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Abstract: Thermally stimulated color-tunable persistent luminescent materials can
serve in many practical applications. Integrating color-tunable luminescence into a
stable charge carrier trapping phosphor is a promising strategy but remains a challenge.
In this work, by co-doping with alkali metal ions, Ca2.90Ga4O9: 5 mol% Bi*", 5Smol%
A" (A'= Li", Na', K") phosphors show noticeable thermal stimulated luminescence
color-tunability. Among these samples, the phosphor co-doped with Na* shows a
dramatic color variation with temperature from cyan (513 nm) at 99 °C to yellow (602
nm) at 237 °C. Further studies confirm that the thermally stimulated color-tunable
feature of sample is attributed to the interplay between dual-traps and different emission
centers. This work reports the dynamic color-tunable persistent luminescence under
different temperatures in alkali metal ions co-doped gallate and provides a new
perspective for the design of thermally responsive dynamic optical materials for the

application of visual temperature warning or counterfeiting.
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1. Introduction

Charge carrier trapping phosphors are defined as a kind of energy storage type
luminescence material, which could store energy under the excitation of UV light, X-
rays, etc, and then release energy to produce light through photon emission after the
excitation light has been switched off. For charge carrier trapping phosphors, it is
generally believed that the intrinsic defect sites or traps related to intentional co-dopants
are the main causes, because the trap depth is an important factor for the design of long
persistent or optically stimulated luminescence (OSL) and thermoluminescence (TSL)
materials. The long persistent luminescence phenomenon is attributed to the
recombination of charge carriers that are slowly excited by thermal stimulation at room
temperature (shallow traps) [1], OSL and TSL also allow to empty deep traps. In the
latter case, near-infrared light and thermal stimulation can be used to release the
prestored energy by charge carrier de-trapping processes [2-4].

Benefitting from this unique property, charge carrier trapping phosphors have
attracted great attention due to the great application of prospect in the field of anti-
counterfeiting [5,6], optical information storage [7,8], and radiation dosimeters [9-15].
However, due to the limitation of monochromatic emission of traditional luminescent
materials, it is not straightforward to use them in practical applications such as
industrial temperature detection and high-security level anti-counterfeiting technology
[16-18]. The conventional technique to obtain tunable multi-color properties is
modulating the host-activators composition [19-22], hereby only allowing multicolor
in different samples, another strategy is to adjust the excitation wavelength, but this
steady state PL can be easily counterfeited by substitutes [23]. So realizing dynamic
multicolor even under a fixed stimulus in a single host material remains a challenge.

Recent developments in dynamic color-tunable luminescent materials introduce
some different methods for authentication based on emission colors. Relying on the
energy transfer from the host to the activator [24-26], the different thermal quenching
of two emitters [16,18,27], the synergistic effect between defect centers and
luminescence centers with different lattice site occupation [17, 28], or the interplay of

defect levels and Pr’*emission centers [29], visible color-tunable emission has been



detected with the increase of temperature.

The previous studies reveal that dynamic multicolor afterglow phosphors are
associated with the existence of multiple luminescence centers and traps. To obtain
temperature-dependent dynamic color-tunable inorganic phosphor-based materials,
selecting the suitable host and activators is necessary [30-32]. A suitable matrix should
possess multiple lattice sites to provide flexible site choices for doped active ions [33].
Doping with multiple ions is a classical method to introduce multiple luminescence
centers, but energy loss is an unavoidable problem due to the existence of energy
transfer [33]. So it’s still a great challenge to select suitable substrates and dopants to
achieve the dynamic color-tunable feature with only single-ion doping [26].

Ca3GasO9 as one of gallates with multi cation sites has attracted considerable
attention recently, with its defects such as gallium vacancies and oxygen vacancies
acting as traps [34]. Trivalent Bi*" dopant ions can be used to replace divalent Ca®" ions
in Ca3Ga4Oo: Bi** phosphors. Due to the charge imbalance between Ca®" and Bi*", the
incorporation of Bi*" into Ca3Ga4Oo creates Bip, and V{, defects [35], and further
increases the probability of non-radiative transitions [36]. Alkali metal ions such as Li",
Na', and K" have frequently been employed to improve the emission intensity through
charge compensation and by affecting the local site symmetry [36-39].

In our previous work, the Ca295Ga4O9: 5 mol% Bi*" sample showed the strongest
thermoluminescence intensity. Therefore, in the present work, we propose a strategy to
achieve temperature-dependent dynamic color-tunable luminescence by incorporating
certain amounts of alkali metal ions into Ca2.05Ga4O9: 5 mol% Bi*". Impressively, alkali
metal ions not only improve the emission intensity but also change the trap distribution,
providing remarkable dynamic color-tunable luminescence visually. These results offer
a strategy for developing new multifunctional optical materials.

2. Experimental

Ca295Ga409: 5 mol% Bi**, Ca2.00Gas0o: 5 mol% Bi*", 5 mol% A" (A=Li*, Na", K*)
and Ca2.95xGa409: 5 mol% Bi**, x mol% Na* (x=1, 3, 5, 7) phosphors were synthesized
via the traditional solid-state method. Stoichiometric amounts of raw materials,

including CaCO3, Ga203, Bi203, Li2CO3, Na2CO3, K2CO3 and an appropriate amount



of ethanol were well mixed by grounding in an agate mortar for 30 mins. The
homogeneous powder was put into an alumina crucible and transferred into a muffle
furnace and sintered at 1210 °C for 10 h with a heating rate of 5 °C/min in air or N2/Hz
reduction atmosphere. Finally, after cooling down naturally to RT, the samples were
ground again for later use.

The crystalline purity of all samples was checked by X-ray diffraction with Cu K
o radiation (A = 1.5406 A). The Rietveld refinement was implemented by Fullprof
software. Room temperature photoluminescence excitation (PLE) spectra,
photoluminescence emission (PL) spectra were performed using an Edinburgh FS920
(Edinburgh Instruments Ltd, Livingston, UK) fluorescence spectrometer, equipped
with a monochromated 450 W xenon arc lamp as excitation source. The reflectance
spectra was measured using a PerkinElmer Lambda 1050 UV-vis-NIR
spectrophotometer equipped with a Spectralon-coated integrating sphere with PMT
(photomultiplier) and InGaAs detectors. The thermoluminescence (TL) spectra of the
samples were collected by using a TOSL-3DS spectrometer. The temperature range was
from 40 °C to 400 °C and the heating rate was 3 °C /s. The excitation sources of TL
used in this work was 254 nm UV light. The decay times were collected using an
EKSPLA NT340 series tunable laser as an excitation source in combination with an
Andor intensified CCD. A small home-built vacuum chamber with a well-characterized
cooling and heating stage was used for temperature-dependent PL. measurements, a
Linkam THMS600 temperature-controlled stage and fiber-based detection setup were
used, the emission spectra were recorded by using Avantes. The excitation source were
280 nm or 340 nm xenon lamp. A long-pass filter with a cutoff wavelength of 320 nm
and 380 nm were used to protect the detector from overexposure while exciting with
the xenon lamp. Persistent luminescence decay profiles were collected using a
ProEM1600EMCCD camera (Princeton Instruments) equipped with an Acton SP2300
monochromator after the samples were excited for 5 mins by white light.
3. Results and Discussions

The XRD patterns of Ca295GasO9: 5 mol%Bi*" and Ca2.00Ga4O09: 5 mol% Bi**, 5

mol% A" (A" =Li", Na’, K") phosphors are presented in Fig. 1(a). The main diffraction



patterns fit well with the standard PDF card no.83-1477 of Ca3GasQo, which belongs to
the orthorhombic system with the space group Cmm?2. This indicates that the low
concentration of metal ions added to the samples as charge compensators didn’t lead to
the change in the crystalline phase structure of the samples. In the Ca3GasOo structure,
Ca’" ions are distributed over two different sites, whose surroundings are sixfold and
eightfold, whereas the Ga®" ions occupy a fourfold coordination site [40,41], as shown
in Fig. 1(b). Since the radius of Bi*" (=1.03 A and 1.17 A, CN = 6 and 8) is close to
Ca?" (r=1.00 A and 1.12 A, CN = 6 and 8) in Ca2.95Ga4OQ9: 5 mol% Bi*" phosphors
[34,42], Bi*" ions are supposed to exist in each of Ca?" sites, but its occupancy rate can
differ [35,43]. However, it would be difficult to maintain charge balance for a trivalent
Bi** substituting a divalent Ca** (Bi**—Ca?"), which requires charge compensation to
maintain the electrical neutrality of the system [44]. Therefore, monovalent cations such
as Li*, Na®, and K" are doped to the Ca2.95Ga409: 5 mol% Bi*" phosphor. The Rietveld
structure refinement results of Ca290GasO9: 5 mol% Bi*", 5 mol% A" (A* =Li", Na",

K") are presented in Fig. S1.

Bi3+ K+

0
|

Intensity (a.u.)

:
|

PDF 83-1477

Ll Lllslnlln.nh.u._._...llu.mum..

10 20 40 50 60 70 o &
a 20 (degree) bF

Fig. 1. a) XRD patterns of Cas9sGasOo: 5 mol%Bi*"and Caz.00GasOo: 5 mol% Bi*", 5 mol%
A" (A" =Li", Na’, K") samples; b) the crystal structure of the Ca3GasOy host and the
coordination environment of the Ca?* ions.

The diffuse reflectance spectra of CazGasO9 is shown in Fig. S2. CazGasO9 shows



high reflection in the range of 300 nm- 800 nm, and then exhibits obvious energy
absorption in the wavelength range of 200 nm-300 nm, ascribed to the host lattice
absorption. The optical band gap was evaluated approximately to be 4.36 eV according
to Kubelka-Munk theory [45,46].

The PLE and PL spectra of the CazGa4Oo9 are shown in Fig. 2(a), a blue broad band
centered at 455 nm monitored at 258 nm is observed which is caused by the “T2-*Az
transition of electrons in d orbits of Ga*"[34]. The excitation spectra of Ca2.95Ga4Oo:
5 mol% Bi*" which are monitored at emission wavelength 578 nm (Em1) and 494 nm
(Em2), and the emission spectra which are monitored at excitation wavelength 282 nm
and 340 nm are shown in Fig. 2(b). It indicates that there are two emission centers of
Bi** ions. Considering the energy levels of Bi*" and the distinct crystallographic sites
of Ca?", these two bands are attributed to the *Pi1—!So transition of Bi** in different sites
[47-49]. The Em1 with larger stokes shift could be caused by that Bi**in Ca2 and Ca4
with 8 oxygen ligands due to the Pseudo-Jahn—Teller effect. Em2 should be attributed
from Bi*" in Cal and Ca3 sites with shorter Ca—O distances [48].

The emission band and excitation spectra of Caz.90GasO9: 5 mol% Bi**, 5 mol%
A" (A"=Li", Na*, K") are shown in Fig. S3, which shows similar peak position with
Ca2.95Ga409: 5 mol% Bi*". But the addition of A* alkali (A*=Li", Na*, K*) metal ions
significantly change the intensity of emission. From the emissionl and emission2
intensity profile as shown in Fig. 2(c), it was noted that the PL intensity increased huge
with co-doping of alkali metals. It is because that the Li*, Na*, and K" ions act as the
charge compensators and fluxes, thereby maintaining the charge balance generated by
the Bi** ions substituted in the Ca?" sites and improving the crystallinity of samples
[50,51]. Therefore the intensity of the emission increased. The gain of emission
intensity upon co-doping is beneficial for emission 2 (the short wavelength component).

Among all samples, Ca2.90Ga409: 5 mol% Bi**, 5 mol% Na* phosphor shows the
strongest emission intensity. Charge compensation is an effective means to enhance the
intensity of luminescent centers. It is not enough to consider it from the perspective of
charge balance alone, but also volume balance [52]. The ionic radius of lithium ion Rri"

(r=0.76 A, CN=6; r=0.92 A,CN=8) is smaller than the radius of a sodium ion



Rca>(r=1.00 A, CN = 6; r=1.12 A ,CN=8). The ionic radius of alkali metals Na" and
K" are Rna™ (r=1.02 A,CN=6; r=1.16 A,CN=8) and Rx" (r=1.38 A, CN=6; r=1.51
A,CN=8) [53]. Na" has a similar ionic radius (1.02 A) to that of the Ca*" ionic radius
(1.00 A). Therefore, the incorporation equal amounts of Na* will minimize lattice
distortions, thus the compensation effect of Na* on the luminescence performance of
the samples is the most obvious, as shown in Fig. S3. Besides, the smaller Li* can make
the crystal structure shrink, which effectively reduces the non-radiative transition. The
bigger K" might have much more flux effect during the sintering [54].

Turning to the influence of Li", Na* and K* on the fluorescence spectra, it is
noticed that the ratio of the two peaks has changed. Compared with the Caz.9sGa4QOo: 5
mol% Bi*" phosphor, co-doped with alkali metals increased the ratio of Em2/Em1, as
shown in Fig. 2(b), which proves that co-doping has more obvious effect on the Em2
emission band. It is because that the substitution of alkali metal ions for Ca*" could

make the sites of Cal and Ca3 more suitable for Bi*" substitution [49,54].
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Fig. 2. PL and PLE spectra of (a) Ca3GasOs and (b) Caz95GasO9:5 mol%Bi’"; ¢) PL intensity of

emission 1 monitored at 282 nm and emission 2 monitored at 340 nm, and the intensity ratio of
Emission2/Emission].

The decay curves of the two characteristic emissions in Ca295Ga4QOo: 5 mol% Bi**
and Ca290Ga409: 5 mol% Bi*, 5 mol% Na' could be well fitted to the double

exponential formula in Egs. (1) expressed as follows [55]:
t t
I(t) = Iy + Ay exp (;) + A, exp (g) (1)
where, [ is the fluorescent intensity at time t , I, is the background or zero detector
offset, t; and t, refer to the rapid and slow decay time of the exponential components,
respectively, and the A parameters are the amplitudes of the two components. It can be

calculated that the decay times (1) of Em1 and Em2 emission are 2.08 us, 1.45 ps of

Ca2.95Ga409: 5 mol% Bi**, and 6.17 ps, 0.64 ps of Ca2.90GasOQ9: 5 mol% Bi**, 5 mol%



Na™, which further validates the existence of two different kinds of emission centers, as

shown in Fig.3.

4x10’
o ) - P
Ca,,5Ga,0,: 5 mol% Bi Ca,,Ga,0,: 5 mol% Bi, 5 mol% Na'
6x10° S
3x107f
‘-u\ l‘:\ 1
= 2 \
5 4x10° 3.E\=281 nm, km=578 nm,71=2.08 ps 3 ; ! 9‘c =281 nm, }"cm=583 nm, T1=6'17 ns
g <4 = 2x10 :
h— ‘ =
E z 2, =340 nm, 3 =488 nm,t =0.64 ps
£ aaotf %,,=340 nm, %, =494 nm,t,~1.45 s 2 a0}
— LV [) ~—
——
,,,,,,,,,,, ok : .
0 2 4 6 8 10 0 5 10 15 20
a Decay time (us) b Decay time (us)
Fig. 3 Decay curves of (a) Caz9sGasOo: 5 mol% Bi** and (b) Caz90GasOo: 5 mol% Bi**, 5 mol%
Na".

The temperature-dependent dynamic color-tunable luminescence phenomenon of
Ca2.95Gas09: 5 mol%Bi** and Caz.90Gas09: 5 mol% Bi**, 5 mol% A* (A*=Li", Na*, K*)
samples are investigated with TL measurements after pre-illuminated by 254 nm UV
light for 20 mins, as shown in Fig. 4 and S4. The wavelength of the thermoluminescence
curve changes apparently with the variation of temperature in Ca2.00Ga4QOo: 5 mol% Bi*",
5mol% A" (A*=Li", Na", K¥) samples, especially the Ca290Ga4O9: 5 mol% Bi**, 5 mol%
Na' sample, as shown in Table S1. TL glow curves at different temperature of
Ca2.90Ga409: 5 mol% Bi*", 5 mol% Na" sample are shown in Fig.3(f). The relative
intensity of two emission bands varies with the increase of the temperature. There is a
red shift from 513 nm to 602 nm of the TL spectra. The same red-shift phenomenon can
also be observed in Ca290Ga+09: 5 mol% Bi**, 5 mol% Li* and Ca2.90Ga4O9: 5 mol%
Bi**, 5 mol% K" samples, as shown in FigS4(c) and FigS4(f). Besides, the blue shift is

also observed in Ca290Ga409:5 mol%Bi**, 5 mol% K" sample at higher temperature.
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Fig. 4. a) 3D TL, b) contour map and (c) Normalized integrated TL emission spectral and photographs
of Caz95GasOy: 5 mol%Bi*"; d) 3D TL, e) contour map and (f) Normalized integrated TL emission
spectral and photographs of Caz 00GasO9:5 mol%Bi®", 5 mol% Na*, the samples are pre-irradiated by
a 254 nm UV lamp for 20 mins, the integration range is 30 °C before and after the indicated
temperature.

The TL method is widely accepted as a powerful tool to reveal the properties of
defect traps [16]. There is a successive trap distribution (40 °C — 400 °C) for the material
of Ca295Gas09: 5 mol% Bi*".The wide temperature range recorded from 40 °C-400 °C
of the TL glow curve indicates that the phosphor has a broad distribution of traps [56].
It could be resolved as four TL peaks located at 75°C (Ta), 125 °C (Ts), 225 °C (Tc)
and 260 °C (Tp), respectively. The integrated TL glow curves (450 nm-700 nm) of
samples Ca2.90GasOo9: 5 mol% Bi**, 5 mol% A* (A*=Li", Na*, K) are shown in Fig. 5.
The charge compensator ions Li", Na* can enhance the intensity of shallow trap region
(Ta, Ts), and reduce the intensity of the deep traps’ region (Tc, Tp). There is also a
successive trap distribution (40 °C—400 °C) for Ca2.90Ga4Qo9: 5 mol% Bi**, 5 mol% K,
which has fewer shallow traps and more deep traps compared with the Caz.95GasQO9: 5
mol% Bi*".

To investigate the intrinsic defects in CazGasO9, TL glow curves of undoped
CaszGasO9 prepared under air, or a reducing atmosphere (N2/Hz) are collected, as shown
in Fig. S5. Additionally, it has been reported that more oxygen vacancies can be

generated when samples are sintered under a poor oxygen atmosphere [57,58]. Hence,



Ca3GasOg sintered under a reducing atmosphere was tested, and the corresponding TL
curves showed that the oxygen vacancies should be related to the TL glow peak Ta.

Three Ca** ions would be substituted by two Bi*" ions, 2Bi3* + 3Ca?* - 2Bi, +

Viy . Ca vacancy V£, and Big, would be created in Ca295GasOo: 5 mol% Bi**

phosphor [59]. When adding an appropriate amount of A* ions to the Ca3Ga4O9 matrix,
charge compensating ion A" can occupy the vacancies and enter the crystal of the
Ca295Ga409: 5 mol% Bi*"phosphors. The positive charge of A™ will neutralize the
negative charge of V/, in the host and reduces the defects content of the phosphors
[60-63], which may reduce the TL intensity in Tc and Tp region, as shown in Fig. 4.
Since radius of Li* and Na" are smaller than K", they can be doped in the matrix more
easily, which leads to obvious changes [60,64]. Besides, when a A" ion replaces the
Ca’" sites, A, and oxygen vacancies will be generated, which will form Ta traps [65].
Since the radius of K* is much bigger than Ca*' in the host lattice, the doping would
cause more lattice distortion. Thus Tc and Tp might come from the lattice distortion
[66].

A further reality is that for dopants at say 5 mol % it implies there is on average
one dopant per 20 host sites, hence they are always with ~ 3 sites of one another. Further,
many dopant examples have indicated that they will pair or cluster [67]. In many
systems the TL peak temperature suggest that dopants are paired with secondary ions
(e.g. rare earth plus Li etc) and the peak values and temperatures scale with the size of
the complex. This precisely a feature seen in Fig. Sand Fig. S4 in which Li, Na, add a
lower temperature feature. This was a pattern noted in CaSOa4: RE TL [68,69]. Equally,
the coupling between closely spaced dopant sites implies the possibility of a range of
stabilities for TL, plus changing spectra. This is apparent from the higher temperature
data of Fig. 5 and Fig. S4.

Whilst such complexity makes identification of sites virtually impossible it
nevertheless is a powerful indicator of the opportunities to empirically adjust the

changes in color of the TL.
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Fig. 5. TL glow curves of Caz95Gas09:5 mol%Bi**and Caz 90GasOo: 5 mol% Bi*", 5 mol% A" (A"
=Li", Na", K") samples.

It is quite uncommon to identify such a dynamic color-tunable feature during the
thermoluminescence process [26]. To investigate the possibility of phase transitions
during these temperature variations, the XRD patterns at different temperature are
shown in Fig. S6. The results obviously reveal that there is no crystalline phase
transition through the heating process but shows a thermal expansion of the lattice as
seen from the shift of the diffraction peaks to smaller angles.

To investigate the possibility of thermal quenching of the two emission centers
during temperature variations, the temperature-dependent PL spectra are shown in Fig.
S7. As the temperature increases from -195 °C to 300 °C, the PL intensity of these two
emission bands show similar thermal response within the 40 °C-300 °C, so the color
tunable properties are not related to thermal quenching [27]. Besides, the normalized
temperature-dependent PL spectra of emission 1 shows a blue shift in the peak
wavelength from 646 nm to 569 nm with the temperature increased from -195 °C to RT.
As the temperature increases, the lattice will expand and the crystal field will weaken,
resulting in blue shift of spectra [70].

The different phenomena between PL and TL at different temperature means that
the red shift of the TL spectral with operating temperature is not due to the luminescent

behavior of the luminescent center being affected by temperature, but the the energy



transfer process between traps and luminescence centers [71]. For thermoluminescence,
the traps in the phosphor can store the energy under the excitation (i.e. 254 nm light),
the stored energy is generally released and transferred to emission centers by heating
after removing the excitation light. Due to the increase of temperature, the ratio of
electrons returning to the two luminescence centers also changes. As for the origin of
the two luminous centers, co-doping with alkali metal ions resulted in a significant
enhancement of the Em2/Em1 intensity, whereas in TL it resulted in an enhancement
of the relative intensity of the peak related to shallow trap/deep trap, which indicates
that the TL and PL originate from the same luminescence centers. Therefore, the
emission at 99 °C corresponds to the Em2 with the *Pi-'So transition of Bi*" at CaOs
sites, while the emission monitored at 237 °C corresponds to the Em1 with *Pi-'So
transition of Bi** at CaOs sites. But the blue shift of Ca295GasO9: 5 mol% Bi*" and
Ca2.90Ga409: 5 mol% Bi**, 5 mol% K at higher temperature may be due to the emission
1 effected by temperature.

The photos of Ca290Gas09:5 mol%Bi**, 5 mol% A*(A*=Li", Na*, K) powders on
metal plates are obtained at certain temperature during heating after they are irradiated
with 254 nm UV lamp for 30 minutes, as shown in Fig. 6. There is an obvious
temperature-dependent color changeable from yellow to green in Caz.95GasQO9:5
mol%Bi*" phosphors. Co-doping with alkali metals increase the cyan emission at lower
temperature, and the color change from cyan to yellow are detected in these samples.
In addition, a color change from yellow to green at high temperature is also observed

in the K-doped sample.
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Fig. 6. Temperature-dependent color of Cas.95GasOy: 5 mol%Bi** and Ca, 99GasOo: 5 mol% Bi*",




5 mol% A'(A™=Li", Na", K") at different temperature after irradiation with 254 nm UV lamp
for 30 mins.

Moreover, Ca290Ga4O9: 5 mol% Bi**, 5 mol% Na* shows more pronounced cyan
emission compared to yellow. According to the trap analysis above, there are more
shallow traps in samples of Ca2.00Ga4O9: 5 mol% Bi**, 5 mol% Na* and Ca2.900Ga4Oo: 5
mol% Bi*", 5 mol% Li", which shows longer persistence decay time than Ca2.00Ga4Oo:
5 mol% Bi** which can be used in the field of long persistent luminescence, as shown
in Fig. S8.

4. Conclusion

In summary, a traditional solid state reaction synthesis method is used for a series
of Ca295Gas09:5 mol%Bi** phosphors that were co-doped with the alkali A" (A" = Li",
Na', K") metal ions to improve their dynamic color-tunable luminescence property. The
charge compensators significantly increase the ratio of the emission intensity from the
two emission centers (Em2/Em1). Among the charge compensators, Na* is the most
effective ion in improving the PL properties of the Ca2.05GasQOo: 5 mol%Bi** phosphors,
which is attributed to the similar ionic radii between Na* and Ca?’. In addition, the
charge compensation can fill the cation vacancies. The different Ca®" sites and the
difference with the ionic radius of alkali metal ions will have an impact on traps at
different depths. Li* and Na" could increase the intensity of shallow traps, while K*
increases the intensity of deep traps. Considering the interplay of different defects and
two emission centers, co-doped samples show the obvious color variation from cyan to
yellow with the temperature increase from 40 to 250 °C. This work provides a strategy
for the optimization of color-tunable persistent luminescence materials and their

diversified applications.
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Highlights:

e The Bi*" and alkali metal ions co-doped Ca3GasO9 phosphors have been
synthesized.

e (Co-doping can enhance the luminescence intensity of emission 2, especially for
Na' ions.

e The dynamic color variation with the increase of temperature was achieved after
co-doping.





