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The anticounterfeiting techniques have become the global topic since it is correlated to the 

information and data safety, in which the multimodal luminescence has been one of the most 

desirable candidates for practical applications. However, it is a long-standing challenge to 

actualize the robust multimodal luminescence with high thermal stability and humid resistance. 

Conventionally, the multimodal luminescence is usually achieved by the combination of up-

conversion and downshifting luminescence, which only responds to the electromagnetic waves 

in a limited range. Herein, the Yb3+/Er3+/Bi3+ co-doped Cs2Ag0.6Na0.4InCl6 perovskite material 

as the efficient multimodal luminescence material has been reported. Beyond the excitation of 
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ultraviolet light and near-infrared laser (980 nm), this work extends the multimodal 

luminescence to the excitation of X-ray for the first time. Besides the flexible excitation sources, 

this material also shows the exceptional luminescence performance, in which the detection limit 

of X-ray reaches the level of nGy/s, indicating a great potential for further application as a 

colorless pigment in the anti-counterfeiting field. More importantly, the obtained double 

perovskite features high stability against both humidity and temperature up to 400 °C. This 

integrated multifunctional luminescent material provides a new directional solution for the 

development of multifunctional optical materials and devices. 

 
 

The counterfeiting issue has become a serious global problem involving every aspect of 

everyone’s daily life such as banknotes, artworks, documents, and even personal information 

safety. To solve this issue, various technologies have been developed in the past decades 

including the plasmon, magnetism, luminescence, and also the recent hologram technique [1-3]. 

Compared to other conventional techniques, the fluorescence printing patterns supply 

promising high security to the key information valuable documents due to the tunable emission 

properties [4,5]. As counterfeiting technology has also been quickly developed, the traditional 

mono-mode anticounterfeiting is far from the requirement of practical applications to guarantee 

a high level of data and information safety. The traditional anti-counterfeiting luminescence is 

achieved by the mono-mode down-shifting (DS) luminescence, which converts the high energy 

photon into lower energy luminescence. To address such concern, developing more 

complicated anticounterfeiting techniques by increasing the luminescent modes becomes the 

most challenging topic. Presently, the realization of concurrent up-conversion (UC) and DS 

have been successfully utilized in anti‐counterfeiting based on the lanthanide-based dopants [6-

9]. The Eu‐doped down-shift luminescent materials have been applied in the Euro banknotes, 

which enables the visible photoluminescence based on UV lamp excitation. Meanwhile, the 
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BANK OF CHINA also introduced the Yb/Er‐doped UC phosphors in the banknotes as the 

counterfeiting technique, which emits the yellow UC luminescence by the irradiation of 980 

nm laser. Meanwhile, the thermoluminescence and mechanoluminescence have also been 

introduced to the combination of DS and UC to upgrade the dual-modal luminescence technique 

to triple-modal luminescence with increased anticounterfeiting levels [10,11]. Besides the 

multimodal requirements, high stability is another key issue for the practical application of the 

anticounterfeiting materials. In particular, for the perovskite materials, the high thermal stability 

and resistance to the humidity of the environment have been a long-term issue. Therefore, how 

to realize the appropriate combination of both multimodal luminescence and high stability 

under harsh environment is the key to maximally improve the anticounterfeiting level of the 

materials.  

 

For the selection of materials to realize the multimodal luminescence, some rare earth (RE) ions 

(such as Yb3+ and Nd3+) have been intensively studied due to their unique 4f electronic 

configurations and energy-level structures.[12] For example, Yb3+ can absorb NIR light at 980 

nm and transfer the energy to luminescent center ions (such as Ho3+, Er3+, Tm3+), which in turn 

emit luminescence, completing the UC photoluminescence (PL) process.[13] Although a vast 

number of compounds can absorb ultraviolet light, only a few classes among them, such as 

quantum dots, perovskite materials, organic molecules, etc., can emit luminescence.[14,15] As for 

the XEL materials, heavy atoms are the typical selection, which emits the low-energy visible 

light via a series of complex photo-physical conversion processes.[16,17] In order to achieve the 

ultimate goal of multimodal luminescent performance, it is necessary to systematically integrate 

various luminescence properties from combining luminescent materials, RE ions and other 

metal ions.[18,19] Until now, it is a challenging task to find suitable matrices and elements to 

successfully actualize such a combination strategy for this multi-purpose luminescence.[20] As 

known, most of the matrices for RE-based UC materials are oxides or fluorides, in which DS 
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PL is rarely achievable.[21] For DS materials like quantum dots, doping RE ions is rather 

difficult.[22] And it is also difficult to combine organic molecules with RE ions to 

simultaneously realize UC and DS PL.[23] In recent years, some lead cesium halide based 

perovskite materials with RE dopants realize UC and DS PL, which can serve as the ideal 

candidates for multimodal luminescent materials.[24] More importantly, the DS PL and X-ray-

excited luminescence (XEL) perovskite materials have been studied in recent reports.[25] 

However, these halides perovskite materials contain toxic lead ions with poor stability against 

high-temperature, humidity and oxygen. These shortcomings not only limit their durable and 

large-scale applications but also bring potential pollution sources to the environment.[24],[26] 

Therefore, developing stable lead-free multimodal luminescent materials have become an 

urgent task for the scientific community. Researchers recently reported that some lead-free 

double perovskite materials have excellent optical properties and good stabilities, such as 

Cs2AgBi(In,Sb)Cl6.[27,28] Recently, Zhu et al. have also reported the flexible control of the X-

ray imaging performances through the Bi doping in Cs2Ag0.6Na0.4BiInCl6, supporting the 

competitive scintillation performances of the lead-free halide double perovskites [29]. Such types 

of perovskite containing strong binding force from chlorine and silver ions, which further 

improve their stability against high temperature and oxygen.[30] Moreover, those silver-

containing perovskite halide materials comprise trivalent metal ions, such as Sb3+, Bi3+ and In3+, 

which have the same valence state and similar ionic radii with RE ions, indicating the facile 

doping process and slight influence on the lattice structure.[31] The crystallographic sites of these 

trivalent ions can be readily replaced by RE ions.[32] In previous works, the introduction of RE 

ions is able to promote the tuning of the emission upon X-ray excitation. The appropriate doping 

concentration of RE ions will not induce the complete scintillation quenching under X-ray 

excitation [33-35]. In addition, there are also some reports on Bi-based materials that show the 

absorption of X-ray, which are also typical lead-free perovskite materials.[36,37] Bi ions are 
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reported to improve the crystal perfection as well as the exciton localization for enhanced PLQY 

[38]. 

 

Herein, a lead-free Yb3+/Er3+/Bi3+ co-doped double perovskite single crystal is developed, 

which features excellent multimodal and multicolor luminescence. Under the X-ray excitation, 

ultraviolet light and NIR laser (980 nm) irradiation, the warm yellow light, bright warm-white 

light, and green light are observed, respectively. Most importantly, the further experimental 

results also confirm the high stability against humidity, high temperature, high dose radiation 

of the as-synthesized material, opening the opportunities for flexible applications in X-ray 

detection and anti-counterfeiting as well as other daily applications. 

 

Three RE-doped samples Cs2Ag0.6Na0.4InCl6:Yb3+/Er3+/Bi3+ (RE-1), 

Cs2Ag0.6Na0.4InCl6:Yb3+/Er3+ (RE-2), Cs2AgInCl6: Yb3+/Er3+ (RE-3) (top of Figure 1a) and one 

RE-free sample Cs2AgInCl6 (RE-4) were synthesized by a reported method with minor 

modifications.[28] Single crystal X-ray diffraction analysis results revealed that RE-1 (CSD No. 

1941823), RE-2 (CSD No. 1976878) and RE-3 (CSD No. 1976879) belong to the cubic space 

group Fm3�m (225) and contains 8Cs, 4Ag/Na, 4In and 24Cl (bottom of Figure 1a). Yb3+/Er3+, 

Bi3+ and In3+ ions have similar ionic radii and valence states, and they occupy the same 

crystallographic site in the perovskite structure. These trivalent ions are surrounded by six Clˉ 

ions in an octahedral configuration. Ag+ and Na+ occupy the same site, which is also 

coordinated with six Clˉ ions, forming another octahedral coordination geometry. The 

In3+/RE3+/Bi3+ and Ag+/Na+ based octahedrons are uniformly distributed in the perovskite 

structure, and Cs+ is distributed between the sides of the two neighbouring octahedrons. The 

deviation of the different unit cell parameters among the structures of RE-1, RE-2 and RE-3 is 

less than 1% (Table S1), which are almost identical with the structures of Cs2AgInCl6 and 

Cs2NaInCl6, supporting the absence of secondary phases (Table S2).[28,39] Moreover, previous 
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works have systematically investigated the doping concentration of Na and Bi ions in 

Cs2AgInCl6, which indicates no obvious defects is formed at the doping concentration as RE-

1[28,38]. Therefore, we confirm that all four compounds belong to the same crystal structures, in 

which RE-1, RE-2 and RE-3 maintained the pristine perfect structure of Cs2AgInCl6. 

 

All of the compounds were characterized by the powder XRD (Figure 1b), and the results are 

in good agreement with the simulated diffraction pattern from the single crystal structure of 

RE-1 (Figure S1). The diffraction peaks of the RE-doped samples shift to lower angles 

compared with the undoped one; according to Bragg Law, the doping of Yb3+/Er3+/Bi3+ or 

Yb3+/Er3+ ions lead to a slight expansion of the perovskite crystal cells (Figure 1c).[40] One of 

the reasons is that the RE ions have larger radii than indium ion. In addition, the different 

coordination affinity between Yb3+/Er3+ and Clˉ ions in perovskite structure also leads to the 

slight lattice distortion.[41] The XRD patterns of RE-1, RE-2, and RE-3 show similar changes. 

These results also confirmed that Yb3+/Er3+ ions have been successfully doped into the lattice 

of perovskite materials.[24,40] 

 

133Cs and 115In magic-angle spinning (MAS) solid-state NMR (SSNMR) spectra of RE-1 and 

control sample (Cs2Ag0.6Na0.4InCl6:Bi) were recorded at 9.4 T to further analysis its fine 

structure. The doping of paramagnetic Yb3+ and Er3+ ions induces a shift of the 133Cs peak at 

103.3 ppm to 101.1 ppm as well as a significant broadening of this signal (the full-width-at-

half-height increases from 173 to 300 Hz) (Figure 1d).[42,43] The shift of peak position is due to 

the delocalization of extra electron density of Yb3+ and Er3+ (spin I = 1/2 and 3/2) on Cs+, i.e., 

the Fermi-contact interaction. The broadening of NMR peak corresponds to the accelerated 

transverse (T2) relaxation of 133Cs in the presence of adjacent paramagnetic Yb3+ and Er3+ ions, 

resulting from the strong dipolar coupling between unpaired electrons and 133Cs nuclei (i.e., the 

pseudo-contact interaction). The longitudinal (T1) relaxation constant also decreases from 218 
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seconds to 101 seconds in the Yb3+/Er3+-doped sample (Figure 1e).[44] The Cs−Cl−In/Bi 

environment is strongly affected by paramagnetic RE3+ ions (insert of Figure 1d). In the double 

perovskite structure, the very high spherical symmetry at In3+ enables the acquisition of high-

resolution 115In spectra (Figure 1f). Two 115In peaks were observed at 51.9 ppm and 40.1 ppm 

in both samples, respectively. Similar to the Cs−Cl−Bi/In the environment, the more de-

shielded peak at 51.9 ppm is assigned to the In−Cl−Ag environment whereas the 40.1 ppm peak 

is In−Cl−Na (Insert of Figure 1f).[45,46] The higher intensity of the peak at 40.1 ppm in the RE-

free sample is also consistent with its higher concentration of Na. After the Yb3+/Er3+-doping, 

the relative intensity of the peak at 40.1 ppm decreased dramatically. The results from 133Cs 

and 115In SSNMR experiments further support that the Yb3+/Er3+ ions have been successfully 

incorporated into the double perovskite lattice.[44] Furthermore, the Yb3+/Er3+ ions are not 

distributed randomly in the sample: the effect of paramagnetic ions is distinct for Cs−Cl−In and 

Cs−Cl−Bi environments, as well as In−Cl−Ag and In−Cl−Na environments.[43,44] The Yb3+/Er3+ 

ions are likely adjacent to the Cs−Cl−Bi and In−Cl−Na environments.  

 

Since the absorption coefficient of the material is highly dependent on the specific element 

composition, we have further applied the scanning electron microscope energy dispersive 

spectrometer (SEM-EDS) and EDS-mapping to analyze the composition of each compound 

(Figure S2‒S9). All the elements are evenly distributed in the images, with no element 

enrichment, which indicates that there was no phase separation in the as-prepared perovskite 

materials. According to the EDS spectra, the content and proportion of Cs+, Ag+, Na+, In3+ and 

Cl- are in good accordance with the expected values (Table S3). Owing to low doping contents 

of Yb3+/Er3+/Bi3+ in RE-1, Yb3+/Er3+ co-doped RE-2 and RE-3, their contents were barely 

detectable by SEM-EDS. Therefore, the inductively coupled plasma mass spectroscopy (ICP-

MS) was used to further determine the precise amounts of Yb3+, Er3+, Bi3+ in the as-prepared 

samples. The sum of these trivalent ions was calculated to determine the content proportion of 
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each specific ion. The content of each ion in the compounds is 99.38% for In3+, 0.3% for Yb3+, 

0.08% for Er3+ and 0.24% for Bi3+ in RE-1; 99.51% for In3+, 0.4% for Yb3+ and 0.09% for Er3+ 

in RE-2; 99.25% for In3+, 0.6% for Yb3+ and 0.15% for Er3+ in RE-3 (Table S4). 

 

The sample RE-1, RE-2, RE-3 and RE-4 are pale yellow single crystals under natural light. As 

shown in Figure 2a-b, the samples have no emission with the light off or in the darkroom. 

Under X-ray excitation, only RE-1 emits the yellow-white light. In comparison, under the 

excitation of the ultraviolet lamp (365 nm or 254 nm), RE-1 and RE-2 both emit warm white 

light, in which the luminescence intensity of RE-1 is higher than that of RE-2. Similar to X-

ray excitation, both RE-3 and RE-4 have no emission under an ultraviolet lamp. Under NIR 

laser irradiation, RE-1, RE-2 and RE-3 emit green light. The intensity of green light for RE-1 

is greater than that of RE-2, and the weakest for RE-3. RE-4 has no luminescence emission 

under 980 nm laser excitation since it is RE-free. More importantly, RE-1 and RE-2 can emit 

both DS luminescence and UC phosphorescence under the simultaneous excitations of NIR 

laser and ultraviolet lamp. The emission of the samples can be seen from the supplementary 

Video S1. RE-1 does not emit light without any excitation. When it is irradiated by NIR laser 

and ultraviolet light at the same time, it can emit green light and warm white light. And it emits 

only green light under NIR radiation, warm white light under the sole excitation of the 

ultraviolet lamp. The video of RE-1 was also recorded in the XRD test room: when X-ray was 

off, the sample did not emit light; when X-ray was on, the sample emitted warm yellow light 

(Video S2). 

 

To further investigate the luminescence properties of RE-1, the multimodal luminescence 

spectra of RE-1 were shown in Figure 2c. The optimized ratio of Yb3+/Er3+  has been confirmed 

based on experiments and previous works (Figure S10)[47]. Under various stimuli, RE-1 can 

emit different luminescence. As shown in Figure 2d, the DS PL spectra were measured under 
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UV light excitation (λex = 365 nm). The samples show wide emission spectra from 400 nm to 

710 nm, with the emission peak ranging in 553 ‒ 585 nm. The luminescence decay curves at 

560 nm of the four samples indicated that RE-1 has a longer luminescent decay lifetime (Figure 

2e). The excitation spectra of these four samples revealed that they have different excitation 

peaks (Figure S11): RE-1 has an excitation peak at 365 nm, and the excitation band ranges 

roughly from 345 nm to 395 nm; RE-2 has three excitation peaks at 308, 356 and 386 nm, and 

RE-3 and RE-4 both have a peak at 364 nm, which indicated that RE-1 has a wider and more 

sensitive response capacity to UV light. Under the excitation of NIR laser (980 nm), sensitizer 

ions Yb3+ absorb this NIR energy and transfer to the luminescence center ion Er3+ in the energy 

level of 4I13/2, 4I11/2, 4F9/2 and 4F7/2, and the energy transfer to the energy level of 4I15/2 to emit 

UC PL in RE-1, RE-2 and RE-3. This energy mechanism is different with previous work of 

RE-doped double perovskite, where Ho3+ ions absorb energy from the host material [29]. The 

emission spectra of all the samples under X-ray excitation were shown in Figure 2f, all four 

samples emit broad emission bands from 450 nm to 850 nm, the peak of the spectra are all about 

627 nm, in which RE-1 has stronger emission. Understanding the mechanism of the Jahn-Teller 

of octahedral distortion in the double perovskite is critical for the optimization of the 

luminescence properties. The varied stoke shift of the self-trapped excitons (STE) emission 

derives from the different deformation levels of the Jahn-Teller effect induced by the UV light 

and high energy X-ray excitation, which further affects the deformation energy and 

photoluminescence energy [48]. The DS PL and XEL emission spectra show that doping of Bi 

ions into the material improved the ability of the material to absorb high-energy excitation, and 

further enhanced its luminescence properties. Until recently, RE doped double perovskite 

materials are reported with UC phenomenon[49,50]. In our work, it is noted that the Yb3+/Er3+ co-

doped samples RE-1, RE-2 and RE-3 emit UC PL of Yb3+/Er3+ ions (Figure 2g). Under the 

excitation of NIR laser (980 nm), the three Yb3+/Er3+ co-doped samples all emit three 

characteristic peaks of Er3+ at 527 nm, 555 nm and 660 nm, and the corresponding energy level 
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transitions are 2H11/2→4I15/2, 4S3/2→4I15/2 and 4F9/2→4I15/2, respectively. Although the RE doped 

luminescence properties of Cs2Ag1-xNaxInCl6 has been reported in previous works by Tang et 

al., the upconversion properties are usually not involved [51]. This is attributed to the different 

energy transfer mechanism, where the Yb ions are able to directly absorb the excitation energy 

rather than indirectly absorbing from the host. The luminescence decay curves of RE-1, RE-2 

and RE-3 fitted luminescence lifetimes show that RE-1 has the longest luminescence lifetime 

up to 2 ms (Figure 2h). Since RE-1 has displayed better multimodal luminescence performances 

than other samples, we focus on its excellent properties and versatile applications. With the 

increase of laser (980 nm) power, the UC PL intensity of the RE-1 increases gradually (Figure 

S12a). In order to better understand the UC mechanism of the materials, the curves of the 

characteristic emission peak areas vs power densities of Er3+ ion at 527 nm, 555 nm and 660 

nm were given in the inset.[52] The fitting results show that the slopes of the three lines are about 

2.2, 2.0 and 2.3, respectively. The results show that these three kinds of emission follow the 

two-photon energy conversion mechanism. The UC diagram of the energy transfer process 

between the sensitizer ion Yb3+ and the activator ion Er3+ is shown in Figure S12b.[13,18,53] The 

DS luminescence process of RE-1 has been reported in the literature, which belongs to exciton 

self-trap emission.[28] The lattice atoms in RE-1 absorbed X-ray and ionized to form highly 

active electrons and holes, then the outside atoms were thermalized and secondary low-energy 

electrons and holes were produced.[37] Then the low-energy particles formed excitons, which 

were confined into the lattice of AgCl6 and formed the XEL emission center.[25,54] Finally, RE-

1 emits a wide and strong XEL band. A small amount of Bi3+ doped into RE-1 structure absorbs 

the high energy from X-ray, which enhances the structure perfection, promotes the exciton 

localization, and further improves the XEL performance as well as the photoluminescence 

quantum yield (PLQY).[17,28,36,55]  
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Meanwhile, in order to further study the influence of defect concentrations on the luminescence 

performance in the same material, we apply varied external pressure on the material systems to 

create defects in RE-1. The up-conversion photoluminescence (UC PL) spectra of RE-1 under 

different pressure was shown in Figure S13. As the external pressure increases, the UC PL 

emission intensity gradually decreases. When the applied pressure reaches 17.04 GPa, the UC 

PL emission of RE-1 nearly disappears. These results confirm that the defects in the materials 

induced by the external high pressure are able to significantly quench the UC PL. This is similar 

to the results reported in the recently published work [47]. After removing the external pressure, 

the UC PL of RE-1 cannot fully restore to the original level, indicating the irreversible 

distortion of the structure with defects. And the irreversible formation of defects has hindered 

the luminescent properties of RE-1. Therefore, the defect passivation by the introduction of 

Yb3+/Er3+/Bi3+ also contributes to the significantly improved luminescence performances of 

RE-1. 

 

The stability of RE-1 was characterized by temperature-dependent XRD (Figure 3a). RE-1 

shown inevitable crystal expansion at high temperature, the diffraction peak blue shifted along 

as the diffraction angle decreased slightly. No other notable changes in the diffraction patterns 

were detected even after cooling to room temperature. RE-2 also shows the same high-

temperature stability (Figure S14). The thermal stability of RE-1 was also characterized by 

thermogravimetric (TG) analysis (Figure 3b), the TG curve shows that RE-1 is highly stable 

below 500 ºC, and there is no observable weight loss. When the temperature rises from ~520 

ºC to ~710 ºC, the weight loss about 33% of the samples comes from the salt (InCl3 and BiCl3) 

with a low boiling point. As the temperature continues to rise, the azeotropy of the residual 

molten salts induces further weightlessness. The TG curves of RE-2 and RE-3 are similar to 

that of RE-1 (Figure S15). These results also show consistent conclusion that the introduction 

of Na will not affect the stability at the appropriate concentration, which increases the 
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decomposition temperature and emission stability [28]. Therefore, those samples have excellent 

thermal stability until 500 ºC, extending their application durability in a much harsher 

environment. 

 

Compared with the CsI:Tl, RE-1 shows idea XEL performance and responds to the light with 

a wider range of wavelength, and its XEL emission intensity up to a quarter of CsI:Tl (Figure 

S16). In order to assess the luminescence stability of RE-1 against X-ray with high radiation 

dosage, we recorded its XEL spectra after exposure under continuous radiation conditions 

(Figure 3c, Figure S17). When the radiation reached to 13 Gy, the retained XEL intensity of 

RE-1 (70%) is lower than that of CsI:Tl (97%); when the radiation increased to 29 Gy, the XEL 

intensity of RE-1 (60%) is stronger than that of CsI:Tl (50%); when the radiation continued to 

increase to 53 Gy, the XEL intensity of RE-1 retained 49%, whereas 28% was retained for 

CsI:Tl (Table S5).[56] The results show that RE-1 has higher stability and an excellent XEL 

property against radiation than that of CsI:Tl even under high-dosage X-ray radiation. Stability 

test against humidity shows that the XEL intensity of RE-1 and CsI:Tl decrease gradually with 

the increase of the relative humidity (Figure 3d, Figure S18). Nonetheless, compared with the 

commercial CsI:Tl scintillator, RE-1 still has significantly higher stability against humidity.[56] 

CsI:Tl was kept in the environment of 40% relative humidity (RH), 60% RH and 95% RH for 

30 mins, its XEL intensity remained at about 31%, 28% and 5%. While, RE-1 remained the 

higher XEL emission intensity of 82%, 57% and 27% in more humid conditions of 45% RH, 

65% RH and 95% RH kept for a longer process of 90 mins. (Table S6). Therefore, RE-1 present 

more excellent stability against the humidity than CsI:Tl, and further proved that RE-1 has 

appreciable application prospect, which could serve as an excellent scintillator to fabricate high 

performance and long-period devices for radiation detection.[17,56] 
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The luminescence spectra of RE-1 under different powers of the X-ray anode tube is shown in 

Figure 3e. With the voltage kept constant (40 kV), the current increased from 15 mA to 40 mA, 

the XEL spectra show that the emission intensity of the sample increased gradually. The XEL 

spectra of the intensity at 627 nm (I627 nm) vs the X-ray dosage rate gave a good linear fitting 

(Figure 3f, Figure S19). The limit of detection (LOD) was calculated according to the equation 

of LOD = 3 SD/K gave a lower value of 8.2 nGy/s,[57] where SD (0.0675) is the instrument 

standard deviation and K (24.58) is the slope of the calibration curve in Figure 3f. The result 

indicated that this material is suitable for X-ray detection. The absorption coefficient of RE-1 

particularly similar to that of the commercial CsI:Tl (Figure 3g). However, the density of RE-

1 (3.99 g/cm3) is smaller than CsI:Tl (4.51 g/cm3), which indicates that RE-1 has the ideal 

ability to absorb the radioactive substance. In addition, RE-1 is also able to serve as colorless 

pigment for security printing. As shown in Figure 3h, the patterns printed by invisible printing 

is colorless under visible light, and the patterns and the paper show the same color tone, which 

cannot be directly identified by naked eyes. By contrast, under the ultraviolet lamp (365 nm) 

irradiation (Figure 3i), it can be seen as the patterns presented in the paper clearly. Moreover, 

the prepared labels still reserve the printed anti-counterfeiting patterns after being stored in the 

atmosphere for 3 months (Figure S20). This shows that excellent information storage and 

readout capability of the anti-counterfeiting label prepared by RE-1. Therefore, the utilization 

of RE-1 in the field of security printing for anti-counterfeiting labels or confidential documents 

is highly promising in the future.  

 

We have investigated the Cs2AgInCl6 regarding the projected density of states (PDOSs) and 

lattice structure. Cs2AgInCl6 is constructed by two octahedrons [AgCl6] and [InCl6], which 

shows uniform Ag-Cl and In-Cl bond length of 2.751 Å and 2.581 Å, respectively. Notably, the 

p-orbitals dominates the PDOSs near the Fermi level (EF), which consists of the main 

contribution from Cl-2p. The d-orbitals from Ag occupy a slightly lower position than the p-
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orbitals. The bonding and anti-bonding of Cs2AgInCl6 show that bonding is controlled by Cl-

2p orbitals while the anti-bonding display mixing contribution of s,p orbitals from Cs and In 

(Figure 4a). With the introduction of Na in Ag sites, the corresponding d orbital contributions 

become lower while the contribution of the s,p orbitals slightly increases. Accordingly, the anti-

bonding sites have been concentrated on In sites. Due to the larger size of Na+ (1.15 Å) than 

Ag+ (1.02 Å), the structure of [AgCl6] octahedron shows a slight expansion in the axial and 

planar directions. The radius of the [NaCl6] and [AgCl6] is 2.78 and 2.69 Å, respectively. 

Meanwhile, we notice that the introduction of Na does not contribute to the conduction band 

minimum (CBM) or the valence-band maximum (VBM), supporting the main role of Na ions 

is to isolate the [AgCl6] octahedron and confine the spatial distribution of single exciting states 

(Figure 4b) [28]. For the Yb dopant, 4f bands mainly locate on EF, supporting an electron transfer 

center for luminescence. The bonding orbitals show a mixing contribution from Ag-4d, Cl-2p, 

and Yb-4f orbitals while a small part of anti-bonding orbitals locates on Cl-2p rather than the 

pure In-5s, 5p. Although Yb shows the larger atomic radius than the In, [AgCl6] becomes 

compression in all directions (Figure 4c). The bonding orbital components include Cl-2p, Ag-

4d, and Bi-6p orbitals. PDOSs show the increased contribution by p-orbitals below the 

conduction band, which is induced by the [BiCl6] states, indicating the improved luminescence 

performance based on the trapped emission between states localized in the [BiCl6] and [AgCl6] 

octahedron[38]. Based on the PDOSs results, the local electronic structure reveals a high 

electronic sensitivity to the dopants (Figure 4d). 

 

Most importantly, the introduction of Bi leads to the strong Jahn-Teller effect within the d9 

electronic configuration of Ag by the large 6s orbitals, which distorted the [AgCl6] octahedron 

and breaks the inversion-symmetry-induced parity-forbidden transition for luminescence. The 

distortion level of the octahedron is becoming stronger from Cs2AgInCl6 to 

Cs2Ag0.6Na0.4InCl6:Yb/Bi (Figure 4e). The introduction of Bi interrupts the local crystal field, 
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which results in a contrast Jahn-Teller distortion, in which the [AgCl6] and [InCl6] octahedron 

undergo the tetragonal compression and elongation, respectively. The s-s repulsive force 

between the Bi and Yb suppresses the closed-shell effect in Yb, which activates the remarkable 

luminescence (Figure 4f). Within the introduction of the Na in the system, we do not observe 

the significant change in both intensity and peak positions in simulated absorption spectra. Bi 

dopants significantly activate the photoluminescence at a lower frequency, which is supportive 

evidence of the enhanced X-ray excitation luminescence in Yb/Er-doped 

Cs2Ag0.6Na0.4In(Bi)Cl6 (Figure 4g). The dramatic boost in dielectric function by Bi-dopant is 

noted, which strongly supports the exceptional X-ray excitation luminescence. The detailed 

explanation of the mechanism has been supplied in supporting information of Figure S20, which 

is correlated with the structural disorder levels. The similar dielectric function of Cs2AgInCl6, 

Cs2Ag0.6Na0.4InCl6, Cs2Ag0.6Na0.4InCl6:Yb and Cs2Ag0.6Na0.4InCl6:Yb/Bi are also consistent 

with the subtle change in both X-ray excitation experiments (Figure 4h). The formation of 

defects in different samples is also investigated, in which the formation of anion vacancy is 

much easier than the cation vacancies. The introduction of Yb3+/Er3+/Bi3+doping has resulted 

in the highly difficult for the formation of both cation and anion vacancies in the materials, 

which is fully consistent with previous work[28], confirming the high stability of the doped 

samples. Although the Ag and Cl vacancies show much lower energy cost than In and Cs 

vacancies, the formation of defect still shows over 1 eV energy barrier height, supporting the 

defect passivation, which is consistent with the experimental results of defect formation (Figure 

4i). In addition, we also conduct the numerical simulation of the dynamic PL spectra of RE-1, 

RE-2, and RE-3 for comparison, in which the stronger Jahn Teller effect induces the stronger 

UC PL and longer decay time (Figure S21-S22).  

 

In summary, the Yb3+/Er3+/Bi3+ tri-doping double perovskite has been synthesized successfully 

with the multimodal luminescent performance. The incorporation of rare-earth ions and Bi3+ 
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ions successfully activated the concurrent excellent UC PL, DS PL, and XEL performance for 

the first time. Moreover, the superior stability against the harsh environment has also been 

achieved including the thermal stability up to 400 °C, the humidity, and high-dosage radiation 

resistance. Featuring such capabilities, the material shows high X-ray sensitivity with a low 

LOD of 8.2 nGy/s, endowing them the potential for practical and robust anti-counterfeiting 

printing. Moreover, DFT calculations also confirm that the introduction of dopants not only 

passivate the defects but also significantly improve the luminescence performance due to the 

MRO and Jahn-Teller effect. Therefore, this toxic-element-free material has paved a new 

direction for designing and fabricating environment-friendly multimodal luminescence 

materials for realizing high-level anticounterfeiting techniques, which is also beneficial for the 

developments of multifunctional luminescent materials in the future.  
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Figure 1. (a) The photographs and single crystal structures of RE-1, RE-2 and RE-3. (b) The 
XRD patterns of Yb3+/Er3+ co-doped double perovskite, (c) the magnified XRD patterns in the 
region of 23º‒43º in (b). The SSNMR spectra of RE-1 and control sample 
(Cs2Ag0.6Na0.4InCl6:Bi), (d) 133Cs NMR spectra, (e) the 133Cs spin-lattice relaxation times (T1). 
(f) 115In NMR spectra of the two samples. The inset in (e) and (f) show the coordination 
environments of Cs and In atoms. 
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Figure 2. The photographs of RE-1, RE-2, RE-3 and RE-4 under different stimuli. (a) The 
samples put on the sample stage of an X-ray diffractometer and (b) the samples put in glass 
tubes. (c) The XEL (excited by X-ray), DS PL (λex = 365 nm) and UC PL (λex = 980 nm) spectra 
of RE-1. (d) DS PL spectra and (e) the DS PL decay curves of RE-1, RE-2, RE-3, RE-4 
emission at 560 nm (λex = 365 nm). (f) XEL spectra of the RE-1, RE-2, RE-3 and RE-4. (g) 
The UC PL spectra and (h) UC PL decay curves of RE-1, RE-2 and RE-3. 
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Figure 3. (a) The temperature-dependent XRD patterns of RE-1. (b) Thermogravimetric 
analysis graphs of RE-1. The relative XEL intensity at 627 nm of (c) RE-1 after exposure under 
different doses X-ray and (d) RE-1 and CsI:Tl being treated under different humidity conditions. 
(e) The XEL spectra of RE-1 upon the increasing power of X-ray cathode tube. (f) The XEL 
intensity of RE-1 at 627 nm varies with different X-ray dosage. (g) Simulated X-ray absorption 
spectra of RE-1 and CsI:Tl. (h-i) The digital photographs of a luminescent badge with the Logos 
of ‘Center for Rare Earth and Inorganic Functional Materials’ and ‘NANKAI UNIVERSITY’ 
were stamped by the signets under visible light and UV light (365 nm). 
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Figure 4. The PDOS, bonding and anti-bonding orbitals of (a) Cs2AgInCl6, (b) 
Cs2Ag0.6Na0.4InCl6, (c) Cs2Ag0.6Na0.4InCl6:Yb and (d) Cs2Ag0.6Na0.4InCl6:Yb/Bi. (e) The 
distortion level of samples (a – d). (f) Schematic illustration of the different Jahn-teller 
distortion. (g) The simulated absorption spectra. (h) The dielectric function comparison. (i) The 
vacancy formation energies comparison. 
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The Yb3+/Er3+/Bi3+ co-doped Cs2Ag0.6Na0.4InCl6 double perovskite material shows the multi-
modal luminescence under the excitation of X-ray, ultraviolet light and near-infrared laser (980 
nm), which also features high stability against humidity and high temperature (up to 400 °C). 
This luminescence material further extends the functionality and potential for future 
commercial applications in anti-counterfeiting and X-ray detection.  
 
Keyword Multi-modal Luminescence 
 
Z. Zeng, B. Huang*, X. Wang, L. Lu, Q. Lu, M. Sun, T. Wu, T. Ma, J. Xu, Y. Xu, S. Wang, Y. Du* 
and C.-H. Yan  
 
Multimodal luminescent Yb3+/Er3+/Bi3+-doped perovskite single crystal for X-ray detection and 
anti-counterfeiting  
 

 
 




