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1. Introduction

Tunable orange-deep red photoluminescence in
amorphous KZn;_,Mn,(POz); phosphors and
anti-counterfeiting applications+

Jiayue Jiang, 122 Hao Wang,? Tingting Zhao,® Yixuan Xu,® Junlong Li,*°<
Hu Cheng, (92 Fei Zhang,? Dongliang Yang,? Yu Gong,? Chuanlong Lin,*®
Xiaodong Li 2 *® and Yanchun Li*®

Amorphous luminescence is a fascinating light emission phenomenon with significant implications for
displays, sensors, and the anti-counterfeiting field. However, the development of amorphous materials is
relatively limited due to the challenges in their synthesis and characterization, usually lagging behind
those of their crystalline counterparts. This paper reports a triphosphate KZn;_,Mn,(PO3); (0 < x < 1)
phosphor that can form two crystal phases (a-phase and f-phase) and an amorphous phase (Am-phase)
by adjusting the synthesis temperature. Research shows that the Am-KZn;_,Mn,(PO=)s phosphor exhibits
superior luminescence properties compared to its crystalline counterparts. By varying the ratio of Zn/Mn,
this amorphous phosphor can achieve multi-color photoluminescence (PL) ranging from orange to deep
red (604 nm-693 nm), with a full width at half maximum (FWHM) of ~100 nm. In addition, the Am-
KZn;_,Mn,(PO3)s phosphor demonstrates fewer trap energy levels, while crystalline phosphors have abun-
dant thermoluminescence (TL) traps. These structural and optical characteristics elucidate the lumine-
scence mechanism of the phosphors dependent on Mn?* and defects. Finally, by combining the PL and
TL characteristics of the KZn;_,Mn,(POs)s phosphor with different phases and Mn concentrations, an anti-
counterfeiting code method was designed, indicating that this material has great potential for applications
in the field of anti-counterfeiting and information storage.

than that of f-Ga,0; annealed at 973 K.* Sun reported that the
transition of NaAlSiO4:Eu*" from an amorphous glass to a crys-

Amorphous luminescent materials (i.e., amorphous phos-
phors) have attracted increasing attention from researchers
due to their outstanding luminescence properties, particularly
their high luminescence efficiency, tunable emission wave-
lengths, and stable luminescence characteristics.' Since the
discovery of amorphous glass luminescent materials, various
types of amorphous phosphors, including perovskite-type,*?
silicon-based,®® and metal-organic complexes,”'® have been
extensively studied. For example, Zhou et al. found that the
photoluminescence (PL) intensity of amorphous Ga,O; nano-
fibers annealed at 873 K was two orders of magnitude higher
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talline nepheline phase after annealing at different crystalliza-
tion times can enable tunable color emissions ranging from
blue to yellow."* Chen et al. reported that CsPbX; quantum
dots protected by amorphous glass demonstrated remarkable
heat and moisture resistance, retaining over 90% of their
initial PL intensity even after 50 days.'”> These exceptional
luminescence properties make amorphous materials promis-
ing for various application prospects in fields such as lighting,
imaging, and information encryption."*'* However, research
on these amorphous luminescent materials has been relatively
limited due to the challenges in their preparation and charac-
terization. Current studies on amorphous luminescent
materials mostly focus on organic luminescent groups.'*'
Nevertheless, amorphous inorganic luminescent materials
demonstrate superior performance in terms of luminescence
efficiency, stability, and the emission wavelength range.
Therefore, in-depth research on such materials has important
scientific value and application prospects.

For inorganic luminescent materials, rare-earth ions or
transition metal ions are important activators in the host
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material, serving as luminescent centers. These ions can intro-
duce defects and disrupt the periodic potential field of the
ideal lattice, perturbing the local potential energy in the
bandgap and forming trap levels that can capture charge car-
riers.’® Currently, rare-earth ions such as Ce**, Eu**, and Pr**
are commonly used as doping ions in most inorganic phos-
phors. However, rare-earth ions are expensive and resources
are relatively scarce. In comparison, the transition metal ion
manganese (Mn) is more economical and has better chemical
stability."” In addition, the outer electron configuration of Mn
ions is 3d®, which is directly exposed to the external environ-
ment, making it susceptible to the surrounding local coordi-
nation crystal fields, thereby improving the photo-
luminescence efficiency and broadening the emission
range.'®° For example, ZnS:Mn exhibits excellent lumine-
scence properties, with its photoluminescence (PL) spectrum
showing a red shift under pressure, and mechanolumines-
cence (ML) exhibits strong luminescence under GPa-level
pressures.”* In addition, within the pressure range of 0-5.7
GPa, the PL intensity of Mn** and Eu** co-doped ZnS increases
with rising pressure.>® Therefore, compared to the f-f narrow-
band transitions of rare earth ions, the d-d broad-band tran-
sition of Mn ions can lead to a greater range of potential
applications.

In recent years, phosphate phosphors have been proved to
have suitable bandgaps for the manufacturing of white LEDs
and sensors, and they are considered more environmentally
friendly compared to traditional phosphors.>*>® However,
most of these phosphors exist in the form of crystalline com-
pounds, which limits the regulation of their luminescence pro-
perties. Compared to crystalline phosphors, amorphous phos-
phors lack long-range order and only exhibit short-range
atomic order, providing significant advantages in lumine-
scence performance. This makes amorphous phosphors enor-
mously promising for future new luminescent materials. To
improve the performance of phosphate phosphors, preparing
their amorphous structures is an effective strategy. For
instance, Jiang et al. prepared Eu**-doped PBCFS amorphous
glass, which exhibits tunable orange-red luminescence.””
Notably, previous studies have shown that the triphosphate AB
(POs3); (A = alkali, B = Mg/Zn) materials have excellent lumine-
scence properties and thermal stability, indicating significant
potential for application in the lighting field.**>® However,
there are currently no reports on the amorphous luminescence
properties of these materials.

Inspired by the above, we synthesize a series of
KZn,_,Mn,(PO3); phosphors using a high-temperature solid-
state reaction method and test their luminescence properties.
Among these, the Am-KZn,_,Mn,(PO;3); phosphor exhibits
excellent luminescence properties, a broad emission spectrum,
and a tunable luminescence wavelength by adjusting the Mn
concentration. Additionally, the Am-KZn,_,Mn,(PO;); phos-
phor demonstrates fewer trap energy levels, while the
f-KZn,_,Mn,(POs); phosphor exhibits better thermolumines-
cence (TL) behavior. Based on the PL and TL characteristics,
we design an anti-counterfeiting model for information
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encryption and retrieval. In summary, this work not only dis-
covers an amorphous KZn,;_ ,Mn,(PO;); phosphor with out-
standing optical properties, but also reveals the potential
application of the KZn, ,Mn,(PO;); phosphor in the anti-
counterfeiting field.

2. Experimental
2.1 Synthesis of materials

A series of KZn;_,Mn,(PO3); (0 < x < 1) phosphors were syn-
thesized via a high-temperature solid-state reaction method.
The mixed analytical reagents K,CO;-1/2H,0, ZnO, MnO,, and
NH,H,PO, were used as the raw materials according to the
stoichiometric composition and thoroughly ground in an
agate mortar with absolute ethanol. The homogeneous mix-
tures were transferred into alumina crucibles and heated at
different temperatures for 20 hours under an ambient atmo-
sphere. After cooling the resultant products to room tempera-
ture, they were ground into powders again for further
characterization.

2.2 Characterization and luminescence testing

The room-temperature X-ray diffraction (XRD) patterns of the
synthesized phosphors were collected using a Bruker-D8 X-ray
diffractometer. The morphology and the energy distribution of
the samples were characterized using scanning electron
microscopy (SEM, JEOL, Japan) and energy dispersive spec-
trum (EDS). The valence state of Mn in the samples was ana-
lyzed through X-ray absorption near edge structure (XANES) at
the 4B9B beamline, Beijing Synchrotron Radiation Facility
(BSRF). The high-temperature XRD patterns were measured at
the 1 W1A beamline, BSRF. The photoluminescence (PL)
spectra and decay curves were recorded using a steady-state
transient fluorescence spectroscopy system (Ideaoptics,
Beijing, China). The PLE spectra were collected using a person-
alized steady-state transient fluorescence spectrometer (FS5,
Edinburgh, England). The thermoluminescence (TL) spectra
and afterglow lifetime curves were collected with a multifunc-
tional defect fluorescence spectrometer (LTTL-3DS, Aison,
China) after being irradiated at 254 nm UV light for 2 minutes.

2.3 Preparation of mixed film

The KZn;_,Mn,(POs); powder was mixed with polydimethyl-
siloxane (PDMS, SYLGARD 184, Dow Corning) and a curing
agent in a weight ratio of 10:10:1. The mixture was then
stirred in a beaker for 5 minutes to obtain a well-mixed col-
loidal solution, which was subsequently poured into a mold
and annealed in an oven at 333 K for 2 hours to form a film.

3. Results and discussion
3.1 Characterization of KZn,_,Mn,(PO;); phosphor

Previous studies have shown that the KZn(POj3); crystal can
serve as an effective host for Mn-activated luminescent ions.>*

This journal is © The Royal Society of Chemistry 2025
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Due to the same valence state and similar ion radius of Mn**
compared to Zn>" (the ionic radii of Zn>" and Mn>" are 0.74 A
and 0.83 A, respectively), it is believed that Mn>" ions are
more likely to replace Zn>* ions, allowing the KZn,_,Mn,(PO5);
crystal to become a phosphor. Through the high-temperature
solid-state reaction method, we find that KZn;_,Mn,(PO3); (0
< x < 1) phosphors can form different phases at various sinter-
ing temperatures. X-ray powder diffraction analysis is used to
study the crystal structures of the three phases. In addition to
the previously reported a-phase (trigonal structure, R32 space
group) and B-phase (hexagonal structure, P6c2 space group),”*
a structure with an amorphous nature is also obtained (Fig. 1a,
all XRD patterns are shown in Fig. S11). Notably, the slightly
larger ionic radius of Mn*" compared to Zn*" results in the
diffraction peaks of the three phases shifting to lower angles
as the concentration of Mn increases (Fig. 1b), which indicates
the expansion of the lattice cell. In addition, at any Zn/Mn
ratio, the diffraction peaks of the KZn;_,Mn,(POj3); phosphors
did not exhibit the impurity peaks of the raw materials,
suggesting that the synthesis of all raw materials is complete.
Generally, phase diagrams provide a concise method for
observing phase distribution, and thus the KZn;_,Mn,(PO3);
phase diagram (Fig. 1c) clearly reveals the synthesis conditions
for the o-phase, B-phase, and Am-phase through targeted
modulation of Mn concentration and synthesis temperature. It
can be seen that the thermal region of the a-phase is relatively
narrow, while the areas for the p-phase and Am-phase are
more extensive. The a-phase begins to appear at very low Mn
concentrations when the synthesis temperature is below 773 K.
As the synthesis temperature decreases, the Mn concentration
gradually increases, reaching x = 0.2 for the a-phase at 673 K.
It can be inferred that at lower synthesis temperatures, the
a-phase can be synthesized with higher Mn concentrations. In
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Fig. 1 Characterization of KZn;_,Mn,(POs)s phosphors with different
phases. (a) The selected XRD patterns of KZn;_,Mn,(POs3)s phosphors at
different synthesis temperatures. (b) The enlarged view of the partial
XRD patterns of KZn;_,Mn,(POs)s phosphors with different phases; x
represents the proportion of Mn in Zn/Mn. (c) The phase diagram of
KZn;_xMn,(POs)s phosphors at different synthesis temperatures. (d) SEM
images and elemental mapping of Am-KZng gMng »(POs)3 phosphors. (e)
XANES of the Mn L-edge for three phases.
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contrast, the Am-phase can only be synthesized at higher
temperatures (around 943 K), and the Mn concentration of the
Am-phase increases with the synthesis temperature. At 1173 K,
Mn can completely replace Zn in the Am-phase. Under other
conditions, the synthesized phase is the f-phase and there is a
narrow coexistence zone between the a-phase and f-phase
when the synthesis temperature is below 773 K. We speculate
that the variation in phases of KZn,_,Mn,(PO;); phosphors at
different synthesis temperatures and Mn concentrations may
be related to the equilibrium activation barrier. At 673 K and
low Mn concentrations, the system can form the a-phase but
lacks sufficient thermal energy to overcome the activation
barrier for forming the f-phase. At the high temperature of
1173 K, the increased thermal energy of atoms and molecules
makes them more likely to overcome the energy barriers and
form an amorphous structure. However, at a synthesis temp-
erature of 673 K, introducing more Mn (x > 0.2) can reduce the
activation barrier of the p-phase, thereby promoting the gene-
ration of the p-KZn,_,Mn,(PO;); phosphor at lower synthesis
temperatures.

Fig. 1d shows the scanning electron microscopy (SEM)
images and elemental mapping of the Am-KZn, gMng »(PO3);
phosphor. Compared to the morphology of the
a-KZng gMn, ,(PO3); phosphor and the B-KZnggMng,(PO3)s
phosphor (Fig. S21), the surface of the Am-KZn, gMng »(PO3);
phosphor appears smoother and more uniform. In addition,
elemental mapping analysis reveals the homogeneous distri-
bution of K, Zn, P, O, and Mn in samples. To investigate the
changes in the valence state of Mn during the synthesis
process, X-ray absorption near edge structure (XANES) is used
to characterize the valence of Mn ions. As shown in Fig. 1e,
the positions of the main peak in the Mn L-edge XANES
spectra of a-KZngyoMny 1(PO3);, B-KZngoMng ;(PO3);, and Am-
KZn, oMn, ;(PO3); phosphors are observed at about 640.3 €V,
which corresponds to the previously reported position of diva-
lent Mn.?®?° This indicates that self-reduction from Mn*" to
Mn*" occurred during the synthesis process and confirms the
successful incorporation of Mn ions into the samples. The
self-reduction of Mn is crucial for the formation of defects and
the induction of luminescence.

3.2 Photoluminescence (PL) properties and mechanisms of
KZn,_,Mn,(PO;); phosphor

To further explore the difference between the crystalline
KZn;_,Mn,(POs); phosphor  and the amorphous
KZn,_,Mn,(PO;3); phosphor, we present the luminescence
characteristics of KZn,gMn, ,(PO3); monomers with different
structures as shown in Fig. 2a. The photoluminescence (PL)
spectra indicate that KZnygMn,,(PO3); phosphors with
different phases exhibit a tunable color ranging from orange
to red. Notably, the crystalline KZnggMng,(PO3); phosphor
exhibits blue emission characteristics of the matrix, which
may be attributed to intrinsic defects formed during the syn-
thesis process. The photoluminescence excitation (PLE)
spectra show a series of excitation peaks within the range of
300-500 nm, attributed to the distinct d-d electron transitions
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Fig. 2 Phosphorescence properties of KZn;_,Mn,(POs3)s phosphors with different phases. (a) The PL and PLE spectra of KZng gMng 2(PO3)s phos-
phors for different phases. (b) The decay curves of KZng gMng »(PO3)3s phosphors for different phases. (c) The 3D PL spectra of Am-KZn;_,Mn,(POs)s
phosphors. (d) Peak positions of PL spectra for KZn;_,Mn,(POs)s phosphors at different phases and Mn concentrations. The inset is the wavelength
blue shift of the p-KZn;_,Mn,(POsz)s phosphor with the Mn concentration ranging from 0.01 to 0.2. (e) The PL integrated intensities of
KZn;_,Mn,(POs)s phosphors at different phases and Mn concentrations. The illustration is the value at the strongest point of the PL peak. (f) The
FWHM of KZn;_,Mn,(POs)3 phosphors with different phases and Mn concentrations.

of Mn”" ions.>**?*° Generally, the manipulation of the spec-

tral characteristics is linked to changes in the coordination
environment of Mn>". Therefore, the disordered structure of
the amorphous state will result in differences in the PLE
spectra compared to crystalline structures.

To further investigate the active centers, the PL decay
curves of the KZnygMng,(POs); phosphor with different
phases are collected at 405 nm excitation. Interestingly, the
KZn;_,Mn,(PO;); phosphor has only one type of Mn>" emitter,
but the PL decay does not follow a monoexponential decay
function. Instead, it can be fitted with a biexponential function
(I = Ay exp(—t/zy) + A, exp(—t/z,), as shown in Fig. 2b; the fitting
results of lifetime components and relative amplitudes are
shown in Table S17). This deviation from the monoexponential
decay mechanism may be attributed to the influence of traps
and Mn concentrations (see Fig. S3 and Table S27 for PL decay
curves at low Mn concentrations).”" It is worth noting that due
to the complex internal decay mechanism of the amorphous
phosphor, a biexponential decay model is used to fit the PL
decay for both low and high Mn concentrations to provide a
simple and effective description of the lifetime. In addition,
the lifetime of the amorphous phosphor is shorter than that of
the crystalline phosphor, which may result from a wider distri-
bution of emission centers or the presence of multiple recom-
bination mechanisms in the amorphous state.

The 3D PL spectra of Am-KZn;_,Mn,(POs); phosphors are
shown in Fig. 2c (the PL spectra of the crystalline phosphors

5094 | Dalton Trans., 2025, 54, 5091-5099

are shown in Fig. S4f). For a more detailed analysis of the
effects of different phases and Mn concentrations on the
luminescence properties, the original PL spectra are extracted.
Fig. 2d shows the central positions of peaks in the PL spectra
of the KZn;_,Mn,(PO3); phosphor with different phases and
Mn concentrations. The results indicate that as the Mn con-
centration increases from 0.01 to 0.2, the peak wavelength of
the a-phase shifts from 619 nm to 624 nm. Similarly, the peak
wavelength of the p-phase shifts from 603 nm to 600 nm with
the same increase in Mn concentration. This blue shift can be
explained by the reduction in the degree of energy level split-
ting resulting from a weaker crystal field strength.>”> In con-
trast, as the Mn concentration further increases from 0.2 to 1,
the red shift in the central wavelength (from 600 nm to
610 nm) may be due to the formation of Mn>" pairs, leading to
a reduction in the energy gap between the “T; and °A;.** For
the Am-phase, the wavelength of the luminescent center
increases from 604 to 693 nm as the Mn concentration
increases from 0.01 to 1, almost covering the emission ranges
of both the a-phase and B-phase. While the peak wavelengths
of a-phase and p-phase show slight changes with the variation
of Mn concentration, the wavelength of the PL peak in the Am-
phase exhibits a significant red shift as the Mn concentration
increases. This discrepancy may stem from the relatively fixed
interactions between the site of Mn substituting for Zn and
surrounding atoms in the crystalline phase, which limits the
impact on the crystal field, leading to limited changes in the

This journal is © The Royal Society of Chemistry 2025
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emission wavelength. In contrast, the amorphous material
lacks long-range order, and variations in Mn concentration
change the surrounding coordination environment (such as
the inter-ion distance, coordination number, or local sym-
metry), allowing Mn to be embedded in various ways, resulting
in more flexible changes in the emission wavelength.

Fig. 2e shows a comparison of the PL-integrated intensities
of Mn*" luminescent centers in the KZn,_,Mn,(PO); phos-
phor with different phases and Mn concentrations. The result
indicates that at the same Mn concentration, the integrated
intensities of the Am-KZn, ,Mn,(PO;); phosphor and the
f-KZn,_,Mn,(POs); phosphor are similar, and both are one
order of magnitude higher than that of the a-KZn;_,Mn,(PO3);
phosphor.  Additionally, the emission intensities of
KZn,_,Mn,(PO3); phosphors with all three phases gradually
increase with a rising Mn concentration, reaching a maximum
at x = 0.2, after which the emission intensities of
f-KZn,_,Mn,(PO3); and Am-KZn, ,Mn,(PO;); phosphors
decrease at x > 0.2. The increase in emission intensity before x
= 0.2 is attributed to an increase in the number of luminescent
centers with an increasing activator concentration. However,
beyond x = 0.2, the concentration quenching effect is
enhanced, and the non-radiative energy transfer of Mn>" ions
in the host lattice increases, causing a decrease in emission
intensity.>* The inset of Fig. 2e shows the strongest value of the
PL peak, indicating that the emission intensity of the
B-KZn,_,Mn,(PO3); phosphor is about 1.4 times that of the Am-
KZn;_,Mn,(PO;); phosphor, while the emission intensity of the
Am-KZn,_ Mn,(POs); phosphor is about 4 times higher than that
of the o-KZn, ,Mn,(PO3); phosphor at the same Mn concen-
tration. Fig. 2f compares the full width at half maximum
(FWHM) of the KZn,_,Mn,(POs); phosphor with different phases
and Mn concentrations. The result indicates that the FWHM of
the KZn,_,Mn,(PO;); phosphor with three phases generally
shows an increasing trend with an increasing Mn concentration.
At the same Mn concentration, the p-KZn,_,Mn,(PO3); phosphor
demonstrates the narrowest FWHM, while the Am-
KZn;_,Mn,(PO;); phosphor exhibits the widest FWHM (about
100 nm). The broad FWHM of the Am-KZn,_,Mn,(POs); phos-
phor may be related to the presence of more localized electronic
states caused by the structural disorder. The existence of localized
electronic states contributes to the complexity of the energy level
structure in the material, leading to multiple emission channels
during the luminescence process, thereby increasing the spectral
FWHM.* These results show the commendable performance of
the Am-KZn,_,Mn,(PO;); phosphor in PL, making it suitable for
diverse applications, such as applications in lighting and display
technologies.

3.3 Thermoluminescence (TL) and afterglow (AG) properties
of the KZn,_,Mn,(PO;); phosphor

The TL analysis is employed to monitor the detrapping behav-
ior of charge carriers in defect centers, laying the foundation
for long-afterglow (LAG) studies.’® The TL curve of the
KZn,_,Mn,(POj3); phosphor is collected at a heating rate of 1 K
s~! after exposure to 254 nm UV light for 2 minutes. Fig. S51

This journal is © The Royal Society of Chemistry 2025
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shows TL curves of all samples, and it was found that the Mn
concentration with the strongest TL emission is lower than the
Mn concentration with the strongest PL emission. The stron-
gest luminescence phenomenon of PL and TL at different Mn
concentrations is closely related to energy transfer. Due to the
involvement of traps, energy transfer can occur between adja-
cent luminescent activators over longer ionic distances, result-
ing in a decrease in the quenching concentration of TL.*” In
addition, the Gaussian decomposition method fitting the TL
curve of the a-KZngooMng:(PO3); phosphor shows that at
least two TL peaks are located at 429.7 K and 501.3 K (Fig. 3a).
The TL curve of the p-KZng osMng o5(PO3); phosphor is decom-
posed into at least three curves, with peak centers located at
346.2 K, 450.2 K, and 520.5 K (Fig. 3b). This indicates that the
two crystal phases have different TL characteristics. Notably,
the Am-KZn,_,Mn,(PO;); phosphor exhibits almost no TL
signals, which may be attributed to their disordered structure
resulting in fewer fixed defects (Fig. 3¢ and Fig. S57).

Fig. 3d compares the PL and TL spectra of the
B-KZng 9sMng o5(PO3); phosphor. The TL emission spectrum
signal is detected at a temperature of 449 K. The wavelength of
the TL emission spectrum (with the highest emission intensity
at 595.93 nm and FWHM at 75.59 nm) is similar to that of the
PL emission spectrum (with the highest emission intensity at
601.33 nm and FWHM at 67.25 nm), indicating that TL emis-
sion is also caused by the Mn>" emitter. The slight blue shift
and larger FWHM of the TL spectrum may be due to the influ-
ence of temperature. In addition, temperature-dependent XRD
analysis shows that the structures of the a-phase, p-phase, and
Am-phase remain stable from room temperature to 673 K
(Fig. S67), indicating that no phase transition occurs during
the measurement of the TL curve.

The trap depth can be calculated by the Randall and
Wwilkins’ method,*® and the trap depth of most room-tempera-
ture long-afterglow materials ranges from 0.5 eV to 0.75 eV.
Electrons captured in the shallow trap can be easily released by
the thermal vibrations of the lattice, leading to the formation of
long afterglow luminescence.***° Fig. 3e shows the fitting curve
of the p-KZngosMny o5(PO3); phosphor with time constants of
2.06 s and 56.48 s, and the average afterglow lifetime is 56.47 s,
indicating that the material belongs to the category of long-after-
glow materials. Fig. 3f compares the average afterglow lifetime
of the KZn,_,Mn,(PO;); phosphor with different phases and Mn
concentrations. The result indicates that both the
oa-KZn; _,Mn,(PO3); phosphor and the Am-KZn;_,Mn,(POs);
phosphor exhibit very short average afterglow lifetimes, while
the B-KZn,_,Mn,(POs); phosphor exhibits a longer average after-
glow lifetime. As the Mn concentration increases, the average
afterglow lifetimes of the $-KZn,_,Mn,(POj;); phosphor initially
increase and then decrease, with the (-KZngosMng ¢s5(POs)s
phosphor having the longest lifetimes. The inset shows the
shallow trap density of the KZn,_,Mn,(PO;); phosphor. It is
found that the changing trend of shallow trap density as the Mn
concentration increases is nearly consistent with the changing
trend of afterglow lifetime, which indicates a close relationship
between the room temperature afterglow lifetime and shallow
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Fig. 3 Defect research of KZn;_,Mn,(POs)s phosphors with different phases. The TL fitting curves of (a) the a-KZng 99Mng 01(PO3)s phosphor and (b)
the B-KZng.05Mng o5(POs)s phosphor at heating rates of 1 K s™. (c) The TL curve of the Am-KZn;_,Mn,(PO3)s phosphor at heating rates of 1 K s™%, (d)
Comparison of the PL and TL spectra of the B-KZng 9sMng 05(PO=)s phosphor. (e) The fitted afterglow curve of the B-KZng gsMng o5(PO3)s phosphor
after exposure to 254 nm UV light for 2 minutes. (f) The comparison of the afterglow lifetime of the KZn;_,Mn,(POs)s phosphor at different phases
and Mn concentrations. The inset is the comparison of shallow trap density in different phases and Mn concentrations.

traps. The long afterglow property of the p-KZn, ,Mn,(PO;);
phosphor makes it suitable for emergency lighting and self-
luminous labeling.

3.4 The mechanism of luminescence in the
KZn,_,Mn,(POj3); phosphor

Based on the above experiments and analyses, Fig. 4 provides a
schematic diagram of the luminescence mechanism. When
excited by UV light, electrons located in the valence band (VB)
will be pumped to the conduction band (CB, process 1). Some
of the electrons and holes will be captured by defects, while
others will undergo non-radiative recombination. For the PL
process, the blue emission of the host material is mainly domi-
nated by electrons captured by intrinsic defects generated
during the sintering process (process 2), while the lumine-
scence of Mn®" results from energy transfer through non-radia-
tive recombination of electrons and holes (process 3). For the
TL process, charge carriers captured will be de-trapped during
heat treatment (process 4), then released into the excited state
and returned to the ground state to combine with holes, result-
ing in luminescence (process 5). The luminescence mechanism
of the p-KZn,_,Mn,(PO;); phosphor is similar to that of the
a-KZn,_,Mn,(PO;); phosphor. However, electrons at shallow
trap levels can transition to the luminescence center under
room-temperature thermal vibration or tunneling -effects,
leading to long afterglow luminescence in the material (Fig. 4b).
In addition, the Iluminescence process of the Am-
KZn,_,Mn,(PO;); phosphor does not involve the TL process
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(Fig. 4c). To analyze the formation of defects for capturing elec-
trons, Fig. 4d and e show the crystal structure and defect for-
mation process. During this process, electrons and holes are
captured by V' ' 75, O' ' ;, and Vg defects. V' ' 7, defects mainly
originate from the self-reduction of Mn** to Mn** within the
host lattice, while O' ' ; and V{; defects are primarily caused by
the atmospheric conditions during synthesis.*" Fig. 4d depicts
the process of defect formation and the reduction equation of
Mn of the o-KZn;_,Mn,(PO3); phosphor. To maintain charge
neutrality, a single Mn** may occupy two Zn** lattice sites,
leading to the formation of a Zn vacancy with two negative
charges (V' ' zn) and Mn sites with two positive charges (Mnj,)).
During the high-temperature synthesis process, the two elec-
trons of V' ' 7, will transfer to Mn,, thus the Mn*" reduces to
Mn**** In contrast to the o-KZn,;_,Mn,(PO;); phosphor, due to
its unique structure, the f-KZn,_,Mn,(PO;); phosphor will intro-
duce interstitial oxygen defects (O’ ' ;) when synthesized in an
oxygen-rich environment. The Mn** occupies Zn** sites will
form Mnj, , and O’ '; with two negative charges will act as a
donor, transferring two electrons to Mn;,, thereby reducing
Mn*" to Mn®" (Fig. 4e).>® However, the TL test indicates that the
Am-KZn,_Mn,(POs); phosphor has almost no defects, and
further research is needed on its self-reduction behavior.

3.5 Anti-counterfeiting application of KZn,_,Mn,(PO;);
phosphor

Due to the multicolor manipulation properties of the Am-
KZn,_,Mn,(POs3); phosphor at different Mn concentrations,

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Defect-assisted luminescence mechanism. The mechanism diagram of luminescence for (a) the a-KZn;_,Mn,(POs)s phosphor, (b) the
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arrows = photoexcitation; vertical purple dashed arrows = recombination; horizontal purple dashed arrows = energy transfer; black dashed arrows =
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Fig. 5 Demonstration of the anti-counterfeiting application potential of
KZn;_xMn,(POs)s phosphor. (a) Schematic diagram for the application of
KZn;_,Mn,(POs)s phosphor with different phases in anti-counterfeiting
encryption. First, the phosphor is mixed with PDMS to obtain a uniform
mixture. Next, the mixture is applied to perforated tin foil. Then, a UV
light source is used to irradiate it, producing a set of luminescence
effects (PL). Subsequently, it is exposed to 254 nm UV light for
2 minutes and then heated on a heating platform to obtain another set
of luminescence effects (TL). (b) The decryption of the encoded infor-
mation using UV light and heat.

This journal is © The Royal Society of Chemistry 2025

combined with the Am-KZn;_,Mn,(POs); phosphor lacking TL
behavior and the p-KZn,_,Mn,(PO;); phosphor with strong TL
behavior, we design a functional plate that requires double
decryption to enhance anti-counterfeiting and information
storage security. Fig. 5a shows a schematic diagram of the
encryption—-decryption process. KZn,;_,Mn,(PO3); powders are
mixed with PDMS to form information storage films and
coated on a sample plate. The information is encrypted into
the ASCII code through PL color (the luminescent sites are
shown in the CIE diagram, as shown in Fig. S71) and the pres-
ence or absence of TL, a single decryption method cannot
obtain complete information. According to the PL colors and
TL properties, the color codes for orange/with TL, orange/
without TL, red, and non-emitting regions are encoded as 10,
01, 11, and 00, respectively. To demonstrate the anti-counter-
feiting effect, the ASCII codes for the characters “U”, “C”, “A”,
and “S” are compiled (Fig. 5b). By analyzing the arrangement
of different PL colors in each row and the existence status of
TL, different characters can be decoded. This PL + TL dual
decryption method increases the technical threshold and cost
of counterfeiting compared to a single excitation step, while
also achieving higher dimensional information output,
thereby significantly enhancing anti-counterfeiting capabilities
and improving the security of information storage.

4. Conclusion

In summary, this study presents three different phases
(a-phase, p-phase, and Am-phase) of the KZn,_,Mn,(PO;); (0 <
x < 1) phosphor by systematically varying the synthesis temp-
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erature. Under 405 nm UV excitation, the Am-KZn,_,Mn,(PO3);3
phosphor exhibits a wide tunable spectral range, with the PL
wavelength being tuned from 604 nm to 693 nm (from orange
to deep red) by adjusting the Mn concentration. This color tun-
ability may be related to the disorder in the Am-phase, allow-
ing Mn to be incorporated into the lattice in multiple ways.
Additionally, the PL integral intensities of the Am-phase and
B-phase are similar, while the intensity of the Am-phase is
about ten times greater than that of the a-phase. The TL
results indicate that the Am-KZn, ,Mn,(PO;); phosphor dis-
plays a lower TL signal due to insufficient internal defects,
while the TL excitation of the p-KZn,_,Mn,(POs); phosphor is
more efficient. Finally, we design a dual anti-counterfeiting
encoding method based on the emission color tunability of
the Am-phase and its distinct TL behavior compared to the
p-phase. This method has the potential to enhance the security
of information storage and demonstrates significant potential
for applications in the anti-counterfeiting field.
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