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1. Introduction 

Optoelectronic devices have become essential for modern everyday needs. They are the main 
gateways to link light-matter interactions with electrical properties of materials, and vice-
versa. Their presence is prominent in fields such as information, communication, medicine, 
defence and security, as they are included in a large range of devices, such as lamps, displays, 
lasers, solar cells, photodetectors [1]. The ever-growing need for optoelectronic devices ex-
plains the rapid development of novel materials, especially during the last decade. However, 
the increasing demand for novel solutions and improvement in efficiency, continues to pres-
sure the scientific community in developing a new type of materials, for future optoelectronic 
devices [2,3]. In order to avoid stagnation in the development of optoelectronic materials, cre-
ative solutions need to be explored. A way to unlock additional and original approaches may 
rely on exploiting unconventional features of certain fabrication techniques.  

Atomic layer deposition (ALD) method is a good example of fabrication techniques with tre-
mendous potential to unlock unorthodox properties of already existing materials. This is ex-
plained by the versatile characteristics of ALD and its ability to create high quality materials, 
due to the excellent fabrication control at the atomic level. For this reason, ALD has been used 
to avoid the saturation of cation-centric research and has given place to novel material chem-
istries that allow the development of mixed-anion (multi-anion or hetero-anionic) compounds 
[4]. The fabrication of optoelectronic materials with mixed-anion compounds by ALD has been 
recently shown, for example, as a buffer layer in photovoltaics with the use of Zn(O,S) layers 
[5] and the use of MoSexOy for photoelectrochemical and photocatalytic applications [6]. How-
ever, the use of mixed-anion compounds by ALD in other optoelectronic applications is still 
insufficiently investigated. The development of new inorganic phosphors could tremendously 
grow using mixed-anion compounds by ALD method. Especially, new colours can be emitted 
by controlling the anionic environment surrounding the luminescent centres of the phosphor 
[7].  

The change in colour emission is well documented for inorganic phosphors with europium 
as the luminescent centre [7–9]. Particularly, europium is one of the few lanthanide elements 
that possess both divalent and trivalent states, depending on the host material. In its divalent 
form Eu2+ can originate f-d transitions which are responsible for broad emissions in the visible 
spectrum [8]. Whereas the europium with its trivalent state (Eu3+) originates sharp line emis-
sions around 610 nm, caused by  f-f transitions [10]. Thus, the emission spectra of Eu ions can 
be controlled by modifying the chemical composition and local structures in its vicinity [11]. 
Controlling the europium emission can be indispensable for certain optoelectronic applica-
tions, such as colour temperature correction in white light-emitting diodes (LED)[12], or in-
creasing colour gamut in liquid crystal displays (LCD) [7], cathode ray tube (CRT) [13] displays 
and thin film electroluminescent (TFEL) displays [14] .  
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In fact, one of the reasons for the development of the Eu doped thin films with ALD technol-
ogy was the search for an efficient red phosphor to be included in TFEL technology. A good 
example of such attempt was the development of the CaS:Eu EL device by ALD in 1988 by M. 
Leskelä et al. [15]. However, until today there is still a reduced number of red EL devices re-
ported, and most of them have weak efficiency.  

Of all the colours, red is probably the one with the highest industrial demand. A red mono-
chromatic transparent thin film electroluminescent (TASEL®) display could be used as an 
alarm-type display in the windshield of heavy machinery. The installation of such device could 
increase the safety of heavy machinery operators working in critical environments, and en-
hance the operators’ performance and experience [16]. This is just one of the many applications 
for a red monochromatic TASEL display.  

This thesis aims to show that the peak emission of certain red phosphors can be tuned using 
mixed-ion control by the ALD method. The emission tuning effect occurs by introducing local-
ized ionic species together with the doping agent. Europium ions were selected as the lumines-
cent centres of the phosphorus matrix studied in this work. Two well-known phosphor mate-
rials, CaS:Eu and Y2O2S:Eu, were chosen to study the mixed-ion properties of ALD and the 
consequent emission shift effect. The first work is related to the CaS:Eu phosphor material, 
where Eu is grown with either H2S, forming CaS:Eu or O3 originating CaS:EuO, as in Publica-
tion I. The second work, as in Publication II, relates to the europium oxidation change, from 
trivalent state to bivalent state. This is achieved by introducing Eu(thd)3 in Y2O3-xSx:Eu matrix 
with either H2S or O3, which in turn influences the emitted colour. The second objective was to 
increase the number of available efficient red EL devices, that could be used in TASEL tech-
nology. This attempt was made, as in Publication III, by developing and optimizing Y2O3:Eu 
thin film using ALD method and including this red emitting phosphor in a multi-layered EL 
device. 

This dissertation starts with the basic notions of ALD technology in Chapter 2. The excited-
state dynamics of europium based inorganic phosphors are summarized in Chapter 3. Fol-
lowed by the basic concepts of electroluminescence and EL devices, in Chapter 4. The experi-
mental methods used throughout this work are briefly mentioned in Chapter 5. While Chapter 
6 summarizes the results obtained. Finally, in Chapter 7, the conclusions taken from this re-
search are presented. 
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2. Atomic layer deposition 

The present chapter describes atomic layer deposition technique, which is the central theme 
and the main fabrication method used throughout this work. In this Section 2.1, the basics of 
ALD including a short summary of its history is mentioned. The basic element of ALD, i.e., the 
ALD cycle, follows in Section 2.2. In Section 2.3, the characteristics of thermal ALD are re-
viewed, while in Section 2.4 the fabrication methods for multicomponent films are described.  
The use of ALD method to fabricate mixed-anion materials is discussed in Section 2.5. Finally, 
Section 2.6 refers to the use of lanthanides in ALD technology, focusing on the most common 
precursors used to create luminescent centres, i.e., the β-diketonates. 

2.1 The basics of atomic layer deposition 

ALD can be characterized as a subgroup of Chemical Vapor Deposition (CVD) methods, since 
it relies on the growth of thin film materials under the chemical gas phase. In opposition to 
CVD, ALD has the particularity of using spatially or temporally, saturative surface reactions of 
gas-phase precursors [1,17,18]. The ability to favour controlled surface reactions by pulsing 
molecular precursors, one at the time, provides perfect conditions to fabricate high quality ma-
terials. Although, this fabrication technique was mentioned in Soviet Union by Kol’tsov and 
Aleskovkii in the middle of the last century [19–21]  it was first patented by Suntola, in the late 
1970s [17], as a separated event. In fact, the search for higher performance and material quality 
improvement in TFEL was the main motivation for the development of ALD in Finland by 
Suntola [17]. The reason is that TFEL devices require high electric fields, which can easily dam-
age their individual thin film layers. In order to avoid the electrical disruption of the device, it 
is essential to include materials with high dielectric strength, low pin-hole density and uni-
formity over large areas. All these characteristics were achieved by using ALD as the fabrication 
method. Today, commercial TFEL and TASEL® displays are fabricated using ALD technology. 

Since the early days of ALD, its interest has expanded towards other applications such as 
high-k dielectrics development for gate oxide in metal oxide field effect transistors (MOSFET) 
[22,23] and capacitor dielectrics in dynamic random-access memories (DRAMs) [22]. Other 
types of memories, such as resistive random-access memories (RRAMs), are also being re-
searched using ALD [24,25]. The demanding requirements for excellent mechanical properties 
in thin films used for microelectromechanical systems (MEMS) make ALD technology an in-
teresting candidate for the fabrication of insulating [26], wear-resistant [27], and anti-stiction 
[28] coatings. Additionally, ALD has always received emphasis on the development and fabri-
cation of optoelectronic devices. The fine control over the thin film fabrication, especially its 
thickness, is especially interesting for the development of 2D materials [1], while the 
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meticulous inclusion of dopant atoms may be essential for the development of novel solar cells
[29], waveguide lasers [30,31], and inorganic phosphor materials [17].

2.1.1 ALD cycle

ALD method is a fabrication technique usually performed in a heated reactor under low pres-
sure. As in other fabrication techniques, a substrate is placed inside the reactor where a mate-
rial will be grown. The ALD process occurs with a cyclic sequence of two or more pulsed chem-
ical gas phased precursors introduced in the reactor chamber. Due to the repetitiveness of the 
pulsing sequence, the term ALD cycle is used to characterise the basic unit of ALD growth. 
Figure 2.1 illustrates the nature of a basic ALD cycle composed of four steps and divided in to 
two half cycles. The ALD cycle occurs as it follows:

i. Chemisorption and self-terminating reaction of the first pulsed precursor, typically a 
metal reactant.

ii. Purging to remove gaseous by-products and unreacted precursor.
iii. Chemisorption and self-terminating reaction of the second pulsed precursor, typi-

cally a non-metal reactant, also known as co-reactant.
iv. Chamber purging to remove gaseous by-products and unreacted precursor.

Figure 2.1 Simplified example of a ALD cycle for Al2O3 deposition. Step I - TMA precursor pulse, step ii - purge,
step iii - water precursor dose, step iv - purge. Step i and ii compose the first ALD half-cycle while Step iii and iv
form the second ALD half-cycle.
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From a chemical perspective, an ALD cycle of a simple binary material AB can be illustrated 
by two half-cycle reactions in the form of: 

 
  (2.1) 

 
where s- represents the surface with surface groups Y; AX2 is the formula of the precursor, 
where A is the first element to be deposited an X the ligand; XY is the reaction product.  Hence, 
Equation 2.1 characterises the first half-cycle. The second half cycle can be represented in the 
form of: 
 

  (2.2) 
 

where BY2 is the formula for the co-reactant, with B the second element to be deposited and Y 
the ligand; XY is again the reaction product [32]. 

After one ALD cycle, a sub-monolayer of the desired material is grown. Generally, an atomic 
monolayer is never achieved after just one ALD cycle. This effect is explained by steric hin-
drance between the precursor ligands. The steric hindrance prevents the bonding between 
metal ions due to the size of the ligands during a single growth cycle. In order to achieve the 
desired grown thickness, the ALD cycle needs to be repeated by a certain number of times. The 
number of repetitions is frequently determined using growth-per-cycle (GPC) equation ob-
tained by [33] 

 

  (2.3) 

 
where tf is the thickness of the ALD thin film and N the number of cycles. GPC is the deposition 
rate often expressed as Å/cycle.     

2.1.2 Thermal ALD 

ALD technology can be divided into different modes, which include thermal ALD, plasma-en-
hanced ALD (PEALD), and more recently developed photo-assisted ALD or UV-enhanced 
ALD.  Although, other ALD techniques allow additional solutions and versatility to the overall 
ALD technology, thermal ALD continues to be the preferential choice for industrial applica-
tions due to its simplicity and low cost, suitable to large batch fabrication. Hence, this work 
will only focus on the study of thermal ALD. 

Thermal ALD defines an ALD process in which the thermal energy is the main factor for sur-
face reactions during film growth. In this ALD mode, it is crucial to define the temperature 
range that promotes self-terminating reaction mechanism and where the GPC is ideally con-
stant. This temperature range is defined as the ALD temperature window. Figure 2.2a repre-
sents the possible five different temperature dependences that can occur during an ALD pro-
cess development. For low temperature two different regimes can be identified, low-reactivity 
or condensation. In the case of low reactivity, the temperature is not sufficient due to limited 
reaction kinetics. Although the growth can still be self-limiting, the number of reactions is in-
sufficient to promote surface saturation. If the growth rate is large at low temperatures, it in-
dicates that the thermal energy is not sufficient to keep the precursor in a gas phase leading to 
condensation. At high temperature, the excess thermal energy may cause precursor desorption 
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and consequently low GPC. The increase of GPC at higher temperatures is related to the pre-
cursor decomposition possible due to additional reactions that would not occur at lower tem-
peratures. [17,18,21]

Besides temperature, ALD processes are also affected by pulse and purge lengths. Both pulse 
and purge times may require adjustment to ensure the saturative thin film growth. Adjust-
ments may be necessary when the precursor pulse time is too short. With a short precursor 
pulse, a reduced amount of gas-phased chemical is introduced into the reactor chamber, caus-
ing unsaturated growth. Whereas, if the purge time is also too short, the precursor may stay in 
the reactor chamber during the purge step. Consequently, the two precursors react between 
them in gas-phase originating CVD-like growth. To avoid these undesirable scenarios both 
purge and precursor pulse needs to be sufficiently long. Figure 2.2b summarises the effects on 
the GPC in relation to the precursor pulse time, while Figure 2.2c represents the effects of the 
precursor purge time on the GPC.

Figure 2.2 (a) Schematic of possible regions in a ALD processes, including condensation, low-reactivity, decom-
position and desorption of precursor. (b) GPC as a function of precursor pulse time representing unsaturated growth 
region and growth saturation region. (c) GPC as function of precursor purge time, representing CVD-like growth 
and growth saturation region.

2.1.3 Multicomponent and multi-layered films

Apart from the simple binary material described in Section 2.2, ALD processes may assume 
higher levels of complexity. For instance, more sub-cycles can be added to an ALD cycle to 
grow multicomponent films. ALD processes with more than two sub-cycles are denominated 
as multistep processes. Theoretically, with multistep processes the stoichiometry of the grown 
material can be controlled through the combination and repetition of sub-cycles. Nevertheless, 
the direct correlation between sub-cycle repetition and the stoichiometry number may not be 
indicated to create stoichiometric films [34]. 

Multi-layered films can also be grown by stacking different thin films during a single ALD 
process. This is an appealing characteristic of ALD, since the fabrication process does not need 
to be interrupted between layers, avoiding contamination. The alternated and repeated ALD 
cycles can also be achieved by using supercycles, which are especially useful when growing 
specific element mixtures, alloys, or doped materials [4,32]. Supercycles result from x number 
of repetitions of m+n, where m is a certain number of cycles used in the first thin film layer 
and n is the number of cycles for the second thin film layer [32]. Figure 2.3 illustrates the dif-
ferent pulse combinations for the development of simple, multicomponent and multi-layered
thin films. 

For the development of multi-layered thin films, each layer is usually pre-developed individ-
ually, before they are used together in a single process. Typically, the pre-development is done 
using a Si substrate. Consequently, whenever different thin films are stacked in multi-layered
structures, the film thickness and composition may be different from the expected ones. This 
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is explained by the strict dependency on the surface characteristics of ALD growth. The growth 
control in multi-layered thin films is difficult to achieve, which results in a possible disad-
vantage in relation to other fabrication techniques. The development of multi-layered films is 
challenging, especially because all the different ALD cycles need to occur in a self-limiting man-
ner. In other words, the selected process temperature needs to be in the range of each ALD 
temperature window included in the fabrication process. Therefore, each precursor needs to 
be carefully selected. With the advances of ALD technology more options are becoming avail-
able, and a new combination can be created. 

Figure 2.3 A schematic representation of the various different level of complexity for a thin film recipe in ALD, 
including (a) a simple ALD process for binary films, (b) a multistep process for multicomponent thin films and (c) a 
supercycle for multi-layered thin films. 

2.1.4 Anionic control in ALD films

ALD has become an increasingly interesting fabrication technique mostly due to its character-
istic control at the atomic level. This feature associated with the growing available number of 
precursors has allowed the exploration of novel materials with unconventional attributes and 
functionalities. For the past few decades, the fine-tuning of ALD method has been used to re-
search single-anion compounds, such as pure metal oxides, chalcogenides (sulfides, selenides, 
tellurides), or pnictides (nitrides, phosphides, arsenides), where the cation (metal) is the cen-
tral element of study. Nevertheless, the study of cation-centric research is reaching its satura-
tion. As an alternative, researchers are now changing the focus towards mixed-anion com-
pounds [4,35,36]. This family of materials include, for example carbonitrides [37], oxycarbides 
[38], oxyfluorides [39,40], oxynitrides [41] and oxysulfides [42]. By fabricating these materials 
with ALD, the localised anionic composition and variety can be controlled and manipulated 
around a single cationic element. Thus, the electron configuration, electronegativity, size, 
charge and polarisation can be modified. Consequently, creating diversity within the cation 
coordination sphere may lead to new material properties such as unique structural, chemical, 
electronic, optical, and magnetic states [4]. 

In thermal ALD, there are two ways of fabricating mixed-anion compounds. The most com-
mon approach is to use the supercycles to alternate the reaction between the cation and each 
anionic species. In order words, the ALD recipe is composed of two or more ALD cycles that 
repeat alternately. This way, for each ALD cycle, the cationic precursor reacts with only one 
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type of co-reactant. In this case, the ratio between anionic elements can be controlled with the 
number of repetitions in each supercycle. A good example of the supercycle approach is the 
fabrication of Zn(O,S) films by Jeon et al. [40]. The second approach to fabricate mixed anions 
consists in pulsing two or more anion precursors after the cation precursor, in a single ALD 
cycle. This approach is called the exchanged reaction method and consists of the surface ex-
change of anionic species during the anion sub-cycles [4]. Mixed-anions approach in ALD has 
tremendous potential for developing new phosphor materials, by tuning the phosphor emis-
sion depending on the ionic control and composition. However, to the authors knowledge this 
is the first work that uses of mixed anions in inorganic phosphors. 

2.2 Lanthanides for luminescent materials grown by ALD method 

Since the early days of ALD technology there has been a permanent interest in developing in-
organic phosphor materials. This was motivated by the search for efficient phosphor materials 
used in display applications, specifically in TFEL technology. At that time, rare-earth lantha-
nides were used to dope semiconductor thin films grown by ALD to act as luminescent centres. 
Phosphorous materials such as ZnS:M (M=Tb, Tm, Ce, Eu), SrS:Tb and CaS:M (M=Ce, Eu, Tb) 
were extensively researched to be included in TFEL displays [17,43].  

Thd-based (thd=2,2,6,6-tetramethyl-3,5-heptanedionato) precursors were the first chemi-
cals to allow ALD processes with lanthanides growth. Figure 2.4a represents the molecular 
structure of a thd-based precursor. Thd belongs to the β-diketonates group and is known to be 
stable at room temperature, sublimate between 115-200 °C and can be grown between 200-
350 °C [44]. Although thd-based precursors are suitable for ALD, their chemical reactivity is 
low compared to other precursors, such as acetylacetonate (acac) or cyclopentadienyl-based 
(cp) precursors. The low reactivity results in a difficult or almost impossible way for thd-based 
precursor to react with H2O. As a result, thd-based process is usually done with the aid of O3, 
H2S, or other plasma co-reactants. Additionally, due to the large size of the thd ligand and low 
reactivity of the RE element, the GPC for any binary lanthanide oxide process is low compared 
to other processes. Typically, the growth rates for lanthanides oxides are in the range of 0.1-
0.4 Å/cycle.  

Nonetheless, thd ligand size can act as an appealing characteristic for the development of 
luminescent materials, particularly inorganic phosphors. The large molecular size of the thd 
ligand is responsible to restrain the distance between the lanthanide ions, which act as lumi-
nescent centres. This distribution engineering procedure is thus controlled by the steric hin-
drance effect [31,45–47], as represented in Figure 2.4b. Consequently, higher luminescent cen-
tre concentration can be achieved with ALD in comparison to other fabrication techniques. 
Thin films made by ALD can thus favour higher luminance values in contrast to bulk materials 
where luminescent centres are randomly distributed. 
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Figure 2.4 (a) Representation of the molecular structure of a thd-based precursor and (b) illustration of steric hin-
drance effect caused by thd-based precursor restraining distance between metal atoms 
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3. Excited-state dynamics of europium based 
inorganic phosphors  

This chapter describes the excited state dynamics of europium based inorganic phosphors, 
starting in Section 3.1 with a brief introduction to the luminescent properties of lanthanides 
ions. Section 3.2 discusses the origin of the emission in the europium ion. This is divided into 
two parts, the first describes the luminescent mechanism of Eu2+ ion, while the second de-
scribes the luminescent mechanism of Eu3+ ion. The chapter ends with Section 3.3, where the 
Eu red phosphors used in this thesis are introduced. 

3.1 Lanthanide Ions 

As mentioned in Section 2.6, lanthanides in inorganic thin films have been considered a very 
efficient and significant method for developing new luminescent materials. Lanthanides are 
defined by a group of atoms with atomic numbers 57 to 71 (lanthanum through lutetium). The 
addition of yttrium and scandium to the lanthanide group comprises what is denominated as 
the rare-earth (RE) elements. Most lanthanide ions show luminescent properties attributed to 
either allowed d-f transitions or electronic reorganisations within the partially filled 4f shell, 
which corresponds to f-f transitions.  

Only some lanthanides show interconfigurational d-f transitions observed in the UV/visible 
spectroscopic range, caused by the electron excitation from the 4fn ground state to the 4fn-1 5d1 
excited state or vice versa. Furthermore, d-f transitions are more energetic than f-f but are only 
present in LnIII ions (Ln = Ce, Pr, Tb) and LnII ions (Ln = Sm, Eu, Tm, Yb) [48]. The d-f tran-
sitions originate luminescence spectra with broad emission bands which arise from the inter-
actions between the electronic system of the luminescent centre and the adjacent atomic or 
ionic vibrations. 

In opposition, f-f transitions are sharp and have long lifetimes. In this type of transitions the 
4f shell is shielded by the electrons in 5s and 5f shells, which make these transitions barely 
affected by the environment around the lanthanide ion, i.e., the crystal lattice barely disturbs 
the energy of these levels. Hence the position of the electronic levels is similar to the free ion 
energy level diagram. However, different energy levels belonging to the same configuration can 
be detected and attributed to interactions within the ion. Consequently, leading to a vast num-
ber of possible distributions within the 7 4f-orbitals, which are influenced by splitting due to 
Coulombic force, spin orbit-coupling, crystal-field interactions and Zeeman effect [10].  

Besides d-f and f-f transitions, charge transfer (CT) states may also be present and play an 
ambiguous role in the lanthanide luminescence.  CT states can be responsible for sensitising 
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d-f and f-f luminescence or in quenching it. This effect depends on the relative positioning of 
the electronic states [49]. 

3.2 Europium as a luminescent center

Europium is one of the most versatile lanthanum elements for the development of novel lumi-
nescent materials. It can assume both divalent (Eu2+) and trivalent (Eu3+) states. In its divalent 
form, europium ion emission can be controlled depending on the surrounding environment 
allowing spectral emission control, as mentioned in Section 3.1. Whereas, in the trivalent state 
the main emission is intense around 610 nm. These characteristics are particularly interesting 
for the development of newer and more efficient lighting solutions, especially for display ap-
plications in order to create the red emitting component or in white light emitting diodes 
(WLED) to balance the colour temperature [12].

3.2.1 Eu2+ ion

The Eu2+ ion has a coordination of [Xe] 4f7 with a ground state located in the 4f7 (8S7/2). The 
luminescent spectrum Eu2+ ion is normally characterised by a single broad peak obtained from 
the parity-allowed electronic transition from 4f6 5d1 excited state to the ground state. When the 
Eu2+ ion is found under its free ion form, no visible light is observed due to the large energy 
gap (Efree ≈ 4.2 eV, 34 000 cm-1) between the lowest 5d excited state and the 4f ground state. 
Nonetheless, if the Eu2+ ion acts as the dopant in a crystalline material, the 5d energy level will 
be severely influenced by the crystal lattice environment, e.g., covalence, polarisation, crystal 
field strength bond length, atom coordination numbers, and crystal symmetry [7,50]. In this 
case, the 5d energy level drops by the presence of centroid shift (εc), crystal field splitting (εcfs) 
and Stokes shift (ΔS) leading to a red shift in the emission spectrum [8]. Therefore, the result-
ing emission spectrum (Em) can be calculated by the following expression: 

(3.1)

Thus, by controlling the environment in the vicinity of Eu2+ ion it is possible to affect the 
red shift which may vary from near-infrared (NIR) to near-ultraviolet (NUV) [7]. 

Figure 3.1 illustrates the effect of εc, εcfs and ΔS over the 5d energy level of Eu2+ ion in crys-
talline oxides and sulfides. 

Figure 3.1 Schematic representation of the Eu2+ ion 5d states in oxide and sulfide host materials
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Centroid shift is related to the nephelauxetic effect associated with covalency between the p-
orbitals of the anions and the 5d orbital of the cations. In a crystalline structure the strong 
covalent bonding causes a shorter ionic radius, resulting in a larger centroid shift. The nephe-
lauxetic effect decreases for ionic species in the following sequence: Se2- > S-2 > N3- > Cl- > O2- 
> F-, which correlates with the εc values for the inorganic phosphor components in the se-
quence of sulfides > nitrides > oxides > iodides > bromides > chlorides > fluorides [7,8]. For 
larger εc values, the emission spectrum will shift towards longer wavelengths, an effect denom-
inated by redshift. 
 
Crystal field splitting occurs when the degeneracies of electron orbital states are broken due 
to the static electrical field produced by the distribution of the adjacent charge, i.e., anionic 
elements. In contrast with εc, εcfs is not dependent on the type of anions but rather on the shape 
and size of the coordination polyhedron around the ion. The average distance to the relaxed 
first anion coordination shell (Rav) can be described as follow for Eu2+ ion:  
 

  (3.2) 

 
where Ri are the individual bond lengths to the N coordinating anions in the unrelaxed lattice. 
ΔR can be calculated by subtracting the ionic radius of the cation that is replaced by Eu2+ ion 
(Rm) and the Eu2+ ion radius (RLn), defined as . The  in the Equation 3.2 
is related to the estimated amount of bond length relaxation. Furthermore, crystal field split-
ting appears to behave as Eu2+ ion  

 
  (3.3) 

 
where  is a constant which depends on the polyhedron coordination type, [51]. Q is equiv-

alent to the valency state of the lanthanide ion, for Eu2+ ion, Q = 2+. Smaller coordination 
numbers, i.e., shorter bond lengths, will translate into a larger crystal field splitting effect and 
longer emission wavelength. Hence, by adjusting the εcfs it is possible to tune the redshift level.  
 
Stokes shift is described as the energy difference between the maximum excitation and emis-
sion spectra value, which relates to the parabola offset that is induced by the lattice relaxation 
at excited states [7]. For materials with strong covalent bonds the excitation spectrum can even 
reach yellow light values, which translates into a small ΔS. With small Stokes shift values, it is 
possible to achieve high-efficient light conversion. In other words, if a phosphor emits red light 
and has a very small ΔS, the red light can be easily generated by absorbing relatively low ener-
getic electromagnetic waves, for example, yellow light. Whereas, if the same phosphor has a 
large ΔS instead, higher energy will have to be absorbed for red light conversion. Daicho et al. 
also proposes that the ΔS can be modified by changing the symmetry around the lanthanide 
ion with a “mixed ion ligand system”, i.e., using more than one type of anionic specie with 
different reduction states [52].  
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3.2.2 Eu3+ ion 

The Eu3+ ion has the same coordination as the Xe atom with the addition of 6 electrons in the 
4f shell, which can be written as [Xe] 4f6. The six electrons in the 4f shell can assume 

different distributions, resulting from all the possible arrangement combinations in the 
seven 4f orbitals. The luminescent spectrum of Eu3+ ion is characterised by the 4f6 4f6 tran-
sitions which cause narrow emission bands in the red spectral range. In other words, the nar-
row bands relate to the transitions related to the 5D0 excited state to the J levels of the ground 
term 7F, represented as 5D0 7FJ (J = 0, 1, 2, 3, 4, 5, 6). A summary of the characteristic lumi-
nescent spectrum transitions of the Eu3+ ion and their respective wavelengths are shown in 
Table 3.1. As mentioned in Section 3.1, the degeneracy of the 4f6 configurations is the result of 
perturbations of Coulombic force, spin orbit-coupling, crystal-field interactions and Zeeman 
effect. Figure 3.2 represents the different electronic levels for the [Xe] 4f6 5d0 configuration 
and the result of Coulombic, spin-orbit, crystal field and magnetic field perturbations. 

Table 3.1 Summary of the transitions observed in luminescence spectra of Eu3+ ion. Adapted and modified from [10].

Transition Wavelength range (nm) Relative intensity
5D0 7F0 570 -585 Very weak to strong
5D0 7F1 585-600 Strong
5D0 7F2 610-630 Strong to very strong
5D0 7F3 640-660 Very weak to weak
5D0 7F4 680-710 Medium to strong
5D0 7F5 740-770 Very weak
5D0 7F6 810-840 Very weak to medium

Figure 3.2 Effect of perturbations: Coulomb interactions, spin-orbit coupling, crystal field splitting and Zeeman ef-
fect leading to different energy levels in the [Xe] 4f6 5d0 configuration of Eu3+ ion. Figure is modified and adapted 
from [53]. 
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Coulombic force is related to the electrostatic interaction between the different electrons in 
the 4f shell. This force is responsible for the wide separation between energy levels, due to the 
repulsion energy between two negatively charged electrons. Coulombic interactions can origi-
nate separations in the order of 104 cm-1. The well-defined energy levels allow the determina-
tion of the total orbital angular momentum quantum number, L, and total spin quantum num-
ber, S, denominated as LS-terms. L term is denoted by the following capital letters: S (L=0), 
P (L=1), D (L=2), F (L=3), G (L=4), H (L=5), I (L=6), K (L=7), … J letter is not used to charac-
terise the angular momentum quantum number. For a [Xe] 4f6 configuration, there are a total 
of 119 2S+1L(τ) terms, where τ is used as an additional quantum number to differentiate terms 
with identical S and L. The 2S+1 term relates to the spin multiplicity.  

The maximum number that L can assume is L=12, giving a term 1Q. This occurs when all the 
electrons are pared and in this case the spin multiplicity is 1, because S = ½ - ½ + ½ -½ + ½ 
- ½ = 0, 2S+1 = 1. The term with the maximum spin multiplicity for 4f6 occurs when there is a 
combination of six unpaired electrons, S = ½ + ½ + ½ + ½ + ½ + ½ = 3, 2S+1 = 7 and L = 
[(+3) + (+2) + (+1) + 0 + (-1) + (-2)] = 3 which correspond to the sum of the magnetic quantum 
values (ml) values, this gives the term 7F [10]. The Coulombic forces are split extensively by the 
spin-orbit interactions.  

 
Spin-orbit coupling arises from the interaction between the magnetic field created by the 
electron around the nucleus and the spin magnetic moment of the electron. The coupling be-
tween these two fields results in splitting the energy levels in the order of 1000 cm-1. This split-
ting effect is less pronounced for smaller atoms, where the Coulombic force between electrons 
overcomes greatly the coupling force originated from the electron spin and the orbit around 
the atomic nucleus. In this case, it is possible to use the Russell-Sanders coupling scheme to 
identify the terms of lighter atoms. In the Russell-Sanders coupling scheme each free ion is 
characterised by a 2S+1LJ label, where J is the total angular quantum number and designates 
the relative orientation of the spin and the orbital momenta. The term J can assume different 
values for each 2S+1L term, which are determine by  
 

  (3.4) 
 
for example, in the case of 7F term, L = 3 and S =3, hence J = 6, 5, 4, 3, 2, 1, 0. For the Eu3+ ion 
the Russell-Sanders coupling scheme can only be used to determine J levels of the 7F and 5D 
terms, since the europium atom is not considered light. For heavier ions, a different coupling 
scheme needs to be used, such as jj-coupling scheme. However, lanthanide ions are better char-
acterised by the intermediate coupling scheme, which can be considered as a linear combina-
tion of several 2S+1L states, but with J quantum level constant [10,54]. The energy levels in the 
ion are further influenced by the crystal-field effect. 
 
Crystal-field levels (or Stark levels) effect results from the synergy between the electrons of 
the ligands and the electrons in the ion. The crystal-field effect is responsible for the additional 
splitting of the individual J levels, due to the electric field of the matrix. Usually, the splitting 
caused by the crystal-field effect leads to small energy shifts in the order of 100 cm-1. It is usual 
for the small shift to be ignored by researchers, yet it may be used as an important source of 
information to determine the symmetry of the coordination environment [53]. For systems 
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with orthorhombic coordination or lower symmetry are affected by the crystal field where the 
degeneracy is lifted. The degeneracy can be lifted further by the Zeeman effect [10].   

 
Zeeman effect characterises the influence of the external magnetic field in the splitting of the 
energy levels. This effect only causes a weak energy level splitting in the order of a few cm-1, 
even for strong magnetic fields [10].  

3.3 Examples of host materials for Eu2+ ions and Eu3+ ions 

Host materials play an important role in developing efficient phosphor materials. As explained 
in previous sections, the host materials can influence the emission of lanthanide luminescent 
centres. This subsection presents a brief overview of the most studied red inorganic phosphors. 

3.3.1 CaS:Eu2+  

Calcium sulfide (CaS) is an alkaline earth sulfide, which belongs to the II-VI group. At room 
temperature, CaS crystalises into a cubic rock salt structure, also known as halite, assuming a 
face centred cubic form belonging to Fm m space group, with a lattice constant around 5.69 Å. 
In CaS, the S-2 ion is surrounded by six Ca2+ ions and vice-versa, both ions create an octahedron 
arrangement. Additionally, CaS is a semiconductor with a band gap from 3.4 - 4.44 eV [55].  

When CaS is doped with europium, the dopant will adopt the Ca2+ site assuming its divalent 
form. The similarity between the dimensions of Eu2+ ions (1.17 Å) and Ca2+ ions (1.00 Å) allow 
a successful inclusion of Eu2+ ions into the CaS matrix, causing almost no distortions in the 
crystal lattice [56]. As mentioned in Section 3.2.1, the presence of europium atom under its 
divalent form, leads to a host-dependent 5d  4f emission band. In this case, the octahedral 
coordination around the Eu2+ ions causes the splitting of the 4f6 5d1 orbitals into the t2g and the 
Eg bands. The transition from the 4f6 5d1 (t2g) band to the 4f7 (8S7/2) ground state originates 
broad a emission spectrum from 600 – 750 nm and a maximum at 650 nm [57], resulting in 
its characteristic deep red colour.  

CaS:Eu is one of the most studied red inorganic phosphors due to its simple structure and 
fabrication. It started to gain attention in the mid-80s, as an alternative to the low emissive 
ZnS-based red phosphors that were being researched for electroluminescent applications [58].  
Since then, it has been widely used in a variety of applications that range from cell labelling 
[59], medical imaging [60,61],  WLEDs [62,63] and EL devices [14,15,64–66].  

3.3.2 Y2O3:Eu3+ 

Yttrium oxide (Y2O3) is a rare-earth sesquioxide, also known as yttria. Y2O3 is commonly found 
with a body centred cubic structure with a Ia3 space group and a unit cell composed of 80 
atoms with a bulk lattice constant of a = 1.0604 nm. Besides excellent chemical and photo-
chemical stability, yttria has particularly interesting optical and electrical properties, such as 
wide bandgap (Eg ≈ 5.5 eV) high refractive index (n = 1.9) and high dielectric constant (k ≈ 12-
18) [67]. These properties may be valuable in the development of luminescent inorganic phos-
phor materials.  

Whenever doped with europium, Y2O3 becomes an efficient red inorganic phosphor. The eu-
ropium is easily introduced into the Y2O3 matrix due to the similar ionic radii dimensions be-
tween Y3+ (1.02 Å) and Eu3+ (1.07 Å) [68]. Once in the Y2O3 matrix, europium assumes its 
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trivalent state. As a result, the spectral emission obtained from Y2O3:Eu3+ is similar to Eu3+ free 
ion emission, which means that the emission is dominated by f-f transitions which are charac-
terized by strong and sharp spectral lines. The strongest emission is located around 610 nm 
and is the main reason why Y2O3:Eu3+ emits red colour. 

Y2O3:Eu materials can be produced with a variety of methods such as wet chemistry [69], 
laser vaporisation [70], microwave hydrothermal [71,72], chemical precipitation with calcina-
tion [73], co-precipitation [74], Pechini [75], sol–gel [76,77], pulse laser deposition [78] , and 
in Publication III by ALD. The main application of Y2O3:Eu red phosphor materials has been 
in high colour rendering lamps and CRT displays [13]. 

3.3.3 Y2O2S:Eu3+ 

Yttrium oxysulfide (Y2O2S) has usually a hexagonal structure belonging to the P m1 space 
group and lattice constants with values approximately a = 3.79 and c = 6.60. Similarly to the 
Y2O3, Y2O2S also shows relevant electro-optical characteristics for the development of lantha-
nide-based phosphor materials, showing large band gaps up to 6.77 eV [79]. In the same way 
as the Y2O3:Eu3+, the europium atom can easily dope the Y2O2S matrix, occupying the Y3+ sites.  
Furthermore, europium present as a dopant in Y2O2S also causes the same type of emissions 
as Y2O3:Eu3+, with the exception that some emission peaks can appear slightly red-shifted, e.g.  
the main emission of Y2O3:Eu3+ can be around 610 - 615 nm while the main emission for 
Y2O2S:Eu3+ occurs around 630 nm [80].  

Y2O2S: Eu3+ is even more efficient than the Y2O3:Eu3+ red phosphor [81], and it was firstly 
reported by Hardy as a replacement to the yttrium orthovanadate used in CRT displays due to 
its better performance and high-efficient emission [82].  
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4. Electroluminescent devices 

 
Electroluminescent devices are described in this chapter as a possible application for red phos-
phorous materials. It starts by introducing alternating current thin-film electroluminescent 
(ACTFEL) as light-emitting devices in Section 4.1 followed by the description of the classic 
ACTFEL structure and requirements in Section 4.2. In Section 4.3, the operating steps for a 
classic ZnS:Mn ACTFEL are described. Then, red-emitting EL devices are revised in Section 
4.4. This chapter ends with the Section 4.5, where the advantages and limitations of EL devices 
are discussed.  

4.1 Introduction to electroluminescence 

Electroluminescence is a light converting phenomenon generated by the application of an elec-
tric field to a substance. There are two major classes of EL devices which can be branched in 
low electric and high electric field devices. The low electric field class is characterised by de-
vices where the light is generated by electron-hole pair recombination, such as LED, organic 
LED (OLED) and quantum LED (QLED). While, in high electric field devices the light convert-
ing phenomenon occurs by impact excitation on light-emitting centres, caused by high energy 
electrons or holes. The high electric field energy class can be divided into two sub-groups: DC-
driven EL devices and AC-driven EL devices. Although there are several types of AC-driven EL 
devices this chapter will focus on ACTFEL devices, since this type of EL device is used in this 
work as an application example for the use of red phosphors.  

4.2 Structure and requirements of ACTFEL device 

A common ACTFEL device comprises several thin-film layers, usually deposited on top of a 
transparent glass substrate. The thin film layers form a metal-insulator-semiconductor-insu-
lator-metal (MISIM) type of structure, represented in Figure 4.1. In the MISIM structure the 
metal acts as a conductive element to drive the device. At least the electrode in contact with the 
glass needs to be transparent so that the light can be emitted from the device. However, two 
transparent electrodes can be used for a complete transparent device. Typically, transparent 
indium tin oxide (ITO) is used for this purpose, due to its excellent conductive and optical 
properties [83]. The crossing of the patterned electrodes delimits the EL device dimensions 
and originates what is called a pixel.  
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Figure 4.1 Schematic representation of an EL device with a MISIM-like structure 

Moreover, the double-insulator layer and the phosphor layer are responsible for creating 
electroluminescent phenomena. The double insulator or dielectric structure adds certain ad-
vantages to the device. For instance, the double dielectric layer can ensure higher performance 
stability since it protects the phosphor layer against external impurities and moisture. Like-
wise, the double dielectric layer shields the phosphor material from the direct high energetic 
electron flow that originated in the electrodes, preventing the electrical breakdown of the phos-
phor. Principally, the main characteristic of the dielectric layers is to trap charges at the phos-
phor/insulating layer interface, which enhances the internal electric field and consequently 
increase the efficiency of the EL device [83,84]. The choice of adequate dielectric materials for 
EL devices is limited. Ideally, the dielectric most have both high dielectric constant (permittiv-
ity) and high electric field strength. High permittivity allows the device to operate under low 
voltages, whereas high electric field strength prevents the breakdown of the device. However, 
materials with high permittivity have lower electric field strength and vice-versa. It has been 
proven that by using a multi-layered dielectric structure it is possible to achieve relatively high 
values for both high electric field strength and permittivity [83,84].  

The emission of light in the EL device occurs in the phosphor layer by applying large electric 
field. This phosphor thin film acts as a host for a light emitting dopant denominated as a lumi-
nescent centre. For higher EL efficiency, the phosphor layer should have the following require-
ments [58,83,84]: 

 having a large band gap (> 2.5 eV) so that the host material does not absorb the 
emitted light from the luminescent centre. However, if the band gap is too high the 
avalanche multiplication process will not occur. 

 Facilitate the high energy (> 2 eV) electrons transport. 
 Crystalline structure, so that the electrons can be accelerated ballistically and the 

scattering can be avoided due to the reduced number of grain boundaries. 
 Capability to hold high electric field preventing electrical breakdown. 
 Insulating characteristics below the threshold voltage. 

There are also specific requirements for the use of luminescent centres in EL devices. As such, 
luminescent centres should have [58,83,84]: 

 Efficient emission under high electric fields, where ions such as Mn2+and lantha-
nides with internal 4f-4f and 5d-4f transitions are preferred. 

 The incorporated luminescent centre should match the dimensions and the oxida-
tion state of the cation present in the host material. This way, lattice distortions can 
be avoided. 
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 Low doping concentration, typically in the order of 1%, so that the concentration 
quenching, and lattice distortions can be avoided. 

 Large cross-section for the impact excitation.  
 Stability under high electric fields.  

With this extensive list of requirements, it is possible to conclude that the number of 
available materials for the development of efficient EL devices is quite limited. This is one of 
the reasons why the research of ACTFEL has decline during the last two decades.  

4.3 EL emission mechanism in ACTFEL devices 

Figure 4.2 represents, on a simplified way, a succession of steps in which the EL mechanism 
takes place in a ZnS:Mn ACTFEL device. The EL device operates as follows [83]:  

1. For a sufficiently high voltage, the electrons are injected from the dielectric/phos-
phor interface by high-field-assisted tunnelling. 

2. Under a high electric field, the electrons gain sufficient energy and accelerate bal-
listically moving across the semiconductor layer.  

3. With enough energy, these so-called hot electrons collide with the luminescent 
centres causing ionic excitation. Photons are emitted by the luminescent centres 
after the electrons in the excited luminescent centre assume their ground states.  

4. The hot electrons start to accumulate in the interface between the phosphor and 
the dielectric, on the anode side, causing polarisation. 

5. Finally, the same step sequence starts again in a reversed direction, due to the po-
larity change of the AC voltage. 

 

 

Figure 4.2 Schematic representation of the four first steps related to the EL mechanism in a ZnS:Mn ACTFEL 
device. The top three images characterise the EL device structure, while the three bottom pictures represent the 
energy band diagram in each step.  
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4.4 Red-emitting EL devices 

Until now, yellow ACTFEL devices based on ZnS:Mn phosphor continue to be the most effi-
cient and well-studied EL devices. This fact is motivated by their high luminance and high lu-
minous efficiency (2-4 lm/W) [83], as well as simplified fabrication. For this reason, ZnS:Mn 
has been used for decades in monochrome commercial TFEL displays and more recently in 
TASEL displays. Besides yellow ACTFEL devices, also efficient green EL devices could be de-
veloped and commercialised with the used ZnS:Tb phosphor. Still, many attempts were made 
in order to expand the variety of colours that could be generated by ACTFEL devices. For in-
stance, the development of efficient red EL devices led to very few commercial products. None-
theless, transparent red EL devices could, for example, be integrated with windshields of heavy 
machinery and increase the safety of operators or be used to create RGB displays. These are 
just a few examples that drive the research for red EL devices.  

Many years have passed since the first attempt on developing efficient red phosphor for EL 
devices. One of the first trials consisted of doping ZnS with Sm [83,85], though it was rapidly 
substituted by other phosphors due to low efficiency and orange tonality. At the same time, 
CaS:Eu2+ [15,64–66] was revealed to be a better solution. CaS:Eu2+ has a deep red emission at 
650 nm, and thus the red colour appears to be purer than ZnS:Sm. Additional calcium-based 
phosphor such as CaY2S4:Eu2+ [86] and β-Ca3(PO4)2:Eu2+ [87] was later investigated. It should 
be noted that the phosphors previously mentioned include Eu2+ ions, which in this case origi-
nate a broad red spectral emission. Nevertheless, the human eye has low sensitivity in relation 
to red colour, as such narrow spectral emission is preferable [13]. For this reason and in the 
case of using Eu-based phosphors, it is desirable that europium assumes its trivalent form. 
Consequently, Eu3+ ion is capable of originating a narrow band emission, with a peak around 
610 nm [10]. Following this line of thought, Sowa et al. presented a new device where the Eu3+ 
ion is included in the dielectric layers. In this case the dielectric layer is composed of Y2O3:Eu3+ 
[88] or Y2O2S:Eu3+ [89]. In opposition to the classical EL operation, this device emits red col-
our by the electron tunnelling in the dielectric layer instead of the cascade mechanism in the 
semiconductor layer. However, for commercial purposes, the use of red colour filtered ZnS:Mn 
still is considered one of the most suitable choices for achieving a relatively efficient red ACT-
FEL device [90,91]. Unfortunately, this solution is not viable for transparent applications and 
thus the industry still waits for novel alternatives.  

4.5 Advantages and limitations of ACTFEL devices 

As mentioned in the previous section, the lack of available efficient colours is a major limitation 
of this technology. Additionally, compared to other technologies such as LED, OLED and 
QLED, the ACTFEL devices have very low brightness, especially for colours other than yellow. 
In contrast, ACTFEL devices have unique properties such as [58]:  

 Extended lifetime, which can easily reach 50.000 hours.  
 High ruggedness capable of withstanding harsh environments, due to the solid-

state structure.  
 Low-temperature operation, in some cases down to 15 K [92], is favoured by the 

tunnelling mechanism which is temperature independent.  
 Wide view angles in the order of 170° and high contrast since an ACTFEL device is 

an emissive technology.  
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 High transparency in case both electrodes are made of transparent conductive 
materials [91].  

 High resolution due to the thin nature of the phosphor layer, able to achieve a 
pixel pitch of 24 μm [93].  

All the mentioned advantages make the electroluminescent displays ideal to be incorporated 
in industries such as transportation, optics, automotive, industrial equipment, and defence so-
lutions.  
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5. Experimental methods 

 
In this chapter, the experimental methods employed throughout this thesis will be explained 
briefly. This chapter starts with a very short introduction to the common growth conditions 
employed in the ALD fabrication. Further details, regarding the fabrication of ALD thin films, 
can be consulted in the result section since the fabrication methods employed are tightly con-
nected to the results obtained. The chapter ends with a short description of the characterisation 
techniques used in this work. 

5.1 Fabrication methods  

All ALD thin films used in this work were grown in a commercial Beneq TFS 200 ALD-reac-
tor. The processes were carried out with thermal ALD mode and using a crossflow reactor. 
During the film growth, the temperature was kept at 300 °C and the reactor pressure was main-
tained between 1 - 2 mbar. N2 was used has the carrier and purge gas. The ALD films fabricated 
in this work include the following materials: Al2O3 and two different types of CaS:Eu in Publi-
cation I; Y2O3-xSx and three different types of Y2O3-xSx:Eu, in Publication II; and, Al2O3, ZnS 
and Y2O3:Eu, in Publication III.  

5.2 Characterisation methods  

5.2.1 Ellipsometry 

Ellipsometry is a non-destructive characterisation method, commonly used in thin film devel-
opment.  This technique is performed with an ellipsometer, which is constituted of a light 
source, polariser, compensators, analyser, and detector. In order to obtain a measurement, a 
beam of light is emitted from the light source and becomes polarised after passing through a 
polariser. Then, the light is additionally modified by a compensator, becoming linearly polar-
ised. At this point, the linearly polarised light targets the sample and reflects towards a detec-
tor, traveling through an additional compensator and an analyser. The obtained measurement 
is related to the change in the polarisation state of the light reflected from the surface of a 
sample. Therefore, two components of the polarisation state are analysed, the s-component, 
which oscillates perpendicularly to the plane of incidence and parallel to the surface, and the 
p-component which oscillates parallel to the plane of incidence. After reflection, the ampli-
tudes of s and p components, are represented by the Fresnel reflection coefficients, Rs and Rp. 
Thus, the resulting measurement describes the amplitude ratio on the reflection, ψ, and the 
phase shift, Δ, as the following equation: 



26

(5.1)

ψ and Δ can be fitted to a model in order to determine indirect constant such as film thickness 
and refractive index [94]. 

In this thesis, all GPC and thickness monitoring were done in ex-situ, using a SE400adv el-
lipsometer at a 70° angle and a 633 nm wavelength. Moreover, thickness uniformity was eval-
uated by a wafer scan with statistical data.

5.2.2 X-ray diffraction

X-ray diffraction (XRD) is a non-destructive characterisation method that employs electro-
magnetic waves, in the order of one ångstrom (X-rays), to obtain structural information of a 
sample. This technique is generally performed in a diffractometer in which the X-rays are gen-
erated by an X-ray tube. Typically, the X-ray tube is constituted of a water-cooled target, usu-
ally made of copper, placed inside a vacuum tube. The generation of X-rays takes place when 
an accelerated electron beam interacts inelastically with the Coulomb field of the target. Before 
hitting the sample, these X-rays are filtered and collimated into a beam with the use of a mon-
ochromator. While interacting with the sample, the X-rays will diffract. Whenever the atoms 
of the sample are arranged periodically, as in crystalline or polycrystalline materials, the dif-
fraction pattern will result in sharp interference maxima which are associated with symmetry 
and distribution of atoms. Therefore, it is possible to deduce the atomic distances in the mate-
rial and compare the signal with previous results, using databases. In opposition, amorphous 
materials do not have atomic periodicity, meaning that the X-rays will scatter randomly, and 
no peaks are detected. The peaks obtained by XRD can be analysed using Bragg’s law: 

(5.2)

where d is the interplane distance, θ is the incident angle, λ is the wavelength of the X-ray, and 
n is an integer representing the order of the diffraction peak [95]. Figure 5.1 illustrates the 
requirement conditions for a Bragg diffraction.

Figure 5.1 Schematic representation of Bragg diffraction.

In this thesis, the Cu Kα line in a Rigaku SmartLab high-resolution X-ray diffractometer was 
used to determine crystalline phases and lattice parameters in all the developed thin films 
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deposited by ALD. The data acquired by the XRD were analysed using the HighScore Plus 4.6 
database. 

5.2.3 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a characterisation technique commonly used to in-
vestigate the chemical composition of surfaces, using the photoelectric effect. An XPS equip-
ment is constituted by an X-ray source, extraction optics, energy filter, and detection system. 
The measurement is carried out by generating X-rays in an X-ray tube, which is then focused 
on the sample with the help of a monochromator. Upon the sample irradiation, the electrons 
of the sample are excited and photoejected, according to the photoelectric effect. This excita-
tion process is caused by the elastic collisions between the photons and electrons. Hence, the 
energy transfer can be described by the following equation: 
 

  (5.3) 

 
where hν is the energy of the photoelectron produced by the X-ray source, Ek is the kinetic 
energy of the photoelectron measured by the spectrometer, EB is the binding energy and  is 
the work function of the solid sample [96]. After the electron excitation, the emitted photoe-
lectrons are slowed down by electrostatic lenses system to a preselected value (pass energy). 
At this stage, the photoelectrons are focused on the concentric hemispherical analyser. In the 
analyser, the photoelectrons are dispersed in relation to their energy. Specifically, photoelec-
trons with higher or lower energy than the pass energy will reach the detector at different 
points. If the energy is significantly higher or lower than the preselected energy, they will be 
completely deflected and will not reach the detector.  Consequently, the detector is used to 
count the number of photoelectrons per unit of time. This value is then registered by a data 
acquisition system. A typical XPS spectrum is a plot of the number of photoelectrons that reach 
the detector versus the binding energy of the electron. Because EB is element specific, it is pos-
sible to identify a particular atom by analysing the obtained spectral peaks. These characteristic 
peaks are related to the electron configuration of the electron in the atom, i.e., they relate to 
the atomic orbitals 1s, 2s, 2p, 3s, etc. Additionally, the number of photoelectrons detected can 
be correlated to the concentration of a given element within the area irradiated [97]. It is im-
portant that any XPS system operates under ultra-high vacuum (UHV) to avoid photoelectron 
interaction with atomic particles before reaching the detector. Moreover, UHV also prevents 
the sample contamination by atmospheric exposure, during the measurement.  

In Publications I and II, XPS was carried out to analyse the chemical composition of the 
phosphor thin films. In Publication I, measurements were made using Kratos Axis Ultra sys-
tem, equipped with a monochromatic Al Kα X-ray source. All measurements in this publication 
were performed with a 0.3 mm × 0.7 mm analysis area. The wide scans were performed with 
80 eV pass energy and 1 eV energy step, and the high-resolution scans were performed with 40 
eV pass energy at 0.1 eV steps. Whereas in Publication II, the spectra were measured with a 
Kratos Axis Supra spectrometer, employing a monochromatic Al Kα X-ray source running at 
225 W. The detailed spectra were either recorded at 10 eV pass energy for improved energy 
resolution or at 40 eV for faster acquisition (decreased X-ray exposure). 
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5.2.4 Time-of-flight elastic recoil detection analysis

Time-of-flight elastic recoil detection analysis (ToF-ERDA) is a destructive characterisation 
method used to analyse the elemental dept profile of a material. In the ERDA technique, an ion 
beam is used to create a recoil effect on the atoms of the sample. The recoil effect originates 
from the electrostatic interactions between the high-energy probing ion, such as 35Cl, 63Cu, 75Br 
or 127I, and the target atom nuclei. Consequently, this energetic interaction leads to elastic scat-
tering and the recoiled atoms are emitted at an angle superior to 90°. After the recoil effect, 
the atoms are collected by a charged particle detector, which measures their kinetic energy 
[98,99]. From the measured kinetic energy, it is possible to deduce the relative atomic concen-
tration and the depth of the recoiled atom. The resolution of the depth profile can be further 
improved by using a ToF configuration, which consists of two additional time detectors placed 
between the sample and the energy detector. Therefore, the data obtained from the ToF-ERDA 
measurements can be shown as either an energy versus mass or ToF versus mass [100]. ToF-
ERDA is especially useful to analyse impurity levels, since it can detect light elements such as 
H, N and C. 

Hence, ToF-ERDA was used in this thesis to analyse H and C in CaS:Eu thin films (Publica-
tion I). These measurements were carried out using a 13.6 MeV 63Cu7+ ion beam on an approx-
imately 2 x 2 mm2 area. Furthermore, a 70° angle between the sample normal and the beam 
was used, whereas the scattering angle was 40.6°. Figure 5.2 illustrates the setup used for the
ToF-ERDA measurements.

Figure 5.2 Schematic representation of a ToF-ERDA setup used to analyse CaS:Eu samples

5.2.5 Photoluminescence and photoluminescence excitation spectroscopy

Photoluminescence (PL) spectroscopy is a simple and versatile technique used to analyse the 
position bands in which electronic transitions occur radiatively. It can also be used to deter-
mine band gap of semiconductors or radiative relaxation from defects. A typical PL setup con-
sist of a light source, e.g., Xe lamp or a laser, with a fixed wavelength focused on the sample 
surface. When a sufficiently energetic beam of light targets the sample, the photons are ab-
sorbed, leading to electronic excitations. The excited electrons return to the ground state
quickly. If these transitions are related to radiative relaxations, they will originate emission of 
light. The emitted light is then dispersed by a monochromator and analysed by a detector. 
Therefore, a PL measurement can be plotted as the luminescence intensity as function of the 
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detected wavelength. Furthermore, the PL intensity gives information on the relative rates of 
radiative and nonradiative recombination [101]. Figure 5.3a illustrates a PL spectroscopy 
setup.

Photoluminescence excitation (PLE) spectroscopy requires variable wavelength to excite the 
sample, usually obtained with the use of a Xe lamp and a monochromator. In opposition to PL 
spectroscopy, the detected wavelength is fixed at a value corresponding to a certain wavelength
in the emission band. This measurement gives information about the excitation mechanism 
that gives place to a specific emission [102]. The resulting plot of a PLE measurement is shown 
as a function of the intensity, in arbitrary units, of the light given from an emissive excited state
as function of the wavelength of the excitation light [103]. A schematic of a PLE spectroscopy 
setup is represented in Figure 5.3b.

Figure 5.3 Equipment set up for (a) PL spectroscopy and (b) PLE spectroscopy.

In Publication II, PL measurements were carried out in a Perkin Elmer LS55 spectrophotom-
eter, equipped with a pulsed xenon discharge lamp of power equivalent to 20 kW for 8 μs du-
ration. The samples were excited using two wavelengths, 266 and 355 nm. Whereas in Publi-
cation I and III, the PL and PLE measurements were performed with a Hitachi F-7100 Fluo-
rescence Spectrophotometer equipped with a 150W Xe lamp. A photomultiplier tube voltage 
of 400 V was used in both publications. Moreover, all PL and PLE measurements in the three 
publications were acquired at room temperature and no post-measurement corrections were 
done.

5.2.6 CIE colour coordinates

The colour coordinate system implemented by the Commission Internationale de l’Eclairage 
(CIE) in 1931 was developed to describe colour, based on human eye sensitivity, as space using 
a 2-dimensional coordinates system. This is useful for comparison reasons since the perception 
of colour by the human vision can vary from one person to another. In order to develop the 2-
dimensional coordinates system, the CIE had created colour matching functions that corre-
spond approximately to the eye sensitivity curves, which in turn are related to the stimulus of 
the red, green, and blue cell cones in the human eye. The three colour matching functions are 
then designated by , and , related to red, green and blue colour sensitivity, re-
spectively. With these functions and their individual power spectral density P(λ), it is possible 
to determine the level of stimulation of each cell cone, given by 
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  (5.4) 

  (5.5) 

  (5.6) 

 
where X, Y, and Z are called tristimulus values [104]. The colour coordinates can then be cal-
culated with the following equations: 
 

  (5.7) 

  (5.8) 

 
Note that z chromaticity is redundant since it can always be determined from x and y [104]. 

Thus, all colours can be described by only two coordinates, resulting in the CIE chromaticity 
diagram shown in Figure 5.4. 

 

 

Figure 5.4 CIE 1931 colour space chromaticity diagram. 

Publications II and III make use of the CIE colour coordinates to identity the 2-dimensional 
position of the colour obtained from the phosphors, by using the PL spectrum and EL spec-
trum, respectively. Therefore, CIE colour coordinates were deduced by using the OriginLab 
Chromaticity Diagram script. 
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5.2.7 Electroluminescence characteristics of ACTFEL devices 

In order to characterise ACTFEL devices it is common to perform electro-optic measurements 
which consist in evaluating, for example luminance versus voltage (L–V), luminous efficiency 
(η) and the previously mentioned colour coordinate. The luminance voltage measurement is 
carried out by applying an increasing voltage under AC-power on the terminals of the EL device 
while measuring the luminance given in candela per square meter (cd/m2). This measurement 
results in a curve where the threshold voltage (Vth) can be determined by measuring the voltage 
at the luminance of 1 cd/m2 [83]. 

The luminous efficiency of the device is given in lumens per watt (lm/W) and is generally 
determined using a Sawyer-Tower circuit, shown in Figure 5.5a. This circuit is constituted of a 
capacitor, called sense capacitor (Cs), placed in series with the EL device. By measuring the 
voltage at the terminals of the EL device in the Sawyer-Tower circuit, it is possible to plot a Q-
V diagram, where Q is the charge density, given by 

 

  (5.9) 

 
where Vy is the partial voltage of the sense capacitor, Cs is the capacitance of the sense capaci-
tor, and A is the pixel area of the EL device. Notice that, for Vy to be smaller than the total 
voltage of the circuit, a very large capacitance value for the Cs needs to be used. Plotting a Q-V 
diagram for total voltage values under the Vth results in a straight line passing the origin. Ex-
plained by the fact that, at these voltages, the EL device behaves like a capacitor, and thus the 
plot will give the same result as a capacitance divider. Therefore, the total capacitance of the 
circuit (Ct) can be measured with the following equation: 
 

  (5.10) 
 
Ct can also be calculated from  

  (5.11) 

 

where CEL is the capacitance of the EL device. 

However, above the Vth, the Q-V diagram changes from a straight line to a parallelogram. The 
area of the parallelogram increases with an increasing voltage, but the slope of both top and 
bottom sides remains the same due to the constant Ct value. From this parallelogram it is also 
possible to obtain the Vth and the Qth values, which are determined by the point of intersection 
between the Q-V curve at voltage below threshold and the Q-V curve at voltage above the 
threshold as in Figure 5.5b. The area of the parallelogram gives the energy density (Ein), deliv-
ered to the EL device in one cycle. By multiplying the area by the drive frequency (f) it is pos-
sible to determine the input power density (Pin [W/m2]) delivered to the EL device. Thus, Ein 
and Pin can be calculated with the following equations [83]: 

 

  (5.12) 

  (5.13) 
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Notice that the Equation 5.12 can only be used for a parallelogram diagram. If the diagram has 
an elliptic shape other equation needs to be used in order to determine the total area. Having 
Pin calculated it is finally possible to determine the η, which is given by

(5.14)

Figure 5.5 (a) Sawyer-Tower circuit used for the determination of (b) Q-V characteristic.

EL devices in Publication III were powered by a Hewlett Packard 6811a source using AC mode 
at a frequency of 1 kHz. Electroluminescence spectra were recorded using a Konica Minolta 
CS-2000 spectrometer with a measurement angle of 1◦. Furthermore, the calculation of the EL 
device efficiency was determined using the Sawyer–Tower circuit. The total capacitance of the 
circuit was measured using a Fluke 76 digital multimeter. Data from the Q–V plot were ac-
quired by measuring the voltage at each of the device terminals using a WaveSurfer 3104z os-
cilloscope. Simulations related to the EL device were performed using LTspice XVII.
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6. Results and discussion 

6.1 Tuning red emission in CaS:Eu by anionic inclusion 

CaS:Eu, a well-known and simple inorganic phosphor, was selected to explore the versatile  
fabrication characteristics of ALD, or more specifically, the ability to develop mixed-ion mate-
rials. It is known that the red peak emission of CaS:Eu can be changed by the introduction of 
cationic species such as strontium [105,106], magnesium and barium [107]. However, in this 
section the emission shift is studied by the inclusion of localised oxygen anions in the vicinity 
of the CaS:Eu luminescent centres. Therefore, two distinct structures were fabricated, (1) pure 
CaS:Eu, where Eu is exposed to H2S reducing gas, and (2) CaS:EuO, where Eu is exposed to O3 
oxidating gas during the material growth. This section discusses the results studied in Publi-
cation I. 

6.1.1 Fabrication of CaS:Eu thin films 

In Publication I, the growth of red phosphors was done on (100)-Si substrates coated with 
Al2O3. The coating layer was grown with ALD by pulsing 0.5 s of trimethylaluminum (TMA, 
Al(CH3)3), followed by a 5 s purge, and 0.3 s of H2O followed by another 5 s of purge time. 
These times were used as a single ALD cycle, which was repeated until achieving a thickness of 
10 nm. The GPC of Al2O3 was equivalent to o.1 nm. Ca(thd)2 and Eu(thd)3 precursors were used 
to grow both CaS:Eu and CaS:EuO red phosphors. Ca(thd)2 and Eu(thd)3 are solid and very 
stable at room temperature. In order to achieve a vapour phase, the two precursors were kept 
in different Hot Source 200 temperatures at 205 °C and 185 °C, respectively. At 185 °C the 
Eu(thd)3 shows a vapour pressure around 133 Pa [108]. However, the vapour pressure for 
Ca(thd)2 is unknown in literature. CaS matrix was grown by reacting Ca(thd)2 with H2S using 
350 cycles. After the first 350 cycles, Eu was added as a doping agent to the CaS layer by react-
ing Eu(thd)3 with either H2S or O3. Two cycles of Eu(thd)3 followed by H2S were used in one of 
the samples. While a sequence of three O3 pulses intercalated by two pulses of Eu(thd)3 were 
used in the other sample. Figure 6.1 shows a schematic representation of the doping sequences 
used in the two samples. Both phosphor layers were grown using 6 layers of CaS intercalated 
by five Eu layers, resulting in approximately 100 nm thin film. Finally, another 10 nm layer of 
Al2O3 was used to coat the europium doped CaS thin films. The use of Al2O3 coating layer is 
known to improve the moisture resistance of CaS:Eu thin films, which without protection can 
be highly degradable in exposure to air [109]. In conclusion, two different samples were stud-
ied in this work: Al2O3/CaS:Eu/Al2O3/Si and Al2O3/CaS:EuO/Al2O3/Si, denominated from 
now on as CaS:Eu and CaS:EuO, respectively. Table 6.1 summarises the pulsing sequence, 
pulse and purge times, and the respective number of cycles.  
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Figure 6.1 Schematic of ALD doping sequence used in CaS:Eu and CaS:EuO samples. (0) Top layers of CaS 
matrix. Red track represents the doping sequence in CaS:Eu sample including: (A1) Eu(thd)3 pulsing on CaS layer, 
(A2) H2S pulsing after nitrogen purge, (A3) second Eu(thd)3 pulsing after purge, (A4) H2S pulsing after nitrogen 
purge and (A5) CaS monolayer after the doping sequence. Blue track represents the doping sequence in CaS:EuO 
sample including: (B1) O3 pulse on CaS layer, (B2) Eu(thd)3 pulsing after the purge, (B3) second O3 pulsing after 
nitrogen purge, (B4) second Eu(thd)3 pulsing after the purge, (B5) third O3 pulsing after nitrogen purge and (B6) 
CaS monolayer after the doping sequence. Atomic elements are represented with the following colours: (Ca) green, 
(S) yellow, (H) gray, (Eu) lavender, (O) red and (C) black. 
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Table 6.1 Pulsing sequences and respective pulsing times, number of cycles per layer for CaS:Eu and CaS:EuO 
phosphor layers. The table is adapted from Publication I. 

Sample Pulsing sequence Pulsing time (s) Number of cycles 
per layer 

CaS:Eu Ca(thd)2 / N2 / H2S / N2 2 / 5 / 0.2 / 3 350 

 Eu(thd)3 / N2 / H2S / N2 3 / 7 / 0.2 / 3 2 

CaS:EuO Ca(thd)2 / N2 / H2S / N2 2 / 5 / 0.2 / 3 350 

 O3 / N2 / Eu(thd)3 / N2 / O3 / N2/ 

Eu(thd)3 / N2 / O3 / N2 

3 / 5 / 3 / 7 / 3 / 5 / 

3 / 7 / 3 / 5 

1 

6.1.2 Characterisation of CaS:Eu and CaS:EuO thin films 

Structural and chemical analysis of both CaS:Eu and CaS:EuO thin films were investigated, in 
order to evaluate the effects of using O3 as a co-reactant for Eu(thd)3 in CaS:Eu thin films. 
Accordingly, XRD measurements were employed to detect possible differences between the 
films regarding the crystal structure. Figure 6.2 illustrates the grazing incidence XRD patterns 
for CaS:Eu and CaS:EuO thin films. Both films show the same crystalline phase with peak po-
sitions related to the (1 1 1), (0 0 2), (0 2 2) and (2 2 2) reflections. The order of peak intensity 
and the position of reflections are similar to the one reported by cross-reference COD: 96-900-
8607 [110]. Thus, indicating that CaS:Eu and CaS:EuO have a cubic structure with Fm m space 
group. The lattice parameter was determined to be a = 5.68 Å and a = 5.69 Å for CaS:Eu and 
CaS:EuO, respectively. Moreover, the inclusion of O2- ions in the CaS:Eu matrix did not cause 
the formation of any additional crystalline phases. However, the level of crystallinity was af-
fected since the reflection peaks are less intense in the CaS:EuO sample. This may be explained 
by the possible appearance of structural defects caused by the oxygen inclusion in the CaS crys-
tal lattice. 

 

 

Figure 6.2 Grazing incidence XRD of CaS:Eu and CaS:EuO samples. Adapted from Publication I 

XPS was carried out using argon etching to remove the 10 nm Al2O3 protective coating layer. 
In the CaS:Eu sample the Al 2p peak disappeared after 600 s of etching, meaning that beyond 
this etching time, a nearly pure CaS:Eu layer could be analysed. Whereas, in the CaS:EuO 
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sample the Al 2p intensity decreased by a factor of four only after 1000 s. XPS analysis in Figure 
6.3 can be summarised as follows: 

S 2p spectra were detected in both samples with a binding energy of 160.7 eV and a 
typical doublet with 1.18 eV separation, shown in Figure 6.3a. This result indicates the 
presence of sulfides. Sulfate component at 169 eV was not detected [111]. 
Ca 2p spectra, in Figure 6.3b, shows a typical doublet with 3.55 eV separation, where 
Ca 2p3/2 binding energy of 346.4 eV corresponds to CaS or CaO. In the CaS:EuO sample, 
an additional component related to the CaCO3 or CaSO4 is seen at 347.9 eV, with a peak 
area corresponding to 20% of the total Ca. Because no sulfate is detected in the S 2p 
spectra, this peak may be related to the CaCO3 although the binding energy would bet-
ter fit 348.0 eV of CaSO4 than (347.1 ± 0.3) eV of CaCO3 [111]. The fitting also includes 
a satellite peak above 353 eV in both samples.
O 1s spectra, in Figure 6.3c, only shows one peak at 531.6 eV in both samples, indicating 
similar oxygen. However, the O 1s signal from CaS:EuO indicates 42 at-% of oxygen 
whereas that of the CaS:Eu only 10 at-%.
C 1s spectra, in Figure 6.3d, shows that carbon is not detected in sample CaS:Eu, 
whereas the sample CaS:EuO sample shows a small C 1s peak around 292 eV, which 
can be related to CO3 groups.
Eu 3d core levels, in Figure 6.3e, can be identified if accepting binding energies of 
1134.4 eV and 1124.7 eV, which are consequently associated with the Eu3+ and Eu2+

components [112]. Therefore, the ratio Eu3+/Eu2+ can be estimated, resulting in 5/2 for 
CaS:Eu sample and 6/1 for CaS:EuO sample. The higher Eu3+ ion presence correlates 
with the presence of O2- ions, which is expected since Eu tends to oxidise to its trivalent 
form whenever enough oxygen atoms are available.

Figure 6.3 Measured and fitted (a) S 2p, (b) Ca 2p and (c) O 1s (d) C 1s and (e) Eu 3d spectra of CaS:Eu and 
CaS:EuO samples. Adapted from Publication I
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Figure 6.4a,b shows the elemental depth profile obtained by ToF-ERDA measurements of 
CaS:Eu and CaS:EuO samples, respectively. The elemental composition of both europium 
doped CaS layers was analysed by selecting an interval representative of the film bulk, with no 
Al and high concentration of Ca and S. The vertical lines in the depth profile plots indicate the 
depth range from which the averages in Table 6.2 are calculated.

Figure 6.4 Depth profile of (a) CaS:Eu and (b) CaS:EuO samples. Dashed vertical lines indicate the depth range 
used for elemental compositional analysis. Adapted from Publication I.

Table 6.2 Elemental composition of the CaS:Eu and CaS:EuO samples measured with ToF-ERDA. The table is 
adapted from Publication I.

Sample H
(at. %)

C
(at. %)

O
(at. %)

S
(at. %)

Ca
(at. %)

Eu
(at. %)

CaS:Eu 1.2 ± 0.2 0.8 ± 0.3 3.2 ± 0.3 47.7 ± 0.5 47.0 ± 0.5 0.13 ± 0.02
CaS:EuO 4.7 ± 0.3 3.4 ± 0.3 16.8 ± 0.5 37.5 ± 0.5 37.4± 0.5 0.17 ± 0.02

Table 6.2 shows a comparison between the element composition of CaS:Eu and CaS:EuO 
layers. In both films, the atomic percentages of S and Ca are approximately the same, demon-
strating that CaS is present with a stoichiometry of 1:1. The faint presence of oxygen in the 
CaS:Eu sample may result from O diffusion of the Al2O3 top coating. Notice that the fabrication 
process is carried out slowly at 300 °C, favouring a possible diffusion mechanism. Additionally, 
due to the high Ca affinity towards oxygen atoms, there is the possibility of O present in the β-
diketonate molecule adsorbed on the CaS surface, upon the reaction between Eu(thd)3 and 
H2S. As expected, the presence of oxygen in the CaS:EuO sample can be identified clearly after 
the 600 s due to the intentional introduction of O atoms. 

Data from XPS an ToF-ERDA show higher level of carbon content within the CaS:EuO sam-
ple. These data are supported by the detection of CaCO3 component in Figure 6.3d and the 
higher carbon concentration results shown in Table 6.2 The carbon contamination in CaS:EuO 
could be explained by the reaction between ozone and the β-diketonate precursor (Eu(thd)3). 
Additionally, the ToF-ERDA analysis revealed a lower hydrogen presence in CaS:Eu, which 
indicates the excellent reactivity between Ca(thd)2 and Eu(thd)3 with H2S. These efficient sur-
face reactions are responsible for effectively removing lighter species, such as H [113]. In op-
position, higher concentration of C and H contamination in CaS:EuO sample can be associated 
with lower reactivity of O3 species with Ca(thd)2 and Eu(thd)3, in comparison to H2S. Addition-
ally, the europium doping concentration was higher when Eu(thd)3 was grown on the CaS layer 
with O3 instead of H2S. The difference in the doping level may be explained by the facilitated 
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introduction of Eu atoms when there is a monolayer of oxygen present in the CaS surface. Note 
that, oxygen has a higher electronegativity than sulfur and thus is believed to increase the Eu 
adsorption [114,115]. 

6.1.3 Photoluminescence of CaS:Eu and CaS:EuO thin films 

To facilitate the comparison between the maximum emission wavelength of CaS:Eu and 
CaS:EuO samples, the normalised PL spectra were plotted in Figure 6.5a. The CaS:Eu sample 
has a maximum emission value of 647 nm, when excited with a wavelength of 225 nm. The 
maximum emission is related to the Eu2+ ion Laporte allowed transition, from 4f6 5d1 to the 4f7 
(8S7/2), characteristic of CaS:Eu2+ materials [8]. The CaS:EuO sample shows a maximum peak 
emission of 625.8 nm for an excitation wavelength of 230 nm. In addition, PLE spectra shown 
in Figure 6.5b was obtained by measuring the emission at 640 nm and 630 nm for CaS:Eu and 
CaS:EuO samples, respectively. All samples show a broad excitation band between 200 and 
300 nm, which can be associated with the Eu2+ 4f7 (8S7/2) → 4f6 5d1 [Eg] and valence-to-con-
duction band transitions. Whereas the low intensity excitation band in CaS:Eu sample from 
400 to 550 nm is related to Eu2+ 4f7 → 4f6 5d1 [t2g] transition [57]. The results obtained from 
PL and PLE measurements are summarised in Table 6.3. It is clear that the CaS:Eu sample 
in Table 6.3 the has higher intensities than the CaS:EuO sample, regarding excitation and 
emission peaks. 

 

Figure 6.5 (a) Normalised emission spectra and (b) excitation spectra from CaS:Eu and CaS:EuO, measured at 
room temperature. Adapted from Publication I. 

Table 6.3 Summary of the CaS:Eu and CaS:EuO emission and excitation data acquired from the Photoluminescent 
measurements. The table is adapted from Publication I. 

Sample 
Excitation 

wavelength 
[nm] 

Peak Emis-
sion 
[nm] 

Intensity 
(arb. un.) 

Emission 
wavelength 

[nm] 

Peak 
excitation 

[nm] 
Intensity 
(arb. un.) 

CaS:Eu 225 647 93.61 640 223.6 89.17 

CaS:EuO 230 625.8 19.87 630 227.2 20.49 

 
The different emission wavelengths of CaS:Eu and CaS:EuO samples is correlated with the 

presence of O2- ion in the phosphor layer. Several factors may explain the lower emission in-
tensity of the CaS:EuO sample in comparison to CaS:Eu, such as slightly higher contamination 
level and lower crystallinity. As mentioned previously, the lower crystallinity level in CaS:EuO 
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is possibly caused by structural defects leading to a larger lattice constant. This may indicate 
that the distance between Eu2+ cations and the anions increases. The larger distance between 
Eu2+ cations and the anions leads to a decrease in the crystal-field strength [105,106]. There-
fore, the addition of an O2- ion originates a decrease in the energy difference between t2g and 
Eg states of the 4f6 5d1 electronic configuration, thus leading to blue-shifted emission. Figure 
6.6 illustrates a schematic of Eu2+ energy level as a function of the crystal-field.

Figure 6.6 Schematic energy diagram of Eu² 5d level splitting as a function of crystal-field strength in CaS:Eu and 
CaS:EuO samples. Adapted from Publication I.

6.2 Controlling oxidation state of europium ion in Y2O3-xSx:Eu

As pointed out in the previous section, the meticulous inclusion of anions, favoured by the 
versatility of the ALD method, can lead to interesting and novel material properties. For this 
reason, another red phosphor was selected to be the subject of changes in the anionic species 
surrounding a luminescent centre. Therefore, this section will analyse the oxidation state of 
the Eu atom in a Y2O3-xSx (YOS) matrix. This study is carried out by exposing Eu(thd)3 to 
either oxidising O3 or reducing H2S gas in order to generate a trivalent or a divalent oxidation 
state of Eu, respectively. The present section discusses the results studied in Publication II. 

6.2.1 Fabrication of Y2O3-xSx:Eu thin films

In Publication II, Y2O3-xSx:Eu thin films were grown directly on (100)-oriented Si substrates. 
During the ALD process (CH3Cp)3Y, H2O, and H2S were used as yttrium, oxygen, and sulfur 
precursors, respectively, whereas Eu(thd)3 was used as the Eu dopant precursor. Eu was intro-
duced into the Y2O3-xSx matrix in combination with either H2S or O3. Figure 6.7 and Table 6.4
summarise the process steps and parameters, including pulse sequences and pulse time. Note 
that an N2 purge step was applied in all processes after each pulse. The purge time was 7 s. 
Films with thicknesses between 50 and 300 nm were grown using the parameters summarised 
in Table 6.4.
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Figure 6.7 Schematic diagram of the processes used for the growth of Y2O3-xSx:Eu the films. Adapted from Publi-
cation II. 

Table 6.4 Pulse sequences and corresponding pulsing time for Y2O2S/Y2O2S:Eu ALD processes. The table is 
adapted from Publication II. 

Process Pulse sequence Pulse time (s) 

P0 (CH3Cp)3Y/H2S/H2O 2.5/0.5/0.15 
P1 (CH3Cp)3Y/H2S/H2O/(CH3Cp)3Y/H2S/Eu(thd)3/O3 2.5/0.5/0.15/2.5/0.5/2.5/3 
P2 (CH3Cp)3Y/H2S/H2O/(CH3Cp)3Y/H2S/Eu(thd)3/O3/H2O 2.5/0.5/0.15/2.5/0.5/2.5/3/0.5 
P3 (CH3Cp)3Y/H2S/H2O/(CH3Cp)3Y/H2S/Eu(thd)3/H2S 2.5/0.5/0.15/2.5/0.5/2.5/0.15 

 
Thickness uniformity was monitored with ex-situ ellipsometry measurement on 50-nm-thick 

samples. Process P0 was developed without any dopant for comparison reasons. Process P1, 
where the Eu(thd)3 pulse was followed by the O3 pulse, resulted in poor homogeneity with 
thickness fluctuations reaching 19%. Adding a H2O pulse after O3 pulse in process P2 resulted 
in better thickness homogeneity with fluctuations down to about 10%. The homogeneity is im-
proved because H2O is known to contribute to the increase of OH surface group concentration 
[21], most likely promoting the surface adsorption of yttrium species. Therefore, in what fol-
lows, unless stated otherwise, the additional H2O pulse step is assumed when the Eu(thd)3/O3 
pulse sequence related results are discussed. In Process P3, Eu(thd)3 pulse was followed by the 
H2S pulse as an attempt to completely surround the Eu atom with S2- anions. 

6.2.2 Characterisation of Y2O3-xSx:Eu thin films  

XRD and XPS measurements were carried out to evaluate the structural and chemical compo-
sitions Y2O3-xSx and Y2O3-xSx:Eu thin films. Figure 6.8 shows the XRD measurements in grazing 
incidence mode for processes, P0, P2, and P3. The undoped YOS sample and the Eu-doped one 
grown using the Eu(thd)3/O3 pulse sequence showed a single very broad peak around 30°, sug-
gesting that the layers had a rather amorphous structure. While the sample grown using the 
Eu(thd)3/H2S pulse sequence showed several sharp peaks, indicating that the film had a crys-
talline structure. The peak positions of the P3 sample are identical to the ones identified in 
JCPDS file no. 24-1424 and relate to the (100), (101), (102), (003), (110), (103), (112), and (201) 
reflections. This indicates that YOS:Eu grown using the Eu(thd)3/H2S pulse sequence had a 
hexagonal crystal structure with the lattice parameters a = 3.794 Å and c = 6.580 Å. 
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Figure 6.8 XRD of samples prepared using processes P0, P2, and P3. Adapted from Publication II. 

XPS measurements were performed without argon etching. The presence of carbon, yttrium, 
oxygen, and sulfur in all the samples, as well as europium in the doped ones. Table 6.5 com-
pares the elemental composition of the doped films P2 and P3, where C 1s, Eu 3d, O 1s, S 2s, 
and Y 3p core level spectra were used for the calculations. The film grown using the 
Eu(thd)3/O3 pulse sequence had a higher oxygen content than the one grown using the 
Eu(thd)3/H2S sequence, with an O/S ratio of 8.1 and 5.7, respectively. However, the Eu con-
centration was lower in the films grown using O3, which indicates a much higher reactivity 
between surface Eu species and H2S, compared to O3. 
Table 6.5 Comparison of the elemental composition of Eu-doped Y2O3−xSx films prepared using Eu(thd)3/O3 and 
Eu(thd)3/H2S pulse sequences. The table is adapted from Publication II. 

Process Y 
(at. %) 

O 
(at. %) 

S 
(at. %) 

C 
(at. %) 

Eu 
(at. %) 

P2 10.6 48.7 6.0 30.8 3.9 
P3 14.7 39.7 6.9 31.0 7.7 

Figure 6.9 shows the core level spectra of C 1s and S 2s in YOS and YOS:Eu films prepared by 
processes P0, P2, and P3. In Figure 6.9a all the tree samples were composed of four peaks 
attributed to carbonates (CO32-) and C-C, C-O-C, O-C=O bonds [116,117]. S 2s core level spectra 
revealed a significant difference between the sulfur bonds as shown in Figure 6.9b. Sulfate 
bonds (Y2(SO4)3) [118] were dominant in YOS sample and the YOS:Eu prepared using the 
Eu(thd)3/O3 sequence, while sulfides bonds were identified in the YOS:Eu film prepared using 
Eu(thd)3/H2S pulse sequence. 

 
Figure 6.9 Measured and fitted (a) C 1s and (b) S 2s core level spectra. The films were prepared by processes P0, 
P2, and P3. Open symbols represent measured spectra, whereas red lines show fitting results. Adapted from Pub-
lication II. 
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Figure 6.10a,b shows the measured and fitted XPS spectra for Y 3d core levels in YOS and 
YOS:Eu films prepared using process Po and P2, respectively. Figure 6.10c shows the spectra 
for Y 3d together with S 2p core levels in YOS:Eu films prepared using process P3. Specific 
details on the fitting restrain used in the Y 3d core levels can be consulted in Publication II. 

 

 

Figure 6.10 Measured and fitted Y 3d core level spectra in (a) undoped Y2O3−xSx and (b) Y2O3−xSx:Eu prepared 
using the Eu(thd)3/O3 pulse sequence. (c) Measured and fitted Y 3d/S 2p spectra in Y2O3−xSx:Eu prepared using 
the Eu(thd)3/H2S pulse sequence. Open symbols represent measured spectra, whereas continuous lines show fit-
ting results. Adapted from Publication II. 

Table 6.6 summarises the binding energies of fitted Y 3d and S 2p doublets deduced for the 
different samples. Based on the fitting results, the composition of the films was found to be 
strongly dependent on the deposition process, especially the doping configuration.  

Table 6.6 Binding energy for Y 3d and S 2p doublets deduced for the compounds present in the Y2O3−xSx and 
Y2O3−xSx:Eu films prepared by processes P0, P2, and P3. The table is adapted from Publication II. 

 
Process  

Y-O/Y-S  Y2(CO3)3   Y2(SO4)3 Sulfide  
Y 3d 5/2 

(eV) 
Y 3d 3/2 

(eV) 
Y 3d 5/2 

(eV) 
Y 3d 3/2 

(eV) 
Y 3d 5/2 

(eV) 
Y 3d 3/2 

(eV) 
S 2p 3/2 

(eV) 
S 2p 1/2 

(eV) 

P0 157.16 159.21 158.14 160.19 158.90 160.95 - - 
P2 156.98 159.03 157.96 160.01 158.90 160.95 - - 
P3 157.18 159.23 158.38 160.43 159.30 161.35 161.11 162.29 

 
A comparison of the relative amount of the identified yttrium compounds showed that the 

undoped YOS and the YOS:Eu prepared using the Eu(thd)3/O3 pulse sequence had the highest 
concentration of Y2(CO3)3, with relative amounts of 42.86% and 52.08%, respectively, while 
the YOS:Eu film prepared using the Eu(thd)3/H2S pulse had a relative Y2(CO3)3 amount of 
16.23%. The very high concentration of carbon measured in the films was due to Y2(CO3)3 and 
surface contamination, as no special precautions were taken to protect the film surface after 
the processes. Carbon contamination was most likely higher on the surface of the YOS:Eu sam-
ples grown using the Eu(thd)3/H2S pulse sequence, considering their crystalline nature and 
therefore their larger surface area. Additionally, the concentration of carbonates correlates 
with the amorphous structure of the thin films grown with the P0 and P2 processes. This is 
consistent with reports in which the crystallinity of Y2O3 thin films was improved by annealing 
the samples and therefore reducing the number of carbonates in the film [119,120]. The pres-
ence of sulfides, identified by the S 2p duplets related to the sample grown with Eu(thd)3/H2S 
pulse, suggest the presence of EuS species. Note that, in process P3 the Eu was deliberately 
exposed to the reducing H2S gas (i.e., H2S/Eu(thd)3/H2S pulse sequence) which consequently 
may generate a divalent oxidation state of Eu. 



 

43 

6.2.3 Photoluminescence of Y2O3-xSx:Eu thin films 

PL spectra of the samples prepared with process P2 and P3 were analysed with excitation wave-
lengths of 266 and 330 nm, as shown in Figure 6.11a. For an excitation wavelength of 330 nm, 
the Y2O3−xSx:Eu sample prepared using O3 showed no significant emission. However, for an 
excitation wavelength of 266 nm, the typical 5D0 → 7FJ (J = 0, 1, 2, 3, and 4) transitions from 
the Eu3+ ion were visible between 550 and 720 nm. The emission peak was obtained at about 
618 nm, related to the 5D0 → 7F2 electronic transition. The emission spectra resulted in a per-
ceptual red/pink visual colour identified with the coordinates x = 0.490 and y = 0.303 of the 
CIE diagram in figure 6.11b. In comparison, the Y2O3−xSx:Eu sample prepared using H2S exhib-
ited a dominant broad emission band below 500 nm. This band shape was dependent on the 
excitation wavelength. Thus, when the excitation wavelength was increased from 266 to 330 
nm, the shoulder located at about 440 nm became more dominant than the one at about 420 
nm. The resulting spectra have single blue/violet emission positioned at x = 0.165 and y = 
0.060 coordinate of the CIE diagram, in figure 6.11b. This emission most likely originated from 
the 4f6 5d → 4f7 electronic transitions of Eu2+ ions. The shape and intensity dependence of the 
Eu2+-related emission on the excitation wavelength, which has also been reported by other au-
thors [121,122], suggests that the Eu2+ activator may be taking different kinds of ion sites in the 
host lattice [122]. 

 

Figure 6.11 (a) Photoluminescence spectra measured from Y2O3−xSx:Eu samples prepared using either process 
P2 or P3. The measurements were carried out at room temperature. Excitation wavelengths of 266 and 330 nm 
were used. (b) CIE 1931 chromaticity diagram for Y2O3−xSx:Eu samples deduced from photoluminescence meas-
urements in (a). Adapted from Publication II. 

6.3 Red Y2O3:Eu-based EL device 

The ALD method offers many advantages regarding the development of optoelectronic com-
ponents, specifically EL devices. Fabricating EL devices with ALD allows an possibility for an 
all-in-one growth step for the dielectric and phosphor layers in a dielectric-semiconductor-
dielectric structure, thus favouring higher resistance to moisture and vibrations [1,83]. The 
previous section demonstrated the viability of growing Y2O3-xSx:Eu red and blue-emitting phos-
phors by ALD method. Here, Y2O3:Eu phosphor is used to develop a red EL device that can 
potentially be included in transparent display applications. Therefore, this section presents the 
results obtained in Publication III. 
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6.3.1 Fabrication of Y2O3:Eu-based EL device 

Initially, individual ALD processes for Y2O3, Eu2O3, Al2O3, and ZnS thin films were grown on 
(100)-oriented Si substrates. (CH3Cp)3Y, Eu(thd)3, Zn(OAc)2, and Al(CH3)3 (TMA) were used 
as precursors for yttrium, europium, zinc and aluminium, respectively. H2O and/or O3 were 
used as oxygen co-reactants for the Y2O3, Al2O3, and Eu2O3 processes. H2S was used as a sulfur 
co-reactant for the ZnS process. Process details such as pulsing sequences, pulse times, purge 
times and GPC, for each individual film, are presented in Table 6.6. The doping level of the 
Y2O3 films with Eu was controlled by using ALD supercycles.  Therefore, an M number of Y2O3 
cycles followed by N number of Eu2O3 cycles were used to develop the Y2O3:Eu thin film with 
an M:N doping ratio. In order to achieve the desirable thickness for Y2O3:Eu thin film, M:N 
cycles were repeated x number of times. The supercycle started always with a Y2O3 cycle and 
ended with a Eu2O3 cycle.  
Table 6.6 Table 1. Pulsing sequences and corresponding pulse time and purge time for the thin films prepared by 
ALD. Growth per cycle GPC values displayed on the table were deduced from ellipsometry measurements. The 
table is adapted from Publication III. 

Process Pulsing Sequence Pulsing Time (s) GPC [nm] 
Y2O3 Y(MeCp)3/N2/H2O/N2 2/6/0.2/7 0.16 

Eu2O3 Eu(Thd)3/N2/O3/N2/H2O/N2 3/7/5/7/0.2/7 0.03 

Al2O3 AlMe3/N2/H2O/N2 0.5/5/0.3/5 0.10 
ZnS Zn(OAc)2/N2/H2S/N2 2.5/6/0.3/3 0.24 

The electroluminescent device was prepared using the structure proposed by T. Suyama et 
al. [123]. The multilayer structure was grown by ALD on a standard glass substrate coated with 
an ion-diffusion barrier and an ITO layer provided by LUMINEQ (Beneq Oy, Espoo, Finland). 
First, a 150 nm thick Al2O3 dielectric layer was grown by ALD. It was then followed by several 
ZnS (50 nm)/Y2O3:Eu (40 nm) multilayers. Finally, another 150 nm thick Al2O3 layer was de-
posited on the structure. The 1720 nm thick device was finalised by depositing a top contact. A 
schematic illustration of the device is presented in Figure 6.12. While it is possible to use a 
transparent top contact for a fully transparent device, for merely convenience purposes, top 
contact stripes of aluminium were sputtered here using a mechanical mask. The crossing of the 
ITO transparent contact and the aluminium stripes, which also comprises the sandwich mul-
tilayer Al2O3/ZnS/Y2O3:Eu/Al2O3 structure, creates a passive matrix with a pixel size of 3 × 5 
mm2. Note that prior to the deposition of the top Al2O3 layer, the multilayer sequence was al-
ways completed with a ZnS top layer. 

 
Figure 6.12 Schematic illustration of the passive matrix-like structure and the device cross-section of the 
Y2O3:Eu/ZnS EL pixel prepared by ALD. The device is based on the multilayer electroluminescent structure pro-
posed by T. Suyama et al. [123]. In this work, 6 layers of Y2O3:Eu and 7 layers of ZnS were used. Adapted from 
Publication III. 
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6.3.2 Thin films characterisation and optimisation for red-emitting  
EL device 

Europium concentration in Y2O3:Eu thin films was optimised with the objective of achieving  
the highest possible emission intensity in this red phosphor. As such, Y2O3:Eu thin films with 
different doping concentrations were fabricated by changing the number of M:N cycles ratio, 
where M is the number of Y2O3 cycles and N represents the number of Eu2O3 cycles. Therefore, 
the doping concentrations of 2:2, 3:2, and 4:2 were developed and studied in this section. Tak-
ing into consideration Y2O3 and Eu2O3 densities, growth rates on Si substrate, and assuming 
that the Y2O3 and Eu2O3 films are stoichiometric, the 2:2, 3:2 and 4:2 doping configurations 
lead to calculated Eu concentrations of 16, 11, and 9 mol%, respectively. Figure 6.13a shows 
excitation spectra for a maximum emission at 612 nm, measured between 200 and 450 nm on 
a Y2O3:Eu sample grown on Si with a Y2O3:Eu2O3 layer ratio of 2:2. The spectra show that the 
highest emission at 612 nm is obtained for an excitation of 238 nm. Figure 6.13b shows emis-
sion spectra for Y2O3:Eu thin films with 2:2, 3:2 and 4:2 doping configurations. The emission 
spectra were recorded for the excitation wavelength of 238 nm, which was deduced from the 
excitation spectrum in Figure 6.13a. All samples show a PL emission between 575 and 650 nm 
characteristic of Eu3+ 5D0 → 7FJ (J = 0, 1, 2, 3, and 4) transitions and a maximum sharp line 
located at 612 nm related to the 5D0 →  7F2 magnetic dipole transition [10]. The highest emis-
sion intensity was obtained for the sample with a doping configuration of 3:2, i.e., Eu concen-
tration of 11 mol%. Whereas the lower Eu concentration of 9 mol% led to lower PL intensities 
as expected. The well-known quenching that arises from energy transfer between the Eu3+ lu-
minescent centres was observed for the Eu concentration of 16 mol%. These values are close to 
the ones reported by H. Huang et al. [124] in comparison with the optimum Eu concentration 
values of 20 and 5 mol% reported by J. Kaszewski et al. [125] and Y. Kumar et al. [74], respec-
tively. 

 

Figure 6.13 (a) Excitation spectra and (b) emission spectra of ALD Y2O3:Eu thin films prepared with different Eu 
concentrations. The measurements were performed at room temperature. Adapted from Publication III. 

Figure 6.14a shows grazing incidence X-ray diffractograms for Y2O3:Eu with doping configu-
ration of 3:2 and ZnS thin films. The Y2O3:Eu XRD diffractogram shows that the main phase 
of the film is polycrystalline (randomly orientated) cubic (pattern number 00-041-1105; Ia3) 
with some traces of monoclinic phase (marked with asterisk). The grazing incidence XRD data 
of the ZnS sample show clearly that the sample is highly orientated as only the (002) reflection 
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is observed. The wide bump, between 45 and 60◦, most likely originates from the substrate. 
Further proof of the orientation was obtained by performing an in-plane measurement that 
probes the crystalline planes perpendicular to the surface normal as shown in Figure 6.14b. 
In-plane measurement showed only (hk0) family of planes meaning that (00l) planes are 
strongly orientated parallel to the surface. In Figure 6.14c, which shows the 2θ-ω measurement 
for the ZnS sample, the hump disappears, supporting the idea that it was originated from the 
substrate. 2θ-ω measurement shows a peak at 59.1◦ that reveals the (004) reflection related to 
the (002) intense reflection. The polycrystalline nature of these ALD Y2O3:Eu and ZnS thin film 
layers is advantageous for the fabrication of EL devices [83]. Furthermore, compared with 
other reported Y2O3:Eu electroluminescent devices [88,126,127], our low processing tempera-
ture of 300 ◦C offers the possibility of building devices on some temperature-resistant polymer 
flexible substrates [128].

Figure 6.14 (a) Grazing incidence XRD for Y2O3:Eu and ZnS samples grown by ALD on Si substrates, (*) marks 
traces of monoclinic phase. The Y2O3:Eu sample was prepared with a 3:2 cycle ratio. (b) XRD spectrum for the ZnS 
sample measured in in-plane measurement mode. (c) XRD spectrum for the ZnS sample in the 2θ-ω measurement 
mode. Adapted from Publication III.

6.3.3 Characterisation of red-emitting EL device

The present multi-layered red EL device was fabricated with an all-in-one growth step for the 
Al2O3 dielectric, ZnS, and Y2O3:Eu phosphor layers, by ALD. Figure 6.15a shows a photograph 
of a 3 × 5 mm2 red Y2O3:Eu/ZnS-based EL pixel under a sinusoidal excitation of 1 kHz meas-
ured at 280 Vrms for a maximum luminance of 40 cd/m2. The photograph was taken with a 
digital camera in automatic mode under normal room lighting. As seen in the photograph, 
high-purity red colour emission was achieved at those conditions. Figure 15b shows the elec-
troluminescence spectrum, at maximum luminance, of the Y2O3:Eu/ZnS EL device with a 3:2 
doping configuration ratio. The EL spectrum clearly shows the typical 5D0 → 7FJ (J = 0, 1, 2, 3, 
and 4) transitions in Eu3+ emission centres, with a sharp 5D0 → 7F2 line is located at 612 nm. In 
opposition to the photoluminescence spectrum, the electroluminescence spectrum shows a 
prominent 5D0 → 7F4 emission at 708 nm. This could be due to the lower sensitivity of the PL 
equipment in comparison with the EL equipment, since most photomultiplier tubes have lower 
sensitivity in the 5D0 → 7F4 transition region [10]. The 1931 CIE colour coordinates shown in 
Figure 15c were deduced from the EL spectrum in Figure 15b using OriginLab Chromaticity 
Diagram script. Thus, the obtained red colour emission corresponds to (x, y) values of (0.640, 
0.348).
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Figure 6.15 (a) Photograph of a 3 × 5 mm2 red Y2O3:Eu/ZnS-based EL pixel emitting an intensity of 40 cd/m2. The 
pixel was measured under normal room lighting. (b) Electroluminescence spectrum of the pixel shown in (a). (c) 
CIE 1931 chromatography diagram deduced from the spectrum in (b). Adapted from Publication III.

Luminance versus applied voltage characteristic (L-V) of the Y2O3:Eu/ZnS electrolumines-
cent device, shown in Figure 6.16a, was acquired with a sinusoidal excitation of 1 kHz. As men-
tioned previously, the maximum luminance was achieved at 40 cd/m2 for 280 Vrms. The 
threshold voltage of the device is not well-defined, but can be determined by the voltage value 
at 1 cd/m2, thus Vth = 180 Vrms. The maximum luminance could be significantly increased by 
further optimisation of the different device layers, i.e., optimisation of Y2O3:Eu and ZnS thick-
nesses and the dielectric layer (here a mere Al2O3 layer was used). Using multilayer structures, 
red and green Y2O3/Y2O2S-based electroluminescent devices with luminance up to 137 cd/m2

(at 150 Vrms) and 124 cd/m2 (at 300 Vrms), respectively, were reported by T. Suyama et al. 
[123] and K. Ohmi et al. [129]. While those values are higher than the ones we obtained for our 
devices, devices in [123,129], were measured under an excitation frequency of 5 kHz. Fre-
quency has been reported to significantly influence the electroluminescence emission inten-
sity. As an example, luminance values could be increased from 15 to 350 cd/m2 in CaY2S4:Eu 
electroluminescent devices by increasing the frequency from 50 Hz to 1 kHz [86].

Figure 6.16b shows Q–V characteristics of a ZnS/Y2O3:Eu EL device, measured at 40 Vrms 
above the threshold voltage and 1 kHz sinusoidal wave. The measured sense capacitor and total 
capacitance of the circuit were 171 nF and 6.24 nF, respectively. The input power density cal-
culated by multiplying the area of the graphic in Figure 6.16b to the applied frequency was 
determined to be 153 W/m2. Based on these values, an efficiency of 0.28 lm/W was calculated. 
The calculated efficiency for ZnS/Y2O3:Eu EL device is still lower than the 0.8 lm/W value re-
ported for the commercial ZnS:Mn EL device with red filter while measured at a frequency of 
60 Hz [81]. 

Figure 6.16 (a) Luminance versus the applied voltage and (b) charge–voltage (Q-V) characteristics for the 
Y2O3:Eu/ZnS electroluminescent device under a sinusoidal wave with a frequency of 1 kHz. Adapted from Publica-
tion III.
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In Figure 6.16b, the Q-V characteristic results in an elliptic shape, in opposition to the typical 
trapezoid shape where physical quantities such as threshold voltage, a threshold voltage of the 
phosphor layer, threshold charge density, and transferred charge density are well-defined [83]. 
The unusual elliptic shape of the Q-V curve can be explained by the multilayer structure of the 
ZnS/Y2O3:Eu EL device and the possible presence of leakage current in the phosphor layer. 
Moreover, the Q-V curve appears negatively biased when the ITO layer of the EL device is con-
nected to the power supply, and the top contact is connected to the sense capacitor in the Saw-
yer–Tower circuit, as shown in Figure 6.17a. However, when the connections are inverted (the 
top contact is connected to the power supply and the ITO layer is connected to the sense ca-
pacitor), the Q–V curve appears positively biased. This behaviour can be a consequence of the 
asymmetric structure of the ZnS/Y2O3:Eu EL device. Note that, each phosphor layer starts with 
the deposition of Y2O3 and finishes with Eu2O3 making ZnS surrounded on one side by Y2O3 
and the other by Eu2O3 as shown in Figure 6.17a. As a result, this structural asymmetry might 
favour larger charge accumulation in one of the interfaces. 

The Q–V characteristics could be reproduced by simulating the equivalent circuit (Figure 
6.17b) of the EL device in the Sawyer–Tower circuit. Figure 6.17c shows the simulation results 
of two different scenarios: (i) in red, where the Sawyer–Tower circuit has the EL device with 
the ITO layer connected to the power supply and the top contact connected to the sense capac-
itor, as depicted in Figure 6.17a; and (ii) in blue, where the data were simulated with the top 
contact connected to the power supply and the ITO layer to the sense capacitor. This simulation 
requires high voltages and one Zener diode (related to the ZnS/Y2O3 or Eu2O3/ZnS interfaces) 
with a higher threshold voltage than its counterpart. The simulation in Figure 6.17c matches 
Figure 6.17b when the Zener diode DZnS/Y2O3, which is related to the ZnS/Y2O3 interface, has a 
larger breakdown voltage than DEu2O3/ZnS. 
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Figure 6.17 (a) Upside down representation of the 2D schematic of the Y2O3:Eu/ZnS EL device connected in a 
Sawyer-Tower circuit schematic with an amplification scheme of the ZnS layer and its surroundings. (b) Equiv-
alent circuit of the Y2O3:Eu/ZnS EL device. (c) Simulated Q-V characteristics when (red) ITO is connected to 
the power supply and the top contact is connected to the sense capacitor; and (blue) ITO is connected to the 
sense capacitor and the top contact is connected to the power supply. Adapted from Publication III.
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7. Summary and outlook 

The main motivation of this thesis was to develop and study novel inorganic phosphors, fabri-
cated with the ALD method. In this work, ALD was essential in promoting and engineering 
new physical properties in well-known phosphor materials. Therefore, ALD was used as an 
effective way to control the anionic environment surrounding luminescent centres of the inor-
ganic thin films. To the authors knowledge, this was the first time that the ability to shift the 
peak emission of a phosphor or even change the oxidation state of a luminescent centre using 
anionic control through ALD method was demonstrated. Eu was used as a luminescent centre 
throughout this work due the strong luminescent emission, especially in the red spectral re-
gion. The environmental sensitive luminescent properties of Eu ions were a useful resource to 
evaluate the anionic surroundings of the luminescent centre. 

In this thesis, it was shown that the inclusion of Eu together with oxygen as a dopant in the 
CaS matrix reduces the overall crystal-field strength, which leads to blue-shifted emission by 
21.2 nm in comparison to the CaS:Eu sample. The peak emission is found at 625.8 nm for 
CaS:EuO, i.e., when Eu(thd)3 is grown in a CaS matrix by reacting with O3 using the 
O3/Eu(thd)3/O3/Eu(thd)3/O3 pulse sequence. Whereas, when Eu(thd)3 reacts to H2S in an 
Eu(thd)3/H2S/Eu(thd)3/H2S pulse sequence in a CaS matrix, Eu2+ ion shows the typical emis-
sion at around 647 nm. Additionally, structural and chemical compositions of both CaS:Eu and 
CaS:EuO thin films were also correlated with the emission properties. In comparison to the 
CaS:Eu sample, the weaker emission observed in the CaS:EuO sample could be associated with 
the larger number of structural defects related to the lower crystallinity level, and higher con-
centration of C and H impurities, originated from the weaker reactivity between Eu(thd)3 and 
O3.  

Additional studies on the ability to control the anionic environment surrounding Eu lumi-
nescent centres were carried out by fabricating Y2O3−xSx:Eu thin films. In this work, Eu was 
grown as a dopant in Y2O3−xSx by reacting with either O3 or H2S. The use of Eu(thd)3 in com-
bination with H2S led to films with a crystalline structure and sulfide compounds. While in 
films where Eu(thd)3 reacted with O3, amorphous films were obtained and the presence of 
Y2(SO4)3 compounds was detected. Moreover, samples where the Eu(thd)3/O3 sequence was 
used showed red/pink emission. The colour indicates that the Eu ion was present in the 
Y2O3−xSx matrix in its trivalent state. However, violet/blue emission was obtained in samples 
developed with Eu(thd)3/H2S pulse sequence, indicating that the Eu ion was in its divalent 
form. These results indicate that the Eu oxidation state can be controlled using ALD as a fab-
rication method. 

One of the possible applications for the previously mentioned red phosphors is their integra-
tion in optoelectronic components, such as EL devices. Therefore, using a similar recipe as the 
previous Y2O3−xSx:Eu study, a red Y2O3:Eu-based EL device was developed. The EL device was 
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assembled using an all-in-one growth step for the Al2O3 dielectric, ZnS, and Y2O3:Eu phosphor 
layers. All films were grown at 300 °C. This relatively low temperature favours this device in-
tegration with temperature-resistant polymer flexible substrates. The emission of the phos-
phor layers was optimised by changing the Eu doping level in Y2O3 matrix. Y2O3:Eu films shown 
the highest emission intensity when fabricated with supercycles based on 3 ALD cycles of Y2O3 
followed by 2 ALD cycles of Eu2O3, i.e., doping configuration of 3:2. The EL measurements 
showed a bright red colour with a peak emission wavelength at 612 nm. A luminance up to 40 
cd/m2 and an efficiency of 0.28 lm/W were achieved. For the first time, an elliptical Q-V char-
acteristic from a multi-layered EL device was modelled.  

In conclusion, ALD was proven to be a great fabrication technique that will act as a gateway 
for the development of novel inorganic phosphor materials. This can be easily achieved by 
carefully planning the chemical reactions responsible for the growth of the luminescent centres 
and consequently, tuning the physical, chemical and electrooptical properties of thin films. In 
the next steps, it is expected that other lanthanide elements will be the subject of similar stud-
ies. For example, it will be particularly interesting to change the anionic environment sur-
rounding Ce ions. Furthermore, optoelectronic devices may be greatly optimised by employing 
anionic control by the ALD method. This is especially relevant in display applications, where a 
fine colour tuning may increase the available colour gamut. By employing the anionic control 
mentioned in this thesis, new red-emitting phosphors may be developed to solve the lack of 
efficient red EL monochromatic displays, in the near future. Furthermore, it is expected that 
the applications of ALD grown rare-earth elements will be expanded to many other photonic 
and optoelectronic applications (e.g., solar cells, lasers).  
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