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A B S T R A C T   

The fluorescent anti-counterfeiting technology has become one of the most desirable candidates in practical anti- 
counterfeiting applications owing to its adjustable emission, high recognition and design flexibility. However, 
the security level of single emitting fluorescent materials was lower, and no longer able to cope with current 
forgery techniques, so the development of higher level multimodal fluorescent anti-counterfeiting technologies 
was urgent. In this report, lead-free double perovskite (DP) material CsAgBiCl6 was chosen as the host and a 
technique for in situ growth in polymer polyvinylidene difluoride (PVDF) was proposed to obtain large-scale 
high-quality Cs2AgBiCl6/PVDF composite films (CFs). Subsequently, the Cs2AgIn0.9Bi0.1Cl6:8%Yb,2%Er/PVDF 
CFs with both down-conversion and up-conversion optical properties was achieved by hybrid (In3+/Yb3+/Er3+) 
doping, which was able to displayed inconsistent fluorescence emission (orange and green) under different 
excitation sources, and their fluorescence intensities exhibited tunability with the change of the environmental 
temperature, greatly enhancing its competitiveness in the field of fluorescent anti-counterfeiting. Finally, 
different anti-counterfeiting marks have been designed by the screen-printing process, and the complex 
encryption once again ensured the security of the information, while bringing a new gospel to the subsequent 
development of lead-free DP materials.   

1. Introduction 

Ensuring the quality of products through anti-counterfeiting identi
fication has become a common technical tool [1,2]. Over the past few 
decades, researchers have been working to develop a variety of 
advanced anti-counterfeiting technologies to solve the problem of 
forgery, including proton, magnetic, luminescent and hologram tech
niques [3–6]. Among these, fluorescent anti-counterfeiting technology 
has been widely praised, benefiting from the adjustable fluorescence 
emission and the strong photoluminescent intensity that can be easily 
identified, thereby providing a high level of security for the products [7, 
8]. However, accompanied by the progress of science and technology, 
counterfeiting technology has also gained further development, and the 
traditional single-color fluorescent anti-counterfeiting printing can no 
longer be satisfied with the security of product quality. Therefore, in 

order to upgrade the level of security and eliminate the risk of coun
terfeiting, more complex multimodal fluorescent anti-counterfeiting 
technology must be developed [9–11]. Currently, phosphors based on 
rare earth (RE) ions doping have been commonly applied in the field of 
fluorescent anti-counterfeiting, where multimodal fluorescence emis
sion was achieved by compositing up conversion (UC) luminescent 
materials with down conversion (DC) fluorescent materials [12–14]. 
Unfortunately, this anti-counterfeiting process can be tedious, and the 
stability of different materials can be variable, resulting in uncoordi
nated fluorescence emission under long-term application, thereby 
failing to guarantee anti-counterfeiting accuracy [15–17]. Therefore, 
integrated UC and DC optical properties within the single host to obtain 
multimodal fluorescence emission will provide a new option for infor
mation security guaranteed. 

It is well known that the more popular UC fluorescence emission was 
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achieved mainly through the doping of RE ions in oxides and fluorides, 
but the DC fluorescence emission cannot be guaranteed at this point [18, 
19]. Similarly, quantum dots with excellent DC optical properties suf
fered from the lack of UC fluorescence due to the fact that RE ions were 
not readily doped [20–22]. Fortunately, the researchers found that the 
lead-free double perovskite (DP) Cs2B(I)B(III)Cl6 material possessed 
excellent optical properties and stability, and that the ion in the B 
(III)-site had the same valence and similar radius to the RE ions, which 
facilitated the doping of rare earth ions into the host [23–26]. In pre
vious studies, efficient multimodal fluorescence emission was accom
plished by co-doping Yb3+/Er3+/Bi3+ into Cs2Ag0.6Na0.4InCl6 lead-free 
DP material, but its preparation required slowly crystallizing at high 
temperature (185 ◦C) for 45 h with hydrochloric acid concentration as 
solvent, and pre-grinding and refining before it could be utilized for 
subsequent anti-counterfeit printing [27]. Meanwhile, the lead-free DP 
nanomaterials (NCs) prepared by the traditional colloidal solution 
method need to be mixed with the polymer solution during the 
anti-counterfeiting printing process, and the stability of bare DP NCs was 
easily affected by the external environment, which requires further 
treatment of the lead-free DP nanomaterials [28–30]. It can be seen that 
these preparation processes are complex and low-yield, which are not 
suitable for large-scale anti-counterfeiting printing applications, so there 
was an urgent need for a convenient, low-cost and high-yield prepara
tion strategy to obtain lead-free DP materials with multimodal fluores
cent anti-counterfeiting. 

Herein, lead-free DP Cs2AgBiCl6 was selected as the host, which was 
dissolved in a precursor solution of polymer polyvinylidene difluoride 
(PVDF) to obtain the Cs2AgBiCl6/PVDF composite films (CFs) by an in- 
situ growth strategy, and the whole preparation only required annealing 
at 180 ◦C for 1h to achieve large size CFs, which will facilitate subse
quent commercial production. Unfortunately, the inherent indirect band 
gap of Cs2AgBiCl6 severely limited the DC fluorescence emission of the 
CFs. Subsequently, the band gap was adjusted and the optical properties 
was optimized by in situ doping of In3+, yielding Cs2AgIn0.9Bi0.1Cl6/ 
PVDF CFs that emitted bright orange under 365 nm ultraviolet (UV) 
light excitation. Further, in order to develop the UC fluorescence emis
sion of CFs, Cs2AgIn0.9Bi0.1Cl6:8%Yb,2%Er/PVDF CFs was obtained by 
again in situ doping with a mixture of Yb and Er, which was able to emit 

a bright green under 980 nm infrared (IR) light excitation, while 
retaining the DC fluorescence properties. Moreover, the temperature- 
dependent photoluminescence (PL) spectra of Cs2AgIn0.9Bi0.1Cl6:8% 
Yb,2%Er/PVDF CFs were recorded, and its UC and DC PL intensities 
exhibited different tendency as the environmental temperature 
increased, which caused the composite film to be shown additional 
encrypted behaviors, contributing to the improvement of anti- 
counterfeiting capability. Finally, the screen-printing technique was 
adopted to produce an anti-counterfeiting mark with excellent multi
modal fluorescence properties, which once again confirmed the prom
ising application of Cs2AgIn0.9Bi0.1Cl6:8%Yb,2%Er/PVDF CFs in the 
field of fluorescent counterfeiting, bringing a new dawn to the next 
generation of information security. 

2. 2. Results and discussion 

Cs2AgInxBi1-xCl6/PVDF CFs with different In3+ content was obtained 
by employing a simple in-situ preparation strategy, followed by the 
structure and micro-morphology of these CFs were further investigated 
with x-ray diffraction (XRD), scanning electron microscope (SEM), and 
energy-dispersive spectroscopy (EDS) analysis. XRD patterns of Cs2A
gInxBi1-xCl6/PVDF CFs with different In3+ content showed that all 
samples crystallized in the DP structure, where the diffraction peaks 
were located between the bulk Cs2AgInCl6 (ICSD: 257115) and the bulk 
Cs2AgBiCl6 (ICSD: 291598) (Fig. 1a). At the same time, two additional 
diffraction peaks were observed at 18◦ and 19◦, which belong to PVDF, 
preliminarily confirming the composite of Cs2AgInxBi1-xCl6 and PVDF to 
be completed. Subsequently, XRD patterns in the range 23◦–25◦ were 
magnified for observation to understand the influence of In3+ doping on 
the Cs2AgBiCl6 structure. The diffraction peaks of Cs2AgInxBi1-xCl6/ 
PVDF CFs shifted toward higher 2θ angles as the In3+ content increased, 
which was explained by the lattice contraction induced by the substi
tution of Bi3+ (ionic radius of 117 p.m.) with the smaller In3+ (94 p.m.) 
[31]. The corresponding SEM images revealed basically the same 
morphology of Cs2AgInxBi1-xCl6/PVDF (x = 0 %, 90 %, 100 %) CFs 
(Fig. 1b–d), where Cs2AgInxBi1-xCl6 particles with an average particle 
size of 200 nm were composited with PVDF, indicating that the in-situ 
growth of Cs2AgInxBi1-xCl6 in PVDF had been achieved by this simple 

Fig. 1. (a) XRD patterns of Cs2AgInxBi1-xCl6/PVDF CFs with different In3+ content (the bottom corresponds to a pure bulk Cs2AgInCl6 (ICSD: 257115) and the top to a 
pure bulk Cs2AgBiCl6 (ICSD: 291598). SEM images of (b) Cs2AgBiCl6/PVDF CFs, (c) Cs2AgIn0.9Bi0.1Cl6/PVDF CFs and (d) Cs2AgInCl6/PVDF CFs. (e) Elemental 
mapping of Cs2AgIn0.9Bi0.1Cl6/PVDF CFs. 
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preparation strategy. Finally, the elemental mapping of Cs2A
gIn0.9Bi0.1Cl6/PVDF CFs indicated that the different elements were 
uniformly distributed in the CFs (Fig. 1e), which again reflected that 
hybrid DP particles were already formed in PVDF matrix. Combined 
with the above characterization results, the high quality of Cs2A
gInxBi1-xCl6/PVDF CFs can be achieved directly by this simple in-situ 
preparation strategy, which will pave the way for the subsequent com
mercial development of DP materials. 

Firstly, the DC optical properties of Cs2AgInxBi1-xCl6/PVDF CFs were 
explored in depth, thereby laying the foundation for their subsequent 
development in the field of optical anti-counterfeiting. The UV–Vis 
absorbance spectra indicated a strong exciton absorption peak at 370 nm 
for pure Cs2AgBiCl6/PVDF CFs (Fig. 2a), which originated from the s→p 
transition of Bi3+ [32], indicating that they can capture high energy UV 
light, thereby ensuring their down-conversion fluorescence emission 
behavior. Meanwhile, the Cs2AgBiCl6/PVDF CFs exhibited a long 
sub-bandgap absorption tail at 400–700 nm (Fig. 2a), which mainly 
derived from trap-state related and indirect bandgap transitions [33,34], 
and similar phenomena have been reported in previous nanocrystals 
(NCs) [35]. The indirect bandgap nature of Cs2AgBiCl6/PVDF CFs has 
caused its fluorescent emission intensity to be lower (Fig. 2b), severely 
limiting further optical exploitation, so that the pure phase Cs2Ag
BiCl6/PVDF CFs would not be suitable for optical anti-counterfeiting. 
Contrastingly, no significant absorption peaks were observed in the 
absorbance spectrum of the pure Cs2AgInCl6/PVDF CFs, but they 

exhibited a weaker optical absorption coefficient around the band gap 
(Fig. S1a), thus also exhibiting no noticeable PL emission (Fig. S1c), 
which was consistent with the optical properties of the Cs2AgInCl6 NCs 
[36]. As can be seen, both pure Cs2AgBiCl6/PVDF CFs and Cs2A
gInCl6/PVDF CFs cannot be promoted in practical applications owing to 
their poor fluorescence emission, so the emphasis will be on the optical 
properties of doped Cs2AgInxBi1-xCl6/PVDF CFs (x from 10 % to 90 %). 
Undoubtedly, a significant exciton absorption peak at 370 nm was also 
observed in the absorbance spectra of Cs2AgInxBi1-xCl6/PVDF CFs (x 
from 10 % to 90 %), stemming from the existence of Bi3+ in the host 
(Fig. 2a). Moreover, the absorption tail was gradually suppressed as the 
In3+ content in CFs increased, and the band edges of the corresponding 
absorbance spectra became sharp when the In3+ content reached 90 %, 
thereby demonstrating that the doping of In3+ modified the energy band 
structure of Cs2AgBiCl6 [31]. At the same time, an orange emission peak 
at 570 nm was detected in the PL spectra of Cs2AgInxBi1-xCl6/PVDF CFs 
(x from 10 % to 90 %) (Fig. 2b), resulting from the self-trapping exciton 
(STE) state PL emission, where Cs2AgIn0.9Bi0.1Cl6/PVDF CFs possessed 
the highest PLQYs at 46.18 %. The PL excitation (PLE) spectrum cor
responding to Cs2AgIn0.9Bi0.1Cl6/PVDF CFs was consistent with the 
absorbance spectrum, showing a strong absorption for the 370 nm light 
source (Fig. S2a). The PLE mapping revealed that the fluorescence 
emission peak of Cs2AgIn0.9Bi0.1Cl6/PVDF CFs does not changed with 
the excitation source, which would be typical of STE PL emission 
(Fig. S2b) [37]. Subsequently, the corresponding time-resolved PL 

Fig. 2. (a) Absorbance and (b) PL spectra of Cs2AgInxBi1-xCl6/PVDF CFs as the In3+ content increased. (c) Time-resolved PL spectra and fitted curves for CFs with 
different In3+ content. (d) Energy-level diagram of In3+-doped Cs2AgBiCl6/PVDF CFs and the DC PL mechanism (CB, conduction band; VB, valence band; STE, self- 
trapped exciton state). 
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spectra were recorded in order to better analyzed the influence for In3+

on the carrier dynamics of Cs2AgInxBi1-xCl6/PVDF CFs (Fig. 2c). The 
fitting results showed that the PL decay lifetime of Cs2A
gIn0.9Bi0.1Cl6/PVDF CFs was 91.47 ns (Table S1), which was much 
higher than that of Cs2AgBiCl6/PVDF CFs (47.65 ns). It can be seen that 
the doping of In3+ prolonged the carrier lifetime by about two times, 
which was attributed to the In3+ addition promoting the formation of 
STEs, and a similar phenomenon was found in the report on lead-free DP 
nanocrystals [28,29]. Combined the above optical characterization 
analysis, the possible mechanism of DC PL in doped Cs2A
gInxBi1-xCl6/PVDF CFs was proposed (Fig. 2d). The excitation energy 
was absorbed by Bi3+ ions in Cs2AgInxBi1-xCl6, which included three 
types of transitions, the dipole allowed transition of 1S0→1P1, the spin 
orbital allowed transitions of 1S0→3P1, and the forbidden transition of 
1S0→3P2 [25,38]. Benefiting from the doping of In3+ ions, the energy 
band structure of Cs2AgBiCl6 was modified, thereby inducing the 
forbidden transition of Bi3+ to be broken, allowing dramatically 
enhanced absorption of the transition, a large amount of effective energy 
being transferred to the STE state, followed by the emission of bright 
orange light at 570 nm. 

To better understand the origin of the orange light emission in 
Cs2AgInxBi1-xCl6/PVDF CFs, the Perdew-Burke-Ernzerhof (PBE)-DFT 
calculations considering spin-orbit coupling (SOC) effects were carried 
out, resulting in the electronic structure of Cs2AgInxBi1-xCl6. Here, the 
crystal structures of Cs2AgInxBi1-xCl6 were investigated under four 
different doping conditions, pure phase Cs2AgBiCl6 (Fig. 3a), Cs2A
gIn0.25Bi0.75Cl6 (small amount of In3+ doping) (Fig. 3b), Cs2A
gIn0.75Bi0.25Cl6 (excess amount of In3+ doping) (Fig. 3c) and pure phase 
Cs2AgInCl6 (Fig. 3d), respectively. According to the corresponding band 
structure calculations, it can be seen that the pure phase Cs2AgBiCl6 
showed an indirect band gap (Fig. 3e), while the pure phase Cs2AgInCl6 
displayed a direct band gap (Fig. 3h). Of these, Cs2AgBiCl6 had an in
direct band gap of 1.798 eV from the X point to the L point, and the 
maximum valence band (VBM) consisted mainly of Cl-p, Ag-d and Bi-s 
orbitals, while the minimum conduction band (CBM) was formed 
mainly by Bi-p, Cl-p and Ag-s orbitals (Fig. S3a) [39]. Cs2AgInCl6 had a 
direct band gap of 1.057 eV, and both VBM and CBM were located at the 
G point, where VBM consisted of In-d, Cl-p and Ag-d, while CBM 

consisted of Ag-s, Cl-p and In-s (Fig. S3d) [35]. The optical transition 
between the band edge states at the G point was parity forbidden, and 
this parity forbidden transition was so weaker, resulting in its fluores
cence emission being almost invisible. Moreover, the experimental 
bandgap of Cs2AgICl6 (3.85 eV, Figs. S1a and b) was much larger than 
the calculated result (1.057 eV), which was attributed to the fact that 
direct band transitions are parity forbidden (Fig. S1d), and similar re
ports have been found in previous studies [36,40,41]. Subsequently, the 
band structures of doping Cs2AgIn0.25Bi0.75Cl6 and Cs2AgIn0.75Bi0.25Cl6 
were analyzed. As the In3+ doping concentration increased, the In-s 
orbitals were involved on the composition of the CBM in Cs2A
gIn0.25Bi0.75Cl6 (Fig. 3f), which lowered the barrier and resulted in a 
decrease in the band gap of Cs2AgIn0.25Bi0.75Cl6. According to previous 
reports, mixing between Ag and Bi frontier orbitals in VBM and CBM has 
been identified as the source of the indirect band gap in Ag–Bi DP 
crystals, thus Cs2AgIn0.25Bi0.75Cl6 maintained the characteristics of the 
indirect band gap (1.771 eV) [35,42]. However, with the closer 
enhancement of the In3+ content, the VBM of Cs2AgIn0.75Bi0.25Cl6 had 
Cl-p Ag-d and Bi-s orbitals like the Cs2AgBiCl6 (Fig. 3e, g), and the CBM 
contained In-s, Cl-p, and Ag-s orbitals like the Cs2AgInCl6 (Fig. 2g and 
h), with the Bi-p orbit not being involved in the composition thereby 
maintained a high barrier, resulting in an increased band gap (2.021 eV) 
for Cs2AgIn0.75Bi0.25Cl6. At the same time, the CBM of Cs2A
gIn0.75Bi0.25Cl6 was flat from G to Z, and these calculations suggest that 
Cs2AgInxBi1-xCl6 (x = 0.75) can undergo a direct transition at G (Fig. 2g). 
By combining their absorbance spectra, the direct transition exhibited 
by Cs2AgIn0.75Bi0.25Cl6 at the G point should be forbidden, because only 
a single absorption peak was observed in the absorbance spectra, which 
derived from the high-energy Bi3+ s→p direct transition. However, the 
parity forbidden transition only affected the absorption, not the relax
ation of photoexcited electrons and holes in the forbidden state, 
resulting in orange light emission, which consistent with the previously 
mentioned DC PL mechanism (Fig. 2d). By the above comparison, the DC 
optical properties of Cs2AgIn0.9Bi0.1Cl6 with the largest In3+ ion content 
were most prominent, and for the convenience of subsequent studies, 
Cs2AgIn0.9Bi0.1Cl6/PVDF CFs will be abbreviated as CAIBC/PVDF CFs. 

Subsequently, CAIBC/PVDF CFs with outstanding optical properties 
was selected for the investigation, and the preparation process was 

Fig. 3. (a–d) Crystal structure of Cs2AgInxBi1-xCl6 (x = 0 %, 25 %, 75 %, 100 %). (e–h) Band structure of Cs2AgInxBi1-xCl6 (x = 0 %, 25 %, 75 %, 100 %).  
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monitored closely, thereby providing a more comprehensive description 
on the doping process of Cs2AgInxBi1-xCl6 within PVDF. In this report, 
CFs with different components were obtained by in-situ preparation 
using a blade coater (Fig. 4a), where precursor I comprising all the el
ements of Cs2AgInxBi1-xCl6 was firstly acquired, followed by the addition 
of PVDF to get precursor II, and finally coated onto a heated substrate to 
complete the preparation of the doped CFs. Fig. 4b showed the control of 
temperature conditions during the heating to complete the doping of 
Cs2AgInxBi1-xCl6 in PVDF. The heated substrate was ramped up to 180 ◦C 
at 5 ◦C/min, followed by a constant temperature of 1 h at this temper
ature to facilitate the further maturation of Cs2AgInxBi1-xCl6, and finally 
natural cooling to room temperature yielding Cs2AgInxBi1-xCl6/PVDF 
CFs. Finally, the entire growth process of CAIBC/PVDF CFs with excel
lent PL properties was viewed in situ, providing insight into the crys
tallization dynamics of Cs2AgIn0.9Bi0.1Cl6 in PVDF by recording 
variations in its optical properties (Fig. 4c). The change in the thermal 
environment during the whole preparation process was captured using 
an infrared thermal imaging camera. When the temperature was 
elevated to 70 ◦C, the PVDF film was formed at this point, however there 
was no fluorescence emission under UV light, indicating that the Cs2A
gIn0.9Bi0.1Cl6 within PVDF had not crystallized. Subsequently, the 
temperature was further increased to 130 ◦C, and the CFs emitted orange 
fluorescence under UV light, but the fluorescence intensity was weaker, 
indicating that Cs2AgIn0.9Bi0.1Cl6 had just started to be crystallized 
slowly. Immediately afterwards, the temperature reached the pre-set 
growth temperature (180 ◦C), the CFs remained emitting orange fluo
rescence under UV light, at which point the fluorescence intensity 
increased, suggesting that Cs2AgIn0.9Bi0.1Cl6 was further crystallized in 
PVDF. Finally, after the holding was finished, the fluorescence intensity 
of Cs2AgIn0.9Bi0.1Cl6/PVDF CFs was again intensified, at which point the 
entire CFs emitted bright orange light, demonstrating that Cs2A
gIn0.9Bi0.1Cl6 in PVDF had been completely crystallized, achieving a 

large area of CAIBC/PVDF CFs with excellent optical properties. Addi
tionally, in order to understand the influence of constant temperature 
time on film growth, the constant temperature time was extended to 70 
min. Unfortunately, the surface PVDF layer showed non-uniform 
shrinkage owing to the rapid evaporation of the solvent. Meanwhile, 
large gaps appeared on the surface of the Cs2AgIn0.9Bi0.1Cl6/PVDF CFs, 
and the internal Cs2AgIn0.9Bi0.1Cl6 crystals were clustered together 
(Fig. S4a), which resulted directly to the optical emission non- 
uniformity and decay of PL emission intensity (Fig. S4b) from the 
film, a similar phenomenon was also reported in the previous prepara
tion of Cs2Na0.8Ag0.2BiCl6/PMMA CFs [23]. By analyzing the in-situ 
growth process of Cs2AgInxBi1-xCl6 in PVDF, it will assist in the subse
quent tuning of process parameters, thereby greatly boosting the 
development of Cs2AgInxBi1-xCl6/PVDF CFs in the commercial field. 

In the next step, in order to achieving multimodal fluorescent anti- 
counterfeiting of CAIBC/PVDF CFs, the up-conversion (UC) PL proper
ties were conferred the doping of rare earth ions (Yb3+, Er3+), which 
showed different fluorescence emission under short and long wave
length (UV and IR) excitation, thereby enhancing the security level. 
Interestingly, the rare earth ions were mostly trivalent, thus preferential 
equivalence substitution of the B(III)-site of lead-free DPs during the 
doping, where the B(III)-site would contain elements In, Bi, Yb and Er. 
Additionally, the ratio of In3+ and Bi3+ was maintained to guarantee 
that the DC optical properties of CAIBC/PVDF CFs would not be affected, 
and the content of Yb3+ and Er3+ was controlled to 10 % based on the 
results of previous studies [27,43,44]. The XRD pattern of CAIBC: 
(10%-y)Yb,yEr/PVDF CFs showed that the samples maintained the DP 
structure, and the doping did not induce a transformation in the crys
talline phase (Fig. 5a). Subsequently, the XRD magnification in the range 
23◦–25◦ was viewed again, and the diffraction peaks of CAIBC:(10%-y) 
Yb,yEr/PVDF CFs can be seen shifted to lower 2θ angles as the Yb3+

content decreased, which can be attributed to the lattice expansion 

Fig. 4. (a) A schematic diagram for the preparation process of CAIBC/PVDF CFs. (b) Analytical diagram for in situ observation of the growth process in CAIBC/PVDF 
CFs. (c) Photographs of the corresponding CAIBC/PVDF CFs under daylight and 365 nm UV light during the growth process. 
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resulting from the substitution of the smaller Yb3+ (100.8 p.m.) by Er3+

(103 p.m.) [45]. SEM images indicated that the morphology of the CFs 
were not significantly altered after the introduction of rare earth ions, 
and the average particle size of CAIBC:(10%-y)Yb,yEr with different 
ratios in PVDF remained at approximately 200 nm (Fig. 5b and c), which 
was essentially the same as Cs2AgInxBi1-xCl6 mentioned previously. 
Moreover, the elemental mapping of CAIBC:8%Yb,2%Er/PVDF CFs 
demonstrated a uniform distribution of all elements in the PVDF film 
(Fig. 5d), which again confirmed that the growth of hybrid CAIBC:8% 
Yb,2%Er in PVDF had been completed. Furthermore, the chemical state 
and quantitative analysis of all elements in CAIBC:8%Yb,2%Er/PVDF 
CFs were determined using X-ray photoelectron spectroscopy (XPS). As 
shown in Fig. S5, the XPS survey spectra identified characteristic peaks 
of all elements in CAIBC:8%Yb,2%Er/PVDF CFs. Of these, the Yb 4d and 
Er 4d characteristic peaks can be observed at 187.4 eV and 172.3 eV, 
respectively, which are consistent with the results of the XPS spectra for 
NaGdF4:Yb,Er nanocrystals and NaYF4: Yb, Er compounds [46,47], 
suggesting that the tri-valent Yb3+ and Er3+ have been doped completely 
into the Cs2AgIn0.9Bi0.1Cl6. Subsequently, the atomic percentages results 
showed that Yb and Er had the least percentage of atoms, while C and F 
atoms (the constituent elements of the PVDF film) had the most, which 
corresponded perfectly to the results obtained from the elemental 
mapping (Fig. 5d). Additionally, CAIBC:8%Yb,2%Er/PVDF CFs were 
obtained at different annealing temperatures to investigate the influence 
on the fluorescence properties of composite films from the preparation 
process. The crystallinity of CAIBC:8%Yb,2%Er in PVDF also increased 
with the annealing temperature, the grain size became larger, and the 
DC and UC fluorescence emission intensities were continuously 
enhanced (Figs. S6a–h). Unfortunately, the PVDF layer on the surface of 
composite films cannot withstand the high temperature when the 
annealing temperature reached 200 ◦C (Fig. S6f), hardening and 
shrinking, and flexible stretching was not possible, while the fluorescent 
properties of the composite films were reduced (Figs. S6g–h), so 180 ◦C 
became the preferred annealing temperature. Through the above 
morphological and structural analysis, the in-situ preparation strategy 

can be universally applied to the compositing of lead-free DP with 
polymeric materials, and its large-scale and convenient preparation 
process will bring new opportunities for the development of lead-free 
DP. 

To confirm that CAIBC:(10%-y)Yb,yEr/PVDF CFs can be imple
mented for multimodal anti-counterfeiting, its DC and UC fluorescence 
properties were explored deeply. It can be seen that the doping of Yb3+

and Er3+ had virtually no influence on the DC fluorescence behaviors of 
CAIBC, where the main emission peak remained at 570 nm under 365 
nm UV excitation (Fig. 6a), displaying bright orange emission, the cor
responding color coordinates in the International Commission on illu
mination (CIE) diagram being (0.38, 0.43) (Fig. 6f). Interestingly, a 
weaker shoulder peak at 523 nm was observed in the DC PL spectrum of 
CAIBC:7.5%Yb,2.5%Er/PVDF CFs when the Er3+ content reached 2.5 %, 
which corresponded exactly to the 2H11/2 → 4I15/2 transition of Er3+

(Fig. 6a). At the same time, the DC PL mechanism of CAIBC:(10%-y)Yb, 
yEr/PVDF CFs will be changed, with the energy absorbed by Bi3+ being 
transferred to the STE state and then partially shifted to 2H11/2 of Er3+, 
thereby yielding additional emission at 523 nm (Fig. 6g). Subsequently, 
it was further investigated the UC optical properties of CAIBC:(10%-y) 
Yb,yEr/PVDF CFs with different components. Under the excitation of the 
980 nm IR laser, the UC PL spectra of all samples showed three distinct 
emission peaks located at 523 nm, 550 nm and 660 nm, which were 
derived from the 2H11/2 → 4I15/2 transition, 2S3/2 → 4I15/2 transition and 
4F9/2 → 4I15/2 transition of Er3+, respectively (Fig. 6b). Moreover, the UC 
PL intensity of CAIBC:(10%-y)Yb,yEr/PVDF CFs gradually enhanced as 
the Er content increased, and the emission intensity was maximized 
when the Er content was 2.0 %, where CAIBC:8%Yb,2%Er/PVDF CFs 
displayed green light emission, corresponding to the color coordinates 
(0.26, 0.71) (Fig. 6f). However, the emission intensity of CAIBC:7.5% 
Yb,2.5%Er/PVDF CFs dropped again as the Er content continued to be 
elevated, which was attributed to a concentration quenching effect, a 
similar phenomenon being found in other UC fluorescent materials [48, 
49]. Afterwards, the PL decay lifetimes of the samples at the main 
emission peak of 523 nm were recorded (Fig. 6c), and the decay lifetime 

Fig. 5. (a) XRD patterns of CAIBC:(10%-y)Yb,yEr/PVDF CFs with different Er3+ content. SEM images of (b) CAIBC:9%Yb,1%Er/PVDF CFs and (c) CAIBC:8%Yb,2% 
Er/PVDF CFs. (d) Elemental mapping of CAIBC:8%Yb,2%Er/PVDF CFs. 
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of the green radiation improved significantly from 1.33 ms to 2.15 ms as 
the Er3+ content increased (Table S2). This mainly stemmed from the 
fact that different doping ratios of rare-earth ions would directly 
determine the construction of the internal energy levels of CAIBC: 
(10%-y)Yb,yEr, allowing more electrons to complete the transfer be
tween the rare-earth energy levels, thereby emitting photons of different 
wavelength, which has also been reported in the UC PL properties of 
Cs2NaInCl6:Yb3+,x%Er3+ crystals [43–45]. Similarly, the PL decay life
time of CAIBC:7.5%Yb,2.5%Er/PVDF CFs was shortened when the Er3+

content further increased owing to the concentration quenching effect, 
which coincided with the change in UC PL intensity. After that, a 
comprehensive analysis of the luminescence process and mechanism for 
CAIBC:8%Yb,2%Er/PVDF CFs with optimal UC PL performance was 
conducted. Insight into the multi-photon process of CAIBC:8%Yb,2% 
Er/PVDF CFs by plotting its UC PL spectrum under 980 nm pumping 
with different laser power (Fig. 6d). In general, the UC PL intensity (I) 
was proportional to the excitation power (P) [50,51], which was 
expressed in function as. 

I ∝ Pn 

where n was the number of photons to be absorbed for each UC 
emission. The results revealed that the slopes of the linear fitting of the 
three emission peaks were 1.86, 1.15 and 1.33, respectively (Fig. 6e), 
indicating the existence of two photon absorption processes during the 
UC PL. It was well known that the UC process of rare-earth ions are 

relatively complex, and the energy transfer between multiple energy 
levels was described in order to get a clear view on the UC PL mechanism 
of CAIBC:8%Yb,2%Er/PVDF CFs (Fig. 6g). Firstly, benefiting from the 
large absorption cross section of the Yb3+ ions at the 980 nm band, the 
Yb3+ ions was excited from the ground state 2F7/2 to 2F5/2 after 
absorbing one 980 nm infrared photon, which then transferred energy to 
the ground state Er3+ ions, and excited it to 4I11/2 state. The process as 
shown below  

2F5/2 (Yb3+) + 4F15/2 (Er3+) → 2F7/2 (Yb3+) + 4I11/2 (Er3+)                          

Subsequently, most of the Er3+ ions in the 4I11/2 state will again absorb 
the energy of the Yb3+ ions and transition to the 4F7/2 state of Er3+ ions. 
The process as shown below  

2F5/2 (Yb3+) + 4I11/2 (Er3+) → 2F7/2 (Yb3+) + 4F7/2 (Er3+)                           

Moreover, a non-radiative multiphoton relaxation (MPR) process 
took place between the 4F7/2 state and the 2H11/2/4S3/2 state of the Er3+

ion. Ultimately, the distinct green fluorescence at 523 nm and 550 nm 
can be observed with the naked eye through the 2H11/2 state and 4S3/2 
state transition to the ground state (4I15/2), respectively. However, the 
part of the Er3+ ions in the 4I11/2 state non-radiative MPR to the 4I13/2 
state, which was further excited to the 4F9/2 state by Yb3+→Er3+. 
Additionally, some of the Er3+ ions at the 2H11/2/4S3/2 state can also 
reached 4F9/2 state by MPR. Eventually, the transition from the 4F9/2 

Fig. 6. (a) DC (365 nm excitation) and (b) UC (980 nm excitation) PL spectra of CAIBC:(10%-y)Yb,yEr/PVDF CFs as the Er3+ content increased. (c) Time-resolved PL 
spectra and fitted curves for CFs with different Er3+ content. (d) UC PL spectra of CAIBC:8%Yb,2%Er/PVDF CFs under 980 nm pumping with different laser powers. 
(e) Double logarithmic curves of green and red UC PL intensity. (f) The CIE color coordinates corresponding to the DC and UC PL of CAIBC:8%Yb,2%Er/PVDF CFs 
respectively. (g) Energy-level diagram of CAIBC:8%Yb,2%Er/PVDF CFs and the DC and UC PL mechanism. 
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state to the ground state (4I15/2) allowed the detection of the red-light 
emission at 660 nm, but its intensity was so poor that the emission 
could not be observed by the naked eye. In summary, CAIBC:8%Yb,2% 
Er/PVDF CFs exhibited orange light under 365 nm UV excitation and 
green light under 980 nm IR excitation, respectively. The two different 
fluorescence identifications allowed the security level of anti- 
counterfeiting to be increased, greatly promoting the application of 
lead-free DPs in the field of multimodal fluorescent anti-counterfeiting. 

Subsequently, the optical properties of CAIBC:8%Yb,2%Er/PVDF 
CFs were recorded under various extreme environments, so that its long- 
term stability could be assessed for application in the field of anti- 
counterfeit printing. It is well known that the luminous intensity of 
fluorescent materials is most obviously influenced by the environmental 
temperature, so the temperature-dependent fluorescence variation is of 
great significance for the anti-counterfeiting security of luminescent 
materials. Here, the changes in DC and UC PL spectra of CAIBC:8% 
Yb,2%Er/PVDF CFs were recorded at different temperatures. It can be 
seen that the DC PL intensity of CAIBC:8%Yb,2%Er/PVDF CFs weakened 
with the temperature increasing (Fig. 7a), which was consistent with the 
thermal quenching behavior of most fluorescent materials [52,53]. 
However, an obvious green emission peak was displayed at 523 nm with 
the temperature continuously elevated, which was derived from the 
2H11/2 → 4I15/2 transition of Er3+. The phenomenon was attributed to the 
difference in thermal quenching behaviors between the self-trapped 
excitons emission of the host and the sharp line emission of the rare 
earth ions, a similar phenomenon was also reported in previous reports 

[43]. At the same time, the corresponding color coordinates were 
transformed from the initial (0.38, 0.43) to (0.35, 0.47) (Fig. 7c). In 
contrast, the UC PL spectra of CAIBC:8%Yb,2%Er/PVDF CFs under 980 
nm excitation showed fluorescence emission from the 2H11/2 → 4I15/2 
(523 nm), 4S3/2 → 4I15/2 (550 nm), and 4F9/2 → 4I15/2 (660 nm) transi
tions were very sensitive to temperature (Fig. 7b). Among them, the 
emission intensity of the 2H11/2 → 4I15/2 (523 nm) transition gradually 
enhanced, while the emission intensity of the 4S3/2 → 4I15/2 (550 nm) 
and 4F9/2 → 4I15/2 (660 nm) transitions was reduced, which resulted 
from the thermal repopulation of the electrons in the thermally coupled 
2H11/2 and 4S3/2 states [54]. Correspondingly, its color coordinates were 
transformed from (026, 0.71) to (0.17, 0.78) (Fig. 7d). In summary, the 
dynamic variation in fluorescence intensity of CAIBC:8%Yb,2%Er/PVDF 
CFs under different temperatures can also be utilized to achieve cryp
tographic processing of information, thereby more effectively support
ing the development of multimodal fluorescence anti-counterfeiting 
printing technology. In addition, the optical stability of CAIBC:8%Yb,2% 
Er/PVDF CFs and the durability of the optical anti-counterfeiting mark 
were tested under extreme high humidity conditions and atmospheric 
environment, respectively. The results showed that the fluorescence 
intensity of DC and UC PL intensities of CAIBC:8%Yb,2%Er/PVDF CFs 
was not significantly decayed after being stored in water for more than 
60 h (Fig. S7), which was attributed to the effective isolation of external 
water molecules by the PVDF on the surface. At the same time, the 
printed anti-counterfeiting mark was exposed under atmospheric con
ditions, and its optical properties did not show any noticeable change 

Fig. 7. (a, b) Temperature-dependent DC and UC spectra of CAIBC:8%Yb,2%Er/PVDF CFs under 365 nm and 980 nm excitations, respectively. (c, d) Corresponding 
CIE color coordinate changes of CAIBC:8%Yb,2%Er/PVDF CFs. 
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within 10 days (Fig. S8). Therefore, the stability of CAIBC:8%Yb,2% 
Er/PVDF CFs can strongly supported its long-term development in the 
field of anti-counterfeiting printing. 

The multimodal fluorescence emission of CAIBC:8%Yb,2%Er/PVDF 
CFs was well suited to applications in advanced security such as infor
mation encryption and anti-counterfeiting technology. In order to meet 
the requirements of practical applications, the precursor solution of 
CAIBC:8%Yb,2%Er/PVDF CFs was chosen as the ink, whose high fluidity 
allowed for processability and suitability for the printing process. Sub
sequently, the designable fluorescent anti-counterfeiting mark was ob
tained by a simple, efficient and low-cost screen-printing process and 
annealing post-treatment (Fig. 8). The QR code mark covering two 
different types of information was obtained by the above-mentioned 
anti-counterfeiting printing technology. It can be seen that the QR 
code displayed a yellow light under 365 nm UV light irradiation, and the 
QR code scanner allowed the information to be identified as “anti- 
counterfeiting composite film” under this condition. Afterwards, the QR 
code was exposed to 980 nm IR light, which indicated the green light, 
and the QR code scanner obtained the information “lead-free double 
perovskite material”. The QR code displayed completely different fluo
rescence emission under different excitation sources, which enabled 
obtaining different encrypted information and ensuring information 
security. Finally, two anti-counterfeiting techniques have been proposed 
to enhance the security of fluorescent information. For general anti- 
counterfeiting techniques, the anti-counterfeiting pattern obtained 
directly using the precursor solution of CAIBC:8%Yb,2%Er/PVDF CFs 
showed the same outline (phoenix) under irradiation of UV light and IR 
light. This technique can only identify information by the difference in 
fluorescence emission, and its level of security to be lower. Therefore, an 
encryption anti-counterfeiting technique was proposed, where different 
patterns in the same message were printed by using precursor solutions 
of CAIBC/PVDF CFs and CAIBC:8%Yb,2%Er/PVDF CFs respectively. 
Under 365 nm UV light excitation, the yellow fluorescence of the full 
logo can be seen, but under 980 nm IR light excitation, the logo can only 
be partially shown to be green fluorescent, this phenomenon being 

attributed to the fact that precursor solutions with different fluorescence 
emissions were adopted. In addition, a distinctive leaf mark was ob
tained by screen-printing technology, and its instantaneous fluorescence 
photographs were recorded under different temperature. The results 
showed that the DC photograph of CAIBC:8%Yb,2%Er/PVDF CFs dis
played a gradually decreasing yellow fluorescence emission with the 
temperature elevated, and the DC fluorescence emission of composite 
films was already almost unobservable when the temperature was 
elevated to 373 K. At the same time, the UC photographs of CAIBC:8% 
Yb,2%Er/PVDF CFs showed that its green fluorescence emission 
remained essentially unchanged, and the UC fluorescence emission of 
composite films was continuously displayed green when the tempera
ture was raised to 373 K. The above tests demonstrated that utilizing 
temperature-dependent changes of fluorescence will enable the security 
of information to be upgraded again, with multiple encryption methods 
contributing to the prevention of counterfeit incidents. The above results 
revealed that CAIBC:8%Yb,2%Er/PVDF CFs had excellent performance 
in the field of anti-counterfeiting, and it was suitable for current 
multimodal anti-counterfeiting applications, which will provide new 
ways and important insights for the safeguarding of confidential 
information. 

3. Conclusions 

In summary, a convenient and low-cost in-situ growth strategy has 
been proposed to obtain lead-free DP/PVDF CFs with high quality on a 
large scale by annealing at 180 ◦C for 1 h. Subsequently, Cs2A
gIn0.9Bi0.1Cl6/PVDF CFs with excellent down-conversion optical prop
erties was achieved by in situ doping of In3+, which emitted a bright 
orange under UV light radiation. Afterwards, the expansion of the UC 
optical properties of Cs2AgIn0.9Bi0.1Cl6/PVDF CFs was accomplished by 
hybrid in situ doping with Yb3+ and Er3+. Cs2AgIn0.9Bi0.1Cl6:8%Yb,2% 
Er/PVDF CFs was able to displayed a green visible to the naked eye 
under IR light radiation, and its DC fluorescence emission was unaf
fected. Moreover, the change of DC and UC PL spectra of 

Fig. 8. Schematic diagram of a screen-printing procedure employing a precursor solution of CAIBC:8%Yb,2%Er/PVDF CFs as the pigment and a demonstration of 
multimodal anti-counterfeiting applications. 
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Cs2AgIn0.9Bi0.1Cl6:8%Yb,2%Er/PVDF CFs under different temperatures 
was recorded, and the DC fluorescence intensity was very sensitive to 
the temperature, while UC maintained green fluorescence emission all 
the time, so that the re-encryption of anti-counterfeit mark can be 
achieved through the identification of fluorescence component under 
different temperatures. This fluorescence emission relying on the exci
tation light source as well as the environmental temperature change 
allowed Cs2AgIn0.9Bi0.1Cl6:8%Yb,2%Er/PVDF CFs to take their place in 
the field of multimodal fluorescence anti-counterfeiting, followed by 
screen printing technology to get a variety of different encrypted anti- 
counterfeiting patterns, whose excellent performance again guaran
teed the security of the information, while also expanding the applica
tion prospects of lead-free DP materials in subsequent commercial 
development. 
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