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Rare earth ions (RE3*)-doped double perovskites have attracted tremendous attention for its fascinat-
ing optical properties. Nevertheless, RE3* generally exhibits poor photoluminescence quantum yield
(PLQY) for their parity-forbidden 4f-4f transition and the low doping concentration. Herein, we reported
Sb3*/Sm3*-codoped rare earth-based double perovskite Cs,NaLuClg that enables efficient visible and near-
infrared (NIR) emission, which stems from self-trapped exciton (STE) and Sm3*, respectively. Benefit from
up to 72.89% energy transfer efficiency from STE to Sm3* and high doping concentrations due to similar
ionic activity between Sm3+ and Lu3*, thus eruptive PLQY of 74.58% in the visible light region and 23.12%
in the NIR light region can be obtained. Moreover, Sb3*/Sm3+-codoped Cs,NaLuClg exhibits tunable emis-
sion characteristic in the visible light region under different excitation wavelengths, which can change
from blue emission (254 nm excitation) to white emission (365 nm excitation). More particularly, only
the NIR emission can be captured by the NIR camera when a 700 nm cutoff filter is added. The excel-
lent stability and unique optical properties of Sb3+/Sm3*-codoped Cs,NaLuClg enable us to demonstrate
its applications in NIR light-emitting diode, triple-mode fluorescence anti-counterfeiting and information
encryption. These findings provide new inspiration for the application of rare earth-based double per-

ovskite in optoelectronic devices.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Lead halide perovskites (LHPs) have shown broad applications
in lighting, display, and biological imaging due to their fascinating
optical properties and ease of synthesis [1,2]. However, the cur-
rent study was mainly limited to the visible light region. To ex-
pand the application range of LHPs, some rare earth ions (RE3*)
singly-doped LPHs with NIR emission have been reported. In this
regard, a typical example is that the PLQY of Yb3*+ singly-doped
CsPbCl; can over 100% through quantum cutting [3]. Although the
initial achievements have been made, the intrinsic toxicity of lead
and the poor stability of LHPs severely limit its further application.

Lead-free double perovskites (DPs), with the formula of
Cs,AIBIIClg (A=Na, K, Ag, Cu; B=In, Bi, Sb), have drawn much at-
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tention due to their low toxicity and unique photoelectric prop-
erties, and it is considered as an ideal alternative to LPHs [4-
6]. However, RE3* singly-doped DPs generally show the poor NIR
emission intensity (e.g., Yb3* singly-doped Cs,AgInClg [7] and
Ho3+ singly-doped Cs,KInClg [8]), which cannot meet the needs
of practical application. To alleviate this, the introduction of metal
ion sensitizers into RE3*-doped DPs can effectively boost the emis-
sion intensity of RE3* via the energy transfer (ET) from sensitizers
to RE3+. Among various schemes, ns® metal ions (Sb3*+ and Bi3*)
and RE3*-codoped DPs have been demonstrated to be a feasible
strategy [9-11], as they have the same valence state and simi-
lar ion radii. For example, Nag et al. reported Sb3*/Er3+-codoped
CsyNaInClg, and the emission stems from the 4f-4f transition of
Er3* was greatly enhanced via the ET from STE to Er3+ [12]. Par-
allelly, the NIR emission of Bi3*/Yb3*-codoped Cs,AgInClg is ~27
times higher than that of the Er3* singly doping [13]. However, the
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Fig. 1. (a) Crystal structure of pure Cs;NaLuClg, Sb3* singly-doped, Sm** singly-doped, and Sb**/Sm3*-codoped samples. (b) XRD patterns of the as-synthesized samples. (c)
SEM image and element mapping of 0.5%Sb3+/25%Sm3*-codoped Cs;NaLuClg. (d) XPS of 0.5%Sb3+/25%Sm3*-codoped Cs,NaLuClg powders.

low PLQY of ns? metal ions and RE3*-codoped DPs is still at a low
level, as there is a significant difference in ionic activity between
RE3+ and trivalent metal ions (B!) of DPs, which makes it difficult
for RE3* to enter the host lattice and achieve efficient NIR emis-
sion. To overcome the problems, it is important to explore the rare
earth-based DPs host matrix to achieve controllable RE3* doping
and efficient NIR emission [14].

Here, we synthesized Sb3*/Sm3*-codoped the carefully selected
host matrix of rare earth-based Cs,NaLuClg DPs via a typical one-
pot hydrothermal method. Upon photoexcitation, the fingerprint
emission bands of STE emission and 4f-4f transition of Sm3* in
Sb3+/Sm3*-codoped Cs;NaLuClg can be witnessed, and the PLQY
in the visible light region and NIR light region can reach up to
74.58% and 23.12%, respectively. The ET mechanism between STE
and Sm3* was discussed via the steady-state/transient PL spec-
tra and temperature-dependent PL spectra. In addition, the high-
performance NIR pc-LED was fabricated by coating the Sb3+/Sm3+-
codoped CsyNaLuClg powders on a 315 nm UV chip, and its diverse
applications in night-vision and biomedical imaging were demon-
strated. Parallelly, Sh3*/Sm3+-codoped Cs,NaLuClg also shows the
excitation wavelength-dependent emission characteristics due to
this compound has two different emission centers, which can
change from blue emission under 254 nm excitation to white
emission upon 365 nm excitation. More particularly, the visible
light emission can be removed when a 700 nm cutoff filter is
added, and only the NIR emission can be captured by the NIR
camera. Thereby, we can construct a triple-mode optical anti-
counterfeiting and information encryption based on Sb3+/Sm3+-
codoped Cs;NaLuClg under various external stimuli.

All the samples were synthesized via a typical hydrothermal
method, and more details can be found in Supporting informa-
tion. Fig. 1a shows the crystal structure of Cs,;NaLuClg, which crys-
tallizes in cubic Fm3m space group. In the Sb3*/Sm3+-codoped
Csy;NaLuClg, the [SbClg]?~ and [SmClg]*~ can partially replace
[LuClg]?~ in the host lattice due to their same valence state and
similar coordination characteristics [8,15]. Moreover, the doped
samples have similar XRD patterns with the pristine one, suggest-
ing all the as-synthesized samples retain the Cs;NaLuClg structure
(Fig. 1b). Compared with the pure Cs;NaLuClg, the diffraction peak

of Sb3* singly-doped compound remains unchanged, which should
be the low doping concentration. In stark contrast, the diffraction
peak of Sm3* singly-doped and Sb3*/Sm3*-codoped samples shifts
towards to low angle. This can be attributed to the lattice expan-
sion due to the ion radius of Sm3* (90 pm, CN=6) is larger than
that of Lu* (86 pm, CN=6) as well as the high doping content
of Sm3* [16]. Fig. 1c shows the SEM image of the as-synthesized
Sb3*/Sm3*-codoped Cs,NaLuClg. Clearly, the crystal exhibits a reg-
ular octahedral structure, which illustrates Sb3*/Sm3*-codoped
Csy;NaLuClg has high crystal quality and lays the foundation for
further investigation of its photophysical properties. The element
mapping results illustrate that the elements of Cs, Na, Lu, Cl, Sb,
and Sm are uniformly distributed on the crystal. Parallelly, the EDS
result illustrates that Sb3+ and Sm3* have doped into Cs;NaLuClg
(Fig. S1 and Table S1 in Supporting information), and the actual
doping content of Sm3* is much higher than recently reported
other Ln3* singly-doped DPs (e.g., Cs,AgInClg [17] and Cs,NaBiClg
[18]) due to Sm3* and Lu3* have similar ionic activity. Fig. 1d de-
picts the XPS spectrum of Sb3*/Sm3*-codoped Cs,NaLuClg, and the
fingerprint bands of Sb3+ and Sm3+ are observed, which confirms
the dopants are indeed doped in the host lattice.

Then, the optical properties of the as-synthesized compounds
were investigated. For pure CsyNaLuClg, it exhibits broad blue
emission (Fig. S2 in Supporting information). After Sb3* doping,
the blue emission intensity is greatly improved, which should be
attributed to the dopant induced STE in the [SbClg]?~ octahedron
[19]. To demonstrates this, the excitation wavelength-dependent PL
spectra were measured, and they show the similar spectral char-
acteristics (Fig. S3a in Supporting information), and parallelly, the
PLE spectra monitored at various emission wavelengths also ex-
hibit identical profiles (Fig. S3b in Supporting information). Hence,
the observed blue emission in Sb3*-doped Cs,NaLuClg stems from
the same excited state. Moreover, Sb3*-doped Cs;NaLuClg also
have a large Stokes shift of 138 nm, broad full width at half-
maximum (FWHM) of 76 nm, and a long decay lifetime of 1.16
ps. Hence, we can attribute the broadband blue emission in Sb3+-
doped CsyNaLuClg to STEs [12,13]. Fig. S4 (Supporting information)
shows the PL spectra with different Sb3* doping concentrations.
Clearly, the strongest emission for Sb3* singly-doped Cs,NaLuClg
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Fig. 2. PL spectra of Sb3*/Sm3*-codoped Cs;NaLuClg with various Sm3* doping concentrations in (a) visible light region and (b) NIR light region (excited at 338 nm). (c)
PLE spectra of Sb**/Sm3+-codoped Cs;NaLuClg monitored at 605 nm. (d) PL decay lifetime of Sb3*/Sm3*-codoped Cs;NaLuCls monitored at 456 nm (STE emission band)
under 320 nm laser excitation. (e) PL spectra of 0.5%Sb3*/20%Sm3*-codoped Cs;NaLuCls under various excitation wavelengths (250-370 nm). (f) CIE color coordinates of

0.5%Sb3+/20%Sm3*-codoped Cs,NaLuClg.

can be obtained when the feed content of Sb3+ is 0.5%, and the
corresponding PLQY is 98% and the PL decay lifetime is 1.16 ps.
Fig. S5 (Supporting information) shows the PLE spectra of Sb3*
singly-doped Cs;NaLuClg, and three different excitation bands at
267, 280, and 338 nm are observed, which can be assigned to
the electronic transitions of 'Sy — 1Py, 1Sy — 3P, and 1S, — 3P;
of Sb3+, respectively [20]. Fig. S6 (Supporting information) shows
the temperature-dependent emission spectra of 0.5%Sb3* singly-
doped Cs;NaLuClg. Clearly, the single broad emission band can be
observed within the entire testing temperature range (Fig. S6a).
Moreover, the PL intensity decreases gradually with increasing of
temperature, which should be attributed to the thermal quench-
ing effect [8,21]. The exciton binding energy (E;,) was determined
to be 77.7 meV (Fig. S6b), indicating that the electron-hole pair
is a typical Frenkel-like exciton [22]. The Huang-Rhys factor (S)
was calculated to be 20.0, which illustrates a strong electron-
phonon coupling in Sb3+ singly-doped Cs,NaLuClg (Fig. S6¢), which
is conducive to the formation of STEs [23]. Moreover, the detailed
photophysical mechanism of STE observed in Sb3* singly-doped
CsyNaLuClg is given in Fig. S6d.

Figs. 2a and b show the PL spectra of Sb3+/Sm3+-codoped
CsyNaLuClg crystals. Clearly, the PL spectra of the codoped samples
cover from visible to NIR light region. Besides the STE emission,
there are multiple emission bands can be obtained, which corre-
sponds to the 4Gs;, —®H; _ 527292112 (563, 605, 657, and 709
nm), 4G5, — 6F55 (952 nm), 4Gsjp — 6F7p, (1027 nm), 4Gsjp — 8Fgpy
(1079 nm), and “Gs;, — ®Fyy, (1267 nm) transitions of Sm3T,
respectively. Moreover, we also synthesized Sm3* singly-doped
CsyNaLuClg, and the corresponding PL spectrum is given in Fig.
S7 (Supporting information). Upon UV irradiation, the PL inten-
sity of Sb3*/Sm3+*-codoped Cs;NaLuClg is 54 times that of Sm3+*
singly-doped Cs;NaLuClg, which suggests that the emission inten-
sity stems from 4f-4f transition of Sm3* can be enhanced by Sb3+*
sensitization [24]. Notably, the PL intensity of broadband STE emis-
sion decreases gradually at higher Sm3+ doping content, while the
emission intensity stems from Sm3+ increases gradually with in-
creasing of Sm3+ doping concentration (0-25%), which indicates a
distinct ET from STE to Sm3* [18]. When the doping concentration
of Sm3+ is further increased, the luminescence intensity begins to
decrease, which is caused by a typical concentration quenching
effect [25,26]. Moreover, the optimal PLQY of 0.5%Sb3+/25%Sm3+-

codoped Cs;NaLuClg in the visible light range is 74.58%, and more
particularly, the PLQY in the NIR light region is 23.12%. Such high
NIR PLQY in our system is higher than recently reported RE3*-
doped all-inorganic non-rare earth-based DPs (Table S2 in Support-
ing information), which should be attributed to the similar ionic
activity between Lu3* and Sm3*, thus allowing more Sm3* ions
enter the host lattice and yields efficient NIR emission [27]. Fig.
2c shows the PLE spectra of Sb3*/Sm3+-codoped Cs,NaLuClg, and
the variation trend of PLE under different Sm3+ doping concen-
trations is in line with the change in PL intensity. Compared with
Sb3+ singly-doped samples, there are additional PLE bands at 380,
410, 420, 468, 476, 494 nm in the Sb3t/Sm3*-codoped Cs,NaLuClg
when monitored at 605 nm, which can be assigned to ®Hsj,-6P;,,
®Hs/5-*F7j2, ®Hsp-%Psp, SHsp-4F5pp, SHspp-4l11pp, ®Hspp-4lgp, transi-
tions of Sm3* [28]. Apparently, the spectral overlap between STE
emission and Sm3+ excitation can also be witnessed (Fig. S8 in
Supporting information), illustrating the presence of Forster reso-
nant ET from STE to Sm3* [8]. Moreover, the PLE intensity below
360 nm is stronger than the intrinsic excitation bands of Sm3*,
which enables a stronger PL intensity via ET from STE to Sm3*
(Fig. S8). Significantly, STE and Sm3*+ emission have clear spectral
overlap (Fig. 2a), and the characteristic PLE bands of both STE and
Sm3+ can be witnessed in the PLE spectra of Sb3*/Sm3+*-codoped
Cs,NaLuClg (monitored at 605 nm, Fig. 2c). Hence, the above re-
sults fully demonstrate that the efficient emission of Sm3* in the
Sb3*/Sm3*-codoped Cs,NaLuClg stems from the ET of STE. As we
know, Sb3*-induced STE emission shows a wide PLE band and in-
tense absorption [29]. Thus, the ET from STE to Sm3+ can overcome
the weak absorption of the forbidden 4f-4f transition and boost the
PL intensity of Sm3t [30]. In general, the emission of RE3* with
4f-4f transition is sensitive to the excitation energy [31]. Neverthe-
less, the normalized PL spectra of Sb3*/Sm3*-codoped Cs;NaLuClg
exhibit a similar spectral feature under 310-340 nm excitation
(Fig. S9 in Supporting information). Thereby, the indirect excitation
dominant excitation mechanism of Sm3*t in Sb3*/Sm3*-codoped
CsyNaLuClg [32].

In order to quantitatively describe the ET process from STE to
Sm3*, we calculated the ET efficiency using the following equation:

Tx
=1-= 1
NET T (1)
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where 7 and 7, are the PL decay lifetime of STE without and with
Sm3+ doping. Fig. 2d shows the PL decay lifetime of STE emission
in the as-synthesized samples. For Sb3+ singly-doped Cs,NaLuClg,
the PL decay lifetime of STE is fitted by single-exponential func-
tion. Under influence the energy transfer from Sb3* to Sm3*, the
PL decay lifetime of STE in Sb3+/Sm3+-codoped Cs,NaLuClg is fitted
by double-exponential function. Moreover, the PL decay lifetime of
STE decreases gradually with increasing of Sm3* doping content
(Table S3 in Supporting information), which is accompanied by the
increases of ET efficiency. When the ET efficiency reaches 72.89%,
the Sm3+* exhibits the strongest emission. In particular, the ET ef-
ficiency from STE to Sm3+ in our Sb3+/Sm3+*-codped Cs,NaLuClg is
higher than other Sb3+/RE3+ codoped-DP systems (e.g., Sb3+/Ho3+-
codped Cs,KInClg [8] and Sb3+/Yb3*-codoped Cs,AgInClg [33])
which ensures Sb3+/Sm3+-codped Cs;NaLuClg has highly efficient
Sm3* emission via ET. The PL decay lifetime of Sb3*/Sm3*-codped
Cs;NaLuClg monitored at characteristic PL bands of Sm3+ show
millisecond-scale lifetimes, which should be caused by the La-
porte forbidden 4f-4f transitions (Fig. S10 in Supporting informa-
tion) [32,34]. Moreover, the Sm3+ emission bands in Sb3+/Sm3+-
codped Cs;NaLuClg exhibit different decay lifetimes, which should
be attributed to the emission stems from the different emission
sub-energy levels of Sm3+ [35]. Particularly, the PL decay lifetime
decreases monotonously with increasing of Sm3+-doping concen-
tration (Fig. S11 in Supporting information), which should be at-
tributed to the increased nonradiative transition [36].

In our Sb3*+/Sm3*-codoped system, the observed emission
stems from STE and Sm3*+ 4f-4f transitions, which makes this
codoped compound has distinct excitation wavelength-dependent
emission characteristics. Fig. 2e exhibits the PL spectra of
0.5%Sb3+/25%Sm3*-codoped Cs,NaLuClg under different excitation
wavelengths, and the completely different spectral profiles can be
seen in the visible light region, which enables this compound ex-
hibits different emission colors. Fig. 2f shows the CIE coordinates
of 0.5%Sb3+/25%Sm3*-codoped Cs,NaLuClg under various excita-
tion wavelengths, which can change from (0.21, 0.18) under 250
nm excitation to (0.33, 0.26) under 370 nm irradiation, and the
corresponding emission color turn from blue to white emission.

For a better understanding of the photophysical mechanism, the
emission spectra of 0.5%Sb3*/25%Sm3+-codoped Cs,NaLuClg under
various temperatures were collected in 80-400 K (Fig. 3a). Clearly,
the characteristic bands of STE and Sm3* emission can be wit-
nessed in the measured temperature window (80-400 K). Fig. 3b
summarizes the PL intensity under different temperatures. For the
STE band in 0.5%Sb3*/25%Sm3+-codoped Cs,NaLuClg, the PL inten-
sity decreases gradually with the increase of temperature, which
is similar to the phenomenon seen in 0.5%Sb3*-doped Cs,NaLuClg
(Fig. S12 in Supporting information). Moreover, the STE emission
intensity in 0.5%Sb3*/25%Sm3+-codoped Cs,NaLuClg has a faster
decay rate than that in 0.5%Sb3*-doped Cs,;NaLuClg, which should
be caused by the thermal-enhanced ET from Sb3* to Sm3+. In par-
ticular, the PL intensity of Sm3* characteristic bands under var-
ious temperature exhibits irregular change. Generally, the ther-
mal quenching effect will lead to the decrease of luminous in-
tensity of STE and Sm3+. However, the thermal-enhanced ET from
STE to Sm3* will further weaken the PL intensity of STE, but can
boost the PL intensity of Sm3* with increasing temperature. Under
the influence of the above two factors, the PL intensity of Sm3*
characteristic bands show the unique PL characteristics in the
temperature-dependent PL spectra, which is similar to Sb3*+/Ho3+-
codoped Cs,KInClg DP [8]. It is worth noting that when the tem-
perature exceeds 300 K, although there is thermal-enhanced en-
ergy transfer from Sb3+* to Sm3+, the thermal quenching dominates
the emission intensity of Sm3+. Therefore, when the temperature
exceeds 300 K, the emission intensity of Sm3+* decreases gradu-
ally with increasing of temperature. The PL intensity of Sm3*+ with
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Fig. 3. Temperature-dependent PL spectra of 0.5%Sb3+/25%Sm3*-codoped
CsyNaLuClg. (b) Emission intensity versus temperature. (c) Photophysical mechanism
of Sb3*/Sm3*-codoped Cs;NaLuCls.

different emission bands exhibits distinct degrees of attenuation,
which can be assigned to the different sensitivity of the sub-energy
levels of Sm3* to temperatures.

Based on the above results, the possible photophysical mecha-
nism of Sb3*+/Sm3*-codoped Cs,NaLuClg can be summarized in Fig.
3c. Under UV photoexcitation, the electrons are excited from the
ground state to the excited state. Subsequently, the excited elec-
trons undergo the intersystem crossing from excited state to STE
state due to the lattice distortion and intense electron-phonon cou-
pling. Therefore, a broadband blue emission centered at 446 nm
can be witnessed. Parallelly, the other part of electrons relaxes to
the excited state of Sm3* via the ET from STE to Sm3+, and then
decay to the 4G5/2 level via the non-radiation transition process.
Therefore, the multiple PL bands at, 563, 605, 657, 709, 952, 1027,
1179, and 1269 nm can be witnessed, which stems from the 4f-4f
radiation transition of Sm3+ [37,38].

Moreover, the as-synthesized codoped compounds also have ex-
cellent stabilities. Taking 0.5%Sb3+/20%Sm3*-codoped Cs,NaLuClg
as an example, its integral PL intensity remains basically un-
changed after being stored in air for 3 months (Fig. S13 in
Supporting information), and the XRD pattern exhibits an iden-
tical profile with the pristine one (Fig. S14 in Supporting in-
formation). Hence, 0.5%Sb3t/20%Sm3*-codoped Cs,NaLuClg has
an outstanding chemical stability. Parallelly, the emission inten-
sity of 0.5%Sb3+/20%Sm3*-codoped Cs,NaLuClg exhibits negligible
changes after being light irradiation for 300 minutes (Fig. S15 in
Supporting information), further confirming its remarkable photo-
stability in the atmosphere.

Given the remarkable stabilities and superior optical properties
of Sb3*/Sm3*-codoped samples, a high-performance vis/NIR-LED
was fabricated via coating 0.5%Sb3+/20%Sm3*-codoped Cs,NaLuClg
on a 315 nm UV chip. Fig. 4a shows the electroluminescence (EL)
spectrum of the as-fabricated device, and the inset shows the pho-
tographs of the operating device taken by visible (left) and NIR
(right) cameras. Clearly, the EL spectrum covers the entire visi-
ble and near-infrared region, which echoes well with the emis-
sion spectra of Sb3*/Sm3*-codoped Cs,NaLuClg. Moreover, the as-
fabricated LED has the correlated color temperature (CCT) of 8270
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Fig. 4. (a) EL spectrum of as-fabricated 0.5%Sb3+/20%Sm3*-codoped Cs;NaLuClg based vis/NIR-LED under 315 nm chip excitation. The inset shows the optical images of the
operating LED taken by visible (left) and NIR (right) cameras, respectively. (b) The long-term stability of as-fabricated device after operating for 5 hours. (c) The application
of the as-fabricated device in biomedical imaging. (d) Photographs of grapes and egg illuminated by daylight and NIR-LED.

K, color rendering index (CRI) of 75.8, and CIE coordinates of (0.30,
0.28). Also noteworthy, the as-fabricated device exhibits outstand-
ing stability, and the EL intensity remains unchanged after oper-
ating for 5 h under 10 mA drive current (Fig. 4b). As we know,
the NIR light has enormous application potential in biomedical
imaging for its strong penetration, non-invasively, high resolution,
and so forth. Thus, we demonstrated the application of the device
in biomedical imaging in further proof-of-concept experiment. As
shown in Fig. 4c, the palm in the daylight can be captured by the
visible camera clearly. Since different tissues have different absorp-
tion for the NIR light, thus the distribution of veins in the palm
can be captured clearly by the NIR camera when the as-fabricated
LED starts to operate (Fig. 4c, right). In addition, the optical images
of grapes and egg are taken by a visible camera under daylight
(Fig. 4d, left), and nothing can be observed in the dark environ-
ment (Fig. 4d, middle). In particular, the black-and-white images
of the grapes and egg can be witnessed when the LED was tuned
on (Fig. 4d, right). Hence, the above results illustrate that the as-
fabricated LED has great application potential in biomedical imag-
ing and night vision.

Recently, lead-free metal halides with unique PL characteris-
tics have drawn much attentions in the field of smart photon-
ics [39-44]. In our system, Sb3*/Sm3*-codoped Cs,NaLuClg ex-
hibits broad emission that can cover visible light range and NIR
light region, and has tunable emission color under different ex-
citation wavelengths. This unique photophysical properties enable
us to demonstrate its application in triple-mode fluorescence anti-
counterfeiting and information encryption under different external
stimuli. As illustrated in Fig. 5a, the alphabet of “X” was fabricated
via filling Sb3+/Sm3+-codoped Cs,NaLuClg powders into the cus-
tomized pattern templates. Upon 254 nm irradiation, the pattern
“X” exhibits blue emission, and further change into white emis-
sion under 365 nm excitation. Particularly, when a 700 nm cut-
off filter is added, the visible light is removed. Thus, the “X” pat-
tern with NIR emission can be recorded by the NIR camera, and
the triple-mode fluorescence anti-counterfeiting is realized based
on Sb3*/Sm3*-codoped Cs,NaLuClg under different external stim-
uli. In order to further improve the diversity of fluorescent anti-
counterfeiting, we fabricated a new pattern of “8” by combin-
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Fig. 5. (a) Optical image of “X” pattern made by Sb3*/Sm3*-codoped Cs,NaLuCls.
(b) Optical image of the number “8” made by Sb3*-doped Cs;NaLuClg and
Sb3*/Sm3*-codoped Cs;NaLuCls. (c) Photographs of PL dot array made by
Sb3+/Sm3+-codoped Cs;NaLuClg (first line) and Sb3t-doped Cs,NaLuCls (second,
third, and fourth lines).

ing Sb3*-doped Cs,NaLuClg and Sb3*/Sm3*-codoped Cs,NaLuClg.
As shown in Fig. 5b, the pattern “8” emits blue emission under
254 nm radiation. When the excitation wavelength is 365 nm,
the number of “1” made by Sb3+-doped Cs,;NaLuClg exhibits blue
emission, and the number of “3” made by Sb3*/Sm3*-codoped
Cs,NaLuClg shines white emission. Interestingly, with a 700 nm
cutoff filter, the number “3” with NIR emission can be captured by
the NIR camera. Subsequently, we further demonstrated the appli-
cation of as-synthesized samples in multiple information encryp-
tion. As shown in Fig. 5c, we fabricated a PL dot array based on the
combination of Sb3*-doped Cs,NaLuClg and Sb3*/Sm3*-codoped
CsyNaLuClg. To be more specific, the Sb3*+-doped Cs;NaLuClg is
filled into the first line of the PL dot array, while the rest is filled
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with Sb3*+/Sm3*-codoped Cs,NaLuClg. Moreover, the blue point
represents “A”, the white point represents “B”, the NIR point rep-
resents “C”, and the non-emission represents “N”. Hence, the de-
tailed information encryption processes are given as follows: Un-
der 254 nm excitation, all the PL dots exhibit blue emission, thus
the Information I can be obtained. When the whole PL dot array
is irradiated by 365 nm, the Information II can be transmitted, in
which the blue dots on the first line and the white dots on the
other position. Moreover, the PL dots with NIR emission on the
first line can be captured by the NIR camera, and other position
exhibit non-emission, resulting in the Information III. Notably, this
multiple dynamic luminescence reported in our work under differ-
ent external stimuli can apply more information encryption sce-
narios, thus greatly improving information security.

In summary, we synthesized Sb3*/Sm3*-codoped rare earth-
based double perovskite Cs;NaLuClg, and the obtained emission
spectra can cover both visible light and NIR light regions, which
stems from dopant induced STE emission and Sm3+ emission,
respectively. The photophysical processes of Sb3t/Sm3*-codoped
CsyNaLuClg were discussed through steady-state/transient PL spec-
tra and temperature-dependent PL spectra. The results show that
Sb3+ can work as the sensitizer to enhance Sm3* emission via ET
from STE to Sm3+. Moreover, the similar ionic activity between
Lu3+ and Sm3+ enables more Sm3t doped into the host lattice.
Thus, the efficient visible and NIR emission in Sb3*/Sm3+*-codoped
Csy;NaLuClg with PLQY of 74.58% and 23.12% can be obtained. Par-
allelly, the tunable emission characteristics of Sb3+/Sm3+-codoped
CsyNaLuClg were demonstrated in the visible light range, which
can be tuned from blue (254 nm excitation) to white emission
(365 nm excitation). Moreover, the visible emission can be re-
moved through a 700 nm cut-off filter, and only the NIR emission
can be captured by the NIR camera. Considering the remarkable
stability and unique photophysical properties, we further demon-
strated the application of Sb3+/Sm3+-codoped Cs,NaLuClg in high-
performance NIR LED, triple-mode fluorescence anti-counterfeiting
and information encryption. These findings provide deep insights
for the further application of rare earth-based double perovskite in
optoelectronic devices.
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