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ABSTRACT 

Photoluminescent textile has attracted increasing interest in recent years as an 

innovative functional material for anti-counterfeiting, security warning, security 

lighting and decoration applications. However, there are few scientific studies on 

the fabrication of photoluminescent textile deposited with photoluminescent thin 

films by using electron beam evaporation (EBE) technology. Therefore, the 

purposes of this study are to develop photoluminescent textile by depositing 

trivalent europium ion doped yttrium oxide (Y2O3:Eu
3+

) phosphor thin films onto 

a quartz fabric substrate with EBE and investigate the microstructure and 

photoluminescent properties of Y2O3:Eu
3+

 films deposited onto quartz fabric. 

Annealing treatment with muffle furnace and CO2 laser are carried out on 

Y2O3:Eu
3+

 films deposited onto quartz fabric. A systematic investigation is 

presented in this research and consists of four parts: (1) the synthesis of 

Y2O3:Eu
3+

 phosphor by NH4HCO3-based precipitation method for the evaporated 

target used in the deposition process; (2) preparation of photoluminescent textile 

deposited with Y2O3:Eu
3+

 films by using EBE; (3) examination of the 

microstructure and photoluminescent properties of the Y2O3:Eu
3+

 films deposited 

onto quartz fabric and prepared with different deposition parameters and under 

different annealing conditions; and (4) exploration of a novel photoluminescent 

textile with effective photoluminescent properties in terms of its functional and 
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aesthetic effects.  

 

The results reveal that the synthesized Y2O3:Eu
3+

 phosphor with favorable 

photoluminescent properties is a desirable candidate as the evaporated target in 

the deposition process. The results also indicate that the Y2O3:Eu
3+

 films 

deposited onto quartz fabric with a substrate temperature of 250℃ exhibit 

optimal photoluminescent intensity after annealing treatment which is improved 

by 32.67% as opposed to annealed films grown at room temperature. The 

maximum photoluminescent intensity of the annealed Y2O3:Eu
3+

 films deposited 

onto quartz fabric is observed with a deposition time of 15 min, which is 

improved by 124.73% in comparison to a deposition time of 5 min. The emission 

brightness is optimal when the annealed films are prepared with a deposition 

current of 140 mA, and the photoluminescent intensity is increased by 6317% 

when the deposition current is increased from 80 to 140 mA.  

 

Both annealing methods can effectively improve the photoluminescent properties 

of the Y2O3:Eu
3+

 films deposited onto quartz fabric. The highest emission 

brightness of the Y2O3:Eu
3+

 films deposited onto quartz fabric is obtained after 

furnace annealing at 1000℃ for 3 h and CO2 laser heating with a resolution of 35 

dpi for 120 μs, and the photoluminescent intensity is improved by 1234.41% and 

366.73%, respectively compared to that of the as-deposited films. 
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This study indicates that EBE is a promising technology for the development of 

photoluminescent textiles. The experimental results suggest that the improved 

morphology and crystal properties of the Y2O3:Eu
3+

 films are the major reasons 

for the increased photoluminescent properties of the deposited quartz fabric. The 

prepared photoluminescent textile that emits a red light has potential applications 

for anti-counterfeiting, security warning and decoration purposes. 
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Chapter 1 Introduction 

1.1 Background 

Aesthetic awareness of consumers and their knowledge structure are changing the 

demand in apparel in current society. A growing number of consumers are 

realizing that it is necessary for fabric to not only demonstrate visual and tactile 

aesthetics, but also to have practical functional properties, such as the ability to 

self-clean, antibacterial properties, antistatic ability and luminescent performance. 

Therefore, the development of functional textiles that takes aesthetic perception 

into consideration is becoming increasingly necessary. In addition, a large number 

of consumers are advocating for green technology and green textiles. 

Consequently, it is also becoming considerably important to explore environmen- 

tally friendly technology for the development of innovative green textiles. 

 

Luminescence can be generally classified into several types in accordance with 

the type of excitation energy, including chemiluminescence, triboluminescence, 

thermoluminescence, cathodoluminescence, electroluminescence and photolumi- 

nescence [1]. Luminescent textiles, mainly including electroluminescent and 

photoluminescent textiles, have recently gained more interest as an innovative 

functional material due to the effective combination of aesthetics and function. 
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The electroluminescent textile is usually fabricated with optical fibers or light 

emitting diodes (LEDs), which can emit light depending on a power supply of 

batteries or alternating current [2], while the photoluminescent textile is prepared 

with phosphor powders and it can emit light when exposed to light sources, such 

as ultraviolet (UV), visible or artificial light [3]. Photoluminescent textile can 

also provide a light emission after removal of the excitation sources when 

prepared with long afterglow phosphors [4,5]. Most research [6-11] has focused 

on the investigation of photoluminescent textile due to its superior performances 

than that of the electroluminescent textile, such as the higher flexibility.  

 

The photoluminescent properties of the light-emitting textile generally depend on 

the properties of the phosphor. Among the phosphors, trivalent europium ion 

activated yttrium oxide (Y2O3:Eu
3+

) phosphor has been extensively studied by 

many researchers due to its high luminescent efficiency under UV or cathode-ray 

(CR) excitation [12]. This phosphor can emit sharp red lights at about 610-613 

nm when excited by UV light with a wavelength of 254 nm that arises from the 

5
D0→

7
F2 intra-4f electronic transition of the Eu

3+
 ions [12-14]. Y2O3:Eu

3+
 

phosphor also has other exceptional luminescent characteristics, including 

acceptable atmospheric stability, reduced degradation under applied voltages and 

the absence of hazardous constituents as opposed to sulfide phosphors [15,16]. 

Y2O3:Eu
3+

 phosphor is currently the most widely used red phosphor in 
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fluorescent lamps, white LEDs, plasma display panels (PDPs), flat-panel displays 

(FPDs), field emission displays (FEDs), and cathode-ray tube (CRT) screens 
 

[17]. Therefore, Y2O3:Eu
3+

 phosphor can be regarded as a promising material in 

the development of photoluminescent textile.  

 

Due to the light emitting appearance, luminescent textiles can be potentially used 

to prepare luminescent products used for anti-counterfeiting, security lighting and 

decoration purposes. Up to now, there are various methods can be used for the 

preparation of luminescent textiles. The composite spinning methods including 

melt spinning [3,5], dry-wet spinning [6] and electrospinning [7] are used for the 

fabrication of luminescent fibers, whereas the painting [8,9], printing [10,11], and 

weaving [2,18] methods are commonly used for the preparation of luminescent 

fabrics. However, most of these methods are solution-based fabrication 

procedures and some kinds of functional agents are required to add into the 

composite luminescent solution/slurry to improve the dispersion of phosphor. 

The resultant wastewater treatment for these methods remains a challenge. In 

addition, the particle size of phosphor can significantly influence the spinnability 

of luminescent fibers when using the melt spinning or dry-wet spinning. It is also 

well known that the preparation process of electrospinning is complicated and 

it’s still difficult to achieve industrial production. Moreover, the luminescent 

fabrics produced by painting and printing usually exhibit starched appearance, 
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and the luminescent fabric fabricated by weaving the optical fibers or LEDs with 

the common fibers generally presents low flexibility. Therefore, it is necessary to 

explore an innovative approach for the preparation of luminescent textile, which 

should have superior advantages in comparison to the conventional methods, 

such as non-aqueous process, no limitations imposed by the particle size of 

phosphor during the preparation, and no significant influence on the handle of 

the resultant luminescent textile.  

 

In recent decades, luminescent thin films have attracted increasing attention due 

to their probable applications in flat panel displays, waveguiding radiation sensors 

and optoelectronics
 
devices [19,20]. These films demonstrate more effective 

thermal stability and uniform properties in comparison to bulk phosphor powder 

[21]. Luminescent thin films can be prepared by using a variety of deposition 

techniques, by which the phosphor can cover the substrate surface in the form of 

atoms or molecules, and this atomistic/molecular deposition process can be 

conducted in a vacuum, plasma, gaseous or electrolytic environment [22]. Among 

the deposition techniques, electron beam evaporation (EBE) is a promising 

method for the preparation of luminescent thin films because of its superior 

features, including stoichiometric transfer of the target material, high deposition 

speed and high purity of the deposited film [23]. In addition, high-energy 

bombardment from electron beams can heat and evaporate high melting point 
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materials, such as yttrium oxide phosphor which has a high melting point of 

2450℃ [24]. Moreover, EBE is a non-aqueous process. Therefore, it is an 

environmentally friendly and sustainable approach for the preparation of 

luminescent textile in comparison to the solution-based methods. 

 

1.2 Research Objectives 

This study mainly focuses on the photoluminescent properties of the luminescent 

material and the primary aims are to develop an innovative photoluminescent 

textile through depositing Y2O3:Eu
3+

 phosphor films onto a quartz fabric substrate 

by EBE and investigate the microstructure and photoluminescent properties of 

this textile which has been prepared under different deposition parameters and 

annealing conditions. The deposition parameters include the substrate 

temperature, deposition time and electron beam current. Two types of annealing 

will be investigated, including the use of a muffle furnace to examine the effect 

of annealing temperature and time, as well as CO2 laser to examine the effect of 

pixel time and resolution. The following are the primary objectives of this study: 

 

(1). to synthesize Y2O3:Eu
3+

 phosphor by using NH4HCO3-based precipitation for 

the evaporated target material used in the deposition process; 

(2). to develop photoluminescent textile deposited with Y2O3:Eu
3+

 films by using 

EBE;  
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(3). to examine the microstructure and photoluminescent properties of the 

Y2O3:Eu
3+

 films deposited onto quartz fabric and prepared under different 

deposition parameters and annealing conditions; and 

(4). to develop a novel photoluminescent textile with effective photoluminescent 

properties in terms of function and aesthetics. 

 

1.3 Project Significance and Values 

Numerous researchers have put forth effort to analyze the microstructure and 

photoluminescent properties of luminescent thin films, however, phosphor thin 

films have been generally deposited onto rigid substrates such as glass, silicon and 

sapphire. Work on phosphor films deposited onto textiles has so far been scarce. 

Therefore, the originality of this research lies in the deposition of yttrium oxide 

phosphor thin films onto textile material to develop photoluminescent textile by 

using EBE. The primary contribution of this study is the investigation of the 

effects of deposition parameters and annealing conditions on the microstructure 

and photoluminescent properties of the textile deposited with phosphor thin films. 

There is still room to explore an efficient deposition process with regard to the 

photoluminescent thin films to extend on the parameters of functional and 

decorative textile products. The major significance and value of the study are as 

follows.  
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(1). This study has developed an innovative photoluminescent textile which can 

be used to prepare photoluminescent signs for anti-counterfeiting, security 

lighting or decoration purposes. 

(2). The deposition process and annealing treatment are optimized so that there 

are significant benefits to the industry in terms of photoluminescent textile. 

(3). The systematical investigation carried out in this study provides a sound 

basis for photoluminescent textile fabricated by EBE;  

(4). The development and investigation work on photoluminescent textile can also 

be the foundation for preparing multi-colored textiles with the use of 

deposition technology by periodically switching phosphor targets of different 

color emissions during the deposition process. 

(5). The developed photoluminescent textile is safe with good chemical durability. 

Moreover, EBE is a non-aqueous, environmentally friendly and efficient 

technology for preparing photoluminescent textile in comparison with 

solution-based processes. 

 

1.4 Thesis Structure  

Chapter 1 gives a brief introduction on the background of the work undertaken in 

the thesis. It also highlights the advantages of Y2O3:Eu
3+

 phosphor and EBE for 

the development of photoluminescent textile. The research objective as well as 

the originality and significance of this project are stated. 
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Chapter 2 is a review of the literature which provides the research background. 

An overview on phosphor is given. The crystal structure, luminescent mechanism, 

and the synthesis method as well as the influencing factors during the preparation 

of Y2O3:Eu
3+

 phosphor are discussed. The fabrication method for rare earth ion 

doped yttrium oxide luminescent thin films and annealing treatment after the 

preparation of the luminescent thin films are reviewed. The fabrication method 

for luminescent textile is also reviewed. 

 

In Chapter 3, a fundamental methodology is proposed for the preparation of 

photoluminescent textile. Phosphor, the evaporated target material in the 

deposition process, and the preparation method of the phosphor are described. 

The textile substrate used in the deposition process is also discussed. The 

deposition process of EBE and two types of annealing are presented. The 

characterization methods of the synthesized phosphor and the developed 

photoluminescent textile are also provided. 

 

Chapter 4 presents the research work on the preparation and characterization of 

the Y2O3:Eu
3+

 phosphor. The microstructure and photoluminescent properties of 

the synthesized phosphor are investigated. 
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In Chapter 5, the fabrication of the photoluminescent quartz fabric deposited 

with Y2O3:Eu
3+

 films by EBE with the use of different deposition parameters is 

described in detail. The effect of the deposition parameters on the microstructure 

and photoluminescent properties of the Y2O3:Eu
3+

 films deposited onto quartz 

fabric are analyzed. 

 

In Chapter 6, the investigation on the influence of the annealing conditions on 

the microstructure and photoluminescent properties of the Y2O3:Eu
3+

 films 

deposited onto quartz fabric are described in detail. Two types of annealing are 

explored, including the use of a muffle furnace and with a CO2 laser. 

 

Chapter 7 is a summary of the main findings and the overall conclusion of the 

investigative research work. Furthermore, discussions on the limitations of the 

work and recommendations for further research work are provided. 
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Chapter 2 Literature Review 

2.1 Introduction 

Luminescent thin films have been a comprehensive research topic, which 

includes the phosphor material, deposition technology and post-treatment by 

annealing. To obtain a better understanding of the crystal structure, luminescent 

mechanism and synthesis method as well as other influencing factors during the 

fabrication of Y2O3:Eu
3+

 phosphor, a review will be provided. The preparation 

method of rare earth ion doped yttrium oxide (Y2O3:RE) luminescent thin films 

and the subsequent annealing treatment method are also reviewed. The current 

approaches for the producing luminescent textile is also described. This chapter 

begins with an overview on phosphor material. 

 

2.2 Luminescent Material 

2.2.1 An Overview on Phosphor 

Luminescence can be defined as a process by which atoms or molecules of a 

chemical substance emit photons in the form of visible light through the electron 

transition from an excited state to a ground state [25]. The luminescence resultant 

of the excitation by high energy photons is called photoluminescence [26,27]. 

Generally, the energy of the emitted photons is lower than that of the excited 
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photons and this photoluminescent phenomenon is known as Stokes shift [28].  

 

In general, phosphor is a luminescent material that demonstrates luminescent 

phenomenon. Phosphor is composed of a host material and a very small amount 

of optically excited activators as shown in Fig. 2.1(a). However, if the 

cross-section of the activators shows weak absorption, other kinds of impurities 

are usually co-doped into the host lattice to improve the luminescent intensity. 

These dopant ions are called sensitizers, which can absorb excitation energy and 

then transfer the energy to the activators as shown in Fig. 2.1(b). 

 

 

Fig. 2.1 Schematic diagram of phosphor [28,29]: (a) activators in the host lattice 

and (b) energy transfer from a sensitizer to an activator (A: activator, S: sensitizer, 

ET: energy transfer) 

 

There has been evidence of phosphor since about the tenth century in China and 

Japan as well as the end of the Middle Ages in Europe [28,30]. Table 2-1 shows 

A 
A 

A 
A 

A 
S 

A 

A S 

Excitation Emission Excitation Emission 

Host Host 

Heat Heat 

(a) (b) 

ET 

http://pubs.rsc.org/en/content/articlehtml/2013/tc/c3tc31024h#fig1
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the early milestones that concern the use of phosphor in luminescent materials 

and devices [26]. Nowadays, phosphor has universal applications in producing 

light sources (e.g. fluorescent lamps), display devices (e.g. CRTs), detector 

systems (e.g. X-ray screens) or other applications for decorative and security 

illumination purposes, such as luminous wallpaper as well as warning signs, 

emergency escape routes and luminescent paint for highways and airports [31-33].  

 

Table 2-1 Early milestone in the discovery of luminescent materials and devices 

Year Discovery 
Excitation 

source 

Type of luminescent 

material 

Emission 

color 

-1600 
Stone of 

Bologna 
Sunlight BaSO4 (BaS) Yellow 

1858 Geissler’s tube 
Gas-discharge 

(Hg) 
— UV 

1859 Becquerel 
Gas-discharge 

(Hg) 
ZnS Yellow-white 

1895 
X-rays 

(by Röntgen) 
— 

None (photographic 

plate) 
— 

1896 
X-ray intensifier 

(by Pupin) 
X-rays CaWO4 Blue 

1896 
Fluorescent lamp 

(by Edison) 

Gas-discharge 

(Hg) 
CaWO4 Blue 

1897 Braun’s tube Cathode-rays CaWO4 Blue 

1916 

Neon discharge 

lamp (by 

Claude) 

Gas-discharge 

(Ne) 
None Red 
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1925 
Black-and-white 

television 
Cathode-rays 

ZnS:Ag
+
; 

(Zn,Cd)S:Ag
+
 

Blue; yellow 

1937 

Neon discharge 

lamp (by 

Claude) 

Gas-discharge 

(Ne) 

CaWO4; 

Zn2SiO4:Mn
2+

 
Blue; green 

1938 Fluorescent lamp 
Gas-discharge 

(Hg) 

MgWO4; 

(Zn,Be)2SiO4:Mn
2+

 

Blue-green; 

green-red 

1941 Radar screen Cathode-rays (Zn,Cd)S:Cu
+
,Al

3+
 Green 

1946 Insect lamps 
Gas-discharge 

(Hg) 
CaWO4 Blue 

1960 Color television Cathode-rays 

ZnS:Ag
+
; 

(Zn,Cd)S:Cu
+
,Al

3+
; 

(Zn,Cd)S:Ag
+
 

Blue; green; 

red 

1960 
Laser (by 

Maiman) 

Gas-discharge 

(Hg) 
Al2O3:Cr

3+
 Red 

1972 

Computed 

tomography 

(by Houndsfield) 

X-rays NaI:Tl
+
 Green 

1972 
Rare-earth 

phosphors 

Gas-discharge 

(Hg) 

Sr3(PO4)5Cl:Eu
2+

; 

LaPO4:Ce
3+

,Tb
3+

; 

Y2O3:Eu
3+

 

Blue; green; 

red 

 

For application purposes, a large amount of phosphor has been synthesized and 

characterized. However, only about fifty kinds of materials exhibit luminescent 

properties that are sufficient enough for technological applications as illustrated 

in Table 2-2 [26]. 
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Table 2-2 Most important luminescent materials for practical use 

Emission 

color 

Application 

Cathode 

Ray Tube 

Plasma 

Display Panel 
Fluorescent Lamp 

X-rays 

Intensifying/ 

Scintillation 

Blue ZnS:Ag
+
,Cl

-
 

BaMgAl10O17: 

Eu
2+

 

BaMgAl10O17:Eu
2+

; 

Sr4Al14O25:Eu
2+

; 

Sr3(PO4)5Cl:Eu
2+

 

NaI:Tl
+
; 

Ba(F,Br):Eu
2+

 

(storage 

phosphor); 

LaBr3:Ce
3+

; 

Bi4Ge3O12; 

Gd2SiO5:Ce
3+

/ 

Lu2SiO5:Ce
3+

; 

LuAlO3:Ce
3+

; 

YTaO4:Nb
5+

 

Green 

ZnS:Cu
+
, 

Au
+
,Al

3+
; 

ZnS: 

Cu
+
,Al

3+
 

BaAl12O19: 

Mn
2+

; 

Zn2SiO4:Mn
2+

; 

BaMgAl10O17: 

Eu
2+

,Mn
2+

 

GdMgB5O10: 

Ce
3+

,Tb
3+

; 

LaPO4:Ce
3+

,Tb
3+

 

CeMgAl11O19: Tb
3+

 

CsI:Tl
+
; 

Gd2O2S:Tb
3+

 

Yellow — — Y3Al5O12:Ce
3+

 — 

Red Y2O2S:Eu
3+

 Y2O3:Eu
3+

 

Y2O3:Eu
3+

;
 

(Y,Gd)(P,V)O4: 

Eu
3+

 

— 

White — — 
Ca5(PO4)3(F,Cl): 

Sb
3+

,Mn
2+

 
— 
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Sulfide phosphors, such as zinc sulfide doped with silver or copper, have been 

the most renowned and popular luminescnet materials since the early 20th 

century. However, it has also been reported that this serier of phosphor exhibits 

low luminescent intensities and short lifetimes [34]. Moreover, a nonluminescent 

oxide layer can be grown on the phosphor surface during electron irradiation in 

an H2O ambient, thus resulting in luminescent efficiency reduced [35,36]. In 

order to improve the luminescent intensity, it is necessary to add hazardous 

radioactive elements, such as cobalt (Co), erbium (Er) or promethium (Pm), into 

the phosphor as auxiliary excitation sources [28]. It is well known that 

radioactive elements are hazardous substances that cause significant harm to the 

environment and human health. In this case, non-radioactive materials with 

effective luminescent properties have attracted increasing attention. Rare earth 

oxide phosphors, which use rare earth ions as the activators that are doped into 

the host lattice, are promising luminescent materials and they are more stable 

than sulfur-containing phosphors [37]. Therefore, considerable attention has been 

given to the luminescent properties of rare earth oxide phosphors to explore their 

potential applications in display technology in the photonic and optoelectronic 

fields [38]. 

 

The luminescence of Eu
3+

 ion is particularly interesting due to its intense red 

emission and it’s one of the three primary colors (namely, red, blue and green) 
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centered at about 612 nm [39]. Due to the red color, a wide spectrum of colors 

can be generated by appropriate combining of colors. This strategy is actually 

applied for white light generation as well. Therefore, Eu
3+

 has been thoroughly 

studied as a luminescent activator in many host materials [40]. In addition, 

yttrium oxide (Y2O3) is an advanced ceramic because of its stable physical and 

chemical properties, such as highly saturated color, high melting point (2450℃), 

high thermal conductivity [0.13 W/(cm·K)], wide transparency range (0.2-8 μm), 

wide band gap (5.6 eV), high refractive index (~1.8) and low cut off phonon 

energy (380 cm
-1

), which means that it is a very promising host material in the 

preparation of effective luminescent media [24]. Moreover, Y2O3 is regarded as 

the best host for rare earth ions due to the similar chemical properties and ionic 

radius [41]. Among the oxide-based phosphors, Y2O3:Eu
3+

 is known as one of the 

most promising phosphors and has been extensively studied by many researchers 

because of its extremely high luminescent efficiency, good color coordinates, 

good stability and environmentally friendliness when compared with the sulfide 

phosphors [12,42]. 

 

2.2.2 Y2O3:Eu
3+

 Phosphor 

2.2.2.1 Crystal Structure 

The host lattice of Y2O3:Eu
3+

 is Y2O3 which has two types of crystal structures: 

C-type cubic phase [space group: Ia-3(206)] and B-type monoclinic phase [space 
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group: C2/m(12)], and these structures can significantly influence the thermal 

and optical properties of phosphor [43]. The cubic phase of Y2O3:Eu
3+

 has been 

extensively studied because its luminescence intensity is higher than that of the 

monoclinic phase of Y2O3:Eu
3+

 [44]. The cubic Y2O3 crystal phase contains two 

different cationic symmetry sites, 75% for C2 and 25% for C3i (S6) [45]. The C2 

sites have cations on a distorted cubic lattice with oxygen vacancies on the face 

diagonal to the point symmetry of C2, while the S6 sites have inversion symmetry 

and oxygen vacancies that lie on the body diagonal of the cube [46]. These sites 

are occupied by Y
3+

 ions and remain on six-fold coordination with oxygen ions 

that form a cubic bixbyite structure [41], as shown in Fig. 2.2.  

 

 

Fig. 2.2 C2 and S6 sites of Y
3+

 cation in cubic Y2O3 [46] 

 

In the cubic bixbyite structure, every unit cell of Y2O3 has thirty-two cationic 

sites. These sites can be substituted by rare earth ions where eight will have the 

S6 symmetry and the other twenty-four will have the C2 symmetry as illustrated 

in Fig. 2.3. The lattice parameter of the cubic Y2O3 is 1.0604 nm in accordance 

Y site (Symmetry-S6) 

O site 

Vacancy site 

Y site (Symmetry-C2) 

Symmetry-C2 Symmetry-S6 
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with the standards of the Joint Committee for Powder Diffraction Studies 

(JCPDS), specifically, Card No. 25-1011. In Y2O3, eight Y
3+

 ions are found in 

special positions of 1/4, 1/4 and 1/4, and the remaining twenty-four Y
3+

 ions 

occupy the sites of u, 0 and 1/4 [47]. The forty-eight O
2+

 ions are in general, the 

positions of x, y and z, and arranged in a distorted octahedra around the Y
3+

 ions, 

with the Y-O bonding distances being unequal. Therefore, the stoichiometry 

Y32O48 is simplified as Y2O3. 

 

 

Fig. 2.3 Crystal structure of Y2O3 [48] 

 

2.2.2.2 Luminescent Mechanism 

Due to the similar ionic radius of Y
3+

 (0.90Å) and Eu
3+

 (0.94Å), Eu
3+

 ions can 

easily substitute Y
3+

 ions in the Y2O3 and occupy both sites [49]. According to the 

48 O
2+

 

8 Y
3+

(S6) + 24 Y
3+

(C2) 

1.0604 nm 
80 atoms/unit cell 
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selection rules, magnetic dipole transitions are only allowed when S6 site 

occupancy occurs because the S6 site is highly symmetrical with an inversion 

center; however, both electric and magnetic dipole transitions are allowed when 

C2 site occupancy occurs because the C2 site has low symmetry without an 

inversion center [ 50 ]. Y2O3:Eu
3+

 phosphor can emit intense red colored 

photoluminescence due to the electric and magnetic dipole transitions, namely the 

5
D0-

7
FJ (J=0, 1, 2, 3, 4, 5, 6) transitions, within the 4f shell of the Eu

3+
 ions. Fig. 

2.4 shows an energy level diagram of the Eu
3+

 ions in the Y2O3 lattice with all 

probable radioactive transitions. The overall energy level structure of the Eu
3+

 

ions does not change in different hosts which is attributed to the shielding effect 

of the outer shell electrons (5s and 5p) [51]. However, the selection rules and 

transition probabilities between the electron states are sensitive to the local 

crystalline field that surrounds the Eu
3+

 ions [52].  
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Fig. 2.4 Energy level diagram of Eu
3+

 ions in Y2O3:Eu
3+

 [24]  

 

There are seven steps in the excitation and emission processes of Y2O3:Eu
3+

 [24]. 

As observed in Fig. 2.4, direct excitation from the lowest ground state (
7
F0) to the 

excited state of Eu
3+

 (such as 
5
L6, energy difference is about 3.2 eV) is the first 

step. Indirect radiation from the ground state of Eu
3+

 to the excited state through 

Eu-O charge transfer (the charge transfer energy is about 5 eV) is the second step, 

and indirect radiation through the Y2O3 host to Eu
3+

 (5.8-6.2 eV) is the third step. 

When Y2O3:Eu
3+

 is excited after Step 1 takes place, the excited electrons reach 

the lowest excited state (
5
D0) through non-radiative multi-phonon relaxation 
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(Step 6) and then radiatively decay to the 
7
FJ (J=1, 2, 3, 4, 5, 6) levels (Step 7). 

When Y2O3:Eu
3+

 is excited by Step 2, the excited electrons reach the ground state 

either by direct transition from the excited state to the ground state or to the 

lower excited states of Eu
3+

 by non-radiative transitions (Step 5). However, direct 

transition is forbidden due to the very weak oscillator strength. With the 

multi-phonon relaxation (Step 6), the excited electrons reach the lower excited 

states (
5
D0,

 5
D1, 

5
D2, 

5
D3) followed by radiative transitions, 

5
D0-

7
FJ (J=1, 2, 3, 4, 

5, 6) (Step 7). When Y2O3:Eu
3+

 is excited per Step 3, the excited electrons can 

reach the ground state by different routes. One is a direct transition from the 

excited state to the ground state; however, this is forbidden as attributed to a very 

weak oscillator strength. The second route is through a non-radiative transition to 

the excited state of Eu-O (Step 4) followed by Steps 6 and 7 in sequence. The 

luminescent intensity of the Eu
3+

 ions through the excitation by the host is poor 

as the weak absorption cross-section of the host matrix leads to very weak energy 

transfer between the host and Eu
3+

 ions. 

 

2.2.2.3 Synthesis Method 

In order to obtain good luminescent properties, the phosphor particles must have 

a uniform size with a narrow distribution, and are non-aggregated, spherical in 

particle shape, composed of a single crystal phase and effective crystallinity 

[53-55]. These morphology and crystal properties of phosphor are influenced by 
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the synthesis method and the various factors during the preparation process, such 

as the doping concentration of activators, calcination conditions and solvent type. 

 

There are various techniques that are used for the synthesis of Y2O3:Eu
3+

 

phosphor and they are classified into solid state reaction and wet chemical 

synthesis techniques [56,57]. Solid-state reaction as a conventional method is the 

most suitable technique for the large-scale production of phosphor. Wet chemical 

methods have also been extensively studied, and common methods include 

precipitation, aerosol pyrolysis, sol-gel method, and combustion synthesis, etc.  

 

Dubey et al. [58] prepared Y2O3:Eu
3+

 phosphor through a high temperature solid 

state reaction at 1300℃. Their results revealed that the phosphor has a cubic 

phase with a large crystallite size of 205 nm. The result of chromaticity 

coordinates indicated that the color purity of the phosphor is very close to red 

light emission. However, the photoluminescent spectrum shows hybrid 

light-emitting signals, including blue, green and red emission peaks at about 469, 

534 and 612 nm, respectively. The authors [59] also reported that the Y2O3:Eu
3+

 

phosphor particles are evidently clustered/aggregated with a size that ranges from 

70 to 90 nm when synthesized by using the solid state reaction method. The 

highest photoluminescent intensity of the phosphor is observed with a doping 

concentration of the Eu
3+

 ions of 1.5 mol%. 
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It has been reported that phosphors prepared by using the solid state reaction 

method usually show a non-homogeneous activator composition in the host 

matrix, unfavorable coarsening of the particles, unexpected particle shape and 

serious aggregation [57,60]. Therefore, post-treatment, including heating and 

grinding, is required to achieve well-reacted and fine-grained particles. 

Nevertheless, these procedures usually degrade the luminescent properties of 

phosphor. In this case, an increasing number of researchers have used the solid 

state reaction as a method to prove that wet chemical synthesis methods may be 

the more suitable techniques for the preparation of Y2O3:Eu
3+

 phosphor. 

 

Erdei et al. [61] reported that the photoluminescent intensity of low temperature 

co-precipitate reacted Y2O3 and Y2SiO5 based phosphors is significantly higher 

than that of the solid state reacted phosphors. 

 

Hong et al. [62] found that more Eu
3+

 ions can be doped into the host lattice 

without concentration quenching when the Y2O3:Eu
3+

 phosphor is synthesized 

through aerosol pyrolysis in comparison to that prepared by using the solid-state 

reaction method. Moreover, the Eu
3+

 ions doped through aerosol pyrolysis show 

a more uniform distribution than those doped by using the solid-state reaction 

method, thus leading to an improved photoluminescent efficiency. The results 
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also showed that the photoluminescent intensity of the phosphor is increased 

when the Eu
3+

 concentration is increased from 2 to 6.3 mol% and then decreased 

with further increases in the Eu
3+

 concentration from 6.3 to 12 mol%. In addition, 

an enhanced photoluminescent intensity is also observed as the annealing 

temperature is increased from 1000℃ to 1200℃ and then degraded as the 

temperature is further increased from 1200℃ to 1300℃. 

 

Zhang et al. [63] discovered that the photoluminescent intensity of Y2O3:Eu
3+

 

phosphor obtained by the sol-gel method is greater than that prepared by using 

the solid-state reaction method. The results also showed that the phosphor is 

amorphous when calcined below 500℃ and effective crystallinity of the 

phosphor is obtained when calcined at 600℃. The crystallinity is increased when 

the calcination temperature is increased from 600℃ to 1250℃ which leads to an 

improved photoluminescent intensity. 

 

Krishna et al. [39] synthesized Y2O3:Eu
3+

 phosphor by using the combustion 

method. The phosphor shows an obvious porous structure and the crystallinity of 

the phosphor is increased with an increase in the calcination temperature from 

600℃ to 1000℃. They also reported that the photoluminescent intensity is 

highly dependent on the calcination temperature and an optimal intensity is 

observed when the precursor is calcinated at 1000℃ for 3 h. 
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Rafiaei et al. [64] also fabricated Y2O3:Eu
3+

 phosphor by using the combustion 

method and discovered that the type of solvent used has a significant effect on 

the phosphor nanostructure morphology and the luminescence properties. The 

results indicated that phosphor synthesized in water and calcined at a high 

temperature of 1000℃ has higher crystallinity and luminescence intensity than 

that synthesized in a water/ethanol mixture. 

 

In addition, a number of researchers have also put forth effort to investigate the 

effects of the doping concentration of Eu
3+

 ions [65-70] and calcination 

conditions [68,71,72] on the luminescent properties of Y2O3:Eu
3+

 phosphor. 

However, differences were found in the reported optimal mol ratio of the Eu
3+

 

ions and calcination conditions for the best luminescent efficiency.  

 

The precipitation method [69,73-75] and combustion synthesis [76,77] as two 

important powder processing techniques for preparing Y2O3:Eu
3+

 phosphor, have 

also been extensively studied in recent years. Precipitation is an effective method 

to obtain an atomically mixed phosphor precursor with a complete reaction. An 

enhanced crystalline phase can be achieved after the amorphous or weakly 

crystalline precursor calcinates at a relatively high temperature of 1300℃ [56]. 

The combustion method is also an efficient technique to obtain highly pure and 
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homogeneous phosphor. When the combustion reaction is initiated at a 

temperature of 500℃ or less, the chemical energy released from the exothermic 

reaction between the metal nitrates and fuel can rapidly heat the system to a high 

temperature (＞1600℃) without an external heat source [56]. To explore the 

more suitable method for the current research, I previously investigated the 

microstructure and photoluminescent properties of the Y2O3:Eu
3+

 phosphor that 

was synthesized by using these two methods [78]. The results showed that the 

Y2O3:Eu
3+

 phosphor synthesized by precipitation presents a spherical shape with a 

nanometer particle size that ranges from 55 to 65 nm, while synthesis by the 

combustion method causes voluminous and foamy morphology that shows an 

extensive sheet porosity structure as shown in Fig. 2.5. The results also indicated 

that the Y2O3:Eu
3+

 phosphor obtained by precipitation shows higher emission 

intensity than that obtained by using the combustion method. 

 

 

Fig. 2.5 SEM images of Y2O3:Eu
3+

 phosphor synthesized by: (a) precipitation 

and (b) combustion method 

(a) (b) 
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2.3 Preparation Method of Y2O3:RE Thin Films  

Thin film can be a layer of material that ranges from fractions of a nanometer to 

several micrometers in thickness [29]. Over the past century, thin film products 

have become an indispensable part of our daily life. Applications of thin film 

strongly depend on its electrical, optical and physical properties. The observable 

applications widely range from microelectronics to automobile parts and also 

from windows on skyscrapers to the metallic coatings on the insides of bags of 

potato chips [79]. Luminescent thin film is one of the most interesting materials, 

and numerous research interest in the preparation and characterization of 

rare-earth ion activated luminescent thin film has emerged in the past ten years 

[80].  

 

Among the oxide-based phosphor thin films, Y2O3:RE luminescent thin films 

have received considerable attention due to their promising applications in 

optical displays [28]. There are various technologies that can be used to prepare 

luminescent thin films, including chemical vapor deposition (CVD) [21,81-84], 

the sol-gel method [85-89], pulsed laser deposition (PLD) [90-94], radio 

frequency magnetron sputtering (RF-MS) [95-98], and EBE [20,99-102]. EBE, 

as a physical vapor deposition method, is an early method that was successfully 

applied in producing thin films for different purposes, including to provide acid, 
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corrosion and heat resistance, induce surface hardening and for decorative 

purposes [103]. The deposition mechanism of EBE is summarized in Fig. 2.6. An 

electron gun emits an accelerated electron beam with high energy to strike the 

target materials. The kinetic energy of the electrons is converted into heat energy 

and causes the target atoms/molecules to escape from the target surface in the 

form of a vapor stream. Thin films eventually form after the vapor stream 

condenses on a rotating substrate. 

 

 

Fig. 2.6 Deposition mechanism of EBE 

 

Compared with other preparation methods, EBE has some advantages [23] in 

terms of thin film deposition which are outlined as follows. 

 

(1). The deposition speed is high and materials with a high melting point can be 

evaporated due to the high energy density of the electron beam with a heating 

Surface atoms/molecules 
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temperature that can reach between 3000℃ and 6000℃. 

(2). The deposited film has high purity because direct heating with the use of an 

electron beam allows for the evaporation of material from a water-cooled 

crucible; thus this sort of evaporation avoids reactions with the walls of the 

crucible, and any crucible materials and reaction products will not be part of 

the evaporation process.  

(3). The electron beam can accurately strike the target materials which is 

attributed to the application of electromagnetic fields. 

(4). The loss of heat conduction and thermal radiation is minimal because heat can 

be directly applied onto the surface of the evaporated material. 

 

Therefore, due to the benefits of using EBE, there has been increasing interest in 

the fabrication of Y2O3:RE thin films for different purposes with this technique. 

 

Nakanishi et al. [19] deposited blue-emitting Y2O3:Tm
3+

 thin films onto 

amorphous quartz and indium-tin oxide (ITO) glass substrates by using EBE and 

obtained excellent light output and color rendering properties as well as effective 

stability of high current-density excitation for FED applications. Their results 

indicated that the cathodoluminescent properties of Y2O3:Tm
3+

 films grown on 

an ITO-coated glass substrate are improved as opposed to the use of an 

amorphous quartz substrate. They [104] also deposited green-emitting Y2O3:Er
3+
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thin films onto different substrates with the use of EBE, including quartz and 

ITO glass, and c-axis-oriented zinc oxide (ZnO) thin film substrate. They 

discovered that the best crystallinity and cathodoluminescent efficiency are 

obtained from the Y2O3:Er
3+

 thin films when deposited onto a ZnO thin film.  

 

To explore the optical properties of the phosphor film for display applications, 

Sythov et al. [105] prepared Y2O3:Eu
3+

 films onto quartz substrates by EBE. The 

results indicated that the photoluminescent intensity is superlinearly improved 

with an increase in film thickness. They [100,106] also deposited Zn
2+

 co-doped 

Y2O3:Eu
3+

 film on fused quartz substrates by EBE and found the optimal doping 

concentration of Zn
2+

 ions and the thickness for effective cathodoluminescence 

of the deposited films are 20 wt% and 300 nm, respectively.  

 

Hrudey et al. [ 107 - 110 ] found that the brightness and efficiencies of 

photoluminescent thin films are lower than those of phosphor powders due to the 

internal reflections of the films. Therefore, they [107-110] prepared Y2O3:Eu
3+

 

thin films onto a silicon substrate by glancing angle deposition in EBE to 

improve the photoluminescent intensity of the deposited films. Their results 

suggested that glancing angle deposition can well control the nanostructure of the 

deposited films and different nanostructures can be obtained by controlling the 

substrate motion, including the chevrons, pillars, helices and normally-deposited 
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solid thin films. However, their results also showed that the photoluminescent 

properties of the films obtained by glancing angle deposition in EBE are 

relatively less optimal than that of the films deposited by only EBE. 

 

To determine promising applications of thin films for FED devices, Gozzi et al. 

[111] conducted an extensive study on the growth and characterization of 

cathodoluminescent thin film deposited onto optically polished quartz substrates 

by EBE. In the research, cathodoluminescent thin films with red-green-blue 

emissions were prepared by using different host materials (Gd2O3 and Y2O3) and 

different doping rare earth ions (Eu
3+

, Tb
3+

 and Tm
3+

). The results showed that 

Y2O3 is the more suitable host for greater cathodoluminescent intensity in 

comparison to Gd2O3.  

 

Rodionov et al. [112] deposited Y2O3:Eu
3+

, Y2O3:Sm
3+

 and Sm
3+

 co-doped 

Y2O3:Eu
3+

 films onto a BaTiO3 dielectric layer by EBE. They discovered that the 

electroluminescence intensity of the Y2O3:Sm
3+

 film is greater than that of the 

Y2O3:Eu
3+

 film with the same deposition parameters and excitation conditions. 

Moreover, the electroluminescence efficiency of the Y2O3:Eu
3+

 film is improved 

when co-doped with Sm
3+

 ions. Optimal electroluminescence efficiency is 

obtained in the Y2O3:Eu
3+

 and Sm
3+

 co-doped Y2O3:Eu
3+

 films when the Eu
3+

 ion 

concentration is 2.5 wt%. 
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Sugita et al. [113] deposited the Y2O3:Eu
3+

 thin films onto silicon nitride (Si3N4) 

membranes by EBE for applications in high-resolution optical microscopes. The 

results suggested that the cathodoluminescence efficiency of the deposited film is 

improved as the film thickness is increased from 80 to 200 nm.  

 

2.4 Annealing Treatment 

Regardless of the method used for film growth in the preparation of luminescent 

thin films, residual stresses produced during deposition process will cause a 

considerable amount of structural defects [114]. This is especially the case when 

the film is grown at a low substrate temperature. The stresses can negatively 

affect the luminescent properties of the deposited film by deforming the unit cell 

and introducing the undesirable effects of anisotropy into the isotropic optical 

behavior [114,115]. Generally, conventional furnace annealing treatment is one 

of the most effective methods for heating deposited films at a high temperature 

and for a sufficiently long enough time to remove the stresses through thermal 

diffusion. In addition, heating substrates to a relatively high temperature during 

deposition is also an effective means to remove the stresses. In recent decades, 

intensive investigations have been conducted on the effects of deposition 

temperature and furnace annealing temperature on the luminescent properties of 

the EBE deposited films. 
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Nakanishi et al. [19] investigated the various substrate and annealing 

temperatures on Y2O3:Tm
3+

 films deposited onto quartz and ITO glass substrates. 

They found that the cathodoluminescence intensity of the deposited films is 

improved with increases in the substrate temperature from 300℃ to 500℃ and 

annealing temperature from 600℃ to 800℃ for 1 h. They also [104] deposited 

Y2O3:Er
3+

 films onto quartz and ITO glass, and ZnO thin film substrate with a 

substrate temperature of 500℃. However, annealing treatment in air atmosphere 

was still needed to enhance the cathodoluminescence intensity of the Y2O3:Er
3+

 

films. Their results suggested that the cathodoluminescent properties of the films 

are improved after annealing treatment in air atmosphere and the 

cathodoluminescent intensity of the films deposited onto quartz and ITO glasses 

are gradually improved as the annealing temperature is increased from 600℃ to 

800℃ for 1 h. However, optimal cathodoluminescence intensity of the films 

deposited onto ZnO thin film substrate is detected when the films are annealed at 

700℃ for 1 h.  

 

Sythov et al. [20] studied the dependence of the microstructure and 

cathodoluminescent properties of the Y2O3:Eu
3+

 films deposited onto quartz glass 

on the growth and annealing temperature. Their results indicated that the 

cathodoluminescent brightness of the films is improved with an increase in the 
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substrate temperature from 400℃ to 500℃ and then decreases with an further 

increased temperature to 600℃. They also discovered that the 

cathodoluminescent intensity of the films is improved after annealing treatment 

in air atmosphere and the brightness is improved with an increase in the 

annealing temperature from 700℃ to 800℃ and then declines as an further 

increased temperature from 800℃ to 1000℃.  

 

Hrudey et al. [107,110] reported that the photoluminescent properties of the 

Y2O3:Eu
3+

 films deposited onto a silicon substrate is increased after annealing 

treatment in air for 10 h at 850℃. 

 

Rodionov et al. [112] deposited Y2O3:Eu
3+

 and Sm
3+

 co-doped Y2O3:Eu
3+

 films 

onto a BaTiO3 dielectric layer and found that the electroluminescent intensity of 

the films increases with the rise of annealing temperature from 600℃ to 1050℃ 

for 1 h with a gas mixtures of air as well as oxygen-argon atmosphere.  

 

Sugita et al. [113] found that the cathodoluminescence intensity of the Y2O3:Eu
3+

 

film deposited on Si3N4 is improved as the increased annealing temperature from 

500℃ to 1000℃ for 3 h under an oxygen gas flow. 

 

However, according to the reported studies discussed above, it has been found 
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that further treatment by annealing in a furnace at a higher temperature is usually 

necessary after the deposition process, although the films are deposited onto 

heated substrates. Furnace annealing treatment is also required for the 

luminescent films when they are prepared by the other methods, such as CVD 

[83], sol-gel method [86] and RF-MS [98]. While for PLD, substrate heating at a 

high temperature of 300-850℃ during the deposition is mainly used 

[91,93,116,117]. Nevertheless, heating the entire samples at a high temperature 

has undesirable effects on substrate materials that have a low heat resistance. 

Therefore, laser treatment has been the subject of extensive study in recent years 

due to its advantages, such as local heating, cost effectiveness, very high 

efficiency and being environmentally friendly. Heating by laser is also flexible 

and can be intentionally controlled.  

 

Two most common types of lasers used in research are carbon dioxide (CO2) and 

neodymium doped yttrium aluminium garnet (Nd:YAG) lasers [118]. The main 

difference between these two lasers is the wavelength of the laser beams. The 

wavelength of the Nd:YAG laser (1.064 μm) is exactly ten times smaller than 

that of CO2 laser (10.64 μm); therefore, it is ideally suitable for absorption in 

most metals, but this small wavelength inhibits its application in many other 

materials, such as wood, acrylic, plastics, and fabrics. On the contrary, CO2 laser 

is commonly applied to non-metallic materials and has better beam quality and 
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higher output power in comparison to Nd:YAG laser [119,120]. Recently, CO2 

laser has been widely and successfully applied in the annealing treatment of 

oxide thin films to improve their photoluminescent properties. 

 

Hong et al. [121] reported that the photoluminescent intensity of the ZnO thin 

film is improved after CO2 laser irradiation and the brightness of the film 

scanned at 30 mm/s is higher than that scanned at 50 mm/s. Lin et al. [122] found 

that the photoluminescent intensity of the Si-rich SiO2 film is enhanced after CO2 

laser annealing treatment and the intensity of the film treated with a laser 

intensity of 6 kW/cm
2
 is higher than that treated with 7.5 kW/cm

2
. Tewary et al. 

[123] discovered that the photoluminescent intensity of the SiO1.08N0.32 film at an 

emission peak of about 800 nm is increased after CO2 laser annealing treatment. 

The brightness of the film treated for 30 min by laser is gradually improved as 

the laser power density is increased from 330 to 480 W/cm
2
 and then decreased 

as the density is further increased to 580 W/cm
2
. Moreover, the photoluminescent 

intensity of the film treated with a density of 480 W/cm
2
 is improved with an 

increased length of treatment time from 5 s to 30 min and then declined as the 

length of treatment time is further increased from 30 to 60 min. 

 

2.5 Fabrication Method of Luminescent Textile 

In recent years, luminescent textiles, especially rare-earth luminescent textiles 



37 

 

have attracted increasing attention as an innovative functional material. 

Luminescent textiles on the market today are non-radioactive, non-toxic, 

harmless and safe for consumer use and to the environment [124]. Therefore, 

luminescent textiles have excellent prospects in terms of application, whether for 

protective textile products in terms of security lighting, or for emergency 

illumination and decorative purposed. Nowadays, luminescent textiles have 

practical applications, such as their use in safety clothing, decorative fabrics, 

luminous toys and embroidery [125]. 

 

Luminescence in textiles is found in the forms of luminescent fibers and fabrics. 

The former are mainly produced by spinning technologies, such as melt spinning, 

dry-wet spinning and electrospinning, while the luminescence properties instilled 

into the latter is usually carried out by painting, printing and weaving. 

 

2.5.1 Luminescent Fiber 

2.5.1.1 Melt Spinning  

Fig. 2.7 shows the melt-spinning process, which is one of the most popular 

methods to prepare luminescent fibers. The composite, luminescent polymer, is 

melted and pumped through a spinneret with numerous holes, and the 

luminescent fibers can be obtained after the molten fibers are cooled, solidified 

and collected on a windup bobbin. 
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Fig. 2.7 Schematic diagram of the melt-spinning process [126] 

 

Prior to the spinning process, the composite polymer is prepared by mixing the 

phosphor powders with a thermoplastic polymer solution. Various functional 

agents, such as the dispersant, and the degradation and anti-chlorine agents, are 

added into the composite solution to improve the distribution of the phosphors 

and increase the quality of the fiber product. Subsequently, the composite 

solution could be extruded into luminescent fibers through a melt spinning 

machine. For this kind of melt spinning, the fabrication of luminescent fibers, 

including preparing the composite solution and spinning process, is continuous. 

Ge et al. and Yan et al. [3,5] prepared luminous fibers by using the melt spinning 

method. During the preparation, europium and dysprosium co-doped strontium 
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aluminate (SrAl2O4:Eu
2+

, Dy
3+

) phosphor powders with a low mass fraction of 5 

wt% and combined with functional additives were mixed with polyethylene 

terephthalate (PET), followed by the extruding process. The results showed that 

the particle size of the applied phosphors is large, which ranges from 10 to 20 μm. 

A broad emission peak at 550 nm that corresponds to green and yellow emissions 

is detected when the luminescent fibers are excited by UV light with a 

wavelength of 360 nm. 

 

The composite polymer can be also prepared in the form of luminescent 

masterbatches by dispersing the phosphor powders into the polymer matrix with 

functional agents, such as the dispersants, and degradation and anti-chlorine 

agents. The luminescent properties of the composite fibers can be obtained after 

the dried luminescent masterbatches are added into the spinning machine. For 

this type of melt spinning method, the preparation of the composite solution and 

the spinning process are two independent processes. Si [127] reported that the 

use of the above method provides long afterglow luminescent plastic 

polypropylene (PP) fibers and the concentration of the rare earth doped strontium 

aluminate phosphors is 5 wt%.  

 

2.5.1.2 Dry-wet Spinning 

Fig. 2.8 is a diagram of the dry-wet spinning process for the preparation of the 
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luminescent fibers. In this process, the polymer is dissolved in an appropriate 

solvent to make the fiber solution. Then the phosphor powders are dispersed into 

this solution with functional agents, such as dispersants, and degradation and 

anti-chlorine agents. The composite solution is then extruded under heat and 

passes through an air gap before entering a coagulation bath. Luminescent fibers 

can be obtained after the washing and drying process.  

 

 

Fig. 2.8 Modified schemata of the dry-wet spinning process [128] 

 

Cao et al. [129] fabricated luminescent Lyocell fibers by using the dry-wet 

spinning method. The luminescent properties for the composite spinning solution 

was obtained by dispersing 10 wt% lanthanide aluminate phosphor powder and a 

small amount of antioxidants into a cellulose spinning solution by using 

N-methylmorpholine-N-oxide (NMMO) as the solvent. The results indicated that 

Air gap 

Coagulation bath 

Composite solution 

Spinneret 

Windup bobbin 

Gas  

cylinder 



41 

 

the luminescent Lyocell fibers emit green light when excited by a D65 standard 

illuminant and the effective afterglow time of the fibers is more than 10 h. 

 

Kulpinski et al. [130] also prepared luminescent cellulose fibers by using the 

dry-wet spinning method. The phosphors, europium doped gadolinium 

oxyfluoride (Gd4O3F6:Eu
3+

), applied in the powder form with different 

concentrations of 0.5-5 wt% by weight were distributed into an NMMO-water- 

cellulose system. The luminescent spectra shows that the luminescent cellulose 

fibers emit a red light under UV radiation at 254 nm. Kulpinski et al. [6] also 

developed luminescent cellulose fibers that contain terbium doped cerium 

fluoride (Ce0.85Tb0.15F3) by using the dry-wet spinning method. The fibers emit a 

green light at 543 nm when excited by UV light with a wavelength of 254 nm. 

 

2.5.1.3 Electrospinning 

Fig. 2.9 shows the formation diagram of luminescent polymer nanofibers with 

the electrospinning method. During the electrospinning process, high voltage is 

used to create an electrically charged jet of luminescent composite solution [131]. 

Before reaching the collection screen, the solution jet evaporates or solidifies, 

and is collected as an interconnected web of very fine fibers [132].  
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Fig. 2.9 Schematic diagram of the electrospinning process [133] 

 

Cheng et al. [ 134 ] reported that the luminescent properties of polyvinyl 

pyrrolidone (PVP)/SrAl2O4:Eu
2+

, Dy
3+

 nanofibers can be obtained with 

electrospinning in combination with the sol-gel method. In their study, the 

mixture spinning solution was prepared by adding a SrAl2O4:Eu
2+

, Dy
3+

 

phosphor precursor solution into the PVP. Luminescent fibers were fabricated by 

electrospinning and a two-step heating treatment, i.e., 800℃ for 4 h and 1200℃ 

for 6 h under a reducing atmosphere of graphite. The prepared fibers emit green 

light with the emission peak at 509 nm when excited with UV light with 

wavelengths of 346-375 nm.  

 

Bi et al. [7] indicated that the luminescent properties of PVP/Y3Al5O12:Tb
3+

 

nanofibers can be fabricated by using the electrospinning method. In their 
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research, the PVP solution and [Y(NO3)3+Al(NO3)3+Tb(NO3)3] precursor 

solution with a mass fraction of 10 wt% were mixed and added into a syringe. 

Luminescent composite nanofibers were obtained after calcination at 900℃ for 8 

h. The obtained fibers emit a green light with the emission peak at 543 nm when 

excited with UV light with a wavelength of 273 nm. 

 

Besides the above studies, Japanese researchers [135,136] have developed 

luminous fibers with a skin-core structure, and Shim [137] also prepared the 

luminescent sheath/core bicomponent fibers with a bicomponent fiber spinning 

system (Hills). In addition, Tansil et al. [138] reported that luminescent silk 

could be produced in silkworms in vivo by modifying their genetics or directly 

feeding then with luminescent dyes, and other methods, as shown in Fig. 2.10.  

 

 

Fig. 2.10 Different methods to produce colored and luminescent silk: (A) through 

modification of silkworm genetics, (B) through modification of diet of silkworms, 

and (C) by processing the silk after it is produced [138] 
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2.5.2 Luminescent Fabric 

2.5.2.1 Painting Method 

Chen and Yin [8] indicated that luminescent cotton fabrics can be prepared by 

using painting method. Pure cotton fabrics were soaked in a rare earth loaded 

organic aqueous solution with a light conversion agent for 10 min which 

underwent the padding process twice at room temperature (R.T.) followed by 

drying at 120℃ for 30-150 s. This sort of luminescent fabric can emit a 

red-yellow light when excited with UV light with wavelengths of 300-360 nm. 

Zhu et al. [9] also reported that luminescent fabrics can be obtained by painting 

the slurry blended with SrAl2O4:Eu
2+

, Dy
3+

 phosphors onto polyester fabrics. 

 

2.5.2.2 Printing Method 

Wang et al. [10] developed luminescent fabrics by using a luminescent slurry 

dispersed with long afterglow phosphors for printing onto cotton fabrics. In order 

to improve the dispersion of the phosphor and adhesion with the fabric, several 

functional agents were added into the slurry solution, such as dispersing, 

adhesive and thickening agents. They reported that the fabricated luminescent 

fabrics can effectively emit luminescence when excited by a D65 illuminant. Lv et 

al. [11] also prepared fabrics that would have long afterglow luminescent 

properties with a photochromic compound, namely 1,3,3-trimethyl-9'- 

hydroxyspiro {2H-indoline- 2,3'-[3H] naphtha [2,1-b](1,4) oxazine}, for printing 
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onto cotton fabrics. Functional agents, including aliphatic polyurethane PUI-112, 

poly-butyl acrylate, thickening and dispersing agents, and penetrant were added 

into the luminescent slurry. They stated that the developed luminescent fabrics 

have effective photochromic properties when excited by sunlight. 

 

2.5.2.3 Weaving Technology 

Lü et al. [2] stated that luminescent fabrics can be produced by weaving polymer 

optical fibers with common textile fibers. Chen et al. [18] developed controllable 

luminous fabric by weaving polymethyl methacrylate (PMMA) core optical 

fibers with common textile fibers. In addition, LEDs were also introduced to 

luminescent textile as an illuminant. Recently, there has been a considerable 

amount of interest in fashion design with luminescent textiles by using weaving 

technology. Fig. 2.11 shows the various luminescent textiles designed for 

exhibition or used in fashion shows. 
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Fig. 2.11 Luminescent fabrics prepared by: (a) jacquard weaving with fluorescent 

elastic yarn [139], (b) weaving with optical fibers [140], and (c) weaving with 

luminescent thread [141] 

 

2.6 Research Gap 

Based on the extensive literature review above, the following knowledge gaps 

are identified. 

 

First, numerous researchers have put forth effort to investigate the microstructure 

(a) 

(b) 

(c) 
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and luminescent properties of Y2O3:RE thin films prepared by EBE. However, the 

Y2O3:RE thin films were generally deposited onto rigid substrates such as glass, 

silicon and sapphire. The use of EBE to deposit Y2O3:RE thin films onto flexible 

textiles has so far been absent. Besides the use of conventional annealing 

treatment with a muffle furnace to improve the luminescent properties of the 

deposited films, CO2 laser heating is also an efficient means for annealing 

purposes. However, the use of CO2 laser for annealing Y2O3:RE luminescent thin 

films, especially those grown by EBE, has been rarely reported. 

 

Although the spinning technologies are the favored methods for preparing 

luminescent fibers, there are rigorous requirements. In terms of the melt and 

dry-wet spinning methods, a small particle size of the phosphor and low blending 

concentration of phosphor powder are required. With a large particle size, the 

spinneret can be easily clogged and this causes the frequent breakage of fibers 

during the spinning process. Moreover, when the concentration of the phosphor 

exceeds 5 wt% by weight, the spinnability of the polymers tends to deteriorate 

and the resultant fibers are brittle and weak [137]. In addition, some of the 

phosphors can be distributed onto the fiber surface after the spinning process 

which causes the rough surface of the luminescent fibers as illustrated in Fig. 

2.12. The protruding due to the phosphors will cause significant friction with 

other fibers or the mechanical parts of machinery during the weaving process 
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thus resulting in reductions of the luminescent and mechanical properties of the 

luminescent fibers [142,143].  

 

 

Fig. 2.12 SEM images of the surface of luminescent fibers prepared by: (a) melt 

spinning method [3] and (b) dry-wet spinning [130] 

 

Electrospinning has been recognized as an efficient method for the preparation of 

polymer nanofibers; however, the fabrication process is complicated and many 

factors have strong effects on the morphology and microstructure of the 

electrospun fibers, such as the polymer concentration, volatility of the solvent, 

strength of the electric field, feeding rate of the precursor, and ambient 

parameters, including temperature and humidity [134]. It is well known that the 

preparation parameters, including the doping concentration of the activators, 

reaction temperature and time, stirring speed, etc., will substantially influence the 

microstructure and luminescent properties of phosphor. However, in terms of the 

luminescent fibers prepared by electrospinning, most of the composite polymer 

(a) (b) 
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solutions have been prepared by mixing a polymer solution with phosphor 

precursor solution. Consequently, the electrospinning process for the fabrication 

of the luminescent fibers becomes more complex due to the addition of other 

factors that will have effects on the resultant product. 

 

Luminescent yarns can be prepared by passing the yarns through a bath that 

contains luminescent material and a binder [144,145]. However, luminescent 

textiles produced by using this method as well as with the use of painting and 

printing usually have a stiff hand [137]. It is reported that the thermal stability of 

polymer optical fibers is poor and they should be used under a temperature of 

70℃ [2] which may limit the applications of luminescent fabrics that are woven 

with optical fibers. In addition, most of the optical fibers are for communication 

purposes and their poor mechanical properties mean that they are not ideal for 

weaving [2]. Luminescent fabric woven with LEDs expose wearers to 

electromagnetic wave radiation, and has poor flexibility. 

 

Therefore, a systematic scientific study needs to be carried out to reduce the 

knowledge gaps. 

 

2.7 Summary 

This chapter has provided an overview on phosphor material and a literature 
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review on the crystal structure, luminescent mechanism, and synthesis method as 

well as influencing factors in the preparation of Y2O3:Eu
3+

 phosphor. The method 

for the fabrication of Y2O3:RE luminescent thin films, annealing treatment 

method of luminescent thin films and current preparation method of luminescent 

textiles are also reviewed. Based on the extensive literature review, the following 

knowledge gaps are identified: (i) there are no studies on the development of 

luminescent textile with the use of EBE; (ii) there is few study that focuses on 

the use of CO2 laser for annealing deposited luminescent thin films; and (iii) 

there is insufficient research on the microstructure and luminescent properties of 

luminescent textile.  
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Chapter 3 Research Methodology 

3.1 Introduction 

In Chapter 2, a comprehensive literature review has been provided on relevant 

background information such as the technology for preparing phosphor and 

luminescent thin films, deposition mechanism of EBE, the current means of 

preparing luminescent textile, and difficulties with luminescent textile. 

Consequently, the literature review provides a better understanding in choosing 

the research topic. In this case, a systematic investigation will be carried out on the 

preparation of photoluminescent textile by depositing Y2O3:Eu
3+

 phosphor films 

onto a quartz fabric substrate by EBE and an investigation will be done on the 

microstructure and photoluminescent properties of Y2O3:Eu
3+

 deposited quartz 

fabric prepared with different deposition parameters and under different 

annealing conditions.  

 

In this chapter, a brief outline will be provided on the use of Y2O3:Eu
3+

 phosphor 

as evaporated target material in the subsequent deposition process, the 

precipitation method for the preparation of Y2O3:Eu
3+

 phosphor, textile as a 

substrate in the deposition process, EBE to fabricate photoluminescent textile, 

and annealing treatment methods, and characterization methods to examine the 
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synthesized phosphor and the Y2O3:Eu
3+

 deposited fabric.  

 

3.2 Phosphor as Evaporation Target 

Y2O3:Eu
3+

 phosphor, which was discovered several decades ago [146], is still 

regarded as the best red oxide phosphor because of its highly efficient 

photoluminescence, acceptable atmospheric stability, reduced degradation under 

applied voltages, and the lack of hazardous components as opposed to sulfide 

phosphors [15,16]. It has attracted a significant amount of interest in optical 

display and security lighting applications [ 147 , 148 ]. Therefore, Y2O3:Eu
3+

 

phosphor is used as the evaporated target material in the deposition process in 

this study.  

 

3.3 Precipitation Method for Preparation of Phosphor  

The preparation work is one of the most important factors that influences the 

luminescent properties of phosphor [149]. To obtain a high luminescent intensity, 

an optimal quantity of activator should be effectively distributed into the host 

matrix, and therefore, the use of a solution is considered to be the best means of 

phosphor preparation [149]. Over the past decades, Y2O3:Eu
3+

 phosphor have 

been synthesized by different methods as discussed in Chapter 2 (Section 2.2.2.3). 

However, precipitation is one of the most effective means for phosphor 
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preparation because it requires a low calcination temperature for host 

crystallization and no milling or grinding processes are introduced in comparison 

to solid state reaction. The starting materials can be also mixed at a molecular 

level during the preparation of the phosphor precursor. Previous research [78] has 

found precipitation to be ideal for producing fine and single-phase phosphor 

particles with high purity in as-synthesized conditions. 

 

The mechanism of the precipitate reaction for Y2O3:Eu
3+

 phosphor is summarized 

in Equation 3.1 [Eq. (3.1)] [150]. (Y1-xEux)(OH)3 precipitates forms after (OH
–
) 

combines with Y
3+

 and Eu
3+

 cations because NH4HCO3 experiences thermal 

decomposition after it is added into the mixture solution and quickly releases 

precipitating ligands (OH
–
). During the precipitation process, numerous small 

crystallites are initially formed (nucleation process), but tend to quickly 

aggregate together to form larger and more thermodynamically stable particles 

(growth process)
 
[151]. Eventually, Y2O3:Eu

3+
 phosphor is obtained after heating 

the (Y1-xEux)(OH)3 precipitates at a relatively low temperature. 

 

O3H + O)Eu ,(Y )(OH)Eu2(Y

)(OH)Eu(Y  3OH +  xEu+ x)Y-(1

OH + NH === OHNH

OHNH === OH +NH

 CO + OH +NH ===heat  + HCONH

232xx-13xx-1

3xx-1

-+3+3

-+

423

232 3

2234 3











                   Eq. (3.1) 
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3.4 Textile Used for Deposition Substrate 

According to previous studies [152,153], the morphology of as-deposited films is 

difficult to determine and the films are almost amorphous, which result in poor 

photoluminescence. For improved photoluminescent efficiency, annealing 

treatment should be carried out after deposition to improve the morphology and 

promote the crystallization of as-deposited films. The high temperatures of 

annealing mean that a textile that can resist high temperatures should be used as 

the substrate, such as quartz fabric. Quartz fabric is made of silica with high 

purity and natural quartz crystals, and it is a high-performance textile which can 

be continuously processed for a long time under a relatively low temperature of 

500-600℃, or endure high temperatures between 900℃ and 1000℃ for several 

hours [154]. Therefore, quartz fabric is a promising substrate candidate in this 

research for developing photoluminescent textile.  

 

3.5 EBE for Developing Photoluminescent Textile 

Fig. 3.1 shows the ZZG\JT-350 EBE/magnetron sputtering vacuum deposition 

system. In the current work, only an EBE (E-type electron gun, Model 

HT-DE120) vacuum chamber is used for the deposition process to fabricate 

photoluminescent textile. As shown in Fig. 3.1, the target material is placed in the 

crucible with a water-cooling device at the bottom of the vacuum chamber and 
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the substrate is placed 150 mm above the crucible. The influence of the 

deposition parameters, including the substrate temperature, deposition time and 

electron beam current, on the microstructure and photoluminescent properties of 

the deposited fabric was investigated. 

 

 

Fig. 3.1 ZZG\JT-350 EBE/magnetron sputtering vacuum deposition system 

 

Molecular pump Evaporation vacuum chamber 

Substrate holder 

Baffle 

Crucible 
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3.6 Annealing Treatment 

Annealing is a heating process in which material undergoes controlled heating 

and cooling with the aim to change the microstructure for removing stress, or the 

physical or chemical properties of a material. The relief of internal stress 

comprises a thermodynamically spontaneous process, and high temperature 

annealing treatment can accelerate this process [155]. During annealing, atoms 

can migrate and diffuse into the crystal lattice and the number of dislocations 

decrease, thus resulting in a direct change in the crystallinity and then altering 

other properties of the materials accordingly. 

 

Annealing treatment after deposition was used to improve the photoluminescent 

properties of the deposited fabric. Two types of annealing methods were used, 

including muffle furnace annealing and CO2 laser heating. 

 

3.6.1 Use of Muffle Furnace for Annealing 

In order to improve the photoluminescent properties of the Y2O3:Eu
3+

 deposited 

quartz fabric, annealing treatment after deposition was conducted in a Carbolite 

CWF-1300 muffle furnace (United Kingdom, maximum temperature: 1300℃) in 

air at an annealing rate of 10℃/min. To investigate the influence of the 

deposition parameters on the microstructure and photoluminescent properties of 

the Y2O3:Eu
3+

 deposited quartz fabric, the deposited fabric samples prepared 
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with different parameters were annealed at 1000℃ for 3 h in a muffle furnace. To 

examine the effect of the annealing conditions on the microstructure and 

photoluminescent properties of the deposited fabric, the same fabric samples 

were annealed at 400-1200℃ for 3 h and 1000℃ for 1-5 h. 

 

3.6.2 Use of CO2 Laser for Annealing 

The use of lasers in annealing is common because laser beams can deliver energy 

to a material surface by transforming high light energy into heat. In this study, 

annealing treatment by CO2 laser was carried out on Y2O3:Eu
3+

 deposited quartz 

fabric with the use of a GFK Marcatex Flexi-150 laser machine (Eurotrend, 

Spain). During the laser heating, thermal energy would be absorbed by the 

deposited film on the quartz fabric substrate. The resultant effects depend on two 

factors, namely, the pixel time and resolution. The pixel time is the amount of 

time that a laser beam is focused on a pixel and illuminates the pixel, and this 

information is scanned in rates of microseconds (μs). With a longer pixel time, 

more energy will be focused on the material, thus resulting in a higher degree of 

annealing. The resolution is a setting that controls the intensity of the laser that is 

focused on a particular area, which is expressed in terms of dots per inch (dpi). A 

higher dpi setting means more dots per square inch and therefore a higher 

resolution, which results in a higher degree of annealing. To study the influence 

of annealing on the microstructure and photoluminescent properties of Y2O3:Eu
3+
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deposited quartz fabric, CO2 laser heating treatment was carried out with 

different lengths of pixel time of 110-140 μs at 30 dpi, and at different 

resolutions of 30-45 dpi for 120 μs, on the deposited fabric with the same 

deposition parameters. 

 

3.7 Characterization 

The characterization methods for the synthesized phosphor and the deposited 

quartz fabric include X-ray photoelectron spectroscopy (XPS) for elemental 

composition analysis, scanning electron microscope (SEM) for morphological 

analysis, X-ray diffraction (XRD) for structural analysis, fiber optic spectrometer 

to determine the photoluminescent properties and chromaticity coordinates. All of 

the samples were conditioned for a minimum of 24 h under standard atmospheric 

conditions (ASTM D1776-08, 2009) before testing. 

 

3.7.1 X-ray Photoelectron Spectroscopy 

The chemical compositions of Y2O3:Eu
3+

 phosphor and Y2O3:Eu
3+

 deposited 

quartz fabric were investigated by using an AXIS-Ultra spectrometer. To 

compensate for the surface charge effects, the binding energies were calibrated 

with reference to a C1s hydrocarbon peak at 285.0 eV. 
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3.7.2 Scanning Electron Microscope 

The morphologies of Y2O3:Eu
3+

 phosphor and Y2O3:Eu
3+

 deposited quartz fabric 

were analyzed by using SEM (JEOL Model JSM-6490). The cross section of the 

Y2O3:Eu
3+

 deposited films on quartz fiber was prepared by using a Leica 

RM-2135 rotary microtome (Germany) and then examined under the JSM-6490 

SEM. The surface topography of the deposited films was examined at a high 

magnification by using a field emission SEM (Hitachi S-4800) which is a cold 

cathode field emission column emitter. Prior to the testing, all of the samples 

were sputter coated with gold by using an SCD 005 sputter coater (BAL-TEC, 

Liechtenstein) at 80 mA for 90 s to improve the electrical conductivity. The 

particle size of the phosphor and the deposited films were examined by using the 

Nano Measurer program, version 1.2.0.  

 

3.7.3 X-Ray Diffraction 

The crystal properties of Y2O3:Eu
3+

 phosphor and Y2O3:Eu
3+

 deposited quartz 

fabric were examined with a high resolution diffractometer, SmartLab (Rigaku), 

with CuKα radiation (λ=0.154 nm) at a voltage of 45 kV and a current of 200 mA. 

The XRD spectra were obtained at 2θ angles of 10-80
o
 with a scanning step of 

0.02
o
/step and a scanning speed of 5

o
/min. 
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3.7.4 Photoluminescent Properties 

The photoluminescent spectra of Y2O3:Eu
3+

 phosphor and Y2O3:Eu
3+

 deposited 

quartz fabric were measured by using a PG2000L fiber optic spectrometer 

(Ideaoptics) with a Charge-coupled device (CCD) array detector at R.T. The 

emission spectra were detected when the samples were excited by UV irradiation 

with a wavelength of 254 nm.  

 

3.7.5 CIE-chromaticity Coordinates 

The chromaticity coordinates of Y2O3:Eu
3+

 phosphor and Y2O3:Eu
3+

 deposited 

quartz fabric were determined by using a PG2000L fiber optic spectrometer 

(Ideaoptics) with a CCD array detector at R.T. The chromaticity coordinates were 

detected when the samples were excited by UV irradiation with a wavelength of 

254 nm. 

 

3.8 Summary 

The originality of this research lies in the development of photoluminescent 

textile through EBE. The main purposes are to prepare photoluminescent textile 

by depositing phosphor films onto textile with the use of EBE and investigate the 

microstructure and photoluminescent properties of the developed textile. It is 

confirmed that these properties mainly depend on the different deposition 

parameters and annealing conditions. Based on previous studies, substantial 
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technical problems in deposition and annealing have been explored and a 

fundamental method is therefore proposed in this chapter as follows: (1) 

Y2O3:Eu
3+

 phosphor is used as the evaporated target material in the deposition 

process and precipitation is the optimal method for the preparation of phosphor; 

(2) an appropriate textile fabric, quartz fabric, is used as the substrate in the 

deposition process; (3) deposition by EBE is used for the preparation of the 

photoluminescent textile; (4) annealing treatments with the use of a muffle 

furnace and with a CO2 laser are used to improve the photoluminescent 

properties of the Y2O3:Eu
3+

 films deposited onto fabric; and (5) characterization 

methods, including XPS, SEM, XRD, fiber optic spectrometry, are used to 

investigate the microstructure and the photoluminescent properties of the 

synthesized phosphor and the developed photoluminescent textile. 
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Chapter 4 Preparation and Characterization of Y2O3:Eu
3+

 

Phosphor 

4.1 Introduction 

In this chapter, a discussion will be provided on Y2O3:Eu
3+

 phosphor, which is 

used as the evaporation target in deposition, and synthesized through 

NH4HCO3-based precipitation method. The chemical composition, morphology, 

crystal structure, photoluminescent properties and chromaticity coordinates of the 

synthesized Y2O3:Eu
3+

 phosphor were studied. 

 

4.2 Experimental 

4.2.1 Materials and Reagents 

The chemicals used to prepare Y2O3:Eu
3+

 phosphor included yttrium oxide (Y2O3, 

99.99%), trivalent europium oxide (Eu2O3, 99.9%), ammonium hydrogen 

carbonate (NH4HCO3) and nitric acid (HNO3, 69.5 wt%). All of the reagents were 

of analytical grade and used without further purification.  

 

4.2.2 Preparation of Phosphor  

The Y2O3:Eu
3+

 phosphor was prepared through NH4HCO3-based precipitation. 

The reactants of Y2O3 and Eu2O3, which are strictly according to a stoichiometric 
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ratio of Y1.80Eu0.20O3 [75], were dissolved in dilute HNO3. The mixture was then 

continuously stirred with a magnetic stirrer at 100℃ for 2 h to form a transparent 

solution. Subsequently, the excess NH4HCO3 was added into the solution and then 

continuously stirred with a magnetic stirrer at 80℃ for 6 h to form the precipitate. 

The precipitate was washed with distilled water for several times and then filtered 

and dried in an oven at 100℃ for 10 h to remove the residual water. Y2O3:Eu
3+

 

phosphor was obtained after the precursor powder was pre-fired at 400℃ for 1 h 

and then calcined at 1300℃ for 3 h at an annealing rate of 10℃/min under air 

atmosphere. The flowchart of the preparation process is shown in Fig. 4.1. 

 

 

Fig. 4.1 Flowchart of the preparation of Y2O3:Eu
3+

 phosphor 

100℃ 80℃  

Y2O3 and Eu2O3 

Dilute HNO3 

NH4HCO3 

2 h 6 h 

Stirring Obtaining precipitate 

Drying  Calcination 

Washing and filtrating Phosphor precursor Y2O3:Eu
3+

 phosphor 

Stirring 
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4.3 Results and Discussion 

4.3.1 Chemical Composition 

The core-level photoemission spectra of Y3d, O1s and Eu3d in Y2O3:Eu
3+

 phosphor 

are shown in Fig. 4.2. The C1s core-level spectrum is also shown in Fig. 4.2 and 

the reference C1s peak at 285.0 eV is used for the calibration of the energy scale 

[156]. As presented in the figure, the intensity of the binding energy of Y, O, and 

Eu determines the chemical composition of the Y2O3:Eu
3+

 phosphor. The 

photoemission spectrum of Y3d can be observed to be a spin-orbit split doublet 

with oxidized Y 3d3/2 and Y 3d5/2 peaks at 158.6 and 156.7 eV, respectively [157]. 

The O1s photoemission spectrum consists of a main peak at a lower binding 

energy of 529.1 eV and a subpeak at 531.6 eV that correspond to the oxygen 

atoms (O
2-

) bonded to the yttrium atoms (Y
3+

) and physisorbed O2 or hydrated O 

species, respectively [158,159].
 
The Eu3d photoemission spectrum consists of 

3d5/2 and 3d3/2 structures which can split due to large spin-orbit coupling [160].
 

Based on the published Eu3d spectra of trivalent and divalent Eu compounds, the 

binding energies at 1164.1 and 1135.1 eV are attributed to the Eu
3+

 3d3/2 and Eu
3+

 

3d5/2 (3d4f
6
) configurations, respectively, while the binding energies at 1155.0 and 

1125.0 eV are due to the Eu
2+

 3d3/2 and Eu
2+

 3d5/2 (3d4f
7
) configurations, 

respectively [160]. The existence of divalent peaks were also discovered by other 

researchers [161,162]
 
and actually always accompany the Eu

3+
 ions. The origin of 
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the divalent peaks can be attributed to the following probable reasons [163]. One 

possibility is due to the mixed valence ground state of the trivalent Eu compounds 

with both divalent and trivalent components that coexist in the bulk ground state. 

The other possibility is the so-called ―surface valence transition‖ in which the 

divalent components come from the surface layers, where the ground state is 

different from the bulk ground state due to different geometric environments. 
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Fig. 4.2 C1s core-level spectrum for reference and XPS spectra of Y3d, O1s, and 

Eu3d in Y2O3:Eu
3+

 phosphor 
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4.3.2 Morphology 

Fig. 4.3 shows the SEM images of the synthesized Y2O3:Eu
3+

 phosphor. As seen 

in Fig. 4.3(a), the phosphor shows an irregular and agglomerated morphology on 

account of the hydrogen bonding interactions among the surface water molecules 

[164]. The phosphor is composed of solid particles with a smooth surface and a 

particle size distribution of 80-120 nm, as observed in Fig. 4.3(b).  

 

 

Fig. 4.3 SEM images of Y2O3:Eu
3+

 phosphor at different magnifications: (a) 

50,000x and (b) 100,000x 

 

4.3.3 Crystal Structure 

Fig. 4.4 illustrates the XRD patterns of the standard data from the cubic phase 

Y2O3 and the synthesized Y2O3:Eu
3+

 phosphor. As observed in the figure, the 

phosphor is identified as a cubic phase of Y2O3 which is in good agreement with a 

standard of the JCPDS, specifically, Card No. 25-1011 [Fig. 4.4(a)]. No other 

phase can be identified in the synthesized phosphor. Five major characteristic 

(a) (b) 
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peaks of the phosphor are detected at 21
o
, 29

o
, 34

o
, 49

o
 and 58

o
 which correspond 

to the crystal faces of (211), (222), (400), (440) and (622) of the cubic Y2O3 phase, 

respectively. There is no shift in the position of the diffraction peaks in 

comparison with the standard data. The preferential crystal orientation for 

phosphor is detected at (222) plane. 
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Fig. 4.4 XRD patterns: (a) standard data of cubic phase Y2O3 (JCPDS Card No. 

25-1011) and (b) Y2O3:Eu
3+

 phosphor 

 

4.3.4 Photoluminescent Properties 

The photoluminescent spectrum of Y2O3:Eu
3+

 phosphor is shown in Fig 4.5. The 

emission peaks between 582 nm and 652 nm are attributed to the well-known 

5
D0-

7
FJ transition (J=0, 1, 2, 3) of Eu

3+
 ions [165]. The strongest emission peak 

located at 613 nm is corresponding to the 
5
D0-

7
F2 transition, which is 
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hypersensitive to the crystal environment [166]. The other energy transitions of 

the Eu
3+

 ions that correspond to 
5
D0-

7
F0 (at 582 nm), 

5
D0-

7
F1 (at 589, 595, 601 

nm), 
5
D0-

7
F2 (at 633 nm), and 

5
D0-

7
F3 (at 652 nm) can also be observed in the 

emission spectra. Among the energy transitions, the 
5
D0-

7
F1 magnetic dipole 

transition is dominant in S6 symmetry site, while the 
5
D0-

7
F2 forced electric 

dipole transition is the strongest in C2 symmetry site [52].  
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Fig. 4.5 Photoluminescent spectrum of Y2O3:Eu
3+

 phosphor 

 

4.3.5 CIE-chromaticity Coordinates 

The intense photoluminescence observed at a peak of 613 nm for the Y2O3:Eu
3+

 

phosphor revealed that Y2O3:Eu
3+

 phosphor can emit red light when excited by 

UV light. In addition, the emission color of the phosphor can be further analyzed 

and confirmed by Commission Internationale de l’Eclairage (CIE) chromaticity 
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coordinates diagram as shown in Fig. 4.6. The figure shows that the chromaticity 

coordinates of phosphor (x=0.55, y=0.35) are close to that of the National 

Television System Committee (NTSC) standard of red chromaticity (x=0.67, 

y=0.33) [167].  

 

 

Fig. 4.6 CIE 1931 chromaticity diagram: (a) standard red chromaticity and (b) 

Y2O3:Eu
3+

 phosphor 

 

The color purity of the phosphor was determined by Eq. (4.1) [125] by drawing a 

straight line from the theoretical W point (x=0.33, y=0.33; represents white 

illuminant) through the N(x, y) coordinates of the sample, until the line intersects 

(b) 

W 

N L 

(a) 
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the outer locus of the points along the spectral edge (called the L point) of the 1931 

CIE chromatic diagram. The chromatic coordinates and color purity of Y2O3:Eu
3+

 

phosphor is shown in Table 4-1. The results indicate that the color purity of the 

synthesized phosphor is 70.06%. 
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'
                  Eq. (4.1) 

 

where PN is the color purity; WN  is the difference of the abscissa between the W 

and N points; 'WN  is the difference of abscissa between the W and L points. 

 

Table 4-1 CIE color coordinates and color purity of the synthesized phosphors 

Sample 
N point color coordinate L point color coordinate 

Purity (%) 

 x     y  x      y 

Y2O3:Eu
3+

 0.55  0.35 0.64  0.36 70.97 

 

4.4 Summary 

In this chapter, a discussion has been conducted on the synthesis of Y2O3:Eu
3+

 

phosphor by using NH4HCO3-based precipitation method. The results show that 

the phosphor is composed of irregular solid particles and the particle size is about 

80 nm-0.12 µm. From the combined results of the XPS and XRD, the phosphor 

is confirmed as Y2O3:Eu
3+

 with a pure cubic phase Y2O3. The phosphor 
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corresponds to a typical photoluminescence of Y2O3:Eu
3+

 with the main emission 

peak at 613 nm. The color purity of the Y2O3:Eu
3+

 phosphor is high as 70.06%. 

These results indicate that Y2O3:Eu
3+

 phosphor is a promising target material for 

depositing photoluminescent thin films onto textile by EBE. 
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Chapter 5 Deposition of Y2O3:Eu
3+

 Photoluminescent Thin 

Films onto Quartz Fabric by Electron Beam Evaporation 

5.1 Introduction 

In this chapter, the deposition of Y2O3:Eu
3+

 phosphor thin films onto a quartz 

fabric substrate by EBE with the use of different deposition parameters including 

substrate temperature, deposition time and electron beam current, are discussed. 

The influence of the deposition parameters on the morphology, crystal structure, 

photoluminescent properties and CIE chromaticity coordinates of the Y2O3:Eu
3+

 

deposited fabric is systematically investigated. 

 

5.2 Experimental 

5.2.1 Preparation of Evaporation Target 

Prior to the deposition, the evaporation target was obtained by pressing the 

Y2O3:Eu
3+

 phosphor powder into discs (diameter Φ = 10 mm, thickness h = 2 mm) 

as shown in Fig. 5.1. The discs were dried in an oven at 100℃ for 24 h followed 

by placement into water cooled crucible in the deposition vacuum chamber. 
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Fig. 5.1 Y2O3:Eu
3+

 phosphor targets: (a) without UV irradiation and (b) under 

UV irradiation 

 

5.2.2 Cleaning of Fabric Substrate 

A satin weave quartz fabric [purity of SiO2 ≥ 99.95%; filament diameter: 9 μm; 

fabric density: 36 (warp)/cm × 20 (weft)/cm; fabric weight: 280 g/m
2
; fabric 

thickness: 0.28 mm; temperature resistance: 1200℃; supplier: Tianjin Zhongtian 

Junda Glass Fiber Products Co., Ltd., Tianjin China] as shown in Fig. 5.2 was used 

as the substrate material, and cut into a circular shape with a diameter of 100 mm. 

Prior to the deposition, a cleaning process was carried out to remove contaminants 

on the fabric surface and improve the adhesion between the substrate surface and 

the deposited film. The quartz fabric was rinsed in distilled water for five times 

followed by soaking in an acetone solution for 60 min and then rinsed thoroughly 

in distilled water. The fabric was then dried in an oven at 100℃ for 24 h and 

mounted onto the substrate holder in the vacuum chamber. 

 

(a) (b) 
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Fig. 5.2 SEM images of the satin weave structure of the pure quartz fabric 

 

5.2.3 Deposition Process 

The Y2O3:Eu
3+

 phosphor target was deposited onto the quartz fabric with the 

ZZG\JT-350 EBE / magnetron sputtering vacuum deposition system. The vacuum 

chamber was evacuated down to a base pressure of 5.0×10
-4

 Pa. During the 

deposition, the distance between the substrate and target was fixed at 150 mm. In 

order to improve the uniformity of the deposited film, a sample holder was 

introduced, which rotated at a speed of 100 r/min. The investigated deposition 

parameters are shown in Table 5-1. The Y2O3:Eu
3+

 deposited quartz fabric was 

prepared with different deposition parameters and annealed in a muffle furnace 

under air atmosphere at 1000℃ for 3 h at an annealing rate of 10℃/min. 

 

 

 

 

 

2 mm 1 mm 
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Table 5-1 Deposition Parameters 

Deposition 

parameter 
Range 

Fixed parameter 

Substrate 

temperature 

Deposition 

time 

Electron beam 

current 

Substrate 

temperature/(℃) 

R.T., 100, 

150, 200, 250 
— 15 min 110 mA 

Deposition 

time/(min) 

5, 10, 15, 20, 

25 
200℃ — 110 mA 

Electron beam 

current/(mA) 

80, 110, 140, 

170 
200℃ 15 min — 

 

5.3 Results and Discussion

5.3.1 Substrate Temperature 

5.3.1.1 Morphology 

The SEM images of the pure quartz fiber and the as-deposited Y2O3:Eu
3+

 films on 

the quartz fibers prepared at different substrate temperatures are shown in Fig. 5.3. 

As shown in Fig. 5.3(a), the surface of the pure quartz fibers is smooth. As 

illustrated in Fig. 5.3(b-f), dense, uniform and crack free thin films are grown on 

the fiber surface after deposition for 15 min at different temperatures. Only a few 

microparticles can be observed on the deposited fiber surface as shown by the 

arrows in Fig. 5.3. These particles are probably the phosphor target materials that 

were splattered from the crucible during deposition process or they are possibly 

the environmental pollutants. 



76 

 

 

Fig. 5.3 SEM images of (a) the pure quartz fiber and the as-deposited films 

grown on quartz fibers at different substrate temperatures: (b) R.T., (c) 100℃, (d) 

150℃, (e) 200℃, and (f) 250℃ 

 

Fig. 5.4 shows the thickness of the annealed Y2O3:Eu
3+

 films grown on the quartz 

fibers at different substrate temperatures. The cross section of the pure quartz 

fiber after annealing treatment is also shown in the figure for comparison. As 

observed in Fig. 5.4, the average thickness of the Y2O3:Eu
3+

 films deposited at 

(c)  

(b)  

(d)  

(e)  

(a) 

(f)  

20kV    X2,000   10μm          10 50 SEI 
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R.T., 200℃ and 250℃ is 0.69, 0.64 and 0.66 μm, respectively. No significant 

differences can be observed in the mean thickness of the films which indicates 

that the temperature at which the films are grown has no marked influence on the 

deposition rate of the Y2O3:Eu
3+

 films. That is consistent with the universal law 

in which the deposition rate is essentially independent of the substrate temperature 

during the evaporation process [168].  

 

 

Fig. 5.4 SEM images of the cross section of (a) the pure quartz fiber after 

annealing treatment and the annealed quartz fibers with Y2O3:Eu
3+

 films 

deposited at different substrate temperatures: (b) R.T., (c) 200℃, and (d) 250℃ 

(a) 

(b) 

(c) 

(d) 

0.69 μm 0.70 μm 0.69 μm 

0.69 μm 0.62 μm 0.62 μm 

0.63 μm 0.70 μm 
0.66 μm 
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The thickness of the deposited film on the fiber is uneven as observed in Fig. 5.4 

and it can be attributed to the circular shape of the fibers and the line-of-sight 

deposition model of EBE as shown in Fig. 5.5. 

 

 

Fig. 5.5 Sketch of the fabric structure and the deposition mode 

 

The SEM images of the Y2O3:Eu
3+

 films onto the quartz fibers after annealing 

treatment are shown in Fig. 5.6. For comparison, the surface morphology of the 

pure quartz fibers after annealing is also illustrated in Fig. 5.6. As observed in Fig. 

5.6(a), the surface of the pure fibers is smooth and no surface defects can be 

observed after annealing treatment. The results indicate that annealing treatment 

has no obvious effect on the surface topography of the quartz fibers. However, in 

Fig. 5.6(b), noticeable cracks were observed on the annealed films when 

Crucible 

 

Fiber cross 

section 

Evaporated 

atoms/molecules 

Deposited 

film 
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Y2O3:Eu
3+

 phosphor is deposited at R.T. Although the cracking is significant as 

seen on the annealed films grown at 100℃, the number of cracks is markedly 

reduced as the temperature is increased from 100℃ to 250℃ [Fig. 5.6(c-f)].  

 

 

Fig. 5.6 SEM images of (a) the pure quartz fiber after annealing treatment and 

the annealed films grown on quartz fibers at different substrate temperatures: (b) 

R.T., (c) 100℃, (d) 150℃, (e) 200℃, and (f) 250℃ 

 

(b)  

(c)  (d)  

(e)  (f)  

(a)  

20kV    X2,000   10μm          10 50 SEI 
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It has been previously reported that all vacuum-deposited films are in a state of 

stress which comprises thermal and intrinsic stresses [169]. The thermal stress is 

attributed to the different thermal expansion coefficients between the deposited 

film and the substrate, while the intrinsic stress is attributed to the accumulating 

effect of crystallographic flaws introduced in the deposition process. Different 

temperatures with deposition and annealing treatment can also result in thermal 

stress which exceeds the yield strength of the films. Consequently, the films are 

capable of fracturing even though there is relatively strong film-to-substrate 

bonding. The thermal stress in thin films can be determined with Eq. (5.1) [170]. 
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                Eq. (5.1) 

 

where the subscripts ―f‖ and ―s‖ refer to the film and substrate, respectively; σf is 

the film stress; α is the thermal expansion coefficient; T is the measurement 

temperature; To is the deposition temperature; and E and v are the elastic modulus 

and Poisson’s ratio, respectively. The thermal expansion coefficients of the quartz 

fibers and Y2O3 are 4.89×10
-7

/℃ [171] and 8.1×10
-6

/℃ [82], respectively. The 

elastic modulus and Poisson’s ratio of Y2O3 are 151.7 GPa and 0.3, respectively 

[172]. According to the equation, the Y2O3:Eu
3+

 films have residual stress after 

deposition and annealing treatment.  
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As shown in Fig. 5.6, cracks on the film can be observed after annealing 

treatment because of the different thermal expansion coefficients between the 

quartz fibers and the deposited film, and also due to the intrinsic stress. In 

addition, the cracks on the film are significantly reduced as the substrate 

temperature is increased which is attributed to two reasons: the decreasing 

intrinsic stress and the increasing thermal diffusion effect [169]. Intrinsic stress 

depends on T/Tm, where T(K) is the substrate temperature and Tm is the melting 

point of the deposited material, which can significantly influence the properties 

of the deposited films. Deposition that involves a relatively low T/Tm can result 

in obvious accumulated intrinsic stress. The T/Tm value increases as the 

substrate temperature is increased, thus leading to a decreasing intrinsic stress. 

Therefore, the intrinsic stress is obviously high when the Y2O3:Eu
3+

 films are 

grown at R.T., thus causing significant cracking. The intrinsic stress decreases 

with an increase in the substrate temperature from 100℃ to 250℃ which leads to 

a reduction of cracks in the films. Moreover, the evaporated atoms/molecules 

have enough activation energy when they are deposited onto a heated substrate. 

In this case, they can relocate and diffuse, which will alleviate some of the 

thermal stress. Therefore, the number of cracks can be reduced in the annealed 

Y2O3:Eu
3+

 films with an increase in the substrate temperature.  

 

The SEM images taken with a high magnification of the as-deposited and the 
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annealed films grown at different substrate temperatures are shown in Fig. 5.7. As 

shown in Fig. 5.7(a-I), the as-deposited film prepared at R.T. has small irregular 

particles and the film has a rough surface and uneven particle size distribution. In 

addition, cracks can be observed in the as-deposited film prepared at R.T. due to 

the generation of thermal and intrinsic stresses. As the temperature is increased to 

200℃ [Fig. 5.7(b-I)], the small particles grow into large particles with a particle 

size of about 20-50 nm. As the temperature is further increased to 250℃ [Fig. 

5.7(c-I)], uniform particles with a particle size of about 50 nm are observed in the 

deposited film. Obviously, some particles stick together to form the large 

aggregates in the film.  

 

As shown in Fig. 5.7(a-II), most of the particles coalesce with the neighboring 

particles causing indistinct particle boundary and particle shape. Surface defects, 

such as holes and cracks, can be observed in the annealed film when deposited at 

R.T. As the temperature is increased to 200℃ [Fig. 5.7(b-II)], the film particles 

grow into a spherical shape with a homogeneous particle size of about 60 nm and 

no obvious cracks can be discovered. The film particles remain a spherical shape 

and the film becomes much denser as reflected by the reduction in holes with an 

increase in the substrate temperature from 200℃ to 250℃ [Fig. 5.7(c-II)]. 
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Fig. 5.7 SEM images taken at a high magnification of (I) the as-deposited films 

and (II) the annealed films grown at different substrate temperatures: (a) R.T., (b) 

200℃, and (c) 250℃ 

 

5.3.1.2 Crystal Structure 

The XRD patterns of the as-deposited and the annealed films grown on quartz 

fabric at different substrate temperatures are shown in Fig. 5.8. The cubic phase of 

Y2O3 is detected in the as-deposited films and no other phase can be identified in 

500 nm 

500 nm 

500 nm (a-I) (a-II) 

(b-I) (b-II) 

(c-II) (c-I) 

500 nm 

500 nm 

500 nm 



84 

 

accordance with standards of the JCPDS, Card No. 25-1011 (cubic phase of Y2O3) 

and 01-087-2361 (monoclinic phase of Y2O3). However, there is poor crystalline 

intensity of the as-deposited films. As shown in Fig. 5.8(b), all of the XRD 

patterns of the annealed films are well matched with the cubic phase of Y2O3 in 

accordance with Card No. 25-1011. Crystallization peaks can be observed at 29
o
, 

34
o
, 49

o
 and 58

o
 which correspond to the crystal faces of (222), (400), (440) and 

(622), respectively. There is no obvious shift in the peak positions. The 

crystallization intensity of the annealed films is significantly improved in 

comparison to that of the as-deposited films.  
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Fig. 5.8 XRD patterns of the Y2O3:Eu
3+

 films grown at different substrate 

temperatures: (a) as-deposited films and (b) annealed films 
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As depicted in Fig. 5.8(b), the intensity of the crystallization peak at 29
o
 is 

improved as the substrate temperature is increased from R.T. to 100℃, while the 

intensity is slightly decreased with further increases in the temperature from 

100℃ to 250℃. Obviously, the crystallization intensity at 34
o
 is gradually 

improved as the temperature is raised from R.T. to 250℃. These results reflect 

the growth of different crystalline orientations with respect to the substrate 

temperature on an amorphous quartz fabric substrate. A change in the orientation 

of the Y2O3:Eu
3+

 films is observed from (222) at low temperatures of R.T.-150℃ 

to (400) at higher temperatures of 200-250℃. This can be explained by two 

competing phenomena [99]: one is due to the lattice mismatch between the 

deposited film and the fabric substrate, and the other is due to the surface-free 

energy of the deposited film. According to Jones et al. [99], even though (100) 

[namely (400) as discussed above] Y2O3 is the optimal lattice matched 

orientation with (100) Si which is the main composition of the quartz fabric, the 

(111) [namely (222) as discussed above] plane of the deposited film has the 

lowest surface-free energy. Consequently, the nucleation of the grains is more 

favorable at the (111) orientation at lower substrate temperatures. However, at 

high temperatures, the mobility of the thermally activated atoms in the grain and 

grain boundary regions can disrupt the low energy configuration and allow 

transformation of the orientation to take place in the film from (111) to (100). 

The tendency for the transformation of the orientation can be attributed to the 
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higher mobility of the atoms along the (100) direction. This clearly indicates that 

the growth of Y2O3:Eu
3+

 films with a (100) orientation requires high formation 

energy and preferably at a high deposition temperature. 

 

The crystallinity of the annealed Y2O3:Eu
3+

 films grown on quartz fabric at 

various temperatures can be further analyzed by full width at half maximum 

(FWHM). The crystallite size of the annealed films can be determined in 

accordance with the Scherrer equation, see Eq. (5.2) [173].  

 

D=kλ/(B•cosθ)                    Eq. (5.2) 

 

where D is the mean crystallite size (nm); λ is the X-ray wavelength (0.154 nm); B 

is the corrected FWHM of a diffraction peak (rad); θ is the diffraction angle (rad) 

and K is the Scherrer constant (0.89).  

 

For the annealed Y2O3:Eu
3+

 thin films grown below 150℃, only the FWHM and 

crystallite size of (222) crystal face were investigated because the FWHM of 

(400) crystal face was too low to be detected. The average FWHM and crystallite 

size of (222) and (400) crystal faces of the films grown at 150-250℃ were 

analyzed. Fig. 5.9 shows the FWHM and crystallite size of the annealed films as 

a function of substrate temperature. The average FWHM of the annealed films is 
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significantly reduced as the substrate temperature is increased from R.T. to 100℃. 

However, the FWHM is obviously increased when the temperature is increased 

to 150℃. The FWHM is reduced as the temperature is increased from 150℃ to 

200℃ and then increases as the temperature is further increased from 200℃ to 

250℃. The highest FWHM is detected when the films were prepared at 150℃ 

and it is possibly because the orientation transformation begins to happen at 

150℃ indicating a low crystallinity. The lowest FWHM is observed at the films 

when grown at 200℃. The decreasing FWHM not only indicates an increased 

crystallite size as shown by the dots, but also an improved crystallinity of the 

Y2O3:Eu
3+

 thin films [174].  
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Fig. 5.9 FWHM and crystallite size of (222) and (400) crystal faces of the 

annealed films grown at different substrate temperatures 

(The square represents FWHM and the dot represents crystallite size.) 
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5.3.1.3 Photoluminescent Properties 

The crystal structure of Y2O3 shows two polymorphic forms, namely, cubic (c-) 

and monoclinic (m-) phases [43]. For different structures, Y2O3:Eu
3+

 shows 

different photoluminescent properties. Fig. 5.10 is the emission spectra of the 

as-deposited and the annealed films grown on the quartz fabric at different 

substrate temperatures. An enlarged photoluminescent spectrum of the 

as-deposited film at R.T. is also shown in Fig. 5.10(a) and the emission peaks that 

correspond to c-Y2O3 can be observed at 595, 613 and 633 nm. However, the 

photoluminescent intensity is poor due to the poor quality of the deposited film 

and low in crystallinity, such as a rough surface, irregular particle shape and 

uneven particle size distribution as well as imperfect crystalline phase. As shown 

in Fig. 5.10, all of the spectra of the samples deposited above R.T. are composed 

of a group of emission peaks at 582, 589, 595, 601, 613, 633 and 652 nm. All of 

the emission peaks in Fig. 5.10 are attributed to the 
5
D0-

7
FJ (J=0, 1, 2, 3) transition 

of Eu
3+

 ions [166]. The emission brightness of the samples, especially at 613 nm, 

is gradually improved as the temperature is increased from R.T. to 250℃ and no 

significant shift of the peak position can be observed. 
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Fig. 5.10 Photoluminescent spectra of the Y2O3:Eu
3+

 films grown on quartz fabric 

at different temperatures: (a) as-deposited films and (b) annealed films 

 

As depicted in Fig. 5.10(a), relatively high photoluminescence is detected at 

627.0 and 628.4 nm (at 627.9 nm in the smoothed spectrum of the sample 
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deposited at R.T.) in all of the non-annealed samples. Similar results were 

reported by Bosze et al. [98] in that an emission peak at 623 nm is observed in 

non-annealed deposited films. Zang et al. [175] also discovered a shoulder peak 

at 624 nm in addition to the cubic Y2O3:Eu
3+

 emission in the photoluminescent 

spectrum. Camenzind et al. [176] reported a characteristic peak at 625 nm is 

observed in the emission spectrum of Y2O3:Eu
3+

 particles. Although there is a 1-2 

nm shift between the reported samples, the researchers attributed these peaks to 

the monoclinic phase of Y2O3. However, the XRD data in Fig. 5.7(a) shows a 

pure cubic phase of the as-deposited films and no monoclinic phase can be 

identified. Two peaks at 627.0 and 628.4 nm are also observed in the spectra after 

annealing treatment as shown in Fig. 5.10(b). The origins of these two peaks 

require further investigation. 

 

As seen in the insert figure on the right in Fig. 5.10(b), the photoluminescence of 

the as-deposited films at 613 nm is significantly increased after annealing 

treatment. In addition, the photoluminescent intensity of the annealed films is 

improved by 7.34%, 23.83%, 29.93% and 32.67% when the deposition 

temperature is increased from R.T. to 100℃, 150℃, 200℃ and 250℃, 

respectively. The optimal photoluminescent intensity is obtained when the 

Y2O3:Eu
3+

 film is grown at 250℃. Defects on the films can increase the number 

of non-radiative recombination sites which can cause degradation of the 
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photoluminescent properties [20]. Therefore, reductions in the number of defects, 

such as cracks and holes, in the films with increases in the deposition 

temperature (Fig. 5.6) can contribute to improved photoluminescent intensity of 

the annealed films. Other improved morphological components, such as a more 

dense film morphology, improved spherical shape and increased particle size, of 

the annealed films with increases of the substrate temperature (Fig. 5.7) can also 

improve the photoluminescent intensity. Moreover, the improved 

photoluminescent intensity can be attributed to the improved crystallinity with 

increases of the substrate temperature (Fig. 5.8-5.9). This is because improved 

crystallinity can increase the occupancy probability of the Eu
3+

 ions in the C2 and 

S6 sites in the host lattice and then lead to an increase in the radiative transition 

probability of the Eu
3+

 ions [177].  

 

5.3.1.4 CIE-chromaticity Coordinates 

It has been previously reported that the color purity of photoluminescent material 

is influenced by its photoluminescent intensity and chemical stability, and the 

higher emission brightness and chemical stability result in higher color purity 

[178]. Fig. 5.11 shows the CIE chromaticity coordinates of the annealed films 

grown on quartz fabric at different temperatures. As depicted in the figure, the 

coordinates of the annealed films shift towards the standard red chromaticity 

(x=0.67, y=0.33) with increases in the substrate temperature from R.T. to 250℃. 
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Fig. 5.11 CIE chromaticity coordinates: (a) standard red chromaticity, and the 

annealed films grown at different substrate temperatures: (b) R.T., (c) 100℃, (d) 

150℃ and 200℃, and (e) 250℃ 

 

The L point that corresponds to each sample was confirmed with the method 

discussed in Chapter 4 (Section 4.3.5). The color purity of the annealed films was 

determined by using Eq. (4.1). The chromatic coordinates and the color purity of 

the samples are shown in Table 5-2. The results indicate that the color purity of the 

annealed films is improved with increases of the substrate temperature. 
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Table 5-2 CIE chromaticity coordinates and color purity of the annealed films 

grown at different substrate temperatures 

Substrate 

temperature/(℃) 

N point color 

coordinate 

L point color 

coordinate 
Purity 

(%) 
x        y x        y 

R.T. 0.49 0.33 0.67 0.33 47.06 

100 0.50 0.33 0.67 0.33 50.00 

150 0.51 0.34 0.65 0.35 56.25 

200 0.51 0.34 0.65 0.35 56.25 

250 0.52 0.34 0.65 0.35 59.38 

 

5.3.2 Deposition Time  

5.3.2.1 Morphology 

Fig. 5.12 shows the SEM images of the as-deposited films grown on quartz fibers 

for different lengths of time. The surface of all of the deposited fibers is smooth, 

dense and crack-free which indicate that the deposition time has no obvious 

influence on the surface morphology of the as-deposited films. 
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Fig. 5.12 SEM images of as-deposited films grown on quartz fibers for different 

lengths of time: (a) 5 min, (b) 10 min, (c) 15 min, (d) 20 min, and (e) 25 min 

 

Fig. 5.13 shows the thickness of the annealed films grown on quartz fibers for 

different lengths of time. The average film thickness is 0.32, 0.47, 0.64 and 0.86 

μm after deposition for 5, 10, 15 and 25 min, respectively. Obviously, the mean 

film thickness is gradually increased with increases in the deposition time. 

 

(a) 

(b) (c) 

(d) (e) 
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Fig. 5.13 SEM images of the cross section of (a) the pure quartz fiber after 

annealing and the annealed quartz fibers with Y2O3:Eu
3+

 films deposited for 

different lengths of time: (b) 5 min, (c) 10 min, (d) 15 min, and (e) 25 min 

 

SEM images of the annealed films grown on quartz fibers for different lengths of 

time are shown in Fig. 5.14. Cracks were observed in the deposited films after 

(a) 

(d) 

0.69 μm 0.62 μm 0.62 μm 

0.49 μm 0.47 μm 0.44 μm 

(c) 

0.88 μm 0.85 μm 
0.86 μm 

(e) 

(b) 
0.32 μm 

0.30 μm 0.35 μm 
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annealing which is attributed to the generation of thermal and intrinsic stresses in 

the deposited films as discussed in Section 5.3.1.1. The cracking becomes more 

serious and the crack width increased as the deposition time is increased from 5 

to 25 min. The increasingly noticeable cracking in the deposited films can be due 

to the increased intrinsic stress with increased thickness of the thin film [169].  

 

Fig. 5.14 SEM images of the annealed films grown on quartz fibers for different 

lengths of time: (a) 5 min, (b) 10 min, (c) 15 min, (d) 20 min, and (e) 25 min 

(a) 

(b) (c) 

(d) (e) 
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The highly magnified SEM images of the as-deposited and the annealed films are 

shown in Fig. 5.15. As illustrated in Fig. 5.15(a-I), the as-deposited film prepared 

for 5 min is formed by small particles with a uniform particle size of 30 nm. The 

small particles grow into large particles with a particle size of about 30-50 nm as 

the deposition time is increased to 15 min. The as-deposited film shows a more 

dense surface composed of particles with a particle size of 50-60 nm as the time 

is further increased to 25 min. As shown in Fig. 5.15(a-II), most of the small 

particles coalesce with the neighboring particles and the boundary contour of the 

particles is difficult to determine after annealing treatment when the Y2O3:Eu
3+

 

films is deposited for 5 min. Small holes can also be found in the annealed film. 

As illustrated in Fig. 5.15(b-II and c-II), the film particles grow into spherical 

shaped particles and the particle size is increased after annealing treatment. There 

is no significant difference in the particle size between the annealed films with 

deposition times of 15 and 25 min; however, the annealed film becomes much 

denser with increased deposition time from 15 to 25 min. 

 



99 

 

 

Fig. 5.15 SEM images taken at high magnification: (I) as-deposited films and (II) 

the annealed films grown with different deposition times: (a) 5 min, (b) 15 min 

and (c) 25 min 

 

5.3.2.2 Crystal Structure 

The XRD patterns of the as-deposited and the annealed films grown on the 

quartz fabric for different deposition times are shown in Fig. 5.16. As illustrated 

in Fig. 5.16(a), an imperfect cubic phase of Y2O3 can be seen in all of the 

500 nm 500 nm 

500 nm 500 nm 

500 nm 500 nm 

(a-I) (a-II) 

(b-I) (b-II) 

(c-I) (c-II) 
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as-deposited films in accordance with Card No. 25-1011. No monoclinic Y2O3 

phase can be detected based on Card No. 01-087-2361 and no obvious shift of the 

peak position is found. The crystalline intensity of the as-deposited films is 

gradually improved when the deposition time is increased from 5 to 25 min. 

 

As shown in Fig. 5.16(b), crystallization peaks are observed at 29
o
, 34

o
, 49

o
 and 

58
o
 which correspond to the (222), (400), (440) and (622) planes, respectively. 

However, the crystalline intensity of the film with a deposition time of 5 min is 

still weak and not significantly improved even after annealing treatment. The 

crystalline intensity of the annealed films is improved when the deposition time 

is increased from 5 to 15 min and a perfect orientation can be observed at the 

(400) plane. The perfect crystal orientation is transformed to the (222) plane as 

the deposition time is increased from 15 to 20 min and it is found at the (400) 

plane as the time is further increased to 25 min. This indicates that the perfect 

crystal orientation is unstable when there is a relatively long deposition time of 

over 15 min of the Y2O3:Eu
3+

 films.  
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Fig. 5.16 XRD patterns of Y2O3:Eu
3+

 films grown for different lengths of time: (a) 

as-deposited films and (b) annealed films 
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Fig. 5.17 shows the mean FWHM and crystallite size at the (222) and (400) 

crystal faces of the annealed films as a function of the deposition time. The 

average FWHM and crystallite size of the annealed film with a deposition time of 

5 min were not considered because of its poor crystallinity. As shown in Fig. 5.17, 

the FWHM is reduced as the deposition time is increased from 10 to 15 min 

which suggests an increased in the crystallite size. However, the FWHM is 

increased as the deposition time is further increased from 15 to 25 min which 

indicates a reduction in the crystallite size of the annealed films. The reduced 

FWHM and increased crystallite size indicate an effective crystallinity. As shown 

in Fig. 5.17, the optimal crystallinity is obtained with a deposition time of 15 min 

for the annealed film. 
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Fig. 5.17 FWHM and crystallite size of annealed films as a function of 

deposition time  

(The square represents FWHM and the dot represents crystallite size.) 
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5.3.2.3 Photoluminescent Properties 

The photoluminescent spectra of the as-deposited and the annealed films grown 

on quartz fabric for various lengths of time are illustrated in Fig. 5.18. The 

spectra of all of the deposited films before and after annealing treatment are 

composed of a group of emission peaks at 582, 589, 595, 601, 613, 633 and 652 

nm which is attributed to the 
5
D0-

7
FJ (J=0, 1, 2, 3) transition of the Eu

3+
 ions as 

shown in Fig. 5.18.  

 

 

 

 

 

 



104 

 

560 580 600 620 640 660

0

1000

2000

3000

4000

5000

6000

7000
25min

10min

15min

5min

20min
E

m
is

si
o

n
 i

n
te

n
si

ty
/(

a.
u

.)

Wavelength/(nm)

(a)

5
D

0
-7

F
2

5
D

0
-7

F
2

5
D

0
-7

F
3
 

5
D

0
-7

F
0

5
D

0
-7

F
1
 

560 580 600 620 640 660

0

10000

20000

30000

40000

50000

5 10 15 20 25

0

10000

20000

30000

40000

50000

60000

E
m

is
si

o
n
 i

n
te

n
si

ty
/(

a.
u
.)

Deposition time/(min)

 As-deposited samples

 Annealing samples

5
D

0
-7

F
2

(b)

25min

10min

15min

5min

20min

E
m

is
si

o
n

 i
n

te
n

si
ty

/(
a.

u
.)

Wavelength/(nm)

5
D

0
-7

F
2

5
D

0
-7

F
3
 

5
D

0
-7

F
0

5
D

0
-7

F
1
 

Fig. 5.18 Photoluminescent spectra of Y2O3:Eu
3+

 films deposited onto quartz 

fabric for different lengths of time: (a) as-deposited films and (b) annealed films 

 

As shown in Fig. 5.18(a), the photoluminescent efficiency of the as-deposited 

films is improved as the deposition time is increased from 5 to 25 min. As shown 
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in the insert figure on the right of Fig. 5.18(b), the emission brightness of the 

deposited films at 613 nm is obviously improved after annealing treatment when 

compared to that of the as-deposited films. Moreover, the photoluminescent 

intensity of the annealed film is improved by 14.36% when the deposition time is 

increased from 5 to 10 min. The maximum photoluminescence of the annealed 

film can be observed as the deposition time is further increased to 15 min and the 

emission intensity is considerably improved by 124.73% in comparison to that of 

the annealed film with a deposition time of 5 min. The increased 

photoluminescence can be due to the increased film thickness and the improved 

morphology of the annealed films as the deposition time is increased from 5 min 

to 10 and 15 min. The improved morphological components include increasingly 

dense film topography, increased particle size, improved spherical particle shape 

and less than significant cracks which act as non-radiative recombination sites to 

reduce photoluminescence. The enhanced photoluminescence can also be 

attributed to the obviously improved crystallinity of the annealed films grown 

with an increased deposition time of 5 min to 10 and 15 min. The emission 

brightness of the annealed films is improved by 107.81% and 69.60% as the 

deposition time is increased from 5 min to 20 and 25 min, respectively. 

Unfortunately, a reduction of 7.53% and 18.39% can be observed in the emission 

brightness of the annealed films when the deposition time is increased from 15 to 

20 min and from 20 to 25 min, respectively. The reduced photoluminescence is 
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mainly due to the more serious cracks in the films and the reduction in the 

crystallinity of the annealed films with a deposition time of 20-25 min. 

  

5.3.2.4 CIE-chromaticity Coordinates 

Fig. 5.19 shows the CIE chromaticity coordinates of the annealed Y2O3:Eu
3+

 

films deposited onto quartz fabric for different lengths of time. There is no 

significant difference in the chromaticity coordinates when the annealed films 

have a deposition time between 5 and 10 min. An obvious shift towards the 

standard red chromaticity (x=0.67, y=0.33) can be seen when the deposition time 

is increased from 10 to 15 min. However, the chromaticity coordinates of the 

annealed film do not improve when the deposition time is further increased from 

15 to 25 min.  
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Fig. 5.19 CIE chromaticity coordinates: (a) standard red chromaticity, and the 

annealed films deposited for different lengths of time: (b) 5 min and 10 min, (c) 

15 min, (d) 20 min, and (e) 25 min 

 

The L point that corresponds to each sample was confirmed by the method 

discussed in Chapter 4 (Section 4.3.5). The color purity of the annealed films with 

different deposition times was determined by using Eq. (4.1). The chromatic 

coordinates and the color purity of the annealed films are shown in Table 5-3. The 

chromaticity coordinates of the annealed films with deposition times of 5 and 10 

min show the same amount of color purity. The color purity is first increased with 

an increased deposition time from 10 to 15 min and then reduced when the 

deposition time is further increased from 15 to 25 min. The optimal color purity 

W 

(b) (e) (d) 

(c) 
L N 
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of the annealed film is obtained when the deposition time is 15 min. 

 

Table 5-3 CIE chromaticity coordinates and color purity of the annealed 

Y2O3:Eu
3+

 films deposited for different lengths of time 

Deposition 

time/(min) 

N point color 

coordinate 

L point color 

coordinate 
Purity 

(%) 
x        y x         y 

5 0.46 0.33 0.67 0.33 38.24 

10 0.46 0.33 0.67 0.33 38.24 

15 0.51 0.34 0.65 0.35 56.25 

20 0.50 0.33 0.67 0.33 50.00 

25 0.49 0.33 0.67 0.33 47.06 

 

5.3.3 Electron Beam Current 

5.3.3.1 Morphology 

The SEM images of the as-deposited films grown on quartz fibers with various 

currents are shown in Fig. 5.20. The result shows that the surface of the 

as-deposited films is smooth, dense and crack-free which indicates that the 

deposition current has no significant effect on the surface morphology of the 

as-deposited films.   
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Fig. 5.20 SEM images of the as-deposited films prepared with different electron 

beam currents: (a) 80 mA, (b) 110 mA, (c) 140 mA, and (d) 170 mA 

 

Fig. 5.21 shows the thickness of the annealed films grown on quartz fibers with 

different electron beam currents. Obviously, the film thickness is increased as the 

current is increased from 110 to 170 mA. The average thickness of the annealed 

films is 0.64, 1.21 and 1.65 μm when deposited with a current of 110, 140 and 

170 mA, respectively. 

 

(a) (b) 

(c) (d) 
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Fig. 5.21 SEM images of the cross section of (a) pure quartz fiber after annealing 

treatment and the annealed quartz fibers with Y2O3:Eu
3+

 films deposited with 

different currents: (b) 110 mA, (c) 140 mA, and (d) 170 mA 

 

The SEM images of the annealed films grown with the use of different currents 

are shown in Fig. 5.22. The surface of the annealed film deposited with a current 

of 80 mA is still smooth and no cracks can be observed although the deposited 

film is annealed at a high temperature. A small number of cracks can be observed 

in the annealed film when the current is increased from 80 to 110 mA. The cracks 

(a) 

(b) 

0.69 μm 0.62 μm 0.62 μm 

1.15 μm 1.15 μm 1.33 μm 

(c) 

1.70 μm 1.68 μm 
1.57 μm 

(d) 

1.33 μm 

1.68 μm 
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increase and the crack width is also increased with an increase in the current 

from 110 to 170 mA. The generation of cracks is due to the thermal and intrinsic 

stresses produced in the deposited films and the increasingly obvious cracks can 

be attributed to the increased intrinsic stress with increased film thickness. 

 

 

Fig. 5.22 SEM images of the annealed films deposited with different electron 

beam currents: (a) 80 mA, (b) 110 mA, (c) 140 mA, and (d) 170 mA 

 

The highly magnified SEM images of the as-deposited and the annealed films 

prepared with various currents are provided in Fig. 5.23. The as-deposited film 

deposited at a low current of 80 mA is composed of very small particles with a 

narrow size distribution of 20-25 nm [Fig. 5.23(a-I)]. Particles with increasingly 

sharp angles can be observed as the current is increased from 110 to 170 mA [Fig. 

(a) (b) 

(c) (d) 
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5.23(b-I, c-I and d-I)]. Moreover, the particle size is accordingly increased with 

increases in the deposition current. The larger particle size is probably due to the 

increased activation energy of diffusion at a high current. Then, the evaporated 

atoms/molecules can coalesce with the neighboring small particles to form large 

particles. Interestingly, large particles with geometric shapes can be observed in 

the annealed film deposited at 80 mA, see in Fig. 5.23(a-II). This is possibly due 

to the quantum size effect of the very small nanoparticles which can rapidly 

merge into larger particles because of the large surface stress and surface energy. 

In Fig. 5.23(b-II), uniform spherical particles can be observed in the annealed 

film deposited at 110 mA and the particle size is about 60 nm. The particle size is 

not obviously increased when the annealed film is deposited at 140 mA [Fig. 

5.23(c-II)]. However, improvements in the surface morphological components, 

such as a more dense topography and fewer holes, can be found in the annealed 

film deposited at 140 mA in comparison to that deposited at 110 mA. The 

annealed film comprises both spherical and geometric particles with a particle 

size of 80-100 nm when the film is deposited at 170 mA [Fig. 5.23(d-II)]. 
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Fig. 5.23 Highly magnified SEM images of: (I) the as-deposited films and (II) 

the annealed films deposited with different electron beam currents: (a) 80 mA, (b) 

110 mA, (c) 140 mA, and (c) 170 mA 

500 nm 500 nm 

500 nm 500 nm 

500 nm 500 nm 

500 nm 500 nm (a-I) (a-II) 

(b-I) (b-II) 

(c-I) (c-II) 

(d-I) (d-II) 
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5.3.3.2 Crystal Structure 

The XRD patterns of the as-deposited and the annealed films deposited with the 

use of various currents are shown in Fig. 5.24. The crystal signal of the 

as-deposited film prepared with a current of 80 mA is too low for detection and 

no crystalline peak can be observed even after annealing treatment. The XRD 

patterns of the as-deposited and the annealed films grown with currents of 

110-170 mA match the cubic phase of Y2O3 in accordance with Card No. 

25-1011 and no shift in the peak position can be observed. Crystallization peaks 

appear at 29
o
, 34

o
, 49

o
 and 58

o
 which correspond to the (222), (400), (440) and 

(622) planes, respectively. However, there is a small peak at 30.6
o
 which 

corresponds to the monoclinic phase of Y2O3 based on Card No. 01-087-2361 

when the as-deposited films are prepared with currents of 140-170 mA. This 

small peak disappears after annealing treatment as shown in Fig. 5.24(b). The 

results indicate that annealing treatment can promote the formation of a pure 

cubic phase of Y2O3 on the deposited films.  

 

As observed in Fig. 5.24(a), the crystallization intensity of the as-deposited films 

is improved as the deposition current is increased from 110 mA to 140 and 170 

mA. As shown in Fig. 5.24(b), the crystallization intensity of the films is 

significantly improved after annealing treatment. The preferential orientation of 
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the annealed films transforms from the (400) to (222) crystal face when the 

current is increased from 110 mA to 140 and 170 mA. 
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Fig. 5.24 XRD patterns of Y2O3:Eu
3+

 films grown with different electron beam 

currents: (a) as-deposited films and (b) annealed films 
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Fig. 5.25 shows the average FWHM and crystallite size of the (222) and (400) 

crystal faces of the annealed films deposited with a current of 110-170 mA. Only 

a small difference can be observed in the mean FWHM value and crystallite size 

of the annealed films with an increase in the current. The FWHM is reduced by 

8.1% as the current is increased from 110 to 140 mA which indicates an increase 

in crystallite size. The FWHM is slightly increased by 0.58% as the current is 

further increased from 140 to 170 mA reveals a reduction in the crystallite size. 

The reduction of the FWHM and the increment of the crystallite size indicate an 

improved crystallinity. The optimal crystallinity is obtained when the annealed 

film is deposited with a current of 140 mA. 

 

80 100 120 140 160 180

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0

6

12

18

24

30

36

Electron beam current/(mA)

F
W

H
M

/(
d
eg

)

C
ry

stallite size/(n
m

)

 

Fig. 5.25 FWHM and crystallite size of the annealed films as a function of 

electron beam current 

(The square represents FWHM and the dot represents crystallite size.) 
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5.3.3.3 Photoluminescent Properties 

Fig. 5.26 shows the photoluminescent spectra of the as-deposited and the 

annealed films deposited onto quartz fabric with different electron beam currents. 

An enlarged emission spectra of the films deposited with a current of 80 mA 

before and after annealing treatment are also provided in Fig. 5.26 for 

comparison purposes. Although the photoluminescent intensity of the films 

deposited with a current of 80 mA is low, emission peaks (marked with dots) can 

be observed in the enlarged spectra. Obviously, the photoluminescent spectra of 

the as-deposited and the annealed films grown with a currents of 110-170 mA 

comprise a group of emission peaks at 582, 589, 595, 601, 613, 633 and 652 nm 

due to the 
5
D0-

7
FJ (J=0, 1, 2, 3) transition of the Eu

3+
 ions. 
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Fig. 5.26 Photoluminescent spectra of Y2O3:Eu
3+

 films deposited onto quartz 

fabric with different currents: (a) as-deposited films and (b) annealed films 

 

As shown in Fig. 5.26(a), the photoluminescent intensity of the as-deposited 

films is improved when the deposition current is increased from 80 to 140 mA. 
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However, it is reduced as the current is further increased from 140 to 170 mA. A 

similar trend can be observed for the annealed films in Fig. 5.26(b). The 

photoluminescent efficiency of the films deposited with a current of 110-170 mA 

is markedly improved after annealing treatment and the emission brightness of 

the annealed films is also substantially increased by 2520%, 6317% and 2980% 

when the current is increased from 80 mA to 110, 140 and 170 mA, respectively. 

This can be attributed to the significant increase in film thickness, a more dense 

surface topography and the improved crystallinity when the annealed films are 

deposited with a relatively high current of 110-170 mA. However, the emission 

brightness of the annealed film is reduced by 52.00% when the current is 

increased from 140 to 170 mA. This can be due to the more serious cracks in the 

films and the reduced crystallinity when the annealed film was deposited with a 

current of 170 mA. 

 

5.3.3.4 CIE-chromaticity Coordinates 

Fig. 5.27 shows the CIE chromaticity coordinates of the annealed films prepared 

with various currents. The result indicates that the color coordinates of the 

annealed film deposited with a low current of 80 mA are near the white region in 

the CIE chromaticity diagram due to the very low emission brightness. The 

coordinates of the annealed films approach to the standard red chromaticity 

(x=0.67, y=0.33) as the current is increased from 80 to 170 mA.  
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Fig. 5.27 CIE chromaticity coordinates: (a) standard red chromaticity, and 

annealed films grown with different currents: (b) 80 mA, (c) 110 mA and 170 

mA, and (d) 140 mA 

 

The L point that corresponds to each sample was confirmed by the method 

discussed in Chapter 4 (Section 4.3.5). The color purity of the annealed films 

grown with the use of different currents was determined with Eq. (4.1). Table 5-4 

shows the chromaticity coordinates and the color purity of the annealed films. 

Obviously, the color purity of the annealed film deposited with a current of 80 

mA is relatively low. The color purity of the annealed films substantially 

improves as the current is increased from 80 to 140 mA. However, the color 
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purity of the annealed film is reduced when the current is further increased from 

140 to 170 mA due to the reduction of photoluminescence of the annealed film 

deposited with a current of 170 mA. 

 

Table 5-4 CIE chromaticity coordinates and color purity of annealed films 

deposited with different currents 

Electron beam 

current/(mA) 

N point color 

coordinate 

L point color 

coordinate 
Purity 

(%) 
x       y     x        y 

80 0.35 0.31 0.51 0.16 11.11 

110 0.51 0.34 0.65 0.35 56.25 

140 0.53 0.35 0.64 0.36 64.52 

170 0.51 0.34 0.65 0.35 56.25 

 

5.4 Summary 

Y2O3:Eu
3+

 films are deposited onto quartz fabric by EBE with different 

deposition parameters. The morphology, crystal structure, photoluminescent 

properties and CIE chromaticity coordinates of the Y2O3:Eu
3+

 deposited quartz 

fabrics have been investigated. The film thickness is markedly increased with 

increases in the deposition time and current used, while the substrate temperature 

has no obvious influence on the film thickness. Cracks can be observed in the 

films grown with various parameters after annealing treatment. Obviously, the 

number of cracks are reduced as the substrate temperature is increased, while 
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more serious cracking can be observed in the annealed films with increases in the 

deposition time and current used. The optimal substrate temperature, deposition 

time and current for large spherical particles are 200℃, 15 min and 110 mA, 

respectively. Maximum crystallinity can be found in the annealed films when the 

substrate temperature, deposition time and current are 200℃, 15 min and 140 mA, 

respectively. The results indicate that the improved morphology and crystal 

properties somewhat contribute to the effective photoluminescent properties of 

the Y2O3:Eu
3+

 deposited quartz fabric. All of the emission spectra of the annealed 

films deposited onto quartz fabric are in good agreement with the typical 

photoluminescence of Y2O3:Eu
3+

 and the main emission peak is found at 613 nm. 

The optimal photoluminescent intensity is obtained when the Y2O3:Eu
3+

 film is 

deposited at 250℃ and improved by 32.67% when compared to the annealed 

film grown at R.T. The maximum photoluminescence of the annealed film is 

obtained when the deposition time is 15 min and the emission intensity is 

considerably improved by 124.73% in comparison to the annealed film with a 

deposition time of 5 min. The highest emission brightness is obtained when the 

annealed film is prepared with a current of 140 mA and the photoluminescence 

intensity is increased by 6317% as the deposition current is increased from 80 to 

140 mA. 
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Chapter 6 Effects of Annealing on Y2O3:Eu
3+

 

Photoluminescent Thin Films Deposited onto Quartz Fabric 

6.1 Introduction 

Annealing is an important process that influences the microstructure and 

photoluminescent properties of deposited film. Recently, extensive investigations 

have been conducted on the effects of annealing on the microstructure and 

photoluminescent properties of thin films deposited onto rigid substrates 

[179-181]. However, the influence of annealing on the microstructure and 

photoluminescent properties of Y2O3:Eu
3+

 deposited fabric have not yet been 

studied. Conventional annealing with the use of a muffle furnace is commonly 

used to treat deposited films. However, there are few scientific research on 

annealing treatment by using a muffle furnace on Y2O3:Eu
3+

 films deposited onto 

fabric. In addition, the use of CO2 laser to anneal Y2O3:Eu
3+

 films deposited onto 

fabric has not yet been reported. 

 

In this chapter, Y2O3:Eu
3+

 deposited quartz fabrics are annealed by using a muffle 

furnace and CO2 laser. The influence of these two types of annealing treatment on 

the chemical composition, morphology, crystal structure, photoluminescent 

properties, and CIE chromaticity coordinates of the Y2O3:Eu
3+

 film deposited onto 
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quartz fabric will be systematically investigated. 

 

6.2 Experimental 

Y2O3:Eu
3+

 phosphor thin films were deposited onto quartz fabric by using the 

ZZG\JT-350 EBE/magnetron sputtering vacuum deposition system. The material 

preparation procedures and deposition process are the same as those described in 

the experimental section of Chapter 5 (Section 5.2). The Y2O3:Eu
3+

 deposited 

quartz fabric used for the investigation on annealing was prepared with the 

following parameters, namely, substrate temperature of 200℃, deposition time of 

15 min and electron beam current of 110 mA. 

 

6.2.1 Annealing with Muffle Furnace 

Annealing with muffle furnace was conducted in a Carbolite CWF-1300 muffle 

furnace (United Kingdom). The Y2O3:Eu
3+ 

deposited quartz fabric was annealed 

under air atmosphere at an annealing rate of 10℃/min. The annealing parameters 

of the muffle furnace are shown in Table 6-1. 

 

Table 6-1 Annealing parameters of muffle furnace 

Annealing Temperature/(℃) 400, 600, 800, 1000, 1200 

(The annealing time was fixed at 3 h.) 

Annealing Time/(h) 1, 2, 3, 4, 5 

(The annealing temperature was fixed at 1000℃.) 
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6.2.2 Annealing with CO2 Laser 

Annealing by using CO2 laser was carried out with a GFK Marcatex Flexi-150 

laser machine (Eurotrend, Spain). Details of the laser specifications are shown in 

Table 6-2. During the laser heating, the pixel time and the resolution of the laser 

beam were investigated. The laser energy on the deposited film can be evaluated 

by various combinations of pixel time and resolution. The parameters of the CO2 

laser heating are shown in Table 6-3. 

 

Table 6-2 Laser specification 

Parameters  Specifications  

Manufacturer and instrument model GFK Marcetex FLEXI-150 

Len size 80 cm (1.5 mm beam diameter) 

Excitation frequency 81 MHz 

Laser medium CO2 

Wavelength 10.6 μm 

Wave mode Pulsed 

Power (W) ⁄ energy (mJ⁄p) Power: 150 W; 

Pulse energy: 5-230 mJ; 

Pulse activation time: <45 μs 

Beam divergence <2.5 mrad;  

Linear polarisation perpendicular 

to the bottom of the laser head 

Control software Easymark® 2009 
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Table 6-3 Laser heating parameters 

Pixel Time/(μs) 110, 120, 130, 140 

(Resolution was fixed at 30 dpi.) 

Resolution/(dpi) 30, 35, 40, 45 

(Pixel time was fixed at 120 μs.) 

 

6.3 Results and Discussion 

6.3.1 Annealing with Muffle Furnace 

6.3.1.1 Chemical Composition 

Fig. 6.1-6.2 show the Y3d, O1s, Eu3d core-level photoemission spectra of the 

Y2O3:Eu
3+

 deposited quartz fabric annealed under different conditions. The 

carbon (C) spectra that correspond to each sample were also measured and the 

internal reference C1s peak at 285.0 eV was used for the calibration of the energy 

scale [156]. All of the figures reveal that the deposited films before and after 

annealing treatment mainly contain the elements of Y, O and Eu.  

 

As observed in Fig. 6.1-6.2, Y3d core level spectra consist of two peaks, one is at 

a low binding state of Y3d5/2 and the other is at a high binding state of Y3d3/2. 

However, the Y3d XPS spectra of the as-deposited film are different from those of 

the annealed films. The Y3d3/2 peaks in the as-deposited film show higher 

intensity than the Y3d5/2 peaks even though the latter should be higher in 

intensity than the former in a normal Y2O3 spectrum. The shoulder discovered in 
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the Y3d XPS spectra of the as-deposited film at 160.5 eV matches with the peak 

expected for Y–OH [182]. Obviously, the shoulder disappeared after annealing, 

thus further confirming the existence of Y–OH in the as-deposited film.  

 

The O1s spectra also present two different oxygen bonding states, one is at a low 

binding energy consistent with the normal Y–O bonding energy in Y2O3, while 

the other is at a high binding energy, most probably attributed to the physisorbed 

O2 or hydroxyl groups bound to the yttrium atoms [182]. These XPS results 

reveal that the –OH groups can be absorbed by the deposited film during the 

deposition process. The areas of the peaks formed by Y–O in Y2O3 significantly 

increased after undergoing annealing in a muffle furnace, while the intensity of 

the peaks at a high binding energy is reduced. Similar results have been reported 

by Cho et al. [158]. This indicates that the quantity of Y–O in the Y2O3:Eu
3+

 film 

increases after annealing treatment in comparison to the as-deposited film on the 

quartz fabric. In addition, the intensity of Y–OH is gradually reduced with 

increase in the annealing temperature from 400℃ to 1000℃ and annealing time 

from 1 to 5 h. However, the intensity of Y–O is enhanced as the temperature is 

increased from 400℃ to 600℃ and no obvious improvement can be observed in 

the intensity of Y–O as the temperature is further increased from 600℃ to 

1000℃ and with an increase in the annealing time from 1 to 5 h.  
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All the Eu3d core-level photoelectron spectra are divided into two groups, one 

belongs to the 3d5/2 structure and the other to 3d3/2 structure, due to the large spin 

orbit interaction of the Eu3d core level [160]. The two groups of peaks can be 

assigned to the trivalent and divalent Eu ions as discussed in Section 4.3.2 of 

Chapter 4. 
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Fig. 6.1 C1s core-level spectra for reference and XPS spectra of Y3d, O1s, Eu3d in 

the deposited films annealed at different temperatures for 3 h: (a) as-deposited 

film, (b) 400℃, (c) 600℃, (d) 800℃, and (e) 1000℃ 
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Fig. 6.2 C1s core-level spectra for reference and XPS spectra of Y3d, O1s, Eu3d in 

the deposited films annealed at 1000℃ for different lengths of time: (a) 

as-deposited film, (b) 1 h, (c) 3 h, and (d) 5 h 

 

6.3.1.2 Morphology 

The SEM images of the as-deposited film and the deposited films annealed at 

different temperatures are shown in Fig. 6.3. As illustrated in Fig. 6.3(a), dense, 

uniform and crack free thin films are grown on the fiber surface, and only a small 

amount of large particles (solid arrows) can be observed on the films. After 

annealing at 400℃ for 3 h, very slight cracks can be observed in the deposited 

film [dotted arrow in Fig. 6.3(b)]. The cracks became increasingly obvious as the 
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temperature is gradually increased from 400℃ to 1200℃ [Fig. 6.3(c-f)]. 

 

 

Fig. 6.3 SEM images of (a) as-deposited film and deposited films annealed at 

different temperatures for 3 h: (b) 400℃, (c) 600℃, (d) 800℃, (e) 1000℃, and 

(f) 1200℃ 

 

The highly magnified SEM images of the Y2O3:Eu
3+

 films annealed at different 

temperatures are shown in Fig. 6.4. As shown in Fig. 6.4(a), the as-deposited film 

(a) (b) 

(c) 

(e) (f) 

(d) 
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shows angular shaped particles with a particle size of about 20-50 nm. Obviously, 

all of the deposited films show a spherical particle shape and narrow particle size 

distribution after annealing treatment. The spherical particle shape is improved 

and the particle size is increased from 30 to 60 nm as the temperature is 

increased from 400℃ to 1000℃ [Fig. 6.4(b-e)]. 
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Fig. 6.4 SEM images taken with high magnification of (a) the as-deposited film 

and the deposited films annealed at different temperatures: (b) 400℃, (c) 600℃, 

(d) 800℃, and (e) 1000℃ 

 

The SEM images of the as-deposited film and the deposited films annealed at 

1000℃ for different hours are shown in Fig. 6.5. There is a significant increase in 

cracks as the annealing time is increased from 1 to 5 h [Fig. 6.5(b-f)] and there 

are serious cracks in the deposited films annealed for 4 and 5 h. The generation 

500 nm 

500 nm 500 nm 

500 nm 500 nm 

(a) 

(b) (c) 

(d) (e) 
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of the cracks is due to the thermal and intrinsic stresses produced in the deposited 

films. The increase in cracks can be attributed to the increased thermal and 

intrinsic stresses in the films as discussed in Section 5.3.1.1. 

 

 

Fig. 6.5 SEM images of (a) as-deposited film and the deposited films annealed 

for different lengths of time: (b) 1 h, (c) 2 h, (d) 3 h, (e) 4 h, and (f) 5 h 

 

The highly magnified SEM images of the deposited films annealed for different 

(a)  (b)  

(c)  

(e)  (f)  

(d)  
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hours are shown in Fig. 6.6. The as-deposited film has particles with an angular 

particle shape with a particle size of about 20-50 nm. The deposited film annealed 

for 1 h shows particles with an incomplete spherical shape and the particle size is 

30-45 nm. Noticeable improvements in the spherical shape and an increase in the 

particle size of 60 nm with narrow distribution are found in the annealed films 

when the annealing time is increased from 1 to 3 h. The film particles coalesce 

with the neighboring particles and cause an ambiguous particle boundary in the 

annealed film as the annealing time is further increased from 3 to 5 h. This can be 

attributed to the increased thermal diffusion with a longer annealing time. 

 

 

Fig. 6.6 SEM images taken at high magnification of (a) as-deposited film and the 

deposited films annealed for different lengths of time: (b) 1 h, (c) 3 h, and (d) 5 h 

500 nm (b) 

500 nm (d) 
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(c) 

500 nm 
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6.3.1.3 Crystal Structure 

The XRD patterns of the as-deposited film and the deposited films annealed at 

different temperatures for 3 h are provided in Fig. 6.7. No obvious changes can be 

observed in the spectra between the as-deposited and the deposited films 

annealed at a relatively low temperature of 400-600℃. The crystal intensity at 

the (400) plane is slightly improved when the annealing temperature is increased 

from 600℃ to 800℃. As the annealing temperature is further increased to 

1000℃, the crystal intensity significantly improves and major characteristic 

peaks can be found at 29
o
, 34

o
, 49

o
 and 58

o
 which correspond to the (222), (400), 

(440) and (622) planes, respectively. The XRD pattern of the deposited film 

annealed at 1000℃ reveals a cubic phase of the Y2O3 in accordance with Card No. 

25-1011 and no other phase can be identified. The preferential orientation in the 

film annealed at 1000℃ is found at the (400) plane. However, the crystal 

intensity that corresponds to the cubic Y2O3 phase is reduced when the annealing 

temperature is further increased to 1200℃. Two peaks can be observed at 31
o
 

and 32
o
 which correspond to the monoclinic Y2O3 phase in the film annealed at 

1200℃ in accordance with Card No. 01-087-2361.  
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Fig. 6.7 XRD patterns of the deposited films annealed at different temperatures 

 

The crystal properties of the deposited films annealed at different temperatures 

were further analyzed with the average FWHM and crystallite size of the (222) 

and (400) crystal faces, and the results are shown in Fig. 6.8. The average FWHM 

and crystallite size of the as-deposited film and the films annealed at 400-600℃ 

are not obviously different. The results indicate that it is difficult to improve the 

crystallinity of the deposited film when the Y2O3:Eu
3+

 deposited fabric is 

annealed at a relatively low temperature of 400-600℃. The average FWHM is 

reduced and the crystallite size of the deposited film is increased accordingly 

when the annealing temperature is increased from 600℃ to 800℃ which 

suggests an increased crystallinity of the film annealed at 800℃. The average 
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FWHM is significantly reduced as the annealing temperature is further increased 

from 800℃ to 1000℃. The result reveals that the crystallite size is significantly 

increased and the crystallinity is considerably improved when the deposited film 

is annealed at 1000℃. However, the FWHM is increased when the temperature 

is increased from 1000℃ to 1200℃ and the crystallite size is also decreased 

accordingly. Generally, a reduced FWHM not only indicates increased crystallite 

size but also improved crystallinity. The optimal crystallinity is obtained with a 

annealing temperature of 1000℃. 
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Fig. 6.8 Effect of annealing temperature on the average FWHM and crystallite 

size of the deposited films 

(The square represents FWHM and the dot represents crystallite size.) 
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Fig. 6.9 shows the XRD patterns of the as-deposited film and the deposited films 

annealed at 1000℃ for different lengths of time. All of the XRD patterns of the 

deposited films reveal a cubic phase of Y2O3 in accordance with Card No. 

25-1011. The crystallization peaks are not obviously shifted and no other phase is 

detected. Compared with the as-deposited film, the crystal intensity at 34
o
 of the 

annealed films becomes increasingly stronger as the annealing time is increased 

from 1 to 3 h. Moreover, the intensity of the peak at 29
o
 is significantly increased 

with an increase in the annealing time from 1 to 3 h. However, the crystal 

intensity is reduced as the annealing time is further increased to 4 and 5 h. 
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Fig. 6.10 shows the average FWHM and crystallite size of the (222) and (400) 

crystal faces of the deposited films annealed for various lengths of time. The 

FWHM of the deposited films is gradually reduced as the annealing time is 

increased from 1 to 3 h. The reduction in the FWHM provides an increased 

crystallite size and improved crystallinity of the annealed films when the 

annealing time is increased from 1 to 3 h. However, the FWHM is increased 

when the annealing time is further increased from 3 to 5 h and the result reveals a 

decreased crystallinity. 
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6.3.1.4 Photoluminescent Properties 

Fig. 6.11 shows the photoluminescent spectra of the as-deposited film and the 

deposited films annealed under different conditions. The spectra all comprise a 

group of emission peaks at 582, 589, 595, 601, 613, 633 and 652 nm due to the 

5
D0-

7
FJ (J=0, 1, 2, 3) transition of the Eu

3+
 ions. 
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Fig. 6.11 Photoluminescent spectra of as-deposited film and the deposited films 

annealed: (a) at different temperatures from 400℃ to 1200℃ for 3 h and (b) at 

1000℃ for different lengths of time from 1 to 5 h  

 

As illustrated in Fig. 6.11(a), the photoluminescent intensity of the deposited 

films is significantly improved by 138.18%, 484.89%, 794.53%, 1234.41% and 

1208.12% after annealing is carried out at 400℃, 600℃, 800℃, 1000℃, and 
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1200℃, respectively. The improved photoluminescence can be attributed to the 

more homogeneous morphology, improved spherical particle shape, increased 

film particle size, narrow size distribution and the increased crystallinity of the 

deposited films after annealing treatment. However, the improvement of the 

photoluminescence is still minimal when the deposited film is annealed at 400℃ 

because of the small particle size and the imperfect crystallization of the annealed 

film when annealed at a relatively low temperature. As observed in the inserted 

figure, the photoluminescence of the annealed films is improved as the annealing 

temperature is increased from 400℃ to 1000℃ which is attributed to the gradual 

improvements in the morphology and crystallinity. Nevertheless, the 

photoluminescent efficiency is slightly reduced as the annealing temperature is 

increased from 1000℃ to 1200℃ because the deposited films show a monoclinic 

phase after annealing at 1200℃ and the photoluminescent intensity of the 

monoclinic phase of the Y2O3:Eu
3+

 is lower than that of the cubic phase of the 

Y2O3:Eu
3+

 [44]. The reduced photoluminescence can also be a result of the 

increase in cracks on the films and the decreased crystallinity when the deposited 

films are annealed at a relatively high temperature of 1200℃. 

 

As demonstrated in Fig. 6.11(b), the photoluminescent intensity of the deposited 

films is significantly improved by 773.05%, 892.54%, 1234.41%, 1181.52% and 

1118.20% after annealing for 1, 2, 3, 4 and 5 h, respectively. The improved 



143 

 

photoluminescent intensity of the deposited films can be attributed to their 

improved morphology and crystal properties after annealing treatment, such as a 

more homogeneous morphology, improved spherical particle shape, increased 

film particle size, narrow size distribution and enhanced crystallinity. In addition, 

the photoluminescence of the annealed films is improved with increase in the 

length of annealing time from 1 to 3 h. This can be attributed to the gradual 

improvements in the morphology and crystallinity with increased annealing time. 

However, the emission intensity begin to decrease when the annealing time is 

further increased from 3 to 5 h. This is mainly due to the increase in cracks on 

the film with a longer annealing time. Since the cracks can be regarded as 

non-radiative recombination sites, they can cause reductions in the 

photoluminescent intensity of the annealed films. 

 

6.3.1.5 CIE-chromaticity Coordinates 

Fig. 6.12 shows the CIE chromaticity coordinates of the as-deposited film and the 

films annealed under different conditions. In comparison with the as-deposited 

film, the coordinates of the annealed films gradually shift towards the standard 

red chromaticity (x=0.67, y=0.33) when the annealing temperature is increased 

from 400℃ to 1200℃ and the annealing time is increased from 1 to 3 h. 
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Fig. 6.12 CIE chromaticity coordinates: (a) standard red chromaticity, (b) 

as-deposited film, and the films annealed: (A) at different temperatures: (c) 

400℃, (d) 600℃, (e) 800℃, (f) 1000℃, (g) 1200℃; and (B) for different 

lengths of time: (c) 1 h, (d) 2 h and 5 h, (e) 3 h and 4 h 
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The L point that corresponds to each sample was confirmed by using the method 

discussed in Chapter 4 (Section 4.3.5). The color purity of the deposited films 

annealed under different conditions was determined by using Eq. (4.1). The 

chromaticity coordinates and color purity of the annealed films are listed in Table 

6-4. In comparison with the as-deposited film, the color purity of the deposited 

films improves after annealing treatment. Moreover, the color purity of the 

annealed films increases as the annealing temperature is increased from 400℃ to 

1000℃. The improved color purity of the annealed films can be due to the 

enhanced photoluminescent intensity. Although the photoluminescent efficiency 

of the film annealed at 1200℃  is lower than that annealed at 1000℃ , 

improvements in color purity are found because the monoclinic phase of 

Y2O3:Eu
3+

 exhibit better chromaticity than the cubic phase of Y2O3:Eu
3+

 [44]. 

Similarly, the color purity of the deposited films improves as the annealing time 

is increased from 1 to 3 h. However, the color purity does not improve when the 

annealing time is increased from 3 to 4 h and the purity is reduced as the 

annealing time is further increased from 4 to 5 h. These can be explained by the 

decreasing emission brightness as the annealing time is increased from 3 to 5 h. 

Fig. 6.13 shows the red-emitting appearance of Y2O3:Eu
3+

 deposited quartz fabric 

under excitation with UV light before and after annealing at 1000℃ for 3 h. 
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Table 6-4 CIE chromaticity coordinates and color purity of films annealed under 

different conditions 

 
Annealing 

condition 

N point color 

coordinate 

L point color 

coordinate 
Purity 

(%) 

x     y x      y 

Annealing 

temperature/(℃) 

As-deposited 0.36 0.32 0.67 0.23 8.82 

400 0.40 0.31 0.68 0.24 20.00 

600 0.44 0.32 0.71 0.30 28.95 

800 0.47 0.33 0.67 0.33 41.18 

1000 0.51 0.34 0.65 0.35 56.25 

1200 0.53 0.35 0.64 0.36 64.52 

Length of annealing 

time/(h) 

As-deposited 0.36 0.32 0.67 0.23 8.82 

1 0.47 0.33 0.67 0.33 41.18 

2 0.50 0.34 0.65 0.35 53.13 

3 0.51 0.34 0.65 0.35 56.25 

4 0.51 0.34 0.65 0.35 56.25 

5 0.50 0.34 0.65 0.35 53.13 

 

 

Fig. 6.13 Y2O3:Eu
3+

 deposited quartz fabric excited with UV light: (a) before 

annealing treatment and (b) after annealing treatment at 1000℃ for 3 h 

 

(a) (b) 
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6.3.2 Annealing by CO2 Laser 

6.3.2.1 Chemical Composition 

Fig. 6.14 shows the Y3d, O1s, Eu3d core-level photoemission spectra of the 

as-deposited film and the laser-annealed film at 35 dpi for 120 μs. The internal 

reference C1s peak at 285.0 eV was used for the calibration of the energy scale 

[156]. All of the figures reveal that both the as-deposited film and the 

laser-annealed film mainly contain the elements of Y, O and Eu. Both the Y3d and 

O1s core level photoelectron spectra consist of two peaks, one is at a low binding 

energy, while the other at a high binding energy. The Eu3d core level spectra are 

divided into two groups, the 3d5/2 and 3d3/2 structures, which correspond to 

different valence states of the Eu ions as discussed in Section 4.3.2 of Chapter 4. 

The explanation for the different spectra shapes of Y3d and O1s between the 

as-deposited and laser-annealed films can be found in Section 6.3.1.1.  
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Fig. 6.14 C1s core-level spectra for reference and XPS spectra of Y3d, O1s, Eu3d in 

the deposited films: (a) the as-deposited film and (b) the deposited film annealed 

by laser at 35 dpi for 120 μs 

 

6.3.2.2 Morphology 

Fig. 6.15-6.16 show the SEM images of the deposited films annealed by using 

CO2 laser under different conditions. As depicted in Fig. 6.15(a) and Fig.6.16(a), 

the surface of the as-deposited film on the quartz fibers is smooth, dense and 

crack-free. However, the surface morphology of the deposited films considerably 

changes after CO2 laser heating.  
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As shown in Fig. 6.15(b), the deposited films are partially melted because the 

combination of a resolution of 30 dpi and pixel time of 110 μs provides the 

lowest laser energy. Significant cracking can be found on the annealed films 

because incompletely melted films shrink faster than the quartz fibers after the 

very rapid heating by the laser. The different rates of shrinkage can be attributed 

to the different thermal expansion coefficients between the Y2O3:Eu
3+

 film and 

the quartz fiber. The laser energy increases as the pixel time is increased from 

110 to 120 μs thus leading to a high degree of melting of the deposited films [Fig. 

6.15(c)]. The melted films were then cooled and they shrunk into almost 

independent particles that resembled small peaks on the fiber surface. The 

surface of some of the peaks is smooth, however, there are some holes in the 

peaks due to the water vapor and gas from the air atmosphere that could be 

incorporated into the rapid melting and solidification processes of the deposited 

films. The laser energy is further increased as the pixel time is increased from 

120 μs to 130-140 μs thus causing a higher degree of melting of the deposited 

films as shown in Fig. 6.15(d-e). However, some of the deposited films peeled 

off the fiber surface which is attributed to the significant laser energy. 
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Fig. 6.15 SEM images: (a) as-deposited film, and the deposited films annealed by 

laser at resolution of 30 dpi for different lengths of pixel time: (b) 110 μs, (c) 120 

μs, (d) 130 μs, and (e) 140 μs 

 

The surface morphology of the films annealed by laser at 30 dpi with a pixel time 

of 120 μs is shown in Fig. 6.15(c). The laser energy is higher with an increase in 

the resolution from 30 to 35 dpi. Therefore, the degree of melting of the 

deposited films increases accordingly and more of the deposited films can be 

(a) 

(b) (c) 

(d) (e) 
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annealed by laser as shown in Fig. 6.16(c). The SEM images of the deposited 

film taken at a high magnification and annealed at a resolution of 35 dpi for 120 

μs are also shown in Fig. 6.16(A and B). Different surface topographies of the 

annealed films can be obtained. As shown in Fig. 6.16(A), the particles on the 

right are melted into a piece of smooth film and only a small number of particles 

can be observed on the melted film. However, very small spherical particles with 

a narrow particle size distribution of 30 nm can still be found on the left (the side 

of the deposited fiber) because the laser energy cannot vertically reach the side of 

the deposited fibers. Consequently, the effect of the treatment is not very evident. 

As shown in Fig. 6.16(B), the morphology of the treated film is smooth, and only 

a small number of bumps and holes can be observed. The laser energy is 

significantly higher with increases in the resolution from 35 dpi to 40-45 dpi and 

the degree of the melting of the deposited films is also significantly increased 

thus leading to larger peaks [Fig. 6.16(d-e)]. However, the deposited films also 

significantly peeled off the fiber surface when annealed at a resolution of 45 dpi. 
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Fig. 6.16 SEM images: (a) the as-deposited film, and the deposited films 

annealed by laser at different resolutions for 120 μs: (b) 30 dpi, (c) 35 dpi, (d) 40 

dpi, and (e) 45 dpi 

(a) 

(b) (c) 

(d) (e) 

 

 

(A) (B) 500 nm 500 nm 
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6.3.2.3 Crystal Structure 

Fig. 6.17 shows the XRD patterns of the Y2O3:Eu
3+

 deposited quartz fabric 

annealed by laser for different lengths of pixel time. The results reveal that the 

deposited films on the quartz fabric remain in a cubic phase of Y2O3 after CO2 

laser heating in accordance with Card No. 25-1011. No other phase can be 

detected. Moreover, there is no obvious changes in the peak position between the 

as-deposited film and the laser-annealed films. Characteristic peaks are observed 

at 29
o
, 34

o
, 49

o
 and 58

o
 which correspond to the crystal faces of (222), (400), (440) 

and (622), respectively. 
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Fig. 6.17 XRD patterns of Y2O3:Eu
3+

 deposited quartz fabric annealed by laser 

for different lengths of pixel time 
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The crystal properties of the Y2O3:Eu
3+

 deposited quartz fabric annealed by using 

laser for various lengths of pixel time are further analyzed with the average 

FWHM and crystallite size of the (222) and (400) crystal faces as shown in Fig. 

6.18. The average FWHM of the annealed films is reduced as the pixel time is 

increased from 110 to 130 μs. The reduced FWHM reveals an increased 

crystallite size and improved crystallinity of the deposited films after laser 

heating with an increased pixel time from 110 to 130 μs. However, the FWHM is 

increased as the pixel time is further increased from 130 to 140 μs. The result 

indicates a reduction of the crystallite size and decreasing crystallinity of the 

deposited film when a relatively long pixel time of 140 μs is used. 
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Fig. 6.18 FWHM and crystallite size of Y2O3:Eu
3+

 deposited quartz fabric 

annealed by laser for different lengths of pixel time 

(The square represents FWHM and the dot represents crystallite size.) 
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Fig. 6.19 shows the XRD patterns of the Y2O3:Eu
3+

 deposited quartz fabric 

annealed by laser at different resolutions. All of the XRD patterns indicate a 

cubic phase of the Y2O3 and the laser heating carried out with various resolutions 

does not change the crystal phase of the deposited films on the quartz fabric in 

accordance with Card No. 25-1011. Although the crystalline intensity of the 

treated samples is still low, diffraction peaks are observed at 29
o
, 34

o
, 49

o
 and 58

o
 

which correspond to the crystal faces of (222), (400), (440) and (622), respectively. 

In addition, the position of the diffraction peaks is not shifted. 
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 deposited quartz fabric annealed by laser at 

different resolutions 
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The crystal properties of the Y2O3:Eu
3+

 deposited quartz fabric as a function of 

the resolution are further investigated with the average FWHM and crystallite 

size of the (222) and (400) crystal faces as illustrated in Fig. 6.20. Obviously, the 

average FWHM of the deposited films is reduced as the resolution is increased 

from 30 to 35 dpi. The result not only reveals an increased crystallite size but 

also enhanced crystallinity of the annealed films. Nevertheless, the FWHM of the 

deposited films is increased as the resolution is further increased from 35 to 45 

dpi. The result indicates a decreasing crystallite size and crystallinity. 
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 deposited quartz fabric 

annealed by laser at different resolutions 

(The square represents FWHM and the dot represents crystallite size.) 
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6.3.2.4 Photoluminescent Properties 

Fig. 6.21 shows the emission spectra of the as-deposited film and the deposited 

films annealed by laser under different conditions. The spectra all correspond to a 

typical photoluminescence of the Y2O3:Eu
3+

 and the emission peaks of the 

laser-annealed samples are observed at 582, 589, 595, 601, 613, 633 and 652 nm 

which is attributed to the 
5
D0-

7
FJ line emission (J=0, 1, 2, 3, …) of the Eu

3+
 ion.  
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Fig. 6.21 Photoluminescent spectra of the as-deposited film and the deposited 

films annealed by laser: (a) for different lengths of pixel time from 110 to 140 μs 

at 30 dpi and (b) at different resolutions from 30 to 45 dpi for 120 μs 
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As shown in Fig. 6.21(a), the photoluminescent intensity of the deposited films is 

obviously increased by 234.23%, 253.27%, 134.29% and 66.18% after laser 

heating for 110, 120, 130 and 140 μs, respectively. Improved photoluminescent 

intensity can also be observed in the deposited films after laser heating at 

different resolutions and the emission intensity is increased by 253.27%, 

366.73%, 298.84% and 96.44% when annealed at a resolution of 30, 35, 40 and 

45 dpi, respectively [Fig. 6.21(b)]. The improved photoluminescence of the 

deposited films is mainly attributed to the higher crystallinity after laser heating 

in comparison to that of the as-deposited film.  

 

As shown in the inserted figure in Fig. 6.21(a), the photoluminescence of the 

annealed films is slightly improved as the pixel time is increased from 110 to 120 

μs due to the gradual improvement of the crystallinity. However, the emission 

efficiency of the annealed films is significantly deceased when the pixel time is 

increased from 120 to 140 μs. The decreased photoluminescence can be 

attributed to the degraded surface morphology of the deposited films which are 

peeled off the fiber surface when annealed for a relatively long pixel time of 

130-140 μs. 

 

As shown in the inserted figure in Fig. 6.21(b), the emission brightness of the 

deposited films is improved as the resolution is increased from 30 to 35 dpi due 
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to the improved crystallinity. However, the intensity is reduced when the 

resolution is further increased from 35 to 45 dpi due to the damaged to the 

surface morphology of the deposited films which are peeled off the fiber surface 

when annealed at a relatively high resolution of 40-45 dpi. 

 

6.3.2.5 CIE-chromaticity Coordinates 

Fig. 6.22 shows the CIE chromaticity coordinates of the Y2O3:Eu
3+

 deposited 

quartz fabric after laser heating under different conditions. The results indicate 

that although the color coordinates of the laser-annealed films are close to the 

white region in the CIE chromaticity diagram, there is the tendency to shift to the 

pure red color (x=0.67, y=0.33), which is observed in the deposited films after 

laser heating.  
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Fig. 6.22 CIE chromaticity coordinates: (a) standard red chromaticity, (b) 

as-deposited film, and the deposited films annealed by laser: (A) for different 

lengths of pixel time: (c) 110-120 μs, (d) 130 μs, (e) 140 μs, and (B) at different 

resolutions: (c) 30 dpi and 40 dpi, (d) 35 dpi, (e) 45 dpi 
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The L point that corresponds to each sample was confirmed by the method 

discussed in Chapter 4 (Section 4.3.5). The color purity of the deposited films 

treated with various conditions was determined by using Eq. (4.1). Table 6-5 

presents the chromaticity coordinates and the color purity of the laser-annealed 

films. The color purity of the deposited films is improved after laser heating. the 

color purity of the samples is not significantly changed when annealed for 

110-120 μs. The purity is reduced from 17.72% to 14.81% and 10.90% when the 

pixel time is increased from 120 μs to 130 and 140 μs, respectively. The color 

purity of the laser-annealed films is improved as the resolution is increased from 

30 to 35 dpi. However, the color purity is reduced when the resolution is further 

increased from 35 to 45 dpi. The changing color purity of the Y2O3:Eu
3+

 

deposited quartz fabric can be explained by the varying emission intensities after 

laser heating [178]. Fig. 6.23 shows the red-emitting appearance of Y2O3:Eu
3+

 

deposited quartz fabric before and after CO2 laser heating under different 

conditions. 
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Table 6-5 CIE chromaticity coordinates and color purity of the deposited films 

annealed by using laser under different conditions 

 
Annealing  

condition 

N point color 

coordinate 

L point color 

coordinate 
Purity 

(%) 

x     y x       y 

Pixel time/(μs) 

As-deposited 0.36 0.32 0.67 0.23 8.82 

110 0.40 0.32 0.73 0.28 17.50 

120 0.40 0.32 0.73 0.28 17.50 

130 0.39 0.32 0.74 0.26 14.63 

140 0.37 0.32 0.70 0.24 10.81 

Resolution/(dpi) 

As-deposited 0.36 0.32 0.67 0.23 8.82 

30 0.40 0.32 0.73 0.28 17.50 

35 0.41 0.32 0.72 0.29 20.51 

40 0.40 0.32 0.73 0.28 17.50 

45 0.38 0.32 0.72 0.25 12.82 

 

 

Fig. 6.23 The Y2O3:Eu
3+

 deposited quartz fabric under UV light excitation before 

and after CO2 laser heating with different conditions 

110 μs 120 μs 

40 dpi 
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6.4 Summary 

Two types of annealing methods, the use of a muffle furnace and CO2 laser, have 

been applied to anneal Y2O3:Eu
3+

 deposited quartz fabric. The influence of the 

different annealing conditions on the chemical composition, morphology, crystal 

structure, photoluminescent properties and CIE chromaticity coordinates of the 

Y2O3:Eu
3+

 films have been analyzed. The results reveal that both methods can 

effectively improve the photoluminescent properties of Y2O3:Eu
3+

 deposited 

quartz fabric.  

 

The film particles change from an angular to a spherical shape after furnace 

annealing. The size of the film particles grows as the annealing temperature is 

increased from 400℃ to 1000℃ and the annealing time from 1 to 3 h. The 

cracking becomes increasingly more obvious on the Y2O3:Eu
3+

 films as the 

annealing temperature is increased from 400℃ to 1200℃ and annealing time 

from 1 to 5 h. The crystallinity is improved as the annealing temperature is 

increased from 400℃ to 1000℃ and then reduces as the temperature is further 

increased to 1200℃. Similarly, the crystallinity improves as the annealing time is 

increased from 1 to 3 h and then decreases as the annealing time is further 

increased from 3 to 5 h. An increase in the degree of melting is found when the 

films are heated by laser at an increased pixel time from 110 to 140 μs and 

resolution from 30 to 45 dpi. Some of the deposited films peeled off the fibers 
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when the pixel time is increased to 130-140 μs and the resolution at 45 dpi. The 

crystallinity of the annealed films is improved with increased pixel time from 110 

to 130 μs and resolution from 30 to 35 dpi. However, the crystallinity is 

decreased as the annealing time is further increased from 130 to 140 μs and 

resolution from 35 to 45 dpi 

 

The optimal photoluminescent intensity of the Y2O3:Eu
3+

 films is found with 

furnace annealing at 1000℃ for 3 h and improved by 1234.41% in comparison to 

that of the as-deposited film. The maximum emission brightness of the 

Y2O3:Eu
3+

 films is observed after CO2 laser heating at 35 dpi for 120 μs and 

improves by 366.73% when compared to that of the as-deposited film. 
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Chapter 7 Conclusions and Suggestions for Future Work 

7.1 Conclusions 

The purposes of this study are to develop photoluminescent quartz fabric by 

depositing Y2O3:Eu
3+

 phosphor films onto quartz fabric with the use of EBE and 

investigate the microstructure and photoluminescent properties of Y2O3:Eu
3+

 

deposited quartz fabric prepared with different deposition parameters and 

annealing conditions. Y2O3:Eu
3+

 phosphor is synthesized by precipitation method 

and used as the evaporated target in the deposition process. Annealing with the 

use of a muffle furnace and CO2 laser is conducted after the deposition process. 

The conclusions provide some of the significant contributions to the existing 

knowledge in this field as follows. 

 

(1). Red-emitting Y2O3:Eu
3+

 phosphor is prepared through NH4HCO3-based 

precipitation. The synthesized phosphor shows highly effective 

photoluminescent properties and a high red color purity of 70.06%. The 

results reveal that this phosphor is a promising target material for depositing 

photoluminescent thin films onto textile by EBE. 

 

(2). Photoluminescent quartz fabric is successfully developed through EBE by 
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depositing Y2O3:Eu
3+

 films onto quartz fabric under different deposition 

parameters. The photoluminescent intensity of the Y2O3:Eu
3+

 deposited 

quartz fabric is improved as the substrate temperature is increased from R.T. 

to 250℃. The Y2O3:Eu
3+

 film deposited at 250℃ shows the highest emission 

brightness after annealing treatment and 32.67% higher than that of the 

annealed film grown at R.T. The photoluminescent intensity of the 

Y2O3:Eu
3+

 deposited quartz fabric improves when the deposition time is 

increased from 5 to 15 min and decreases as the deposition time is further 

increased from 15 to 25 min. The photoluminescent intensity of the annealed 

film after a deposition time of 15 min improves by 124.73% in comparison 

to that of the annealed film after a deposition time of 5 min. The emission 

brightness of the annealed film is increased when the deposition current is 

increased from 80 to 140 mA and then decreased as the deposition current is 

further increased from 140 to 170 mA. The photoluminescence intensity of 

the annealed film grown at 140 mA increases by 6317% in comparison to 

that of the annealed film deposited at 80 mA.  

 

(3). Differences in the annealing conditions with the use of a muffle furnace and 

CO2 laser obviously affect the microstructure and photoluminescent 

properties of the Y2O3:Eu
3+

 deposited quartz fabric. The results prove that 

both types of annealing can effectively improve the photoluminescent 
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properties of Y2O3:Eu
3+

 deposited quartz fabric. The highest emission 

brightness of the Y2O3:Eu
3+

 film is observed after furnace annealing at 

1000℃ for 3 h, which is 1234.41% higher than that of the as-deposited film. 

The maximum photoluminescent intensity of the Y2O3:Eu
3+

 film is obtained 

after CO2 laser heating at 35 dpi for 120 μs and improved by 366.73% in 

comparison to that of the as-deposited film.  

 

(4). The results indicate that different deposition parameters and annealing 

conditions can influence the microstructure and photoluminescent properties 

of the Y2O3:Eu
3+

 deposited quartz fabric. The improved morphology and 

crystal properties, such as the relatively thick films with minimal cracking or 

peeling, dense film topography, spherical particle shape, large particle size, 

narrow size distribution and high crystallinity, are the important 

requirements for obtaining effective photoluminescent properties of 

Y2O3:Eu
3+

 deposited quartz fabric. 

 

7.2 Suggestions for Future Work 

Based on the main achievements discussed above, the research provides a basic 

foundation for the preparation of photoluminescent textile through EBE. 

However, some limitations should be noted and research opportunities will be 

discussed. The following recommendations are made for future research on the 
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development of photoluminescent textile through EBE, and consequently, a more 

widespread application of photoluminescent textiles will be achieved. 

 

(1). Afterglow decay characteristics are important optical properties of 

photoluminescent materials. Due to the time constraint, the afterglow decay 

characteristics of the deposited fabric have not been analyzed in the present 

study, and should be investigated in future research. 

 

(2). A wide range of textile materials can be selected as the substrate for 

preparing photoluminescent textiles with EBE. Apart from quartz fabric, 

other types of high temperature resistant fabrics can be used as the substrate, 

such as glass, carbon and stainless steel fabrics. Moreover, textiles made 

from natural or synthetic fibers can be also used as the substrate, such as 

cotton and polyester. 

 

(3). Only Y2O3:Eu
3+

 phosphor has been used for the development of 

photoluminescent textile in this study due to limitations in time. Therefore, 

another opportunity for future research is to explore different kinds of 

phosphors as the evaporated target to prepare for photoluminescent textile, 

especially long afterglow phosphors such as SrAl2O4:Eu
2+

, Dy
3+

 which can 

emit light after excitation by artificial or UV light.  
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