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A B S T R A C T   

The cubic phase NaYF4:Pr3+, Yb3+ single crystals were grown in the resistive furnace by the Bridgman- 
Stockbarger technique with following milling in an agate mortar. The luminescence intensity ratio (LIR) be-
tween 3P1 – 3H5 and 3P0 – 3H5 emissions of Pr3+ was taken a temperature-dependent parameter. The calculated 
absolute (Sa) temperature sensitivity was 0.0075 at 320 K. The LIR between 3P0 – 1G4 (Pr3+) and 2F5/2 – 2F7/2 
(Yb3+) emissions is also temperature-dependent due to phonon-assisted nature of energy transfer between 1G4 of 
Pr3+ and 2F5/2 of Yb3+. Sr and Sa demonstrated the highest values in the 100–220 K temperature range (Sa (max) 
= 0.0047 K− 1 at 150 K). 

NaYF4:Pr3+, Yb3+ samples are useful in optical temperature sensing in the broad temperature range from 100 
up to 320 K.   

1. Introduction 

Rare-earth doped fluoride matrixes are very promising luminescence 
materials due to the sharp emission bands, lack of photobleaching, high 
chemical stability [1–4], and low cytotoxicity [5]. Among a huge variety 
of fluoride materials, double-doped materials hold a special role [6,7]. 
In this case, one ion serves as a donor of excitation energy the second one 
serves as an acceptor. Such luminophores are multifunctional and able 
to convert higher energy irradiation (ultraviolet and/or visible light) 
into lower energy irradiation (generally near-infrared light) [8,9]. This 
property is highly demanded in the solar cell industry [6,7,10]. Specif-
ically, crystalline nano- and microparticles doped with Pr3+/Yb3+ ion 
pair are capable of converting blue light (~440–470 nm spectral range, 
3PJ – 3H4 transitions of Pr3+ ions (J = 0, 1, 2)) into near-infrared light 
(~950–1050 nm range, 2F5/2 – 2F7/2 transition of Yb3+ ions). In turn, 
crystalline nano- and microparticles doped with Nd3+/Yb3+ ion pair are 
capable of converting both ultraviolet and visible light (350–460 nm 
spectral range, 4DJ, 2P3/2, 4GJ – 4I9/2 transitions of Nd3+) into 
near-infrared light (~950–1050 nm, 2F5/2 – 2F7/2 transition of Yb3+) [6, 
11]. The down-conversion occurs via two main mechanisms: quantum 
cutting and phonon-assisted energy transfer between particular electron 
levels. The phonon-assisted energy transfer between Pr3+ and Yb3+ ions 
occurs between 2F5/2 of Yb3+ and 1G4 of Pr3+. 

The efficiency of phonon-assisted energy transfer is temperature- 
dependent which paves the way toward optical temperature sensing 
based on a luminescence signal of down-conversion phosphors. Indeed, 
the luminescence intensity of acceptor ion depends on the efficiency of 
phonon-assisted energy transfer from donor ion. Hence, the spectrum 
shape is temperature-dependent. In this case, the luminescence intensity 
ratio (LIR) of donor and acceptor emissions can be taken as a 
temperature-dependent parameter [12]. 

In luminescence thermometry, a great attention should be paid to the 
calibration of the system. It means that the temperature dependence of 
the chosen luminescence parameter should be studied as carefully as 
possible. There are some hidden pitfalls that should be taken into 
consideration. Indeed, for such hosts as LiREF4 (RE = Y, Gd etc.) and Li 
(Y,Lu)F4 the bulk crystals have anisotropy of the luminescence proper-
ties due to the tetragonal crystal structure [13]. Simply, it means that the 
luminescence spectrum shape depends on the direction of the observa-
tion. The calibration of the phosphors is usually performed for nano-
powders, micropowders or the crystals with known axes directions. The 
nano- or microparticles have different angles of the axes in reference to 
the detector. Hence, the luminescence signal is averaged. However, if 
the temperature reading is carried out from a single particle that is in 
contact with the studied object, the position of the crystal axis is usually 
unknown. Hence, the calibration data of the powder cannot be applied 
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to a single particle. The cubic-phase materials do not demonstrate such 
peculiarities, hence the calibration can be performed for a powder but 
the obtained dependence can be applied for a single particle. It makes 
the cubic-phase-based materials more universal. In order to meet these 
requirements, we have chosen a cubic-phase NaYF4 host. This host has 
also low phonon energy (~350 cm− 1) [14], high transparency, and high 
chemical stability [15]. 

Early, we clearly demonstrated that the Pr3+/Yb3+ down-conversion 
ionic pair is very promising for optical temperature sensing [16]. 
Indeed, the ratio between Pr3+ and Yb3+ emissions is temperature 
dependent due to phonon-assisted nature of excitation energy exchange 
between these ions. These experiments were performed for one 
composition of Pr3+ (0.1 mol.%) and Yb3+ (10.0 mol.%) in the Ba4Y3F17 
host because very low luminescence signal was observed for other 
concentrations. Moreover, it is still an intricate task to choose proper 
concentrations of both Pr3+ and Yb3+ in order to achieve intense lumi-
nescence of both Pr3+ and Yb3+ ions [16]. 

The paper is devoted to the study the influence of doping ion con-
centration on the temperature sensitivity of the cubic-phase NaYF4:Pr3+, 
Yb3+ phosphors. In order to avoid the undesirable luminescence 
quenching as well as to enlarge signal-to-noise ratio, we used micro- 
particles prepared from the bulk crystals by mechanical milling. The 
choice of Pr3+ and Yb3+ concentrations was based on the requirement of 
obtaining the intense luminescence signal of both Pr3+ and Yb3+ ions. 

In our opinion, the main novelty of this research is that the ther-
mometric characteristics of double-doped Pr3+/Yb3+ inorganic phos-
phors are significantly less studied compared to single-doped Pr3+ ones. 

2. Materials and methods 

2.1. 1Crystal growth and sample preparation 

The samples were synthesized by high-temperature melting of initial 
fluoride components in a vacuum with CF4 fluorinating atmosphere for 
preventing of the pyrohydrolysis. The crystal growth procedure was 
based on the analysis of the phase diagram of NaF-YF3 [17]. The region 
of primary crystallization of the cubic modification does not correspond 
to 50 mol.% (NaF):50 mol.% (YF3). A set of solid solutions with general 
formula Na0⋅4Y0.6-x-yYbxPryF2.2 was synthesized. Sodium fluoride 
(chemically pure, LANHIT, Russia), yttrium fluoride (purity grade 
99.99, LANHIT, Russia), ytterbium fluoride (purity grade 99.99, LAN-
HIT, Russia), praseodymium fluoride (purity grade 99.99, LANHIT, 
Russia) were used as starting chemicals. The initial components of the 
mixture were carefully ground in a jasper mortar with pestle and 
transferred to graphite crucible. The crucible was placed in a vacuum 
furnace and evacuated up to vacuum of 10− 3 mm Hg with gradually 
heating up to 1000 ◦C. After these procedure, the fluorinating agent 
(CF4) was injected to a residual pressure of 0.9 atm. Crucible was pulled 
from the hot zone to the cold zone at a rate of 10 mm/h and cooled to 
room temperature. As a result, the concentration series of 
Na0⋅4Y0.6-x-yYbxPryF2.2 solid solutions were prepared. The resulting 
samples were carefully ground in a jasper mortar for 20 min in order to 
obtain a homogeneous powder. 

2.2. Material characterization 

The luminescence spectra were detected using the CCD spectrometer 
(StellarNet) with 0.5 nm spectral resolution. The CW diode laser was 
used for luminescence excitation at λex = 442 nm, which corresponds to 
most intensive absorption band of Pr3+ ion (3H4 – 3P2) [18]. The ex-
periments were carried out in 80–320 K temperature range. The tem-
perature control was carried out by “CRYO industries” thermostatic 
cooler with LakeShore Model 325 temperature controller (USA). The 
liquid nitrogen was used as a cooling agent. The power density of 
excitation irradiation was measured using a PULSAR-2 powermeter 
(Ophir laser measurement group) with StarLab (pulsar sensor 2) 

software. 
The registration of temperature-dependent parameters was carried 

out in thermally stable conditions without heating from excitation 
irradiation. The shape of the Pr3+ spectrum in fluoride hosts especially 
in the 520–550 nm range with two 3P0 – 3H4 and 3P1 – 3H4 transitions is 
temperature-dependent due to thermally-coupled nature of 3P1 and 3P0 
levels in 200–600 K range [19]. In our experiments the spectrum shape 
does not change during the excitation procedure because the heating did 
not occur or can be neglected at the chosen excitation power density 
(1350 W/m2). Two sets of samples such as NaYF4:Pr3+ (0.1 mol.%), 
Yb3+ (0.5; 1.0; and 5.0 mol.%) and NaYF4:Pr3+(0.05; 1.0 mol.%), 
Yb3+(0.5 mol.%) were analyzed. 

3. Results and discussion 

3.1. Room temperature spectral characterization of NaYF4:Pr3+, Yb3+

An energy level diagram and the normalized (at 601 nm peak) room 
temperature luminescence spectra of both NaYF4:Pr3+(0.1 mol.%), Yb3+

(0.5; and 1.0 mol. %) samples are represented in Fig. 1 a and b, 
respectively. 

The observed intense emission of Yb3+ ions under the excitation of 
Pr3+ ones demonstrates an energy transfer from Pr3+ to Yb3+. All the 
emission peaks were interpreted as result of transitions from 3P1 and 3P0 
levels of Pr3+ to the lower energy levels [20–22]. The Yb3+ peak (2F5/2 – 
2F7/2, ~950–1050 nm range) was also identified. Unidentified transi-
tions were not observed. Interestingly, that the samples demonstrate 
intense 3P1, 0 – 1G4 peaks in the ~850–950 nm range. The same tendency 
was observed in LaF3:Pr3+, Yb3+ samples [23]. The 3P1,0 – 1G4 emission 
is notably weaker in comparison to another Pr3+/Yb3+ doped matrices 
such as YOF, CaF2, Ba4Y3F17 [9,10,16]. 

There are three mechanisms providing the population of 2F5/2 level 
of Yb3+ under the excitation of Pr3+ ions. The first one is quantum 
cutting because one high energy “blue” photon is “cut” into two photons 
having smaller energy [11,22,24]. The second one is a phonon-assisted 
energy transfer from 1G4 of Pr3+ to 2F5/2 of Yb3+. The third mechanism is 
the cross-relaxation between Pr3+ (3P0 – 1G4) and Yb3+ (2F7/2 – 2F5/2) 
[18]. However, the cross-relaxation was observed for 3% Yb3+ con-
centration and higher ones. It can be suggested that both quantum 
mechanisms (quantum cutting and cross-relaxation) demonstrate weak 
temperature dependence. Thus, the temperature dependence of spectral 
characteristics of the studied Pr3+/Yb3+ system is based on 
phonon-assisted processes including phonon-assisted energy transfer 
from 1G4 of Pr3+ to 2F5/2 of Yb3+. 

3.2. Temperature-depended spectral characterization of NaYF4:Pr3+, 
Yb3+

The temperature evolution of the NaYF4:Pr3+ (0.1 mol. %), Yb3+

(1.0 mol %) luminescence spectra normalized at 601 nm peak in the 
80–320 K temperature range is represented in Fig. 2. 

The spectral shape is notably dependent on temperature in the 
studied 80–320 K range. The intensity of 3P1 – 3HJ (J = 3, 4, and 5) 
emissions increases with the increase of temperature. This phenomenon 
is related to the well-known fact that 3P1 and 3P0 levels of Pr3+ ions are 
thermally coupled [25]. These levels share their electron populations 
according to the Boltzmann law. The NaYF4:Pr3+ (0.1 mol.%), Yb3+ (1.0 
mol. %) luminescence spectra detected in the 80–320 K range (3P1 – 3H5 
and 3P0 – 3H5 emission peaks) are represented in Fig. 3. 

LIR between 3P1 – 3H5 and 3P0 – 3H5 emission peaks was taken as a 
temperature-dependent parameter (Fig. 4). Since the 3P1 and 3P0 levels 
of Pr3+ ions share their electron populations according to the Boltzmann 
law, the LIR was fitted by the exponential function according to the 
Boltzmann law [25]: 
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LIR=Bexp
(

−
ΔE
kBT

)

+ C (1)  

where B and C are constants; kB is the Boltzmann constant, T is absolute 
temperature; ΔE is the activation energy. In the case of phosphors based 
on the Boltzmann law, the ΔE is an effective energy difference between 
two thermally coupled levels. The absolute temperature T was expressed 
by equation (2): 

T =
ΔE

kB Ln
(

B
LIR

) (2) 

The obtained ΔE = 729 ± 14 cm− 1 value is slightly larger than the 
theoretical values [25,26]. This fact was explained by the overlap 

between 3P1– 3H5 and 3P0 – 3H5 emission peaks, which is very common 
for Boltzmann-based optical sensors. 

For temperature sensing applications, the absolute temperature 
sensitivity Sa and relative temperature sensitivity Sr are very important 
characteristics. The Sa [parameter units/K] and Sr [%/K] are determined 
as: 

Sa =

⃒
⃒
⃒
⃒
d(LIR)

dT

⃒
⃒
⃒
⃒ (3)  

Sr =
1

LIR

⃒
⃒
⃒
⃒
d(LIR)

dT

⃒
⃒
⃒
⃒ • 100% (4) 

The Sa and Sr curves for 80–320 K temperature range are represented 

Fig. 1. a. Energy level diagram of NaYF4:Pr3+, Yb3+, b. Normalized (at 601 nm peak) room temperature luminescence spectra of NaYF4:Pr3+ (0.1 mol.%), Yb3+ (0.5; 
and 1.0 mol. %) samples. Excitation wavelength 442 nm corresponds to the 3H4 – 3P2 absorption band of Pr3+ ion. 
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in Fig. 4b. 
The LIR between 3P1,3P0 – 1G4 emission (~800–960 nm) of Pr3+ and 

2F5/2 – 2F7/2 emission of Yb3+ (~960–1050 nm) was chosen as a 
temperature-dependent parameter. There is a phonon-assisted energy 
transfer between 1G4 of Pr3+ and 2F5/2 of Yb3+ and efficiency of 2F5/2 
population depends on the efficiency of 1G4 population. The LIR based 
on 1G4 – 3Hj emission of Pr3+ is also useful but these emissions are in the 
1300–1400 nm range [23]. It is more difficult to detect these emissions 
due to lower energy of “infrared” photons. The LIR between 3P1,3P0 – 
1G4 emission (~800–960 nm) of Pr3+ and 2F5/2 – 2F7/2 emission of Yb3+

(~960–1050 nm) is represented in Fig. 5. 
LIR curves of the samples grow gradually in the 120–320 K tem-

perature range. In the 80–120 K range, LIR temperature dependence is 
negligible. It can be related to the low probability of phonon appearance 
at such low temperatures. The growth rate of the LIR functions does not 
differ significantly between each other. The growing character of the 
curves is attributed to the Yb3+ intensity growth with the temperature 
increase. The quantum cutting process and cross-relaxation are not 
phonon-assisted processes. Suggestively, these processes have low 

Fig. 2. Temperature evolution of the NaYF4:Pr3+ (0.1 mol.%), Yb3+ (1.0 mol. 
%) normalized at 601 nm luminescence spectra in the 80–320 K tempera-
ture range. 

Fig. 3. Temperature evolution of the NaYF4:Pr3+ (0.1 mol.%), Yb3+ (1.0 mol. 
%) normalized at 601 nm luminescence spectra in the 80–320 K temperature 
range (500–570 nm spectral range). 

A

B
Fig. 4. a. Luminescence integrated intensity ratio (LIR) of 3P1 – 3H5 and 3P0 – 
3H5 emission peaks as a function of inverse temperature. The fitting curve is an 
exponential decay function 
Fig.4 b. Absolute (Sa) and relative (Sr) temperature sensitivities as functions of 
temperature for NaYF4:Pr3+ (0.1 mol.%), Yb3+ (1.0 mol %) sample. 

Fig. 5. Luminescence intensity ratio (LIR) between 3P1,3P0 – 1G4 emission 
(~800–960 nm) of Pr3+ and 2F5/2 – 2F7/2 emission of Yb3+ (~960–1050 nm). 
The lines serve as eye-trackers. 
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sensitivity to temperature in comparison to phonon-assisted processes. 
The slight difference in the slopes of the LIR curves was explained by the 
phonon-assisted back energy transfer from Yb3+ to Pr3+. Also, the 
different grade of overlapping of 3P0,1 – 1G4 (Pr3+) and 2F5/2 – 2F7/2 
(Yb3+) emissions can contribute to the slight difference in growth rate of 
LIR curves. 

Since, there is no significant difference in the LIR behavior, NaYF4: 
Pr3+ (0.1 mol.%), Yb3+ (0.5 mol.%) sample was chosen for further 
research. This sample demonstrates the highest signal-to-noise ratio 
supposedly due to the lowest concentrations of the doping ions. Unfor-
tunately, the above-mentioned LIR curves do not demonstrate notable 
temperature sensitivities. The most effective LIR parameter is based on 
two emissions, which demonstrate opposite temperature behaviors. For 
example, one emission increases while another one decreases with the 
temperature change. In this case, the electron population of 3P0 de-
creases by populating the 3P1 level with the temperature increase. 
Hence, the 3P0 – 1G4 or 3P0 – 3HJ (J = 4, 5, and 6) emissions decrease 
with the increase of temperature. On the other hand, the Yb3+ emission 
increases with the temperature increase. According to Ref. [16] for 
Pr3+/Yb3+ pair, the LIR between 3P0 – 3H5 and 2F5/2 – 2F7/2 emissions 
has temperature-dependent correlation. This LIR as a temperature 
function is represented in Fig. 6. Since Equation (1) is not appropriate 
for non-thermally coupled energy levels, the experimental LIR was well 
fitted by a polynomial function as it was done in Refs. [27,28]. The 4th 
order polynomial provides the best fitting (R2 = 0.998). 

This LIR depends on temperature in the whole temperature range in 
comparison to the LIR calculated for 3P1,3P0 – 1G4 (Pr3+) and 2F5/2 – 2F7/ 

2 (Yb3+) emissions. Sa and Sr curves are represented in Fig. 7. 
Both sensitivities demonstrate the highest values in the 120–220 K 

temperature range (maximum Sa = 0.0047 K− 1 at 150 K). These values 
are larger in comparison to LiLaP4O12:Nd3+,Yb3+ (maximum Sa =

0.0020 K− 1 at 150 K) [29] and YF3:Nd3+,Yb3+ (maximum Sa = 0.0015 at 
150 K) [11]. Values of Sa and Sr in comparison to another matrixes of the 
studied samples are summarized in Table 1 Note, that for some phos-
phors Sa values are not presented in the papers. 

The achieved characteristics are quite competitive compared to the 
world analogs. However, the majority of sensitivity values from the cited 
papers were calculated for non-cubic phase substances with anisotropy 
of luminescence properties. This feature does not allow temperature 
reading from a single particle. The cubic Tb3+, Eu3+:CaF2 has almost the 
same characteristics as the studied sample. However, in the CaF2 host, 
the Ca2+ can lead to partial reduction of Yb oxidation state from 3+ up 
to 2+ with changing of spectral properties. Thus, the additional 

attention to the synthesis procedure and the control of valence should be 
paid. In these terms, the cubic NaYF4 (with Y3+) host seems to be more 
preferable because the partial reduction of Yb oxidation state does not 
occur. 

4. Conclusions 

The luminescence intensity ratio (LIR) between 3P1 – 3H5 and 3P0 – 
3H5 emission peaks was taken as a temperature-dependent parameter. 
The calculated absolute (Sa) temperature sensitivity was 0.008 K− 1 at 
320 K. The LIR between 3P0 – 1G4 (Pr3+) and 2F5/2 – 2F7/2 (Yb3+) 
emission peaks is also temperature-dependent. This phenomenon was 
explained by phonon-assisted nature of energy transfer between 1G4 of 
Pr3+ and 2F5/2 of Yb3+. Sr and Sa demonstrated the highest values in the 
100–220 K temperature range (maximum Sa = 0.0047 K− 1 at 150 K), 
which are quite competitive compared to the world analogs. However, 
the majority of the inorganic competitors do not have cubic phase, 
hence, the anisotropy of luminescence properties can take place. In turn, 
the cubic phase of the particles allows temperature reading from a single 
particle that is in contact with the studied object. Finally the NaYF4: 
Pr3+, Yb3+ samples can be applied as optical temperature sensors in the 
broad temperature range (~100–320 K). In the 100–220 K the LIR be-
tween 3P0 – 1G4 (Pr3+) and 2F5/2 – 2F7/2 (Yb3+) emission peaks is used. In 
the 220–320 K range, the use of LIR between 3P1 – 3H5 and 3P0 – 3H5 
emission peaks of Pr3+ is more efficient. The cubic phase of the particles 
allows temperature reading from a single particle. 
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Fig. 6. LIR between 3P0 – 3H5 and 2F5/2 – 2F7/2 emissions as a function of 
temperature. The experimental data were fitted by 4th order polynomial 
function (LIR(T) = 1.15 + 0.009 T–1.14 T2 + 3.94 T3 – 4.42 T4). 

Fig. 7. Absolute (Sa, [K− 1]) and relative (Sr, [%*K− 1]) temperature sensitivities 
as functions of temperature for NaYF4:Pr3+ (0.1 mol.%), Yb3+ (0.5 mol. 
%) sample. 
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