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Vinča Institute of Nuclear Sciences, University of Belgrade, P.O. Box 522, 11001 Belgrade, Serbia

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 16 July 2019
eceived in revised form 4 September 2019
ccepted 17 September 2019
vailable online 21 September 2019

a  b  s  t  r  a  c  t

The  temperature  sensing  properties  of  an  Er3+/Yb3+ co-doped  GdVO4 nanocrystalline  powder  were  stud-
ied.  The  down-conversion  emission  spectrum  of the  sample  was  observed  under  excitation  at  457  nm.
Two methods  were  used  to  calibrate  the  temperature  of the sample:  one  based  on the  Fluorescence  Inten-
sity Ratio  (FIR)  technique  and  the  other  using  the  fluorescence  lifetime  of the  thermally-coupled  energy
levels of  Er3+. The  relative  sensitivities  for each  method  were  calculated  and  it  was  found  out  that  the
eywords:
anoparticle
dVO4

rbium
emperature

FIR-based  temperature  sensor  has higher  sensitivity  (1.17%  K−1) than  the  lifetime-based  sensor  (0.24%
K−1). Furthermore,  a temperature  uncertainty  of 0.37  K was  obtained  for  the  FIR-based  sensor.  The  GdVO4

nanoparticles  were  also  used  to study  the  change  in  temperature  of an  electrical  component  when it  is
operating  and not.

© 2019  Elsevier  B.V.  All  rights  reserved.

ptical sensor

. Introduction

Nowadays, a huge variety of devices are available for tem-
erature measurements in diverse fields, such as science and
ngineering. However, conventional instruments are inefficient in
ome hostile environments as, for example, corrosive ambient. For
his reason, it is necessary to investigate new sensors that can be
dapted in all types of environments. Optical temperature sensors
re considered as an excellent solution, in which luminescence is
sed to translate optical signals into temperature measurements
1]. These devices are oriented to replace classical sensors in the
elds of nano-engineering, bio-imaging, therapeutics [2], power
tations, oil refineries, coal mines or building fire detections [3].
mong their advantages are the rapid response, non-invasive oper-

tion, high spatial resolution, high accuracy, high temperature
ensitivity, freedom from electro-magnetic interference and noise
mmunity because no electrical currents flow at the sensing point.

∗ Corresponding author.
E-mail address: fpazbucl@ull.es (F. Paz-Buclatin).

ttps://doi.org/10.1016/j.sna.2019.111628
924-4247/© 2019 Elsevier B.V. All rights reserved.
In order to develop an effective optical temperature sensor, it is
necessary to select a suitable optically active ion and host matrix.
The results obtained from temperature sensing using active hosts
doped with erbium ions suggest that erbium is a good candidate
as a dopant ion [4]. It is well known that trivalent erbium ion
(Er3+) can emit two  intense green emissions at around 525 and
550 nm,  corresponding to 2H11/2→4I15/2 and 4S3/2→4I15/2 transi-
tions, respectively. The energy level gap of 2H11/2 and 4S3/2 is very
small, located in the range of 200 cm−1 - 2000 cm−1 which fulfill the
requirement for it to be used as an optical temperature sensor. The
small separation between these levels implicates a high probability
of non-radiative transitions between them.

There are various sensing methods that take advantage of this
feature of rare-earth ions. In particular, two  methods will be studied
in this work: the FIR technique and the fluorescence lifetime-based
temperature calibration. These methods rely on the fact that the
relative population of the two thermally-coupled energy levels

can be affected by the variations of the environmental temper-
ature according to the Boltzmann distribution law [5,6]. This in
turn varies the relative fluorescence intensity of the emissions from
these levels as well as their effective lifetime.

https://doi.org/10.1016/j.sna.2019.111628
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2019.111628&domain=pdf
mailto:fpazbucl@ull.es
https://doi.org/10.1016/j.sna.2019.111628
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It is worth noting that the energy difference between the emit-
ing levels is an important factor. This energy gap must be large
nough in order to avoid overlapping, but if the separation is too
arge, the upper level cannot possess enough population in a certain
emperature range and, in that case, the Boltzmann’s distribution

odel is not useful to describe the electronic populations of the
mitting levels [7]. In addition to these considerations, it is impor-
ant to dope materials with relatively low concentration of Er3+ in
rder to avoid radiative energy transfer between Er3+ ions and to
btain large thermal sensitivities [8].

The FIR technique and fluorescence lifetime-based calibration
an be considered as adequate noncontact temperature sensing
ethods, which can realize remote temperature measures at a dis-

ance from the object. FIR [9–12] and lifetime-based temperature
alibration [13–15] has been extensively studied due to their var-
ous advantages. The main strength of these sensing methods are
hat they are based on the thermal equilibrium of the coupled levels
o they present a good independence from external interferences,
uminescence loss, and fluctuations of the source power [16–19].

oreover, FIR has good measurement accuracy as well as reso-
ution, broad temperature range [20] and requires low excitation
ower which reduces the self-heating [21].

The selection of an appropriate material is based on the high
fficiency of the fluorescence signal and the good thermal stabil-
ty of the material. In this sense, for example, fluoride glasses and
rystals exhibit good fluorescence properties for being employed as
emperature sensor, but the poor mechanical and chemical nature
imits the practical application in high temperature measurement
22]. Moreover, they are very sensitive to oxygen surface con-
amination, which may  influence their luminescence properties
23]. Although oxides can work well at high temperatures due
o the stable chemical properties, a lower fluorescence efficiency
ould be observed because of the high energy phonon [24,25],
hich increases non-radiative de-excitation. In this work gadolin-

um orthovanadate (GdVO4) nanopowder doped with Er3+-Yb3+ is
tudied as possible candidate for temperature sensing. Nanoparti-
les are very interesting due to the reduced light scattering. GdVO4
hosphor has interesting luminescent properties such as chemi-
al stability and machine property. The matrix is very adequate
ecause Gd3+ ion can be substituted with lanthanide ions because
f the equal valence and similar ionic radius [26]. Besides, this mate-
ial is considered as a promising host with relatively low phonon
nergy compared with oxides and close lattice matches to dopant
ons [25,27].

In this work, the GdVO4: Er3+/Yb3+ downconversion emis-
ions where studied in order to perform a temperature calibration
hrough the FIR technique. Other works employing GdVO4:
r3+/Yb3+ sample study the upconversion emission instead to per-
orm a temperature calibration via FIR [28,29]. However, observing
ownconversion requires lower pump power than the upconver-
ion process, which in turn reduces the possibility of heating the
ample from the laser itself instead from its surrounding medium.
his is especially important when performing a temperature cali-
ration of the sample.

After the calibration of the sample through the FIR technique,
he optical sensor is evaluated by measuring the temperature of an
lectrical component.

. Theoretical background
.1. FIR technique

The FIR technique relies on the dependence of the sample
emperature with the ratio of the fluorescence intensity of two
 Sensors and Actuators A 299 (2019) 111628

thermally-coupled energy levels. The fluorescence intensity emit-
ted from level 1 to level 0 at temperature T is given as [30]:

I1,0 = g1�1,0ω1,0e−E1/kBT (1)

and from a higher level 2 to level 0 is:

I2,0 = g2�2,0ω2,0e−E2/kBT (2)

where I2,0 and I1,0 are the integrated intensities corresponding
to the fluorescence transitions from the upper level and from the
lower level to the ground level respectively, g are the (2J + 1) degen-
eracies of the energy levels, � are the emission cross-section, ω are
the angular frequencies of the transition, E1 and E2 are the energy of
the lower and upper level, respectively, kB is Boltzmann’s constant
and T is the absolute temperature.

Taking into account Eqs. (1) and (2), the FIR of the two thermally
coupled energy levels can be written as [31]:

R = I2,0

I1,0
= g2�2,0ω2,0

g1�1,0ω1,0
e−�E/kBT = Be−�E/kBT (3)

where B = g2�2,0ω2,0/g1�1,0ω1,0 is the pre-exponential constant
and �E  is the energy gap between the thermally-coupled levels.

2.2. Temperature dependency of the fluorescence lifetime

The redistribution of population between the thermally-
coupled levels due to a change in temperature not only affects the
relative fluorescence intensity of the corresponding emissions but
also the lifetime of these energy levels. When thermal equilibrium
is achieved between these energy levels, their lifetimes will be the
same and correspond to an effective lifetime �, dependent on the
temperature [32]. In particular, under the assumption that the rate
of relaxation between the thermally-coupled energy levels due to
rapid thermalization is very large compared with their spontaneous
lifetimes, the effective lifetime is given as [33]:

� = g1 + g2e
−�E⁄kBT

g1A1 + g2A2e
−�E⁄kBT

(4)

where A1 and A2 are the sum of the probabilities of spontaneous
emission from the lower and upper energy levels to all lower energy
levels, respectively.

Depending on the ratio of the intrinsic lifetime of the two lev-
els �1 = 1/A1 and �2 = 1/A2 , the effective lifetime can increase
or decrease with increasing temperature. Based on Eq. (4) it can
be deduced that if �1 > �2, a decreasing effective lifetime is to
be expected and vice-versa. Measurements of the effective life-
time can be obtained from either just one of the fluorescence
wavelengths or over a bandwidth covering the decays from the
thermalizing levels [34].

2.3. Relative sensor sensitivity

The relative sensitivity SR is a very important parameter used to
compare the performance of optical temperature sensors indepen-
dent of their nature and is calculated as follows [35]:

SR = 1
MP

∣∣∣dMP

dT

∣∣∣ (5)

where MP is the parameter measured by the sensor. For the FIR
technique, MP corresponds to the intensity ratio, and for the
lifetime-based calibration it corresponds to the effective lifetime
of the coupled energy levels.
Using Eq. (3), the relative sensitivity of a FIR-based sensor is
given as:

SFIR = 1
R

∣∣∣dR

dT

∣∣∣ = �E

kT2
(6)
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From this equation, it is obvious that higher sensitivities are
elated to large energy differences between two thermalized levels.
owever, a too high energy gap can decrease the population and

he intensity from the upper thermalized level. The interest of this
arameter is the independency with the emission intensity, it only
epends on the temperature and the energy gap.

On the other hand, using Eq. (4), the sensitivity of a fluorescence
ifetime-based sensor is given as:

� = 1
�

∣∣∣ d�

dT

∣∣∣ =
(

1 − 1

g1 + g2e
−�E⁄kBT

)
(

A1 − A2

g1A1 + g2A2e
−�E⁄kBT

)
�E

kT2
(7)

Another parameter of interest is the temperature uncertainty
hich refers to the minimum temperature change that can be
etected by the sensor. It can be experimentally obtained by study-

ng the statistical distribution of the measured temperatures.

. Experimental

.1. Synthesis of GdVO4: Er3+/Yb3+ sample

Nano-sized Gd0.88Er0.02Yb0.1VO4 particles were synthesized by
ost-effective and easy to scale-up co-precipitation method by
nalogy to the method presented in Ref. [36]. Typically, first, an
ppropriate amount of NH4VO3 was dissolved into an aqueous
olution of NaOH. The mixture of aqueous solutions of Gd3+, Er3+

nd Yb3+ ions in the corresponding stoichiometric ratio was  added
rop by drop in a solution with VO4

3− and immediately milk-
hite opalescent precipitate of Gd0.88Er0.02Yb0.1VO4 was  formed.

he obtained suspension was additionally stirred and heated at 60
C for one hour. Finally, the precipitate was separated from the sus-
ension by centrifugation, washed out several times with distilled
ater and dried at 60 ◦C for 20 h. In order to improve crystallinity,

he prepared powder was additionally annealed at 600 ◦C for two
ours.

.2. Sample characterization

The crystalline structure of the powder was  studied over the
� range of 10◦-90◦, with a step size of 0.02◦ and a counting time
f 0.7◦min−1 by an X-ray diffractometer (XRD) Rigaku SmartLab
Cu-K�1,2 radiation, � = 0.1540 nm)  at room temperature.

.3. Optical measurements

To perform the temperature calibrations, the powder sample
as heated by placing it in the middle of a tubular furnace and the

emperature was increased from room temperature (RT) to 370 K.
 K-type thermocouple located near the sample and coupled to a

emperature calibrator (Fluke 714) permits the reading of the exact
emperature of the sample.

The FIR technique is based on the changes on the relative inten-
ities between two bands of the emission spectrum. To obtain the
mission spectra of the sample, the excitation was carried out with

 457 nm continuous laser, focalized onto the sample. The lumines-
ence from the sample was filtered with a short-pass filter and then
ocalized at the tip of an optical fiber located at the opposite side of

he furnace. The optical fiber was connected to a 0.3 m single grat-
ng spectrometer (Andor SR-3031-B) and the signal was  measured

ith a cooled CCD detector (Newton DU920 N) with a resolution of
.7 nm (∼25 cm−1) and an integration time of 1 s.
Fig. 1. Printed circuit board containing an integrated circuit to be analyzed. The
GdVO4: Er3+/Yb3+ nanoparticles are partially distributed on the surface of this elec-
trical component (integrated circuit) for its use as a temperature sensor.

For the temperature calibration using the fluorescence lifetime,
a 10 ns pulsed laser from an EKSPLA NT 342/3/UVE Optical Para-
metric Oscillator (OPO) was  used to excite the sample at 457 nm.
The emission was focalized towards the entrance slit of a TRIAX
180 monochromator coupled with a Hamamatsu R928 photomul-
tiplier. The signal was then transmitted to a LeCroy Wavesurfer 424
digital oscilloscope which permits the visualization of the emission
intensity as a function of time. The luminescence decay curves at
550 nm for different temperatures were recorded and analyzed in
order to calibrate the temperature with the lifetime.

3.4. Application on an electrical component

Once the temperature calibration of the nanoparticles was per-
formed and a sensing method was chosen, these nanoparticles were
used to study how the temperature of an electrical component
(integrated circuit) changes when it is operating. For this, the sam-
ple was distributed on the surface of the component as shown in
Fig. 1 and the temperature was  measured using the chosen calibra-
tion method.

Furthermore, an infrared image of the integrated circuit while
operating was  obtained using a FLIR InfraCAM infrared camera
equipped with a focal plane array uncooled microbolometer with
a resolution of 120 × 120 pixels.

4. Results

4.1. Structural characterization

XRD pattern of the Gd0.88Er0.02Yb0.1VO4 powder, together with
standard data for single tetragonal zircon-type phase (ICDD card
No. 01-086-0996) with the space group of I41/amd is shown in
Fig. 2a. The absence of impurity phases compared to the reflection
positions of standard data indicate that Er3+ and Yb3+ ions were
successfully incorporated into the GdVO4 matrix.

The shift of the peak position in the X-ray diffraction can be
attributed to the change of the lattice constants of the unit cell of
the studied system. The doping or substitution of ions in the matrix
with an ion of different size can cause tensile compressive strain in
the unit cell. This may  result in expansion or shrinking of the unit
cell depending on the ionic radius of the dopant. In this case, the
positions of diffraction peaks slightly shifted to lower diffraction
angles due to the reduction of the interplanar spacing because of the
substitution of the larger radius Gd3+ ions (1.053 Å) by the smaller
Er3+ (1.004 Å) and Yb3+ (0.985 Å) ions (for coordination VIII) [37].
The structural parameters of the sample were evaluated from the
XRD data and the obtained average crystallite size was about 15 nm.

A lower-magnification TEM image measured on a grid coated with
nanoparticles dispersed in ethanol is shown in Fig. 2b. The TEM
image shows that the synthesized GdVO4:Er3+/Yb3+ nanoparticles
are mostly elliptic with size of about 30 nm.
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Fig. 2. (a) XRD pattern and (b) TEM image for Gd0.88Er0.02Yb0.1VO4 powder.
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Fig. 4. Temperature calibrations of the down-conversion emissions of GdVO4:
Er3+/Yb3+ through (a) FIR technique and (b) fluorescence lifetime-based calibration.
ig. 3. Emission spectra of GdVO4: Er3+/Yb3+ at two  different temperatures after
xcitation at 457 nm.

.2. FIR temperature calibration

When the sample was excited with a 457 nm continuous laser,
n resonance with the 4I15/2→4F5/2 and 4I15/2→4F3/2 transition, a
right green emission can be observed by the naked eye. The green
mission is associated to the two coupled energy levels centered
t around 525 nm and 550 nm corresponding to the transitions
rom the 2H11/2 and 4S3/2 levels to the 4I15/2 ground state, respec-
ively. Fig. 3 presents the down-conversion spectra for two different
emperatures. As can be seen, as the temperature increases, the
opulation in the lower level (4S3/2) decreases while the popula-
ion in the upper level (2H11/2) increases. This intensity evolution
onfirms that the energy levels 4S3/2 and 2H11/2 are thermally cou-
led.

The change in the intensity ratio of the 525 nm band over the
50 nm band is plotted against the absolute temperature and it is
hown in Fig. 4a. It can be seen that the FIR varied from 0.52 to 1.03
s the temperature increased from 297 to 370 K. The data are fitted
ccording to Eq. (3) with an exponential function and an energy gap
E  =715.7 cm−1 and a pre-exponential of about 16.3 were obtained.

his energy gap is in accordance with the one obtained from the
IR calibration of a similar sample but using an excitation of about
80 nm and involving upconversion mechanisms [28].
.3. Lifetime-based temperature calibration

The decay curves of the nanoparticles under the excitation of a
ulsed 457 nm laser for two different temperatures where shown
Fig. 5. Decay curves of the thermally-coupled energy levels of Er3+ for two different
temperatures.

in Fig. 5. To obtain the effective lifetime for each temperature, the
decay curves are fitted to the exponential decay equation: I(t)/I0 =
exp(−t/�), wherein I(t) and I0 are the intensity at time t and t = 0,

respectively, and � is the effective lifetime [38]. As can be observed,
the effective fluorescence lifetime decreases with increasing tem-
perature. The effective lifetimes for different temperatures are
shown in Fig. 4b. and fitted according to Eq. (4), wherein the pre-
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Fig. 7. Distributions of the intensity ratio and temperature of GdVO4: Er3+/Yb3+

sample using the FIR technique.

Fig. 8. Infrared image of the electrical component connected to a power supply.
Fig. 6. Relative sensitivity of the (a) FIR-based and (b) lifetime-based sensor.

iously obtained �E  is used, leaving A1 and A2 as free parameters.
evel 1 corresponds to 4S3/2 and level 2 corresponds to 2H11/2. The
robabilities of spontaneous emission A1 and A2 obtained from the
t are 200 s−1 and 856 s−1 respectively. Therefore, the intrinsic life-
ime of the two levels are as follows: �1 = 5.0 ms  and �2 = 1.2 ms.  As
reviously explained, a decreasing lifetime was  observed with the
emperature. The upper level (2H11/2) has a shorter lifetime and due
o the increase of the temperature this level is populated and the
ffective lifetime decreases (Eq. (4)).

.4. Relative sensitivity

In order to determine the sensing method to be used for the
lectrical component, the relative sensitivity of each method was
alculated according to Eqs. (6) and (7) and are represented in Fig. 6.
he maximum sensitivity for the FIR technique was  achieved at the
owest temperature of 297 K with a value of 1.17% K−1. This value is
omparable to previously obtained values from the literature such
s for CaWO4: Er3+/Yb3+ phosphor (1.00% K−1 at 300 K) [39], Er3+

oped oxysulfide powder (1.09% K−1 at 300 K) [40], and NaBiF4:
r3+/Yb3+ nanoparticle (1.24% K−1 at 303 K) [41]. On the other hand,
he maximum sensitivity for the lifetime-based calibration does not
orrespond to the lowest temperature, rather at 306 K with a value
f 0.24% K−1. As can be observed, for the same range of tempera-
ures, the sensitivities of the FIR-based sensor are higher than those
f the lifetime-based. For this reason, the FIR technique was  chosen
or the study of the temperature of the electrical component.

To determine the temperature uncertainty of FIR temperature
easurements, 100 spectra of the nanoparticles were obtained

nder the same conditions. Afterwards, the intensity ratio and tem-
erature were calculated according to the FIR method and the
istributions were represented in Fig. 7. The temperature uncer-
ainty for this method, taken as the standard deviation of the
emperature distribution, is found to be 0.37 K. This is better than
he one obtained with erbium-doped lanthanum oxysulfide pow-
ers [40].

.5. Temperature of the electrical component

A conventional non-contact way of measuring the temperature
f an object is with the use of an infrared camera. An infrared image
f the electrical component connected to a power supply is shown
n Fig. 8. The figure shows a temperature value of 59 ◦C obtained

pproximately in the center of the electrical component when it is
perating.

The response time of infrared cameras depend on the thermal
ime constant �TH of the bolometer, which for the infrared camera
employed is around 7 to 12 ms.  Since the rate of heating up or cool-
ing down is given as 1 − e−t/�TH , approximately a minimum of three
�TH (21 ms)  are needed to represent 95% of the input signal. On the
other hand, the thermalization of the coupled energy levels for the
FIR technique can be evaluated much faster, from a couple of fem-
toseconds to picoseconds after the excitation [42]. Furthermore,
another disadvantage of infrared cameras is that it has poor spatial
resolution not better than 10 �m while spatial resolutions below
500 nm has been obtained for a PbF2: Er3+/Yb3+ nanoparticles using
the FIR technique [43].

Therefore, using the FIR method, the temperature of the
nanoparticles distributed on the surface of the electrical compo-
nent was measured for 100 min. During this time, the component
was connected and disconnected to a power supply. The temporal
evolution of the temperature is shown in Fig. 9. It can be seen from
the graph that when the component was  connected to a power sup-
ply, the component heated from RT to 58 ◦C (331 K) in 20 min. When
it was  disconnected, the component cooled off to RT in 15 min.
Moreover, the temperature measured by the FIR when the elec-
trical component is operating (about 58 ◦C) is in accordance with

◦
the one measured by the infrared camera (about 59 C).
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ig. 9. Temporal evolution of the temperature of an electrical component when it
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. Conclusions

The application of GdVO4: Er3+/Yb3+ as a temperature sensor
as studied using the FIR technique and the fluorescence lifetime-

ased calibration. Using the FIR technique, intensity ratio of the
25 nm and 550 nm emission bands were calibrated with the tem-
erature. An energy gap of 715.7 cm−1 was obtained for the 4S3/2
nd 2H11/2 energy levels. Using this value, the effective lifetime of
hese levels were also calibrated with temperature and probabili-
ies of spontaneous emission from the 4S3/2 and 2H11/2 levels were
btained as 200 s−1 and 856 s−1 respectively. The relative sensitiv-
ty for both methods was calculated and the FIR method provided
igher sensitivity than the lifetime-based method, with a maxi-
um  value of 1.17% K−1 at 297 K. For this reason, FIR technique
as used to observe the temporal evolution of the temperature

f an electric component when it is operating and it is partially
overed with GdVO4: Er3+/Yb3+ nanoparticles. The value of tem-
erature of this electrical component obtained using FIR technique

s in agreement with the value obtained using an infrared camera.
owever, it is expected that with the GdVO4: Er3+/Yb3+ nanopar-

icles used as optical sensors, it is possible to obtain better spatial
nd temporal resolutions than the infrared camera.
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