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ABSTRACT

Lanthanide-doped luminescent materials have been widely used in the field of
information security and optical sensing, owing to their unique optical properties.
However, conventional luminescent materials usually exhibit unicolor and single-peak
emission, which leads to a decrease in the application efficiency of anti-counterfeiting
and optical temperature sensing. In this work, we have successfully developed a series
of novel multi-mode stimulation luminescent materials in the Ca;Nb,O7 system via
the solid phase reaction. This luminescent material is synthesized by doping dual
lanthanide ions to realize adjustable multi-mode luminescence, which simultaneously
create luminescent centers and carrier traps in the host lattice. The multi-colored
emission can be realized under different excitation wavelengths. Meanwhile, it has a
combination of fluorescent phenomenon by upconversion, down-shifting and thermal
stimulation. In addition, the fluorescence intensity ratio of lanthanide ions shows
significant temperature dependence, and the maximum S; is 0.0072 K'!' at 293 K.
Hence, we have fabricated a novel material that can be used for multi-mode
anti-counterfeiting and optical temperature sensing.

Keywords: Luminescence; Lanthanide; Multi-color emission; Temperature sensing;

Anti-counterfeiting



1. Introduction

As the rapid economic development in 21% century, fake and inferior products
have penetrated into various industries, such as food, medicine, clothing, chemical
industry and so on. Those products have seriously damaged the global economy even
human health, that is why the research of the advanced anti-counterfeiting technology
is a pressing project of the moment[1-4]. At present, the anti-counterfeiting
technology mainly includes paper printing, humidity sensitive anti-counterfeiting,
nuclear magnetic resonance anti-counterfeiting, digital anti-counterfeiting, bar code,
quick response (QR), laser holography and so on[5, 6]. But these anti-counterfeiting
technologies are easy to be copied and high manufacturing costs limit their wide
applications. A kind of excellent anti-counterfeiting material should be characterized
by unduplicated in certain time limit, reasonable price and the advantage to protect
subject information from being copied[7, 8]. Fortunately, fluorescent
anti-counterfeiting technology has its unique photoluminescence characteristics which
are able to produce sample with tunable property, low-cost and high stability,
consequently it becomes a new favorite of anti-counterfeiting researchers[9-15].

Currently, the piezoelectric materials, mainly including piezoelectric crystal
materials (such as LiNbOs[16], GaPO4[17]), bismuth layered piezoelectric ceramic
materials (such as SrBixTa;O¢[18] and BisTi3012[19]) and AnBnOsns2 perovskite
layered structures (PLS) (such as Sro2Nb2O7[20], CaxNb2O7[21]), have attracted more
and more attentions due to their unique advantages. Among them, the PLS

ferroelectric material with the general formula A;B,Osn42 has important applications



in the field of photochromic and multi-functional devices because of its high
sensitivity and inherent piezoelectric characteristics[22, 23]. On the other hand,
lanthanide ions doped luminescent materials have been widely used in the fields of
optical anti-counterfeiting and display due to their excellent luminescence
performance and stability[24-26]. Therefore, a feasible strategy for preparing
multi-color fluorescent materials is to introduce lanthanide ions into the piezoelectric
and photochromic matrix, so as to realize multi-function and multi-mode
luminescence[27, 28]. It is possible to record more information and can’t be copied
easily anymore. Traditional single-doped lanthanide phosphors usually exhibit
monochromatic and unimodal luminescence, while doping lanthanide ions into the
piezoelectric material may generate multi-color emissions and have different
responses to external stimuli[29]. However, such modulation is rarely reported based
on the multi-mode luminescence.

In this work, CaaNb2O7 as a kind of lead-free piezoelectric material, is selected
as host lattice to accommodate both Pr’* and Er** dopants. We describe a strategy for
creating multi-color materials which have tunable luminescence under different
stimuli. The luminescent material can exhibit different emission color from red to
orange to green by controlling excitation wavelength. Meanwhile as an efficient
upconversion luminescent material, the material also exhibits excellent upconversion
luminescence characteristics. Based on the thermally coupling energy levels
corresponding to Pr and Er ions, sensitive temperature sensing was successfully

realized with the developed materials.



2. Experimental

2.1 Preparation of luminescent materials

Cazx-yNb2O7:Pry/Ery (x=0, y=0.01; x=0.01, y=0; x=0.01, y=0.01) were prepared by
high temperature solid state reaction method. High purity powders of CaCOs (Aladdin
99.99%), Nb2Os (Aladdin 99.90%), Pr.O3 (Aladdin 99.90%), Er,0O3 (Aladdin 99.99%)
were chose as raw materials. The raw materials were weighed accurately according to
the stoichiometric ratio, then mixed in agate mortar. During the raw materials mixing,
an appropriate amount of anhydrous ethanol was added to ensure fully mixed. The
ground powders were ball-milled for 12 h, and pre-sintered at 900 °C for 8h. After
natural cooling, the pre-sintered powders were mixed with 5% poly (vinyl alcohol)
(PVA) solution, then pressed as disc-shaped pallets. Finally, the prepared samples
were obtained after sintered at 1400 °C for 4 h.

2.2 Physical Characterization

The X-ray diffractometer (XRD, D2 PHASER, AXS, Bruker, Germany) with Cu-K,
radiation was used to identify the phase purity and crystal structure. The microscopic
morphology was analyzed by field emission scanning electron microscopy (FE-SEM,
SU8010, Hitachi Ltd., Tokyo, Japan). The diffuse reflectance spectrum (DRS) was
recorded with the Lamada 750 S spectrophotometer. The emission spectra were
collected by the fluorescence spectrometer (FL3, Jobin Yvon, France) with Xenon
lamp and a 980 nm laser as the excitation source. The decay curves were recorded
with the pulsed Xenon lamp. The temperature dependent emission spectra were

measured with the KAP-02 temperature controller.



3. Results and discussion
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Fig. 1. (a) XRD patterns of the as-prepared Ca;Nb,O7:Ln** samples. (b) The diagram
of the crystal structure in Ca;Nb,O7:Ln*" samples. (c) The SEM image of the
Ca:NbyO7:Pr¥*/Er*t disc. (d) Diffuse reflection spectra of the as-synthesized
CasNb,O7:Ln** samples. The inset shows the calculated curve of (ahv)® vs hv by
using the Kubelka-Munk function.

The XRD patterns of the sintered specimens are shown in Fig. 1a. It can be seen
that there is no impurity peak in the XRD patterns. The patterns of the doped samples
match well with the standard card ISCD#702006 of Ca;Nb2O7. Because the ion radii
of doped Pr** and Er’" ions are almost the same as that of Ca’' ions, the crystal
structure was not obviously affected by low concentration doping. The structure of
perovskite calcium niobate is shown in Fig. 1b. The prepared specimen’s system
belongs to monoclinic P2; space group, and the oxygen octahedron is formed by six
oxygen octahedron around Nb atoms in calcium niobate crystal[30]. The SEM result
of the prepared ceramic sheet sample is shown in the Fig. 1c. The sample shows a

dense structure with numerous 1 pm thickness sheets. Fig. 1d indicates the reflection



spectra of phosphor powders doped with praseodymium and erbium prepared by
solid-phase reaction. What can be summarized from the figure that is the reflected
light of all specimens has a significant decrease around 279 nm, which is due to the
valence band to the conduction band in the CaxNb>O7 matrix lattice absorption[30]. In
addition, there are three absorption bands between 300 and 650 nm, which are located
at 460, 530, and 610 nm, respectively. These absorption bands can be assigned to the

transitions of Pr’": P10, 'D2—3Hs and Er’*: 2Hy1p—*1152[31]. The results indicate

that the doped praseodymium ions produced local energy levels within the bandgap of
calcium niobate matrix[32]. According to the measured reflection spectra, the band
gap width of these specimens was calculated and shown in Fig. 1d. In this work, the
experimental value of band gap of Ca;NbxO7is 3.99 eV which is similar with the

previous reports[21].
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Fig. 2. (a) The emission spectra of the specimens under the excitation of UV light at
365 nm. Insets show optical image under 365 nm excitation. (b) The dependence of

the emission spectra on the excitation wavelengths in the range from 340 to 380 nm.
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Fig. 3. (a) The CIE chromaticity coordinates of the emission color from the codoped
samples with different excitation wavelengths. (b) The proposed energy transfer
mechanisms and the luminescence processes of Pr’* and Er** ions in CazNb>O7 hosts.
In Fig. 2a, the emission spectra under the excitation of 365 nm shows
multi-colored emissions, including brown, red, and green. These luminescence centers
are mainly attributed to the doped lanthanide ions. Specifically, the red emission band
centered at 612 nm mainly comes from the energy level transition of Pr**: 'D, — *Ha,
and the green emission bands centered at 545 and 521 nm can be assigned to Er*':
2H112,*S32 = *1152  transitions, respectively[33]. When Pr** and Er** ions are
simultaneously introduced into the CaxNb2O7 matrix and excited by 365 nm light, the
spectral combination of red and green emission bands is instantaneously produced
from the luminescent ions, leading to brown color[34]. It is interesting to realize the
regulation of the luminescence wavelength. The luminescence spectra of the Pr**/Er*
codoped sample has been recorded under the excitation range from 340 to 380 nm.
Fig. 2b shows the tunable colored emission spectra generated from Pr’* and Er** ions.
Among them, different proportions of green/red emission can be observed under
excitation in the range from 340 to 380 nm. Therefore, we can obtain continuously

adjustable colors according to control different excitation wavelengths. Initially, the



codoped sample was excited by the high-energy light, and Pr’** ions exhibited
excellent luminescence performance. As the wavelength increases from 340 to 380
nm, the red emission from Pr’* could not be excited well, while the green emission
corresponding to Er** exhibits great luminescence performance. In addition, it should
be noted that the red and green emission peak positions of the codoped specimens
have no obvious shift compared to some luminescent nanomaterials. Those results
indicate that luminescence center comes from energy level transition of lanthanide
ions. In order to observe the color change more intuitively, the display color of the
emission spectrum at each excitation wavelength was calculated in the CIE
chromaticity coordinates. As indicated in Fig. 3a, the color of the sample is red under
high-energy excitation firstly, then the color of the sample gradually shifts from red to
orange to green as the excitation wavelength increases later. Therefore, by changing
the wavelength of the excitation source, we can achieve a series of continuously
color-tunable phosphors. Fig. 3b shows the detailed energy level transition diagram of

Pr’* and Er** ions in the down-shifting luminescence[35-37].
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Fig. 4. (a) The decay curves of Er**-doped and Pr**/Er’** codoped samples under 380

nm excitation by monitoring the 540 nm emission. (b) The decay curves of Pr**-doped



and Pr’*/Er** codoped samples under 340 nm excitation by monitoring the 610 nm
emission.

In order to explore the energy transfer mechanism of prepared samples, the
decay curves of the prepared samples were measured as shown in Fig. 4. The
excitation wavelengths are 380 and 340 nm, corresponding to the emission
wavelengths are 540 and 610 nm, respectively. It can be seen from the figure that the
lifetime of codoped samples (7.23 ps) is shorter than that of single-doped Er** (14.46
ps) under 380 nm excitation. It is deduced that the energy transfer from Er** ions to
Pr’* ions leads to shorten lifetime in codoped samples under 380 nm excitation.
Conversely the lifetime of codoped samples (26.91 ps) is longer than that of
single-doped Pr’* (6.64 ps) is obtained under 340 nm excitation. The fluorescence
lifetime of the sample increases due to the energy transfer from Er** ions to Pr** ions

under 340 nm excitation.
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Fig. 5. (a) The upconversion emission spectra of the CaxNb>O7:Pr/Er sample with
different pumping powers under 980 nm excitation. (b) The upconversion emission
intensity at 521 and 545 nm versus pumping powers for the Ca;Nb>O7:Pr/Er sample.

In addition to the above-mentioned conversion of down-shifting UV excitation to



visible emission, Er** ions are considered as effective ions for upconversion emission,
which can be generally excited by near-infrared light[38]. Thus, the upconversion
emission spectra has been recorded under 980 nm excitation. Under the excitation by
980 nm, all luminescence centers come from Er** ions, independent of Pr’* ions.
Among them, the emission spectra consisting of strong green emission bands at 521
and 545 nm originate from the transition from 2Hji.2 to *I1s;2 and *S32 to *Iys2 of Er**
ions, respectively[39]. The peak position doesn’t change on account of the energy
level transition of Er** with the different power intensity from 100 mW to 1000 mW.
Our findings indicate that color from the weaker green changes to the stronger green
with the gradually power intensity increasing. To further analyze the upconversion
luminescence mechanisms, the luminescence intensity at 521 and 545 nm was studied
with different pump power. The intensity of upconversion emission (Iuc) and the
excitation power (P) can be expressed as follows: IycocP",, the index n is the number
of photons absorbed by the luminescent centers. As indicated in Fig. 4b, the linear
fitting slopes of samples are 1.34 and 1.27, corresponding to the upconversion
emission intensity versus pumping power at 521 and 545 nm, respectively. It indicates
that the transition of Er’* ions in the Ca;Nb,O7 matrix is a two-photon upconversion

process.
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Fig. 6. (a) The thermoluminescence (ThL) curves of Pr**-doped and Pr**/Er’*
codoped samples, respectively. (b) The ThL emission spectra of Pr’**-doped and
Pr**/Er** codoped samples at 360 K.

The thermal stimulated luminescence is an interesting phenomenon for
luminescent materials[40, 41]. In order to clarify the depth and density of the traps,
Fig. 6a shows the ThL curves of Pr**-doped and Pr**/Er** codoped samples. At first,
the prepared sample was exposed under a UV lamp irradiation (365 nm) for 1 min at
room temperature. Then a red persistent luminescence can be observed by naked eye
for almost 30 s. After two minutes, we heated up the sample and recorded its
luminous intensity as the temperature changes finally. When it was heated to around
360 K, a beam of red light can be observed and the luminous intensity reached the
maximum. What is more, when the sample was heated to higher temperature, the
luminous intensity decreased. Our results show that the incorporated Pr** ions acted
as new trapping levels within the system, which resulted in the red long-persistent
luminescence. Among them, the Pr* dopants in CaNbO7 act the dual role as
fluorescent centers and trapping centers, while the Er** dopants act as fluorescent
centers only. Besides, we have also observed that there is no thermoluminescence in

the Ca;Nb,O7:Er’* sample and this result is consistent with previous reports[28]. The



thermally released hole or electron recombines with the opposite charge at Pr** level
and this electron—hole recombination results in the emission of visible light. Due to
the difference of the electronic structure of Pr** and Er’*, Er** doesn’t form traps at
suitable level so that the charge trapping is not possible. The ThL curves and peak
position are two important parameters for analyzing traps, the former reflects the
density of the trap, and the latter reflects the depth of the trap[42]. Compared with the
sample single-doped with Pr**, the intensity of the ThL curve in the Pr**/Er** codoped
sample is not much different. The position of temperature corresponding to the
highest luminous intensity in the curve slightly shifts to high temperature, indicating
the trap depth becomes deeper with the doping of Er**. According to the previous
literature reports, the trap energy level corresponding to the thermal release peak can
be approximated by the following relationship: E=Tw/500, where E is the trap depth,
and T, corresponds to the thermal release peak position temperature[43]. Therefore,
the trap depths in Ca;Nb,O7:Pr** and Ca;Nb,O7:Pr**/Er’* can be calculated as 0.726
eV and 0.746 eV, respectively. The lower trap density in CaaNbyO7:Pr** compared
with Ca;NbyO7:Pr**/Er** may due to the smaller ionic size of Er’** (0.881 A) than that

of Pr** (0.101 A), which results in more non-radiative lattice defects.
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excitation modes, including UV light at 365 nm, 980 nm NIR laser and thermal
stimuli. (b) The schematic diagram of multi-mode responsive emissions for
multi-dimensional anticounterfeiting.

In order to prove that the Ca;Nb2O7 system material doped with lanthanide ions
has multifunctional fluorescence characteristic. We recorded their different
luminescence responses in different modes, as shown in the Fig. 7. It can be seen from
Fig. 7a that the CaxNb,O7:Pr**/Er’** sample can generate different emission spectra
under different excitation modes, including UV light at 365 nm, 980 nm NIR laser
and thermal stimuli. In our work, the developed samples include Ca;NbyO7:Pr,
Ca;Nb,O7:Er** and Ca,Nb,O7:Pr**/Er’*. Fig. 7b displays the developed samples under
different stimuli. Under 365 nm excitation, Ca;Nb,O7:Pr**/Er’* showed brown color,
CaoNbO7:Pr** presented red, while Ca)Nb,O7:Er** displayed green. For the
Ca;Nb,O7:Pr**/Er** sample, its fluorescence color changed from red to orange to
green as well as excitation wavelengths increased from 340 to 380 nm. While under
980 nm excitation, changing the excitation power of the laser from 100 mW to 1000
mW, the color of CaxNb,O7:Er** and CaNb,O7:Pr**/Er’* samples changed from a
weaker green to a brighter green. The Ca;Nb,O7:Pr** and CaxNb,O7:Pr**/Er** samples
have ThL properties. After irradiating under 365 nm lamp for 1 min, and then waited
for 2 min, the sample could not be observed emission. Interestingly, when the sample
was heated to 373 K, and it would generate red emission. All the above experiments
have a good repeatability and stability. Because of its excellent multi-mode

luminescence performance, it can be applied in the field of optical anti-counterfeiting.
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Fig. 8. (a) The temperature dependent emission spectra between 500 and 700 nm
under 365 nm excitation. The inset indicates the change law of luminous intensity
with different temperature located at 545 and 612 nm regions. (b) The fluorescence
intensity ratio (FIR) versus temperature within the range from 293 to 493 K and
Relative sensitivity (S;) versus temperature.

So far, the optical temperature sensing based on FIR has mainly focused on
lanthanide doped upconversion materials[44]. For example, the results of Diaz’s
group showed that YVO4:Yb**/Er** and GdVO4: Yb**/Er’* nanoparticles have a good
temperature sensing property and achieved enhancement of the sensitivity using a
SiO> coating[45]; Sun’s group showed that YFs:Er**/Yb** nanocrystals are ideal
upconversion materials for optical temperature sensors based on FIR and they proved
that the sensitivity of their materials increases with the decrease of the particle
size[46]. However, in the above works, the efficiency of upconversion emission
excited by 980nm laser or other near-infrared light sources is relatively low. It’s noted
that the UV lights are widely used because of its low cost and convenience. That is
why we choose the most common 365 nm UV light to discuss the temperature
characteristics of the codoped sample. Fig. 8a shows the emission spectra of
CaNb2O7:Pr**/Er** sample under the excitation of 365 nm in the temperature range
from 293 to 493 K. As the temperature increases, the intensity of the two emitted

thermally coupled energy levels changes corresponding to Pr** and Er’* ions,



respectively. It can be found from the obtained spectrum that their spectra maintain
the same shape except for intensity when the temperature increases. The positions of
neither the green nor the red emission peak shift, but the intensity varies significantly.
Furthermore, the intensity of emission peaks locates at 610 and 521 nm increases with
rising temperature. By contrast, the intensity of emission peaks located at 545 nm
decreases with rising temperature (inset of Fig. 8a). Therefore, a different behavior
was observed of the prepared sample is that the intensity of the emission peak varies
with temperature. This temperature-dependent behavior of emission intensity can be
described by the FIR of the two peaks at 612 and 545 nm, which is a great signal
recognition ability in detecting temperature. The FIR corresponding to the two

thermal coupling levels follows the formula[47]:

— 2 _ 920002 _AEl _ _AE
FIR = 2 = 92222 exp |~ | = Bexp[- 2. (1)

Wherein, I> and I; denote the emission intensity of two emission peaks, gi
represents the degenerate energy level, T represents the absolute temperature, B and k5
are constants, and AF is the energy gap between two energy levels. In the temperature
range from 293 to 493 K, the scatter diagram of Is;2/I545 with temperature changes is
shown as the yellow dot in Fig. 8b. In this temperature range, Is;>/Is45 has a great
exponential relationship with temperature 7, which can be expressed by formula:
FIR=24.7883exp(-644.04367/T). In order to understand the temperature measurement
capability of the material deeply, its sensitivity was analyzed. The results are shown
in Fig. 8b. It can be seen from the figure that blue line indicates the S, which

characterizes the sensitivity of the fluorescence intensity to temperature. In this part,

the S» as an important parameter can be calculated as: S,=dFIR/dT=FIR(-AE/kT)[48].

For the study of temperature sensing characteristics, the value of S; is more important

than the absolute sensitivity[49]. Therefore, it can be seen from the figure that in the



temperature range from 293 to 493 K, the maximum temperature sensitivity is 0.0072

K!at 293 K.

4. Conclusions

In summary, we have developed a kind of multi-mode luminescent material,
lanthanide-doped piezoelectric calcium niobates, for anti-counterfeiting and
temperature sensing. Under 365 nm excitation, the compounds could be observed
brown, red and blue emissions corresponding to Ca;Nb,O7:Pr**/Er**, CaaNbyO7:Pr’*
and CaNb,O7:Er’*, respectively. For the CaNb,O7:Pr¥*/Er** sample, the
luminescence emission color is adjustable from red to orange to green when the
excitation wavelength increases from 340 to 380 nm. For upconversion luminescence,
changing the laser power could change the color of the sample from weak green to
stronger green. Moreover, the prepared samples also generate emissions under
thermal stimuli. The prepared materials not only have excellent performance in
multi-mode luminescence, but also can be used for temperature sensing. The
temperature sensor is constructed on the thermal coupling energy levels of Pr and Er
ions under the excitation of 365 nm. The optical temperature sensitivity could be up to
0.0072 K!. These results suggest that prepared luminescent materials have great
potential applications in the field of multi-functional device, optical
anti-counterfeiting and temperature sensing.
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