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ARTICLE INFO ABSTRACT

This study explores the structural and optical properties of Mn*" doped CasLa;W;01, phosphor. It also in-
vestigates the incorporation of Mn** ions for deep red emission and electron paramagnetic resonance (EPR)

Handling editor: P. Vincenzini

Keywords: analysis. The phosphors were synthesized using the sol-gel method, and their properties were thoroughly
EPE‘ examined using a combination of X-ray diffraction (XRD), Fourier transform infrared (FT-IR), photoluminescence
z[anLa Wa0 (PL), and EPR technique. The XRD analysis provided insights into the phase purity, and constituents of the
Lu;i;esczenlcz synthesized samples. Under 345 nm excitation, we observed far red emission at 705 nm, with the highest

emission intensity occurring at a concentration of 0.0025 mol of Mn*" metal ions in the host matrix. Concen-
tration quenching was observed due to dipole-quadrupole interactions. The CIE chromaticity coordinates confirm
far red region emission, and the estimated correlated color temperature (CCT) suggests that these phosphors can
be used for bright illumination. Concurrently, the EPR examination also confirmed the presence of Mn** ions in
the host matrix and showed the effect of variation on Mn*" concentration in the EPR spectroscopy measure-
ments. Furthermore, the electron paramagnetic resonance analysis demonstrated a distinctive six-line spectrum
with a g-factor of approximately 1.98, indicating the presence of paramagnetic Mn*" ions. This primary line was
accompanied by a broader resonance with a linewidth of 950 Gauss, partially overlapping the six-line spectrum.
The initial investigation indicates that this far red emitting phosphor can be applied to plant-growth LEDs.

1. Introduction

Luminescent materials including inorganic and organic phosphors
with excellent photoluminescent properties are widely used for several
applied applications such as light-emitting diodes (LEDs), displays,
medical, and photocatalytic applications [1-4]. Inorganic phosphors
have long been at the forefront of materials research, owing to their
diverse range of applications in optoelectronic devices, lighting tech-
nologies, and information displays. These materials exhibit exceptional
luminescent properties, enabling them to efficiently convert energy
from various sources into visible light. The design and development of
novel inorganic phosphors are pivotal in advancing the performance and
efficiency of a wide array of devices, including LEDs, cathode-ray tube
displays, and X-ray detectors [3,4]. Inorganic phosphors are already
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used as a next-generation white source due to their energy-saving abil-
ity, efficiency, long lifetime, and controlled size as well as they are
environmentally friendly [5,6].

In recent times, researchers have expanded their focus to encompass
not only the applications of inorganic phosphors in white light LED’s but
also the utilization of LED’s for indoor plant cultivation [7,8]. Indoor
plant cultivation can explore new fields in the agriculture industry. In-
door plant cultivation allows us to grow plants in a controlled and
pollution-free environment. It also protects the plants from bad weather
like floods, and droughts gaining high productivity in growing vegeta-
bles, fruits, and crops. Thus, indoor cultivation helps to open a solution
to the global food problem as well as providing a new opportunity for
researchers to work more on it.

The previous works suggest that blue light (400-500 nm), red light
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(620-690 nm), and far red light (700-740 nm) play vital roles in
photosynthesis, phototropism, and photomorphogenesis reactions [7,
9-11]. The red light has been observed to have a beneficial impact on
plant growth, specifically concerning the development of plant stem
nodes and the regulation of plant height. Additionally, it plays a vital
role in accelerating the synthesis of sugars and carbohydrates, as well as
facilitating the assimilation of nitrogen. Consequently, the deployment
of high-quality LEDs tailored for plant growth becomes a vital require-
ment to enhance productivity in indoor cultivation settings. Mn** doped
inorganic phosphors show emission in the region of the far red which is
suitable for higher value vegetables. Mn** is a transition metal ion and
has 3d® electronic configurations. These metal ions can retain their
oxidation states when utilized as dopants to substitute cations within
octahedral = geometries. = Moreover, these  phosphors are
blue-light-excitable phosphors which give emission in far red region
from 630 nm to 730 nm [8,12,13]. In this context, LED lighting systems
derived from these materials serve as a highly advantageous illumina-
tion source for indoor plant cultivation.

Far red region is utilized in plant cultivation, optical thermometry,
food analysis, and medical imaging [14-17]. The range of 700 nm-740
nm in far red light aligns closely with the absorption spectra of phyto-
chrome, which is crucial for plant development. This suggests that it can
be employed to control plant growth [18]. Consequently, plant growth
lights can be produced by combining near-infrared phosphors with LED
chips [19]. Understanding and manipulating specific light wavelengths,
notably dep red light in artificial systems, empower growers to create
tailored environments that enhance growth stages, optimize photosyn-
thesis, and regulate flowering and fruiting for healthier crops and
improved yields. In view of theses, several phosphors with exceptional
performance have been reported by researchers in recent years,
including CagAllzGegolz:Eu3+ (far red phosphor) [20], and SrMgA-
llo,yGayOn:Mn4+ (red phosphor) [21], Gd2ZnTiOg:Mn** (red phosphor)
[22], GdZZnTioﬁzMn‘H, Yb3* (far red phosphor) [23], LayLiSbOg: Mn4+,
Mg2+ (far red phosphor) [24], among others.

Notably, it has been observed that Mn** ions find facile stabilization
within hexagonal octahedral host matrices. The inherent hexagonal
geometry of tungstates, recognized for their affordability and ease of
synthesis, further underscores their suitability. Additionally, these ma-
terials demonstrate exceptional chemical and physical stability, while
their magnetic and optical properties are highly commendable. In the
domain of inorganic phosphors, numerous researchers have favored
tungstates as their host materials, employing rare-earth and transition
metals as dopants to harness their luminescent potential. Tang et al. [25]
synthesized Eu3* doped alkali rare-earth double tungstate nanoparticles
using hydrothermal reaction method. The phosphors have high
rendering index and good correlated color temperature (CCT) value
suggesting a promising candidate for red-emitting component of indoor
lightings. Yang et al. [26] studied Sm>*-doped CaGdSbWOg phosphors
which were synthesized using high-temperature solid state reaction
methods. The samples showed good emission in the red region and
pursued good thermal stability. Among the vast landscape of phosphors,
CaglasW2012, a complex oxide, has gained significant attention due to
its intriguing optical properties. CagLazW20;3 is a promising candidate
for deep red emission, making it desirable for applications where
high-efficiency red phosphors are essential, such as in full-color displays,
optical communications, and biological imaging. The addition of dopant
ions to the CagLayW,01 5 lattice can enhance its luminescent properties,
expanding its potential applications in advanced technologies. Li et al.
[27] synthesized and studied Tm3+-doped CaglasW2012 using high
temperature solid state reaction method. The synthesized samples
showed application in plant cultivation. Lovisa et al. [28] synthesized Eu
doped SrMogy sWO4 phosphors using microwave-hydrothermal method.
The phosphor showed red emission attributed to °Dy—’F transition of
Eu®" ions suggesting the samples may be used in solid-state lightning
devices. Zang et al. [29] synthesized Eu3t doped bismuth lanthanum
tungstate phosphors using solid state reaction method. The synthesized
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phosphors had good thermal stability and showed the potential appli-
cation for white light emitting diodes. Huang et al. [7] investigated
Mn**-doped CasLayW,0;5 phosphors, which were synthesized using the
high-temperature solid-state reaction method. Their study provided
compelling evidence for the appropriateness of these phosphors in the
context of indoor plant cultivation. Wu et al. [30] also employed the
high-temperature solid-state reaction approach to synthesize Mn*"-do-
ped CagLasW2015 phosphors. Their findings concurred with the poten-
tial of these phosphors and suggested their strong candidacy for the
development of specialized light-emitting diodes (LEDs) aimed at pro-
moting comprehensive plant growth enhancements. To our knowledge,
there has been a limited electron paramagnetic resonance (EPR) inves-
tigation on this system. However, it can offer valuable insights into the
electronic properties of semiconductors, ceramics, and other materials.
Mn** is a non-rare earth dopant element with 3d* electronic configu-
ration which shows emission in far red region. The ion replaces various
metal ions like W8, Sn**, AI®t, Ge*', Ta®" and Ti** from the host
crystal structures. The emission of Mn*" generally observe due to the
2E—*A, spin and parity forbidden transition. The peak positions depend
on the host matrix of the samples. The Mn*" activated phosphors show
prominent excitation peaks in the 300-600 nm range. Under the exci-
tation of near ultra-violet or blue light the Mn*" doped phosphors
exhibit emission in the far red region which is an ideal requirement for
LEDs in artificial plant cultivations.

In the presented work, Cag,La2W2012:an4+ (x = 0.0012, 0.0025,
0.005, 0.01, 0.02, 0.03, 0.04, and 0.06) red phosphors were synthesized
using sol-gel method. This manuscript presents a detailed study of the
synthesized phosphors, with a particular focus on Mn*" doping, to un-
derstand their structural, optical, and EPR spectroscopic properties. The
synthesis of these materials through the sol-gel method offers precise
control over their composition and crystalline structure, enabling the
tailoring of their properties for specific applications. This study uses a
variety of analytical methods, such as X-ray diffraction, Fourier trans-
form infrared (FT-IR), photoluminescence (PL), and EPR techniques, to
gain a comprehensive understanding of the material. Additionally, the
study includes simulated EPR spectra of CazLazW2015 phosphor with
Mn** ions.

2. Materials and method
2.1. Synthesis of CasLazW2012:xMn**

A series of samples with the empirical formula CasLasW507q2:xMn**
(x = 0.0012, 0.0025, 0.005, 0.01, 0.02, 0.03, 0.04, and 0.06) were
prepared using the sol-gel method. The sol-gel method is ideal for syn-
thesizing phosphors, as it allows for precise control over the composi-
tion, purity, and structure of the final products. The starting materials
were Ca(N03)204H20, La(N03)306H20, (NH4)6W120390XH20, Mn
(NO3)204H>0, and citric acid (CgHgOy). It is important to note that all
the starting materials used in this study were of analytical grade and
were used without any additional purification. In the synthesis of these
samples, a constant concentration ratio of CcHgO7 to metal ions was
maintained at 3:1 to ensure reproducibility. The study aimed to inves-
tigate the influence of Mn** in the synthesized series, leading to the
preparation of eight distinct samples of CagLasW20, 5:xMn*t, each with
varying concentrations.

The synthesis process for the phosphors is visually depicted in Fig. 1.
To produce CagLaZWZOu:an‘H, a series of steps were followed.
Initially, all the precursor materials were dissolved in 10 ml of de-
ionized (DI) water, and the resulting solution was stirred for 60 min
with a magnetic stirrer until it became a transparent aqueous solution.
Subsequently, this transparent aqueous solution was subjected to a
drying process at 110 °C for a duration of 12 h in an oven. This drying
step led to the formation of porous solid matrices, often referred to as
xerogels. The xerogels were heated at 400 °C for 2 h, resulting in a black
residual product. The final products were then obtained by annealing
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Fig. 1. Schematic diagram of the synthesis process used for preparing the samples.

the black residual products at 1050 °C for 3 h. The samples were ground
into a fine powder using a mortar and pestle and then used for further
characterization.

2.2. Measurements and characterization
The series of samples were sent to Rigaku X-ray diffractometer for

obtaining X-ray diffraction (XRD) patterns of the samples using the Cu-
Ka radiation (A = 1.5406 A). The obtained XRD patterns are used for the

structure determination of the samples. The phase identification of the
host materials was done using Joint Committee on Powder Diffraction
Standards (JCPDS) file. The Fourier transform infrared (FT-IR) spectra
was performed with Thermo-Nicolet equipment in the range of
400-4000 cm™!. UV-VIS-NIR measurement was carried out at room
temperature on a Cary 5000 Spectrophotometer. Photoluminescence
measurements were carried out at room temperature on a Shimadzu RF-
5301PC, spectrofluorophotometer equipped with Xenon flash lamp. The
EPR spectra of the sample were recorded on a JEOL FE1X ESR
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Fig. 2. XRD patterns of the CagLa;W50;2:xMn** (x: 0.0012-0.06) phosphor along with standard data.
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Spectrometer, operating in the X-band frequencies, with a field modu-
lation of 100 kHz.

3. Results and discussion
3.1. X-ray diffraction studies

Fig. 2 illustrates the X-ray diffraction (XRD) patterns for the CasL-
a2W2012:an‘H phosphors, alongside the reference data sourced from
the JCPDS. The observed XRD peaks in all synthesized phosphors exhibit
a remarkable agreement with the standard JCPDS file No. 49-0965.
Importantly, no indications of impurity phases or extraneous crystalline
structures were discernible in the diffraction patterns, affirming the high
purity and phase homogeneity of the synthesized materials. The
rigorous matching of the JCPDS dataset with the obtained XRD data
strongly supports the categorization of the current samples as hexagonal
in crystal system. These samples confirm to the R3m space group, with
unit cell parameters a = b = 9.754 nm and ¢ = 55.460 nm, revealing the
structural integrity and consistency within the set. Furthermore, a close
analysis of the XRD results indicates a subtle but discernible shift in the
position of diffraction peaks towards higher values. This phenomenon is
typically observed when smaller metal ions effectively replace larger
metal ions within the lattice, reflecting changes in the crystal structure
due to the ionic substitution process. The notable shift is in line with our
measurements, confirming the successful incorporation of Mn*" ions
into the lattice structure. It is most likely that the Mn** ion (ionic radius
0.53 A) prefers to substitute WO ions in CasLasW,010, as the ionic
radius of W®* (0.6 A) is close to that of Mn** (0.53 A). Moreover, it is
noteworthy that the intensity of the prominent diffraction peak centered
at 31.73° displays a proportional increase with the escalating concen-
tration of Mn** metal ions. This intensity variation directly correlates
with the concentration of Mn** dopant ions, substantiating their pres-
ence and confirming the impact on the crystal structure, which plays a
pivotal role in the luminescent properties of the phosphor [31].

In the context of CagLa2W2012:an4+ phosphors, the shift in the 20
angle observed in X-ray diffraction (XRD) patterns can have a significant
impact on the estimated crystallite size. The relationship between the 20
angle and crystallite size is described by the Scherrer equation.

D =0.91/pCosO 1

D represents the crystallite size, k is the shape factor (typically
assumed to be 0.9), A denotes the X-ray wavelength, f is the full width at
half-maximum (FWHM) of the diffraction peak, 0 is the diffraction angle
[32-34]. The Average crystallite size and micro strain of the samples are
presented in Table 1. In the case of the CasLasW5012:xMn*+ phosphors,
a shift in the 26 angle to a higher value (i.e., moving to the right in the
XRD pattern) indicates a reduction in the d-spacing of the crystal lattice
planes. This reduction corresponds to a more compact and smaller
crystalline structure. Therefore, as the 20 angle shifts to higher values, it
suggests a decrease in crystallite size within the material. The shift in the
20 angle in the XRD patterns of CasLasWy012:xMn*™ phosphors is
inversely proportional to the estimated crystallite size. Analyzing this
shift provides valuable insights into changes in the structural properties
of the phosphors, particularly with respect to crystallite size variations.

Table 1
Represents the average crystallite size and lattice strain.

S. No. Sample Composition Crystallite Size (nm) Lattice Strain
1 CagLayW201,:0.0012Mn 35.94 0.0037
2 CazLaz;W301,:0.0025Mn 35.95 0.0037
3 CagLayW»012:0.005Mn 34.51 0.0038
4 CagLayW»01,:0.01Mn 41.07 0.0032
5 CazLazW301,:0.02Mn 40.93 0.0032
6 CagLa;W»01,:0.03Mn 41.10 0.0032
7 CagLasW501,:0.04Mn 43.15 0.0031
8 CagLayW5012:0.06Mn 43.13 0.0031
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3.2. FT-IR studies

The FT-IR spectrum gives important information about the material’s
composition and chemical bonding. The positions of absorption bands
depend on the compound’s crystal structure and environment. FT-IR
spectrum of Ca3L212W2012:0.0025Mn4Jr phosphor was recorded in the
wavelength range of 400-4000 cm ™. In Fig. 3, the FT-IR spectrum of the
phosphor CagLasW2012:0.0025Mn*" is presented. Fig. 3 clearly shows
vibrations at 462, 586, 666, 840, 1106, 2309, 2983, and 3424 cm~!and
fluctuations near at 1220 and 3551 cm™!. In the lower wavenumber
region (400-800 cm’l), we observe a series of peaks related to the lattice
vibrations of the crystal structure. The exact positions and intensities of
these bands depend on the crystal symmetry and the specific atomic
arrangements in Mn doped CasLapW2012. Tungsten oxide compounds
typically have characteristic absorption bands in the 700-1000 cm™!
range [35]. These bands are associated with W-O stretching vibrations
and can provide information about the bonding environment of tungsten
in the material. The bands near 666 and 840 cm ™! are due to stretching
and bending vibrations for O-W-O or W-O-W in WOs3 [36,37]. Also,
band at 666 cm ™! can also be due to LaO stretching [38] and 462 cm !
can be attributed to CaO vibrations [39].

The band at 1598 cm™! corresponds to a stretching or bending vi-
bration involving oxygen atoms in the crystal lattice. It might be asso-
ciated with metal-oxygen bonds (La—O, W-O) or the symmetric
stretching of oxygen atoms in the lattice. Inorganic materials often
exhibit strong absorption bands in the 3000-4000 cm ™! range due to the
stretching vibrations of O-H bonds. In the mid-infrared region,
stretching vibrations are associated with Ca-O, La-O, and W-O bonds.
The positions and intensities of these bands will depend on the specific
coordination environment of these metals in the crystal structure. The
band at 3439 cm™! is likely associated with O-H stretching vibrations
[40,41]. It could arise from residual water or hydroxyl groups in the
sample. The other peaks were observed due to the residuals left from
starting chemicals. The presence of manganese ions could introduce
additional absorption bands in the spectrum. Manganese may exhibit
vibrational modes in the mid-infrared region, depending on its oxidation
state and coordination environment.

3.3. Photoluminescence studies

Photoluminescence spectroscopy played a pivotal role in uncovering
the optical properties of the material. Photoluminescence excitation
(PLE) and photoluminescence (PL) spectra C33L32W20122XMI14+ phos-
phors are shown in Fig. 4. The spectral measurements were conducted
under standard room temperature conditions. Prior studies have
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Fig. 3. FT-IR spectrum of the CasLayW50,;2:0.0025Mn** phosphor.
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Fig. 4. (a) Photoluminescence excitation (PLE) spectra measured at Ae;, = 705 nm, and (b) Photoluminescence emission (PL) spectra measured at Aexc = 345 nm.

established distinct photoluminescence (PL) characteristics associated
with different oxidation states of manganese ions. Specifically, Mn%*
ions exhibit PL emissions within the spectral range of 450-610 nm,
whereas Mn*" ions are known to produce PL emissions in the extended
range of 610-790 nm. In contrast, Mn>*, Mn>", and Mn®* ions exhibit
PL emissions in the near-infrared region. Notably, Mn’~ ions have been
observed to be non-emissive [42-44]. Consequently, the data presented
in the figure affirm that the observed photoluminescence (PL) and
photoluminescence excitation (PLE) properties are attributed to the
presence of Mn** metal ions within the composition of the phosphors.

The PLE spectra for the phosphors were recorded by monitoring the
far red emission at 705 nm, as shown in Fig. 4 (a). Two significant wide
bands were discovered in the ultraviolet to visible spectral region. The
band at 345 nm would be attributed to the mixing of a charge-transfer
band (CTB) due to Mn**-O% interaction and the *A,—*T; transition

bands in the Mn*" center. On the other hand, the PLE peak at 500 nm
was attributed to the *A,—“T, transition of Mn*t ion [7,11,45]. In
addition, the intensity of the PLE spectra was contingent upon the
concentration of Mn*". Both peaks displayed their highest intensity
when x = 0.0025 mol concentration. It is worth noting that these pre-
dominant excitations corresponded to the emissions of near-ultraviolet
or visible light-emitting device chips. Prepared phosphors exhibit sig-
nificant absorption in both UV and visible light bands, and their emis-
sion spectra significantly appeared in the far red lighting group.
Consequently, this phosphor can be utilized in indoor plant-growing
LEDs.

Fig. 4 (b) reveals PL emission spectra of the Cag,Langolgzan“+
phosphors at the excited wavelength of Aexe = 345 nm. The peak was
observed at 705 nm which was due to 2Eg—>4A2 transition [46,47]. The
position or the location of the peak was consistent with increasing Mn**
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doping concentration. However, the intensity of the prominent peak
varies significantly with increasing Mn*" doping concentration. The
maximum intensity of the prepared phosphors was observed for the
doping concentration x = 0.0025, and the photoluminescence intensity
decreases with further increase of Mn** doping concentration. The
decrease in photoluminescence intensity after x = 0.0025 concentration
was due to the concentration quenching phenomenon of Mn*" ions. It
was observed that at lower concentration of Mn** ions, the photo-
luminescence intensity increased with increasing concentration of Mn**
of luminescent centers and reached saturation at x = 0.0025. The
observed phenomenon can be attributed to an increase in the intensity of
luminescent centers within the material. This increased concentration of
luminescent centers results in a reduction of the average distance be-
tween adjacent Mn*" ions. Consequently, this proximity enhances the
likelihood of non-radiative interactions between Mn*" ions, signifi-
cantly elevating the occurrence of such interactions with increasing ion
concentration. Consequently, these non-radiative processes contribute
to the quenching of fluorescence within the phosphor, ultimately lead-
ing to a decrease in photoluminescence intensity. In this context, it is
reasonable to propose that the introduction of Mn** ions result in their
incorporation at metal sites within the CazLagW2015 host matrix. This
substitution of Mn*" ions for other metal ions in the host matrix is
indicative of a mechanism that generates oxygen vacancies, thereby
introducing negative charges to the lattice. These negative vacancies
affect the photoluminescence intensity leading to the transfer of energy
from luminescent activators to the vacancies in the host matrix. The
observed concentration quenching phenomenon suggests the presence
of a non-radiative energy degeneracy process affecting the excited Mn**
ions. The high doping concentration of Mn*" ions lead to an increase in
non-radiative energy transitions, causing a higher level of energy loss.
This is directly linked to the elevated concentration of Mn** ions in the
material, resulting in a decrease in radiative emissions. Currently,
research on red phosphors is primarily centered on phosphors doped
with rare earth ions. However, these rare earth ions are often prohibi-
tively expensive. This study explores the use of Mn** instead of Eu®* or
Sm>* to reduce costs, as Mn*" offers excellent luminous characteristics
at a lower price. Additionally, it should be noted that the lower con-
centration of Mn*" ions in the investigated host material makes it a more
economically feasible phosphor option. It has been well established that
the far red color of the ion is very useful for effective in the
photo-morphogenetic needs of plants. Mn*"-doped CasLasW,01 phos-
phor produces far red light, making it a great alternative to the far red
light needed for plant development. Further the present results, though
preliminary in nature, suggest that Mn**-doped CagLa;W4015 phosphor
have potential to serve as excellent candidates that can be used as a
potential phosphor being applied for plant growth. On a similar note,
Liang et al. [48] studied KLaMgWOg:Mn phosphor, which emitted in the
far red region with a peak at 696 nm. They also fabricated LEDs by
combining the phosphor with 365 nm LED chips, suggesting that the
phosphors could be applicable for artificial plant cultivation. Similarly,
Liu et al. [49] synthesized deep red-emitting MgsInSbOg:Mn phosphor,
which showed emission at 665 nm due to the usual Mn** transition. The
emission of fabricated LEDs with this phosphor showed that the emis-
sion spectra completely overlapped with the plant pigments’ absorption
spectra, suggesting that these samples could be applicable for artificial
plant cultivation. Upon comparing the emission and excitation spectra
of our studied samples with those in published papers, it seems that our
samples may be suitable for artificial plant cultivation. However, further
in-depth study is necessary to reach a definitive conclusion.

The Dexter theory suggests that the energy transfer is happened due
to electric multipolar interactions in which the photoluminescent in-
tensity (I) and the dopant concentration can be given as [50,51].

l/x:K[l +)((x)’/3}71 2

Here, y is the multipolar interactions constant equal to 6, 8 or 10
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corresponding to dipole-dipole, dipole-quadrupole and quadrupole-
quadrupole interactions respectively between neighboring ions. Addi-
tionally, K and y denote the interaction constants [7,50]. To maintain
consistency with the prescribed interaction constants, all emission data
were acquired under the same excitation wavelength, specifically at 345
nm. In Fig. 5 (b), a logarithmic plot of log(I/x) versus log(x) is presented
for CagLagW5012:xMn*t phosphors, focusing on the prominent emission
peaks occurring at 705 nm. The estimated y values are notably closer to
8, which strongly suggests the preeminence of dipole-quadrupole in-
teractions as the governing factor in this effect. Importantly, this finding
corroborates prior research conducted on similar phosphors [7,47,50].

3.4. Crystal field analysis

When Mn** ions are excited by ultraviolet light, they show the
transition from 4Azg ground state to the 4T1g and 4T2g excited states.
Subsequently, a non-radiative transition occurs, leading to the lowest
excited state 2Eg. Eventually, the electrons undergo a radiative transition
from 2Eg to the 4A2g ground state, resulting in far red emissions. The
crystal field strength parameter Dq can be estimated using the equation.

Dq = E(*A,~*T») /10 3

Other crystal field parameters (termed as Racah parameters) B and C
can be evaluated as follows:

Dg_15(x—8)

4
B x*—10x

The crystal field strength parameter Dq, along with Racah parame-
ters B and C, can be estimated using specific methodologies outlined in
Refs. [52-54].

= E(4A2—>4Tl) —E(*4,-°Ty)
Dq

2 4

ECE~") _305C_18C 4, 6
B B Dq

The literature suggests that a Dq/B ratio exceeding 2.2 signifies a
strong crystal field. In this context, Mn** exhibits the lowest excited
state as 2Eg within a robust crystal field system. This results in narrow
band emissions attributed to the spin-forbidden transition from 2Eg to
4Agg. In the prepared series of samples, consistent peak positions across
the spectra indicate that calculated values are likely similar for all
samples. Based on the emission and excitation spectra of CagLagW2012:
xMn*t, specific energy values for transitions E(4A23—>4Tlg), E
(4A2g—>4ng), and E(zEg—>4A2g) are determined as 27322 cm ™!, 19762
cm ™!, and 14204 cm ™, respectively. The estimated values for Dg, B, and
C for C33L32W2012:XMI14+ are 1976 cm‘l, 745 cm_l, and 2892 cm™},
respectively. The calculated Dg/B ratio of 2.65 suggests that Mn*" is
situated in a strong crystal field. Interestingly, the energy difference
between 2Eg and 4A2g seems to be influenced more by the nephelauxetic
effect than by the crystal field strength itself.

B\* [cC\’
_ /(B L 7
/ <30> * <C0)
Here, By and C are Racah parameters and have fixed values. The
nephelauxetic parameter, estimated using references indicates f§ value of
0.929 for the prepared sample [53-55]. This value suggests that the

covalency degree between Mn*' and 0%~ is low compared to other
systems like Sl’TiO3IMD4+ and BaLaLiTe; xOg:xMn [53,56].

3.5. CIE analysis

Fig. 6 shows the Commission Internationale de L’Eclairage (CIE)
coordinates for Ca3La2W2012:0.0025Mn4+ phosphor which was
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Fig. 5. (a) Variation in the emission intensity of strong emission (705 nm) as a function of Mn** concentration and (b) log(I/x) vs log(x) plot to estimate the 0 value.

obtained using the PL spectra. The coordinates in Table 2 were found to
be in the deep-red region of the color spectrum with very high color
purity while using the standard illumination lamp (A). To validate this
observation, a comprehensive verification process was undertaken by
capturing digital images of the identical phosphor under both natural
daylight and ultraviolet (UV) light conditions with a 365 nm excitation
source. As illustrated in Fig. 7, the image acquired under natural
daylight conditions (Fig. 7 (a)) exhibited a distinct light red coloration.
In severe contrast, the image captured under 365 nm UV excitation
(Fig. 7 (b)) exposed the substance as a red powder, further confirming
the deep-red appearance. This empirical evidence provides robust sup-
port for the previously estimated coordinates and the inherent deep-red
characteristic of the phosphor under investigation. The correlated color
temperature (CCT) of the phosphor can be estimated using equation [30,

571:
CCT = — 437n® +3601n* — 6861n + 5514.31 8

Here, n = (x — x.) /(¥ — ¥.) and x, is equal to 0.3320 and Yy, is equal
to 0.1858. The estimated CCT value for the phosphors is mentioned in
Table 2, which suggests the phosphor is suitable for a work environment
where a red illumination is needed.

3.6. EPR studies

An investigation has been carried out to detect the presence of Mn**
ions in CagLasW2012 phosphor using the technique of EPR, and is shown
in Fig. 8. Fig. 8 clearly shows that the two signals are observed for all
samples, one at nearly 1500 Gauss and the other at 3000 Gauss. Also, the
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Fig. 6. CIE chromaticity diagram for Ca3L32W2012:XM1'14+ (x: 0.0012-0.06)
phosphor (Aexe = 345 nm).

Table 2
CIE chromaticity coordinates and correlated color temperature (CCT) of CasL-
2,W5012:xMn** (x: 0.0012-0.06) phosphor.

S. No. Sample Composition x y Color purity CCT
%) x)
1 CaglasW;012:0.0012Mn  0.732  0.268 99.22 7046
2 CaglasW;012:0.0025Mn  0.732  0.268 99.22 6974
3 CazLa;W5012:0.005Mn 0.734  0.266 99.74 6641
4 Cagla;W5012:0.01Mn 0.732  0.268 99.22 7101
5 CazLaW;012:0.02Mn 0.732  0.268 99.22 6977
6 CagLaW»012:0.03Mn 0.732  0.268 99.22 6982
7 CagLa;W5012:0.04Mn 0.734  0.266 99.74 5838
8 CazLazW;012:0.06Mn 0.710  0.290 93.64 7158

intensities of the EPR signals are increased with increasing Mn** con-
centration. To have a better understanding of the EPR results we
compare the samples with the lowest Mn*" (x = 0.0012) and highest
Mn** (x = 0.06) concentration in the phosphor series, as shown in Fig. 9.
The spectrum for 0.0012 mol of Mn** ion CagLasW2012 phosphor is
shown in Fig. 9 (a). The spectrum in the vicinity of g ~2.0 arises from
two overlapping EPR lines. The first spectrum is characterized by six-
lines with a g-value equal to 1.98. A hyperfine interaction of the elec-
tron with a nucleus with spin S = 5/2 results in the six-line spectrum.
The estimated hyperfine splitting is about 63 Gauss. The individual lines
of the six-line spectrum have a linewidth of about 58 Gauss that is
estimated from a spectrum of the phosphor with 0.0012 mol of Mn** ion
CasLagW2015 phosphor. Apart from the lines in the free electron region,
a low filed line is seen at g ~4.0.

It is hypothesized in the literature that the structure of CagLagW2012
closely resembles that of CasRezO12 [58,59]. In CasRez015, Ca atoms
occupy four atomic sites. The Cal and Ca2 atoms have eight oxygen
neighbors that are in irregular arrangements. On the other hand, Ca3
and Ca4 atoms have nine and six oxygen neighbors. There are three
kinds of W8 sites and there are six oxygen atoms around W°" atoms in
all the three sites. Mons et al. [58] indicate that the structure contains
building elements, that may be described as derived from the perovskite
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Fig. 7. Digital images of CasLayW50;,:0.0025Mn*" phosphor under a room
light and (b) under UV 365 nm.
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Fig. 8. EPR spectrum for CasLasW5012:xMn*" (x: 0.0012-0.06) phosphors.

structure, CaTiOs.

It can be considered that the present experimental results indicate
that Mn** ions are in a tetravalent state in the present system. Mn** ion
has an ionic radius of 0.53 A in a six-fold coordination [60]. Ca®* ion
(Cal and Ca2) has an ionic radius of 1.12 Ain eight-fold coordination
and an ionic radius of 1.0 A (Ca4) and 1.18 A (Ca3) in six-fold and
nine-fold coordination. La®" ion (Lal and La2) has an ionic radius of
1.16 A in an eight-fold coordination. In six-fold and nine-fold coordi-
nation, La®* ion has an ionic radius of 1.032 A and 1.216 A respectively.
On the other hand, WO+ has an ionic radius of 0.6 A in a six-fold coor-
dination. The Mn*" ion, with an ionic radius of 0.53 i\, exhibits a
preference for substituting WO ions in CasLayW012, as the ionic radius
of W is close to that of Mn*' ion. Examples of Mn** doped systems,
where the ion replaces cations with ionic radii similar to Mn** include
B33Y2W09 [61], C52W02F4 [62], NaZSiF(, [63], and BaTiF6 [64]
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Fig. 9. Zoomed room temperature EPR spectrum of (a) 0.0012 mol and (b) 0.06 mol concentration of Mn** doped CasLa;W,0,5 phosphor.

In general, Mn ions can exist in three possible valence states viz.,
Mn?*, Mn®*, and Mn**. In a study on Mn doped SrTiOs, Miiller [60] has
argued that the observed resonance is not due to Mn?* ion on the basis of
g-values. The observed g-value for Mn ion in their system is below 2.0
and is equal to 1.994. Further, the relaxation time of Mn>" ion is ex-
pected to be so short that no resonance is observable at room temper-
ature. Miiller points out that Mn>* ion is isoelectronic to Cr** and no
resonance has been observed for Cr?* ion in MgO system by Wertz et al.
[65,66]. Miiller [60] concludes that the observed resonance in SrTiOs:
Mn can come from AMg = =+1 transitions of the tetravalent Mn ion

17071

(Mn‘”, 3d%) with spin = 3/2 at Titt position in SrTiO3. Based on these
arguments, it is speculated that the observed signals in CasLagW2012:
Mn** are due to Mn** ions located at W8 sites. These explanations are
consistent with the observed luminescence results which strongly sug-
gest that the Mn ions in the CaszLay;W2012 system are in Mn** state. Due
to this state of Mn** ion, the synthesized systems generated red-deep
emission at far-red region with a prominent peak at 705 nm when
located at octahedral sites.

In an octahedral anion crystal field, Mn** ion has a ground state
corresponding to an orbital singlet, A,. Consequently, the spin-lattice
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relaxation is weak and this makes EPR of Mn** easy to observe even at
high temperatures [65]. On the other hand, Mn®* ion (3d4 with S =3/2)
is unlikely to have an observable signal as it exhibits a large zero-field
splitting and strong spin-lattice relaxation as the ground state of Mn®*
ion is the orbital doublet [67].

The observed six-lines (Fig. 9 (a)), though not clearly seen, are due to
AM; = 0 and AMg = +1 transitions typical of Mn*" ion in a powder
system. The lines are hyperfine lines arising due to the interaction of the
electron with a nucleus with spin 5/2 (Mn** ion). The observation of the
lines in CagLaaW2012 phosphor shows that Mn ions are incorporated in
the lattice and the observed red luminescence shows that they are in a
tetravalent state. The g-value (1.98) observed in the phosphor indicates
that the ions are located in sites with nearly cubic symmetry [68].

Apart from the six-line spectrum, a low-intensity broad line overlaps
the main spectrum (as shown in Fig. 9 (a)). At high dopant concentra-
tions (x = 0.06), this broad line becomes more pronounced (Fig. 9 (b)).
The estimated g-value is not accurate and is found to be about 1.82. The
linewidth of the broad line is about 950 Gauss. It is speculated that the
broad line is due to the Fe>* ion present in the lattice as an impurity.
This impurity can come from starting materials used in the preparation
of the phosphor. In addition to these lines seen in the vicinity of g ~2.0, a
low field line is observed at g ~4.0. This line is broad with a linewidth of
about 577 Gauss. This line is also attributed to Fe>* ion experiencing
strong crystal fields and perhaps located at sites with distorted
environment.

The present EPR study is on a sample of the phosphor that is in
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powder form. In this type of analysis, the spectrum’s anisotropies are
averaged out, making it difficult to discern finer details. Crystal struc-
ture data reveals three types of octahedral sites for the W™ jon. Despite
the substitution of Mn*" ions for W® ions in CasLasW,0,2, the EPR
spectrum fails to display features indicative of Mn** ions in multiple
sites. Li et al. [69] studied Nd®* doped CagLasW5012 co-doped with
Mn** and Yb3" ions, observing an asymmetric and slightly broad red
emission band peaking at 709 nm for Mn** singly doped CasLasW012.
However, this emission band does not signify the presence of Mn** ions
in the three W% sites. In a separate investigation by Hirrle et al. [70]
involving Mn, Nd, and Yb-doped CasLasW20;2 phosphor, Mn** emis-
sion around 700 nm was observed. The emitted line, broad and lacking
distinctive features, couldn’t be attributed to Mn*" ions in three distinct
W57 sites. In the current study, the luminescence band similarly fails to
exhibit characteristics indicative of Mn** ions in multiple sites.

It has been possible to simulate the EPR spectrum using the param-
eters derived from the observed spectrum. The simulated spectrum is
shown in Fig. 10 and the parameters are taken from the 0.005 mol Mn**
in CagLayW5012 phosphor (as shown in Fig. 10 (a)). The simulated Fe3t
ion spectrum is superposed over the simulated Mn** spectrum, as shown
in Fig. 10 (b). For the Mn** ion, the parameters g = 1.98 and A = 63
Gauss along with 55 Gauss for the individual linewidth are used in the
simulation, as shown in Fig. 10 (c). The parameters g = 1.82 and a
linewidth of 950 Gauss are utilized for the Fe*' spectrum simulation, as
shown in Fig. 10 (d). It is observed that the match between the experi-
mental and simulated spectrum is reasonable.
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Fig. 10. (a) Room temperature EPR spectrum observed from x = 0.005 mol Mn** doped CazLa;W,012 phosphor, (b) simulated spectrum with contributions from
Mn** and Fe®* ions, (c) simulated spectrum only from Mn** ion and (d) simulated spectrum from Fe3* ion

17072



J.-K. Lee et al.

4. Conclusions

It has been possible to successfully synthesize a series of highly
efficient far red emitting phosphors with the formula CasLagW2012:
xMn**, employing the sol-gel method. The synthesized samples
exhibited a strikingly close resemblance to the JCPDS file No. 49-0965,
confirming that the materials possessed a hexagonal structure with a
space symmetry of R3m. Our investigation also delved into the photo-
luminescence excitation (PLE) spectra, which unequivocally affirmed
the existence of a Mn*"-0% charge transfer band. Further spectral
analysis revealed the presence of combined peaks associated with the
4Ay—*T; and #A,—*T, transitions of Mn** ions. Notably, we observed
an emission peak at 705 nm, attributed to the 2E,;—»“Azg transition of
Mn** ions. Importantly, the maximum intensity of this emission was
discerned at a doping concentration of x = 0.0025 mol for Mn** ions.
Subsequently, at higher concentrations, we observed concentration
quenching, a phenomenon attributed to dipole-quadrupole interactions
within these samples. Our findings were effectively explained within the
framework of the Dexter theory, shedding light on the underlying
mechanisms responsible for these intricate energy transfer processes.
The EPR lines detected in the Ca3La2W2012:an4+ phosphor spectrum
were identified as originating from Mn*' ions. This observation
consistently correlated with the observed red luminescence. Collec-
tively, these findings provide compelling evidence for the presence of
Mn** ions within the CagLasW90 lattice, specifically occupying wo+
sites. This work not only advances our understanding of the luminescent
properties of Mn-doped phosphors but also underscores their potential
for various optoelectronic applications. The initial investigation sug-
gests that this far red emitting phosphor could be utilized as a dual-
responsive candidate in the use of ultraviolet and visible light-excited
LEDs to boost plant development.
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