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ARTICLE INFO ABSTRACT

Keywords: The contactless real-time temperature sensing technique with high temporal and spatial resolution is in high
Er’* demand for the countless applications. Here, the Yb>* /Er** ~codoped GeO,-PbO-PbF, glass ceramics synthe-
Upconversion sized via the melt-quenching technique has been presented as an optical thermometer. The thermal sensing was
Se“?"rs designed based on the temperature dependent fluorescence intensity ratios of thermally (*Hy; 5 and *Sz,,) and
(S)ep;;?iittl;ermometry non-thermally (*H,;,, and *Fg,5) coupled Er®* levels. The ratiometric techniques provide the thermal sensing

within the temperature range of 300-466 K. The absolute and relative thermal sensitivities as well as the
temperature resolution were calculated and compared with other Yb®* /Er®*-doped materials. The temperature
of the microelectronic component on the printed circuit board was defined using the optical thermometry as a
proof of concept revealing Yb®>*/Er®** ~codoped GeO,-PbO-PbF, phosphor to be a promising candidate for

precise non-contact thermal sensor.

1. Introduction

As a fundamental physical parameter, temperature plays a sig-
nificant role in many biological and technical processes. Therefore, the
real-time and in situ temperature sensing with the high temporal and
spatial resolution is extremely desired to control and govern these
processes. Due to the miniaturization of the electronic components and
necessity of defining temperature in the harsh environment (high
electromagnetic field, corrosive circumstances, etc.), the non-contact
sensing techniques have attracted great attention last years [1-5]. As
one of the non-contact temperature sensing strategies, a luminescence
thermometry has gained considerable interest because of its advantages
of fast response, noninvasive operation and high-spatial resolution [6].
Among the thermal sensing methods based on various temperature
dependent luminescence parameters, the ratiometric approach is
usually considered as the most perspective one. This technique involves
the comparison of luminescence intensities between two energy levels,
whose respective emission intensity is thermally modulated with the
temperature [7,8]. The ratiometric luminescence thermometry is a self-

calibrating technique, which provides accurate measurements without
influences of the fluorescence losses, time exposure and pump power
fluctuation [9-13].

The rare earth-doped upconverting materials have been intensively
investigated, largely focusing on the potential applications such as
nanoscale thermometry, diagnostics and therapy [14]. The rising in-
terest in an upconverting nanoparticles is connected with their unique
excitation schemes where they can be excited with near-infrared (NIR)
light and emit higher energy photons spanning the ultraviolet, visible
and NIR regions via a multiphoton excitation process, known as up-
conversion [15-17]. The upconverted luminescence has advantages
when compared with the conventional fluorescence for several reasons.
The NIR excitation light causes minimal photodamage, induces practi-
cally no autofluorescence background, and can penetrate biological
tissue much deeper [18,19].

The host materials affect the performances of optical temperature
sensors especially based on upconversion luminescence. It is well-
known that hosts with lower phonon energies will demonstrate higher
upconversion luminescence efficiency, which will increase the thermal
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measurement accuracy [20]. Another important feature of the host
matrix is mechanical and thermal stability, which makes them suitable
for utilizing in harsh environments [21]. The oxyfluoride glass ceramics
is a host material combining low cut-off phonon energy from fluorides
and desirable mechanical and chemical characteristics from oxides
[22,23]. Other advantages of oxyfluoride glass ceramics are: ability to
stabilize metastable crystalline fluoride phases that cannot be prepared
and/or preserved at room temperature; preventing of fluoride nano-
particle agglomeration by the glass phase; inactivation of the highly
developed and active surface of the nanoparticles (it is important in
case of fluoride nanoparticles which can be easily quenched by the
adsorption of water on their surfaces) [24]. It was reported that the lead
fluorogermanate glasses have advantages compared to the fluoride
glass systems including high chemical stability, good thermal stability
and excellent glass forming characteristics [25].

One of the most well-known examples of an optical thermometer
exploiting the temperature sensitive emissions is the Er>* ion [26-28].
In particular, the temperature induced change in the fluorescence in-
tensity ratio (FIR) between two green emission bands originating from
the 2H;; ,2 and 4S3/2 excited states of Er>* can be used for thermal
sensing. The Yb®* ion is usually doped as a sensitizer in the upcon-
vertion process to enhance the pump efficiency of Er** due to the large
absorption cross section around 980 nm of Yb®* and efficient energy
transfer from Yb®" to Er®* [29-31].

Here, GeO,—PbO-PbF,-YbF;-ErF; glass ceramics fabricated through
melt-quenching technique was demonstrated as a ratiometric lumines-
cence temperature sensor based on the thermally and non-thermally
coupled energy levels. All obtained results indicate that the studied
Yb3* /Er®*-codoped sample could be considered as a potential candi-
date for the thermal sensing.

2. Experimental

A precursor glass sample with the molar composition of
50Ge0,-35PbO-5PbF,-8.5YbF;-1.5ErF; was fabricated from the high-
purity chemicals. The starting batches were thoroughly mixed, put in a
platinum crucible and melted at 1000 °C for 15 min in normal air at-
mosphere. Then the melts were quenched on the preheated copper plate
and annealed below Tg (at 360°C) in order to eliminate internal
stresses. The glass samples were additionally annealed at 400 °C for 7 h
to obtain the PbF, crystallization. All heat-treated samples were kept in
the furnace to cool to the room temperature.

X-ray phase analysis was carried out with Rigaku«Miniflex
II » diffractometer with CuKg-radiation (A = 1.5406 f\). Electron mi-
crograph images and elemental analysis were obtained using Zeiss
Merlin electron microscope with Oxford Instruments INCAx-act acces-
sory. Photoluminescence properties were studied with modular fluor-
escence spectrometer Fluorolog-3 upon 973 nm diode laser. This ex-
citation source and T64000 Raman Spectrometer were used for thermal
sensing experiments. The laser beam was focused onto the sample by
using a 4x long working distance microscope objective (NA 0.1). The
fluorescence was collected by using the same microscope objective and
was spectrally analyzed by single spectrometer and a Peltier cooled
Synapse CCD detector. The thermal experiments were carried out using
heating stage controlled with ThorLabs TC200 with a resolution of
0.1°C.

3. Results and discussion

The XRD pattern of GeO,-PbO-PbF,-YbF;-ErF3 glass-ceramics is
shown in Fig. 1. As it can be seen, all the peaks in the diffraction pattern
coincide with cubic phase of PbF, (space group Fm-3m, JCPDS 06-
0251). No impurity phase was detected. The observed broad band about
24° can be attributed to the glass host.

The average size of coherent scattering region (crystallite size) can
be calculated using the Scherer's approach [32]:
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Fig. 1. a) XRD patterns of GeO,—PbO-PbF,-YbF3;-ErF; glass-ceramics powder
with the standard card of PbF, (JCPDS 06-0251).
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where D is an average size of the ordered (crystalline) domains, which
may be smaller or equal to the grain size; A is the X-ray wavelength; B is
the full width at half-maximum (FWHM) of a diffraction line located at
6 in radians; 6 is the Bragg angle; 3o is the scan aperture of the dif-
fractometer. Calculated average crystallite size (coherent-scattering
region) was about 30 nm.

Fig. 2 shows the scanning electron microphotographs of the syn-
thesized glass-ceramics powder with different magnifications. As seen
from the micrographs, the powder consists of the agglomerated parti-
cles with size from 100 nm to 1 pm.

To study elemental analysis of the glass-ceramics powder, EDX
technique was used (Fig. 3). The signals from germanium, oxide, lead,
fluorine, erbium and ytterbium were observed, which confirms forma-
tion of GeO,-PbO-PbF,-YbF3-ErF; sample.

The absorption spectrum of GeO,—PbO-PbF,-YbF;-ErF; glass-
ceramics powder was measured in the spectral region of 200-1200 nm
(Fig. 4). It consists of the characteristic narrow lines attributed to the 4f
intra-configurational electron transitions in the Er®* and Yb®™ ions:
234nm (Er**, *I;5,,-"Ds/), 306 nm (Er’*, *I;5,,-°P3.), 486 nm
(Er3+, 4115/2—4F7/2), 522nm (Er3+, 4115/2—2H11/2), 540 nm (Er3+, 4115/
2=*S3/5), 655 nm (Er**, *I;5,o—*Fo/2) and 974 nm (Yb® ™, 2F,,,—Fs 5).

The excitation spectrum of GeO,~PbO-PbF,-YbF;-ErF; glass-cera-
mics powder monitored at 655 nm (*Fo,,—*I15,,) is presented in Fig. 5a.
Similar to absorption spectrum, it consists of the narrow lines centered
at 355, 363, 378 and 405 nm, which can be assigned to the *I;5,,—*G 5,
4115/2—4G9/2, 4115/2—4G11 s, and 4115/2—2H9/2 transitions of Er** ions,
respectively. The Stokes photoluminescence spectrum upon 378 nm
excitation is shown in Fig. 5b. This spectrum is dominated by two
strong red lines (654 and 665nm) attributed to the “Fg,,—*I;5,, tran-
sition and also contains the weak 2H9/2—4115/2 (406 and 410 nm), %H;; Y
P /> (522 nm), and S, /2—4115 /> (540 and 550 nm) transitions.

The upconversion spectrum of the GeO,—PbO-PbFy-YbF3;-ErFs
glass-ceramics powder demonstrates other intensity distribution.
Similar to the Stokes spectrum, the red transition *Fq,,—*I;5,/5 is domi-
nated in the upconversion spectrum, however the green lines (*Ho,
2=*I15/2 and 2Hy;,5-"I;5/2) are much more intensive. In order to un-
derstand the wupconversion emission mechanism involved in
GeO»-PbO-PbF,-YbF;—ErF; phosphors, the emission intensity depen-
dence on pump power was measured (Fig. 5¢). One knows that the

D=
@
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Fig. 2. SEM images of GeO,-PbO-PbF,-YbF3-ErF; glass-ceramics powder.
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Fig. 3. EDX spectrum of GeO,—PbO-PbF,-YbF3-ErF; glass-ceramics powder.
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Fig. 4. Absorption spectrum of GeOy-PbO-PbF,-YbF3-ErF; glass-ceramics
powder.

upconversion emission intensity (Iyc) increases proportionally to the
pumping power (P) of the excitation source according to: Iyc ~ P%,
where n is the number of photons needed to pump the population in
particular level [27,33]. Therefore, n, the number of photons involved
in the upconversion emission can be estimated from the logarithmic
plot of the integral emission intensity with the incident laser power.

202

Fig. 5d shows such plot of the integral emission intensity of the green
and red emission lines as a function of the pump laser power. The ob-
tained experimental data can be well fitted using linear function with
the slopes of 1.77-2.33 on log-log plot. Generally, a straight line with a
slope approximately equal to 2 indicates that two photons are involved
for the upconversion emission [34]. So, we can draw a conclusion that
both green and red emission lines of GeO,-PbO-PbF,-YbF3-ErF;
phosphor arise from a two-photon process [35].

The normalized upconversion spectra of
GeO,-PbO-PbF,-YbF3-ErF; glass-ceramics powder obtained at dif-
ferent temperatures (300, 370, 466 K) are shown in Fig. 6a. As can be
seen, the luminescence intensity demonstrates a significant tempera-
ture-dependent behavior. The ratiometric luminescence thermal sen-
sing was performed using two approaches: R; is ratio between *Hy;,
2—4115/2 (520 nm) and 483/2—4115/2 (537 nm) transitions; R, is ratio be-
tween 2H11/2—4115/2 (520 nm) and 4F9/2—4115/2 (652 nm) transitions
(Fig. 6b). Usually, the ratiometric temperature sensing is provided by
the thermally coupled levels with energy mismatch in the range of
200-2000 cm ! [36]. The energy difference between ?H;,,, and *Ss,
levels meets this requirement. In this case, the temperature induced
change of FIR is explained by population re-distribution, which is
governed by the Boltzmann formula:

-

kT 2)

where AE is the energy gap between the levels, k is the Boltzmann
constant, and T is the temperature.

The evolution of R; with temperature together with fitting curve is
presented in Fig. 7a. It should be noted that the calculated energy gap
between °Hy;,» and 453/2 levels obtained from the calibration curve
(AEcqinr = 817em ™)  perfectly matches with  experimental
AEgpecer = 820 cm ™!, which was obtained from the measured upcon-
version spectrum.

The error & between AE b and AEg,e.. is given by following
equation [37]:

_ (AEspectr - AEcalibr)
AEspectr

é X 100%

€))

It should be noted that 5 was determined to be as small as ~ 0.4%
for 2Hy1 5 and *Ss,, levels.

Despite the fact that 2Hyq,» and “Fo, levels with energy gap of
~3930cm ™! are non-thermally coupled levels, the thermal depen-
dence of R, can be fitted by eq. (1) (Fig. 7c). So, R, value can provide
information about the local temperature. Noteworthy, that in this case,
AE does not have physical meaning as the energy gap between levels.

To date, upconversion materials are widely used as luminescent
temperature probes, however it is rarely reported that such phosphors
should be utilized as thermometers very carefully. Due to the different
excitation power dependences of the upconversion emission transitions,
which is used for the thermal sensing, even the ratiometric approach
could not provide universal thermal calibration curve for all excitation
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Fig. 5. a) Excitation spectrum of GeO,—-PbO-PbF,-YbF3;-ErF; glass-ceramics powder; b) Stokes photoluminescence spectrum upon 378 nm excitation; c) upcon-
version spectrum of GeO,~PbO-PbF,-YbF;-ErF; glass-ceramics powder upon 973 nm excitation; d) integral emission intensity of the green and red emission lines as a
function of the pump laser power. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Fluorescence intensity ratio a) R; and c¢) R, as a function of temperature.

temperature for b) R; and d) R,.

powers. Therefore, the individual calibration curve should be obtained
for the specific excitation power to perform accurate thermal sensing.
Here, laser power of 5 mW was kept during all thermal measurements.

The performance of thermometer is usually characterized by a set of
following parameters: the absolute (S,) and relative (S,) thermal sen-
sitivity, the temperature resolution (8T), and the repeatability. The
absolute thermal sensitivity defines the absolute FIR change with
temperature variation and can be obtained using eq. (3):

_dR _ L AE

Sy = — = R——
T dr kT?

@

One can see that S, depends on absolute FIR value, which can be
significantly changed by the manipulating FIR calculation procedure
(for instance, change of integration limit for calculation for integral
intensity of emission transition). Therefore, the absolute thermal sen-
sitivity is not suitable for the fair comparison among different systems
[38].

The relative thermal sensitivity is introduced to compare the ther-
mometers of different nature. It is the normalized change in FIR with
temperature variation and is defined as:

_1dR _AE
"7 RdAT = kT? )

The variation of the S, and S, value with temperature from 300 to
466 K for R; and R, ratio is illustrated in Fig. 6b and d, respectively.
Noteworthy, the observed temperature dependences of S, and S, de-
monstrate opposite behavior: the temperature increase leads to the
monotonic decline of S, and gradual growth of S,. So, the maximum
relative thermal sensitivity was obtained at the lowest measuring
temperature of 300 K: 1.31% K~ ! (Ry) and 1.1% K~ ! (R,), whereas the
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Variation of absolute (S,) and relative (S,) thermal sensitivity dependent on

maximum absolute thermal sensitivity was achieved at much higher
temperatures: 0.0036 K'@466K (R;) and 0.0008K'@441K (Ro).
Table 1 presents comparison of temperature range and relative thermal
sensitivity for different Yb®* /Er®* doped materials. It should be noted
that the S, values obtained in this work are on a par with the best values
for the Yb®* /Er®* systems.

Temperature resolution provides information about accuracy of the
thermal sensing using regarded material. As we have shown in our
earlier work, the temperature resolution can be calculated in several
ways: from calibration curve, from acquisition of several consecutive
emission spectra at a fixed temperature and from analysis of thermal
relaxation process [52]. Here, the temperature resolution of the ther-
mometer is calculated by the formula:

5= LR
S, R

(6)
where 8R/R is the relative uncertainty in the determination of the
temperature. SR/R value was obtained as dispersion of three repeated
measurements, whereas R was the average value of FIR. The calculated
temperature resolution is 0.2-0.4 K (300-466 K) for R; and 0.3-2.0K
(300-466 K) for R, ratio. It should be noted that despite the tempera-
ture resolution is an important parameter, it is quite poorly represented
in the recent works on Yb®*/Er®*-based optical thermometers. The
obtained temperature resolution is comparable with the reported values
for Yb®* /Er®™* pair. For example, the 8T value of 1-5K is reported for
NaYF,:Yb3* Er®*/SiO, core/shell nanocrystals in the temperature
range of 290-900K [53]. The 8T value of ~0.3K is reported for
SrF,:Yb® " Er®" nanoparticles in the temperature range of 303-373K
[54].
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Table 1

Comparison between relative thermal sensitivities of Yb** /Er®>*-doped materials calculated by using the ratiometric technique.
Material Temperature Range (K) S, (%K™ Y Reference
GeO,-PbO-PbF,-YbF3-ErF; (R;) 300-466 1.31@300K This work
GeO,-PbO-PbF,-YbF3-ErF; (Ry) 300-466 1.0@300K This work
LaF5:Yb** /Er®* 300-515 1.57@386K [34]
Yb3* /Er®* co-doped tellurite glass 278-473 0.53@473K [39]
Yb**/Er** co-doped silicate glass 496-723 0.63@296K [40]
Yb®*/Er®** co-doped phosphate glass 303-753 1.22@303K [41]
NaYF,:Yb®* /Er®* glass ceramics 298-693 1.26@298K [42]
B-NaGdF,:Yb** /Er®* glass ceramics 303-563 0.37@580K [43]
NaYF,:Yb**, Er** 175-350 1.1@200K [44]
Er,Yb:Gd,03/Au NPs 300-—1050 1.51@303K [45]
LaGdOs:Yb>*, Er®* 283-393 1.08@383K [46]
Gdy(M00,)5:Yb%*, Er®t 289.6-510.2 1.2@300K [47]
B-NaYF,:Yb®™, Er®* 303-573 1.16@303K [48]
Y,05: Y3, Er®t 125-300 1.32@300K [49]
CaWO,:Yb®*, Er®t, sr2+ 298-2000 1.1@456K [50]
NaZnPO4:Yb**, Er®™ 303-753 1.3@303K [511
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Fig. 8. Repeatability of FIR readout during 5 heating-cooling cycles.

Repeatability is an important factor for the assessment of the pre-
cision of a thermometric system, referring to the variation in repeating
the measurement under identical conditions [55]. Repeatability was
tested over cyclic heating-cooling measurements (Fig. 8). During the
experiment, the temperature rose to 341 K and dropped to 303 K several
times. Black squares indicate the actual temperature of heater, whereas
red circles show the temperature calculated by FIR. From Fig. 8, we can
clearly see the excellent repeatability of the studied Yb®* /Er®*-doped
phosphor: the temperatures obtained using optical thermometry are
repeated from cycle to cycle and they are in well agreement with the
actual heater temperature.

Nowadays, microelectronics occupies a key place in everyday life.
Rapid development of technology leads to the miniaturization of elec-
trical elements and as a result to the increase of their number on the
printed circuit board. This arises the question of temperature control of
the electrical elements during manufacturing and operation. Thermal
sensing by the conventional contact and non-contact methods is ham-
pered by the small size of the elements of microelectronics and diffi-
culty of localization.

Here, we demonstrate temperature sensing of the microelectronic
component using the ratiometric upconversion technique as a proof of
concept. The resistor was placed on the printed circuit board and was
connected to the power supply (Fig. 9a). To carry out thermal sensing
using luminescence thermometry, a colloidal solution of
GeO,-PbO-PbF,-YbF3-ErF; glass-ceramics powder was prepared and
then applied with a thin layer on the top of the resistor. Upconversion

luminescence was excited with 973 nm laser radiation (Fig. 9b). The
thickness of the phosphor layer was small, so the phosphor had almost
no effect on the emissivity of the material. As a control method, the
temperature of the resistor was also defined by infrared camera Fluke
Ti32 (Fig. 9¢). The emissivity of resistor's surface (0.93) was used to
calibrate the infrared camera during temperature measurements. The
infrared camera and FIR method measured temperature on the same
area of the sample. The resistor's temperature was varied by changing
electrical current. Fig. 9d shows the resistor temperature obtained from
different techniques as a function of the electric power. As can be seen,
the temperatures obtained with the luminescence thermometry per-
fectly match with the data obtained using infrared camera. The spatial
resolution was determined by the optical resolution of the collecting
system and was about 50 um (focusing diameter of the laser beam for 4x
microscope objective).

4. Conclusions

In this work, Yb®>* /Er®*-codoped GeO,~PbO-PbF, phosphor was
synthesized using traditional melt-quenching technique. XRD pattern
demonstrated presence of the amorphous glass and crystalline PbF,
phases. EDX technique confirmed presence of germanium, oxide, lead,
fluorine, erbium and ytterbium ions in synthesized sample. Absorption
spectrum consisted of the characteristic narrow lines attributed to the
4f intra-configurational electron transitions in Er>* and Yb®" ions. The
green and red bands in the upconversion spectrum of
GeO,-PbO-PbF,-YbF;-ErF; are originated from two-photon processes.
The upconversion luminescence intensity exhibits significant tempera-
ture-dependent behavior. A ratiometric technique involving the Er**
thermally and non-thermally coupled levels (*°Hi;,2/%S3/» and 2Hy;,
o/*Fo 5, respectively) was used to provide thermal sensing in the
300-466 K temperature range. The performance of suggested optical
thermometer was obtained in terms of absolute and relative thermal
sensitivities, temperature resolution and repeatability. The maximum S,
and S, values were found to be 1.31% K™ '@300K and 0.0036 K@
466 K for fluorescence intensity ratio between ’Hy4 /2 and 4S8, /o levels.
The minimum temperature uncertainty does not exceed 0.4 and 2 K for
R; and R, ratio, respectively. Thermal cycling experiments showed
good repeatability of the studied thermometer. Temperature measure-
ments of the microelectronic component were carried out using two
independent techniques: luminescence and infrared thermometry,
which showed similar results. The obtained results demonstrate that
Yb®* /Er**-codoped GeO,~PbO-PbF, phosphor is a perspective candi-
date for luminescence ratiometric thermometry.
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the resistor; d) resistor temperature as a function of electric power.
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