallel atomic plane, 4 is the wavelength of
the incident wave, and @ is the angle between the incident light and the
crystal plane, the increased ¢ value of (211) peak corresponds to the
decrease of d spacing with the increase of the Tb>" content. Hence, it
suggests that Tb3" should substitute the cations in CaLaAl3O; with a
larger ionic radius. By comparing the ionic radius of Ca®* (CN=8,
Rca?t=0.112 nm), La" (CN=8, R;.>"=0.116 nm) and AI>T (CN=4,
Ra>*=0.039 nm) and Tb®" (CN=8, Rrp>*=0.104 nm), and combining
the Hume-Rothery principle, it is determined that Tb>* should occupy
the lattice position of La®* [22,23]. Fig. 1b presents the crystal structure
of CaLaAl30y, which has a layered melilite structure with a space group
of P42;m. The layer of the compound is composed of [A104]5’ tetrahedra
formed by Al and O through four coordination. The interlayer is
composed of Ca?" and La®* cations with octahedral Cs symmetry by
alternating distribution. The alternating layer is conducive to the direct
excitation of rare earth ions from the ground state energy level to the
excited state energy level, which provides the effective pathways for the
doped rare earth ions to emit various luminescence [24].

SEM and EDS mappings were further employed to investigate the
morphology and chemical composition of the CaLaAl;07:Tb>". As
shown in Fig. 2a and b, the as-synthesized CaLaAl307:Tb>" exhibits a
remarkable layered structure which is in good agreement with its crystal
characteristics. The EDS mappings in Fig. 2¢ confirm that the sample is
composed of Ca, La, Al, O and Tb. All of the results raised by XRD and
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Fig. 1.. (a) XRD patterns of CaLaA1307:Jch3+ (x=4.0%-8.0%) samples; (b) Crystal structure of CaLaAl30;.
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Fig. 2.. SEM images of CaLaAl30,:6%Tb>" in a relatively (a) low and (b) high magnification; (c) EDS mappings of the CaLaAl307:6%Tb>" sample.

SEM suggest that single phase CaLaAl;0,:Tb" with a layered structure
has been successfully obtained.

After doping Tb® ions, the samples could exhibit intense PL. Fig. 3a
shows the excitation spectra of the as-synthesized CaLaAl307:Tb>"
monitored at 545 nm. The excitation peaks at 285, 320, 344, 354 and
375 nm should be originated from the characteristic transitions of Tb>*
ions in the pathways of 4f8—~4f’5d!, "F¢—°D;, "F¢—°Go, 'F¢—"D, and
"Fe—"L1o, respectively [25,26]. When excited by a 375 nm light, the
CalaAl;07:Tb>* exhibits characteristic emissions of Tb®" at 415, 438,
457, 493, 545, 590 and 623 nm (as shown in Fig. 3b), attributed to the
transitions of 5D3—>7FJ (J=6, 5, 4) and 5D4—>7FJ (J=6, 5, 4, 3), respec-
tively [27,28]. It is observed in both of the excitation and emission
spectra that the luminescent intensity is strongly dependent on the
doping concentration of Tb®", and the optimum Tb®* content is 6.0%.
This is because with the increase of Tb®" doping concentration, the
luminescent centers increase, and the luminescence intensity increases
accordingly. However, when the concentration of Tb3" increases to a
certain extent with the distance between luminescence centers less than
the critical value, the cross-relaxation between luminescence centers

will be dominant, resulting in non-radiative transitions and lumines-
cence quenching [29].

To facilitate the ML investigation, CaLaAl;0,:Tb>*+ powders were
further composited into PDMS flexible matrix because of its high
transparency and efficient stress transfer ability [30]. When stimulated
by stretching or rubbing, the CaLaAl;0,:Tb>" samples embedded in
PDMS elastomer exhibit intense green ML, as shown in Fig. 4. The ML
spectra of CaLaA13O7ZTb3+ in Fig. 4a and b are similar with its PL
properties that it presents characteristic emissions of Tb®" at 411, 435,
455, 491, 544, 589 and 622 nm, corresponding to the transitions of
5D3—"Fy (J=6, 5, 4) and °D4—"F;y (J=6, 5, 4, 3), respectively [31]. It
suggests that the emitting processes of the ML of CaLaAl307:Tb%" should
also come from the radiative transfer among the energy levels of Tb3*.
Fig. 4c and d show the ML intensity variations of CaLaAls07:Tb%" in
PDMS along with the change of the Tb®" concentration under the
stimulation of stretching and rubbing. It is obvious that with the increase
of the doping concentration of Tb®*, the ML of CaLaAl;0,:Tb>" in-
creases first and then decreases due to the concentration quenching, and
the optimum doping content of Tb®* for the ML is also determined to
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Fig. 3.. (a) Excitation spectra of CaLaAl;07:xTb3" (x=4.0%, 5.0%, 6.0%, 7.0%, 8.0%) monitored at 545 nm; (b) Emission spectra of CaLaAl;07:xTb3" (x=4.0%,
5.0%, 6.0%, 7.0%, 8.0%) under the excitation of 375 nm; the inset in (b) shows the PL intensity variations with the increase of Tb>* content.



S. Qin et al.

~_~
=\
~

4%

Stretching ML Inensity (a.u.)

(b)

Materials Research Bulletin 145 (2022) 111535

4%
5%
60/0
7%
8%

Rubbing ML Inensity (a.u.)

400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
(©). (d)
&7 &
& 2
‘D - =
g g
= 9 = .
— ] o [Cami
= o— - o
= | =
[* ] 7 D
4 *}
4 5 6 7 8 4 5 6 7 8

Th3* Concentration (%)

Tb3* Concentration (%)

Fig. 4.. ML spectra of CaLaAl30,:xTb>*(x=4.0%, 5.0%, 6.0%, 7.0%, 8.0%)/PDMS composites under the stimulation of (a) stretching and (b) rubbing; ML intensity
variations of CaLaAl3O7:Tb34r accompanied by the change of Tb3* concentration under the stimulation of (c) stretching and (d) rubbing; the insets in (c) and (d)
present the ML photos of the CaLaAl;0,:Tb>* in PDMS elastomer under stretching and rubbing, respectively.

6.0%.

In addition to the emission properties, it is necessary to reveal the
stimulation/activation processes of the ML of CaLaAlgO7:Tb3+ to un-
derstand the underlying ML mechanisms. Fig. 5 shows the TL and ML
properties of the CaLaAl;07:Tb>" after various heat treatments from 298
to 473 K. It is observed in Fig. 5a that with the increase of the treated
temperature, the TL intensity of CaLaAl30,:Tb>* is gradually decreased
with the spectra narrowed and red-shifted. This is because that the pre-
heat treatment could clear the carriers in the shallow trap first and then
those in the deep trap [32]. The detailed trap information in CaLaAl30O7:
b3+ including the trap types and trap depths could be revealed
following the Eqgs. (1)-(2)[33,34],

I(T) = Cexp(—E / KT) @

Lnl(T) = —E/KT + LnC )
where I(T) represents the TL tensity, C is a constant including frequency
factor s, K denotes the Boltzmann constant, E is the shallowest trap
depth, and T represents temperature. Herein, Fig. 5a is further trans-
formed to the curves of 1000/T vs. Ln(TL intensity) as shown in Fig. 5b,
and the slope of each curve in Fig. 5b represents the value of -E/K.
Accordingly, the shallowest trap depth E of CalaAlsO7:Tb3" after
various pre-heat treatment is obtained, as illustrated in Fig. 5c, which
contains two linear stages suggesting that there are two types of traps
(trap 1 and trap 2) in the structure of CaLaAl;07:Tb>" with the trap

depth in the range of 0.10-0.66 eV and 0.66-0.70 eV, respectively. In
order to investigate the effects of traps on the ML performance, the ML
spectra of CaLaAlz0,:Tb%" after various pre-heat treatments from 298 to
473 K were also measured. As shown in Fig. 5d, the ML intensity of
CalaAl307:Tb>* exhibits a similar decreasing trend to that of the carrier
density in traps. It provides a direct evidence that the release of trapped
carriers under the mechanical stimuli should be the origination of ML in
CaLaAl307:Tb%",

Based on the PL, ML and TL analysis as well as the temperature-
dependent behaviors, the luminescent mechanisms of CaLaAl;0;:Tb3*
are illustrated in Fig. 6. The @ and @ show the PL processes, in which
electrons are excited to the °Liq level of Tb®* first and then relaxed to the
D5 and °Dy4 levels to generate luminescence. ®-@® illustrate the pro-
cesses of ML. Under stress stimuli, the electrons in traps could be
released to the conduction band (CB) first and then to the 5F7 level of
Tb3+. By relaxation to the 5D3 and °Dy levels, the electrons could
recombine the holes in 7FJ (J=3, 4, 5, 6) levels, producing the as-
observed green ML.

To well perceive the ML performance of CaLaAl307:Tb”", it is further
compared to the commercial ZnS:Cu sample which is widely accepted as
one of the most efficient ML materials. Fig. 7a shows the comparison of
the ML spectra of CaLaAl;07:6.0%Tb3" and ZnS:Cu in PDMS elastomer
under the same stretching conditions (effective sample size: 25x10x2
mm; powder to elastomer ratio: 1:2; stretching frequency: 3 Hz;
maximum stretching strain: 80%). It is found that the maximum ML

b3+
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Fig. 5.. (a) TL spectra of CaLaAl30,:6%Tb>" after pre-heat treatments from 298 to 473 K; (b) 1000/T vs. Ln(TL intensity) curves transformed from (a); (c) Trap depth
variation in CaLaAl;07:6%Tb>" after various pre-heat treatments; (d) ML spectra of CaLaAl30,:6%Tb>" after pre-heat treatments from 298 to 473 K.

5 —_A
ElNET
;\ - I Trap 2
Q, 3 ] I ® Stress
>} =
w —
5
= 2
=
1=
0 —

A4 D
— X
(7)*; s
G,
Ts D,
= 5
‘o 2 3
A, 2_ sp,

Fig. 6.. PL and ML processes of the CaLaAl;0,:Tb>* in the energy level diagram.



S. Qin et al.

~
&
~—

o CaLaAlL,0,:Tb**
12 ZnS:Cu
&
~ {2
= 2
& =
.‘? 7 CaLaA1307:Tb** ZnS:Cu
»n
z
-]
=
= -
-
=
400 500 600
Wavelength (nm)

700

Materials Research Bulletin 145 (2022) 111535

Fig. 7. (a) Horizontal comparison of the ML spectra of CaLaAl;0;:6.0%Tb>* and ZnS:Cu tested at the same conditions (effective sample size: 25x10x2 mm; powder
to elastomer ratio: 1:2; stretching frequency: 3 Hz; maximum stretching strain: 80%); (b) ML photos of CaLaAl30,:6.0%Tb%" and ZnS:Cu in PDMS elastomers.

peak of CaLaAl;07:Tb3* is higher than that of ZnS:Cu, and the integrated
ML intensity of CaLaAl307:6.0%Tb>" reaches 1.3 times of that of the
ZnS:Cu. The color coordinates of the ZnS:Cu and CaLaAls0,:Tb%"-based
elastomers are calculated to be (0.33,0.46) and (0.35,0.49), respec-
tively. The corresponding ML photos of CaLaAl30,:Tb>* and ZnS:Cu are
presented in Fig. 7b. The above results suggest that CaLaAl;07:Tb>" is a
very efficient green ML material, showing promising applications in the
new generation of lighting, displaying and sensing devices.

4. Conclusions

In summary, CaLaA1307:Tb3Jr powders with a layered structure were
successfully synthesized by the solid-state method. When mechanics was
applied, the CaLaA1307:Tb3+ could exhibit characteristic emissions of
Tb3* with a green color. The optimum doping concentration of Tb>* for
the ML of CaLaAl;07:Tb®" was determined to be 6.0%, whatever the
sample was stimulated by rubbing or stretching. Temperature-
dependent TL and ML properties of CaLaAls07Tb%" further suggest
that its ML should directly originate from the de-trapped carriers under
mechanics stimulation, and herein the underlying ML mechanisms were
revealed. The as-obtained CaLaAl30:Tb%* presents an extremely high
ML intensity, showing promising applications in the new generation of
lighting, displaying and sensing devices.
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