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A B S T R A C T

The GdPO4:Tm3+/Yb3+ phosphor codoped with various concentrations of Li + ions were syn
thesized for upconversion emission and optical thermometry studies. Excitation using 980 nm 
laser diode results in three upconversion (UC) emission bands with centre wavelengths of 478, 
648 and 692 nm. These bands are originated from 1G4→3H6, 1G4→3F4, and 3F3→3H6 transitions of 
the Tm3+ ion, respectively. Li+ ions modified the local crystal symmetry around dopant ions, 
resulting enhanced UC emissions. The lifetime of the 1G4 level of Tm3+ ion was studied using a 
980 nm laser excitation. The temperature sensing performances of GdPO4:Tm3+/Yb3+ and 
GdPO4:Tm3+/Yb3+/Li+ based on fluorescence intensity ratio (FIR) technique were evaluated in 
the temperature range 301–713 K under 980 nm excitation. Non-thermally coupled levels 3F3 
(692 nm) and 1G4 (478, 648 nm) were utilized for FIR estimation. A maximum absolute sensitivity 
of 6.28 × 10− 3 K− 1 at 653 K and 18.71 × 10− 3 K− 1 at 713 K were observed for Li + undoped and 
codoped phosphors respectively. The result indicates that codoping of Li + ions improved the UC 
emission as well as optical thermometry. Moreover, CIE colour coordinates and anti- 
counterfeiting application were also exhibited.

1. Introduction

Trivalent rare-earth doped upconversion (UC) luminescent materials have received considerable attention over the past few de
cades owing to their potential applications in areas such as temperature sensing, photovoltaic solar cells, bio-imaging, security 
markers, colour displays and LEDs [1–5]. The term upconversion refers to nonlinear optical processes that involve the sequential 
absorption of two or more low energy pump photons through intermediate long-lived energy states of rare earth ions and the sub
sequent emission of higher energy photons [6,7]. In practise, UC materials with high luminescence efficiency and consistent tem
perature sensing abilities may be desirable [8]. However, UC materials with high efficiency and excellent temperature sensitivity are 
rare. To achieve these criteria, it is essential to investigate new kinds of UC material. The UC efficiency is, in fact, closely linked to the 
phonon energy of host materials [9]. Generally, lower the phonon energy of the host material, greater the UC efficiency. Since, low 
lattice phonon energy minimizes non-radiative loss while increasing radiative emission [10]. Studies related to UC luminescent 
materials mostly centred on the formation of fluoride crystals, which have been shown to be the most effective host materials because 
of their relatively low phonon energy [11]. However, their uses remain severely limited due to poor thermal stability and chemical 
durability [12]. Oxide compounds are an appropriate type of matrix material due to their excellent chemical stability and environment 
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friendly nature [11]. Among oxides, rare earth orthophosphates (REPO4) has received a lot of attention as an essential inorganic 
material because of its prospective applications in light-emitting diodes, drug administration, and solar cells [13,14]. Furthermore, 
since Gd3+ possesses half-filled 4f electron shell with a stable structure, GdPO4 is an important host material for doping of lanthanide 
ions and has great thermal and chemical stability with low phonon energy [7,15]. Due to the paramagnetic behaviour derived from the 
half-filled 4f electron shell of the Gd3+ ion, such materials have also been employed in optical imaging and magnetic resonance [16]. 
Gd3+ ion can be easily replaced by lanthanide ions in the host lattice due to its similar valence and comparable ionic radii. The Tm3+

ion has received much attention as a dopant in inorganic host lattice due to its intense blue and near-infrared (NIR) up-conversion 
emission via numerous energy levels under NIR stimulation. But Tm3+ ion singly cannot be excited effectively with 980 nm laser 
diode excitation. To address this issue, another lanthanide ion, Yb3+, can be employed as a sensitizer due to its larger absorption cross 
section at 980 nm excitation. Following the excitation of the Yb3+ ion, several energy transfer mechanisms from Yb3+ to Tm3+ takes 
place, resulting in efficient UC emission at various wavelengths [17]. It is well-established that the optical properties of lanthanide ions 
depend on its local environment as it allows the parity-forbidden intra-4f electronic transitions of the lanthanide ion to partially allow 
by mixing the f states with higher electronic configurations. Hence, to realise an effective UC process, it is crucial to use a host lattice 
with a low phonon energy and low crystal field symmetry [18]. Once the crystal phase of the chosen host lattice is determined, another 
interesting method to improve UC is to alter the local crystal environment around the lanthanide dopants via the purposeful doping of 
non-luminescent cationic ions such as Li+, Mg2+ and Zn2+ etc. [19–21]. These non-luminescent ions may substitute the cationic ions of 
the host lattice or occupy the interstitial site around the lanthanide ions, decreasing the local symmetry and boosting UC efficiency. 
Many studies found that adding Li+ with Tm3+/Yb3+, Ho3+/Yb3+ and Er3+/Yb3+ pairs has increased the strength of up-conversion 
emission as well as optical thermometric properties [19,22–25]. However, higher concentration of Li+ ions in the host lattice 
beyond optimal value may lead to increased number of defects in the crystal structure, concentration quenching, cross-relaxation, 
decreased energy transfer between dopants etc. Such factor contributes significantly in reducing UC emission efficiency of phosphors.

The fluorescence intensity ratio (FIR) based optical thermometry has received a lot of attention in recent decades due to the fact 
that non-contact high temperature measurement can be performed by measuring the temperature dependency of FIR. This technique 
compares the UC luminescence intensity emitted from two thermally couple levels (TCLs) or non thermally coupled levels (NTCLs) at 
various external temperatures [26]. Lanthanide ions are commonly used in FIR techniques due to their ladder like abundant energy 
levels and luminescence [27]. Temperature sensing properties of luminescent materials doped with RE ions such as Er3+, Tm3+, Nd3+, 
Ho3+, Pr3+, Dy3+, Tb3+, and Eu3+ were extensively studied [28]. For example, in Er3+ion, 2H11/2 and 4S3/2 levels are used for optical 
temperature sensing applications as they belong to TCLs. But the smaller energy gap (ΔE = ~800 cm− 1) between TCLs of Er3+ ion, 
leads to poor thermal sensitivity as it is directly proportional to energy separation (ΔE) [29]. The experimental findings showed that 
the FIR technique based on thermally coupled energy levels with a large energy gap (~2000 cm− 1) and non-thermally coupled energy 
levels could be a potential technique for producing high temperature sensitivity [30,31]. Interestingly, 3F3 and 3H4 levels of Tm3+ ion 
has larger energy gap of around 1817 cm− 1 which is below the maximum limit of 2000 cm− 1 criteria for TCLs [32]. So these levels of 
Tm3+ ion are expected for higher optical temperature sensing values than 1G4 (a) and 1G4 (b) TCLs. It is worth mentioning that, the 
majority of the energy level pairs created by rare earth ions are non-thermally coupled levels in nature. In fact, the emissions produced 
from NTCLs are also temperature dependent. NTCL-based technique, as opposed to TCL-based technique, isn’t restricted by energy 
level difference and may thus have higher temperature sensitivity.

In the present work, the UC emission study and optical thermometric performance of GdPO4:Tm3+/Yb3+ phosphor with and 
without Li + ions are compared. The mechanisms involved in UC emission are investigated in details using pump photon and energy 
level diagram. The optical temperature sensing values were calculated using two pairs of NTCLs. Further, anti-counterfeiting and latent 
figure print detection was also explored.

2. Experimental

2.1. Materials

For the synthesis of phosphors, analytical grade chemicals are utilized without additional purification. Gd2O3 (99.9 %), (NH4) 
H2PO4 (99.9 %), Tm2O3 (99.9 %), Yb2O3 (99.9 %) and Li2CO3 (99 %) were purchased from Alfa Aesar.

2.2. Synthesis of Tm3+/Yb3+: GdPO4 and Tm3+/Yb3+/Li+: GdPO4 phosphors

The Tm3+/Yb3+ and Tm3+/Yb3+/Li + codoped GdPO4 phosphors were produced using the solid state reaction approach. All of the 
raw elements, comprising Gd2O3, (NH4) H2PO4, Tm2O3, Yb2O3 and Li2CO3 were weighed and uniformly mixed and ground for 1 hr in 
an agate mortar pestle using acetone as the mixing medium. The obtained powder was placed in a clean alumina crucible and heated in 
an electric furnace for 4 h at an optimized temperature of 1200 ◦C and cooling down to room temperature. The Tm3+ and Yb3+ ion 
concentrations were fixed at 0.3 mol% and 5 mol% respectively, while Li+ concentrations were varied as 5, 10, and 15 mol% for 
enhanced luminescence [33,34]. Among all of the synthesized samples, 10 mol% Li+ concentrations demonstrated the highest UC 
luminescence and were chosen for further investigation.

2.3. Measurements

X-ray diffraction (XRD) patterns were obtained over a 2θ range of 15◦–60◦ using a Cu Kα (1.5406 Å) radiation source on a high 
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resolution Rigaku Smartlab X-ray diffractometer. Zeiss Supra 55 Electron Microscope was used to take Field emission scanning electron 
microscopy (FESEM) images. Using a fast CCD spectrometer (ULS2048 × 64, Avantes, USA) and a 980 nm power tuneable continuous 
wave (CW) diode laser (max power ~ 2 W), the UC emission spectra were acquired. For the temperature-dependent UC emission 
experiment, a thermocouple was placed close to the laser point on the sample surface, and the spectra were recorded using a CCD 
spectrometer. To prevent from heating the material directly, the CW light was chopped by a chopper and the laser beam power was 
fixed at 63 mW. A built in lab electric furnace was used to raise the sample temperature during the UC measurement. The samples were 
used in powder form for all measurements.

3. Results and discussion

3.1. Structural and morphological studies

X-ray diffraction analysis was performed to determine the crystal phase and purity of synthesized phosphors. Fig. 1 (a) shows the 
XRD patterns of 0.3 mol%Tm3+/5 mol%Yb3+/x mol% Li+: GdPO4 (x = 0,5,10,15). The position of all the diffraction peaks were 
identical with the monoclinic phase of GdPO4 (JCPDS No. 032–0386) with space group P21/n (14). Additionally, two impurity peaks 
were also detected in Li+ codoped samples at 32.58 and 34.82◦, which shows identical match with hexagonal crystal phase of lithium 
oxide as shown in Fig. 1(b). These peaks were observed due to higher concentrations of Li+ ions in the sample. From Fig. 1 (a), it can be 
seen that the peak corresponding to (111) plane viz. 25.80◦ increases with increasing Li+ ion concentrations. The change in peak 
intensity indicates change in the preferred orientation of the crystals [35]. Such orientation occurs due to alignment of crystallites in 
certain direction, which leads to some lattice planes more favourable to diffract the X-rays. That increases the intensity for peak 
corresponding to those planes. After codoping with Li+ ions, the crystallites tend to align with their (111) planes, which resulted 
increased intensity for peak at 25.80◦.

The surface morphology of the synthesized phosphors have been studied using field emission scanning electron microscopy. The 
typical FESEM images of 0.3 mol%Tm3+/5 mol%Yb3+: GdPO4 and 0.3 mol%Tm3+/5 mol%Yb3+/10 mol% Li+:GdPO4 phosphors are 
shown in Fig. 2 (a) and (b) respectively. The surface of Li+ undoped phosphor shows irregular and agglomerated particles while 
codoping of Li+ ion resulted non-uniform and larger particles. At increasing particle size, the surface-to-volume ratio also decreases, 
which is also expected to contribute in enhancement of UC emissions. Several research groups have reported increased particle size 
upon codoping of Mg2+ and Li + ions [25,36–38].

3.2. Upconversion luminescence study and mechanism

The UC emission spectra acquired by altering Li + concentrations in Tm3+/Yb3+:GdPO4 phosphor using a 980 nm laser diode with a 
pump power of 63 mW are shown in Fig. 3(a). The spectra comprises a dominant blue emission band at 478 nm caused by the 1G4→3H6 
transition, and some weak red emission bands at 648 and 692 nm resulted from 1G4→3F4 and 3F3→3H6 transitions of the Tm3+ ion, 
respectively [37,39]. The intensity of the emission bands increases with increasing Li+ ion concentrations up to 10 mol%, after that it 
starts declining due to the concentration quenching effect [40,41]. The Li+ ions can either replace the cationic ion in the host lattice or 
occupy the interstitial sites around the lanthanide ions, decreasing the local symmetry and increasing UC efficiency [18]. The 
maximum UC emission is observed for 10 mol% Li+ ion concentrations along with 0.3 mol%Tm3+ and 5 mol%Yb3+ ions.

The energy levels diagram could be used to describe the key UC processes. Since Yb3+ ion has larger absorption cross-section for 
980 nm excitation, so it is used as a sensitizer for energy transfer to Tm3+ ions. As shown in Fig. 3(b), after absorbing photons from 980 
nm excitation, Yb3+ ion raised to its excited 2F5/2 level. Two consecutive energy transfer process ET (1) and ET (2) from Yb3+ to Tm3+

Fig. 1. (a) XRD patterns of 0.3 mol%Tm3+/5 mol%Yb3+/x mol% Li+: GdPO4 (x = 0,5,10,15) samples, (b) XRD pattern of Li + undoped and codoped 
samples compared with standard JCPDS file of GdPO4 and Li2O, the impurity peaks are indicated with asterisk.
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ions leads the Tm3+ population to 3F2 excited level from their ground 3H6 level [40]. The population of 3F2 level relaxes non radiatively 
to 3H4 level via intermediate 3F3 level. A radiative transition 3F3→3H6 leads the emission of a photon at 692 nm. The 3F3 level is 
thermally coupled with the lower 3H4 level, which benefits the population of 3F3 level upon thermal excitation as TCLs follows 
Boltzman’s population distribution. The third excited state absorption ET (3) populates the Tm3+ ions to 1G4 level from lower 3H4 level. 
This populated level relaxes via radiative transition to 3H6 and 3F4 levels by emitting photons of 478 nm (blue) and 648 nm (red) 
respectively. As from energy level diagram, the emissions at 478 and 648 nm are originating from absorption of three NIR photons 
while emission at 692 nm is due to two photons absorption process [42].

Fig. 2. FESEM images of (a) Tm3+/Yb3+: GdPO4; (b) Tm3+/Yb3+/Li+: GdPO4 phosphors.

Fig. 3. (a) Upconversion emission spectra of GdPO4:0.3 mol%Tm3+/5mol% Yb3+/x mol% Li+ (x = 0, 5, 10 and 15) phosphors; (b) Possible UC 
mechanism for observed emissions bands in Tm3+/Yb3+:GdPO4 system.

Fig. 4. ln-ln plot of UC emission intensity versus pump power for 0.3 mol%Tm3+/5 mol% Yb3+:GdPO4 phosphor.

M.M. Upadhyay and K. Kumar                                                                                                                                                                                     Heliyon 10 (2024) e39081 

4 



It is well known that, the relation between the UC emission intensity (I) and excitation power (P) can be used to determine the 
number of NIR photons participating in the population of the emitting levels for an unsaturated UC process. It can be written as [43]; 

I∝Pn (1) 

where, n is the number of pump photons engaged in the UC luminescence process. Fig. 4 shows the ln-ln plot of emission intensity 
versus pump power for all three transitions. Upon linear fitting, the slope values are found to be 2.27, 2.23 and 2.05 for 478, 648 and 
692 nm emissions respectively.

The pump power analysis as shown in Fig. 4 confirms that all the emissions are from 2-photon absorption process but energy level 
diagram (Fig. 3(b)) indicates that the emission at 478, 648 nm are from 3-photon absorption process, while emission at 692 nm is due 
to 2-photon process. The reduced value of pump photons for 478 and 648 nm emissions is due to involvement of cooperative energy 
transfer (CET) channels in the system. Energy level diagram shows two different possible excitation mechanisms for 1G4 level of 
Tm3+ion viz. cooperative energy transfer and simple energy transfer processes (ET-3). If we consider energy levels matching then 
energy transfer process ET-3 can also be possible. But from experimental data, calculated slope values are found to be nearly ‘2′ which 
indicates that CET process is dominated over ET-3 process for the emissions at 478 and 648 nm. While, emissions at 692 nm is due to 
ET-2 process which requires only two NIR excitation photons. This is consistent with findings from other Tm3+/Yb3+ codoped ma
terials [37,44]. The CET process involves the simultaneous transfer of excitation energy from two excited neighbouring Yb3+ions to 
populate the 1G4 excited level of Tm3+ ion without going through the real intermediate states [42].

3.3. Lifetime studies

The lifetime of 1G4 level of Tm3+ ion in 0.3 mol% Tm3+/5 mol% Yb3+: GdPO4 and 0.3 mol% Tm3+/5 mol% Yb3+/10 mol% Li+: 
GdPO4 phosphor for the emission at 478 nm under 980 nm laser diode excitation is shown in Fig. 5 (a) and (b) respectively. The 
measured decay curves can be well fitted to the following exponential equation [45]; 

I= I0 exp
(
−

t
τ

)
(2) 

where, I and I0 are the decay intensities at time t and time zero respectively and τ is the lifetime of emitting level. The lifetime of 1G4 
level in without Li + sample is found to be 114 μS, while it reduces to 92 μS with Li+ ions. The codoping of Li+ ions tailors the local 
crystal field around the Tm3⁺ ions. Modification in crystal field increases the radiative transition probability from excited level to 
ground level. Increased transition probability reduces the lifetime of the emitting level.

3.4. Optical thermometry

The temperature-dependent upconversion spectra of Tm3+/Yb3+:GdPO4 phosphor was investigated in the temperature range of 
301–713 K. The spectra were obtained by exciting the sample with a 980 nm diode laser at fixed power of 63 mW. The results are 
presented in Fig. 6(a). To reduce the heat induced by the 980 nm laser, a lower excitation power is employed. As shown in Fig. 6(a), the 
emission intensity of 478 and 648 nm decreases at increasing temperature, while the intensity of 692 nm emission band shows opposite 
behaviour. The decrease in intensity is due to the increase in non radiative relaxation at elevated temperature whereas; the increment 
in intensity of 692 nm is due to thermal excitation. Thermal excitation causes the population of 3F3 level from 3H4, as both are 
thermally coupled levels. Such levels are subjected to the Boltzmann’s population distribution law. Although, TCLs are commonly used 
in FIR technology, the temperature measurement method based on TCLs has significant disadvantages. As, these levels are restricted by 
energy separation of 200–2000 cm− 1. Generally, higher ΔE leads greater sensitivity, so it is challenging to obtain higher sensitivity 
while considering smaller energy gap between TCLs.

Most of the energy levels found in lanthanide ions are inherently non-thermally coupled, and the emission from these levels is 

Fig. 5. Lifetime of 1G4 level of Tm3+ ion under 980 nm laser diode excitation in (a) Tm3+/Yb3+:GdPO4; (b) Tm3+/Yb3+/Li+:GdPO4 phosphors.
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strongly dependent on temperature. Hence, the emission from 3F3 (692 nm) and 1G4 (478, 648 nm) levels are considered for FIR based 
optical thermometric studies. The FIR of 692nm/478 nm and 692nm/648 nm emissions is indicated as FIR (1) and FIR (2) respectively.

Since, the thermal excitation cannot populate the NTCLs due to larger energy gap, so temperature dependent FIR can be fitted with 
following polynomial function [39,46]; 

FIR=A + BT + CT2 + DT3 (3) 

Where A, B, C, D are constants whose values are determined by fitting the experimental temperature dependent FIR data with Eq. (3). 
The polynomial fitting of FIR (1) and FIR (2) data with temperature is shown in Fig. 6(b) and (c) respectively. Since, FIR is almost 
constant with temperature from 301 to 413 K, it means that the material is not sensitive to temperature changes in this range, making it 
difficult to use for practical temperature sensing applications. Therefore FIR data were fitted from 413 to 713 K temperature.

The fitting gives the FIR (1) = (1.8305)–(0.0108) T+ (2.0684 × 10− 5) T2- (1.0343 × 10− 8) T3 and FIR (2) = (5.8959)–(0.034) T+
(6.3281 × 10− 5) T2- (3.3105 × 10− 8) T3 with adj. R2 = 0.9855 and 0.9953 respectively.

The sensitivity is an important parameter which is defined as; 

Sa =
d(FIR)

dT
= B + 2CT + 3DT2 (4) 

The plot of both the sensitivities Sa (1) and Sa (2) corresponding to FIR (1) and FIR (2) as a function of temperature is shown in Fig. 6
(d). The maximum absolute sensitivity of 2.94 × 10− 3 K− 1 and 6.28 × 10− 3 K− 1 at 653 K are observed corresponding to FIR (1) and FIR 
(2) respectively.

In order to compare the observed sensitivity with 0.3 mol%Tm3+/5 mol%Yb3+/10 mol% Li+:GdPO4 phosphor, similar analysis has 
been performed and shown in Fig. 7(a–d). The sensitivity graph shown in Fig. 7 (d) represents the Sa (1) and Sa (2) corresponding to FIR 
(1) and FIR (2) data. The maximum absolute sensitivity of 10.38 × 10− 3 K− 1 and 18.71 × 10− 3 K− 1 at 713 K are observed corre
sponding to FIR (1) and FIR (2).

The relative sensitivity of the synthesized phosphors has also been calculated and found that Li+ undoped sample shows a 
maximum relative sensitivity of 8.29 × 10− 3 K− 1 while Li + codoped sample shows a maximum relative sensitivity of 11.76 × 10− 3 K− 1 

at 473 K temperature. The relative sensitivity graph is shown in supplementary data of this manuscript as Fig. S1.
The above discussion shows that, codoping of 10 mol% Li + ions in Tm3+/Yb3+:GdPO4 phosphor not only increases the UC emission 

but also increased its temperature sensing ability. Table 1 compares the obtained sensing results with previously reported Tm3+ based 

Fig. 6. (a) Temperature dependent UC spectra of 0.3 mol%Tm3+/5 mol% Yb3+:GdPO4 sample in the range 301–713 K; (b, c) Polynomial fitting of 
FIR (1) and FIR (2) data versus temperature; (d) Absolute sensitivities as a function of temperature.

M.M. Upadhyay and K. Kumar                                                                                                                                                                                     Heliyon 10 (2024) e39081 

6 



materials to insight its suitability in non-contact optical thermometers.

3.5. CIE colour coordinates study

The temperature dependent UC data also provide the information about change in CIE chromaticity coordinates upon varying 
temperature. Fig. 8 (a, b) shows the CIE diagrams of Tm3+/Yb3+ and Tm3+/Yb3+/Li + codoped GdPO4 phosphors in the temperature 
range 301–773 K respectively. In Li+ undoped sample, there is very minor change in coordinates i.e. from (0.31, 0.30) to (0.32, 0.32), 
while in Li+ codoped sample coordinates shifted from blue (0.25, 0.21) to white (0.32, 0.32). Due to of its colour tuning nature this can 
be used as warning sign indicator at high-temperature environments.

3.6. Latent fingerprint visualization and security ink applications

The synthesized 0.3 mol% Tm3+/5 mol% Yb3+: GdPO4 and 0.3 mol% Tm3+/5 mol% Yb3+/10 mol% Li+: GdPO4 phosphors were 
tested for visualization of latent fingerprints on glass surface. The step by step process of development and detection of latent fin
gerprints can be found in our previous work [45].

Fig. 9 (a) and (b) are the latent images in daylight, while Fig. 9 (a’) and (b’) shows the powder dusted images with Li+ undoped and 
codoped phosphors and illuminated with 980 nm laser diode respectively. Notably, both phosphors exhibit the fingerprints in blue 
colour, but Li+ codoped phosphor shows more contrast image (Fig. 9(b’)) than Li+ free sample (Fig. 9(a’)). This results show the 
suitability of prepared phosphors in security applications.

Furthermore, the synthesized phosphors have been tested in anti-counterfeiting applications as fluorescent ink. The security ink 
was prepared using the method given by Park et al. [51]. Fig. 9 (c) and (d) demonstrates the world “IIT” written on plain white paper 
using Li+ free and codoped samples, which is invisible in daylight. While illuminating this paper with 980 nm laser diode resulted text 
in high contrast blue colour as shown in Fig. 9 (c’) and (d’) respectively. Hence, the prepared phosphor can also be used to create 
security markers to prevent from counterfeiting of food, goods and currency.

4. Conclusions

The monoclinic phase of Tm3+/Yb3+:GdPO4 phosphor codoped with various concentrations of Li + ion was successfully synthesized 

Fig. 7. (a) Temperature dependent UC spectra of 0.3 mol%Tm3+/5 mol%Yb3+/10 mol% Li+:GdPO4 phosphor in temperature range 301–713 K; (b, 
c) Polynomial fitting of FIR (1) and FIR (2) data versus temperature; (d) Absolute sensitivities as a function of temperature.
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Table 1 
FIR based absolute temperature sensitivities obtained in reported literatures.

UC phosphors Absolute sensitivity (Sa) ( × 10− 3K− 1) (K) Temperature range(K) References

GdPO4:Tm3+/Yb3+/Li+ 18.71 (713) 413–713 This work
GdPO4:Tm3+/Yb3+ 6.28 (653) 413–713 This work
Ca9Y(PO4)7:Tm3+/Yb3+ 11.30 (823) 323–823 [47]
SrWO4:Tm3+/Yb3+ 6.17 (323) 308–573 [48]
LuAG:Tm3+/Yb3+ 5.55 (1023) 298–1023 [33]
Y2O3:Tm3+/Yb3+ 2.80 (298) 303–573 [44]
Y2SiO5:Tm3+/Yb3+ 1.25 (473) 298–473 [49]
YF3:Tm3+/Yb3+ 1.01 (750) 300–750 [50]

Fig. 8. Temperature dependent CIE colour coordinate diagrams of (a) 0.3 mol% Tm3+/5 mol% Yb3+: GdPO4; (b) 0.3 mol% Tm3+/5 mol% Yb3+/10 
mol% Li+: GdPO4 phosphors. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)

Fig. 9. (a, b) Latent fingerprints under daylight; (a’, b’) Powder dusted images upon 980 nm laser excitation; (c, d) Daylight photograph of written 
white plain papers with security ink made of without and with Li+ codoped samples; (c’, d’) same photographs under 980 nm laser diode 
illumination.
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using solid state reaction method. The UC spectra through 980 nm excitation shows a strong blue emission band at 478 nm originating 
from 1G4→3H6 transition and some weaker red bands at 648 and 692 nm due to 1G4→3F4 and 3F3→3H6 transition of Tm3+ ion 
respectively. Temperature dependent UC spectra were measured to investigate temperature sensing performance of the synthesized 
phosphors. The temperature sensing was studied through two FIR cases of 692nm/478 nm termed as FIR (1), and 692nm/648 nm 
termed as FIR (2). Li+ undoped phosphor shows a maximum absolute sensitivity of 2.94 × 10− 3 K− 1 and 6.28 × 10− 3 K− 1 at 653 K 
temperature for FIR (1) and FIR (2) respectively. Whereas, 10 mol% Li+ codoped phosphor, shows a maximum absolute sensitivity of 
10.38 × 10− 3 K− 1 and 18.71 × 10− 3 K− 1 at 713 K for FIR (1) and FIR (2) cases respectively. It can be concluded that, Li+ codoping 
improved not only the efficiency of UC emission but also their optical thermometry properties. Additionally, the possible application of 
prepared phosphors in latent fingerprint detection and anti-counterfeiting shows satisfactory results.
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