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Abstract: A novel Dy**-activated Li,Zn(POs), phosphor was successfully prepared and characterized
using various spectroscopic techniques. X-ray diffraction (XRD) patterns confirmed the single-phase
LisZn(PO.), structure, which agreed with the standard data. Energy-dispersive X-ray spectroscopy
(EDS) also confirmed the presence of elements as per composition. Photoluminescence (PL) excitation
spectra showed strong and narrow peaks in the ultraviolet (UV) region due to the 4f-4f transitions of
the dopant ions. PL emission in the visible region with two intense emission lines showed concentration
quenching of Dy** ions on emission intensity upon excitation. LisZn(PO4),:0.05Dy** was optimized as
a potential candidate for white light emission applications with multipole interaction. Decay profiles
were also studied for all the concentrations of Dy**. Calculated color coordinates were well positioned
in the white light region.
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1. Introduction

Solid-state lighting technology is the only solution for replacing conventional lighting
with low-cost, high-efficiency, and eco-friendly alternatives. However, developing white
LEDs with high-level features requires further research into obtaining tunable and efficient
colors. These LEDs can be created by combining blue or near-ultraviolet excitation chips with
a phosphor. Rare-earth-activated phosphor materials are important in various applications, such
as bioimaging, temperature sensing, optical heating, and bio-thermal treatment, due to their
intense and narrow bandwidth emissions. Dy*" ions are a type of rare-earth ion with properties
such as many energy states, emission bands in the blue, yellow, and weak red regions,
importance in artificial photosynthesis, and high color purity. The choice of host material is
also important for achieving efficient and single-phase white light emission from Dy*"* ions.
Phosphates are one of the best host materials [1] for rare-earth ions as luminescent materials.
They are eco-friendly, low-cost, have flexible POs tetrahedral coordination, and are
commercially used in display panels [2,3]. Additionally, when used as luminescent hosts,
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phosphates with alkali and/or alkaline earth metals exhibit a wide bandgap in the ultraviolet
region with reasonable phonon energy [4,5].

Researchers are developing new white light-emitting phosphors doped with Dy®* in
various hosts [6-12], including phosphates, for better performance when combined with near-
ultraviolet (nUV) chips. In most studies, the emission intensity increases as the concentration
of the activator increases. However, at higher concentrations, concentration quenching may
occur due to the replacement of host atoms with activators. No reports show a reduction in
emission intensity at low activator concentrations. Therefore, developing a new multi-
component, low-cost, and eco-friendly host matrix is important to study the environment
around dopant ions at lower concentrations. This study focuses on synthesizing a new
LiaZn(POa4)2 phosphate phosphor and its luminescence characteristics.

In this work, a novel Dy**-doped LisZn(POa4)2 phosphor was successfully prepared
using combustion synthesis. The crystal structure, phase purity, surface morphology, and
emission behavior with decay profiles of the phosphor were studied. The dopant concentration
dependency was also investigated. The results showed that the dopant concentration had a
significant effect on the emission behavior of the phosphor. Further, this study suggests that
Dy3*-doped LisZn(POa4)2 phosphor is a promising candidate for white light emission
applications. Further studies are needed to optimize the phosphor for practical applications.

2. Materials and Methods

LiaZn(PO4)2:xDy*" (where x = 0.01, 0.03, 0.05, 0.08, and 0.1mol%) phosphors were
prepared using the combustion method. Stoichiometric amounts of all materials were taken
along with urea as fuel and H3sBOs as flux. X-ray diffraction measurements were performed
using a SHIMADZU LabX DRD-6100 diffractometer. Photoluminescence studies were carried
out using a Thermo Lumina spectrophotometer. Lifetimes were measured using an Edinburgh
Instruments FLSP 920 system. FTIR spectra were recorded using a BRUKER Compact
spectrophotometer. All characterizations were performed at room temperature.

3. Results and Discussion

Figure 1 shows the X-ray diffraction (XRD) patterns of a new LisZn(POa)2 (pure) and
doped LisZn(POa4)2:xDy** (where x = 0.01, 0.03, 0.05, 0.08, and 0.1) phosphors. The peaks
obtained are in good agreement with the standard monoclinic structure of LisZn(POa4)2 with
P21(4) space group (JCPDS Card No01-73-0622). The absence of any other phases suggests
that all the composed elements are properly positioned in the host due to the high internal
temperatures produced in the combustion method. This is important for phosphors, as it ensures
that the dopant ions are evenly distributed throughout the host lattice, which is necessary for
efficient emission. The XRD patterns also show that the peak intensities increase with
increasing dopant concentration. This is expected, as the more dopant ions there are, the more
likely they interact with the host lattice and emit light. The emission intensity of the doped
phosphors is also higher than that of the pure phosphor, which is another desirable property for
white light applications.

The highest intensity peak was observed at 26 = 22.131°, corresponding to the (-1 1 2)
plane. The crystallite sizes were calculated by using standard Debye-Scherrer’s formula
(Eq.(1)) )

0.9
- LCos6 (1)
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where D-crystallite size, B-full width half maximum, A — X-ray wavelength. The calculated
crystallite sizes for the phosphors are shown in Table 1.
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Figure 1. X-ray diffraction patterns of LisZn(PO4).:xDy3* with standard structure.

Table 1. Crystallite sizes from the x-ray diffraction patterns for the present phosphors.
Crystallite size

Phosphor (nm)
LisZn(PQa4)2 -Pure 82
LisZn(PO4)2:0.01Dy3* 83
* LiaZn(PO4)2:0.03Dy? 82
LiaZn(PO4)2:0.05Dy3* 89
LiaZn(PO4)2:0.08Dy3* 95
LisZn(P0O4)2:0.1Dy3* 93

The crystallite sizes of the pure LiaZn(PO4)2 and doped phosphors are not significantly
different. This suggests that the Dy** ions are incorporated into the host lattice homogeneously.
However, there are small variations in the electronic density of the lattice due to the presence
of the dopant ions. These variations lead to a small change in the peak intensities of the XRD
patterns. Moreover, no evidence of broadening or large peak shifts suggests that the doping
does not significantly distort the crystal structure. The refinement of the X-ray diffraction
pattern (LisZn(PO4)2:0.1 Dy*") is shown in Figure 2.

LiZn(P0O,):0.1Dy™ Raw data
Calculated
— Difference
| Bragg's position

10 ' 20 30 40 50 60 70 ' 80
20"
Figure 2. Reitveld refinement of the Li;Zn(PO4),:0.1Dy** phosphor.

The crystal parameters of LisZn(PO4)2 are a=8.103A, b=10.276A, ¢=8.121A, and
B=104.871°. As shown in Figure 2, the experimental diffraction peaks agree well with the
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calculated data. The refined crystallographic parameters, reliability factors, and structural
parameters are a=8.118A, b=10.288A, c=8.134A, and B=104.832°. The reliability factors are
Rp=12.24%, Rwp=11.43%, and %?=6.532. These values indicate that the prepared phosphor is
pure in phase.

The doped Dy®* ions are positioned at the faces of the crystal structure. The crystal
structure of LisZn(POa4)2 was developed using the VESTA software and is shown in Figure 3.

Li
Figure 3. Crystal structure of LisZn(POs), host lattice.

Scanning electron microscopy (SEM) images with energy-dispersive X-ray
spectroscopy (EDS) are shown in Figure 4. The images clearly show the agglomeration and
irregular shapes of the phosphors, which are attributed to the high temperatures of the
combustion synthesis method. EDS confirms the presence of all the elements in LiaZn(POa)a.
However, due to the instrument's limitations, Li could not be detected, as it is a light element
with an atomic number of 3.
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Figure 4. SEM images and EDS details of pure LisZn(PO4), and LisZn(PQ4),:0.1Dy?".

EDS shows that Dy is well associated with Zn, supporting the intensity variations
observed in the X-ray diffraction patterns. The association of Dy with Zn is important for the
emission properties of the phosphors. Dy*" is a rare-earth element with a strong emission in the
blue region of the visible spectrum. When Dy** is doped into the LisZn(POa4): lattice, it can
trap electrons excited by light. When these electrons relax, they emit blue light. The emission
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of blue light makes the phosphors useful for applications such as white light emission. The
agglomeration of the phosphors is a disadvantage, as it can lead to poor light output and uneven
emission. However, the agglomeration can be reduced by optimizing the synthesis conditions.

% Transmittance
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Figure 5. FTIR spectra of LisZn(POg)2:xDy?* phosphors.

The FTIR spectra of the phosphate glasses under study are shown in Fig 5. The spectra
exhibit almost similar bond natures, with dominant nine bands at ~568cm™, ~598cm™,~615cm"
! ~669cm™, ~1011cm™, ~1048cm™?, ~1119cm™,~1215cm™ and ~1363cm™. These bands
indicate that the phosphate glasses are composed of cross-linked POa tetrahedra with terminal
double-bonded oxygen and three bridging oxygen. The relative intensities of the bands can be
used to assess the structural changes in the glasses due to composition variations [13]. The
bands assigned for the observed vibrations are ~ (PO4)* for 568 and 598cm™[14], (P-O-P)sym
for 615 and 669cm™?, (PO4)* for 1011cm™ [15], P-O stretching for 1048cm™ [14,16], (PO3)as
stretching vibration for 1119cm™ [17], (PO2)as vibration for 1220 cm™* and P-O stretching of
pyrophosphates for 1360cm™ [13,14,18] respectively.

Although the influence and contribution of dysprosium and alkali earth content are
shown by FTIR spectra, there is no clear proof of their presence. It is clear that neither the
number nor the position of the bands changed noticeably due to the addition of alkali earth
content. However, due to the incorporation of Dy** ions into the matrix, which creates non-
bridging oxygen, the only minute changes that can be seen are a relative rise in intensities and
a tiny shift in the bands.

Fig. 6 shows the excitation and emission behavior with decay profiles as a concentration
of Dy** ions. Here in Fig 6a, excitation spectra monitored at 573nm show an intense peak at
348nm as the highest population level, and the others are with lower intensities and are assigned
to various transitions from the ground state ®Hisi2. The transition ®His;2 = P72 corresponding
to 348 nm is preferred as an excitation wavelength to record emission spectra for the current
single phase LisZn(POa4)2 phosphor. Further, this wavelength is more suitable for the
fabrication of UV-pumped phosphor LEDs [19-29]. Fig 6b, emission spectra of LiaZn(PQO4)2
phosphors consist of two intense bands for all the concentrations of Dy** ions [12,30]. The two
emission bands corresponding to the transitions *Fe2 = ®Hisr2 and *Fe2 = ®Hiae are centered
at 483nm and 573nm, respectively. The Energy level diagram with the excitation and emission
lines for Dy** ions is shown in Fig 7.
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Figure 6. (a) Excitation behavior of Li;Zn(POs), :Dy®* phosphor; (b) Emission behavior of LisZn(PQ,),
:Dy?* phosphor; (c) Decay profiles of Dy** doped LisZn(PO.). phosphor.
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Figure 7. Energy level diagram of Dy®* ion in LisZn(PQ.,), host.

The band in the blue region corresponds to *Fg = ®His2 transition is a magnetic dipole

https://biointerfaceresearch.com/

transition (AJ =0, 1, but 00 forbidden) and is less sensitive to the surrounding environment
of Dy®* ions. The other intense band in the yellow region corresponds to *Fo = ®Haa transitions
(AJ=+2and AL + 2) is an electric dipole transition and is hypersensitive. Its intensity strongly
depends on the environment around Dy3* ions [27,31,32]. The emission spectra also suggest
the low symmetry site occupancy of Dy®* ions, as the peak intensity in the yellow region is
higher than in the blue region. This yellow-to-blue (Y/B) intensity ratio suggests a higher
degree of covalence between Dy** and its oxygen ligands. Moreover, except for intensity
variation, no major shift in the position of the emission bands with the concentration variation
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of Dy** occurred. The intensity increases up to x=0.05mol% Dy?*; after that, it decreases in
this LiaZn(POa4)2 host. This could be due to the interaction between donor and acceptor ions
and resonance energy transfer between activator ions below the self-quenching limits and can
be referred to as luminescence quenching. The reduction in intensity occurs due to the
multipolar interactions referred to as dipole-dipole interactions or dipole-quadrupole
interactions [33]. Further, the slight marginal shifts are due to the divergence of ligand filed
with the host matrix [29].

In the present study, for 0.05mol% of Dy*" ions, maximum photoluminescence
intensity occurred. Hence, 0.05 mol% is the best doping concentration in the LisZn(POa4)2 host,
and the corresponding energy level diagram of Dy*" ions is shown in Fig. 7.

Fig 6¢ shows the decay profiles of LisZn(PQa4)2:xDy** phosphors where x=0.01, 0.03,
0.05, 0.08 and 0.1. All the profiles were monitored at 348nm and 573nm as excitation and
emission wavelengths, respectively. All the profiles are fitted, and the lifetimes are estimated
by a first-order exponential decay equation given in Eq (1a).

I(t) = 1(0)exp (%t) (1a)

where | (t) and I (0) are the emission intensities at time t and 0, respectively, A is a constant, t
is time, and t is the decay time for an exponential component.

The estimated lifetimes are 0.482, 0.538, 0.556, 0.0.592 and 0.641ms for x= 0.01, 0.03,
0.05, 0.08 and 0.1mol% of Dy*" ion. Lifetimes are slightly increased with the concentration of
Dy?* ions and are attributed to the reduction in non-radiative transitions and separation between
Dy®* ions [34,26]. The quenching in emission intensity is caused by the cross-relaxation
between neighboring activator ions [35]. Sometimes, these intensities were dependent on
crystallite sizes as the particle unit area facing towards the incident light results in higher
intensities at smaller crystallite sizes [36,37]. So, the inhomogeneous distribution of dopants in
the host matrix creates variations in the local environment, which can lead to a consequent
increase in lifetime with increasing dopant concentration. Therefore, both cross-relaxation and
crystallite sizes are influencing the present LisZn(PO4)2:xDy®" phosphor system.

The performance of the prepared phosphors is estimated by the CIE 1931 (Commission
Internationale de I’Eclairage) color coordinates (X, y) by using Eq. (2) from the tri-stimulus
values.

X=— 2
X+Y+Z (2a)
B Y
y_X+Y+Z (2b)

where X,Y, and Z are the color-matching functions for primary red, green and blue colors to
match the color of P(1). The color-matching functions can be evaluated using the following

equations [38]

X = j X(A)P(1)dA

A (32)
Y = [y(1)P(1)dA

& (3b)
Z = [z()P(1)da

A (3c)
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Further, color purity is also an important parameter estimated using Eq.(4) with (X,y)
color coordinates and standard values. The expression to evaluate the color purity is:

\/(X_Xee)2 +(y_ yee)2
\/(Xd - Xee)2 + (yd - yee)2 (4)

Color purity =
where (x,Y), (X, Y. ) are the chromaticity coordinates of the emission light and equal energy
pointand (x,,y,) are the dominant wavelength points.

All the parameters, such as color purity, CCT values, emission output, and visible
power, are calculated by Color Calculator v.7.77 and presented in Table 2. Fig 8 shows the CIE
diagram with all the obtained coordinates, and the inset shows the emission spectrum of 0.05

mol% Dy3*.
Table 2. CIE color coordinates with purity.

Lumens Visible Color
Sample X y CCT(K) 1020 powiz(l)'_(lTW) Purity(%)
0.01 0.2606 0.3292 9910 9.4 3.1 24.9
0.03 0.2599 0.3551 9098 9.8 3.0 235
0.05 0.2789 0.3455 8179 14 4.4 17.6
0.08 0.2601 0.3554 9078 13 4.2 23.4
0.1 0.2589 0.3410 9596 11 3.6 24.7

‘ 0.05 Dy

Figure 8. CIE diagram - LisZn(PQO4)2:xDy?* phosphors.

All the coordinates are well placed in the white light region, and the 0.05 Dy** sample
exhibits more prominent white light than others. The CCT values and color purity depend on
the dopant concentration and excitation wavelength [39,40]. The obtained values for the
LiaZn(PO4)2:xDy** phosphors are in correlation to pure white light (0.33, 0.33) [41].
Particularly, 0.05mol% of Dy3* sample emits more pure white light than others and can be
optimized.

Overall, the studies reveal that the present LiaZn(POa)2 host is suitable for accepting
rare earth ions with crystal field effects. So, this kind of single-phased hosts are very useful in
the fabrication of display, and lighting devices.

https://biointerfaceresearch.com/ 8of 11
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4. Conclusions

A series of Dy*" doped LisZn(POs)2 phosphors are synthesized. X-ray diffraction

spectra confirm the phase purity and crystal structure of phosphors. Dy** single doped
Li4Zn(POa4)2 phosphor emits light in blue and yellow regions. Variation in emission intensities
due to dy®" concentration is attributed to the local crystal structure/crystal field around Dy>*
ions and separation between activator ions. The CIE diagram shows excellent white light
emission with high color purity. Therefore, Dy** doped LisZn(POs)2 phosphors are potentially
useful in fabricating display and white light emitting devices.
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