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Abstract: 

Despite being a harmful radiation, there are many useful applications of UV radiation. This 

includes its use in the biomedical field. Hence, it is required to generate the UV radiation with 

desired characteristics. There are many compounds based on a combination of rare earth 

elements like Ce, Gd, Pr, which serve as UV emitting phosphors. In this work, seven rare earth 

based compounds i. e. 1% Ce
3+

: La2O3, 1% Gd
3+

: La2O3, 1% Ce
3+

 - 1% Gd
3+

: La2O3, 2% Ce
3+

 - 

1% Gd
3+

: La2O3, 1% Pr
3+

: La2O3, 1% Pr
3+

 - 1% Gd
3+

: La2O3, and 2% Pr
3+

 - 1% Gd
3+

: La2O3 have 

been synthesized to study their UV emission properties and understand the energy transfer 

process there in. The XRD & EDAX analysis reveals that the obtained compounds possess high 

purity and are in hexagonal phase with crystallite size in nanometer. The bandgap and refractive 

index have been calculated from absorption spectra obtained from UV – Visible spectrometer. 

The emission of 1% Gd
3+

: La2O3 falls in UVB region while for 1% Ce
3+

: La2O3 & 1% Pr
3+

: 

La2O3, it is in UVA region. Both, UVA and UVB emission has been recorded in 1% Ce
3+

 - 1% 

Gd
3+

: La2O3, 2% Ce
3+

 - 1% Gd
3+

: La2O3. In 1% Pr
3+

 - 1% Gd
3+

: La2O3 and 2% Pr
3+

 - 1% Gd
3+

: 

La2O3, the emission has been recorded in the visible region with high quantum efficiency due to 

the energy transfer from Gd
3+

 ion to Pr
3+

 ion and thus has the potential to serve as LED phosphor 

of cyan color. The parameters like redshift D, centroid shift Ɛc and crystal field splitting Ɛcfs have 

been calculated for Ce & Ce – Gd based La2O3 compounds. Compared with previously reported 

UV emitting phosphors, the compounds synthesized for this work have less complexity in terms 

of chemical composition and structure. The synthesis process is also relatively simple and eco-

friendly with fewer elements used and giving higher yield of products.  

Keywords: UV emission, XRD analysis, EDAX spectra, UV – Visible analysis, PL analysis 
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Graphical Abstract: 
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3.1 Introduction: 

To begin with an old idiom which translates as ―What kills is harmful but can be beneficial and 

at times nourishing as well‖; this applies to UV radiation. The UV radiation is very harmful but it 

has useful applications in several fields. One of the most prominent applications is in the 

biomedical field that is very helpful for humankind. Currently, UV radiation-based treatment has 

shown the potency to be one of the effective preventive measures for COVID 19 [1].  

The UV radiation is categorized into three sections according their wavelength. These are UVA 
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(400 nm – 320 nm), UVB (320 nm – 280 nm) & UVC (280 nm – 100 nm). Each range has 

different applications. UVA & UVB radiation are useful in phototherapy treatment of skin 

diseases like Psoriasis [2], Eczema [3], Jaundice [3][4], Vitiligo [5], Atopic dermatitis [6] and 

Scleroderma [7]. The UVA radiation has application in sewage water treatment plant [8], bug 

zapper [9], white light LED [10] and photocopying. The UVB radiation is helpful to produce 

Vitamin D in the body [11]. UVC radiation emitting phosphors are used in germicidal lamps that 

are effective in the decontamination of surfaces and water [12]. These extensive applications of 

UV radiation attract many researchers and manufacturers to do research in the field of UV 

emitting phosphors. 

There are many compounds based on the rare earth elements like Cerium(Ce), Gadolinium(Gd) 

& Praseodymium(Pr) that are very good candidates for UV emitting phosphors. Moreover, their 

combinations as sensitizer-activator can also be used as UV emitting phosphors. The 5d4f energy 

level transition in Ce, Pr elements and higher 4f energy levels in Gd enable them to emit UV 

radiation [13] [14]. There are many Ce
3+

 based phosphors like Ce
3+

: Ba2GaB4O9Cl [15], Ce
3+

: 

Ca2YHF2Ga2O12 [16], Ce
3+

: LiYP4O12 [17], Ce
3+

: LiYF4 [18], Ce
3+

: CaSO4 [18], Ce
3+

: YPO4 

[18], Ce
3+

: ScPO4 [18] and others with Gd as co – dopant like (Gd, Ce): SrF2 [19], Ce
3+

: 

KGd(PO3)4 [20], Li(Y, Gd)F4: Ce
3+

 [21], Gd2(SiO4) O: Ce
3+

 [22], Gd
3+

, Ce
3+

: KZnSO4Cl [23], 

YAG: Ce
3+

, Gd
3+

 [24], which emit UV radiation.  

The UV emission wavelength of any Ce
3+

 and Ce
3+

 - Gd
3+

 based phosphors is dependent on host 

environment. The parameter like Redshift D, Centroid shift Ɛc and Crystal field splitting Ɛcfs of 

Ce elements are greatly affected by host compounds [18]. The Gd
3+

 based compounds like Gd
3+

: 

LiBaB9O15 [25], Gd
3+

: LaPO4 [26], (Sr, Gd)9Mg1.5(PO4)7 [27], Gd
3+

: LiSrBO3 [28], Gd based 

Phosphate glass [29], Gd
3+

: LaBiB2O3 [30], Na(Y, Gd)F PO4 [31] and Gd
3+

: BaB9O16 [32] have 
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been previously reported as UV emitting phosphors. The Pr
3+

 and Pr
3+

 & Gd
3+

 (as dopant) 

combination based compound such as Pr
3+

: La (OH)3/La2O3 [33], Gd
3+

 - Pr
3+

: RMO3(R = Y, La; 

M = Al, Ga) [34], Pr
3+

: ScBO3 [35], Pr
3+

: ZnO2 [36], Pr
3+

: K3Lu1-xYx(PO4)2 [37], Pr
3+

: Y3Al5-

xGaxO12 [38] are also reported UV emitting phosphors. 

In this work, seven samples 1% Ce
3+

: La2O3, 1% Gd
3+

: La2O3, 1% Ce
3+

 - 1% Gd
3+

: La2O3, 2% 

Ce
3+

 - 1% Gd
3+

: La2O3, 1% Pr
3+

: La2O3, 1% Pr
3+

 - 1% Gd
3+

: La2O3, and 2% Pr
3+

 - 1% Gd
3+

: 

La2O3 have been synthesized by using Solid-State method. The primary aim is  to study the UV 

emission characteristics and associated energy transfer process. Among these, four samples i. e. 

1% Ce
3+

: La2O3, 1% Gd
3+

: La2O3, 1% Ce
3+

 - 1% Gd
3+

: La2O3 & 2% Ce
3+

 - 1% Gd
3+

: La2O3 show 

emission only in the UV region, while the Pr – Gd based La2O3 compounds give emission in the 

visible region also, although with seemingly higher efficiency. One of the intense emission peak 

in the visible region being of cyan color opens the prospects of the material to be used as LED 

phosphor.  

As mentioned above, the synthesis process fares better compared to the previously reported 

methods for synthesis of UV emitting phosphors because the material prepared has less 

complexity in compositional and structural aspects. The synthesis process is simple, uses less 

number of ingredients, is environment friendly and gives better yield with the material being 

nano crystalline in nature. The process would be industry friendly as well.  

The UV emission properties & energy transfer process of 1% Ce
3+

: La2O3, 1% Gd
3+

: La2O3, 1% 

Ce
3+

 - 1% Gd
3+

: La2O3, 2% Ce
3+

 - 1% Gd
3+

: La2O3 compounds and the co-activated  1% Pr
3+

 - 

1% Gd
3+

: La2O3, and 2% Pr
3+

 - 1% Gd
3+

: La2O3 compounds have been presented for the first 

time in this work. arameters like Redshift D, Centroid shift Ɛc and Crystal field splitting Ɛcfs of 



 

8 
 

Ce and Ce – Gd based La2O3 compounds have been also calculated for the first time. 

3.2 Experimental Procedure: 

As mentioned above, the samples (1% Ce
3+

: La2O3, 1% Gd
3+

: La2O3, 1% Pr
3+

: La2O3, 1% Ce
3+

, 

1% Gd
3+

: La2O3, 2% Ce
3+

, 1% Gd
3+

: La2O3, 1% Pr
3+

, 1% Gd
3+

: La2O3 & 2% Pr
3+

, 1% Gd
3+

: 

La2O3) were synthesized by Solid State technique.  

For the sample-1 i. e. 1% Ce: La2O3, the precursors Ce(NO3)3ˑ6H2O & La(NO3)3ˑ6H2O were taken 

in stoichiometric ratio and dissolved in 5 ml De-Ionized (DI) water. This mixture was poured in a 

alumina crucible and kept in a furnace at 1100°c for 4 hours. Then the crucible was allowed to 

get cooled at room temperature. The obtained material which was porous in nature was then 

crushed with the help of mortal and pastel into powder form. The other six compounds were 

synthesized in a similar manner with different doping elements and doping percentage. 

The XRD, EDAX, UV – Visible & Photoluminescence studies were carried out for all 

synthesized samples to analyze their structural, elemental and optical properties. 

 

3.3 Results and Analysis: 

3.3.1 Structural and elemental analysis: 

           A Rigaku SmartLab diffractometer operating at 30 mA & 40 kV was used for XRD 

characterization. Cu Kα radiation was used in the 2θ scan range of 10° to 90°, with a step of 

0.02°.  
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Figure 3.1 XRD Spectra of Synthesized Samples 
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Figure 3.2 EDAX Spectra of Synthesized Samples (a) 1% Ce
3+

: La2O3 (b) 1% Gd
3+

:  La2O3 

(c) 1% Ce
3+

, 1% Gd
3+

: La2O3 (d) 2% Ce
3+

, 1% Gd
3+

: La2O3 (e) 1% Pr
3+

: La2O3 

(f) 1% Pr
3+

, 1% Gd
3+

: La2O3 (g) 2% Pr
3+

, 1% Gd
3+

: La2O3 
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Synthesized 

Materials 

Phase 

Name with 

Space 

Group 

Matching 

JCPDS file 

no. 

Avg. 

Crystallite 

Size (nm) 

Lattice Parameters  

(A°) 
Volume 

(A°)
3
 

a b c 

1% Ce: 

La2O3 

Hexagonal 

  ̅   

83-1344, 

83-1345, 

40-1279, 

40-1281 

21.71 

6.267 6.267 3.234 109.86 

1% Gd: 

La2O3 
22.79 

1% Ce, 1% 

Gd: La2O3 
19.63 

2% Ce, 1% 

Gd: La2O3 
26.67 

1% Pr: 

La2O3 
18.45 

1% Pr, 1% 

Gd: La2O3 
28.34 

2% Pr, 1% 

Gd: La2O3 
26.01 

Table 3.1 Structural data & lattice parameter of synthesized materials extracted from the 

XRD spectra 

Compounds 

 

1% Ce: La2O3 

1% Gd: La2O3 

1% Ce, 1% Gd: La2O3 

2% Ce, 1% Gd: La2O3 

Elements (Atomic %) 

La 

30.75 

22.66 

41.49 

  43.03 

O 

68.35 

77.01 

57.68 

56.33 

Ce 

0.90 

- 

0.32 

0.43 

Gd 

- 

0.33 

0.51 

0.21 

Pr 

- 

- 

- 

- 
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1% Pr: La2O3 

1% Pr, 1% Gd: La2O3 

2% Pr, 1% Gd: La2O3 

41.22 

40.88 

42.34 

58.89 

58.26 

56.60 

- 

- 

- 

- 

0.42 

0.46 

0.34 

0.44 

0.60 

Table 3.2: EDAX data of compounds with weight percentage 

Fig. 3.1 shows the XRD pattern of all seven synthesized compounds. The XRD peaks of all 

compounds are similar. It is clear from the XRD spectrum that doping of rare-earth ions in host 

La2O3 is substitutional and the doping rare earth elements have successfully replaced the La
3+

 

ion. The synthesized samples have been found to be in hexagonal phase. The peaks were 

matched with the JCPDS files No. 83-1344, 83-1345, 40-1279 & 40-1281 of hexagonal La2O3 

compound. The highest peaks are observed at 2θ values of 15.63° and at 28.02° with hkl values 

of (100) & (002). The lattice parameters & crystallite size were calculated from the peaks. These 

are presented in Table 3.1. EDAX spectra estimated the elemental compositions of synthesized 

samples. Fig. 3.2 (a to g) show the EDAX spectrum of synthesized samples from the EDAX 

spectra. Peaks for the host as well as the dopant elements can be seen present. As no other 

elements have been detected, synthesized samples indicate to be having high purity. The spectra 

indicate appropriate incorporation of the dopants in the host La2O3 lattice. Table 3.2 presents the 

results in terms of atomic percentage. 

 

 

3.3.2 UV – Visible analysis: 

         Shimadzu made UV – Visible spectrometer was used to record the absorption spectra. Fig. 
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3.3 (a to g) shows the absorption characteristics of all synthesized samples. 0.05 M aqueous 

solutions of samples were used for UV – Visible analysis. 

 

   

    

(a) 

(b) 

(c) (d) 
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Figure 3.3 UV – Visible Spectra of Synthesized Samples (a) 1% Ce
3+

: La2O3 (b) 1%   Gd
3+

: 

La2O3 (c) 1% Ce
3+

, 1% Gd
3+

: La2O3 (d) 2% Ce
3+

, 1% Gd
3+

: La2O3 (e) 1% Pr
3+

:  

La2O3 (f) 1% Pr
3+

, 1% Gd
3+

: La2O3 (g) 2% Pr
3+

, 1% Gd
3+

: La2O3 

(e) 
(f) 

(g) 
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Figure 3.4 Tauc’s Plot of Synthesized Samples from UV – Visible Spectra 

 

Compounds Band Gap (eV) Refractive index  ɳ 

1% Ce: La2O3 

1% Gd: La2O3 

1% Ce, 1% Gd: La2O3 

2% Ce, 1% Gd: La2O3 

1% Pr: La2O3 

1% Pr, 1% Gd: La2O3 

3.96 

4.52 

4.34 

4.41 

4.49 

4.35 

2.16 

             2.07  

2.09 

2.08 

2.07 

2.09 
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2% Pr, 1% Gd: La2O3 4.48 2.07 

 

Table 3.3 UV / VIS data of Compounds 

Fig. 3.3 (a) showing the absorbance spectra of 1% Ce
3+

: La2O3 displays a maximum at 316 nm, 

which is attributed to the absorption between 2p orbital of O
-2

 and 5d orbital of Ce
3+

 [39] [40].  

The other features observed at wavelengths 367 nm, 360 nm, 268 nm, 224 nm and 219 nm are 

due to the energy transitions 4f →5d1, 4f→ 5d2, 4f →5d3, 4f →5d4 & 4f →5d5 respectively.  

In the figures 3.3 (b to g), the absorption around 285 nm is a common feature. Several rare earth 

dopants do display such absorbance features around the same wavelength, which is due to the 

absorption between the 2p orbital of O
-2

 and 5d orbital of dopant rare-earth ions. 

The highest absorption peak is observed around 215 nm in all samples except the first one i. e. 

1% Ce
3+

: La2O3. It is due to the host La2O3 absorption. The absorbance spectra of 1% Ce
3+

: 

La2O3 stands different compared to the other samples, as evident from the spectra. Thus the 

presence of Ce
3+

 ions looks like inhibiting the host absorption in the given range, the addition of 

Gd
3+

 ions in other samples as co-activator restore it, indicating the role of Gd
3+

 ions as sensitizer. 

Other peaks observed in fig. 3.3 (b to g) are likely to be resulting from 4f→5d transition of rare-

earth ions. 

 Fig. 3.4 shows the Tauc plot of all synthesized compounds. The graph is plotted between 

(αhν)
1/n

 → (hν),  which gives the energy bandgap values. Here n = 2 is taken for the allowed 

indirect electronic transition [41]. The value of bandgap and refractive index [42] for the samples 
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are given in Table 3.3. 

3.3.3 Photoluminescence analysis:  

The Photoluminescence excitation and emission spectra were recorded on Shimadzu make 

spectrophotofluorometer. 

  

λem= 380 nm 

λex= 228 nm 
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λem= 313 nm 

λex= 274 nm 
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λem= 400 nm 

λex= 228 nm 
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λem= 400 nm 

 

λex= 228 nm 

 

λem= 400 nm 

 

λex= 260 nm 

 

λem= 400 nm 

 

λex= 242 nm 
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Figure 3.5 PL Excitation & Emission Spectra of Synthesized Samples (a) 1% Ce
3+

:   La2O3 

(b) 1% Gd
3+

: La2O3 (c) 1% Ce
3+

, 1% Gd
3+

: La2O3 (d) 2% Ce
3+

, 1% Gd
3+

: 

La2O3 (e) 1% Pr
3+

: La2O3 (f) 1% Pr
3+

, 1% Gd
3+

: La2O3 (g) 2% Pr
3+

, 1% Gd
3+

: 

La2O3 

 

 

Figure 3.6 (a) Energy transfer process diagrams for PL of rare earth ions in 1% Ce
3+

: 

λem= 400 nm 

 

λex= 245 nm 
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La2O3, 1% Gd
3+

: La2O3 & 1% Pr
3+

: La2O3 

 

  

Figure 3.6 (b) Energy transfer process diagrams for PL of rare earth ions in Ce
3+

 - Gd
3+

: 

La2O3 
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Figure 3.6 (c) Energy transfer process diagrams for PL of rare earth ions in Pr
3+

 - 

Gd
3+

:La2O3 

 

 

Compounds D cm
-1

 Ɛcfs cm
-1

 Ɛc cm
-1

 

   r(1.7) r(2) r(2.4) 

1% Ce
3+

: La2O3 22099 18415 13157 14781 16316 

1% Ce
3+

, 1% Gd
3+

: La2O3 19579 19258 10140 11840 13444 

2% Ce
3+

, 1% Gd
3+

: La2O3 19848 19045 10535 12215 13468 

Table 3.4 Redshift D, Crystal field splitting Ɛcfs and Centroid shift Ɛc of Synthesized 

Compounds 

The results provide an excellent insight into the mechanisms of energy transfer in rare earth 

based optical materials. Taking an overview of these mechanisms, they can be categorized into 

several types. 

1) The 4f   5d type in which one of the 4f elect ron(s) is transferred to a 5d orbital. 

2) The 4f   4f type in which the electron transfer takes place within the 4f orbitals. 

3) The Charge Transfer mechanism in which electrons in the neighboring anions are transferred 

to a 4f orbital. 

The energies of the 4f5d and Charge Transfer transition are more dependent on their 

environments than the energies of 4f states but the relative order of energies of these states are 

found to be the same for the whole series of rare earth ions in any host materials. 

The emission characteristics i.e. 5d   4f transition also have a correlation with the host crystal 
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structures in certain cases which affects parameters like quantum yield, emission color, decay 

rate, thermal quenching, etc. The dielectric constant of the host crystal, geometrical structure of 

coordination polyhedron around the luminescence center, accurate energies of 4f and 5d levels as 

well as the position of 4f and 5d levels relative to the valance and conduction bands of the hosts 

are some other factors that have been given consideration in theoretical calculations. 

The 4f   4f5d excitations are often characterized by high radiative emission probability and short 

lifetime because the f   d transition is electrical dipole allowed.  enerally, the f   f transitions 

result into sharp emission lines. However, the f   d transitions generally give broader excitation 

and emission features due to high sensitivity of the 5d orbital to the surrounding environment. 

The relative and absolute positions of the energy levels of lanthanide Ions assume significance. 

There are occupied states that can donate electrons and empty states that can accept electrons. 

There is a downward shift of the lowest-energy 5d level when a lanthanide is brought from the 

gaseous state (free ion) into the crystalline environment of a compound. Due to the interaction 

with the neighboring anion ligands (the crystal field interaction), the degenerate 5d levels of the 

free ion split (crystal field splitting). However, it depends on the site symmetry. In addition, the 

whole 5d configuration shifts toward lower energy (centroid shift). The crystal field splitting 

combined with the centroid shift lowers the lowest 5d level with an amount known as the redshift 

or depression D. The value of D is important as it determines the color of emission and 

wavelength of absorption of the 4f-5d transitions. 

Besides, the quantum efficiency of the luminescence process is of crucial importance as is the 

thermal stability of the emission in some applications. These aspects are related to the relative 

and absolute location of the lanthanide energy levels e.g. the position of the host-sensitive lowest 
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5d state relative to the host-invariant 4f states is important for the quenching behavior of both 5d-

-4f and 4f-4f emissions by multi phonon relaxation. The absolute position of the 4f and 5d states 

relative to valence band and conduction band states also affects luminescence quenching and 

charge-trapping phenomena. Absolute location is crucial for phosphor performance. The 

experimental and theoretical understanding of the placement of energy levels relative to the 

intrinsic bands of the host still needs deeper insight. 

Since, the study involves a set of dopants/activators/co-activators in the same host, the effect of 

their incorporation in the host, particularly on the energy levels and their splitting is important. 

This determines the excitation and emission properties. 

It is generally seen that the incorporation of a trivalent lanthanide ion in a host lowers the energy 

level of the first allowed 4f→4f5d transition of the free trivalent lanthanide. This lowering is 

measured in terms of the spectroscopic red shift. There are studies which show that the shift 

remains almost the same for all lanthanides in a given host. The shift is mathematically given as 

       
    

 
       cm

-1
 

In this case, it is a summation of the energy difference between centroid position and lowest 5d 

level (of free Ce
3+

 ion, which is 1890 cm
-1

) and the centroid shift. It also depends upon the value 

of crystal field splitting as well as the ratio of crystal field splitting and crystal field shift. Ce
3+

 

has the simplest spectroscopic structure. Studies on the crystal field splitting and crystal field 

shift of numerous ions suggest that the ratio (r) remains between 1.7 to 2.4. Hence, there values 

of r, at both extremes and Centre were taken to calculate the values of shifts. 

It is with this background that the discussions on the obtained results have been presented. 
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1) 1% Ce
3+

: La2O3 

         Fig. 3.5 (a) shows the excitation and emission spectra of 1% Ce
3+

: La2O3. The excitation 

spectrum was recorded at the emission wavelength λemi of 380 nm. The excitation spectrum 

shows only one peak at 228 nm. The emission spectrum recorded at λexc of 228 nm has the 

highest peak at 372 nm. The 4f
n
 → 4f

n-1
 5d transitions are mainly responsible for the excitation 

and emission of Ce
3+

 in the host lattice [13]. The host lattice La2O3 also affects the energy 

difference between the lowest 4f energy level and the first 4f
n-1

 5d energy level of Ce
3+

, which is 

determined as redshift D [18]. Generally, redshift is defined as the decrease in the excitation 

energy of 4f---5d energy level. As mentioned above, the redshift is also a combination of 

centroid shift Ɛc and crystal field splitting Ɛcfs. The centroid shift of the 5d energy level of 

lanthanides in the host lattice is observed due to the combined effect of covalency, which is also 

referred to as the nepheauxetic effect [14] [43] and ligand polarization [43]. The crystal field 

splitting is also observed in 5d orbitals due to their highly susceptible nature [14]. The 5d orbital 

of Ce ion is split into five energy levels in La2O3 lattice and it is described as 5d1, 5d2, 5d3, 5d4 & 

5d5. This is observed from UV – Visible absorption spectra of 1% Ce
3+

: La2O3. The first 

absorption is observed at a wavelength of 367 nm (27247 cm
-1

) from the 4f level to the lowest 

5d1 level. The subsequent energy levels 5d2, 5d3, 5d4 & 5d5 are observed at 360 nm (27777 cm
-1

), 

268 nm (37313 cm
-1

), 224 nm (44642 cm
-1

) & 219 nm (45662 cm
-1

) respectively. As the 

transition from the valance band to the conduction band is observed at 316 nm (31645 cm
-1

), the 

energy levels 5d3, 5d4 & 5d5 are in the conduction band.  

The energy value of the splitting of 5d orbital of Ce ion in La2O3 is around18415 cm
-1

(5d5 level 

to 5d1 level). So the value of crystal field splitting Ɛcfs is around 18415 cm
-1

.  
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To calculate the redshift D, the following equation [43] is used, 

Eabs (La2O3) = Efree     D (La2O3)                (1) 

Here Efree is the energy of free Ce ion, which is around 49346 cm
-1

 [13]. The Eabs is ascribed to 

absorption that results into transition from 4f to 5d1 energy level and its value is 27247 cm
-1

. 

Using this equation, the value of redshift D of Ce
3+

 in La2O3 host lattice is obtained, which is 

around 22099 cm
-1

. Hence, the decrease in energy between 4f & 5d level is substantial.  

The equation [18] used to calculate the approximate values of centroid shift is given by, 

       
    

 
          (2) 

In this equation, r is termed as the ratio of the crystal field responsible for the redshift. 1890 cm
-1

 

is the energy difference between the centroid position and 5d1 level of free Ce
3+

 ions. r has a 

value from 1.7 to 2.4 [18]. For calculation of centroid shift, three values of r i.e. 1.7, 2 & 2.4 

have been used here. The approximate values of centroid shifts for these values of r have been 

found to be Ɛc1 (1.7) = 13157 cm
-1

, Ɛc2 (2) = 14781 cm
-1
, Ɛc3 (2.4) = 16316 cm

-1
 respectively.  

The excitation maximum is found at 228 nm, which is due to the transition from ground level 4f 

to 5d
4
energy level. The peak emission wavelength was obtained at 372 nm. The transition from 

the 5d1 level to 
2
F5/2 (ground level of 4f) is responsible for this emission peak. The broadening 

observed in the spectra is because of 5d to 4f transition.  

The emission of 1% Ce
+
: La2O3 phosphor at the wavelength of 372 nm falls in the UVA region. 

2) 1% Gd
3+

: La2O3 

          The fig. 3.5 (b) shows the excitation and emission spectra of 1% Gd
3+

: La2O3. The free 
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Gd
3+

 ion has 327 energy levels [13]. The energy levels pertaining to CTS and the 4f
6
5d

1
 states in 

Gd
3+

 are the highest in comparison with other rare earth materials [13]. 
8
S7/2 is the ground state. 

One of the energy states of Gd
3+

 ion is located around 50000 cm
-1

 (
6
Gj) and many more energy 

levels are above 50000 cm
-1

 [44]. This is one of the largest energy difference observed amongst 

the rare earth ions. The excitation spectrum was recorded at λemi of 313 nm, which has maximum 

value around the wavelength 274 nm. The excitation at 274 nm is ascribed to 
8
S7/2 → 

6
I11/2 

(36496 cm
-1

) transition [26]. The emission spectrum recorded at excitation of 274 nm, has a 

sharp emission line at 316 nm. The electron dipole transition 
6
P7/2 (31645 cm

-1
) → 

8
S7/2 is 

responsible for this strong emission band. This emission is in the UVB region. 

3) 1% Ce
3+

 - 1% Gd
3+

: La2O3 

         Fig. 3.5 (c) shows the excitation and emission spectra of 1% Ce
3+

 - 1% Gd
3+

: La2O3. The 

presence of Gd
3+

ions alter the energy levels of Ce
3+

 ions in the La2O3 host compound. The 

excitation spectrum was recorded at the emission wavelength of 400 nm. The excitation 

spectrum shows maximum at a wavelength of 228 nm. Sharp features are observed at 204 nm, 

247 nm & 251 nm. The 228 nm peak is due to the transition from 
2
F5/2 to 5d4 (43859 cm

-1
). The 

transitions from 
2
F5/2 → 5d5 (49019 cm

-1
), 

2
F5/2 → 5d3 (40485 cm

-1
) and 

2
F5/2 → 5d2 (39840 cm

-

1
) are responsible for the excitation features at wavelengths 204 nm, 247 nm and 251 nm 

respectively. The emission spectrum was recorded at an excitation wavelength of 228 nm. It is a 

broadband spectrum with the highest peak at 336 nm. The transition from 5d1 (29761 cm
-1

) to 

2
F5/2 is responsible for this emission peak.  

The energy transfers from Ce
3+

 ions to Gd
3+

 ions are proposed to be happening in two ways, 

Resonance Transfer and Radiative Transfer. The energy transfers from the 5d5 level of Ce
3+

 to 
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the energy level 
6
G9/2 (49019 cm

-1
) of Gd

3+
 ion is due to resonance transfer. The transfer of 

energy from Ce
3+

 ions to the 
6
P3/2 energy level of Gd

3+
 ions is due to radiative transfer.  

The sharp emission features at wavelengths 312 nm & 321 nm correspond to the energy 

transitions respectively from 
6
P3/2 (32100 cm

-1
) to 

8
S7/2 and from 

6
P5/2(31152 cm

-1
) to 

8
S7/2 of 

Gd
3+

 ions. The emission at 351 nm is due to the transition from 5d1 energy level to 
2
F7/2 (1500 

cm
-1

) of Ce
3+

 ions. These transitions give emission in UV region. 

The emission peak at 533 nm is due to the transition from 
6
G9/2 to 

6
P7/2 and at 552 nm is due to 

transition 
6
G9/2 to 

6
P5/2 respectively.  

The parameter like redshift, centroid shift and crystal field splitting of 1% Ce
3+

 - 1% Gd
3+

: La2O3 

phosphor is presented in Table 3.4. 

 

4) 2% Ce
3+

 - 1% Gd
3+

: La2O3 

As shown in fig. 3.5 (d), the excitation spectrum recorded at a wavelength of λemi 400 nm has a 

maximum at 228 nm which is ascribed to 
2
F5/2 to 5d4 (43809 cm

-1
). Sharp features are observed 

at 204 nm, 247 nm and 252nm. The energy levels of 5d are slightly reduced with increase in the 

amount of Ce
3+

 ions. The excitation features at wavelengths of 204 nm, 247 nm & 252 nm are 

due to the transitions from 
2
F5/2 to 5d5 (48543 cm

-1
), 

2
F5/2 to 5d3 (40485 cm

-1
) & 

2
F5/2 to 5d2 

(39682 cm
-1

) respectively. The emission spectrum was recorded at an excitation wavelength of 

228 nm. The broadening & highest emission peak is observed at a wavelength of 339 nm. The 

energy transition from 5d1 (29498 cm
-1

) to the ground state 
2
F5/2 is responsible for this emission 

at 339 nm. Sharp features are observed at 311 nm and 324 nm, which are due to the transitions 

from 
6
P3/2 (32154 cm

-1
) to 

8
S7/2 and 

6
P5/2 (31055 cm

-1
) to 

8
S7/2 respectively of Gd

3+
 ion. Small 
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emissions peaks are observed in the visible region at wavelength 542 nm, 560 nm due to general 

transition from 
6
G9/2 to 

6
Pj levels of Gd

3+
 ion. The emission peak at 542 nm is due to the 

transition from 
6
G9/2 to 

6
P7/2 and at 560 nm is due to transition 

6
G9/2 to 

6
P5/2 respectively.  

The parameters like redshift, centroid shift and crystal field splitting of 2% Ce
3+

 - 1% Gd
3+

: 

La2O3 phosphor is presented in Table 3.4. 

5) 1% Pr
3+

: La2O3 

         Fig. 3.5 (e) shows the excitation and emission spectra of 1% Pr
3+

: La2O3. The excitation 

spectrum was recorded at an emission wavelength of 400 nm. The peak excitation wavelength is 

at 260 nm (38416 cm
-1
). The excitation peak is ascribed to 4f → 5d

1
 transition for Pr

3+
 ion. This 

transition depends on the host lattice. The covalence and crystal field of the host lattice 

environment has a greater effect on the energy level of the 5d shell. The 4f
n-1

5d
1
 energy level, 

situated at 38461 cm
-1

 in the excitation spectrum, is the lowest for the Pr 
3+

 ion. This energy level 

is specific to the host, which in this case is La2O3. 

The emission spectrum was recorded at an excitation wavelength of 260 nm. It is broad band 

spectra with maximum at 388 nm (25773 cm
-1

) and sharp features at 437 nm (22883 cm
-1

), 450 

nm (22222 cm
-1

), 469 nm (21321 cm
-1

), 483 nm (20703 cm
-1

), 493 nm (20283 cm
-1

) and 512 nm 

(19531 cm
-1

). The emission at 388 nm is attributed to the transition from 4f
1
5d

1
 to 

3
H4, which is 

an allowed transition and shows broadening. The other six emission lines are weak and ascribed 

to a 4f
2
 → 4f

2
 transition. The emissions at the wavelength of 437 nm and 450 nm are due to the 

transition from 
3
P2 (22883 cm

-1
) to 

3
H4. Emission at wavelengths 483 nm & 493 nm are ascribed 

to transition from 
3
P1 (20703 cm

-1
) to 

3
H4. The emission at 469 nm and 512 nm is due to 

transition from 
1
I6 (21321 cm

-1
) to 

3
H4 & from 

3
P0 (19531 cm

-1
) to 

3
H4. Hence, the transition 
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from 4f
1
5d

1
 to 4f

2
 is the most dominant emission transition [32]. 

6) 1% Pr
3+ 

- 1% Gd
3+

: La2O3 

                     The fig. 3.5 (f) shows the excitation and emission spectra of 1% Pr
3+ 

- 1% Gd
3+

: 

La2O3. The excitation spectrum was recorded at a wavelength of 400 nm. The excitation band 

has the highest peak at 242 nm, which is ascribed to a transition from 
8
S7/2 to 

6
D5/2 (41322 cm

-1
) 

of Gd
3+

 ion. The excitation energy then transfers to the 4f
1
5d

1
 state of the Pr

3+
 ion. The presence 

of Gd
3+

 ion alters the energy level of the 4f5d state of Pr
3+

 ion. The emission spectrum was 

recorded at an excitation wavelength of 242 nm. There are several emission peaks with the 

highest emission peak observed at a wavelength of 511 nm due to the transition from 
3
P0 to 

3
H4. 

The small emission peaks observed at 366 nm, 450 nm & 469 nm are ascribed to the transitions 

4f5d
1
 to 

3
H4, 

3
P2 to 

3
H4 and 

1
I6 to 

3
H4 respectively. The last two emission peaks at wavelengths 

542 nm & 554 nm are due to the transition from 
3
P0 to 

3
H5 level. 

7) 2% Pr
3+ 

- 1% Gd
3+

: La2O3 

         The excitation and emission spectra of 1% Pr
3+ 

- 1% Gd
3+

: La2O3 shown in fig. 3.5 (g). The 

excitation spectrum was recorded at an emission wavelength of 400 nm, which has a maximum 

excitation peak at 245 nm. This peak is ascribed to the energy transfer from 
8
S7/2 to 

6
D5/2 level of 

Gd
3+

 ion. The energy is then transferred to the Pr
3+

 ion, which attains 4f5d state. The emission 

spectrum was recorded at an excitation wavelength of 245 nm. The emissions are observed at 

366 nm, 495 nm, 512 nm, 542 nm and 554 nm. The highest peak is observed at 512 nm due to 

the energy transition from 
3
P0 to 

3
H4 level. The transition from 4f5d

1
 → 

3
H4 is responsible for 

emission at 366 nm, which is a very weak emission. The energy transition from 
3
P0 to 

3
H5 level 

is responsible for the emission of 542 nm & 554 nm. The emission at a wavelength of 495 nm is 
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ascribed to energy transition from 
3
P1 to 

3
H4 energy level. 

The emission peaks at a wavelength of 450 nm & 469 nm which were observed in previous 

sample are not seen in the emission of this sample which has a higher percentage of Pr
3+

 ions. 

The 1% Gd
3+

: La2O3 phosphor shows the emission in the UVB region while 1% Ce
3+

: La2O3 & 

1% Pr
3+

: La2O3 phosphors show the emission in the UVA region. For Ce – Gd combination, the 

emission is observed in UVA, UVB & in the visible region. Ce
3+

 ion transfers the energy to Gd
3+

 

ion and sensitizes its emission in the visible region and shifts to longer wavelength side in visible 

region with increasing the concentration of Ce
3+

 ion in Ce
3+

 - Gd
3+

 combination doped La2O3 

compounds.  

The parameters like redshift, crystal field splitting & centroid shift are decreasing compared with 

1% Ce
3+

: La2O3. The emission is predominantly in the visible region for the Pr- Gd combination 

doped La2O3 compounds, with a very weak peak observed in the UVA region. Here, the Pr
3+

 ion 

is sensitized by the Gd
3+

 ion. With increase in the Pr
3+

 ions in the Pr- Gd combination doped 

La2O3 compounds, the intensity of emission rises and a very sharp peak of cyan color is 

observed. 

 

 

 

3.4 Conclusion: 

         The synthesized compounds have shown emission in UV region and they can be used as UV 

emitting phosphors. The presence of Gd
3+

 ions alter the energy level of Ce
3+

 ion in Ce
3+

 - Gd
3+
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combination doped La2O3 compounds. In the Pr
3+ 

- Gd
3+

 combination doped La2O3 compound, 

the emission is predominantly in the visible region with an intense and sharp peak. It has 

potential to be used as commercial LED phosphor for cyan color.  
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