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Fluorescent materials are commonly used in optical labels for anti-counterfeiting purposes. However, these well-
known materials can be vulnerable to forgery. It is thus essential to develop new types of luminescent materials
with unique optical properties. In this paper, we prepared metal-doped phosphor materials with an inorganic
matrix using a high temperature solid-state reaction. The synthesized Mn-doped zinc germanate (ZGO:Mn)
phosphors were characterized using various techniques, such as X-ray powder diffraction and photoluminescence
spectroscopy, in order to understand their structural and optical properties. The ZGO:Mn phosphors exhibit green
color fluorescence, persistent luminescence, and photostimulated luminescence (PSL), which are ideal for anti-
counterfeiting applications. Several examples of using the PSL active materials on various substrates demon-
strate their capability to prevent counterfeiting and forgery. We further showed that an iPhone can be used to
reveal the ZGO:Mn-based security labels. This study contributes to the exploration of novel security materials and

offers practical implications for the development of security and authentication technologies.

1. Introduction

Counterfeit goods are a widespread problem in many aspects of daily
life, such as passports and driver licenses and even medical drugs and
clothing. Counterfeit products are usually of inadequate quality, have
less or no efficiency, and can be associated with other illegal activities.
To combat counterfeiters, manufacturers implement a variety of anti-
counterfeiting strategies in their products, such as water marks, [1]
microprinting patterns, [2] holographs, [3] security labels, [4] and
quick response (QR) codes. [5,6] More recently, researchers have
explored novel functional materials with unique properties, such as
persistent luminescence, thermochromism, photochromism, [7,8] and
surface enhanced Raman scattering (SERS), [9,10] which can be
assembled or deposited in desired patterns to increase the security levels
and encoding capacity of anti-counterfeit labels. For example, Ye et al.
designed anti-counterfeit labels with physically unclonable functions
(PUFs) using SERS-active core-shell nanoparticles. [7,11] May and
co-workers printed QR codes using lanthanide-doped upconversion
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nanoparticles with either visible or near infrared emissions. [12-14]
These new approaches are effective, have high storage capacity, are
easily recognizable, and are often sufficiently complex to make coun-
terfeiting difficult.

Luminescent materials are broadly utilized in making unique labels
for the purpose of anti-counterfeiting due to their intrinsic properties,
including versatile types of active materials, easy characterize and
process, capable of visual recognition, and convenient for on-site
detection. New luminescent materials, such as carbon dots, [15] quan-
tum dots, [16] polymer dots, [17] and lanthanide-based crystals, [18]
have been studied for security applications. While most research is
focused on emissions in the visible region, there are also reports that
attempt to use near infrared (NIR) emission for anti-counterfeiting. In
many cases, visual inspections are sufficient in label recognition.
Colorful texts, vivid figures and patterns can make an anti-counterfeiting
technique very convenient and user-friendly. So far, several types of
luminescence have been used in fabricating novel anti-counterfeiting
labels, including phosphorescence/persistent luminescence (PersL),
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[19,20] circularly polarized luminescence (CPL), [21] upconversion
luminescence (UCL), [22] and photostimulated luminescence (PSL).
[23]

In principle, PSL is more sensitive than UCL, since a low-energy
stimulation is needed to liberate a pre-charged molecule from a trap
state to an excited state, which will have radiative relaxations that cause
emissions. [24,25]There is an increasing interest in using PSL materials
in the field of anti-counterfeiting in recent years. [26-36] In these
studies, PSL materials usually contain emitting ions doped in a desired
inorganic matrix. Various host materials have been explored, including
silicate, [26,27] aluminate, [28] gallate, [29,30] germanate, [31,32]
gallogermanate [33,34,37] and others. [35,36] While rare-earth ele-
ments are widely used as dopants, there are a few reports that use other
metal ions as emitting centers in PSL materials. [30,32,34,38] Overall,
there are continued efforts in developing novel PSL materials that have a
trap state with a suitable energy that is deep enough to avoid thermo-
luminescence but shallow enough to allow liberation by low-energy
photons, such as near infrared light.

Zinc germanate (ZnpGeOy, ZGO) is a promising ternary oxide ma-
terial that has many practical applications, such as photocatalysis, [39]
supercapacitors, [40] batteries, [41] anti-microbials, [42] and electro-
luminescent devices. [43] ZGO is highly stable and has a band gap of
4.68 eV. Recently, there is an increasing interest in using ZGO as a host
material in which a dopant can have unique luminescence properties
under UV or near-UV radiation. Manganese-doped Zn,GeO4 material
(ZGO:Mn) has demonstrated intense green emission at 530 nm upon
254 nm excitation. [38] This emission is associated with the dopant
Mn?* color centers which replace the tetrahedral Zn?" sites in the
crystal. Furthermore, ZGO:Mn is known to have green persistent lumi-
nescence that is suitable for bioimaging. [44] Recently, there have been
reports on using ZGO:Mn materials as a luminescent phosphor for in-
formation encryption and anti-counterfeiting purposes. For example,
Gao and co-worker used lithium as a co-dopant in ZGO:Mn and printed
anti-counterfeiting patterns with their multicolor phosphors. [45] To
further the development of new security inks, it is essential to have a
better understanding of the luminescent behavior of ZGO:Mn phosphor
and to explore new methods for integrating ZGO:Mn in
anti-counterfeiting labels. In this paper, we synthesized ZGO:Mn phos-
phors via a solid-state reaction. With the optimization of the synthetic
procedure, ZGO:Mn was applied to various substrates to make
anti-counterfeiting patterns and their luminescence was examined. In
particular, the PSL property of ZGO:Mn was systematically studied.
Furthermore, we used a smart phone to check the PSL effectiveness of
the ZGO:Mn phosphor, which can be valuable in developing feasible and
high-level anti-counterfeiting technologies.

2. Experimental
2.1. Chemicals and materials

ZnO (nanopowder) and GeO3 (99.999%) were purchased from Mil-
lipore Sigma. MnO; (99.6%) was purchased from Fisher Scientific.
Rhodamine 6G (R6G) was purchased from Acros Organics. Commer-
cially available acrylic and glycerol were used as medium for anti-
counterfeiting paint. All chemicals and materials were used without
further purification.

2.2. Synthesis and materials process

Zn0O, GeO,, and MnO, were weighed out stoichiometrically, and
were mixed and ground using an agate mortar and pestle. The mixture
was transferred into a porcelain crucible and heated in a muffle furnace
(Thermolyne 46900) at 1100 °C for the desired period of time. After the
reaction, the products were cooled down naturally and ground again.
The phosphor materials were compressed into tablets using a Carver
Manual pellet press. To fabricate anti-counterfeiting labels, the
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phosphor materials (10 wt%) were mixed with acrylic or glycerol so-
lution and painted or casted onto various substrates.

2.3. Characterizations

The phosphor samples were examined with powder X-Ray diffraction
(Rigaku Ultima IV). The fluorescence spectra were acquired with a
Horiba Fluoromax-4 Spectrofluorometer. For PersL and PSL experi-
ments, the samples were pre-irradiated with 254 nm UV light for 60 s. A
commercially available LED NIR source (940 nm 12VDC/300 mA) was
used to stimulate the luminescence of phosphor material. The optical
images were captured using an iPhone 12 with an NIR filter attached.

3. Results and discussion

The ZGO:Mn materials appear as white powder at room temperature.
As shown in Fig. 1a, the powder emits an intense bluish-green fluores-
cence under UV (254 nm) illumination. A similar color phosphorescence
persists after the UV excitation. The photo in Fig. la(Ill) is slightly
blurred since such phosphorescence can be better observed in a dark
environment. We found that the bluish emission can be significantly
enhanced when shining a NIR (940 nm) light on the ZGO:Mn materials, a
process called photostimulated luminescence. The color of the PSL
emission is slightly bluer as compared to the fluorescence. The spectra of
these FL, PL, and PSL emissions are shown in Fig. 1b. The FL has a major
emission peak at 534 nm with a width of 50 nm. There are some very
weak emissions at shorter wavelengths (below 480 nm). The PersL
spectrum is rather simple and has just one emission band center at 534
nm with peak width of 42 nm (FWHM). Similarly, the PSL emission
spectrum is centered at 534 nm with a comparable band broadening.
Fig. 1c gives the intensities of the FL, PersL, and PSL emissions. Out of
the three emissions, the FL intensity is strongest while the PL is two-
orders of magnitude lower. It is worth noting that the PSL emission is
over 20 times stronger than the PersL, which makes it easily observable
by the naked eye. Fig. 1d shows the color of the three emissions in the
CIE plot, which are mainly located in the region of bluish green. There
are only slight differences among the emissions, indicating that these
three luminescence processes may involve the same radiactive relaxa-
tion step.

The reaction time and temperature play an essential role in deter-
mining the crystal structure and phase purity of the final product when
synthesizing ZGO:Mn materials via the high temperature solid state re-
action, which, in turn, will affect the luminescence properties for the PSL
materials. The crystal structure of ZGO is shown in Fig. 2a, which was
recreated with the material data from Materials Project. [46] In this
work, XRD was first used to study the crystal structures of ZGO:Mn
powders. XRD patterns of ZGO:Mn with various reaction times were
shown in Fig. 2b, together with library data for ZnO and GeO, raw
materials (PDF # 00-080-0075 and PDF #00-036-1463, respectively).
After a 30-min reaction at 1100 °C, there are still no noticeable XRD
peaks for the ZGO product. For the 1-h reaction sample, new peaks at
21.6, 24.99, 30.8, 33.3 and 37.95° are clearly observed, which is
consistent to the library data for ZGO (PDF # 00-011-0687). Meanwhile,
the intensities of peaks for both ZnO and GeO, reactants decreased. With
a longer reaction time, the XRD patterns give stronger ZGO peaks and
weaker ZnO and GeO; peaks. While the tiny peaks of ZnO and GeO,, are
still visible for the 8-h sample, they disappear in the XRD pattern of the
20-h sample. More importantly, the XRD pattern of the 20-h sample is
rather clean and matches very close to the library data of ZnyGeO4
without any noticeable crystalline impurities. Similarly, the SEM result
(Fig. S1) showed uniform crystallinities. Our results indicate that all the
reactants are reacted after a 20-h reaction at 1100 °C, and this solid-state
reaction is likely completed. Since the Mn dopant is kept at a very low
level (1%), we did not notice any structural difference (peak shift) be-
tween the ZGO:Mn and ZGO materials.

The study of XRD patterns of our solid-state synthesis at various
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Fig. 1. (a) Optical images of phosphor material under (I) room light, (II) 254 nm UV, (III) afterglow, (IV) 940 nm stimulation; (b) fluorescence spectra of phosphor;
(c) intensity comparison of FL, PersL and PSL; (d) CIE plot of FL, PersL and PSL for ZGO:Mn phosphor.
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Fig. 2. (a) Crystal structure of Zn,GeOy, recreated from Materials Data on Zn,GeO4 by Materials Project; Powder XRD pattern of Zn,GeO4: Mn under the conditions
(b) 1100 °C with different time; and (c) heating for 20 h at different temperatures.

temperatures also provides interesting information. We conducted the
synthesis reactions at 700, 900 and 1100 °C for 20-h each. As shown in
Fig. 2¢, the sample obtained at 700 °C gives an XRD pattern for a mixture
of ZnO and GeOs, indicating that there is no reaction occurring. For the
900 °C, the XRD peaks for GeO, have totally disappeared, the ZnO peaks
show little changes, and the ZGO peaks appear with weak intensities.
There are some new peaks observed in the XRD pattern for this sample,
which belong to either reactants or product. This is due to the existence
of polymorphs for the GeOy crystals. It is found that those peaks, at
28.68, 37.5, and 56.8°, can be assigned to tetragonal GeO,. From this,
we conclude that all hexagonal GeO; is converted to a more stable form
of tetragonal GeOy at 900 °C. Our results are consistent with other re-
ports in the literature. [47] At an even higher temperature (1100 °C), the
reaction is completed with all the reactants, including the more stable
GeOy, are converted into the final product, which gives a clean XRD
pattern of ZGO powder.

The kinetics of the luminescence of various ZGO:Mn powder were

explored. Fig. 3a shows the intensity decay of PersL emission at 534 nm,
which can be mathematically fit using a typical decay equation with at
least two t; /2 values (t; = 13 ms and ty = 1.2 s). The decrease in PersL
emission can be clearly observed in the dark room. After a strong PersL
right after the turn off the UV lamp, the phosphorescence of ZGO:Mn
powder persists for a relatively long time (more than 5 min). Fig. 3b
demonstrates the enhancement of emission upon NIR stimulation (at 10
s). Here, the PSL decay has t;,2 values of 16 ms and 1.8 s. These time
constants are slightly greater than that of PersL, indicating an acceler-
ated process of emission due to NIR stimulation. In Fig. 3c, we present
experimental data when NIR stimulation was applied intermittently.
Each time, turning on the NIR light resulted in a “jump” of emission
intensity. When the NIR light was turned off, the emission changed back
to an intensity similar to that of a PersL decay. We found that the
emission enhancement is 15.36 + 3.9, with the enhancement decreasing
as time goes on (Fig. 1c). There is also a decay process of photo-
stimulated phosphorescence luminescence (PSPL). As shown in
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Fig. 3. (a) Decay curve of PersL; (b) decay curve of PSL; (c) PSL on/off experiment; (d) decay curve of PSPL; (e) PSL lifetime monitored at —15 °C.
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Fig. 3d, the emission intensity gradually decreased when the NIR stim-
ulation turned off. PSPL decays very fast (the t; /5 is found about 12 ms).

PSL of ZGO:Mn powder can be impacted by many external condi-
tions, such as ambient light and temperature. We found that the PSL can
still be observed on a ZGO:Mn sample after an extended period if the
sample was kept in dark after undergoing a charging process (illumi-
nated by a UV lamp). We also studied the impact of temperature on PSL
behavior. One ZGO sample was refrigerated at —15 °C, and its PSL
behavior was monitored for a week (see Fig. 3e). We found that the ZGO:
Mn sample can be PSL active even after seven days, while the room
temperature stored sample has much a shorter PSL active time (less than
one day).

Dopant concentration plays an essential role in the optical perfor-
mances of ZGO:Mn phosphor. We found that increasing the dopant
concentration can provide stronger PSL performance when the dopant
concentration is below 1.0%. Further increase of the dopant concen-
tration can result in a poor PSL performance (Fig. S2). Such dopant-
dependent phenomenon agrees with the work reported by Cui et al.,
[48] who published that fluorescence intensity decreases when the
concentration of Mn?" dopant exceeds 2%, which is due to the con-
centration quenching effect at a high dopant concentration. [49]

The interesting optical properties, including fluorescence, persistent
luminescence, and photostimulated luminescence, in the Mn-doped ZGO
materials can be explained by the manganese electronic structures in the
ZGO matrix (Fig. 4). It has been reported that ZGO is a semiconductor
with a band gap of 4.68 eV. When the ZGO:Mn material is excited by
254 nm UV light, electrons in the valence band are excited to the con-
duction band. The excited electrons migrate to the excited states of Mn-
dopant ions. Some of the electrons will then relax to the ®A; singlet state
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Fig. 4. Schematic representation of the mechanism of FL, PersL, and PSL.

and emit fluorescence. Other electrons may be trapped into the trap
states. Those electrons might be “lifted” by thermal energy and then
relaxed to ground state, emitting persistent luminescence. Such after-
glow could be significantly enhanced by either temperature or radia-
tion, which are known as thermal-stimulated luminescence and photo-
stimulated luminescence, respectively. In our case, NIR light (940 nm)
will stimulate the electrons in the trap states (potentially deep trap
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states) and then emit light. With such PSL mechanism, it is essential to
provide relatively stable trap states for a strong PSL behavior. The Mn-
doped ZGO material has a strong PSL emission, which may be due to
multiple factors, including the low phonon-vibration of the ZGO matrix,
the suitable bandgap of the ZGO materials, the chemical inert of ZGO
matrix, multi-electronic states of Mn dopant, and the excellent structural
match between the Mn dopant and ZGO matrix.

PSL-active ZGO:Mn powder was explored in the field of anti-
counterfeiting labels due to its interesting optical performance. For
example, we prepared dot arrays using a laser engraving on a plastic
card, and then deposited some ZGO:Mn materials to certain dots with
drop casting. As shown in Fig. 5a, the existence of ZGO:Mn materials on
the laser engraved card is quite inconspicuous. The designed informa-
tion, the number 37 in this case, is easily revealed under UV irradiation
in ambient condition (Fig. 5b). The green emission can also be observed
as PersL when the UV lamp is turned off (Fig. 5c). Additionally, this
security label is very sensitive to NIR stimulation. Under 940 nm NIR
light, the label can emit stronger green emission than that of PersL
(Fig. 5d). Considering various emission modes, this covert label will
have three layers of security features with FL, PersL, PSL, respectively.
Similarly, we mixed ZGO:Mn with commercially available acrylic paint
and successfully painted it on various materials such as plastics, paper,
glass, and metal sheets (Figs. S3 and S4). As shown in the Supporting
Information, the abbreviation of the University of South Dakota (USD)
can be painted “colorlessly” on paper and readily revealed in FL, PersL,
and PSL conditions, respectively.

There are several approaches for combining normal organic fluo-
rescent compounds with ZGO:Mn powders to create more complicated
anti-counterfeiting materials. Inspired by the well-known Forster reso-
nance energy transfer (FRET) theory, we mixed ZGO:Mn powder with a
small portion of Rhodamine 6G (R6G) and studied the optical behavior
of the mixture. R6G was chosen since it can absorb the green light from
the PSL emission, and then emit a red luminescence around 630 nm.
Fig. 6a insert shows a photo of fluorescence for two compressed tablets
(ZGO:Mn and its mixture with R6G). We found that the fluorescence of
the mixed tablet is greenish yellow with a much dimmer intensity than
that of the pure ZGO:Mn tablet. In the fluorescence spectrum, a new
peak at 615 nm emerged, which is associated with the fluorescence
emission of the R6G (Fig. 6a). The coordinates of the fluorescence
emission in the CIE plot are (0.28, 0.42), which is very different to the
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ZGO:Mn emission (0.27, 0.61). Similarly, the PSL emission from the
mixed tablet is also much dimmer and the color also varies.

We also tried using both ZGO:Mn material and other fluorescent dyes
to make anti-counterfeiting labels with multilayer security features.
Fig. 7a shows a dot array on a plastic card that have been deposited with
ZGO:Mn material and fluorescein dye. The symbol of a checkmark can
be seen under ambient light due to the red color of fluorescein. Under
the UV irradiation, the pattern changes into a yellowish checkmark in a
green square box (Fig. 7b). As soon as the UV-lamp was removed, the
checkmark disappeared while the square box is still visible due to the
PersL of ZGO:Mn material. This square box with the ZGO:Mn materials
will be even brighter (more intense green emission) upon the NIR
stimulation (Fig. 7c). In this experiment, multiple security features were
implemented using a combination of usual organic dye and the novel
PSL materials, including the response in various optical condition and
changes of emission pattern, color, and intensities.

PSL-active ZGO:Mn materials have a strong green emission under a
NIR stimulation, which makes it possible to prepare anti-counterfeiting
labels that are sensitive to a NIR light. Nowadays, the smart phone is a
ubiquitous device and NIR emission is used for various functions such as
face recognition. We studied the PSL of ZGO:Mn materials with a NIR
source on an iPhone 13 Pro. As shown in Fig. 7d, a picture of a dinosaur
and a meteorite was drawn. The dinosaur is not readily apparent as it is
drawn with the previously mentioned paint of ZGO:Mn powder in
colorless acrylic. The meteorite is in a red color since R6G was mixed in
the paint. Under the UV lamp, the green dinosaur and yellow meteorite
were observed. The intensities of PersL are much weaker. We found that
the green dinosaur can be clearly observed when the NIR light of an
iPhone was turned on by an app for face-recognition (see Fig. 7f). Our
results showed that even a simple drawing can produce multiple levels
of security features. In addition, using an iPhone as an NIR source could
be very convenient for the general public when examining an anti-
counterfeiting label in an authentication process.

4. Conclusions

In summary, we have successfully synthesized metal-doped phos-
phor materials, Mn-doped zinc germanate, using a simple high-
temperature solid-state reaction, and characterized them using X-ray
diffraction and photoluminescence spectroscopy. These ZGO:Mn
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Fig. 5. Optical images of hidden information card under (a) room light, (b) 254 nm UV, (c) afterglow, (d) 940 nm stimulation.
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Fig. 6. (a) fluorescence spectrum of phosphor with added R6G; Insert: optical image of neat phosphor pellet (left) and phosphor with added R6G pellet (right); (b)

CIE plot of the neat phosphor and phosphor with added R6G.
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Fig. 7. Optical images of multilayer security card under (a) room light, (b) 254 nm UV lamp, and (c) 940 nm stimulation. Duo color patterns under (d) room light; (e)
254 nm UV lamp; and (f) demonstration of anti-counterfeiting using iPhone 13 Pro.

phosphors possess stable green fluorescence and PersL emission with a
peak maximum at 534 nm. In addition, photostimulated luminescence
was observed when the UV illuminated phosphors was stimulated using
a NIR light. Examples of using PSL-active materials were demonstrated
on various substrates to prevent counterfeiting and forgery. Moreover,
our results indicated that the ZGO:Mn based security patterns can be
easily revealed using a smart phone. Our work contributes to the
advancement of security materials and may lead to the creation of more
sophisticated anti-counterfeiting technologies.
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