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Abstract: The upconversion emissions of yttrium orthoaluminate nano-perovskite co-doped with 

Er
3+

/Yb
3+

 have been studied. Strong green and red upconversion emissions, which can be observed by 

naked eyes, were observed when exciting the sample at 980 nm. In particular, the green band was 

monitored as a function of temperature and the obtained results suggest that this nano-perovskite can be 

used as an optical temperature sensor by exciting in the infrared range. The viability of YAP: Er
3+

/Yb
3+

 

nano-perovskite in laser heating applications has been tested and discussed. 

1. Introduction 

Lanthanide doped materials have been extensively researched due to their applications in several 

fields, for instance, laser materials [1–5], bio-imaging [6–11], optoelectronic [12,13] and optical 

temperature sensors [14–22]. Special attention has been paid to the down- and up-conversion (UC) 

emission properties of the Erbium trivalent ion (Er
3+

) [23]. Moreover, several studies revealed that Er
3+

-

based ferroelectrics present excellent electrical and luminescence properties [24]. Nonetheless, the low 

absorption of Er
3+

 around 980 nm yield a low emission efficiency that limits the practical application of 

this ion in commercial devices. Fortunately, Ytterbium trivalent ion (Yb
3+

) presents a strong and broad 

absorption band ranging from 850 to 1050 nm [21] and a good energy transfer (ETU) from Yb
3+

 to Er
3+

 

[25]. Therefore, host co-doping with Er
3+

/Yb
3+

 is very interesting for practical applications because Yb
3+

 

can be used as an excellent sensitizer in highly luminescent Er
3+

-doped materials.  

Another issue which has drawn much attention in the last years is the research on optical thermal 

sensors based on UC emissions of materials and nanomaterials doped with lanthanide ions. For instance, 

nano-phosphors [26,27] and NaYF4: Er
3+

/Yb
3+

 nanoparticles can be used a nano-thermometer with high 

temperature resolution [28], while NaNbO3: Yb
3+

/Tm
3+

 nanocrystals and Y2O3: Yb
3+

/Ho
3+

 nanopowders  

can be used as optical thermal sensors [29,30].  

In this sense, the research on nanomaterials has become an important issue to concern, due to the 

outstanding properties of these materials [31]. Among nanomaterials hosts, yttrium orthoaluminate nano-

perovskite (YAP) can be a good candidate due to its excellent chemical stability and mechanical and 

thermal properties [32]. In order to explore the combination of the excellent mechanical-chemical 

properties of YAP nano-perovskite with the high UC emission efficiency of Er
3+

 ions, enhanced by Yb
3+

 

ions as Er
3+

 sensitizers, we study in this work the viability of YAP nano-perovskite co-doped with 2.5 

mol % of Yb
3+

/Er
3+

 as an optical temperature sensor and its potential use in laser heating applications. 

2. Experimental details 

YAP nano-perovskite of composition Y(1-x-y)ErxYbyAlO3, with x = 0.025 and y = 0.025 (in mol %)  

(YAP: Er
3+

/Yb
3+

 from now) was successfully synthesized by the sol–gel method in an air atmosphere. 

Stoichiometric molar ratios of high-purity Y(NO3)3·4H2O (ALDRICH, 99.9%), Al(NO3)3·9H2O 

(ALDRICH, 99.9%), Er(NO3)3·5H2O (ALDRICH, 99.9%) and Yb(NO3)3·5H2O (ALDRICH, 99.9%) 

materials were dissolved in 25 ml of 1 M HNO3 under stirring at 353 K for 3 h. Then citric acid, with a 

molar ratio of metal ions to citric acid of 1:2, was added to the solution, which was stirred and heated at 

363 K until the solution becomes transparent. Subsequently, 4 mg of polyethylene glycol was added to 

the solution to form a gel. This gel was fired at 400 ºC for 6 h to remove the residual nitrates and organic 

compounds and get the powder sample. This powder was initially burnt out at 1200ºC for 20 h in a first 



thermal treatment and then at 1550ºC for 12 h in a second thermal treatment. The object of the thermal 

treatments is to achieve the orthorhombic structure of the YAlO3  (more details about this in ref [33]). 

Powder X-ray diffraction data were collected on a PANalytical X’Pert PRO diffractometer (Bragg-

Brentano geometry) with an X’Celerator detector employing the Cu K1 radiation (=1.5405 Å) in the 

angular range 5º < 2 < 80º, by continuous scanning with a step size of 0.02º. On the other hand, the 

luminescence measurements from RT to 600 K were carried out in a tubular electric furnace where the 

samples were placed at the center of it and heated at a rate of 1.25 K/min. The temperature of the sample 

was controlled with a type K thermocouple in contact with it and connected to a voltimeter (Fluke 

Calibrator 714). A 980 nm commercial laser with a maximum power of 343 mW excited the sample from 

one side of the furnace, while the emission was collimated by a lens located on the other exit side, and 

then focalized with a another lens into an optical fiber coupled to a 0.5 m single grating spectrometer 

(Andor SR-500i-B2-R). The laser spot size on the sample (defined as the 1/e
2
 radius of the intensity) was 

shown to be 5.6 μm
 
of diameter. Detection of luminescence signal was carried out with a cooled CCD 

detector (Newton DU490A-1.7) with a resolution of 0.7 nm (∼25 cm
-1

) and an integration time of 1 s. 

The luminescence decay curves were measured by exciting the sample with a pulsed parametric oscillator 

OPO (EKSPLA/NT342/3/UVE) laser and using an analogic storage oscilloscope (LeCroy WS424) 

coupled to the detection system. All spectra were corrected for the spectral response of the equipment. 

3. Fluorescence intensity ratio technique 

The fluorescence intensity ratio (FIR) technique was used in the second part of this work in order 

 to calibrate the YAP: Er
3+

/Yb
3+

 nano-perovskite emission with the temperature. In this technique, the 

fluorescence intensity of two nearby levels, i.e. 
2
H11/2 and 

4
S3/2 levels of Er

3+
 levels, is registered as a 

function of temperature and interpreted in terms of a simple three-level scheme system (see Fig.1). Since 

the energy gap of this pair of thermalized levels is very small, the population of the upper level from the 

lower level is allowed by thermal excitation. The issue here is that the ratio of these intensities is 

independent of the laser source, because the emitted intensities only depend on the population 

proportionality of the involved levels. Thus, the relationship between the relative population of the 

thermalized levels, R, and the temperature can be described by the Boltzmann’s distribution law by the 

equation: 

3232
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                              (1)  

where k is the Boltzmann constant, E32 is the energy gap between the pair of thermalized levels, g3, g2 are 

the degeneracies (2J+1), I31, I21 are the integrated intensities of the thermalized levels, 
31

R   and 
21

R  are 

the spontaneous emission rates of the E3 and E2 levels to the E1 level, respectively. 

The sensor relative sensitivity SREL is defined as follows:  
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The sensor relative sensitivity SREL permits the comparison of the sensitivity with other optical 

temperature sensor ones, because it only depends on the temperature. It is evident that a larger energy gap 

between the thermalized levels, leads to a higher sensitivity. However, larger energy gap also means 

lower population in the upper thermalized level and thus, lower intensity. 
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Fig. 1. Simplified diagram for three level system applied on the Er3+  ion energy level scheme. E32 is the 

energy gap between the two excited levels, gi is the degeneracy of the i-th level and    
  is the spontaneous 

emission rate between the i-th and j-th levels. 

 

The main of FIR technique for temperature sensing is that it neglects accuracy problems resulting from 

fluctuations of the excitation or from the lack of absolute emission intensities which could occur by noise 

in the detection system. 

Concerning the temperature uncertainty, δT, it is known that this magnitude is the smallest 

temperature change (temperature resolution) that can be achieved in a given measurement and can be 

calculated by the equation [34]:  

1

REL

R
T

S R


                                                            (3) 

where SREL is the relative sensitivity and the δR/R is the relative uncertainty on R. 

4. Results and discussion 

4.1. Structural characterization 

X-ray diffraction spectrum of YAP: Er
3+

/Yb
3+

 is depicted in Fig.2. The XRD pattern of the YAP: 

Er
3+

/Yb
3+

 nano-perovskite was indexed to an orthorhombic structure space group Pnma phase. Hence, 

XRD confirms the perovskite-type structure of YAP: Er
3+

/Yb
3+

. Unit cell of YAP: Er
3+

/Yb
3+

 nano-

perovskite is also given in Fig.2. Crystal structure parameters have been obtained from fitting process of 

the the profiles of the nano-perovskites by the Rietveld method using FULLPROF program [35] (see 

Table 1).  

Table 1. Cell Parameters and Reliability Factors Obtained From Fitting of XRD Pattern for YAP: Er3+/Yb3+ 

a (Å) b (Å) c (Å) V (Å
3
) 2 Rp Rwp Rexp 

5.323(1) 7.364(1) 5.174(1) 202.8(1) 4.95 24.3 29.5 17.1 

The average grains size “D” was determined from Scherrer formula:    

0.89

Cos
D



 
                                                           (4) 

where λ= 1.5406 Å, β is the full width at half maximum of the peaks and θ is the angle of diffraction. The 

average grains size value was around 35-40 nm. No amorphous phase was detected in the nano-perovskite 

sample.  
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Fig 2.  XRD patterns of the YAP: Er3+/Yb3+ nano-perovskite and the corresponding Pnma symmetry Rietveld 

refinement at ambient conditions. The unit cell is also shown. 

 

4.2. Upconversion mechanism 

Under 980 nm excitation and ambient conditions, YAP: Er
3+

/Yb
3+

 nano-perovskite shows a strong UC 

emission which can be observed by naked eye as well (see Fig. 3). The UC spectrum can be divided in 

two parts, the first one is attributed to the green emissions assigned to (
2
H11/2, 

4
S3/2) → 

2
I15/2 transitions 

and the second one is attributed to the red emission related to the 
4
F9/2→ 

2
I15/2 transition. 
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Fig 3. UC emission spectrum of YAP. Er3+/Yb3+ nano-perovskite obtained at ambient conditions under 980 

nm excitation. 

 
To understand the physical mechanism responsible for the UC process in YAP: Er

3+
/Yb

3+
 nano-

perovskite, the dependence of the UC emissions with the pump power was analyzed. It is known that the 



number of photons, n, which are needed to populate the upper emitting state can be estimated by the 

formula: 
n

UC PumpI I
                                                                   (5) 

where IUC is the intensity of the UC band emission, IPump is the pump power of the excitation source. 

Increasing the pump power of the 980 nm laser source, it can be observed that the UC emission intensities 

increase with the pump power (see Fig. 4(a)). The n values of YAP: Er
3+

/Yb
3+

 nano-perovskite for the 

green (550 nm) and red (660 nm) emission bands are 1.77 and 1.76 respectively, as shown in Fig. 4(b).  
This result suggests that a two-photon process is involved in both the population of 

4
S3/2 and 

4
F9/2 levels. 
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Fig. 4. (a) UC emission spectra of YAP: Er3+/Yb3+ under different pump powers at ambient conditions and (b) 

UC intensities of YAP: Er3+/Yb3+ nano-perovskite as functions of the pump power at 980 nm in a double-log 
scale. Linear fit dependences give slopes of 1.77 and 1.76 for the 550 nm and 660 nm bands, respectively. 

 
The temporal evolution of the UC intensities at 550 nm and 660 nm are shown in Fig.5. The rise time 

that can be seen in both curves indicates that the UC mechanism is based on energy transfer processes 

(ETU) in which an excited ion transfers its energy to a neighbor excited ion, which is promoted to a 

higher excited state. Otherwise, when the rise time is negligible, then the UC processes are due to an 

excited state absorption mechanism (ESA) that involves the absorption of a photon by a unique ion that 

promotes to a higher excited state. 
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Fig. 5. Temporal evolutions of the UC emissions of YAP: Er3+/Yb3+ nano-perovskite at 550 nm and 660 nm 

under excitation at 980 nm. 

 
Based on the results shown in Figs. 4 and 5, it can be confirmed that the mechanism behind the UC 

emission is an ETU process with different steps. The simplified energy level diagram of YAP: Er
3+

/Yb
3+

 

nano-perovskite is depicted in Fig. 6. The UC mechanism for YAP: Er
3+

/Yb
3+

 nano-perovskite is the 

energy transfer ETU from Yb
3+

 to Er
3+

 ions. Exciting at 980 nm, Yb
3+

 ions in the ground level promote to 

the 
2
F5/2 level by ground state absorption (GSA) and then, the energy of these ions is transferred to Er

3+
 

ions. Afterwards, electrons that are coming from Er
3+

 ions are excited to the 
4
I11/2 level and partly decay to 

the 
4
I13/2 level by multiphonon relaxation (MPR) processes. At this stage, a second energy photon can be 

absorbed by Yb
3+

 ions and transferred to Er
3+

 ions again, during the lifetime of the 
4
I11/2 and 

4
I13/2 levels. 

This leads to the population 
4
F7/2 and 

4
F9/2 levels from the excitation of the electrons that come from 

4
I11/2 

and 
4
I13/2 levels, respectively. Then, these electrons decay to the 

2
H11/2, 

4
S3/2 and 

4
F9/2 levels via MPR 

process. Finally, a radiative transition process occurs leading to the green and red emissions related to the 

(
2
H11/2, 

4
S3/2) → 

2
I15/2 and 

4
F9/2→ 

2
I15/2 transitions, respectively. 
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Fig. 6. Partial energy level diagram of YAP: Er3+/Yb3+ nano-perovskite under 980 nm excitation and possible 

UC proccesses.  

4.3. Optical sensor calibration 

Since YAP: Er
3+

/Yb
3+

 nano-perovskite shows strong UC emission intensities, its viability as optical 

thermal sensor was analyzed. 

The temperature evolution of the YAP: Er
3+

/Yb
3+

 nano-perovskite UC emission spectra from room 

temperature up to 600 K are shown in Fig.7. It can be observed that the emission band associated with the 
4
S3/2 → 

4
I15/2 (550 nm) transition was decreasing as the temperature increases, while the emission band 

associated with the 
2
H11/2 → 

4
I15/2 (530 nm) transition was increasing, because of the thermally induced 

population that comes from the 
4
S3/2 level.  

 

 

Fig. 7. Temperature evolution of the upconversion emission of the YAP: Er3+/Yb3+ nano-perovskite. 



 

An analysis based on a simple three-level system scheme formed by 
2
H11/2 (level 3), 

4
S3/2 (level 2) and 

4
I15/2 (level 1) was performed. The ratio between the integrated intensities for 

2
H11/2 → 

4
I15/2 and 

4
S3/2 → 

4
I15/2 was increasing with the temperature, following a tendency that can be described by Eq. (1). From 

the fitting process, the values of C = 5.77 and the energy gap E32 = 751.10 cm
-1

 have been determinate.  

The relative sensor sensitivity SREL as a function of the temperature T, defined by the Eq. (2) is also shown 

in Fig.8.  The temperature uncertainty δT achieved in the optical calibration procedure is also shown in 

Fig.8. 
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Fig. 8.  (a) Experimental integrated intensity ratio (R) (black squares) and relative sensitivity (SREL) (blue line) 

of the YAP: Er3+/Yb3+nano-perovskite obtained from the emission bands associated to the 2H11/2→ 4I15/2 and 
4S3/2 → 4I15/2 transitions. The experimental values were fitted to Eq. (1) (red line). (b) Temperature uncertainty 

δT computed by Eq. (3). 

 

The maximum relative sensitivity achieved for YAP: Er
3+

/Yb
3+

 nano-perovskite was 0.0123 K
-1

 with a 

temperature uncertainty around of 0.42 K.  The relative sensitivity of YAP: Er
3+

/Yb
3+

 nano-perovskite 

was compared with others RE
3+

- based temperature optical sensors (see Table 2). YAP: Er
3+

/Yb
3+

 shows a 

very high sensitivity, and thus, it can be considered as potential candidate to become an optical 

temperature sensor based on the FIR technique working in the VIS range exciting in NIR.  

 

Table 2. Thermal Relative Sensitivity at 296 K of Different RE3+- Based Temperature Optical Sensorsa 
Er3+/Yb3+  

doped host material 
FIR equation Transition Temperature 

range (K) 

λ EXC 

(nm) 
SREL 

(x10-3 K-1) 
at 300K 

Ref. 

 

NaBiTO3: Er3+/Yb3+ ceramic 9.77•exp(-795/kT) (2H11/2, 
4S3/2) → 4I15/2 200-443 980 12.6 [24] 

YAP: Er3+/Yb3+ nano-perovskite 5.77•exp(-751.10/kT) (2H11/2, 
4S3/2) → 4I15/2 296-600 980 11.9 This work 

NaYF4: Er3+ nano-crystalline 10•exp(-741/kT) (2H11/2, 
4S3/2) → 4I15/2 294-720 488 11.7 [19] 

Lanthanum Oxysulfide powder:Er3+ 8.75•exp(-712.57/kT) (2H11/2, 
4S3/2) → 4I15/2 240-300 806 11.3 [20] 

Al2O3: Er3+/Yb3+ nano-particles 9.63•exp(-674/kT) (2H11/2, 
4S3/2) → 4I15/2 295-975 978 10.6 [23] 

Na0.5Bi0.5TiO3: Er3+/Yb3+ ceramic 4.71•exp(-579.10/kT) (2H11/2, 
4S3/2) → 4I15/2 93-613 980 9.2 [36] 

Chalcogenide glass: Er3+/Yb3+ 5.98•exp(-555/kT) (2H11/2, 
4S3/2) → 4I15/2 293-493 1060 8.8 [37] 

Na2Y2B2O7: Er3+/Yb3+ nano-

phosphor 

27.6•exp(-536.40/kT) (2H11/2, 
4S3/2) → 4I15/2 300-613 980 8.5 [26] 

Silicate glass: Er3+/Yb3+ 3.65•exp(-414.80/kT) (2H11/2, 
4S3/2) → 4I15/2 296-723 978 6.6 [38] 

CaMoO4: Er3+/Yb3+ nano-phosphor 5.10•exp(-379.40/kT) (2H11/2, 
4S3/2) → 4I15/2 300-535 980 6 [27] 



a FIR Equations, transitions of interest, relative sensibilities as well as the temperature ranges and excitation wavelengths are also 

included. 

 

4.4. Laser heating application 

Taking advantage of the temperature calibration of the YAP: Er
3+

/ Yb
3+

 performed in the previous 

section of this work, it is possible to obtain the temperature heating of the 980 nm laser source. The 

increment of temperature and ratio as a function of the pump power of the laser source are shown in Fig. 

9. As can be observed, it is possible to heat the nano-perovskite sample and control its temperature with 

the laser power. Therefore, with a pump power of 350 mW it is possible to increase its temperature 100 K 

with an uncertainty lower than 1 K in this temperature range (according to Fig. 8b). 
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Fig. 9. Temperature and ratio increments as functions of the pump power of the laser source. 

 

5. Conclusions 
Upconversion properties of YAP: Er

3+
/Yb

3+
 nano-perovskite exciting at 980 nm have been analyzed. 

Under 980 nm excitation, the green UC emissions at 530 nm (
2
H11/2→

4
I15/2) and 550 nm (

4
S3/2 → 

4
I15/2) as 

a function of temperature from RT to 600K were studied. The obtained results show a high sensitivity in 

YAP: Er
3+

/Yb
3+

 nano-perovskite (0.0123 K
-1

 with a temperature uncertainty around of 0.42 K) which is 

better than many other optical temperature sensors based on Er
3+

 and Er
3+

/Yb
3+

, suggesting its viability as 

optical temperature sensor based on the FIR technique working in the VIS range exciting in NIR.  The 

temperature of the YAP: Er
3+

/Yb
3+

 nano-perovskite can be controlled by heating with the pump power of 

the excitation laser, suggesting its potential viability in laser heating applications. 
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