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ABSTRACT
New fluorescent materials with a low cost, hypotoxicity, and concealment are desired for the application of anti-counterfeiting. Herein, we
report a CsCu2I3@Cs3Cu2I5 composite with a triple-mode photoluminescence (PL) feature by simply adjusting the excitation wavelengths,
which are ascribed to the multiple excited states of different phases in the CsCu2I3@Cs3Cu2I5 composite. The broadband emission and high
quantum yield (∼51%) of the composite originate from the structure-oriented self-trapped excitons effect of Cs3Cu2I5 and CsCu2I3 phases.
Moreover, the incorporation of polyethylene oxide (PEO) into this composite improves the stability of CsCu2I3@Cs3Cu2I5@PEO against
harsh environments. The CsCu2I3@Cs3Cu2I5@PEO composite has a slight decay of ∼5% of its initial PL intensity and only a 3.5% shift of the
corresponding color coordinate after 30 days of storage. More importantly, its initial PL intensity shows only 10.3% decay under ultraviolet
exposure for 200 h. Our work provides a promising approach to design materials for advanced anti-counterfeiting applications.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0152479

INTRODUCTION

Counterfeiting phenomena, such as fake banknotes, secu-
rity, documents, and certificates, are a growing global issue that
has caused six trillion USD in economic loss.1–5 Various strate-
gies have been developed for anti-counterfeiting applications to
avoid financial losses, including watermarks, holograms, lumi-
nescence, barcodes, and two-dimensional codes.6,7 Among these
anti-counterfeiting strategies, the luminescent anti-counterfeiting

technology based on fluorescent anti-counterfeiting materials
exhibits its advantages of easy operation, simple design, and mass
production.8 However, facing rampant counterfeiting phenomena,
simple fluorescent anti-counterfeiting materials cannot meet the
increasing demand for anti-counterfeiting anymore.8–11

Luminescent anti-counterfeiting technology can be classi-
fied into three levels from basic to advanced one: single-level
anti-counterfeiting, double-level anti-counterfeiting, and multi-level
anti-counterfeiting. Among those, the multilevel anti-counterfeiting
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should exhibit at least three colors by external stimuli, which
can effectively prevent the information from being decoded and
greatly improve the information security.8,12–18 Although lumines-
cent anti-counterfeiting applications have been widely reported,
advanced anti-counterfeiting materials with triple-mode lumi-
nescence are rarely reported.8,12,16–21 Lin et al.19 prepared anti-
counterfeiting labels by adding the mixture of Tm:KYbF7@glass
powders and CsPbBrxI3−x perovskite nanocrystals@glass powders
into a commercial blank white screen-printing ink to form the
anti-counterfeiting ink, labeling the blue and the red under the
excitation of near-infrared (NIR) and ultraviolet (UV) light, respec-
tively. Moreover, the anti-counterfeiting ink exhibited the mixed
blue and red emissions when excited by superimposed NIR
light and UV light. Moreover, Wang et al.16 constructed high-
performance CsPbBr3@Cs4PbBr6/SiO2 composites via the modified
reprecipitation method, which simultaneously exhibit triple-mode
emission. Wang et al.18 reported CaTiO3:Pr3+,Er3+ that simulta-
neously displays afterglow, up-conversion luminescence, and exci-
tation wavelength-responsive color evolution photoluminescence
(PL) emission.

Limitations still exist in these strategies that hinder practical
applications, including the toxicity of lead, slow switching speeds
between different modes, complex synthesis methods, specific work-
ing conditions (combination of pressure, temperature, and humid-
ity), and the instability caused by the mixture of different fluorescent
materials. Therefore, it is highly urgent to develop effective and
facile materials with multimodal luminescent features capable of
combating sophisticated counterfeiters.

In this work, we report the copper-based halides
CsCu2I3@Cs3Cu2I5 featuring with triple-mode PL properties
located at 441 or 580 nm, or a mixture of them for advanced

anti-counterfeiting applications. Our theoretical calculation and
experimental characterization results indicate that the triple-mode
PL emission originates from the structure-oriented self-trapped
excitons (STEs) effect of Cs3Cu2I5 and CsCu2I3 phases. Moreover,
the incorporation of polyethylene oxide (PEO) can not only make
the CsCu2I3@Cs3Cu2I5 composite resist high temperatures, oxygen,
and moisture but also improve the PL quantum yield (PLQY). Our
work offers a promising and robust way to prepare an effective
and stable anti-counterfeiting ink for the protection of high-value
commodities, government documents, and banknotes in the future.

RESULTS AND DISCUSSION

The x-ray diffraction (XRD) patterns of the CsCu2I3@Cs3Cu2I5
composite show that the as-prepared film is a composite of zero-
dimensional Cs3Cu2I5 and one-dimensional CsCu2I3. As shown in
Fig. 1(a), the crystal structures of CsCu2I3 and Cs3Cu2I5 belong to
the orthorhombic crystal system with the space groups of Cmcm and
Pnma, respectively.22–25 The peaks at 10.5○, 21.5○, and 43.6○ corre-
spond to the CsCu2I3 phase, while the peaks at 13.1○, 23.7○, 26○,
and 30.4○ are associated with the Cs3Cu2I5 phase, which indicate
the composite film is composed of CsCu2I3 and Cs3Cu2I5 phases.26

The SEM and energy dispersive spectroscopy (EDS) results of
CsCu2I3@Cs3Cu2I5 show that the elements of Cs, Cu, and I are dis-
tributed uniformly [Figs. 1(b)–1(e)], revealing the uniform composi-
tion of the film. Furthermore, the quantitative EDS analysis indicates
that the atomic ratio (%) of Cs, Cu, and I is 1.00:1.09:2.19 (Fig. S1),
which coincides with the stoichiometry of the CsCu2I3@Cs3Cu2I5
composite.

We investigated the optical properties of the composite film
by measuring the steady-state PL spectra as shown in Fig. 2. The

FIG. 1. (a) XRD patterns of CsCu2I3, Cs3Cu2I5, and CsCu2I3@Cs3Cu2I5; (b) SEM image of CsCu2I3@Cs3Cu2I5 and EDS mappings of CsCu2I3@Cs3Cu2I5; (c) Cs, (d) I, and
(e) Cu.
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FIG. 2. (a) PL spectra under excitation by different wavelengths. The insets display the corresponding photographs of the film and (b) Commission Internationale de L’Eclairage
(CIE) of the CsCu2I3@Cs3Cu2I5 film. (c) Comparison of the proportion of PL intensity of CsCu2I3 and Cs3Cu2I5 emissions under different excitation wavelengths. (d) PLE
spectra of the CsCu2I3@Cs3Cu2I5 film under different emission wavelengths.

composite film exhibits a bright blue emission located at 441 nm
with a large full-width at half maximum (FWHM) of ∼80 nm under
300 nm or shorter wavelength excitation, which originates from the
Cs3Cu2I5 phase.27 With the excitation wavelength increasing from
300 to 310 nm, the blue emission gradually evolves to the white
emission. Two distinct peaks at 441 and 580 nm can be observed
from the PL spectra, which are assigned to the emission from the
excited-state structural reorganization and the self-trapped exci-
ton of the Cs3Cu2I5 and CsCu2I3 phases, respectively.22,28–33 It is
noted that the emission peaks for Cs3Cu2I5 and CsCu2I3 is differ-
ent from those reported by Ma et al.28 We attribute this difference to
the different fabrication parameters, which results in the obtained
copper-based halides film deviating slightly from strict stoichio-
metric ratios. With the excitation wavelength further increasing to
320 nm, the white emission of the composite film eventually turns
to a yellow one with the peak located at 580 nm and an enlarged
FWHM of ∼125 nm [Fig. 2(a)]. Accordingly, the Commission Inter-
nationale de L’Eclairage (CIE) color coordinates shift from blue
region (0.15, 0.07) to white region (0.32, 0.30), and eventually to

yellow region (0.43, 0.45) with the increase of excitation wavelength
[Fig. 2(b)]. Figure 2(c) shows the relative PL intensity of Cs3Cu2I5
and CsCu2I3 phases under different excitation wavelengths.

In order to explore the origins of the excitation-
wavelength-dependent PL, the PL excitation (PLE) spectra of
the CsCu2I3@Cs3Cu2I5 composite film measured at different
emission wavelengths are shown in Fig. 2(d). For the excitation
spectra monitored at 450 nm corresponding to the emission of the
Cs3Cu2I5 phase, the PLE spectra end at ∼320 nm. However, the
PLE spectra end at ∼350 nm for the excitation spectra monitored
at 580 nm corresponding to the emission of the CsCu2I3 phase.
The characteristic of PL peak-dependent-PLE is advantageous for
the PL modulation via simply changing the excitation wavelengths.
Specifically, the Cs3Cu2I5 phase in the composite film can be
effectively stimulated under an excitation wavelength of 300 nm
or shorter, which leads to an independent single peak located at
441 nm. Although the CsCu2I3 phase can also be stimulated under
the same conditions, the yellow emission resulting from the CsCu2I3
phase does not appear. The reasons can be explained as follows: on
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the one hand, a PLE intensity of 580 nm is lower than that of 441 nm
under an excitation wavelength of 300 nm or shorter; on the other
hand, the PLQY of CsCu2I3 is much lower than that of Cs3Cu2I5
(Fig. S2), due to the low self-trapping state depth, thus, leading to
the higher de-trapping rate of the trapped excitons in the CsCu2I3
film. When the excitation wavelength is increased to 310 nm,
the yellow emission originating from the CsCu2I3 phase appears
gradually, which results in the white emission in combination with
the blue emission of the Cs3Cu2I5 phase. Although an PLE intensity
of 450 nm is pretty low under an excitation wavelength of 310 nm,
the blue emission intensity of the Cs3Cu2I5 phase is still high, which
is attributed to the high PLQY of Cs3Cu2I5. The high PLQY is
associated with the unique zero-dimensional structure of Cs3Cu2I5,
which leads to the easy formation of excitons due to the strong
Coulomb effect between the photoexcited electrons and holes.34

When the excitation wavelength is further increased to 320 nm, the
yellow emission of the CsCu2I3 phase increases gradually, while the
blue emission of Cs3Cu2I5 phase gradually weakens and eventually
disappears. The disappearance of blue emission of the Cs3Cu2I5
phase is due to a low PLE intensity of 450 nm under an excitation
wavelength of 320 nm, indicating the Cs3Cu2I5 phase cannot
be effectively stimulated. Meanwhile, the excitation wavelength-
dependent PL spectra and emission wavelength-dependent PLE
spectra of pure CsCu2I3 and Cs3Cu2I5 show different excitation
spectral range and no excitation-dependent emission features
(Fig. S3).

We conducted time-resolved photoluminescence (TRPL) mea-
surements to study the exciton dynamics of the CsCu2I3@Cs3Cu2I5

composite film. The TRPL spectra under the excitation wavelengths
of 300 and 320 nm are fitted by the single-exponential equation as
follows:35

f(t) = A exp(−t/τ). (1)

The τ lifetimes are 1.37, 1.424, and 1.416 μs for Cs3Cu2I5
under 300, 310, and 320 nm, respectively [Figs. S4(a)–S4(c)]. For the
CsCu2I3 phase, the τ lifetimes are 1.424, 1.307, and 1.411 μs under
300, 310, and 320 nm, respectively [Figs. S4(d)–S4(f)]. Different
from the triple-mode anti-counterfeiting materials with afterglow,18

the fluorescence lifetime of CsCu2I3@Cs3Cu2I5 (Fig. S5) is far less
than the time that human eyes can distinguish (∼20 ms), so the fast
switch among three luminous modes can be realized.

Generally, such an extremely long lifetime and broadband
PL emission imply that the emission of the CsCu2I3@Cs3Cu2I5
composite film does not result from the band-edge related recom-
bination but may be caused by the self-trapped excitons (STEs).36

In order to gain in-depth insights into the STEs dynamics and
exciton–phonon interaction, the temperature-dependent PL mea-
surements were conducted under an excitation wavelength of 300
and 320 nm, in which the Cs3Cu2I5 and CsCu2I3 phases can be stim-
ulated, respectively. With the increase of the temperature from 80 to
300 K, a strong thermal quenching behavior of the PL intensity can
be observed because the thermal de-trapping process becomes non-
negligible in the high-temperature region; thus, the non-radiative
loss gradually dominates the STEs dynamics [Figs. 3(a) and 3(d)].
In addition, the blue emission under 300 nm UV light (next called

FIG. 3. (a) Simulation of temperature-dependent PL spectra under 300 nm wavelength excitation. (b) Integrated PL intensity and (c) FWHM of the CsCu2I3@Cs3Cu2I5
films under 300 nm wavelength excitation as a function of reciprocal temperature. (d) Simulation of temperature-dependent PL spectra under 320 nm wavelength excitation.
(e) Integrated PL intensity and (f) FWHM of the CsCu2I3@Cs3Cu2I5 films under 320 nm wavelength excitation as a function of reciprocal temperature.
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STEB) keeps almost unchanged, while the yellow emission under
320 nm UV light (STEY) presents a continuous blue-shift trend.
Such an abnormal blue-shift phenomenon could be attributed to
the thermal expansion of the lattice and the electron–phonon renor-
malization in the case of CsCu2I3.34 Figures 3(b) and 3(e) show the
Arrhenius plots of the integrated PL intensity for the case excited by
300 and 320 nm, respectively, and the thermal quenching behavior
can be well fitted by the following formula:37,38

I(T) =
I0

1 +A exp(− Eb
kbT)

, (2)

where I0 is the emission intensity at 0 K, A is a proportional constant,
Eb is the exciton binding energy, T is the temperature, and kb is the
Boltzmann constant. The fitting curves indicate that the Eb of STEB
and STEY are about 110 and 192 meV, respectively. Moreover, R2 is
the error of data fitting, indicating the reliability of the fitting results.
Such a high Eb suggests that the PL emission of CsCu2I3@Cs3Cu2I5
mainly originates from the exciton recombination rather than the
recombination of the free electrons and holes, which favors an effi-
cient radiative recombination process. The exciton is supposed to be
localized around [CuxIy] to form STEs through a strong Coulomb
effect.34,39

Generally, the broadening of exciton emission linewidth with
the increase of temperature is attributed to the exciton binding fluc-
tuation arising from the atoms’ vibration in the crystal.34 The rela-
tionship between the temperature and FWHM is determined by the
strength of electron–photon coupling. Therefore, the Huang–Rhys
factor (S) and the photon frequency (hωphoton) are investi-
gated to reveal the electron–photon coupling using the following
equation:40

FWHM(T) = 2.36
√

S hωphoton

√

coth
hωphoton

2kbT
, (3)

where ωphoton is the frequency of phonon mode and h is the Planck
constant. Through fitting the temperature-dependent FWHM curve,
the value of the S factor is extracted as 93.1 and 53.6 for Cs3Cu2I5
and CsCu2I3 phases, respectively. The hωphoton is extracted as 8.6
and 11.7 meV for Cs3Cu2I5 and CsCu2I3 phases, respectively, as
shown in Figs. 3(c) and 3(f). The Huang–Rhys parameter (S) indi-
cates the distortion degree of the self-trapped state with respect to
the ground state. Such an S factor is much higher than that of many
traditional materials with band-edge luminescent features, which
manifests in the presence of a strong electron–photon coupling in
CsCu2I3@Cs3Cu2I5 and facilitates the formation of STEs.41–43 It is
noted that the different local dimensions of Cu sites in the crystal
structure give rise to different origins for the STEs of Cs3Cu2I5 and
CsCu2I3, in which the local dimension of Cu sites in the [Cu2I5]3−

cluster is obviously lower than that of the [Cu2I3]− chain [Figs.
S6(a) and S6(b)].34 Therefore, the STEs emission shows an expected
structure-oriented effect. Moreover, we measured the emission
intensity-excitation power characteristic of CsCu2I3@Cs3Cu2I5 to
exclude the possibility of defect-induced emission [Fig. S6(c)], which
typically leads to fast intensity saturation with the increase of exci-
tation power.36 The corresponding photophysical processes can be
described using a configuration coordinate diagram [Fig. S6(d)], and
the density functional theory (DFT) calculation results of CsCu2I3

and Cs3Cu2I5 are shown in Fig. S7. The calculation value of the
bandgap for CsCu2I3 and Cs3Cu2I5 is 1.9 and 2.6 eV, respectively,
which is consistent with the previous report using generalized gra-
dient approximation Perdew–Burke–Ernzerhof (GGA-PBE) func-
tionals [Figs. S7(a) and S7(b)].30,34,44 The experimental bandgaps
of CsCu2I3 and Cs3Cu2I5 are 3.73 and 4.06 eV inferred from the
Tauc plots [Figs. S7(e) and S7(f)]. It is noted that the calculated
bandgap is smaller than the experimental value because of the dis-
continuity of exchange correlation energy, which may cause the
bandgap to be underestimated by 30%–50%.45,46 It is well known
that the material stability is of great importance for its prac-
tical application in anti-counterfeiting. We further prepared the
CsCu2I3@Cs3Cu2I5@PEO composites by adding PEO to the precur-
sor solution of CsCu2I3@Cs3Cu2I5. The reasons for selecting PEO
can be accounted for as follows: first, PEO is transparent and eas-
ily dissolved in dimethyl sulfoxide (DMSO)/DMF solution; second,
PEO has a positive effect on film uniformity (Fig. S8); and third,
PEO has the advantages of excellent thermal, oxygen, and moisture
stability. Mechanistically, the C–O group on PEO was expected to
interact with Cu+ from CsCu2I3@Cs3Cu2I5, which can passivate the
anion vacancies. Moreover, the hygroscopic polymer strongly slows
down the hydration process by absorbing water. Benefiting from
these two positive effects, the addition of PEO will enhance the mor-
phology and stability of CsCu2I3@Cs3Cu2I5.47–52 In order to assess
the effect of PEO on the thermal stability of CsCu2I3@Cs3Cu2I5,
the thermal cycling test (280–440–280 K) was performed in ambi-
ent air, and the absolute PLQY was tracked at 280 K [Fig. 4(a)].
The initial PLQY of CsCu2I3@Cs3Cu2I5 without PEO is 51.07% [Fig.
S9(a)], while that of CsCu2I3@Cs3Cu2I5 with PEO, hereafter called
“CsCu2I3@Cs3Cu2I5@PEO,” is 50.67% [Fig. S9(c)], indicating that
PEO has nearly no influence on the PL efficiency. After ten cycles
of the continuous test, the PLQY of the CsCu2I3@Cs3Cu2I5 sample
shows 17.2% decrease, while that of the CsCu2I3@Cs3Cu2I5@PEO
sample shows a slightly lower decrease of 14.9%, revealing enhanced
thermal stability upon the incorporation of PEO [Figs. S9(b)
and S9(d)].

To explore the effect of PEO on the stability against oxy-
gen and moisture, the time-dependent PL spectra of both samples
were measured under ambient conditions (18–20 ○C, 30%–40%
humidity), as shown in Fig. 4(b). After 30 days of storage, the
CsCu2I3@Cs3Cu2I5@PEO sample still retains about 95% of its initial
PL intensity, while the CsCu2I3@Cs3Cu2I5 sample retains about 89%
of its initial PL intensity. Figures 4(c) and 4(d) show the pseudocolor
map of PL spectra monitored when the samples were exposed to
310 nm UV light. It can be found that the CsCu2I3@Cs3Cu2I5 sam-
ple exhibits more severe emission quenching of the CsCu2I3 phase,
i.e., the CIE change is 25.8% from (0.3197, 0.3057) to (0.25, 0.2143)
compared with 3.5% of the CsCu2I3@Cs3Cu2I5@PEO sample from
(0.2888, 0.2757) to (0.2804, 0.2642), manifesting that the PEO helps
for enhanced stability against UV exposure [Figs. 4(e) and 4(f)].
Meanwhile, the PL spectra of the samples exposed to 300 and 320 nm
UV were measured to verify the stability improvement against UV
light upon the incorporation of PEO (Fig. S10). The stability test of
the sample under UV light was carried out, and the corresponding
results are shown in Fig. S11. After a continuous irradiation of 200 h,
the PL intensity remains at 86.7% of the maximum. These results
indicate that the incorporation of PEO improves the stability of
CsCu2I3@Cs3Cu2I5 against high temperature, oxygen, moisture, and
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FIG. 4. (a) PLQY test with heating–cooling cycle (the samples were heated on a hotplate at 440 K for 15 min and, then, measured after cooling down to 280 K). (b) PL intensity
of CsCu2I3@Cs3Cu2I5 and CsCu2I3@Cs3Cu2I5@PEO measured in air. PL spectra evolution of the (c) control sample and (d) PEO sample at different storage periods in
ambient air. CIE of the (e) control sample and (f) PEO sample.

UV exposure, which is beneficial for extending the application dura-
bility in a much harsher environment. It is worth noting that the sta-
bility of CsCu2I3@Cs3Cu2I5@PEO is superior to that of previously
reported perovskite-based anti-counterfeiting materials (Table S1).

The unique emissive properties and excellent stability of
the CsCu2I3@Cs3Cu2I5@PEO make it promising for application
in advanced anti-counterfeiting, considering that few alternatives
with triple-mode emission have been reported so far. As a
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FIG. 5. Application of the CsCu2I3@Cs3Cu2I5 composite as a triple-mode anti-counterfeiting ink. (a)–(d) The “SEU” pattern printed by CsCu2I3@Cs3Cu2I5@PEO. (e)–(h)
The “SEU” pattern printed by Cs3Cu2I5, CsCu2I3@Cs3Cu2I5@PEO, and CsCu2I3, respectively. (i)–(l) QR code of CsCu2I3@Cs3Cu2I5 on glass under different lights.

preliminary demonstration of the practical application
of CsCu2I3@Cs3Cu2I5@PEO in anti-counterfeiting, the
CsCu2I3@Cs3Cu2I5@PEO pattern is transferred onto a piece
of paper by using a micro-structured stamp. As shown in Fig. 5(a),
the CsCu2I3@Cs3Cu2I5@PEO is colorless, and the pattern is hidden.
Under an excitation of 300 nm, the pattern “SEU” appears with
blue emission, since Cs3Cu2I5 is effectively stimulated [Fig. 5(b)].
When the excitation light is switched from 300 to 310 nm, the color
of “SEU” is changed to white, due to the combination of blue and
yellow emission, originating from Cs3Cu2I5 and CsCu2I3 phases,
respectively [Fig. 5(c)]. The color of “SEU” is eventually changed
to yellow when adjusting the excitation wavelength to 320 nm, at
which CsCu2I3 is effectively stimulated [Fig. 5(d)].

Combined with different phases of luminescent materials,
the triple-mode anti-counterfeiting is further demonstrated in
Figs. 5(e)–5(h) and video (supplementary material), where the
“SEU” pattern is printed by Cs3Cu2I5, CsCu2I3@Cs3Cu2I5@PEO,
and CsCu2I3, respectively. In order to demonstrate the intricate
pattern applications of CsCu2I3@Cs3Cu2I5@PEO on various sub-
strates, the anti-counterfeiting materials are transferred onto the
glass. The CsCu2I3@Cs3Cu2I5@PEO on the glass is colorless and
transparent under indoor light. On the contrary, under different
UV irradiations (e.g., 300, 310, and 320 nm), the QR code shows
triple-mode PL emission and can be easily scanned [Figs. 5(i)–5(l)].

CONCLUSION

In summary, we have demonstrated a triple-color fluorescence
of lead-free copper-based halides CsCu2I3@Cs3Cu2I5 composite and

its application in advanced anti-counterfeiting. The triple-mode PL
emission originated from the structure-oriented self-trapped exci-
tons (STEs) effect of Cs3Cu2I5 and CsCu2I3 phases, which features
the broadband emission and long lifetime of exciton. The com-
posite exhibits a bright blue emission from the Cs3Cu2I5 phase
under 300 nm or shorter excitation wavelengths, while the CsCu2I3
phase cannot be stimulated. As the excitation wavelength switches
from 300 to 310 nm, a yellow emission from the CsCu2I3 phase
emerges, leading to a white emission with the Cs3Cu2I5 and CsCu2I3
phases excited simultaneously. With the excitation wavelength fur-
ther increased to 320 nm, the pure yellow emission can be obtained
with the CsCu2I3 phase excited, while the blue emission of the
Cs3Cu2I5 phase is suppressed. Importantly, with the incorpora-
tion of PEO, the CsCu2I3@Cs3Cu2I5@PEO exhibits excellent sta-
bility against high temperatures, oxygen, moisture, and UV expo-
sure, which is of great importance to its application in advanced
anti-counterfeiting.

SUPPLEMENTARY MATERIAL

See the supplementary material for experiment details, PLQY,
PLE, TRPL, density functional theory calculation, and SEM results.
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