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Abstract: The emission quantum yield is one of the key figures of 

merit to evaluate the photoluminescence performance of luminescent 

materials. The emission quantum yield of upconverting materials is 

still not widely reported due to technical difficulties and intricate 

dependence on the excitation power density that is mirrored in a 

temperature increase. This work describes the simultaneous 

determination of the emission quantum yield (for both downshifting 

and upconverting processes) and of the temperature using the output 

of a commercial integrating sphere. The temperature is calculated by 

primary luminescence thermometry through the Boltzmann equation, 

analyzing the intensity ratio between the 2H11/2, 
4S3/2→

4I15/2 transitions. 

The procedure is illustrated using of SrF2: Yb3+/Er3+ single crystals 

with distinct Yb3+ compositions and the effect of the Yb3+ content in 

the emission quantum yield and in temperature increase of the sample. 

Introduction 

Absolute quantum yield is a central figure of merit of 

luminescent materials, allowing the direct comparison of the 

emission features of distinct materials irrespectively of their 

nature.[1-3] This is a crucial variable for methodical performance 

evaluation and comparison of luminescent materials.[4] It is 

defined as the number of emitted photons per absorbed photon, 

directly measuring the efficiency of the conversion of absorbed 

into emitted photons.[4-5] The well-known excitation power density 

dependence of the emission quantum yield of upconverting 

materials requires its measurement as a function of the excitation 

power density.[6] It is established that the comparison of the 

performance of upconverting phosphors should be made on the 

saturation regime, corresponding to the maximum emission 

quantum yield value.[7] However, the high excitation power density 

required for luminescence saturation can eventually lead to a 

substantial increase in temperature[8] that is still, as far as we 

know, not studied.  

One of the upconverting materials most auspicious 

applications is nanothermometry, aiming to measure the 

temperature with excellent accuracy in nano- and submicron-

sized scale using the emission of the material.[9-12] The ratiometric 

sensing based on lanthanide-based materials is a well-known and 

broadly reported technique for applications in theranostics[13-15] or 

catalysis,[16] for instance. Moreover, for the particular case of 

upconverting materials based on Yb3+/Er3+, some of us have 

reported that these materials are intrinsically primary luminescent 

thermometers.[17-20] The Boltzmann equation univocally relates 

the relative population of the 4S3/2 and 2H11/2 states of Er3+ with the 

temperature, circumventing the requirement of performing the 

previous calibration of the materials.[20] 

The upconverting emission quantum yield was studied for 

several trivalent lanthanide (Ln3+) ions but the most studied are 

Yb3+/Er3+ co-doped materials, exhibiting a notorious non-linearity 

with the excitation power density (PD) in distinct host materials.[2-

3, 21-23] Strontium fluoride host crystals co-doped with ytterbium 

and erbium (SrF2: Yb3+,Er3+) are attractive materials due to their 

high up-conversion quantum yield. This is an atypical 

phenomenon for substances with a highly symmetric cubic face-

centered lattice, despite it is consistently proved in the literature 

that the Ln3+ ions form [Ln6F37]19- clusters that easily substitute 

clusters [Sr6F32]20- in the crystal structure of the SrF2.[24-25] 

The synthesis of nano- and submicrometric-sized powders of 

SrF2 doped with rare-earth elements for different applications is 

well known.[26-35] It is recognized that powders present a large 

specific surface area, leading to changes in the absorption and 

reflection properties of the material in comparison with those of a 

single-crystal sample. All these particular features of each sample 

preclude the direct comparison of the emission properties of 

materials even when they are based on the same host and have 

the same doping ions. Maybe the wisest practical approach for 

comparing the photoluminescent figures of merit of distinct 

materials is to use a reference sample with a well-established 

crystal structure and chemical composition. In this context, single-

crystal samples are advantageous as they are ideal classical 

crystalline objects, mitigating numerous problems associated with 

the surface of the powders. 

In the past, some of us observe a temperature increase 

induced by the irradiation of SrF2: Yb3+/Er3+ nanoparticles with a 

980 nm laser with power density values up to ~103 W∙cm−2, and 

we concluded that the excitation power density and the 

temperature increase cannot be decoupled.[21] On another work, 

some of us described the implementation of a simple and cost- 
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Figure 1. (a) Photograph of the Sr1-xYbxEr0.015F2.015+x (x=0.050, 0.075, 0.100) 

single crystals under daylight illumination. (b) X-ray powder diffraction of the 

single crystals (c) Crystal structure of the SrF2 in the fluorite phase. 

effective quantum-yield measurement setup using a commercial 

integrating sphere-based spectrometer operating in the visible 

spectral range and a power meter to determine the incident 

number of photons,[21] calculating the upconverting quantum yield. 

Its dependence on the excitation power density for SrF2: Yb3+/Er3+ 

nanoparticles in powder and water suspension was reported, 

however, until now it is lacking any method permitting the 

simultaneous determination of the emission quantum yield and of 

the temperature using a single experimental assessment. 

Here, we used the spectral power density spectrum recorded 

by a commercial integrated sphere to calculate simultaneously 

the absolute quantum yield - both in visible and near-infrared 

(NIR) ranges - and the absolute temperature of SrF2: Yb3+/Er3+ 

crystals as a function of the irradiating laser power density. The 

results obtained for distinct Yb3+ compositions (5.0, 7.5 and 

10.0 mol %) are compared and the dependence of the emission 

quantum yield with the excitation-induced temperature increase is 

presented for the first time. We also correlate the Yb3+ 

concentration with the maximum temperature increase and with 

the downshifting and upconverting quantum yield. 

Results and Discussion 

Structural Characterization 

A series of high optical quality single crystals (Figure 1a) of 

Sr1-xYbxEr0.015F2.015+x (x=0.050, 0.075, 0.100) solid solution were 

grown. The photos of the polishing samples demonstrated the 

high optical quality of growing single crystals without any 

inclusions and inhomogeneity. 

The crystalline phase of the samples was determined using 

X-ray powder diffraction (Figure 1b), that revealed the fluorite-

type single-phase depicted in (Figure 1c). The face-centered 

cubic cell with fluorite structure characterized by ordered atom 

positions. The unit cell parameters of Sr1-xYbxEr0.015F2.015+x , with 

x=0.050, 0.075, 0.100, solid solutions are 5.750(4) Å, 5.735(5) Å, 

and 5.709(6) Å, repectivelly. We notice that the calculated unit cell 

parameters differ from unit cell parameters for pure strontium 

fluoride a = 5.800 Å, respectivelly (JCPDS 06-0262). This is due 

to the solid solution formation as interstitial fluorine ions[36] and 

smaller ionic radii of the rare earth dopants (compared with 

strontium ion[37]) are added to the crystal. 

Downshifting and Upconverting Quantum Yield 

Upon 980 nm irradiation, all the tested samples present strong 

emission both in the visible and in the NIR spectral ranges. An 

illustrative emission spectrum of the samples Sr1-

xYbxEr0.015F2.015+x is presented in Figure 2a for x=0.050 (the 

spectra for x=0.075 and x=0.100 are presented in Figure S1 in 

Supporting Information). The spectrum is dominated by the 
4F9/2→4I15/2 transition in the red spectral range however the 2H11/2, 
4S3/2→4I15/2 ones are perfectly observed out of the noise level. The 
4I11/2, 4I13/2→4I15/2 transitions in the NIR spectral range are also 

observed. 

 
Figure 2. (a) Schematic of the integrating sphere setup used for determination 

of the quantum yield (b) Room-temperature emission spectra of 

Sr0.95Yb0.05Er0.015F2.065 under 980 nm excitation (PD = 301 W∙cm−2). The Er3+ 

transitions in the visible and NIR spectral ranges are signed. The comparison of 

the emission intensity in both spectral ranges is not possible because two 

distinct detectors were used. Emission quantum yield for distinct excitation 

power density values (PD) of Sr1-xYbxEr0.015F2.015+x , with (c) x=0.050, (d) x=0.075, 

and (e) x=0.100. In (b), (c) and (d) the red circles and the green squares 

represent the downshifting and upconverting quantum yield, respectively. 

To evaluate the effect of the irradiation power density on the 

temperature and on the quantum yield of the samples we scan 

the 70 −1300 W∙cm−2 power density range. The upconverting 

quantum yield values correspond to the integration performed by 

the equipment in the visible spectral range (400-700 nm) and the 
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downshifting ones to the integration in the NIR spectral range 

(1000 -1650 nm). All the details of the determination of the 

emission quantum yield values are presented in the Experimental 

Section. 

The dependence of the emission quantum yield with the 

980 nm excitation power density is presented in Figure 2b-d for 

Sr1-xYbxEr0.015F2.015+x (x=0.050, 0.075, 0.100) solid solutions. As 

PD increases, we observe the systematic decrease of the 

downshifting quantum yield and the simultaneous increase of the 

upconverting quantum yield. The sum of the up-conversion and 

downshifting quantum yield decrease as the laser power density 

increases. 

The values obtained here are comparable to those reported 

by some of us for up-conversion quantum yields of SrF2: Yb3+,Er3+ 

sub-micron particles prepared by precipitation from aqueous 

solution.[24] In the past, it was observed this characteristic 

increase of the upconverting emission quantum yield with the 

increase of the excitation laser power density, leading to a 

constant value between 0.02 and 0.03 depending on the Yb3+ 

content, that is in line with the results presented here. To the best 

of our knowledge, the downshifting quantum yield in the NIR 

spectral range was not found in the literature for this host. 

 

 
Figure 3. (a) Laser power density dependence of the integrated areas of 
2H11/2→4I15/2 (IH), 4S3/2→4I15/2 (IS) and 4I13/2→4I15/2 (II) transitions, normalized to I0, 

the value at the lowest power density value (70 W∙cm-2), illustrated for sample 

Sr0.95Yb0.05Er0.015F2.065 (results of other samples are presented in Supporting 

Information) (b) Double-logarithmic plot of the excitation power with the 

integrated areas IH, IS and II. The lines are the best linear regression with the 

slope values presented (r2>0.98). 

Simultaneous quantum yield and temperature 
determination 

In this section, we describe the processing of the spectral 

photon flux density recorded by the quantum yield system to 

obtain the temperature of the sample. All the data exported from 

the equipment were post-processed in MatLab®. The reference 

signal is first subtracted to the sample signal and then the 

integrated area of the 2H11/2→4I15/2 (500-533 nm range), 
4S3/2→4I15/2 (533-575 nm range) and 4I13/2→4I15/2 (620-705 nm 

range) Er3+ transitions (denoted hereafter by IH and IS, 

respectively) are calculated. The areas correspond to the 

integration of the spectral photon flux density exported from the 

quantum yield system (in units of photons per unit of time and per 

wavelength unit) and thus are expressed as photon flux (in units 

of photons per unit time). 

Figure 3a presents the 980 nm laser power density 

dependence of IH, IS and II. As the excitation power density 

increases IH, IS and II increase 60, 40 and 17 times relative to the 

values measured at the lowest power density (Figure 3a), for a 

power density increased by 18 times. All the integrated areas 

follow a power law, i.e.  IPD
n (n is the number of photons involved 

in the process). The slope of the log-log plot (Figure 3b) reveals a 

number of photons around 1.5 for both IH and IS in line with the 

two-photon up-converting process. On the other hand, the 

downshifting transitions follow a one-photon process with n ~1, as 

expected.  

The absolute temperature can be determined using the IH and 

IS integrated areas transitions as recurrently described in the 

literature.[13] Defining the thermometric parameter as =IH/IS, the 

temperature (T) can be calculated through: 

 

1

𝑇
=

1

𝑇0
−
𝑘𝐵
Δ𝐸

ln (
Δ

Δ0
) ( 1 ) 

 

where T0 corresponds to the temperature in the limit of null laser-

induced heating (the room temperature), kB is the Boltzmann 

constant, E is the energy difference between the barycenter of  

 
Table 1. Summary of the E and Δ0 parameters for the Sr1-xYbxEr0.015F2.015+x 

samples. The dependence of  with the power density (used to calculate 0) 

and the deconvolution of the emission spectra are presented in Figures S1 and 

S2, respectively. 

x E (cm−1) 0 T0 (K) 

0.050 735±20 0.0705 ± 0.0002 300 

0.075 723±20 0.0708 ± 0.0008 300 

0.100 693±20 0.0670 ± 0.0002 300 

 

 
Figure 4. (a) Temperature increase in Sr0.95Yb0.05Er0.015F2.065 with the irradiating 

980 nm laser power density. The calculated and measured temperatures are 

obtained using Eq. 1 and determined by a K-type thermocouple in direct contact 

with the crystal. (b) Temperature dependence of the absolute emission quantum 

yield for the downshifting (squares) and upconverting (circles) transitions. 

the thermally coupled energetic levels, and Δ0 is the thermometric 

parameter in the limit PD →0 (and thus T →T0). 

We stress that all the parameters in Eq. 1 can be easily calculated 

from the experimental data collected from the quantum yield setup 

system. Details of the determination of E and Δ0 are given in the 

Experimental Section, yielding the values listed in Table 1. In 

general, E and Δ0 values are similar for the samples with lower 

Yb3+content decreasing for the sample with higher concentration. 

For all the samples studied we observe a linear increase of  

with the increase of the laser power density for values below 750 

W cm−2 and an increase with a lower slope for higher PD values. 

The spectral photon density recorded by the quantum yield 

integrating sphere setup was converted in absolute temperature 

through Eq. 1. Figure 4 presents the temperature increase for 

Sr0.95Yb0.05Er0.015F2.065, as an illustrative example (the 
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measurements for the other single crystal compostions are given 

in Figures S2 and S3 in Supporting Information). 

In Figure 4a we observe a good agreement between the 

temperature increase calculated using Eq. 1 and the values 

recorded by a thermocouple in contact with Sr0.95Yb0.05Er0.015F2.065, 

attesting the validity of this equation to predict the temperature 

increase induced by the 980 nm laser irradiation (the 

corresponding curves for the other single crystal compostions are 

presented in Figures S4 and S5 in Supporting Information). As 

stressed in previous works of some of us, luminescent 

thermometers based on the intensity ratio of transitions originated 

in thermally coupled levels (such as the well-known case of Er3+-

based systems) are intrinsically primary thermometers, and thus 

the calibration curve can be determined a-priori.  

The temperature dependence of the emission quantum yield 

presented in Figure 4b can be easily calculated from the relation 

between the excitation power density and the temperature. We 

observe, in good agreement with the few results presented in the 

literature, the decrease of the emission quantum yield of the 

transitions due to the downshifting energy transfer. To the best of 

our knowledge, the emission quantum yield was not reported as 

a function of the temperature for the transitions arising from the 

upconverting energy transfer processes. As the temperature 

increase follows the excitation power density, we observe a 

constant value of the emission quantum yield for the upconverting 

processes, in all the samples in the power density range tested 

here. 

Figure 5 presents the emission quantum yield of the distinct 

samples upon the maximum 1300 Wcm−2 excitation power 

density. The 980 nm laser irradiation induces a temperature 

increment around 30 K in the single crystals, observing 

temperature increases between 29.0 and 31.8 K. Comparing the 

distinct Sr1-xYbxEr0.015F2.015+x samples temperature increase we 

observe a smooth increase of 0.4 K between x=0.050 and 

x=0.075 and a 2.7 K increase between x=0.050 and x=0.100. 

Thus, we conclude that the higher Yb3+ content led to a higher 

temperature increase. This is in agreement with the most probably 

Yb→Yb energy transfers for the higher Yb3+ concentration that 

outcomes as energy dissipation in the single crystal that is 

released as heat.  

Evaluating the dependence of the emission quantum yield at 

maximum excitation power density with the resultant temperature 

increase we observe symmetrical trends in the downshifting and 

on the upconverting transitions. The emission quantum yield 

under maximum excitation power density (and thus maximum 

temperature increase) for the transitions in the NIR spectral range 

slight increase within the uncertainty of the measurement 

between x=0.050 and x=0.075 and decrease between x=0.075 

and x=0.100, still within the measurement uncertainty. For the 

transitions in the visible spectral range (originated by a two-

photon upconverting process) the trend is basically the opposite, 

decreasing between x=0.050 and x=0.075 and increasing 

between x=0.075 and x=0.100. In the upconverting transitions, 

the changes are out of the experimental uncertainty. We recall 

that the exact same symmetry on the trends of the downshifting 

and upconverting transitions was observed when the laser power 

density was increased. These results suggest that as the 

temperature increase, we observe a quench in the downshifting 

emission quantum yield that is ascribed to the increasing 

deactivation mechanisms that are thermally enhanced.  

As far as we know, there are no systematic studies on the 

temperature dependence of the upconverting quantum yield. 

Even the temperature dependence of the downshifting processes 

is scarcely reported. The quantum yield of [Ru(bpy)3]2+ was 

reported by Ishida et al. in acetonitrile and water.[38] The authors 

observed that the emission quantum yield of the downshifting 

transition is strongly temperature-quenched and attributed it to the 

non-radiative processes that are favored with the upon heating. 

Additionally, changing the solvent used the temperature 

dependence of the emission quantum yield also changes. 

Our results suggest that in the tested samples and for the 

laser power density range covered, a portion of the absorbed 

photons at 980 nm is upconverted with enhanced efficacy as the 

laser power density increases. On the contrary, the temperature 

increase resulting from the excitation laser irradiation quenches 

the upconverting process. Thus, the typical non-linear 

dependence of the emission upconverting quantum yield is a 

balance between the enhancement due to higher excitation 

photons available and quenching due to non-radiative processes 

that are favored with the upon heating. The usually reported 

upconverting emission quantum yield on saturated absorption 

(higher power density values) is here explicitly correlated with the 

increase of the temperature of the nanocrystal. 

 
Figure 5. Dependence of the emission quantum yield of the upconverting 

(squares) and downshifting (circles) transitions with the Yb3+ concentration in 1-

3. The temperature increase values (T) are presented. 

Conclusions 

Emission quantum yield is recognized as one important tool 

to compare the emission properties of luminescent materials. 

With the increasing attention being given to upconverting 

materials based on Ln3+ ions, the accurate determination and 

comparison of its emission quantum yield becomes imperative. 

Contrary to the emission quantum yield of downshifting transitions 

that typically are excitable with low excitation power densities 

(< 1Wcm−2) and are not expected to display a dependence on the 

excitation power density, upconverting materials are very 

commonly excited using high excitation power densities (> 1000 

Wcm−2), presenting a non-linear increase of the emission 

quantum yield until reaching a saturation regime. Until now in the 

literature was suggesting that such high-power densities can 

induce significant temperature increase, however, it was not 

quantified. 

In this work, we demonstrate that it is possible to calculate 

simultaneously the emission quantum yield and to estimate the 

temperature increase using a commercial setup and the emission 

lines of the Ln3+ ions. Luminescence primary thermometry was 

here used to demonstrate that is impossible to decouple the 

increase in the power density of the 980 nm CW laser excitation 

from the temperature increase. For the SrF2 single crystals co-

doped with Yb3+ and Er3+ studied here, that temperature increase 



6 

 

is clearly non-negligible and can be higher than 30 K, depending 

on the laser power density.  

Using the current commercial setup, it is not possible to 

increase the excitation power density without changing the 

temperature of the sample. In the near future, we will address the 

precise control of the temperature that will permit us to quantify 

the effect of the temperature increase on the upconverting and 

downshifting quantum yields, upon constant excitation power 

density. 

Experimental 

Materials and Synthesis 

Fluoride single crystals. The growing of fluoride single crystals 

with high optical quality is a very complicated task due to fluorides 

undergo pyrohydrolysis. The strontium fluoride, ytterbium fluoride, 

and erbium fluoride were 99.99 % (LANHIT, Russia). Each 

fluoride precursor was preliminarily melted in a vacuum with the 

CF4 fluorinating atmosphere for eliminated oxygen impurities as 

humidity. The fluoride single crystals were grown by the Bridgman 

technique in a vacuum furnace with CF4 fluorinating atmosphere. 

The graphite heater with a temperature gradient (60 Kcm−1) was 

used. The crucible was made of graphite because fluorides do not 

react with graphite. The crystallization temperature was chosen 

based on the SrF2-ReF3 phase diagrams.[39] The crystallization 

rate (6 mm hour−1) was estimated based on the stability 

function.[40] Finally, a series of single crystals without cellular 

substructure with high optical quality of Sr1-xYbxEr0.015F2.015+x 

(x=0.050, 0.075, 0.100) solid solution with the fluorite structure 

were grown. 

X-ray characterization. The single crystals were ground in an 

agate mortar up to micron-size grains. X-ray powder diffraction 

was carried out on Bruker D2 Phaser with CuKα radiation. The unit 

cell parameters were calculated by Powder 2.0 software with ∆Q 

error of less than 10. 

Emission Quantum Yield. The absolute emission quantum yields 

were measured without external temperature control using a 

quantum yield measurement system C13534 from Hamamatsu 

with a 150 W Xenon lamp coupled to a monochromator for 

wavelength discrimination, an integrating sphere as sample 

chamber and two multi-channel analyzers for signal detection in 

the visible and in the NIR ranges. For 980 nm excitation, an 

external laser diode (FC-980-5W, CNI Lasers) was used. The 

laser power can be adjusted between 0 and 5 W controlling the 

laser diode current. The illumination area in the sample holder is 

0.0025 cm2 accordingly to the manufacturer. Three 

measurements were made for each sample and the average is 

reported. The method is accurate within 10%. 

This equipment measured the absolute quantum yield using 

the reference spectral power density, recorded with an empty 

sample holder, and the sample spectral power density, obtained 

in the same experimental conditions but in the presence of the 

sample. The equipment’s software computes the emission 

quantum yield using the wavelength integration ranges for 

excitation and emission. We export the recorded signal as photon 

flux and post-process it in MatLab for baseline (photon flux of the 

reference signal) removal for further absolute temperature 

determination, as detailed in the next section. 

Primary thermometry. The energy difference E between the 

barycentres of the 2H11/2 and 4S3/2 levels was estimated from the 

high spectral resolution using the up-conversion emission spectra 

measured in the quantum yield measurement system. From the 

emission spectra, the E was inferred by fitting the envelope of 

the 2H11/2→4I15/2 and 4S13/2→4I15/2 transitions using Gaussian 

functions. The barycenter of the 2H11/2 and of the 4S13/2 levels were 

calculated by a weighted arithmetic mean using the fitted area and 

peak energy of each Gaussian function. The energy gap ΔE was 

the difference between the barycentres of the transitions. The 0 

value was calculated taking the power density dependence of  

and fitting a straight line to the experimental data before reaching 

the saturation regime (PD<600 Wcm−2). The intercept of the 

straight line is taken as 0. The ΔE and 0 parameters for each 

sample were used in Eq. 1 to calculate the absolute temperature. 
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