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a b s t r a c t

In this work, a new strategy to increase the temperature working range of rare-earth based optical
thermometers is demonstrated. Nanocrystalline yttrium gallium nanogarnets codoped with 0.1% Er3þ

and 0.1% Ho3þ were synthesized. The codoped samples combine the high performance of erbium ions at
high temperatures and that of holmium ions at low temperature, providing an overall relatively high
sensor performance in a temperature range from 30 to 540 K, broader than that achievable by single Er3þ

or Ho3þ doped nanogarnets. Measurements were carried out using 406 and 473 nm commercial diode
lasers to excite the erbium and holmium ions, respectively. The emission spectra were analyzed as a
function of temperature, using the fluorescence intensity ratio technique for each ion. Relative sensitivity
and limit of detection were obtained in order to compare the efficiency of the sensor with optical
thermometers reported up to date, capable of working in a similar range from cryogenic to high tem-
peratures. The sensor presents a maximum relative sensitivity of about 1.3% K�1 at 200 K when exciting
the erbium ions and around 0.4% K�1 at 200 K for the holmium ions. The limit of detection is under 0.5 K
for most of the range from 30 K to 540 K using this combination of ions.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The field of optical temperature sensors has gained increasing
attention over the last decade as new technologies require more
and more accurate and free-contact temperature sensing mecha-
nisms [1e4]. In the family of phosphors used for these sensors, rare
earths (RE) have become a fundamental element due to their
photostability, among other important spectroscopic advantages.
This type of sensors can be calibrated following a series of pa-
rameters such as variations of the decay time, the bandwidth, the
positions of an emission band, or by using the fluorescence in-
tensity ratio (FIR) technique [4]. These techniques present a series
of advantages and drawbacks. This work will be focused on the use
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of the FIR technique which presents the advantages of reducing the
influence of the measurement conditions as well as improving the
sensitivity of the measurements. Compared to decay time based
sensor, the FIR setup requirements are less demanding and do not
require great resolution [5], as it only needs to compare the in-
tensity of two emission bands. Moreover, higher thermal resolution
is reported using FIR rather than changes in the emission band-
width or spectral position [4e6].

Many research groups have been studying the RE fluorescence
intensity response as a function of temperature, focusing in the
development of different host matrices and the analysis of more
efficient and reliable RE dopant candidates [4,7e10]. Garnet crystal
is a common gain media in laser applications due to their good
thermal and optical properties as well as high mechanical strength
[11]. In particular, they are popular due to their high thermal con-
ductivity and density, good chemical stability, high isotropy, rela-
tive low-energy phonons, and great transparency from the
ultraviolet (UV) to the mid infra-red (IR) region [11]. All of these
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properties make this family of materials one of the most important
host matrices for trivalent RE ions, with the Nd3þ doped Y3Al5O12
(YAG) garnet considered as a standard for laser material.

Regarding the election of RE candidates, erbium is the most
common, due to the presence of the thermally coupled levels 2H11/2
and 4S3/2, whose energy gap is relatively close to the thermal energy
at RT. Moreover, it also presents relatively high radiative emitting
efficiencies to ground or first excited states [12]. Due to these ad-
vantages, Er3þ doped materials have been extensively studied
[5,13e19] since its first report as a temperature sensor based on the
FIR technique in 1990 [20]. However, the main disadvantage is that
the 2H11/2 thermal population decreases at low temperatures,
making the use of FIR technique for Er3þ ions inaccurate. On the
other hand, 5F4 and 5S2 excited energy levels of Ho3þ ions are so
close that they are thermally coupled even at cryogenic tempera-
tures. Compared to erbium, holmium ions have generally not been
considered for temperature sensors until recent years, used mainly
as a codopant for temperature sensors based on up-conversion
processes [17,21e25].

The vast majority of optical temperature sensors only cover
ranges of high temperatures (from RT to approximately 500 K) or
low temperatures (from cryogenic to RT). There are only few re-
ports on optical materials capable of measuring in both ranges,
from cryogenic to over 500 K [4,26]. In this work, a temperature
sensor is developed based on the work of P. Haro-Gonzalez et al. in
2011 [27], where they measured in the aforementioned range two
different fluoroindate glass samples, one doped with Er3þ and the
other with Ho3þ. Following this idea, a yttrium-gallium nanogarnet
codopedwith erbium and holmium has been synthesized, with low
dopant concentration (only 0.1 mol%) to minimize the energy
transfer between the two ions [28]. Indeed, energy transfer pro-
cesses strongly depend on the ion-to-ion distance. Therefore, a low
dopant concentration increases the average interionic distance and,
consequently, severely decreases the energy transfer probability. In
this way, Er3þ and Ho3þ dopants can be independently excited.
Therefore, this novel material is able to work as a FIR based tem-
perature nanosensor in a wide range of temperatures from 30 K to
540 K. The strategy of the independent ion excitation provides the
advantage of the high performance of Er3þ and Ho3þ ions in the
high and low temperature ranges, respectively.

2. Theoretical background

2.1. Technique

The FIR technique is based on temperature-related changes in
the fluorescence intensity ratio of transitions from two thermally
coupled excited states of RE ions. This allows a calibration to be
done to estimate the temperature of the sample from the intensity
ratio of the mentioned emissions. The population of both levels
involved in the process is proportional to the pump power of the
incident source. As a consequence, the ratio of the intensities is
independent of the source power intensity and only depends on
temperature changes.

In the case of Er3þ ions, the optical temperature sensor can be
analyzed as a three-level system, inwhich 2H11/2 and 4S3/2 levels are
thermally coupled.

For low pump power excitation, avoiding sample heating, the
emission intensity ratio (D) between the two emitting levels (E2;
E3) can be described as a Boltzmann type distribution [29]:

DðTÞ¼ I3�1

I2�1
¼uR

31g3hv3
uR
21g2hv2

exp
��E32
KBT

�
¼Cexp

��E32
KBT

�
(1)
where I3�1 is the emission intensity of the transition from level 3 to
level 1, I2�1 is the emission intensity of the transition from level 3 to
level 2, KB is the Boltzmann constant, E32 is the energy gap between
the two thermalized excited levels 2 and 3, g3 and g2 are the de-
generacies ð2Jþ1Þ of these levels, v3 and v2 are the frequencies of
the transitions from level 3 and 2 to ground state respectively and
uR
31 and uR

21 are the spontaneous emission rates from the respective
levels to the ground state (E1Þ and C is the pre-exponential factor.
Recording the ratio of emission intensity of the nearby levels as a
function of temperature, the data can be fitted to Eq. (1).

Whereas for the Ho3þ, the coupled levels 5S2 and 5F4 are also
thermalized with a very small gap. Therefore, it is not possible to
separate the contribution of the emission coming from each level.
But, the ratio corresponding to the 5S2(5F4)/ 5I8 and 5S2(5F4)/ 5I7
transitions has an important temperature dependence [30].
2.2. Sensitivity

The absolute thermal sensitivity (S) of the optical temperature
sensor describes the rate of change of the thermometric parameter;
which, in this case, corresponds to the emission intensity ratio in
response to temperature variations and it is given by:

S¼
����dDdT

���� (2)

However, this feature depends on the nature of the thermo-
metric parameter, the experimental setup as well as the dopant and
active matrix of the thermometric material. Thus, in order to
compare different thermometers, Collins et al. [8] in 1998 define
another figure of merit called the relative sensitivity (Sr) given as:

Sr ¼ 1
D

����dDdT
���� (3)

which allows comparison of optical sensors performances, even if
they use different physical parameters to detect a temperature
change.

Another important parameter used to characterize the sensor is
the limit of detection (dTmin), also known as temperature uncer-
tainty. This parameter is related to the minimum temperature
change that the sensor is capable to register and it is given as:

dTmin ¼
1
Sr

dD

D
(4)

where dD=D is the resolution limit or relative uncertainty of the
thermometric parameter, that is, the smallest change in ratio that
can be experimentally detected. The resolution limit is related to
the thermometer performance but is also dependent on the
experimental setup [31]. Therefore, one way to improve the reso-
lution limit could be the use of better acquisition systems as well as
to improve measurement performance, for example, by increasing
integration time and using the average of consecutive measure-
ments to decrease experimental noise.
3. Experimental

3.1. Sample preparation

Er3þ/Ho3þ-codoped nanocrystalline yttrium gallium nano-
garnets (YGG), with the formula Y2$8Er0.1Ho0.1Ga5O12, were success-
fully synthesized by the citrate sol-gel method in air atmosphere.
Stoichiometric molar ratios of high-purity Ga(NO3)3$9H2O (Sigma-
Aldrich, 99.99%), Y(NO3)3$4H2O (Sigma-Aldrich, 99.99%),



Fig. 1. Rietveld fitting of the XRD pattern for Y2$8Er0.1Ho0.1Ga5O12 nanogarnet. The
difference pattern (blue) between calculated (black line) and observed (red dots) has
been included. The vertical lines correspond to the Bragg positions allowed for the Ia-
3d space group. (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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Er(NO3)3$5H2O (Sigma-Aldrich, 99.99%) and Ho(NO3)3$5H2O
(Sigma-Aldrich, 99.99%) reagentsweredissolved in50mlofHNO31:1
under stirring at 363 K for 3 h. Citric acid, with a molar ratio of metal
ions to citric acid of 1:2, was then added to the solution and heated at
the same temperature till gel formation. The resulting gelwas heated
at 673 K for 6 h to remove the residual nitrates and the organic
compounds. The obtained precursor was then heated at 1123 K for
14 h to finally obtain the wanted material. Powder X-ray diffraction
data was collected to ensure that the synthesis was successful on a
PANalytical X’Pert PRO diffractometer (Bragg-Brentano geometry)
with an X’Celerator detector employing the Cu Ka1 radiation (l ¼
1:5405 �A) in the angular range 5�<2q < 80�, by continuous scanning
with a step size of 0.002�.

3.2. Optical characterization

The absorption spectrum of the sample was measured with a
Fig. 2. Absorption spectrum of the YGG nanogarnet codoped with 0.1% Er3þ and 0.1% Ho3þ.
Er3þ and Ho3þ ions, respectively. The arrows indicate the wavelengths selected to indepen
double beam spectrophotometer (Cary Series UVeviseNIR Spec-
trophotometer from Agilent Technologies). The emission spectra
were obtained by exciting with commercial diode lasers at 406 nm
to excite erbium ions or at 473 nm to excite holmium ions. To excite
both ions simultaneously, an Oriel Xenon 400 W lamp with a
monochromator was used. The emissions were focused onto an
optical fiber, coupled to a 0.303 m grating single spectrometer
(Andor Shamrock SR-303i-A) and detected with a cooled Newton
CCD camera. All spectra were corrected from the spectral response
of the equipment.

Measurements from RT to 540 K were carried out in a tubular
electric furnace (Gero RES-E 230/3), where the temperature of the
sample was controlled via a type K thermocouple in contact with it.
For temperatures in the range of 30 K to RT, the samples were
cooled in a continuous flow helium closed-cycle APD cryostat.

4. Results and discussion

Rietveld refinement of the X-ray diffraction (XRD) pattern is
shown in Fig. 1. The obtained agreement factors (R factors) inset
into it confirm the goodness of the fitting. The fitting has been
carried out by considering the cubic symmetry with the space
group Ia-3d (#230), obtaining a value of the cell parameter
a ¼ 12.4365 (3) Å. Besides, an accurate matching of the obtained
XRD pattern and that for the corresponding garnet from the ICDD
database [file number 04-009-8400] confirms once again the cubic
symmetry with the space group Ia-3d (#230).

The average crystallite size has been estimated to be around
29.4 nm from the full width at half maximum (FWHM) of the
diffraction peak at 32.22 �2q (FWHM ¼ 0.2814 �2q) using the
Scherrer equation along with the structure of the garnet unit cell.
The Scherrer equation can be written as t ¼ Kl

bcosq , where t is the

average crystallite size, K is the so-called shape factor and is
generally taken as being about 1 for spherical particles, b is the
FWHM in radians and q is the Bragg angle.

Fig. 2 shows the absorption spectrum of the sample. Narrow
absorption bands of both erbium and holmium ions are observed
and assigned to their respective transitions [32]. The sharp peak
profiles found in all electronic transitions confirm that both ions
have been incorporated successfully in the crystalline garnet
structure of the nanoparticles.
The peaks correspond to transitions from the 4I15/2 and 5I8 to the indicated level of the
dently excite the Er3þ or Ho3þ ions.



Fig. 3. Emission spectrum of the sample exciting the codoped ions simultaneously at
385 nm (a) and independently at 406 nm for Er3þ and at 473 nm for Ho3þ (b).

Fig. 4. FIR as a function of temperature of the 2H11/2 /
4I15/2/4S3/2 / 4I15/2 erbium (red

circles) transitions and the 5S2(5F4) / 5I8/5S2(5F4) / 5I7 holmium (blue squares)
transitions. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 5. Sensor relative sensitivity for the YGG nanogarnet exciting the erbium (red,
dashed) and holmium (blue, continuous) transitions, independently. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the Web
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When the sample is irradiated at 406 nm, the 4I15/2 / 2G9/2
erbium transition is excited. The emission spectrum under 406 nm
excitation shows the typical erbium bands centered at 523 nm,
550 nm and a small band at 660 nm that correspond to the 2H11/

2 /
4I15/2, 4S3/2 / 4I15/2 and 4F9/2 / 4I15/2 transitions, respectively

(Fig. 3a). No significant holmium emission is detected.
On the other hand, when the 5I8 / 5F2 holmium transition is

excited at 473 nm, the emission spectrum changes, showing hol-
mium bands centered at 540 nm and 750 nm (Fig. 3a), corre-
sponding to the 5S2(5F4) / 5I8 and 5S2(5F4) / 5I7 transitions,
respectively, due to the two thermally coupled levels 5S2 and 5F4. In
addition to these, there is a small emission band centered at about
655 nm due to the 5F5 / 5I8 transition.

Due to the large amount of Er:Ho:YGG absorption bands, when
the sample is irradiated using broad-band excitation provided by a
lamp, instead of a laser, it is possible to simultaneously excite both
Er3þ and Ho3þ ions. As an example, a Xenon lamp was used for
broad-band excitation around 385 nm. Under those conditions,
both ions were simultaneously excited and the emission spectrum
at RT is shown in Fig. 3b.

These results confirm that under 406 or 473 nm laser excitation,
Er3þ and Ho3þ ions are independently excited, respectively. We
believe that the low dopant concentration used in the YGG nano-
garnets is essential to avoid significant energy transfer processes
between both ions.

Upon Er3þ ions excitation at 406 nm, the positions of the Er3þ

emission bands do not change with the temperature. However, the
ratio of their emission intensities does, particularly for the 523 nm
and 550 nm emission bands, corresponding to emissions from the
2H11/2 and 4S3/2 excited states, respectively, since the small gap
between these two levels allows thermalization processes to occur.
However, below 90 K the 523 nm emission band is hardly detect-
able because the population of the 2H11/2 state is negligible as
compared to that of the 4S3/2 level. Consequently, the dependence
of FIR with temperature has been measured from 100 to 540 K. The
results are given in Fig. 4. FIR of the Er3þ emission bands increases
as T is augmented. The dependence of FIR on temperature can be
described by Eq. (1). Considering 4I15/2, 4S3/2 and 2H11/2 as level 1, 2
and 3, respectively. A parameter of E32 ¼ 470 cm�1 was obtained
from the fitting.

Regarding the Ho3þ ions, the intensity ratio as a function of the
temperature was obtained using the emissions at 550 and 750 nm.
They correspond to the transition from the 5S2(5F4) thermalized
excited states to the 5I8 and 5I7 levels, respectively. In this case, the
energy gap between 5S2 and 5F4 states is smaller than the gap
described for the excited levels of the Er3þ ions. Indeed, 5S2 and 5F4
energy levels are thermalized even at the lowest temperature of
30 K used in our experiments. Unlike the FIR behaviour of the Er3þ

ions, the Ho3þ FIR emission bands decreases as temperature in-
creases. Moreover, the highest temperature dependence occurs
from 30 K to room temperature (RT). At temperatures higher than
RT the change of FIR with temperature considerably diminishes.
Therefore, we focused on the 30e300 K temperature range. See
Fig. 4. The FIR results has been fitted to a cubic polynomial, and its
coefficients are given in Fig. 4.

The relative sensitivity of the sensor has been evaluated using
Eq. (3) and the FIR provided in Fig. 4 as a function of temperature.
Taking advantage of the capability of the sample to independently
version of this article.)



Fig. 6. a) Standard deviations obtained from the ratio of 100 measurements at RT for Er3þ ions and 250 K for Ho3þ ions. b) Respective limits of detection obtained using Eq. (4) and
limit of detection obtained by Brites et al. [33].

Fig. 7. Relative sensitivities of all RE based optical temperature sensors capable of covering a range from cryogenic to high temperatures.
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excite Er3þ or Ho3þ ions, Sr has been calculated for both ion emis-
sions. In the case of the Er3þ ions, Sr increases from about 0.2% K�1

at 540 K up to 1.3% K�1 at 200 K, which is the lowest temperature
detected with the FIR technique. However, this technique can be
applied to the Ho3þ ions emissions at lower temperature. Indeed, Sr
has been calculated from 30 to 300 K for the Ho3þ ions, showing a
maximum around 0.4% K�1 at 200 K (see Fig. 5).

In order to determine the limit of detection, 100 measurements
were carried out in the same conditions at RT [31] for erbium and
holmium ions. FIR was calculated for the 100 measurements and
the FIR uncertainty (dD) was taken as the standard deviation of the
statistical distribution (Fig. 6a). For the excitation of erbium ions the
standard deviation showed a value of 6:83,10�4 and for the exci-
tation of holmium ions the value was of 8:11,10�4. The resulting
limit of detection using Eq. (4) is presented in Fig. 7 b. Conse-
quently, the temperature resolution of the sensor is below 0.5 K in
almost all the range from 30 to 540 K temperature range using both
Er3þ or Ho3þ FIR procedure.

In order to compare with other optical sensors, all RE based
optical temperature sensors capable of covering a similar
temperature range, from cryogenic to over 500 K, were summa-
rized in Table 1, and their respective relative sensitivities were
represented in Fig. 7. In comparison to other optical temperature
sensors, YGG nanogarnets codoped with Er3þ and Ho3þ ions show
high relative sensitivity values at low temperatures whereas, for
high temperatures, the values are similar to those found in the
literature, excluding decay time based sensors. In general, decay
time based sensors show better relative sensitivities over 500 K
than FIR or bandwith based sensors. However, below 300 K, their
sensitivity quickly decay to near zero values. The highest relative
sensitivity value recorded to date is Sr2GeO4:Pr3þ crystalline
powders by C. D. Brites et al. [33]. This material based in praseo-
dymium used the intra and interconfigurational transitions to
measure below and above 300 K, respectively. YGG:Er, Ho nano-
garnets on the other hand, present much better limit of detection
values, with values below 0.5 K from 60 K to 540 K, whereas for
Sr2GeO4:Pr3þ the values go up to around 1 K at 150 K and 2 K at
600 K (Fig. 6b). Furthermore, Sr2GeO4:Pr3þ must be excited in the
UV, whereas YGG nanogarnets on the other hand can be excited
with low-cost commercial diode laser in the Vis range.



Table 1
List of lanthanide based thermometers capable of covering a wide range of high and low temperatures.

Material T Range (K) SR (% K�1) Optical parameter Ref.

Sr2GeO4:Pr3þ crystalline powders 17e600 9 (31 K) FIR [33]
La2O2S:Nd3þ phosphors powder 30e600 1.95 (270 K) FIR [34]
Gd2O3:Eu3þ nanopowder 10e800 1.58 (750 K) Decay time [35]
GdVO4:Eu3þ 10e750 1.48 (765 K) Decay time [36]
YGG:Er3þ/Ho3þ nanocrystalline garnets 10e540 1.3 (200 K) FIR This Work
La2MgTiO6:Pr3þ crystalline powders 77e500 1.28 (350 K) FIR [37]
AlO3:Cr Ruby fiber 77e800 1.2 (675 K) Decay time [38]
Ca2YZr2Al3O12:Bi3þ,Eu3þ phosphors 297e573 0.66 (548 K) FIR [39]
Y2O3:Eu3þ polycrystalline powders 10e670 0.56 (70 K) Bandwith [40]
YP5O14:Nd3þ 77e700 X Decay time [41]
Eu(PO3)3 glass 80e690 X Decay time [42]
AlN:Eu3þ implanted thin films 12e830 X FIR [43]
AlN:Tb3þ implanted thin films 12e830 X FIR [43]
AlN:Tm3þ implanted thin films 12e830 X FIR [43]
AlN:Pr3þ implanted thin films 12e830 X FIR [43]
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5. Conclusions

In summary, YGG nanogarnets codopedwith 0.1% Er3þ and Ho3þ

were successfully synthesized by citrate sol-gel and characterized
as temperature sensors. Due to the low concentration of both
dopant ions, it is possible to excite each ion independently using
two low-cost diode lasers without significant energy transfer pro-
cesses between the ions. The FIR technique has been used to detect
changes in temperature. In the case of Er3þ ions, FIR was applied to
the 2H11/2 / 4I15/2 and 4S3/2 / 4I15/2 transitions from 100 up to
540 K. At temperatures below 100 K the thermal population of the
2H11/2 excited state is negligible and FIR cannot be accurately
determined. However, for the Ho3þ ions FIR was calculated from the
emissions associated to the 5S2(5F4) / 5I8 and 5S2(5F4) / 5I7
electronic transitions. As the energy gap between 5S2 and 5F4
excited states is lower than of the used Er3þ excited levels, they are
thermally coupled even at the lowest cryogenic temperature used
in this study. Therefore, FIR could be obtained from 30 to 300 K.
Consequently, the use of Er3þ and Ho3þ doped YGG nanogarnets
enlarges the sensor temperature range that could be available using
single doping. The relative sensitivity of the temperature sensor
was determined both for the Er3þ and Ho3þ ions, showing a
maximum of 1.3 and 0.4% K�1 at 200 K, respectively. The limit of
detection in the temperature range from 30 to 540 K is below 0.5 K
for most of the range. In order to compare the efficiency of our
material, a comparative research was made to review all other RE
optical temperature sensors that have been tested for a similar
range of temperatures (from cryogenic to over 500 K). Our sample
proved to have relatively high relative sensitivity values for low
temperature and similar values for higher temperatures compared
to the other sensors, as well as the best precision to date in a wider
range than any of them, making erbium-holmium codoped nano-
garnets a promising candidate as an optical temperature sensor.
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