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Vanadate garnets are one of the exotic materials that exhibit multifunctionality, inevitable for the current
in  materials Herein, the multifunctional aspects of Sr,NaMg,V:O5, and
Sr.NaMg,V3012:Sm3*/Eu®t phosphors are discussed. The distinct thermal response of Sm** and VO4*~
enabled the temperature sensing property in which a maximum relative temperature sensitivity of 2.01%
K~! is obtained at 440 K, along with an average temperature uncertainty of +1.0 K, high repeatability

scenario science.

rate of 95%, and temperature resolution of <0.7 K. Negative thermal quenching was observed near the
charge transfer band edge with the increase in temperature due to the thermal population of higher
vibronic states. A rapid change in emission color with temperature rise for safety sign application was
also observed. The prospects of Sr,NaMg,VzO;, based phosphors were investigated for latent fingerprint
detection for the first time in vanadate garnets. Under 365 nm UV radiation, fluorescent images with
good contrast were obtained from the powder-stained latent fingerprints, and pixel profile data was
analysed thoroughly. As confirmed by the microstructure study, the relatively smaller size of the
phosphor grains increased their adhesion on fingerprints. The primary, secondary, and tertiary levels of
identification, including sweat pores, deltas, and bifurcations, were performed. The efficiency of powder-
stained LFPs was verified after a long storage duration and for various substrates. The developed security
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DOI: 10.1039/d3ma00241a inks were highly efficient and can reduce the risk of duplication of documents for anticounterfeiting.
These results manifest the versatility of the Sr,NaMg,VzO;, and SrZNaM92V3012:Sm3+/Eu3+ systems for

rsc.li/materials-advances multifunctional applications.

1. Introduction

Inorganic phosphors possess various technological applications
in materials science. Currently, the design and development of
multifunctional phosphors are of great demand. Apart from solid-
state lighting and temperature sensing, inorganic phosphors can
be used in versatile fields, such as latent fingerprint detection,
anti-counterfeiting, and bio-sensing."* Regarding optical thermo-
metry based on thermographic phosphors, this new class of
thermometry offers non-contact measurement. In the conven-
tional method, the direct contact of the thermometer with the
objects of interest is needed.® Hence biological samples cannot be
measured since they need measurements on a microscopic scale.*
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The slow response rate and low resolution are other
disadvantages.’ On the other hand, optical thermometry based
on the luminescence of phosphors offers better relative tem-
perature sensitivity, short acquisition time, spatial resolution,
etc.®”® The phosphors that are used for optical thermometry are
termed thermographic phosphors, which have temperature-
dependent luminescence parameters, such as emission intensity,
decay or rise time, emission color, and spectral shift. Among
these approaches, temperature sensing based on fluorescence
intensity ratio (FIR) offers better sensing with negligible drift
and self-referencing.” " Most reports regarding the FIR
method focused on the thermally coupled levels (TCLs) of
rare-earth (RE) ions. The overlapped emission due to the small
energy gap of 20 < AE < 2000 cm ™" limits the accuracy and
signal discriminability of the sensor."*'® Thus, FIR based on
non-TCLs attracted considerable attention. In this context,
phonon-assisted energy transfer involving dual emitting cen-
ters helps to realize better relative temperature sensitivity and
signal discriminability.'”"*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In this context, the selection of the host material plays an
important role. The host system should possess a large bandgap,
low phonon energy, etc. and effectively transfer the energy
between luminescence centers. Vanadate-based hosts are known
for their strong absorption and self-activated luminescence due
to the °T,, — 'A; transitions."”"?* RE ions possess a low
absorbance in the UV region due to narrow excitation of for-
bidden 4f-4f transition. Hence, the RE-activated vanadate host
structure helps in phonon-assisted energy transfer from VO,*>~ to
RE®". If the host structure helps to tune the emission properties,
then the design of the thermographic phosphor with better
temperature sensitivity can be realized. Presently, garnet-
structured hosts are known for the tunability of photophysical
response via polyhedral substitution and subsequent structure—
property correlation.”® Garnets have the general stoichiometry
{As}[B2](C3)O01,, in which A, B, and C correspond to dodeca-
hedral, octahedral, and tetrahedral sites, respectively, and crystallize
in the cubic Ia3d (230, 0,'’) space group. Garnet structured
materials are known for their unique structural framework and
compositional diversity, which meet the requirements of various
lighting and sensing applications.>**” Consequently, RE*"-activated
vanadate garnet-based thermographic phosphors are an excellent
choice for ratiometric temperature sensing. Vanadate garnet
generally possesses low phonon energy, essential for better
luminescence properties. Recently, our group has investigated
the thermographic and thermochromic luminescence of the
Eu’*-activated Sr,NaMg,V;0;, system in detail.>®> Moreover, the
study of optical temperature sensing based on vanadate garnets
still needs to be improved. To figure out this gap in under-
standing the potentiality of vanadate garnets, Sr,NaMg,V;0;,
(SNMV) is selected as the host material due to its better
luminescence properties.>**® Another notable orange-red emitter
ion among RE ions is Sm**. The orange-red emission corresponds
to *Gs, — °Hj, (J = 5, 7, and 9) transitions. The Sm*'-
based vanadate system is reported to exhibit better temperature
sensitivity via energy transfer.'” Hence, the Sm>'-activated
Sr,NaMg,V;0,, material is considered for ratiometric tempera-
ture sensing in vanadate garnet systems.

Apart from ratiometric temperature sensing, fluorescent
materials with better emission offer good contrast from the
background and can be used to detect latent fingerprints. The
latent fingerprint is one of the classic and exclusive pieces of
evidence observed at any crime scene, which provides sensitive
information on the suspects. Because of their uniqueness, LFPs
can provide leading clues regarding identity information and
personal characteristics, essential for forensic investigation,
law enforcement, and medical diagnostics.”>*°7*! Since finger-
prints are latent, strong contrast between fingerprint ridges and
grooves/furrows is required to visualize them. Hence it is
necessary to visualize them with physical, chemical, or optical
treatments.*> The traditional powder dusting approach for
enhancing LFP imaging uses metallic or magnetic powders.
On the other hand, chemical methods involve the cyanoacrylate
technique, ninhydrin and iodine fuming and silver nitrate
spraying.’>”* However, they suffer from limitations like low
contrast, high background interference, low sensitivity, and
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high toxicity.>* On the other hand, photoluminescence detection
of LFPs based on luminescent materials is an efficient strategy
for developing enhanced LFP images, as it offers better sensitiv-
ity and resolution. Inorganic phosphors such as Ba;Y;0q:Sm>"
and YVO4Eu®" are reported for fluorescence imaging-based LFP
detection.’®*” However, to the best of our knowledge, no reports
are available where vanadate garnets are studied for latent
fingerprint detection. Since vanadate garnets exhibit better
luminescence properties, the potentiality of the self-activated
and rare-earth-activated Sr,NaMg,V;0;, system is comprehen-
sively studied for latent fingerprint detection.

In addition, we have studied the prospects of these phosphors
for security inks necessary for anticounterfeiting applications.
Counterfeiting is one of the pressing problems that society is
facing nowadays. Fluorescent inks can be used as security inks
to identify original from fake, and for preparation of official
and security documents, currency, gadgets, certificates, etc. The
originality and authenticity of firms can be safeguarded from
counterfeiting of logos using security inks. Thus, it is high time
to develop better anticounterfeiting techniques like security inks
to end counterfeiting. In this context, RE-based security inks
provide a better choice owing to their intense emission, and
better hiddenness necessary for anticounterfeiting application.
There are reports on phosphors based on fluorides, lead-free
halide perovskites, and carbon quantum dots reported for
fluorescent ink applications.’®**' To the best of our knowledge,
no reports are available where vanadate garnets are studied for
anti-counterfeiting applications. This work studies the Sm**-
activated SNMV system for ratiometric temperature sensing
based on the distinct thermal response of the VO,*>~ complex
and Sm*" ions. In addition, SNMV and SNMV:RE** systems are
thoroughly investigated for latent fingerprint detection based on
powder dusting and security inks meant for anti-counterfeiting
applications.

2. Experimental
2.1 Materials and synthesis

The polycrystalline samples of phosphors SeraMg2V3012:Sm3+
were synthesized via a solid-state reaction route. The selected
reagents SrCOj, Na,CO;, MgO, and NH,VO; (>99%, Sigma
Aldrich), and Sm,0; (>99%, Alfa Aesar) were weighed in a
stoichiometric ratio and mixed well in acetone medium via ball
milling using ceria stabilized zirconium balls for 18 h. Owing to
the hygroscopic nature, MgO was preheated at 900 °C for 2 h
before weighing. Further, the obtained slurries were dried at
80 °C and ground thoroughly using agate and mortar. The
powder mixture was then calcined at 900 °C for 4 h. After
calcination, powders were further ground for characterization.

2.2 Characterization

The phase purity of the synthesized compounds was studied
using a Bruker D8 Advance X-ray diffractometer (40 kV, 40 mA)
having a Cu-Ka source with 2 = 1.5406 A, nickel filter, and Lynx
eye position-sensitive detector. Topas 4.2 software was used to
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perform Rietveld refinement for obtaining detailed crystal
structure information in which the Chebyshev polynomial
was used to fit the background. The unit cell parameters,
occupancy, atomic positions, and isotropic atomic displace-
ment parameters were refined. The crystal structures and the
polyhedral network were simulated using CrystalMaker 9.2.6
software. The microstructural studies were conducted using
field emission scanning electron microscope images (FE-SEM)
obtained using an FEI Nova Nano SEM 450 with a magnification
of 15000x. Room temperature and temperature-dependent
Raman scattering spectra were recorded using a Horiba Scien-
tific LabRAM HR Evolution Raman Spectrometer with a 785 nm
laser (high power and single frequency diode laser) of 90 mW.
The optical band gap was estimated based on diffuse reflectance
spectra (DRS), recorded using a JASCO-V-750 UV-Vis spectro-
photometer. The room temperature photoluminescence spectra
were collected with the help of a Fluorolog-3 spectrofluorometer,
using a 450 W ozone-free xenon lamp as the source. The decay
time measurements were carried out using nano-LED (le=
300 nm), and quantum yield is measured using the integrated
sphere setup attached to the same instrument. The temperature-
dependent photoluminescence measurements in the 80-500 K
range were carried out using an FLS 1000 spectrophotometer
from Edinburgh Instruments equipped with an Optistat cryostat
by Oxford Instruments. Liquid nitrogen was used as the cooling
agent; the temperature stabilization time was 100 s with an
accuracy of £0.01 K.

2.3 Latent fingerprint detection

LFP samples were obtained by lightly rubbing the thumb on the
greasy face area, such as the forehead and nose, after cleaning
the fingers. The LFPs were obtained by pressing fingers on the
glass substrate with suitable pressure. This was followed by a
gentle sprinkling of the phosphor powders on the developed
LFPs. The excess powder was removed from the substrates
using a fine brush. The LFPs illuminated under 365 nm were
photographed using a mobile camera, Xiaomi Mi 11 Lite, and
the fluorescent images based on security inks were photo-
graphed using a Samsung A50.

3. Results and discussion
3.1 Crystal structure

The crystal structure and phase purity of Sm*'-activated
Sr,NaMg,V;0;, (SNMV) samples are analysed using XRD patterns.
Fig. 1(a) shows the XRD patterns of SNMV:xSm>" (x = 0, 0.01, 0.03,
0.05, 0.07, 0.10 and 0.12) indexed to the cubic Ia3d (230, 0,')
space group and the Rietveld refinement pattern of SNMV:
0.05Sm*" is given in Fig. 1(b). All the compositions are of single-
phase and isostructural with Sr,NaMg,V;0;, (ICDD file No. 00-
024-1131). It is confirmed that substituting Sm** into the dode-
cahedral site does not change the crystallinity of the samples.
Compared with the general stoichiometry, A;B,C304,, Sr**, and
Na' occupy the dodecahedral site (24¢) with 2/3 and 1/3 occupancy
to form Sr/NaOg dodecahedra. The octahedral site (16a) is
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Fig. 1 (a) XRD patterns of SNMV:Sm>* (x = 0, 0.01, 0.03, 0.05, 0.07, 0.10,
and 0.12) and (b) Rietveld refinement pattern of SNMV:0.055m>*.

occupied by Mg>', the tetrahedral site (24d) by V> ions, and
oxygen ions in the general sites (96h). The lanthanide ion Sm>" is
substituted onto the dodecahedral site. The refined unit cell
parameters and crystallographic data of the Sr; ¢Smg sNaq o5
Mg,V;0;, phosphor are tabulated in Table S1 (ESIt). The obtained
reliability parameters confirm the occupancy of Sm*" in the
dodecahedral site. The Sr;¢Smy osNa; 0sMgoV30;, system has a
lattice parameter of 12.652(1) A, respectively. Further, it can be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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noted that lattice contraction takes place owing to the smaller
ionic radii of Sm®" (1.079 A) replacing the larger Sr** ion (1.26 A).
As a result, the Bragg peak shifts towards a higher diffraction
angle with an increase in Sm®" concentration, as shown in Fig. S1
(ESIt). Consequently, the lattice parameter decreases from
12.654(1) A (SNMV) to 12.652(1) A (SNMV:0.05Sm) and 12.644(8) A
(SNMV:0.12Sm) respectively.”” The Rietveld refinement and crystal-
lographic parameters of SNMV:0.12Sm>" are tabulated in Table S2
(ESIY).

3.2 Raman spectra

Fig. 2(a) shows Raman spectra of SNMV:xSm** (x = 0, 0.01, 0.03,
0.05, 0.07, 0.10, and 0.12). High and low-frequency bands
correspond to internal and external vibrations.*>** The intense
bands among internal vibrations are the symmetric stretching
(v1) and bending vibrations (v,) of the O-V-O bond centered at
834 and 333 em™". External vibrations include liberation and
translation modes in the range 200-300 cm . Based on the
correlation method, 98 vibrational modes are predicted for the
Bravais cell of the garnet structure with the space group Ia3d
and are given by

I'y (total) = 3A;5 + 5Ay, + 8 Eg + 14F4 + 14F,, + 5A;, + 5A5,
+ 10E, + 18 Fy, + 16F,, (1)

Among the various vibrational modes, 25 Raman modes are
predicted and are given by

Iy (Ia3d) = 3A,4 + 8E4 + 14F,, (2)

The exact number of Raman modes in the Sm**-based SNMV
system can be found by deconvoluting the spectra, and around
15 modes are obtained, as shown in Fig. 2(b). Since the
characteristic bands of the garnet structure are obtained,
crystal symmetry is confirmed as Ia3d. Based on this, the band
assignments are done and are tabulated in Table S3 (ESIT).
Compared with the Eu** based SNMV system,*® a red shift in the
Raman modes is observed for the Sm>" system. For the
SNMV:Sm>" system, it can be noted that from the Raman spectra
shown in Fig. 2, the maximum phonon energy is 834 cm™*,
corresponding to the symmetric stretching (v;) of O-V-O bonds.
Nevertheless, the maximum phonon energy of SNMV:Eu®" is
844 cm .** The red shift of Raman modes in the Sm*" system
might be due to the weaker ionic bond strength owing to
the relatively lower electronegativity of Sm®* (1.377) compared
to Eu®" (1.356) in eight coordination.** The reduced number of
Raman modes might be due to the polycrystalline nature, over-
lap of modes and low resolution of the instrument.

3.3 Diffuse reflectance spectra

The diffuse reflectance spectra of the host, 0.05 and 0.12Sm*"
are shown in Fig. 3(a). A strong absorption in the UV region is
noted in both phosphors owing to LMCT from 2p orbitals of
0°" to 3d orbitals of V**. In addition, the absorption band at
405 nm due to the °Hs, — *F;, transition of Sm** becomes
conspicuous at a higher concentration of 0.12 mol Sm>".

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Raman spectra of Sr.NaMg,VzO1: xSm>* (x = 0, 0.01, 0.03,
0.05, 0.07, 0.10 and 0.12), and (b) deconvoluted Raman spectra of SNMV:
0.05 Sm**.

The optical band gap of Sm**-activated SNMV is calculated
using the Kubelka Munk function®® given by

(1 _ROO)Z

F(R) =55

(3)

where R ,and F(R,,) are the diffuse reflectance, and Kubelka-
Munk function, respectively.

For direct band transition, the bandgap can be estimated
as follows:
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Fig. 3 (a) The DRS spectra of the SNMV host and SNMV: 0.05 and 0.12
Sm>* phosphors and (b) the bandgap of SNMV: 0.05 Sm** calculated using
the Kubelka—Munk function.

[F(R, )] oc (hv — Ey) (4)

SNMV:0.05Sm>" possesses a wide and direct band gap of 3.1 eV
(Fig. 3(b)), making it suitable for substituting activator ions in
the host material, whereas SNMV:Eu®" and SNMV host phos-
phors possess bandgaps of 3.0 and 3.2 eV, respectively.*>** The
slight decrease in the bandgap of SNMV:RE** systems is due to
the replacement of larger Sr** with RE*", occupying the dode-
cahedral site. The substitution of Sm** introduces additional 4f
energy states in the forbidden gap, which lowers the bandgap of
the Sr,NaMg,V;0;,:Sm>" system.***”

3.4 Photoluminescence spectra

The photoluminescence excitation (PLE) and photolumines-
cence emission (PL) spectra of Sm**-activated SNMV phosphors
are shown in Fig. 4(a) and (b), whereas PLE and PL spectra of
host-SNMV are provided in Fig. S2 (ESIt). The excitation spectra
present a characteristic excitation band of VO, due to 'A; —
T, and 'A, — T, transitions with maxima at 335 nm and f-f
excitation of Sm>" at 405 nm. The emission band consists of
broad vanadate emission due to *T, — 'A; and °T;, — 'A;
transitions with maxima at 495 nm and emission from energy

3800 | Mater. Adv, 2023, 4, 3796-3812
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levels of Sm®". The main bands of Sm*" are obtained at 560,
611, and 650 nm, corresponding to ‘Gs, — ®Hs,,, °H,,, and
®H,,, transitions, respectively. A decrease in VO,>~ emission
with Sm>" concentration is noted. However, the intensity of the
Sm®" band increases with the concentration, in which the
maximum intensity is obtained at 0.055Sm>" (Fig. 4(c)). The CIE
coordinate of the SNMV:Sm>" exhibits a shift from cyan to the
white region with an increase in Sm*®" concentration, in which
CIE coordinates corresponding to the optimum concentration,
SNMV:0.05Sm>", are (0.234, 0.298), as shown in Fig. 4(d). The
transit of CIE coordinates is tabulated in Table S4 (ESIT). Also,
the internal quantum efficiency of the optimum concentration is
measured to be 32%. Further, decay curves of SNMV:Sm®" are
recorded as indicated in Fig. S3 (ESIf). The decay curves are
fitted using the mono exponential function given by

1(t) = Ae™ " (5)

where A4 is the fitting constant, and 7 is the decay component. In
particular, decay time decreases from 5.2 to 2.6 ps when Sm>*
concentration increases from 0 to 0.12 mol. This decrease in
decay time with Sm®" concentration proves the occurrence of
energy transfer from VO,>~ to Sm®" in Sr,NaMg,V;0;,:Sm>"
systems.

Based on the concentration-dependent decay curves, the
energy transfer efficiency is calculated as follows:

Ts
n=1- % 0 (6)

where # is the energy transfer efficiency, and 75 and 7, are the
luminescence decay times with and without Sm*". An energy
transfer efficiency of about 50% is obtained for the highest
concentration of Sm*". A schematic representation of energy
transfer and major transitions is depicted in Fig. 4(f). As illu-
strated, the energy absorbed by the VO,*~ complex is utilized for
characteristic broad emission of vanadate and transferred to
Sm*" ions. The concentration quenching observed beyond 0.05
mol is due to the non-radiative energy transfer process between
Sm** ions. The type of interaction responsible for non-radiative
transitions can be due to exchange or electric multipolar inter-
action. The critical distance, defined as the average distance
between activator ions at the critical concentration, can be
estimated using the expression*®

3\ "3
R.~2 7
¢ <4nxCN) )

where V, x., and N are the unit cell volume, critical concentration
and number of irreplaceable host cations associated with the
unit cell. In the SNMV:Sm®" system, the estimated critical
distance, R., is about 21.3 A. The type of interaction can be
found using Van Uitert's model given by*°

I -1
= k[1+B(x)"] (8)
where x, k and f are the activator ion concentration and

constants for a particular system, respectively. I is the lumines-
cence intensity, and 0 represents the type of multi-polar

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The PLE spectra monitored under emission at 560 nm, (b) concentration-dependent photoluminescence spectra of SNMV: xSm>* (x = 0.01,
0.03, 0.05, 0.07, 0.10 and 0.12) under 335 nm excitation, (c) variation of emission intensity with concentration, (d) CIE diagram of SNMV: 0.01, 0.05 and
0.12 Sm>* phosphors, (e) variation of energy transfer efficiency with Sm>* concentration, and (f) energy level diagram illustrating the energy transfer from
the VO,*~ complex to Sm>* ions.

interaction that causes non-radiative loss. For 0 = 3, 6, 8 and 10, electric dipole-quadrupole (D-Q), and electric quadrupole-
the interaction types are exchange, electric dipole-dipole (D-D), quadrupole (Q-Q) interactions, respectively. From the slope of

© 2023 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2023, 4, 3796-3812 | 3801
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V304,:0.055m>* under 335 nm excitation, (b) the histogram showing the
relative reduction in the intensity of dual emission from (VO,)*~ and Sm>*
ions, and (c) linear fit of the Arrhenius equation.

the linear fit of the above equation (—0/3), as shown in Fig. S4
(ESIY), the estimated 6 is close to 6, indicating that multipolar
interaction between Sm** ions causes concentration quenching.

3.5 Thermographic properties

Temperature-dependent PL spectra of SNMV:0.05Sm>" under
the host excitation at 335 nm are recorded to analyse the
response of emission intensity with temperature in the range
of 80-500 K, as depicted in Fig. 5(a). A decrease in emission
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intensity with an increase in temperature due to thermal
quenching is noted. It can be observed from the histogram in
Fig. 5(b) that VO,*>~ and Sm** emission follows distinct thermal
response, in which vanadate follows a rapid fall in intensity
compared to Sm**. The PL emission intensity varies in accor-
dance with the Arrhenius equation given by

1
I = e ©)
where I, and Iy are the intensities at room temperature and at
temperature T, A is a constant, k = 8.617 x 10 ° eV K ' is the
Boltzmann constant, and AE is the activation energy. The
activation energy is estimated based on the 1/kT vs. In(Io/I; — 1)
plot, as indicated in Fig. 5(c), which is 0.40 eV. Further, owing to
the distinct thermal response, the intensity ratio of VO,*~ and
Sm** emission strongly depends on temperature; this property is
essential for temperature sensing.

3.5.1 Temperature sensing properties. The distinct thermal
response of dual emission centers - VO,*~ and Sm**, are studied
for temperature sensing via the fluorescence intensity ratio (FIR)
method. The corresponding FIR expression can be deduced and
hence defined as

—AEyq,3-
1+ Ayo,s- exp (ﬁ)

FIR = o Sy enalll
' 1 + Agp3+ €xp (T)
This expression can be simplified as
FIR= B + C x exp (—AE/kT) (11)

where B, C, and E are constants depending on I,, 4, and AE of
optical centers - VO,°~ and Sm®".

Since two prominent emission bands of Sm*" exist at 611
and 650 nm, corresponding to “Gs;, — ®H,,, and ®Hyy, transi-
tions, respectively, the FIR method is employed for two combi-

Is1y Isso

nations - — and —.
495 1405

The integrated wavelengths of VO,*>~ and Sm®" bands are
considered for calculating the intensity ratio. The temperature-
sensing properties of the phosphor are evaluated by deducing
temperature sensitivities. Relative temperature sensitivity, S,
can be calculated using

3—

1 d(FIR)

S = 10% e — g7

(12)

The temperature dependence of intensity ratio based on the
611 nm band and relative temperature sensitivities, S, are
depicted in Fig. 6(a) and (b) (300-500 K). It can be noted that
sensitivity increases with an increase in temperature up to
440 K and further decreases. A maximum S, of 1.86% K ' is
obtained at 440 K.

On the other hand, the combination based on the 650 nm
band yields an improved temperature sensitivity of 2.01% K ' at
440 K, as shown in Fig. 7(a) and (b). Moreover, an average
temperature uncertainty of £1.0 K is observed between theoretical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and calculated temperatures based on the expression

1 E
r= Ln C—In FIR}E (13)
where symbols have the usual meaning as explained in eqn (10).
The repeatability of FIR is evaluated for three cycles of measure-
ment, as shown in Fig. 7(c), and is calculated based on the
following equation:

7max|QQ2:,V— Qi|%

where Q,, and Q; are the average and calculated FIR at tempera-
ture 7.°%°' A high repeatability of 95% is observed by analysing
three cycles of measurement. In addition, no hysteresis of data
points is observed.

Further, temperature resolution, 87, defined as the smallest
temperature readout possible from the sensor, can be deduced as>

et
Sy 1

R=1 (14)

oT = (15)

where dI/I represents the ratio of fluctuation in noise to maximum
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intensity, and S; is the relative temperature sensitivity.”> Tempera-
ture resolution of <0.7 K is obtained in the 300-500 K range, as
depicted in Fig. 7(d).

In addition, a slight red shift of the CTB is noted from the
temperature-dependent excitation spectra of SNMV:0.05Sm>".
Fig. 8(a) shows the temperature dependent photoluminescence
excitation (TDPLE) spectra monitoring the emission at 560 nm
from the Sm®" levels in the range 100-500 K. A red shift from
the CTB maxima from 331 to 339 nm is noted with an increase
in temperature from 100 to 500 K, respectively. It can be seen
that the CTB and 4f excitation levels of Sm*" decrease with
temperature rise. However, the CTB edge around 386 nm
exhibits a negative thermal quenching, as shown in Fig. 8(b).

This can be explained due to the rise in the thermal
population of higher vibrational levels of the ground electronic
energy level by the electrons at elevated temperatures. After
occupying higher vibrational states, relatively less amount of
energy is needed for the electrons to transit to higher electronic
states as part of the absorption process, resulting in the redshift
and subsequent negative thermal quenching.?®*>*°* Hence, the
intensity ratio I3g¢/I331 involving positive and negative thermal
quenching of CTB maxima and CTB edge at 331 and 386 nm is
calculated and fitted using eqn (11). The plot showing the
variation of excitation intensity ratio (EIR) with temperature
is shown in Fig. 8(c). Based on the fit parameters, relative
temperature sensitivity is calculated and is depicted in Fig. 8(d).
A maximum relative temperature sensitivity of 0.73% K™ ' is
obtained at 300 K. These results imply the suitability of
intensity variations in emission and excitation spectra for
temperature sensing applications. The Sm** activated SNMV
system based on the FIR method involving the ratio of emission
from the host and Sm*" exhibits improved sensitivity compared
to the CTB method. Also, it can be noted that the Sm*" based
SNMV system gives better temperature sensitivity than the Eu®*
counterpart. A comparison of relative temperature sensitivities
of reported phosphors is tabulated in Table 1, in which the
present system based on the FIR method exhibits better sensi-
tivity. Thus, the FIR method based on the ratio of emission,
Is50/1405, Of the SNMV:Sm®" phosphor has the potential to be
used in optical thermometry applications.

3.5.2 Thermal quenching associated with the SNMV:Sm>*
system. Presently, Sm**-based SNMV has a temperature sensitivity
of 2.01% K. The main factor responsible for the temperature
sensitivity of RE**-activated vanadate garnets is the diverse ther-
mal quenching of VO,*~ and RE*" centers. VO,*~ ion follows a
fast thermal quenching, whereas Sm®* prefers comparatively
slower thermal quenching. The rapid thermal quenching of
VO,*~ has a strong connection with lattice dynamics. Considering
the increased electron-phonon interaction within the host lattice
at higher temperatures, temperature-dependent Raman spectra
are analysed in detail, as indicated in Fig. S5 (ESIt). The broad-
ening of Raman modes along with the red shift is noted with
an increase in temperature, implying that lattice distortion
and volume expansion of the unit cell are some of the consequent
effects.>®* Further, softening of phonon modes with temperature
is indirectly related to the mean free path of phonons.
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An increased thermal interaction reduces the mean free path,
favours a decrease in the lifetime of optical phonons, and hence
results in the increased line width.** The relaxation time can be
estimated using the relation®

1

=— 16
’ nel’ (16)

where I is the line width and «t is the lifetime of the phonons,
and c is the velocity of the light. For SNMV:Sm*”, the calculated
lifetime of the phonons is 0.61 and 0.46 ps at 300 and 500 K,
respectively. In addition, the temperature-induced red shift of
the excitation band further confirms the thermal population of
higher vibrational states and subsequent thermal quenching
of blue-green emission from the vVO,°~ complex via a crossover
mechanism.>?

Thermal quenching of VO,*~ does not exhibit significant
variation in the SNMV:Sm** with that of SNMV:Eu®" systems.
However, variation can be anticipated from the RE*", which
prefers a slow thermal quenching. The improved sensitivity
of the Sm®* based SNMV system is likely due to the lesser non-
radiative transitions associated with Sm*" than Eu’" levels.
Generally, RE** prefers a multi-phonon relaxation pathway for
thermal quenching. Hence the relative number of phonons

3804 | Mater. Adv., 2023, 4, 3796-3812

required for bridging the energy gap determines the likelihood
of thermal quenching behaviour. The relative number of phonons
required to bridge the energy gap between the lowest excited state

and highest ground state can be estimated using®>®®

p = AE/ho (17)

where AE is the energy gap, and hw is the maximum phonon
energy of all the lattice vibrations. For the SNMV:Sm®" system,
it can be recalled from the Raman spectra shown in Fig. 2 that
the maximum phonon energy is 834 cm™ ', corresponding
to the symmetric stretching (v,) of O-V-O bonds. Nevertheless,
the maximum phonon energy of SNMV:Eu®" is 844 cm™*.>* The
red shift of Raman modes in the Sm*" system is due to the
weaker ionic bond strength owing to the relatively lower
electronegativity of Sm*" compared to Eu*". The average energy
gap between the lowest excited state, “Gs),, and the highest
ground state of sm?*', ®Hy,, is about 15 300 cm™". Generally,
radiative transitions will be favoured if the number of required
phonons is more than seven. Hence the approximate value of p
is about 18, which implies that more phonons are required for
the non-radiative relaxation for thermal quenching in the Sm**
based SNMV system, as shown in the schematic representation
in Fig. 9.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Temperature sensitivity comparison of reported phosphors

Phosphors Temperature (K) S; (% K~ ') Ref.
Na;Sc,P;0,,:Eu®’/Mn** 293-473 1.556 55
Y,MgTiOg:Mn*" 10-513 0.14 56
Ba,(VO,),:Sm*" 303-463 2.24 17
LiCa;ZnV;0,,:Sm*" 303-463 1.8 57
Ca;LiMgV;0,,:Sm>" 303-513 1.99 58
BaGd,0,:Bi*'/Sm** 293-473 1.11 59
LaNbO,:Bi*"/Eu’** 303-483 1.89 60
LaNbO,:Bi**/Tb*" 303-483 2.36 60
Sr;Y,Ge;01,:Bi*/Sm*"  298-498 0.61 61
Ca,NaMg,V;0,,:Sm>"  303-503 1.889 62
Ca,NaMg,V;0,,:Eu®"  303-503 1.686 62
Sr,NaMg,V;0;,:Eu®"  300-500 1.61 23
Sr,NaMg,V;0,,:Sm*"  200-500 0.73 This work (CTB)
Sr,NaMg,V;0y,:Sm*>"  300-500 2.01 This work (FIR)

On the contrary, the energy gap and highest phonon energy
of the Eu®" system are 12500 cm ™' and 844 cm !, respectively.
Due to the higher energy gap and lower phonon energy of the

Sm3+

system, lesser non-radiative transitions and slow thermal

quenching will be favoured. The diverse thermal response is
essential for better relative temperature sensitivity in a dual

© 2023 The Author(s). Published by the Royal Society of Chemistry
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emitting center-based thermographic phosphor. Since VO4*~
favours a rapid thermal quenching, lanthanide activator ions

should favour a slow thermal quenching. The more distinct the
thermal behaviour of dual emitters, the better the relative

Fig. 9 Schematic model showing thermal quenching of Sm>*
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temperature.

showing the colorific shift in response to

temperature sensitivity. Hence, the Sm*" based SNMV system
presents a higher relative temperature sensitivity than the Eu®*
counterpart, confirming its potentiality as a better candidate
for ratiometric temperature sensing.

3.5.3 Thermochromic luminescence of SNMV:0.05Sm>*. As
explained, the diverse thermal response of VO,’~ and Sm**
emission with temperature favours a shift in emission color
with temperature. Fig. 10 depicts the transit of CIE coordinates
with temperature. A change in emission color from cyan (0.263,
0.352) to orange-red (0.504, 0.408) is noted with a temperature
rise from 300 to 500 K. At elevated temperatures, VO,>~ emission
undergoes fast quenching due to an increase in non-radiative
transitions via a cross-over mechanism.

On the contrary, emission from lanthanide activator ions
follows a slow thermal quenching, leading to dominant orange-red
emission. In short, this favours rapidly changing emission color
from cyan to the orange-red region in the Sm*"-based SNMV system.

Since distinct emission color variation is noted for a short
temperature difference of 200 K, the SNMV:Sm>* phosphor is a
better thermochromic luminescent material. Hence, thermo-
chromic luminescence of the Sm*" activated SNMV system can
be used for safety sign applications in high temperature envir-
onments. A comparison of phosphors reported for safety sign
applications is given in Table S5 (ESIT). It can be noted that the
Sm*" based SNMV phosphor exhibits good performance for
safety sign application.

3.6 Latent fingerprint detection

Another potential application of phosphors lies in the detection
of latent fingerprints. The essential requirement a phosphor
should meet for LFP detection is the ability to provide high
contrast with low background interference. Based on the better
luminescence properties of SNMV:RE?", the phosphors-SNMV,
SNMV:0.15Eu®", and SNMV:0.05Sm>", are selected to visualize
latent fingerprints. As reported earlier,”® it is evident that
the CIE coordinate shifts towards the red region due to the

3806 | Mater. Adv., 2023, 4, 3796-3812

View Article Online

Paper

quenching of VO,*~ emission at higher concentrations of Eu**
in the SNMV:Eu** system. Hence, SNMV:0.15Eu’" is selected for
LFP detection as it can give emission in the red region, thereby
offering a good contrast from the background. The excitation
maxima of SNMV systems are at 335 nm. Hence, under excitation
at 365 nm with a UV lamp, the contribution from the RE**-based
red/orange-red emission is more dominant than the blue-green
luminescence of the VO, complex, which favours SNMV:
0.15Eu*" and SNMV:0.05Sm’" to emit in the red and yellow region.
The PLE and PL spectra of SNMV:0.15Sm>" are given in Fig. S6
(ESIf). The Rietveld refinement pattern of SNMV:0.15Eu®" is
shown in Fig. S7 (ESIt). The refined unit cell parameters and
crystallographic data of the Sr; ;Eu,15Na; 15Mg,V;0;, phosphor
are given in Table S6, respectively. The Rietveld refinement
pattern and crystallographic parameters of the host Sr,NaMg,-
V0, are reported earlier by our group.*” Moreover, the internal
quantum efficiency of SNMV:0.15Sm>" and SNMV is 25 and 38%,
respectively.

The detection of latent fingerprints is carried out via the
powder dusting method using a feather brush. A detailed
illustration of the powder dusting method is depicted in Fig.
S8 (ESIt). LFPs are imaged under 365 nm UV light. Fig. 11(a)-(c)
show that LFPs on a glass substrate are highly visualized after
the SNMV and SNMV:RE*" powder treatment. The enhanced
visualization of LFPs is due to the better adhesion of phosphor
particles on the ridge patterns. LFPs comprise inorganic and
organic materials like polypeptides, fatty acids, amino acids,
and water. The adhesion of these compounds on the LFPs with
these phosphors helps to image LFPs. LFP information can be
generally classified into three levels.®” The first level refers to
the shape of the ridge patterns, whereas the second level refer
to detailed and characteristic information like whorls, islands,
deltas, and bifurcations. The intra-ridge details like sweat pores
and scars are obtained in the third level.> The information on
the tertiary level is microcosmic to be identified and hence can
be distinguished only by enhancing the magnification; they
help to get the evidence in the case of deformed fingerprints,
where the relative locus of sweat pores is compared in two
fingerprints.®®® Apart from the primary level, secondary and
tertiary features of the fingerprint core can also be easily
distinguished using present phosphors, which are inevitable for
extracting valid information regarding identity characteristics.
The substructures including whorls, ridge endings, deltas, bifur-
cations, islands and sweat pores are clearly distinguishable from
the stained LFPs without the aid of any microscopic techniques.
Under 365 nm UV excitation, intense red, blue-green, and yellow
emission from SNMV:0.15Eu®’, SNMV, and SNMV:0.05Sm>"
causes easier visualization of secondary and tertiary features.

Moreover, it can be noted from the images that phosphor
powders are attached only to the ridges, and grooves are empty.
This is confirmed from the pixel profile data obtained for the
fluorescent images based on the three systems, as shown in
Fig. 12(a)—(c). The area taken for the pixel profile analysis was
highlighted in the respective photographs. The fluctuations in
the pixel values are in accordance with the profile of ridges and
grooves/furrows, where the pixel value took maximum and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Magnified features of (a) SNMV:Eu®*, (b) SNMV and (c) SNMV:Sm>*-based LFPs on the glass slide.

minimum positions at ridges and grooves, respectively. This
proves the excellent selectivity of the phosphor powder over the
ridges and furrows of the fingerprint core essential for LFP
detection.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In addition, the particle size of the phosphors plays a
significant role in the visualization of LFPs. The size of the
phosphor particles should be smaller for the efficient detection
of minute details. The size of particle aggregates and surface
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Fig. 12 Pixel profile of the selected area of (a) SNMV:Eu**, (b) SNMV and
() SNMV:Sm>*-based LFPs on the glass slide.

morphology of the synthesized phosphors are strongly con-
nected with the luminescence properties, and a strong affinity
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of phosphor grains for the residues of the fingerprints is
necessary for detecting latent fingerprints. For efficient detec-
tion of LFPs, the size of the phosphor particles should be
smaller than the tiny ridge. On careful analysis of the micro-
structures of SNMV and SNMV:RE*" phosphors, as depicted in
Fig. S9 (ESIY), it is evident that the particle size of the phosphor
is around 5 pm. The particle size distribution histogram of
SNMV:0.15Eu®", SNMV, and SNMV:0.05Sm** is shown in Fig.
S10 (ESIt). In the current situation, the smaller size of the
particles provides an added advantage for better visualization
of the finer details up to the third level. Recently, Wang et al.
studied LFP detection using microparticles of Sr,MgMoOg
phosphors having a particle size of 1-2 um?®. The average size
of the narrow ridge of an adult is around 450 um. On the other
hand, the size of the sweat pore, which is part of the level 3
identification, is about 88-220 pum.”°

In this context, the size of the microparticles of SNMV and
SNMV:RE*" (Eu/Sm) phosphors perfectly suits the practical
application of latent fingerprint detection. Thus, the reduced
size of the microparticles provides an added advantage of SNMV
systems for the ease of distinguishing ridges and grooves clearly.

Considering the actual situation in fingerprint extraction,
things available in daily life are also used as substrates. Fig. 13
shows the fluorescent images obtained on the Indian rupee
coin based on SNMV and SNMV:RE** phosphors, along with the
image of the stained coin under daylight. The images on the
right are the enlarged views of the powder-stained fingerprints.
High-definition fluorescence images can be observed along
with distinguishable ridge patterns. Apart from the first level
information, finer details like whorls and ridge endings can be
easily identified under 365 nm UV light, confirming the poten-
tiality of the present phosphors for latent fingerprint detection.

Further, applicability of phosphors is tested for various
other substrates having diverse porosity, roughness, and back-
ground reflectivity. Fig. S11(al-c4) (ESIf) includes digital
photographs of stained LFPs on different substrates — high-
lighter pen, CD and aluminium foil, under 365 nm UV radia-
tion and under daylight. It is obvious that stained LFPs provide
easier distinguishability of ridge patterns under UV excitation
compared to daylight. Thus irrespective of the substrates under
testing, better visualization of LFPs can be obtained using
SNMV and SNMV:RE** systems. This proves the potentiality
of vanadate garnets in forensic applications. Moreover, the
smudged fingerprints are also analysed using the present
phosphors, as indicated in Fig. S12 (ESIt). In actual cases, the
chances of getting clear fingerprints are less; instead, smudged
fingerprints are often encountered in real situations. Hence,
evaluation of smudged fingerprints is necessary.

It can be noted that even with overlapping, damaged, or
incomplete fingerprints, powder-stained smudged LFPs are
easier to distinguish the finer details of ridge substructures.
In addition, on comparison with commercial powders such as
TiO, and Fe,0;, the present study based on luminescent
powders provides better visualization through intense emission
from phosphor-stained LFPs, better sensitivity, and selectivity
with high contrast, and reduced background interference,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Photographs of (a) SNMV:Eu**, (b) SNMV, and (c) SNMV:Sm** phosphor-stained LFPs on the Indian rupee coin.

implying the potentiality of the luminescent powder based
approach over conventional methods in LFP detection.”"”?

Considering the real situation, latent fingerprint detection
and analysis can only be done after a certain time. Hence, the
efficiency of powder-stained LFPs should be checked after a long
duration. The fluorescent images of SNMV and SNMV:RE**
stained LFPs are obtained after storing them in a dry environ-
ment for two months, as depicted in Fig. 14. It can be observed
that visible and high-quality fluorescent images of LFPs are still
obtained even after a longer duration. Even after aging, the
maintenance of well-defined ridge substructures indicates the
chemical stability of the phosphors under study. The second-
level features, such as bifurcation and deltas, can be identified.

These observations confirm the storage stability of the
developed LFPs based on the present phosphors. After a long
duration, the water content evaporates from the fingerprints,
and only oily substances remain. It has been reported that a
detectable quantity of amino acids is present in fingerprints.”
Amino acids have a strong affinity for oxide materials; this
adhesion of amino acids on oxide-based phosphors might
cause clear visibility even after aging. In summary, SNMV and
SNMV:Eu**/Sm*" based phosphors exhibit potential application
in latent fingerprint detection, open new avenues, and prove
that vanadate garnets have a long way ahead in the field of
latent fingerprint detection.

3.7 Security inks for anticounterfeiting

In addition, SNMV, SNMV:0.15Eu**, and SNMV:0.05Sm>" phos-
phors are tested for anticounterfeiting markers via developing
security inks. Counterfeiting is one of the areas where fluores-
cent phosphors can be employed, which helps to distinguish real
from fake. Since these phosphor systems provide fluorescence
only under UV excitation, they can be used for detecting counter-
feiting. This is the first time that a study on anticounterfeiting
inks has been reported based on vanadate garnets. The security

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Photographs of (a) SNMV:Eu®*, (b) SNMV, and (c) SNMV:Sm3*
phosphor-stained LFPs after a long duration of storage.
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Fig. 15 Emblem of the University of Kerala illuminated under UV radiation at 365 nm using (a) SNMV:Eu**, (b) SNMV, (c) SNMV:Sm>* phosphors, and (d)

under natural light.

inks are developed by dispersing the respective phosphor pow-
ders in the PVA solution. The viscosity of the security ink can be
varied by varying the weight percentage of the PVA solution. The
photographs of the university emblem developed using viscous
inks based on the studied phosphors under 365 nm excitation
and under daylight are depicted in Fig. 15. It is obvious that no
fluorescence can be noted under daylight. The emblems illumi-
nated under 365 nm UV excitation exhibit intense red, blue-green,
and yellow emission corresponding to SNMV:0.15Eu®>", SNMV,
and SNMV:0.05Sm>”, respectively. The strong fluorescence emis-
sion from phosphors shows the testimony of the potential appli-
cation of vanadate phosphors in security inks.

Further, Fig. 16(a)-(d) shows the images of dip pen writing of
the acronym of the University of Kerala. In this case, the ink with
comparatively high fluidity is prepared by taking a low weight
percentage of PVA solution. The potentiality of the developed
security inks in anticounterfeiting is analysed by marking security
labels on the Indian currency note, as depicted in Fig. 16(e) and
(f). The distinct red, blue-green, and yellow fluorescent markings
corresponding to SNMV:0.15Eu®", SNMV, and SNMV:0.05Sm’",
respectively, can be noted under UV excitation. The markings using
security inks are visible only under UV excitation, which tells the
authenticity of the synthesized security inks in anticounterfeiting,

and helps in safeguarding documents, and fraud detection like
duplication of currency notes and documents. In this manner,
the synthesized security inks can be employed in advanced
secret markings or codes in currencies, products and confidential
documents. Thus, security inks based on vanadate garnets can
be applied for advanced strategies to restrict counterfeiting. Com-
pared with other reported phosphors, including fluorides, lead-free
halide perovskites, and carbon quantum dots for fluorescent ink
applications,®®™*® SNMV-based phosphors exhibit better perfor-
mance. Further preparation of practical fluorescent offset printing
inks will be carried out as future work. In short, these phosphors
open new avenues for the class of vanadate garnets to enter into the
security ink, which is essential for the modern anti-counterfeiting
printing technology for the preparation of security documents.

4. Conclusions

In summary, the present work deals with the multifunctional
applications of SNMV and SNMV:RE** (Eu**/Sm®") systems in
latent fingerprint detection, ratiometric temperature sensing,
and as security inks for anticounterfeiting for the first time.
To begin with, the photoluminescence properties of the dual

Fig. 16 Logo of the University of Kerala illuminated under UV radiation at 365 nm using security inks prepared using (a) SNMV:Eu®*, (b) SNMV, and (c)
SNMV:Sm** phosphors, and (d) under daylight, and (e) and (f) indicate the digital photographs of anti-counterfeiting labels marked on the Indian Rupee
under 365 nm UV excitation (top to bottom-SNMV, SNMV:Sm** and SNMV:Eu®* based inks) and daylight, respectively.
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emitting SNMV:Sm>" system are studied in detail. Under UV
excitation at 335 nm, the dual emission from VO,*>~ and Sm®" is
obtained. Moreover, energy transfer from the VO,*~ complex to
Sm*" is confirmed. The optimum concentration is found to be
0.05 mol with the CIE coordinate (0.234, 0.298) and an internal
quantum efficiency of 32%. A diverse thermal quenching is
observed based on the distinct thermal response of VO,*~ and
Sm**, The fluorescence intensity ratio method is used to
investigate the temperature sensing properties. A maximum
relative temperature sensitivity of 2.01%/K is obtained at 440 K,
along with an average temperature uncertainty of +1.0 K
between theoretical and calculated temperatures. A high
repeatability of 95% and a temperature resolution of <0.7 K
are noted. Further, the mechanism of thermal quenching is
comprehensively studied. A thermochromic luminescence
shift from cyan (0.263, 0.352) to the orange-red (0.504, 0.408)
region is observed with a rise in temperature from 300 to
500 K, necessary for safety sign applications in high-tempe-
rature environments. In addition, the prospects of SNMV,
SNMV:0.15Eu®”, and SNMV:0.05Sm** phosphors are investi-
gated for latent fingerprint detection via the powder dusting
method, for the first time in vanadate garnets. The fluorescent
images of powder-stained LFPs provide good contrast from the
background. Under illumination with 365 nm UV radiation,
clear visualization of ridge patterns is obtained, confirming
that powders are present only on the ridges and empty grooves
through pixel profile data. Apart from the first level, secondary
and tertiary level details, including sweat pores, deltas, and
bifurcations, can be easily obtained using the present phos-
phors. Further, successful detection of LFPs in things available
in daily life is also carried out. In addition, the efficiency of
powder-stained LFPs is verified after a long duration of storage.
These indicate that phosphors - SNMV, SNMV:0.15Eu®", and
SNMV:0.05Sm>®", have great potential for latent fingerprint
detection. Further, the potentiality of the above phosphors
is successfully tested and verified for security ink application.
The ability of developed inks to secure documents by
providing better hiddenness in daylight and strong fluores-
cence under UV radiation necessary for anticounterfeiting
labels is verified. In a nutshell, the potentiality of vanadate
garnets in multifaceted applications is evident through
the present study, which accelerates further research in this
direction.
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