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ARTICLE INFO ABSTRACT
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Efficient near-infrared (NIR) to visible upconversion (UC) materials are essential for advancing optoelectronic,
radiation sensing, and security devices. In this work, Dy-Os:Er® * nanoparticles were synthesized using a solution
combustion method and surface-passivated with 9 wt% polyvinylpyrrolidone (PVP) to suppress surface defects
and enhance emission efficiency. X-ray diffraction confirmed a cubic phase structure with crystallite size reduced
from 22 to 14 nm due to polymer-controlled growth inhibition. Fourier-transform infrared spectra verified PVP
coordination with Dy-O and Er-O bonds, while FESEM and HRTEM analyses revealed coral-like nanostructures
with a polymer coating (~28 nm average size) and minimized agglomeration. UV-Vis diffuse reflectance spectra
indicated bandgap widening from 4.92 to 5.11 eV, consistent with quantum confinement effects. X-ray photo-
electron spectroscopy verified stable trivalent Dy® * and Er® * states and formation of an oxygen/nitrogen-rich
interface. Under 980 nm excitation, strong UC emissions were observed at 578 nm and 670 nm. The opti-
mized 9 mol% Er® *doped sample exhibited an outstanding quantum yield of 84.19 %, a high color rendering
index (CRI = 92), and a correlated color temperature (CCT = 5905 K), fulfilling white-light illumination stan-
dards. Thermoluminescence measurements under gamma irradiation showed a stable glow peak near 325 °C
with trap depths between 0.80-1.17 eV, indicating reliable radiation sensing performance. Demonstrations in
latent fingerprint visualization and anti-counterfeiting applications confirm the multifunctionality of the
developed material. Overall, PVP-passivated Dy-0s:Er® * nanoparticles exhibit superior optical efficiency,
structural stability, and functional versatility, establishing them as promising candidates for next-generation
optoelectronic, radiation sensing, forensic and security applications

role in determining emission efficiency, energy transfer pathways and
device stability [12,13]. Conventional oxide hosts such as yttrium oxide

1. Introduction

Lanthanide-doped nanoparticles have emerged as a class of materials
of significant interest in photonic and optoelectronic technologies owing
to their sharp f-f electronic transitions [1-5], long excited-state lifetimes
and remarkable photostability. The partial shielding of the 4 f electrons
by the filled 5 s?5p® orbitals of rare-earth ions results in narrow emission
bands that are minimally affected by the surrounding lattice [6-8],
enabling precise spectral tunability across the ultraviolet, visible and
near-infrared regions [9-11]. The choice of host lattice plays a pivotal

(Y203), gadolinium oxide (Gd=0s) [14] and lanthanum oxide (Laz20s)
have been extensively studied due to their high chemical stability and
low phonon energy [15,16]. However, Y203 an efficient upconversion
host, can suffer from surface defect-induced quenching at the nanoscale
[17]. Gd=0s often exhibits high phonon-assisted energy migration losses
in heavily doped systems [18]. La20s, though optically transparent in
the visible range, is hygroscopic, which can limit its long-term stability
in ambient environments [19-21]. Among various host matrices,
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dysprosium oxide (Dy20s) has gained attention as a robust platform due
to its high thermal and chemical stability, low phonon energy and wide
bandgap, which collectively reduces non-radiative losses and favours
efficient luminescence processes [22-27].

Erbium (Er®*) stands out among lanthanide activators for its rich
energy-level structure, which supports both visible upconversion and
near-infrared emissions [28-31]. The

4113/2 - 4115/2 transition at ~1.54 pm is the benchmark for optical
telecommunications, while higher-energy transitions enable green (*H,,,
2/“SJ/2 - 41‘5/2) and red (4F9/2 - 4115/2) emissions [32-35], facilitating
applications in solid-state lighting, three-dimensional displays and
anti-counterfeiting technologies [36,37]. When Er? * is introduced into a
Dy0:s lattice, Er® * can engage in energy transfer interactions with Dy® *,
enabling tailored chromaticity and white-light generation. Such multi-
functional emission behaviour makes Er® * doped Dy20s as an attractive
material for advanced photonic devices, radiation dosimetry and optical
security [38-42]. Visible-to-NIR upconversion emission offers a versa-
tile optical response that spans both the human-visible range and bio-
logically transparent NIR region [43-46]. This dual-band emission is
valuable for applications such as solid-state lighting, high-density opti-
cal data storage and NIR bioimaging [47-49], where deep tissue pene-
tration and reduced background autofluorescence are essential [50,51].
In addition, the NIR component is highly attractive for secure optical
communication systems, requiring covert and long-range transmission
[52,53]. Despite the potential of Er® * activated Dy20s systems, chal-
lenges remain in producing nanoparticles with uniform morphology,
homogeneous dopant distribution and minimized surface defects. Con-
ventional synthesis methods often require extended processing times or
high annealing temperatures, leading to particle agglomeration and
defect-related quenching [54-56]. The relatively new solution com-
bustion synthesis method, leveraging the redox reaction between metal
nitrates and organic fuels such as urea, offers a rapid, scalable, and
energy-efficient pathway to crystalline rare-earth oxide nanoparticles
[57,58]. The inherently exothermic nature of the reaction not only
promotes phase formation at relatively low external heating but also
yields products with high porosity and large specific surface areas which
are favorable for optical activation.

However, as-prepared nanoparticles typically possess a high density
of surface states, which serve as a non-radiative recombination centers
and diminish emission efficiency. Surface passivation is therefore crit-
ical for optimizing photonic performance. Polyvinylpyrrolidone (PVP)
has been widely employed for this purpose due to its strong coordination
with rare-earth oxide surfaces, ability to suppress quenching sites, and
role in improving dispersibility in both aqueous and organic media. In
addition to enhancing luminescence efficiency, PVP functionalization
can extend the practical usability of nanoparticles in device fabrication,
biological imaging and forensic applications.

In recent years, significant progress has been made in the synthesis
and optical tailoring of rare-earth-doped upconversion nanomaterials
for optoelectronic and sensing applications [59-61]. Modern methods
such as microwave-assisted synthesis and solution combustion have
enabled better control of particle size, phase purity and luminescence
efficiency in Dy20s and related oxide hosts [62,63]. The introduction of
polymer passivation such as polyvinylpyrrolidone (PVP) or polyethylene
glycol (PEG) improves colloidal stability, minimizes agglomeration and
promotes strong coordination on Dy-O and Er-O surface bonds, result-
ing in superior optical and mechanical robustness [64-66]. Despite these
advancements, several challenges remain unresolved: (i) achieving
uniform dopant distribution at the nanoscale, (ii) minimizing surface
defect-induced quenching under high excitation densities, and (iii)
maintaining radiation and photothermal stability under prolonged
operation. Moreover, limited studies have focused on correlating poly-
mer-ion interactions with energy-transfer dynamics in DyzOs:Er® *
matrices. To address these limitations, we report the controlled syn-
thesis of Er® *-doped Dy20s nanoparticles via solution combustion route,
followed by PVP surface modification to achieve optimal photonic
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performance. A systematic investigation was carried out over a range of
Er® * doping concentrations (1-9 mol%) to elucidate the correlation
between composition, structural features and luminescent properties.
Furthermore, to identify the optimal activator concentration for
enhanced luminescence, the Er®* doping level was systematically varied
from 1 to 9 mol%. This approach enabled a detailed evaluation of the
correlation between dopant content, structural evolution, and emission
efficiency. As concentration increases, the probability of energy transfer
upconversion (ETU) between neighboring Er® * ions improve, leading to
stronger visible and NIR emissions up to an optimal 9 mol% Er® * con-
tent. Beyond this level, typical concentration quenching effects are
minimized due to the low phonon energy of the Dyz20s host and the
defect-suppressing influence of the PVP coating. The identification of
this optimal composition ensures maximum photonic output and color
stability, laying the foundation for the subsequent sections on lumi-
nescence analysis. Comprehensive characterization techniques
including powder X-ray diffraction (PXRD), Fourier transform infrared
spectroscopy (FTIR), UV-Vis diffuse reflectance spectroscopy (DRS),
field emission scanning electron microscopy (FESEM), high-resolution
transmission electron microscopy (HRTEM), X-ray photoelectron spec-
troscopy (XPS), photoluminescence upconversion (PL-UC), and
near-infrared photoluminescence (NIR-PL) were employed. The multi-
functional applicability of the synthesized nanoparticles was further
demonstrated in solid-state white light-emitting diodes (WLEDs), ther-
moluminescent dosimetry (TLD), anti-counterfeiting inks and latent
fingerprint visualization. This work not only addresses the key chal-
lenges in the synthesis and surface engineering of rare-earth oxide
nanoparticles but also highlights their integration into diverse advanced
optoelectronic and forensic applications.

2. Experimental methods
2.1. Materials

99.99 % pure dysprosium (llI) nitrate hexahydrate (Dy
(NO3)3-6H50), Erbium (III) nitrate hexahydrate (Er(NOs)s-6H20), Urea
(NH2CO2NH), Polyvinylpyrrolidone (CegHoNO-PVP K-30) and Ethanol
(C2HsOH) were procured from Sigma-Aldrich. The raw materials pro-
cured are of analytical grade were used directly for material preparation.

2.2. Material synthesis

For the synthesis of erbium-doped dysprosium oxide nanoparticles,
stoichiometric amounts of Dysprosium (III) nitrate hexahydrate (Dy
(NOs3)s-6H20, 1.5958 ¢g), Erbium (III) nitrate hexahydrate (Er
(NO3)3-6H20, 0.0163 g for 1 mol% doping), and urea (CO(NHz)2,
1.5375 g) were individually weighed and then dissolved collectively in
20 mL of deionized water in a borosilicate beaker. The resulting solution
was continuously stirred using a magnetic stirrer set at 400 rpm for
25 min to achieve complete dissolution and homogeneity. Once a clear
and uniform precursor solution was obtained, it was transferred into an
alumina crucible and placed in a muffle furnace which is preheated to
490 °C. Within minutes, a self-sustaining exothermic redox reaction
initiated, facilitated by the urea acting as a fuel. The vigorous release of
gaseous byproducts caused the solution to froth, culminating in the
rapid formation of a voluminous and porous solid product. After the
reaction ceased, the foamy mass was manually scraped out and finely
ground using an agate mortar and pestle to yield dry powder. This in-
termediate powder was then subjected to calcination at 900 °C for 4 h in
air atmosphere to enhance crystallinity and remove any residual organic
or unreacted species. This procedure resulted in the formation of Dy20s
nanoparticles doped with 1 mol% of Er® * ions. The same protocol was
systematically applied to synthesize additional doped samples with 3, 5,
7 and 9 mol% Er® * concentrations.

For surface functionalization, a polyvinylpyrrolidone (PVP) passiv-
ation was employed to modify the surface of the as-prepared Dy20s:Er® *
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nanoparticles. The PVP concentration was fixed at 9 wt% based on our
previous optimization studies, where this ratio provided the best bal-
ance between surface coverage and photoluminescence efficiency.
Lower concentrations led to incomplete passivation, while higher con-
centrations introduced excess organic content, quenching the lumines-
cence [67]. For each composition (1-9 mol% Er**), exactly 0.5 g of
Dy20a:Er® * nanoparticles were placed into a 50 mL beaker, followed by
the addition of 0.045 g of PVP to maintain the 9 wt% ratio. Subse-
quently, 20 mL of absolute ethanol was introduced into each mixture to
serve as the dispersing medium. These dispersions were magnetically
stirred at 400 rpm for a duration of 18 h at an ambient temperature to
facilitate uniform PVP adsorption onto the nanoparticle surfaces. After
completion of the coating process, the colloidal mixtures were dried on a
temperature-controlled hot plate maintained at 55 °C for 18 h, allowing
complete solvent evaporation and formation of dry PVP-passivated
nanoparticles.

2.3. Characterization methods

Phase composition and crystallinity were determined using a Rigaku
Smart Lab Powder X-ray Diffractometer (CuKa, A = 1.541 A, 20 =
20°-80°, scan rate 2° min™'). FTIR spectra were recorded on a Bruker
Alpha II spectrophotometer (4000-400 cm™, 0.9 cm™ resolution) in
transmission and ATR modes with a KBr beam splitter. Morphology and
elemental composition were examined using a VEGA3 TESCAN Field
Emission Scanning Electron Microscope (0.2-30 kV) equipped with
EDX. Optical absorption (190-3200 nm) was measured using a Thermo
Scientific UV-Vis-NIR diffuse reflectance spectrophotometer with a
15 W UV source. Nanoscale imaging and compositional mapping were
performed with a Thermo Fisher Talos F200S G2 HRTEM (200 kV, FEG
source, 4 K CMOS, in-column EDS). The survey and high-resolution X-
ray photoelectron spectra (XPS) were recorded under a vacuum of 10~°
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mbar, at a power of 200 W and accelerating electron voltage of 13.5 kV
using a PHI 5400 ESCA system supplied by Physical Electronics Inc. This
system is equipped with a non-monochromatic Al Ka radiation (hv =
1486.7 eV). The survey spectrum was recorded with a pass energy of
89.45 eV, whereas the high-resolution spectra were recorded with a pass
energy of 71.55 eV. Photoluminescence (PL) studies, including emission,
excitation, lifetime, and quantum yield, were conducted on an Edin-
burgh Instruments FLS1000 spectrometer with a 450 W xenon lamp
(250-900 nm) and a 200 mW He-Cd laser (325 nm). Time-resolved PL
employed microsecond flash lamps and pulsed laser/LED excitation,
with visible (PMT-900) and NIR (PMT-1700) detectors. Thermolumi-
nescence (TL) was measured using a TL1009 Reader (Nucleonix Sys-
tems, India) under controlled heating to obtain glow curves for
dosimetric analysis. High-resolution imaging for latent fingerprint and
anti-counterfeiting demonstrations was carried out using a Canon EOS
80D DSLR camera.

3. Result and discussion
3.1. Phase analysis

Fig. 1(a) shows the PXRD patterns of Dy-Os nanoparticles doped with
1, 3, 5, 7 and 9 mol% Er® * and passivated with 9 wt% PVP, while Fig. 1
(b) presents an enlarged view of the most intense (222) reflection in the
27-31° range. The diffraction peaks at 20 ~ 20.34°, 28.96°, 33.61°,
35.62°, 39.78°, 43.11°, 48.18° and 57.24° corresponds to the (211),
(222), (400), (411), (323), (501), (440) and (622) planes respectively,
which match well with the cubic phase of Dy20s (space group

Ia-3, JCPDS No. 86-1327) [68]. The absence of impurity peaks
confirms the formation of a single-phase structure with complete sub-
stitution of Er®* into the Dy20s lattice and no detectable crystalline
contribution from the amorphous PVP passivation. A gradual
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Fig. 1. (a) PXRD patterns of Dyz0s:Er>" (1-9 mol%) nanoparticles passivated with 9 wt% PVP. (b) Enlarged PXRD patterns in the angle range of 27-31° of Dy:0s:

Er® * (1-9 mol%) nanoparticles coated with 9 wt% PVP.
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broadening and shift of the (222) peak towards higher angles with
increasing Er® * concentrations indicates two concurrent effects: (i) lat-
tice contraction due to the replacement of larger Dy® * ions (0.912 A, CN
= 6) with smaller Er® * ions (0.89 10\, CN = 6), consistent with Vegard’s
law [69], and (ii) reduction in crystallite size caused by dopant-induced
lattice strain and the steric hindrance imposed by PVP chains coordi-
nating to surface rare-earth cations.

Debye-Scherrer analysis [70] reveals a systematic decrease in crys-
tallite size from 22 nm (1 mol% Er®*) to 14 nm (9 mol% Er®*), as sum-
marized in Table 1. This reduction is attributed to strain-induced growth
inhibition arising from Er® * substitution and the growth-limiting effect
of PVP passivation, which restricts particle coalescence and suppresses
crystallite growth during synthesis. The compressive stress generated at
the nanoparticle surface during coating further enhances lattice strain,
while the polymer passivates surface defects and prevents agglomera-
tion, ensuring uniform dopant dispersion and minimizing concentration
quenching. These structural modifications, phase purity, lattice
contraction, controlled nanocrystallite size and defect passivation are
expected to directly enhance visible and NIR photoluminescence effi-
ciency, improve thermoluminescence sensitivity, and ensure the stabil-
ity required for multifunctional applications such as solid-state lighting,
radiation dosimetry, anti-counterfeiting and latent fingerprint
detection.

Fig. 2, shows the FTIR spectra of Dy20s:Er®* (1-9 mol%) nano-
particles passivated with 9 wt% PVP, recorded in the range
4000-400 cm™ . In all samples, the vibrational features correspond to a
combination of PVP coating signatures and characteristic Dy-O and
Er-O lattice vibrations are clearly visible [71]. A broad absorption band
centered at ~3488 cm™ is assigned to the O-H stretching vibrations of
physically adsorbed water molecules and surface hydroxyl groups. This
is accompanied by weak bands at ~2969 cm™ and ~2876 cm™ , which
correspond to asymmetric and symmetric C-H stretching modes of the
methylene (-CHz-) groups in the PVP backbone. The peak at
~1658 cm™ is attributed to the C—=0 stretching vibration of the pyr-
rolidone ring in PVP. This coordination is a key factor in surface
passivation and growth control, as discussed in the PXRD analysis.

Additional PVP-related vibrations are observed at ~1497 cm™ (C-H
bending), ~1348 cm™ (C-N stretching coupled with CH: bending), and
~1289 cm™ (ring deformation modes of the pyrrolidone moiety). The
persistence of these peaks across all Er® * concentrations confirm the
successful and uniform surface coating of nanoparticles by PVP. In the
lower wavenumber region, distinct peaks appear at ~565 cm™ and
~478 cm™ , corresponding to metal-oxygen (Dy-O and Er-O) stretch-
ing vibrations in the cubic Dy20Os lattice. The presence and intensity of
these bands confirm the retention of the oxide phase after PVP coating
and dopant incorporation. No additional bands associated with car-
bonate or other secondary phases are detected, indicating phase purity.

Fig. 3(a) shows the UV-Vis diffuse reflectance spectra (DRS) of Dy20s
nanoparticles doped with varying concentrations of Er®* (1-9 mol%)
and passivated with 9 wt% PVP. The spectra exhibit multiple absorption

Table 1
Estimated crystallite size and band gap values of Dy:0sEr®" (1-9 mol%)
nanoparticles passivated with 9 wt% PVP.

Sample Average crystallite Size(nm)  Band gap
Debye-Scherrer’s method (eV)
(d)
Dy,03: Er®" 1 mol% @ 9 wt% 22 4.92
PVP
Dy,Os: Er®" 3 mol% @ 9 wt% 20 4.95
PVP
Dy,0s: Er** 5 mol% @ 9 wt% 18 4.98
PVP
Dy,0s3: Er** 7 mol% @ 9 wt% 16 5.09
PVP
Dy,O3: Er®" 9 mol% @ 9 wt% 14 5.11

PVP
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Fig. 3. (a) UV-Vis diffuse reflectance spectra and (b) band-gap values of Dy20a:
Er®* (1-9 mol%) nanoparticles passivated with 9 wt% PVP.
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features in the 250-500 nm range, arising from a combination of host
lattice transitions and intra-4f electronic transitions of Er®* ions. The
steep absorption edge observed near 250-270 nm is attributed to the
intrinsic O*>- — Dy® */Er® * charge-transfer transitions in the Dy-0s host
lattice, while the weaker shoulders and dips between 300-480 nm
correspond to characteristic f-f transitions of Er®*, which are parity-
forbidden but become weakly allowed through vibronic coupling and
crystal field perturbations. A systematic decrease in reflectance intensity
is observed with increasing Er® * concentration, indicating enhanced
photon absorption. This reduction in reflectance due to increased
dopant-induced defect states and the influence of the PVP surface
coating, improves the light harvesting by minimizing surface scattering
and promoting better dispersion. The presence of PVP also reduces
surface defect-related backscattering, thus enhancing optical coupling
within the nanoparticles.

The optical band gap (Eg) values were determined using the Kubel-
ka-Munk function [72] Since the samples exhibits a direct band gap
transition, the Tauc relation for direct allowed transitions was employed

(F(R)w)2 = A(hv — Ey) @

where F(R) is the Kubelka-Munk function, h is Planck’s constant, v is
the frequency of incident light, hv represents the photon energy, A is a
proportionality constant, and Eg is the optical band gap energy. The
diffuse reflectance (R) was first converted into the Kubelka-Munk
function using the relation

(1-R)?

FR) =g

()

The optical band gap were estimated by plotting (F! (R)hv)? against hy
(Tauc plot) [73] and extrapolating the linear portion to the photon en-
ergy axis as illustrated in (Fig. 3(b)). To confirm the nature of the
electronic transition, both (F(R)hv)? (direct) and (F(R)hv)! /2 (indirect)
plots were examined. The (F(R)hv)? plots exhibited superior linearity,
confirming a direct allowed transition (n =) for Dy2Os:Er® * nano-
particles. The calculated band gaps of Dy-0s nanoparticles doped with
varying concentrations of Er® * (1-9 mol%) and coated with 9 wt% PVP
increased from 4.92 to 5.06 eV, showing a gradual increase with Er®*
content. The calculated band gaps for the samples are listed in Table 1

This band gap widening attributed to the Burstein-Moss effect [74],
where substitution of smaller Er®* ions for Dy®* introduces lattice
contraction (as confirmed by PXRD), leading to an upward shift of the
conduction band edge. Additionally, the reduction in crystallite size
with higher doping levels, coupled with surface passivation by PVP,
enhances quantum confinement effects, further contributing to the
observed blue-shift in the absorption edge. The combined influence of
lattice strain, particle size reduction and surface passivation thus ac-
counts for the systematic band gap modulation. From an application
standpoint, the ability to tune the optical band gap from 4.92 to 5.06 eV
is highly advantageous for optimizing the excitation-emission balance
in photoluminescence processes. A wider band gap minimizes unwanted
thermal population of higher-energy states, improving the stability of
visible and near-infrared emissions under high excitation power.
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o5 W
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10000K X
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Moreover, reduced reflectance and enhanced absorption in the UV-vi-
sible range directly support the efficiency of Dy-0s nanoparticles doped
with varying concentrations of Er®* coated with 9 wt% PVP in
solid-state lighting applications.

3.2. Morphology analysis

Fig. 4(a—e) shows the FESEM micrographs of Dy20s nanoparticles
doped with 1-9 mol% Er®* ion, each passivated with 9 wt% PVP,
(Fig. 4a-d) the particles retain a predominantly granular texture but
begin to show denser packing and a slight increase in aggregation. The
particle edges appear more defined, suggesting that the dopant modifies
nucleation kinetics [75], resulting in tighter clustering of nano-
crystallites. At 9 wt% PVP-passivated Dy20s:Er® * 9 mol% (Fig. 4e), the
morphology transitions to more compact and coral-like aggregates,
composed of fused nanoscale building blocks. This morphological evo-
lution is attributed to dopant-induced strain and localized variations in
surface energy, which promote oriented attachment and cluster forma-
tion. The PVP coating remains effective in preventing large-scale
agglomeration, but the increased dopant content accelerates grain coa-
lescence. The observed morphological changes are consistent with the
crystallite size reduction, further supporting the interplay between
doping level, surface chemistry and particle growth dynamics.

The corresponding EDX spectra (Fig. 5(a)-€) confirm the elemental
composition of the samples. Prominent peaks corresponding to Dy, Er
and O are observed in all spectra, verifying the presence of the host
lattice and dopant ions. Additional peaks for C and N arise from the PVP
coating, which contains pyrrolidone groups. The consistent detection of
C and N across all doping levels confirms the uniform surface func-
tionalization achieved by the 9 wt% PVP coating and the elemental
composition of samples listed in Table 2. The relative intensity of Er
peaks increases systematically with dopant concentration, in agreement
with the targeted compositional ratios. No extraneous peaks from im-
purity elements are detected, indicating high-purity synthesis and suc-
cessful elimination of unreacted precursors during calcination. This
combination of FESEM and EDX results validates that the nanoparticles
are composed of Er® *-doped Dy20s cores encapsulated by an organic
PVP shell (HRTEM confirmed encapsulation of Er**-doped Dy20s nano-
particles, see in the next paragraph) with morphology evolving from
porous granular networks to denser aggregates as the dopant concen-
tration increases. Such morphology, combined with controlled surface
passivation, is expected to have a significant influence on the optical
behavior of the nanoparticles

3.3. HRTEM analysis

The HRTEM micrographs of the optimized Dy:Os:Er®* (9 mol%)
nanoparticles passivated with 9 wt% PVP (Fig. 6. a-b) revealing a nearly
spherical morphology with an average particle size of approximately
28 nm, as further confirmed by the particle size distribution histogram
in (Fig. 6(e)). In the low-magnification HRTEM images (Fig. 6. a, b), the
nanoparticles exhibit a distinct core-shell structure, where the

Fig. 4. (a-e) FESEM Images of Dy20s:Er® * (1,3 and 9 mol%) nanoparticles passivated with 9 wt% PVP.
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Fig. 5. (a-c) EDX Spectra of Dy-0s:Er® * (1,3 and 9 mol%) nanoparticles passivated with 9 wt% PVP.

Table 2
Elemental composition values of Dyan:Er?" (1,3 and 9 mol%) nanoparticles
passivated with 9 wt% PVP.

Samples Elements Weight % Atomic %
Dyan:Er3+ 1 mol% @ 9 wt% PVP CK 5.27 57.90
NK 0.71 2.69
oL 9.06 21.41
Dy L 82.12 16.00
Er M 2.84 2.00
Dy20s:Er®* 5 mol% @ 9 wt% PVP CK 5.15 57.10
NK 0.78 2.80
OL 8.95 20.60
DyL 71.00 15.00
Er M 14.12 4.50
Dy20s:Er®™ 9 mol% @ 9 wt% PVP CK 5.05 56.70
NK 0.82 2.90
oL 8.85 19.90
DyL 59.80 12.10
Er M 25.48 8.40

crystalline Dy20s:Er® * core is uniformly encapsulated by an amorphous
PVP shell. The PVP layer, clearly visible as a lighter contrast region
surrounding the darker crystalline core, provides a uniform thickness
and complete coverage, confirming the successful surface
functionalization.

This polymer shell serves as a stabilizing barrier, effectively pre-
venting nanoparticle agglomeration and preserving the size distribution
obtained from the combustion synthesis stage. The high-resolution lat-
tice imaging (Fig. 6. c¢) clearly displays well-ordered lattice fringes with
an interplanar spacing of 0.318 nm, corresponding to the (2 2 2) planes
of cubic Dy20s (JCPDS card No. 86-1327). This observation corrobo-
rates the PXRD results and confirms the retention of crystallinity after
PVP coating. The uniformity of the fringes across the nanoparticle core
indicates minimal lattice distortion, demonstrating that the PVP layer
does not disrupt the host lattice structure, while simultaneously pro-
tecting it from surface defect formation.

The selected area electron diffraction (SAED) pattern (Fig. 6. d)
displays a series of sharp, concentric diffraction rings, indexed to the (2

11),(222),(400),(411),(323),(501),(440), and (6 2 2) planes of
cubic Dy20s. The presence of continuous and well-defined rings, rather
than discrete spots, reflects the polycrystalline nature of the nano-
particle ensemble. The intensity and clarity of these rings further
confirm high crystallinity, which is critical for efficient upconversion
and downconversion luminescence in rare-earth-doped systems. The
combined HRTEM and SAED analyses validate the successful incorpo-
ration of Er® * ions into the Dy20s host lattice without secondary phase
formation, while the homogeneous PVP passivation ensures enhanced
stability, controlled growth, and compatibility for targeted optical and
forensic applications. The optimized particle morphology, lattice
ordering, and surface passivation are expected to synergistically
improve optical performance, particularly by minimizing non-radiative
pathways and maximizing quantum yield in both visible and NIR
regions.

4. X-ray photoelectron spectroscopy (XPS) analysis

X-ray photoelectron spectroscopy (XPS) was employed to systemat-
ically investigate the surface chemistry and electronic environment
[76], of Dy20s:Er® * (9 mol%) nanoparticles before and after encapsu-
lation with 9 wt% polyvinylpyrrolidone (PVP) in order to disentangle
the combined effects of Er®* doping and polymer functionalization
(Fig. 7.1 a-h). The survey spectrum of the uncoated sample (Fig. 7.1a)
showed the presence of expected advantageous carbon (C 1 s) peak, Dy
4d and O 1 s peaks with discernible Er 4d peak, confirming the high
purity of the synthesized material. The survey spectrum of the PVP
passivated sample (Fig. 7.1b) also showed the presence of expected
advantageous carbon/carbon from PVP polymer (C 1 s) peak, Dy 4d and
O 1 s peaks with discernible Er 4d peak. In addition, it also showed a
minor N 1s peak which is due to C-N bonds of PVP polymer [77].
High-resolution (HR) C 1 s spectrum of uncoated Dy20s:Er (9 mol%)
nanoparticles is shown in Fig. 7.1(c). The sub-peaks at 284.8 and 286 eV
are due to C-C and C-O-C of advantageous carbon deposition during XPS
measurement. The C 1s XPS spectrum of PVP passivated Dyz0s:Er
(9 mol%) nanoparticles (Fig. 7.1d) also showed sub-peaks at 284.7 and
286.1 eV. The peak at 284.7 eV is due C-C bonging of advantageous



K. Gopal et al.

Journal of Alloys and Compounds 1052 (2026) 185961

d'325)=0.318 nm

)

Counts
s

28 nm [ZZI0y,0,:E6" 9 mot% @ 9 wi%s PVP.
8
6
4
2
£
0 10 20 30 40 50 60

Particle size (nm)

Fig. 6. (a-b) HRTEM images of Dy-Os:Er® * (9 mol%) nanoparticles passivated with 9 wt% PVP, (c) high-resolution image displaying interplanar spacing, (d) SAED

pattern and (d) particle size distribution histogram.

carbon and PVP polymer chain. The sub peak at 286.1 eV is due to C-O-C
bonding of advantageous carbon. Here, it is difficult to distinguish ad-
vantageous carbon and PVP polymer from C 1 s spectra. High resolution
(HR) Dy 4d spectrum of uncoated Dy20s:Er (9 mol%) nanoparticles is
shown in Fig. 7.1(e). The two sub-peaks at 155.8 and 152.5 eV are due to
4ds/» and 4ds/,, arising from spin orbit coupling of Dy 4d core levels,
confirming the presence of trivalent dysprosium [78-80]. The HR Er 4d
spectrum is shown in Fig. 7.1(g). The peak at 168.7 eV is due to Er,O3
[81]. After passivating with 9 wt% PVP, the Dy 4d3,» and 4ds/y peaks
appeared at 152.6 and 152.3 eV (Fig. 7.1f) and Er 4d peak appeared at
168.4 eV (Fig. 7.1h) exhibit a negligible shift compared to spectra of
uncoated samples. The minute shift is could be due to PVA passivating
around Dy202:Er3+nanoparticleS.

The HR O 1 s spectrum of the unpassivation Dy,04:Er> nanoparti-
cles is shown in Fig. 7.2(a). The dominant peak at 529.2 eV arises from
lattice oxygen (0?") within Dy-0s, while the secondary peak at 531.7 eV
is assigned to surface hydroxyl groups or adsorbed oxygen species
associated with environmental exposure. After PVP passivating
(Fig. 7.2b), the O 1 s spectrum with 3 sub-peaks at 529.2, 531.6 and
532.6 eV. The peak at 529.2 eV is due to lattice oxygen (0*) within
Dy20s. The peak at 532.6 eV became dominant with PVP passivating is
due to contribution of C=0 bonds in PVP polymer. The appearance of
the high-binding-energy peak at 532.6 eV is most likely due to the
physisorption of PVP polymer with Dy-Os:Er® * surface via carbonyl
groups. Perhaps the most decisive evidence of PVP encapsulation is
provided by the N 1 s region. The unpassivated Dy=0s:Er® * nanoparticles
exhibit no nitrogen signal, as expected for a pure oxide material. After
PVP passivating (Fig. 7.2d), three distinct peaks emerge at 396.4, 399.5
and 402.9 eV. The peak at 399.5 eV is due to C-N bonds of PVP polymer
passivating [76]. The peak at 396.4 eV is likely due to chemisorption of
pyrrolidone ring of PVP polymer on Dy,0s:Er>" nanoparticles. Safo
et al. [82], found that an additional peak in N 1 s XPS spectrum at lower
energy when Pt nanocubes coated with PVP. The peak at higher binding
energy 402.9 eV is due to chemisorption of PVP via carbonyl group on
Dy203:Er3+ nanoparticles in accordance with literature. Xian et al. [83],
observed a new sub-peak in N 1 s spectrum at higher energy when PVP is
coated palladium (Pd) nanocrystals. Taken together, these HR spectra

reveal a coherent mechanistic picture: the Dy20s:Er® * nanoparticles
maintain their intrinsic trivalent rare-earth oxidation states upon poly-
mer coating, while the PVP layer binds primarily through its carbonyl
oxygen and pyrrolidone nitrogen functionalities, leading to a slight
withdrawal of electron density from surface cations and an increase in
surface hydroxylation. This interaction stabilizes the nanoparticles, re-
duces agglomeration, and introduces a tunable interfacial chemistry
without compromising the core crystal structure. Such a configuration is
ideal for optical and biomedical applications where surface passivation,
colloidal stability, and chemical functionality are required, because it
maximizes particle stability while preserving the rare-earth electronic
structure essential for luminescence or catalytic properties. By
combining Er® * doping and PVP passivating, the present work demon-
strates a viable route for tailoring the surface and interfacial electronic
structure of PVP coated Dy-Os:Er® * nanoparticles for advanced appli-
cations [84-86].

5. Photoluminescence analysis

The photophysical response of Dy20s:Er® * nanoparticles encapsu-
lated in a PVP matrix has been examined under both ultraviolet (UV)
and near-infrared (NIR) excitation to elucidate the interplay of down-
conversion (DC) and up-conversion (UC) mechanisms. The choice of
Dy:0s as the host provides a relatively low phonon energy
(~450-500 cm™), which minimizes multiphonon relaxation and
thereby enhances the probability of radiative 4f—4 f transitions in Er® *.

In addition, the presence of Dy®* as a co-dopant influences the
population kinetics of Er®* through energy transfer, while the PVP
passivation reduces surface-related quenching. Together, these factors
yield an optimized luminescent system suitable for photonic applica-
tions. The excitation spectrum recorded at 578 nm emission (*Fo/2 —
SHis/2) is dominated by a sharp resonance at 352 nm, which is attributed
to the °His/2 — “F+/2 transition of Er® * (Fig. 8(a)). The large oscillator
strength of this band indicates that 352 nm photons efficiently populate
higher-lying states, which then feed into lower excited states through
rapid non-radiative relaxation. Additional weaker resonances in the
330-440 nm region corresponds to other parity-forbidden f-f
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Fig. 7.1. Survey spectra of Dy203:Er3+ (9 mol%) nanoparticles before (a) and after 9 wt% PVP passivation (b), HR C 1 s spectra of Dy203:Er34r (9 mol%) nano-
particles before (c) and after 9 wt% PVP passivation (d), HR Dy 4d 1 s spectra of Dy203:Er3Jr (9 mol%) nanoparticles before (e) and after 9 wt% PVP passivated (f).
HR Er 4d spectra of Dy203:Er3+ (9 mol%) nanoparticles before (g) and after 9 wt% PVP passivation (h).

transitions, whose narrow linewidths confirm that the local crystal field
in Dy20s does not strongly perturb the 4 f orbitals.

Fig. 8(b) shows under 352 nm excitation, the PL emission spectrum
exhibits characteristic Er® * multiplets in the violet (~410 nm, *Ho/2 —
“l1s/2), blue (~490 nm, “Fs/> — SHis/2), green (~555-580 nm, “Fs/> —
SHis/2), and red (~665nm, “Fs/2 — “I1s/2) regions. The relative

intensities of these bands are strongly influenced by the competition
between radiative decay and multiphonon relaxation [87,88]. Because
Dy20s has a comparatively low phonon cutoff energy, non-radiative
relaxation from higher states such as ?Hs/> and “Ss/> is suppressed,
which enhances the observed green and red emissions. The strong red
emission suggests the presence of cross-relaxation processes among Er* *
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Fig. 8a. PL excitation spectra of Dy20s:Er® * 9 mol% passivated with 9 wt%
PVP nanoparticles.

ions, in which two adjacent excited ions exchange energy such that one
ion relaxes to “I1s/> while the other is promoted to “Fs/2, thereby feeding
the red channel more efficiently. This is consistent with the known
cooperative upconversion and cross-relaxation dynamics of high Er®*
concentration systems.

When excited with a 980 nm diode laser, Dy:0s:Er®*@PVP
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Fig. 8b. PL emission spectra of Dy2Os:Er® * (9 mol%) passivated with 9 wt%
PVP nanoparticles.

nanoparticles exhibit pronounced UC emission in the visible region
(Fig. 9(a)). The excitation wavelength directly promotes electrons from
the “I1s/2 ground state to the metastable *I11/2 level. From this reservoir,
two sequential processes occur: (i) excited-state absorption (ESA), in
which a single ion sequentially absorbs two photons, and (ii) energy
transfer up-conversion (ETU), in which a pair of neighboring Er® * ions
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Fig. 9a. PL emission spectra recorded at 980 nm Laser diode excitation with
Dy20s:Er® * (1-9 mol%) nanoparticles passivated with 9 wt% PVP (inset: Vari-
ation of PL intensity with Er®* concentration).

exchange energy, one ion relaxing to the ground state while the other is
promoted to a higher level. Both pathways populate the “F7/2, 2Hu1/2, and
“Ss/2 manifolds, which subsequently relax radiatively, giving rise to the
observed green (~555-580 nm) and red (~665-675 nm) bands.

The concentration dependence of the UC intensity (Fig. 9(a), inset)
reveals that the emission scales approximately linearly with Er® * con-
centration up to 9 mol%, reflecting the dominance of ETU processes that
rely on interionic interactions. At higher dopant loadings, cross-
relaxation processes redistribute population preferentially into the “Fs/
2 state, which explains the observed enhancement of red emission rela-
tive to green. This color-tunability is of particular interest for photonic
applications requiring wavelength-selective emission.

Fig. 9(b) shows the emission spectra in the 1400-1600 nm range
exhibit intense near-infrared bands. The strongest peak, centered at
~1550 nm, corresponds to the *I1a/> — “I1s/2 transition, with weaker
features in the 1440-1490 nm range arising from “l11/2 — “l13/2 transi-
tion. The high intensity of the 1550 nm transition is particularly notable,
as it lies within the telecommunication C-band [89], where silica fibers
exhibit minimal loss. This indicates that Dy.Os:Er® * nanoparticles not
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Fig. 9b. NIR PL emission spectra of Dy20s:Er®* (1-9 mol%) nanoparticles
passivated with 9 wt% PVP upon 980 nm Laser diode excitation.
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only serve as visible light emitters but also as promising gain media for
optical communication systems. The observation of strong NIR emission
alongside visible UC further highlights the dual-functional nature of this
material system.

The efficiency of both DC and UC processes is influenced by the host
lattice. Dy20s, with its relatively low phonon cutoff, minimizes multi-
phonon relaxation and enhances radiative branching ratios. Further-
more, Dy®>* ions serve as auxiliary sensitizers, facilitating energy
transfer to Er® * and increasing the probability of photon upconversion.
The PVP shell reduces surface-related non-radiative recombination
pathways by passivating dangling bonds and surface traps, thereby
improving luminescence yield. This polymer encapsulation also en-
hances the dispersion stability of the nanoparticles, which is beneficial
for bio-imaging and device integration. The coexistence of DC and UC in
Dy20s:Er® *@ 9 wt% PVP nanoparticles enables multifunctional appli-
cations. The visible DC emission under UV excitation makes them suit-
able for phosphors in displays and lighting, as well as optical tagging and
security printing. The strong NIR-to-visible UC emission provides a basis
for bio-imaging, where excitation in the NIR reduces tissue auto-
fluorescence and scattering while visible emission yields high imaging
contrast. Simultaneously, the intense 1550 nm emission places this
material in direct relevance to optical communication technologies,
where it could serve as a gain medium for erbium-doped fiber amplifiers
(EDFAs). Moreover, the ability to up-convert sub-bandgap NIR photons
into visible photons opens pathways for spectral management in solar
energy harvesting, potentially improving the efficiency of silicon-based
photovoltaics [90,91].

The observed down-conversion (DC) and up-conversion (UC) pro-
cesses in Dy20as:Er®* 1-9 mol% coated with 9 wt% PVP nanoparticles
energy-level diagram as shown in Fig. 10. Upon excitation with 352 nm
radiation, electrons are directly promoted from the ground state “I1s/2 to
the higher-lying “F/- state. This state relaxes non-radiatively to lower-
lying manifolds such as ?He/2, *H11/2, “Ss/2, and “Fe/2, from which
characteristic radiative transitions are observed. The violet emission at
~410 nm arises from the ?Ho/> — “I1s/2 transition, while the blue band
around 490 nm originates from “Fs/> — “l1s/2. The strong green emis-
sions in the 545-580 nm range correspond to the 2H11/2 — *I1s/2 and “Sa/>
— “*I1s/2 transitions, whereas the dominant red band at ~650-670 nm
results from the “Fo/2 — *I1s/2 transition. These processes confirm the
efficient population of intermediate excited states following UV excita-
tion and their subsequent radiative relaxation, giving rise to intense
visible DC luminescence.
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Fig. 10. Energy-level diagram of Dy20s:Er® * (1-9 mol%) passivated with 9 wt
% PVP nanoparticles.
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Under 980 nm excitation, electrons are first excited from “I1s/2 to
“I11/2. This intermediate level acts as a reservoir, from which higher-
lying states are populated through excited-state absorption (ESA) or
energy transfer up-conversion (ETU) involving neighboring Er® * ions.
Electrons promoted to ?Hi+/2 and “Ss/> yield the observed green emis-
sions at ~545-580 nm, while relaxation via the *Fs/> state generates the
red band at ~650-670 nm. The violet and blue bands are also partially
reproduced through population of ?Hs/> and “Fs/> levels under multi-
photon excitation. In addition to visible UC luminescence, a strong near-
infrared emission centered at ~1548 nm is observed, corresponding to
the “Ia/2 — “I1s/2 transition. This transition is of particular interest for
optical telecommunication applications, as it falls within the C-band
transmission window of silica optical fibers. The long-lived “I1s/2 state is
stabilized by the relatively low phonon energy of the Dy20s host, which
suppresses multiphonon relaxation and allows efficient NIR emission.
Thus, the combined spectral evidence and the energy-level diagram
confirm that the Dyz0s:Er® * coated with 9 wt% PVP nanoparticles sys-
tem supports both UV-excited DC and NIR-excited UC luminescence
processes, with visible emissions originating from higher multiplets
(°He/2, 2Hi11/2, *Ss/2, *Fo/2) and the technologically significant 1548 nm
NIR emission arising from the “lis/2 metastable level. The dual-mode
emission behavior underscores the multifunctional nature of the sys-
tem, making it attractive for applications ranging from display and solid-
state lightning technologies to bio-imaging and optical communication.

Fig. 11 shows the photoluminescence (PL) decay curves of 9 wt%
PVP passivated Dy20s:Er® *1-9 mol% nanoparticles were systematically
investigated under two excitation/emission conditions: (i) UV excitation
at 352 nm with visible emission at 578 nm, and (ii) NIR excitation at
980 nm with NIR emission at 1548 nm, The average lifetime (1) was
calculated by fitting the decay curves to a single-exponential model
[92].

IO=Ie”"/* 3)

Fig. 11. (a) shows the visible regime, the average lifetime increased
monotonically from 4.8 ns (1 mol% Er®*") to 6.5 ns (9 mol% Er®*). This
trend indicates that the 9 wt% PVP passivated Dy,03:Er>" 9 mol%
optimized dopant concentrations promote more efficient population of
the radiative *S,/, — “I,,/, transition, leading to an extended excited-state
residence time. The gradual increase in T with concentration suggests
that concentration quenching, typically observed at high dopant load-
ings due to cross-relaxation and non-radiative energy transfer, is effec-
tively suppressed in the Dy20as:Er®* system. This behavior is likely
facilitated by the relatively large ionic radius of Dy® *, which provides
sufficient interionic spacing to reduce detrimental cross-relaxation, and
by the PVP coating, which passivates surface defects and minimizes non-
radiative decay pathways. In contrast, Fig. 11. (b) shows the NIR lifetime
values, measured for the *I,,, — *IL,/, transition at ~1548 nm, ranging
from 3.1 ns (1 mol% Er*) to 5.1 ns (9 mol% Er*). The much longer
lifetime compared to the visible channel arises from the metastable
nature of the *I13/2 state, which exhibits a small energy gap to the ground
state, thereby restricting multiphonon relaxation due to the low phonon
energy of the Dyz0s host. The steady increase in NIR lifetimes with Er® *
concentration indicates that efficient energy transfer up-conversion
(ETU) processes populate the “I,,,, level more effectively at optimized
9 wt% PVP passivated Dy,03:Er’" 9 mol% dopant levels, while con-
centration quenching remains negligible within the studied range. The
long-lived NIR emission is particularly significant for photonic appli-
cations, as it enhances the potential for optical amplification and lasing
in the telecommunication band.

The combined analysis of visible and NIR decay dynamics reveals a
dual-regime luminescence behavior: nanosecond-scale emission life-
times in the visible, governed by fast 4f-4 f radiative transitions, and
millisecond-scale storage in the NIR metastable state, controlled by host
phonon dynamics and dopant interactions. The simultaneous extension
of lifetimes in both regions with increasing Er®* concentration
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Fig. 11. (a). Visible region photoluminescence (PL) decay curves of Dy20s:Er® *
(1-9 mol%) nanoparticles passivated with 9 wt% PVP and (b) NIR photo-
luminescence (PL) decay curves of Dy20s:Er®* (1-9 mol%) nanoparticles
passivated with 9 wt% PVP.

demonstrates the favorable role of the Dy20s host and PVP passivation in
suppressing non-radiative losses, thereby enabling efficient UC and DC
processes. These findings confirm that the optimized 9 mol% Er®*
sample provides the longest lifetimes in both regimes, underscoring its
suitability for multifunctional photonic applications including bio-
imaging (visible channel) and optical telecommunication (NIR channel).

Fig. 12 (a-b) Shows the QE (1) of 9 wt% PVP passivated DyzO;s:Er3+
1-9 mol% nanoparticles, The quantum yield (QY) of these nanoparticles
under both UV excitation (352 nm, emission at 578 nm) and NIR exci-
tation (980 nm, emission at 1548 nm) were determined using an inte-
grating sphere setup attached to a spectrophotometer. The absolute
quantum yield measurements were carried out using an integrating
sphere operated in the external quantum efficiency (EQE) mode, where
the total emitted photon flux was collected over 4x steradians. Prior to
measurements, the integrating sphere system was calibrated using the
manufacturer-provided spectral correction files for the excitation
source, monochromator, and detector response. Background and stray-
light corrections were applied to minimize systematic errors. All mea-
surements were performed under identical excitation power densities to
ensure consistency across compositions, and repeated measurements
confirmed reproducibility within an experimental uncertainty of
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Fig. 12. (a). Visible region and (b), NIR region photoluminescence (PL) QE (1)
variation with Er®* (1 -9 mol%) ion concentration in Dy20s:Er® * nanoparticles
passivated with 9 wt% PVP.

+3-4 %. This enables the accurate measurement of absorbed and

emitted photon intensities. The quantum yield (®) was calculated using
the formula [93],

_ Number of absorbed photons

= 100%.
Number of emitted photons X ’

4

Fig. 12. (a), shows the QE increased monotonically with dopant
concentration, ranging from 74.22 % at 1 mol% Er® * to a maximum of
84.19 % at 9 mol% in the visible region. This steady improvement re-
flects the enhanced probability of radiative transitions from the *Ss/»
state increasing Er®* concentration up to 9 mol% reflects improved
absorption efficiency and effective population of emissive states without
the onset of concentration quenching. At low Er® * concentrations, the
number of optically active centers is limited, resulting in reduced ab-
sorption cross-section and lower radiative output. As the dopant con-
centration increases, excitation probability and radiative recombination
rates increase correspondingly. Importantly, the absence of concentra-
tion quenching within the investigated range indicates that deleterious
cross-relaxation and energy migration to quenching centers are effec-
tively suppressed.

The Dy20s host lattice plays a critical role in enabling this behavior.
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Dy20s possesses a relatively low maximum phonon energy compared to
many conventional oxide hosts, which significantly reduces the proba-
bility of multiphonon relaxation from excited Er® * states. As a result,
excited electrons in the thermally coupled ?H11/2 and “Ss/2 levels (visible
emission) more likely to relax radiatively rather than dissipating energy
through lattice vibrations. This intrinsic host property contributes
directly to the sustained increase in QY with Er®* concentration and
distinguishes Dy20s from higher-phonon oxide matrices that typically
exhibit lower efficiencies.

In addition to bulk lattice effects, surface-related non-radiative
pathways are a dominant factor controlling QY in nanophosphors due to
their high surface-to-volume ratio. Surface defects, dangling bonds, and
adsorbed hydroxyl groups introduce high-energy vibrational modes that
strongly couple with excited rare-earth ions, facilitating non-radiative
decay. The PVP surface coating plays a decisive structure-property
role by passivating these surface defect states through coordination and
physical encapsulation. PVP reduces direct interaction between Er®*
ions and surface-bound —OH groups, thereby suppressing multiphonon
quenching at the nanoparticle surface. Furthermore, the polymer
coating improves particle dispersion and reduces interparticle contact,
limiting energy migration to quenching sites at grain boundaries.
Achieving a QE value 84.19 % in the visible channel places this system
among the most efficient oxide-based luminescent nanomaterials re-
ported to date, highlighting its promise for high-brightness display and
anti-counterfeiting technologies.

Fig. 12. (b), shows in the NIR region, under 980 nm excitation with
emission at 1548 nm, the QE values were found to be slightly lower but
still remarkably high, increasing from 69.32 % (1 mol%) to 78.12 %
(9 mol%). This reduction compared to the visible channel is consistent
with the weaker oscillator strength of the “l13/2 — “I1s/> transition and
the smaller energy gap that makes the level more susceptible to multi-
phonon relaxation. Nevertheless, the measured efficiencies are signifi-
cantly higher than those typically reported for oxide hosts, which often
suffer from severe non-radiative losses in the NIR. The sustained in-
crease in QE with Er® * concentration indicates efficient energy transfer
processes that populate the long-lived “lis/> metastable state while
avoiding concentration quenching up to 9 mol%. The combination of
high QE and long lifetimes in the NIR emission window directly un-
derpins the suitability of these nanoparticles for telecommunication
applications, particularly for optical amplifiers and waveguide-
integrated devices operating in the 1550 nm C-band. These results not
only validate the synthetic approach but also confirm the multifunc-
tional potential of the system for applications spanning visible pho-
tonics, biophotonics, and optical communication technologies [94].

Fig. 13 shows the the optical properties of 9 wt% PVP passivated
Dy20::Er®* 1-9 mol% nanoparticles evaluated using the Commission
Internationale de 1'Eclairage (CIE) 1931 chromaticity diagram, and the
correlated color temperature (CCT) [95]. The chromaticity coordinates
(x, y) of the samples were calculated from photoluminescence data and
plotted on the CIE diagram to visualize their emission characteristics.
The CCT values were calculated using McCamy’s approximation formula
[96], providing insight into the perceived color temperature of the
emitted light. For 1 mol% Er®* at 9 wt% PVP passivation, the co-
ordinates (x = 0.314987, y = 0.310867) correspond to a CCT of 6520 K
with a color rendering index (CRI) of 86 were depicted and tabulated in
the Table 3, placing the emission in the cool white region. As the Er®*
concentration increases, the chromaticity coordinates shift slightly to-
wards the yellow-red region, accompanied by a gradual decrease in CCT
from 6520 K to 5905 K at 9 mol% Er®*. This shift attributed to the
enhancement of the red emission band (~670 nm) relative to blue and
green components, a result of more efficient Dy® *—Er® * energy transfer
at higher Er® * concentrations.

Notably, the CRI values improve systematically with increasing Er® *
content, rising from 86 to an exceptional 92 for the 9 mol% sample. This
trend indicates an increasingly balanced spectral distribution that
closely matches the reference white light spectrum, providing superior
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Fig. 13. CIE & CCT diagram of Dy20s:Er® * (1-9 mol%) nanoparticles passiv-
ated with 9 wt% PVP.

Table 3
Photometric values of Dyz0s:Er®* (1-9 mol%) nanoparticles passivated with
9 wt% PVP.

Sample X y CCT (K) CRI

Dy-0s:Er’" 1 mol% @ 0.314987 0.310867 6520 86
9 wt% PVP

Dy20s: Er’* 3mol% @ 9 wt% PVP 0.322008 0.320001 6048 87

Dy:0s: Er** 5 mol% @ 9 wt% PVP 0.321211 0.318646 6099 89

Dy-0s: Er** 7 mol% @ 9 wt% PVP 0.324336 0.323376 5911 90

Dy20s: Er’* 9 mol% @ 9 wt% PVP 0.312648 0.313167 5905 92

color fidelity for illumination applications. The observed improvement
in CRI is consistent with the optimized interplay between Dy * blue/
yellow emissions and Er®*’s strong red contribution, which together
produce a more continuous and visually pleasing spectrum. The CCT
values between ~5900-6500 K span the neutral to cool white range,
making these nanoparticles adaptable for various lighting applications
from residential to commercial environments. The high CRI values also
meet and exceed the requirements for professional-grade lighting, where
accurate color reproduction is critical. The PVP passivation plays a
pivotal role by enhancing emission intensity through surface defect
passivation and ensuring uniform nanoparticle dispersion, which pro-
motes consistent light output and color stability across all dopant levels.
The systematic enhancement of the color rendering index (CRI) with
increasing Er® * concentration originates from a progressive redistribu-
tion and balancing of the emission spectrum across the visible region. At
lower Er® * concentrations, the emission is predominantly governed by
Dy? *-related blue and yellow transitions, resulting in incomplete spec-
tral coverage, particularly in the long-wavelength (red) region. As the
Er® * concentration increases, efficient Dy® *—Er? * energy transfer acti-
vates the Er® * red emission band (~650-670 nm), which compensates
for the deficient red component. This additional long-wavelength
contribution smoothens the spectral power distribution, reducing gaps
between blue, green, yellow, and red regions that are critical for accu-
rate color reproduction. Consequently, the emission spectrum increas-
ingly resembles that of a reference white light source, leading to higher
CRI values.

The role of the PVP surface passivation is central to maintaining this
spectral balance. In nanophosphors, surface defects and adsorbed hy-
droxyl groups often introduce wavelength-dependent non-radiative
quenching, disproportionately suppressing red emission and degrading
CRI. The PVP layer passivates surface defect states and shields emissive
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centers from high-energy vibrational modes, thereby preserving emis-
sion intensity across all spectral components. Additionally, PVP im-
proves nanoparticle dispersion and minimizes agglomeration, reducing
scattering-induced spectral distortion that can otherwise alter chro-
matic coordinates and lower color fidelity. This structure-property
correlation between polymer surface passivation and spectral unifor-
mity ensures that the enhanced red emission from Er® * ions contributes
effectively to the overall emission profile rather than being selectively
quenched.

The combined effects of optimized Dy® *~Er® * emission coupling and
polymer-assisted surface stabilization explain the gradual increase in
CRI from 86 to 92 with increasing Er® * concentration. Importantly, the
achieved CRI values fall within the realistic and desirable range reported
for rare-earth-based oxide phosphors used in solid-state lighting, con-
firming that the observed chromatic performance arises from intrinsic
spectral engineering rather than artificial enhancement. This mecha-
nistic understanding substantiates the reliability of the CRI data and
highlights the effectiveness of PVP-mediated surface engineering in
achieving stable, high-quality white light emission. Overall, the Dyz0a:
Er®* (9 mol%) @ 9 wt% PVP sample stands out with the highest CRI
(96) and a CCT (5905 K) ideally positioned for warm-neutral white
light. This combination of high CRI, tunable CCT, and excellent effi-
ciency confirms the material’s strong potential for next-generation
white light-emitting diode (WLED) applications [97,98].

6. Thermoluminescence (TL) analysis

The thermoluminescence (TL) [99], characteristics of
PVP-passivated Dyz20s:Er®* nanoparticles with Er®* concentrations
ranging from 1 to 9 mol% (all coated with 9 wt% PVP) were systemat-
ically studied under y-ray irradiation [100], at doses of 10 Gy, 1 kGy, 2
kGy, and 3 kGy. The glow curves recorded for each dose as shown in
Fig. 14. (a-d) reveal a dominant, well-resolved glow peak in the tem-
perature range of 280-340 °C, indicating the presence of a stable set of
trapping centers in the host matrix. The relatively symmetric peak
profiles across all samples suggest a uniform trap distribution and
minimal influence from deep, non-releasing traps during the readout
temperature range. Across all irradiation doses, the TL intensity in-
creases with Er® * doping, reaching a maximum at Dy20s:Er® * (9 mol%)
coated with 9 wt% PVP, which is identified as the optimized composi-
tion. At lower Er® * contents, the trap density is insufficient for strong TL
output due to fewer defect states capable of capturing and storing
radiation-induced charge carriers.

Increasing the dopant concentration enhances the probability of
forming stable defect complexes, primarily Dy® *~O-Er® * linkages and
oxygen vacancies, which act as an efficient electron/hole trapping
centers. However, the high TL output at 9 mol% also benefits from PVP-
induced surface passivation, which suppresses non-radiative surface
recombination pathways, allowing a larger fraction of trapped carriers
to recombine radiatively upon heating.

Fig. 15, shows the comparative dose-response study for the opti-
mized composition, the TL intensity rises from 10 Gy to 2 kGy, where it
reaches its maximum, and subsequently decreases at 3 kGy. This char-
acteristic “build-up and fall-off” behavior is typical of trap saturation
phenomena: at low doses, more traps are filled as dose increases, but
beyond the optimal dose 2 kGy, excessive carrier population leads to
trap competition, charge redistribution into deep traps, and the activa-
tion of non-radiative recombination channels. The stability of the glow
peak position with dose implies that the trap depth is not altered by
irradiation dose, confirming that only the trap occupancy changes. In
Dy20s, y-ray irradiation produces electron-hole pairs via ionization. The
presence of Er®* ions modifies the electronic structure of the host by
introducing localized energy levels within the bandgap, which serve as
trapping centers for either electrons or holes. Er® * can exist in multiple
charge states under irradiation, and this redox flexibility aids in
capturing charge carriers. Simultaneously, intrinsic defects such as
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Fig. 14. (a-d). Thermoluminescence (TL) glow curves Dy20s:Er® * (1-9 mol%)
nanoparticles passivated with 9 wt% PVP irradiated at 10 Gy, 1 kGy, 2 kGy, and
3 kGy.

14

Journal of Alloys and Compounds 1052 (2026) 185961

LB mol% @9 wits PP
LOLEF" 9 mol% @9 wit PP
EC*9 molth @9 wits PP
OEF 9 mol% @9 wi% PVP

35004

3000

)

> 2500

2000

1500

TL intensity (a.u

1000

500 4

0 T T
200 250 300

350

400
Temperature (°C)

Fig. 15. Thermoluminescence (TL) glow curves of the optimal composition
Dy20s:Er® * (9 mol%) nanoparticles passivated with 9 wt% PVP under different
gamma irradiation doses (10 Gy, 1 kGy, 2 kGy, and 3 kGy) with variation
inset graph.

oxygen vacancies (V_O) act as deep traps, while cationic site sub-
stitutions and Dy? */Er® *-O bond distortions form shallower traps. The
role of the PVP capping layer is twofold: (i) it reduces the density of
surface defects that can act as recombination centers, thereby increasing
the probability that carriers recombine through bulk radiative path-
ways, and (ii) it improves nanoparticle dispersion, ensuring uniform
y-ray interaction and minimizing local heating effects during readout.

To further elucidate the trap structure, the TL glow curve of the
optimized sample irradiated at

2 kGy as shown in Fig. 16, was deconvoluted into three distinct peaks
using second-order kinetic formalism. The resolved peaks appeared at
approximately ~265 °C (Peak 1), ~295 °C (Peak 2), and ~335 °C (Peak
3). These peaks correspond to separate trapping levels within the ma-
terial, each with unique thermal stability and the kinetic parameters of
individual peaks were analyzed using the peak shape method proposed
by Chen [101]. This widely adopted technique provides accurate esti-
mates of activation energy (E), frequency factor (s), and the kinetic order
(b), based on measurable geometrical parameters of the TL glow curve.
Specifically, the glow peak temperature (Tm), low-temperature half--
intensity point (T4), and high-temperature half-intensity point (T2) were
extracted from the deconvoluted peaks. The symmetry factor (u,) was
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Fig. 16. Fitted thermoluminescence (TL) glow curve of Dy20s:Er® * (9 mol%)
nanoparticles passivated with 9 wt% PVP irradiated at 2 kGy, showing decon-
volution into three distinct peaks.
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calculated using the relation:

(T2 — Tw)

— 5
(T, —T) ()

l'[g =

The value of u, gives insight into the order of kinetics: y, ~ 0.42
suggests first-order, y, ~ 0.51-0.52 indicates second-order kinetics. The
activation energy (E), representing the trap depth, was calculated from
Chen’s equation:

(kT7)
B
where C; is a constant based on Hg and the order of kinetics, T, is the
peak temperature in Kelvin, § is the linear heating rate (2 °C/s), and k is
Boltzmann’s constant (8.617 x 107° eV/K) [102]. The frequency factor
S, which describes the probability per unit time of a trapped carrier
escaping, was derived from:

SE E

S = ﬁ exp (m)

The calculated parameters are summarized in Table 4, Peak 1
(0.84 eV) corresponds to shallow traps, enabling quick release of car-
riers upon moderate heating, contributing to the initial intensity rise.
Peak 2 (0.96 eV) represents intermediate traps responsible for sustain-
ing TL output during the main peak. Peak 3 (1.08 eV) corresponds to
deep traps with high thermal stability, ensuring prolonged storage of
carriers but requiring higher energy for release. The balance of shallow,
intermediate, and deep traps in the optimized sample ensures both high
sensitivity and stability, essential for accurate dosimetry. The Er® * ions
act as trap modifiers, while PVP passivation minimizes surface-related
non-radiative pathways, collectively yielding enhanced TL output and
reproducibility. The combination of stable trap depths, high frequency
factors, and second-order kinetics makes this material suitable for ap-
plications in high-dose y-radiation dosimetry, radiation processing
monitoring, radiation sensing and secure archival storage of radiation
exposure data. In the context of this work, the term “trap-stable” refers
to thermally stable trapping states characterized by well-defined glow
peak positions, consistent activation energies, and second-order kinetic
behavior that remain invariant with irradiation dose. The observed glow
peaks in the 280-340 °C range, combined with trap depths between 0.84
and 1.08 eV and reproducible peak symmetry factors, indicate that the
trapped charge carriers are sufficiently stable at room temperature yet
can be reliably released upon controlled heating. The invariance of peak
position with dose further confirms that irradiation alters only trap oc-
cupancy rather than trap structure. Such trap stability is essential for
reliable thermoluminescent dosimetry, as it ensures signal reproduc-
ibility, resistance to thermal fading, and accurate dose reconstruction.

E=C,.

(6)

)

7. Analysis latent fingerprints

Latent fingerprint (LFP) detection is a vital component of forensic
science, providing irrefutable biometric evidence for personal identifi-
cation in criminal investigations [103]. In this study, 9 wt%
PVP-passivated Dy20s:Er® * (9 mol%) nanoparticles were employed as a
novel fingerprint development medium for visualizing LFPs on polymer
gun, glass, and metallic substrates. These nanoparticles were selected

Table 4
Kinetic parameters of deconvoluted TL peaks for Dy20s:Er® * 9 mol% @ 9 wt%
PVP passivation, 2 kGy y-irradiation.

Peak Tm T1 T2 ng Order of E s(sh
No. (9] (9] Q) Kinetics (eV)
1 265 240 285 0.50 Second 0.84 2.1 x 10°
2 295 270 315 0.51 Second 0.96 5.4 x 107
3 335 305 355 0.52 Second 1.08 8.7 x 107
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due to their high luminescence efficiency, strong surface adherence to
fingerprint residues, and capability to produce high-contrast imaging on
diverse non-porous surfaces. LFPs were deposited by direct fingertip
contact and developed by gentle dusting with the nanoparticle powder
using a forensic brush. The treated samples were then imaged under
visible daylight and 365 nm UV excitation, as shown in Fig. 17. (al-c2).
Under daylight conditions (al, b1, c1), the latent prints remained faint
or entirely invisible, with minimal ridge detail discernible due to sub-
strate texture and color interference. However, under UV illumination
Fig. 17. (a2, b2, c2), the 9 wt% PVP passivated Dy-0s:Er®* 9 mol%
emitted bright yellowish green luminescence originating from the “Ss/2
— “lis/2 and *Hi1/2 — *l1s/2 transitions of Er® * ions, resulting in sharp
contrast and revealing distinct ridge features across the fingerprint
patterns. The PVP passivation on the nanoparticle surface enhances
adhesion to fingerprint residues through hydrogen bonding and Van der
Waals interactions with eccrine and sebaceous components of the ridges,
while also reducing non-radiative losses, thereby maintaining high
luminescence output. This combination enabled the recovery of Level 1,
Level 2, and Level 3 fingerprint details even on challenging reflective
and textured surfaces. For example, the polymer grip of the handgun
(a2) displayed uninterrupted ridge flow despite surface irregularities,
while the cylindrical glass (b2) and metallic handle (c2) exhibited
continuous, high-contrast ridge visibility with minimal background
interference, demonstrating the method’s adaptability.

Further examination of the magnified image fingerprints developed
on a metallic substrate, as shown in Fig. 18. (a, b1-b4), highlights the
method’s ability to capture critical minutiae for forensic identification.
The complete fingerprint (a) exhibits clearly defined Level 1 ridge pat-
terns, essential for preliminary classification. Magnified views reveal
distinct Level 2 features such as ridge terminations and bifurcations (b1,
b2), and Level 3 details including sweat pores (b1) and fine ridge end-
ings, which are rarely resolved using conventional fingerprint powders
[104]. The core region (b3) is distinctly visible, displaying accurate
ridge curvature, while the island feature (b4) adds further uniqueness to
the print. The clarity of these fine details confirms both the high lumi-
nescence efficiency of 9 wt% PVP passivated Dy2Os:Er® * 9 mol% nano-
particles under 365 nm UV excitation and their strong binding to trace
fingerprint residues on metallic surfaces. From a real-world forensic
application perspective, the ability to visualize all three ridge detail
levels with high clarity offers a significant advantage in criminal in-
vestigations, particularly for surface types that traditionally hinder
fingerprint recovery, such as weapons, glassware, and door hardware.
The technique’s compatibility with portable UV light sources enables
in-field crime scene processing, reducing evidence degradation risks
associated with delayed laboratory analysis. By preserving Intricate
fingerprint topography and producing strong luminescent contrast
against varied backgrounds, this nanoparticle-assisted approach en-
hances the reliability of biometric evidence, supports accurate suspect
identification, and strengthens its admissibility in legal proceedings.

7.1. Aging and stability analysis of latent fingerprints

To quantitatively evaluate the temporal stability of the developed
latent fingerprints, aging and stability studies were carried out on fin-
gerprints deposited on a metallic substrate. Fingerprints were developed
and analyzed after different aging intervals (0, 24, 48, 72 h, and 7 days)
under identical imaging conditions. Quantitative intensity analysis was
performed using ImageJ software by selecting a fixed rectangular region
of interest (ROI) from the bright ridge area of the fingerprint in each
image [105-107]. The mean gray-scale luminescence intensity at each
aging time (Iy) was extracted and normalized with respect to the freshly
developed fingerprint (Ip, 0 h), which was taken as the reference, ac-
cording to the relation [108,109]:

I,
Relative intensity(%) = <Ii> 100
0



K. Gopal et al.

Journal of Alloys and Compounds 1052 (2026) 185961

Fig. 17. LFPs Visualized by powder dusting method by Dyz0s:Er® * (9 mol%) nanoparticles passivated with 9 wt% PVP on the multiple surfaces (al-c1) under day

light and (a2-c2) under 365 nm UV light.

Fig. 18. (a). Visualization of Latent Fingerprint ridge details using Dy20s:Er® * (9 mol%) nanoparticles passivated with 9 wt% PVP on metal surface under 365 nm UV

light and (b) Magnified image.

The aging-dependent fingerprint images are presented in Fig. 19,
while the calculated relative intensity values are summarized in Table 5.
As shown in the table, the fingerprints exhibit a gradual and controlled
decrease in luminescence intensity with increasing aging time, retaining
approximately 94.45 % of the initial emission intensity after 7 days. The
absence of abrupt signal loss indicates strong nanoparticle-residue in-
teractions and effective stabilization provided by the PVP coating. The
observed aging behavior attributed to the physicochemical evolution of
fingerprint residues over time. Initial moisture evaporation reduces non-
radiative quenching, while prolonged aging leads to slow oxidation and
redistribution of organic components, resulting in moderate intensity
attenuation. Importantly, despite this optical fading, ridge continuity
and fingerprint minutiae remain well preserved throughout the aging
period, confirming that the dominant aging effect is intensity reduction
rather than structural degradation. These results demonstrate that the
PVP passivated Dy.0s:Er® * nanoparticle system offers excellent tempo-
ral stability and reliability for forensic fingerprint visualization, even
under delayed evidence processing conditions.
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8. Anti-counterfeiting analysis

In recent years, the development of robust anti-counterfeiting tech-
nologies has become increasingly critical due to the surge in fraudulent
replication of official documents, branded merchandise, and consumer
goods [110]. Luminescent nanomaterials have emerged as an effective
solution owing to their covert visibility, tunable optical properties, and
environmental durability. In this study, 9 wt% PVP-passivated Dy20a:
Er® * (9 mol%) nanoparticles were utilized to formulate a UV-responsive
anti-counterfeiting ink capable of generating bright yellowish green
luminescence under 365 nm excitation. The PVP passivation improved
nanoparticle dispersion and stability, ensuring consistent emission per-
formance across different substrates and environmental conditions. The
security ink was applied using dip pen writing techniques to inscribe a
concealed alphanumeric security code (“ONE”) on various common
substrates, including a government- issued driving license as shown in
Fig. 20. (al-a2), a bank debit card Fig. 20. (b1-b2), a mobile phone
charger Fig. 20. (c1-c2), and a perfume bottle Fig. 20. (d1-d2). Under
visible light illumination (al, bl, cl, dl), the code remained
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Fig. 19. Aging stability of latent fingerprints developed using 9 wt% PVP-passivated Dy20s:Er® * (9 mol%) nanoparticles on a metallic surface under daylight and

365 nm UV excitation at different aging times.

Table 5

Relative luminescence intensity retention of latent fingerprints
developed using PVP-passivated Dy-Os:Er® * nanoparticles at
different aging intervals.

Aging time Relative intensity (%)
Oh 100.0

24h 99.6

48h 98.14

72h 96.23

7 days 94.45

undetectable, preserving its covert nature and ensuring that the under-
lying object retained its original appearance.

However, upon exposure to 365 nm UV light Fig. 20. (a2, b2, c2, d2),
the 9 wt% PVP passivated Dy20s:Er®* 9 mol% nanoparticles emitted
intense yellowish green luminescence, sharply revealing the “ONE” code
with excellent clarity and contrast against the background. This optical
signal originates from the Er® * ion’s characteristic H11/2, *Sa/2 — “I1s/2
transitions, which produce high-intensity emission distinguishable even
on reflective or textured surfaces.

The prepared ink demonstrated strong photostability and resistance
to environmental degradation, maintaining its luminescent properties
after repeated UV exposures and prolonged ambient storage. The writ-
ten security patterns were subjected to repeated UV irradiation cycles
using a 365 nm handheld UV lamp, with each exposure lasting
approximately 2-3 min. The patterns were examined after more than 30
on/off irradiation cycles, and no visible change in emission intensity,
color, or pattern definition was observed. Environmental stability was
further assessed by storing the marked substrates under ambient labo-
ratory conditions for several weeks and by exposing selected samples to
elevated humidity (~70-80 % RH) and moderate temperature varia-
tions (up to ~60 °C). In all cases, the luminescent features remained
clearly discernible under UV illumination, with no observable smearing,
fading, or delamination of the ink. These qualitative observations
confirm the good photostability and environmental robustness of the
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PVP passivated Dy:Os:Er®* nanoparticle. The application process is
straightforward, requiring only basic writing or painting tools, while the
detection process necessitates only a portable UV light source, making
the method cost-effective and field-deployable. These results confirm
the applicability of 9 wt% PVP passivated Dy.0s:Er** 9 mol%
nanoparticle-based inks for practical anti-counterfeiting measures in
document authentication, brand protection, smart packaging, and high-
value product verification. The covert-to-overt optical transformation
under UV light provides an additional security layer that is difficult to
replicate with conventional printing techniques, enhancing protection
against fraudulent reproduction [111,112].

9. Conclusion

In this work, Dy20s:Er® * (1 - 9 mol%) nanoparticles were successfully
synthesized via a solution combustion route and subsequently passiv-
ated with 9 wt% PVP to achieve enhanced structural and optical sta-
bility. The PVP-passivated nanostructures exhibited a uniform
morphology, reduced crystallite size (~14-28 nm), and strong interfa-
cial bonding, as confirmed by XRD, FTIR, and XPS analyses. The XPS
results verified the retention of Dy®* and Er®* valence states while
revealing oxygen and nitrogen-rich surface coordination from PVP,
effectively passivating defect sites and suppressing non-radiative losses.
Optical studies demonstrated intense NIR-to-visible upconversion (UC)
emissions covering 411-670 nm under 980 nm excitation, originating
from the Ho/>2, “Ss/2, and “Fs/2 transitions of Er® *. The optimized 9 mol%
Er® * composition achieved a remarkable quantum yield (84.19 %), color
rendering index (CRI = 92), and correlated color temperature (CCT =
5905 K), indicating near-daylight white emission suitable for next-
generation lighting and display applications. The surface-passivated
nanoparticles also exhibited prolonged photoluminescence lifetimes
(visible: 6.5 ns; NIR: 5.1 ns), confirming the suppression of surface
quenching and enhancement of radiative recombination probabilities.
Thermoluminescence (TL) analysis revealed stable trap centers with
activation energies of 0.80-1.17 eV, ensuring excellent reproducibility
under y-irradiation, thus establishing their potential in high-dose
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Fig. 20. Anti-counterfeiting labels with Dy20s:Er® * (9 mol%) nanoparticles passivated with 9 wt% PVP ink under visible light (al-d1) and (a2-d2) 365 nm UV light.

radiation sensing and dosimetry. The combination of structural robust-
ness, high quantum efficiency, and radiation stability underscores the
effectiveness of PVP in modulating the optical and electronic landscape
of Dy20s:Er® * nanomaterials. Beyond luminescence and dosimetry, the
system demonstrated real-world multifunctionality through successful
application in latent fingerprint visualization and anti-counterfeiting,
validating its practical versatility. Overall, this study provides a
comprehensive understanding of the interplay between Er®* doping,
Dy20s host lattice, and PVP surface engineering. The findings highlight a
viable strategy for developing multifunctional rare-earth nano-
phosphors with tunable emission, superior color quality, and radiation
resilience for integrated applications in optoelectronics, photonic
communication, dosimetry, forensic and security technologies.
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