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Abstract
To explore novel up-conversion (UC) system for optical temperature sensing, a series of Tm/Yb:SrF2 fluoride powders were 
fabricated employing a combustion synthesis (CS) technique. When Tm/Yb: SrF2 samples were excited by near-infrared radia-
tion (~ 980 nm), four UC emission bands at ~ 477 nm (1G4 → 3H6), ~ 649 nm (1G4 → 3F4), ~ 700 nm (3F2,3 → 3H6) and ~ 771 nm 
(3H4 → 3H6) were observed. Non-contact thermal sensing performances based on temperature-dependent fluorescence inten-
sity ratio (FIR) technique of thermally and non-thermally coupled energy levels were estimated in the range from 298 to 
573 K. The co-doped phosphor showed, at 298 K, a maximum relative sensitivity SNTr of ~ 2.2%K−1 for the non-thermally 
coupled energy levels [(3H4 → 3H6)/ (1G4 → 3H6)] and a maximum relative sensitivity Sr of ~ 1.7%K−1 for the thermally 
coupled levels [(3F2,3 → 3H6)/(3H4 → 3H6)]. These outcomes show a good temperature-sensing performance when the non-
thermally coupled levels with different temperature dependences were selected as the thermometric parameters. Hence, the 
Tm/Yb: SrF2 UC system has a promising prospect as optical temperature-sensing material.
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1  Introduction

Trivalent rare earths (RE) ions are recognized as outstand-
ing active materials for application in luminescence-based 
devices. The frequently detected luminescence phenom-
enon of RE ions embedded in inorganic hosts has its cause 
regularly in photon up-conversion (UC) processes [1–6]. 
UC emission is a nonlinear procedure generated after the 
successive absorption of low-energy photons followed by 
the emission of high-energy photons [1–6]. At present, UC 
luminescent materials have been widely used in temperature 
sensing, a three-dimensional solid-state display, solar cells, 
bioluminescence labeling, solid-state lasers, and so on and 
have become an important part of these key technologies 
which have attracted more and more attention of scientists 

[1–6]. Among all trivalent rare earth ions, thulium (Tm3+) 
is an important luminescence center, which exhibits intense 
visible and infrared luminescence, mainly concentrated in 
visible light, emitting in the blue: 1G4 → 3H6 of Tm3+ and 
in the red: 1G4 → 3F4 transitions of Tm3+, or in the infrared, 
arising from the 3F2,3 → 3H6 and 3H4 → 3H6 states of Tm3+ 
[7–10]. However, UC materials doped with Tm3+ ions have 
inefficient absorption at the near-infrared and consequently 
cannot be efficiently pumped at the wavelength of 980 nm. 
Hence, in order to improve the pumping efficiency, a clever 
alternative is to co-dope the host material with a near-infra-
red sensitizer such as ytterbium (Yb3+) [7–10]. As a suit-
able sensitizer, Yb3+ ion offers a broad and high absorption 
band around ~ 1 μm and its single electronic transition 2F5/2 
– 2F7/2 matches among intermediate states of Tm3+, which 
benefits energy transfer processes between Yb3+ and Tm3+. 
As a result, current studies on Tm3+/Yb3+ co-doped materi-
als have been reported in different host structures [7–10].

Concerning photonics applications, temperature sens-
ing is one of the potential applications of UC materials 
[11–13]. Commonly, RE-based thermal sensors exploit 
the intensity ratio approach, which oversees temperature-
induced variations in the fluorescence intensity ratio (FIR) 
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between two emission bands [13]. In particular, optical 
thermometry based on the FIR method from two ther-
mally coupled energy levels (TCL) of RE ions has gained 
more attention. For example, among RE ions, TCL may be 
establish in (2H11/2 / 4S3/2) levels of Er3+ [14], (3F2,3 / 3H4) 
levels of Tm3+ [15], splitting levels of two different sub-
levels of Nd3+ (4F3/2: R1 and R2) [16, 17], and so on. Basi-
cally, the ratiometric readout of the fluorescence intensity 
changes of two TCL is based on thermal equilibrium and 
ensured by the Boltzmann distribution law [13]. Moreo-
ver, the FIR Boltzmann-dependent ratiometric thermom-
eter is concomitant with TCL whose energy separation 
∆E, usually restricted to 200–2000 cm−1, is proportional 
to its thermometric sensitivity according to the Boltz-
mann-type population statistics. In this way, an additional 
ratiometric-based luminescent thermometer technique is 
essential in order to overcome the limitations of the energy 
separation ∆E based on the emission intensity of TCL 
and which could functionate as a perfect counterpart of 
the FIR Boltzmann-dependent ratiometric thermometer. 
Accordingly, the FIR technique based on non-thermally 
coupled levels (NTCL) appears to be an effective comple-
ment to a better sensitivity of the FIR technique associated 
with thermally coupled levels. Essentially, the ratiometric 
readout of the NTCL is based on the temperature sensing 
founded on the thermalization processes of one emission 
state with respect to the other metastable state which are 
non-thermally coupled levels [18, 19]. Being that, this 
challenging method based on NTCL seems to be an effec-
tive strategy to measure the thermally induced changes 
of the luminescence intensity for monitoring the optical 
temperature-sensing properties.

On the other hand, magnificent UC temperature sensors 
either need appropriate host materials. Thus, the selection 
of the appropriate host material is important to increase 
the UC luminescent efficiency of RE ion-based materials 
[16, 17, 20]. Commonly, fluoride compounds such as CaF2 
and SrF2 are very popular as host materials for RE ions, 
owing mainly to their low phonon energies (~ 370 cm−1) 

that favors RE ion luminescence and a high luminescent 
quenching concentration [16, 21–24].

Following the described influential guiding, we have sys-
tematically examined the UC properties of Tm3+/Yb3+ co-
doped SrF2 ceramic powders synthesized using combustion 
methodologies (CS) [25], followed by a detailed investiga-
tion of their UC luminescence under 980 nm light excitation 
and present its performance in optical temperature sensing 
based on the fluorescence intensity ratio (FIR) method (i) 
considering a Boltzmann distribution of electronic popula-
tion in the thermally coupled states (3F2, 3F3), and 3H4 of 
Tm3+ [15, 26] and (ii) taking into account the fluorescence 
intensity variations for the non-thermally coupled level 
states (3H4) and (1G4) of Tm3+ ions. The current phosphor 
was also compared with other typical UC systems to show 
their advantages in optical temperature sensing. The results 
indicate that Tm3+/Yb3+ co-doped SrF2 emitting phosphor is 
a good candidate for luminescent thermometry application.

2 � Samples preparation

Tm3+ and Yb3+ co-doped SrF2 powders were prepared by 
a simple CS route [11]. The main steps of the method of 
preparation used to fabricate strontium fluoride powders 
are shown in Scheme 1. Strontium nitrate reagem grade 
Sr(NO3)3 (Aldrich, 99.9%), thulium nitrate hexahydrate 
Tm(NO3)3⋅6⋅H2O (Aldrich, 99.9%), ytterbium nitrate pen-
tahydrate Yb(NO3)3·5H2O (Sigma, 99.99%), ammonium 
fluoride NH4F (Sigma, p.a.) and glycine C2H5NO2 (Sigma, 
99.95%) as a fuel were used as purchased. Deionized water 
was applied in the entire procedure.

Briefly, stoichiometric amounts of metal nitrates were 
first dissolved in a minimum amount of deionized water 
(15 ml). Subsequently, the appropriate amount of glycine 
was added to the above blend under constant stirring. The 
mixed solution was continually stirred for about 5 min. At 
that time, an aqueous solution of ammonium fluoride was 
added dropwise to the previous mixture, still under constant 
stirring, with a slight excess of fluoride ions with respect to 

Scheme 1.   Diagram of the main steps of the combustion synthesis used to produce strontium fluoride powders
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the stoichiometric required. Next, the mixed solution was 
kept under constant mechanical stirring for 0.5 h and at room 
temperature until it was transformed into a milky solution. 
Finally, the resultant liquid combination was placed in a pre-
heater furnace (500 ºC) for 20 min until excess free water 
evaporated and spontaneous ignition occurred resulting in a 
fine white powder. Once cooled and grounded, the obtained 
powder product was sintered at 700 ºC for 4 h in ambient 
atmosphere. Finally, the corresponding [Sr(1-x–y)TmxYby]F2 
samples with different concentrations: SrF2: (8 wt%) Yb3+ 
/ x%Tm3+ (x is the wt% concentration of Tm3+, i.e., 0.05%, 
0.2% and 0.5%) and SrF2: (0.2 wt%) Tm3+/ y%Yb3+ (y is 
the wt% concentration of Yb3+, i.e., 6%, 8%, and 10%) were 
obtained.

2.1 � Samples characterization

To analyze the crystalline structure of the samples, X-ray 
powder diffraction (XRPD) analysis was performed by use 
of a Bruker AXS D8 Advance (CuKα radiation, 40 kV and 
40 mA) operating in a Bragg–Brentano θ/θ configuration. 
XRPD pattern was collected in a flat geometry with steps of 
0.02 degrees and accumulation time of 30 s per step.

UC luminescence of the phosphor was obtained using 
the focused beam (f = 6 cm) of a commercial near-infrared 
CW laser diode (λ = 980 nm, 210 mW, BW-TEK). The UC 
luminescence, acquired in a reflection mode, was collected 
through an optical fiber attached to a compact spectrometer 
(Ocean Optics-USB4000), with an optical resolution of ~ 0.3 
(FWHM). For temperature analysis, the fresh powder was 
compacted and held inside a small metallic holder (5 mm 
diameter, 2 mm height) and placed over a temperature-con-
trolled hot plate. The scattered/reflected laser light at the 
output face of the sample was rejected by use of a cut-off 
optical filter.

3 � Results and discussion

3.1 � Structural analysis

The crystal structure of heat-treated SrF2: (8 wt%) Yb3+ / 
x%Tm3+ (x is the wt% concentration of Tm3+, i.e., 0.05%, 
0.2% and 0.5%) and SrF2: (0.2 wt%) Tm3+/ y%Yb3+ (y is the 
wt% concentration of Yb3+, i.e., 6%, 8%, and 10%) co-doped 
powders was identified by XRD measurement. As depicted 
in Fig. 1, the diffraction peak potions of all the calcined 
samples are identified with pure face-centered cubic phase 
(space group: Fm3m) with standard data for SrF2 (JCPDS 
no.06–0262), and no other impurity peak is detected, sug-
gesting the formation of phase pure material. In the current 
work, the heat treatment temperature selected was 700 °C.

3.2 � UC Luminescence analysis:

The room temperature UC emission spectra of SrF2: Tm3+/
Yb3+fluoride powders under continuous infrared light 
excitation (λλ= 980 nm) are collected and presented in 
Fig. 2. Figure 2(a) shows the UC emission in the range of 
440–860 nm for (0.2 wt%) Tm3+/xYb3+(x = 6.0, 8.0 and 
10 wt%) co-doped SrF2 fluoride powders. The UC emis-
sion spectra consist of two emission bands in the visible 
region with UC bands peaked at ~ 477 nm and ~ 649 nm, 
which are associated with the 1G4 → 3H6 (~ 21*103 cm−1) 
and the 1G4 → 3F4 (~ 15*103 cm−1) transitions of Tm3+ ions, 
respectively, and two emission bands in the NIR region, cen-
tered at ~ 700 and ~ 771 nm, corresponding to the 3F3 → 3H6 
(~ 14*103 cm−1) and 3H4 → 3H6 (~ 13*103 cm−1) transitions 
of Tm3+, in that order [27]. No emission peak positions 
shifted were observed, whereas doping content of Yb3+ 
ions was varied. Likewise, it is observed that the emission 
intensity of Tm3+ ions increased at first with the growth 
of Yb3+ concentration, attained the maximum value at the 
doped concentration of 8.0 wt% and subsequently decreased 
once Yb3+ion concentration exceeded 8.0 wt% due to con-
centration quenching effect [26, 28]. Referring on the energy 
level positions (cm−1) of the emission bands of Tm3+, in 
the literature, Carnall et al. [27] have investigated the spec-
troscopic properties of Tm3+ doped LaF3 single crystal. 
Therefore, based on the above outcomes [27], the emissions 
peaks observed in Fig. 2a are originating from the intra-
configurational transitions of the Tm3+ ions and assigned 
them the corresponding emission transition in cm−1 units.

For the optimization of dopant ions concentration of 
Tm3+ ion, a series of co-doped Tm3+:Yb3+: SrF2 phosphors 
have been prepared as a function of the Tm3+concentration 
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Fig. 1   XRPD pattern of Tm3+/ Yb3+: SrF2 powder samples heat 
treated at 700 °C for 4 h
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(0.05, 0.2 and 0.5 wt%) and at fixed Yb3+ ions doped 
concentration (8.0 wt%). Figure  2b depicts the UC 
spectra in the visible-NIR region as a function of the 
Tm3+concentration. The optimum concentration was 
achieved for Tm3+:Yb3+: SrF2 co-doped sample correspond-
ing to Tm3+ (0.2wt%):Yb3+(8.0wt%), and above this criti-
cal concentration, a reduction in the emission intensity is 
noted. The decrease in the overall luminescence intensity 
with the increase of the Tm3+ percentage is an indication 
of the concentration quenching influence. This effect could 
be elucidated by the presence of the energy transfer mecha-
nism between the nearest dopant ions (activator → acti-
vator or sensitizer ↔ activator). As the concentration of 
Tm3+ increases, the average distance between the RE ions 
decreases, contributing significantly to a strong interac-
tion between adjacent Tm3+ and, as a result, improving the 

non-radiative relaxation responsible for the reduction of the 
UC luminescence [26, 28]. All the samples were evaluated 
in the same settings.

To gain further understanding into the UC luminescence 
mechanisms, a relationship between UC intensity and exci-
tation power was employed. After identifying the optimum 
sample concentration, Fig. 2c presents the UC emission 
spectra for co-doped SrF2:Tm3+(0.2wt%): Yb3+(8.0wt%) 
sample submitted to various excitation densities from laser 
operating at 980 nm. It can be observed that the emission 
intensity of Tm3+ exhibits a continuous growth as the excita-
tion density increases. The number of NIR photons respon-
sible for these UC emissions can be calculated. Consider-
ing that the UC process is not saturated, the integrated UC 
luminescence intensity signal should obey the relationship 
IUP α PL

n, IUC ∝ PN
L
 IUC ∝ PN

L
 where n is the number of NIR 
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Fig. 2   a The UC emission spectra of SrF2: (0.2 wt%) Tm3+: x%Yb3+, 
(x = 6.0; 8.0 and 10.0) co-doped fluoride powders for excitation at 
λ = 980 nm at room temperature. b UC luminescence spectra of SrF2: 
y%Tm3+:(8wt%) Yb3+, (y = 0.05; 0.2 and 0.5) co-doped powder sam-
ples under near-infrared excitation at room temperature. c The UC 

luminescence intensity of Tm3+: Yb3+ (0.2:8.0 wt%) co-doped SrF2 
powder under different pump power densities. d Log–log plot of the 
UC signal intensity as a function of the excitation power for Tb3+ 
co-doped with Yb3+: SrF2 powders. The fitted lines and the obtained 
slopes are also provided
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pump photons required to populate the upper emitting state, 
and PL is the intensity of excitation source. Figure 2d shows 
a logarithmic plot of the pump power dependence of the UC 
intensities at 477 nm (blue), 650 nm (red) and 771 nm (NIR) 
for one of the samples shown in Fig. 2b. From the pump 
power dependence analysis, the number n of the infrared 
photons necessary to generate each UC photon is calculated 
through the slope of the linear best-fit. Note that the slopes 
from the fitting of experimental data for the blue, red and 
NIR emissions are n = 2.8, 2.7 and 1.9, respectively. These 
results demonstrate that the blue and red emission bands(n 
∼3) are predominantly populated by three-photon absorp-
tion mechanism. However, the slope value for the NIR UC 
emission band at 771 nm (~ 2.0) is caused predominantly by 
a two-photon process.

Based on the above outcomes and energy matching of 
levels transitions, a potencial UC-mechanism for populat-
ing the Tm3+:1G4, 3F3 and 3H4 energy levels, under NIR 
excitation at 980 nm, is proposed. The approach adopted 
in this inquiry was to use a threefold energy transfer pro-
cess between Yb3+ and Tm3+ ions to further populate the 
upper Tm3+: 1G4 excited state (~ 20,000 cm−1) [29, 30]. To 
clearly illustrate the plausible excitation mechanism and 
emission channels, the energy level diagram corresponding 
to Tm3+: Yb3+ ions with acceptable pathways is shown in 
Fig. 3 [29, 30]. Initially, when the sample is excited by near-
infrared radiation at λ∼ 980 nm, the NIR photons are mainly 
absorbed by Yb3+ (2F7/2) ions due to its large absorption 
cross section at ~ 1 μm [7–10], resulting from the population 
of the excited Yb3+ (2F7/2) state. Subsequently, considering 
that Tm3+ ions cannot be directly excited by 980 nm wave-
length, the Tm3+ ions can be promoted to the 3H5 manifold 
through energy transfer process (ET1) from Yb3+ ions [ 
(ET1): Tm3+(3H6) + Yb3+(2F5/2) → Tm3+(3H5) + Yb3+(2F7/2)]. 

Owing to the neighborhood to the 3F4 state, multi-pho-
non decay relaxes any population in the 3H5 state to 
the 3F4 state manifold. The intermediate excited state 
3F2,3, from which the populations can be promoted to 
the lower 3H4 level via non-radiative mechanism, can be 
populated through the energy transfer process (ET2): 
Tm3+(3F4) + Yb3+(2F5/2) → Tm3+(3F2,3) + Yb3+(2F7/2). In 
addition to the non-radiation relaxation process to the 3H4 
level, the population of the emitting level 3F2,3 can be depop-
ulated through a radiation process 3F2.3 → 3H6 to obtain the 
NIR emission at 700 nm. Finally, the blue-red emitting level 
1G4 of the Tm3+ ions [1G4 → (3H6, 3F4) transitions] could 
be populated considering a threefold energy transfer pro-
cess between Yb3+ and Tm3+ ions [29, 30]. The currently 
accepted energy transfer UC luminescence mechanism is 
concomitant with the cubic dependence of blue-red emis-
sions (slope of ~ 3), suggesting, effectively, that the emission 
level 1G4 has been populated by a three-photon step mecha-
nism, including the non-radiative relaxations. Briefly, an 
interaction between excited Yb3+ ions, in the upper excited 
level 2F5/2, transfers their energy (ET3) to Tm3+ ions in the 
3H4 manifold, promoting them to 1G4 excited state to yield 
the luminescence at the visible via 1G4 → 3H6 (blue) and 
1G4 → 3F4 (red) transitions. To complete, the intense UC 
emission located at around 771 nm was produced due to 
the radiative 3H4 → 3H6 transition. Concisely summarized, 
the population of the NIR emitting level 3F2,3 decays by a 
non-radiation relaxation process to the 3H4 level. After that, 
the 3H4 level was populated, and at that point, the 3H4 → 3H6 
transition produces the NIR emission at 771 nm.

3.3 � Temperature‑sensing performance UC 
Luminescence:

To explore the possibility of their application in luminescent 
thermometry, the effect of variation of the external tempera-
ture on the UC fluorescence emissions of the co-doped SrF2: 
Tm (0.2) Yb (8.0) fluoride powder, under the excitation of 
980 nm (~ 140 mW), has been monitored to investigate the 
sensing property of the phosphor with respect to a change in 
the sample temperature in the range of 298–573 K. Figure 4a 
exhibits the temperature-dependent emission spectra of the UC 
luminescence at various temperatures. The emission intensity 
of various peaks changes with increasing temperature, lead-
ing to the gradual quenching of the UC emission bands. The 
most relevant band intensity changes are observed for the 
1G4 → 3H6, 1G4 → 3F4 transitions, at the visible, and for the 
3H4 → 3H6 transition at the infrared. But, a fluorescence band 
in the near-infrared region, identified as the 3F2,3 → 3H6 transi-
tion, raises monotonously with the enhancement of the sample 
temperature. This phenomenon may be ascribed owing to the 
thermally induced population derived from the 3H4 level. As 
shown in Fig. 3, the energy level 3F2,3 lies above level 3H4 with 

Fig. 3   Energy level diagram showing the up-conversion mechanism 
involving Tm3+, Yb3+ions. The solid lines represent radiative pro-
cesses (excitation and luminescence), and dotted lines are energy 
transfer channels



	 N. Rakov et al.

1 3

936  Page 6 of 10

450 500 550 600 650 700 750 800 850
0

5000

10000

15000

20000

25000

30000

35000 SrF2 : Tm(0.2)Yb(8.0))

Wavelength (nm)

Up
co

nv
er

si
on

 F
lu

or
es

ce
nc

e 
(a

rb
. u

ni
ts

)
 298 K
 323 K
 348 K
 373 K
 398 K
 423 K
 473 K
 523 K
 573 K

3H6
1G4

3H6
3F2,3

3H6
3H4

3F4
1G4

612 680 748 816 884
0

500
1000
1500
2000
2500

0
2000
4000
6000
8000

10000
12000

xCen tr oide : 695 nm
FWHM : 32 nm

 573 K

Wavelength (nm)

771nm

 298 K

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 (a
rb

. u
ni

ts
) (b)(a)

700nm

Thermally 
Coupled

xCent roid e : 786 nm
FWHM : 43 nm

0.0015 0.0020 0.0025 0.0030 0.0035

-3

-2

-1

Ln (FIR) = - (  / T) + 

= - 1496 x (1/T) + 1.7

 = E/k = 1496 cm-1

Ln
[R

 (I
70

0/I
77

1)]

1/T (K-1)

SrF2: Tm (0.2) Yb (8.0)

(c)

280 350 420 490 560 630 700

0.5

1.0

1.5

2.0

2.5

R=6.1 x EXP(- 1040/(0.695*T))

(d)SrF2 : Tm(0.2)Yb(8.0)

S = R( E/kT2)
Se

ns
iv

ity
 (1

0-3
 x

 K
-1
)

T (K)

210 280 350 420 490 560 630 700 770 840
0

5

10

15

20

S r (
I 70

0/I
77

1) 
(1

0-3
 x

 K
-1
) 

SR  =  1496 / T2

(e)SrF2 : Tm(0.2)Yb(8.0)

T (K)

Fig. 4   a UC fluorescence spectra of SrF2: Tm3+ Yb3+ taken at dif-
ferent sample temperatures ranging from 298 to 573  K upon CW 
980 nm laser at 140 mW. b Wavelength near-infrared luminescence 
spectra for two thermal coupled levels at two different temperatures. 
The corresponding parameters (peak position, full width at half maxi-
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an energy separation about ~ 1315 cm−1. When the tempera-
ture of the sample is raised, population is thermally rearranged 
between these states, suggesting that both levels (3F2,3 and 3H4) 
are thermally coupled. Hence, this marked difference in the 
quenching rates of those emission bands (3F2,3 and 3H4) is an 
indicative of a high thermal sensitivity offered by the co-doped 
SrF2: Tm (0.2) Yb (8.0) sample.

3.3.1 � Thermally coupled energy levels:

In this way, to explore the applicability of the SrF2: Tm (0.2) 
Yb (8.0) phosphor powder for optical thermometry, the inves-
tigation of temperature-sensing behavior was focused on 3F2,3 
and 3H4 intermediate levels owing to the thermally intensity 
dependence of these transitions. Figure 4(b) represents the 
temperature-dependent emission spectra in the near-infrared 
region of 3F2,3 → 3H6 and 3H4 → 3H6 transitions. It is note-
worthy that the NIR spectra display some Stark components 
from these transitions. These emission bands (3F2,3 → 3H6 and 
3H4 → 3H6) are fitted by Gaussian function. According to the 
fitting results, the energy gap between the ground state 3H6 
and the spectral centroid of emission bands (level 3F2,3 and 
level 3H4) is obtained to be ~ 14,347 cm−1 and ~ 12,757 cm−1, 
respectively, which agree well with the values tabulated in 
Ref. [27]. Calculated by the Gaussian fitting equation (spectral 
centroid), the ΔE of the thermal levels for temperature sens-
ing is determined to be ΔE ~ 1590 cm−1, too close to the value 
obtained directly from the spectra taken into account the most 
intense peak emission at 700 nm and 771 nm, respectively 
(ΔE:1315 cm−1).

As illustrated in Fig. 4(b), a different spectral profile is 
observed at 573 K than that detected at 298 K. (The cor-
responding peak position and full width at half maximum 
(FWHM) are listed in the figure.) As soon as the temperature 
of the sample is raised, the relative intensity between these 
emission bands changes gradually, the intensity of 3F2,3 → 3H6 
transition increases, while the intensity of 3H4 → 3H6 transition 
decreases. Thus, the 3F2,3 levels may be populated from the 3H4 
level through thermal excitation. This observation indicates a 
strong thermal coupling among 3F2,3 and 3H4 levels. It is clear 
that the relative intensity ratio of I700 / I771 rises with increas-
ing of the sample temperature. According to the Boltzmann 
distribution theory, the fluorescence intensity ratio (FIR) from 
two thermally coupled energy levels separated in energy by 
∆E can be expressed as [13–17]:

A =
c2(�2)pr2�2g2
c1(�1)pr1�1g1

→ FIR = A exp
(

−ΔE

kT

)
,

(1)

FIR =
I2

I1
=

c2
(
�2
)
pr
2
�2g2

c1
(
�1
)
pr
1
�1g1

exp
(
−ΔE

kT

)
= A exp

(
−ΔE

kT

)

I2 and I1 denote the integrated emission intensities for 
the upper and lower thermally coupled levels, respectively, 
A is the proportionality factor, and ΔE is the barycenter of 
the energy bandgap between these two coupled levels. The 
Boltzmann constant is represented by k, and T is the abso-
lute temperature. The pre-exponential factor is a function 
of the fluorescence collection efficiency ci(vi), the emission 
frequency vi, the level’s degeneracy gi and the spontaneous 
(radiative) emission rate pi

r (i = 1, 2). For the purpose to 
acquire the relationship between FIR and T, it is required to 
determine the parameter ΔE/k, so Eq. (1) can be converted 
in the form of a linear equation as

According to Eq. (2), the plot of the natural logarithm 
(Ln) of the experimental data of the FIR (Fig. 4c) as a func-
tion of the inverse of absolute temperature is expected to 
be a linear fitting if the temperature-controlled population 
obeys a Maxwell–Boltzmann distribution function. Note that 
the monolog plot of the experimental data yielded a linear 
dependence of the FIR with the inverse of temperature. The 
data are fitted with a linear curve ln [FIR] =—(α/T) + β, and 
the values for the adjustable parameters αand β are shown 
in Fig. 4c. The slope of the linear curve (the parameter α) 
is related to the sensitivity of the sensor defined as the rate 
in which the FIR changes with temperature and it repre-
sents, according to Eq.  (1), ∆E/k. The fitting parameter 
α = 1496 K−1 gives an energy bandgap ∆E of ~ 1040 cm−1. 
The data from the UC emission spectra shown in Fig. 4a give 
an energy bandgap of ~ 1315 cm−1.

The sensitivity of the optical temperature sensor is defined 
as the ratio in which the FIR changes with temperature:

and the results found for our sample are shown in Fig. 4d. 
The maximum sensor sensitivity found for our sample 
is ~ 2.1 × 10–3 K−1 at 573 K. For comparison, the optical tem-
perature-sensing performances of Tm3+/Yb3+: SrF2 ceramic 
powders in different hosts from different authors, based on 
the FIR technique, are listed in Table 1.

With the purpose of quantitatively presenting the prac-
ticability of temperature sensing of the Tm3+/Yb3+: SrF2 
sample, the relative temperature sensitivities, Sr, were calcu-
lated. The relative sensitivity Sr, which describes the varying 
rate of FIR in function of the temperature T, is expressed by:

(2)

FIR =A exp

(
−ΔE

kT

)
Ln(FIR) =

(
−ΔE

kT

)

+ LnALn(FIR) =

(
−�

T

)
+ �,

(3)Sa =
d(FIR)

dT
= FIRx

(
ΔE

kT2

)
= A

(
ΔE

kT2

)
exp

(
−ΔE

kT

)

(4)Sr =

(
d(FIR)

dT

)
1

FIR
Sr =

(
ΔE

kT2

)
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By using this equation, the relative sensitivity, Sr, for the 
3F2,3 → 3H6 and 3H4 → 3H6 transitions was calculated and 
shown in Fig. 4e. The maximum Sr value based on thermal 
coupled levels (3F2,3) and (3H4) is ~ 1.7%K−1 at 298 K.

An estimate of the accuracy of the FIR method, for the ther-
mally coupled energy levels 3F2.3 / 3H4, is given by the error (δ):

where for each data set, ∆Ec is the calculated energy band-
gap obtained through the slope of the linear curve fit in 
Fig. 5a, and ∆Em is taken from the fluorescence spectrum 
shown in Fig. 2b. It was obtained an error of 20%.

3.3.2 � Non‑thermally coupled energy levels:

To complement the FIR thermal sensing approach from 
TCL method, the ratiometric variations of the fluorescence 

(5)� =
||ΔEc − ΔEm

||
ΔEm

intensity from two non-thermally coupled fluorescence 
bands (NTCL) were exploited as a fluorescent thermometer. 
In this analysis, the variation in the intensity ratio of these 
NTCL bands will display the temperature-sensing behavior 
of the sample based on FIR technique. Figure 5(a) represents 
the temperature dependence of the UC emission spectra of 
Tm3+: Yb3+: SrF2 powders excited at 980 nm and monitored 
in the temperature range of 298–573 K. (The correspond-
ing peak position and full width at half maximum (FWHM) 
parameters are listed in the figure.) It is noted that the ther-
mal evolution of blue (~ 477 nm) and the NIR (~ 771 nm) 
emissions vary with changing temperature, their fluores-
cence intensity integrated areas decrease as the temperature 
rises. What is more, the blue and NIR fluorescence bands 
are not equally sensitive to the variation in temperature; the 
fluorescence intensity of the NIR emission displays a very 
slight decrease in contrast to the blue emission. Thus, it is 
feasible to exploit the temperature information by changes 
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Fig. 5   a UC fluorescence intensity for two non-thermal coupled emis-
sion bands (NTCB) at two different temperatures. The correspond-
ing parameters (peak position, full width at half maximum (FWHM) 
are listed in the figure; b The ratio (FIR) of two NTCB transitions 

3H4 → 3H6 and 1G4 → 3H6 as a function of temperature. The solid line 
represents the linear best-fit function. c The relative sensitivity SNTr as 
a function of temperature in the range of 298–573 K



Tm3+/Yb3+co‑doped SrF2 up‑conversion phosphors for non‑invasive optical thermometry:…

1 3

Page 9 of 10  936

in signal intensity for both NTCB: I771 and I477 of the UC 
emission bands. Therefore, an empirical approximation has 
been taken in the elucidation of the influence of temperature 
on the ratio (FIRNT), defined as:

The transitions, separated by a large energy gap 
ΔE ~ 8000 cm−1, are attributed to 3H4 → 3H6 (771 nm) and 
1G4 → 3H6 (477 nm). Figure 5b represents the temperature 
dependence of FIRNT (298–573 K). The plot of the experi-
mental FIRNT versus temperature displays a nearly linear 
dependence on the curve parameters and could be perfectly 
fitted by a first-order polynomial function:

where C and D are parametrical constants associated with 
the evaluation system.

Hence, the absolute and relative sensitivities based on 
these NTCL can be determined as:

As depicted in Fig. 5b, the ratio of NIR (771 nm) to blue 
(477 nm) increases with temperature and is observed a linear 
response. Thus, the experimental results could be linearly 
fitted by the formula FIR = 4.4 + 0.0175 T. The correlation 
coefficient of the linear curve fitting was calculated to be 
R2 = 0.99. The corresponding values of sensor relative sen-
sitivity SNTR as a function of temperature were calculated 
and plotted in Fig. 5(c). The maximum relative sensitivity 
is ~ 2.2% K−1 at 298 K.

The above results reveal that Tm3+: Yb3+: SrF2 phos-
phor offers a good fluorescence response when adopting 
the NTCL approach following a linear FIRNT fluorescence 
intensity temperature dependence.

4 � Conclusions

In summary, we successfully prepared Tm3+: Yb3+: SrF2 
ceramic powders with variable dopant concentrations 
through a simple combustion synthesis route at 500 0C for 
20 min. Upon the excitation of 980 nm laser diode, the char-
acteristics of UC luminescence and optical temperature sens-
ing are studied. Through the sensitization of Yb3+ to Tm3+, 
up-conversion luminescence exhibit four emission bands in 

(6)FIRNT =
Integrated area of NIR fluorescence(771 nm)

Integrated area of blue fluorescence (477nm)

(7)FIRNT =
I2

I1
= C + DT

(8)SNTa =

(
d(FIR)

dT

)

SNTa = D

(9)SNTr =

(
d(FIR)

dT

)
1

FIR
SNTr =

(
D

C + DT

)

the range of 400 to 900 nm. The strongest emission peak 
of Tm3+ in SrF2 host was found at 477 nm and is attributed 
to the 1G4 → 3H6 transition. The intensity of each emission 
bands shows a significant temperature-dependent behavior 
that can be used for temperature-sensing purposes. Ther-
mal sensing performances based on fluorescence intensity 
ratio based on both thermally and non-thermally coupled 
energy levels were proposed for the explored system in the 
298–573 K range. Through examining the temperature-sens-
ing performance for TCL [(3F2,3 → 3H6) and (3H4 → 3H6)], 
the material showed a high-temperature sensitivity, around 
2.1 × 10–3 K−1, and a relative sensitivity of 1.7% at 298 K. 
Furthermore, by using the FIR changes as a function of tem-
perature based on NTCB, the relative sensitivity was deter-
mined to be 2.2% K−1 at 298 K based on 3H4 (NIR emission) 
and 1G4 (blue emission) radiate bands. The use of a NTCL 
methodology allowed the optimization of the FIR perfor-
mance to be carried out with a TCB technique.

These results promote luminescent Tm3+: Yb3+: SrF2 
powders for thermometry applications to be used as 
non-contact fluorescence probe following two different 
approaches based on the FIR ratio of thermally and non-
thermally coupled energy levels.
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