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Lanthanide-doped lead-free double perovskite
La2MgTiO6 as ultra-bright multicolour LEDs and
novel self-calibrating partition optical
thermometer†

Keming Zhu, Hanyu Xu, Zhiying Wang and Zuoling Fu *

The infinite potential of lanthanide in optoelectronic research has triggered the search for ideal host

materials. Herein, based on the excellent lanthanide compatibility of double perovskite La2MgTiO6,

light-responsive multifunctional phosphors with four modes were successfully constructed (Modes I–

IV: Tm–Yb; Er–Yb; Ho–Yb; Er/Tm–Yb). After systematically exploring the internal mechanism of high-

purity and brightness upconversion (UC) photoluminescence behind the four modes, intense green,

blue and near-white lighting-emitting diodes (LEDs) were fabricated. Besides, aiming at the different

emission energy levels of the monitored bands, the temperature-sensing performance of Modes I–IV

was strictly evaluated utilizing thermally coupled or non-thermally-coupled luminescence intensity

ratio (LIR) techniques. All the modes demonstrate excellent temperature measurement potential, stabi-

lity and repeatability. Especially in Mode IV, a novel self-calibrating partition thermometer with dual-

emitting centers originating from Er/Tm was designed successfully, which can provide specific LIR for

three regions of low temperature, medium temperature and high temperature, and finally achieve high

relative sensitivity over an ultra-wide temperature range. The results testify that the as-synthesized mul-

tifunctional phosphors break through the limitation of lanthanide doping types in a single material,

which can realize the diversification of application functions and launch a new chapter for the design

of advanced multifunctional materials.

1. Introduction

Lanthanides (Ln3+), with their rich energy level structure and
excellent optical properties, have been making a splash in
the fields of bioimaging, multicolour display, non-contact
optical temperature detection and information storage.1–6

Among them, with the continuous development of science
and technology, the requirements for the basic but indispens-
able parameter of temperature are becoming more and more
stringent. Therefore, the emergence of various novel non-
contact temperature detection techniques has gradually
replaced the traditional contact temperature
measurement.7–11 Among these, the Ln3+-based luminescence
intensity ratio (LIR) non-contact temperature measurement

technology stands out by virtue of its fast response time,

avoidance of fluorescence loss and excitation light source
fluctuations, etc.12 For example, Ran et al. used prepared
NaLaMgWO6:Er

3+ phosphors to construct an optical thermo-
meter with a relative sensitivity of 1.04% K−1, which is based
on the emission intensity ratio of Er3+ ions with thermally
coupled levels (TCLs: 2H11/2/

4S3/2) at different temperatures;13

Wu et al. achieved ultra-high sensitivity temperature measure-
ment at 3.18% K−1 based on non-thermally-coupled levels
(non-TCLs) and LIR technology using the prepared Li4SrCa
(SiO4)2:Eu

2+ phosphors.14 Although the above optical thermo-
meter modes constructed by these reports show excellent sen-
sitivity, their peaks are usually established in a narrow temp-
erature range. This range is difficult to meet within the needs
of daily life or industrial manufacturing, which hinders
future commercialization, so it is urgent to design and
develop fluorescent materials with excellent sensitivity in an
ultra-wide temperature range.

Based on previous research, the selection of Ln3+ in upcon-
version (UC) luminescent materials is generally by Tm3+/Er3+/
Ho3+–Yb3+ doping combination.15–17 Therefore, the appropri-
ate host material becomes key to the success of the research.
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Generally speaking, the choices for host material in UC lumi-
nescent materials are mainly oxide and fluoride, and there are
a few quantum dot materials.18 Among the oxide hosts, rep-
resented by Gd2O3 and La2O3, although the material itself has
excellent thermal stability and environmental friendliness, the
phonon energy of oxide is high.19,20 Following the band gap
law, high phonon energy will substantially reduce the UC lumi-
nous efficiency. On the other hand, fluoride (i.e., NaYF4,
NaGdF4, YF3, LuF3) can make up for the former high phonon
energy shortcomings, but has complex preparation process,
and its thermal stability is poor.21–25 Therefore, finding perfect
host materials and providing a suitable crystal field environ-
ment for all the above Ln3+ combinations can greatly improve
the utilization rate of the materials. However, it is obviously a
very challenging study.

Inspired by these, the double perovskite La2MgTiO6 (LMTO)
was selected as an ideal host material with its excellent stabi-
lity and low phonon energy in this work. On this basis, four
systems of Ln3+ (Tm3+; Er3+; Ho3+; Tm3+/Er3+)-Yb3+ co-doped
LMTO phosphors were synthesized by a simple high-tempera-
ture solid-state reaction. Due to their excellent UC photo-
luminescence properties, the packaged green/blue/near-white
LEDs devices also exhibit outstanding performance. It is well
known that materials with excellent luminescent properties
can be used to make more efficient optical thermometers that
can better avoid the interference of the external environment.
Following this line of thinking, four different thermometer
modes were established based on the above four doping
systems (Fig. 1). Modes I–III, which utilize the LIR technology
of TCLs (Er3+) and non-TCLs (Tm3+ and Ho3+), respectively,
show ultra-high sensitivity. Especially in Mode IV, we success-
fully selected five independent excitation wavelengths as detec-
tion signals, combining TCLs and non-TCLs of LIR technology,
and designed an accurate self-calibrating thermometer mode
over a wide temperature range. All the results suggest that the
as-synthesized Ln3+ (Tm3+, Er3+, Ho3+, Tm3+/Er3+)-Yb3+ co-
doped LMTO phosphors can introduce a new path for the
future development of solid-state lighting and optical contact-
less temperature sensing.

2. Experimental section
2.1 Materials and preparation

The starting materials were La2O3 (AR, Aladdin), TiO2 (AR,
Aladdin), MgO (AR, Beijing Chemical Factory), Ho2O3 (99.99%,
Aladdin), Tm2O3 (99.9%, Aladdin), Er2O3 (99.99%, Aladdin),
and Yb2O3 (99.99%, Aladdin).

2.1.1. Synthesis of LMTO phosphors. The host LMTO was
synthesized through conventional high-temperature solid-state
reaction. Firstly, the raw materials, including 1 mmol La2O3,
1 mmol TiO2 and 1 mmol MgO, were stoichiometrically
weighted, and then ground in an agate mortar for 40 minutes.
Lastly, the abovementioned reactants were transferred to the
muffle furnace and heated at 1500 °C for 12 h under an
ambient atmosphere.

2.1.2. Synthesis of LMTO. Ln3+/Yb3+ phosphors: The syn-
thesis process of such materials was basically the same as
described above. Thereinto, depending on the doping concen-
tration, x mmol of Ln2O3 (Ln = Er3+, Tm3+, Ho3+, Yb3+) precursor
was added, while the amount of La2O3 added was 1 − x mmol.

2.1.3. Synthesis of LED. LMTO:1%Ho3+,5%Yb3+; LMTO:4%
Er3+,5%Yb3+; LMTO:0.2%Tm3+,7%Yb3+; and LMTO:0.2%
Tm3+,0.05%Er3+,7%Yb3+ phosphors were mixed with silica
epoxy gel A and B in a certain ratio, and then coated uniformly
on a 980 nm LED chip.

2.2 Characterisation

Powder X-ray diffraction (XRD) analysis was conducted using
an X-ray diffractometer equipped with Cu Kα radiation (λ =
0.15405 nm). A field-emission scanning electron microscope
(FE-SEM) (Regulus-8100, Hitachi) equipped with an energy-dis-
persive X-ray scanning (EDS) spectrophotometer was used to
observe the particle size and element composition of the phos-
phors. The emission spectra were recorded using an Andor
SR-500i spectrometer with a 980 nm diode. Fourier transform
infrared (FT-IR) and Raman spectra were determined with the
help of the VERTEX80 V FT-IR spectrometer and Renishaw
inVia Raman spectrometer, respectively. The temperature-
dependent spectra of the powders were obtained by a constant
copper thermocouple and temperature control system (TAP-02,
orient-KOJI).

3. Results and discussion
3.1 Structural and composition

The phase composition of all samples in this experiment was
determined by XRD technique. Firstly, as displayed in Fig. 2a,
ICSD-95992 was employed as the original model, and then the
Rietveld structure refinement of as-synthesized powder XRD
data of the LMTO host was performed utilizing the GSAS
program. The results show that the data fit well and converge
to a low R-factor (Rwp = 4.44%, Rp = 3.93%, χ2 = 2.66), which
further demonstrates that the LMTO host is single phase (a =
5.57 Å, b = 5.58 Å, c = 7.87 Å, V = 244.755 Å3). The expected
double perovskite structure with the P21/n space group of

Fig. 1 Schematic representation of Modes I–IV temperature detection
using LMTO:Ln3+ (Tm–Yb; Er–Yb; Ho–Yb; Er/Tm–Yb) phosphors.
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LMTO is given in Fig. 2b.26 On this basis, the Tm–Yb; Er–Yb;
Ho–Yb; and Er/Tm–Yb doped LMTO systems were prepared,
and the full XRD patterns are provided in Fig. S1.† It could be
found that introducing Ln3+ (Tm/Er/Ho/Yb) dopants does not
cause the formation of impurity phases for all the samples.
Considering the conservation of charge, the introduction of
Ln3+ will replace the position of La3+ in the host lattice. In terms
of ionic radius, it can be evaluated by the following formula:27,28

Dr ¼ RS � RD

RS
� 100% ð1Þ

RS and RD represent the radii of substituted and doped ions,
respectively. After substituting the values of 103.2 pm (La3+)
for RS and 86.8 pm (Yb3+), 88 pm (Tm3+), 89 pm (Er3+), and
90.1 pm (Ho3+) for RD, the resulting of Dr values are 15.9%,
14.7%, 13.8%, and 12.6%, respectively. It can be clearly seen
that all Dr values are less than 30%, which is certainly further
evidence that Ln3+ (Tm/Er/Ho/Yb) will replace La3+. Therefore,
the diffraction peak that slightly shifted to a higher angle in
Fig. S1b† can be interpreted as lattice contraction after the
substitution of La3+ by Tm3+/Yb3+. The FE-SEM image shows
that the LMTO:0.2%Tm3+,0.05%Er3+,7%Yb3+ phosphor is an

approximately 4 μm irregular particle (Fig. 2c). Meanwhile, as
evidenced by the EDS spectra and corresponding element
maps in Fig. S2† and Fig. 2(d–j), all elements, including Tm,
Er, Yb, La, Mg, Ti and O are evenly distributed throughout
the LMTO:0.2%Tm3+,0.05%Er3+,7%Yb3+ phosphor particles.
Besides, the FE-SEM and EDS of representative LMTO:0.2%
Tm3+,7%Yb3+; LMTO:4%Er3+,5%Yb3+ and LMTO:1%Ho3+,5%
Yb3+ phosphors all show satisfactory phenomena (Fig. S3–5†).
In a word, the above results demonstrate that the synthesis of
the target samples is successful.

3.2 Photoluminescence (PL) analysis of the LMTO:Ln3+

phosphors

3.2.1 Mode I: Tm–Yb system. Because there is a good
matching energy between the emission of Yb3+ (2F5/2 → 2F7/2)
and the internal excitation transition of Ln3+ (Ho3+/Er3+/Tm3+)
upon 980 nm excitation, Yb3+ ions were selected as sensitizers
and play an indispensable role in this experiment. As the emis-
sion spectra evidenced in Fig. S6,† the optimal Tm3+ content
remained at 0.2%. Subsequently, Tm3+/Yb3+-doped samples
with fixed Tm3+ and various Yb3+ contents were additionally
prepared. From the UC emission spectra depicted in Fig. 3a,
all of the resultant samples exhibit the characteristic emission
peaks of Tm3+ ions (478 nm: 1G4 → 3H6; 654 nm: 1G4 → 3F4;
703 nm: 3F2,3 →

3H6).
29 Moreover, as shown in the illustration in

Fig. 3a, the PL emission intensity would increase to the
maximum value at the sensitizer Yb3+ ion content of 7%, and
then decrease with the increment of doping content, indicating
that concentration quenching would occur when x = 7%. This is
because as the concentration of Yb3+ ions continues to increase,
the sensitization effect of Yb3+ to Tm3+ is gradually replaced by
back energy transfer [BET: 2F7/2 (Yb3+) + 3H4 (Tm3+) → 2F5/2
(Yb3+) + 3H6 (Tm3+) or 2F7/2 (Yb3+) + 3F4 (Tm3+) → 2F5/2 (Yb3+) +
3H6 (Tm3+)].30 Thus, the optimal doping concentration is con-
firmed to be LMTO:0.2%Tm3+,7%Yb3+ in the following experi-
ments. To shed further light onto the intrinsic mechanism in
the Tm3+–Yb3+ co-doped LMTO system, the curves of UC lumine-
scence intensity (I) versus excitation laser power (P) are given in
Fig. 3b, which can be fitted using the following equation:31

I / P n ð2Þ

Fig. 2 (a) XRD pattern for Rietveld refinement of LMTO. (b) Crystal
structure of the LMTO. (c–j) FE-SEM and elemental mapping images of
the LMTO:0.2%Tm3+,0.05%Er3+,7%Yb3+ phosphors.

Fig. 3 Mode I (a) Emission spectra of LMTO:0.2%Tm3+/xYb3+ phosphors. Inset: the integral curve of emission intensity with Yb3+ content as a vari-
able. (b) The relationship between ln(I) and ln(P). (c) The ET processes in Tm3+–Yb3+ co-doped LMTO system.
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where n represents the exact number of photons in the
involved UC mechanism. Through linear fitting, the power law
exponents (n) of the emissions at 478 nm, 654 nm, and
703 nm are 2.59, 2.64, and 1.95, respectively, suggesting that
1G4 → 3H6 and 1G4 → 3F4 undergo a three-photon absorption
process, whereas the 3F2,3 → 3H6 is a two-photon absorption
process. According to the above analysis, a possible UC mecha-
nism in the Tm3+/Yb3+ co-doped LMTO system is proposed in
Fig. 3c. Upon 980 nm excitation, the 2F2/7 + hυ (980 nm) →
2F2/5 transition of Yb3+ occurs, followed by energy transfer (ET)
to Tm3+ (ET1). After non-radiative (NR) transition from 3H5 to
3F4 levels, the ET2 process takes place: 3F4 (Tm

3+) + 2F5/2 (Yb
3+)

→ 3F2,3 (Tm3+) + 2F7/2 (Yb3+). Subsequently, the population at
3F2,3 levels decays radiatively to

3H6 levels with strong red emis-
sion at 703 nm. Next, the electrons at 3F2,3 level are re-popu-
lated at 3H4 level through NR processes. As mentioned above,
the three-photon emission of 1G4 → 3H6 and 1G4 → 3F4 could
be achieved through ET3: 3H4 (Tm3+) + 2F5/2(Yb

3+) → 1G4

(Tm3+) + 2F7/2 (Yb
3+).

3.2.2 Mode II: Er–Yb system. Similar to that in the Tm–Yb
system, Er–Yb co-doped LMTO phosphors also show amazing
potential. First, the concentrations of Er3+ and Yb3+ were fixed
successively. The UC emission spectra of Er–Yb co-doped
LMTO phosphors are displayed in Fig. S7† and Fig. 4a. Each
sample has the same emission band characteristics, corres-
ponding to the 2H11/2 →

4I15/2 (534 nm), 4S3/2 →
4I15/2 (554 nm)

and 4F9/2 → 4I15/2 (662 nm) transitions of Er3+ ions, respect-
ively.32 Although the UC luminescence intensity of Er3+ is pro-
portional to the proportion of Yb3+ ion doping in Fig. 4a, the
impurity La2Ti2O7 appears when the doping amount of Yb3+

ions reaches 6% (Fig. S8†). For experimental accuracy, the
optimal doping content of the Er–Yb co-doped LMTO system
in this experiment was determined at 4%Er3+ and 5%Yb3+.
From the ln(I)–ln(P) plot of the LMTO:4%Er3+,5%Yb3+ phos-
phor in Fig. 4b, the obtained n values are 2.17, 2.33 and 2.03
for the UC peaks at ∼534, 554 and 662 nm, respectively. These
results indicate that two-photon absorption dominates the UC
process of the Er–Yb system. Therefore, the possible energy
transition mechanism between Er3+–Yb3+ ions is depicted in
Fig. 4c. Upon 980 nm excitation, the electrons at 4I15/2 of Er3+

jumped to the 4I11/2 and 4F7/2 levels, successively, via two con-

secutive ET processes through Yb3+ ions (ET1 and ET3). Then,
after the NR transition from 4F7/2 to 2H11/2 and 4S3/2 levels,
strong green emissions at 534 and 554 nm are realized. In
general, the red emission at 662 nm originates from the NR
transition of electrons on the 4I11/2 to the 4I13/2 level, which
absorbs the ET of Yb3+ ions and transitions to the 4F9/2 level (ET2).

3.2.3 Mode III: Ho–Yb system. Fig. S9† and Fig. 5a display
the UC spectra of Ho3+–Yb3+ co-doped LMTO phosphors upon
980 nm excitation. The primary band in the green emission
region with maxima at 543 nm and the faint red emission at
652 nm are ascribed to the 5F4,

5S2 →
5I8 and the 5F5 →

5I8 tran-
sition of Ho3+ ions, respectively.33 It is not difficult to find that
the optimal doping ratio in the Ho–Yb system is 1%Ho3+, 5%
Yb3+. Similarly, the n values were obtained as 2.25 (green) and
2.31 (red), which indicates that the emissions in the LMTO
host both involved the two-photon process (Fig. 5b). As shown
in the ET mechanism diagram constructed in Fig. 5c, Yb3+

ions can also be used as an excellent sensitizer for ET process
in Ho3+–Yb3+ co-doped LMTO phosphors. Similar to the above
discussion, the Yb3+ ion first absorbs a phonon from 2F7/2 to
2F5/2 for the first energy transfer after completing the tran-
sition (ET1). Then, two different emissions are obtained: (1)
green emission: 2F5/2 (Yb

3+) + 5I6 (Ho3+) → 2F7/2 (Yb
3+) + 5F4,

5S2
(Ho3+) (ET3); (2) red emission: 5I6 (Ho3+) → 5I7 (Ho3+) (NR) and
2F5/2 (Yb

3+) + 5I7 (Ho3+) → 2F7/2 (Yb
3+) + 5F5 (Ho3+). It is inferred

from the above discussion that the red emission intensity in
the Ho–Yb system largely depends on the NR transition
process, which is closely related to the host phonon energy:34

WðTÞ ¼ Wð0Þ
exp

hυ
kT

� �

exp
hυ
kT

� �
� 1

2
664

3
775
ΔE=hυ

ð3Þ

where hυ is the phonon energy, W(0) and W(T ) are the NR tran-
sition rate at temperature 0 and T K, and ΔE is the energy gap.
As displayed in Fig. S10 and S11,† the Raman and FT-IR
spectra of the blank LMTO were tested to determine the phonon
energy of the host. It can be clearly seen that the strongest wave-
numbers in the Raman and FT-IR spectra are 447 cm−1 and
578 cm−1, respectively. The former is associated with T2g

Fig. 4 Mode II (a) Emission spectra of LMTO:4%Er3+/xYb3+ phosphors. Inset: the integral curve of emission intensity with Yb3+ content as a variable.
(b) The relationship between ln(I) and ln(P). (c) The ET processes in Er3+–Yb3+ co-doped LMTO system.
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vibration mode caused by tilted [MgO6]
4− and [TiO6]

2− octa-
hedron, and the latter is assigned to Ti–O stretching vibration,
which means that the phonon energy of LMTO is in the range of
400–600 cm−1, while the ΔE of 5I6 and 5I7 is about
3450 cm−1.35,36 Based on the energy gap law, NR processes will
hardly occur if the ΔE in activators is five times higher than that
of the vibrational frequency of the host, which explains the
extremely weak red emission in the Ho–Yb system.32

3.2.4 Mode IV: Tm, Er–Yb system. The above phenomena
show that the Tm–Yb, Er–Yb and Ho–Yb systems exhibit excel-
lent UC luminescence properties, including strong blue, green,
red emission. Therefore, in the next experiment, we designed a
series of Ln3+ (Ho3+, Er3+, Tm3+)-Yb3+ co-doped double perovs-
kite LMTO phosphors, hoping to achieve other luminescence
colours, preferably, white emission in Ln–Yb co-doped double
perovskite LMTO phosphors by adjusting the ratio of red,
green and blue. However, as shown in the UC emission spectra
illustrated in Fig. 6a, both LMTO:0.2%Tm3+,0.05%Er3+,0.05%
Ho3+,7%Yb3+ and LMTO:0.2%Tm3+,0.05%Ho3+,7%Yb3+ phos-
phors exhibit UC phenomena dominated by the intrinsic emis-
sions of Ho3+ (5F4,

5S2 → 5I8 and 5F5 → 5I8) ions upon 980 nm
excitation. Fortunately, the UC emission spectrum of the
LMTO:0.2%Tm3+,0.05%Er3+,7%Yb3+ phosphor consists of three
regions clearly visible in blue (Tm3+: 1G4 → 3H6), green (Er3+:

2H11/2/
4S3/2 → 4I15/2), and red (Er3+: 4F9/2 →

4I15/2; Tm
3+: 3F2,3 →

3H6), which meets the necessary conditions for white emission.
Moreover, as shown in Fig. S12,† the LMTO:0.2%Tm3+,0.05%
Er3+,7%Yb3+ phosphor is expected to achieve white emission by
adjusting the doping concentration of the activator. For the Er,
Tm–Yb system, the electron transition process is basically con-
sistent with Er–Yb and Tm–Yb co-doped LMTO phosphors
(Fig. 6b). The only difference is that the ΔE between the red
emission of Er3+ ions at 662 nm and that of Tm3+ ions at
654 nm is so close that the presence of the cross-relaxation (CR)
process leads to a decrease in blue emission (Tm3+: 1G4 →

3H6)
and a predominance of Er3+ ions in the red region (Er3+: 4F9/2 →
4I15/2) [CR:

4I15/2 (Er
3+) + 1G4 (Tm

3+)→ 4F9/2 (Er
3+) + 3F4 (Tm

3+)].

3.3 Multicolour display performance

For the sake of proving whether the representative phosphors
selected from the above Tm–Yb, Ho–Yb, Er–Yb and Tm, Er–Yb
systems can be applied to solid-state lighting, LED devices
were fabricated by coating LMTO:1%Ho3+,5%Yb3+; LMTO:4%
Er3+,5%Yb3+; LMTO:0.2%Tm3+,7%Yb3+; and LMTO:0.2%
Tm3+,0.05%Er3+,7%Yb3+ phosphors on the surface of a 980 nm
chip, as displayed in Fig. 7. Obviously, both the untreated
phosphors excited by 980 nm (30 W cm−2) and LED devices
after passing 200 mA current emit satisfactory pure-colour

Fig. 5 Mode III (a) Emission spectra of LMTO:1%Ho3+/xYb3+ phosphors. Inset: the integral curve of emission intensity with Yb3+ content as a vari-
able. (b) The relationship between ln(I) and ln(P). (c) The ET processes in Ho3+–Yb3+ co-doped LMTO system.

Fig. 6 Mode IV (a) Emission spectra of LMTO:0.2%Tm3+,0.05%Er3+,0.05%Ho3+,7%Yb3+; LMTO:0.2%Tm3+,0.05%Ho3+,7%Yb3+ and LMTO:0.2%
Tm3+,0.05%Er3+,7%Yb3+ phosphors. (b) The ET processes in Er3+, Tm3+–Yb3+ co-doped LMTO system.
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emission. Meanwhile, colour purity is one of the key para-
meters describing the calorific properties of the prepared
phosphors, which could be calculated as follows:37,38

Color purity ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� xiÞ2 þ ðy� yiÞ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxd � xiÞ2 þ ðyd � yiÞ2

q � 100% ð4Þ

Here, the (x, y), (xd, yd), and (xi, yi) are associated with the
CIE coordinates of LMTO:1%Ho3+,5%Yb3+; LMTO:4%Er3+,5%
Yb3+; and LMTO:0.2%Tm3+,7%Yb3+ phosphors’ visible region
emission, dominant emission and white illumination (0.3101,
0.3162). Hence, based on eqn (4), in addition to near-white-
light emission of the LMTO:0.2%Tm3+,0.05%Er3+,7%Yb3+

phosphor, the color purity of LMTO:1%Ho3+,5%Yb3+;
LMTO:4%Er3+,5%Yb3+; and LMTO:0.2%Tm3+,7%Yb3+ phos-
phors can be calculated, which reaches up to 91.8%, 93.4%
and 92.2%, respectively (Table S1†). It is further verified that
the Ho3+/Er3+/Tm3+-activated LMTO phosphors with higher
color purity compared with the previously proposed may have
promising applications in white LEDs as a green-emitting or
blue-emitting phosphor.39,40

3.4.1 Temperature-sensing properties of Modes I–IV. LIR
technology is based on the repopulation of electrons in TCLs
or non-TCLs in Ln3+ ions or transition metal ions.41–43 As we
all know, it is more difficult for TCLs to distinguish between
the two emission bands due to the relatively small ΔE
(200–2000 cm−1).44 Meanwhile, according to the sensitivity
formula (Sr = ΔE/kT2), the small ΔE of TCLs greatly restricts
the emergence of high-sensitivity thermometers.45 While the
LIR technique based on non-TCLs is no longer limited by ΔE,
the two monitored energy levels can hardly reach thermal equi-
librium because they do not satisfy the Boltzmann distri-
bution, and the final sensitivity is affected by the energy con-
version from the higher energy level to the lower energy level.

It can be seen that there are certain shortcomings in adopting
a single principle of LIR optical temperature measurement.
Inspired by these, we systematically explored the separate LIR
technology based on TCL (Mode II) or non-TCLs (Mode I and
III), and realized the combination of the former in Mode IV,
greatly improving the accuracy of temperature sensing.

3.4.2 Mode I: Tm–Yb system. In the Tm–Yb system, the
luminescence intensity ratios of Tm3+ ions, LIR 1Tm = 3F2,3 →
3H6/

1G4 →
3F4 and LIR 2Tm = 3F2,3 →

3H6/
1G4 →

3H6, were used
as the original parameters for optical temperature measure-
ment (Mode I). The thermal evolution emission spectra of the
LMTO:0.2%Tm3+,7%Yb3+ phosphor recorded from 313 K to
573 K are described in Fig. 8a. From the illustration, one can
clearly see that the intensities of the 1G4 →

3F4 and
1G4 →

3H6

emissions are quenched dramatically as the temperature rises,
whereas the intensity of the 3F2,3 → 3H6 emission is basically
unaffected by temperature change. Therefore, based on such
obvious temperature dependence, two kinds of LIR models
3F2,3 → 3H6/

1G4 → 3F4 (LIR 1Tm) and
3F2,3 → 3H6/

1G4 → 3H6

(LIR 2Tm) were constructed as the temperature-detecting
signal. For the non-TCLs, it is difficult to fill them by thermal
activation due to their large energy gaps. Under this situation,
all calculated LIRs in the Tm–Yb system can be approximated
with the following formula:46

LIR ¼ A exp � B
T

� �
þ C ð5Þ

where T is the absolute temperature; A, B, and C are fitting
constants. Firstly, the results in Fig. 8b clearly show that LIR
1Tm is highly fitted to eqn (5). According to previous reports,
in order to facilitate the evaluation of the heat sensing per-
formance of the synthesized materials, two important para-
meters, absolute sensitivity (Sa) and relative sensitivity (Sr), are
usually introduced to accurately compare the thermal sensi-
tivity properties between different thermometers, which can be
calculated as shown below:47,48

Sa ¼ dLIR
dT

¼ A exp � B
T

� �
� B

T2

� �
ð6Þ

Sr ¼ 1
LIR

dLIR
dT

¼
A exp � B

T

� �

A exp � B
T

� �
þ C

� B
T2 � 100%: ð7Þ

The Sa and Sr values were then calculated by eqn (6) and
(7), as presented in Fig. 8c. What is surprising is that the
values of Sa Max and Sr Max of the LIR 1Tm mode reach as high
as 4.94% K−1 and 1.92% K−1, respectively. On the other hand,
the measured diagram of the variation of LIR 2Tm with temp-
erature can also be well fitted by eqn (5) in Fig. 8d. Combining
eqn (6) and (7), the LIR 2Tm model also has excellent tempera-
ture sensitivity (Sr Max = 1.63% K−1, Sa Max = 3.32% K−1,
Fig. 8e). In Mode I based on Tm–Yb system, when an error
occurs in one of the LIR models, the other LIR model can be
corrected immediately. Hence, this self-calibrating thermo-

Fig. 7 CIE chromatic coordinates of (a) LMTO:1%Ho3+,5%Yb3+; (b)
LMTO:4%Er3+,5%Yb3+; (c) LMTO:0.2%Tm3+,7%Yb3+ and (d) LMTO:0.2%
Tm3+,0.05%Er3+,7%Yb3+ phosphors. Inset: digital graphics of the
obtained powder upon 980 nm excitation (30 W cm−2) and packaged
LED devices under 200 mA current.
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meter significantly enhances the accuracy of temperature
monitoring.

3.4.3 Mode II: Er–Yb system. In the Er–Yb system, the LIR
of Er3+ ions, LIR 3Er =

2H11/2 →
4I15/2/

4S3/2 →
4I15/2, was used as

the original parameter for optical temperature measurement
(Mode II). The UC emission spectra of the LMTO:4%Er3+,5%
Yb3+ phosphor at various temperatures is presented in Fig. 9a
(λex = 980 nm, 313–573 K). Moreover, compared with the inte-
gral emission intensity of TCLs (2H11/2 and 4S3/2), it is obvious
that the 4S3/2 → 4I15/2 emission intensity is always suppressed
as the temperature increases and, finally, becomes lower than
that of 2H11/2 → 4I15/2 emission intensity (Fig. 9b). This is
because the energy difference between the TCLs is much
smaller than that in the non-TCLs, so electrons at the 4S3/2
level can reach the 2H11/2 level by absorbing the lattice
vibrational energy generated with increasing temperature. For
TCLs, the LIR 3Er in the Er–Yb system can be calculated using
the following formula:49

LIR ¼ I2
I1

¼ N2hυ2A2
N1hυ1A1

¼ g2υ2A2
g1υ1A1

exp
�ΔE
kT

� �
¼ B exp

�ΔE
kT

� �
ð8Þ

where Ni, h, υi and Ai denote the electron population, Planck’s
constant, the frequency and the spontaneous emission rate of
the corresponding transitions, respectively. B and k are the
fitted parameter and Boltzmann constant; ΔE is the energy
gap between the TCLs of Er3+. The curve of LIR 3Er changes
with temperature after fitting the experimental data with eqn
(8), as shown in Fig. 9c. It is found that the values of B and
ΔE/k are 13.9 and 1101.922, respectively. According to the
results, the energy gap of the TCLs is about 760 cm−1. As pre-
viously discussed, the TCLs of Er3+ ion have a significant temp-

erature-dependent population redistribution ability (PRA),
which can be accurately evaluated by the following formulas:50

PRA ¼ IU
IU þ IL

¼ IH
IH þ IS

ð9Þ

PRA ¼ B

Bþ exp
ΔE
kT

� � ð10Þ

where IU and IL are upper (2H11/2) and lower (4S3/2) level emis-
sion intensity, respectively. Combining eqn (8) and (9), the
final PRA can be redefined in eqn (10). With the increasing
temperature, the PRA value of LMTO:4%Er3+,5%Yb3+ phosphor
soared from 0.29 (313 K) to 0.67 (573 K), further confirming
that the population between TCLs is mainly affected by
ambient temperature (Fig. 9d). Therefore, LMTO:4%Er3+,5%
Yb3+ phosphor has the potential to become a high-sensitivity
optical thermometer. For TCLs, the Sa and Sr in Er–Yb system
can be written as:51

Sa ¼ @LIR
@T

����
���� ¼ LIR

ΔE
kT2

� �
¼ B

ΔE
kT2

� �
exp

�ΔE
kT2

� �
ð11Þ

Sr ¼ 1
LIR

dLIR
dT

����
���� ¼ ΔE

kT2 : ð12Þ

The Sa and Sr values of LMTO:4%Er3+,5%Yb3+ phosphor,
calculated by eqn (11) and (12), are depicted in Fig. 9e. Obviously,
the LMTO:4%Er3+,5%Yb3+ phosphor exhibits outstanding Sr and
Sa upon 980 nm excitation; the Sr Max is 1.13% K−1 (313 K) and
the Sa Max is 0.68% K−1 (563 K) of LIR 3Er in the Er–Yb system.

3.4.4 Mode III: Ho–Yb system. In the Ho–Yb system, the
luminescence intensity ratios of Ho3+ ions, LIR 4 Ho = 5F5 →

Fig. 8 Mode I (a) Temperature-dependent PL spectra of LMTO:0.2%Tm3+,7%Yb3+ phosphor. Inset: the PL emission intensity versus various tempera-
tures. (b and c) LIR 1Tm = 3F2,3 → 3H6/

1G4 → 3F4 and its Sa/Sr values at various temperatures. (d and e) LIR 2Tm = 3F2,3 → 3H6/
1G4 → 3H6 and its Sa/Sr

values at various temperatures.
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5I8/
5F4,

5S2 → 5I8, were used as the original parameters for
optical temperature measurement (Mode III). Fig. 10a displays
the emission spectra of LMTO:1%Ho3+,5%Yb3+ phosphor at
various temperatures. In order to more intuitively reflect the
different response capabilities of 5F4,

5S2 → 5I8 and 5F5 → 5I8
emission to external temperature, Fig. 10b displays the nor-
malized luminescence intensity of LMTO:1%Ho3+,5%Yb3+

phosphor at 543 nm and 652 nm. It is easier to infer that the
effect of temperature on the emission intensity of 5F4,

5S2 →
5I8

transition is obviously greater than that of 5F5 →
5I8 transition,

which can be explained by the Mott–Seitz model:52

Knr / exp �ΔE
kT

� �
ð13Þ

where Knr is the NR probability, and ΔE, k and T are the same
as in eqn (3). From this, it can be concluded that temperature
is also an important parameter affecting the NR process. The
lattice vibration in the LMTO host is intensified with the
increase of temperature, which makes up for the number of
phonons in the host to some extent and promotes the emer-
gence of the NR process [5I6 (Ho3+) → 5I7 (Ho3+)]. Therefore,
the red-green ratio of the phosphors at high temperature is
obviously enhanced compared to that at room temperature
(Fig. S13†). According to eqn (5), Fig. 10c shows the relation-
ship between LIR 4Ho and absolute temperature. The results
show that the experimental data can be fitted by a nonlinear
relationship, LIR = 9.156exp(−1920.351/T ) + 0.082. After that,
the Sr Max (0.58% K−1, 423 K) and Sa Max (0.18% K−1, 573 K)
values are calculated in Fig. 10d by eqn (6) and (7), which is
smaller than those of Mode I and Mode II. Fortunately, com-

pared with other Ho3+-activated thermometers, the results are
satisfactory.53,54

3.4.5 Mode IV: Tm, Er–Yb system. In the Tm, Er–Yb
system, the luminescence intensity ratios of Er3+ and Tm3+

ions, LIR 2Tm = 3F2,3 → 3H6/
1G4 → 3H6, LIR 3Er = 2H11/2 →

4I15/2/
4S3/2 → 4I15/2 and LIR 5Er+Tm = 3F2,3 → 3H6/

4F9/2 → 4I15/2
were used as the original parameters for optical temperature
measurement (Mode IV). The three-dimensional temperature-
dependent emission spectra of the LMTO:0.2%Tm3+,0.05%
Er3+,7%Yb3+ phosphor recorded from 313 K to 573 K are
described in Fig. 11a. Because the characteristic emission peak
intensity of the phosphor shows an obvious temperature-
dependent phenomenon (Tm3+: 1G4 → 3H6,

3F2,3 → 3H6; Er
3+:

2H11/2/
4S3/2 → 4I15/2,

4F9/2 → 4I15/2), as displayed in Fig. S14,†
the temperature measurement performance of the phosphor is
worthy of systematic study. Among them, LIR 2Tm and LIR
5Er+Tm (non-TCLs) were fitted by eqn (5), and LIR 3Er (TCLs)
was fitted by eqn (8), as shown in Fig. 11b. Similarly, the Sa
and Sr values of LIR 2Tm and LIR 5Er+Tm were calculated by eqn
(6) and (7), while the Sa and Sr values of LIR 3Er were calculated
by eqn (11) and (12). The calculated Sa are plotted in Fig. 11c.
The maximum values of Sa are found to be 0.81% K−1, 1.47%
K−1 and 1.06% K−1 of LIR 2Tm, LIR 3Er and LIR 5Er+Tm,
respectively. More interestingly, as shown in Fig. 11d, the
optimal Sr values of the three temperature measurement
schemes in the Tm, Er–Yb system are located in three highly
identifiable temperature ranges: low temperature (T < 323 K,
LIR 3Er, Sr Max = 1.09% K−1), medium temperature (323 K < T <
393 K, LIR 5Er+Tm, Sr Max = 1.21% K−1) and high temperature
(T > 393 K, LIR 2Tm, Sr Max = 1.36% K−1). Therefore, in the
optical thermometer Mode IV based on the Er, Tm–Yb system,

Fig. 9 Mode II (a) Temperature-dependent PL spectra of the LMTO:4%Er3+,5%Yb3+ phosphor. (b) Integrated emission intensities of TCL emission.
(c) LIR 3Er; (d) PRA; and (e) Sa/Sr values at various temperatures.

Research Article Inorganic Chemistry Frontiers

3390 | Inorg. Chem. Front., 2023, 10, 3383–3395 This journal is © the Partner Organisations 2023

Pu
bl

is
he

d 
on

 0
2 

M
ay

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
0/

5/
20

24
 9

:1
6:

36
 A

M
. 

View Article Online

https://doi.org/10.1039/d3qi00529a


the LIR scheme with high sensitivity can be selected in a
specific temperature range. This upgraded version of high-pre-
cision self-calibrating optical thermometer has rarely appeared
in previous reports. It overcomes the disadvantage of small

range in traditional temperature measurement and greatly
improves the possibility of commercial application.

3.4.6 Performance exploration of temperature measure-
ment Modes I–IV. In summary, all four luminescence thermo-

Fig. 10 Mode III (a) Temperature-dependent PL spectra of LMTO:1%Ho3+,5%Yb3+ phosphor. (b) The PL emission intensity versus various tempera-
tures. The (c) LIR 4Ho and (d) Sa/Sr values as a function of temperature of LMTO:1%Ho3+,5%Yb3+ phosphor.

Fig. 11 Mode IV (a) Three-dimensional temperature-dependent PL spectra of LMTO:0.2%Tm3+,0.05%Er3+,7%Yb3+ phosphor. The (b) LIR; (c) Sa (d) Sr
values as a function of temperature.
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meter modes based on LMTO:Ln3+ (Ho3+, Er3+, Tm3+) phos-
phors exhibit excellent sensitivity. After comparing tempera-
ture measurement performance to previously reported Ln3+-
based (e.g., Ho3+, Er3+, Tm3+) optical thermometers, their
superiority is better demonstrated (Table S2†). Besides, a quali-
fied optical thermometer not only needs high sensitivity, but
also excellent stability and repeatability. In this experiment, as
shown in Fig. 12(a and b), we continuously measured the
temperature measurement Mode I–IV 50 times in the ambient
temperature of 333 K and calculated the temperature uncer-
tainty (δT ) using the following formula:55

δT ¼ 1
Sr

δLIR
LIR

ð14Þ

where δLIR and LIR are the standard deviation and average
value of 50 measurements, respectively. The curve of the vari-
ation of δT values with temperature changes obtained from
eqn (14) are shown in Fig. S15 and Table S3.† In addition, five
cyclic tests were carried out on Modes I–IV, and the results are
displayed in Fig. 12(c and d) (333–525 K). Repeatability (R) can
be defined as:56

R ¼ 1�maxðjLIRC � LIRijÞ
LIRC

ð15Þ

where LIRi and LIRC are the measured value and average value.
As can be seen from the Fig. 12(c and d), the repetition rate of
each mode is more than 90%, and the Mode III
system based on Er–Yb is as high as 98.5% (Table S3†).
Therefore, low δT values and high R values indicate that the
four temperature measurement modes constructed are
sufficient to occupy a place in the commercial non-contact
optical thermometer field because of their excellent sensitivity,
stability and repeatability.

4. Conclusions

In summary, based on the excellent lanthanide compatibility
and low phonon energy of double perovskite LMTO, four
different systems of high-performance multifunctional phos-
phors were successfully prepared (Tm–Yb; Er–Yb; Ho–Yb; Er/
Tm–Yb). After systematic analysis results of the UC emission
spectra, the optimal doping concentration of each system was
selected. On this basis, four kinds of LED devices with intense
emission were fabricated (blue: Tm–Yb; green: Er–Yb and Ho–
Yb; near-white: Er/Tm–Yb). It is noteworthy that both green
and blue emission have high colour purity greater than 90%,
and there is a high possibility of white emission depending on
adjusting the doping concentration in the Er/Tm–Yb system.
On the other hand, the optical thermometers (Modes I–IV)
constructed in this experiment also exhibit superior tempera-
ture sensing performance. The temperature measurement
Modes I–III have a single-emitting center based on TCLs
(Mode II: Er) and non-TCLs (Mode I: Tm and Mode III: Ho).
Among them, the performance of Mode I is most prominent
(LIR 1Tm: Sr Max = 1.92% K−1, Sa Max = 4.94% K−1; LIR 2Tm: Sr
Max = 1.63% K−1, Sa Max = 3.32% K−1). As for Mode IV, an accu-
rate partition self-calibrating thermometer with dual-emission
centers was designed, which can measure temperature with
high sensitivity in an ultra-wide temperature range (333–573 K,
Sr Max > 1% K−1). Finally, this experiment verifies the excellent
stability and repeatability of the four modes. On account of
these results, all as-prepared excellent lanthanide compatible
multifunctional phosphors provide a new direction for devel-
opment in the field of luminescence and temperature
measurement.
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Fig. 12 (a and b) LIR distribution at 333 K for 50 consecutive measure-
ments. (c and d) Repeatability heating–cooling cycles between 333 and
523 K of Modes I–IV.
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