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Anticounterfeiting Labels with Smartphone-Readable
Dynamic Luminescent Patterns Based on Tailored

Persistent Lifetimes in Gd,O,S:Eu*/Ti

Ngei Katumo, Luis Arturo Ruiz-Preciado, Vinay Kumar, Gerardo Hernandez-Sosa,

Bryce S. Richards, and lan A. Howard*

Dynamic luminescent labels, in which a luminescent image changes with
time after ultraviolet excitation is turned off, are attractive for anticounter-
feiting. A sequence of Gd,0,S:Eu**/Ti* phosphors is presented in which the
Ti** doping concentration allows the persistent emission lifetime to be varied
from 1.17 £ 0.02 to 5.95 + 0.07 s. While this persistent lifetime is tuned, the
photoluminescence quantum yield remains over 46% + 3%. A broad charge-
transfer band allows these phosphors to be excited with inexpensive and
relatively safe 375 nm light-emitting diodes. By developing patterns with phos-
phors that have differing persistent lifetimes, dynamic changes in the lumi-
nescent image after the excitation source is removed can be observed. For
patterns made from phosphor materials that have big differences in persistent
lifetimes, these dynamic changes are observable by the eye. By contrast, the
dynamic changes in patterns made by phosphors with comparable persistent
lifetimes (0.20 s delayed lifetime difference) are difficult to observe by the
naked eye but can be easily determined by analysis of a 30-frames-per-second
video taken with a smartphone. Thus, these bright phosphors with tunable
persistent lifetime allow both overt (observable by eye) and covert (requiring
smartphone video analysis) dynamic anticounterfeiting labels to be created.

1. Introduction

The production of counterfeit goods and
the forging of currencies and documents
create both financial and safety-related
problems for manufacturers and govern-
ments. In the period 2008 to 2013, the
global economic loss due to counterfeiting
increased fivefold from USD 200 billion
to USD 1.13 trillion and is projected to
reach USD 2.81 trillion by 2022.0 This
significant and increasing loss due to
fakes introduces opportunities for more
effective anticounterfeiting measures; the
implementation of technologies designed
to make products harder to copy or make
it easier to distinguish genuine products
from fake ones. The latter usually involves
marking the product with a difficult-
to-replicate label. Examples of such anti-
counterfeiting labels include digital and
smart signatures,”! plasmonic labels,!
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magnetic tags,” holograms,’! physical-

unclonable-functions,® and luminescence
tags.l Luminescence tags are of particular interest for pre-
venting counterfeiting due to their unique and tunable optical
properties, ease of adoption and integration with other anti-
counterfeiting technologies.

In the field of luminescence tags, the first approach is to
create security images invisible under standard conditions but
revealed under the appropriate illumination. Work by Andres
et al. demonstrated full-color images using lanthanide-based
inks under ultraviolet (UV) illumination, which are invisible in
the absence of the excitation source.”? Such an approach can
be extended by also requiring correct environmental conditions
for the luminescence to be visible. For example, Zhao et al. pre-
sent interesting anticounterfeiting features reliant on thermo—
hydro—chromic properties of oxazolidines and hydrochromic
molecules for emission-based dual encryption.®! They demon-
strated that changing either the moisture content or tempera-
ture of their labels revealed the coded information. To secure
luminescent labels beyond a simple response to UV light, recent
strategies include multi-mode emissions,”) dual-mode excita-
tion color tuning/'” external stimuli-coded luminescence,?’!
dynamic photoluminescence,'l and integrated time-resolved
luminescence.l
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Another potential strategy to increase the security of lumi-
nescent labels involves uniquely identifying labels based on
determining the lifetime(s) of the luminescence of various
parts of the label. Typically, these luminescence lifetimes are
shorter than a few milliseconds, and therefore need dedicated
equipment to resolve their lifetime. For example, the work of
Lu et al. focused on the development of lifetime-based mul-
tiplexing nanocrystals in the 26 to 662 us range for advanced
encryption and coding but required a scanning microscope to
read out the photoluminescence (PL) lifetime.'?d Sun et al.
used nanosecond range PL lifetimes of iridium (III) complexes
as smart luminescent materials for data recording and security
applications, but this approach also needs a fluorescence life-
time imaging microscopy setup to authenticate.3] Kalytchuk
et al. reported the use of carbon dot fluorescence-lifetime
for anticounterfeit applications, which also relied on single-
photon counting-based fluorescence imaging to decode the PL
lifetimes." Recent elegant work by Ding et al. demonstrates
how oxygen-sensitive organic chromophores can be inkjet
printed to make labels whose three levels of security rely on the
combination of dynamic lifetime-based imaging and tailored
environmental response.™! With lifetimes varying from 10 to
100 ps, an ICCD camera is still needed to image these short
lifetimes.

Delayed luminescence materials with lifetimes in the
range of seconds to hours can be used to move the concept of
PL lifetime-based anticounterfeiting into a regime where the
human eye can be used to discern the changing PL pattern
after excitation stops. Many inorganic persistent phosphors,
wherein charge carriers are trapped under UV illumina-
tion and delayed luminescence occurs after the illumination
ceases due to thermal detrapping of the charges, have been
developed.l'®l The most ubiquitous, commonly used in emer-
gency signs, is StAL,O.Eu?":Dy** with a lifetime exceeding
tens of hours.'®l Ji et al. recently demonstrated the poten-
tial of the persistent phosphor Sr,Ga,GeO,:Pr3* for dynamic
anticounterfeiting.’! Changing the Pr** doping from 0.2%
to 3.0% significantly decreased the persistence lifetime and
allowed a clear difference in the emission pattern of a printed
label observed 90 and 300 s after excitation at 254 nm. Pei
and co-workers similarly showed dynamic anticounter-
feiting based on NaCa,GeO,F:Tb*" with the persistent lumi-
nescence color and lifetime after 254 nm excitation altered
by Tb** concentration.l’l Long et al. designed quasi-layer
structured Ca;Ga Oq:Bi** to show persistent luminescence
alongside photostimulated luminescence, and variation of
the prompt PL color for a strong anticounterfeiting material,
again using 254 nm excitation for persistent luminescence.l®!
Similarly, Sang and co-workers combined persistent lumi-
nescence and mechanoluminescence in niobate structures
for anticounterfeiting.’” Organic materials can also show
delayed luminescence suitable for dynamic anticounterfeiting
by mechanisms including room-temperature phosphores-
cence,?%l and emission from states with a strong charge-
transfer character.®2! Also, carbon dots can show delayed
luminescence useful for anticounterfeiting.?”l However, to
move beyond the analysis of dynamic counterfeiting labels by
eye, it would be desirable to have a sequence of persistent
phosphors that allow a standard camera, such as that found
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in a smartphone, to perform quantitative lifetime-based
image analysis. In this contribution, we develop such a
sequence of easily excitable and uniformly bright persistent
phosphors whose persistent lifetimes can be precisely con-
trolled. These enable anticounterfeiting security through an
overt analysis by eye and covert quantitative lifetime analysis
based on videos shot with a smartphone camera.

The desired delayed lifetime range of the ideal phosphors for
smartphone-based lifetime determination can be considered
as follows. The lower limit is imposed by the frame rate of
the camera, its sensitivity, and the intensity of the emission.
With the standard 30 frames-per-second (fps) camera found
in a smartphone, we previously demonstrated that persistent
lifetimes longer than 100 ms can be determined by examining
the temperature-dependent PL lifetime of Gd,0,S:Eu** .23 The
upper limit on the persistent lifetime is a practical considera-
tion of how long an authentication measurement can take for
a given application. For point-of-sale authentication by con-
sumers, we approximate that the authentication time should
stay under 10 s, and therefore that the decay time of the phos-
phor should be shorter than a few seconds. For persistent life-
times in this regime, there are few inorganic material systems
doped with lanthanide emitters that can demonstrate bright
delayed lifetimes within this window. Choices include the oxy-
sulphides,” aluminates,” and alkali earth (Ca, Sr, and Ba)
silicate oxides.®112.26]

We have previously demonstrated that Gd,0,S:Eu®* exhibits
a bright delayed emission whose persistent lifetime can easily
be established from a video captured with a smartphone
camera.[?l The Gd,0,S:Eu®" host also has the advantage that
it has a broad charge-transfer band (CTB) that can be excited
by 375 nm LEDs. This 375 nm UVA excitation wavelength is
more attractive than the UVC (254 nm) normally needed for
host absorption because 1) the light-emitting diodes (LEDs)
are tenfold less expensive, 2) are on average tenfold brighter
(higher external quantum efficiency),?” and 3) the UVA emis-
sion is much less hazardous for the skin and eyes.?®! In our
previous study, the variation of the persistent lifetime with
temperature allowed the material to be applied for optical
thermography.?)l However, given only a single persistent
lifetime is accessible at a certain temperature, it is not appli-
cable for anticounterfeiting. In this contribution, we report
how the persistent lifetime of the bright delayed emission in
this material can be varied based on Ti*" codoping, allowing
phosphors with varying persistent lifetimes to be developed
for anticounterfeiting purposes. We demonstrate prototype
labels based on patterns of Gd,0,S:Eu*"/Ti** phosphors with
varying persistent lifetimes and demonstrate how the labels
can be authenticated either by eye or with the assistance of a
smartphone video.

2. Results and Discussion

First, we explored the structural properties and morphology
of the oxysulphide Gd,0,S:6% Eu**/x% Ti*" phosphors as a
function of the Ti*" codoping (ranging from x = 0 to 24 mol%)
by undertaking X-ray diffraction (XRD) analysis and imaging
using a scanning electron microscope (SEM). The XRD

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 1. a) PL excitation spectra for Gd,0,S:3%Ti*", Gd,0,5:6%Eu®, and Gd,0,S:6%Eu>"/3%Ti*" (tracking the emission at A., =626 nm). The spec-
trum consists of a broad CTB in the 250-400 nm range and sharp bands common in Eu** intraconfigurational transitions. The CTB of Gd,0,S:3%Ti*"
is relatively weak, with absorption peaking in the 250-290 nm region. The observed bands include the ’Fo ; — °Dj, 5Lg (396417 nm), and ’Fy 1— ’D,
(468 nm) Eu’* transitions. b) PL emission spectra of Gd,0,5:3%Ti*, Gd,0,S:6%Eu*", and Gd,0,S:6%Eu*"/3%Ti*" under 375 nm excitation at room
temperature. The emission spectra of Gd,0,5:6%Eu** and Gd,0,5:6%Eu*/3%Ti*" consists of SDy—’F; (for j =0, 1, 2, and 4) Eu** transitions with a
dominant emission being the Dy—’F, (626 nm) with a left shoulder at 616 nm, while the PL emission of Gd,0,5:3%Ti*" exhibits a broadband emis-
sion. c) Video frames extracted from videos of luminescence of Gd,0,S: 6%Eu*", Gd,0,5:3%Ti**, and Gd,0,S:6%Eu*/3%Ti*" after excitation under
Aex = 375 nm showing the afterglow characteristics of the three samples as a function of time.

patterns and the SEM images are as shown in Figures S1and S2
respectively in the Supporting Information. The XRD patterns
revealed that the phosphors had a trigonal structure, space
group P-3m1(164), and were mapped to ICSD 167755. At higher
Ti*" codoping (more than 12 Ti mol%), traces of Gd,Ti,O, that
were mapped to ICSD 167918 were observed. The SEM images
revealed that the phosphors had quasi-spherical morphology,
loosely clustered, and with a distributed particle size in the
range of 0.2-5 um.

The PL excitation and emission spectra of the Gd,0,S micro-
phosphors with various doping concentrations are plotted in
Figure 1. As observed in the PL excitation spectra (tracking
the 626 nm emission) in Figure la, both Gd,0,S:6%FEu’*
and Gd,0,S:6%Eu*"/3%Ti*" shows a strong CTB, in the
250400 nm region. This strong CTB in Gd,0,S:6%Eu*
and Gd,0,S:6%Fu*"/3%Ti*" is mainly due to charge transfer
between S27/0? and Eu’* [ and only weakly affected by the
0% to Ti"t (n = 3, 4) charge transfer.3% The other absorp-
tion bands include the Eu®" intraconfigurational transitions
7Foq — 5D3,5Lg (396418 nm) and "Fg; — ’D, (468 nm).2%b31
The Gd,0,S:3%Ti*" PL excitation spectrum, tracked from its
emission peak at 626 nm, peaking in the UVC region (260 nm)
coinciding with 4.8 eV bandgap of the undoped host material,
and shows a weak CTB roughly in the same place Gd,0,S:6%
Eut.[?d The broad CTB, dominated by the Eu** CTB, allows
the cheaper and safer UVA excitation with a 375 nm LED. Addi-
tional information on the PL excitation spectra of the other
Gd,0,5:6%Eu* /x%Ti*" can be found in Figure S4 of the Sup-
porting Information.
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The PL emission spectra of Gd,0,S:6%Eu’*t, Gd,0,S:3%Ti*,
and Gd,0,S5:6%Eu’*/ the 3%Ti*" under 375 nm LED excita-
tion are displayed in Figure 1b. The PL emission spectra of
Gd,0,S:3%Ti*" exhibits a broad emission band in the 500—
900 nm region, peaking at 626 nm due to the Ti** (E — 2T,)
transition.33 This is consistent with previous reports on
Ti* emission in oxysulphide hosts, where the excited Ti*
ion quickly captures an electron forming an excited Ti*** ion
that then combines with a hole leading to the observed emis-
sion.323l The Gd,0,S:6%Eu*" and Gd,0,S:6%Eu’t/3%Ti*
displayed the typical Fu*" emission spectra with no trace of
emission from Ti (neither in the prompt emission in Figure 1b
nor in the delayed emission in Figure S7, Supporting Informa-
tion). The main emission peak in both cases was the Dy — ’F,
(626 nm) Eu’* transition that had a shoulder at 617 nm. The
other transitions include the >Dy — ’F, 1(596 nm), and °Dy— ’F,
(704 nm). Maintaining the narrowband emission from the Eu**
for both the prompt and delayed luminescence is highly desir-
able because the high spectral brightness of this narrowband
emission is attractive for distinguished it from ambient lighting
using bandpass filters.[?l Note that the narrowband emission
from Eu is not maintained in all hosts codoped with Ti*". For
example, in Y,0,S:Fu*t/Ti*"/Mg?', the broad emission from
the Ti is clearly visible in the delayed emission.?¥ The mecha-
nism will be discussed in detail later, but these results indicate
electron transfer from the Ti** to the Eu?* in our host, which is
absent in Y,0,S. This transfer of the electron from Ti to Eu in
the Gd,0,S, but not in the Y,0,S is consistent with the smaller
difference in the vacuum referenced binding energies for Eu

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 2. a) Measured absolute PLQY values of the Gd,0,S:6%Eu’*/xTi**

phosphors for (0 < x < 24% mol) under A, = 375 nm excitation. The Ti*"

codoping first leads to relatively constant PLQY followed by a steady decrease beyond 9% Ti** codoping. b) Normalized delayed emission intensity as
a function of time extracted from smartphone-acquired videos of Gd,0,S:6%Eu’"/x%Ti*" emissions after pulsed UV-LED excitation (375 nm), for lower
Ti*" concentrations (x=0, 1, 3, 6, and 9 mol%.) and for c) higher Ti*" concentrations (x=9, 12, 18, and 24% mol). d) The delayed lifetime (7) from a

single exponential fitting y = yo + A; exp( — t/7) in the delayed PL region of i
range of 1.17 £ 0.02 to 5.95 £ 0.07 s with the lifetimes increasing up to 9%

and Ti in the Gd,0,S host recently established in the litera-
ture.3%] The mechanistic understanding is discussed in more
detail later.

In our previous work, we optimized the photolumines-
cence quantum yield (PLQY) of Gd,0,5:x% Eu** lranging from
x = 0 to 13 mol%) doping, with 6% Eu*" doping registering
the best PLQY of 65% (A, = 375 nm).?3] Therefore, this work
is based on Ti*" codoping of the Gd,0,5:6% Eu*" optimized
phosphors. Figure 1c displays smartphone-video-recorded
delayed luminescence of Gd,0,S:6%FEu’*, Gd,0,S:3%Ti*,
and Gd,0,5:6%Eu*"/3%Ti* upon 375 nm UV excitation for
10 s. The Gd,0,S:6%Eu’* exhibit a short, delayed PL emis-
sion with the afterglow being observable up to for =4 s after
the 375 nm LED excitation is switched off. Alternatively, the
Gd,0,S:3%Ti*" has a longer delayed PL emission, which is
observable beyond 6 s despite having a low PL intensity. The
Gd,0,5:6%Eu’"/3%Ti* synergistically demonstrates both high
PL emission and longer delayed lifetime.

A sequence of Gd,;0,5:6% Eu’* phosphors was synthesized
in which the codoping of the Ti*" ions was varied between 1 and
24 mol%. The PLQY and delayed lifetime as a function of Ti*"
codoping concentration is presented in Figure 2. The steady-
state PLQY without Ti*" codoping is 65%. The PLQY reduces
to 46% + 3% for Ti* concentrations from 0.25 and 9 mol%
but remains constant at this reasonably high level throughout

Adv. Mater. Technol. 2021, 6, 2100047 2100047 (4 of 10)

nterest for each case. The delayed PL lifetime can be tuned to be within the
Ti** codoping and then decreases with further increase in Ti*" codoping.

this range (Figure 2a). While the PLQY remained similar for
the range under 9 mol% Ti** codoping, the persistent lumi-
nescence (delayed lifetime) varied immensely. We demonstrate
in Figure 2b that the samples with similar PLQY, Gd,0,S:6%
Eu?*/x% Ti*" (1 < x < 9 mol%) led to diversely distinguishable
delayed PL lifetimes in the 1.17 + 0.02 to 5.95 + 0.07 s range.
These delayed lifetimes were determined by isolating a region
of interest (ROI) from videos acquired using a 30 fps smart-
phone camera and fitting a single exponential equation y =
Yo + Ajexp( — t/7) in a time window selected as described in
Figure S6 of the Supporting Information. In brief, the initial
boundary time, t;, was universally taken to be 2 s while the end
boundary time, t,, was the time at which the lifetime extracted
from the delayed PL emission video decays to 90%. The repro-
ducibility of the delayed PL lifetime determination by analysis
of the smartphone video is shown in Figure S6 and Table S1 of
the Supporting Information

Beyond 9 mol% Ti*" codoping, the PLQY starts to decrease
with increasing doping leading to a low PLQY value of up to
16% + 3% for the Gd,0,5:6% Eu®'/24% Ti*" sample. High
Ti*" codoping also decreases the delayed PL lifetime, with the
Gd,0,S:6%Eu’*/24% Ti*" leading to a delayed PL lifetime of
2.90 + 0.03 s as demonstrated in Figure 2c. Therefore, due to
the concentration quenching, both the PLQY (see Figure 2a)
and the delayed lifetimes decrease when the Ti** codoping is

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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more than 9 mol% (Figure 2¢,d). A summary of the delayed
PL lifetime(s) is presented in Figure 2d. Higher than 9 mol%
codoping, thus, only leads to a repeated lifetime (s) with lower
PLQY, so are not useful. Therefore, doping the Gd,0,5:6% Eu?*
with up to 9 mol% of Ti*" ions led to a sequence of phosphors
with delayed lifetimes varying from 1.17 + 0.02 to 5.95 + 0.07 s
but with uniform PLQY, providing for two features attractive
for persistent PL lifetime based anticounterfeiting applications
as discussed here.

In terms of mechanistic understanding, one can conclude
that the persistent luminescence in Gd,0,S:6%Eu’*/x%Ti*
emanates from the Eu®" because the emission spectrum of
the Ti*" codoped samples is identical to that of the pure Eu3*
sample (see Figure 1b). Furthermore, Figure S7 of the Sup-
porting Information illustrates that there is no change of the
emission spectrum after the 375 nm excitation is turned off.
The emission during excitation and the persistent lumines-
cence has the same spectrum and therefore come from the
same state, namely, the °D, state of the Eu**. Nonetheless,
the Ti*" clearly affects the lifetime of the persistent lumines-
cence coming from the Eu** (Figure 2b,c). The increase of the
persistent luminescence lifetime by co-doping with Ti* has
been previously observed.[?*3%1 With special relevance to this
work, Lei et al. investigated the persistent luminescence of a
wide range of Gd,0,S:RE*', Ti*", Mg?" materials (RE = Ce,
Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb).32 Whereas the
afterglow of most codoped materials had a major component
from the Ti emission in their spectrum, the Eu** material did
not.[3? This motivated us to further develop the Gd,0,S:Eu’",
Ti*" material. Our decision was based on a combination of
factors. First, the Gd,0,S:Eu’* exhibits an appropriately low-
energy CTB for excitation at 375 nm. Second, that the emis-
sion only comes from one state in this material means that
the lifetime determination from a smartphone video should
be easier to realize. If the emission comes from two different
states, with different lifetimes, such a determination could
be frustrated. Third, given the Ti*" seemed to transfer energy
to the Eu, we hypothesized that control over the Ti*" concen-
tration should be an effective way to tune the Eu emission
lifetime. Recent detailed work by Luo et al. 3! gives the best
mechanistic insight into the nature of persistent emission in
this class of materials. They showed that upon UV excitation,
charge transfer excitation can lead to Ti** or Eu?* along with
a hole on the host. In the Gd,0,S host, the Eu®* is lower in
energy than the Ti*, so electron transfer from Ti** to Eu?*
will occur. Upon capture of the hole by the Eu?*, the standard
delayed emission from Eu®* is observed. This is consistent
with the minimal offset in the vacuum referenced binding
energies of the Ti** to Eu’* determined in the literature.* In
Figure S8 of the Supporting Information, we show the tem-
perature dependence of the persistent emission lifetime for
the Gd,0,5:6% Eu’** and Gd,0,5:6% Eu**/3% Ti*" samples.
Over the 175 to 350 K temperature range measured, the life-
times first increase, reach a maximum value at around 250 K,
then decrease again. This trend is observed for both samples,
and the Gd,0,S:6% Eu**/3% Ti*" lifetime is roughly a factor
of 2 longer than that of the Gd,0,5:6% Eu’* at all tempera-
tures. This similar trend of the lifetime of the persistent emis-
sion with temperature suggests the changes are dominated
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by the temperature-dependent position of the CTB relative to
the Eu?* °Dy level, and by the rate of nonradiative deactivation
of the CTB. We hypothesize that the extension of the delayed
emission of Eu** by Ti** in Gd,0,S is then due to a delay in
the filling of the Eu CTB by the Ti** slowing the release of the
hole on the host (potentially due to charge imbalance effects),
and by sometimes necessitating electron transfer between the
Ti and Eu before emission. Although further work to solidify
the mechanistic understanding is of interest, we certainly
demonstrate that the Gd,0,S:Eu* Ti*" is a system that excel-
lently satisfies all the nontrivial requirements for a persistent
phosphor with tunable lifetime for smartphone-based lifetime
determination.

To demonstrate the applicability of these phosphors for
anticounterfeiting, a 4-digit 7-segment display was made by
pressing various phosphor powders into pockets machined into
a plastic bar as illustrated in Figure 3a. The length and width
and depth of a single segment of this display are 10, 3, and
1 mm, respectively. As visually illustrated in Figure 3a, the
phosphor powder in segments @ and @ is Gd,0,S:6%Eu®", the
phosphor powder in ® and ® is Gd,0,S:6%Eu**/1%Ti*, and
that in segments ®, ®, and @ is Gd,0,5:6% Eu**/9% Ti*". We
repeated the powder-loading procedure in the four digits shown
in Figure 3b. The progression of the afterglow emission after
UV excitation is as illustrated in Figure 3b and is described
as follows. During UV (375 nm) illumination, and within the
2.5 s following the excitation source being switched off, the
luminescent label reads ‘8 8 8 8. The display then changes
to ‘3 3 3 3’ after the delayed emission of the Gd,0,S:6%FEu’*
(with the shortest lifetime) fades away in the two left-side
segments marked @ and @ of each digit. After that, the two
lower horizontal segments marked ® and @ of each seven-
segment digit fade away due to exhaustion of delayed PL lumi-
nescence from Gd,0,S:6%Eu*/1%Ti*, leading the label to
read 77 7 7. The 7 77 7 displayed segments represent the
Gd,0,S:6%Eu’/9%Ti*" phosphor that has the longest delayed
luminescence and is observable even after 10 s.

Like previous work by Liu et al. and Fan et al.,, the dynamic
change of the luminescent label during and after excitation can
be examined by eye, providing a further level of anticounter-
feiting security compared to a standard luminescent label.""><
We also note that this holds over a wide variety of temperatures,
as the lifetimes of the different phosphors change with tem-
perature in a similar manner (see Figure S9 of the Supporting
Information, the times at which the different patterns are vis-
ible changes but the same dynamic pattern change occurs).

In a more novel approach that exhibits more quantitative
authentication possibilities, the lifetimes here can be verified
with the analysis of a smartphone video. Figure 3c indicates
that the lifetimes of the phosphors in the segments indicated.
These lifetimes are 1.16 + 0.02, 3.18 + 0.04, and 5.93 + 0.07 s;
and they agree with the calibration lifetimes as plotted in
Figure 2d of Gd,0,S:6%FEu’*t, Gd,0,S:6%Fu*" /1% Ti** and
Gd,0,S:6%Eu’"/9% Ti*", respectively. Thus, with safe and inex-
pensive 375 nm LED excitation and smartphone camera detec-
tion, a quantitative analysis of our anticounterfeiting labels is
realizable in the over-the-counter sale of labeled products. In
a broader context, this would allow the use of smartphones to
decode the delayed PL lifetimes of ROIs of the patterns at the

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. a) Information indicating the specific phosphors pressed on each of the seven-segment four-digit display. b) Video frames of interest extracted
from smartphone-acquired videos of Gd,0,S:6%Eu**/x% Ti*" for (x =0, 1, and 9 mol%) demonstrating dynamic luminescence for anticounterfeiting
applications in a seven-segment four-digit display filled with the phosphors. Upon UV excitation, “8 8 8 8" is displayed. This changes to “3 3 3 3" after the
delayed luminescence of Gd,0,S:6%Eu’" is completely exhausted after =5 s. The display later transitions to “7 7 7 7 when the Gd,0,S:6%Eu’*/19Ti*"
exhausts its luminescence. The final displayed “7 7 7 7 comes from the delayed luminescence of the Gd,0,S:6%Eu>*/ 9%Ti** that has the longest
delayed luminescence that is the only one observed after 10 s. c) Delayed PL lifetime of the three phosphors as extracted from the first digit in segments
®, ®, and @ as mapped in the inset figure with the legend colors after excitation with UV (375 nm) LED.

point of sale to confirm the authenticity. Alternatively, a subset
of the lifetimes of the anticounterfeiting image could be read
out by a structured illumination selecting individual regions
(see Figure S10, Supporting Information).

For practical mass application, one can realize these pat-
terns via printing. Although inkjet printing is challenging
with micrometer-sized particles (and long term either smaller
particles or other printing techniques should be used), for an
initial demonstration we ink-jet print the phosphors as sche-
matically illustrated in Figure 4a. For this demonstration, a
pattern containing the concealed information “I M T” was
printed using a Dimatix DMP-2831 inkjet printer in which
the first cartridge printed the “I M T” patterned-dots with the
Gd,0,5:6%Eu?/9%Ti* based ink. The second cartridge, con-
taining the Gd,0,5:6%Eu*"/3%Ti* printed the rest of the com-
posite pattern. While the patterns are seen as a batch of white
dots in the absence of UV light, shining UV light at them first
reveals red-emitting phosphor dots. When the excitation source
is removed, the pattern formed by Gd,0,S:6%Eu’t/3%Ti*
decays faster than the Gd,0,S:6%Eu’*/9%Ti*" based patterns
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revealing the “I M T” pattern as shown by the frame progres-
sion in Figure 4b. A binary image is also shown in Figure 4b
revealing the “I M T” pattern and thus providing for alterna-
tive authentication via image binarization. A zoom-in to the
video frames further reveals that it is possible to integrate this
smartphone-based temporal anticounterfeiting with other anti-
counterfeiting technologies like the ones relying on physically
unclonable functions (PUF).[%! The PUFs provide for a unique
unclonable approach that is mass-producible and convenient in
the authentication.

This demonstration indicates the power of time-based
dynamic anticounterfeiting in which the patterns in display
change post excitation. In two previous examples (see Figures 3
and 4), we demonstrated one method by which these phos-
phors can provide overt and covert anticounterfeiting charac-
teristics; namely, changes in a pattern visible by the eye, and
determination of the decay lifetime of certain parts of the pat-
tern through the analysis of a smartphone video. In Figure 5,
we demonstrate another method to realize an anticounter-
feiting label using these phosphors. Here, two pairs of two

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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(a) Gd,0,5:6%Eu*19%Ti* deposition
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(b) Video frames (@30fps)

Frame progression

Zoomed-in image

Binary image

Figure 4. a) Schematic of the process of inkjet-printing “I M T” patterns using Gd,0,S:6%Eu*/9%Ti*" and Gd,0,S:6%Eu’"/3%Ti*". b) Frames of
video progression of the label after UV illumination showing initial brightness of the prints followed by subsequent different rate PL lifetime decay that
reveals the “I M T” label. A binary image visualizing the “I M T” logo representing the Gd,0,S:6%Eu*/9%Ti*" phosphor. The zoomed-in image shows
the possibility of having unique physical architectures (cat-like-footprints) for enhanced physical masking.

phosphors that exhibit similar, short decay times (1.41 + 0.02
and 1.65 £ 0.02 s; or 1.27 £ 0.02, and 1.41 £ 0.02 s, respectively)
were chosen to make patterns as pictured in Figure 5a. We
developed the patterns shown in Figure 5b by drop-casting
dots of the phosphor suspension onto a glass substrate main-
tained at 65 °C. The elevated temperature allowed faster
drying of the dropped suspension, hence, minimizing the
spread-radius. Here the covert pattern is either concealed in
a phosphor with a slightly longer (label “B”), or shorter (label
“C”) lifetime than the surrounding obfuscation pattern. The
time-evolution of the pattern can be made difficult to resolve
by the eye. Whereas it is possible to make out the concealed
pattern by careful examination by the eye of label “B,” it is
difficult to detect the concealed pattern in label C by eye
(Figure 5b). It is challenging to distinguish the label “A” and
label “C” by direct eye observation. However, a simple analysis
of still frames from a smartphone video is sufficient to reveal
the concealed pattern. In the case of label B (Figure 5b), the
binarization of the still image after 4 s with an appropriate
threshold directly reveals the concealed pattern. For label C,
such a binarization creates a mask that is then applied to the
still image during excitation to reveal the concealed pattern.
Therefore, the short but tunable lifetimes of these phosphors
can also be exploited for anticounterfeiting techniques in
which the dynamic change of a pattern is unobservable by the
eye but can be verified by a previously defined comparison of
still images extracted from a smartphone video.
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3. Conclusion

In summary, we demonstrate that the lifetime of the delayed
emission in Gd;0,S:6%Eu*"/x% Ti* can be tuned from 1.17 £
0.02 to 5.95 £ 0.07 s for Ti*" codoping concentrations from 0 to
9%. Over this Ti*" codoping range the PLQY of the phosphors
remained over 46%. This phosphor’s delayed PL lifetime pal-
ette, which maintains good emission efficiency while allowing
the persistent lifetime to be gradually tuned, is attractive for
anticounterfeiting applications. Using patterns based on
phosphors with a more significant persistent lifetime differ-
ence, dynamic pattern changes of the luminescence are vis-
ible by the eye after the 375 nm LED excitation is switched
off. This anticounterfeiting feature was strengthened using
a smartphone video to determine the persistent lifetimes at
specific areas of the pattern and authenticate these against
known reference values. Furthermore, dynamic images based
on materials with similar (and short) delayed lifetimes can
be made difficult to resolve by eye, but easily authenticated
with an appropriate analysis of still frames extracted from a
smartphone video. This novel direction of developing persis-
tent phosphors whose lifetimes are controllably tunable in the
“sweet spot” for lifetime determination with a smartphone
camera, i.e., in the range of 100 ms to 10 s, is attractive in
terms of implementing an anticounterfeiting technology.
Based on these phosphors, in addition to overt dynamic fea-
tures verifiable by eye, covert features that are authenticated
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Figure 5. Anticounterfeiting label based on analysis of still images from a smartphone video. a) Schematic of the three label patterns created, and the
phosphors contained in patterns. b) Frames extracted from smartphone videos of each label, the hidden image is obtained by making a binary image
with an appropriate threshold from the 4 s image (label “B”), or using such a binary image to mask the image collected at 0.5 s (label “C”).

based on smartphone video analysis such as precise lifetimes,
or dynamic changes based on lifetimes too similar to differ-
entiate by eye can be included. These results inspire further
work to focus on expanding the usage of smartphones cou-
pled with phosphors engineered to have appropriately delayed
luminescence lifetimes for robust quantitative authentication
of luminescent anticounterfeiting labels.

4. Experimental Section

Synthesis of GdyO0,S:Eu®"/Ti*": The Gd,0,S:6%Eu*/xTi** samples,
(Gdo.94xEU0.06Tix) 202S for (x = 0 to 24 mol%) were synthesized by a flux-
assisted solid-state reaction in a furnace system according to procedures
published in the literature.’”! The starting materials were Gd,Os
(ChemPur, 99.9%), Eu,03 (ChemPur, 99.9%), and sulfur (S) (ChemPur,
99+ %), with Na,CO; (ChemPur, 99+ %) and K,CO3; (ChemPur, 99+ %),
used as flux. The molar ratio of the fluxing agents Na,CO;:K,CO; was
set at 2:3, respectively, and excess sulfur was used to ensure complete
sulfurization.

Photoluminescence  Quantum  Yield: The absolute PLQY was
determined using the de Mello method.?® This was recorded using
an integrated system encompassing a spectrometer (AvaSpec-
HS2048XL, Avantes) attached to an integrating sphere (15 cm diameter,
Labsphere) and a UV LED (A = 375 nm) excitation source controlled
with a bench-top laser diode controller (ITC4001, Thorlabs). The powder
samples, in quartz cuvettes, were placed inside the integrating sphere,
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with the UV LED directed to them via the sphere side opening. Another
opening in the integrating sphere was connected to an optical fiber of
1 mm diameter (FPTO0URT, Thorlabs) for collecting the signal. This
opening had a baffle immediately before the fiber for preventing direct
illumination of the fiber and consequently, the detector from the UV
LED and sample emissions. Measurements of the empty sphere, direct
and indirect excitation spectra, direct and indirect emission spectra, and
black background were recorded, from which the PLQY was calculated.

Inkjet Printing: The printing was conducted using a Dimatix DMP-
2831 inkjet printer equipped with a 10 pl cartridge (21 um nozzle). The
printer jetting frequency of 5 kHz was kept and the drop spacing at
20 um was set. A custom-designed waveform was developed for each
ink. The temperatures of the print head and the glass substrate were set
to 40 and 28 °C, respectively.

Glass substrates (Borofloat Schott) were cleaned in an ultrasonic
bath while submerged in deionized water, acetone, and isopropanol for
10 min each time. The substrates were then treated under argon plasma
for 1 min. The employed inks consisted of a 20 mg mL™" solution of the
phosphor material (Gd,0,S:6%Eu*"/3%Ti* or Gd,0,S:6Eu**/9%Ti*")
in Terpineol. The solutions were filtered with 10, 5, and then
2.7 um syringe filters. Before the deposition, the ink-solutions were
ultrasonicated for 1 h to reduce particle agglomeration. An SEM image
of the particles left by a small drop of the ink is presented in Figure S3
of the Supporting Information. The pattern deposition process then
involved first printing the Gd,0,S:6Eu*/9%Ti*" based ink to form the
“I M T” pattern and then Gd,0,S:6%Eu*"/3%Ti*" ink dispersion to form
a composite print. After deposition, the samples were dried at 120 °C
for 5 min. All the printing process occurred in cleanroom conditions
(RH = 50%, RT = 20 °C).
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Drop Casting: The suspensions of phosphors were created by
dissolving 5%w/w of polyvinylpyrrolidone in ethanol and adding
95%w/w phosphor materials while stirring for 15 min. To cast the
suspensions into a pattern on the cleaned glass slide, the slides were
maintained at 60 °C as the patterns were copy-casted in the glass. This
was achieved by having a follow-up pattern under the glass slide for
which the suspensions were drop-casted.

PL Lifetime Experiments: The samples were placed inside small
ceramic crucibles and illuminated with a UV LED (375 nm, adjusted
to 25 mW cm~? intensity at the sample) in the dark at a frequency of
0.017 Hz with a duty cycle of 17%. The emission was then video recorded
using a 16-megapixel smartphone camera (Galaxy A5 (2017), Samsung
electronics). The smartphone camera settings were controlled using
a third-party application (Mark Harman, camera HD, Open Camera
V1.0, Code 1 © 2013-2016) found in the Galaxy store also named Open
Camera (v1.48.1 Code: 77) in Google Play. The camera app settings were
first set to manual mode via the application programming interface
(API) by changing it to Camera 2AP| from the default Camera API. In
this mode, the settings were then adjusted as follows. The ISO was set
to 1350, the spatial resolution to 1980 x 1080 pixels, the frame rate set
to 30 fps, while balance set to fluorescent, color effect to none. The
autolevel was then unchecked and the shutter speed was set to 1/30 s.
These settings were then saved and used for all video acquisitions. The
stability of the lifetime under UV exposure was also explored (Figure S11,
Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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