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Preface 

Lately, enormous interests have grown among the researchers towards the various 

applications of lanthanide activated nanophosphors. This is because of the fact that the 

lanthanide activated phosphors possess numerous such as display devices, phosphor 

lamps, cathode ray tubes, bioimaging, drug delivery, metal ions sensing, anti-

counterfeiting ink, as well as active laser materials. Generally, in lanthanide activated 

phosphors, the light emission is generated from the 4f-4f transitions. These are sharp, true 

in colour emission and signature of the particular lanthanide use. The various instances 

may be mentioned. Various lanthanide activated luminescent materials, such as 

Y2O3:Eu3+, YVO4:Eu3+, GdVO4:Eu3+, CaWO4:Eu3+, CaMoO4:Eu3+, SrWO4:Eu3+, SrF2, 

CaF2, etc. good red emitting phosphors. Recently, these red phosphors have shown 

promising for solid state lighting applications. Also, these materials have shown capable 

of detecting the heavy metal ions present in water. The up-converted lanthanide based 

luminescent materials such as NaGdF4, LaF3, GdF3, NaYF4, etc. have found applications 

in various optical imaging and magnetic resonance imaging applications. These materials 

are useful for real time imaging during drug delivery.    

The present thesis entitled “Study on Photoluminescence Properties of unsensitized 

and Bi3+ sensitized M2O3:Ln3+ (M = Gd, Y & Ln3+ = Eu3+, Sm3+)” discusses the 

luminescence and energy transfer in in the lanthanide activated Gd2O3 and Y2O3 

phosphors. The theis comprises of six chapters. The thesis elaborates the synthesis, 

characterizations and luminescence properties using techniques such as X-ray 

diffraction, transmission electron microscopy, infrared spectroscopy and 

spectrofluorometer, etc. 

Chapter 1 addresses the general introduction and literature review. Basic 

fundamentals of luminescence are briefly presented. Here, the properties of some of 

lanthanide ions and their role in lanthanide are mentioned in short. The various synthesis 

methods suitable for synthesizing phosphor materials and some of the applications are 

summarized. 

Chapter 2 discusses the basic principle and working of the instruments used during 

the entire research work is presented in brief. 
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Chapter 3 focuses on the luminescence studies of Eu3+ or Sm3+ activated Y2O3 

phosphors. Hydrothermal synthesis technique is successful for synthesizing rod shape 

Y2O3 based phosphors. Investigation of the luminescence properties of the Y2O3:Eu3+ 

shows the optimum range of Eu3+ concentration ~13 – 17 at.% Eu3+. Around this range, 

the emission of the Eu3+ is efficient. Luminescence study shows the more Eu3+ 

occupation in the C2 site symmetry of the Y2O3. This is further supported from the 

asymmetric ratio parameter as well as the second order crystal parameter. This scenario 

is independent of various ranges of Eu3+ use as well as the different excitation 

wavelengths use for emission of Eu3+. In the case of Sm3+ activated phosphors, the 

emission of Sm3+ mostly lies in the orange-red region of the electromagnetic spectrum. 

The concentration quenching the emission is much faster in the case of Sm3+ doping 

compared to Eu3+. Both the luminescence and decay lifetime results corroborate the 

concentration quenching and enhancement in the luminescence with increasing annealing 

temperature.   

Chapter 4 devotes the energy transfer occurred due to the sensitization with Bi3+ in 

Eu3+ or Sm3+ activated Y2O3. The energy transfer from the host Bi3+ to the activator Eu3+ 

or Sm3+ is well investigated from the photoluminescence spectroscopy. And it is found 

to be occurred mainly through dipole-dipole interaction. Luminescence and decay 

lifetime studies clearly confirm the existence of energy transfer from the Bi3+ to the 

excited states of Eu3+ and Sm3+. Not only sensitizing effect, it also can shift the excitation 

wavelength necessary for efficient emission towards near ultraviolet region compared to 

ultraviolet region which common in unsensitized Y2O3 based phosphors. In sensitized 

Y2O3:Eu3+, the emission colour is very much tunable with the variation of Eu3+ 

concentration and wavelength of excitation. Interestingly, red emission of Y2O3:Eu3+ can 

be obtained by various wavelength excitations. Though, in sensitized Y2O3:Sm3+, such 

flexibility is not observed.      

Chapter 5 presents on the luminescence studies of Eu3+ or Sm3+ activated Gd2O3 

phosphors. Hydrothermal synthesis technique adopted gives hexagonal phase Gd(OH)3 

and post annealing changes the phase to cubic Gd2O3 having rod shape. Optimum range 

of Eu3+ concentration ~17 at.% is obtained for good emission intensity. Around this 

range, the emission of the Eu3+ is efficient. The more Eu3+ occupation in the C2 site 

symmetry of the Gd2O3 is confirmed from the luminescence studies. The asymmetric 
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ratio greater than one as well as high value of second order crystal parameter also suggest 

the occupation of Eu3+ in an asymmetric environment. This environment does not change 

with the variation of doping concentration of Eu3+ use as well as the different excitation 

wavelengths use for emission of Eu3+. In the case of Sm3+ activated Gd2O3, the emission 

of Sm3+ mostly better in the range of 2 – 4 at.% Sm3+. Beyond this, heavy concentration 

quenching exists. Both the luminescence and decay lifetime results corroborate the 

concentration quenching.   

Chapter 6 will be concerned on the sensitization effect due to presence of Bi3+ sensitizer 

in Eu3+ or Sm3+ activated Gd2O3 phosphors. Hydrothermal synthesis technique adopted 

gives hexagonal phase Gd(OH)3 and post annealing changes the phase to cubic Gd2O3 

having rod shape. From the luminescence studies, it is clear that energy transfer from the 

Bi3+ to the excited states of Eu3+ and Sm3+ exists. The energy transfer so exist occurs 

through multipolar interactions between the sensitizer and activator ions present in 

Gd2O3. In both the cases, the occurrence of energy transfer from Bi3+ to the Eu3+ is 

corroborated from both the steady state and decay lifetime studies. Strong red emission 

from Bi3+ sensitized Gd2O3:Eu3+ phosphors under wide range of excitation at 330 – 380 

nm. This gives advantage is multiple uses including solid state lighting applications. 

However, such flexibility is not observed in Gd2O3:Sm3+ phosphors.       
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Chapter 1 

General introduction and review 

1.1. Phosphors 

Phosphors or luminescent materials are those can absorb energy from the incident 

electromagnetic radiation and emit light which is usually in the visible region of the 

electromagnetic spectrum [1-3]. Sometimes, the emitted light can also be invisible due 

to the emission in the ultraviolet (UV) or infrared (IR) region of the spectrum [4-8]. In 

order to meet the various applications, generally phosphor comes in powder form with 

different morphology. High quality larger crystals having about usually 4 to 5 µm in 

crystalline state have higher quantum efficiency than amorphous host [9-10]. 

1.2. Some common Phosphors 

1.2.1. Yellow Phosphors 

Yellow phosphors can be generated a light in the wavelength region of 565 – 590 nm 

when it is excited by near ultraviolet (380 – 410 nm) or blue (450 – 480 nm) light source. 

Since yellow light can be easily made by combining red and green of RGB (Red Green 

Blue) colour, white light can be produced by combining with blue colour for making 

white light emitter if high value of colour rendering index (CRI) is not required. Ce3+ and 

Eu2+ activator is mainly used for yellow light production. The radiation produced from 

5d-4f transition in the above ions is red-shifted to lower energy due to the interaction 

with host materials. This light has very bright and highly intense due to the allowed dipole 

transition. Therefore, they are often used in the application of phosphor converted white 

light emitting diodes (pc-WLEDs) technology. YAG:Ce3+ which has garnet structure, 

and it was reported for the first time by Menzer [11-12]. The general formula of garnet 

structure is defined as A3B2(XO4)3, where A, B, X are cations and O represents oxygen 

anion. Some examples of oxide garnet are Ca3Sc2Si3O12, Y3Mg2AlSi2O12, 

Ca2GdZr2Al3O12 etc. YAG has body centered cubic unit having 160 atoms and space 

group of Ia3̅d. Here, Y3+ is occupying the Wyckoff position and are coordinated to O2− 

via dodecahedrally, which has D2 site symmetry. Thus, YAG can be considered as a 3D 

structure containing AlO6
9- octahedra, AlO6

6- and YO8
13- dodecahedra. In YAG:Ce, Y3+ 

ion are replaced by Ce3+ ion activator. Other examples of yellow phosphors includes 

SiAlON:Eu2+, Li-α-SiAlON:Eu2+ etc. [13,14].  
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1.2.2. Blue Phosphor 

They are mainly emitted light in the range 420 – 500 nm when it is excited by radiation 

of wavelength 380 – 410 nm. Due to the constraint of encounter stoke shift, they cannot 

be excited by the light whose wavelength is greater than 410 nm. So, this limits the 

possible application of materials which shows excitation emission in these two regions. 

The main activator used for the production of blue phosphor are Eu2+ and Ce3+. Both ions 

have luminescence band due to the electrons from 5d to 4f energy levels which have 

radiative decay time of below 1 µs [15-16]. Among the various hosts, oxide-based 

materials, aluminates, silicates and phosphates are best materials for producing blue 

phosphor. Ca2PO4Cl doped with Eu2+ gives intense blue colour when the Eu2+ 

concentration reached 11% [17]. Another material for blue phosphor is silicates. They 

are quite stable but they should be prepared at elevated temperature than phosphates [18]. 

Some examples of blue phosphors are Li2Sr1-3x/2CexSiO4 (x = 0.0025–0.07), 

BaMgAl10O17:Eu2+ and BaSi7N10, etc. 

1.2.3. Green Phosphors 

Green phosphors emit radiation in the ranges 520 – 565 nm when the materials are 

excited by either 380 – 410 nm near ultraviolet (NUV) or a 450 – 480 nm blue LED. In 

most of the cases, both Tb3+ and Mn2+ supplemented with Eu2+ or Ce3+ is used for 

efficient green phosphor. In Tb3+ and Mn2+, the luminescence band is due to the emission 

from 4f-4f and 3d-3d transition. Due to the forbidden nature of these transitions, the 

emitted light is of very weak intensity. But, in case of Eu2+ or Ce3+, there is an allowed 

transition due to 5d-4f. For this reason, generally, activators like Tb3+ and Mn2+ are 

excited by the sensitizer like Eu2+ or Ce3+. Some of the common green phosphors are 

oxides, phosphates, aluminates and silicates etc. Eulytite having formula Sr3Gd(PO4)3 

prepared through solid state reaction codoped with Ce3+ greatly enhanced the green 

emission from Eu2+ ion due to good energy transfer from Ce3+ to Eu2+ [19]. Double 

phosphate material like NaCaPO4 when doped with Tb3+ also gives green phosphors. 

Other examples of this type of phosphors Ba2MgSi2O7:Eu2+, LiBaBO3:Tb3+ and 

Ca2Al3O6F:Ce3+:Tb3+ etc. [20-22]. 

1.2.4. Red Phosphor 

Red phosphor has emission in the range 625 – 740 nm when they are excited by the 

radiation of near ultraviolet (NUV) or blue LED in the range ~380 – 410 nm or 450 – 

480 nm. For the production of green phosphor, red emitting component. For achieving 
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efficient red emission from 5d-4f transition, two important factors are necessary. 

Nephelauxetic effect and strong ligand field should be there. Actually, these factors are 

highly dependent on only few selected hosts. Another alternative is the use of activators 

which can give effectively in the red region. Ions like Eu3+ and Mn4+ are few examples 

of this type of phosphor. This luminescence is from 4f-4f and 3d-3d which is parity 

forbidden electric dipole transition. Therefore, they are very weak and not an ideal 

phosphor. Some common host materials for red phosphor are oxides, phosphates, 

silicates, molybdate and tungstate etc. Other common materials for red phosphors are 

Cs2CaP2O7 and Cs2SrP2O7 doped with %Eu2+, Ca3Tb2–xEuxSi3O12 (x = 0–2) with silico-

carnotite structure, Y2O3 and YVO4 doped with Eu3+ have been used as red phosphors 

[23-26]. Fluorite materials like Cs2GeF6, Na2SnF6, Cs2SnF6, KNaSiF6 and Cs2SiF6 etc. 

doped with Mn4+are also used as common red emitter [27-30]. 

1.3. Luminescence 

Luminescence is a term related to the spontaneous emission of light by a matter from 

different phenomena but without heating. Therefore, it is quite different from the light 

generated from heating inside the incandescent light. So, we consider the luminescence 

as a cold body radiation which can be differentiated from the incandescent light [31]. The 

term “Luminescence” is derived from Latin word lumen which means light. It was coined 

by the German physicist Eilhard Wiedmann in 1888. 

 Based on the different phenomena during the excitation process, luminescence is 

broadly divided into following categories: 

Table 1.1. Different types of luminescence based on the mode of excitation 

Luminescence type Mode of excitation 

Photoluminescence Light absorption 

Bioluminescence Biochemical reaction 

Electroluminescence Electric field 

Cathodoluminescence Cathode rays 

Triboluminescence Frictional and electrostatic forces 

Sonoluminescence Ultrasound 

Thermoluminescence Heat absorption 

Radioluminescence Ionization radiation 
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The main topic of luminescence which will be discussed in this thesis is related 

to the photoluminescence phenomenon and its importance in the developing of some 

oxide-based phosphors. 

1.3.1. Photoluminescence 

Photoluminescence is the phenomenon of spontaneous emission of light from a substance 

when it is irradiated by an electromagnetic radiation. During this process an electron from 

the ground state is excited to the higher energy states by absorbing the radiation and 

subsequent de-excitation back to the ground. During this process, it releases the excess 

energy in the form of light photon. According the path of the excited electrons, 

photoluminescence is classified into two types: (i) Fluorescence and (ii) 

Phosphorescence. Fluorescence is related to the de-excitation process in which the 

excited electron is directly goes to the ground state with the same spin state. So, the time 

taken during this process is very small usually lies in the range of 10-12 – 10-9 s [32]. But, 

in the case of Phosphorescence, the excited photon is not returning to the ground state 

with same spin. Instead, it goes to another lower spin state (triplet excited state) via 

intersystem crossing. Finally, it gets de-excited back to the ground state with the release 

of light photon. This type of photoluminescence has an average life time of about ~10-3 

s to hours. The whole process of photoluminescence can be visualized using Jablonski’s 

diagram (See Fig. 1.1). Here, S0 represents ground state and S1, S2 and Sn represent higher 

excited states having same spin state (Singlet). T1 represents the triplet excited state 

whose spin is different from singlet state.  

Fig. 1.1. Schematic diagram showing different types of photoluminescence. 
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1.3.2. Radiative and Non-radiative transitions 

After the electrons get excited in the excited states in a luminescent material, the de-

excitation or returning of these excited electrons can be broadly two types: (i) Radiative 

and (ii) Non-radiative transitions. Radiative transitions are the process of returning the 

excited state electrons with the emission extra energy carried by the electrons in the form 

light radiation. In certain transitions, the relaxation these excited state electrons to ground 

state occurs without emitting of radiation mostly in the form of heat is called non-

radiative transition. In non-radiative transitions, the excess energy released is converted 

into the vibrational energy and is dissipated into the medium of the materials. The 

vibrational bond formed by light element have high vibrational energy. So, in order to 

minimize the non-radiative loss, it is necessary to avoid the most material having large 

amount of lattice vibration [33-34]. The amount of these two types of transition will 

control the various parameters of the photoluminescence. 

1.3.3. Decay lifetime 

The average life time of a phosphor is very important parameter. It measures the time 

period of how long the excited electrons are in the excited states before de-excitation 

through different routes. This is defined as the total time taken when ~ 36.8% (or 1/e) of 

the total excited electrons return back to the ground state. Mathematically, it can be 

represented by the following equation 

𝑁(𝑡)  =  𝑁0 𝑒−𝑡/𝜏 (1.1) 

where, N is the number of excited electrons at any time t, N0 is the total number of 

particles before de-excitation and τ is the average life time of the phosphor. Since the 

number of excited electrons is directly proportional to the Intensity (I) of the phosphor, 

N can be replaced with I,  

𝐼(𝑡)  =  𝐼0 𝑒−𝑡/𝜏 (1.2) 

The emission intensity as a function of time of a single exponential decay can be 

represented by 

𝐼(𝑡)  = 𝛼𝑒−𝑡/𝜏 (1.3) 

where, α and τ are the normalization term and average lifetime. For bi-exponential decay, 

similar equation can be given 

𝐼 (𝑡) =  𝛼1 𝑒
−𝑡

𝜏1⁄ + 𝛼2 𝑒
−𝑡

𝜏2⁄  (1.4) 
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where, 𝛼1 and 𝛼2 are the respective intensities at different time. 

1.3.4. Quantum Yield 

Quantum yield (η) will define how efficient a phosphor is. It is defined as the ratio of the 

total emitted photons to the total absorbed photons [35,36]. Following the excitation 

process, excited electrons return to the ground state by either or both radiative (Г) decay 

or non-radiative (knr) decay. Thus, quantum yield can also be defined as the fraction of 

radiative emission to the total amount of radiative and non-radiative transition as 

𝜙  =  Г / (Г + 𝑘𝑛𝑟)  (1.5) 

where, ϕ is the quantum yield and this value indicates the efficiency of the phosphor. 

Higher the value of the quantum yield better is the luminescent material. 

1.3.5. Quenching 

Quenching is a very important term when the emission intensity, quantum yield and 

lifetime are discussed. It is defined as the decrease in luminescence intensity of a 

luminescent material [37]. Different types of process can affect the quenching, like 

energy transfer, excited state reaction, complex formation and quenching through 

collision etc. [38-39]. Water, oxygen molecule, transition metal, and halide are most 

common quencher encountered. Presence of these ions, molecules or metals inside or on 

the surface or cross proximity of any phosphor material will see quenching. In case of 

doping, it is necessary to control the amount of dopant concentration in order to minimize 

the collisional quenching. 

1.3.6. CIE Chromaticity 

The colour emitted from any luminescent material can be defined by a set of colour 

coordination which was introduced first by Commission Internationale de l'Eclairage 

(CIE) back in 1931. The colour of any light emission in the visible region can be 

identified using coordination involving x and y values [40]. This is first mathematical 

relation of the wavelength with the physiologically perceived colour. The visible values 

of this coordinate system are in the shape of horse shoe. The chromaticity coordinate of 

the three primary colours i.e. red, blue and green is represented by (0.67, 0.33), (0.14, 

0.08) and 0.21, 0.71). The standard white light is found in the coordinate x = y =1/3 in 

the CIE diagram. 
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1.3.7. Various energy transfer process in photoluminescence 

When a substance is irradiated with the photons, it will be excited to the higher-level 

excited states. It will release its excess energy in the form of heat and light once the 

process of de-excitation begins. During this whole process, energy can also be transferred 

to other nearby particle which is termed as energy transfer process [41]. The quality of 

the luminescence is very good when there is a good energy transfer occur between 

sensitizer and the activator. Based on the energy transfer between identical – identical 

pair and identical – non-identical pair, there are several possibilities of energy transfer 

mechanism:   

1.3.7.1. Resonance energy transfer 

Resonance energy transfer is a mechanism of energy transfer between two molecules, 

one of which is acted as a donor while the other is represented as an acceptor. A donor 

excited molecule can transfer its energy to an acceptor through dipole-dipole coupling. 

The rate of this transfer is depended on (i) degree of spectral overlap between the pair, 

(ii) quantum efficiency of the donor, (iii) dipole orientation of donor- acceptor pair, and 

(iv) the distance between them [42]. According to the Dexter theory of energy transfer, 

there is a certain distance of separation between the Donor (D) and Acceptor (A) which 

will lead to the energy transfer between Donor-Acceptor pair. This distance is termed as 

the critical distance Rc which can be found out using the following equation: 

𝑅𝑐 = 2 (
3𝑉

4𝜋𝑥𝑐𝑁
)

1
3⁄

  (1.6)  

where, 𝑥𝑐 denotes the critical concentration after the intensity is quenched in volume space 

V having N number of ions present the unit cell [43]. Based on the value of Rc, the 

resonance energy transfer is classified as (i) Exchange interaction type (Rc ≤ 5Å) and (ii) 

multipolar type (Rc > 5Å).  

1.3.7.2. Phonon-assisted energy transfer 

This mode of energy transfer occurs when there is mismatch of donor and acceptor 

energy levels. They try to compensate the energy by simultaneous absorption or release 

of photon energies. Whole energy must be conserved during the transfer process and 

without any large-scale superposition of phonon. For small energy difference, one or two 

photons can initiate the energy transfer. For larger energy gap, multi phonon transfer 

mechanism can initiate. On the basis of Miyakawa-Dexter theory, probability of phonon  
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assisted energy transfer is given by [44] 

𝑊𝑃𝐴𝑇(∆𝐸) = 𝑊𝑃𝐴𝑇(0)𝑒−𝛽∆𝑒   (1.7) 

where ∆𝐸 denotes the energy gap of donor-acceptor pair and β represents the strength of 

electron-lattice coupling parameter. 

1.3.7.3. Cross- relaxation 

Cross relaxation is the process of lowering of excitation energy which is localized at one 

ion by transferring energy to the nearby ion, thus generating lower energy for the both 

ions. Under this condition, the energy of the donor is lowered by the same amount of 

energy which is increased by the acceptor and they have the same energy state. Thus 

cross-relaxation between same rare earth ions can occur when the two pair have the 

similar energy gap. [45-46]. This type of energy transfer is contributed mainly in the non-

radiative transition when the concentration of the ions is very high. 

1.3.7.4. Migration of excitation energy 

Migration of excited energy is a multi-step process generally occur one ion to another 

ion of same species. This involves the random transferring of resonance energy which 

will ultimately act as a quenching centre. This type of energy transfer is more favorable 

with the low concentration of the acceptor. When the concentration of the two ions are 

comparable, even the energy transfer between sensitizer i.e. S → S is faster than that of 

the S → A transition especially in case of lanthanide ion having small Stoke’s shift. Thus, 

the energy can be transferred within the sensitizer molecule or ion before the energy is 

transferred from the sensitizer to activator [47]. 

1.4. Lanthanide doping for Phosphors 

1.4.1 Lanthanides 

In the bottom part of the modern periodic table, there is separated group which is called f 

block element that consist of two series each consisting of 14 elements. In these series, 

electrons are subsequently filled in the f orbitals. The first series is called Lanthanides while 

the other series is called Actinides. In lanthanides, the entering electron are placed in the 4f 

orbitals and for actinides, it is occupying the 5f orbitals. Lanthanide series starts from Cerium 

(Ce) and ends with Lutetium (Lu). Electronic configurations of each of the lanthanides are 

given below in Table 1.2. Lanthanum is not considered as a lanthanide because it has no 

electron in 4f orbitals. 
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Table 1.2 Electronic configurations of lanthanide series 

Atomic number Name of elements Electronic configuration 

58 Cerium (Ce) [Xe]4f15s25p6 

59 Praseodymium (Pr) [Xe]4f25s25p6 

60 Neodymium (Nd) [Xe]4f35s25p6 

61 Promethium (Pm) [Xe]4f45s25p6 

62 Samarium (Sm) [Xe]4f55s25p6 

63 Europium (Eu) [Xe]4f65s25p6 

64 Gadolinium (Gd) [Xe]4f75s25p6 

65 Terbium (Tb) [Xe]4f85s25p6 

66 Dysprosium (Dy) [Xe]4f95s25p6 

67 Holmium (Ho) [Xe]4f105s25p6 

68 Erbium (Er) [Xe]4f115s25p6 

69 Thulium (Tm) [Xe]4f125s25p6 

70 Ytterbium (Yb) [Xe]4f135s25p6 

71 Lutetium (Lu) [Xe]4f145s25p6  

 

Lanthanides are very important since their electrons are not easily affecting by 

surrounding because the 4f electrons in lanthanides are completely shield by the outer 

shell 5s25p6 electrons. Thus, the lanthanide transitions show very sharp peaks, but due to 

forbidden nature of f-f transition, the intensity is very weak and also have long life time 

values. The most stable oxidation state of lanthanide ions is +3 state. Only a few 

lanthanides can also show other oxidation state like +4 and +2. Cerium can show both 

+3 and +4 while Europium and Samarium can show +2 and +3 states. 

1.4.2. Doping of lanthanides 

As stated above, the intensity of the f-f transitions in lanthanide is very weak due to the 

parity forbidden. However, this can be further relaxed when the lanthanide is doped into 

other hosts. After the doping, the local environment around the lanthanide is changed 

thus perturbed the crystal field renders splitting of transitions. This also allows the energy 

transfer from host to the lanthanide activator. This enhances the luminescence properties 

of the lanthanide ion [48]. Semiconductors like ZnO, SnO2 have emission at 370 and 490 

nm and the incoming radiation is absorbed by the host material and then is transferred to 

the lanthanide ion so that resulting luminescence is very intense. If the doping 
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concentration is very high, it can further decrease the luminescence intensity due cross 

relation among the activator ions. So, it is necessary to check for an optimum 

concentration of the dopant in order to minimize the quenching effect [49-52]. 

1.4.3. Dopants used in the present study 

Fig. 1.2 Energy levels associated with lanthanide ions. 

1.4.3.1. Europium (Eu3+) 

Eu3+ ion has been used in the display and lighting application as a red emitter [53]. The 

various transitions originating from 5D0⟶7FJ (J = 0, 1, 2, 3, 4, 5 and 6) transitions falls 

in the red region of the electromagnetic radiation. Various energy levels associated are 

given Fig. 1.2. The main contributing transition in the Eu3+ ion is very sensitive to the 

local environment around the ion. The magnetic dipole transition (5D0⟶7F1) observed at 

around ~590 nm is related to Eu3+ occupies the site with inversion symmetry. This 

transition is not much affected by the host environment. But, the other transition 

(5D0⟶7F2) which is observed at around 615 nm due to the electric dipole is highly 

sensitive with respect to the local environment and it is dominating when the Eu3+ ion 

resides the site without inversion symmetry or any asymmetric surrounding. Due to the 
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spin forbidden transition, the decay life time value of Eu3+ has of the order of some 

milliseconds and cannot be affected by multi-phonon relation [54-55]. 

1.4.3.2. Samarium (Sm3+) 

Sm3+ emits the radiation which have orange-red region of the electromagnetic radiation. 

The various transitions in Sm3+ are originating from 4G5/2→
6HJ (J = 5/2, 7/2, 9/2, 11/2) 

transitions [56]. Peak corresponds to electric dipole 4G5/2→
6H9/2 transition is observed at 

around 643 nm and dominates when the Sm3+ occupies the site without inversion 

symmetry of the host crystal. The emission peak ~601 nm, 4G5/2→
6H7/2 in many cases 

become dominant. Another peak which is observed at 561 nm corresponds to the 

magnetic dipole transition (4G5/2→
6H5/2). This peak is somewhat weaker than the electric 

dipole transition. So, the location site of the Sm3+ ion is very crucial in the preparation of 

phosphor materials [57-58]. 

1.4.3.3. Bismuth (Bi3+) 

Bi3+ has an atomic number 83 and it is placed in the group 15 of the periodic table. 

Bismuth is a brittle metal with pinkish, silvery metallic lustre and it is the most 

diamagnetic metal available. It has the electronic configuration of [Xe]4f145d106s26p3 

[59]. The ground of bismuth in trivalent state is singlet state (1S0) having 6s2 electronic 

configuration. The excited state, 6s6p can form both singlet and triplet state. Among 

them, 3P0, 
3P1, 

3P2 are in triplet state while 1P1 is in singlet state. The transitions 1S0→
3P0 

and 1S0→
3P2 are spin forbidden and transitions 1S0→

3P1 and 1S0→
1P1 are both parity and 

spin-allowed transition due to spin-orbit coupling. The life time of Bi3+ ion is of the order 

10−6 – 10−8  s [60-61]. 

1.5. Synthesis of nanomaterials  

There are two main categories of synthesis: (i) Top-down and (ii) Bottom-up approaches 

which is given in Fig. 1.3. 

1.5.1. Top-down method 

In this method, large particle so called bulk are finely divided into nanostructured 

materials. Laser ablation, electrospinning and mechanical milling are the common 

process included in this method. 

1.5.1.1. Laser ablation 

This method involves the production of nanoparticles using a powerful laser beam to  
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Fig. 1.3 Schematic representation of (a) Top-down and (b) Bottom-up synthesis technique  

target the bulk material. Due to the high energy of the laser ablation, the precursor is 

vaporized and started to form particles of the nano size. This method is considered as 

green synthesis when the material is noble metals since they don’t need any stabilizing 

agent [62]. Different types of compounds like metal nanoparticles, oxide composite, 

carbon nanomaterial and ceramics can be produced using this method [63-67]. 

1.5.1.2. Electrospinning 

This is the simplest to-down methods. The breakthrough in electrospinning is the 

invention of coaxial electrospinning where the spinneret consist of two coaxial capillaries 

are allowed to mixed in which one of the liquids from a capillary is forming core and the 

liquid from other capillary is forming shell nanoparticle. Thus, this method is very 

effective in the production of ultrathin core-shell fibers. This method is also been used in 

the development of hybrid material, hollow polymer etc. [68]. 

1.5.1.3. Mechanical milling 

This method is cost effective in the production of nanomaterials from the bulk. This 

method is very useful in the blending of different phases for the synthesis of 

nanocomposite. During the milling process large bulk materials is finely crushed into a 

very small nanostructure. Mechanical milling is generally used in the production of 

strengthening alloy, nanocomposite and wear resistant spray coating etc. [69-70]. 

1.5.2. Bottom-up method 

1.5.2.1. Chemical vapor deposition (CVD) 

It is effectively used during the synthesis of carbon-based nanomaterials. In this process  

a thin film is allowed to form on the surface via a vapor phase chemical reaction of the 

precursors [71]. In this method, high volatility of the precursor along with the high purity, 

non-hazardous and good stability is considered for this method. During the synthesis of 
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carbon nanotube, a substrate is placed inside an oven and after heating at the elevated 

temperature, carbon containing gas is allowed to pass into the system. Under this heated 

condition, the gas is slowly degraded and starts forming carbon atom which will deposit 

on the substrate to form the carbon nanotube. The morphology of the product can be 

controlled by variation of different catalyst. For example, during the synthesis of 

graphene, Ni and Co produce multi-layer graphene whereas Cu gives monolayer 

graphene [72-73].  

1.5.2.2. Solvothermal and hydrothermal methods 

This is the most common synthesis method used for the synthesis of nanomaterials [74-

75]. The heterogeneous reaction is done in an aqueous solution within a sealed vessel 

and also with the elevated temperature. This is known as hydrothermal method. But, in 

case of solvothermal the same reaction is carried out in a non-aqueous medium. Recently, 

microwave assisted hydrothermal or solvothermal has been become a spotlight for 

engineering highly important nanostructure. The morphology of the material is also 

highly homogeneous. This method is generally employed in the preparation of nanowire, 

nanorods, nanosphere etc. [76-78]. 

1.5.2.3 Sol-gel method 

It is a common wet-chemical technique used for the production of nanomaterials. They 

are employed to produce some high-quality metal oxide nanomaterials. The named sol-

gel is given to this synthesis method because during the reaction, the precursors are 

transformed first in a soft sol and then modified into a hard gel after the completion of 

reaction [79]. The gel thus formed is converted to nanostructure. This procedure may 

consist many steps, first the metal oxide is hydrolyzed in water or alcohol to form a sol. 

In the second step, hydrolysis take place which further increase the viscosity of the 

solvent to form a porous structure and is left for aging. During the aging process many 

structural changes are occurred regarding the porosity and distance between the colloidal 

particles before the formation of gel. Last step is the calcination step to get the required 

nanomaterials [80]. This method has many advantages because it is an ecofriendly and 

the nanomaterial thus formed is highly homogeneous. 

1.5.2.4. Soft and hard template methods 

The soft and hard template can be used to get the required structure. However, the soft 

template method is a straight forward synthesis process which has a very mild reaction 
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conditions with different morphology. Here, the nanoporous nanomaterials are formed 

using the template like block copolymer, organic template and surfactants etc. [81]. Van 

der Waal forces of attraction or the hydrogen bonding are the main interaction exist 

between template and the precursor. Even 3D structure can also be prepared using this 

method by using liquid crystalline micelles. The hard template method is also called 

nano-casting. Precursor are fitted in the well design solid template in order to get the 

desire structure. Three main steps are required during the synthesis via this method. First, 

the template is selected or prepared and in the next step the precursor is filled into the 

template mesopore to form a solid structure. Finally, the hard template is removed to get 

the mesoporous replica [82]. 

1.5.2.5. Reverse micelle methods 

 This method is very useful when the desired shape and size nanomaterial preparation is 

necessary. An oil in water emulsion will form a normal micelle where the hydrophobic 

tails pointed towards the core to hold the oil droplets. But, in a reverse micelles structure, 

the hydrophilic heads are pointed towards the core and hold the water particle [83]. This 

small section of the core can act as a nanoreactor for the nanoparticle synthesis. The size 

of this core can be controlled by controlling the water to surfactant ratio. If the water 

contain is very low then the size of the core is also very small and the resulting 

nanomaterial is of very small size. Nanoparticle synthesized using this method are highly 

homogenous in size and monodispersed in nature [84-85]. Precise size of the desire 

nanomaterial can be easily prepared following this method 

1.6. Host material used in the present study 

Y2O3 and GdO3 have 7Th, cubic space group, along with a unit cell which is constructed 

by two different types of cationic sites, assuming that the two different forms of cationic 

sites are distributed in two non-symmetrical (non-equivalent) sites. The two non-

equivalent sites are 24d of no inversion having C2 symmetry and the other one is 8b of 

inversion S6 (C3i) symmetry [86,87]. When lanthanide is doped into Y2/Gd2O3, the 

emission spectra of lanthanide at C2 sites benefits from both numbers of C2 relative to 

S6 centers and therefore the resulting spectrum is more intense i.e. characteristic forced 

electric dipole (ED) emission transitions spectra. On the other hand, the emission spectra 

from S6 site are long lifetime and with a weaker intensity, since it contains only the 

magnetic dipole (MD) transitions i.e., ΔJ = 0, ± 1 which is allowed by the selection rules 

of centrosymmetric sites [3]. In another words, when the Eu3+ ions are present at C3i 
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(centrosymmetric) site, only one transition i.e., f-f magnetic dipole transitions will be 

observed. When the Eu3+ ions are present at C2 site, the electric dipole transitions become 

allowed, it means that most of the intraconfigurational f-f transitions can be seen. The 

emission spectra from Eu3+ ions (C3i) site is not much desirable since it can only generate 

low intensity emission intensity due to lower transitions probability [88] and this leads 

to the high nonradiative relaxations probability leading to decrease in overall emission 

intensity. Therefore, we must prefer the Eu3+ ions emission from C2 site for luminescence 

study [89].  

Yttrium oxide (Y2O3) can be considered a good host lattice for lanthanides ions 

especially for Eu3+ ions (red emitting phosphors) due to its unit cell as well as better 

photo saturation properties. As bulk material, Y2O3 can be achieved about 100% quantum 

yield [90]. Recently, Eu3+ ions doped Y2O3 nanoparticles are widely studied by various 

scientist and researcher, due to its highly stable, narrow and excellent red emitter. Eu3+ 

ions doped Y2O3 nanoparticles became a promising material in optoelectronics devices, 

for examples is use as phosphors in LEDs devices or as a red emitter phosphor in displays 

devices [91]. It also has low toxicity, therefore Y2O3: Eu is use as promising material in 

nanobiotechnology and medicinal purposed [91]. 

Photoluminescent properties of Y2O3:Sm3+ ions nanomaterials are not much 

investigated [92,93]. The Sm3+ ions have 4f 5 configuration so it can be called as a Kramer 

ion because of its electronic states that are at least doubly degenerated for any crystal 

field perturbation [94]. As we know that for any symmetry lower than cubic, Sm3+ ion 

with 2S+1LJ state will give the maximum number of the Stark components J +
1

2
 manifold. 

[95]. Samarium ions are having energy levels with ground level 6HJ and 6FJ and excited 

level 4G5/2 [95]. The emission spectra of Sm3+ ions were comprised with intra 4f shell 

transitions. The photoluminescence studies of Sm3+ ion doped in different hosts materials 

has been reported [96,97]. Samarium compounds have long lifetime and narrow line 

emission like europium compounds, therefore it can be used as materials label in 

multianalyte assays [98-100].  

The emission spectra of Sm3+ ions show emissions from 490 to 750 nm in range 

because of the 4G5/2 to 6HJ = 5/2,7/2,9/2,11/2 transitions with large absorption coefficient about 

407 nm. The transition 4G5/2 to 6H7/2 transition is hypersensitive that means it is strongly 

depends on the host environment [101] On the other hand, Eu3+ ions have f–f transitions 

and show emissions in red to highly intense red region corresponding to 5D0 to 7FJ = 0,1,2,3,4 
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transitions [102]. The samarium and europium ions have ionic radius of 0.104 and 0.094 

nm which is very closed to ionic radius of yttrium ions i.e. 0.093 nm, therefore samarium 

and europium ions can easily incorporate in the host Y2O3 lattice [103]. There are many 

reports on studies of Sm3+ and Eu3+ doped Y2O3 nanoparticles [104,105]. When Eu3+ ions 

and Sm3+ ions are doped into Y2O3 nanoparticles Sm3+ ions act as activator and Eu3+ 

behaves like sensitizer [106]. 

Co-doping is one of the best methods for enhancement of luminescence intensity 

in lanthanide doped nanoparticles, enhancement of luminescence intensity is important 

for application in display devices. For LS coupling, electric dipole (ED) within 4f-4f 

transitions of lanthanide ions are forbidden due to selection of parity rule (which is spin 

forbidden transition in most cases). As a result, the optical absorption spectra are weak 

and their lifetimes of excited states are long. As we know that the 4f electrons of 

lanthanide ions are shielded from the environment of surroundings by the outer 5s and 

5p electrons; As a result, absorption transitions show sharp lines in the spectra [107], 

which is undesirable to match excitation sources. In recently years, Bi3+ ions have been 

employed as a codopant in A2O3 (A = Y, La, or Gd) to dopant Sm3+, Eu3+ and Er3+ ions 

under the UV light excitation (300-390 nm) [108,109,110]. When the Bi3+ ions is 

codoped it highly enhanced by the energy transfer from Bi3+ ions to Sm3+, Eu3+ and Er3+ 

ions. Bi3+ ions are most commonly use as sensitizer in oxides, phosphates, vanadate, 

phosphate, fluoride and borates nanoparticles [107]. Bi3+ ions possess 6s2 electronic 

configuration, the ground state corresponding to 1S0 state and to 3P0, 
3P1, 

3P2, and 1P1 

corresponding to first excited states for increasing energies. The Bi3+ ions emission show 

two main peaks corresponding to 3P0-
1S0 and 3P1-

1S0 transition [111]. Mechanism of 

energy transfer from Bi3+ ions to Eu3+ ions are shown in Fig. 1.4. 

Fig. 1.4. Schematic representation of energy transfer from Bi3+ ions to Eu3+ ions. 
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Gadolinium has paramagnetic properties and it is a rare earth (RE) metal, which 

can improve magnetic resonance imaging (MRI) signal. Gadolinium ions is suitable for 

MRI since it has seven unpaired electrons in the valence shell and due to this unpaired 

electron, it has a high magnetic moment. [112]. The gadolinium oxide (Gd2O3) 

nanoparticles is also suitable host for lanthanides. Amongst the lanthanide Eu3+ ions 

doped Gd2O3 nanoparticles (Gd2O3:Eu3+) is attractive in photoluminescence (PL) study. 

It has many applications in fluorescence lamps, biological labelling [113,114,115], 

television tubes, MRI contrasting agent [116], hyperthermia [117], and display devices 

[118]. It is also (Eu3+ ions doped Gd2O3 nanoparticles) red-emitting phosphors long-term 

photostability, bright luminescence and thermoluminescent properties [119]. Sm3+ ions 

can also dope in Gd2O3 nanoparticles and studies its luminescence properties as well as 

their applications but there is little known about Sm3+ doped Gd2O3 nanoparticles [120]. 

G. Boopathi et al. study optical properties of Sm3+ ions doped Gd2O3 nanoparticles 

synthesis by co-precipitation method at 60 oC [121].  

For the luminescence enhancement of Eu3+ ions by codoping technique, the main 

key is to choose appropriate codopant ions for cooperating with Eu3+ ions. Eu3+ ions 

codoping with Gd3+ or Sm3+ ions were found to be efficient for improvement the 

photoluminescence of properties of Eu3+ ions, because of the energy transfer as well as 

cooperative excitation between three ions i.e., Eu3+ and Sm3+/Gd3+ [122]. In particular, it 

is also show that migration of energy between Gd3+–Sm3+ might occur and which leads 

to the change in position of excitation band of Sm3+ ions [123], which indicates that the 

excitation and emission bands of Eu3+ ion can be tuned the by Sm3+ and Gd3+ ions. G. 

Liu et al. investigated enhancement of luminescence properties of Bi3+ ion codoped 

Gd2O3:Sm3+ nanoparticles synthesis by combustion method [124]. They reported that, 

after excitation at 1 S0-
3P1 transition of Bi3+ ions the luminescence intensity of the Sm3+ 

ion was enhanced due to strong energy transfer from Bi3+ to Sm3+ ions [124]. Wei X.T. 

et al. reported Eu3+ ion codoped Gd2O3:Eu3+ nanoparticles synthesis by Pechini sol-gel 

method [125]. They have reported that introduction of Bi3+ ions broaden the excitation 

band of Eu3+ ions this indicates that strong energy transfer from Bi3+ to Eu3+ ions. 

1.7. Some applications of Lanthanide doped nanomaterial 

1.7.1 Optical imaging 

Lanthanide doped nanomaterial can absorb radiation in the NIR (Near infra-red) and 

emission properties. The codoping of one or more lanthanide activator yield 
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luminescence in NIR region which helps in the efficient collection of the emitted light. 

The lanthanide combination of Yb3+ /Er3+, Yb3+/Tm3+ and Yb 3+/Ho3+ are most 

commonly employed pair which has emission in the NIR-1 spectroscopic range and the 

common host material used are NaYF4, NaGdF4, LiYF4 and CaF2 etc [126,127,128,129]. 

The advantages of this method are that it can be applied for deep tissue imaging that 

shows much higher resolution. But, due to low quantum yield of this material, they are 

not efficient to give a high-resolution imaging. To overcome this, generally core shell 

nanoparticle are used to ensure the protection of the core lanthanide ion from quenching 

effect. 

1.7.2. MRI contrasting agent 

MRI is a powerful diagnostic tool in the field of medicine. It has the properties of being 

non-invasive, high resolution and the absence of ionizing electromagnetic radiation. 

Design of the contrasting agent must be ensuring to cope with possible toxicity due to 

paramagnetic ions. Highly stable Gd(III) containing luminescent materials such as 

NaGdF4: Yb3+/Er3+ or  NaGdF4:Yb3+/Tm3+ are are generally used as contrasting agent. 

Gadolinium ion is allowed to combine with protein or macromolecular substrate at the 

region where the partial charge of the substrate exist. Water soluble complexes of Gd 

(III) ion have been used to obtain the high relaxivity of the contrasting agent since 

relaxivity can be altered by the rotational and exchange dynamics. Micellar aggregates, 

polysaccharides, or even lanthanide ion chelate compounds, zeolite etc. [130]. 

1.7.3. Display devices 

The light produced from cathode ray tube of a television when excited the phosphor 

present on the screen in the form of tiny dots which enable the screen to form different 

types of colour. Y2O3:Eu3+ phosphor, ZnS:Ag and ZnS:Cu,Al,Au phosphors are used to 

generate the corresponding light of red, blue and green respectively [131]. In case of 

Plasma display, the phosphors are excited by vacuum ultraviolet and give two emission 

at147 and 172 nm. Different colours of red, green and blue are generated by the discharge 

xenon lamp in their respective cell. The phosphors (Y,Gd)BO3:Eu3+ or Y(V,P)O4:Eu3+, 

Zn2SiO4:Mn2+ or YBO3:Tb3+ and BaMgAl10O17:Eu2+ have been used in  plasma display 

for red, green and blue colors [132]. 

1.7.4. Solid state lighting 

Light emitting diode is one of the most important inventions. With the coming of white  
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light emitting diode, whole of the solid-state lightening has revolutionized with this 

excellent efficacy, more energy conservation and ecofriendly and long durability. In the 

commercial White light emitting diodes (WLEDs), the light is produced by YAG: Ce3+ 

yellow-emitting phosphor coating on the blue InGaN chip [133]. But still, the red 

component in this WLEDs is not efficient which results in the low rendering index and 

high color temperature. Recently, BaY2ZnO5:Eu3+, BaYZn3AlO7: Eu3+, YVO4:Eu3+ are 

the newly developed red emitting phosphors which have a superior red component 

[134,135]. LED lights have been used widely in large outdoor screens, LCD screens, 

traffic lights, indoor and outdoor lights for cars and buses, in cell phones, and flashlight 

bulbs etc. [136]. 

1.7.5. Sensing application 

Nowadays, luminescent phosphor is widely used as sensor in different field. The main 

interaction between phosphor with the biological or chemical active substance, due to the 

energy transfer between these two makes the luminescence intensity either increase or 

decrease. Different compounds like glutathione, cyanide, nitro compound in explosive 

material and other heavy metals can be easily detection with different types of phosphors. 

For instance, LuNbO4:Er3+, ZnWO4:Er3+/Yb3+ and YNbO4:Er3+/Yb3+ are used a 

nanoprobes for temperature sensing [137,138]. La2O2CO3:Eu3+/Ho3+ is commonly used 

as probe for the detection of H2O2 [139]. YVO4:Eu3+, GdVO4:Eu3+, SrF2:Ce3+/Tb3+, 

Gd2O3:Eu3+ are used for detection of heavy metal ions [140-143]. Cu Fe3O4 and 

NaYF4:Yb3+/Er3+ can form a complex and it is used in the detection of DNA [144].  

1.8 Outlook of the Thesis 

This thesis covers the results obtained from the investigation of luminescent properties 

of unsensitized and Bi3+ sensitized Y2O3 and Gd2O3 activated with Eu3+ and Sm3+. During 

the course of investigation, it has come to light that the sensitization with Bi3+ can 

enhance the luminescence efficiency of these phosphors. Interestingly, the excitation 

wavelength can be further pushed towards the near UV region due to the presence Bi3+ 

in the phosphor. Thus, the phosphor produces intense red colour emission in the case of 

Eu3+ activated Y2O3 and Gd2O3 phosphors. This result is promising for the potential of 

these phosphors in the fabrication of white light emitting light emitting diodes. 
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Chapter 2 

Basic principles of instrumentation 

2.1. Introduction  

Understanding the basic principles and fundamentals of the instruments use during the 

characterization of the materials is important. This allows the selection of suitable 

characterizing techniques required to investigate the physical characteristics and 

properties of the materials of interest. This will guarantee the proper understanding of 

the properties. During the course of this work, some minimum required characterizing 

techniques have been utilized in understanding the characters and properties of 

materials investigated. Some of them include X-ray diffraction (XRD), Transmission 

electron microscopy (TEM), Fourier transform infrared (FT-IR) spectroscopy and 

Luminescence spectroscopy. The following explains briefly the basic principles of 

working of these mentioned techniques.  

2.2. X-ray Diffraction 

X-ray diffraction is one of basic characterizing technique to understand the crystalline 

nature of the solids. The solids materials of many kinds of metal, inorganic compounds, 

inorganic compounds, insulators, semiconductors, metals, ceramics, polymers, etc. The 

techniques can give the information such as structure, symmetry of the atomic 

arrangement, atomic positions pertaining to the crystalline materials under 

investigation. The diffraction pattern also allows estimating the crystalline size.  

 X-ray corresponds belongs to the electromagnetic radiation whose wavelength 

in range of 1 – 2 Å. The X-rays are produced when a charge particle possessing very 

high energy in the range of several thousand of electron volt suddenly decelerated by a 

heavy metal. These heavy metals are commonly called as target metals. Most 

commonly, copper or molybdenum is used. 

 The X-ray diffraction occurs when the X-ray undergo scattering from the atoms 

arranged in a crystalline material following the Bragg’s law. The Bragg’s law can be 

briefly understood with the schematic figure presented in Fig. 2.1. 
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Fig. 2.1. Schematic representation of Bragg’s law for X-ray diffraction 

When two beams of monochromatic X-ray (designated as 1 and 2 here) are scattered 

from the atoms located in a plane, one of the beam (beam 2) travels an extra distance 

compared to ray-1. This difference is called as path difference. With the help 

trigonometric formula, the extra path travelled by the ray-2 is  

𝑎𝑏 + 𝑏𝑐 = 𝑑𝑆𝑖𝑛𝜃 + 𝑑𝑆𝑖𝑛𝜃 (2.1) 

When this path difference is equal to whole number ‘n’ of the wavelength (λ) of the 

monochromatic X-ray used, the scattered rays 1 and 2 will be completely in phase.  

2𝑑𝑆𝑖𝑛𝜃 = 𝑛𝜆𝑆𝑖𝑛𝜃 (2.2) 

This is known as Bragg’s law. When the Bragg’s law is satisfied, the rays 

interfere constructively. Thus, the diffraction peaks from the planes where atoms are 

arranged. This is true for any other crystalline planes present in the solid. Two 

geometrical laws are worth to mention: (i) The incident beam which is normal to the 

reflecting plane and the diffracted beam are always coplanar and (ii) The angle between 

the transmitted and diffracted beam is always 2θ. This is known as diffraction angle 

which is experimentally measured against the diffraction peaks. From the diffraction 

position corresponding to ‘2’, the phase of the material can be determined with the 

help of available Powder Diffraction File (Joint Committee on Powder Diffraction 

Standards, Swarthmore, USA). Using Eqn. 2.2, d-spacing and corresponding hkl planes 

can be computed and so thus lattice parameters of the materials using the following: 
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(i) For cubic system, 
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(iv) For monoclinic system, 
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 Where a, b, c are lattice parameters of the crystal and  is angle. 

The size of the individual crystal is less than 100 nm, the term ‘particle size’ or more 

commonly termed as ‘crystallite size’ presently can be calculated from the broadening 

of the diffraction peaks using the following equation,  

𝑡 =
0.9𝜆

𝛽𝐶𝑜𝑠𝜃
 (2.7) 

where, β = broadening of the diffraction line measured at half its maximum intensity (in 

radians), t = diameter of the crystalline particle. The ‘θ’ is the corresponding angle of 

the diffraction. This is known as Scherrer formula. 

2.3. Transmission Electron Microscopy 

One of the key characterizing techniques ever since the emergence nanosize particles, 

imaging the morphology and precise measurement of the particle size has become very 

important. Although, XRD can estimate the crystalline size, it is limited in 

understanding the morphology and size of the amorphous particles. The transmission 

electron microscopy (TEM) though imaging and its high resolution mode can help in 

deeper understanding of the particles.   

The TEM usually operates a very high voltage typically with ~200 kV or more. 

Unlike the optical microscope where conventional light is used to produce the image, 

TEM uses high energetic electrons are used to focus the specimen for the production of 

the image. TEM usually has 3 (three) main compartments. First one is the illumination 

compartment. In this compartment, highly energetic electrons are generated from so 

called electron gun. These electron guns are made of tungsten filament, lanthanum 

hexaboride LaB6 etc. The accelerated electrons from this are now condensed in the 

compartment through condenser before hitting the specimen. The first condenser lens 
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will set the demagnification also often labeled as spot size. The second condenser lens 

will provide the control over convergence angle of the beam before leaving the 

compartment. The parallel beam exited will illuminate the specimen. Now, the electron 

beams passing through specimen (some of them scattered) will be focused by the 

objective lens. This lens plays the role of first image formation and diffraction pattern. 

Subsequently, the image is enlarged by the projector lenses. Later, this enlarged image 

is displayed on the viewing screen.  

 

 

 

 

 

 

 

 

Fig. 2.2. Schematic picture of a Transmission electron microscope. 

2.4. Fourier Transform Infrared Spectroscopy 

Infrared absorption spectra correspond to a range from about 100 to about 5000 cm−1; 

that is, far away from the optical range. Thus, infrared absorption spectra are generally 

measured by so-called Fourier Transform Infrared (FT-IR) spectrometer. It provides 

useful information on the phonon structure of solids. The presence of different 

functional groups can be found out from the different vibrational absorption bands 

observed from the spectrum.  

The basic configuration of an FTIR spectrometer is schematically shown in Fig. 

2.3. The essential instrument of this spectrometer is a Michelson interferometer that 

consists of a fixed mirror, a moving mirror, and a beam splitter. When the IR beam, 

coming from a source, reaches the beam splitter, it is divided into two halves. Half of 
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the beam is reflected in the beam splitter to the fixed mirror, while the remaining half 

passes through the beam splitter toward the moving mirror. These two beams are 

reflected in the fixed and moving mirrors, respectively, and come back to the beam 

splitter, where they recombine into a new beam that passes through the sample and is 

finally focused on to the detector. 

Instruments for measuring IR absorption required a source of continuous IR 

radiation and an IR transducer. The IR sources consist of an inert solid that is heated 

electrically to a temperature between 1500 and 2200 K. These sources produce 

continuum radiation approximating that of a blackbody. Some of the sources are Nernst 

glower, Globars, incandescent wire source, tungsten filament lamp, carbon dioxide 

laser, semiconductor IR laser. 

Fig. 2.3. A schematic diagram of an FTIR spectrometer. 

IR transducers are of three general types: (1) pyroelectric transducers, (2) 

photoconducting transducers, and (3) thermal transducers. The first is found in 

photometers, many FTIR spectrometers, and dispersive spectrophotometers. 

Photoconducting transducers are also found in FTIR instruments. Thermal detectors are 

found in older dispersive instruments but are too slow to be used in FTIR 

spectrometers. 
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2.5. Luminescence Spectroscopy 

The instruments for measuring fluorescence and phosphorescence spectra have similar 

construction and should be called luminescence spectrometers. But the group of 

molecules that exhibit fluorescence is by far larger than that exhibiting 

phosphorescence; hence, the term fluorescence spectrometer is used. The main spectral 

features of luminescence are spectral distribution, polarization, and radiation lifetime. 

For analytical purposes, mainly spectral distribution and polarization are used. 

Measuring of the lifetimes requires rather sophisticated time-resolved spectroscopic 

techniques.  

2.5.1. Steady State Spectrofluorometer  

Two basic types of spectra can be produced by a conventional fluorescence 

spectrometer. In the emission spectrum, the wavelength of the exciting radiation is held 

constant (at an absorption wavelength of the analyte) and the spectral distribution of the 

emitted radiation is measured. In the excitation spectrum, the fluorescence signal is 

measured at a fixed wavelength of the emission selector, as the wavelength of the 

exciting radiation is varied.  

A schematic diagram of a fluorescent spectrometer is shown in Fig. 2.4. The 

instrument contains the source of UV/vis radiation, an excitation wavelength selector, 

an emission wavelength selector, a sample chamber, and a detector. Basically, this is a 

single beam instrument. The fluorescence emitted by the sample is usually measured at 

90° in order to avoid disturbances by non-absorbed excitation radiation. 

The luminescence intensity is directly proportional to the intensity of the light 

source, and a high-intensity light source can therefore be used to increase the sensitivity 

and to lower the detection limits for luminescence analyses. The xenon arc lamp is a 

commonly used source. The Xe lamp emits continuously over a broad wavelength 

range and is therefore well suited for spectral scanning. Other sources include mercury 

arc lamp, halogen lamps, combined xenon-mercury lamps and Lasers. 

Photomultiplier tubes (PMTs) are the most commonly used detectors, and 

various types are available for different applications. Among the more commonly used 

multichannel detectors are diode arrays, vidicons, silicon intensified target vidicons, 

CCD and charge-injection devices, and numerous other devices made available by 

recent technological advances. 
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Fig. 2.4. A schematic diagram of a Spectrofluorometer 

2.5.1. Time Resolve Spectrofluorometer  

Fluorescence lifetime measurements can give information about collisional deactivation 

processes, about energy transfer rates, and about excited-state reactions. The 

measurement of luminescence lifetimes was initially restricted to phosphorescent 

systems, where decay times were long enough to permit the easy measurement of 

emitted intensity as a function of time. In recent years, however, it has become 

relatively routine to measure rates of luminescence decay on the fluorescence time 

scale (10−5 to 10−9 s). 

Fig. 2.5. Electronic schematic for TCSPC. 
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Two widely used approaches are used for lifetime measurements, the time-

domain approach and the frequency-domain approach. In time-domain measurements, a 

pulsed source is used and the time-dependent decay of fluorescence is measured. In the 

frequency-domain method, a sinusoidally modulated source is used to excite the 

sample. The phase shift and demodulation of the fluorescence emission relative to the 

excitation waveform provide the lifetime information. The working of a time correlated 

single photon counting (TCSPC) is discussed here. 

The system requires an excitation pulse that excites the samples and sends a 

signal to the electronics. This signal is passed through a constant function discriminator 

(CFD), which accurately measures the arrival time of the pulse. This signal is passed to 

a time-to-amplitude converter (TAC), which generates a voltage ramp that is a voltage 

that increases linearly with time on the nanosecond timescale. A second channel detects 

the pulse from the single detected photon. The arrival time of the signal is accurately 

determined using a CFD, which sends a signal to stop the voltage ramp. The TAC now 

contains a voltage proportional to the time delay (∆t) between the excitation and 

emission signals. As needed, the voltage is amplified by a programmable gain amplifier 

(PGA) and converted to a numerical value by the analog-to-digital converter (ADC). To 

minimize false readings, the signal is restricted to a given range of voltages. If the 

signal is not within this range the event is suppressed by a window discriminator (WD). 

The voltage is converted to a digital value that is stored as a single event with the 

measured time delay. A histogram of the decay is measured by repeating this process 

numerous times with a pulsed-light source. 

These instruments use high repetition rate mode-locked picosecond (ps) or 

femtosecond (fs) laser light sources, and high-speed microchannel plate (MCP) 

photomultiplier tubes (PMTs). For many applications, these expensive systems are 

being rapidly replaced by systems using pulsed-laser diodes (LDs), light-emitting 

diodes (LEDs), and small, fast PMTs. 
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Chapter 3 

Photoluminescence properties of Y2O3:Ln3+ (Ln3+ = 

Eu3+ & Sm3+) 

3.1. Introduction  

Lanthanide activated oxides such as Y2O3, La2O3, Lu2O3, Gd2O3, etc. are considered as 

excellent phosphor materials. They possess low phonon energy. These phosphors are 

chemically and optically stable than sulfide-based counterparts [1,2]. They are used in 

various applications including cathode ray tubes [3,4] display [4-6], lamps [5,6], 

biological and anti-counterfeit applications [7-10]. These phosphors are also potential 

in solid state lighting (SSL) applications [11-13]. Recently, application of phosphors 

towards the SSL has become important. This is because of the fact that the 

commercially available white light emitting diodes (w-LEDs) are made by converting 

the phosphors emitting yellow down-converted with blue LEDs. It is now anticipated 

by constructing such w-LEDs by down-converting all three primary colours of red, 

green, blue with proper appropriate near UV LEDs. Among them, red emitting 

phosphor is highly demanded. Therefore, various red emitting phosphors such as 

Na2Y2B2O7:Eu3+ [14], BaZrGe3O9:Eu3+ [15], Eu3+ activated La2MoO6-La2WO6 

composite [16], La2Ce2O7:Eu3+ [17], CaMoO4:Eu3+ [18-20], CaWO4:Eu3+ [21-23], and 

YVO4:Eu3+ [24,25], Y2O3:Eu3+ [26-29], Y2O2S:Eu3+ [30] etc. are recently reported.  

Among various rare earth oxide hosts mentioned, Y2O3 which having low phonon 

energy is a good host material for various lanthanides. Generally, Y2O3 exists as 

sesquioxides exhibiting cubic structures [31-34]. Therefore, Y2O3 offers two non-

equivalent sites viz., C2 (non-centrosymmetric) and S6 (centrosymmetric) [33-36]. Y2O3 

has the advantage of exhibiting the charge transfer band (CTB) arising due to the 

electron transfer from Oxygen ions to the empty f-shells of lanthanides, e.g. Eu – O 

CTB [35-40]. There are various reports on the luminescence properties Y2O3 doped 

these lanthanides i.e., Y2O3:Tb3+ [41-43], Y2O3:Dy3+ [44-46]. Y2O3:Eu3+ phosphor has 

been widely reported as potential red phosphor. Lately, these phosphors are reported as 

potential for solid state lighting applications [26-28]. While, various applications such 

bio imaging, anti-counterfeit applications, etc. are also reported [8,9]. Similarly, 

photoluminescence properties of Y2O3:Sm3+ are also reported [47-49].   
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In this chapter, simple hydrothermal technique with subsequent post annealing 

for was adopted for preparing cubic Y2O3:Eu3+ and Y2O3:Sm3+. The photoluminescence 

properties of steady state and decay dynamics of are investigated. We have also studied 

the emission colour using Commission International de I’Eclairage (CIE) chromaticity 

diagram. 

3.2. Experimental methods 

3.2.1. Materials 

Yttrium (III) nitrate hexahydrate (Y(NO3)3·6H2O, 99.9%, Alfa Aesar), europium (III) 

nitrate hexahydrate (Eu(NO3)3·6H2O, 99.9%, Alfa Aesar), and samarium (III) nitrate 

hexahydrate (Sm(NO3)3·6H2O, 99.9%, Alfa Aesar) were used as received for the 

sources of Y3+, Eu3+, and Sm3+ respectively. Polyvinyl pyrrolidone (PVP, MW ~ 40000, 

Sigma Aldrich) was used as capping agent. 

3.2.2. Synthesis of Eu3+ doped Y2O3 phosphors  

Hydrothermal technique was adopted to synthesize Eu3+ doped Y2O3 phosphors 

(denoted as Y2O3:Eu3+). For the synthesis of Y2O3:Eu3+ (1 at.%) sample, 1.7 mg of 

Eu(NO3)3·6H2O and 381 mg of Y(NO3)3·6H2O were dissolved in 5 mL of deionized 

water (DIW) in a beaker. To this, 150 mg of polyvinyl pyrrolidone (PVP) was also 

added. The final volume was made 30 mL with the addition of DIW. The pH of the 

solution was fixed at 10 using ammonium hydroxide solution (NH4OH, ~25% NH3, 

Sigma Aldrich). Finally, the solution was transferred to a Teflon lined stainless steel 

autoclave and heated at 180 °C for 18 h in an oven. The precipitate was centrifuged and 

washed several times with DIW and acetone. All the remaining samples were 

synthesized following the same procedure. The as-prepared samples were annealed at 

500 and 900 °C for 4 h in the air.  

3.2.3. Synthesis of Sm3+ doped Y2O3 phosphors 

Following the similar procedure mentioned in the Sec 3.2.2, Y2O3:Sm3+ phosphors 

were also synthesized adopting hydrothermal method. In a typical synthesis of 1 at.% 

Sm3+ doped Y2O3 sample, 2.2 mg of Sm(NO3)3·6H2O and 381 mg of Y(NO3)3·6H2O 

were dissolved together in 5 mL of DIW. To this, 150 mg of polyvinyl pyrrolidone 

(PVP) was also added. The whole solution was kept under hydrothermal condition for 
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18 h at 180 °C. The remaining samples were also prepared with similar process. The as-

prepared samples were annealed at 500 and 900 °C for 4 h in the air.  

3.2.4. Characterization 

X-ray diffractometers Bruker D8 advance and Rigaku Ultima IV with Cu Kα radiation 

were used for crystalline phase identification. Fourier transform infrared (FT-IR) 

spectrometer (Shimadzu make IR-Affinity-1S) was used to record the FT-IR spectra of 

the prepared samples. Morphology of the particles was studied using the transmission 

electron microscopy (TEM) images recorded with JEOL 2000FX. The steady state and 

dynamics of photoluminescence (PL) as well as quantum yield (QY) were measured 

using Fluoromax-4CP spectrofluorometer (HORIBA make) equipped 150 W Xenon 

lamp and 25 W μs Xenon flash lamp. All the PL measurements were carried out on the 

glass slides at room temperature with a resolution of ±1 nm. K-sphere ‘petite’ 

integrating sphere from Photon Technology International (PTI) was used for QY 

measurements. For calculation of absolute QY, 𝜙(%) =  
𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

𝐼𝑞𝑢𝑎𝑟𝑡𝑧 − 𝐼𝑠𝑎𝑚𝑝𝑙𝑒
 was used. 

𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = luminescence emission intensity of the sample, 𝐼𝑞𝑢𝑎𝑟𝑡𝑧  = the intensity of 

light used to excite only the quartz slide and 𝐼𝑠𝑎𝑚𝑝𝑙𝑒 = the intensity of the light used for 

exciting the sample on the quartz slide. The photon absorbed by the sample is given by 

the difference between the last two. All the measurements were taken in the emission 

mode. The QY measurements were carried out on the quartz slides at room 

temperature. 

3.3. Results and discussion 

3.3.1. X-ray diffraction study 

The X-ray diffraction (XRD) patterns of Y2O3:Eu3+ (Eu3+ = 1, 3, 7, 11, 15, 19, 21 and 

25 at.%) samples annealed at as prepared, 500 and 900 °C are shown in Fig. 3.1. And, 

Fig. 3.2 illustrates the XRD patterns of Y2O3:Sm3+ (Sm3+ = 0, 1, 2, 4, 6, 8 and 10 at.%) 

samples annealed at 500 and 900 °C. XRD pattern of as prepared sample (Y2O3:Eu3+) is 

found to amorphous in nature. The XRD patterns all the annealed samples are well 

matched with the cubic phase of Y2O3 with ICDD no. 41–1105 [50,51]. No extra 

phases such as Eu2O3, Sm2O3, etc. are observed. This suggests the formation of solid 

solution of Eu3+ or Sm3+ in the host matrix. Such possibility of lattice substitution in 

Y3+ sites of Y2O3 by Eu3+ or Sm3+ is due to near equivalent ionic radii of Eu3+ (r = 
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0.947 Å), and Sm3+ (0.958 Å) to that of Y3+ (r = 0.9 Å). The average crystalline sizes of 

the prepared samples were calculated using Debye-Scherrer,  =  
𝜅𝜆

𝛽 𝑐𝑜𝑠𝜃
 , where, D is the 

crystalline size, κ is the Scherrer constant (= 0.9), λ is the wavelength of the X-ray used, 

β is the FWHM at Bragg angle and ε is the lattice strain. From the Scherrer equation, 

the average crystalline sizes of Y2O3:Eu3+ samples are calculated ~6–25 nm and 26–33 

nm were observed respectively for 500 and 900 °C annealed samples. While, the 

average crystalline sizes of Y2O3:/Sm3+ samples are calculated ~7–9 nm and 23–29 nm 

were observed respectively for 500 and 900 °C annealed samples. The details are given 

in Table 3.1.  

Fig. 3.1. The X-ray diffraction (XRD) patterns of (a) 500 and (b) 900 °C annealed Y2O3:Eu3+ (Eu3+ = 1, 

3, 7, 11, 15, 19, 21 and 25 at.%). 

Table 3.1. Calculated crystallite size for Eu3+ or Sm3+ doped Y2O3 samples annealed at 

500 and 900 °C, using Scherrer relation.  

Eu3+ (%) 
Crystallite size (nm)  Sm3+ (%) Crystallite size (nm) 

500 °C 900 °C  500 °C 900 °C 

1 11 27  0 - 27 

3 7 32  1 7 28 

7 9 33  2 9 29 

11 - 30  4 8 26 

15 6 31  6 - 28 

19 - 26  8 8 23 

21 25 30  10 7 27 

25 - 28  12 - 27 
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Fig. 3.2. The X-ray diffraction (XRD) patterns of (a) 500 and (b) 900 °C annealed Y2O3:Sm3+ (Sm3+ = 0, 

1, 2, 4, 6, 8, 10 and 12 at.%). 

3.3.2. Fourier transform infrared spectroscopy study  

Fig. 3.3. FTIR spectra of 500 and 900 °C annealed Y2O3:Eu3+ (3 at.%) samples. 

FT-IR spectra of 500 and 900 °C annealed samples of Y2O3:Eu3+ (3 at.%) are shown in 

Fig. 3.3. Both the spectra show the absorption bands at 3456/3464 cm-1 is due to the 

−OH stretching vibrations [52,53]. The asymmetric and symmetric stretching 

vibrations of CH2 are observed at 2924 and 2854 cm−1 [54-56]. The absorption peak at 

1635/1641 cm-1 is due to the asymmetric stretching of C=O bond [54,55]. The −OH 



Chapter 3. Photoluminescence properties of Y2O3:Ln3+ (Ln3+ = Eu3+ & Sm3+) 

 39 

bending vibration which is usually observed at ~1641 cm-1 [53] could not be observed. 

This might be due to the merger with the C=O vibrational peak. The Y-O stretching 

vibration is observed at 573/592 cm−1. Other possible absorption bands of PVP could 

not be observed from the FTIR spectra as the samples were heated at 500 and 900 °C. 

The absorption bands at 1516, 1400, 1122 cm−1 are coming from the CO3
2− groups.  

3.3.3 Transmission electron microscopy study 

TEM images of 500 and 900 °C annealed samples are shown in Fig. 3.4 and 3.5 

respectively. Particles are in rod shape with an average diameter of ~250 – 450 nm and 

~1000 – 1500 nm in length (Fig. 3.4(a)).Whereas, the particles with ~200 – 450 nm in 

diameter and ~ 2 µm or more in length are observed in annealed samples (Fig. 3.5(a)). 

The measured interplanar spacing of 0.33 nm of as-prepared sample corresponds to 

(222) plane of Y2O3 (See Fig. 3.4(b)). On the other hand, interplanar spacing of 0.44 

nm corresponds to (211) plane of cubic Y2O3 (Fig. 3.5 inset)). Also, the diffraction 

planes calculated from the SAED images (Fig. 3.4(c)) are well matched with that of 

Y2O3. This confirms the formation of crystalline Y2O3.  

Fig. 3.4. TEM images (a) along with HR-TEM (b) and SAED images (c) of a selected region of 500 °C 

annealed Y2O3:Eu3+ (3 at.%). 
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Fig. 3.5. TEM image along with HR-TEM image of 900 °C annealed Y2O3:Eu3+ (3 at.%).. 

3.3.4. Photoluminescence studies of Y2O3:Eu3+ 

3.3.4.1. Steady state PL study 

Excitation spectra of (a) 500 and (b) annealed Y2O3:Eu3+ samples are illustrated in Fig. 

3.6. All the excitation spectra consists a broad peak in the 230 to 290 nm peaking 

between 254 to 264 nm depending on the concentration of Eu3+. The former peak 

related to the charge transfer band (CTB) band as a result of electron transfer from the  

Fig. 3.6. PL excitation spectra of (a) 500 and (b) 900 °C annealed Y2O3:Eu3+ samples monitored at λem = 

611 nm. Concentration of Eu3+ are given if the figure. 
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2p orbitals of oxygen to the empty 4f orbitals of the Eu3+ (denoted as Eu-O CTB) 

[26,35,38,50]. And, other sharp peak in the longer wavelength region at 320 (7F0 

→5HJ), 363 (7F0 →
5D4), 381 (7F0 →

5G2) 393/396 (7F0 →
5L6) and 464 (7F0 →

5D2) nm 

are due to transitions within f-f shell of Eu3+ (indicated inside the parenthesis) 

[30,38,50,57,58]. The careful observation in the Eu-O CTB, the peak is red shifted from 

~254 to 264 nm with the increase of Eu3+ concentration. The shift is obvious when the 

Eu-O CTB peak is compared between the Eu3+ (1 at.%) and  Eu3+ (25 at.%). (See Fig. 

3.7).  

Fig. 3.7. Expanded region (~220 – 300 nm) region of PL excitation spectra of (a) 500 and (b) 900 °C 

annealed Y2O3:Eu3+ samples monitored at λem = 611 nm. Concentration of Eu3+ are given if the figure. 

 

 Fig. 3.8. PL emission spectra of Y2O3:Eu3+ (7 at.%) samples annealed at (a) 500 and (b) 900 °C. 

Excitation wavelengths are 255 nm (Eu−O CTB), 393 (Eu3+, 7F0 →5L6) and 464 (Eu3+, 7F0 →5D2) nm.  
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Fig. 3.8 shows the emission spectra of (a) 500 and (b) 900 °C annealed 

Y2O3:Eu3+ (7 at.%) samples under different excitations at 255 nm (Eu−O CT), and 

direct excitations at 393 (Eu3+, 7F0 →
5L6) and 464 (Eu3+, 7F0 →

5D2) nm. Considering 

the 611 nm emission which is highest among other peaks, it is clearly seen that the 

emission intensity is highest when excited at 255 nm compared to the remaining 

excitations. This clearly suggests the efficient transfer of excited photons from the Eu-

O CTB to the excited states of Eu3+.  

 Fig. 3.9 illustrates the emission spectra of Y2O3:Eu3+ (1, 3, 5, 7, 9, 13, 17, 21 

and 25 at.%) samples annealed at 500 (a, c, e) and 900 °C (b, d, f) under 255, 393 and 

464 nm excitation. All the emission spectra consist of sharp emission peaks in the 

region of ~ 500 to 750 nm. These emission peaks are originated from the transitions 

within the f-f electronic energy levels of Eu3+. These transitions are categorized into 3 

groups (i) magnetic dipole transitions: 5D2→
7F3 at 512 nm, 5D1→

7F1 at 533 and 537 

nm, 5D1→
7F2 at 553, 5D0→

7F1 at 587, 592 and 599 nm, 5D0→
7F3 at 651 nm. (ii) 

Electric dipole transitions: 5D0→
7F2 at 611 and 629 nm and (iii) electric quadrupole: 

5D0→
7F4 at 708 and 711 nm, respectively [18,21,35,38,50]. Apart from these emission 

peaks, a peak at 581 nm is also observed. This is due to the strictly forbidden 5D0→
7F0 

transition (discussed later). Among all these Eu3+ transitions, emission at 611 nm is 

strongest.  

In all the case, the emission peak due to the electric dipole transitions 

(5D0→
7F2) is dominant over the magnetic dipole transitions (5D0→

7F1). As predicted by 

the Judd-Ofelt theory, the electric dipole transitions are dependent on the nature of the 

environment of around the Eu3+ while the magnetic dipole transitions is independent 

[59-61]. Such behavior of Eu3+ emission in Y2O3 can be understood by considering the 

crystal structure of Y2O3. In cubic Y2O3 lattice, non-centrosymmetric, C2 symmetry 

sites occupies ~75% while the centrosymmetric, S6 symmetry has ~25% occupation 

[29,35,50]. When the Eu3+ occupies the C2 lattice sites which are non-centrosymmetric, 

the electric dipole transitions occur as forced electric dipole and becomes dominant 

over other transitions. This is further corroborated by the presence of 3 (three) Stark 

components in 5D0→
7F1 transition in all the spectra. This is against the allowed 2 (two) 

components whenever Eu3+ occupies centrosymmetric sites [63]. The information of  
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Fig. 3.9. PL emission spectra of 500 (a, c, e) and 900 °C (b, d, f) of Y2O3:Eu3+ (Eu3+ = 1, 3, 5, 7, 9, 13, 

17, 21 and 25 at.%) samples. Excitation wavelengths are given in the figures. 

the asymmetric environment around the Eu3+ can be further obtained by calculating the 

asymmetric ratio (A). The asymmetric ratio (A) is given by the ratio of integrated 

emission intensity of 5D0→
7F2 to 5D0→

7F1. The asymmetric ratio (A) is given by  

𝐴 =
∫ 𝐼𝑒𝑑𝑑𝜆

633
603

∫ 𝐼𝑚𝑑𝑑𝜆
602

585

(3.1) 
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where, Ied and Im represent the 5D0→
7F2 and 5D0→

7F1 transitions. The integration limits 

are wavelengths (nm). Fig. 3.10 shows the asymmetric ratio of the Y2O3:Eu3+ (1, 3, 5, 

7, 9, 13, 17, 21 and 25 at.%) samples annealed at (a) and (b) 900 °C under 255 nm 

excitation (calculated from the original data of the Fig. 3.9). In all the cases, the ‘A’ 

value is above 6 for all the Eu3+ concentration. This suggests the increase occupancy of 

the C2 sites by the Eu3+. Thus, the emission is predominantly from the Eu3+ located in 

the C2 sites [35,38,50].  

Fig. 3.10. Asymmetric ratio at different concentrations in (a) 500 and (b) 900 °C annealed Y2O3:Eu3+ 

(Eu3+ = 1, 3, 5, 7, 9, 13, 17, 21 and 25 at.%) samples. λex = 255, 393 and 464 nm. 

The value of the asymmetric ratio, A > 1, indicates the increase in lattice 

substitution of Eu3+ in the C2 sites of Y3+ in Y2O3:Eu3+ [50,62,63]. The asymmetric 

ratios in all the cases are in the within ~6-8. This suggests that the Eu3+ is located in the 

asymmetric environment irrespective of variation of Eu3+ concentrations. Also, nature 

of environment around the Eu3+ is independent of excitation wavelengths. 

Again, the observance of strictly forbidden 5D0→
7F0 transition at 581 nm may 

be reckoned as perturbation in the surrounding of the Eu3+. This perturbation is arisen 

due to the asymmetric nature around Eu3+ at C2 sites. Such observation cannot be 

explained by Judd and Ofelt theory which is based on closure approximation of mixing 

higher lying odd parity state with 4f states. The most probable mechanism is reported 

due to J-mixing. The J-mixing is considered to be dominant contribution arisen from 

mixing of 7F0 and 7F2 compared to the other higher lying f-manifolds in the ground state 

[64]. This idea is further extended by other authors with the consideration second order 

crystal field parameter [35,65]. The second order crystal field parameter can be 

calculated using [35] 
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𝐼0→0

𝐼0→2
=

4𝐵20
2

75∆20
2   (3.2)  

where, B20 is the second order crystal field parameter, and ∆20 is the energy separation 

between 7F0 and 7F2 which value was taken as 900 cm-1. Fig. 3.11 illustrates the 

variation B20 versus the Eu3+ concentration in (a) 500 and (b) 900 °C annealed 

Y2O3:Eu3+ samples under the excitation of 255 nm. The B20 values vary from 795 to 

1060 cm-1 and 735 to 1040 cm-1 respectively for 500 and 900 °C annealed samples. 

These high values are indication of perturbed environment around the Eu3+.  

Fig. 3.11. Variation of B20 versus Eu3+ concentration of (a) 500 and (b) 900 °C annealed Y2O3:Eu3+ (Eu3+ 

1, 3, 5, 7, 9, 13, 17, 21 and 25 at.%) samples under the excitation of 255 nm. Solid lines are guide to the 

eye. 

 

Fig. 3.12. Integrated emission intensities of Y2O3:Eu3+ (Eu3+ = 1, 3, 5, 7, 9, 13, 17, 21 and 25 at.%) (a) 

500 and (b) 900 °C samples at λex = 255, 393 and 464 nm. 
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Fig. 3.12 shows the integrated emission intensities of dominant to 5D0→
7F2 

(611 nm) of 900 °C annealed Y2O3:Eu3+ (1, 3, 5, 7, 9, 13, 17, 21 and 25 at.%) samples. 

The excitation wavelengths are 255, 393 and 464 nm. In all the cases, the luminescence 

intensity increases with the increase of Eu3+ concentration. The maximum intensity of 

the luminescence is observed at ~13 at.% of Eu3+. Thereafter, the intensity decreases 

with the increase of concentration. This phenomenon is quite common among the 

lanthanide activated phosphors. When the concentration becomes high, the distance 

between the Eu3+ becomes shorter. This leads to cross-relaxation among them which is 

non-radiative. This increases the probability of non-radiative transitions. 

3.3.4.2. PL decay lifetime and quantum yield study 

Fig. 3.13 shows the decay curves of 5D0 level of Eu3+ emission 500 (a & c) and 900 °C 

(b & d) annealed (1, 3, 7, 11, 15, 19, 21 and 25 at.%) samples by monitoring at 611 nm 

emission. Excitation wavelengths are 255 and 464 nm. All the decay profiles follow the 

second order exponential decay, 

𝐼(𝑡) = 𝐼1𝑒
−

𝑡

𝜏1 + 𝐼1𝑒
−

𝑡

𝜏2 (3.3) 

where 𝐼1 and 𝐼2 stand for intensities at two different times. The 1 and 2 represent the 

corresponding lifetimes. 

Typical fitting is given in Fig. 3.13. The average decay lifetime can be calculated using,  

𝜏𝑎𝑣 =
𝐼1𝜏1

2+𝐼2𝜏2
2

𝐼1𝜏1+𝐼2𝜏2
 (3.4) 

The average decay lifetime calculated using Eqn. 3.4 is given in Table 3.2. The average 

decay lifetime under the excitation of 255 nm varies from 0.88 to 1.53 ms and 1.47 to 

2.49 ms respectively for 500 and 900 °C annealed samples. And, under direct excitation 

at 464 nm, the lifetime value changes from 0.81 to 1.6 ms and 1.4 to 1.64 ms 

respectively for 500 and 900 °C annealed samples. From the Table 3.2, it is observed 

that the decay lifetime value in the case of 900 °C annealed samples is more than that 

of 500 °C annealed samples. This behavior is same for both the excitation wavelengths. 

Such improved lifetime after annealing at higher temperature is may be due to 

improved luminescence. Such improved luminescence after annealing at higher 

temperature is due to improved crystallinity. The absolute quantum yield measurements 

were performed following the report [18,21]. The quantum yields for Y2O3:Eu3+ (13 
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at.%) under 255 nm excitation are found to be 7 and 10% respectively for 500 and 900 

°C annealed samples.  

Fig. 3.13. PL decay curves of 5D0 level of Eu3+ emission in 500 (a & c) and 900 °C (b & d) Y2O3:Eu3+ (1, 

3, 5, 7, 9, 13, 17, 21 and 25 at.%) samples. Excitation wavelengths are 255 and 464 nm.  

 

Fig. 3.14. Typical fitting of decay curve for Eu3+ emission (λex = 255 and 464 nm and λem = 611 nm) in 

Y2O3:Eu3+ (7 at.%) sample. 
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Table 3.2 The average lifetime calculated for the decay curves of 5D0 level of Eu3+ in 500 and 900 °C 

annealed Y2O3:Eu3+ (1, 3, 5, 7, 13, 17, 21 and 25 at.%) samples.  

Eu3+ (at.%) 

500 °C 900 °C 

λex = 255 nm λex = 464 nm λex = 255 nm λex = 464 nm 

𝜏𝑎𝑣 (ms) R2 𝜏𝑎𝑣 (ms) R2 𝜏𝑎𝑣 (ms) R2 𝜏𝑎𝑣 (ms) R2 

1 1.53 0.99 1.6 0.99 1.47 0.99 1.46 0.99 

3 1.35 0.99 1.32 0.99 1.56 0.99 1.4 0.99 

5 1.35 0.99 1.29 0.99 2.06 0.99 1.57 0.99 

7 1.37 0.99 1.22 0.99 2.34 0.99 1.53 0.99 

9 1.21 0.99 1.24 0.99 2.49 0.99 1.64 0.99 

13 1.2 0.99 1.08 0.99 2.12 0.99 1.52 0.99 

17 1.1 0.99 1.03 0.99 2.17 0.99 1.58 0.99 

21 1.01 0.99 0.94 0.99 - - 1.49 0.99 

25 0.85 0.99 0.81 0.99 - - 1.4 0.99 

3.3.4.3. CIE chromaticity studies 

To understand the colour of the emission from different samples, the Commission 

International de I’Eclairage (CIE) chromaticity was analyzed using the spectral data. 

The CIE positions of the Y2O3:Eu3+ (1, 3, 7, 11, 15, 19, 21 and 25 at.%) samples under 

the excitation of 255 are indicated in the diagram (Fig. 3.15). Under both the excitation 

wavelengths, it is clearly observed that the colour of the emission is mostly 

concentrated in the red region.  

Fig. 3.15. CIE chromaticity coordinate positions of (a) 500 and (b) 900 °C annealed Y2O3:Eu3+ (1, 3, 5, 

7, 9, 13, 17, 21 and 25 at.%)  samples. Excitation wavelength is 255 nm. 
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3.3.5. Photoluminescence studies of Y2O3:Sm3+ 

3.3.5.1. Steady state PL study 

Fig. 3.16 shows the excitation spectra of (a) 500 and (b) 900 °C annealed Y2O3:Sm3+ 

(0.5, 1, 2, 4, 6, 8, 10, and 12 at.%) samples monitored at 606 nm. All the excitation 

spectra consist of sharp peaks originated from the f-f transitions of Sm3+. These are 

observed at 346 (7H5/2→
4K17/2), 362 (7H5/2→

4D3/2), 378 (7H5/2→
6P7/2), 406 

(7H5/2→
6P3/2), 422 (7H5/2 →

6D5/2), 467 (7I11/2 →
6P3/2), and 492 nm (7H5/2 →

6G7/2) [67-

70]. These are originated from the f-f shell of Sm3+. Fig. 3.17 illustrates the emission 

spectra of Y2O3:Sm3+ (0.5, 1, 2, 4, 6, 8, 10, and 12 at.%) samples under the direct 

excitations at 406 nm. The sharp emission peaks in the region of ~ 550 to 750 nm are 

observed.  

Fig. 3.16. PL excitation spectra of (a) 500 and (b) 900 °C Annealed Y2O3:Sm3+ (0.5, 1, 2, 4, 6, 8, 10, and 

12 at.%) samples monitored at λem = 606 nm. 

These sharp emission peaks are related to the transitions within the f-f electronic 

energy levels of Sm3+. These emission peaks are related to the transitions originated 

from the 4G5/2 →
6H5/2 (at 564 and 572 nm) and 4G5/2 →

6H7/2 (at 602, 606 and 611 nm) 

are related to magnetic dipole transitions. And, the transition at 4G5/2 →6H9/2 (at 654 

and 665 nm) is due to pure electric dipole transition [67-71]. In all the cases, the 

transition at 4G5/2 →
6H5/2 (at 602, 606 and 611 nm) is dominant. Since the ΔJ = ±1, it is 

designated as magnetic dipole transition by quantum mechanical selection rule. 

However, this transition is considered to be dominated by electric dipole transition 

[70,71]. 
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Fig. 3.17. PL emission spectra of Y2O3:Sm3+ (0.5, 1, 2, 4, 6, 8, 10 and 12 at.%) samples monitored at λex 

= 406 nm. 

Fig. 3.18. Integrated PL emission of 500 and 900 °C annealed Y2O3:Sm3+ (0.5, 1, 2, 4, 6, 8, 10 and 12 

at.%) samples. Excitation wavelength is 406 nm.   

Considering the highest emission peak at 606 nm, the integrated area of this 

peak is obtained. Fig. 3.18 displays the integrated area against the Sm3+ concentration 

for 500 and 900 °C annealed samples (as indicated in the figure). It can be clearly 

observed that the emission intensity is gradually increases with the increase of Sm3+ 

concentration and found to saturate at 1 at.%. On further increase of the doping 

concentration, it is clearly seen that the intensity of the emission is decreased. This is 

obvious phenomenon in the emission by lanthanide doping. Such decrease in the 
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emission against the higher concentration of the doping is known as concentration 

quenching. This quenching occurs when the distance between the doping lanthanide 

ions is less than certain critical distance, cross relaxation among them dominates. The 

dominance of cross relaxation induces the increase non-radiative transitions. 

3.3.5.2. PL decay lifetime and quantum yield study 

Fig. 3.19 shows the decay profiles of 5G5/2 level of Sm3+ emission in Y2O3:Sm3+ (1, 2, 

4, 6, and 8 at.%) samples by monitoring at 606 nm emission. Excitation wavelength is 

406 nm. All the decay profiles follow the second order exponential decay (Eqn. 3.3). 

The average decay lifetime was calculated using Eqn. 3.4 and given in Table 3.3.  

Fig. 3.19. PL decay curves of 5G5/2 level of Sm3+ emission in Y2O3:Bi3+ (1 at.%)/Sm3+ (1, 2, 4, 6 and 8 

at.%). λem = 606 nm and λex = 406 nm. 

Table 3.3: The average lifetime calculated for the decay curves of 5G5/2 level of Sm3+ by monitoring at 

606 nm emission in Y2O3:Sm3+ (1, 2, 4, 6, and 8 at.%) samples. 

Sm3+ (at.%) 
500 °C 900 °C 

𝜏𝑎𝑣 (ms) R2 𝜏𝑎𝑣 (ms) R2 

1 1.34 0.99 2.07 0.99 

2 1.13 0.99 1.85 0.99 

4 1.05 0.99 1.6 0.99 

6 0.50 0.99 0.91 0.99 

8 0.31 0.99 0.66 0.99 
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The decay lifetime varies from 0.31 to 1.34 ms in the case of 500 °C annealed 

samples. And, this value changes from 0.66 to 2.07 ms in the case of 900 °C annealed 

samples. From the Table 3.3, it can be observed that the decay lifetime value in both the 

cases decreases with the increase of Sm3+ concentration. Such decrease in the decay 

lifetime of emission by lanthanide ions can be ascribed to the increase in the non-

radiative transitions. Non-radiative transitions are due to the cross relaxation among 

lanthanide ions. On the other hand, the corresponding decay lifetime is increased after 

the annealing temperature is high. Such improvement in the decay lifetime is due 

reduction in the extent of non-radiative transitions. This corroborates the behavior of 

emission intensity variation against the Sm3+ concentration in steady state luminescence 

(see Sec. 3.3.5.1)   

3.3.5.3. CIE chromaticity studies 

Fig. 5.22 illustrates the CIE chromaticity of (a) 500 and (b) 900 °C annealed Sm3+ 

emission in Y2O3:Sm3+ (0.5 1, 2, 4, 6, 8, 10 and 12 at.%) samples under the excitation 

of 406 nm.  

Fig. 3.20. CIE chromaticity coordinate positions of Y2O3:Sm3+ (0.5, 1, 2, 4, 6, 8, 10 and 12 at.%)  

samples excited at 406 nm. 

From the figure, it can be observed that the emission is spread over the region of 

orange-red region. These samples under the excitation at 406 nm can promising for red 

component phosphor for near-UV LED excited phosphor converted white emitting 

LEDs. However, it requires further improvement in the luminescence. 
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3.4. Conclusions 

Eu3+ and Sm3+ doped Y2O3 were successfully synthesized by hydrothermal method 

with post annealing at 500 and 900 °C. The as prepared samples have shown to be 

amorphous. The amorphous phase of the samples crystallizes after heat treatment at 500 

°C. All the samples annealed at 500 and 900 °C have shown to crystallize in the cubic 

structure. In Y2O3:Eu3+, the maximum emission of Eu3+ is observed at ~13 at.% 

concentration. High asymmetric value of the emission in the entire concentration of 

Eu3+ studied indicates the fair asymmetric environment of Eu3+ in Y2O3. This is also 

supported by the high value of second order crystal field parameter calculated from the 

spectral data. Thus, the high perturbation due to the asymmetric nature in the 

surroundings of Eu3+ is suggested. Both the steady state and decay dynamics of the PL 

corroborates the occurrence quenching due to the increase in non-radiative transitions. 

CIE coordinates suggest red emission by all the samples. In Y2O3:Sm3+, all the 

emission are observed in the orange-red region. The highest emission intensity is 

observed at ~1 at.% of Sm3+. Quenching of emission after 1 – 2 at.% of Sm3+ is 

observed. This is due to the increase in non-radiative transition because of cross-

relaxation. This has been corroborated from the decay lifetime of studies of 5G5/2 

emission of Sm3+. Under the 406 nm excitation, 2 and 4 at.% of Sm3+ doped Y2O3 

samples show the orange-red emission in the CIE study.  
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Chapter 4 

Photoluminescence properties and energy transfer in 

Bi3+ sensitized Y2O3:Ln3+ (Ln3+ = Eu3+ & Sm3+) 

4.1. Introduction  

Lanthanide activated inorganic phosphors have recently gathered enormous interest for 

their potential applications in solid state lighting [1-4], as fluorescent probe [5-8] and 

biological imaging, etc. [9-12]. On the front of lighting applications, these inorganic 

phosphors have become the prefer choice (as potential alternative) ever since the use of 

yttrium aluminate garnet (Y3Al5O12:Ce3+) with GaN light emitting diode (LED) chip 

has been commercialized for general lighting purposes as replacement for general 

fluorescent lamp, tube light, incandescent lamps etc. [13-15]. However, this device has 

certain disadvantages of low colour rendition (< 80, due to the lack of sufficient red 

component), temperature and current dependent chromaticity, thermal quenching etc. 

[13,16-20]. In order to improve the colour rendition, mainly 3 (three) approaches have 

been reported: (i) To develop entirely white emitting phosphor excitable by UV/near 

UV (NUV) LED, (ii) Combination of all 3 (three) primary components i.e., red, green 

and blue phosphor with NUV LED and (iii) Red and green phosphor with blue LED 

source. The white LEDs (WLEDs) based on the latter two approaches are expected to 

achieve high colour rendition (> 90) in future with the development of appropriate and 

efficient red emitting phosphor [18,21-23]. Among these, the three-colour band 

approach with NUV LED will have the advantage of resulting clearer and brighter view 

to human eye [16,24,25]. 

 The WLEDs based on the combination of blue, green and red down converted 

phosphors with UV or NUV LEDs have recently gained as important alternative 

approach with the expectation of improving colour rendition [24]. In this approach, 

efficient blue (BaMgAl10O17:Eu2+) and green (SrSi2O2N2:Eu2+ or Ba2SiO4:Eu2+) 

phosphors are already available [26]. However, highly efficient red phosphors excitable 

with UV or NUV LEDs are scarce. In this aspect, the broad band Eu2+ activated nitride 

and silicate-based phosphors, such as CaAlSiN3, Sr4[LiAl11N14] etc. [27-29], were 

reported as efficient red emitters. However, the emission band extends beyond 700 nm 

thereby reducing efficiency in most cases, since the emission is beyond human eye’s  
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sensitivity (> 700 nm) [14]. Recently, the enhanced energy transfer in La2MoO6-

La2WO6 composite structure activated with Eu3+, when compared to individual 

tungstates or molybdates, was reported as potential red component for WLED [25]. 

Later, we also have reported highly efficient red emission from Bi3+ sensitized 

CaMoO4:Eu3+ as possible red component for blue LED converted WLEDs [30]. The 

recent reports are also available on the Eu3+ activated phosphors, such as Bi4Si3O12 and 

Y2Mo4O15, as potential red component for solid state lighting using NUV LED as 

pumping source [31,32]. 

 Commonly, Y2O3:Eu3+ and Y2O2S:Eu3+ are considered as excellent red 

phosphors for practical applications, such as displays [33-36]. However, these 

phosphors usually have absorption in UV (250-260 nm) and low absorption with 

narrow band NUV ~393 nm limiting the practicality in terms of efficiency [25]. While, 

the Y2O3:Sm3+ has the absorption at the near UV region ca. ~400 nm due to f-f 

absorption. However, this absorption band weak. There are various reports on the 

luminescence studies of Y2O3:Sm3+ [34-41]. In this aspect, sensitization of using Bi3+ 

can be an alternative for efficient near UV excitable red emitter with enhanced 

emission. This is due to two strong absorption bands of Bi3+ from ground state 6s2 to 

the excited state 6s6p (1S0 → 3P1) near UV region (~340 and 400 nm) depending on the 

Bi3+ ions substituting the well-known 2 (two) different symmetry sites of Y3+ in Y2O3 

[42-45]. Subsequently, this Bi3+ absorption can render the resonance energy transfer. 

So, many researchers have reported the luminescence properties of Bi3+ sensitized 

Y2O3:Eu3+ phosphor which is potentially useful for solid state lighting applications 

[16,46]. 

 In this chapter, the luminescence properties of hydrothermally synthesized Bi3+ 

sensitized Eu3+ and Sm3+ activated Y2O3 is discussed. The energy transfer processes 

from the sensitizer to the activator through steady state and decay dynamics 

luminescence is deliberated. The possibility of changing the emission colour through 

varying excitation wavelength and activator concentration is shown. The details of 

photoluminescence (PL) decay lifetime, quantum yield and the Commission 

International de I’Eclairage (CIE) chromaticity diagram are also presented.  
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4.2. Experimental methods 

4.2.1. Materials 

Yttrium (III) nitrate hexahydrate (Y(NO3)3·6H2O, 99.9%, Alfa Aesar), europium (III) 

nitrate hexahydrate (Eu(NO3)3·6H2O, 99.9%, Alfa Aesar), samarium (III) nitrate 

hexahydrate (Sm(NO3)3·6H2O, 99.9%, Alfa Aesar), bismuth (III) nitrate pentahydrate 

(Bi(NO3)3·5H2O, 99.99%, Alfa Aesar), were used as received for the sources of Y3+, 

Eu3+, Sm3+ and Bi3+ respectively. Polyvinyl pyrrolidone (PVP, MW ~ 40000, Sigma 

Aldrich) was used as capping agent.  

4.2.2. Synthesis of Bi3+ sensitized Y2O3 doped with Eu3+ phosphors  

Yttrium (III) nitrate hexahydrate (Y(NO3)3·6H2O, 99.9%, Alfa Aesar), bismuth (III) 

nitrate pentahydrate (Bi(NO3)3·5H2O, 99.99%, Alfa Aesar), europium (III) nitrate 

hexahydrate (Eu(NO3)3·6H2O, 99.9%, Alfa Aesar) were used as sources of Y3+, Bi3+ 

and Eu3+, respectively. Polyvinyl pyrrolidone (PVP, MW ~ 40000, Sigma Aldrich) was 

used as a capping agent. All these chemicals were used without further purification. In 

a typical synthesis of 1 at.% Bi3+ sensitized Y2O3:Eu3+ (1 at.%) sample (termed as 

Y2O3:Eu3+ (1 at.%)/Bi3+ (1 at.%)), 2.4 mg of Bi(NO3)3·5H2O was dispersed in 2 mL of 

deionized water (DIW) with continuous stirring. To this, 2.2 mg of Eu(NO3)3·6H2O and 

379.2 mg of Y(NO3)3·6H2O were put and mixed together. 150 mg of polyvinyl 

pyrrolidone (PVP) was also added to the above solution. The volume was made up to 

30 mL with the addition of DIW. The pH of the solution was fixed at 10 using 

ammonium hydroxide solution (NH4OH, ~25% NH3, Sigma Aldrich). Then, the 

solution was transferred to a Teflon lined stainless steel autoclave and heated at 180 ℃ 

for 18 h in an oven. It was cooled down to room temperature naturally. The precipitate 

was centrifuged and washed several times with DIW and acetone. Then, it was dried at 

50 ℃ overnight. The samples with other Eu3+/Bi3+ concentrations were synthesized 

following the same procedure. The as-prepared samples were annealed at 500 for 4 h or 

900 ℃ for 4 h in the air.  

4.2.3. Synthesis of Bi3+ sensitized Y2O3 doped with Sm3+ phosphors 

Following the similar procedure mentioned in the above section, Bi3+ sensitized 

Y2O3:Sm3+ phosphors (denoted as Y2O3:Bi3+/Sm3+) were also synthesized adopting 

hydrothermal method. In a typical synthesis of 1 at.% Bi3+ sensitized Y2O3:Sm3+ (1 

at.%) sample, 2.4 mg of Bi(NO3)3·5H2O was dissolved in 2 mL of deionized water (DIW) 
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under continuous stirring. To the above, 2.2 mg of Sm(NO3)3·6H2O and 379 mg of 

Y(NO3)3·6H2O were added. 150 mg of polyvinyl pyrrolidone (PVP) was also added to 

the above solution. The whole solution is kept under hydrothermal condition for 18 h at 

180 °C. The remaining samples were also prepared with similar process. The as-

prepared samples were annealed 500 and 900 °C for 4 h in the air.  

4.2.4. Characterization 

X-ray diffractometers Bruker D8 advance and Rigaku Ultima IV with Cu Kα radiation 

were used for crystalline phase identification. Fourier transform infrared (FT-IR) 

spectrometer (Shimadzu make IR-Affinity-1S) was used to record the FT-IR spectra of 

the prepared samples. Morphology of the particles was studied using the transmission 

electron microscopy (TEM) images recorded with JEOL 2000FX. The steady state and 

dynamics of photoluminescence (PL) as well as quantum yield (QY) were measured 

using Fluoromax-4CP spectrofluorometer (HORIBA make) equipped with 150 W 

Xenon lamp and 25 W μs Xenon flash lamp. The fluorescence decay lifetime of Bi3+ 

was recorded by Time correlated single photon counting (TCSPC) technique (HORIBA 

make DeltaFlex) with pulse LED (340±10 nm) source (pulse width < 1.2 ns). All the 

PL measurements were carried out by casting samples over the glass slides at room 

temperature. K-sphere ‘petite’ integrating sphere from Photon Technology International 

(PTI) was used for quantum yield (QY) measurements. For calculation of absolute QY, 

𝜙(%) =  
𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

𝐼𝑞𝑢𝑎𝑟𝑡𝑧 − 𝐼𝑠𝑎𝑚𝑝𝑙𝑒
 was used. 𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = luminescence emission intensity of the 

sample, 𝐼𝑞𝑢𝑎𝑟𝑡𝑧  = the intensity of light used to excite only the quartz slide and 𝐼𝑠𝑎𝑚𝑝𝑙𝑒 = 

the intensity of the light used for exciting the sample on the quartz slide. The photons 

absorbed by the sample is given by the difference between the last two. All the 

measurements were taken in the emission mode. The QY measurements were carried 

out on the quartz slides at room temperature. 

4.3. Results and discussion 

4.3.1. X-ray diffraction study 

The X-ray diffraction (XRD) patterns of Y2O3:Eu3+ (Eu3+ = 1, 3, 5, 7, 11, 13 and 17 

at.%)/Bi3+ (1 at.%) samples annealed at  500 and 900 °C are shown in Fig. 4.1. And, 

Fig. 4.2 illustrates the XRD patterns of Y2O3:Sm3+ (Sm3+ = 0.5, 1, 2, 4, 6, 8 and 10 

at.%)/Bi3+ (1 at.%) samples annealed at  500 and 900 °C. All the patterns are well 



Chapter 4. Photoluminescence properties and energy transfer in Bi3+ sensitized Y2O3:Ln3+  

(Ln3+ = Eu3+ & Sm3+) 

61 

matched with the cubic phase of Y2O3 with ICDD no. 41–1105 [47,48]. The presence 

of other possible impurity phases such as Eu2O3, Sm2O3, Bi2O3 etc. is not observed. 

This suggests the formation of solid solution of Eu3+ and Bi3+ ions in the host matrix. 

Such possibility of lattice substitution in Y3+ sites of Y2O3 by Eu3+ or Sm3+ and/or Bi3+ 

is due to near equivalent ionic radii of Eu3+ (r = 0.947 Å), Sm3+ (0.958 Å), and Bi3+ (r = 

1.03 Å) to that of Y3+ (r = 0.9 Å). The average crystalline sizes of the prepared samples 

were calculated using Debye-Scherrer,  =  
𝜅𝜆

𝛽 𝑐𝑜𝑠𝜃
 , where, D is the crystalline size, κ is 

the Scherrer constant (= 0.9), λ is the wavelength of the X-ray used, β is the FWHM at 

Bragg angle and ε is the lattice strain. From the Scherrer equation, the average 

crystalline sizes of Y2O3:Eu3+/Bi3+ samples are calculated ~10–12 nm and 28–34 nm 

were observed respectively for 500 and 900 °C annealed samples. While, the average 

crystalline sizes of Y2O3:Bi3+/Sm3+ samples are calculated ~10–12 nm and 25–28 nm 

were observed respectively for 500 and 900 °C annealed samples. The detail of the 

calculated crystallite sizes of all the samples are given in Table 4.1. 

 

Fig. 4.1. The X-ray diffraction (XRD) patterns of (a) 500 and (b) 900 °C annealed Y2O3:Eu3+ (Eu3+ = 1, 

3, 5, 7, 11, 13 and 17 at.%)/Bi3+ (1 at.%). 
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Fig. 4.2. The X-ray diffraction (XRD) patterns of (a) 500 and (b) 900 °C annealed Y2O3:Sm3+ (Sm3+ = 0, 

1, 2, 4, 6, 8, 10 and 12 at.%)/Bi3+ (1 at.%). 

Table 4.1. Calculated crystallite size for 1 at.% Bi3+ sensitized and Eu3+ or Sm3+ doped Y2O3 500 and 

900 °C annealed samples, using Scherrer relation.  

Eu3+ (%) 
Crystallite size (nm)  

Sm3+ (%) 
Crystallite size (nm) 

500 °C 900 °C  500 °C 900 °C 

1 10 31  0 10 27 

3 10 32  1 11 26 

5 10 33  2 10 27 

7 11 28  4 12 25 

11 10 31  6 - 28 

13 12 32  8 11 26 

17 11 34  10 12 24 

 

4.3.2. Fourier transform infrared spectroscopy study  

FT-IR spectra of 500 and 900 °C annealed samples of Y2O3:Bi3+ (1 at.%)/Eu3+ (3 at.%) 

are shown in Fig. 4.3. In both the figures, The absorption band observed at 3430 cm-1 is 

due to the O-H bending vibration [22,35]. The absorption band at 1653 cm-1 is assigned 

to carbonyl (C=O) vibration.  
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Fig. 4.3. FT-IR spectra of 500 and 900 °C annealed Y2O3:Bi3+ (1 at.%)/Eu3+ (3 at.%) samples. 

The two small bands at 2946 and 2842 cm-1
 are due to antisymmetric and 

symmetric stretching vibrations of CH2 group. The above bands are coming from PVP 

that was used during the synthesis process [3]. The Y-O stretching vibration is observed 

at 563/575 cm-1 [33,49]. Other possible absorption bands of PVP were not observed 

from the FTIR spectra and it may due to PVP decomposition by annealing. The 

absorption bands at 1508, 1409, 1077 and 855 cm-1
 are related to CO3

2- groups. 

According to Tanner and Fu [44], the atmospheric CO2 reacts with Y2O3 to form 

carbonate during the annealing process. And this carbonate could be completely 

removed when the samples are heated above 1000 °C. As the prepared samples were 

heated only up to 900 °C, the presence of CO3
2- may be observed in the FTIR spectra. 

The bands at 1508 and 1409 cm-1 correspond to antisymmetric stretching vibration of 

CO3
2-. The band at 1077 cm-1 is assigned to symmetric stretching vibration of CO3

2-, 

while 855 cm-1 is due to out-of-plane vibration of CO3
2- [35,49]. 

4.3.3 Transmission electron microscopy study 

The TEM images of 1 at.% Bi3+ sensitized Y2O3:Eu3+ (3 at.%) sample  annealed at 500 

°C are shown in Fig 4.4. The formation of rod-shaped particles is observed from the 

TEM images. This may be understood from the report by Zhang et al. that the observed 

shape of Y2O3 as the aggregates of several nanoparticles fused together in the rod shape 

due to dipole-dipole interactions [50]. Again, the synthesis was carried out at higher 

temperature and pressure favouring the anisotropic growth of the particles [51]. The 

average dimensions of particles are ~120-250 nm in diameter having 550-1075 nm in 

length. The inter-planar spacing calculated from the high-resolution TEM (HRTEM) 
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image is found to be 0.31 nm (See Fig. 4.4(b)). This value corresponds to the (222) 

lattice planes of Y2O3. The diffraction planes from the selected area electron diffraction 

(SAED) image are also found to belong to the cubic phase of Y2O3 (See Fig. 4.4(c)). 

These confirm the formation of crystalline Y2O3:Eu3+/Bi3+. 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.4. (a) TEM (b) HRTEM image and (c) SAED pattern of 500 °C annealed 1 at.% Bi3+ sensitized 

Y2O3:Eu3+ (3 at.%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.5. (a) TEM (b) HRTEM image and (c) SAED pattern of 900 °C annealed 1 at.% Bi3+ sensitized 

Y2O3:Eu3+ (3 at.%). 
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Fig. 4.5 show the TEM images of 1 at.% Bi3+ sensitized Y2O3:Eu3+ (3 at.%) 

sample  annealed at 900 °C sample. The particles are still maintained the rod-shaped 

morphology. The sizes of the particles are increased to ~200- 450 nm in diameter with 

~2 – 3 µm in length. From the high-resolution TEM (HRTEM) image (See Fig. 4.5 

inset), the inter-planar spacing is found to be 0.32 and 0.44 nm. These values 

correspond to the (222) and (211) lattice planes of Y2O3.  

4.3.4. Photoluminescence (PL) studies of Bi3+ sensitized Y2O3:Eu3+ 

4.3.4.1. PL studies of Y2O3:Bi3+   

The PL emission spectra of the 500 °C annealed samples of Y2O3:Bi3+ (1 at.%) under 

the excitation of 315–375 nm (with the increment of 5 nm) are shown in the Fig. 4.6(a).  

Fig. 4.6. PL (a) emission spectra at λex = 315–375 nm (with the increment of 5 nm), and (b) excitation 

spectra monitored at λem = 400–550 nm (with the increment of 10 nm) of 500 °C annealed Y2O3:Bi3+ (1 

at.%). 

From the curve, it is clearly observed that the emission spectrum consists of a 

broad band with the maximum at 495 nm (green) in the region of ~400–575 nm under 

the excitation at 315–325 nm. However, with the further increase in the excitation 

wavelength from 330 nm to 360 nm, the presence of an additional broad peak at ~410 

nm (blue) is observed along with the previous emission peak. When the excitation 

wavelength is further increased beyond 360 nm, the above convoluted emission 

spectrum of two peaks transforms to one peak at ~410 (~387–460 nm region). The 

similar behaviour is observed in the 900 °C annealed samples of Y2O3:Bi3+ (1 at.%). 

This is shown in Fig. 4.7. Thus, we can conclude that the emission of Bi3+ in Y2O3 

consists of three characteristic components depending on the excitation wavelengths 
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employed: (i) characterized by green (495 nm) emission under the excitation of 315–

325 nm, (ii) mixed green (495 nm) and blue (410 nm) emission when excitation is 330–

360 nm and (iii) blue (410 nm) emission when excitation is 365–375 nm. These 

emission bands are related to 3P1 → 1S0 transitions of Bi3+. 

Fig. 4.7. PL (a) emission spectra at λex = 315–375 nm (with the increment of 5 nm), and (b) excitation 

spectra monitored at λem = 400–550 nm (with the increment of 10 nm) of 900 °C annealed Y2O3:Bi3+ (1 

at.%). 

To understand the above behaviour of the emission, the PL excitation spectra of 

the 500 °C annealed samples of Y2O3:Bi3+ (1 at.%) monitored at different emission 

wavelengths (λem) ~400–550 nm (with the increment of 10 nm) were recorded. The 

spectra are displayed in Fig. 4.6(b). From the spectra, it is clearly observed that the 

excitation (~400–460 nm emissions) consist of two broad peaks at ~338 and 371 nm. 

While, the further increase in the monitored emission wavelengths to 470–540 nm 

results in the disappearance of 371 nm peak, but, on contrary, the region of 338 nm 

peak now appears as a convoluted peak of two components at ~330 and 343 nm. 

Similar behaviour is also observed in the 900 °C annealed samples (see Fig. 4.7(b)). 

These excitation bands are originated due to 1S0 → 3P1 transitions of Bi3+ ions. To 

classify these various transitions of Bi3+ during emission and excitation, we revisited 

the structure of host Y2O3 which exists as bcc crystal structure with space group Ia3 

having two non-equivalent 6 coordinated cation sites, namely: (i) highly symmetric S6 

site with inversion symmetry and (ii) non-centrosymmetric C2 site where oxygen atoms 

on either side of the face diagonal are 4 (four) and 2 (two) atoms [42,44]. Thus, host 

Y2O3 offers two different cation sites i.e., S6 and C2, appropriate for the 

activator/sensitizer (i.e., Eu3+ and/or Bi3+ in the present case). When, λem = ~ 400 – 460 
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nm is monitored, two excitation bands observed at ~338 and 371 nm are due to the 

splitting of 3P1 excited state into doublet with respective transitions 1Ag ⟶ 3Au and 1Ag 

⟶ 3Eu after Bi3+ occupies S6 site in Y2O3 crystal lattice. On the other hand, if the Bi3+ 

occupies at C2 site in Y2O3 crystal lattice, the spin orbit interaction leads the 3P1 excited 

state to split into two excitation bands at ~330 (1A ⟶ 3A) and 343 (1A ⟶ 3B) nm, 

when λem = 470–540 nm [16,43,46,52]. Thus, the emission band characterized by green 

(495 nm) emission under the excitation of 315–325 nm is solely related to Bi3+ located 

at the C2 site symmetry. While, the blue (410 nm) emission observed with the excitation 

~365–375 nm is related to the 3Eu ⟶ 1Ag transition of Bi3+. This emission band is 

originated when Bi3+ ions sitting in the S6 symmetry sites of Y2O3. The presence of 

both emission bands (mentioned above) during the excitation with 330–360 nm is 

perhaps due to the simultaneous absorption occurring at both symmetry sites in this 

wavelength region. This can be observed from the excitation spectra in both figures. 

This region of excitation may be of interest towards the tuning of light emission colour 

and generation of white light (discussed later).  

4.3.4.2. PL studies of Y2O3:Bi3+/Eu3+   

The PL excitation spectra monitored at λem = 611 nm of the 500 °C annealed Eu3+ (5 

at.%) activated Y2O3 nanocrystals sensitized with various concentrations of Bi3+ (from 

hereon it will be termed as Y2O3: Eu3+ (5 at.%)/Bi3+ (x at.%)) are shown in Fig. 4.8 

(Left). The presence of a peak at 255 nm in the 230–280 nm is observed in all the 

spectra. This peak is originated due to the charge transfer (CT) from 2p orbitals of 

oxygen to the empty f-shells of Eu3+. While, the 330, 343 (C2 site) and 371 nm (S6 site) 

excitation peaks are related to Bi3+ (discussed in the previous para). The observation of 

the Bi3+ related excitation peaks in the spectra associated with the Eu3+ emission 

indicates the occurrence of energy transfer from Bi3+ to the excited states of Eu3+ ions 

in the Y2O3 crystal. The identical behaviour is also observed in the 900 °C annealed 

samples as shown in Fig. 4.8 (Right). Interestingly, the absorption peak related to the 

Bi3+ (C2 site) is more intense than that of Eu-O CT band. For example, nearly ~11 or 10 

times enhanced Bi3+ absorption compared to Eu-O CT band in 1 at.% Bi3+ sensitized 

Y2O3:Eu3+ (5 at.%) (insets of Fig. 4.8). This indicates enhanced energy transfer to the 

excited states of Eu3+ upon Bi3+ sensitization (discussed later). In addition to these 

broad peaks, the low intensity sharp peaks in all the spectra are also observed. These 
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peaks are associated with the absorptions within the f-shell of Eu3+ of different 

transitions viz, 7F0 → 5L6 (~393 nm) and 7F0 → 5D2 (~464 nm).  

Fig. 4.8. PL excitation spectra of 500 °C (Right) and 900 °C (Left) annealed Y2O3:Bi3+ (Bi3+ = 0, 0.25, 

0.5, 0.75, 1, 3, 5 and 7 at.%)/Eu3+ (5 at.%). Emission wavelength, λem = 611 nm. (insets show the 

comparison of Bi3+ absorption with Eu-O CT band in 1 at.% Bi3+ sensitized Y2O3:Eu3+ (5 at.%))  

The PL emission spectra of the (a) 500 and (b) 900 °C annealed Y2O3:Eu3+ (7 

at.%)/Bi3+ (1 at.%) samples under different excitation wavelengths viz., 255 nm (Eu-O 

CT), 330 nm (Bi3+, C2 site), and 371 nm (Bi3+, S6 site) are shown in Fig. 4.9.  

Fig. 4.9. PL emission spectra of (a) 500 and (b) 900 °C annealed Y2O3:Eu3+ (7 at.%)/Bi3+ (1 at.%). 

Excitation wavelengths, λex = 255, 330 and 371 nm. 

The details of all the emission peaks present in the spectra are discussed in the next 

paragraph. Considering the highest emission peak at 611 nm, it is clearly observed that 

the emission intensity is substantially higher when the excitation is through the Bi3+ 
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related absorptions i.e., 330 and 371 nm, particularly at 330 nm. This signifies the 

enhanced luminescence of Eu3+ by sensitization through the energy transfer. From here 

on, all the remaining studies will be discussed for the 330 and/or 371 nm excitations. 

Fig. 4.10 PL emission spectra of 500 °C annealed samples of Y2O3:Eu3+ (5 at.%)/Bi3+ (x at.% = 0.25, 0.5, 

0.75, 1, 3, 5, 7) under the excitation wavelengths of (a) 330 and (b) 371 nm. 

The PL emission spectra of the 500 °C annealed samples of Y2O3:Eu3+ (5 

at.%)/Bi3+ (x at.% = 0.25, 0.5, 0.75, 1, 3, 5, 7) are displayed in Fig. 4.10. The excitation 

wavelengths were 330 and 371 nm. All the spectra shown in the Fig. 4.10(a) consist of 

two broad emission bands centred at ~410 and ~495 nm. On the other hand, the 

presence of a broad emission band centred at ~410 nm is observed in Fig. 4.10(b). 

These peaks are related to the radiative emission from Bi3+ following the transition 

from excited state 3P1 to the ground state 1S0. These two peaks are due to Bi3+ 

occupying the two different symmetry sites i.e., S6 and C2, respectively, of Y2O3 (as 

discussed above). While the sharp emission peaks observed in both the figures are 

originated from the transitions within the f-shell of Eu3+ [6, 16, 25, 30, 33-35]. The 

emission peaks at 532 and 537 nm are related to 5D1 → 7F1; 587, 592 and 599 nm are 

associated with 5D0 → 7F1 while 650 nm is from 5D0 → 7F3. These transitions are due to 

magnetic dipole transitions. The emission peak at 581 nm is originated from 5D0 → 7F0 

which is considered to be electric dipole character (discussed later). On the other hand, 

the emission peaks at 611 nm (highest among all the Eu3+ related peaks) and 630 nm 

are from 5D0 → 7F2. These transitions are due to the forced electric dipole transition. 

While the emission at 709 nm, is because of electric quadrupole transitions (5D0 → 7F4). 

Among all the transitions, the highest electric dipole transition, which is forced in 

nature and sensitive to the local environmental symmetry around the Eu3+, can be 
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understood from the viewpoint of site symmetry of the Y2O3 host (as mentioned 

above). In cubic Y2O3, the non-centrosymmetric Y3+ sites having C2 symmetry 

contributes about 75% lattice, and remaining 25% are centrosymmetric, S6 sites [53]. 

Thus, the strongest emission intensity among all transitions is expected from 5D0 → 7F2. 

With this consideration, the intensity of 611 nm (5D0 → 7F2) is compared for various 

concentration of Bi3+, and the maximum emission intensity is observed when the 

sample is sensitized with 1 at.% Bi3+. However, the intensity decreased with the 

increase of Bi3+ beyond 1 at.%. This is because of the increase in the non-radiative 

transitions within Bi3+ due to the clustering of Bi3+ ions at high concentrations. Similar 

trend is also observed in the 900 °C annealed samples (not shown here). Such 

behaviour was earlier reported by us in the Bi3+ sensitized CaMoO4:Eu3+ phosphors 

[20]. From here on, remaining investigations are discussed with the fixed amount of 1 

at.% Bi3+ with varied Eu3+ concentrations. 

The abovementioned emission peak at 581 nm is associated with 5D0 → 7F0 and 

it is strictly forbidden for free Eu3+. However, its presence was observed in many hosts 

such as Y2O3:Eu3+, YPO4:Li+/Eu3+, BaFCl, Y2O2S crystals and Ca(PO3)2 glass as well 

[53-57]. It is also widely reported that the observation of this peak could not be 

explained by Judd and Ofelt theory which is based on closure approximation of mixing 

higher lying odd parity state with 4f states. As proposed by G. Nishimura and T. 

Kushida, the most probable mechanism is due to J-mixing with the dominant 

contribution from mixing of 7F0 and 7F2 in comparison with other higher lying f-

manifolds in the ground state [57]. They also ruled out the mixing with high lying odd 

parity states due to large energy gap. Ray et al. and Ningthoujam et al., also extended 

the role of J- mixing effect of 7F0 and 7F2 ground states in Y2O3:Eu3+ and Li+ sensitized 

YPO4:Eu3+ nanocrystals respectively with the consideration of second order crystal 

field parameter in the local crystal field potential [53,54]. Similarly, the second order 

crystal parameter was calculated using [53] 

𝐼0→0

𝐼0→2
=

4𝐵20
2

75∆20
2   (4.1) 

where, B20 is the second order crystal field parameter, and ∆20 is the energy separation 

between 7F0 and 7F2 which value was taken as 900 cm-1. The B20 values versus Eu3+ 

concentrations in the 500 and 900 °C annealed samples under the excitation of 330 and 

371 nm are represented in Fig. 4.11. Similar trend of the B20 values was observed in the 
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previous report. However, the values obtained in the present study are higher than 

reported [53]. The B20 values vary from 1011 to 1927 cm-1 and 1137 to 1990 cm-1 under 

the respective excitations of 330 and 371 nm for the 500 °C annealed samples. While, 

for the 900 °C annealed samples, the B20 values vary from 798 to 1745 cm-1 and 826 to 

1726 cm-1 under the 330 and 371 nm excitations, respectively. Such higher values of 

B20 may be indicative of higher perturbation crystal field around the Eu3+ environment 

due to the Bi3+ sensitization [54]. 

 

Fig. 4.11. Variation of B20 versus Eu3+ concentration of (a & c) 500 and (b & d) 900 °C annealed 

Y2O3:Eu3+ (x at.% = 1, 2, 3, 5, 7, 9, 11, 13, 15, 17, 19)/Bi3+ (1 at.%) samples. Excitation wavelengths 

(λex) are indicated in the graph. Dash (red) line is the guide to the eye. 

4.3.4.3. Mechanism of energy transfer: Bi3+ to Eu3+ 

The energy transfer from the donor/sensitizer to the acceptor (Bi3+ and Eu3+ 

respectively, in the present case) occurs understandably as there is a spectral overlap of 

the Bi3+ emissions (S6 and C2) with the absorption bands of Eu3+ (See Fig. 4.12). The 

occurrence of such energy transfer is commonly called as resonance type of energy 

transfer. To investigate the mechanism of the energy transfer from the Bi3+ to the 
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excited states of Eu3+ and it’s efficiency, we considered the emissions at different 

concentrations of Eu3+ (x at.% = 0, 1, 2, 3, 5, 7, 9, 11, 13, 15, 17, 19) with the fixed 

amount of Bi3+ (1 at.%) under the excitation of two Bi3+ related absorptions i.e. 330 and 

371 nm.  

 

 

 

 

 

 

 

 

 

Fig. 4.12. Spectral overlap between the excitation spectrum of Eu3+ ions and emission spectrum of Bi3+ 

ions in Y2O3. 

In Fig. 4.13, the normalized (normalized at 611 nm) emission spectra are shown for the 

(a) 500 and (b) 900 °C annealed samples of Y2O3:Eu3+ (x at.% = 0, 1, 2, 3, 5, 7, 9, 11, 

13, 15, 17, 19)/Bi3+ (1 at.%) excited at 330 nm. From the spectra, it is clearly observed 

that the emission related to the Bi3+ gradually decreases with the increase of Eu3+ 

concentration in both the cases. The intensity of Bi3+ emission almost reduces to 

baseline when the concentration of Eu3+ reaches maximum. Similarly, the normalized 

(normalized at 611 nm) emission spectra of the (a) 500 and (b) 900 °C annealed 

nanocrystals of Y2O3:Eu3+ (x at.% = 0, 1, 2, 3, 5, 7, 9, 11, 13, 15, 17, 19)/Bi3+ (1 at.%) 

excited with 371 nm are displayed in Fig. 4.14. However, the extent of the reduction in 

the Bi3+ emission intensity is slightly less compared to earlier case i.e., 330 nm 

excitation. This may be an indication of lesser efficient energy transfer, if the excitation 

is at 371 nm (S6 site symmetry) when compared to that obtained at the 330 nm (C2 site 

symmetry) excitation. Overall, such behaviour of decrease in the Bi3+ emission 

intensity with the increase of Eu3+ observed in both the cases mentioned above clearly 

ascertains the qualitative nature of increase in the energy transfer from the Bi3+ to the 
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randomly distributed Eu3+ ions in the host crystal. To corroborate this claim, the 

luminescence decay dynamics of Bi3+ against the increase of Eu3+ ions was 

investigated. 

Fig. 4.13. Normalized PL (normalized at 611 nm) emission spectra of (a) 500 and (b) 900 °C annealed 

samples of Y2O3:Eu3+ (x at.% = 0, 1, 2, 3, 5, 7, 9, 11, 13, 15, 17, 19)/Bi3+ (1 at.%) under the excitation 

wavelengths of 330 nm. 

 

Fig. 4.14. Normalized PL (normalized at 611 nm) emission spectra of (a) 500 and (b) 900 °C annealed 

samples of Y2O3:Eu3+ (x at.% = 0, 1, 2, 3, 5, 7, 9, 11, 13, 15, 17, 19)/Bi3+ (1 at.%) under the excitation 

wavelengths of 371 nm. 

To elucidate the efficiency of energy transfer (η) from the sensitizer Bi3+ to 

activator Eu3+, the following relation was used [30,58]: 

 𝜂 = 1 −
𝐼𝑠

𝐼𝑠0

 (4.2) 
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where, η is the energy transfer efficiency, 𝐼𝑠 and 𝐼𝑠0
 are the emission intensities of the 

sensitizer (Bi3+) in the presence and absence of activator (Eu3+), respectively. The 

energy transfer efficiencies from Bi3+ to Eu3+ at various concentrations in the 500 and 

900 °C annealed samples are shown in Fig 4.15. The excitation wavelengths are 330 

and 371 nm. The energy transfer efficiencies of the 500 and 900 °C annealed samples 

reach up to 97 and 99%, respectively, when the excitation was at 330 nm (Figs. 4.15 (a) 

and (b)). Under the excitation of 371 nm, the respective energy transfer efficiency 

reaches up to 85 and 93% (Figs. 4.15 (c) and (d)). The lesser extent of energy transfer 

when the excitation wavelength was 371 nm may be understood from the lesser 

resonance of the S6 related emission with the f-f absorption bands of Eu3+ (See Fig. 

4.12). Overall, we could see an improvement in the efficiency (η) with increase in heat 

treatment. This might be due to better crystallization of particles with the increase in 

heat treatment as well as reduction of quenching centres [45,47,48]. 

Fig. 4.15.  Energy transfer efficiency (𝜂𝑇) of different concentration of Eu3+ (x at.% = 0, 1, 2, 3, 5, 7, 9, 

11, 13, 15, 17, 19) in Bi3+ (1 at.%) sensitized Y2O3 annealed samples. Descriptions are given in the 

legend. 

It is accepted that the mechanisms of resonance type of energy transfer are 

commonly of two kinds: (i) exchange interactions and (ii) multipolar interactions. Both 
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the mechanisms are dependent on the distance between the donor and acceptors. So, the 

critical distance between the donor and acceptor can be calculated using the following 

relation [46,59], 

𝑅𝑐 = 2 [
3𝑉

4𝜋𝑥𝑐𝑁
]

1/3

 (4.3) 

where, 𝑅𝑐 represents the critical distance, V denotes the volume of the unit cell, xc is the 

critical concentration and N is the number of host cation sites (both S6 and C2 sites) in 

the unit cell. Here, the value of N = 32. In this case, Y2O3 host has the unit cell volume 

equal to 1229 and 1195 Å3, respectively, for the 500 and 900 °C annealed samples. The 

xc values are 0.08 and 0.18 at.% for the 500 and 900 °C annealed samples, respectively. 

The calculated values of 𝑅𝑐 are 10 and 7 Å respectively. These values are greater than 

the restricted distance (i.e. ~ 5 Å) of exchange interaction. This suggests that the energy 

transfer mechanism between Bi3+ and Eu3+ ions in Y2O3 is mainly through multipolar 

interactions. According to the Dexter’s resonance energy transfer through multipolar 

interactions are of 3 (three) types: dipole-dipole, dipole-quadrupole or quadrupole-

quadrupole interactions. Ignoring the much weaker quadrupole-quadrupole interactions, 

the probability (Pdd) per second of energy transfer from sensitizer to the activator 

through dipole-dipole interaction is given by [60,61]: 

𝑃𝑑𝑑(𝑅) =
3𝑐4ℏ4𝜎𝐴

4𝜋𝑛4𝜏𝐷𝑅6 ∫
𝑓𝐷(𝐸)𝐹𝐴(𝐸)

𝐸4 𝑑𝐸 (4.4) 

where, R is distance between D (sensitizer) and A (activator), n is the refractive index of 

the host matrix, 𝜎𝐴 is the absorption cross section of A, and 𝜏𝐷 is the radiative lifetime 

of D. And, energy transfer probability (Pdq) through dipole-quadrupole (Pdq) is:    

𝑃𝑞𝑑(𝑅) =
135𝜋𝛼𝑐8ℏ9

4𝑛6𝜏𝐷𝜏𝐴𝑅8 ∫
𝑓𝐷(𝐸)𝐹𝐴(𝐸)

𝐸8 𝑑𝐸 (4.5) 

The integrals in Eqns. (6) and (7) represent the spectral overlap of normalized 

sensitizer (D) emission (Bi3+ in the present case) and activator (A) absorption (Eu3+ in 

the present case), α = 1.266, and τA is the radiative lifetime of A. Other constants have 

usual meanings. Such multipolar interactions of Dexter’s theory of resonance energy 

transfer can further be expressed on the basis with Reisfeld’s approximation [58,62,63], 

𝐼𝑠0

𝐼𝑠
∝ 𝐶

𝐵𝑖3++𝐸𝑢3+
𝑛/3

 (4.6) 
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Fig. 4.16. Dependence of 𝐼𝑆0
𝐼𝑆⁄  of Bi3+ on (a) 𝐶

𝐵𝑖3++𝐸𝑢3+
6/3

, (b)𝐶
𝐵𝑖3++𝐸𝑢3+
8/3

, (c) 𝐶
𝐵𝑖3++𝐸𝑢3+
10/3

 (annealed at 500 

°C) and (d) 𝐶
𝐵𝑖3++𝐸𝑢3+
6/3

, (e)𝐶
𝐵𝑖3++𝐸𝑢3+
8/3

, (f) 𝐶
𝐵𝑖3++𝐸𝑢3+
10/3

 (annealed at 900 °C). Excitation wavelength for 

both cases is 330 nm. 

Fig. 4.17. Dependence of 𝐼𝑆0
𝐼𝑆⁄  of Bi3+ on (a) 𝐶

𝐵𝑖3++𝐸𝑢3+
6/3

, (b)𝐶
𝐵𝑖3++𝐸𝑢3+
8/3

, (c) 𝐶
𝐵𝑖3++𝐸𝑢3+
10/3

 (annealed at 500 

°C) and (d) 𝐶
𝐵𝑖3++𝐸𝑢3+
6/3

, (e)𝐶
𝐵𝑖3++𝐸𝑢3+
8/3

, (f) 𝐶
𝐵𝑖3++𝐸𝑢3+
10/3

 (annealed at 900 °C). Excitation wavelength for 

both cases is 371 nm. 
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where, C denotes the total concentration of Bi3+ and Eu3+ ions in the sample. The 

corresponding interaction is of dipole-dipole, dipole-quadrupole or quadrupole-

quadrupole type when the values of ‘n’ are 6, 8 or 10, respectively. From the linear fit 

of the plot using the equation (8), the best fit is observed at n = 6. This indicates that the 

majority of the energy transfer occurs through the dipole-dipole interactions in all the 

cases. The fitting curves obtained using all the 3 (three) values of ‘n’ for the 500 and 

900 °C annealed samples under the 330 and 371 nm excitations are shown in Fig. 4.16 

and 4.17, respectively. 

4.3.4.4. PL decay lifetime and quantum yield study 

In order to reveal more information on the energy transfer, we have investigated the 

luminescence dynamics of Bi3+ in Y2O3:Eu3+ (x at.%)/Bi3+ (1 at.%) by measuring the 

luminescence decay of Bi3+ emission related to C2 sites. The decay curves of Bi3+ 

emission related to S6 were not measured because the needed exciting source is 

unavailable. The decay curves of Bi3+ emission as a function of Eu3+ concentration in 

the 500 and 900 °C annealed Y2O3:Eu3+ (x at.%)/Bi3+ (1 at.%) with the emission 

monitored at 495 nm are shown in Fig. 4.18. The samples were excited with pulse LED 

(340±10 nm) source (pulse width < 1.2 ns). The decay curves are well fitted with the 

second order decay exponential function [54,64,65]: 

𝐼(𝑡) = 𝐼1𝑒
−

𝑡

𝜏1 + 𝐼2𝑒
−

𝑡

𝜏2 (4.7) 

where, I1 and I2 are the intensities at different times. The 1 and 2 are the corresponding 

lifetimes. The average decay lifetime can be calculated using the equation [54,64,65]: 

𝜏𝑎𝑣 =
𝐼1𝜏1

2+𝐼2𝜏2
2

𝐼1𝜏1+𝐼2𝜏2
(4.8) 

The similar behaviour of decay profiles were also observed for Bi3+ decay in Bi3+/Mn4+ 

codoped Ba2GdNbO6 as well as Ce3+ decay in Ca1.59Sr0.35−xSiO4:0.03Ce3+,0.03Li+,xEu2+ 

[64,65]. From the curves, it is clearly observed that the decay lifetime of Bi3+ decreases 

continuously with the increase of Eu3+ concentration (inset of Fig. 4.18). The decay 

time decreases from 443 to 75 ns in the 500 °C annealed samples with the increase of 

Eu3+ concentration. Comparatively, in the 900 °C annealed samples, the decrease in 

decay lifetime is from 554 to 81 ns. This decrease in decay lifetime can be attributed to 

the increase in the probability of non-radiative energy transfer from Bi3+ to the excited  
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Fig. 4.18. PL Decay lifetime curves of Bi3+ (λem = 495 nm and λex = 330 nm) of (a) 500 and (b) 900 °C 

annealed Y2O3:Eu3+ (x at.%)/Bi3+ (1 at.%) samples. Inset shows the PL decay time, τav (ns) against the 

Eu3+ concentration. 

states of Eu3+. This also can be understood from the Eqn. (4.5), where the probability of 

energy transfer through dipole-dipole interactions is inversely proportional to the 

lifetime of sensitizer. This clearly corroborates with the results obtained in the steady 

state luminescence studies (discussed in the previous section). The calculated fit 

parameters and decay lifetimes are presented in Table 4.2.  

Table 4.2. Decay lifetime (𝜏𝑎𝑣) values of Bi3+ in Y2O3:Eu3+ (x at.%)/ Bi3+ (1 at.%) samples annealed at 

500 °C and 900 °C. Excitation wavelength, λex = 330 nm and emission wavelength, λem = 495 nm. 

 

Eu3+ (at.%) 
500 °C 900 °C 

𝜏𝑎𝑣 (ns) R2 𝜏𝑎𝑣 (ns) R2 

0 438 0.99 554 0.99 

1 443 0.99 537 0.99 

2 325 0.99 470 0.99 

3 260 0.98 413 0.99 

5 190 0.98 302 0.99 

7 133 0.97 222 0.99 

9 99 0.97 158 0.99 

11 87 0.98 136 0.98 

15 75 0.98 91 0.98 

17 96 0.98 81 0.99 

19 91 0.98 82 0.98 
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The luminescence decay curves of 5D0 level of Eu3+ in Y2O3:Eu3+ (x at.%)/Bi3+ (1 

at.%) of the 500 and 900 °C annealed samples are displayed in Fig. 4.19. The emission 

decay from 5D0 level was monitored at 611 nm, and excitation wavelengths were 330 

and 371 nm. All the decay curves follow the exponential decay equation (Eqn. 4.7). 

The average decay lifetime calculated using the Eqn. (4.8) are presented in Tables 4.3 

and 4.4. The decay lifetime of Eu3+ increases up to 1.49 and 1.9 ms, respectively, for 

the 500 and 900 °C annealed samples with 9 at.% Eu3+ under the 330 nm excitation 

and, thereafter, it decreases with further increase in concentration. While, under the 371 

nm excitation, the decay lifetime of Eu3+ increases up to 1.38 and 2 ms respectively for 

the 500 and 900 °C annealed with 9 at.% Eu3+ and then decreases as the concentration 

is beyond 9 at.%.  

Fig. 4.19. PL Decay lifetime curves of 5D0 level of Eu3+ of (a & b) 500 and (c & d) 900 °C annealed 

Y2O3:Eu3+ (x at.%)/Bi3+ (1 at.%) samples. Excitation wavelengths: (a & c) 330 and (b & d) 371 nm. 

Such behaviour in the decrease in decay lifetime with increasing concentration after 

certain amount is common among the lanthanides due to cross relaxation quenching 

effect. The quantum yield measurements were performed using the integrating sphere  
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Table 4.3. Decay lifetime (𝜏𝑎𝑣) values of 5D0 level of Eu3+ in Y2O3:Eu3+ (x at.%)/ Bi3+ (1 at.%) samples 

annealed at 500 °C and 900 °C. Excitation wavelength, λex = 330 nm and emission wavelength, λem = 611 

nm. 

Eu3+ (at.%) 
500 °C 900 °C 

𝜏𝑎𝑣 (ms) R2 𝜏𝑎𝑣 (ms) R2 

1 1.16 0.99 1.31 0.99 

3 1.27 0.99 1.48 0.99 

5 1.24 0.99 1.62 0.99 

7 1.30 0.99 1.84 0.99 

9 1.38 0.99 2.00 0.99 

11 1.27 0.99 1.99 0.99 

13 1.12 0.99 1.76 0.99 

15 0.92 0.99 1.42 0.99 

17 0.86 0.99 1.46 0.99 

19 0.84 0.99 1.35 0.99 

 

Table 4.4. Decay lifetime (𝜏𝑎𝑣) values of 5D0 level of Eu3+ in Y2O3:Eu3+ (x at.%)/ Bi3+ (1 at.%) samples 

annealed at 500 °C and 900 °C. Excitation wavelength, λex = 371 nm and emission wavelength, λem = 611 

nm. 

 x (at.%) 
500 °C 900 °C 

𝜏𝑎𝑣 (ms) R2 𝜏𝑎𝑣 (ms) R2 

1 1.18 0.99 1.25 0.99 

3 1.31 0.99 1.33 0.99 

5 1.32 0.99 1.41 0.99 

7 1.36 0.99 1.53 0.99 

9 1.49 0.99 1.90 0.99 

11 1.39 0.99 1.79 0.99 

13 1.18 0.99 1.66 0.99 

15 1.01 0.99 1.32 0.99 

17 0.94 0.99 1.30 0.99 

19 0.92 0.99 1.25 0.99 

(details of the measurement can be found elsewhere [30]) and details are given in Table 

4.5. The highest quantum yield is found to be 24% in the 900 °C annealed Y2O3:Eu3+ (2 

at.%)/Bi3+ (1 at.%). Again, when we carefully observe the decay lifetime and quantum 

yield of each sample under different heating conditions, clear increase in these values is 

observed. This may be understood due to the reduction in quenching centres as well as 
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improved crystallization with increase annealing temperature thereby decreasing the 

non-radiative transition probabilities [50,52,53]. 

Table 4.5. Quantum yields of Y2O3:Eu3+ (x at.%)/ Bi3+ (1 at.%) samples annealed at 500 °C and 900 °C. 

Excitation wavelength, λex = 330 nm.  

 

Eu3+ (at.%) 
ϕ (%) 

500 °C 900 °C 

1 4 17 

2 3 24 

3 5 17 

5 3 19 

7 6 18 

9 4 16 

11 3 14 

13 3 16 

15 4 19 

17 3 18 

19 4 13 

4.3.4.5. CIE chromaticity studies 

Fig.4.20. CIE chromaticity coordinate positions of Y2O3:Eu3+ (x at.%)/ Bi3+ (1 at.%) for (a) 500 and (b) 

900 °C annealed samples excited at 330, 355 and 371 nm respectively (CIE Coordinates, See Table 4.6).  

For better prediction of the trueness in the colour of the light output by the samples, the 

Commission International de I’Eclairage (CIE) chromaticity diagram was employed. 

The CIE coordinates and positions in the CIE diagram of the 500 and 900 °C annealed 
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Y2O3:Eu3+ (x at.%)/Bi3+ (1 at.%) samples under the 330, 355 and 371 nm excitation are 

presented in Fig. 4.20 and Table 4.6.  

Table 4.6. CIE coordinates of 500 °C and 900 °C annealed Y2O3:Eu3+ (x at.%)/ Bi3+ (1 at.%) under the 

different excitation wavelengths (λex) i.e. 330 nm (C2), 355 nm and 371 nm (S6) respectively. Positions in 

the CIE diagram under 330, 355 and 371 (See Fig. 4.20).  

x at.% 
500 °C 900 °C 

330  355  371  330  355  371  

0 
a 

(0.20,0.33) 

A 

(0.20,0.29) 

α 

(0.18,0.12) 

a 

(0.20,0.33) 

A 

(0.19,0.26) 

α 

(0.17,0.07) 

1 
b 

(0.25,0.33) 

B 

(0.24,0.28) 

β  

(0.21,0.14) 

b 

(0.23,0.31) 

B 

(0.24,0.27) 

β 

(0.23,0.13) 

2 
c 

(0.28,0.34) 

C 

(0.27,0.29) 

γ 

(0.24,0.16) 

c 

(0.26,0.32) 

C 

(0.26,0.28) 

γ 

(0.24,0.14) 

3 
d 

(0.33,0.34) 

D 

(0.30,0.29) 

δ 

(0.26,0.16) 

d 

(0.31,0.32) 

D 

(0.29,0.28) 

δ 

(0.28,0.18) 

5 
e 

(0.38,0.35) 

E 

(0.35,0.30) 

ε 

(0.31,0.20) 

e 

(0.37,0.33) 

E 

(0.35,0.29) 

ε 

(0.32,0.20) 

7 
f 

(0.43,0.34) 

F 

(0.38,0.29) 

ζ 

(0.33,0.21) 

f 

(0.43,0.34) 

F 

(0.40,0.30) 

ζ 

(0.37,0.24) 

9 
g 

(0.48,0.34) 

G 

(0.33,0.23) 
- 

g 

(0.50,0.34) 

G 

(0.46,0.30) 

η 

(0.40,0.26) 

11 
h 

(0.51,0.34) 

H 

(0.39,0.25) 

ι 

(0.35,0.21) 

h 

(0.53,0.34) 

H 

(0.50,0.31) 

ι 

(0.45,0.29) 

13 
i 

(0.51,0.33) 

I 

(0.36,0.24) 

θ 

(0.33,0.20) 

i 

(0.55,0.34) 

I 

(0.49,0.31) 

θ  

(0.43,0.28) 

15 
J 

(0.53,0.34) 

J 

(0.34,0.24) 

κ 

(0.33,0.21) 

j 

(0.56,0.34) 

J 

(0.50,0.31) 

κ 

(0.43,0.28) 

17 
K 

(0.55,0.34) 

K 

(0.42,0.27) 

λ 

(0.38,0.24) 

k 

(0.58,0.34) 

K 

(0.54,0.32) 

λ 

(0.47,0.29) 

19 
L 

(0.55,0.33) 

L 

(0.37,0.24) 

μ 

(0.35,0.22) 

l 

(0.58,0.34) 

L 

(0.52,0.31) 

μ 

(0.44,0.30) 

 

Under the 330 nm excitation, the colour of the emission light output varies from bluish 

green to red which passes through white region with the increase of Eu3+ concentration. 

At a particular composition, i.e. Y2O3:Eu3+ (3 at.%)/Bi3+ (1 at.%), the CIE coordinates 

fall in the white area (See Fig. 4.20). While, the emission colour varies from bluish to 

red when excited at 355 nm. On the other hand, the colour variation is from blue to red 

under the 371 nm excitation. In order to verify the various colour of emission, the 

photographs of the light emission from the samples under the direct exposure of light 

are illustrated in Fig. 4.21. Under different excitation wavelengths, we also have 

observed the different colour emission. For this, we have taken a particular 

concentration sample i.e. Y2O3:Eu3+ (3 at.%)/Bi3+ (1 at.%). The related coordinates and  
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Fig. 4.21. Physical photographs of Y2O3:Eu3+ (x at.%)/Bi3+(1 at.%) (Eu3+ concentration in at.% is 

indicated on the top row) 500 °C annealed samples excited at (a) 330 nm, (c) 355 nm and (e) 371 nm, 

along with 900 °C annealed samples excited at (b) 330 nm, (d) 355 nm and (f) 371 nm, respectively. 

positions in CIE diagram are given in Fig. 4.22 and Table 4.7. In Figure 4.23, 

thephotographs are shown for the 500 and 900 °C annealed samples under the exposure 

of different excitation wavelengths from UV to blue. It can be suggested that the 

emission colour from the investigated samples can tuned by changing the excitation 

wavelengths as well. 

 

Fig. 4.22. CIE chromaticity coordinate positions of Y2O3:Eu3+ (3 at.%)/ Bi3+ (1 at.%)  for (a) 500 and (b) 

900 °C annealed samples under different wavelengths (positioned in the colour space). (Also see Table 

4.7). 
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Fig. 4.23. Physical photographs of Y2O3:Eu3+ (3 at.%)/Bi3+(1 at.%) for (a) 500 °C and (b) 900 °C 

annealed samples excited at different wavelength (Top row indicates the excitation wavelengths). 

 

Table 4.7. CIE coordinates for Y2O3:Eu3+ (3 at.%)/ Bi3+ (1 at.%) sample heated at 500 and 900 °C under 

different excitation wavelengths. CIE Positions (See Fig. 4.22). 

λex (nm) 500 °C 900 °C 

255 (0.40,0.28) (0.45,0.31) 

330 (0.31,0.32) (0.30,0.31) 

340 (0.31,0.31) (0.30,0.30) 

350 (0.30,0.29) (0.29,0.29) 

360 (0.27,0.23) (0.27,0.21) 

370 (0.24,0.16) (0.25,0.13) 

380 (0.22,0.14) (0.24,0.12) 

393 (0.39,0.31) (0.48,0.33) 

464 (0.52,0.46) (0.57,0.41) 

 

4.3.5. Photoluminescence studies of Bi3+ sensitized Y2O3:Sm3+ 

4.3.5.1. Steady state PL study 

Fig. 4.24 shows the excitation spectra of 900 °C annealed Bi3+ (1 at.%) sensitized 

Y2O3:Sm3+ (1, 2, 4, 6, 8, 10, and 12 at.%) samples monitored at 606 nm. Similar to the 

excitation spectra of Y2O3:Bi3+/Eu3+ discussed in Sec. 4.3.4.2, the spectra consist of (i) 

excitation peaks related to the Y2O3:Sm3+ and (ii) excitation peaks originated from the 

Bi3+. The small broad peak observed at 255 nm could be due to the charge transfer band 

of O2- to Sm3+ [66]. And, other sharp peak in the longer wavelength region at 406, 422, 

467 and 492 nm is due to the 7H5/2 →
6P3/2, 

7H5/2 →
6D5/2, 

7I11/2 →
6P3/2, and 7H5/2 →

6G7/2 

transitions respectively within the f-f shell of Sm3+ [6,67-70]. The excitation peaks at 

330, 347 and 370 nm are originated from the Bi3+ absorption. These peaks are due to 
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the presence of two types of lattice sites namely, C2 and S6 having octahedral 

coordination in cubic Y2O3 (as discussed in 4.3.4.1 and 4.3.4.2).  

 Fig. 4.25 illustrates the emission spectra of Y2O3:Bi3+ (1 at.%)/Sm3+ (1 at.%) 

samples. The excitation wavelengths are 330 nm (Bi3+, related to C2 site), 370 nm (Bi3+, 

related to S6 site) and direct excitations at 406 nm. Comparing the emission peak at 606 

nm, it can be observed that the emission intensity is highest when excited at 330 nm 

than other remaining excitations. This suggests that the Bi3+ sensitization in Y2O3:Sm3+ 

can render the energy transfer from the Bi3+ absorption to the excited states of Sm3+ 

resulting improved emission intensity (discussed later). The remaining part of the study 

will be concentrated with the excitations related to the Bi3+ absorption only. 

 Fig. 4.24. PL excitation spectra of 900 °C annealed Bi3+ (1 at.%) sensitized Y2O3:Sm3+ (1, 2, 4, 6, 8, 10 

and 12 at.%) samples monitored at λem = 606 nm 

The emission spectra consist of two types: (i) the broad emission peak with two humps 

at ~417 and 504 nm in the region of ~380 to 575 nm and (ii) sharp emission peaks in 

the region of ~ 550 to 700 nm. The broad band emission is related to the Bi3+ originated 

from 3P1→
1S0. The presence of these two distinct humps in the emission band is due to 

the Bi3+ occupying at 2 (two) different symmetry sites (discussed in Sec. 6.3.4.1). The 

sharp emission peaks mentioned in (ii) are related to the transitions within the f-f 

electronic energy levels of Sm3+. These emission peaks are related to the transitions 

originated from the 4G5/2 →
6H5/2 (at 564, 568 and 574 nm) and 4G5/2 →

6H5/2 (at 606, 

615 and 621 nm) are related to magnetic dipole transitions. While, the transition at 4G5/2 
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→6H9/2 (at 654 and 665 nm) is due to pure electric dipole transition [4,67-70]. In all the 

cases, the transition at 4G5/2 →
6H5/2 (at 606, 615 and 621 nm) is dominant even though 

it due to magnetic dipole transition, ΔJ = ±1, it is also dominated with electric dipole 

transition [71,72]. 

Fig. 4.25. PL emission spectra of 900 °C annealed Y2O3:Bi3+(1 at.%)/Sm3+ (1 at.%) samples under 

different excitations at 335 nm (Bi3+, related to C2 site) and 375 nm (Bi3+, related to S6 site) and 406 nm 

(f-f absorption).  

4.3.5.2. Mechanism of energy transfer: Bi3+ to Sm3+ 

Fig. 4.26 shows the emission spectra of Y2O3:Bi3+ (1 at.%)/Sm3+ (0, 1, 2, 4, 6, 8, 10 and 

12 at.%) samples under the excitation of 330 nm. Similar PL emission spectra under the 

370 nm excitation are given at Fig 4.27. From both the figures, it is observed that the 

intensity of emission band related to the Bi3+ is decreased with the increase in Sm3+ 

concentration. 

This is due to the increase in the non-radiative energy transfer to the excited states of 

randomly distributed Sm3+ ions at the expense of radiative transition within Bi3+. This 

suggests the occurrence of energy transfer in both the cases. The efficiency of the 

energy transfer is calculated using Eqn. 4.2. Fig. 4.28 shows the energy transfer 

efficiencies of 500 and 900 °C annealed samples under the excitation of 330 nm. In 

both cases the energy transfer efficiency reaches ~ 90%.   
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Fig. 4.26. Normalized PL emission of (a) 500 and (b) 900 °C annealed Y2O3:Bi3+ (1 at.%)/Sm3+ (0, 0.5, 1, 

2, 4, 6, 8, 10 and 12 at.%) samples under the excitation at 330 nm. 

Fig. 4.27. Normalized PL emission of (a) 500 and (b) 900 °C annealed Y2O3:Bi3+ (1 at.%)/Sm3+ (0, 0.5, 1, 

2, 4, 6, 8, 10 and 12 at.%) samples under the excitation at 370 nm. 

Fig. 4.28.  Energy transfer efficiency (𝜂𝑇) of different concentration of Sm3+ (0, 0.5, 1, 2, 4, 6, 8, 10 and 

12 at.%) in Bi3+ (1 at.%) sensitized Y2O3 samples annealed at (a) 500 and (b) 900 °C.  
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Fig. 4.29.  Energy transfer efficiency (𝜂𝑇) of different concentration of Sm3+ (0, 0.5, 1, 2, 4, 6, 8, 10 and 

12 at.%) in Bi3+ (1 at.%) sensitized Y2O3 samples annealed at (a) 500 and (b) 900 °C.  

Fig. 4.29 shows the energy transfer efficiencies of 500 and 900 °C annealed 

samples under the excitation of 370 nm. The energy transfer efficiency reaches in the 

case of 500 °C annealed reaches ~ 80%. While, the efficiency reaches nearly ~90% for 

900 °C annealed samples. 

As discussed in Sec. 4.3.4.3, the energy transfer occurs through either/both (i) 

exchange interactions and (ii) multipolar interactions. These interactions depend on the 

distance between the acceptor and donor. The critical distance between them is 

calculated using Eqn. 4.3, The critical concentration (xc) value is 2 at.%. The critical 

distance (𝑅𝑐) is found to be ~15 and 17 Å respectively for 900 and 500 °C annealed 

samples. Both the value is greater than the restricted distance (~ 5 Å) of exchange 

interaction. This establishes the presence of multipolar type of energy transfer. On the 

basis of Reisfeld’s approximation equation (Eqn. 4.6), the best fit is observed with the 

values of n = 6 and 8. On the basis of these fitting parameters, it may be understood that 

the energy transfer from the Bi3+ to the excited states of Sm3+ occurs mainly through 

both dipole – dipole for the 500 °C annealed samples (See Fig. 4.30). On the other 

hand, the multipolar interaction is contributed by both dipole – dipole and dipole – 

quadrupole for 900 °C annealed samples (See Fig. 4.31). Fig. 4.30 and 4.31 shows the 

typical fitting using Eqn. 4.6 for 500 and 900 °C annealed samples. The respective 

excitation wavelengths are given in the figure caption.  
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Fig. 4.30. Dependence of 𝐼𝑆0
𝐼𝑆⁄  of Bi3+ on (a) 𝐶

𝐵𝑖3++𝑆𝑚3+
6/3

, (b)𝐶
𝐵𝑖3++𝑆𝑚3+
8/3

, (c) 𝐶
𝐵𝑖3++𝑆𝑚3+
10/3

 (λex = 330 nm) 

and (d) 𝐶
𝐵𝑖3++𝑆𝑚3+
6/3

, (e)𝐶
𝐵𝑖3++𝑆𝑚3+
8/3

, (f) 𝐶
𝐵𝑖3++𝑆𝑚3+
10/3

 (λex = 370 nm) for samples annealed at 500 °C.  

 

Fig. 4.31. Dependence of 𝐼𝑆0
𝐼𝑆⁄  of Bi3+ on (a) 𝐶

𝐵𝑖3++𝑆𝑚3+
6/3

, (b)𝐶
𝐵𝑖3++𝑆𝑚3+
8/3

, (c) 𝐶
𝐵𝑖3++𝑆𝑚3+
10/3

 (λex = 330 nm) 

and (d) 𝐶
𝐵𝑖3++𝑆𝑚3+
6/3

, (e)𝐶
𝐵𝑖3++𝑆𝑚3+
8/3

, (f) 𝐶
𝐵𝑖3++𝑆𝑚3+
10/3

 (λex = 370 nm) for samples annealed at 000 °C.  
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4.3.5.3. PL decay lifetime and quantum yield study 

Fig. 4.32 shows the decay profiles of Bi3+ (1 at.%) in Y2O3:Sm3+ (0, 1, 2, 4, 6, 8 and 10 

at.%) samples annealed at (a) 500 and (b) 900 °C. Excitation and emission wavelengths 

of Bi3+ were monitored at 330 and 504 nm respectively. The decay profiles are better 

fitted with the second order exponential decay equation (Eqn. 4.7). Similar behaviour is 

also observed in Bi3+ sensitized Y2O3Eu3+ (Sec. 4.3.4.4). The average decay lifetime 

can be calculated using Eqn. 4.8. The calculated decay lifetime of Bi3+ against the Sm3+ 

concentrations are given in Table 4.8. In both cases, the decay lifetime is found to 

decrease when the concentration of Sm3+ is increase from 0 to 12 at.% (See inset Fig. 

4.32). The decay lifetime trend clearly ascertains the increase in the non-radiative 

transfer of energy to the excited states of Sm3+ at the expense of radiative transition in 

Bi3+. This result supports the energy transfer discussed from the steady state 

luminescence studies.   

Fig. 4.32. TCSPC decay profiles of Bi3+ (1 at.%) in Y2O3:Sm3+ (0, 1, 2, 4, 6, 8, and 10 at.%) samples 

annealed at (a) 500 and (b) 900 °C. Excitation and emission wavelengths were monitored at 330 and 504 

nm respectively. Inset shows the calculated average lifetime values at different concentration of Sm3+. 

Table 4.8: Decay lifetime (𝜏𝑎𝑣) values of Bi3+ in Y2O3:Sm3+ (x at.%)/ Bi3+ (1 at.%) samples annealed at 

500 °C and 900 °C. Excitation wavelength, λex = 330 nm and emission wavelength, λem = 504 nm. 

Sm3+ (at.%) 
500 °C 900 °C 

𝜏𝑎𝑣 (ns) R2 𝜏𝑎𝑣 (ns) R2 

0 770 0.99 783 0.99 

1 465 0.99 573 0.99 

2 470 0.99 443 0.99 

4 324 0.98 376 0.99 

6 234 0.98 243 0.99 

8 190 0.97 188 0.99 

10 100 0.97 164 0.99 
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Fig. 4.33. PL Decay lifetime curves of 5G5/2 level of Sm3+ of (a & b) 500 and (c & d) 900 °C annealed 

Y2O3:Sm3+ (x at.%)/Bi3+ (1 at.%) samples. Excitation wavelengths: (a & c) 330 and (b & d) 370 nm. 

Table 4.9. Decay lifetime (𝜏𝑎𝑣) values of 5G5/2 level of Sm3+ in Y2O3:Sm3+ (x at.%)/ Bi3+ (1 at.%) 

samples annealed at 500 °C and 900 °C. Excitation wavelength, λex = 330 and 370 nm and emission 

wavelength, λem = 606 nm. 

Sm3+ (at.%) 

500 °C  900 °C 

λexc = 330  λexc  = 370   λexc = 330   λexc  = 370  

τav (ms) R2  τav (ms) R2  τav (ms) R2  τav (ms) R2 

1 1.40 0.99  1.37 0.99  1.98 0.99  1.98 0.99 

2 1.34 0.99  1.35 0.99  1.92 0.99  1.94 0.99 

4 0.82 0.99  0.84 0.99  1.38 0.99  1.34 0.99 

6 0.35 0.99  0.40 0.99  0.97 0.99  1.00 0.99 

8 0.31 0.99  0.28 0.99  0.62 0.99  0.88 0.99 

Fig. 4.33 shows the decay curves of 5G5/2 level of Sm3+ emission in Y2O3:Bi3+ (1 

at.%)/Sm3+ (1, 2, 4, 6, and 8 at.%) samples by monitoring at 606 nm emission. 
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Excitation wavelengths are 330 (a and c) and 370 nm (b and d). All the decay profiles 

follow the second order exponential decay (Eqn. 4.7). The average decay lifetime was 

calculated using Eqn. 4.8 and given in Table 4.9. The decay lifetime varies from 0.31 to 

1.98 ms when the excitation was used at 330 nm. On the other hand, under direct 

excitation at 464 nm, the lifetime value increases from 0.28 to 1.98 ms. From the Table 

4.8, it can be observed that the decay lifetime value in both the cases decreases with the 

increase of Sm3+ concentration beyond 1 at.%. Such decrease in the decay lifetime of 

lanthanide ions emission can be attributed to the increase in the non-radiative 

transitions due to the cross relaxation among lanthanide ions. Such behaviour has been 

reported earlier [66,72]. On the other hand, the decay lifetime is improved in both the 

excitations when the samples are annealed at 900 °C. This might due to the improved 

luminescence after annealing. 

4.3.5.4. CIE chromaticity studies 

Fig. 4.34. CIE chromaticity coordinate positions of Y2O3:Bi3+ (1 at.%)/Sm3+ (0.5, 1, 2, 4, 6, 8, 10 and 12 

at.%)  samples excited at (a and b) 330 nm, (c and d) 370 nm. 
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Fig. 4.34 illustrates the CIE chromaticity of the Sm3+ emission in Y2O3:Bi3+ (1 

at.%)/Sm3+ (0, 0.5, 1, 2, 4, 6, 8, 10 and 12 at.%) samples under (a) 330 and (b) 370 nm. 

From the figure, it can be observed that the emission is concentrated in the blue region 

when the excitation is 370 nm. This might be due to dominance of Bi3+ emission at 

~403 nm. While, under 330 nm excitation the emission is spread in the bluish green 

region. Even though there is enough energy transfer occur in the higher concentration 

region i.e. ≥ 4 at.%, the intensity of the orange-red emission of the Sm3+ has already 

started to quench after 2 at.% due to concentration quenching. Therefore, the emission 

region from all the samples investigated falls in the blue-green part of the CIE space. 

Thus, we may understand that the Bi3+ sensitized Y2O3:Sm3+ phosphors may not be 

suitable as red emitting phosphor.   

4.4. Conclusions 

Bi3+ sensitized Eu3+ and Sm3+ doped Y2O3 were successfully synthesized by 

hydrothermal method with post annealing at 500 and 900 °C. The optimal 

concentration for sensitizer (Bi3+) is found to be 1 at.%, while for activator, it is found 

to be 7 and 17 at.% for Eu3+ and 1 – 2 at.% for Sm3+ respectively, for the 500 and 900 

°C annealed samples. The efficiency of the energy transfer from the sensitizer to 

activator ions increases with the increase of activator concentration. The dipole-dipole 

and dipole-quadrupole interaction are mainly responsible for the occurrence of 

resonance type of energy transfer. The energy transfer observed from the steady state 

luminescence is well corroborated by the decay lifetime studies of Bi3+. Tuning of 

colour as well as white emission can be achieved by careful and appropriate selection 

of excitation wavelength and activator (Eu3+) concentration. This is substantiated from 

the CIE studies and photographs taken under the direct exposure of UV to blue light 

sources. The quantum yield reaches up to 24% for Bi3+ (1 at.%) sensitized Y2O3:Eu3+ (2 

at.%). However, in the case of Y2O3:Bi3+/Sm3+, mostly the emission color is observed 

to be found in the blue-greenish region in the CIE space. The Y2O3:Bi3+/Sm3+ is not a 

promising as red phosphor.  
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Chapter 5 

Photoluminescence properties of Gd2O3:Ln3+ (Ln3+ = 

Eu3+ & Sm3+) 

5.1. Introduction  

Rare earth oxides such as Y2O3, La2O3, Lu2O3, Gd2O3, etc. activated with various 

lanthanides are considered as excellent phosphor materials. They are advantages over 

the sulfide-based phosphors for their stability chemically and optically [1,2]. These 

oxides preferred over many other host materials due to low phonon energy. They 

possess various applications such as cathode ray tubes [3,4] display [4-6], lamps [5,6], 

biological applications [7-10] as well as solid state lighting (SSL) [11-13]. Among 

them, application towards the SSL has become prominent lately. This is because of the 

fact that the conversion of phosphors is generally adopted for generation of white light. 

In this aspect, various red emitting phosphors are reported. Among them, 

Na2Y2B2O7:Eu3+ [14], BaZrGe3O9:Eu3+ [15], Eu3+ activated La2MoO6-La2WO6 

composite [16], La2Ce2O7:Eu3+ [17], CaMoO4:Eu3+ [18-20], CaWO4:Eu3+ [21-23], and 

YVO4:Eu3+ [24,25], Y2O3:Eu3+ [26-29], Y2O2S:Eu3+ [30] etc. may be mentioned.  

The Gd2O3 having low phonon energy (~600 cm-1) is a good host material for 

various lanthanides such as Dy3+, Tb3+, Eu3+, Sm3+ so on. Generally, it exists in 

sesquioxides exhibiting hexagonal, monocilinic, and cubic structures [31-34]. When 

Gd2O3 exists in cubic, cation site offers two non-equivalent sites viz., C2 (non-

centrosymmetric) and S6 (centrosymmetric) [33,34]. One advantage Gd2O3 compared to 

other rare earth oxides hosts is the presence of charge transfer band (CTB) arising due 

to the S-I absorption within Gd3+ in the UV region [35-40]. This can render energy 

transfer to the activators. There are various reports on the luminescence properties 

Gd2O3 doped these lanthanides i.e., Gd2O3:Tb3+ [41-43], Gd2O3:Dy3+ [44-46]. 

Gd2O3:Eu3+ phosphor has been widely reported as potential red phosphor. Lately, these 

phosphors are reported as potential for solid state lighting applications [38,46]. While, 

various applications such as dual imaging of optical and magnetic resonance imaging, 

sensing etc. are also reported [7-10]. Similarly, photoluminescence properties of 

Gd2O3:Sm3+ are also reported [47-49].  
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In this chapter, simple hydrothermal technique with subsequent post annealing 

for was adopted for preparing cubic Gd2O3:Eu3+ and Gd2O3:Sm3+. The 

photoluminescence properties of steady state and decay dynamics of are investigated. 

We have also studied the possibility of tuning emission with the variation of Eu3+ 

concentration using Commission International de I’Eclairage (CIE) chromaticity 

diagram. 

5.2. Experimental methods 

5.2.1. Materials 

Gadolinium (III) nitrate hexahydrate (Gd(NO3)3·6H2O, 99.9%, Alfa Aesar), europium 

(III) nitrate hexahydrate (Eu(NO3)3·6H2O, 99.9%, Alfa Aesar), and samarium (III) 

nitrate hexahydrate (Sm(NO3)3·6H2O, 99.9%, Alfa Aesar) were used as received for the 

sources of Gd3+, Eu3+, and Sm3+ respectively. Polyvinyl pyrrolidone (PVP, MW ~ 

40000, Sigma Aldrich) was used as capping agent.  

5.2.2. Synthesis of Eu3+ doped Gd2O3 phosphors  

Hydrothermal technique was adopted to synthesize Eu3+ doped Gd2O3 phosphors 

(denoted as Gd2O3:Eu3+). For the synthesis of Gd2O3:Eu3+ (1 at.%) sample, 2.2 mg of 

Eu(NO3)3·6H2O and 449 mg of Gd(NO3)3·6H2O were taken. To this, 150 mg of 

polyvinyl pyrrolidone (PVP) was also added. The final volume was made 30 mL with 

the addition of DIW. The pH of the solution was fixed at 10 using ammonium 

hydroxide solution (NH4OH, ~25% NH3, Sigma Aldrich). Finally, the solution was 

transferred to a Teflon lined stainless steel autoclave and heated at 180 °C for 18 h in 

an oven. The precipitate was centrifuged and washed several times with DIW and 

acetone. All the remaining samples were synthesized following the same procedure. 

The as-prepared samples were annealed 900 °C for 4 h in the air.  

5.2.3. Synthesis of Sm3+ doped Gd2O3 phosphors 

Following the similar procedure mentioned in the Sec 5.2.2, Gd2O3:Sm3+ phosphors 

were also synthesized adopting hydrothermal method. In a typical synthesis of 1 at.% 

Sm3+ doped Gd2O3 sample, 2.2 mg of Sm(NO3)3·6H2O and 449 mg of Gd(NO3)3·6H2O 

were dissolved together. To this, 150 mg of polyvinyl pyrrolidone (PVP) was also 

added. The whole solution was kept under hydrothermal condition for 18 h at 180 °C. 
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The remaining samples were also prepared with similar process. The as-prepared 

samples were annealed 900 °C for 4 h in the air.  

5.2.4. Characterization 

X-ray diffractometer (Bruker D8 advance) with Cu Kα radiation was used for 

crystalline phase identification. Fourier transform infrared (FT-IR) spectrometer 

(Shimadzu make IR-Affinity-1S) was used to record the FT-IR spectra of the prepared 

samples. Morphology of the particles was studied using the transmission electron 

microscopy (TEM) images recorded with JEOL 2000FX. The steady state and 

dynamics of photoluminescence (PL) as well as quantum yield (QY) were measured 

using Fluoromax-4CP spectrofluorometer (HORIBA make) equipped 150 W Xenon 

lamp and 25 W μs Xenon flash lamp. All the PL measurements were carried out on the 

glass slides at room temperature with a resolution ±1 nm. K-sphere ‘petite’ integrating 

sphere from Photon Technology International (PTI) was used for QY measurements. 

For calculation of absolute QY, 𝜙(%) =  
𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

𝐼𝑞𝑢𝑎𝑟𝑡𝑧 − 𝐼𝑠𝑎𝑚𝑝𝑙𝑒
 was used. 𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 

luminescence emission intensity of the sample, 𝐼𝑞𝑢𝑎𝑟𝑡𝑧  = the intensity of light used to 

excite only the quartz slide and 𝐼𝑠𝑎𝑚𝑝𝑙𝑒 = the intensity of the light used for exciting the 

sample on the quartz slide. The photon absorbed by the sample is given by the 

difference between the last two. All the measurements were taken in the emission 

mode. The QY measurements were carried out on the quartz slides at room 

temperature. 

5.3. Results and discussion 

5.3.1. X-ray diffraction study 

X-ray diffraction (XRD) patterns of the as prepared samples are illustrated in Fig. 5.1. 

The diffraction peaks is well indexed to the hexagonal Gd(OH)3 (ICDD# 01-083-2037) 

[50]. The diffraction peaks are sharp indicating the formation of well crystalline 

Gd(OH)3:Eu3+ and Gd(OH)3:Sm3+ when prepared at 180 °C hydrothermally. Upon 

annealing at 900 °C for 4 h, these as prepared samples are transformed from hexagonal 

phase to the cubic phase of Gd2O3 (ICDD# 00-012-0797) [51]. Fig. 5.2 shows the XRD 

patterns of 900 °C annealed samples of Gd2O3:Eu3+ and Gd2O3:Sm3+. All the patterns 

show the cubic phase Gd2O3 (ICDD# 00-012-0797) [51]. No possible impurity phases 

such as Eu2O3, Sm2O2, etc. are observed. The crystallite size was calculated using 
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Fig. 5.1. XRD patterns of as-prepared (a) Gd(OH)3:Eu3+ (Eu3+ = 1, 11 and 19 at.%) and (b) 

Gd(OH)3:Sm3+ (Sm3+ = 1, 4 and 10 at.%). 

Fig. 5.2 XRD patterns of 900 °C annealed samples of (a) Gd2O3:Eu3+ (Eu3+ = 1, 3, 7, 11, 15 and 19 at.%) 

and (b) Gd2O3:Sm3+ (Sm3+ = 1, 2, 4, 6, 8 and 10 at.%). 
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Scherrer relation, 𝐷 =  
𝜅𝜆

𝛽 𝑐𝑜𝑠𝜃
 . The crystallite size calculated for the as prepared 

hexagonal phase varies from ~37 – 60 nm. While, the variation in the crystallite size for 

the Gd2O3 samples becomes less. The crystallite size varies from ~27 – 34 nm (Table 

5.1).  

Table 5.1. Calculated crystallite size for Eu3+ or Sm3+ doped Gd(OH)3 and 900 °C annealed 

Gd2O3samples, using Scherrer relation.  

Eu3+ (%) 
Crystallite size (nm)   

Sm3+ (%) 

Crystallite size (nm) 

ASP 900 °C  ASP 900 °C 

1 37 31  1 47 31 

5 - 32  2 - 29 

9 60 31  4 40 27 

11 - 29  6 - 28 

17 50 32  8 - 27 

21 - 34  10 42 30 

 

5.3.2. Fourier transform infrared spectroscopy study  

Fig. 5.3. FT-IR spectra of as-prepared Gd(OH)3:Eu3+ (5 at.%) (bottom) and (b) 900 °C annealed 

Gd2O3:Eu3+ (5 at.%) samples (top). 

FT-IR spectra of as-prepared as-prepared Gd(OH)3:Eu3+ (5 at.%) and 900 °C annealed 

Gd2O3:Eu3+ (5 at.%) samples are shown in Fig. 5.3.  The absorption band at 3420 cm−1 

corresponds to the −OH stretching vibrations [13,21]. The bands at 2958 and 2856 

cm−1 are due to the asymmetric and symmetric stretching vibrations of CH2, while the 
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bending vibration is observed at 1382, 1456 cm-1 [52-54]. The split vibrational peaks at 

1023 and 1085 cm−1
 correspond to the C−N vibrations of PVP [55]. The absorption 

peak at 1651 cm-1 is due to the asymmetric stretching of C=O bond [54,55]. The C=O 

vibration of pure PVP is normally observed at ~1661 cm-1 [55]. However, this peak is 

red shifted at 1651 cm-1. Such red shifting at ~1647 cm-1 when PVP is used as capping 

agent in AgSe was reported due to band weakening after partial donation of oxygen to 

Ag [55]. Therefore, the −OH bending vibration which is usually observed at ~1651 cm-

1 [53] could not be observed. This might be due to the merger with the C=O vibrational 

peak. The presence of red shifted C=O bond and splitting of C−N vibrational bands of 

PVP implicates the surface functionalization in the as-prepared sample. The Gd−OH 

vibration band is observed at 707 cm−1 and suggests the formation of Gd(OH)3 [50,51]. 

When the as prepared samples are heated at 900 ℃, Gd−O vibration bands at 546 and 

490 cm−1 are appeared instead of Gd−OH suggesting the formation of Gd2O3. 

Carbonate absorption are observed at 1495, 1385, 1087, and 1022 cm−1 [56-59].  

5.3.3 Transmission electron microscopy study 

TEM images of as-prepared and 900 °C annealed samples are shown in Fig. 5.4 and 5.5 

respectively. Particles are in rod shape with an average diameter of 180 – 400 nm and 

800 – 1046 nm in length (Fig. 5.4(a)).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4. TEM images (a) along with HR-TEM (b) and SAED images (c) of a selected region of as-

prepared Gd(OH)3:Eu3+ (9 at.%). 
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Fig. 5.5. TEM image along with HR-TEM image of 900 °C annealed Gd2O3:Eu3+ (39 at.%). 

Whereas, the particles with ~100 – 300 nm in diameter and ~500 – 1000 nm in length 

are observed in annealed samples (Fig. 5.5(a)). The measured interplanar spacing of 

0.21 and 0.32 nm of as-prepared sample corresponds to (210) and (110) planes of 

hexagonal Gd(OH)3 (Fig. 5.4(b)). The diffraction planes from the SAED images (Fig. 

5.4(c)) are also matched with that of Gd(OH)3 thus confirms the formation of 

crystalline Gd(OH)3. On the other hand, interplanar spacing of 0.44 nm corresponds to 

(211) plane of cubic Gd2O3 (Fig. 5.5inset).  

5.3.4. Photoluminescence studies of Gd2O3:Eu3+ 

5.3.4.1. Steady state PL study 

Excitation spectra of Gd2O3:Eu3+ (Eu3+ = 1, 3, 7, 11, 15, 19, 21 and 25 at.%) samples 

are illustrated in Fig. 5.6. All the excitation spectra consists a broad peak in the 230 to 

290 nm peaking at 265 nm and 274 nm.  

The former peak related to the charge transfer band (CTB) band as a result of 

electron transfer from the 2p orbitals of oxygen to the empty 4f orbitals of the Eu3+ 

(denoted as Eu-O CTB) [8,27,38,46,60]. On the other hand, the sharp peak observed at 

274 nm is due to the 8S7/2→
6I7/2−17/2 transition within the Gd3+ [35-40]. And, other sharp 
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peak in the longer wavelength region at 363 (7F0 →5D4), 381 (7F0 →5G2) 393 (7F0 

→5L6) and 464 (7F0 →
5D2) nm are due to transitions within f-f shell of Eu3+ (indicated 

inside the parenthesis) [8,18,21,38,61]. The excitation intensity increases with the 

increase of Eu3+ concentration upto 19 at.% and thereafter the intensity is decreased. 

The careful observation in the Eu-O CTB, the peak is red shifted from ~256 to 266 nm. 

 

 

 

 

 

 

 

 

 

Fig. 5.6. PL excitation spectra of Gd2O3:Eu3+ (Eu3+ = 1, 3, 7, 11, 15, 19, 21 and 25 at.%) samples 

monitored at λem = 611 nm 

  

 

 

 

 

 

 

Fig. 5.7. Expanded region (~250 – 280 nm) region of PL excitation spectra of Gd2O3:Eu3+ (Eu3+ = 1, 3, 7, 

11, 15, 19, 21 and 25 at.%) samples monitored at λem = 611 nm 

The shift is obvious when the concentration of Eu3+ is increased from 1 to 7 

at.%. Thereafter, the shift in the Eu-O CTB is almost constant from 11 to 25 at.% (See 

Fig. 5.7). Fig. 5.8 shows the emission spectra of Gd2O3:Eu3+ (7 at.%) samples under 

different excitations at 255 nm (Eu−O CT), 274 nm (Gd3+, S−I), and direct excitations 

at 393 (Eu3+, 7F0 →
5L6) and 464 (Eu3+, 7F0 →

5D2) nm.  
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Fig. 5.8. PL emission spectra of Gd2O3:Eu3+ (7 at.%) samples under different excitations at 257 nm 

(Eu−O CT), 274 nm (Gd3+, S−I), 335 nm, 393 (Eu3+, 7F0 →5L6) and 464 (Eu3+, 7F0 →5D2) nm. Inset 

shows the comparison of emission intensities at these excitation wavelengths. 

Fig. 5.9. PL emission spectra of Gd2O3:Eu3+ (Eu3+ = 1, 3, 7, 11, 15, 19, 21 and 25 at.%) samples. λex = (a) 

255, (b) 274 (c) 393 and (d) 464 nm. 
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Considering the 611 nm emission which is highest among other peaks, it is clearly seen 

that the emission intensity is highest when excited at 255 nm compared to the 

remaining excitations. This clearly suggests the efficient transfer of excited photons 

from the Eu-O CTB to the excited states of Eu3+. Similarly, migration of energy to the 

Eu3+ is also observed from S-I absorption of the Gd3+.  

Fig. 5.9 illustrates the emission spectra of Gd2O3:Eu3+ (1, 3, 7, 11, 15, 19, 21 and 

25 at.%) samples under the (a) 255, (b) 274, (c) 393 and (d) 464 nm excitation. All the 

emission spectra consist of sharp emission peaks in the region of ~ 500 to 750 nm. 

These are related to the transitions within the f-f electronic energy levels of Eu3+. These 

transitions are categorized as (i) magnetic dipole transitions: 5D2→
7F3 at 512 nm, 

5D1→
7F1 at 533 and 537 nm, 5D1→

7F2 at 553, 5D0→
7F1 at 587, 592 and 599 nm, 

5D0→
7F3 at 651 nm. (ii) Electric dipole transitions: 5D0→

7F2 at 611 and 629 nm and 

(iii) electric quadrupole: 5D0→
7F4 at 708 and 711 nm, respectively [8,18,21,38,61]. 

Apart from these emission peaks, a peak at 581 nm is also observed. This is due to the 

strictly forbidden 5D0→
7F0 transition (discussed later). Among all these Eu3+ 

transitions, emission at 611 nm is strongest.  

The emission peak due to the electric dipole transitions (5D0→
7F2) is stronger 

than the magnetic dipole transitions (5D0→
7F1). According to Judd-Ofelt theory, the 

electric dipole transitions is dependent on the environment of around the Eu3+ while the 

magnetic dipole transitions is independent [50,51,57]. This can be understood by 

considering the crystal structure of Gd2O3. In cubic Gd2O3, non-centrosymmetric, C2 

symmetry sites contributes ~75% while the centrosymmetric, S6 symmetry has ~25% 

contribution [51,62]. When the Eu3+ occupies the non-centrosymmetric sites, the 

electric dipole transition becomes forced electric dipole and dominant among other 

transitions. The occupation of Eu3+ in C2 site is further corroborated by the presence of 

3 (three) Stark components in 5D0→
7F1 transition in all the spectra. This is against the 

allowed 2 (two) components whenever Eu3+ occupies centrosymmetric site [63]. The 

asymmetric environment around the Eu3+ can be further understood from the 

asymmetric ratio (A). The asymmetric ratio (A) is defined by the ratio of integrated 

emission intensity of 5D0→
7F2 to 5D0→

7F1 is considered. The asymmetric ratio (A) is 

given by  

𝐴 =
∫ 𝐼𝑒𝑑𝑑𝜆

633
603

∫ 𝐼𝑚𝑑𝑑𝜆
602

585

 (5.1) 
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where, Ied refers to 5D0→
7F2 and Imd is 5D0→

7F1. The integration limits are wavelengths 

(nm). Fig. 5.10 shows the asymmetric ratio of the Gd2O3:Eu3+ (1, 3, 7, 11, 15, 19, 21 

and 25 at.%) samples under the excitation wavelengths of 255, 374, 393 and 464 nm 

(calculated from the original data of the Fig. 5.9). In all the cases, the ‘A’ value 

increases with the increase of Eu3+ concentration and becomes roughly constant after 7 

at.%. This suggests the increase occupancy of the C2 sites by the Eu3+. Thus, the 

emission is predominantly from the Eu3+ located in the C2 sites [35].  

 

 

 

 

 

 

Fig. 5.10. Asymmetric ratio at different concentration of Eu3+ in Gd2O3:Eu3+ (Eu3+ = 1, 3, 7, 11, 15, 19, 

21 and 25 at.%) samples. λex = 255, 274, 393 and 464 nm. 

This increase in the asymmetric ratio is indicates the increase in lattice 

substitution of Eu3+ in the C2 sites of Gd3+ in Gd2O3:Eu3+ [62,63]. The asymmetric 

ratios in all the cases are in the within ~6-9. This suggests that the Eu3+ is located in the 

asymmetric environment irrespective of variation of Eu3+ concentrations. Also, nature 

of environment around the Eu3+ is independent of excitation wavelengths. 

Again, the observance of strictly forbidden 5D0→
7F0 transition at 581 nm may 

be looked as perturbation in the surrounding of the Eu3+ which may due to the 

asymmetric nature at C2 sites. As explained thoroughly in the Chapter 3and 4, such 

observation cannot be explained by Judd and Ofelt theory which is based on closure 

approximation of mixing higher lying odd parity state with 4f states. The most probable 

mechanism is due to J-mixing with the dominant contribution from mixing of 7F0 and 

7F2 in comparison with other higher lying f-manifolds in the ground state as proposed 

by G. Nishimura and T. Kushida [64]. This idea is further extended by other authors 
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with the consideration second order crystal field parameter [65,66]. The second order 

crystal field parameter is calculated using [65] 

𝐼0→0

𝐼0→2
=

4𝐵20
2

75∆20
2   (5.2) 

where, B20 is the second order crystal field parameter, and ∆20 is the energy separation 

between 7F0 and 7F2 which value was taken as 900 cm-1. Fig. 5.11 shows the variation 

B20 versus the concentration under excitation of 255 and 274 nm. The B20 values vary 

from 728 to 1258 cm-1 and 728 to 1387 cm-1 under the respective excitations of 255 and 

274 nm. Similar trend was also in the case of Y2O3 (See Sec. 4.3.4.2, Chapter 4). These 

high values indicate the perturbation around the Eu3+ environment.  

Fig. 5.11. Variation of B20 versus Eu3+ concentration of Gd2O3:Eu3+ (Eu3+ = 1, 3, 7, 11, 17, 21 and 25 

at.%) samples. Excitation wavelengths (λex) are indicated in the graph. Dash (red) line is guide to the eye. 

   

 

 

 

 

 

 

Fig. 5.12. Integrated emission intensities of Gd2O3:Eu3+ (Eu3+ = 1, 3, 7, 11, 15, 19, 21 and 25 at.%) 

samples. λex = 255, 274, 393 and 464 nm. 
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Fig. 5.12 shows the integrated emission intensities of dominant to 5D0→
7F2 

(611 nm) of Gd2O3:Eu3+ (1, 3, 7, 11, 15, 19, 21 and 25 at.%) samples. The excitation 

wavelengths are 255, 374, 393 and 464 nm. In all the cases, the luminescence intensity 

increases with the increase of Eu3+ concentration. The maximum intensity of the 

luminescence is observed at 19 at.% of Eu3+. Thereafter, the intensity decreases with 

the increase of concentration. Such phenomenon of the decreasing luminescence 

intensity after certain concentration of is quite common in lanthanide activated 

phosphors. When the concentration becomes high, the distance between the Eu3+ 

becomes shorter and leads to cross-relaxation among them which is non-radiative. This 

increases the probability of non-radiative transitions.  

5.3.4.2. PL decay lifetime and quantum yield study 

Fig. 5.13 shows the decay curves of 5D0 level of Eu3+ emission in Gd2O3:Eu3+ (1, 3, 7, 

11, 15, 19, 21 and 25 at.%) samples excited at 255 and 464 nm by monitoring 611 nm 

emission. All the decay profiles follow the second order exponential decay, 

𝐼(𝑡) = 𝐼1𝑒
−

𝑡

𝜏1 + 𝐼2𝑒
−

𝑡

𝜏2 (5.3) 

where 𝐼1 and 𝐼2 stand for intensities at two different times. The 1 and 2 represent the 

corresponding lifetimes.  

Fig. 5.13. PL decay curves of 5D0 level of Eu3+ emission in Gd2O3:Eu3+ (1, 3, 7, 11, 15, 17, 21 and 25 

at.%) samples under (a) 255 and (b) 464 excitation and the emission is monitored at 611 nm. 

(a) (b) 
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Typical fitting is given in Fig. 5.14. The average decay lifetime can be calculated using,  

𝜏𝑎𝑣 =
𝐼1𝜏1

2+𝐼2𝜏2
2

𝐼1𝜏1+𝐼2𝜏2
 (5.4) 

The average decay lifetime calculated using Eqn. 5.4 is given in Table 5.2. The average 

decay lifetime under the excitation of 255 nm varies from 0.88 to 1.77 ms.  

Fig. 5.14. Typical fitting of decay curve for Eu3+ emission (λex = 464 nm and λem = 611 nm) in 

Gd2O3:Eu3+ (7 at.%) sample. 

Table 5.2. The average lifetime calculated for the decay curves of 5D0 level of Eu3+ and Quantum yield 

in Gd2O3:Eu3+ (1, 3, 7, 11, 15, 19, 21 and 25 at.%) samples. 

Eu3+ 

(%) 

Decay lifetime, τav (ms)  Quantum Yield (%) 

λexc = 255 nm  λexc = 464 nm  λexc = 255 nm 

τav R2  τav R2   

1 1.67(1) 0.99  1.41(1) 0.99  5 

3 1.77(2) 0.99  1.39(1) 0.99  5 

7 1.50(1) 0.99  1.32(1) 0.99  - 

11 1.44(1) 0.99  1.42(1) 0.99  6 

15 1.38(2) 0.99  1.34(2) 0.99  - 

19 1.33(1) 0.99  1.10(1) 0.99  7 

21 1.06(1) 0.99  1.01(1) 0.99  5 

25 0.88(2) 0.99  0.82(2) 0.99   

While, under direct excitation at 464 nm, the lifetime value changes from 0.82 

to 1.42 ms. From the Table 5.2, it is observed that the decay lifetime value in both the 

cases are more in the Eu3+ range of 1 to 11 at.%.  Thereafter, the lifetime steadily 

decreases with the further increase of Eu3+ concentration. Such decrease in the decay 
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lifetime of lanthanide ions emission beyond certain concentration is attributed to the 

increase in the non-radiative transitions due to the cross relaxation among lanthanide 

ions. Such behaviour has been reported earlier [13,18]. The absolute quantum yield 

measurements were performed following the report [18,21]. The quantum yields for 

Gd2O3:Eu3+ (19 at.%) under 255 nm excitation are found to be 7%. The quantum yields 

of some the Gd2O3:Eu3+ (x at.%) samples under 255 nm excitation are given in Table 

5.2. 

5.3.4.3. CIE chromaticity studies 

Fig. 5.15. CIE chromaticity coordinate positions of Gd2O3:Eu3+ (0, 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21 and 

23 at.%)  samples excited at (a) 255 and (b) 274 nm. 

The Commission International de I’Eclairage (CIE) chromaticity was analysed to 

understand the colour of the emission from different samples with the variation of Eu3+ 

concentration as well as excitation wavelength. The CIE positions of the Gd2O3:Eu3+ 

(1, 3, 7, 11, 15, 19, 21 and 25 at.%) samples under the excitations of 255 and 274 nm 

are indicated in the diagram (Fig. 5.15). Under both the excitation wavelengths, it is 

clearly observed that the colour of the emission is mostly concentrated in the red 

region. 

 

5.3.5. Photoluminescence studies of Gd2O3:Sm3+ 

5.3.5.1. Steady state PL study 

Fig. 5.16 shows the excitation spectra of Gd2O3:Sm3+ (0.5, 1, 2, 4, 6, 8, 10, and 12 

at.%) samples monitored at 606 nm. All the excitation spectra consist of sharp peaks 

from (i) related to the S-I absorption of Gd3+ and (ii) excitation peaks originated from 

(a) (b) 
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the f-f transitions of Sm3+. Absorption peaks due to Gd3+ are observed at 242, 254 and 

274 nm. These are arisen due to the transition from ground state 8S7/2 to the different 

excited states of 6D5/2, 
6D9/2 and 6I7/2−17/2 transitions within the Gd3+ [35,36]. And, other 

sharp peaks in the longer wavelength region are observed at 313 (7H5/2→
4G9/2), 346 

(7H5/2→
4K17/2), 362 (7H5/2→

4D3/2), 378 (7H5/2→
6P7/2), 406 (7H5/2→

6P3/2), 422 (7H5/2 

→6D5/2), 467 (7I11/2 →
6P3/2), and 492 nm (7H5/2 →

6G7/2) [67-70]. These are originated 

from the f-f shell of Sm3+.   

 Fig. 5.16. PL excitation spectra of Gd2O3:Sm3+ (0.5, 1, 2, 4, 6, 8, 10 and 12 at.%) samples monitored at 

λem = 606 nm. 

Fig. 5.17. PL excitation spectra of Gd2O3:Sm3+ (0.5, 1, 2, 4, 6, 8, 10 and 12 at.%) samples in the region 

of 395 – 420 nm. 
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Fig. 5.17 shows the expanded portion the excitation spectra indicating the highest peak 

at 406 nm. From the figure, it is clearly observed that the intensity of the peak increases 

with the increase of concentration upto 2 – 4 at.% of Sm3+. Thereafter, the intensity 

decreases with the increase of Sm3+ concentration. 

Fig. 5.18. PL emission spectra of Gd2O3:Sm3+ (0.5, 1, 2, 4, 6, 8, 10 and 12 at.%) samples monitored at λex 

= 406 nm. 

Fig. 5.18 illustrates the emission spectra of Gd2O3:Sm3+ (0.5, 1, 2, 4, 6, 8, 10, and 12 

at.%) samples under the direct excitations at 406 nm. The sharp emission peaks in the 

region of ~ 500 to 750 nm are observed. These sharp emission peaks are related to the 

transitions within the f-f electronic energy levels of Sm3+. These emission peaks are 

related to the transitions originated from the 4G5/2 →
6H5/2 (at 564 and 572 nm) and 4G5/2 

→6H7/2 (at 602, 606 and 611 nm) are related to magnetic dipole transitions. While, the 

transition at 4G5/2 →
6H9/2 (at 654 and 665 nm) is due to pure electric dipole transition 

[67-72]. In all the cases, the transition at 4G5/2 →6H5/2 (at 602, 606 and 611 nm) is 

dominant. Since the ΔJ = ±1, it should be magnetic dipole transition by quantum 

mechanical selection rule. However, this transition is considered to be dominated by 

electric dipole transition [71,72]. 

Considering the highest emission peak at 606 nm, we can observed the emission 

intensity is gradually increases with the increase of Sm3+ concentration and found to 

saturate at 2 – 4 at.% of Sm3+. On further increase of the doping concentration, it is 

clearly seen that the intensity of the emission is decreased. This is obvious phenomenon 

in the emission by lanthanide doping. Such decrease in the emission against the higher 
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concentration of the doping is known as concentration quenching. This quenching 

occurs when the distance between the doping lanthanide ions is less than certain critical 

distance, cross relaxation among them dominates. The dominance of cross relaxation 

induces the increase non-radiative transitions. Fig. 5.19 shows the expanded portion the 

emission spectra indicating the highest peak at 606 nm. 

 

 

 

 

 

 

 

Fig. 5.19. PL emission spectra of Gd2O3:Sm3+ (0.5, 1, 2, 4, 6, 8, 10 and 12 at.%) samples in the region of 

580 – 630 nm.  

5.3.5.2. PL decay lifetime and quantum yield study 

Fig. 5.20 shows the decay profiles of 5G5/2 level of Sm3+ emission in Gd2O3:Sm3+ (0.5 

1, 2, 4, 6, 8, 10 and 12 at.%) samples by monitoring at 606 nm emission. Excitation 

wavelength is 406 nm. All the decay profiles follow the second order exponential decay 

(Eqn. 5.3). The average decay lifetime was calculated using Eqn. 5.4 and given in Table 

5.3.  

The decay lifetime varies from 0.22 to 1.71 ms. From the Table 5.3, it can be 

observed that the decay lifetime value in both the cases decreases with the increase of 

Sm3+ concentration. Such decrease in the decay lifetime of emission by lanthanide ions 

can be ascribed to the increase in the non-radiative transitions. Non-radiative transitions 

are due to the cross relaxation among lanthanide ions. The quantum yields for 

Gd2O3:Sm3+ (2 and 4 at.%) under 406 nm excitation are found to be 5 and 6% 

respectively (Table 5.3).  

 



Chapter 5. Photoluminescence properties of Gd2O3:Ln3+ (Ln3+ = Eu3+ & Sm3+) 

115 

Fig. 5.20. PL decay curves of 5G5/2 level of Sm3+ emission in Gd2O3:Sm3+ (1, 2, 4, 6, 8, 10 and 12 at.%). 

λem = 606 nm and λex = 406 nm. 

Table 5.3: The average lifetime calculated for the decay curves of 5G5/2 level of Sm3+ by monitoring at 

606 nm emission and Quantum yield in Gd2O3:Sm3+ (0.5 1, 2, 4, 6, 8, 10 and 12 at.%) samples. 

Sm3+ 

(%) 

Decay lifetime, τav (ms)  
Quantum 

Yield (%) 

A1 t1 A2 t2 τav R2  Ф 

0.5 0.086 0.225 0.947 1.732 1.71(1) 0.99  - 

1 0.149 0.271 0.873 1.543 1.35(2) 0.99  - 

2 0.154 0.224 0.889 1.341 1.17(2) 0.99  5 

4 0.265 0.284 0.793 1.219 0.98(1) 0.99  6 

6 0.556 0.217 0.575 0.793 0.52(1) 0.99  - 

8 0.489 0.154 0.676 0.696 0.46(1) 0.99  - 

10 0.797 0.128 0.477 0.543 0.29(1) 0.99  - 

12 0.893 0.109 0.438 0.449 0.22(1) 0.99  - 

5.3.5.3. CIE chromaticity studies 

Fig. 5.21 illustrates the CIE chromaticity of the Sm3+ emission in Gd2O3:Sm3+ (0.5 1, 2, 

4, 6, 8, 10 and 12 at.%) samples when excited at 406 nm. From the figure, it can be 

observed that the emission is spread over the region of yellow and orange- red region. 

Samples with the Sm3+ concentration 2 and 4 at.% gives the emission in the orange-red 

region dominated with red colour. These samples under the excitation at 406 nm can 

promising for red component phosphor for near-UV LED excited phosphor converted 

white emitting LEDs.   
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Fig. 5.21. CIE chromaticity coordinate positions of Gd2O3:Sm3+ (0.5, 1, 2, 4, 6, 8, 10 and 12 at.%)  

samples excited at 406 nm. 

5.4. Conclusions 

Eu3+ and Sm3+ doped Gd2O3 were successfully synthesized by hydrothermal method 

with post annealing at 900 °C. The as prepared samples have shown to crystallize in 

than hexagonal phase. Subsequent heating at 900 °C changes to crystalline cubic phase. 

In Gd2O3:Eu3+, the maximum emission of Eu3+ is observed at 19 at.% concentration. 

High asymmetric value of the emission in the entire concentration of Eu3+ studied 

indicates the fair asymmetric environment of Eu3+ in Gd2O3. While, the high value of 

second order crystal field parameter also suggests the high perturbation due to the 

asymmetric nature in the surroundings of Eu3+. Both the steady state and decay 

dynamics of the PL corroborates the occurrence quenching due to the increase in non-

radiative transitions. CIE coordinates suggest red emission by all the samples. In 

Gd2O3:Sm3+, all the emission are observed in the orange-red region. The highest 

emission intensity is observed at 2 – 4 at.% of Sm3+.  Quenching of emission after 2 – 4 

at.% of Sm3+ is observed. This is due to the increase in non-radiative transition because 

of cross-relaxation. This has been corroborated from the decay lifetime of studies of 

5G5/2 emission of Sm3+. Under the 406 nm excitation, 2 and 4 at.% of Sm3+ doped 

Gd2O3 samples show the orange-red emission in the CIE study. These samples could be 

a potential red emitting phosphor component for near UV LED converted white LEDs.  
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Chapter 6 

Photoluminescence properties and energy transfer in 

Bi3+ sensitized Gd2O3:Ln3+ (Ln3+ = Eu3+ & Sm3+) 

6.1. Introduction  

Lanthanide activated inorganic phosphors have recently found themselves in various 

applications such as biological imaging [1,2], sensing [3,4] as well as solid state 

lighting (SSL) [5-7]. Among them, application towards the SSL has become prominent 

lately. This is because of the fact that the conversion of phosphors is generally adopted 

for generation of white light. One such commercial white emission device is the 

conversion of yellow phosphor (e.g., yttrium aluminate garnet, Y3Al5O12:Ce3+) with 

blue light emitting diode (LED). However, the output of the light is cool white light 

with Correlated Colour Temperature (CCT) value ≥ 4000 K due to the lack of proper 

red component. In order to develop the warm white light LED packaging with CCT 

value ~ 2700 K, highly efficient blue LED (e.g. GaN or InGaN) chips are used as a 

source to convert the green and red phosphors. Another approach which recently gained 

attention is the use of individual red, green and blue emitting phosphors with near 

UV/UV LED chips. In both the approaches, efficient red phosphor is required for 

producing warm white light.  

Acknowledging the necessity of the development of efficient red phosphors, 

many researchers have recently focused in multiple directions with various types of 

phosphors. Among them, Eu2+ activated phosphors such as nitridolithoaluminate 

Sr4[LiAl11N14]:Eu2+ [8], SrLiAl3N4:Eu2+ [9], Sr[Li2Al2O2N2]:Eu2+ [10], 

Ca[LiAll3N4]:Eu2+ [11] etc. have shown as promising red emitting component for SSL 

applications. However, the emission band of such phosphors extends beyond 700 nm 

and is considered waste thereby reducing their efficiency. Alternative to these, reports 

on Eu3+ activated red emitting phosphors synthesized using simple chemical method are 

available. For instance, Na2Y2B2O7:Eu3+ [12], BaZrGe3O9:Eu3+ [13], Eu3+ activated 

La2MoO6-La2WO6 composite [14], La2Ce2O7:Eu3+ [15] etc. may be mentioned. Also, 

ed Bi3+ sensitized CaMoO4:Eu3+ [16-18,], CaWO4:Eu3+ [19-21], and YVO4:Eu3+ 

[22,23], as potential red components excitable by near UV/blue LED for SSL applications.  
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Lanthanide activated rare-earth oxides such as Bi3+ sensitized and unsensitized 

Y2O3:Eu3+ [24-27], Y2O2S:Eu3+ [28], etc. are also reported to be potential red 

component for near UV/UV LED converted white light emission. Like Y2O3, 

thermally, chemically and physically stable Gd2O3 having low phonon energy (~600 

cm-1) is also an efficient red phosphor when activated with Eu3+. Gd2O3:Eu3+ phosphor 

has been widely reported on various applications such as dual imaging of optical and 

magnetic resonance imaging [29,30], sensing etc. [31,32]. Similarly, 

photoluminescence properties of Gd2O3:Sm3+ are also reported [33-35]. However, the 

reports on the applications of display, lighting etc. are scarce [36-39]. It is well 

documented that the Eu3+ activated Gd2O3 phosphors possess europium-oxygen 

(Eu/Sm−O) charge transfer band (CTB) in the UV region nm and Gadolinium (Gd) 

absorption at ~278 nm [29-39]. This absorption band renders efficient energy transfer 

to the Eu3+/Sm3+ for enhanced emission. However, the commercially available UV 

LEDs are in the range of 360 – 400 ± 15 nm [22]. Therefore, extending the excitation 

wavelength at least beyond 350 nm becomes important for using Gd2O3:Eu3+ or/and 

Gd2O3:Sm3+ as potential red phosphor in SSL applications. In this connection, Xu et al., 

have reported the red emitting Eu-MOFs (metal organic frameworks) as suitable red 

emitter for excitable with UV LEDs [30]. Also, sensitization with Bi3+ which has strong 

broad band absorption in the range of 340 – 350 nm can be useful. Generally, rare earth 

oxides exist in sesquioxides exhibiting hexagonal, monocilinic, and cubic structures 

[41-44]. When Gd2O3 exists in cubic, cation site offers two non-equivalent sites viz., C2 

(non-centrosymmetric) and S6 (centrosymmetric) [42,43]. It is reported that, when Bi3+ 

sensitizes the Gd2O3:Eu3+ and Gd2O3:Sm3+, the emission of Eu3+ and Sm3+ can be 

greatly enhanced through energy transfer from Bi3+ absorption ~ 320 – 380 nm related 

to 6s2 → 6s6p [22,39,44]. Therefore, Bi3+ sensitization may be an alternative to bring 

the excitation wavelength of the Gd2O3:Eu3+ and Gd2O3:Sm3+ in the desired wavelength 

region of the UV LEDs. 

In this chapter, we have adopted the simple hydrothermal technique with 

subsequent post annealing for preparing cubic Gd2O3:Eu3+ and Gd2O3:Sm3+ sensitized 

with Bi3+. We have thoroughly investigated the luminescence properties and energy 

transfer mechanisms from the sensitiser (donor) to the activator ions with steady state 

and decay dynamics of luminescence. We have also studied the possibility of tuning 
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emission with the variation of Eu3+ concentration using Commission International de 

I’Eclairage (CIE) chromaticity diagram. 

6.2. Experimental methods 

6.2.1. Materials  

Gadolinium (III) nitrate hexahydrate (Gd(NO3)3·6H2O, 99.9%, Alfa Aesar), europium 

(III) nitrate hexahydrate (Eu(NO3)3·6H2O, 99.9%, Alfa Aesar), samarium (III) nitrate 

hexahydrate (Sm(NO3)3·6H2O, 99.9%, Alfa Aesar), bismuth (III) nitrate pentahydrate 

(Bi(NO3)3·5H2O, 99.99%, Alfa Aesar), were used as received for the sources of Gd3+, 

Eu3+, Sm3+ and Bi3+ respectively. Polyvinyl pyrrolidone (PVP, MW ~ 40000, Sigma 

Aldrich) was used as capping agent.  

6.2.2. Synthesis of Bi3+ sensitized Gd2O3 doped with Eu3+ phosphors  

Hydrothermal technique was adopted to synthesize Bi3+ sensitized Gd2O3:Eu3+ 

phosphors (denoted as Gd2O3:Bi3+/Eu3+). For the synthesis of 1 at.% Bi3+ sensitized 

Gd2O3:Eu3+ (1 at.%) sample, 2.5 mg of Bi(NO3)3·5H2O was dissolved in 2 mL of 

deionized water (DIW) under continuous stirring. To the above, 2.2 mg of Eu(NO3)3·6H2O 

and 379 mg of Gd(NO3)3·6H2O were added. 150 mg of polyvinyl pyrrolidone (PVP) 

was also added to the above solution. The final volume was made 30 mL with the 

addition of DIW. The pH of the solution was fixed at 10 using ammonium hydroxide 

solution (NH4OH, ~25% NH3, Sigma Aldrich). Finally, the solution was transferred to 

a Teflon lined stainless steel autoclave and heated at 180 °C for 18 h in an oven. The 

precipitate was centrifuged and washed several times with DIW and acetone. All the 

remaining samples were synthesized following the same procedure. The as-prepared 

samples were annealed 900 °C for 4 h in the air.  

6.2.3. Synthesis of Bi3+ sensitized Gd2O3 doped with Sm3+ phosphors 

Following the similar procedure mentioned in the above section, Bi3+ sensitized 

Gd2O3:Sm3+ phosphors (denoted as Gd2O3:Bi3+/Sm3+) were also synthesized adopting 

hydrothermal method. In a typical synthesis of 1 at.% Bi3+ sensitized Gd2O3:Sm3+ (1 

at.%) sample, 2.4 mg of Bi(NO3)3·5H2O was dissolved in 2 mL of deionized water (DIW) 

under continuous stirring. To the above, 2.2 mg of Sm(NO3)3·6H2O and 447 mg of 

Gd(NO3)3·6H2O were added. 150 mg of polyvinyl pyrrolidone (PVP) was also added to 

the above solution. The whole solution is kept under hydrothermal condition for 18 h at 
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180 °C. The remaining samples were also prepared with similar process. The as-

prepared samples were annealed 900 °C for 4 h in the air.  

6.2.4. Characterization 

X-ray diffractometer (Bruker D8 advance) with Cu Kα radiation was used for 

crystalline phase identification. Fourier transform infrared (FT-IR) spectrometer 

(Shimadzu make IR-Affinity-1S) was used to record the FT-IR spectra of the prepared 

samples. Morphology of the particles was studied using the transmission electron 

microscopy (TEM) images recorded with JEOL 2000FX. The steady state and 

dynamics of photoluminescence (PL) as well as quantum yield (QY) were measured 

using Fluoromax-4CP spectrofluorometer (HORIBA make) equipped 150 W Xenon 

lamp and 25 W μs Xenon flash lamp. The fluorescence decay lifetime of Bi3+ was 

recorded by Time correlated single photon counting (TCSPC) technique (HORIBA 

make DeltaFlex) with pulse LED (340±10 nm) source (pulse width < 1.2 ns). All the 

PL measurements were carried out on the glass slides at room temperature. K-sphere 

‘petite’ integrating sphere from Photon Technology International (PTI) was used for 

QY measurements. For calculation of absolute QY, 𝜙(%) =  
𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

𝐼𝑞𝑢𝑎𝑟𝑡𝑧 − 𝐼𝑠𝑎𝑚𝑝𝑙𝑒
 was used. 

𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = luminescence emission intensity of the sample, 𝐼𝑞𝑢𝑎𝑟𝑡𝑧  = the intensity of 

light used to excite only the quartz slide and 𝐼𝑠𝑎𝑚𝑝𝑙𝑒 = the intensity of the light used for 

exciting the sample on the quartz slide. The photons absorbed by the sample is given by 

the difference between the last two. All the measurements were taken in the emission 

mode. The QY measurements were carried out on the quartz slides at room 

temperature. 

6.3. Results and discussion 

6.3.1. X-ray diffraction study 

X-ray diffraction (XRD) patterns of the as prepared samples are illustrated in Fig. 6.1. 

From the figure, it is clearly observed that the diffraction peaks can be well indexed to 

the hexagonal Gd(OH)3 (ICDD# 01-083-2037) [45]. No additional peaks are observed 

as well as the peaks are sharp indicating the formation of well crystalline Gd(OH)3:Eu3+ 

and Gd(OH)3:Sm3+ sensitized with Bi3+ (1 at.%) when prepared at 180 °C 

hydrothermally. Upon annealing at 900 °C for 4 h, these as prepared samples have 

converted to the cubic phase of Gd2O3 (ICDD# 00-012-0797) [43]. Fig. 6.2 shows the 
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XRD patterns of 900 °C annealed samples of Bi3+ (1 at.%) sensitized Gd2O3:Eu3+ and 

Gd2O3:Sm3+. All the patterns show the cubic phase Gd2O3 (ICDD# 00-012-0797) [46].   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1 XRD patterns of as-prepared 1 at.% Bi3+ sensitized (a) Gd(OH)3:Eu3+ (Eu3+ = 1, 9 and 17 at.%) 

and (b) Gd(OH)3:Sm3+ (Sm3+ = 1, 4 and 10 at.%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2 XRD patterns of 900 °C annealed samples of 1 at.% Bi3+ sensitized (a) Gd2O3:Eu3+ (Eu3+ = 1, 5, 

9, 11, 17 and 21 at.%) and (b) Gd2O3:Sm3+ (Sm3+ = 1, 2, 4, 6, 8 and 10 at.%). 
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The possible impurity phases such as Eu2O3, Sm2O2, Bi2O3 etc. are not observed. This 

suggests the lattice substitution of Gd3+ sites by the Eu3+ and/or Sm3+ and/or Bi3+ ions 

in the host matrix. The crystallite size was calculated using Scherrer relation,  𝐷 =

 
𝜅𝜆

𝛽 𝑐𝑜𝑠𝜃
 . The crystallite size calculated for the as prepared hexagonal phase varies from 

~34 – 54 nm. While, the variation in the crystallite size for the Gd2O3 samples becomes 

less. The crystallite size varies from ~28 – 33 nm (Table 6.1).  

Table 6.1: Calculated crystallite size for 1 at.% Bi3+ sensitized and Eu3+ or Sm3+ doped Gd(OH)3 and 900 

°C annealed Gd2O3samples, using Scherrer relation.  

Eu3+ (%) 
Crystallite size (nm)  Sm3+ (%) Crystallite size (nm) 

ASP 900 °C  ASP 900 °C 

1 34 33  1 44 30 

5 - 32  2 - 28 

9 54 30  4 37 28 

11 - 28  6 - 29 

17 47 31  8 - 28 

21 - 32  10 39 29 

 

6.3.2. Fourier transform infrared spectroscopy study  

Fig. 6.3. FT-IR spectra of as-prepared Gd(OH)3:Bi3+ (1 at.)/Eu3+ (3 at.%) (below) and (b) 900 °C 

annealed  Gd2O3:Bi3+ (1 at.)/Eu3+ (3 at.%) (above) samples. 

FT-IR spectra of as-prepared Bi3+ (1 at.%) sensitized Gd(OH)3:Eu3+ (3 at.%) and 

Gd2O3:Eu3+ (3 at.%) samples are shown in Fig. 6.3. The absorption band at 3420 cm−1 

corresponds to the −OH stretching vibrations. The bands at 2958 and 2856 cm−1 

correspond to the asymmetric and symmetric stretching vibrations of CH2, while the 

absorption due to the bending vibration is observed at 1382, 1456 cm-1 [47-9. The split 
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vibrational peaks at 1023 and 1085 cm−1
 correspond to the C−N vibrations of PVP [50]. 

The absorption peak at 1651 cm-1 is due to the asymmetric stretching of C=O bond 

[49,50]. The C=O vibration of pure PVP is normally observed at ~1661 cm-1 [50]. 

However, this peak is red shifted at 1651 cm-1. Such red shifting at ~1647 cm-1 when 

PVP is used as capping agent in AgSe was reported due to band weakening after partial 

donation of oxygen to Ag [50]. Therefore, the −OH bending vibration which is usually 

observed at ~1651 cm-1 [48] could not be observed. This might be due to the merger 

with the C=O vibrational peak. The presence of red shifted C=O bond and splitting of 

C−N vibrational bands of PVP might be the implication of surface functionalization in 

the as-prepared sample. The Gd−OH vibration band is observed at 707 cm−1 and 

suggests the formation of Gd(OH)3 [45,46]. When the as prepared samples are heated at 

900 ℃, Gd−O vibration bands at 546 and 490 cm−1 are appeared instead of Gd−OH 

suggesting the formation of Gd2O3. Bands at observed at 1495, 1385, 1087, and 1022 

cm−1 are due to carbonate anions [52-54]. Apart from these, some of the peaks related 

to capping agent i.e., CH2 stretching, C=O vibration etc. are also seen but the intensity 

is reduced compared to as prepared samples. This might be due to strong attachment to 

the surface of Gd2O3 even after annealing at 900 °C. 

6.3.3 Transmission electron microscopy study 

TEM images of as-prepared and 900 °C annealed samples are shown in Fig. 6.4 and 6.5 

respectively. Particles are in rod shape with an average diameter of 118 – 244 nm and 

606 – 1046 nm in length (Fig. 6.4(a)).  

Fig. 6.4. TEM images (a) along with HR-TEM (b) and SAED images (c) of a selected region of as-

prepared Gd(OH)3:Bi3+ (1 at.%)/Eu3+ (9 at.%). 
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Fig. 6.5. TEM images (a) along with HR-TEM (b) and SAED images (c) of a selected region of 900 °C 

annealed Gd2O3:Bi3+ (1 at.%)/Eu3+ (9 at.%). 

Whereas, the particles with 70 – 169 nm in diameter and 429 – 875 nm in length are 

observed in annealed samples (Fig. 6.5(a)). The measured interplanar spacing of 0.21 

and 0.32 nm of as-prepared sample corresponds to (210) and (110) planes of hexagonal 

Gd(OH)3 (Fig. 6.4(b)). The diffraction planes from the SAED images (Fig. 6.4(c)) are 

also matched with that of Gd(OH)3 thus confirms the formation of crystalline Gd(OH)3. 

On the other hand, interplanar spacing of 0.44 nm corresponds to (211) plane of cubic 

Gd2O3 (Fig. 6.5(b)). Also, the diffraction planes from the SAED image (Fig. 6.5(c)) are 

well matched with that of Gd2O3. This confirms the formation of crystalline Gd2O3.  

6.3.4. Photoluminescence (PL) studies of Bi3+ sensitized Gd2O3:Eu3+ 

6.3.4.1. Steady state PL study 

Excitation spectra of Bi3+ (0.25, 0.5, 1, 2, 4, 6 and 8 at.%) sensitized Gd2O3:Eu3+ 

samples are illustrated in Fig. 6.6. All the excitation spectra can be broadly divided into 

2 components viz., (i) excitation peaks related to the Gd2O3:Eu3+ and (ii) excitation 

peaks originated from the sensitizer (Bi3+ in the present case). The excitation peaks 

related to Gd2O3:Eu3+ are observed at 257 nm. This is related to the charge transfer 

(CT) band as a result of electron transfer from the 2p orbitals of oxygen to the empty 4f 

orbitals of the Eu3+ [2,4,7,16,19,26-32]. On the other hand, the sharp peak observed at 

274 nm is due to the 8S7/2→
6I7/2−17/2 transition within the Gd3+ [43,44]. And, other sharp 

peak in the longer wavelength region at 464 nm is due to the 7F0 →
5D2 transition within 

f-f shell of Eu3+.  



Chapter 6. Photoluminescence properties and energy transfer in Bi3+ sensitized Gd2O3:Ln3+ 

(Ln3+ = Eu3+ & Sm3+) 

128 

Fig. 6.6. PL excitation spectra of Bi3+ (0.25, 0.5, 1, 2, 4, 6 and 8 at.%) sensitized Gd2O3:Eu3+ (1 at.%) 

samples monitored at λem = 611 nm 

The excitation peaks at 335, 347 and 380 nm are related to the Bi3+ absorption. These 

peaks can be understood from the symmetry points of the cubic Gd2O3. In the cubic 

Gd2O3, there are 2 (two) types of lattice sites namely, C2 and S6 having octahedral 

coordination. C2 has 4 (four) equatorial Gd−O bond and 2 (two) apical Gd−O with two 

different bond distances leading to the non-centrosymmetric. While, S6 has equal bond 

distances of Gd−O with inversion symmetry [52,55]. Thus, 2 (two) different lattice 

sites are available for the doping ions to occupy in the host Gd2O3. During the doping 

process, when Bi3+ ions occupy the C2 symmetry sites, two excitation peaks at 335 and 

347 nm are observed. This is due to the spin orbit interaction leading to the splitting of 

excited state 3P1 into two transitions at 335 nm (1A→3A) and 347 nm (1A→3B). While, 

the peak at 380 nm is originated due to the occupation of S6 sites by the Bi3+. Earlier, 

similar results in Y2O3:Bi3+ with more details have been reported [55].  

Fig. 6.7 shows the emission spectra of Gd2O3:Bi3+ (1 at.%)/Eu3+ (7 at.%) samples 

under different excitations at 257 nm (Eu−O CT), 274 nm (Gd3+, S−I), 335 nm (Bi3+, 

related to C2 site), 380 nm (Bi3+, related to S6 site) and direct excitations at 393 and 464 

nm. Considering the highest emission peak at 611 nm (discussed later), it is clearly seen 

that the emission intensity is highest when excited at 335 nm compared to the 

remaining excitations. This clearly suggests that the sensitization of Gd2O3:Eu3+ with 
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Bi3+ enhances the energy transfer to the Eu3+ resulting improved emission intensity 

(discussed later).  

Fig. 6.7. PL emission spectra of Gd2O3:Bi3+(1 at.%)/Eu3+ (7 at.%) samples under different excitations at 

257 nm (Eu−O CT), 274 nm (Gd3+, S−I), 335 nm (Bi3+, related to C2 site) and 380 nm (Bi3+, related to S6 

site). Inset shows the comparison of emission intensities at these excitation wavelengths. 

Fig. 6.8. PL emission spectra of Bi3+ (0.25, 0.5, 1, 2, 4, 6 and 8 at.%) sensitized Gd2O3:Eu3+ (1 at.%) 

samples under the 335 nm excitation. Inset shows the comparison of emission intensities at different 

concentration of Bi3+. 

Fig. 6.8 illustrates the emission spectra of Bi3+ (0.25, 0.5, 1, 2, 4, 6 and 8 at.%) 

sensitized Gd2O3:Eu3+ (1 at.%) samples under the 335 nm excitation. All the emission 

spectra consist of two types: (i) the broad emission peak with two humps at ~417 and 

504 nm in the region of ~380 to 575 nm and (ii) sharp emission peaks in the region of ~ 
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575 to 750 nm as well as at 533 and 537 nm. The broad band emission is related to the 

Bi3+ originated from 3P1→
1S0. The presence of these two distinct humps in the emission 

band is due to the Bi3+ occupying at 2 (two) different symmetry sites. The emission at 

417 nm is due to the Bi3+ occupying at S6 site. While, the emission observed at 504 nm 

is originated when the Bi3+ occupies at C2 site [39,44,55]. The sharp emission peaks 

mentioned in (ii) are related to the transitions within the f-f electronic energy levels of 

Eu3+. These transitions are due to the magnetic dipole transitions: 5D1→
7F1 at 533 and 

537 nm, 5D0→
7F1 at 587, 592 and 599 nm (discussed later), 5D0→

7F3 at 651 nm; 

electric dipole transitions: 5D0→
7F2 at 611 and 629 nm; and electric quadrupole: 

5D0→
7F4 at 708 and 711 nm, respectively [42,43,55-57]. Apart from these emission 

peaks, a peak at 581 nm is also observed. This is due to the strictly forbidden 5D0→
7F0 

transition. Similar observation was earlier reported by us in Bi3+ sensitized Y2O3:Eu3+ 

[55]. Among all these Eu3+ transitions, emission at 611 nm is strongest. Considering 

this peak, emission intensity of Eu3+ is plotted against the various concentrations of 

Bi3+ (inset of Fig. 6.8). It is clearly observed that the emission intensity of Eu3+ 

increases with the increase of Bi3+ concentration and found to be maximum at 1 at.%. 

The emission intensity decreases with the further increase of Bi3+ beyond 1 at.%. This 

might be due to the clustering of more Bi3+ ions with the increase concentration which 

eventually leads to the increase in the non-radiative transitions within Bi3+. Similar 

trends were also observed in our earlier reports in CaMoO4:Bi3+/Eu3+ and 

Y2O3:Bi3+/Eu3+ [16,55]. 

The emission peak due to the electric dipole transitions (5D0→
7F2) is much 

stronger than the magnetic dipole transitions (5D0→
7F1). According to Judd-Ofelt 

theory, the electric dipole transitions depend strongly on the environment of Eu3+ while 

the magnetic dipole transitions is independent of surroundings [45,43,52]. To 

understand the observed results, crystal structure of Gd2O3 must be taken into account. 

In cubic Gd2O3, contribution of the non-centrosymmetric, C2 symmetry sites is ~75% 

while the centrosymmetric, S6 symmetry contributes only ~25% [46,60]. When the Eu3+ 

occupies the non-centrosymmetric sites, the electric dipole transition becomes 

dominant. The occupation of Eu3+ in C2 site can be ascertained from the observance of 

3 (three) Stark components in 5D0→
7F1 transition against the allowed 2 (two) 

components whenever Eu3+ occupies centrosymmetric site [58,59]. To understand the 

asymmetric environment around the Eu3+, asymmetric ratio (A) defined by the ratio of 
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integrated emission intensity of 5D0→
7F2 to that of magnetic dipole transition, 5D0→

7F1 

is considered. The asymmetric ratio (A) is given by  

𝐴 =
∫ 𝐼𝑒𝑑𝑑𝜆

633
603

∫ 𝐼𝑚𝑑𝑑𝜆
602

585

 (6.1) 

where, Ied refers to 5D0→
7F2 and Imd is 5D0→

7F1. The integration limits are wavelengths 

(nm). Fig. 6.9 shows the asymmetric ratio of the Gd2O3:Bi3+ (1 at.%)/Eu3+ (1, 3, 5, 7, 9, 

11, 13, 15, 17, 19, 21 and 23 at.%) samples under the excitation wavelengths of 335 

and 380 nm (calculated from the original data of the Fig. 6.10). In the case of 335 nm 

excitation, the ‘A’ value increases with the increase of Eu3+ concentration and becomes 

roughly constant after 10 at.%. This suggests the increase occupancy of the C2 sites by 

the Eu3+. Thus, the emission is predominantly from the Eu3+ located in the C2 sites [36].  

Fig. 6.9. Asymmetric ratio at different concentration of Eu3+ in Gd2O3:Bi3+ (1 at.%)/Eu3+ (1, 3, 5, 7, 9, 11, 

13, 15, 17, 19, 21 and 23 at.%) samples at 335 and 380 nm excitation.  

This increase in the asymmetric ratio is attributed to the increase in lattice substitution 

of Eu3+ in the C2 sites of Gd3+ in Gd2O3:Bi3+/Eu3+ [59,60]. However, under the 380 nm 

excitation, the asymmetric ratio is not much affected by the variation of Eu3+ 

concentration. Overall, the asymmetric ratios in both the cases are found in the range of 

6-8. This suggests that the environment around the Eu3+ is asymmetric irrespective of 

variation of Eu3+ concentrations. This also ascertains that the asymmetric nature of Eu3+ 

surrounding is independent of excitation wavelengths. It is also corroborated by the 
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dominant electric dipole transitions in the steady state emission studies under different 

excitation wavelengths (Fig. 6.7). 

6.3.4.2. Mechanism of energy transfer: Bi3+ to Eu3+ 

Fig. 6.10 shows the normalized emission (normalized at 611 nm) spectra of Gd2O3:Bi3+ 

(1 at.%)/Eu3+ (0, 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21 and 23 at.%) samples under the 

excitation of (a) 335 and (b) 380 nm. In both the figures, it is clearly observed that the 

emission intensity of broad band related to the Bi3+ gradually decreases with the 

increase in Eu3+ concentration. This is due to the increase in the non-radiative energy 

transfer to the excited states of randomly distributed Eu3+ ions over the radiative 

transition within Bi3+. The extent of decrease in the Bi3+ emission is almost similar 

under both the excitations. This suggests that the energy transfer in both the cases is 

efficient.  

 

Fig. 6.10. Normalized PL emission (normalized at 611 nm) Gd2O3:Bi3+ (1 at.%)/Eu3+ (0, 1, 3, 5, 7, 9, 11, 

13, 15, 17, 19, 21 and 23 at.%) samples under the excitation of (a) 335 and (b) 380 nm. 

To quantify the energy transfer efficiency (η) from the sensitizer (Bi3+) to the excited 

states of activator (Eu3+), the following equation was used,  

𝜂 = 1 −
𝐼𝑠

𝐼𝑠0

 (6.2) 

where 𝐼𝑠 and 𝐼𝑠0
 are the emission intensities of the Bi3+ in the presence and absence of 

Eu3+ respectively. The energy transfer efficiency in both the cases reaches upto nearly 

97% suggesting efficient transfer of energy from donor to the activator (See Fig. 6.11). 

Generally, the energy transfer occurs through 2 (two) mechanisms viz., (i) exchange 
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interactions and (ii) multipolar interactions. Both the interactions depend on the 

distance between the acceptor and donor.  

 

 

Fig. 6.11. Energy transfer efficiency (η) from the sensitizer (Bi3+) to the excited states of activator (Eu3+) 

in Gd2O3:Bi3+ (1 at.%)/Eu3+ (0, 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21 and 23 at.%) samples under the 

excitation of (a) 335 and (b) 380 nm. 

The critical distance between them can be calculated using [16,55,61], 

𝑅𝑐 = 2 [
3𝑉

4𝜋𝑥𝑐𝑁
]

1/3

  (6.3) 

where, 𝑅𝑐 is critical distance, V represents the volume of the unit cell, xc is the critical 

concentration and N denotes the number of cation sites in the unit cell of the host (both 

S6 and C2 sites). In the present case of Gd2O3, the value of N = 32. In the present study 

of Gd2O3, the unit cell volume is 1195 Å3. The critical concentration (xc) value is 18 

at.%. The critical distance (𝑅𝑐) calculated using Eqn. (6.3) is found to be 7 Å. This 

value exceeds the restricted distance of exchange interaction i.e., ~ 5 Å. This indicates 

that the multipolar interactions are dominant during the energy transfer from Bi3+ to the 

excited states of Eu3+ ions in Gd2O3. According to Dexter, such multipolar interactions 

between the donors and the activators during resonance energy transfer are of 3 (three) 

kinds: (i) dipole-dipole, (ii) dipole-quadrupole or (iii) quadrupole-quadrupole 

interactions. These kinds of interactions can be understood with the Reisfeld’s 

approximation [43,61-63], 

𝐼𝑠0

𝐼𝑠
∝ 𝐶

𝐵𝑖3++𝐸𝑢3+
𝑛/3

 (6.4) 
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where, C is the total concentration of the donors (Bi3+) and the activators (Eu3+) present 

in the sample. Based on the values of ‘n’, the corresponding interactions are dipole-

dipole (n = 6), dipole-quadrupole (n = 8) or quadrupole-quadrupole (n = 10) types. 

From the linear fit using Eqn. (6.4) with different values of n (= 6, 8, 10) shown in Fig. 

6.12, the best fit is obtained when n = 6. This shows that the majority of the multipolar 

interactions occur through dipole-dipole interactions in both the cases.  

Fig. 6.12. Dependence of 𝐼𝑆0
/𝐼𝑆 of Bi3+ on 𝐶

𝐵𝑖3++𝐸𝑢3+
𝑛/3

 where n = 6 (dipole-dipole), n = 8 (dipole-

quadrupole) and n = 10 (quadrupole-quadrupole) interactions respectively, at 335 nm excitation, C2 

symmetry site (a-c) and at 380 nm excitation, S6 symmetry site (d-f) in Gd2O3:Bi3+ (1 at.%)/Eu3+ (0, 1, 3, 

5, 7, 9, 11, 13, 15, 17, 19, 21 and 23 at.%) samples. 

6.3.4.3. PL decay lifetime and quantum yield study 

To understand better on the occurrence of energy transfer, investigating luminescence 

decay dynamics of sensitizer is important. Therefore, the decay dynamics of Bi3+ 

luminescence related to the C2 site in Gd2O3:Bi3+/Eu3+ were measured. However, the 

decay dynamics of Bi3+ related to S6 site were not measured due to the unavailability of 

the exciting source with us.  
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Fig. 6.13. TCSPC decay profiles of Bi3+ (1 at.%) in Gd2O3:Eu3+ (0, 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21 and 

23 at.%). Excitation and emission wavelengths were monitored at 335 and 504 nm respectively. Inset 

shows the calculated average lifetime values at different concentration of Eu3+. 

Fig. 6.13 shows the decay profiles of Bi3+ (1 at.%) in Gd2O3:Eu3+ (0, 1, 3, 5, 7, 9, 11, 

13, 15, 17, 19, 21 and 23 at.%). Excitation and emission wavelengths were monitored at 

335 and 500 nm respectively. The decay profiles are better fitted with the second order 

exponential decay equation,  

𝐼(𝑡) = 𝐼1𝑒
−

𝑡

𝜏1 + 𝐼2𝑒
−

𝑡

𝜏2 (6.5) 

where 𝐼1 and 𝐼2 stand for intensities at two different times. The 1 and 2 

represent the corresponding lifetimes. Similar behaviour of the luminescence decay by 

the Bi3+ and Ce3+ were also earlier reported when use as sensitizer [64,65]. Such 

behaviour in Bi3+ sensitized Y2O3:Eu3+ was also recently reported by us [55]. Typical 

fitting is given in Fig. 6.14. The average decay lifetime can be calculated using,  

𝜏𝑎𝑣 =
𝐼1𝜏1

2+𝐼2𝜏2
2

𝐼1𝜏1+𝐼2𝜏2
(6.6) 
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Fig. 6.14. Typical fitting of decay curve for Bi3+ emission (λex = 335 nm and λem = 504 nm) in 900 °C 

annealed Gd2O3:Bi3+ (1 at.%)/Eu3+ (1 at.%) sample. 

From the calculated values of Bi3+ decay lifetime, it is clearly observed that the 

decay lifetime is found to decrease from 497 ns to 109 ns with the increase of Eu3+ 

(activator) concentration. The details of decay lifetime and fitting parameters are given 

in Table 6.2. The decay lifetime trend clearly ascertains the increase in the non-

radiative transfer of energy to the 5D excited states of Eu3+ at the expense of radiative 

transition in Bi3+. This result supports the energy transfer discussed from the steady 

state luminescence studies.  

 Fig. 6.15 shows the decay curves of 5D0 level of Eu3+ emission in Gd2O3:Bi3+ (1 

at.%)/Eu3+ (1, 3, 5, 7, 9, 11, 13, 15, and 17 at.%) samples by monitoring at 611 nm 

emission. Excitation wavelength is 335 nm. The decay profiles 5D0 level under the 

direct excitation at 464 nm is shown in Fig. 6.16. All the decay profiles follow the 

second order exponential decay (Eqn. 6.5). Typical fitting is shown in Fig. 6.17. The 

average decay lifetime was calculated using Eqn. 6.6. The decay lifetime varies from 

0.81 to 1.45 ms when the excitation was used at 335 nm.  
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Table 6.2: Calculated fitting parameters of decay lifetime of Bi3+ emission in Gd2O3:Bi3+ (1 at.%)/Eu3+ 

(0, 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21 and 23 at.%) samples at 335 nm excitation and emission monitored 

at 504 nm. 

Eu3+ (at.%) A1 τ1 A2 τ2 τav (ns) R2 

0 0.925 0.049 0.542 0.564 497 1.00 

1 1.360 0.042 0.404 0.581 476 0.99 

3 1.460 0.041 0.409 0.449 349 0.99 

5 2.016 0.034 0.343 0.382 262 0.99 

7 1.999 0.035 0.296 0.352 224 0.99 

9 2.468 0.031 0.278 0.320 186 0.99 

11 3.111 0.027 0.267 0.297 158 0.99 

13 3.038 0.028 0.233 0.305 155 0.99 

15 3.267 0.027 0.228 0.274 130 0.99 

17 3.158 0.028 0.199 0.314 147 0.98 

19 3.331 0.027 0.216 0.248 109 0.99 

21 3.260 0.028 0.187 0.300 132 0.98 

23 3.678 0.026 0.174 0.319 133 0.98 

 

 

Fig. 6.15. PL decay curves of 5D0 level of Eu3+ emission in Gd2O3:Bi3+ (1 at.%)/Eu3+ (1, 3, 5, 7, 9, 11, 13, 

15, and 17 at.%) samples under 335 nm excitation and the emission is monitored at 611 nm. 
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Fig. 6.16. PL decay curves of 5D0 level of Eu3+ emission in Gd2O3:Bi3+ (1 at.%)/Eu3+ (1, 3, 5, 7, 9, 11, 13, 

15, and 17 at.%) samples under 464 nm excitation and the emission is monitored at 611 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.17. Typical fitting of decay curve for Eu3+ emission (λex = 335 nm and λem = 611 nm) in 900 °C 

annealed Gd2O3:Bi3+ (1 at.%)/Eu3+ (1 at.%) sample. 
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Table 6.3: The average lifetime calculated for the decay curves of 5D0 level of Eu3+ by monitoring at 611 

nm emission and Quantum yield in Gd2O3:Bi3+ (1 at.%)/Eu3+ (1, 3, 5, 7, 9, 11, 13, 15, and 17 at.%) 

samples. 

 

On the other hand, under direct excitation at 464 nm, the lifetime value increases from 

0.9 to 1.56 ms. The average lifetime calculated are given in Table 6.3. From the table, it 

can be observed that the decay lifetime value in both the cases increases with the 

increase of Eu3+ concentration upto 7 at.%. Thereafter, the lifetime steadily decreases 

with the further increase of Eu3+ concentration. Such decrease in the decay lifetime of 

lanthanide ions emission beyond certain concentration is attributed to the increase in 

the non-radiative transitions due to the cross relaxation among lanthanide ions. Such 

behaviour has been reported earlier [4,16,19]. The quantum yield measurements were 

performed following the report [16]. The quantum yields for Gd2O3:Eu3+ (1 at.%) and 

Gd2O3:Eu3+ (1 at.%)/Bi3+ (1 at.%) under 464 nm excitation are found to be 10 and 12% 

respectively. The quantum yields of some the Gd2O3:Eu3+ (x at.%)/Bi3+ (1 at.%) 

samples under 335 nm excitation are given in Table 6.3. 

6.3.4.4. CIE chromaticity studies 

The Commission International de I’Eclairage (CIE) chromaticity was analysed to 

understand the colour of the emission from different samples with the variation of Eu3+ 

concentration as well as excitation wavelength. The CIE positions of the Gd2O3:Bi3+ (1 

Eu3+ 

(%) 

Decay lifetime, τav (ms)  Quantum Yield (%) 

λexc = 335 nm  λexc = 464 nm  λexc = 335 nm 

τav R2  τav R2   

1 1.29 0.99  1.38 0.99  7 

3 1.31 0.99  1.38 0.99  8 

5 1.43 0.99  1.54 0.99  - 

7 1.45 0.99  1.56 0.99  8 

9 1.37 0.99  1.47 0.99  - 

11 1.33 0.99  1.42 0.99  7 

13 1.20 0.99  1.25 0.99  - 

15 0.89 0.99  0.96 0.99  9 

17 0.81 0.99  0.90 0.99  10 
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at.%)/Eu3+ (0, 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21 and 23 at.%) samples under the 

excitations of 335 and 380 nm are indicated in the diagram (Fig. 6.18). When the 

excitation wavelength was 335 nm (Fig. 6.18(a)), it is clearly observed that the colour 

of the emission is nicely tuned from bluish green region to red. On the other hand, the 

colour of the emission is varied from blue to red colour under the excitation of 380 nm 

(Fig. 6.18(b)). These results clearly suggest the possibility of tuning the emission colour 

by  

 

 

Fig. 6.18. CIE chromaticity coordinate positions of Gd2O3:Bi3+ (1 at.%)/Eu3+ (0, 1, 3, 5, 7, 9, 11, 13, 15, 

17, 19, 21 and 23 at.%)  samples excited at (a) 335 nm, (b) 380 nm (Details of CIE coordinate and 

position on the colour space are tabulated in Table 6.4) and (c) physical photograph of Gd2O3:Bi3+ (1 

at.%)/Eu3+ (17 at.%) excited at different wavelengths where the colour saturation is mentioned inside the 

parenthesis. 
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Table 6.4: CIE chromaticity coordinates and position in the color space (Fig. 6.18) of Gd2O3:Bi3+ (1 

at.%)/xEu3+ at 335 nm and 380 nm excitation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

varying the concentration of Eu3+ in Gd2O3 when sensitized with Bi3+. The positions of 

CIE coordinates are given in Table 6.4. Insets of the Fig. 6.18(a) & (b) show the 

photographic evidence of the colour tunability for some samples under the direct 

exposure of UV light. The vertically staked photographs (Fig. 6.18(c)) are the images 

under the exposure of UV light with various wavelengths in the region of 330 – 380 nm 

for Gd2O3:Bi3+ (1 at.%)/Eu3+ (17 at.%). The purity of the colour by the emitter can be 

understood by calculating the colour saturation value. Colour saturation (also known as 

chroma or tone) refers to the amount of mixing of white light with the hue or the pure 

colour (in this case Red). Higher the value signifies purer in the light emission, while 

lesser represents pale in the colour. The colour saturation values are also given (Fig. 

6.18(c)). The CIE colour coordinates and a typical calculation of colour saturation are 

shown in Fig. 6.19. This shows that the Bi3+ sensitized Gd2O3:Eu3+ can be potential 

candidate as red emitting phosphor for UV LED converted white LEDs for solid state 

lighting applications.   

 

Eu3+ (at.%) 
λex = 335 nm λex = 380 nm 

Position CIE Coordinate Position CIE Coordinate 

0 a (0.22, 0.37) α (0.17, 0.06) 

1 b (0.28, 0.36) β (0.20, 0.08) 

3 c (0.36, 0.36) γ (0.30, 0.16) 

5 d (0.42, 0.36) δ (0.40, 0.23) 

7 e (0.50, 0.35) ϵ (0.43, 0.25) 

9 f (0.53, 0.35) ζ (0.44, 0.26) 

11 g (0.54, 0.34) η (0.46, 0.27) 

13 h (0.56, 0.34) θ (0.48, 0.28) 

15 i (0.57, 0.34) ι (0.49, 0.29) 

17 j (0.59, 0.36) κ (0.56, 0.34) 

19 k (0.60, 0.36) λ (0.58, 0.34) 

21 l (0.60, 0.35) μ (0.58, 0.34) 

23 m (0.61, 0.35) ν (0.59, 0.34) 
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Fig. 6.19. (a) CIE color coordinates of Gd2O3:Bi3+ (1 at.%)/Eu3+ (17 at.%) at different excitation 

wavelength (λex = 330, 340, 350, 360, 370, and 380 nm) and (b) Color saturation calculated from CIE 

chromaticity coordinates for Bi3+ (1 at.%) sensitized Gd2O3:Eu3+ (17 at.%) sample at 350 nm excitation. 

a = distance between source coordinate and equal energy locus (1/3, 1/3: white); b = distance between 

equal energy locus (1/3, 1/3: white) and dominant wavelength. 
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6.3.5. Photoluminescence studies of Bi3+ sensitized Gd2O3:Sm3+ 

6.3.5.1. Steady state PL study 

Fig. 6.20 shows the excitation spectra of Bi3+ (1 at.%) sensitized Gd2O3:Sm3+ (1, 2, 4, 

6, 8, 10, and 12 at.%) samples monitored at 606 nm. Similar to the excitation spectra of 

Gd2O3:Bi3+/Eu3+ discussed in Sec. 6.3.4.1, the spectra consist of (i) excitation peaks 

related to the Gd2O3:Sm3+ and (ii) excitation peaks originated from the Bi3+. The sharp 

peak observed at 274 nm is due to the 8S7/2→
6I15/2 transition within the Gd3+ [36,37]. 

And, other sharp peak in the longer wavelength region at 406, 422, 467 and 492 nm is 

due to the 7H5/2 →6P3/2, 
7H5/2 →6D5/2, 

7I11/2 →6P3/2, and 7H5/2 →6G7/2 transitions 

respectively within the f-f shell of Sm3+ [4,66-69]. The excitation peaks at 335, 347 and 

380 nm are originated from the Bi3+ absorption. These peaks are due to the presence of 

two types of lattice sites namely, C2 and S6 having octahedral coordination in cubic 

Gd2O3 (as discussed in 6.3.4.1). 

  

 

 

 

 

 

 

 

 

Fig. 6.20. PL excitation spectra of Bi3+ (1 at.%) sensitized Gd2O3:Sm3+ (1, 2, 4, 6, 8, 10 and 12 at.%) 

samples monitored at λem = 606 nm 

Fig. 6.21 illustrates the emission spectra of Gd2O3:Bi3+ (1 at.%)/Sm3+ (2 at.%) 

samples under different excitations at 274 nm (Gd3+, S−I), 335 nm (Bi3+, related to C2 

site), 375 nm (Bi3+, related to S6 site) and direct excitations at 406 nm. Comparing the 

emission peak at 606 nm, it can be observed that the emission intensity is highest when 

excited at 335 nm than other remaining excitations. This suggests that the sensitization 

of Gd2O3:Sm3+ with Bi3+ can render the energy transfer to the Sm3+ resulting improved 
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emission intensity (discussed later). The remaining part of the study will be 

concentrated with the excitations related to Bi3+ absorption only. 

Fig. 6.21. PL emission spectra of Gd2O3:Bi3+(1 at.%)/Sm3+ (2 at.%) samples under different excitations at 

274 nm (Gd3+, S−I), 335 nm (Bi3+, related to C2 site) and 375 nm (Bi3+, related to S6 site) and 406 nm (f-f 

absorption).  

The emission spectra consist of two types: (i) the broad emission peak with two 

humps at ~417 and 504 nm in the region of ~380 to 575 nm and (ii) sharp emission 

peaks in the region of ~ 550 to 700 nm. The broad band emission is related to the Bi3+ 

originated from 3P1→
1S0. The presence of these two distinct humps in the emission 

band is due to the Bi3+ occupying at 2 (two) different symmetry sites (discussed in Sec. 

6.3.4.1). The sharp emission peaks mentioned in (ii) are related to the transitions within 

the f-f electronic energy levels of Sm3+. These emission peaks are related to the 

transitions originated from the 4G5/2 →
6H5/2 (at 564, 568 and 574 nm) and 4G5/2 →

6H5/2 

(at 606, 615 and 621 nm) are related to magnetic dipole transitions. While, the 

transition at 4G5/2 →
6H9/2 (at 654 and 665 nm) is due to pure electric dipole transition 

[4,66-70]. In all the cases, the transition at 4G5/2 →
6H5/2 (at 606, 615 and 621 nm) is 

dominant even though it due to magnetic dipole transition, ΔJ = ±1, it is also dominated 

with electric dipole transition [70,71]. 

6.3.5.2. Mechanism of energy transfer: Bi3+ to Sm3+ 

Fig. 6.22 shows the emission spectra of Gd2O3:Bi3+ (1 at.%)/Sm3+ (0, 1, 2, 4, 6, 8, 10 

and 12 at.%) samples under the excitation of (a) 335 and (b) 375 nm. From both the 
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figures, the gradual decrease in the intensity of emission band related to the Bi3+ is 

observed with the increase in Sm3+ concentration.  

Fig. 6.22. Normalized PL emission Gd2O3:Bi3+ (1 at.%)/Sm3+ (0, 1, 2, 4, 6, 8, 10 and 12 at.%) samples 

under the excitation of (a) 335 and (b) 375 nm. 

This is due to the increase in the non-radiative energy transfer to the excited states of 

randomly distributed Sm3+ ions over the radiative transition within Bi3+. This suggests 

the occurrence of energy transfer in both the cases. The efficiency of the energy transfer 

is calculated using Eq. 6.2. Fig. 6.23 shows the energy transfer efficiency under the 

excitation of 335 and 375 nm. The energy transfer efficiency reaches ~ 90% in both the 

cases.   

 

Fig. 6.23. Energy transfer efficiency (η) from the sensitizer (Bi3+) to the excited states of activator (Sm3+) 

in Gd2O3:Bi3+ (1 at.%)/Sm3+ (0, 1, 2, 4, 6, 8, 10 and 12 at.%) samples under the excitation of (a) 335 and 

(b) 375 nm. 

(a) (b) 
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As discussed in Sec. 6.3.4.2, the energy transfer occurs through (i) exchange 

interactions and (ii) multipolar interactions. These interactions depend on the distance 

between the acceptor and donor. The critical distance between them is calculated using 

Eq. 6.3, The critical concentration (xc) value is 3 at.%. The critical distance (𝑅𝑐) 

calculated using Eqn. (4) is found to be ~13 Å. This value is greater than the restricted 

distance (~ 5 Å) of exchange interaction. This establishes the presence of multipolar 

type of energy transfer. On the basis of Reisfeld’s approximation equation (Eq. 6.4), the 

best fit is observed with the values of n = 6 and 8. On the basis of these fitting 

parameters, it may be understood that the energy transfer from the Bi3+ to the excited 

states of Sm3+ occurs mainly through both dipole – dipole and dipole-quadrupole. Fig. 

6.24 shows the typical fitting using Eq. 6.4.   

Fig. 6.24. Dependence of 𝐼𝑆0
/𝐼𝑆 of Bi3+ on 𝐶

𝐵𝑖3++𝑆𝑚3+
𝑛/3

 where n = 6 (dipole-dipole), n = 8 (dipole-

quadrupole) and n = 10 (quadrupole-quadrupole) interactions respectively, at 335 nm excitation, C2 

symmetry site (a-c) and at 375 nm excitation, S6 symmetry site (d-f) in Gd2O3:Bi3+ (1 at.%)/Sm3+ (0, 1, 2, 

4, 6, 8, 10, and 12 at.%) samples. 

6.3.5.3. PL decay lifetime and quantum yield study 

Fig. 6.25 shows the decay profiles of Bi3+ (1 at.%) in Gd2O3:Sm3+ (0, 1, 2, 4, 6, 8, 10 

and 12 at.%). Excitation and emission wavelengths were monitored at 335 and 500 nm 

respectively. The decay profiles are better fitted with the second order exponential 
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decay equation (Eq. 6.5). Similar behaviour is also observed in Bi3+ sensitized Gd2O3 

(Sec. 6.3.4.3).  The average decay lifetime can be calculated using Eq. 6.6 and 

calculated values are given in Table 6.5. The decay lifetime is found to decrease from 

531 to 107 ns when the concentration of Sm3+ is increase from 0 to 12 at.%. The decay 

lifetime trend clearly ascertains the increase in the non-radiative transfer of energy to 

the excited states of Sm3+ at the expense of radiative transition in Bi3+. This result 

supports the energy transfer discussed from the steady state luminescence studies.   

 

 

 

 

 

 

 

 

 

Fig. 6.25. TCSPC decay profiles of Bi3+ (1 at.%) in Gd2O3:Sm3+ (0, 1, 2, 4, 6, 8, 10 and 12 at.%). 

Excitation and emission wavelengths were monitored at 335 and 500 nm respectively. Inset shows the 

calculated average lifetime values at different concentration of Sm3+. 

 

Table 6.5: Calculated fitting parameters of decay lifetime of Bi3+ emission in Gd2O3:Bi3+ (1 at.%)/Sm3+ 

(0, 1, 2, 4, 6, 8, 10 and 12 at.%). Excitation at 335 nm and emission monitored at 500 nm. 

Sm3+ (at.%) A1 τ1 A2 τ2 τav (ns) R2 

0 1.18 0.049 0.46 0.629 531 0.99 

1 1.45 0.039 0.45 0.625 527 0.98 

2 1.93 0.035 0.40 0.558 437 0.97 

4 1.97 0.039 0.30 0.478 325 0.97 

6 2.77 0.032 0.20 0.408 214 0.96 

8 3.21 0.027 0.29 0.381 225 0.95 

10 5.15 0.023 0.20 0.320 128 0.95 

12 5.36 0.021 0.21 0.274 107 0.95 
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Fig. 6.26 shows the decay curves of 5G5/2 level of Sm3+ emission in Gd2O3:Bi3+ (1 

at.%)/Sm3+ (1, 2, 4, 6, 8, 10 and 12 at.%) samples by monitoring at 606 nm emission. 

Excitation wavelength is 335 nm (left) and the direct excitation at 464 nm (right). All 

the decay profiles follow the second order exponential decay (Eqn. 6.5). The average 

decay lifetime was calculated using Eqn. 6.6 and given in Table 6.6.  

Fig. 6.26. PL decay curves of 5G5/2 level of Sm3+ emission in Gd2O3:Bi3+ (1 at.%)/Sm3+ (1, 2, 4, 6, 8, 10 

and 12 at.%) monitored at 606 nm. Excitation wavelengths (a) 335 nm (left) and 406 nm (right) 

Table 6.6: The average lifetime calculated for the decay curves of 5G5/2 level of Sm3+ by monitoring at 

606 nm emission and Quantum yield in Gd2O3:Bi3+ (1 at.%)/Sm3+ (1, 2, 4, 6, 8, 10 and 12 at.%) samples. 

 

Sm3+ 

(%) 

Decay lifetime, τav (ms)  Quantum Yield 

(%) 

λexc = 335 nm  λexc = 464 nm  λexc = 335 nm 

τav R2 
 

τav R2 
  

1 1.77 0.99  1.86 0.99  5 

2 1.30 0.99  1.36 0.99  7 

4 0.79 0.99  0.88 0.99  - 

6 0.38 0.99  0.42 0.99  - 

8 0.52 0.99  0.57 0.99  - 

10 0.32 0.99  0.35 0.99  - 

12 0.29 0.99  0.34 0.99  - 
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The decay lifetime varies from 0.29 to 1.77 ms when the excitation was used at 335 nm. 

On the other hand, under direct excitation at 464 nm, the lifetime value increases from 

0.34 to 1.86 ms. From the Table 6.6, it can be observed that the decay lifetime value in 

both the cases decreases with the increase of Sm3+ concentration beyond 1 at.%. Such 

decrease in the decay lifetime of lanthanide ions emission can be attributed to the 

increase in the non-radiative transitions due to the cross relaxation among lanthanide 

ions. Such behaviour has been reported earlier [66,72]. The quantum yields for 

Gd2O3:Bi3+ (1 at.%)/Sm3+ (1 and 2 at.%) under 335 nm excitation are found to be 5 and 

7% respectively (Table 6.6).  

6.3.5.4. CIE chromaticity studies 

Fig. 6.27 illustrates the CIE chromaticity of the Sm3+ emission in Gd2O3:Bi3+ (1 

at.%)/Sm3+ (1, 2, 4, 6, 8, 10 and 12 at.%) samples under (a) 335 and (b) 375 nm.  

 

 

 

 

 

 

 

Fig. 6.27. CIE chromaticity coordinate positions of Gd2O3:Bi3+ (1 at.%)/Sm3+ (0.5, 1, 2, 4, 6, 8, 10 and 12 

at.%)  samples excited at (a) 335 nm, (b) 375 nm. 

From the figure, it can be observed that the emission is concentrated in the blue and 

green region for all the samples. This might be due to dominance of Bi3+ emission over 

the orange-red emission from the Sm3+. Even though there is enough energy transfer 

occur in the higher concentration region i.e. ≥ 4 at.%, the intensity of the orange-red 

emission of the Sm3+ has already started to quench after 2 at.% due to concertation 

quenching. Therefore, the emission region from all the samples investigated falls in the 

blue-green part of the CIE space. Thus, we may understand that the Bi3+ sensitized 

Gd2O3:Sm3+ phosphors may not be suitable as red emitting phosphor.   
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6.4. Conclusions 

Bi3+ sensitized Eu3+ and Sm3+ doped Gd2O3 were successfully synthesized by 

hydrothermal method with post annealing at 900 °C. The as prepared samples are 

crystallized in hexagonal phase and subsequently changes to crystalline cubic phase 

post annealing. The occupancy of sensitizer in two different symmetry sites enables to 

excite Gd2O3:Eu3+ and Gd2O3:Sm3+ at different wavelengths. Efficient energy transfer 

upto 97% from Bi3+ to the excited states of Eu3+ is observed. While, the energy transfer 

efficiency in the case Sm3+ is reached ~90%. The energy transfer is resonant type and 

occurs mainly through dipole-dipole interaction in Gd2O3:Bi3+/Eu3+. Whereas, the 

energy transfer is contributed by both dipole-dipole and dipole-quadrupole interactions 

Gd2O3:Bi3+/Sm3+. Both the steady state and decay dynamics of the PL corroborates the 

occurrence of energy transfer in both the cases. The emission colour can be tuned from 

blue/bluish green to red with the variation of activator concentration and the excitation 

wavelength in Gd2O3:Bi3+/Eu3+. Under the excitation in the wavelength range ~330 – 

380 nm, colour saturation of the red emission is observed to be high. This could be a 

potential red emitting phosphor component for UV LED converted white LEDs. 

However, in the case of Gd2O3:Bi3+/Sm3+, mostly the emission color is observed to be 

found in the blue-greenish region in the CIE space. The Gd2O3:Bi3+/Sm3+ may not be a 

promising red phosphor.  
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