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Non-contact ratiometric thermometry has applications ranging from in situ physiological measurements

to industrial process monitoring. The technique is based on the optical detection of the fluorescence

intensity ratio (FIR) of two thermally-coupled levels (TCLs). Here, we report a Yb3+/Nd3+ co-doped

La2O3 microcrystal ratiometric thermometer based on upconverted emission in the near-infrared (NIR)

after excitation with a 980 nm laser diode, which operates effectively over the wide temperature range

from 290 1230 K. The thermometer uses the TCLs of Nd3+:4F7/2 (emission peak 762 nm) and Nd3+:4F5/2

(emission peak 825 nm). The chosen levels combine desirable characteristics to act as a sensitive

temperature sensor over a wide range of elevated temperatures: namely a suitable energy gap

(DE = 950 cm 1); and weak thermal quenching effects (maximum photoluminescence at 803 and 853 K

respectively for two Nd3+ emission peaks). This leads to a high relative sensitivity (SR) of 1334/T2, and

low temperature uncertainty DTmin of 0.1 K (o400 K), 1 K (400 853 K) and 3 K (853 1233 K). In addition

to these characteristics, the excellent repeatability of FIR of the two Nd3+ emission peaks makes

Yb3+/Nd3+ co-doped La2O3 microcrystals a promising non-contact NIR ratiometric thermometer for

temperatures up to 1230 K.

1. Introduction

Real-time temperature detection plays an important role in
industry, manufacturing, climatology, scientific research, and
other diverse applications.1–5 Non-contact ratiometric thermo-
meters based on fluorescence intensity ratio (FIR) of two
thermally coupled levels (TCLs) are being rapidly developed and
applied.1–8 Compared with the traditional contact methods,
these have many advantages such as no direct contact being
required, self-referencing, high spatial resolution, high detec-
tion sensitively, rapid response and non-invasive operation.1–7

The design of new luminescent materials with tailored emission
properties is highly desired for the future development of non-
contact ratiometric thermometers. For FIR- based thermometers,

the two signals emitted from the TCL should significantly vary
with temperature. The energy gap (DE) between two TCLs
should be in the range of 200–2000 cm�1.9 TCLs with too
small DE (DE o 200 cm�1) will lead to strong overlap of signals,
while too large DE value (DE 4 2000 cm�1) will result in the
weak coupling of TCLs.10 Many rare earth ions (such as Eu3+,
Tb3+, Dy3+, Er3+, Nd3+, Tm3+ and Ho3+) have TCLs that make
them promising for the FIR thermometry.11–25

Up-conversion (UC) refers to the phenomenon of converting
two or more low energy photons into a high energy photon
emission.26–35 Yb3+/Er3+ co-doped UC materials have been
frequently reported as promising candidates for ratiometric
thermometers.26–31 Alternatively, Yb3+/Nd3+ co-doped UC materials
have been recently proposed as a novel promising candidate for
ratiometric thermometer.23,24,36–42 This is due to, firstly, Nd3+

possessing two sets of TCLs of 4F7/2/4F5/2 and 4F5/2/4F3/2, both of
which possess an energy gap of B1000 cm�1, thus making
them highly suitable as ratiometric thermometers. Secondly,
the UC emission bands of Nd3+ (750–950 nm) and excitation
source (such as a 980 nm laser diode (LD)) are located in the
first biological window (650–1000 nm), indicating great potential
for biological applications.13,23,43 Thirdly, the relatively cheap
price of silicon charge-coupled detectors (CCD) and 980 nm
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LD presents no barrier to large-scale and low-cost system
realisation.26,39 Lastly, the UC emission of Nd3+ in Yb3+/Nd3+

co-doped phosphors exhibits only very weak thermal quenching,
allowing bright luminescence even at elevated temperatures.
This underpins their wide potential temperature sensing range.
However, the present literature on Yb3+/Nd3+ co-doped materials
for NIR ratiometric thermometers has only reported relatively low
temperature ranges, such as in CaWO4:Yb3+,Nd3+ (303–873 K)39

and NaYF4:Yb3+,Nd3+ (297–453 K).40

Our recent study reveals that trigonal La2O3 micro-crystals
are an excellent host material for rare earth ions due to their
low phonon energy (B450 cm�1) and low site symmetry
(C3v symmetry).44 In this study, we choose La2O3 micro-
crystals as the host materials for the Yb3+/Nd3+ UC pair. The
energy gap DE value of TCLs of 4F7/2 (NIR1) and 4F5/2 (NIR2) in
La2O3 is determined to be 950 cm�1 which is highly suitable for
ratiometric thermometers. The emission intensity of the NIR1
and NIR2 peaks strongly increases with temperatures up to 850
and 893 K, respectively. The weak thermal quenching and high
temperature of the maximum UC emission for TCLs of NIR1
and NIR2 enable the high accuracy and temperature sensing
over a wide temperature range. The combined features of high
relative sensitivity (SR) of 1334/T2 for Yb3+/Nd3+-based UC
thermometers, excellent repeatability of NIR1 and NIR2, and
FIR of NIR1/NIR2 indicated by four complete heating and
cooling cycles, and low temperature uncertain DTmin of 0.1 K
(o400 K) make them promising as ratiometric thermometers
over a wide temperature range up to 1230 K.

2. Experimental
Sample preparation

A high temperature solid-state reaction was used to synthesize the
micro-crystalline sample with nominal composition of La1.86O3:
1Nd3+,6Yb3+. High purity La2O3 (99.9%, Chempur), Nd2O3 (99.9%,
Chempur) and Yb3O3 (99.9%, Chempur) were used as the raw
materials without further purification. A stoichiometric batch
of 5 g starting materials was thoroughly mixed in an agate
mortar and then sintered in an alumina crucible in a bottom-
loading furnace (Carbolite BLF 1700) at 1550 1C for 24 h in
ambient conditions with two intermediate grinding steps.

Characterization details

The phase purity of the micro-crystal was examined by X-ray
diffractometry (XRD, Bruker, D8 phase, Cu Ka radiation) with a
step width of 0.011 s�1 and a counting time of 1 s per step.
Diffuse reflectance spectra (DRS) in the spectral region of
400–1050 nm was recorded with a spectrophotometer (Perkin-
Elmer Lambda 950) equipped with an integrating sphere. The
temperature dependent UC emission spectra in the tempera-
ture range of 293–1233 K were measured in a home-built optical
system. A 980 nm continuous-wave LD (L980P200, Thorlabs Inc.,
max 200 mW) was used as the excitation source. The working
temperature of LD was set at 293 K by a temperature controller
(ITC4001, Thorlabs Inc.). The power density of LD was set

at 1 W cm�2. CCD spectrometer (AvaSpec-2048L-USB2, Avantes)
was used as the detector to record the UC emission spectra.

Thermometry experiments were conducted as follows

The La1.86O3:1Nd3+,6Yb3+ micro-crystals were placed inside a
thermal stage (Microptik BV, MHS1200-V/G) where the tem-
perature was controlled in the range of 293–1233 K by a type S
Pt-10% Rh/Pt thermocouple connected to a high performance
temperature controller (Microptik BV, MTDC600) with a tem-
perature resolution and accuracy of �0.1 K. The samples were
held at the given temperature for 5 min to let the sample fully
equilibrate and then we performed the UC measurement at the
given temperature. The pump LD was turned on for a minimum
time during the measurements to avoid any laser-related heating.
To be precise, it was turned on just before each measurement,
stabilized for 3 seconds, an UC measurement was taken over the
next 1 second, and then it was turned off. A new background
reading was taken for every temperature to avoid the potential
interference of blackbody radiation. For the power dependent UC
emission property, the power density of the laser beam was
adjusted by the use of the controlled rotatable neutral density
filter (Thorlabs) from 0.1 to 6 W cm�2.

3. Results and discussion

Fig. 1a and b show the XRD and corresponding Rietveld analysis
of La2O3:6Yb3+,1Nd3+, respectively. The crystal structure of La2O3

adopts the typical trigonal C-type structure of Ln2O3 (lanthanides,
space group: P%3m1 (164); ICSD No.: 100204). Its crystal structure is
composed of seven-fold coordinated [LaO7] polyhedrons.45 Com-
pared with the undoped reference, the co-doping of small amounts
of Yb3+/Nd3+ (6/1 mol%) in La2O3 leads to the shift of all diffraction
peaks of La2O3 to higher angles, indicating the incorporation of
Yb3+ and Nd3+ in La2O3 lattice. The ionic radius of Yb3+ (0.925 Å in
seven-fold coordination) is B19% smaller than that of La3+ (1.10 Å
in seven-fold coordination).46 The displacement of La3+ cites via
smaller Yb3+ and Nd3+ ions will result in the contraction of the
unit cell of La2O3. According to the well-known Bragg law of
nl = 2d sin(y), this will shift the diffraction peaks to higher angles.
Additionally, the minor crystal phase of LaYbO3 (space group:
Pna21 (33); ICSD No.: 15093) can also observed. This is ascribed
to the large ionic difference between Yb3+ and La3+ (B19%), which
results in the low solubility of Yb3+ in La2O3 crystal phase. Thus, the
high doping concentration of Yb3+ (6 mol%) leads to phase
separation and the formation of perovskite-type LaYbO3. This
Yb3+ solubility issue here is also consistent with our former study
on La2O3:Yb3+,Er3+ phosphors.44 The formation of trace amounts of
LaYbO3 will weaken the UC performance of La2O3:Yb3+,Nd3+ due to
the high possibility of the formation of Yb3+ ion clusters in LaYbO3.

Fig. 1c shows a SEM image of La2O3:6Yb3+,1Nd3+. The
morphology of La2O3:6Yb3+,1Nd3+ is irregularly shaped micron-
scale particles with size of 1–5 mm. These particles tend to
aggregate into bigger particles of 10–30 mm.

Fig. 1d presents the DRS of La2O3:6Yb3+,1Nd3+ in the
spectral region of 400–1050 nm. The broad absorption bands



from 900–1050 nm with a sharp peak at B980 nm and a broad
shoulder at B938 nm can be readily assigned to the electronic
transitions of Yb3+ from the ground state of 2F7/2 to excited state
multiplet of 2F5/2.47–49 The absorption bands with maxima at
B900, 822, 762, 750, 690, 638, 600, 536, 484 and 438 nm are
attributed to the absorption of Nd3+. These are attributed to the
electronic transitions of Nd3+ from the ground state 4I/9/2 to the
excited states of 4F3/2, 4F5/2, 4S3/2, 4F7/2, 4F9/2, 2H11/2, 4G5/2 + 2G7/2,
4G9/2 + 4G7/2, 2G9/2 and 2P1/2, respectively, as labelled in Fig. 1d.
Remarkably, the strong overlap between absorption bands of
Yb3+:2F7/2 - 2F5/2 and Nd3+:4I/9/2 - 4F3/2 at B900 nm can be
observed in Fig. 1d. According to the absorption peak value in
Fig. 1d, the energy gap (DE) of TCLs of 4F3/2/4F5/2, 4F5/2/4F7/2 and
4F3/2/4F7/2 is determined to be 1054, 958 and 2012 cm�1,
respectively. As indicated in introduction, the DE value of
4F3/2/4F7/2 (42000 cm�1) is too big and leads to very weak
thermal coupling between these two levels, which rules out its
application. Additionally, the emission band of 4F3/2 (B900 nm)
strongly overlaps the thermally-stimulated UC emission of
Yb3+, which is frequently used for laser cooling.50,51 The signal
interference between Yb3+ and Nd3+ makes the emission band
from Nd3+:4F3/2 not suitable for the ratiometric thermometer
study. Thus, only the TCLs of 4F5/2/4F7/2 is considered for the
ratiometric thermometer study in present study. The DE value
of TCLs of 4F7/2/4F5/2 is B950 cm�1, which is highly suitable for
ratiometric thermometers.

Fig. 2a and b illustrate the UC emission spectra of
La2O3:6Yb3+,1Nd3+ as a function of temperature from 293 to
833 and 833 to 1233 K, respectively. The excitation source is a
980 nm LD with a relatively low power density of 1 W cm�2. The
emission profile of Nd3+ spans a very broad spectral region
from 730 to 855 nm, which are located in the first biological
window (650–1000 nm).42 More specifically, it is composed of
two distinct bands: (i) 730–785 nm with maxima at 762 nm
(defined as NIR1); and (ii) 785–855 nm with a maximum at
825 nm (defined as NIR2). They are assigned to the electronic
transitions of Nd3+ from excited states of 4F7/2 and 4F5/2 to the
ground state of 4I9/2, respectively. As expected, no luminescence
can be observed for Nd3+ singly doped sample upon excitation
with the 980 nm LD.

As shown in Fig. 2c (magnified by �200), faint UC emission
bands with maximum at B692, 638 and 613 nm appears with
temperature 4593 K due to the thermal population (TP)
between 4F7/2 with higher lying levels of Nd3+. They are assigned
to the transitions of Nd3+ from the excited levels of 4F9/2, 2H11/2

and 4G5/2 to the ground state of 4I9/2, respectively (Fig. 2e).
Although there is thermal coupling of these levels with 4F7/2,
their extremely weak intensity rules out their real application in
ratiometric thermometers.

Fig. 2d presents double-logarithmic plot of the variation of
UC emission intensity at 825 nm (NIR2) with excitation power
density ranging from 0.1–6 W cm�2. In low power density

Fig. 1 (a) Power XRD pattern of La2O3:6Yb3+,1Nd3+ and tabulated standard diffraction patterns of trigonal La2O3 (pink) and LaYbO3 (orange). (b) Rietveld
analysis of La2O3:6Yb3+,1Nd3+. (c) SEM image of La2O3:6Yb3+,1Nd3+ with magnification of �1000. (d) Diffuse reflectance spectrum (DRS) of
La2O3:6Yb3+,1Nd3+. Labels in (d): the electronic transitions of Nd3+ and Yb3+ from ground state 4I9/2 and 2F7/2 to the labelled excited energy levels,
respectively.



regime of 0.1–3 W cm�2, a slope value of 1.06 � 0.01 can be
obtained by the linear fitting of the double-logarithmic plot.
This indicates that a single photon process of phonon-assisted
Nd3+ UC emission under 980 nm excitation is occurring, which
will be discussed later in detail. For the high power density regime
of 43 W cm�2, a higher slope value can be observed, which may
be linked to self-heating induced via the LD excitation.

Fig. 2e schematically shows UC emission and TP mecha-
nisms of La2O3:6Yb3+,1Nd3+. Under 980 nm excitation, electrons
are pumped from Yb3+:2F7/2 to Yb3+:2F5/2. An energy gap DE of
B1000 cm�1 between energy levels of Yb3+:2F7/2 and Nd3+:2F3/2

can be observed. From our former study, we know that the
phonon energy of La2O3 is B450 cm�1 and thus B2–3 phonons
are required to enable the energy transfer (ET) from Yb3+:2F7/2 to
Nd3+:2F3/2 by phonon-annihilation.52 This process is frequently
reported as phonon-assisted energy transfer (PAET) in co-doped
materials such as Yb3+/Nd3+.24,38–40,52 The almost linear process

of Nd3+ emission with excitation power density (Fig. 2d) supports
the PAET UC mechanism observed for Yb3+/Nd3+ in La2O3. The
DE value of 4F3/2/4F5/2 and 4F5/2/4F7/2 is B1000 cm�1 and these
levels are strongly thermally coupled. Consequently, the TP
between these levels leads to the intense emission from Nd3+:4F7/2

and Nd3+:4F5/2 levels with maxima at 765 and 825 nm (Fig. 2a
and b). For the higher lying levels of Nd3+:4F9/2, Nd3+:2H11/2 and
Nd3+:4G5/2, only faint emission from these levels can be observed at
high temperature (4593 K), as shown in Fig. 2c. Due to the much
higher energy of these levels with respect to Nd3+:4F3/2, many more
phonons (45) are required to bridge the gap. Thus, the emission
from these levels is only possible at high temperature and has to
compete with the thermal quenching effect.

Fig. 2f summarizes dependence of integrated emission
intensity of NIR1 and NIR2, and FIR of NIR1/NIR2 at a tem-
peratures step of 20 K. Importantly, both NIR1 and NIR2 only
exhibit very weak thermal quenching effect with temperature.

Fig. 2 Temperature dependent UC emission spectra of La2O3:6Yb3+,1Nd3+ for the temperature range of (a) 293 833 and (b) 833 1233 K with a step of
20 K under excitation of a 980 nm LD with a power density of 1 W cm 2. (c) Magnified view of temperature dependent UC emission spectra in the spectral
region of 600 720 nm by a factor of �200. Labels in (a and c) represent the transitions of Nd3+ from the labelled excited states to ground sates of 4I9/2.
The new background was taken at the beginning of each measurement. (d) Double logarithmic plot of UC emission intensity of Nd3+ at 825 nm
dependent on the excitation power density of 0.1 6 W cm 2. Red solid line in (d) is the linear fit of the experimental data. (e) Schematic draw of the
energy level diagram of Yb3+ and Nd3+, and mechanisms of UC emission and TP under excitation of 980 nm LD. PAET and TP represents phonon assisted
energy transfer and thermal population, respectively. (f) Variation of the integrated emission intensity of NIR1 (black triangle), NIR2 (red square) and FIR of
NIR1/NIR2 (blue sphere) as a function of temperature over temperature range of 293 1233 K with a step of 20 K.



Due to the effective TP between Nd3+:2F5/2 and Nd3+:2F3/2, the
emission intensity of NIR2 strongly increases with tempera-
tures up to 853 K. At 853 K, it has increased B60 times with
respect to the initial intensity at 293 K. Higher temperatures
(4853 K) leads to the decrease of emission intensity of NIR2.
However, at 1233 K it remains four times stronger than that at
293 K. It is noteworthy that the blackbody radiation at high
temperature regime (41200 K) slightly decreases the certainty
to which NIR2 can be measured. Similarly, NIR1 significantly
increases with temperatures, but to a much greater degree than
NIR2 due to the effective TP between Nd3+:2F7/2 and Nd3+:2F5/2.
At 893 K, a maximum gain factor of 900-fold can be observed
with respect to the initial emission intensity at 293 K. The
slightly higher emission maximum temperature of NIR1 (893 K)
than NIR2 (853 K) is ascribed to the TP between Nd3+:2F7/2 and
Nd3+:2F5/2. It is noteworthy that the emission intensity of NIR1
and NIR2 below room temperature become too weak to be well
resolved with an excitation power density of 1 W cm�2, thus
performance at less than room temperature is not reported here.
The high thermal quenching temperature of La2O3:6Yb3+,1Nd3+

(853 K for NIR1) and (893 K for NIR2) is among the highest
reported value for Yb3+/Nd3+ co-doped UC emission. This unique
features allows the accurate thermometry over a wide tempera-
ture range,7 being much broader than that of Yb3+/Er3+ UC
materials.4,7 Consequently, the FIR of NIR1/NIR2 significantly
increases with temperature from 0.01 (293 K) to 0.26 (1233 K).
The large change of FIR of NIR1/NIR2 enables its application in
FIR thermometers.

The emission intensity for a given excited state with tempe-
rature can be described by eqn (1):16,53

I / gAhn � exp E

kBT

� �
; (1)

where, g, A, h, v, E, kB and T are the degeneracy of the state, the
spontaneous emission rate, the Planck constant, the frequency,
the energy of the level, the Boltzmann constant and the absolute
temperature, respectively. The FIR of two TCLs follows Boltzmann
distribution and can be described by eqn (2):16

FIR ¼ I2

I1
¼ g2A2hn2

g1A1hn1
exp

DE21

kBT

� �
¼ C exp

DE21

kBT

� �
; (2)

where, I2 and I1 are the fluorescence intensity of upper and lower
levels of two TCLs; C is the temperature-independent scaling
constant; and DE21 is the energy gap between the TCLs.16 For the
present case, Nd3+:2F7/2 and Nd3+:2F5/2 is the upper and lower
level of TCLs, respectively.

The energy gap DE between TCLs can be obtained by fitting
of experiment data of FIR via eqn (2). The best fitting of
experimental FIR (NIR1/NIR2) data is plotted in Fig. 3a. The
fitting quality is high with r2 = 0.9996. The fitted energy gap
(DEf) value of 927 cm�1 is very close to the experimental energy
gap (DEm) of 950 cm�1, which is determined from DRS (refer
Fig. 1d). The error d between DEf and DEm is given by eqn (3):7

d ¼ DEm DEf jj
DEm

� 100%; (3)

where d is determined to be as small as B2%. The absolute
temperature sensitivity (SA) is defined as the absolute FIR change
with temperature variation and can be calculated using eqn (4):

SA ¼ FIR� DE
kBT2

: (4)

From eqn (4), we can see that SA depends on absolute FIR value
and it is not suitable for the fair comparison among different
systems.1 Recently, relative temperature sensitivity (SR) – which is
defined as the ratio of SA and FIR – has been frequently used as a
standard parameter to quantitative comparison of temperature
sensitivity of different systems. It is the normalized change in FIR
with temperature variation and is calculated using eqn (5):11,20

SR ¼
1

FIR
� @FIR

@T
¼ DE

kBT2
: (5)

Furthermore, Tmax, which is defined as the temperature
where the maximum SA obtained can be evaluated as follows:54

@2FIR

@2T
¼ FIR� DE

kBTmax
3

2

� �
� DE
kBTmax

3
¼ 0 (6)

Tmax ¼
DE
2KB

(7)

Thus, the large DE value facilitates the large Tmax value.
Tmax is calculated to be 667 K. The high Tmax value favours for
the high temperature sensitivity at high temperature.

Fig. 3 Variation of (a) FIR and (b) absolute (SA) and relative temperature
sensitivity (SR) dependent on temperature. Red solid line in (a) is the best fit
of experimental data (blue sphere) by equation of FIR = C� exp( DE/kB/T).
Lines in (b) are guides for the eyes.



The variation of the SA and SR value with temperature from
293 to 1233 K is illustrated in Fig. 3b. The SA value slightly
increases with temperature from 1.6 � 10�4 K�1 at 293 K to the
maximum 3.0 � 10�4 K�1 at 693 K. The higher temperature
slightly decreases from 3.0� 10�4 K�1 at 693 K to 2.2� 10�4 K�1

at 1233 K. The maximum SA located in the region of the strongest
emission intensity of NIR1 and NIR2, which enables the high
sensing accuracy at high temperature. The SR value is determined
to be 1334/T2. In the studied temperature region (293–1233 K), the
maximum SR value is 1.6% K�1 at the lowest measuring tempera-
ture of 293 K and it decreases with temperature from 1.6% K�1 at
293 K to 0.1% K�1 at 1233 K. SR value is comparable with other
reported values for Yb3+/Nd3+ doped UC materials and is higher
than the frequently reported Yb3+/Er3+ co-doped UC materials,
as summarized in Table 1.

Repeatability tests over four heating and cooling cycles
(temperature range of 293–1233 K with a step of 20 K) were

conducted using the La2O3:Yb3+/Nd3+ based FIR thermometer
(see Fig. 4). From the overlay curves of all four heating and
cooling cycles, we can clearly see the excellent repeatability of
emission intensity of NIR1, NIR2, and the FIR of NIR1/NIR2.
Time dependent emission intensity over 40 min by the step of
2 min at given temperature also confirms the excellent repeat-
ability of emission intensity of NIR1 and NIR2, and FIR of
NIR1/NIR2 with time, as shown in Fig. S1 (ESI†). Temperature
uncertain DTmin is defined as the ratio of uncertainty and sensi-
tivity. Thus, DTmin can be evaluated by the standard deviation (s)
and SR using eqn (8):18,64

DTmin ¼
s
SR
; (8)

where s is calculated in four independent heating and cooling
cycles. Fig. 5 shows variation of s, SR and DTmin with tempera-
ture. At low temperature (o400 K), a low temperature uncertain

Table 1 Comparisons of thermometer parameters of Yb3+/Nd3+ and Yb3+/Er3+ doped UC host materials including TCLs, temperature range, DE and SR.
GC and CS represents glass ceramic and core/shell materials, respectively

Materials TCLs Temperature range (K) DE (cm 1) SR (K 1) Ref.

La2O3:Yb3+,Nd3+ Nd3+:2F7/2,2F5/2 293 1233 927 1334/T2 This work
NaYF4:Yb3+,Nd3+ Nd3+:2F7/2,2F5/2 303 873 895 1288/T2 40
CaWO4:Yb3+,Nd3+ Nd3+:2F7/2,2F5/2 297 420 889 1459/T2 39
GC:Yb3+,Nd3+ Nd3+:2F7/2,2F5/2 303 623 1310 1885/T2 23
K3LuF6:Yb3+,Er3+ GC Er3+:2H11/2,2S3/2 300 773 870 1256/T2 55
CaMoO4:Yb3+,Er3+ Er3+:2H11/2,2S3/2 300 513 829 1193/T2 56
La2O2S:Yb3+,Er3+ Er3+:2H11/2,2S3/2 294 562 794 1143/T2 57
NaYF4:Yb3+,Er3+ Er3+:2H11/2,2S3/2 298 318 714 1028/T2 58
NaYF4:Yb3+,Er3+/SiO2 CS Er3+:2H11/2,2S3/2 300 900 716 1031/T2 59
YF3:Yb3+,Er3+ Er3+:2H11/2,2S3/2 260 490 688 997/T2 20
NaY(MoO4)2:Yb3+,Er3+ Er3+:2H11/2,2S3/2 303 523 683 983/T2 60
Y2O3:Yb3+,Er3+ Er3+:2H11/2,2S3/2 93 613 616 886/T2 61
Y2Ti2O7:Yb3+,Er3+ Er3+:2H11/2,2S3/2 298 673 564 812/T2 62
YVO4:Yb3+,Er3+ Er3+:2H11/2,2S3/2 302 483 538 774/T2 63

Fig. 4 Repeatability of integrated intensity of NIR1 and NIR2 (upper panels), and FIR of NIR1/NIR2 (lower panels) over 4 heating and cooling cycles from
293 to 1233 K with a step of 20 K. The last panel shows the overlay of the integrated intensity of NIR1, NIR2, and the FIR of NIR1/NIR2 for the 4 different
heating and cooling cycles. H and C represent heating and cooling, respectively.



of 0.1 K can be obtained. For the temperature range of 400–850 K
and 850–1233 K, temperature uncertain level of o1 and o3 K can
be observed, respectively. The temperature uncertainty DTmin of
La2O3:Yb3+,Nd3+ is comparable or even better than the reported
values for the Yb3+/Er3+ pair. For example, the DTmin value of 1–5 K
is reported for NaYF4:Yb3+,Er3+/SiO2 core/shell UC nanocrystals in
the temperature range of 290–900 K.16 The DTmin value of B0.3 K
is reported for SrF2:Yb3+,Er3+ UC nanoparticles in the temperature
range of 303–373 K.65

Further performance enhancement of the FIR thermometers
based in Yb3+/Nd3+ co-doped La2O3 microcrystals is expected
via the optimization of excitation sources, Yb3+/Nd3+ doping
concentrations, and synthesis conditions. These will be inves-
tigated in future work.

4. Conclusions

We report on Yb3+/Nd3+ co-doped La2O3 microcrystals based
NIR ratiometric thermometers operating from room tempera-
ture up to 1233 K. The energy gap DE value of TCLs of 4S3/2/4F7/2

(NIR1) and 4F5/2 (NIR2) is B950 cm�1 which is highly suitable
for ratiometric thermometers. The emission intensity of NIR1
and NIR2 strongly increases with temperatures up to 893 and
853 K, respectively, due to the TP effects. The weak thermal
quenching and high peak emission maximum temperature for TCLs
of NIR1 and NIR2 afford high sensing accuracy and wide range
temperature sensing. The FIR of NIR1/NIR2 significantly increase
with temperature from 0.01 (293 K) to 0.26 (1233 K). The large
change of FIR of NIR1/NIR2 enables its application in ratiometric
thermometers. The relative sensitivity (SR) value is determined to be
1334/T2. In the studied temperature region (293–1233 K), the
maximum SR value is 1.6% K�1 at 293 K and it decreases with
temperature from 1.6% K�1 at 293 K to 0.1% K�1 at 1233 K. SR value
is comparable with other reported value for Yb3+/Nd3+ doped UC
materials and higher than the frequently reported Yb3+/Er3+

co-doped UC materials. The excellent repeatability of emission
intensity of NIR1, NIR2, and FIR of NIR1/NIR2 is confirmed by
4 independent heating and cooling cycles. A low temperature
uncertain of 0.1 K, 1 and 3 K can be obtained for the temperature

range of 293–400 K, 400–850 K and 850–1233 K, respectively. These
combined features make them promising as ratiometric thermo-
meters over a wide temperature range of 293–1233 K.
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Figure S1. Repeatability of integrated intensity of a) NIR1 and b) NIR2, and c) FIR of NIR1/NIR2 with time over 40 mins at varies temperatures. 
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