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Abstract 

Eu3+ doped TiO2 (0.2-1at. %) is synthesized successfully by non-aqueous sol-gel technique at low temperature. They are 

characterized structurally and optically with the used of X-ray diffraction (XRD), UV-visible spectrophotometer, 

Photoluminescence (PL), microscopy (SEM) and Transmission electron microscopy (TEM). The anatine toretile phase 

transition is observed at 750oC and lattice distortion ratios are reduced whereas crystallites sizes are found to increase 

with increases of temperature. The emission spectrum under excitation at the 7F0→5L6 (393nm) transition of the Eu3+ ion 

shows broad emission bands arising from the 5DJ (J=0, 1) levels and with the emission decays lifetime varying between 

0.243 and 0.375ms for samples prepared at different temperatures. The Judd-Ofelt intensity parameters 2 are found in 

the range 6.57 - 17.14 x10-20cm2 at different concentrations and temperatures. Quantum yield of all the samples are more 

than 80% at different temperature. The average decay lifetime decreases with the increase of Eu3+ concentration. 

Copyright © 2017 VBRI Press. 
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Introduction 

Titanium dioxide (TiO2) is a well-known highly ionic 

white metal oxide n – type semiconductor material with 

diverse range of applications ranging from medicine, 

chemical to electronic industries [1-4]. It has been 

widely used in photocatalysis [5], photovoltaic cells [6], 

humidity sensors [7], Li ion batteries [8], solar cells [9], 

hydrogen storage [10], bio-medical engineering [11], 

drug delivery systems, antibacterial materials, 

cosmetics, sunscreens, and electronics [12], nontoxic 

[13], etc. It has four polymorphs in nature, including 

rutile (tetragonal), anatase (tetragonal) [1-2], brookite 

(rhombohedral) [3], and TiO2 (B) (monoclinic). Other 

high pressure polymorphs have been also reported [14]. 

Rutile is more stable than anatase and brookite. Anatase 

and rutile adopted tetragonal symmetry with space 

group I41/amd and p42/mnm respectively, pbca and c2/m 

for brookite and TiO2 (B) respectively. TiO2 is a wide 

band gap semiconductor with band gap energy of  

3.2 eV for the anatase crystal structure, and 3.0 eV for 

the rutile structure [15]. This wide band gap of TiO2 is 

adequate for doping with lanthanides so that the 4f state 

lies within the gap which decreases the probability of 

nonradiative de-excitation mechanism [16].Rutile is in 

the stable phase at high temperature, and is obtained in 

most attempts to grow TiO2 crystals. Consequently, 

rutile is the most extensively investigated form of 

titanium dioxide, a wide-band gap semiconductor of 

great interest for fundamental research as well as for 

applications in electronic and optical devices. 

Nevertheless, the anatase phase can also be stabilized in 

the form of powders, ceramics, natural or synthetic 

crystals, thin films, etc. The availability of two slightly 

different crystal structures for a same oxide provides a 

good opportunity to test our understanding of the 

electronic properties related to their structure. The 

increasing interest in anatase is demonstrated by the 

recent successful application of colloidal anatase in a 

novel photochemical solar cell [9]. 

As TiO2 is a promising photocatalytic activity [17] 

and to enhance the photocatalytic activity, TiO2 is 

doped with the rare-earth-element has become attractive 

to the field of material science because of their immense 

increase in its properties. The first requirement for the 

study of nanoparticle is the novel synthesis of material. 

The development of systematic studies for the synthesis 

of oxide nanoparticle is current challenge, the 

preparation method may be grouped in two streams 

based upon liquid-solid [17] and gas-solid [18] nature of 

the transformation. In this paper, we have used the non-

aqueous sol-gel method to prepare the TiO2 compound 

which is under liquid-solid transformation [19-23]. Here 

we used europium as representative of rare earth 

elements to study the effects of Eu3+ ion doped on the 

TiO2 structure. We have prepared undoped and Eu3+ 

doped TiO2 nanoparticle up to 1 at.% Eu3+and 

characterized them for their structural and luminescence 

properties. This method is very important method for 

the synthesis of titania nanoparticle. The sol-gel 

technique is the most widely use method for being 

easier and inexpensive technique to prepare the 

materials. Furthermore, it provides a good control on 

chemical compositions, morphology and crystallite size 

of the nanomaterial. It provides compositional 

homogeneity that can control the structural morphology 

and grain size of the particles. The result of low 
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temperature sol-gel synthesis is amorphous in most 

cases and hence we require various processes to bring to 

crystallization state. To overcome these specific 

problems in hydrolytic system, sol-gel process of non-

hydrolytic system have been developed. Various 

research groups have worked on low temperature 

process[24-25].However, further study using different 

route and precursors is necessary to investigate new 

nanoparticle which have efficient properties in 

photocatalytic activities.  Furthermore, particle size is 

considered as the most important parameter in 

nanoparticle as it has a tremendous effect on the 

mechanical, electronic, magnetic, and optical properties. 

Hence our work based on low temperature non-aqueous 

route is chosen for the study. The Judd-Ofelt intensity 

parameters 2 are calculated at different concentration 

and at different temperatures. Low temperature 

synthesis of Ti nanoparticle in non-aqueous sol gel 

method is economically important and high efficiency 

method. It allows in situ functional and structural 

modification of the thermally unstable molecules such 

as biomolecules, metal-organic frameworks etc. which 

was considered previously impossible in crystalline 

titania gel. This method enables adjusting the growth of 

crystallites, average particle size as well as the degree of 

crystalline [26]. 

The sol-gel synthesis process involves hydrolysis and 

condensation reaction as two important steps. In 

aqueous sol-gel process, the water molecules supply the 

oxygen for the formation of the oxidic compound. In 

non - aqueous process, where intrinsically, no water is 

present, the question of the oxygen for the metal oxide 

arises. The oxygen for nanoparticle formation is 

provided by the solvent EtOH or titanium alkoxide [25]. 

 

Ti(OR)42H2O                    Ti(OH)4+ 4ROH      (1.1) 

 

where R is alkyl group. The reaction of eq. (1.1) is 

generally slow and does not proceed stoichiometrically 

to accelerate hydrolysis (0.1M) HCl is added as catalyst. 

The alcoholic solution will be first hydrolyzed, later 

polymerized and finally dehydrated, producing water as 

a result. The above reaction may be written as follows:  

 

 

Ti(OH)4                              TiO2 + 2H2O          (1.2 ) 

 

R (OH) is an aliphatic alcohol which is very quickly 

removed by volatilization.The above equation (1.1) 

does not proceedstoichiometrically and in the absence 

of peptizing agents, the rapid formation of partially 

hydrolyzed species occurs:  

 

Ti(OR)4 + xH2O→ Ti(OH)x (OR)4-x + xROH        (1.3)  

 

Equation (1.3) is followed by condensation reaction and 

resultant precipitation described by equation (1.4): 

 

Ti(OH)x(OR)4-x + Ti(OR)4 → (OR)4-xTi-Ox-Ti(OR)4-x + xROH   (1.4) 
 

Experimental 

Materials 

The starting materials used in this study were 

titanium(IV) isopropoxide (TIP) [Ti(OCH(CH3)2)4, with 

purity  98+%, Acros Organics, Newjersey, U.S.A], 

Europium (III) oxide[Eu2O3, with purity 99.99%, 

HIMEDIA], absolute ethanol (EtOH) [C2H5OH, with 

purity 99.8%, HIMEDIA], sodium hydroxide [NaOH], 

hydrochloric acid [HCl with purity 35%, HIMEDIA] 

and acetone[C3H6O, with purity 99.8%, HIMEDIA]. All 

the chemicals were used in a reagent grade and used 

without further purification. 

 

Method 

The sol–gel processing method was used for the 

synthesis of undoped TiO2 and europium ion doped 

TiO2 (TiO2
: Eu3+) nanoparticle. To prepare undoped 

TiO2, 0.5ml of 0.1M HCl was dissolved in 25ml 

ofEtOH. This mixture was labeled as A. 25ml of EtOH 

was added drop wise in 5ml of TIP under constant 

stirring using magnetic stirrer in an ice bath at 5oC. The 

pH of this mixture was adjusted to~8 by using NaOH 

and HNO3 and labeled as B. Mixture A was added drop 

wise into mixture B under constant stirring at 5oC. This 

mixture solution was clear and transparent then white 

precipitate was appeared. After 10 minutes it was turned 

into gel. The gel was left for ageing for two hours. Then 

the gel was collected for centrifugation after adding 

sufficient amount of EtOH and washed many times with 

EtOH. The result was dried in a hot air oven at 90oC for 

16 hours. Finally the dried product was annealed at 220, 

350, 450, 750oC for two hours. For a typical synthesis 

ofTiO2:Eu3+(0.4 at. % Eu3+), 0.5ml of 0.1M HCl and 

25ml of EtOH were mixed. This mixture was introduced 

drop wise into the vigorously stirred mixture of 5ml of 

TIP and 25ml of EtOH until it precipitated into milky 

white and pH value was adjusted at 8 using NaOH and 

HNO3 again 0.0231g of Eu2O3  prepared solution is 

added. Two necked round bottom flask of 500ml was 

used to remove excess HCl by evaporation and diluted 

with distilled water for the preparation of Eu2O3 

prepared solution. The resulting precipitate quickly 

becomes gel. The gel was left for ageing for two hours. 

Then the gel was collected for centrifugation after 

adding sufficient amount of EtOH and washed many 

times with deionized water. The result was dried in a 

hot air oven at 90oC for 16 hours. Finally the dried 

product was annealed at 350, 450, 750oC for two hours. 

The similar processes were adopted for the preparation 

of other samples. 
  

Characterizations 

Powder X-ray diffraction (XRD) studies were 

performed using PAN analytical X-ray diffractometer 

with CuKα radiation (λ=1.5406Å) having tube voltage 

40kV and current 30mA. XRD patterns are recorded in 

the angular range 20o  2 79.9o with a step size of 

2 = 0.05o.The crystallite size (D) was evaluated using 

Debye - Scherrer relation [27]: 

 

D  =  k / cos(2.1) 

 

where, β is the full width at half maximum (FWHM) of 

the diffraction peak in radian; λ (= 0.15406 nm) is the 

wavelength of X-ray for CuKα; θ is the Bragg’s angle 

measured in radian; k is a constant taken as 0.89 and 

known as structural constant. Average crystallite size 

was computed with the used of Williamson and Hall 

equation [28], 

(0.1M) HCl 

Hydrolysis 

Heat treated 
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 cos / sin(2.2) 

 

where, ε is the average crystallite size, η is the strain; 

β (measured in radian) is the FWHM of the XRD  

peak and θ is the Bragg’s angle in radian. The phase 

contents of a sample can be determined from the weight 

fraction of rutile (WR) generally known as Spur and 

Mayer [29] relation if the sample contains only anatase 

and rutile: 

 

 WA = IA / (0.884 IR + IA)                                          (2.3) 

 

 WR = IR / (0.884 IA + IR)                                          (2.4) 

 

where, IA represents the integrated intensity of the 

anatase (101) peak, and IR the integrated intensity of 

rutile (110) peak. The weight fraction of anatase (WA) 

and rutile (WR)   in  anatase – rutile mixture are found to 

observe 0.5 and 0.56 respectively. 

Transmission electron microscope (TEM) images 

were carried out using JEOL JEM 2100(200kV), 

Scanning electron microscope (SEM) images 

measurement were performed using FEI Quanta.PL 

emission spectra of prepared Eu3+ ion doped TiO2 

nanoparticle were measured on Perkin Elmer LS 55 

Fluorescence Spectrophotometer. 

 

 
 

Fig. 1. (a)XRD patterns of undoped TiO2 annealed at different 
temperatures ranging from 220 to 750oC. Letters represent A= anatase 

and R = rutile.(g)Variation of crystallites growth size of doped 

TiO2:Eu3+ (0.4, 0.8 and 1 at. %) on different concentration at different 
annealed temperatures. 

 

Results and discussion 

XRD study 

Fig. 1(a) shows the XRD patterns of undopedTiO2 

synthesized by non-aqueous sol-gel method heat  treated 

at 220-750oC. From XRD patterns lattice parameters are 

calculated,  it was found that samples prepared at 450oC 

exhibit tetragonal phase with space group I41/amd 

(141), unit cell parameters a = b = 3.787(1) Å,  

c = 9.473(6) Å and cell volume V = 135.86 Å3. These 

values are comparable with JCPDS card No. 86-1157,  

a = 3.783(1) Å, c = 9.497(6) Å and V = 135.91 Å3.Cell 

parameters and unit cell volume increases with 

temperature. The sample prepared at 750oC exhibits 

mixed phases of TiO2(B), anatase JCPDS Card No.  

86-1157, rutile JCPDS Card No.78-1510. As the large 

mismatch of ionic radii between Eu3+(0.95 Å) and 

Ti4+(0.74 Å) unit cell volume are increasing with the 

increase incorporation of Eu3+ ions. This showed large 

distortion ratio (Table 1). 

 
Table 1. The structure parameters of TiO2:Eu3+ (0, 0.4, 0.8,1 at. %) 

annealed at 350oC using Debye – Scherer relation. 

 

 

Fig. 1(b) (shown in supplementary) shows the 

enlarged XRD (101) peak of undoped TiO2 nanoparticle 

in the region between 2= 24.5o to 2at different 

annealed temperature (220, 350, 450, 750oC) showing 

increase of intensity and slight shifting of (101) peak at 

higher 2 with the increase of temperature. This 

attributes to the enhancement of crystalline [27]. It was 

also found that the width of peaks decreases with the 

increase of annealed temperatures due to growth of 

crystals and construction to larger clusters. Variation of 

crystallites growth of undoped titania nanoparticle at 

different annealed temperatures has been shown in 

Fig.1(c) (shown in supplementary). It has been found 

that the crystallite size increases with the increase of 

annealed temperature. The crystal lattice distortion ratio 

of TiO2 nanoparticle at different annealed temperatures 

is calculated by using the equation [30-32]. 

 

                        (3.1) 

 

The parameters θ, β and  have defined already and 

the parameter, is the crystal lattice distortion ratio. 

According to modified Scherrer’s equation (2.1) and 

equation (3.1), it can be deduced the lattice distortion 

ratio [30]. 

 

                                                                                  (3.2) 

 

   2222222 sin32/4cos  D
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A graph has been plotted between lattice distortions 

ratios of undoped  titania nanoparticle determined using 

prefer (101) plane from XRD diffraction line 

broadening at different annealed temperatures  

(Fig.1(d )) (shown in supplementary). It has been found 

from the graph that the lattice distortion ratio is 

decreased with increasing the annealed temperature. 

This indicates that when the temperature increases, it 

leads to a decrease in defect concentration by 

decreasing in the proportion of surface atoms [32]. 

XRD patterns of 450oC heat treated sample of Eu3+ 

doped in TiO2 at different concentration 0, 0.4, 0.8 and 1 

at. % is shown in Fig.1 (e)(shown in supplementary). 

The peaks at 25.5 degree have been chosen and 

compare at different doping levels (Fig.1(f))(shown in 

supplementary). The peak position increases as the 

concentration of Eu3+ ion doped in TiO2 increases. New 

peak appears on the XRD diffraction pattern as the 

concentration increases from 0.4 to1 at. % doped Eu3+ 

ion. This is the indication of phase transformation from 

anatase to rutile. Furthermore, the variation of crystallite 

growth size doped with Eu3+ at different concentration 

on different annealed temperatures has been plotted 

(Fig.1(g)). We observed the crystallite size decreases as 

the concentration of doping increases for all temperature 

ranges [32,33]. It has also been observed that the crystal 

size increases as the temperature increases. Lattice 

distortion ratio of Eu3+ doped titaniananoparticle at 

different concentration on different annealed 

temperatures has been plotted (Fig.1(h)) (shown in 

supplementary). It has been found that distortion ratio 

increases as the concentration of Eu3+ doped is 

increased. It is also observed that the distortion ratio 

decreases as the temperature increases which is due to 

the decrease in defect concentration with temperature 

[32]. 

Debye – Scherrer’s relation (Eqn.2.1) and 

Williamson-Hall equation (Eqn.2.2) have been used to 

calculate crystalline size. Table 1(shown in supporting 

informations) shows the lattice parameters, unit cell 

volume and crystallite size of nanoparticle using 

Debye–Scherrer’s relation. Table 2 (shown in 

supporting informations) shows average crystallite size 

and strain of the nanoparticle using Williamson-Hall 

equation.  

TEM study 

Figs. 2 (a) and 2(b) represent TEM image of TiO2 

nanoparticle heat treated at 750oC and the Selected Area 

Electron Diffraction (SAED) pattern of 750oC heated 

sample of undoes TiO2 respectively. The particles are 

found to have spherical shape with size around ~ 11nm 

at this temperature as can be seen from the image. The 

sizes obtained from TEM are in good agreement with 

the computed size with the use of Scherrer’s relation 

from XRD data. Visible rings in the SAED patterns are 

corresponded to the (101), (004), (200) and (105) 

planes. The interplanar spacing dhkl calculated from 

SAED patterns agree well with that of respective crystal 

planes (JCPDS Card No 86-1157).  

 

SEM and EDX study 

The SEM image and EDX of TiO2: Eu3+ (0.4 at. % 

Eu3+) at 350oC are shown in Fig.2(c) (shown in 

supplementary) and Fig. 2(d)(shown in supplementary) 

respectively. The particles are aggregated with small 

crystals with a broad size distribution up to 4µm and 

500 nm respectively. All the SEM images are found to 

observe spherical and even shape [32]. Images are not 

clear due to lack of sensitivity of the instrument. The 

EDX spectra of Fig. 2(e) verify the presence of Ti, O 

and Eu in the prepared sample. The ionic concentrations 

of titanium and europium of the prepared TiO2: Eu3+ 

samples are determined using EDX data. The presence 

of elemental Ti: Eu ratio are observed to find 94.8 and 

553.6 respectively for the sample of TiO2:Eu3+(0.4 

at.%Eu3+). A decrease in the content of titanium and an 

increase in the relative content of Europium are 

observed with the increasing nominal concentration of 

the doping in the samples. 

 

 
 
Fig. 2.   (a) TEM image of TiO2 annealed at 750oC. (b)SAED image 
of TiO2 annealed at 750oC. 

 

Luminescence study 

Excitation study 

Fig. 3(a) (shown in supporting information) is the 

representative excitation spectrum of TiO2 doped with 

0.4 at. % Eu3+ ion annealed at 350oC recorded at 532nm 

emission wavelength. The characteristic peaks of the 

excitation spectrum correspond to the band at 234, 250 

and 393 nm that are attributed to the f-f transitions with 

the Eu3+ 4f6 configuration [34]. The low shoulder peak 

centered at 234nm attributes host lattice absorption. The 

peak bands at 250-251nm correspond to Eu-O charge 

transfer state (CTS) caused by the electron transferred 

(a) 

(b) 
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from the oxygen 2P orbital to the empty 4f orbital of 

europium which may be described as ligand-to-Eu3+ 

charge transitions (LMCT) [35-36].  The inset is the 

enlarged region from 340–370 nm of Fig. 3(a) 

encompassing three sets of transition bands assigned to 
7F0→5D4 (346nm), 7F0→5D4 (352 nm), 7F0→5L7 (360 

nm)respectively. The strongest excitation peak band at 

393nm attributes 7F0→5L6 transition. This work 

observed lower value of peak positions as compare to 

the reported value except band at 393nm [37]. Fig. 3(b) 

shows the change of peak position to longer wavelength 

(red shift) with the increase ofannealing temperature 

from 350-750oC at 0.4 at. % particularly at the 7F0 →5L6 

transition whereas host lattice absorption region and 

charge transfer region are almost in the same state. 

 

 
 
Fig. 3. (b) Excitation spectra of TiO2:Eu3+ (0.4 at. % Eu3+) 

nanoparticle monitored 532 nm emission wavelength annealing at 
differenttemperature. Inset shows the enlarged view of charge region. 

(c) Photoluminescence emission peaks in the range 486-704 nm of 

TiO2:Eu3+ (0.4 and 1 at. % Eu3+) nanocrystal monitored at 393 nm 
excitation wavelength annealed at 350oC. 

Emission study 

Fig. 3(c) shows the six characteristic PL emission peaks 

in the range 486-704 nm of TiO2: Eu3+ (0.4 and 1 at. 

%Eu3+) nanocrystal monitored at 393nm excitation 

wavelength annealed at 350oC. The figure shows strong 

red emission band at 617 nm attributed to 5D0→7F2 

allowed electric dipole transition indicating that the 

Eu3+ ion is located in a noncentrosymmetric position in 

the matrix and remaining emission peaks are in the 

visible region [36]. The weak emission peak centered at 

592.8 nm assigned to 5D0→7F1 allowed magnetic dipole 

transition which is insensitive to crystal field 

environment and other four peaks centered at 486.2, 

531, 654.5 and 704 nm assigned to the 5D1→7F2, 
5D0→7F0,

5D0→7F3 and 5D0→7F4 transition is very near 

to the infrared region [36-38]. The electric dipole 

transition is much stronger than the magnetic dipole 

transition, suggesting that Eu3+ takes a low TiO2 host 

lattice [39]. Emission peak intensity at 617 nm steeply 

decreases for sample at TiO2:Eu3+ (1at. % Eu3+) due to 

concentration quenching effect. This effect comes from 

cross relaxation among Eu3+ ions which increases with 

decreasing distance between Eu3+-Eu3+ [40]. The electric 

dipole transition is depending on environment whereas 

magnetic dipole transition is independent of 

environment according to Judd- Ofelt theory [41-42]. 

The asymmetric ratio of PL (R21) of Eu3+ is defined as 

the ratio of the intensity(I2) of the electric dipole 

allowed transition (5D0→7F2) to the intensity (I1) of the 

magnetic allowed dipole transition (5D0→7F1) [42]. It is 

very sensitive to the environment around Eu3+ ion. 

Asymmetric ratio R21 is found to be 0.494 and 0.832 for 

TiO2:Eu3+ (0.4 at. % Eu3+) sample annealed at 350 and 

750oC respectively. The asymmetric ratio R21 of 

TiO2:Eu3+ (1 at. % Eu3+) sample annealed at 350oC and 

750oC are found to be 0.741 and 0.781 respectively. 

This increase of R21 at different temperatures suggests 

the dependence of local symmetry of Eu3+ [43] and 

lower symmetry around Eu3+ ions. Details are shown in 

Table 3. From the Commission Internationale de 

Ìéclairage (CIE) cromacity study the colour space 

coordinate of 0.4 at. % Eu3+ doped TiO2 sample 

annealed at 350oC monitored at 393 nm excitation 

wavelength was found to be (0.30, 0.32). Colour space 

coordinate of 1 at. % Eu3+doped TiO2 sample treated at 

the same temperature and excited wavelength was found 

to be (0.30, 0.33) colour space coordinate. From the 

calculated CIE co-ordinates (x, y) of the samples shows 

emission in the white region of CIE co-ordinate. These 

samples therefore will be good for the purpose of white 

light emitting devices. 

Fig. 3(d) (shown in supplementary) illustrates a 

typical PL decay curve for 5D0 emission level of doped 

TiO2: Eu3+ (0.4 at. %Eu3+) annealed at 350oC. The 

luminescence decay is possible to the low concentration 

lanthanide ion in different matrices as per report [44]. 

The experimental decay data are fitted both in first order 

(mono-exponential) and second order (bi-exponential) 

exponential decay equations [45]: 

 

Mono-exponential decay 
 

                                                                                 (3.3) 

 

where, It is the intensity at time t, I0 is the intensity at 

time t=0 and τ is the decay life time. 

(b) 

 

 

 

 

 

(c) 

Table 3. Peak intensities and position of CTS, electric and magnetic dipole transitions of Eu3+ in the TiO2:Eu3+ samples. The ratio within the 

column represents peak intensity and peak position. 
 

TiO2:Eu3+ 

(at.%) 

350oC 750oC 

Intensity Intensity 
5D0→7F1(M)    5D0→7F2(E)   E/M (R21) 5D0→7F1(M)    5D0→7F2(E)   E/M (R21) 

0.4 45.9/591        93/617           0.494 17.8/597.3    21.4/618.8 0.832 

1.0 21.6/594       28.4/617 0.741      5/588            6.4/618.5 0.781 
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Bi-exponential decay     

                                             

                     (3.4)                             

 

where, I1 and I2 are intensities at different times and τ1 

and τ2 is their corresponding lifetime. The average 

lifetime can be determined from the equation: 

 

                  (3.5) 

 

 The average value of decay ( τav) is found to be 0.35 

ms (~351 µs)  of  0.4 at.% Eu3+ doped TiO2 sample 

annealed at 350oC monitored  at 352nm excited 

wavelength and 617nm emission wavelength, τ 1 and τ 2 

are found to be 0.351ms (50% It) and 0.351ms (50% It) 

respectively. Former lifetime is associated with the 

energy transfer from Eu-O CT to Eu3+ and surface Eu3+ 

and latter is from the core of Eu3+.A typical graph of 

intensity as function of time is plotted for 1 at. % Eu3+ 

doped TiO2 annealed sample at 350oC recorded at  

352nm excited wavelength and at 617 nm emission 

(5D0 →7F2) shown in Fig. 3(e) (shown in 

supplementary). 

It is fitted bi-exponentially and average decay lifetime 

(τav) value for this sample is calculated with the use of 

equation (2.11). Its value is found to be 0.35ms, the 

same value of τ 1 and τ 2 are found to be 0.35 (50% It). 

The average decay lifetime(τav) value in the case of 

mono-exponential fitting is also similar to the bi-

exponential fitting. The average value of decay( τav) is 

found to be 0.243ms (~243 µs) for bi-exponential fitting 

of 1 at.% Eu3+ doped TiO2 sample annealed at 350oC 

monitored  at 352nm excited wavelength for  

617nm  emission (5D0 →7F2), τ1 and τ2 are found to be 

0.243ms (50% It) and 0.2431ms (50% It) respectively. 

For TiO2: Eu3+(1 at. % Eu3+) sample annealed at 750oC 

excited at 393nm for 617nm emission the average value 

of decay (τav) is found to be 0.375ms (~375 µs) for bi-

exponential fitting, τ1 and τ2 are found to be 0.407 ms 

(70% It) and 0.129 ms(29% It) respectively 

(Fig.3(f))(shown in supplementary). We have observed 

that the lifetime increase significantly from 243 µs to 

375µs as temperature increases from 350oC to 750oC. 

This increase in the lifetime is due to decrease in 

surface defects as the particle size increases with 

temperature [46-47].  Furthermore, it has been found 

from Figs. [3(d)-3(e)] (shown in supplementary) that 

the lifetime decreases as the concentration of doping 

level increases, which is of similar pattern with the 

decrease of luminescence intensity as Eu3+ 

concentration increases. 

 

Evaluation of Judd-Ofeltparameters 

The Judd-Ofelt (JO) theory is a powerful tool to 

estimate the transitions for rare-earth element, their 

intensity parameters, electric and magnetic dipole 

radiative transition probabilities. According to this 

theory, the JO intensity parameters describing the 

intensity of induced electric dipole transitions can be 

determined using the equation [48] 

 

                                                                                (3.6) 

 

 
 

where, Ω λ (λ = 2, 4) are the Judd-Ofeltintensity 

parameter, ||Uλ||2 (λ= 2,4) are the square reduced  

matrix elements whose values are 0.0032 and 0.0023 

respectively, refractive index (n) =2.46,Smd is the 

magnetic dipole line strength  
 

 

 

 
 

where, ( J||L + 2 S ||  ΄Jʹ)2is the magnetic dipole 

matrix element, e is the electronic charge,vj and v1 are 

the transition frequencies of5D0→ 7Fjand 5D0→ 7F1 

respectively. The radiative transition probability (AR), 

branching ratios (), radiative life time(R) for the 
5D0→ 7Fj(J=0, 1,2) transitions of Eu3+ ions can be 

obtained using JO intensity parameter 2 and4 from 

the following formulae. 

The electric (Aed) and magnetic (Amd) dipole radiative 

transition probability can be calculated from5D0→ 
7Fj(J=2, 4) and 5D0→ 7F1 allowed transition respectively. 

The expressions of Aed and Amd are given below: 

 

                                                                    (3.7) 

 

 

 

                            (3.8) 

 

where, h is the Planck’s constant, n is the refractive 

index,  is the average transition energy in cm-1 and 

2J+1 is the degeneracy of the initial state and Sed is the 

electric dipole line strength given by 
 

 

              (3.9) 

 

where, e is the electronic charge, wave function  and 

 are full intermediate-coupled functions fn [SL]J,Uλ 

are the irreducible tensor forms of the ED operator. 

The total radiative transition probability (AT) for an 

excited state A (J, J) and fluorescence branching 

ratio () are evaluated from the relations [48, 49] 

                           (3.10) 

  

            (3.11) 

 

                            (3.12)

   

The rate of depopulation of an excited state is defined 

by the radiative lifetime(R) 

 

              (3.13) 

 

The cross-section of stimulated emission ((λp), 

between the state |J and |J is related to the 

radiative transition probability A as 

 

                           (3.14) 

 

where c is the speed of light, p the peak wavelength 

and λeff is the effective bandwidth of the emission peak 
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found by dividing the integrated area of the emission 

band by its average height.  

Table (4-7) (shown in supporting information) list the 

Judd-Ofelt intensity parameters, radiation probalities, 

branching ratios, radiation life time and stimulated 

emission cross-section for each sample concentration at 

different temperatures. The branching ratios for the 
5D0→7F2 emission transition more than 90% at 0.4 and 

1at. % Eu3+ doped samples. The branching ratios are 

found decreased as the temperature increases- the 

branching ratio for 0.4 at. % at 350oC is found to be 

96.2% as compare to 91.78% at 750oC. We are 

observing the same pattern at 1at. % Eu3+ doped 

concentration. However, we are getting branching ratios 

of these transition above 90% for all europium doped 

concentrations. Hence this is the most sensitive 

transition. The radiative lifetime for 5D0 levels are 

observed at 0.175 ms and 0.382 ms for 0.4 at. % Eu3+ 

doped samples at temperature 350oC and 750oC 

respectively. Similarly, the radiative lifetime of 

TiO2:Eu3+(1at. % Eu3+) sample are observed to increase 

at temperature 350oC and 750oC respectively. This 

increase of lifetime with the increase of temperature is 

due to decrease in surface defects as the particle size 

increases with temperature [46-47]. This calculated 

value of radiative lifetime is comparable with the 

experimental data. The luminescence quantum yield() 

are observed at 93.94% and 94.71% for 0.4 at.%  Eu3+ 

doped TiO2 samples at temperature 350oC and 750oC 

respectively. However, we are getting   value as 

90.27% and 88.47% for 1.0 at. % Eu3+ doped TiO2 at 

different temperatures. The decrease in quantum 

efficiency is the beginning of material structural 

disorder. In our study, systematic variation is observed 

to decrease in the values of  as the concentration 

increases. In general intensity increases with increase in 

do pant concentration then decreases due to 

concentration quenching. This indicates optimum value 

of doping concentration is less than 1 at.% Eu3+ in our 

case. The asymmetry ratios are obtained at 0.494 and 

0.832 in 0.4 at. % Eu3+ doped TiO2 samples at 

temperature 350oC and 750oC respectively. This 

increase of asymmetric ratio at different temperatures 

suggests the dependence of local symmetry of Eu3+. The 

stimulated emission cross-sections, (λp) for 5D0→7F2 

transitions are observed at 125.86x10-22cm2   and 

11.031x10-22cm2 for 0.4 at. % Eu3+ doped TiO2 samples 

at temperature 350oC and 750oC respectively. Similar 

patterns are observed in 1at. % Eu3+ doped TiO2. It 

increases with the increase of transition energy (λp) and 

decreases with the increase of temperature. 

 

Conclusion 

The Eu3+ ion doped and undoped titania  nanocrystals 

were synthesized by non - aqueous sol-gel technique at 

low temperature which were characterized by using 

(XRD), PL and TEM respectively. We could get the 

crystallite size of the range of 2-11 nm using 

Williamson-Hall equation which is consistent with the 

TEM result. In photoluminescence study, we have 

observed that the lifetime increases significantly as the 

temperature increases. Furthermore, the value of 

lifetime is found to decrease as the concentration of 

doping level increases and its value increases with the 

increase in annealing temperatures. The presence of 

anatase and rutile phases and their transition states from 

anatase to rutile are also confirmed by XRD data. The 

radiative life time was calculated using Judd-Ofelt 

theory and the calculated value of radiative lifetime is 

found comparable with the experimental life time value 

obtained from emission spectra.  
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Supplementary information 
 

 

 
Fig. 1. (b) XRD patterns of enlarged view of Fig .1(a)  ranging 

from 24-.27 (degree) for undoped  TiO2 annealed  at different  

temperature (220,350,450,750oC). 1(c) Variation of crystallites 
growth size of undoped doped TiO2  at different annealed  

temperatures. (d) Variation of lattice distortion ratios of undoped 

titania nanoparticle at different annealed temperatures. (e) XRD 
patterns of undoped TiO2 and doped TiO2:Eu3+(0.4,0.8,1 at. %) 

nanoparticle. Symbols represent diamond = anatase and asterisk = 

rutile (f )  XRD patterns of enlarged view of Fig .1( e)  ranging 

from 24-30 (degree) for undoped TiO2 and doped  

TiO2:Eu3+(0.4,0.8 and 1 at. %).  ( h )  Variation of crystallites 

growth size of doped TiO2:Eu3+ on different concentration (0.4,0.8 
and 1 at. %) at different annealed temperatures. 

 

 
 

Fig. 2. (c) SEM image of TiO2 :Eu3+ (0.4 at.% Eu3+) annealed at 
750oC (d) EDX spectrum of TiO2 annealed at 750oC. 

 

 
 

Fig. 3. ( a )Excitation spectrum of TiO2 :Eu3+( 0.4 at.% Eu3+ ) 

annealed at 350oC recorded at 532 nm emission wavelength and 

the inset shows the enlarged region around 7F0 → 5L6 transition.  
(d) PL decay curve for 5D0 emission level of TiO2:Eu3+ (0.4 at.% 

Eu3+) annealed at  350oC. ( e )PL decay curve of TiO2 :Eu3+ (1.0 at. 

% Eu3+) annealed at 350oC recorded at 352 nm excited wavelength 
and at 617 nm emission (5D0 →7F2). ( f ) Typical mono and bi-

exponential fitting to decay lifetime spectra of TiO2: Eu3+ (1 at. % 

Eu3+) heat treated at 750oC recorded at 393 nm excited wavelength 
and at  617 nm emission (5D0 →7F2). 

 

Table 2. The structure parameters of TiO2:Eu3+ (0, 0.4, 0.8,1 at. %) 
annealed at 350oC using Williamson-Hall equation. 

 

TiO2:Eu3+ 

(at.%) 

Crystallite Size(D) 

(nm) 

Strain(η) 

 

0.0 7 1.14x10-2 

0.4 6 2.23x10-2 

0.8 4 2.46x10-2 

1.0 3 8.10x10-2 
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Table 4. Calculated radiative parameters of TiO2:Eu3+ (0.4 at.% Eu3+ ) at different annealing temperature. 
 

 
 

 

 

Table 5. Calculated radiative parameters of TiO2:Eu3+ (1 at.% Eu3+ ) at different annealing temperature. 
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Table 7. Calculated Judd-Ofelt intensity parameters of TiO2:Eu3+ ( 1.0  at. %  Eu3+ ) at different annealing temperature. 


