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ABSTRACT: Photoluminescent temperature sensors based on gadolinium orthovanadate (GdV04) doped with 10% yt-
terbium and 2% erbium, are developed and dispersed in different media (lubricant fluid, sol-gel glass and PDMS) to evalu-
ate the best conditions for temperature measurement. Two excitation modes are considered: (i) visible excitation by a
down-shifting (DS) process or (ii) NIR excitation by energy transfer upconversion (UC) between Yb and Er. The lumines-
cence intensity ratio (LIR) of the thermally coupled Er3+ emission peaks varies linearly with temperature in the range of 25 -
300°C, and this variation is reversible. The impact of the laser power density on thermometry via UC process that has been
verified with GdVOa: Yb3*/Er3* powders and with its different dilutions (low and high concentration), shows that the LIR is
highly dependent on the laser source intensity, the environmental temperature and the dispersed medium. When GdVOa:
Yb3+/Er3* powders are dispersed at high concentration, high laser power density leads to significant laser-induced thermal
heating. However, at low concentration, this laser thermal effect is no longer influenced by the laser intensity. In this paper,
we propose a method to directly measure the laser-induced heating temperature and to correct the error caused by this
effect on temperature measurement. According to these results, GdVOa: Yb3*/Er3* upconversion nanoparticles can be ap-
plied for temperature sensing even if the laser-induced thermal effect occurs in the system.

1. INTRODUCTION

The race to miniaturize mechanical, optical and electronic devices has become an inescapable trend over the past fifty
years. The successful development of these new devices requires new and powerful techniques to characterize them.! One
of the crucial parameters to characterize in miniaturized devices is temperature, and for this reason, nano-thermometry has
been widely developed in the last decade.? > Among the current methods for temperature sensing, luminescence thermom-
etry is considered a promising method to reliably acquire temperature in a non-contact configuration with high sensitivity
and accuracy.? ° These advantages have led to a wide range of applications in various fields such as micro/nano-electronics,
integrated photonics,® biology for thermal therapies,”1? or more recently tribology for temperature measurement in a lubri-
cated contact.112

By using the photoluminescent materials, we can use their emission intensity,%12 lifetime!3, spectral width, spectral
shift, etc...2 to measure the temperature. The method of ratiometric luminescence based on the Boltzmann distribution!# is
well known as a self-referenced measure:2 91516 the population of thermally coupled levels (TCLs) varies differently with
temperature, and then the temperature dependence of the emission intensity ratio can be calibrated for use in thermome-
try.

For real-world applications, factors other than the luminescence of the material should be considered: the temperature
range for adequate thermometry sensitivity, the physicochemical stability, availability and cost of the material. Lanthanide
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ions (Ln3*) can meet these requirements.??5%17 Doped into an inorganic crystalline host, Ln3* ions emit sharp characteristic
and strong peaks (i.e. TCLs transitions), which allow for high-precision ratiometric thermometry. To excite Ln3* ions, several
processes can be used: down-conversion using high-energy light;18 up-conversion by multiple-photons,'® FRET (Forster
resonant energy transfer) process between two Ln3* ions,?° or even bimodal photon excitation coupling down & upconver-
sion.?! Different excitation processes can also interfere in the experimental temperature measurement by excitation re-
gimes?? and laser power density.23 Several other factors can affect the thermometric accuracy, such as environmental condi-
tions (pressure,?* dispersion medium??®) and intrinsic parameters including the nature of the lanthanide and the doped con-
centration,!” the crystal quality,2¢ the size of the nanoparticle (NPs),2” the host compound.28

Er3+ was chosen as the temperature probe because of its specific temperature range (293 - 473 K) that matches our
tribological application. The energy gap between Er3* TCLs (#S3;2 and 2Hi1/2 levels; ~ 700 cm-1) allows for high thermometric
sensitivity in this temperature range.2? 3! For example, in the Er3* -coupled Yb3* FRET system, the Yb3* ion is used as a sensi-
tizer to transfer energy to the Er3+; this process is referred to ETU (energy transfer upconversion). In addition, the use of
near-infrared (NIR) laser as the excitation source in an ETU system is very attractive for biological applications because of
the high efficiency, and also because of the high spatial and temporal resolution thank to the large penetration depth of the
NIR light.3233 However, several effects brought by the energy transfer process can interfere with the photoluminescent
emission. For example, emission quenching due to the concentration of Ln,3* the surface of the NPs,35 the thermal effects3¢
or the presence of OH,37 can significantly reduce the intensity of the emission. Laser power density can also affect the inten-
sity of the luminescence by interfering with the population of electrons in the excited state of the Ln ions.3® 4! In addition to
radiative relaxations, some of the energy is converted to heat by non-radiative relaxation pathways.#2 45 In the upconver-
sion process, the quantum yield is always low compared to other excitation processes because of the important non-
radiative relaxation.*¢ So, this heat can be significant and then affects the temperature measurement. In a non-linear optical
process, the heating depends on the power density of the laser. Laser heating in -NaYF:Yb3*/Er3* micro-powders at room
temperature has been observed by Joseph et al3° for high laser power density (> 50 W/cm?) as well as by Wang et al.38 for
lower laser power density (1-2.6 W/cm?). Joseph. R. et al proposed a method to correct the induced variation of emission
intensity.3? The effect of laser power density on the photo-thermal conversion ability of BiVO4, Yb3*, Er3* sample has been
studied and the induced temperature increment increased monotonically with the laser power density.* The influence of
the particle morphology on non-radiative process*’” was also studied: a higher non-radiative process associated with a high-
er red/green emission was evidenced in small nanoparticles. This laser heating effect could be beneficial because Ln3*
doped NPs are used as nano-heaters in the field of photothermal energy.*3 447 Precise and selective heating at the na-
noscale could be applicated in cancer treatment, data storage*® 5! or microflow control.52 The combination of optical heat-
ing and thermometry in Ln-doped materials was first studied by Wawrzynczyk et al,>? Debasu et al. 5* and Pinol et al.>> Sub-
sequently, many works have described that the erbium-containing particles could be used as both nanothermometers and
optical heaters, in different hosts such as fluoride,*75657 oxide,*> molybdate,8 tungstate,>® phosphate,’® or vanadate.4+60.61
Continuous-wave excitation is commonly used, however non steady-state upconversion based on pulsed excitation allows
to avoid undesired non-radiative energy transfer.62 64 In addition to the laser heating, there are other laser-induced effects
in Er3* doped composites. An additional Er3*transition (?Ho/2 — “l13/2) has been observed under continuous-wave laser in-
tensities above 10 W/cm?.6566 This additional transition, which overlaps with the green emission (#Ss;z— 4l15,2) that is nor-
mally used for thermometry, can lead to calibration errors in ratiometric thermometry which need to be carefully checked.

Here, our objective is to develop an upconversion (UC) photoluminescent thermometry sensor in nanoscale tempera-
ture measurement during tribological friction. The nano sensor is homogeneously dispersed in a medium (solid or fluid)
chosen for the friction. To reduce the emission from the matrix, and to optimize the spatial resolution, the NIR laser excita-
tion is chosen. However, the laser-induced heating effect is well known in UC process upon NIR continuous-wave laser, thus
we focus on the adverse thermal effects of lasers on the ratiometric thermometry of Er3+ at down and upconversion lumi-
nescence. The laser heating phenomena in UC doped Ln3* nanoparticles is first analyzed at different temperatures and then
calibrated as a function of laser power density. We propose a method to calculate the temperature difference induced by the
laser thermal effect, which can be used to rectify the error caused by laser heating using UC Ln3*doped NPs. Secondly, we
focus on the effects of laser heating on UCNPs dispersed in a medium, fluid or solid, to evaluate how does the heat dissipa-
tion influence the temperature calibration measurements. Vanadate hosts were chosen because of their high UC emission as
well as laser induced-optical heating due to their high phonon frequencies.” The thermal effect of the laser on GdVOa:
Yb3*/Er3* NPs powder was studied with 488 nm and 970 nm excitation at different laser intensities and temperatures up to
300°C. GdVO4: Yb3*/Er3* NPs were also dispersed in fluid and solid media at two NP concentrations. The experiments were
performed under the non-saturation regime of the NIR laser in order to maintain the 2-photon ETU condition.

2. MATERIALS AND METHODS
2.1. Material.

The chemicals were used as follows: Gd(NOs)s hydrated (Alfa Aesar 99.9%), Yb(NOs)s hydrated (Sigma-Aldrich 99.9%),
Er(NOs)s hydrated (Alfa Aesar 99.9%), NH4VOs3 (min. 99.0%, Alfa Aesar), NaOH (Sodium hydroxide pellets, min. 99%,
MERCK). A conventional mono-pentaerythritol lubricating oil (Nycobase 5750, supplied by NYCO, Paris, France) was chosen
as the solvent to study the effect of the environment on the thermometric performance of the probes. The solids were ob-



tained by soft chemistry processes using the chemicals: NPs GdVO4: Yb3*/Er3* ground powder, MTEOS (Methyltriethox-
ysilane 98%, abcr), EtOH (Ethanol anhydrous, Carlo Erba Reagents), Hydrochloric acid (HCl 37%, Carlo Erba Reagents), 3-
aminopropyltrimethoxysilane (APTES, 95%, ACROS Organics), SYLGARD® 184 Silicone Elastomer (PDMS Polydime-
thylsiloxane, DOW).

Synthesis of GdVO4: Yb3*/Er3* NPs. A chemical co-precipitation technique was used to prepare GdVOa: 10% Yb3*;
2%Er3* nanoparticles.268 Solution 1: 0.05 M NaVOs aqueous solution at pH 12, prepared by adding NH4VOs3 in 0.15 M NaOH
solution; Solution 2: Solutions in distilled water of 0.05 M Ln(NOs)s in stoichiometric ratio (Gd3*: 88% mol.; Yb3*: 10% mol,;
Er3+: 2% mol.). Solution 2 was slowly added to solution 1 (dropwise), the mixture became turbid with a white precipitate.
After heating under stirring at 60°C for 1 h, the precipitate was separated by centrifugation, and washed with distilled water
for 3 times. The powder was dried at 80°C in an oven overnight and then annealed in air at 600°C for 2 h.

Preparation of a suspension of GdVO4: Yb3*/Er3+ in a lubricant. The suspension of GdVOa4: Yb3*/Er3* nanoparticles
was prepared by adding the ground powder in an ester-based oil (Nycobase 5750) at mass concentrations of 0.5 wt.% or 50
wt.%, followed by mechanical stirring and by ultrason at room temperature for 30 minutes, respectively.

Solid preparation of GAVO4: Yb3+/Er3* in a hybrid glass or PDMS polymer: In Glass: 5 wt.% of NPs. The NPs hybrid
glass was prepared by a sol-gel procedure via hydrolysis and condensation of the MTEOS precursor in acid water (HCI pH
=2.4, 1:0.3 by mass) and ethanol (1:0.8 by mass).%® After 18 h of stirring at room temperature, the solvent was removed by
evaporation under vacuum. A quantity of NPs powder was then dispersed in the concentrated sol and stirred ultrasonically
for 10 minutes. To accelerate condensation, 2 vol.% of APTES was added to the mixture under stirring. Then, the NPs sus-
pension in the sol was placed in an oven at 50°C for gelation and subsequent drying to a solid glass. In our case, 5 wt.% of
NPs powder in the sol is the maximum amount that can be dispersed to obtain a transparent glass.

In PDMS: 5 wt.%; 50 wt.% of NPs. PDMS polymer with 5 wt.% or 50 wt.% NPs was prepared by polymerization at
room temperature. The NPs powder was first mixed with the PDMS silicone precursor under mechanical stirring, the initia-
tor (1:10) was added to start the polymerization.
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Scheme 1: Overview of the process used for the preparation of the materials. *Prepared hybrid sol: Hybrid silica sol after
hydrolysis, condensation, and evaporation process.

2.2. Characterizations.

The crystalline phase of the synthesized nanoparticles was characterized by an X-ray diffractometer (Bruker D8 Ad-
vance diffractometer) with Cu Ka radiation (A = 1.54060 A) operating at 45 kV and 30 mA at room temperature. Diffracto-
grams were collected at 20 between 5 and 70° with steps of 0.016°. The morphology of the nanoparticles was analyzed by
transmission electron microscopy (TEM, JEOL 2100F 200 kV). Scanning electron microscopy SEM images were obtained
using a Zeiss Merlin Compact SEM with a secondary electron detector at a low accelerating voltage up to 5 kV. The backscat-
tered electron detector (BSD) was used at 20 kV. Dynamic Light Scattering (DLS, Malvern-Zetasizer) was used to analyze the
NPs suspension.

The upconversion emission studies were performed on a modular spectrofluorometer, equipped with different laser
excitation sources, a temperature controller (LINKAM Optical DSC600 cell), a detector (CCD, Short Focal Length Triple Grat-
ing Imaging Spectrographs, TRIAX 320 HORIBA) with an optical fiber. The lasers used in this work were, respectively, a
continuous-wave NIR laser (970 nm, MDL-2W) focused on the sample to a spot size of 4 mm? and an unfocused pulsed OPO
UV-visible laser (488 nm, EKSPLA NT230-50-SH, 10 m] pulsed energy). During the temperature calibrations, powder and
solid samples were placed directly on a piece of silicon in air, while fluid samples were poured into a sapphire bowl closed
with a glass lid. Data was collected 10 s after the stabilization of temperature and laser.

Absorption spectra of the powders were performed with a LAMBDA 365 UV/Vis (Perkin Elmer) Spectrophotometer in
the wavelength range 350 - 1100 nm and with an integrating sphere for solid samples. Transmission spectra were analyzed
by LAMBDA 900 (Perkin Elmer) Spectrophotometer in the wavelength range 350 - 2500 nm for transparent samples.



Thermal conductivity was studied using MTPS (Modified Transient Plane Source) with a TCi thermal conductivity analyzer
(C-Therm, TCi-3-A).

2.3. Data analysis.

The thermometry of Er3* doped materials has been analyzed by LIR theory. The population ratio on two thermally cou-
pled energy levels (Ni2 and Nv1) varies with temperature according to equation (1). As the population of the energy level (N)
is directly proportional to the emitted intensities (I), the LIR also follows the Boltzmann distribution.

Ny 1, 9,050, (E, — Ey) AE
LIR=——=—"—= - =B -—
NL, 1, gioe, PC T D T By

(1)

The emission band areas of the were integrated by using Simpson'‘s rule to calculate the average of the total emitted in-
tensities for each transition.”® The Er3* emission spectra was collected and then analyzed by MATLAB software. The inte-
grated area ranges were 540 - 567 nm (L1: #S3/2to #l1s/2) and 512 - 540 nm (Lz2: 2H11/2to #l1s,2) as Figure S1 shows. The LIRs
of the Er3*peaks (L1 and L2) were processed with Excel software for plotting and data analysis. The intrinsic experimental
uncertainty on emission intensity (61/1) depended on the detector, is mainly determined by the signal-to-noise ratio (SNR)7!
(equation S1, Supporting information). In the Boltzmann equation (1), N: denotes the population of excited ions, and /i is the
emitted intensity for a given level i. The pre-exponential constant B includes the gi, i, ®;, which are the degeneracy, the
emission cross section, and the angular frequency of transitions for a given level i, respectively. AE is the energy gap be-
tween the two thermally coupled energy levels, k is the Boltzmann constant, and T is the absolute temperature.'* AE can be
determined by the calibration curve of Ln(LIR) versus 1/T. Compared to the theoretical value, this experimental value can
be used to check the accuracy of the temperature value. In addition, the relative thermal sensitivity Sg, defined by equation
(2), is also an important indicator of the measurement reliability.”?

1 d(LIR) AE

S = =
RETIR AT kpl?

(2)

3. RESULTS AND DISCUSSIONS

This section will be divided into two parts. The first part will deal with the characterization of the free GdVOa4: Yb3+*/Er3*
powder while the second part will consider the nanoparticles dispersed in a matrix. This matrix will be fluid (ester-based
oil) or solid (PDMS or Hybrid glass).

3.1. Free powder: Nanoparticles {GdVO4: Yb3*/Er3+}

Structural characterizations. The XRD pattern of the synthesized GdVOa4: Yb3*/Er3* (Figure 1a) matches well with the
theoretical planes of the tetragonal phase (JCPDS 17-0260). The product consists of pure gadolinium vanadate with space
group 141/amd. SEM and TEM images (Figure 1b and 1c) show that the nanoparticles are elongated ellipsoidal crystallites
with the lengths of 30 nm and their formed clusters is at the length 300 nm.”® This size of aggregation is not a problem for
our application, but solutions could be considered to limit it.74-7¢ The HRTEM image (Figure 1d) shows a well-defined crys-
tal structure with a lattice fringe distance of 0.27 nm and 0.47 nm which corresponds to the (112) and (101) interplanar
spacing of GdVO4 respectively (JCPDS 17-0260). A porous cell-like nanostructure can also be observed,”” these voids are the
result of high temperature atomic diffusion.”3
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Figure 1: (a) X-ray diffraction pattern. (b) SEM; (c) TEM and (d) HRTEM images of the GdVO4: Yb3*/Er3* powder sample.

Optical characterizations: photoluminescent properties. In Figure 23, the blue line shows the absorption spectrum
of GAVOa4: Yb3*/Er3* NPs in the wavelength range of 350-1100 nm. GdVOa4: Yb3*/Er3* NPs absorb NIR light (985 nm) and
some visible light. The green lines represent the emission spectra of GdVOa4: Yb3*/Er3* (solid line: under a 970 nm laser at
2.5 W/cm?, dashed line: under a 488 nm laser at 50 mW/cm?). Both spectra show strong bands in the green region, and
some weak bands in the red emission region.’37980 Comparing these emission spectra, the main Er3* transitions appear
under both excitations (970 nm or 488 nm): 525, 555 and 665 nm corresponding to 2H11/2, S3/2 and *Fo,2 to the ground state
respectively. Moreover, the transition from 2Ho,2 to “l13/2 has not been observed.

As shown in Figure 2b, these two excitation mechanisms are different. Under the excitation by a 488 nm laser, Er3+ elec-
trons are promoted to the *F7,;state, and then decay into the emitting states by non-radiative relaxation, called down-
shifting (DS). Conversely, by exciting at 970 nm, Er3* can be excited by two-sequentially absorbed photons (Ground-state
absorption (GSA) and excited-state absorption (ESA), respectively shown in the black arrow)'8 to the “F7,2 excited state and
generates the same emissions,*+81 83 this process was afterward verified in our experiments. However, since the absorption
effective cross section of Yb3*in the NIR region (?F7,2to 2Fs/2) is much larger than that of Er3+ (?Iis,2to *l11/2), the energy
transfer between Yb3* and Er3* (the ETU process) will be the most important process.®® It can also be noted that the exist-
ence of other cross-relaxations and of some energy back transfer (EBT) from erbium to ytterbium (Figure 2b).44788485 [n
both excitation processes, the non-radiative relaxations are larger in the UC process than in the DS process, i.e. the quantum
yield is lower. In the studied temperature range, the population of the 2H11/2 state increases while the *Ss/2 state decreases
with increasing temperature according to the Boltzmann distribution,*8° as shown in Figure 2c.

Thermometry by the LIR method: effect of laser intensity. As mentioned above (Figure 2c), the influence of temper-
ature on the photoluminescent spectra of GdVO4: Yb3*/Er3* NPs has been verified. Assuming that the laser can induce heat-
ing, the temperature measurement should necessarily be affected. When excited by an unfocused 488 nm laser, two laser
power densities are used: approximately at 50 mW/cm? as the maximum density and at 5 mW/cm? as the reduced density.
For excitation by a 970 nm laser, eight different laser power densities are applied, ranging from 0.3 W/cm? to 15.8 W/cm®.
Under NIR excitation, the luminescent signals at 0.3 W/cm? are too weak to be analyzed, so the temperature calibration was
started at 1.3 W/cm?. Under these conditions, we avoid saturation of the intermediate upconversion levels, and the ther-
mometry will only work in a unsaturated excitation regime.2?
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Figure 2: (a) Absorption spectrum (350 - 1100 nm) of GdVO4: Yb3+/Er3* powder sample in blue line, emission spectra of
GdVO4: Yb3+/Er3+* powder sample in green lines (solid line: under 970 nm laser; dashed line: under 488 nm laser). (b) Er3+and Yb3+
simplified energy-level diagram, showing the main energy transfers (more energy transfers have been studied in Liu’s et al.
works?8) the possible emission mechanism under 970 nm (red arrow) and 488 nm (blue arrow) excitations, respectively. (c)
Emission spectra at different temperatures of the GdV04: Yb3+/Er3+ powder sample (under 970 nm laser at 2.5W/cm?), showing
the thermally coupled levels A1 and A2.

Figure 3 shows the emission spectra at 20°C via DS (Figure 3a) and UC (Figure3b). The emission intensity increases as
the laser power density increases, which is related to the increase in the electron population in the excited state of Er3*.
There is no emergence of a new peak at high laser power density; in particular, the 2Ho/2 — *I13/2 intruding emission from
Er3* was absent in the studied laser power density range. This phenomenon was considered as an important interference
for the calculation of LIR.656686 [n addition, it should be noted that the resolution is different between the two excitation
conditions due to the different detector configuration, and the different range of laser intensities.
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Figure 3: (a) Emission spectra of the GdVOa: Yb3+/Er3+ powder sample under excitation at 488 nm at full laser power density
and at reduced laser power density. (b) Emission spectra of the GAdVOa: Yb3*/Er3+ powder sample under excitation at 970 nm at 8
different laser intensities (0.3-15.8 W/cm?). (c) Temperature calibration under excitation at 488 nm at two laser intensities. (d)
Temperature calibration under excitation at 970 nm at different laser intensities.

In Figures 3c and 3d, Ln(LIR) is plotted as a function of the setpoint temperature (named Tsetpoint), €ach calibration
curve is linear and reversible in the temperature range studied (20 - 300°C). It is observed that the calibration curves over-
lap in the DS system (Figure 3c), while the intrinsic uncertainty of the curve at reduced laser intensity was relatively large.
It’s important to note that the reliability of the temperature calibration may depend on the uncertainty, calibration at full
laser power excitation should be more reliable. On the other hand, the temperature calibration curves for the UC process
change with laser intensity, and the uncertainty decreases when laser intensity increases. (Figure 3d). As expected, the laser
power density influences the ratiometric thermometry in the UC system but not in the DS system. The slope of the calibra-
tion curves can be used to calculate the inferred energy difference (AELr) using the Boltzmann equation (equation (1)), and
the AELRr is considered as an indicator of the reliability of the temperature measurement.’? Indeed, if no laser effect occurs,
the value of AE should remain constant. In Table 1, the AELr calculated by the slope of temperature calibration curves via DS
excitation indeed remains constant when the laser power density changes, whereas the AELir of the UC system decreases as
the laser power density increases. The AELir values and the pre-exponential constant B were plotted as a function of the
laser intensity in Figure 4a. Since laser power density does not influence either the ratiometric thermometry or the pre-
exponential constant, for further comparison, the AELir and B, calculated by DS at 50 mW/cm?, were set to 0 W/cm? (Figure
4a). Note that the AELr for low NIR laser intensities is similar to the AELir of the DS system. For high NIR laser intensities, it
decreases when the laser power density increases. The B value decreases as the laser density increases and it is explained
by the fact that non-radiative process increases.’® The relative sensitivities were calculated by using equation (2), and it
decreases with increasing laser intensity (Figure 4b). It is assumed that this decrease is actually caused by an increase in
temperature.t®
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comparison with the DS process (50 mW/cm? of 488 nm laser excitation) shown by the hollow dots.

Table 1. Calculated energy gaps AELr from calibration curve

Excitation$ 488 nm 970 nm

I Laser (W/cm?) 50.10% 5103 1.3 2.5 6.8 7.0 9.7 135 158 9.7 13.5 15.8 9.7 135 158
Media Powder 0.5 wt.% in suspension 5 wt.% in glass
Slope* -880 -955 -848 -859 -737 -715 -641 -549 -301 -894 -924 -890 -771 -767  -789
B 9 11 11 12 11 11 10 9 8 11 12 11 7 7 8
AELr (cm) 612 663 589 597 512 497 445 382 209 622 642 618 536 533 548
Uncertainty (%) 2.7 16.1 6.1 1.9 0.5 0.4 0.3 0.3 0.3 30.3  20.0 19.2 354 148 104

§Excitation under 488 nm pulsed laser, or under 970 nm continuous laser.

=Slopes of the calibration curves, AE (energy gap determined by linear regression in Figures 3c, 3d, 7a and 7b) and B (pre-
exponential constant calculated by the curves) for each temperature calibration curve (equation (1)).

Laser heating via UC. In two photons systems, the excited population increases quadratically with the laser power
density. The sum of peak surface S1 (peak N1: 540 to 560 nm) and S2 (peak N2: 520 to 540 nm) is integrated (Figure S1)
and plotted as a function of the laser intensity (Figure 4c). The slopes are around 2 at extreme temperatures (20°C and
300°C). Such behavior is a crucial indication that the excitation system is always a 2-photons system in the studied tempera-
ture range. Since the doped concentration of Er3+ is relatively low (2 mol. %), the ETU process from Yb3* to Er3* should be
the most important mechanism under our conditions. Furthermore, no new transition has been observed in the emission
spectra and the calibration curve is always linear up to the maximum laser power density studied, the non-saturation re-
gime of the excitation was also verified. Thus, the LIR value can only be affected by the temperature variation.



The chart of LIR versus laser intensity at different temperatures (Figure 4d), shows that the LIR values change not only
with the temperature but also with the laser intensity. The series of total laser power density per DS excitation are repre-
sented by the hollow markers at 0 W/cm? in the chart. The laser intensity does not change the temperature calibration in DS
system, i.e, in the case of temperature calibration at 488 nm, regardless of the laser power density, the equation of the curve
corresponds to the Boltzmann distribution (equation (1)). On the other hand, the LIR value under UC excitation increases
with the laser intensity for a given temperature. As the LIR value is directly proportional to the temperature, it can be as-
sumed that the temperature increases with the laser intensity; the NIR laser heats the sample during the temperature cali-
bration measurements. It should be also noted that the induced heating phenomena highly depends on the sensitizer con-
tent used.#24487.88

Self-calibration/correction of laser heating. As shown previously in Figure 3c, the laser heating is negligible in the
DS system, the temperature calibration under 488 nm laser at 50 mW/cm? can therefore be considered as a correct distri-
bution corresponding to Boltzmann'’s law (equation (1)). This equation (3) can be translated by using a linear regression on
the curve in Figure 3¢, and is used in the following as a reference.
(—880.36)

LIR

Ln(LIR) = 2.1844 +

(3)

Equation (3) is then used to estimate the temperature of the sample measured by LIR values (named TwRr) for various
laser intensities and temperature setpoints for UC system. Considering that only laser heating occurs in the previous exper-
iments, it is therefore possible to calculate the temperature change due to the contribution of the laser heating (named 8T)
and set by the temperature controller as follows:

6T = TLIR - Tsetpoint
(4)

These values were, as expected, positive because the measured temperatures (TLir) were higher than the setpoint tem-
peratures (Tsepoint) during the calibration. 8T is plotted as a function of Tsetwpoint for different laser intensities (liaser) in Figure
5a for all LIR data collected during the temperature calibration under NIR excitation. It varies with liaser and Tsetpoint. Tsetpoint
interferes slightly with 8T and this influence becomes more important as Tsetpoint increases. The low laser intensity series
(1.3 W/cm? with hollow points) shows more fluctuations than the others because of its relatively important uncertainty, so
they were not taken in calculation of laser heating correction. The curves of 8T versus liaser for each Tsetpoint (20 - 300°C) are
plotted in Figure 5b. It can be observed that 8T is linearly proportional to liaser When Tsetpoint is below 150°C. For a Tsetpoint
above 150°C, linearity is only respected when the laser intensity is higher than 5 W/cm?. All slopes of curves are almost
equal, however the intercepts increase with Tsetpoint.

Assuming that the 8T is totally caused by laser-induced heating, the relation between 8T and Tsetpoint iS consistent with
the literature:® the thermal effect of laser becomes more important with increasing temperature, which has been explained
by the fact that the relaxation rate of the multiphonon increases with temperature, and thus the thermal effect of the laser
becomes more important at high temperature. Furthermore, the linearity of 6T as a function of laser is also consistent with
Sun's et al. results which show linearity between the laser induced heating and the laser power density used at room tem-
perature.** The direct proportion between the 8T and the liser heating respects the fact that in the non-linear optics, the laser-
induced heat increases as the laser intensity increases.

The above information shows that the laser-induced heating temperature is affected by the laser intensity. In order to
correct the laser-induced heating temperature in thermometric calibration, all the data collected from 20°C to 300°C for the
laser intensity of 2.5-15.8 W/cm? were fitted by a polynomial regression model with multiple predictors (here liaser and Twir)
and cross terms (here laser. TLIR) according to the following equation:

Tcorrected =C1+C2+ Ilaser + (3 * TLIR + C4 Ilzaser + C5 = TLZIR + C6 * Ilase‘r * TLIR
(5)

where Teorrected is the corrected temperature at a given laser intensity and for a given measured temperature (Tur from
LIR equation (3)). Tcorrected Were plotted according to the equation (5) (with constant values (C1-C5) gathered in SI Table S2)
in Figure 5c. The Figure 5c shows that the corrected temperatures values (line) are in good agreement with the setpoint
temperature (symbols), with less than 5% of error. This observation confirms that the proposed model is well adapted for
the correction of the laser heating temperature. This result is corroborated by Figure 5d where Tcorrected is drawn as a func-
tion of Tsetpoint and where all the data collapse on the line. It’s important to note that this calibration equation (5) could be
applied for any correction of laser-induced heating, but the constant values could vary slightly depending on the experi-
mental conditions, such as the optical performance of the thermosensor or the dispersed media (Figure S5d).
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Figure 5: (a) Estimated temperature induced by laser heating at different laser intensities (1.3 - 15.8 W/cm?) for regulated
temperature from 20°C to 300 °C. (b) Effect of temperature on the estimated temperature of laser heating at different laser
intensities. (c) Corrected temperature (Tcorrected) (line) at different estimated temperature (TLir) compared with setpoint
temperature (point). (d) Application of correction module for laser heating temperature.

The previous observations show a great interest for the thermometry application of GdVO4: Yb3*/Er3* nanoparticles.
Indeed, the calibration of the laser heating becomes possible to correct the laser-induced error, and then to precisely cali-
brate the GAVOa4: Yb3*/Er3* nanoprobes in thermometry measurements. Knowing that the laser-induced thermal effect oc-
curs even at low NIR laser intensity and this effect rises with environmental temperature, the correction of the laser heating
is necessary for upconversion probes to avoid any error in the temperature measurement. In addition, this laser-induced
heating temperature calibration method could also be used for some applications, where upconversion NPs can be both the
heater and the temperature sensor. Attention should be paid to the structural change of the material caused by high laser-
induced heating temperature, it could reach 700°C upon laser intensity of 15.8 W/cm? and at environmental temperature of
300°C. The GdVO4 nanoparticles have been observed by Gavrilovi¢ et al.?° that after calcination of 2 h at 800°C, their size has
slightly increased, and their crystal phase has not changed. Therefore, we do not expect for any structural transformation of
the nanoparticle under short time excitation by NIR laser. However, this temperature could cause irreversible structural
change in other nanoparticles.

3.2. Suspension & Solid with nanoparticles GdVO4: Yb3+/Er3+.

The results in the previous section were obtained from GdVOa4: Yb3*/Er3* nanoparticles powder. The laser heating effect
was observed in the NPs powder via the UC process, and may be negligible at low laser intensity. For applications as tem-
perature sensors, the NPs must be included with a certain concentration in a given medium. Environmental conditions, such
as, the chemical or physical impact of the medium, the concentration of the nanoprobes, the optical compatibility of the
medium...can be critical for obtaining correct temperature measurement results.” In the following, in order to determine the
impact of environmental factors on temperature calibration (including laser-induced heating), the GdVOa4: Yb3*/Er3* nano-
probes were dispersed in three different media, one liquid and two solids, at different concentrations. The mixtures were
excited by a NIR laser at different intensities for temperature calibration.

Matrix characterizations. An ester-based oil (Nycobase 5750) was chosen as a fluid medium to apply GdVOa:
Yb3+/Er3* nanoprobes for tribological temperature measurement.'? Nycobase oil is used as a basic lubricant because of its
properties: rheological, high thermal resistance, chemical stability, non-toxicity. The nanoprobes can also be dispersed in
solid media to explore their potential application in optical thermometry for local temperature measurement, such as
measuring the local temperature of the near-surface layer of a solid in tribology. Therefore, hybrid glass and PDMS were
chosen as solid matrices. As shown in Figure 6a, the absorbance in the NIR wavelength range of the pure matrices, oil



(Nycobase), hybrid glass and PDMS is almost zero. Therefore, they cannot be heated by the NIR laser. They all have very low
thermal conductivity (Table S1). The heat dissipation can be neglected in these matrices.

After the homogenous dispersion of NPs in the fluid medium, the aggregation state of NPs in oil is determined by DLS.
The hydrodynamic size of the nanoparticle agglomerate in the 0.5 wt.% NPs suspension is about 400 nm (Figure 6b). The
dispersion in the solid (hybrid glass) was observed by SEM. Figure 6¢ shows a cross-sectional view of a hybrid glass slice in
which 5 wt.% NPs were inserted by the sol-gel process. The white dots (< 5 um) are the aggregates of GdVO4 NPs. The as-
pects of the NPs/matrix mixtures are shown in Figure 6 (d1: oil suspension, d2: Silica glass, d3: PDMS), they became white
with some transparency after dispersion of the NPs.
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Figure 6: (a) Absorbance spectra for the pure matrix (oil, glass, PDMS) and reflectance spectra for the NPs powder. (b) DLS
analysis of 0.5 wt.% NPs in suspension. (c) Backscattered electrons SEM image of the cross-sectional view of the hybrid glass
containing NPs (5 wt.%). Photographs of the material prepared with 0.5 wt.% NPs. in suspension (d1); 5 wt.% NPs in hybrid glass
(d2) and in PDMS (d3).

Dispersion in a fluid medium at low concentration. A low concentration suspension in oil at 0.5 wt.% of NPs was
prepared. The emission intensity is low due to the low concentration of the luminescent probe in the suspension (Figure
S2a), so the experimental uncertainty is quite large despite the relatively high laser power density used. As with the NPs
powder, the emission intensity increases as the laser intensity increases, and the uncertainty becomes lower with higher
laser intensity. However, the temperature calibrations curves (Figure 7a) from 25°C to 150°C, are all superimposed at vari-
ous laser intensity (9.7 to 15.8 W/cm?). As in Figure 4c, the integrated peak surface of S1 and S2 is plotted as a function of
laser intensity for the NPs suspension (Figure S2b). A linear relationship with a slope of the curve close to 2 was observed,
which is very similar to the case of free NPs powder (Figure 4c) which means that the excitation process is a UC involving
two-photons absorption. The LIR values only change with temperature but not with laser intensity (Figure S2c), and the
calculated energy gap (AELr) are similar at different laser intensities (Table 1). Laser-induced heating is not observed in the
0.5 wt.% suspension of NPs in oil.
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Figure 7: (a) Temperature calibration of the suspension at 0.5 wt.% NPs. (b) Temperature calibration of the glass at 5 wt.%
NPs.

Dispersion in a solid medium at low concentration. Considering the dispersion capacity of NPs in the hybrid glass
and PDMS, we used 5 wt. % of NPs to increase the emission intensity. The luminescence spectra of NPs dispersed in the
hybrid glass are shown in Figure S3a. The emission spectra are noisy, and the experimental uncertainty is relatively high. In
the temperature range from 25°C to 160°C, the temperature calibration curves do not change and the slope remains con-
stant as the laser intensity varies (Figure 7b & Table 1). Excitation is always a UC process with two-photons absorption for
all temperatures and laser intensities (Figure S3b), and the LIR is held constant at constant temperature (Figure S3c). A
simple comparison with 5 wt.% NPs in PDMS is performed for two laser intensities (6.8 and 15.8 W/cm?) at 25°C. The LIR
value does not change with the laser intensity. The previous results are confirmed by the calculated AEvLr values (Table 1)
for the 5 wt.% NPs in the hybrid glass: AE remains constant as the laser intensity changes. Compared to other calibrations
without laser heating effect, like the calibration of 0.5 wt.% NPs suspension in oil and that of NPs powder under low laser
intensity (= 2.5 W/ cm?), the calibration of 5 wt. % NPs in solid shows a lower AE value. We assume that this difference is
caused by the slight laser-induced heating in the solid. However, this heating did not change under different laser intensities
up to 15.8 W/cm? We can conclude that the calibration curves were not interfered by the excitation laser intensity in the 5
wt.% NPs hybrid glass or PDMS in the temperature range [25°C - 160°C] and laser intensity range [9.7 - 15.8 W/cm?].

Dispersion in a medium at high concentration. In the previous section, it was observed that for a low concentration
dispersion of NPs in a medium, solid or fluid, the influence of the excitation laser intensity can be neglected. However, a
decreasing concentration of NPs degrades the signal-to-noise ratio of the emission spectrum, then the experimental accura-
cy. For our further study on temperature measurement under tribological conditions, we need to increase the probe con-
centration for the best accuracy of measurement without being perturbed by laser-induced heating problems. Therefore, a
high concentration may be a good choice to optimize the quality of the emission spectrum. In this case, the effect of NPs
concentrations on the laser-induced heating phenomenon in different media should be studied. In the following work, we
studied the maximum dispersion concentration of NPs in solid and fluid matrix. However, the dispersion capacity of GAVOa:
Yb3+/Er3* NPs in a sol-gel hybrid glass is not high. Thus, only the PDMS matrix is considered in the following.

Using the same dispersion method, 50 wt.% of GdVO4: Yb3*/Er3* NPs were dispersed in oil and PDMS. When the concen-
tration of NPs is extremely high, the oil suspension and the solid completely lose their transparency. The emission intensity
gets higher when the NPs concentration is higher. The high concentrated materials can be excited under low laser power
density (1.3 W/cm?) (Figures S4a and S5a). However, Figures S4b and S5c show that the LIR changes not only with temper-
ature but also with laser intensity, for 50 wt.% in the suspension and in the PDMS respectively, which was observed in a
contrasting manner in Figures S2c and S3c.

The temperature calibration curves are plotted in Figure S4c for the NPs suspension, for the 50 wt.% NPs in oil at 2.5
W/cm? and for the 0.5 wt.% at 15.8 W/cm?. The slopes of those two curves are close to each other as well as the calculated
AELr. This observation shows that in the suspension at high concentration of NPs, the laser heating could be overcome un-
der low laser intensity same performance as powder. In Figure S5b, the temperature calibration curves for 50 wt.% of NPs
in PDMS at different laser intensities are plotted. The laser heating occurs after 2.5 W/cm?, the calculated AELir decreases
with the laser intensity. As expected, the materials at high NPs concentration react like NPs powder with respect to the laser
heating phenomenon.



As performed for free powder NPs, the equation (5) was applied to correct the laser-induced heating temperature (con-
stant values see SI Table S2) on 50 wt.% NPs in PDMS (Figure S5d). Compared to the regression model fitted for free pow-
der of NPs, their coefficients of liaser (C2), as well as Tuir (C3) are nearly the same. The C2 and C3 are the most crucial coeffi-
cients in equation (5). This observation shows that the effect of laser intensity and environmental temperature on laser-
induced heating may not depend on dispersed media.

It’s important to note that some samples containing a high concentration of NPs were destroyed by laser-induced over-
heating after the experiments. We observed significant darkening on the surface of high concentrated PDMS after at high
laser density excitation. When the laser intensity and temperature are high during calibration, the ambient temperature can
easily reach the flash point or melting point of the materials. However, without laser heating calibration, it is difficult to
estimate the Tiaser heating ON @ given laser. To avoid any unexpectable sample damage, it is necessary to verify the laser heating
phenomenon before any experiment using UC nanoparticles as a sensor.

We can conclude that the concentration of GdVO4: Yb3*/Er3* NPs dispersion in the medium has an impact on the laser
heating phenomenon. The concentration of the NPs is a critical parameter that decides whether laser heating occurs or not
in the studied medium. In our work, laser heating occurs when the NPs concentration is very high (50 wt.%) but not when
the concentration is low (0.5 wt.% in a fluid suspension and 5 wt.% in a hybrid glass or PDMS). The laser-induced heating
causes the significant temperature calibration error and can even destroy the material. Therefore, when GdVO4: Yb3*/Er3+
NPs are used in a medium as thermometric nanoprobes, the phenomenon of laser-induced heating deserves to be studied
beforehand. Since laser heating can occur in all UC systems, experiments with UC nanoprobes should pay attention to laser
heating. In summary, by using the GdVOa4: Yb3*/Er3* NPs as UC nano sensor on temperature measurement, low concentra-
tion of NPs in medium or low laser intensity should be used to avoid the error caused by laser-induced heating. To optimize
the UC emission, the high concentration of NPs dispersion could be applied only with a laser-induced heating correction.

4. CONCLUSION

A heating effect was observed from a near-infrared laser during the upconversion emission of GdVO4: Yb3*/Er3* nano-
particles powder. This effect became more significant with the increasing laser intensity and the rising ambient tempera-
ture. We also studied the photoluminescence properties of GdVOa4: Yb3*/Er3* nanoparticles in a dispersed medium, their
thermometry was still valid. The laser heating effect could be neglected at low concentration (0.5 wt%/ 5 wt.%) but not at
high concentration (50 wt%). To optimize the accuracy of temperature measurement, the GdVOa4: Yb3*/Er3* nanoparticles
are excited upon high NIR laser intensity with the laser-induced heating temperature correction. With a given laser intensi-
ty, the correction may be realized for the NPs on powder form and for the high-concentrated dispersed in solid. The above
results show that the laser-induced heating has a crucial impact on accuracy of temperature measurement using UC nano
sensor. However, the use of GdVOa4: Yb3*/Er3* nanoparticles as temperature sensors will provide a reliable method of meas-
urement as the laser-induced heating can be corrected.
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