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      The combustion technique was used to successfully prepare new Li4Zn(PO4)2:Eu3+ orange-red phosphors. A detailed description of the 

crystal phase, size distribution, luminescence characteristics, and decay curves was provided. The P21(4) space group contributes to the 

monoclinic structure of the Li4Zn(PO4)2:Eu3+ phosphors. The existence of pure phases of the produced phosphors was confirmed by X-Ray 

diffraction analysis. The intense orange-red emission light that the Li4Zn(PO4)2:Eu3+ phosphors produce at 593 nm is attributable to the 
5D07F1 transitions. The placement of Eu3+ ions at various site symmetries is supported by the variation in the intensity of the electric and 

magnetic dipole transition.  Li4Zn(PO4)2:xEu3+ was shown to perform best at a concentration of 0.1 mol%, which displays great color purity. 

All results indicate that the Li4Zn(PO4)2:xEu3+ phosphors have potential applications in W-LEDs. 
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INTRODUCTION 
 

      Solid-state lighting (SSL) based on light-emitting diodes 

(LEDs) is gaining in popularity due to its high energy 

efficiency, long lifetime, and environmental friendliness [1-

5]. However, the color rendering index (CRI) of white LEDs 

based on blue LED chips and yellow phosphors is often 

insufficient, especially in the red spectral region. To improve 

the CRI of white LEDs, it is essential to develop new red or 

orange-red phosphors that can be efficiently excited by n-UV 

or blue LEDs [6,7]. Trivalent europium (Eu3+) ions are 

promising candidates for use as red phosphors due to their 

characteristic red emission under UV light [8,9]. However, 

the emission intensity and color of Eu3+-activated phosphors 

can be heavily influenced by the local environment of                           

the  Eu3+  ions  [10-12].  Therefore,  it is  important to design  
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phosphor hosts that can provide a suitable microenvironment 

for Eu3+ to achieve high emission efficiency and tunability in 

emission. 

      Phosphate phosphors are considered for use as luminous 

materials due to their low sintering temperature, high 

luminous efficiency, and high stability. Much research has 

been done on phosphors based on phosphate compounds with 

good thermal and hydrolytic stability because they are used 

in a wide variety of displays and illumination devices. Single-

phase white lighting-emitting Na3Gd(PO4)2:Dy3+, Eu3+ 

phosphors exhibit high-intensity white light emission with 

energy transfer between activators upon n-UV excitation                 

and have good thermal stability [13]. CaSr2(PO4)2:Eu3+ 

orthophosphate phosphors exhibit luminescence behavior 

suitable for non-contact optical thermometers and solid-state 

lighting sources [14]. Photoluminescence efficiency 

enhancement of Eu3+ has also been reported with the energy 

transfer mechanism from host to activator in various hosts 

[15-19]. Sahu et al. developed a glass-ceramic form of Eu3+- 
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doped phosphors and identified its sites [20]. Additionally, 

phosphors with Eu3+ have been reported for enhanced 

thermal stability and sensors [21-22]. 

      In this communication, we report on the structural, 

morphological, elemental, and luminescent properties of 

Eu3+-activated Li4Zn(PO4)2 phosphors. We show that the 

Eu3+ emission intensity and color can be tuned by varying the 

Eu3+ concentration. We attribute this to the concentration-

dependent changes in the local environment of the Eu3+ ions. 

Based on our findings, we confirm that Li4Zn(PO4)2:Eu3+ is a 

tunable red phosphor for solid-state lighting with an 

enhanced color rendering index. 

 
MATERIALS AND METHODS 
 

      Li4Zn(PO4)2:xEu3+ (where x = 0.01, 0.03, 0.05, 0.08, and 

0.1 mol%) phosphors were prepared by using combustion 

synthesis. High purity (99.9%) research-grade chemicals 

such as LiNO3, Zn(NO3)2, and (NH4)H2PO4 obtained from 

Loba Chemicals Pvt. Ltd.. India, and Eu(NO3)3.6H2O 

(99.99% ultra-pure) from SRL Pvt. Ltd.. India., used as 

starting materials. All precursors are taken in stoichiometric 

ratio along with urea as fuel and H3BO3 as flux.  All the 

compounds were prepared in a systematic procedure [5,23]. 

The combustion reaction produced a white powder, which 

was ground to a fine powder. The powder was then 

characterized by X-Ray diffraction, energy dispersive 

spectroscopy, and photoluminescence spectroscopy.  

SHIMADZU LabX DRD-6100 diffractometer is used for                

X-Ray diffraction. Thermo Lumina spectrophotometer used 

to record photoluminescence spectra. Decay profiles were 

measured by using the Edinburgh Instruments FLSP 920 

system. FTIR spectra were recorded by using BRUKER 

Alpha II in the range from 4000 cm-1 to 400 cm-1. All the 

characterization is done at room temperature. 

 
RESULTS AND DISCUSSION 
 

      Figure 1 depicts the X-Ray diffraction patterns of a new 

Li4Zn(PO4)2 (pure) and doped  (b) Li4Zn(PO4)2: xEu3+ (where 

x= 0.01, 0.03, 0.05, 0.08 and 0.1) phosphors. The peaks were 

obtained and are in good agreement with the standard 

monoclinic structure of Li4Zn(PO4)2 (JCPDS Card No.                            

01-73-0622).    No    other    phases    are   seen   dominantly  

 

 

suggesting the proper position of dopant ion in the host [9] 

and also evidences the production of high internal 

temperatures in the combustion method. 

     The high intense peak has been observed at 2θ = 22.131o 

corresponding to the (-1 1 2) plane. The crystallite sizes are 

calculated by using standard Debye-Scherrer’s formula                        

(Eq. (1)) 

 

      𝐷 =
.  

                                                   (1) 

 

where D-crystallite size, β-full width half maximum, λ–                    

x-Ray wavelength. The calculated crystallite sizes are 

corresponding to the phosphors and are shown in Table 1. 

 

 

  
Fig. 1. X-Ray diffraction patterns of Li4Zn(PO4)2:xEu3+ with 

standard structure. 

 

Table 1. Crystallite Sizes from the X-Ray Diffraction 

Patterns for the Present Phosphors 

 

Phosphor 
Crystallite size 

(nm) 

Li4Zn(PO4)2-Pure 65.3 

Li4Zn(PO4)2:0.01Eu3+ 67.4 

Li4Zn(PO4)2:0.03Eu3+ 67.6 

Li4Zn(PO4)2:0.05Eu3+ 68.3 

Li4Zn(PO4)2:0.08Eu3+  67.5 

Li4Zn(PO4)2:0.1Eu3+ 68.2 
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      The crystallite size of the Li4Zn(PO4)2 phosphors 

suggests the incorporation of Eu3+ ions in the host lattice and 

has no significant variations in crystallite sizes [24].  Except 

for small variations in peak intensities, no such other 

properties like broadening, large peak shifts were observed. 

The change in peak intensities is attributed to differences in 

electronic densities of the dopant and the host [25,26].  

      By using XRD software, the structure was refined with 

standard space group P21(4) and the monoclinic unit cell. 

The improved lattice parameters were determined to be as 

follows: cell volume V = 662.1912, a = 8.15635, b = 7.87928, 

c = 10.48591, beta = 100.69122.  Inter planar distance - 

observed and calculated, along with full-width half 

maximum are shown in Table 1a. 

      Scanning Electron Microscope (SEM) images with EDS 

have been shown in Fig. 2. The images clearly show the 

agglomeration between the grains of the solid 

microcrystalline structures and irregular shapes which are 

attributed to high temperatures in combustion synthesis. 

      The lineal intercept technique  is  used to  determine  the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

average grain size (D) with the given equation is as follows 

[4,27].  

 

      𝐷 =
.

                       (2)  

 

      where L -length of grain, M-magnification, and N 

indicates the number of grain boundaries the lines intercept. 

      The average grain size of the un-doped and doped 

Li4Zn(PO4)2 samples was determined to be 345 nm and               

394 nm, respectively. The DSEM values were discovered to be 

around 5-6 times greater than the Dhkl values. Here the 

average crystallite sizes determined by SEM profiles and 

XRD patterns are not the same due to their different 

evaluation parameters. 

      The presence of elements in Li4Zn(PO4)2 phosphors was 

confirmed by energy dispersive X-Ray spectroscopy (EDS). 

The EDS lines for all elements except Li were monitored for 

the selected area, as the instrument is limited in its ability to 

detect light elements below carbon [10]. The EDS also 

showed that Eu is well-associated  with Zn,  which  supports 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Fig. 2. SEM images and EDS details of pure Li4Zn(PO4)2 and Li4Zn(PO4)2:0.1Eu3+. 
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the intensity variations in X-Ray diffraction patterns. Some 

additional peaks before oxygen in Fig. 2 also indicate the 

presence of oxygen, as its concentration is higher in the 

specimen. 

      The typical FTIR spectrum of Li4Zn(PO4)2:xEu3+ 

phosphors is depicted in Fig. 3 in the 4000-550 cm-1 region. 

The FTIR spectrum shows signs of well-known phosphate 

vibrational bands.   With dominating six bands at 568 cm-1, 

587 cm-1, 601 cm-1, 1000 cm-1, 1216 cm-1, and  1365 cm-1, the 

spectra show nearly identical bond natures. The network of 

phosphate phosphors was established by the cross-linking 

PO4 tetrahedra with terminal double-bonded oxygen and 

three bridging oxygen [28]. 

      The bands assigned for the observed vibrations are                   

~(PO4)3- for 568 and 587 cm-1 [29], (P-O-P)sym for 601cm-1, 

(PO4)3- for 1000 cm-1 [30], (PO2)as vibration for 1215 cm-1 and  

P-O stretching of pyrophosphates for 1365 cm-1 [28,29,31] 

respectively.  

      The FTIR spectra of the synthesized phosphors show that 

the number and position of the bands have not changed 

significantly. However, there are some subtle changes, such 

as a relative increase in intensities and a slight shift in the 

bands. These changes are due to the incorporation of Eu3+ 

ions into the matrix, which results in the creation of non-

bridging oxygen. The presence of non-bridging oxygen is 

characteristic of the phosphates family. 

      The excitation spectra of Eu3+ doped Li4Zn(PO4)2 

phosphors are shown in Fig. 4a. The spectrum shows six 

peaks in the region of 325 to 550 nm, which are due to 4f-4f 

electronic transitions [32,33]. These transitions are attributed 

to the Eu3+ ions transitioning from their ground state, 7F0, to 

several excited states - 5D4 (360 nm), 5G2 (382 nm), 5L6 (392 

nm), 5D3 (414 nm), 5D2 (463 nm) and 5D1 (531 nm). Due to 

the Eu3+ ion’s 7F0  5L6 (392 nm) transition, the highest 

excitation intensity peak is observed to be at 392 nm. 

      Figure 4b shows the emission spectrum of Eu3+ doped 

phosphors activated upon high intense excitation wavelength 

(ex = 392 nm). The spectra revealed that the emission peaks 

of the Eu3+ ions observed in the host are at 593 nm, 612 nm, 

652 nm, and 698 nm and the corresponding transitions from 

metastable state 5D0 to - 7F1, 7F2, 7F3 and 7F4 respectively 

[9,32,34]. Here 5D0  7F2 is the hypersensitive transition and 

its intensity varies with the Eu3+ local environment. 
      Eu3+ ions can be used to study the local structure and site 

 

 

 
Fig. 3. FTIR spectra of Li4Zn(PO4)2: x Eu3+ phosphors. 

 

 

symmetry of their host materials. The intensity ratio of the 

electric dipole (ED) 5D0 → 7F2 transition to the magnetic 

dipole (MD) 5D0 → 7F1 transition in the excitation and 

emission spectra of Eu3+ ions is sensitive to the local 

environment around the dopant ion, especially the symmetry 

of the first coordination shell [20]. In an asymmetric 

environment, the ED transition will be more intense than the 

MD transition, and vice versa in a symmetric environment.  

The MD transition 5D0 → 7F1 has an orange emission (590-

600 nm) and is not strongly influenced by the local site 

symmetry, while the ED transition 5D0 → 7F2 has a red 

emission (~610-630 nm) and is highly sensitive to the local 

site symmetry of the Eu3+ ion.  For Eu3+ concentrations of 

0.01, 0.03, and 0.05 mol%, the ED transition at 612 nm                     

(5D0 → 7F2) is stronger than the MD transition at 593 nm                           

(5D0 → 7F1). This suggests that the Eu3+ ions are located at 

highly asymmetric sites, where their intensities are strongly 

influenced by the environment around them [35]. At Eu3+ 

concentrations of 0.08 and 0.1 mol%, the MD transition is 

dominant over the ED transition. This suggests that the Eu3+ 

ions are located at symmetric sites, where the intensity is not 

affected by the local crystal field around the Eu3+ ion. 

However, the Eu3+ ions are still not in perfect symmetry sites, 

as there has been a slight change in their coordination in the 

host related to its concentration. If the Eu3+ ions were in 

perfect symmetry sites, the ED transitions would be absent. 

However, this has not happened in this host, except that  the 
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 reduction in ED transition intensity may suggest a change in 

its coordination. Thus, in addition to its orange-red emission, 

which has applications in phosphor materials, the sensitivity 

of the Eu3+ ion to the local site in the host matrix is 

extensively used as a local structure probe [36]. The relative 

intensity of the ED and MD lines also determines the final 

emission color of the samples and leads to the tuning in 

emission. 

      Therefore tuning of emission by Eu3+ concentration [37] 

is possible because of the existence of dopant ions with both 

asymmetric and symmetric character in one host. This could 

explain the importance of concentration variation of dopants 

in phosphors for various optical applications. The decreasing 

intensity at higher concentrations is due to energy transfer to 

non-radiative centers as the distance between Eu3+ ions 

decreases [38]. 

      The decay profiles of the phosphors were investigated at 

a wavelength of 612 nm (em) under excitation at                              

392 nm (ex). The lifetime decay values were calculated using 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the first-order exponential decay function. Fig.5 shows that 

the lifetime decreases with increasing Eu3+ concentration in 

the phosphors. This suggests that defects are created within 

the sub-lattice at higher concentrations. The lifetime decay 

values for 0.01, 0.03, 0.05, 0.08, and 0.1 mol% of Eu3+                             

are 1.832, 1.83, 1.826, 1.825, and 1.821 milliseconds, 

respectively. This range of lifetimes suggests that the 

probability of energy transfer between the host and activator 

ions is reduced.  The energy level diagram in Fig. 4c shows 

the electronic transitions of Eu3+ ions in the present host. The 

Eu3+ ions are excited from the lower level (7F0) to the higher 

level (5L6) and then de-excited from the higher levels (5D0) to 

the lower levels (7F1,2,3,4). There are also non-radiative 

transitions (5L6 → 5D3,2,1,0) that occur. 

      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. 

 
Fig. 4. Photoluminescence mechanism of Li4Zn(PO4)2: Eu3+ phosphors [(a) Emission spectra, (b) Excitation spectra (c) 

energy level diagram (d) Chromaticity diagram (e) (f) variation in emission intensities at different concentrations]. 
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Fig. 5. Decay profiles of Eu3+ doped Li4Zn(PO4)2 phosphors. 
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Where X, Y, and Z are the colour-matching functions for 

primary red, green, and blue colors to match the color of 
)(P . The color-matching functions can be evaluated using 

the following equations [39] 
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CIE chromaticity diagram of Eu3+ doped Li4Zn(PO4)2 

phosphors are shown in Fig. 8. Further, color purity is also an 

important parameter which is estimated using Eq. (4) with 

(x,y) color coordinates and standard values. The expression 

to evaluate the color purity is: 

 

Color purity =  
22

22

)()(

)()(

eedeed

eeee

yyxx

yyxx



       (4) 

 
where ),(),,( eeee yxyx are the chromaticity coordinates 

of the emission light and equal energy point and ),( dd yx  

are the dominant wavelength points. 

      Color Calculator v7.77 software is used to evaluate the 

aforesaid photometric parameters. It was observed that all the 

CIE color coordinates lie in the orange-red region [38-40] 

and the other evaluated parameters are presented in Table 2. 

All the coordinates are well placed and the inset shows the 

change in intensity of 0.01 and 0.1 mol% samples. The CCT 

values and color purity depend on both the dopant 

concentration and excitation wavelength [40,41]. The 

obtained values for the Li4Zn(PO4)2:xEu3+ with other 

parameters are in correlation to orange-red light [9,12,42].  

      Overall, the studies reveal the present Li4Zn(PO4)2 host is 

a suitable candidate for accepting rare earth ions with and 

without crystal field effects.  So, this kind of single-phased 

hosts are very useful in the fabrication of display and lighting 

devices. 

 
CONCLUSION 
 

      Li4Zn(PO4)2:xEu3+ phosphors (where 0.01 < x < 0.1) 

were synthesized  using  the  combustion  synthesis  method.  

 

 

 

 

 

 

 

 

 

 

 

  Table 2. CIE Chromaticity Coordinates for Li4Zn(PO4)2 Phosphor 

 

Sample x y Lumens 

10-20 

Visible power (mW) 

10-20 

0.01 Eu3+ 0.6249 0.3746 2.2 6.8 

0.03 Eu3+ 0.6248 0.3747 5.8 18 

0.05 Eu3+ 0.6234 0.3762 6.7 21 

0.08 Eu3+ 0.6097 0.3898 13 41 

0.1 Eu3+ 0.6125 0.3870 16 50 
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The structure, phase, and elemental composition of the 

phosphors were investigated using XRD and SEM. The 

results showed that the phosphors are uniform and have 

excellent crystallinity. The FTIR spectrum showed the 

fundamental vibrations of the phosphate unit. All of the 

prepared phosphors emit red light by radiative transitions 

from the 5D0 level to the 7F1,2,3, or 4 levels upon excitation. The 

nature of the emission (symmetric or asymmetric) depends 

on the Eu3+ concentration and the dominant magnetic dipole 

or electric dipole interactions. The color temperature and 

color purity values showed a good red warm light, and the 

CIE coordinates were well positioned in the orange-red 

region. The results indicate that the synthesized 

Li4Zn(PO4)2:xEu3+ phosphors are suitable candidates for use 

in white LEDs and photoluminescent display devices. 
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