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Due to their environmental friendliness, structural plasticity, and tunable emission, lead-free halide double

perovskites offer a broad spectrum of applications in light-emitting diode (LED), photodetectors, infrared

imaging, and temperature sensing. Herein, we synthesized rare earth-based Cs2NaYCl6 double perovskites

using a solvothermal method, and Sb3+/Sm3+ co-doping can effectively modulate the luminescence by

adjusting the band gap structure and channels of energy transfer. With the Sm3+-feeding concentration

increasing, the emission could be adjusted from blue to white, attributed to an effective energy transfer from

the self-trapped state to Sm3+. Temperature-dependent photoluminescence spectra indicate that the double

self-trapped exciton emission at low temperatures originated from two minima in the excited state of 3P1. The

relative sensitivity of the optical temperature sensor reached 1.08% K−1, which was better than that of other

rare earth perovskites. The LED device based on Sb3+/Sm3+ co-doped Cs2NaYCl6@polymethylmethacrylate

displays a chromaticity coordinate of (0.29, 0.28), a color rendering index of 87, and the correlated color temp-

erature of 10 986 K. Our work explores an in-depth understanding of energy transfer in double self-trapped

states and provides new material for advanced applications.

1. Introduction

Lead-based halide perovskites (A = MA+/FA+/Cs+ and X = Cl−/
Br−/I−), typically characterized by APbX3, have garnered signifi-
cant attention due to their excellent photovoltaic properties,
including high light absorption coefficients, low defect den-
sities, and large electron sizes.1–3 Based on these advantages,
lead-based perovskites have been found to have broad appli-
cations in many fields, such as light emitting diodes (LEDs)
and4,5 X-ray detectors.6 The disadvantages of a low stability
and environmental unfriendliness are also accompanied by
lead-based perovskites.7 However, environmentally friendly
cation substitution is an effective strategy to overcome the tox-
icity of Pb2+ ions. Replacing two Pb2+ cations as B+ and B3+

sites in halide double perovskites with the formula A2B
+B3+X6

(e.g. Cs2NaInCl6)
8 is a universal strategy.9–15 However, indirect

bandgap or parity prohibited transition cause a weak photo-
luminescence (PL) in pristine lead-free perovskites. Doping
with metal ions or alloying can alter the bandgap or disrupt
the symmetry of double perovskites, breaking forbidden tran-

sitions and thereby enhancing their optical properties. By
introducing Na+ and Bi3+ into the Cs2AgInCl6 host, Tang’s
group broke the inversion-symmetry-induced parity-forbidden
transition and reduced the electronic dimensionality of the
semiconductor, thus achieving an effective white light emis-
sion.16 By introducing Sb3+ into the Cs2NaInCl6 host, our
group effectively regulated the density of states (DOS) and sig-
nificantly enhanced the PL quantum yield (QY) of the self-
trapped exciton (STE) (up to 75.89%).8 However, aforemen-
tioned studies only achieved a single luminescence mode. It is
widely recognized that doping with rare earth elements is an
effective method for tuning luminescent color.17–22 Rare earth
ions typically exhibit a wide emission range from ultraviolet
(UV) to infrared due to their rich (4fn) electronic configur-
ations, along with long PL lifetimes and excellent optical
stability.23–26 Xia’s group reported on Bi3+:Cs2Ag(In1−xTbx)Cl6
halide perovskites,27 which modulated luminescence from
green to orange. However, the tuning range of luminescence
did not extend to cover the entire spectrum. Tang et al. con-
firmed the existence of an energy transfer from a STE to a rare
earth in Ho3+:Cs2(Na, Ag)InCl6 and fabricated white LED.28

Zhu et al. obtained white light emission by combining
CsPbBr3 NCs and Cs2Ag1−xKxIn0.125Bi0.875Cl6 double perovs-
kites.29 The stability of double perovskites is significantly
improved through K+ ion alloying. However, the lower PLQY of
15.96% limited broader application. Overall, abovementioned
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works only focus on LED applications and do not realize the
multi-functional application of phosphors. Furthermore, the
luminescence of all these works originates from the single
self-trapped state and how to regulate the energy transfer
process is not understood in depth.

In this work, Sb3+/Sm3+ co-doped Cs2NaYCl6 were syn-
thesized by a solvent-thermal method, resulting in the emis-
sion color transitioning steadily from blue to warm white with
increasing Sm3+ feeding concentration. When a 2% Sm3+ pre-
cursor is the feed, the PLQY is as high as 68%. We propose a
model to explain physical processes associated with energy
transfer from the STE to the Sm3+ energy level. The single STE
emission was observed at a higher temperature (up to 260 K),
but the excited state 3P1 was split into two minima and
resulted in a double STE emission at a lower temperature
(below 260 K). 5s2 electron doping (Sb3+-doping) facilitates the
energy transfer efficiency. Furthermore, we attempted multi-
functional applications of the phosphors. At room tempera-
ture, the LED device exhibits chromaticity coordinates (CIE) of
(0.28, 0.29), a color rendering index (CRI) of 87 and the corre-
lated color temperature (CCT) of 10 986 K, and the efficient
infrared emission (400–1250 nm) is suitable for advanced
infrared imaging. Further, the non-contact optical thermome-
try of Sb3+/Sm3+ co-doped Cs2NaYCl6 has demonstrated that
absolute and relative sensitivities can reach 0.14% K−1 and
1.08% K−1, respectively. Our work provides new physical
insights into regulating energy transfer and references for the
rational design of functional materials.

2. Results and discussion

Pristine and Sb3+/Sm3+ co-doped Cs2NaYCl6 are of a highly
symmetric three-dimensional cubic structure belonging to the
Fm3̄m space group. Cs2NaYCl6 consists of alternately arranged
[NaCl6]

5− and [YCl6]
3− octahedra (Fig. 1a). The powder X-ray

diffraction (PXRD) analysis reveals that the introduction of
Sb3+ ions causes a shift in diffraction peaks towards higher
angles, as seen in Fig. 1b. This shift is due to the smaller ionic
radius of Sb3+ (76.0 pm) compared to that of Y3+ (90.0 pm),
which results in the contraction of the lattice. Conversely, an
increase in the Sm3+-feeding concentration leads to the diffrac-
tion peaks shifting towards lower angles. This shift originates
from the substitution of Sb3+/Sm3+ ions for Y3+ ions due to the
larger ionic radius of Sm3+ (95.8 pm) compared to that of Y3+

(90.0 pm), and lattice expansion dominates a further shift.
Due to the low doping content, no large change in lattice para-
meters was observed. The impurity peaks at 31.7° and 45.6°
were from NaCl; however, a slight excess of NaCl is necessary
for synthesizing samples with high yields. The X-ray photo-
electron spectra (XPS) of pristine and doped perovskites show
that the peaks at 160.4 and 158.5 eV are attributed to the Y 3d
orbital (Fig. 1c) with no significant deviations. Fig. 1d shows
the peaks of the Sb 3d orbital of Sb3+/Sm3+ co-doped
Cs2NaYCl6, which are located at 535.9 and 531.9 eV. Moreover,
Fig. 1e shows the peak of the Sb 3d orbital, which is located at

1088.4 eV. The XPS spectra of Cs, Na and Cl of pristine and
Sb3+/Sm3+ co-doped Cs2NaYCl6 samples in Fig. S1† indicate
that no striking deviations in binding energies are observed
between pristine and Sb3+/Sm3+ co-doped Cs2NaYCl6 perovs-
kites, which is attributed to the strong electronegativity of the
rare earth ions. As shown in Fig. 1f, a scanning electron
microscopy (SEM) image shows that the Sb3+/Sm3+ co-doped
Cs2NaYCl6 perovskites are of micrometer scale. Furthermore,
the energy-dispersive X-ray spectroscopy (EDS) mapping indi-
cated Cs, Na, Y, Cl, Sb and Sm elements were uniformly dis-
tributed in the crystal.

To further investigate the optical properties of Sb3+/Sm3+

co-doped Cs2NaYCl6, PL, PL excitation (PLE), time-resolved PL
(TRPL), and absorption spectroscopy have been performed. As
shown in Fig. S2,† the absorption spectrum of pristine
Cs2NaYCl6 shows a strong absorption at 310 nm and two weak
absorption bands at 355 and 402 nm. After Sb3+ doping, the
whole absorption band is enhanced, and a new absorption
band appears at 260 and 300 nm originating from the 1S0 →
3P1 of Sb

3+. The absorption spectra of Sm3+-doped samples are
basically the same as those of undoped samples, which indi-
cate that the introduction of Sm3+ does not contribute to the
absorption, or absorption peaks overlap. As shown in
Fig. S3a,† under 268 nm excitation, the double perovskites
exhibit a broadband blue emission centered at 465 nm with a
Stokes shift of 1.96 eV. After Sb3+ doping, the PL intensity of
Sb3+:Cs2NaYCl6 is more than 10 times that of the pristine
sample, with a Stokes shift of 0.93 eV. A large Stokes shift is a
distinctive feature of STE emission. Simultaneously, the PL
intensity of Sb3+/Sm3+ co-doped Cs2NaYCl6 is significantly
enhanced by Sb3+ doping, achieving more than 30 times that
of Sm3+:Cs2NaYCl6, as illustrated in Fig. S3b.† As a bridge of
energy transfer, 5s2 dopants can more effectively transfer
excited electrons from the excited state to the energy level of
the rare earth ions. This is because STE emission possesses a
wide excitation region and large absorption strength, which
can overcome the weak absorption of the f–f transition
through the efficient energy transfer. These indicate that the
doping of Sb3+ greatly improves the luminescence efficiency of
the samples. At room temperature, under 345 nm excitation,
the Sb3+/Sm3+ co-doped Cs2NaYCl6 double perovskites exhibits
STE emission centered at 465 nm (Fig. 2a), where the visible
(VIS) emission at 565, 603, 651 and 712 nm is from the 4G5/2 →
6HJ=(5/2, 7/2, 9/2, 11/2) energy level transitions of Sm3+, and the
near-infrared (NIR) emission at 941, 951, 1026 and 1170 nm is
from the 4G5/2 → 6FK=(9/2, 7/2, 5/2, 3/2) energy level transitions of
Sm3+.30 By normalizing the intensity of STE emission at
465 nm, the intensity of the rare earth emission from Sm3+ is
gradually enhanced with increasing Sm3+-feeding concen-
tration. Three excitation peaks at 285, 320, and 345 nm of the
Sb3+/Sm3+ co-doped Cs2NaYCl6 double perovskites at different
emissions can be observed in Fig. 2b. The peak at 285 nm is
attributed to the transition from the singlet 1S0 to 1P1 of Sb3+,
while excitation peaks at 320 and 345 nm correspond to the
transitions from the ground state 1S0 to triplet 3P1. The exci-
tation peak at 410 nm originates from the 6H5/2 → 4F7/2 tran-
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sition of the Sm3+ ion.31 The profiles of the PLE in NIR emis-
sion in Fig. 2c is similar to that in Fig. 2b, indicating that
almost all NIR emissions are from the energy transfer from
Sb3+ to Sm3+, and only a very small portion comes from 6H5/2

→ 4F7/2 of the Sm3+ ions. Fig. 2d shows PL spectra normalized
at 465 nm under different excitations. As the excitation wave-
length increases, the emission intensity of Sm3+ emission rela-
tive to STE emission gradually increases, which indicates that
Sb3+/Sm3+ co-doped Cs2NaYCl6 has an excitation wavelength
dependence.32 The integral area ratio S550–750/S400–550 of STE
emission to Sm3+ emission is shown in Fig. 2e, which is posi-
tively correlated with the Sm3+-feeding concentration, indicat-
ing the promoted energy transfer from 3P1 of Sb3+ to 4D5/2 of
Sm3+. CIE coordinates that correspond to the PL spectra at

varying Sm3+-feeding concentrations are depicted in Fig. S4.† As
the Sm3+-feeding concentration increases, the luminescence
gradually shifts from blue to white. The initial CIE coordinate is
(0.19, 0.21), and the final CIE coordinate is (0.36, 0.32). The
PLQY reaches a maximum of 68% at a 2% Sm3+-feeding concen-
tration and further gradually decreases with further increasing
the Sm3+-feeding concentration (Fig. S5†). Broad-band STE emis-
sion is usually accompanied by a large Stokes shift, with barely
any self-absorption in the PL process. This is also the reason why
the sample has a higher PLQY. Fig. 2f demonstrates that the inte-
gral area ratio of Sm3+ emission to STE emission increases with
increasing excitation wavelength. The PL decay spectra of Sb3+/
Sm3+ co-doped Cs2NaYCl6 at 465 nm under a 345 nm excitation
are shown in Fig. 2g, and specific values are expressed in

Fig. 1 (a) Crystal structures of pristine Cs2NaYCl6, Sb
3+:Cs2NaYCl6 and 1% Sb3+, 2% Sm3+ co-doped Cs2NaYCl6. (b) PXRD patterns of pristine and

doped Cs2NaYCl6 double perovskites. High-resolution XPS spectra of Y 3d (c), Sb 3d (d) and Sm 3d (e). (f ) SEM image and element mapping of 1%
Sb3+, 2% Sm3+ co-doped Cs2NaYCl6 double perovskites.
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Table S1.† The PL lifetime at 465 nm decreases from 1.21 to
0.79 μs with increasing Sm3+-feeding concentration. All the emis-
sions exhibit microsecond lifetimes corresponding to the 1S0 →
3P1 transition of Sb3+. This changing trend indicates an efficient
energy transfer from the STE to Sm3+ exists (Fig. 2h). The energy
transfer efficiency of the STE to Sm3+ can be expressed by the fol-
lowing eqn (1):27,33

η ¼ 1� τx
τ0

; ð1Þ

where τ0 and τx are the PL lifetimes of STE emission without
and with Sm3+ doping. The energy transfer efficiencies with

different Sm3+-feeding concentrations are 2.48% (Sm3+:1%),
4.96% (Sm3+:2%), 14.05% (Sm3+:3%), 21.49% (Sm3+:4%), and
34.71% (Sm3+:5%). These indicate that the energy transfer
efficiency increases with increasing Sm3+-feeding concen-
tration. The PL lifetimes of Sb3+/Sm3+ co-doped Cs2NaYCl6 at
651 and 951 nm decreases with Sm3+-feeding concentration
and are of the millisecond scale (Fig. S6†), suggesting concen-
tration quenching due to the increased Sm3+-feeding concen-
tration. A schematic diagram of the photophysical mechanism
of the Sb3+/Sm3+ co-doped Cs2NaYCl6 double perovskites at a
high temperature is shown in Fig. S7.† The electrons transi-
tioned from the ground state (GS) to the free electron (FE)

Fig. 2 (a) Normalized PL spectra of the 1% Sb3+, x% Sm3+ co-doped Cs2NaYCl6 (x = 1, 2, 3, 4 and 5) double perovskites with different Sm3+-feeding
concentrations under 345 nm excitation. (b) PLE spectra of the 1% Sb3+, 2% Sm3+ co-doped Cs2NaYCl6 double perovskites at different emissions. (c)
PLE spectra of the 1% Sb3+, 2% Sm3+ co-doped Cs2NaYCl6 double perovskites under different NIR emissions. (d) Normalized PL spectra of the 1%
Sb3+, 2% Sm3+ co-doped Cs2NaYCl6 double perovskites under different excitations. (e) Integral area ratio S550–750/S400–550 of the STE emission to
Sm3+ emission in 1% Sb3+, x% Sm3+ co-doped Cs2NaYCl6 (x = 1, 2, 3, 4 and 5) crystals with different Sm3+-feeding concentrations. (f ) Integral area
ratio of S550–750/S400–550 of the 1% Sb3+, 2% Sm3+ co-doped Cs2NaYCl6 double perovskites under different excitations. (g) PL decay curves of the 1%
Sb3+, x% Sm3+ co-doped Cs2NaYCl6 (x = 1, 2, 3, 4 and 5) double perovskites monitored at 465 nm. (h) PL lifetimes and energy transfer efficiency of
the 1% Sb3+, x% Sm3+ co-doped Cs2NaYCl6 (x = 1, 2, 3, 4 and 5) double perovskites with different Sm3+-feeding concentrations.
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state under ultraviolet excitation. Then, through Intersystem
Crossing (ISC), the excited electrons arrive at the 3P1 energy
level of Sb3+, via the 3P1 →

1S0 transition producing STE emis-
sion and part of the energy transmitted to the excitation level
4G5/2 of Sm

3+, further generating the corresponding Sm3+ emis-
sion by radiative recombination.

To gain more understanding about the electron-optical
phonon coupling of 1% Sb3+, 2% Sm3+ co-doped Cs2NaYCl6,
temperature-dependent PL spectroscopy was utilized to explore
the photophysical process. The PL spectra at 140 and 300 K are
shown in Fig. 3a. The PL spectra shows a double STE emission
at 140 K and only a single STE emission at 300 K. The emis-

Fig. 3 (a) PL spectra of 1% Sb3+, 2% Sm3+ co-doped Cs2NaYCl6 at 140 and 300 K. (b) PL lifetime of 1% Sb3+, 2% Sm3+ co-doped Cs2NaYCl6 at 140
and 300 K. (c) Pseudo-color map from temperature-dependent PL spectra of 1% Sb3+, 2% Sm3+ co-doped Cs2NaYCl6. The evolutions of the PL life-
time and intensity at 540 (d) and 651 nm (e) with temperature. The fitted exciton activation energy Ea (f ), Huang–Rhys factor S (g) and electron-
optical phonon coupling (h) of STE1. The fitted exciton activation energy Ea (i), Huang-Rhys factor S ( j) and electron-optical phonon coupling (k) of
STE2.
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This journal is © the Partner Organisations 2024 Inorg. Chem. Front., 2024, 11, 3607–3617 | 3611

Pu
bl

is
he

d 
on

 0
8 

de
 m

ai
g 

20
24

. D
ow

nl
oa

de
d 

on
 2

5/
4/

20
26

 2
2:

39
:4

4.
 

View Article Online

https://doi.org/10.1039/d4qi00649f


sion centered at 465 nm is defined as STE1, and the emission
centered at 550 nm is defined as STE2. Comparing Sb3+/Sm3+

co-doped Cs2NaYCl6 with similar Sb-doped systems,34 there
are two possible explanations for the double STE emission at
low temperatures. One is due to the bimodality that arises
from the dynamical Jahn–Teller coupling of the orbital triplet
state 3P1 to two minima.35 The excited state shows two
minima, which result in two different emission bands.
Another reason is that the single state 1P1 →

1S0 transition and
triple state 3P1 → 1S0 transition co-exist together. To study the
source of the double STE emission at low temperatures, the
lifetimes of STE1 and STE2 emissions were monitored separ-
ately at 140 K (Fig. 3b). The PL lifetimes of 0.52 and 1.22 μs for
high-energy and low-energy emissions are obtained (Fig. 3b),
respectively. The PL lifetimes of both STE emissions are in the
microsecond scale. Sb3+ is characterized by a typical electron
configuration of 5s2,36 exhibiting STE emission with nano-
second lifetimes resulting from the transition of 1P1 to 1S0

37

and microsecond lifetimes arising from the transition of 3P1 to
1S0. Therefore, the STE1 and STE2 emissions of Sb3+/Sm3+ co-
doped Cs2NaYCl6 belong to the triplet state emission.
Temperature-dependent PL spectra and pseudo-color maps are
shown in Fig. 3c and S8,† and double STE emission can be
clearly detected from 80 to 260 K and Sm3+ emission positions
are largely independent of temperature. This is because the f–f
transition of rare earths is not easily affected by temperature,
and the two minima of the 3P1 orbital of Sb3+ result in a
double STE emission at low temperatures. Fig. 3d shows the
variation of PL lifetime and intensity at 540 nm from 140 to
260 K, and both show a decreasing trend with increasing temp-
eratures due to thermal quenching. As shown in Fig. S9,† the
PL intensity at 465 nm increases gradually with temperature.
This is attributed to the electrons gaining more energy and so
tend to a higher energy radiative transition with increasing
temperature. Fig. 3e shows the variation of PL lifetime and
intensity at 651 nm from 120 to 400 K. PL intensity and life-
time increase from 120 to 280 K, which is attributed to the
weakening of phonon scattering and reduction of defects more
favorable to radiative recombination at low temperature. While
PL intensity and lifetime show a decreasing trend from 280 to
400 K, which is attributed to thermal quenching at the high
temperature. As shown in Fig. 3f and i, STE1 and STE2 were
fitted using eqn (2), respectively.38,39

IðtÞ ¼ I0=ð1þ Ae�Ea=TKBÞ; ð2Þ

where I(t ) is the integrated PL intensity at the experimental
temperature, Ea is the exciton activation energy. I0 is the inte-
grated intensity at 0 K, KB is the Boltzmann constant, and T is
the temperature. For STE1 and STE2, exciton activation ener-
gies are 105.51 and 129.53 meV, respectively. These values sig-
nificantly exceed the thermal activation energy of 26 meV at
room temperature. This suggests that the highly localized STE
are stable.

Huang Rhys factor S is obtained by fitting the full width at
half-maximum (FWHM) and temperature (T ) using the follow-
ing eqn (3):16,40

FWHMðTÞ ¼ 2:36
ffiffiffi
S

p
ℏωphonon

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
coth

ℏωphonon

2KBT

s
; ð3Þ

where ħωphonon is the phonon frequency, KB is the Boltzmann
constant, and T is the thermodynamic temperature. The value
of S represents the electron–phonon coupling parameter,
directly influencing the degree of lattice distortion and mani-
festing in a significant Stokes shift.41,42 STE2 exhibits a greater
Stokes shift than that of STE1, as depicted in Fig. S10.† S
values for STE1 and STE2 are 21.3 and 42.5, respectively,
suggesting that STE2 experiences a greater lattice distortion
(Fig. 3g and j).

The electron-optical phonon coupling energy Γop was fitted
using the following eqn (4):43

ΓðTÞ ¼ Γ0 þ Γop=ðeħωop=KBT � 1Þ; ð4Þ
where Γ0 represents the intrinsic line width at 0 K, and ħωop

denotes the longitudinal optical phonon energy. According to
eqn (4), the values of Γop for STE1 and STE2 are determined as
240.62 and 411.01 meV, respectively (Fig. 3h and k). These Γop

values indicate a substantial interaction between electrons and
phonons, as well as the Jahn–Teller effect contributing to the
lattice transient STE2 having a greater electro-phonon coupling
energy, implying stronger Jahn–Teller effect and lattice distor-
tions, which match its larger S value.44 Fig. S11† depicts a
schematic illustration of the physical mechanism of Sb3+/Sm3+

co-doped Cs2NaYCl6 at low temperatures. This is somewhat
different from the mechanism diagram at high temperatures
(Fig. S7†). When the excited electrons arrive, the 3P1 energy
level of Sb3+ and two minima in the 3P1 energy level result in a
double STE emission at low temperatures. Meanwhile, benefit-
ing from the energy-transfer channel from STE to Ln3+, part of
the energy can be transferred to the Sm3+ ions to emit
multicolor.

To get a better knowledge of the electrical structure and
luminous characteristics of Cs2NaYCl6 and Sb3+/Sm3+ co-
doped Cs2NaYCl6, we performed density functional theory
(DFT) calculations on pristine and Sb3+/Sm3+ co-doped
Cs2NaYCl6 structures. Because of the covalent states of Sb3+/
Sm3+ and Y3+, a [SbCl6]

3− and [SmCl6]
3− octahedron is used to

replace the [YCl6]
3− octahedron. It is found that pristine

Cs2NaYCl6 exhibits a flat energy band structure with a direct
band gap of 5.01 eV (Fig. 4a). After Sb3+ doping, the emergence
of a new energy level results in a narrower bandgap of 3.75 eV
(Fig. 4b). Furthermore, both structures have very flat energy
bands with limited dispersion, indicating a large effective
mass and confined properties for electrons and holes, which
promotes the creation of highly localized electron distri-
butions. The calculated DOS reveals that the valence band
maximum (VBM) of Cs2NaYCl6 primarily comprises the Cl 3p
state, while the conduction band minimum (CBM) is com-
posed of Y 4d and Cl 3p states, as illustrated in Fig. 4c. The
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VBM of Sb3+/Sm3+ co-doped Cs2NaYCl6 consisted of Sb 5s and
Cl 3p states, and the CBM consisted of the Sb 5p state
(Fig. 4d). Dopant s-electrons mainly contribute near the band
edges of the host. So, the s-electron dopants (Sb3+) act as sensi-
tizers and emitters. The charge density distribution of pristine
Cs2NaYCl6 reveals that the charge of the VBM is primarily con-
centrated around [YCl6]

3− octahedra, as depicted in Fig. 4e.
Conversely, the charge of the CBM is concentrated around Cl
(Fig. 4f). The charge density distribution of Sb3+/Sm3+ co-
doped Cs2NaYCl6 reveals that the charge of the VBM is primar-
ily concentrated around the [YCl6]

3− octahedra (Fig. 4g). The
charge of the CBM is concentrated around [SbCl6]

3− octahedra
(Fig. 4h).

To explore the potential applications of the Sb3+/Sm3+ co-
doped Cs2NaYCl6 double perovskites, the stability of the
samples in the environment was initially investigated.
Fig. S12† presents a comparison of the XRD and PL spectra of
the sample after one month with those of the fresh sample,
demonstrating a good environmental stability at room temp-
erature and a high humidity of 70%. Our samples were placed
in a relatively high humidity environment (70%) for one
month. From the XRD pattern, a NaCl impurity was observed,
and the main diffraction peaks of the samples did not
obviously change, which indicated that the samples were of
high humidity stability and good humidity resistance. Fig. 5a
demonstrates that the LED device, emitting cool white light,

Fig. 4 Calculated electronic band structures of Cs2NaYCl6 (a) and Sb3+/Sm3+ co-doped Cs2NaYCl6 (b). DOS of Cs2NaYCl6 (c) and Sb3+/Sm3+ co-
doped Cs2NaYCl6 (d). Charge densities of Cs2NaYCl6 (e and f) and Sb3+/Sm3+ co-doped Cs2NaYCl6 (g and h).
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that was fabricated by integrating the Sb3+/Sm3+ co-doped
Cs2NaYCl6 double perovskites with polymethylmethacrylate
(PMMA) on a 365 nm UV chip, achieving a CRI of up to 87.
The LED device exhibits a CIE of (0.28, 0.29) and a CCT of
10 986 K. Furthermore, the prepared LED lamp exhibited an
excellent spectral stability across various currents ranging from
20 to 200 mA, as illustrated in Fig. 5b. Different imaging photo-
graphs of a conch and coffee cap under natural light irradiation
and NIR light irradiation are depicted in Fig. 5c. Furthermore,
the observation of different energy level transitions of Sm3+ with
varying temperature sensitivities prompted us to explore the util-
ization of Sb3+/Sm3+ co-doped Cs2NaYCl6 for temperature
sensing. As shown in Fig. S13,† we observe a decrease in emis-
sion at 603 nm with increasing temperature within the range of
120–260 K, while the emission at 951 nm exhibits a positive cor-

relation within the same temperature range. This phenomenon
suggests the potential use of the fluorescence intensity ratio (FIR)
technique for precise temperature measurements. The relation-
ship between temperature and FIR can be described by the fol-
lowing eqn (5):45

FIR ¼ I951
I603

¼ I0:951
I0:603

1þ A951 expð�ΔE951=KBTÞ
1þ A604 expð�ΔE603=KBTÞ � Bþ Ce�ΔE=KBT ;

ð5Þ

where constants B, C and ΔE are related to the properties of
Sb3+/Sm3+. Fig. 5d shows the relationship between FIR, calcu-
lated as I603 nm/I951 nm and experimental temperature T. It is
noted that when the temperature rises from 120 to 260 K, the
FIR value increases from 0.06 to 0.2. In the field of tempera-

Fig. 5 (a) CIE of 1% Sb3+, 2% Sm3+ co-doped Cs2NaYCl6. (b) PL spectra of the 1% Sb3+, 2% Sm3+ co-doped Cs2NaYCl6 double perovskites under
different currents. (c) Photos of a coffee cup lid and conch under natural and NIR light, respectively. FIR (d), Sa (e) and Sr (f ) as functions of tempera-
ture. (g) RL spectra of the 1% Sb3+, 2% Sm3+ co-doped Cs2NaYCl6 double perovskites. (h) Variable power X-ray spectrum. (i) RL intensity variation
with power at different emissions.
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ture sensing, absolute temperature sensitivity (Sa) and relative
temperature sensitivity (Sr) are crucial factors to consider when
assessing an optical temperature measurement. The values of
(Sa) and Sr can be calculated by eqn (6) and (7):46,47

Sa ¼ @FIR
@T

����
���� ¼ Ce�ΔE=KBT � ΔE

KBT2 ð6Þ

Sr ¼ 100%� 1
FIR

@FIR
@T

����
���� ¼ 100%� Ce�ΔE=KBT

Bþ Ce�ΔE=KBT
� ΔE
KBT2 ð7Þ

As shown in Fig. 5e and f, for the samples, the maximum
values of Sa and Sr are 0.14 and 1.08% K−1, respectively. In
addition to the high sensitivity, the repeatability and stability
of optical temperature measurements are also critical. Among
the same type of rare-earth doped perovskites, the Sa and Sr
values of optical temperature measurements in this work are
among leading values (Table S2†). Temperature resolution (δT )
is another important parameter to evaluate the performance of
optical thermometry, which can be expressed as follows:

δT ¼ 1
Sr

ΔFIR
FIR

ð8Þ

In this case, ΔFIR/FIR stands for the relative error in the
measurement process, and its value is approximately
0.5%.47,48 Hence, it is calculated that the minimum tempera-
ture resolution is 0.46 at 160 K. At the same time, the non-
contact optical thermometry of Sb3+/Sm3+ co-doped Cs2NaYCl6
has a good repeatability. The above results indicate that Sb3+/
Sm3+ co-doped Cs2NaYCl6 is a potential material for non-
contact optical thermometers. Additionally, Sb3+:Cs2NaYCl6
and the Sb3+/Sm3+ co-doped Cs2NaYCl6 double perovskites
exhibit light emission under excitation by high-energy X-rays,
as depicted in Fig. 5g. We conducted experiments at various
X-ray power intensities to establish the relationship between
emission and X-ray intensity. Notably, the radioluminescence
(RL) intensity of Sb3+/Sm3+ co-doped Cs2NaYCl6 displays a
linear correlation with the power of X-rays, as illustrated in
Fig. 5h and i.

3. Conclusions

In summary, the Sb3+/Sm3+ co-doped Cs2NaYCl6 rare-earth
double perovskites with a tunable emission and excellent
stability were synthesized via a solvothermal method. It was
found that the transition of 3P1 → 1S0 could be split into two
transitions due to the Jahn–Teller effect, resulting in a double
STE emission within a temperature range of 80 to 260 K.
However, as the temperature increases, the excited electrons
tend to move toward a higher energy STE emission, leading to
the disappearance of the low-energy STE emission within the
same temperature range (80–260 K). By adjusting the Sm3+

feeding concentration, we were able to adjust the energy trans-
fer efficiency between STE and Sm3+ emissions. Furthermore,
the Sb3+/Sm3+ co-doped Cs2NaYCl6 double perovskites exhibi-
ted multifunctional applications in high-energy X-rays and

night vision. These double perovskites possess excellent
optical properties and stability, rendering them promising can-
didates for applications in white-light illumination and temp-
erature sensing.
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