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Highly sensitive optical ratiometric thermal
sensing based on the three-photon upconversion
luminescence of Y2O3:Yb3+,Er3+ nano-thermometers

Leipeng Li,a Feng Qin,b Lu Li,b Hong Gaoc and Zhiguo Zhang *ab

Highly sensitive optical thermal sensing is achieved here based on the three-photon upconversion

luminescence of Y2O3:Yb3+,Er3+ nano-thermometers. In the temperature range of 303–783 K, the 4G11/2

and 2H9/2 energy levels of Er3+ ion embedded in Y2O3 nanocrystals are found to be thermally linked. The
4G11/2–4I15/2 and 2H9/2–4I15/2 transitions’ intensity ratio thus satisfies the Boltzmann distribution. It is

demonstrated that the relative sensitivity, on the basis of this ratio for temperature measurement, is as

high as 2.05% K�1 at 303 K. It is, to the best of our knowledge, the maximum thermal sensitivity reported

so far for the 4G11/2–4I15/2 and 2H9/2–4I15/2 transitions in various hosts. Moreover, this sensitivity is larger than

all previously reported values that depend on the luminescence of the Er3+ ion. What’s more, this value is

also among the highest sensitivities achieved based on other thermally linked states of rare earth ions. As

an added benefit, it has been shown that the single 2H9/2–4I15/2 transition can also be used for optical

thermal sensing and its relative sensitivity is up to 1.27% K�1 at 783 K, which is 2.9 times the theoretical maximum

sensitivity of ratiometric thermal detection based on the thermally linked states of rare earth ions.

Introduction

Due to the significance of temperature in a number of fields,
lots of methods have emerged for thermal sensing in recent
years.1–8 This is evidenced by the fact that temperature sensing
devices own the majority of the global sensor-market share.9,10

Undeniably, thermocouple and thermal resistance-based sensors,
due to their attractive features, such as reliable performance and
relatively low manufacturing cost, are regarded as the most
popular temperature detection devices for general purposes
and are widely used in modern society.9 However, with the
development of nano-science and nano-technology, these traditional
devices no longer apply in more domains, for instance, in
monitoring the temperature of a moving object or a tissue at
the nano-meter scale.10 In order to solve these problems,
optical thermometry has gained considerable attention because
it features a non-contact working pattern, short response time,
high thermal sensitivity and temperature resolution, and so
forth.11

In the field of optical thermometry, rare earth ions are
especially attractive due to their unique properties.12–20 For
instance, they have the ability of converting low energy and long
wavelength NIR excitation into high energy and short wave-
length light, which is known as the upconversion (UC) process.
This is especially useful in biological and medical fields as the
commonly used NIR excitation, such as the 980 nm laser, can
not only provide a relatively larger penetration depth, but also
minimize the effect of the auto-fluorescence of tissues. So far,
up to ten kinds of rare earth ions, including Er3+, Ho3+, Tm3+,
Nd3+, Yb3+, Pr3+, Sm3+, Eu3+, Gd3+ and Dy3+ ions, have been
demonstrated to be potential candidates for optical ratiometric
thermal sensing because they have, at least, one pair of thermally
coupled levels (TCLs), and the populations and thus the lumines-
cence intensity ratio (LIR) between them can be described well by a
Boltzmann distribution.11,21–28 Among these lanthanides, the Er3+

ion is especially attractive as it has been confirmed to possess at
least six pairs of TCLs, which are the 4G11/2/2H9/2–4I15/2 TCL, the
2H11/2/4S3/2–4I15/2 TCL, and the two Stark components of the 2H11/2,
4S3/2, 4F9/2, and 4I13/2 levels, respectively, just as presented in Fig. 1
(labelled as a–f). (i) The 2H11/2/4S3/2–4I15/2 levels may be the most
well-known TCLs and have been investigated in a variety of hosts
for more than thirty years.11 The energy gap between the 2H11/2 and
4S3/2 TCLs is, however, relatively small, ca. 700 cm�1. According to
the expression Sr = DE/kT2, where DE is the energy difference
between TCLs, k is the Boltzmann constant and T is the absolute
temperature; the relative sensitivity, Sr, for the 2H11/2 and 4S3/2
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TCLs is estimated to be 1.09% K�1 at room temperature. This
value is not ideal for achieving a better temperature resolution
under the same experimental setup. It should be mentioned here
that Marciniak et al. once reported a large relative sensitivity on the
basis of the 2H11/2/4S3/2–4I15/2 levels.12 However, it was achieved by
taking the pulsed 980 nm laser as the excitation source, which
exceeds the scope of our work. Here, we only discuss the case
where the continuous wave 980 nm laser is utilized to excite the
samples as this is the most common case. (ii) The two Stark
components of the 2H11/2, 4S3/2, 4F9/2, and 4I13/2 levels can
separately constitute four pair of TCLs, which has been con-
firmed by several groups.29,30 Nonetheless, the gap that spaces
the two Stark components of a certain level of rare earth ions is,
in general, quite narrow. For these four pairs of TCLs, the gaps
are calculated to be around 86, 88, 74 and 116 cm�1, respectively.
Accordingly, their relative thermal sensitivities are 0.13, 0.13,
0.11 and 0.18% K�1, respectively, at room temperature (see
Table 1). These values are quite small and are thus not good
for the practical application of these four pairs of TCLs. (iii) In
general, the safe threshold of the energy gap that ensures a
thermal equilibrium between TCLs is around 2000 cm�1, as
firstly suggested by Wade et al.11 Although Zheng et al. once
demonstrated that the 4D7/2 and 4G9/2 levels of the Er3+ ion could
be used for temperature measurement through the LIR technology,
the gap between these two levels is approximately equal to
2800 cm�1, being much larger than the above-mentioned safe
threshold.31 Therefore, it is difficult to populate the 4D7/2 level
at the expense of the lower 4G9/2 one by thermal equilibrium.
Accordingly, the relative sensitivity for this pair of levels was

only 0.41% K�1 at room temperature. In order to overcome the
limitations of these TCLs, the 4G11/2/2H9/2 levels have, thus,
become the better choice as the gap between them is slightly
smaller than the safe threshold but much larger than the
foregoing gaps.32,33 Using this pair of levels is expected to
achieve a highly sensitive thermal sensing via the LIR method.
Nonetheless, in previous work, it was found that their relative
sensitivity was only 0.46% K�1 at 303 K in a CaWO4 host, which
largely goes beyond the expected maximum sensitivity.32 There-
fore, searching for a more suitable material for the 4G11/2/2H9/2

TCLs becomes meaningful.
Aiming to achieve the maximum performance of the 4G11/2/

2H9/2–4I15/2 transitions of the Er3+ ion, here, we wish to report a
kind of optical nano-thermometer, the Y2O3:X%Yb3+,1%Er3+

(X = 1, 5, 10 and 15) nano-phosphors. It is demonstrated that
the relative sensitivity of the 4G11/2/2H9/2 TCLs in Y2O3:1%Yb3+,
1%Er3+ nano-thermometers can reach up to 2.05% K�1 at
303 K. It is, to the best of our knowledge, the maximum value
reported so far for the 4G11/2/2H9/2–4I15/2 transitions and for the
Er3+ ion. Moreover, this value is also among the highest
sensitivities achieved based on different kinds of TCLs of
rare earth ions.

Experimental

Yb2O3, Er2O3, Y2O3 (purity: 99.999%, Aladdin Co., Ltd), nitric
acid (analytical purity) and NaOH (analytical purity, Aladdin
Co., Ltd) were used as purchased, without any further purification.
The specific synthesis processes for Y2O3:X%Yb3+,1%Er3+ (X = 1, 5,
10 and 15) nano-phosphors could be described as follows. Firstly,
Yb(NO3)3, Er(NO3)3 and Y(NO3)3 solutions (0.5 mol L�1) were
prepared with the use of Yb2O3, Er2O3, and Y2O3 powders and
nitric acid. Secondly, stoichiometric Yb(NO3)3, Er(NO3)3 and
Y(NO3)3 solutions (the mole ratio of Yb(NO3)3 to Er(NO3)3 was
X : 1 where X = 1, 5, 10 and 15) were added into a 50 ml beaker,
forming a mixture. This was followed by the addition of excess
NaOH. The solution mixture was then kept under strong magnetic
stirring for 24 h. After centrifugation, the white powders were
obtained successfully. After washing three times, the white
powders were dried in an oven at 60 1C for one day. Finally,
these powders were sintered at 1150 1C for 6 h to form the final
products.

Powder X-ray diffraction (XRD) patterns of the prepared nano-
phosphors were recorded using a diffractometer (Rigaku D/MAX-
2600/PC with Cu Ka radiation, l = 1.5406 Å) at room temperature.
Scanning electron microscopy (SEM) images of the prepared
nano-phosphors were obtained by using a Hitachi S-4300. A
continuous wave 980 nm laser diode (ITC-4005, Thorlabs) was
used as the excitation source. A spectrometer (SBP-300, Zolix
Instruments Co., Ltd) was used for wavelength discrimination.
A photomultiplier (PMTH-S1-CR131, Zolix Instruments Co., Ltd)
connected to an acquisition card was used to collect the emission
spectra of the samples at different temperatures over the range
between 303 and 783 K. The samples were heated by a home-made
heating chamber with an accuracy of �0.3 K in the experimental
temperature range.

Fig. 1 Energy level diagram of a Yb3+–Er3+ codoped system; a, b, c, d, e
and f are six typical TCLs of Er3+ ions, corresponding to the 4G11/2/2H9/2

TCL, the 2H11/2/4S3/2 TCL, and the two Stark components of the 2H11/2, 4S3/2,
4F9/2, and 4I13/2 levels, respectively.

Table 1 Comparison of the relative sensitivity based on the luminescence
of rare earth ions in different hosts at 303 K

Activator Host States Sr (% K�1) Ref.

Er3+ LiNbO3
2H11/2/4S3/2 1.08 2

Er3+ TiO2
2H11/2(stark) 0.13 29

Er3+ TiO2
4S3/2(stark) 0.13 29

Er3+ TiO2
4F9/2(stark) 0.11 29

Er3+ Y2O3
4I13/2(stark) 0.18 30

Er3+ NaLuF4
4D7/2/4G9/2 0.41 31

Er3+ CaWO4
4G11/2/2H9/2 0.46 32

Er3+ Y2O3
4G11/2/2H9/2 2.05 This work
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Results and discussion

Fig. 2(a) shows the XRD patterns of the prepared Y2O3:X%Yb3+,
1%Er3+ (X = 1, 5, 10 and 15) nano-phosphors and the standard
data with number 43-1036 from the JCPDS, which is the
representative standard cubic phase Y2O3. As can be observed,
all the prepared Y2O3:X%Yb3+,1%Er3+ (X = 1, 5, 10 and 15) nano-
phosphors’ diffraction peaks are in good agreement with the
reference data. This is an indication that the samples had been
successfully prepared and held the cubic phase. The inset in
Fig. 2(a) shows the enlarged part marked by the yellow rectan-
gle that covers the 2y range of 30–38 degrees. One can see that
the diffraction peak of the samples shifts slightly toward a
larger 2y degree, indicating that there is shrinkage for the host.
This is because the radius of the Y3+ ion (0.0893 nm) is slightly
larger than that of Yb3+ (0.0858 nm) and Er3+ (0.0881 nm) ions.
Fig. 2(b–e) present the SEM images of the prepared Y2O3:X%Yb3+,
1%Er3+ (X = 1, 5, 10 and 15) nano-phosphors, respectively. It can be
seen that the samples are of a non-uniform round shape, with the
radius ranging from 120 to 240 nm.

Fig. 3(a) shows the UC emission spectra of Y2O3:X%Yb3+,
1%Er3+ (X = 1, 5, 10 and 15) nano-phosphors, which were
obtained at room temperature, following the NIR excitation
by a 980 nm continuous wave laser diode. For comparison, the
experimental setups were kept unchanged upon obtaining the
emission spectra of the prepared nano-phosphors. As can be
observed, each spectrum is mainly made up of two emission
bands, peaking at ca. 387 and 410 nm, respectively. According
to the literature, the two emission bands are separately ascribed
to the 4G11/2–4I15/2 and 2H9/2–4I15/2 transitions of the Er3+ ion.32,33

It should be mentioned that the green and the red UC lumines-
cence of the Er3+ ion, separately attributed to the 2H11/2/4S3/2–4I15/2

and 4F9/2–4I15/2 transitions, has long been observed and studied.
There are quite a large number of references reporting these
luminescence bands and are therefore not discussed here.34–40 In
contrast, the 4G11/2–4I15/2 and 2H9/2–4I15/2 ones were rarely studied
previously.32,33 In fact, similar to the former two transitions, the
4G11/2–4I15/2 and 2H9/2–4I15/2 ones are also of significance.41,42

Thus, it is meaningful to study the 4G11/2–4I15/2 and 2H9/2–4I15/2

emission bands. From Fig. 3(a), it can be seen that at the low
doping concentration of Yb3+ ions, it is hard to detect the
387 and 410 nm emission bands by a commonly used photo-
multiplier under the experimental setup. Upon increasing the
Yb3+ ion concentration, the emission intensities of these two
bands increase markedly. When the Yb3+ doping concentration
is boosted to 10%, there is a quite good signal to noise ratio for
luminescence spectral detection. Moreover, the emission band
intensity reaches its maximum. With the further increase of the
Yb3+ doping concentration up to 15%, the spectrum undergoes
a sharp decrease. Therefore, the optimized doping concentration
for Yb3+ ions is ca. 10%.

By integrating the 380–400 and 400–420 nm spectral ranges,
the emission intensities for the 387 and 410 nm lines were
obtained. Fig. 3(b) presents the 387 and 410 nm emission line
intensities of Y2O3:10%Yb3+,1%Er3+ nano-phosphors as a function
of the power density, with the double logarithmical plot. Based on
the theory, the UC luminescence intensity, I, can be expressed as
I = qPn, where q is a constant, P is the power density and n is the
photon number that is needed to populate the emitting state of a
certain ion.43 It is found that the slopes of the two linear fits for the
387 and 410 nm lines shown in Fig. 3(b) are all close to three,
being an indication that these two emission bands are probably
from the three-photon UC mechanism. On the basis of these
results, the specific processes for the two emission bands are
depicted in Fig. 3(c). Firstly, the Yb3+ ions at the 2F7/2 ground state
absorb the NIR photons of the 980 nm laser diode and jump to the
higher 2F5/2 excited state. Secondly, the continuous energy trans-
fers from the Yb3+ ions at the 2F5/2 state occur, exciting the Er3+

ions at the 4I15/2 ground state to the higher 4I11/2/4F7/2/2G7/2 excited
states. This is followed by the non-radiative relaxation for the Er3+

ions at the 2G7/2 state to the adjacent lower 4G11/2 and 2H9/2 states.
Finally, the radiative transitions 4G11/2–4I15/2 and 2H9/2–4I15/2 take
place, leading to the 387 and 410 nm emission bands, respectively.

The thermal sensing ability using the 387 and 410 nm
emission bands, on the basis of LIR thermometry, was then
investigated. Fig. 4(a, c and e) show the UC luminescence of

Fig. 2 (a) XRD patterns of the prepared Y2O3:X%Yb,1%Er (X = 1, 5, 10 and
15) nano-phosphors and the standard data with number 43-1036 from the
JCPDS; (b)–(e) show the SEM images of Y2O3:X%Yb,1%Er (X = 1, 5, 10 and
15) nano-phosphors, respectively.

Fig. 3 (a) Room temperature UC emission spectra of Y2O3:X%Yb3+,1%Er3+

(X = 1, 5, 10 and 15) nano-phosphors as a function of the Yb3+ doping
concentration following the NIR excitation at 980 nm; (b) emission
intensities of the 387 and 410 nm bands of Y2O3:10%Yb3+,1%Er3+ phos-
phors as a function of the power density; (c) energy level diagrams of Yb3+

and Er3+ ions and the schematic UC processes for the 387 and 410 nm
emission lines.
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Y2O3:5%Yb3+,1%Er3+, Y2O3:10%Yb3+,1%Er3+ and Y2O3:15%Yb3+,
1%Er3+ nano-phosphors, respectively, as a function of temperature
in the range between 303 and 783 K with a 40 K step. As can be
observed, upon increasing the temperature from 303 to 783 K, the
387 nm emission band increases first and then decreases. By
comparison, the 410 nm one always decreases in the experimental
temperature range. Fig. 4(b, d and f) present the LIR between the
387 and 410 nm emission bands of Y2O3:5%Yb3+,1%Er3+,
Y2O3:10%Yb3+,1%Er3+ and Y2O3:15%Yb3+,1%Er3+ nano-phosphors,
respectively. According to the Boltzmann distribution, the LIR
between the populations of the two closely separated states can
be expressed as44–48

LIR ¼ I1

I2
¼ A exp �DE

kT

� �
; (1)

where I1 and I2 are the emission intensities for the two bands from
the upper and lower thermally coupled states, respectively, A is a
constant and DE is the gap between TCLs. It is found that all the
experimental data depicted in Fig. 4(b, d and f) are in good
accordance with eqn (1). For the LIR between the 387 and 410 nm
emission lines of Y2O3:10%Yb3+,1%Er3+ nano-phosphors, the para-
meters A and DE/k are fitted to be 12.8 and 1875 K, respectively.

In contrast, they are separately fitted to be 8.0 and 1739 K for the LIR
between the 387 and 410 nm emission lines of Y2O3:5%Yb3+,1%Er3+

nano-phosphors. For Y2O3:15%Yb3+,1%Er3+ nano-phosphors, the
fitted results are A = 16.4 and DE/k = 1960 K. Therefore, the 387
and 410 nm emission bands can be used for thermal sensing
through ratiometric technology. It was noticed that the fitted pre-
exponential factor varies with the Yb3+ doping concentration. A
similar phenomenon has been previously reported in other cases.
Although the physical and chemical explanations are still not clear, it
may be understood as follows. For one thing, there is the error in the
fitting process for the pre-exponential factor considering that the pre-
exponential factor is a fitting value. For another, the spontaneous
emission probabilities for the 387 and 410 nm emitting levels may
also vary with the Yb3+ doping concentration as the pre-exponential
factor in eqn (1) is strongly related with the spontaneous emission
probability ratio between the two emission lines.

For a temperature sensor, the relative sensitivity, Sr, is a very
significant parameter to evaluate its performance. Its original
definition is49–52

Sr ¼ dLIR

dT

����
���� 1

LIR
: (2)

Fig. 4 UC luminescence of (a) Y2O3:5%Yb3+,1%Er3+, (c) Y2O3:10%Yb3+,1%Er3+ and (e) Y2O3:15%Yb3+,1%Er3+ nano-phosphors in the range of 303–783 K;
LIR between the 387 and 410 nm emission band intensities of (b) Y2O3:10%Yb3+,1%Er3+, (d) Y2O3:5%Yb3+,1%Er3+ and (f) Y2O3:15%Yb3+,1%Er3+ nano-
phosphors in the range of 303–783 K.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 1
5 

M
ay

 2
01

9.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

23
/2

02
5 

9:
48

:4
8 

PM
. 

View Article Online

https://doi.org/10.1039/c9tc01276a


7382 | J. Mater. Chem. C, 2019, 7, 7378--7385 This journal is©The Royal Society of Chemistry 2019

The relative sensitivities for Y2O3:5%Yb3+,1%Er3+, Y2O3:10%Yb3+,
1%Er3+ and Y2O3:15%Yb3+,1%Er3+ nano-phosphors were obtained,
as shown in Fig. 5(a). As can be observed, for each sample, the
relative sensitivity decreases monotonically as the temperature was
increased. Moreover, over the experimental temperature range, the
three relative sensitivities are quite close to each other. The relative
sensitivity does not show an evident dependence on the Yb3+ doping
concentration. For the sensitivity of Y2O3:10%Yb3+,1%Er3+ nano-
phosphors, its maximum value is achieved to be 2.05% K�1 at
303 K, and it decreases gradually upon the increase of tempera-
ture from 303 to 783 K. In our previous work, it was shown that
based on the 387 and 410 emission bands, CaWO4:Yb3+,Er3+ and
NaYF4:Yb3+,Er3+ phosphors were also promising candidates for
ratiometric thermal sensing.32,33 For comparison, the relative
sensitivities based on these two kinds of thermometers are also
presented in Fig. 5(b). One can see that at 303 K, their relative
sensitivities are 0.47 and 0.36% K�1, respectively. Both values are
much smaller than 2.05% K�1 for Y2O3:10%Yb3+,1%Er3+ nano-
phosphors. As shown in Fig. 5(b), compared with the NaYF4:Yb3+,
Er3+ nano-thermometers, using the Y2O3:10%Yb3+,1%Er3+ material
boosts the relative sensitivity by 5.7 times at room temperature.
Moreover, in the temperature range between 303 and 500 K, the
relative sensitivity for Y2O3:10%Yb3+,1%Er3+ nano-phosphors is
always larger than that for CaWO4:Yb3+,Er3+ and NaYF4:Yb3+,Er3+

phosphors. At relatively high temperatures, their sensitivities
are quite similar. This suggests, undoubtedly, that Y2O3:10%Yb3+,
1%Er3+ nano-phosphors are promising nano-thermometers on the
basis of the 387 and 410 nm emission bands. It was noticed that
Huang et al. recently reported a kind of nano-thermometer based
on the emissions of Er3+ ion.53 The maximum sensitivity can reach
3.3% K�1 when an impulse pump was utilized in their experiment.
However, under the continuous wave 980 nm laser excitation used
in our work, the sensitivity becomes 1.6% K�1, which is smaller
than the maximum relative sensitivity obtained here at room
temperature.

With the help of eqn (1) and (2), we have

Sr ¼ dI1=dT

I1
� dI2=dT

I2

����
���� ¼ Sr1 � Sr2j j: (3)

where I1 and I2 are the 387 and 410 nm emission band
intensities, respectively, and Sr1 and Sr2 are the relative sensitivities
on the basis of these two emission bands, separately. As can be

observed from Fig. 4(a), over the whole temperature range, the
410 nm emission band always decreases, meaning that Sr2 is
smaller than zero all the way. In contrast, the 387 nm emission
band first increases in the range of 303–463 K and then decreases
upon the further increase of temperature between 463 and 783 K.
This means that Sr2 decreases gradually from a certain value to zero
with increasing the temperature from 303 to 463 K. At temperatures
higher than 463 K, Sr2 is smaller than zero. Therefore, on the basis
of these analyses and eqn (3), one can conclude that using the
387 and 410 nm emission band intensity ratio will achieve a thermal
sensing more sensitive than solely using the 387 nm emission band
or the 410 nm one in the range of 303–463 K. However, at
temperatures higher than 463 K, using solely the 410 nm emission
band is expected to achieve a higher relative sensitivity than using
the 387 and 410 nm emission band intensity ratio.

Fig. 6(a) shows the integral intensity for the 410 nm emis-
sion band as a function of temperature. Considering that there
might be several mechanisms imposed on the 2H9/2 state, it is
difficult to describe the 410 nm emission band as a function of
temperature using a certain physical model. Therefore, an
empirical function is used here. It is found that the experimental
data are in good accordance with the following expression:

I410 ¼ A0 þ B exp
�T
C

� �
: (4)

where I410 is the intensity of the 490 nm emission band, and A0, B
and C are constants. These three parameters are found to be�2158,
2.4 � 106 and 128, respectively. On the basis of eqn (2), the relative
sensitivity for the 410 nm emission band can be calculated, as
presented in Fig. 6(b). For comparison, the relative sensitivity for the
387 and 410 nm emission bands is also shown. It decreases
markedly upon the increase of temperature. At 783 K, this value
is as small as 0.30% K�1, which is only one seventh that
achieved at 303 K. It is known that the temperature resolution,
dT, can be expressed as

dT ¼
dLIR=LIR

Sr
: (5)

According to the literature, dLIR/LIR is dependent on the
experimental setup. Therefore, the larger the Sr, the smaller the
dT. Obviously, using the 387 and 410 nm emission bands is bad
for achieving a better temperature resolution at relatively high

Fig. 5 (a) Comparison of the relative sensitivities for the 387 and 410 nm emission bands of Y2O3:5%Yb3+,1%Er3+, Y2O3:10%Yb3+,1%Er3+ and
Y2O3:15%Yb3+,1%Er3+ nano-phosphors; (b) comparison of the relative sensitivities for the 387 and 410 nm emission bands in different hosts.
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temperatures due to the relatively small sensitivity. In contrast,
it can be seen that the sensitivity for the 410 nm emission band
increases continuously from 0.78 to 1.27% K�1 as the temperature
is increased from 303 to 783 K. At 783 K, this sensitivity is four
times larger than that based on the 387 and 410 nm emission
bands. Moreover, the typical value of the relative sensitivity for
the mostly studied 2H11/2/4S3/2–4I15/2 transitions of Er3+ ion is also
presented in Fig. 6(b). As can be observed, this sensitivity is
smaller than that based on the 410 nm emission band nearly in
the whole experimental temperature range. It decreases markedly
from 1.00 to 0.15% K�1 with increasing the temperature from
303 to 783 K. At 783 K, the relative thermal sensitivity for the
410 nm emission band is even one order of magnitude higher
than that based on the conventional 2H11/2/4S3/2–4I15/2 transitions.
It thus suggests that the 410 nm emission band may find its
application for thermal sensing in the future. It should be
underlined that although using the single 410 emission band
will be beneficial for temperature sensing over a certain tem-
perature range, the emission intensity of the single band
depends on many experimental conditions, such as the excitation
source, the illuminated area, the concentration of the lumines-
cent center, and so forth. Therefore, single band-based optical
thermometry provides stringent requirements for the experi-
mental setup. Based on the above discussion and eqn (3), the
410 nm emission band is most likely to be used as the ‘‘diminish-
ing’’ band when designing new-generation luminescent ratiometric
nanothermometers.

Finally, the influence of power density on the relative sensitivity
of the prepared nano-phosphors is studied. Fig. 7(a) presents
the emission spectra of the samples under different excitation
conditions, which have been normalized to 410 nm. As can be
observed, when the excitation power is increased, the 387 nm
emission band increases markedly. The LIR between the 387
and 410 nm emission bands under the different excitation
conditions can be calculated, as presented in Fig. 7(b). One
can see that the higher the excitation power, the larger the LIR.
With the use of eqn (1), the temperature increase induced by the
laser heating effect was calculated, which is shown in Fig. 7(c). It
can be seen that a larger excitation power leads to a matching
higher temperature. Fig. 7(d) shows the relative sensitivity as a
function of power density. As can be seen, as the power density
is increased, the thermal sensitivity decreases monotonically.
When the power density is ca. 106 mW mm�2, the relative
sensitivity goes down to 1.29% K�1, only 65 percent of the value
obtained at a lower power density. Therefore, in a real case, it is
important to select a small power density if the signal to noise of
the emission bands involved is ideal.

Conclusions

To sum up, it is shown that the 4G11/2–4I15/2 and 2H9/2–4I15/2

transitions of Er3+ can be used for sensitive temperature
measurement via the ratiometric method. At 303 K, the relative

Fig. 6 (a) Emission intensity of the 410 nm band as a function of temperature between 303 and 783 K; (b) comparison of the relative sensitivities for the
387 and 410 nm emission bands, the 410 nm emission band only, and the 2H11/2/4S3/2–4I15/2 transitions of Er3+ ion.

Fig. 7 (a) Normalized (to 410 nm) emission spectra of the samples under the different excitation conditions; (b) LIR between the 387 and 410 nm
emission bands, (c) calculated temperature of the irradiated spot of the samples, and (d) comparison of the relative sensitivity as a function of power
density.
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sensitivity based on these two emission lines reaches to 2.05% K�1,
which is among the reported highest sensitivities that depend on
the thermally coupled states of different kinds of lanthanides.
Moreover, this sensitivity is independent of the Yb3+ doping
concentration. Therefore, Y2O3:X%Yb3+,1%Er3+ (X = 5, 10 and
15) phosphors are promising candidates for thermal sensing,
which may find their application in the future. In addition, using
solely the 410 nm emission band for temperature measurement
features high relative sensitivity at relatively high temperatures.
At 783 K, the thermal sensitivity is found to be 1.27% K�1. This
may provide a possible solution for the long lasting problem
that the relative sensitivity sharply decreases upon raising the
temperature.
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40 S. F. Léon-Luis, U. R. Rodrı́guez-Mendoza, I. R. Martı́n, E. Lalla
and V. Lavı́n, Sens. Actuators, B, 2013, 176, 1167–1175.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 1
5 

M
ay

 2
01

9.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

23
/2

02
5 

9:
48

:4
8 

PM
. 

View Article Online

https://doi.org/10.1039/c9tc01276a


This journal is©The Royal Society of Chemistry 2019 J. Mater. Chem. C, 2019, 7, 7378--7385 | 7385

41 R. B. Anderson, S. J. Smith, P. S. May and M. T. Berry, J. Phys.
Chem. Lett., 2014, 5, 36–42.

42 M. T. Berry and P. S. May, J. Phys. Chem. A, 2015, 119,
9805–9811.

43 J. F. Suyver, A. Aebischer, S. Garcı́a-Revilla, P. Gerner and
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