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Study of multimodal light emissions from Pr**/Yb®*
doped NaLa(MoOy,), phosphors for optoelectronic
devices and plant-growth applications+
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Recent advancements in materials design have driven the scientific community to explore phosphor
materials for multifunctional applications. This study presents the multimodal light emission (downshifting
- DS, quantum cutting — QC, and upconversion — UC) from Pr¥*/Yb** activated NaLa(MoO,), phosphors
for multifunctional applications. Under blue (449 nm) and NIR (980 nm) excitation, co-doped phosphors
emit visible light through DS and UC processes caused by different f—f transitions of Pr** ions.
Additionally, when the co-doped samples are excited with blue light, they emit a near-infrared (NIR) light
band ranging from 900 to 1050 nm. This is caused by the f—f transition of Yb** resulting from energy
transfer from a single Pr* ion to a pair of Yb** ions through the QC process. Concurrently, in-depth
investigations were conducted to understand the concentration and thermal quenching mechanism.
Firstly, the applicability of phosphors in optical thermometry using the luminescence intensity ratio (LIR)
technigue was explored, with the maximum relative sensitivity of 0.41% K=* (448 K). A phosphor-coated
LED (pc-LED) was constructed by coupling Nalagg7Prgo3(MoQOy), with a blue LED chip (InGaN).
Furthermore, based on the observed optical properties of the prepared phosphor, its application in
improving the photovoltaic performance of solar cells and indoor plant applications is systematically
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1 Electronic supplementary information (ESI) available: Experimental procedure;
Rietveld plot of (a) NaLa(MoO,),, (b) NaLago,Pry¢3(M00O,), and (c)
NaLag 94Pr,03Ybg,03(M00O,),, (d) crystal structure of NaLag 97Prg 03(M00,), and (e)
XRD patterns of NaLag,o7—yPTo.03Yb,(M00,), (0.00 < x < 0.14) phosphors; high-
resolution XPS spectra of NaLag.g,Pr,03YDg.05(M00,),, XPS survey scan of Na 1s
spectra, La 3d spectra, Pr 3d, Yb 4d, Mo 3d spectra and O 1s spectra; FTIR
spectra of Pr** doped NLMO (0.00 < x < 0.11); diffusion reflectance spectra of
pure, Pr** doped and Pr**/Yb*" doped NLMO and Kubelka-Munk plots of Pr**
doped and Pr*/yb’* doped NLMO; log(f/x) vs. log(x) plot of
NaLag 9;7Prg,03(M00,), (0.01 < x < 0.11); Rietveld refined lattice parameters and
unit cell volumes for NaLa,_,Pr,(M00O,), (0.00 < x < 0.11) compounds; Rietveld
refined structural parameters for NaLago4Pro.03Ybo.03(M00O,), compounds.
Rietveld refined structural parameters for NaLag.g;Pro.3(M00,), compounds;
variations of decay time (7), energy transfer efficiency (ygrg), and quantum
cutting efficiency (7qe) in Pr*’/Yb*" co-doped NLMO samples by fixing the
amount of Pr** and varying the amount of Yb*" for the emission band at 647 nm
under 449 nm excitation. See DOI: https://doi.org/10.1039/d4dt02532f
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1. Introduction

In the current era of materials science, functional materials
are continually explored to address the increasing human
demands in areas such as energy, health, environment, indoor
agriculture, and technology."” Some of these materials,
known as multifunctional materials, possess unique properties
that enable us to extract multiple functions from them. Any
multifunctional material that can be produced through a cost-
effective and environment-friendly process brings certain
additional advantages, such as scalability, enhanced sustain-
ability and reduced production cost. The advancement in the
development of phosphors for multifunctional applications
like solid-state lighting, luminescent solar concentrators (LSC),
and luminescent thermometers using various luminescence
phenomena such as downconversion (DC), quantum cutting
(QC), and upconversion (UC) is highly beneficial.*”
Lanthanide (Ln) doped molybdate phosphors have garnered
significant attention for the aforementioned multifunctional
applications due to their high luminescence efficiency, ease of
synthesis, and high thermal and chemical stability. As we
know, the optical transitions in Ln** occur due to the 4f orbi-
tals, which are effectively shielded from their local environ-
ment by the fully occupied 5s and 5p outer orbitals.'
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However, direct excitation into the 4f level results in low lumine-
scence efficiency due to the low absorption cross-section of
lanthanide ions. This efficiency can be improved by utilizing
sensitization processes, typically achieved through either charge
transfer band (CTB) excitation or energy transfer (ET) processes.
Various researchers have explored different molybdate-based
host sensitized phosphors such as Y,MoOg:Sm*"'' SrMoO,:
Ln*" (Ln** = Eu®*', Tb*', or Dy*"),'> CaMoO4 Eu*","" NaYb
(M00O,),:Yb*", Tm**/Er**/Ho**,"® and KbaY(Mo0O,)z:Ln’** (Ln** =
Sm**, Tb*", Eu®*, Tb**/Sm**, or Tb**/Eu**)'* to achieve efficient
light emission. In the studies discussed above, efficient light
emission was achieved only through a single mode. But in this
present work, we have explored spectral conversion from NaLa
(M00,),:Pr**, Yb*" phosphors through different modes, such as
QC, DC, and UC, which are desirable for applications such as
LSC, LEDs and luminescence thermometry.

Generally, for a silicon solar cell, a quantum cutting tech-
nique utilizing Ln**-doped phosphors was proposed to better
exploit the solar spectrum ranging from 350 to 550 nm, to
improve the quantum efficiency (>100%), and to prevent lattice
thermalization.'> Among different Ln*" ions, trivalent Yb** is an
optimal candidate for QC emitters in Si-based photovoltaic
cells. Yb** has a single state at around 10000 cm™" (1.24 €V),
matching the silicon band-gap energy (1.12 €V).'® Thus, the IR
emission of Yb*" ions is efficiently absorbed by the Si solar cells
without significant thermalization losses.'” The selection of an
appropriate donor ion capable of absorbing high-energy
photons and transferring its energy to at least two Yb** ions is a
complex task. Few Ln®*' ions, such as Tb*",'® Er*",'® Tm?®"*°
Pr’*,*! and Nd*',*® have been considered for visible to near-IR
QC with Yb*" ions. Two consecutive energy transfers can occur
from one donor to two Yb** ions when using Nd**, Er*", or Pr**
as donors. In this scenario, the QC mechanism is a true two-
step process, whereas the simultaneous excitation of two Yb**
ions by Tb** donors occurs via a single cooperative energy trans-
fer. Two-step processes are inherently more efficient because
they rely on direct donor-acceptor energy transfers, which are 4
to 5 orders of magnitude more effective than second-order
cooperative mechanisms. Among the mentioned co-dopants,
Pr’*-Yb*" is often regarded as a particularly promising pair for
QC. The Pr*" ion is one of the ideal candidates for energy trans-
fer to neighbouring Yb** ions due to its energy level matching
conditions. The metastable P, level is located at approximately
20000 cm™', and the 'G, level is at around 10000 cm™*,
enabling a QC mechanism based on two resonant energy trans-
fers: Pr’* (°Py — 'Gy) to Yb*" (°F), — *Fs),) and Pr** (1G4 — *H,)
to Yb** (°F5,, — %Fs),)."”** Additionally, unlike other co-dopants,
such as Er**-Yb** or Nd**-Yb?*', the energy gap between the *P,
and 'G, levels and their immediate lower energy levels (1D2 and
*F,, respectively) is sufficiently large to mitigate the negative
impact of multiphonon relaxation. Multiphonon transitions can
be effectively neglected in the Pr**~Yb** system when utilizing
low phonon energy host materials, such as molybdates.>*?>

Another important application we have focused on is the
fabrication of phosphor-coated light-emitting devices (pc-
LEDs), which are especially suitable for plant growth appli-

1914 | Dalton Trans., 2025, 54, 1913-1928

View Article Online

Dalton Transactions

cations. Indoor agriculture utilizing pc-LEDs as a light source
has emerged as a prominent avenue for future agricultural
advancement due to the notable advantages it offers. The light
environment is crucial as a primary energy source in plant cul-
tivation and development. However, not all sunlight is
absorbed by plants. The essential light requirements for plant
growth are distributed in the blue (400 to 500 nm), red (600 to
690 nm), and far-red (720 to 740 nm) regions, which corres-
pond to phototropic processes, photosynthesis, and photomor-
phogenesis, respectively.”®?” It is possible to enhance the yield
and characteristics of various crops by controlling the spectral
composition to optimise plant growth in phytotron chambers
or greenhouses. In these controlled environments, artificial
lighting by pc-LEDs provides specific wavelengths and spectra
that match with plant photoreceptors, thereby influencing
plants at different growth stages and improving the efficiency
of light utilization.”® Traditional gas discharge lamps (GDLs)
are commonly used as light sources in greenhouses, but they
are suboptimal for plant lighting due to the mismatch
between their emission spectra and the absorption spectra of
chlorophylls and carotenoids.>® The pc-LEDs may offer a versa-
tile alternative to other horticultural light sources because they
can be engineered to produce specific spectral compositions
that elicit desirable plant responses. Moreover, pc-LEDs gener-
ally exhibit high efficiency, long lifetimes, environmental
friendliness, compact size, and durability, making them ideal
for plant cultivation.’® The observed emission bands from the
electric transitions of Pr** overlap with the absorption spectra
of chlorophyll-a, chlorophyll-b, and phytochrome, making it
an ideal candidate for plant growth applications. In this
article, we have fabricated a pc-LED by coating the prepared
samples over commercially available blue LED chips (InGaN
using the doctor blade technique). The good thermal stability
of the fabricated pc-LED is supported by temperature-depen-
dent photoluminescence (PL) analysis.

On analyzing the temperature-dependent emission spectra, it
was evident that the prepared phosphor samples can also be
used for contactless optical thermometry purposes. Conventional
contact-based thermometry is impractical in numerous nano-
level applications, including diagnostics. Exploring the optical
thermometry capabilities of phosphors offers certain advantages,
such as their operation in harsh environments, non-contact
nature, fast response, high sensitivity, zero interference with elec-
trical signals, and accuracy. These luminescent thermometers
find application in determining the temperature of various
systems, such as gas centrifuges, running jet turbines, and
chemical reaction vessels. In this paper, we have adopted the
luminescence intensity ratio (LIR) technique to determine the
sensitivity of the proposed luminescent thermometers.

2. Experimental section
2.1. Material synthesis

Pr’**-doped and Pr**/Yb**-codoped NaLa(MoQ,), (NLMO) phos-
phors were synthesized through a conventional solid-state reac-
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tion method using heat treatment at 750 °C for 4 h. The com-
positions have been represented by the formulas
NaLa;_.Pr,(Mo0O,), and NaLa.g;_yPrgo3Yby(M0O,),, where x
and y can take values of (0.00 < x < 0.11) and (0.00 <y < 0.14).
The raw materials utilized in the present study consist of
analytical-grade lanthanum oxide (La,Oz, 99.9%, Loba
Chemicals) that has been pre-heated at 800 °C for 6 h. Sodium
carbonate (Na,COs;, 99%, Merck), molybdenum trioxide
(M00Os3, 99.5%, Chemie Pvt. Ltd), praseodymium oxide (PrsO;1,
99.9%, Sisco Research Laboratories Pvt. Ltd), and ytterbium
oxide (Yb,03, 99.9%, Sigma-Aldrich Chemicals) were measured
in stoichiometric quantities according to their respective
chemical formulae. After that, the powder was ground meticu-
lously in an agate mortar, and then the obtained mixture was
transferred into a ceramic crucible and exposed to the muffle
furnace at 750 °C for 4 h. Finally, the furnace was cooled to
ambient temperature. The obtained cooled mixture was
crushed again for a few minutes to get a fine and homo-
geneous powder sample.

2.2. Characterization

X-ray powder diffraction (XRD) studies were performed using a
Bruker D-8 Advanced powder diffractometer. The diffract-
ometer was programmed at 40 kV and 30 mA, utilizing Cu K«
radiation. The scanning rate was set at 3.8° min™", with a 0.02
step size and a 26 range of 10 to 80°. The structural parameters
for each phosphor were identified using the FullProf Suite-

(a)
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2000 software and the Rietveld refinement approach. The FTIR
spectra were recorded on a PerkinElmer Frontier spectrometer,
with KBr pellets as a reference. The experiment utilized a
PerkinElmer Lambda 750 spectrophotometer to obtain diffuse
reflectance spectra (DRS). Al K (1486.6 e¢V) was used as the
X-ray source to perform the X-ray photoelectron spectroscopy
(XPS) measurements. A Jobin Yvon spectrofluorometer
(Fluoromax, Horiba) was used to record the excitation and
emission spectra with a 450 W xenon lamp as the excitation
source. The emission spectra resulting from the upconversion
were measured using a CCD-based spectrometer (Avantes,
ULS2048x64) with continuous wave (CW) stimulation from a
980 nm laser. All measurements were conducted at ambient
temperature. Temperature-dependent  photoluminescence
(TDPL) is measured in an Ocean optics spectrophotometer
(model: FLAME-S-XRI-ES) and household heating assembly.

3. Results and discussion
3.1. XRD

The XRD patterns were used to analyze the crystal structure
and impact of dopants on the crystal lattice. Fig. 1(a) illustrates
the XRD patterns of NaLa;_,Pr,(MoO,), (0.00 < x < 0.11) phos-
phors. The diffraction peaks of all prepared compounds
matched perfectly with the JCPDS file no. 85-1751,%" indicating
the absence of a secondary phase or impurities from the pre-
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Fig. 1 (a) XRD patterns of NalLa;_,Pr,(MoOy), (0.00 < x < 0.11) phosphors and (b) unit cell volume and lattice parameter variations in

NalLa;_,Pr,(MoQOy)s.
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cursors. This suggests the formation of single-phase com-
pounds when Pr** is substituted on the La*" site in the NLMO
system. Additionally, the following equation was used to calcu-
late the difference in radii between the substituted ion (Pr’")
and the host cation (La*") in the NLMO system:

R Rp(CN) — R4(CN)

: R (CN) X 100 (1)

R4, Ry, and R, represent the dopant radius, host cation
radius, and percentage difference between R4q and Ry,
respectively, and CN stands for coordination number. The
radius percentage difference was determined to be 2.93%
when larger La*" (CN = 8, R, = 1.160 A) ions were replaced
by smaller Pr** (CN = 8, Rq = 1.126 A) ions in an NLMO
system. The permissible percentage difference in the ionic
radius between the host and substitute ions must not exceed
30%.*? This result suggests that the doped Pr’* ions were
successfully incorporated into the La®*' site in the NLMO
host matrix.

To enhance the clarity of the crystal structure, a Rietveld
refinement study was performed on pure and doped Pr**
NLMO phosphors. The studies were conducted using the
FullProf Suite-2000 program. Fig. S1f shows the refinement
results of (a) NLMO, (b) NaLayo,Proos (MoO4), and (c)
NaLag 94Pr¢.03YD.03(M0O,),. The observed and calculated pro-
files exhibit a notable concurrence, suggesting a significant
level of refinement accuracy. The detailed analysis of lattice
parameters and unit cell volume for NaLa,_,Pr,(MoO,),
obtained from the Rietveld refinement is presented in
Table S1.1 The refinement analysis manifests that all com-
pounds are crystallized in the scheelite-type tetragonal struc-
ture with space group I4,/a (no. 88). The unit cell volume and
cell parameters (a and c) of the pure NLMO sample decrease
as the concentration of Pr** dopant increases up to 11 mol%.
This is primarily due to the smaller ionic radius of the Pr’* ion
(1.126 A, CN = 8) compared to the La*" ion (1.160 A, CN = 8) in
the scheelite-type tetragonal NLMO system. Fig. 1(b) illustrates
the variations in the volume of the unit cell and the cell para-
meters with respect to the concentration of Pr** ions. Tables
S2 and S37 show the Rietveld refined structural parameters for
NalLay.g,Pr0.03(M004), Nalay.o4Pr0.03Ybo.03(M00,), compounds
respectively.

Furthermore, the VESTA program was used to model the
crystal structure of the NaLa, ¢;Pry 03(M00O,), phosphor by con-
sidering the coordination of atoms and lattice parameters, as
shown in Fig. S1(d).t In the NLMO compound, Na*/La*" ions
are coordinated by eight 0>~ ions to form (Na/La)Og dodecahe-
dra, while each Mo®" ion is coordinated by four O*~ ions,
resulting in MoO, tetrahedra. These MoO, tetrahedra and (Na/
La)Og dodecahedra are connected via shared oxygen atoms,
which contribute to the stability of the entire structure. In this
system, Pr’* ions are substituted at the La®" ion sites.
Similarly, the XRD patterns of NaLag.o;_yPrg.03Yb,(M0Q,), co-
doped phosphors, shown in Fig. Si(e),t match well with the
JCPDS File no. 85-1751, confirming a high level of crystallinity.
The absence of impurity diffraction peaks indicates that the

1916 | Dalton Trans., 2025, 54, 1913-1928

View Article Online

Dalton Transactions

incorporation of Yb®" and Pr’" ions on La®" sites as co-dopants
had no impact on the crystal lattice of the host material. As a
result, it may be concluded that all produced phosphors main-
tain a pure tetragonal phase.

3.2. XPS

XPS analysis was performed to ascertain the oxidation states of
the components present in the NalLayg,Prg 03YDg.05(M00O,),
phosphor. Fig. S2(a)f displays the survey scan of the
NaLag 9,Pr¢.03Ybg.05(M00O,), phosphor within the binding
energy range of 0-1200 eV. These identifications are based
on the National Institute of Standard Technology (NIST) XPS
database.?® The survey spectrum confirms the presence of C
1s due to carbon absorption from the surrounding environ-
ment onto the sample’s surface.>"?*> Fig. $2(b-g)f illustrate
the detailed XPS spectra of Na (1s), La (3d), Pr (3d), Yb (4d),
Mo (3d), and O (1s) respectively. The XPS data undergo
charge correction for all elements based on the C 1s peak at
approximately 284.6 eV. The Na 1s spectrum exhibits one
prominent peak at 1071.3 eV due to the 1s state of the Na"
ion shown in Fig. S2(b).1*° Fig. S2(c)t displays the 3d elec-
tronic state of La, which exhibits two peaks at 851.7 eV and
835.15 eV. These peaks correspond to the ejection of elec-
trons from the 3d;, and 3ds,, states of La®" ions, respect-
ively.’® In order to verify the oxidation state of the dopant
Pr, the 3d state is analyzed. In Fig. S2(d),f we observe the
characteristic peaks of Pr 3ds/, and Pr 3d;,, at binding ener-
gies of 933.94 and 955.2 eV, respectively, providing evidence
that the Pr ion is in the +3 oxidation state. Fig. S2(e)f illus-
trates the XPS spectra of Yb 4d states, exhibiting a band
centred at around 196.1 eV and 186.08 eV, which correspond
to the 4d;/, and 4ds;, energy levels of Yb*", respectively.?”*
These core-level XPS spectra validate the +3 oxidation state
of ytterbium. Fig. S2(f)} displays the Mo 3d XPS spectra,
with peaks at around 235.7 eV and 232.4 eV. The detected
Mo peaks originate from the 3d;, and 3ds, core energy
levels, confirming that Mo has a +6 oxidation state.”® The O
1s signal, seen in Fig. S2(g),f has a central energy of
approximately 530.5 eV.*°

3.3. Fourier transform infrared (FTIR) analysis

The FTIR technique is used to identify the functional groups
through the characteristic transmission patterns recorded in a
range of 380 to 1000 cm™, as illustrated in Fig. S3(a and b)}
for NaLa;_Pr,Mo0O,), and NaLagg;—yProo3Yby(M00Oy),,
respectively. The peak observed at 408 cm™' in the
NaLa;_,Pry(MoO,), and NaLagg;_yPrgo;Yby(M0O,), com-
pounds corresponds to the anti-symmetric bending of bonds
inside the [MoO,]*~ cluster. On the other hand, the stretching
vibrations of O-Mo-0O in the MoO,>” tetrahedron are clarified
by the presence of two separate peaks at 710 and 908 cm™".
The bands observed at 846, and 734 cm™" correspond to the
anti-symmetric stretching modes that arise from the Mo-O
stretching vibration in the MoO,*” tetrahedral structure.
Introducing Pr®* ions does not influence the positions and
characteristics of distinct vibrational bands.

This journal is © The Royal Society of Chemistry 2025
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3.4. DRS spectra

Fig. S4(a and b)f demonstrate the DRS and Kubelka-Munk
plots of  NaLa(MoOy,),, NaLay ¢7Pr¢.03(M00,), and
NaLay gPro.03Ybo.11(M00O,), phosphors, respectively. The DRS
spectra of doped and co-doped samples exhibit several absorp-
tion peaks at 449, 468, 486, 602, and 1030 nm due to the
characteristic f-f transitions of Pr’* and Yb*" ions. The tran-
sitions corresponding to the distinctive absorptions of Pr**
ions are *H, — P, (449 nm), *H; — *P; (468 nm), *H, — °P,
(487 nm), *H, — 'D, (602 nm), and *H; — 'G, (1030 nm). The
other band at 976 nm corresponds to the transition of Yb**
ions from the ground state *F,,, to the excited state *Fs/..

Eqn (2) and (3) refer to the Kubelka-Munk equation and
Tauc equation, respectively, which are commonly used in the
field to determine the optical band gap of materials using
their reflectance spectra:***'

F(Rw) = % = § (2)
ah9 = K(h9 — Eg)" (3)

The comprehensive theory and significance of the employed
symbols were addressed in our previous article.*® The Kubelka-
Munk plot of the aforementioned phosphors is shown in
Fig. S4(b).t The observed optical band gaps of NaLa(M0O,),,
NaLay 9;Pr¢ 03(M00,), and NaLa g¢Prg.03Ybo.11(M00O,), phos-
phors are 3.83 eV, 3.63 eV and 3.76 eV, respectively. The
observed decrease in the optical band gap of doped and
co-doped samples suggests that the formation of new elec-
tronic states below the conduction band in the doped and
co-doped materials is due to an increase in charge carrier
concentration.

4. Multimodal light emission studies

Multimodal luminescence refers to the emission of light
through different processes, including downshift (DS),
quantum cutting (QC), and upconversion (UC). This phenom-
enon has gained considerable interest because of its extensive
applications in display technologies, multimodal imaging, and
optical thermometry, and for improving the performance of
photovoltaic cells, among others. However, complete coverage
of all luminescence types from Ln*" doped single host
matrices is still lacking in the existing literature. The emission
of light via the aforementioned processes is contingent on
certain processes, which will be explained in the following sec-
tions that specifically examine luminescence through different
modes.

4.1. Downshifting (DS) emission

The material’s photoluminescence properties can be deter-
mined by examining its excitation spectra, emission spectra,
and luminescence lifetime. Fig. 2(a) represents the photo-
luminescence (PL) excitation spectra of NLMO phosphors acti-
vated with Pr’", measured at a 647 nm emission wavelength.

This journal is © The Royal Society of Chemistry 2025
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The spectra exhibit distinctive absorption peaks of Pr** at 449,
468, and 486 nm, caused by 4f-4f electronic transitions from
the *H, (ground state) to *P,, *P;, and *P, multiplet states of
Pr’* ions, respectively, which is well aligned with the UV-Vis
diffuse reflectance spectra, as shown in Fig. S4(a).t The
samples were excited using the most intense characteristic
excitation peak at 449 nm of Pr’* ions. The intense excitation
bands in the blue region support the utilization of NMLO:Pr**
phosphors in developing InGaN (blue) LED-excited pc-LEDs.
Additionally, the InGaN chip that emits blue light can serve a
dual function, acting as both an excitation source for NMLO:
Pr** phosphors and a supplementary source of blue light.
Fig. 2(b) shows the photoluminescence (PL) emission spectra
of NLMO with different concentrations of Pr’* ions, excited at
449 nm. The emission peaks of Pr’" ions are observed at
specific wavelengths: one cyan emission peak at 486 nm (*P,
— Hy), two green emission peaks at 530 nm (°P; — *Hs) and
556 nm (°P, — Hs), several low-intensity red emission peaks
at 602 nm ('D, — *H,), 688 nm (°P; — °F;), and 731 nm (*P, —
3F,) and two strong red emission peaks at 618 nm (*P, — *Hy)
and 647 nm (°P, — °F,) of Pr’** ions.*>*> The emission peaks
at 486 and 647 nm exhibit greater intensity than all other
peaks under excitation at both wavelengths due to the signifi-
cant population of the P, excited state. Furthermore, the
hypersensitive *P, — °F, transition of Pr’** (AS =0, AJ = 2; 8 =
spin angular momentum, and J = total angular momentum) is
responsible for the emission at 647 nm.*® This transition is a
forced electric dipole transition, and it is strongly influenced
by the field environment around the Pr** ions. The observed
emission bands under a suitable excitation wavelength could
be understood through the schematic energy level diagram dis-
played in Fig. 5(d).

The concentration of activator ions influences the lumine-
scence intensity of the material. To achieve the maximum inten-
sity, it is necessary to incorporate an appropriate quantity of
activator ions. Fig. 2(c) shows that the emission intensity
initially increases as the concentration of Pr** ions increases,
reaching its optimum value at 3 mol% and then reducing with
a further increase in concentration. The initial rise in intensity
as a function of Pr’* concentration is due to the increased quan-
tity of favourable luminescent sites. Nevertheless, the reduction
in intensity beyond the optimal value results from the concen-
tration quenching phenomenon. When the number of activator
ions (Pr’* ions) in the host lattice exceeds a certain threshold,
their distance from each other reduces, and some of the Pr**
ions start to occupy the interstitial sites instead of the lattice
sites of La®*". The Pr** ions in the interstitial positions serve as
luminescence quenchers, absorbing the photons that would
otherwise be emitted as light and releasing the energy through
non-radiative multiphonon emissions. The energy transfer
process involved in concentration quenching can be understood
by calculating the critical energy transfer distance (R.).**

RC:Z{ 3V f (4)

Anx.n
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Nalag.97Pro.03(M00O4), (0.01 < x < 0.11) phosphors monitored at A = 449 nm.

Where V, x., and n stand for the volume of a unit cell at the
optimum concentration, n is the number of possible doping
sites in the unit cell, and x, signifies the optimum doping con-
centration, respectively. V, x., and n for the material are
335.33 A®, 0.03, and 2, respectively. Based on eqn (4), if R, is
below 5 A, luminescence is quenched due to exchange inter-
actions. If R, is above 5 A, luminescence is quenched because
of electric-multipole interactions. In the present scenario, the
R. value is 22.02 A, above the threshold of 5 A, indicating that
electric-multipole interaction is the reason behind concen-
tration quenching. But this electric-multipolar interaction con-
sists of several types like dipole-dipole (d-d), dipole-quadru-
pole (d-q), and quadrupole-quadrupole (q-q) interactions. To
know the particular type of multipolar interactions involved in
the luminescence quenching, Dexter and Van’s theory was
used for multipolar interaction, which is represented by the
following equation:*°

k[ g N (5)
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The PL emission intensity and corresponding doping con-
centration are denoted by I and x, respectively. In contrast, f
and k represent the constants for the given host lattices. The
interaction type between rare-earth ions is represented by Q,
where Q = 6, 8, and 10 correspond to dipole-dipole (d-d),
dipole-quadrupole (d-q), and quadrupole-quadrupole (q-q)
interactions, respectively. Fig. S5 depicts the logarithmic plot
of I/x vs. x for NaLa,_,Pr,(MoO,), phosphors at an excitation
wavelength of 449 nm. The plot of log (I/x) vs. log(x) is found
to be relatively linear, with a slope of —3.05 and a value of Q is
obtained around 9.15 by using eqn (5), which is approaching
the minimal Q value of 10. Therefore, it is confirmed that the
interaction involved in concentration quenching is quadru-
pole-quadrupole (q—q) interaction in NaLa;_,Pr,(MoO,),
phosphors.

4.2. Quantum cutting (QC) emission

In the QC phenomenon, typically, higher energy photons get
converted into two or more lower energy photons through an
energy transfer pathway. It was first observed in YF;:Pr’* (ref.
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45) in 1974 and has since been extensively studied in several
fluoride-based host materials like KY;F;q:Pr’*/Yb®",*® YOF:
Prr’/Yb*",'” NaYF:Pr’'/Yb**,*” Ba,Y;F,,:Pr*'/Yb*",*8 etc. As flu-
oride materials have relatively low phonon energy (~420 cm™"),
which helps in reducing the non-radiative transition via multi-
phonon emission and, therefore, favours efficient energy trans-
fer and high fluorescence quantum yield. However, the high
toxicity and low chemical stability of fluoride-based materials
hinder their applicability.° To overcome this problem, oxide-
based host materials are used due to their non-toxicity, chemi-
cal stability, ease of synthesis, and strong absorption in the
n-UV region. Considering this criterion, researchers have
recently used oxide-based host phosphors with QC emission as
coating materials to improve the photovoltaic performance of
c-Si solar cells.'® Fig. 3(a and b) show the emission spectra of
NaLag ¢7-yPro.03Yb,(M0O,), samples excited at 325 nm
recorded in the visible (400 nm-800 nm) and near-infrared
(800-1050 nm) regions, respectively. Fig. 3(a) shows different
visible emission bands related to the various f-f transitions of
Pr** ions, as mentioned in the above section of downshifting
emission studies. Fig. 3(b) indicates the NIR emission spectra,
which contain emission bands at around 982 nm (*P, — 'G,),
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1016 nm ("D, — °F,), and 976 nm (*Fs, — *Fy,,) related to the
electronic transitions of Pr** and Yb®' ions, respectively.*’
Specifically, the emission bands of Pr** and Yb®" ions in the
NIR region are appealing for solar cell applications because
they align with the most efficient region of c-Si solar cells.
From Fig. 3(b), it is clear that as the concentration of Yb**
increases, the emission intensity of the Pr’* peak at 647 nm
(*Po — °F,) gradually attenuates in the visible region, while in
the NIR region the emission intensity of the band at 976 nm
observed due to the *F5, — ’F,, transition of Yb*" increases
up to 3 mol% of Yb*". However, it eventually decreases due to
concentration quenching caused by non-radiative energy trans-
fer (ET) between neighbouring Yb*" ions. The observed NIR
emission band of Yb*" (°F5, — °F;) can only be achieved
upon 325 nm (22 690 cm™") excitation through energy transfer
(ET) from Pr’*, as Yb*" does not have an electronic state above
10240 cm™'. Energy transfer (ET) from Pr’* to Yb*" can occur
via two pathways. The energy level diagram could explain the
different pathways to achieve NIR emissions and energy trans-
fer from Pr’* to Yb®" ions, as shown in Fig. 5(d).

To get a deeper insight into the optical process involved in
QC emission, the authors measured the power-dependent
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Fig. 3 (a and b) Concentration-dependent emission spectra of Nalag.g7_,Pro.03Yb,(MoQO4), phosphors (0.00 < y < 0.14) upon 325 nm laser exci-
tation, in the visible and NIR regions, respectively, and (c and d) power-dependent QC emission spectra and the In—In plot of intensity vs. the pump

plot of NaLag.94Pro.03Ybo.03(M00O4), samples, respectively.
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emission spectra of the NaLag 94Pr.03Ybg.03(M00,), sample in
the visible-NIR range wusing 325 nm laser excitation.
Furthermore, this power-dependent emission data were ana-
lyzed by monitoring the emission intensities of the 647 nm:
*py = °F, (Pr’") and 976 nm: *F5;, — *F5, (Yb*") bands with
the applied excitation power, as displayed in Fig. 3(c). The In(J)
vs. In(P) plots for the emission bands at 647 nm and 976 nm
are illustrated in Fig. 3(d). From the plot, it is evident that the
emission band related directly to the excited Pr’* ions shows a
higher response with the applied power compared to the emis-
sion band associated with the indirectly excited Yb®" ions. This
may be due to the fact that only a few of the excited Pr*" ions
participate in transferring their energy to nearby Yb** for the
NIR emission. The variations of these emission bands within
the low-power region follow the following relationship:®

I oc P" (6)

where I signifies the emission intensity, P is the excitation
power, and n refers to the number of photons required for
light emission under specific processes. In the present case,
the observed value of 7, i.e., the slope value for the In(J) vs. In
(P) for the visible emission, is #n = 0.87 ~ 1.0, and for the NIR
emission, it is 7 = 0.40 ~ 0.5. Thus, it is clear that the observed
visible emission is through the linear optical process, and the
observed NIR emission is through the non-linear optical
process. Additionally, it supports the assumption of conver-
sion of one high-energy photon into two low-energy photons

(a)

x=0.11
6.12us

x =0.09
6.29us

x=0.07
6.35us

x =0.05
6.46pus

x=0.03
6.52us

x = 0.01
6.19us

AT

100 150 200 250 300
Time (ps)

View Article Online

Dalton Transactions

for the QC process. Similar types of observations have been
reported by other researchers in KYb(WO,),:Tb*">°
Cay,Al;4055:YD*/Eu®* oxide® based phosphor materials.

4.3. Decay kinetics and quantum cutting efficiency

The decay kinetic studies of the samples were performed to
quantitatively estimate the energy transfer and internal
quantum cutting efficiency from Pr’* to Yb** ions. The decay
times of Pr’* doped NLMO and Pr**/Yb*" co-doped NLMO
samples were recorded for the most intense emission band,
i.e., for 647 nm of Pr’" by fixing the excitation wavelength at
447 nm. In both cases, the observed experimental data were
fitted with the single exponential function as mentioned
below:*°

I =1, exp (_Tt) (7)

The decay emission intensities at any time ¢ and time 0 are
denoted as I and I,, respectively. = is the decay time, which
could be obtained by fitting the data in eqn (7). Fig. 4(a and b)
display the decay time profile of Pr’** and Pr’*/Yb** doped
NLMO samples, respectively. From the decay time profile, it is
clear that the observed maximum decay time in single Pr’*
doped NLMO samples is the maximum in the optimized
sample, ie., for 3 mol% of Pr**, and it was around 6.52 ps.
Whereas the decay time in the case of co-doped samples in
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Fig. 4 Decay time profile of (a) NaLa;_,Pr,(MoO,), (0.01 < x < 0.11) and (b) NaLag ¢7_,Pro.05Yb,(M0oO,), (0.01 <y < 0.14) samples, recorded by fixing

emission at 647 nm and excitation at 447 nm.
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which the amount of Pr** was fixed at 3 mol% and the amount
of Yb** was varied from 1 to 14 mol%, decreases continuously
with increasing the amount of Yb®*, as mentioned in
Table S4.f This decrement in the decay time of Pr’* may be
due to the fact that some of the excited Pr** ions transfer their
energy to the nearby Yb*" for QC emission. It is important to
mention that the PL emission in the visible region follows a
similar trend to that seen in the decay time with the increasing
amount of Yb**. Thus, in this type of system, energy transfer
from Pr®* to Yb** ions can be assumed through the cooperative
energy transfer (CET) channel and the energy transfer
efficiency (ygrg) can be calculated using the following
relationship:®

Tpr3+ /yb*

(8)

Nere = 1 —
Tpp3+

where the decay times of Pr’*/Yb*" and Pr**-doped samples are
denoted as 7py+yps+ and 7pgs, respectively. The determination
of the internal quantum efficiency (i7qz) for various quantities
of Yb*" can be achieved by utilizing the provided energy
transfer efficiency values and applying the following
relationship:®*°

nqe = nee(1 — NeTE) + 20ETE (9)

In the aforementioned relationship, the initial component
represents the visible photons emitted by Pr*" ions, while the
subsequent term refers to the near-infrared (NIR) photons
emitted by Yb®" ions. In this context, np. represents the
quantum efficiency of Pr’*, and it can be taken as equal to 1 in
an ideal case when the probability of non-radiative transition
is zero, i.e., for maximum possible efficiency. Table S4} rep-
resents the variations in calculated parameters ngre and nog
with the amount of Yb®" ions. In the present case, the
maximum possible quantum-cutting efficiency (1) is for the
samples having compositions NaLay g3Prg.03Ybg 14(M00,), and
it was around 109%. This indicates that when 100 photons of
449 nm radiation are absorbed by the sample having compo-
sitions NaLag g3Prg 03YDo 14(M00O,),, then it will generate 18
photons with NIR-region wavelengths (900-1100 nm) and 91
photons with visible-region energy (emission of Pr").

4.4. Upconversion (UC) emission

The UC emission studies of Yb**/Pr*" co-doped samples were
performed using an NIR 980 nm laser excitation source. In UC
emission studies, the amount of Pr** was fixed at 3 mol% as it
was optimized in the DS emission study, and then the amount
of Yb*" was varied from 1 to 14 mol%, as displayed in Fig. 5(a).
The presence of Yb>" in the NaLag o,Prg 03(M0O,), phosphor is
essential to achieve the UC emission, as no energy level in Pr’*
corresponds to the 980 nm excitation wavelength. Under
980 nm laser excitation, Yb** ions absorb energy and transfer
their energy to nearby Pr** ions for visible UC emission. The
observed UC emission exhibits similar emission bands as
observed in the DS emission study due to various f-f tran-
sitions of Pr*" ions. Initially, the strength of observed UC emis-
sion bands increases with the amount of Yb**, and it reaches a

This journal is © The Royal Society of Chemistry 2025
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maximum of 11 mol% of Yb*" and then declines because of
concentration quenching.

Further, the power-dependent UC emission spectra were
recorded to know the number of photons involved in the
observed UC emission band, as shown in Fig. 5(b). On analyz-
ing the power-dependent UC emission spectra using eqn (6), it
was found that two NIR photons are required to get the most
prominent 647 and 486 nm visible UC emission bands from
Pr’* ions shown in Fig. 5(c). A schematic energy level diagram
was drawn, as illustrated in Fig. 5(d), to explain the observed
UC emission in the present system. For details, one may refer
to the work of Balaji S. et al.>*

5. Thermal stability

The phosphor’s thermal stability is significant for its use in
lighting and display device applications. Fig. 6(a) shows the
temperature-dependent emission spectra of
NaLag 9;Pr¢.03(M00O,), phosphors monitored at a 449 nm exci-
tation wavelength with temperatures ranging from 298 K to
448 K. From Fig. 6(a), it is clear that upon increasing the temp-
erature, the emission intensity of each peak decreases with a
different rate without losing its spectrum pattern, owing to the
thermal quenching phenomenon. Fig. 6(b) illustrates the
relationship between normalized intensity variations with
rising temperature for four major peaks of the Pr’* ion. The
temperature-dependent change in the relative integrated inten-
sity of the 647 nm emission band maintained approximately
41% of its maximum value at 423 K, as shown in Fig. 6(c).

Furthermore, the activation energy (AE,) obtained from the
analysis of temperature-dependent emission spectra is an
important thermal quenching parameter and was calculated
by the Arrhenius equation given below:"!

I 3 AE
In (E - 1) =InA T (10)

where I, and Ir signify the emission intensity at 0 K tempera-
ture and at any temperature 7T, respectively. In A is the constant
frequency factor, k denotes the Boltzmann constant (8.629 x
107% eV K'), T is the temperature and activation energy is
defined by AE,. In this case, the value of activation energy for
the 647 nm band was obtained by linearly fitting In %’ —1)vs.
1/kT, and it is found to be 0.44 eV and is represented by the
slope of the fitted line, as shown in Fig. 6(d). The obtained
high value of AE, indicates that the phosphor has good
thermal stability. The obtained value of AE, was around 0.44
eV, which is relatively higher than that of the others previously
reported for Pr** doped phosphors.**>37>°

6. Applications
6.1. Optical thermometry

To shed some light on optical thermometry properties, the
fluorescence-based temperature sensing technique utilizes the
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Fig. 5 (a) Concentration-dependent UC emission spectra of NalLag ¢7_,Pro 03Yb,(M0oO,), phosphors (0.01 <y < 0.14) under 980 nm laser excitation,
(b) power-dependent UC emission spectra of NalaggePro.o3zYbo11(M0oQOy), phosphors, (c) In—In plot of intensity vs. pump power for
NaLag gePro.03Ybo.11(M0QO4), phosphors, and (d) schematic partial energy level diagram of Pr3*/Yb®* ions to explain the observed emission bands

under different excitation wavelengths.

temperature-sensitive fluorescence characteristics of lumines-
cent materials, presenting various advantages over conven-
tional methods such as thermocouple detectors. This method
demonstrates robust functionality even in environments
characterized by intense electromagnetic interference, electri-
cal sparks, and corrosive conditions. This technique has two
primary modalities: one that relies on the measurement of
fluorescence lifetime and the other that depends on the
measurement of luminescence intensity ratio (LIR).
Fluorescence lifetime-based temperature evaluation faces
limitations, particularly with the thermalized energy levels
that are usually used. However, the FIR technique provides an
alternate solution. The majority of energy level pairs associ-
ated with rare earth ions remain non-thermalized, and the
FIR ratio of these pairs exhibits temperature-dependent
behaviour. However, it is difficult to populate these non-ther-
malized energy levels via thermal excitation because of sig-
nificant differences in energy levels. While FIR technology
traditionally depends on transitions between thermally

coupled levels (TCLs), its effectiveness in temperature

1922 | Dalton Trans., 2025, 54,1913-1928

measurement is restrictions.>”

Therefore, a polynomial function can accurately represent the

constrained by notable

temperature-dependent FIR emissions of non-thermally con-
nected levels (NTCLSs).

The following equation can be utilized to determine their
LIR relationship:>®

LIR = A+ BT + CT? + DT? (11)

here, A, B, C and D are constants that can be determined by
fitting the LIR to the temperature data. The luminescence
ratios were derived from the integrated values of the lumine-
scence peaks.

Additionally, the absolute S, and relative S, temperature
sensitivities, which are crucial parameters for temperature

measurement, can be calculated using the following
equations:*°
d(LIR
a:‘ (dT)‘:B+ZCT+3DT2 (12)
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Fig. 6 (a) Temperature-dependent emission spectra of NalLag ¢97Prg.03(M0Qj4), phosphors excited at 449 nm. (b) Bar diagram representing the nor-
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erature, and (d) the In (1—‘; - 1) vs. 1/KT plot for the determination of activation energy.

and

(13)

Sy

1 X|d(LIR) _ | B+2CT+3DT?
TLIR | dT | |A+BT+CT? + D73

The values of S, and S, can be evaluated by using eqn (12)
and (13), respectively, based on the various non-thermally
coupled (NTCL) energy levels. Fig. 7(a-d) illustrate the changes
in LIR and sensitivity parameters S, and S, as the temperature
varies from 298 to 448 K in the Pr’* doped samples. Table 1
provides an overview of the estimated maximum sensitivity
parameters for both cases. It is evident from the table that the
Pr** doped NLMO sample exhibits the highest relative sensi-
tivity for the chosen pair of NTCLSs Is,0/l647. The obtained sen-
sitivity parameters were also compared with the sensing para-
meters observed in other Pr’* doped phosphor samples, as
presented in Table 1. Based on the analysis, it can be con-
cluded that the prepared sample holds promise for use in con-
tactless optical temperature sensing applications.

To ascertain the commercial viability of the prepared
samples as temperature-sensitive probe materials, it is impera-
tive to assess not only the relative and absolute sensitivity para-
meters but also repeatability and uncertainty (AT). In this

This journal is © The Royal Society of Chemistry 2025

work, the Isp,/Is0 sSample showed the highest absolute sensi-
tivity values and was then examined for repeatability and
uncertainty measurements. Fig. 7(e) depicts the cyclic repeat-
ability of LIR (I0,/Isp0) during several measurement cycles and
temperature fluctuations.

The temperature uncertainty (A7) can be calculated using
the following equation:®*®°

1 ALIR
T=——"— (14)
Sy LIR
The standard deviation in the LIR value is denoted as
ALIR. Fig. 7(f) illustrates the uncertainty in the temperature
measurement of the NaLa, ¢;Pr.03(M00,), phosphor for Igg,/
Ispo. The temperature uncertainty falls within a range of
0.3-1.3 K. The low uncertainty value validates the appropriate-
ness of the produced phosphor for temperature-sensing appli-
cations. Another essential parameter on which the above para-
meters can rely is percentage repeatability (R), and it can be
expressed as®®

max(Ap, — 4;)

R=|1-
A

X 100 (15)
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Fig. 7 LIR variation with T for NaLag 97Pro.03(M0Q4), phosphors in the temperature range of 298 to 448 K under a 449 nm excitation wavelength for
(@) leo2/ls20 and (c) ls20/l647. The dependence of absolute sensitivity (S,) and relative sensitivity (S,) on temperature for (b) lg02/ls20 and (d) lg20/ls47 for
NTCL, (e) repeatability measurement, and (f) uncertainty measurement at variable temperatures.

Table 1 The maximal values of sensitivity parameters (S, and S,) in different types of Pr’* doped samples

Sample LIR (NTCLs) S,-Maximum (x107° K™*) (at temperature) S-Maximum (% K™ ') (at temperature) Ref.
NLMO:Pr** Tsoa/Ts20 5.8 (448 K) 0.37 (448 K) This work
NLMO:Pr** TonolTsar 2.5 (448 K) 0.41 (448 K) This work
Sr3Sc,Ge;04,:Pr" — — 0.32 (650 K) 60
NaSrGd(MoO,),:Pr** ) ) A 1.5 (290 K) 0.52 (290 K) 61
LaMgNbO;:Pr** Lioo/Ts1o 32.1 (523 K) 0.71 (473 K) 62
YF;:Pr** Loo/Ira3 — 0.57 (293 K) 63
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where A, indicates the mean LIR values for four cycles and 4;
is the LIR value in four repeated radiation cycles. The variation
of LIR values in four consecutive cycles is shown in Fig. 7(e).
In the present case, estimated values of R within the tempera-
ture range of 298 to 448 K are more than 98, so it can be said
that the sample exhibits good thermal repeatability.

6.2. Fabrication of pc-LED and plant growth

To test the practical use of the prepared phosphor in a phos-
phor-coated LED (pc-LED) device, the pc-LED device was devel-
oped by combining a commercially available blue LED (InGaN)
chip with the chosen NaLago,Pry¢3(M00,), phosphor. The
selected phosphor and epoxy resin (product name:
CLEARRESIN) were mixed in a 1:10 wt% ratio and blended
thoroughly using ultrasonication. Once the mixing was com-
plete, a smooth layer of paste was carefully applied to the blue
LED chip using the doctor blade technique. The developed pc-
LED was then placed in an oven at 60 °C for 3 h to allow the
paste to dry.>® In this case, a blue LED was selected because its
emission was approximately in the 430-440 nm range and
aligned with one of the prominent excitation bands observed
through the *H, — °P, transition of Pr*" ions. The emission
spectra of the developed pc-LED device as a function of
applied voltage are recorded and displayed in Fig. 8(a). The
observed emission spectra of pc-LED include an emission
band at around 440 nm attributed to the leakage of the used
LED chip and emission bands resulting from various f-f tran-
sitions of Pr’* in the visible region. The strength of the emis-
sion bands increases with the increase in the applied voltage,
which indicates the voltage stability of the developed pc-LED.
This increase in intensity does not disrupt the band pattern,
indicating the stability of the developed pc-LED under varying
voltage conditions. Furthermore, to demonstrate the applica-
bility of the developed pc-LED in plant growth, the observed
emission spectrum of the developed pc-LED was compared
with the absorption spectra of chlorophylls (a,b) and phyto-

(a) NaLay g;Prg g3(M0O,),

EL Intensity (x 10%cps)

600 700
Wavelength (nm)

500

400

View Article Online
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chrome, as shown in Fig. 8(b). Here, it is to be noted that
chlorophylls (a,b) and phytochrome are the compounds found
in plants that are responsible for plant growth. From the com-
parison, it is clear that the observed emissions in the blue
region and red regions of the developed pc-LED fall in the pro-
minent absorption regions of chlorophyll and phytochrome,
respectively. Thus, such a pc-LED could be used as a light
source for indoor plant applications. Similarly, other research-
ers have also suggested the use of Eu**, Sm**, and Mn*" doped
red colour-emitting phosphor-based pc-LEDs for indoor plant
applications.®”"®® But the advantage of the presented pc-LED is
that it utilizes blue and red emission to cover the absorption
of chlorophyll as well as phytochrome.

6.3. c¢-Si solar cells

The spectral range of 900-1100 nm is found to be the most
effective for the operation of c-Si solar cells. However, these
cells have limited responsiveness towards shorter wavelengths
(300-500 nm) due to thermal losses. It is worth noting that
solar irradiation is abundant in this range. Therefore,
materials that can capture solar energy in the 300-500 nm
range and convert it into near-infrared (NIR) emissions falling
within the 900-1100 nm range are ideal for use as coatings on
c-Si solar cells to enhance the photovoltaic performances.
Fig. 9(a) shows a comparison of the normalized spectral irradi-
ance of solar radiation (derived from ASTM G-173-03), the
spectral response curve of c-Si solar cells, and the excitation/
emission spectrum of a NaLag 4Prg.03Ybg.03(M00,), sample.
This comparison highlights the ability of the prepared Yb*'/
Pr** co-doped NLMO sample to harness solar energy in the
300-450 nm range and convert it into NIR emissions within
the 900-1100 nm band. The emission spectrum of the pre-
pared sample aligns with the most efficient region of c-Si solar
cells, indicating its potential to enhance photovoltaic perform-
ance. Fig. 9(b) presents a schematic model that demonstrates
how the prepared co-doped sample could improve the

Wavelength (nm)

Fig. 8 (a) Emission spectra of the developed pc-LED at various applied voltages, and (b) comparison of the emission spectrum of the developed
pc-LED at a fixed applied voltage with the absorption spectra of chlorophylls a and b and phytochrome of the plant.
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Fig. 9 (a) Comparison among the solar spectrum, the spectral response curve of c-Si solar cells, and the observed emission/spectrum of the
NaLag gePro.03Ybo.11(M0QO4), sample, and (b) representation of the model of how the prepared co-doped sample can improve the photovoltaic per-

formance of the c-Si solar cells.

efficiency of solar cells using the quantum cutting (QC)
process. When the sample is stimulated by UV light
(240-393 nm), the Pr** ions are excited to move to the higher
energy level *P,, from which they undergo radiative transitions.
Among the excited Pr’* ions, a few of the Pr’* ions participate
in transferring their energy to nearby Yb*" ions through a
cooperative energy transfer process, in which a single Pr** ion
excites two Yb®" ions to emit near-infrared light at a wave-
length of 980 nm, with an energy of 1.26 eV. This process gen-
erates two electrons that can surpass the band gap (£, = 1.12
eV) of single-crystalline Si, potentially doubling the electric
current. Thus, the prepared co-doped phosphors can poten-
tially improve c-Si solar cell efficiency.

7. Conclusion

In summary, a series of Pr’* doped and Pr’**/Yb*" co-doped
NaLa(Mo00O,), phosphor samples were synthesized using the
facile solid-state reaction method. The multimodal light emis-
sion characteristics of the samples were inspected systemati-
cally. In the visible region of the emission spectra recorded
under 449 and 980 nm excitation, the emission band lies in
the red region and arises from the dominant *P, — °F, tran-
sition of Pr*". The investigation of optical concentration
quenching indicates that the quadrupole-quadrupole (q-q)
interaction in NaLa,_,Pr,(MoOy,), phosphors is responsible for
the concentration quenching. Additionally, the emission in
the visible region is decreased in Pr**/Yb®" co-doped samples,
which may be due to energy transfer from Pr®* ions to Yb*"
ions, which results in the appearance of the NIR emission
band. This energy transfer increases with the amount of Yb**,
which is further supported by the decay kinetics measure-
ments. In this case, the NaLag g3Prg 03Ybg 14(M00O,), compo-
sition exhibits a maximum energy transfer and an internal
quantum cutting efficiency of approximately 8.58 and 109%,
respectively. For the practical applicability of the prepared

1926 | Dalton Trans., 2025, 54, 1913-1928

sample, it was first tested for optical thermometry using the
LIR technique. The observed maximum absolute and relative
sensitivities are 2.5 x 107> K* (at 448 K) and 0.41% K (at
448 K), respectively.

Furthermore, the optimized sample was used to develop a
pc-LED by coupling it with a blue LED chip, and the developed
pc-LED exhibited voltage stability. The comparison of the
observed emission/excitation spectrum, the absorption spec-
trum of chlorophyll/phytochrome, and the spectral response
curve of the solar cells suggests that the prepared samples
have potential for use in solar cells and plant growth appli-
cations. Thus, the prepared phosphor materials with multi-
modal light-emitting capabilities can be used for multifunc-
tional applications.
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