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n Abstract

Today, phosphor materials have found many technological applications such as in electronic
information display, advertising, solid-state lighting, solar cells, theft prevention, medicine, data

storage, quality control, optical amplifiers, optical laser, scintillation, etc.

Crystal field determines the chemical nature of the optical center of a phosphor material.
Engineering the crystal field of the host matrix can lead to shifting of the wavelength ranges of
optical transitions, increasing the rates of radiative transitions and minimizing loss by nonradiative
decay and excited state absorption. These objectives can be accomplished by manipulating the unit
cell containing the optical center. The unit cell can be manipulated by changing its chemical
composition. By varying the molar ratio of La, Gd and Y in mixed LaxGdxSiOs or Laz-xYxSiOs
hosts, the unit cells of the host can be manipulated and hence tuning the crystal field strength.
These, to large extent, can influence the luminescence properties of Pr3* and Dy®" in these host

matrices and can lead to the generation of tunable colour and white light for LED application.

Phosphors are commercially available in powder form. However, for practical purposes, they must
be in thin film forms. Hence, we have prepared a series of powder and thin film phosphors. The
powder phosphors were prepared using solution combustion synthesis (SCS), before they were
deposited on Si(111) substrates using the pulsed laser deposition (PLD) technique. In our previous
report [1], we prepared La,«GdxSiOs:Dy** (x = 0, 0.5, 1, 1.5 and 2) powder phosphors in which
the International Commission of Illumination or CIE colour coordinates calculated from the
photoluminescence data showed tunable colour, from blue to yellow through white. A near white
emission was obtained from the sample when x = 0.5 (i.e. La1sGdosSiOs:Dy®"), therefore, we
chose to prepare the thin films using this sample. The thin films were deposited in different
atmospheres (vacuum, argon and oxygen), different deposition time and different deposition

temperatures. Effect of post-annealing on the properties of the films were studied.

We also prepared five sets of Lay«YxSiOs:Pr** (x =0, 0.5, 1, 1.5 and 2) powder phosphors. Here

we investigated how the molar ratio of the hosts (La:SiOs and Y2SiOs) affects the



photoluminescence properties of Pr®*. The luminescence of phosphors based on Pr3* doped
matrices showed a strong dependence on the crystal field of the host. When incorporated into hosts
with strong crystal field (e.g. La>SiOs or Y2SiOs), Pr3* gave green and red emission from P and
1D, levels of the 4f state respectively. The intensity of these emissions and the band gaps of the
phosphors varied with the molar ratio of La and Y. When Pr¥* was co-doped with Dy** in Lao-
«YxSiOs:Pr¥* (x =0, 0.5, 1, 1.5 and 2) hosts, it was observed that energy transfer from Pr3* to Dy**
was dependent on the molar ratio of La to Y and post-preparation annealing atmospheres (Ar-H:
and air). We also demonstrated that the emitted colour from Laz«YxSiOs:Pr¥* (x =0, 0.5, 1, 1.5
and 2) could be tuned by exciting the phosphors at different wavelengths. Finally, we used

integrating sphere method to determine the quantum yield of some of the phosphors.

The structure of the phosphors was analyzed using X-ray diffractometer (XRD). The morphologies
and chemical composition were analyzed using field emission scanning electron microscopy (FE-
SEM) and energy dispersive X-ray spectroscopy (EDS) respectively. Furthermore, X-ray
photoelectron spectroscopy (XPS) was used to analyze the chemical and electronic states and the
elemental composition of the phosphors. The distribution of molecular and atomic ionic species
on the surface region of the phosphors was analyzed using time-of-flight secondary ion mass
spectroscopy (ToF-SIMS). The diffuse reflectance, photoluminescence and cathodoluminescence
of the phosphors were also measured. Additional characterization techniques such as, atomic force
microscopy (AFM) and The Rutherford back scattering (RBS) were used to analyze the

topography and the composition and thickness of the thin film samples respectively.
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CH. Introduction

1

1.1. Phosphors

Phosphors materials, known for their ability to absorb and emit light (luminescence), are mainly
inorganic materials comprising of host lattice, which are purposely doped with impurity known as
dopants (activators). The host houses the dopants. In some case, both absorption and emission of
light in phosphors are observe from the host matrices and the activator [1]. However, most of the
host materials are inert but are transparent to the excitation radiation. The activators are mainly 3d
or 4f electron metals [2]. The concentration of the activator is mainly low because, at higher
concentrations, it causes decrease in the luminescence efficiency of the phosphor. This
phenomenon is known as concentration quenching [1]. In some cases, when the activator ion
shows weak emission, a second type of impurity ion (co-activator or co-dopant) called a sensitizer
is added, which absorbs the energy and subsequently transfer it to the activator resulting in
improved luminescence [1, 2]. The emission colour can be varied by choosing the appropriate
activator since each activator has a characteristic colour emission, but the host material may not

be changed [1]. Phosphors can be in either in the powder or thin film form [3].
1.1.1. Luminescence phenomena

During luminescence, a material absorbs an external radiation and an electron from an atom in the
material is promoted from the valence band (lower energy level) to the conduction band (higher
energy level) [4]. This is complimented with a release of energy in the form of light by the excited
electron via the luminescence center and returning to the valence band (ground state) (Fig. 1.1)
[5]. During luminescence, the maximum of the absorption (excitation) spectrum is usually observe
at a shorter wavelength (higher energy); while the maximum of the emission spectrum is observed
at a higher wavelength (lower energy). The difference between the maximum of the absorption

and the emission spectra is known as Stokes shift [6].
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Fig. 1.1: Simplified schematic of absorption and emission process from an atom in a material.

1.1.2. Luminescence center

Luminescence center is a point-lattice defect that is responsible for luminescence in a transparent
crystal. In crystalline phosphor, luminescence centers are lattice imperfections that exhibit
luminescence in the material [7]. These centers may originate from intrinsic crystal defects such
as interstitial atoms and ions or from intentionally incorporated activators. Interstitial atoms or ions
originate in a crystal when an atom or ion is displaced from their original position to a new position
and it form a point defect, leaving a vacancy defect behind [8]. Luminescence centers that
originate from the crystal defects are known as host-crystal center (intrinsic centers) [7, 9]; while
those that originate from the activator are called activator centers (extrinsic centers) [7, 10]. The
schematic diagram illustrating intrinsic and extrinsic luminescence centers is shown in Fig. 1(a).
When a crystalline material with intrinsic defect absorbs an incident radiation, electrons are
promoted from the valence band to the conduction band and positively charged holes are created
in the valence band [8]. The donor level “D” is occupied by positive defects, and the acceptor level
“A” level is occupied by negative defect within the material band gap (Fig. 1.2(a)) [11]. The
excited electrons in the conduction band are attracted by a coulombic force of attraction exerted

by the positively charged donor.
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Fig. 1.2: (a) Schematic diagram illustrating the energy levels of an intrinsic and extrinsic
luminescence centers, (b) emission spectrum of LaYSiOs:Dy** showing (1) an intrinsic emission,

(2) extrinsic emission.




Similarly, the holes in valence band are attracted by the negative charge of the acceptor level. Due
to the low binding energy of the electrons bound donor and the hole bound acceptor levels, both
levels exist shortly at room temperature, and the electrons and the holes recombine and release
energy in the form of photons [12]. As mentioned previously, extrinsic centers are normally
incorporated into the host lattice purposely. Trivalent dysprosium (Dy**) is used as an example of
an activator (intrinsic center) in Fig. 1.2(a). When excited host electrons relaxes from the
conduction band to the energy level of the activator, energy is transferred from the host ions to the
activator ions. The activator ion further relax to a lower energy and release energy in the form of
photon [13]. It should be noted that direct excitation of activator ions from a lower energy to a

higher energy level will also yield luminescence [14].

Fig. 1.2(b) shows a typical example of photoluminescence emission spectrum consisting of
intrinsic and extrinsic luminescence emission spectrum. The spectrum was obtained from
photoluminescence measurement of lanthanum yttrium oxyorthosilicate doped trivalent
dysprosium (LaY SiOs:Dy*") under the excitation wavelength of 325 nm [15]. The band originating
from the intrinsic centers (the broad band with maximum around 415 nm in Fig. 1.2(b1)) is due to
self-trapped excitons (STE) in SiOz [15, 16]. The peaks originating from the extrinsic centers (Fig.
1.2(h2) are observed around 485, 573, 668, and 756 nm and they are assigned to the *Foz—°Hasy2,

*For2—>®H1zr2, *Fa—°Hasp, *Farz—>®Hi1/2 and *Fe—°Hap transitions of Dy**, respectively [15].
1.1.3. Classification of luminescence

Luminescence can be classified as fluorescence or phosphorescence based on the duration of the
emission. Fluorescence is known for a very short emission lifetime (10 ns), while phosphorescence
have longer lifetime (milliseconds to seconds) [17]. In addition, fluorescence is known for
temperature-independent decay, while phosphorescence exhibits temperature-dependent decay
[13].

The mechanism of fluorescence and phosphorescence can best be explained using the simplified
Jabtonski diagram [18] shown in Fig. 1.3. It comprises of singlet ground, first, second and n'"
energy states denoted by So, S1, S2 and Sy. Each energy state contains sub vibrational energy levels
denoted by 0, 1 and 2. When a phosphor material absorbs external radiation (photon), its electrons
can be excited from the ground state (So) to the higher vibrational levels of S or S2. Fluorescence
is observed when the excited electrons returns to the ground state (So) from the excited state (Sz or

4



S») after rapidly relaxing to the lowest vibrational level of the S; state (internal conversion, IC)
within 10 ns. Phosphorescence occurs when emission is observed from electrons in the S; state
after undergoing spin conversion (change in the original spin state) to the first triplet state Ti.
Phosphorescence emission are generally observed at lower energy (higher wavelength) relative to
the fluorescence emission. The conversion from S to the T; state is termed intersystem crossing
(ISC) [17]. Another type of luminescence is the steady-state fluorescence. This is a type of
spectroscopy where the intensity of the fluorescence emitted by molecules is excited by constant

illumination of light [19].
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Fig. 1.3: A simplified Jabtonski diagram showing fluorescence and phosphorescence mechanism.

Luminescence can also be classified based on the excitation source. Various types of luminescence

phenomenon and the excitation sources are listed in table 1.1.




Table. 1.1: Types of luminescence [20].

Phenomenon Mode of excitation

Photoluminescence (fluorescence Light (photon) absorption

and phosphorescence)

Cathodoluminescence Cathode rays (electron beams)
Radioluminescence lonizing radiation (X-rays, «, 8, and y and
rays)
Electroluminescence Electric field
Thermoluminescence Heating after pre-storage of energy (e.g.

radioactive irradiation)

Chemiluminescence Chemical processes (e.g. oxidation)
Sonoluminescence Ultrasounds

Triboluminescence Frictional and electric forces
Bioluminescence Biochemical processes

1.1.4. Application of phosphors

Today, phosphor materials have found many technological applications such as in electronic
information display, advertising, solid-state lighting [21], solar cells [22, 23], theft prevention [24,
25], medicine [26-29], data storage, quality control [30], optical amplifiers [31], optical laser [32,
33], scintillation [34-37], etc. Among all these applications, our focus in this section will be on
light emitting diodes (LEDS).

1.1.5. Light emitting diodes

LED belong to the family of solid-state lighting (SSL). In the recent years, LEDs have been the
preferred lighting sources for many lighting applications. This system of lighting is the most
matured technology in modern lighting applications, and may provide up to 50 % of lighting
solution by 2025 [38]. Compare to other sources of lighting, LEDs have shown higher efficiency,
e.g., between 2012 and 2014, the efficiency of LED has improved from 60 to 100 lumens per watt.
However, the efficiency of compact fluorescent light (CFL) improved from 55 to 70 lumens per
watt, and that of incandescent bulbs improved from 13 to 18 lumens per watt [39]. Furthermore,




the efficiency of LED is expected to improve to 150 lumens per watt by 2020 [40]. A study carried
out for 25,000 h (Fig.1. 4) to compare cost saving of LED to incandescent bulb showed that about
$ 236 per bulb can be saved [41]. Other advantages of LED over compact fluorescent lights (CFL)

and incandescent bulbs are listed in table 1.2.

LED (11 Watt) INCANDESCENT (65 Watt)

Bulb Cost $10.00 $30.00 ($2.50 x 12 Bulbs)
MOTE: 65 watt incandescent bulbs cost $2.50 each. It takes 12 bulbs to replace one LED bulb,

Kilowatt Cost $44.00 $260.00
MNOTE: Based on a cost of 16 cents per kilowatt hour over the lifetime of an LED bulb (25,000 hours).

TOTAL COST $54.00 $290.00

MNOTE: That's a savings of $236 per bulb! Bulb replacement in multiple locations can also save an additional 20%
in air conditioning costs during the summer. Savings are based on an average daily bulb burn time of 5.4 hours.

TOTAL SAVINGS - Up to $236 per bulb

5290.00

Cost Savings Over 12 Years
$300 —

$241.67
$265.83

$225

$150

575

$0

1st 2nd 3rd 4th 5th ith Tth 8th ath 10th  11th  12th
Year  Year  Year  Year  Year  Year  Year  Year  Year Year  Year  'Year

I LED B Incandescent

Also - save over $164 when you replace a regular incandescent bulb with an LED. In-store rebate available.

Fig. 1.4: Cost savings of LED bulb vs incandescent bulb over 25, 000 h [41].




Table 1.2: Advantages of LED over compact fluorescent lights (CFL) and incandescent bulbs.

Features LED Incandescent CFL Ref.
Sensitivity to low None Some Yes - may not work [42]
temperature below
—12 °C or above 49 °C
Sensitivity to No Some Yes [42]
humidity
On/off cycle No effect Some Yes - can reduce the [42]
lifespan
Turn on instantly Yes Yes No — takes some time to  [42]
warm up
Durability Very durable —  Not very durable  Not very durable — glass [42]
can handle —glass or can break easily
bumping and filament can
jarring break easily
Heat emitted 3.6 KIJIh—-4% 90 KJ/h-100 % 32 KJ/h-35% [42]
Failure Not typical Some Yes — can catch fire, [42]
smoke, or emit odour

CO2 emission 205 Kalyr. 2041.2 Kglyr. 477 Kalyr. [43]
(30 bulbs per year)

Mercury No No Yes [43]

light output 100 Im/ W 18 Im/W 70 Im/' W [39]

(lumen)/Power(Watt)
Lifespan 15,000 h+ 1,100 h 8,000 h [44]

1.1.6. Applications of LEDs

Nowadays, LEDs are the lighting solution for general lighting applications. They have shown
advantages such as low power consumption, durability, the possibility of direct mounting on circuit
boards, mercury-free composition and brightness over other light sources [45]. LEDs have found

applications in every area of life. Some of the fascinating possibilities offered by LEDs include;




indoors and outdoors applications, decorative and functional uses, signs, display applications,

electronic backlighting, etc. [45-47]. Some of these applications are shown in Fig. 1.5.

LED

Applications

Mobile appllances

/ \ PC backlighting

Indoor and outdoor Automotives
lighting

Fig. 1.5: Different applications of LEDs.

1.1.7. Different approaches of generating white light in LED
White LEDs can be generated through four different set-ups, namely:

(1) Mixed coloured white LED: In this set-up, three LED emitting red, green and blue are
combined in a single device to generate white light through colour addition (Fig. 1.6(a)).

Phosphors are not required in this type of set-up [48].




(2) UV-pumped triple-doped phosphor (RGB-phosphors): This arrangement involves the
excitation of tripled-doped phosphors which emit red, green and blue (RGB) light with ultraviolet
(UV) LED (Fig. 1.6(b)) [49]. Since human eyes are not sensitive to UV-light [50], combination
of the RGB light give white light.

(3) UV-pumped blue and yellow emitting phosphor: This is similar to the arrangement in “2”
above. However, in this case, blue and yellow emitting phosphors are excited using UV-emitting
LED (Fig. 1.6(c)) [48].

(4) Yellow phosphor converted white light: This arrangement involves the excitation of a yellow
emitting phosphor using blue LED. When the phosphor is excited, part of the blue light will be
absorbed while some will contribute to the blue component of the white light [48, 49] (Fig.
1.6(0)).

(b)

Fig. 1.6: Four arrangement for generating white light in LEDs: (a) RGB LEDs, (b) UV LED +
RGB phosphors, (c) UV LED + blue and yellow phosphors, (d) Blue LED + yellow phosphor.
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1.2. Problem statement

Energy management is very crucial for economic growth of a nation. Excessive energy bills will
not only lead to energy shortage but will also harm the standard of living and socio-economic
development. To a large extent, excessive energy consumption will affect the price of commodities
(e.g. cloths, water, food etc.). Fixing the global energy crisis is not just about generation of more
electricity. However, more focus should be on management of energy. The department of energy
study United State of America in 2002 reported that the use of solid-state lighting such as white
light LEDs would reduce the amount of carbon dioxide emission by 258 million tons and reduce
the need for new power stations by 133 for the period of over 20 years. They also reported that the
use of LEDs in place of filament light could decrease energy usage for lighting by 50% and at the

same time providing better quality lighting [51].

Research has shown that the price of LEDs across Europe have decreased by 80 - 90 % between
2010 and 2016 [52]. This is because of immense amount of research input in this area for the past
years. However, the price of LED is currently eight times higher than incandescent lamp and four
times higher than CFL [53].

The demand for white light emitting applications in household and industries has led an endless
quest to producing white light that will be cheaper, less energy consuming, more efficient and
brighter. In contribution to this quest, we aim to prepare set of powder and thin film phosphors
that can emit tunable colour and with light for LED application using cheap material and cheap
synthesis method.

1.3. Objectives of the study

R2SiOs (R2 = La, Gd, Y) doped rare earth elements, has shown wide band gap, fast decay time,
high quantum efficiency, high density and minimal self-absorption [54]. The quantum efficiency
of some R2SiOs is twice that of bismuth germanium oxide (BGO), and their lifetime is about five
times smaller than that of BGO [55, 56]. They are good luminescence hosts for rare-earth dopant
ions to prepare light emitting materials (phosphors) and their chemical stability is high [57].

Dy** doped matrices have found applications in white light emitting phosphors [58]. However, the
choice of host matrix plays important role in accomplishing this goal. Two major emission peaks

in Dy** doped matrices characterize Dy®*, namely: the bluish emission (observed around 485 nm,

11



*Farz— *Hispz transition of Dy**) and the yellowish emission (observed around 575 nm, *Foz— ®Haar
transition of Dy®"). The yellowish emission dominates the bluish emission in most Dy** doped
host matrices (with the ligand field at low symmetry). On the other hand, for host matrices with
the ligand field at the low symmetry, the bluish emission gives stronger emission. However, in a
case where the ligand field is situated in or very close to the inversion symmetry in the host matrix,
both the blue and yellow emissions give equivalent emission intensities, which can result to white

colour.

The luminescence of phosphors based on Pr* doped matrices shows a strong dependence on the
crystal field of the host. For a hosts with strong crystal field (e.g. La2SiOs, Y2SiOs or Gd,SiOs),
Pr3* give emission which the intensity can vary with crystal field in the visible range of the

spectrum [59].

Crystal field determines the chemical nature of the optical center of a phosphor material.
Engineering the crystal field of the host matrix can lead to shifting of the wavelength ranges of
optical transitions, increasing the rates of radiative transitions and minimizing loss by nonradiative
decay and excited state absorption. These objectives can be accomplished by manipulating the unit
cell containing the optical center. The unit cell can be manipulated by changing its chemical
composition [60].

By varying the molar ratio of La, Gd and Y in mixed La>xGdxSiOs, La>«YxSiOs or Gd2xYxSiOs
host, the unit cells of the host can be manipulated and hence tuning the crystal field strength. These
to large extent can influence the luminescence properties of Pr3* and Dy*" in these host matrices

and can lead to the generation of tunable emission.
To actualize these goals, we have designed this work in the following ways:

Y Prepare powder and thin film phosphors and characterize them with different techniques.
Y Deposit mixed lanthanum gadolinium oxyorthosilicate (LaosGd15SiOs) doped with 1
mol% Dy** powder phosphor on a Si (111) substrate using pulsed laser deposition (PLD)

technique.

€

Deposit the films in different atmosphere (Vacuum, Ar and O2)

€

Choose the atmosphere that give the best luminescence property, vary the deposition

temperature (substrate temperature), and study its effect on the properties of the thin film.
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Y Choose the films with the best luminescence properties and post-anneal them at high
temperature.

Y Prepare mixed lanthanum yttrium oxyorthosilicate (La2xYxSiOs, x = 0, 0.5, 1, 1.5 and 2)
doped with 1 mol% Pr3* powder phosphors. Study the how the change in molar ratio of La
and Y effect the photoluminescence property of Pr3*,

Co-dope Pr3* and Dy*" in mixed Laz«YxSiOs (x =0, 0.5, 1, 1.5 and 2) hosts.

€

Post-anneal the aforementioned phosphors in different environments (air and (Ar-H)) and
study the influence on the properties of the phosphors.

Y Determine the quantum yield (QY) of some of the phosphors.
1.4. The makeup of the thesis chapters
Chapter 1: A brief introduction to phosphor and luminescence mechanisms were discussed.

Chapter 2: This chapter focused on the synthesis methods used to prepare the powder and the thin
film samples.

Chapter 3: In this chapter, we discussed the characterization techniques we used to characterize
our samples.

Chapter 4: Studied the effect of deposition atmospheres, substrate temperatures, and deposition
time on the properties of Laos5Gd15SiOs:Dy** thin films.

Chapter 5: Studied the effect of post-annealing temperature on the properties of Lag 5Gd1 5SiOs:Dy®*
thin films.

Chapter 6: The influence of variation of the molar ratio of La and Y in Lax«xYxSiOs (x =0, 0.5, 1,

1.5 and 2) hosts on the photoluminescence properties of Pre*.

Chapter 7: The photoluminescence properties of co-doped Pr3* and Dy®* in LazxYxSiOs (x = 0, 0.5,
1, 1.5 and 2) hosts.

Chapter 8: The influence of post-annealing atmospheres on the photoluminescence properties of
co-doped Pr¥* and Dy®* in Laz«xYxSiOs (x =0, 0.5, 1, 1.5 and 2) hosts.

Chapter 9: How to determine the QY of a phosphor using La,xGdxSiOs (x =0, 0.5, 1, 1.5 and 2)
doped Dy** as example.
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Chapter 10: Summary, future works, list of publications and conferences.
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CH. Materials and sample preparation

2 techniques

2.1. Introduction

This chapter give some insight into the materials used in this thesis. The properties of the host
materials (lanthanum, gadolinium and yttrium oxyorthosilicates) were discussed. We also looked
at some important properties of the dopants (activators). Finally, the methods used for the synthesis
of the powders and the thin films samples were discussed.

2.2. Rare earth oxyorthosilicates

Rare-earth oxyorthosilicate (R2SiOs) are created from binary rare-earth silicate (R203-SiO2)
system with 1:1 composition. Base on the size of the radius of the rare-earth ion, they can be
classified into two groups of monoclinic structures namely, the small (La-Tb) and large (Dy-Lu,
Y, Sc) ionic radius rare-earth ions. Lanthanum oxyorthosilicate (La>SiOs) and gadolinium
oxyorthosilicate (Gd2SiOs) belong to the small ionic radius rare-earth ions, while yttrium
oxyorthosilicate (Y2SiOs) belong to the large ionic radius rare-earth ions in rare-earth
oxyorthosilicates crystals. R2SiOs can also be classified base on their crystal structures as
monoclinic crystallographic point group with space group P21/c and 12/a [1-4], and monoclinic
crystallographic point group with space group C2/c and B2/b. The space groups P21/c and C2/c
are the low temperature (X1) phase, while the space groups 12/a and B2/b are the high temperature
(X2) phase. La>SiOs and Gd2SiOs belong to the P21/c and 12/a space group, while Y>SiOs belong
to the C2/c and B2/b space group. In the low temperature phase, R2SiOs have two non-equivalent
crystallographic sites R1 and R2 coordinated by nine and seven oxygen atoms, respectively (Fio.
2.1(a)) [1-4]. In the high temperature phase however, seven and six oxygen atoms coordinates the
two sites (R1 and R2, using Y2SiOs as an example in Fig. 2.1(b)), respectively. In each phase, a
tetrahedra Si (SiOg) links the two R sites [5]. A phase transformation temperature of 1190 °C and
1250 °C from X1 to X2 phase have been reported for Y»SiOs [1, 6]. The lattice parameters of
La>SiOs, Gd2SiOs and Y2SiOs are listed in table 2.1.
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Fig. 2.1: Crystal structure of R2SiOs in the (a) X1 phase, (b) X2 phase.

Table 2.1: Lattice parameters of La,SiOs, Gd2SiOs and Y2SiOs.

R.SiOs  a(m) b(mm) c(m) SO V (nm®)  lonic radius (nm) Ref.
R1 R2

La:SiOs  0.93329 0.75087 0.70337 108.675 0.4669 0.1216  0.110 [7]
Gd.SiOs 0.91105 0.69783 0.68544 107.141 0.4164 0.1107 0.100 [7-9]
Y2SiOs 144300 1.04100 0.67330 122.130 0.3974 0.0960  0.090 [7, 1]
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These crystals have demonstrated excellent properties like wide band gap, fast decay time, high
quantum efficiency, high density and minimal self-absorption and also possess great ability to
accommodate rare-earth ions [10]. They have been used as host to prepare light emitting materials
or phosphors for different applications [11-17]. In rare earth oxyorthosilicates (R203-SiO3), SiO2

can give broad blue emission from self-trapped excitons (STE) [18, 19].

2.3. Praseodymium

Praseodymium with the atomic number 59, atomic weight 140.91 g.mol?, represented by the
chemical formula Pr is the second element in the lanthanide series and it is a rare earth element. It
was discovered in 1885 by an Austrian Chemist Baron Carl Auer von Welsbach [20]. Some of the
properties of Pr are shown in table 2.2. The electronic configuration of Pr is (1s)? (2s)? (2p)® (3s)?
(3p)® (3d)1° (4s)? (4p)® (4d)1° (5s)? (5p)° (4f)? (5d)* (65)? normally written as [Xe]4f25d6s?

Table 2.2: Properties of praseodymium.

Colour silvery-yellow
Structure Hexagonal
Density 6.80 g/cm?® at 20 °C

Melting point | 935 °C

Boiling point | 3130 °C

State Solid

Solubility Soluble in dilute acids
Atomic radius | 0.182 nm

lonic radius 0.101 nm

, showing that it has 2 valence 4f electrons. The 4f electrons have orbital quantum number | =3 (I

=0,1,2,3... also represented as S, p, d, f... shells) [21]. The magnetic quantum number m, takes
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value from —I...0...I and spin angular momentum (S) takes the value of 1/2 X the number of
unpaired electrons. The two valence 4f electrons of Pr are all spin up as shown in table 2.3. Hence
the maximum value of S = 1/2 x 2 = 1 and the maximum value of L = +2 +3 = 5. Since the shell
is less than half filled, the total angular momentum is given by, J = L — S, which gives the total

value of 4 and the spin multiplicity given by (2S+1) is 3.
Table 2.3: Electronic spins of Pr3*,

mi T l
3 ° -

According to the spectroscopic notation, L, S and J system is written as ¢5*9 L;, where L, which
is represented as S, P, D, F, G, H ... corresponds to L =0, 1, 2, 3, 4, 5... In general, the ground
state of Pr can be written as 3Ha, which further splits into *Hs, and 3He sub-levels according to

3H;41. Pr can exist in trivalent (Pr3*) or tetravalent (Pr*) state.

It is well known that the 4f" — 4{" electronic transitions are parity forbidden and that these
transitions are forced by the mixing of the crystal field configuration. Hence, they appears to be
weak and sharp. On the contrary, the interconfigurational 4f"15d — 4f" transitions are parity-
allowed and they are known for short lifetime and their emission bands appears broad with high
intensity and are observed in the UV region [22-26]. In Pr¥*-doped matrices, both the 4f" — 4f"
and 4f" — 415 transitions exists depending on the host matrix and the position of the 1So energy
level of the 4f2 electronic configuration with respect to the 4f'5d electronic configuration [27].
Therefore, the emission spectra of Pri*-doped matrices shows strong dependence on the host
lattice. In other words, they depend on the site symmetry and the crystal field strength of the host.
When doped into host lattice such as YFs, which exert weak crystal field on Pr3* ions, the crystal
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field component of the 4f'5d electronic configuration is located energetically above the 1S level
of the 4f state (Fig. 2.2) [28]. The emission spectra of Pr®* in the UV region shows broad band
when doped into host lattices with crystal field strong enough such that the lowest crystal field
component of the 4f'5d electronic configuration is situated below the Sg state [29]. The five
transitions observed between 4f'5d and 4f? electronic configurations (°Hs, 3Hs, ®Hs, °F2 and 3F3)
are located in the UV-B and UV-C range. When Pr* is doped into a host lattice with very strong
crystal field such as YAG, the 4f'5d — 4f2 transitions are situated in the UV-A region. In this case,
the lowest crystal field component of the 4f15d configuration is situated very close to the 3P; levels,
which lead to the population of the 4f states. As a result, electronic transitions from the 3Py levels

to the 3H; and 3F; states of Pr3* are observed in the visible region.
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Fig. 2.2: Energy level scheme of Pr* [30].

Pr3* doped matrices have found applications in laser [31-36] - because most of its transitions have

the ability to produce stimulated emission, thermographic phosphor for planar gas phase
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thermometry [37], white light from the 3Po—®Has6and *D2—>Hs transitions [38], scintillators [39]

information processing and all-optical network [40] and as an up-conversion material [41].

2.4. Dysprosium

A French chemist Paul Emile Lecoq de Boisbaudran discovered dysprosium in 1886. It is the tenth
element in the lanthanide series and it is a rare-earth metal with chemical symbol Dy [42]. The
electronic configuration of Dy is (1s)? (25)? (2p)® (3s)? (3p)® (4s)? (3d)° (4p)® (5s)? (4d)¥ (5p)°
(4f)9 (5d)! (65)?, often written as [Xe]4f5d16s%. Some of the properties of Dy are listed in table
2.4.

Table 2.4: Properties of Dy.

Atomic no 66

Atomic weight 162.50 g.mol*

Colour Silvery-white
Structure Hexagonal
Density 8.559 g/cm?®
Melting point 1441 °C
Boiling point 2560 °C
State Solid
Solubility Soluble in dilute acids

Atomic volume
Atomic radius

lonic radius

19. 032 cm®/g
0.1773 nm

0.0908 nm
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The outermost shell of Dy is 4f° showing that it has 9 valence f electrons. Hence, one can determine
the ground state of its 4f shell using Hund’s rules [43]. The orbital quantum number (I) for f
electronsis | =3 (1 =0, 1, 2, 3,... often denoted as s, p, d, f,... shells). The magnetic quantum
number (m;) takes values from —I...0...1. The spin angular momentum S is ¥2 multiplied by the
number of the unpaired electrons (5 from table 2.5) [21]. Hence, S have the maximum value of
5/2. From table 2.5, the orbital angular momentum (L) isL =-3-2-10+1 +2 +3 +2 +3 =5 and
the total angular momentum (J) = L + S (+ because the shell is more than half filled) is 15/2. J, L
and S are known as spectroscopic terms and is written as 51 L;, with (2S+1) representing the
spin multiplicity and L is normally denoted as (S, P, D, F, G, H...) and it takes value from 0, 1, 2,
3, 4.... In general, the state of any element can be written as @5*% L;. For Dy, (25+1)=6,L =5

and J = 15/2, hence @5*1) L= ®His2. Where H is the corresponding value of L, i.e. 5.

Table 2.5: Electronic spins of Dy®*.

m T l
3 o o
2 . o
1 o -
0 . -
1 o -
2 . -
3 o -

Four emission peaks in the visible region of the electromagnetic spectrum characterize the
luminescence spectrum of Dy** doped host matrices. These peaks are located around 485, 573,
668 and 756 nm and are ascribed to the *Fo,—°Hisp2, *Foro—°Husp, *Foro—°Hi1/12, and *Fero—®Harz
4f—4f transitions of Dy®" respectively [44]. However, the peaks at 485 nm (blue) and 573 nm
(yellow) are pronounced than the other two. The peak at 485 nm is magnetic dipole in nature
(hardly vary with its environment), while the peak at 573 nm is electric dipole in nature (easily
vary with its environment) [45]. When incorporated in most host matrix, the yellow emission of

Dy** normally dominate the blue emission i.e. in a host matrix where Dy*" ions are located at low
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symmetry (host matrix without inversion center). Examples of these type of host matrices are
LazSiOs, GdzSiOs, Y2SiOs [46], YVOs [47], CaszLaz(BOs3)s [48], ZANP glasses [49], CaMoOa
[50]. When incorporated into a host matrix with an inversion center (Dy** are located at the higher
symmetry), e.g. Cas(POa4)sF [51], PKAICaF glasses [52], PbF. glasses [53], the blue emission
becomes stronger than the yellow emission. In some other host materials, Dy** are incorporated in
or very close to the inversion symmetry, e.g. ZTFB glasses [54], BaY2ZnO5 [55], the intensity of
the blue and yellow emission becomes comparable. Eight peaks located around 294, 325, 349, 362,
387, 424, 454 and 474 nm characterize the absorption spectrum of Dy®* in Dy doped matrices.
These peaks are assigned to ®*Hisp—*Kaap, *Hisio—*Kasyz, °Pajz, ®H152—°P712, *Masyz, *H1s2—°Psy2,
®H 15011372, SH152—*G1172, *H1s2—*11512, and ®His;o—*For2 4f—4f excitation of Dy**, respectively
[44].

2.5. Combustion synthesis

Combustion is redox (red-ox = reduction-oxidation) reaction, or electron transfer process in which
the oxidizer gain an electron and increase in its oxidation state and the reducer lose an electron and
reduce in its oxidation state to form a product [56a, 57]. The reducing agent is said to be oxidized
and the oxidizing agent is said to be reduced. In general, the reducer is an element or a compound
that donates and the oxidizer is an element that gains electron during redox reaction [57]. Redox
reaction is illustrated schematically using Fig. 2.3. Oxidation involves the addition of oxygen or
any electronegative element (or nonmetals). Reduction involve addition of hydrogen or any

electropositive element (or metals). Typical example of redox reaction is shown in Eq. 2.1.
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Reducing Agent

~

e

A loses electrons

A is oxidized

Oxidizing Agent

B gains electrons

e

B is reduced

Fig. 2.3: Schematic illustration of redox reaction [57].

Reduction

| Y
Fe,0,+3CO — 2Fe+3C0,
T

Oxidation

2.1)

In Eq. 1.1, the iron (I11) oxide (Fe203) is the oxidizing agent and the carbon monoxide (CO) is
the reducing agent. The Fe.Oz donated oxygen to the CO. Some examples of oxidizing and

reducing agents are shown in table 2.6.

Table 2.6: Some oxidizing and reducing agents.

Oxidizing agents

Reducing agents

02
Os
F2
Br2

Ha
Fe
Zn
Li

During combustion synthesis (CS), redox reaction is use to produce inorganic solid materials
[56b]. CS is also known as self-propagation high temperature synthesis (SHS). It is an important
synthesis technique for preparation of advanced ceramics (structural and functional,

nanomaterials, alloys, composites, catalysts, and intermetallics. CS process is known for high
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activation energies, high exothermic reactions, and high reaction temperature (500 — 4000 K,
226.85 — 3726.85 °C) [56a].

2.5.1. Types of combustion synthesis

Depending on the state of the reactants (solid, liquid or gas), the adiabatic temperature, CS can be
classified as low-temperature combustion synthesis (LTCS) [58], self-propagation high
temperature synthesis (SHS) [59], volume combustion synthesis (VCS) (thermal explosion) [60],
emulsion combustion synthesis [61], sol-gel combustion synthesis [62], gel-combustion synthesis
[63], solid-state combustion (SSC) [64], solution combustion synthesis (SCS) [64], etc.

2.5.2. Modes of combustion synthesis

Combustion synthesis can be classified based on the rate of temperature increase and the duration
of combustion as, volume combustion synthesis (VCS) and self-propagating high-temperature
synthesis (SHS) [65-67]. In VCS mode, combustion takes place at very high rate (~600 °C/s),
attaining high temperature at a very short time (~10 s) [68]. It requires the sample to be heated
uniformly in a controllable manner until combustion reaction is ignited. VCS uses weak
exothermic reaction and the reaction occurs in the entire volume of the sample. It requires
preheating (~150 — 200 °C) before ignition [69]. In SHS however, combustion last longer [68].
Its initial exothermic reaction is ignited by an external heat source at a very high temperature (1000
— 3000 °C). Once ignited, the reaction propagates through the entire sample in a self-sustained
manner without any external energy source [69]. SHS mode are more energy saving compared to
the VCS mode.

Some advantages of combustion synthesis include:

High purity product.

Very low cost of production.

Can be used to produce any size or shape of particle.
Does not require sophisticated equipment.

It is time saving.

Low energy consumption.

< € € € € € <

High productivity.
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2.5.3. Solution combustion synthesis

SCS is a type of CS process where exothermic redox reactions in solutions is used for preparation
of samples. It uses self-sustaining reaction between metal salts such as nitrites, sulfates and oxides
as the oxidizing agents and fuels such as urea, glycine, sucrose, etc. are use as the reducing agents
[70]. Once ignited, a self-sustaining reaction between a fuel and an oxygen containing species can
generate enough heat to sustain the entire reaction [71]. In practices, SCS is achieved by dissolving
admixture of metal nitrates and fuel in distilled water, stir with a magnetic stirrer on a hot plate set
to certain temperature (about 100 °C) to obtain homogeneous mixture (Fig. 2.4). The solution is
transferred into a preheated (about 600 °C) muffle furnace, leading to evaporation of water, and
followed by self-ignition of the reactants. Subsequently, crispy crystalline product is formed,

which can be ground to fine powder using agate mortar and pestle.
Some advantages of SCS include:

Fast reaction process.
Mixing of reactants at molecular level.
Products exhibits high purity due to vaporization of all volatile species.

Formation of nanocrystalline grains.

€ € € € €

Formation of complex oxides nanopowder for different applications.
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Magnetic stirring Homogenous solution \

Combustion taking place
inside the muffle furnace

Mixture

Ground powder inside an

agate mortar Crispy product

Fig. 2.4: Schematic diagram illustrating SCS process.

Some fuels and the corresponding metal salts used for SCS are listed in table 2.7. See Ref. [72] for

list of more fuels.

Table 2.7: Some of the fuels used for SCS.

Metal salts Fuels Ref.
NiFe204 U [73]
NiFe204 Gl [73]
NiFe204 Su [73]
NiFe204 Gly [73]

LaFeO3z/LaMnOs Ethy [68]
LaFeO3z/LaMnOs Gl [68]
ZrO; Gl [74]
LazSiOs U/AN [46]
Gd2SiOs U/AN [46]
Y2SiOs U/AN [46]
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ZrO; H [75]

CeO> H [75]

a-AlO3 H [75]
MAI,04(M = Ca, Mg, Zn, Ni) H [75]
LaMO3(M = Mn, Cr, Al) H [75]

U = urea, Gl = glycine, Su = sucrose, Gly = Glycerol, Ethy = ethylene glycol, AN = ammonium
nitrate, H = Hexamethylenetetramine.

2.6. Pulsed laser deposition (PLD)
2.6.1. Introduction

In 1962, Breech and Cross reported the first study on excitation and ionization in the vapor plume
of a surface vaporized using pulsed laser [76]. First laser deposition was performed in 1965 by
Smith and Turner using a pulsed ruby laser to deposit thin films in vacuum [77]. The films
however, were of inferior quality to the films obtained using techniques such as molecular beam
epitaxy and chemical vapor deposition. Nonetheless, in 1987, Dijkkamp et al [78] recorded a
major breakthrough when they laser-deposited Y Ba2CuzOy thin film with superior quality film than
films deposited using the alternative techniques. This process of deposition was termed Pulsed
Laser Deposition (PLD) [79, 80] or Laser Ablation Deposition (LAD). Defined as a “flash
evaporation” technique, in PLD, small volume of a material when heated to a high temperature
evaporates quickly such that the target material have the same composition as the deposit. Most of
the modern PLD systems uses excimer lasers [81, 82]. Since its invention, PLD has been used to
deposit varieties of complex oxides, nitrides, carbides, borides, semiconductors, insulators,

biological materials and polymer, metal composites [80, 83].
2.6.2. Mechanisms of PLD

In contrast to the simplicity of PLD system set-up, its principle involves a complex physical
phenomenon. It includes all the physical processes during laser-material interaction, formation of
plasma plume, transfer of the ablated material through the plasma plume unto the heated substrate
and the growth process. Hence, PLD process is divided into four stages:
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i.  The interaction of the laser beam with the target.
ii.  The dynamics of ablation of materials and plume formation.
iii.  The evaporation of the ablated materials onto the substrate.
Iv.  The nucleation and growth of a thin film on the surface of the substrate.

2.6.3. The interaction of the laser beam with the target

The laser beam is focused onto the surface of the target at an incidence angle of 45° (to avoid
spatial overlap between the plume and the incident laser) as shown in Fig. 2.5. On hitting the
surface of the target, the target absorbs the incident laser and it induces oscillations of the electrons
in the material by transferring of energy to the electrons. The energy absorbed per unit area by the
target material depend on the fluence of the laser (time integral of laser intensity over the pulse

duration).

Nd:YAG Laser *

Target / /,
Lens M:

Fig. 2.5: Schematic diagram illustrating the interaction of laser beam with the target.

Collision cascade created among the atoms in the material due to the absorbed incident laser energy
creates oscillation field. The oscillation of the electrons leads to electron excitations, which leads
to electron-lattice (ions) energy transfer. To eject an atom from the surface of the target material,
the energy delivered by the laser pulse to a single atom must be greater than the binding energy of
the atom [84]. At a sufficient energy density (at a very short pulse), the elemental species on the
surface of the target are heated to their evaporation temperature. This leads to a stoichiometrical
evaporation (pulsed-laser ablation) of materials from the surface of the target. The rate of ablation
is dependent on the laser fluence hitting the target. The intensity of the laser light impinging on
the surface of the target is defined by Lambert-Beer’s law [85] given as
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1) =1(x)@ """ (2.2)

where I(x) is the reduced intensity at an ablated-layer of thickness x below the surface of the
target, 1(x,) is the intensity just before the incident laser light hit the target material, and « is the
absorption coefficient of the target material. The attenuation length (8) (the optical penetration
depth) is defined as [86]

s-21 (2.3)

The a of any material is related to its refractive index (n) by [87]

o

4Arrk, 4nnk, (2.4)
A2

o =

where 4 = 2mc/w is the wavelength of the laser [84], ¢ the speed of light, w is the angular
frequency,k, = nk, is the absorption index and , is the attenuation index. Comparing Eq. (2.3)
and (2.4) shows that the & is directly proportional to the A (inversely proportional to energy of the
laser light) and inversely proportional to the n of the material.

2.6.4. The dynamics of ablation of materials and plume formation

Laser ablation has been analyzed based on thermal, mechanical, photophysical, photochemical and
defect models. In all these models, ablation was described based on the dominant mechanism. As
stated earlier, ablation process begins with single-phonon or multiphonon excitation in the
material. Instantaneous transformation of the excitation energy into heat changes the optical
properties of the material with increasing temperature. The increase in temperature of the surface
of the target material results in (thermal) material ablation (vaporization) with or without surface
melting [86b]. Depending on the target material and the laser wavelength, the ablation threshold
ranges from 0.1-1J/cm? [84]. Once the ablation threshold of the target material is reached, the
ionization of the target material induces plasma (plume) formation (Fig. 2.6), with stoichiometry
similar to the target. The plume is collected on a substrate (Fig. 2.6) placed at a short distance from
the target.
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Laser plume

Vacuum chamber

Fig. 2.6: Simplified schematic diagram illustrating PLD set-up.
2.6.5. The evaporation of the ablated materials onto the substrate

The evaporation of the plume onto the substrate plays a crucial rule on the quality of the thin film.
Different laser parameters such as the laser energy, pulse repetition rate, and number of pulses can
influence the energy of ejected species impinging on the substrate [88]. If the average intensity of
the laser beam exceeds the ionization threshold of the material, the target material can ionize early
in the laser pulse leading to a high density plume [14]. A very high density plume can induce
various type of damages to the substrate. Fig. 2.7 illustrates the mechanisms of interaction between
the incident plume flux and the substrate. The energetic incident plume sputters some atom from
the surface of the substrate. This creates a collision region (thermalized region) between the
incident plume and the sputtered atoms. This region serves as particle condensation source; hence,
film growth takes place after the formation of the thermalized region.
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 Substrate

Fig. 2.7: Schematic diagram illustrating the mechanism of interaction between the plume and the

substrate.
2.6.6. The nucleation and growth of a thin film on the surface of the substrate

During nucleation and growth stage of PLD, there is a transition from plasma (plume) phase to a
crystalline (solid) phase on the substrate surface. Crystalline thin films nucleation and growth
depends on several factors, namely, the laser energy, pulse repetition rate, density and degree of
ionization of the ablated material, substrate temperature, physico-chemical properties of the
substrate, and background pressure. However, the two major thermodynamic parameters involve
in the growth mechanism are the substrate temperature Ts, and the supersaturation S, that takes
place between the plasma and solid phase of the material during crystallization. These two
parameters are related by
(2.5)
S =kgT, In(R/Re)

where kg is the Boltzmann constant, R is the rate of deposition and Re is the equilibrium deposition
value at temperature T [89]. Eq. (2.5) shows that supersaturation varies directly with the substrate

temperature. A small value of supersaturation is characterized by large nuclei, which leads to
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creation of dispersed patches (islands) of the films on the surface of the substrate. At this low value
of the supersaturation, the inter-step distance between the islands increases and in turn the growing
surface becomes smooth [90]. As the number of the clusters impinging on the surface of the
substrate increases, the island density increases [91] and the nucleus of the islands shrinks to
atomic level as the supersaturation increases [89]. For a further increase in the supersaturation
value (at high substrate temperature) the islands emerges via coalescence phenomenon (which is
liquid-like for some cases) [91]. High supersaturation rate may be required to initiate nucleation.
However, a low supersaturation rate is needed at later stage to facilitate a single crystal film growth
[92]. The mean thickness t at which the growing and discontinuous thin film reaches continuity is

given by
t=AWYR)" exp(-JT,) (2.6)

where Ts is the substrate temperature, R is the deposition rate and A is a constant related to the

properties of the material [93].

Generally, there are three modes of thin film growth, namely, Island or Volmer—Weber mode,
Layer-by-layer or Frank—van der Merwe mode, and Layer plus island or Stranski—Krastanov mode.

2.6.6.1. Island or Volmer—Weber mode

An island growth occur when the cohesion between the atoms of the target material is greater than
the adhesion between the target atoms and the substrate. As a result, the adatoms are more bound
to each other than to the substrate, hence forming clusters [91]. This mode of growth is

characterized by three-dimensional (3D) islands (Fig. 2.8 (a)).
2.6.6.2. Layer-by-layer or Frank—van der Merwe mode

Layer-by-layer growth occur when the adhesion between the adatoms and the substrate is greater
than the cohesion between the adatoms. This mode of growth generally results to 2D growth with

the adatoms forming smooth monolayers on the surface of the substrate [94] (Fig. 2.8 (b)).
2.6.6.3. Layer plus island or Stranski—Krastanov mode

Layer plus island growth mode occurs when islands are formed after the formation of one or two
monolayers on the surface of the substrate (Fig. 2.8 (c)) [91].
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Fig. 2.8: Modes of thin film growth (a) Island (b) Layer-by-layer and (c) Layer plus island.
2.6.7. Advantages and disadvantages of PLD

Compared to other popular thin film deposition techniques, such as physical vapor deposition and
chemical vapor deposition (CVD), pulsed laser deposition (PLD) has shown some outstanding
advantages. In CVD, precursors are used as the starting material, while in PLD solid targets are
deposited on a substrate using laser ablation. In PLD, the rate of the film growth can be controlled
by changing background gas, adjusting the laser parameters, deposition time, substrate to target
distance, etc. [95]. Some of the major features of PLD are the transfer of the stoichiometry of the
target material deposited on the substrate, deposition at high temperature and high deposition rate

[88, 79]. Another advantage of PLD is that a very short time frame is required for deposition.

A major disadvantage of PLD is the non-uniformity of the particulate size across the surface of the
film. This non-uniform distribution of particulate size is due to the presence of molten material (up

to ~ 10 um) in the ablated material.
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CH. Characterization techniques

3.1. Introduction

This chapter gives brief description of the various characterization techniques used in this thesis.
These techniques includes X-ray diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS),
Time of Flight Secondary lon Mass Spectroscopy (Tof-SIMS), Scanning Electron Microscope
(SEM), Energy dispersive X-ray spectroscopy (EDS), Atomic Force Microscope (AFM),
Rutherford Backscattering Spectrometry (RBS), Ultraviolet-Visible Spectroscopy and

Photoluminescence Spectroscopy.
3.2. X-Ray Diffraction

X-ray diffraction (XRD) is a non-destructive analytical technique used for structural
characterization of crystalline compounds and for face identification. XRD technique based on the
principle Bragg’s law. Consider X-ray beam (I) with wavelength A1 incident on a perfect crystal
as shown in Fig. 3.1. If the incident and the reflected beam (R) meet Bragg’s condition [1], then

Bragg’s law is written as
nA =2dSing (3.1)

where n is the other of reflection and can take any positive integer, d is the interplanar spacing and

@ is the incident angle.
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Fig. 3.1: Schematic diagram of X-ray diffraction from the surface of a perfect crystal.

The experimental set-up for X-ray diffraction is made of tree basic components, namely, an X-ray
tube, a sample holder and an X-ray detector (Fig. 3.2). The X-rays tube contain a copper block
connected to anode and cathode made respectively of a metal and a tungsten filament. The copper
block is cool down using water. Electrons generated by heating up the tungsten filament (cathode)
are accelerated to the anode by applying a very high potential different between the anode and the
cathode. By bombarding the metal anode with these stream of electrons, characteristic X-rays are
produced (mainly CuKg and CuK, with wavelengths 1.39 and 1.54 A, respectively). The CuKg
radiation is absorbed using a Nickel filament, which absorbs below 1.54 A. This wavelength

(monochromatic X-ray) is use to excite the sample [2, 3].

In X-ray diffraction, X-ray tube, sample and detector arrangement is based on the Bragg-Brentano
geometry. This geometry can be in 8 — 6 or & — 26 configuration. The & — 8 configuration allows
the sample to be fixed at the center of the goniometer, and the X-ray source and the detector rotates
around a common axis located at the center of the goniometer. Here the sample lies on a horizontal
plane that forms vertical planes at angle 8 with both the X-ray source and the detector. The X-ray
source and the detector rotate at the same angular velocity enabling them to maintain equal angles
with the surface of the sample. With this condition, the reflected beam is captured once diffraction
occur at the Bragg angle. In the 8 — 26 configuration, the X-ray source is fixed at position forming
an angle @ with the non-stationary sample. Thus, the variation in the angle of the incident X-ray
beam is due to the sample’s movement. The sample rotate in the same axis with the detector but
the detector move at twice the speed of the sample, hence the diffraction angle 26, is always twice

the glancing angle, 6 [4].
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X-ray tube

Fig.3.2: Schematic diagram of an X-ray diffractometer.

3.3. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is an in-situ analytical technique for qualitative and
quantitative study of the elemental composition, oxidation state, chemical and electronic states of
elements in the surface region of a material. The standard laboratory energy source for XPS are
MgKa and AlKa with energies of 1253.3 and 1486.6 eV, respectively. XPS is based on the
principle of photoelectric effect [5]. An incident X-ray beam is used to eject characteristic
photoelectron from the core level (K shell) of an atom (Fig. 3.3), and a high sensitive analyzer is
used to determine the kinetic energy of the electron. The kinetic energy of the ejected photoelectron
gives information about its binding energy. The distribution of the binding energies gives
information on the chemical composition of the sample, since binding energies are characteristic
for each element. The binding energy of the photoelectron (Ej) is related to the kinetic energy of

the photoelectron measured by analyzer (E}) by
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Eg =hv-E, -9, (3.2)

where hv is the energy of primary X-ray beam, and ¢, is the work function of the analyzer. Eq.
(3.2) shows that the binding energy of the photoelectron is independent of the work function of
the specimen. Hence, once the Kkinetic energy is measured by the XPS spectrometer and the X-ray
energy and the work function of the analyzer are known, the binding energy of the photoelectron
can be determined. All XPS measurements are performed under ultra-high vacuum (UHV)
chamber (~10~*mbar).

Ejected Photoelectron
Incident X-ray ®
Y Vacuum Level A

Conduction Band

Fermi Level

Valence Rand

e o
Zp 1 L2, L3
2s L1
Is 9 K

Fig. 3.3: Schematic diagram of the XPS process, showing photo-ionization of an atom by the

ejection of a K electron.

A typical XPS set up is shown in a schematic diagram in Fig. 3.4. It is made of for components,
namely, a fixed energy X-ray source, electron energy analyzer to measure the energy of electrons
of the same energy, electron detector and a recorder. The angles a and 8 are the X-ray grazing-
incidence angle and the photoelectron emission angles, respectively, relative to the surface normal.
During XPS, the sample is rotated with respect to the entrance of the photoelectron analyzer to
maintain the surface sensitivity of the technique (photoelectrons are generated from 0-10 nm top
layers of the sample). The concentric hemispherical analyzer (CHA) filters the electrons that enters
into the detector with respect to their energies. The CHA consists of two entrance lenses (lens 1
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and lens 2) which focus the incoming electrons onto the entrance aperture, two hemispherical
electrodes held at negative voltage and an exit slit [6]. The lens system also retards the
photoelectrons to the pass energy (the retarding voltage applied at the entrance slit to slow the
electrons down so that they can be captured by the detector) of the analyzer. The pass energy is
the potential difference between the two hemispheres and it is fix (~10 to 100 eV). Only
photoelectrons with kinetic energy equal the pass energy are allowed to enter the analyzer. As
mentioned earlier, laboratory X-ray sources for XPS analysis are Al Ka (E = 1487 eV) and Mg Ka
(E = 1254 eV), hence, the emitted photoelectrons will have kinetic energies in the range of O -
1480 eV or 0 — 1250, respectively.

¢ with KE = pass energy 7~ ~_Hemispherical energy analyzer

Retarding voltage

-

" Outer Hemisphere-
Negative voltage (V1)

Entrance slit

' W.IunerHenu'spherical—
» Y- Negative voltage (V:)

Recorder

Sample

Computer system

Fig. 3.4: Schematic set-up of XPS system.

3.4. Time-of-Flight Secondary lon Mass Spectroscopy
Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) is based on the emission of
secondary ions from the surface of a material after impact on the surface by KeV energy pulsed

primary ion beam (Cs or micro-focused Ga) [7, 8]. Over 95% of the secondary ions emanate from

49



the outermost 1-2 layers of the sample, hence defining ToF-SIMS as a surface sensitive technique
[9]. Because of its surface sensitivity, TOF-SIMS has been used to characterize varieties of
conducting and non-conducting surfaces. Common applications include metals, semiconductors,
biomaterials, ceramics, lubricants, polymers, glasses, catalysts, pharmaceuticals, thin films and
paper [9]. ToF-SIMS is also applied in depth profiling. During ToF-SIMS depth profiling, a low
energy ion gun is operated in DC mode for sputtering with high depth resolution. Data acquisition
is accomplished using the same or a second ion gun operated in pulsed mode. Depth profiling by
ToF-SIMS allows monitoring of all species of interest simultaneously with high-mass resolution

to remove any interference [10].

The basic set-up for a ToF-SIMS experiment is shown in Fig. 3.5. The impinging primary ion
beam transfer energy and moment to the atoms in the sample. This results to collision cascade
within the atoms in the sample. These energetic interactions produces a cloud of atoms and
molecules among which some are ionized. The ionized particles of one polarity, atomic and
molecular secondary ions are accelerated by electric field through a 2 m field-free tube, where the
secondary ions are separated according to their mass-to-charge ratio (Eg. (3.3)) into a reflectron

type spectrometer.

?zZeEs(t/d)z (3.3)

where m is the mass, e is elementary charge, z is the number of elementary charges, s is the length
of the tube over which an extraction potential E = V/s is applied, t is time-of-flight, V is the applied
voltage and d is the length of the secondary ions trajectory tube. The spectrum obtained with each
primary ion pulse is collected and summed over many pulses (typically 105 — 107). Finally, the

spectrum is converted from a ‘time-0f-flight” scale into a mass scale via mass calibration using a

number of known secondary ions [11].

50



Reflectron

Secondary
ions

Secondary ions
trajectory

Detector
lon gun

Analyzer

Pulsing lens
Cs Source

Focusing lens

Rastering unit El Source

Electron flood
gun

—
Primary ion

econdary ion
beam

extractor

Fig. 3.5: Schematic set-up of Tol=-SIMS system.

3.5. Scanning Electron Microscope

Scanning electron microscope (SEM) is use to generate a high-magnified image of an object by
scanning a focused energetic electron beam across the surface of a sample and detecting the signal
that arise from different depths of the sample due to the interaction of the electron beam and the
object (Fig. 3.6) [12]. The signals generated include secondary ions, backscattered electrons,
characteristic X-ray, cathodoluminescence, absorbed current and transmitted electrons. This signal
gives information about the sample’s external morphology, chemical composition, crystalline

structure and the orientation of materials the sample is made of [12]. The secondary electrons are
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generated due to inelastic scattering process close to the surface layers (100 nm) of a sample,
hence, they have very low energy. SEM image is produce by the secondary electrons.
Backscattered electrons are generated due to electron reflected from the sample through elastic
scattering, hence, they have energy comparable to that of the incident electrons [13]. The intensity
of backscattered electrons are related to the atomic number of the sample, hence, backscattered
electron image can provide information about elemental distribution in the sample. Characteristic
X-ray are generated when electron from higher orbital fill the orbital of an electron removed from
the inner shell (K-shell) and emit energy (Fig. 3.7) [14]. Characteristic X-rays gives the
composition and abundance of elements in the sample. Energy dispersive X-ray spectrometer
(EDS) is used in SEM for detecting the characteristic X-rays that are generated and emitted from
the sample [15].

Primary electron beam

SIS

~ Auger electrons (~1 nm)

7 Secondary electrons (~10 nm)
Backscattered electrons (~ 400 nm)

Characteristic X-rays (~1-3 um)

Continuum X-rays (~ S pm)

Cathodoluminescence (~10 um)

Fig. 3.6: Hlustration of the interaction volume of an electron beam on a sample.
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Fig. 3.7: Generation of characteristic X-ray from a sample.

The schematic diagram of SEM system is shown in Fig. 3.8. It is composed of an electron gun, an
anode, set of lenses, sample stage and detectors. SEM operates in a very low vacuum pressure.
The electron gun uses Schottky field emission (strong electric field is used to pull electrons from
the atoms) to generate electrons with beam diameter in the order of 10—100 nm. The anode
accelerates the electrons with a typical voltage of 0.1-50 KeV. The condenser lenses further
narrowed the electron beam to the diameter of 1—10 nm before they arrive onto the surface of the
specimen with electron-probe current in the range of 10°—1022 A [16]. The objective lens is used
to finely scan the electron beam across the surface of the sample, by varying the potential
difference between the plates of the lens. The different detectors, secondary electron detector,
backscattered electron detector and the X-ray detector are used to detect the secondary electrons,

backscattered electrons and the characteristic X-rays, respectively.
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Fig. 3.8: Schematic diagram of SEM system.

3.6. Atomic Force Microscope

The atomic force microscope (AFM) belong to the family of scanning probe microscopes (SPMs).
Invented in 1982 by Binning and Rohrer [17], this family of microscopes uses a very sharp probe
to scan across a surface of a sample and the interactions between the probe and the surface of the
sample is used to generate a very high-resolution topographic image of the sample surface.
Depending on the technique and the sharpness of the tip of the probe, the resolution of a SPM can
be in the sub-nanometer scale. AFM uses a stylus probe, which on direct or indirect contact with
the surface of the sample produces a high-resolution three-dimensional topographic image of the
sample surface by measuring the repulsive and attractive forces that exist between the probe and
the sample surface.

Fig. 3.9 shows a schematic set-up of one of the models of AFM. It consist of three major
components, the AFM head and base stage, the high voltage electronics (HVE), and the digital
signal processor (DSP) and the data processing system.
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(i)

(i)

(iii)

The AFM head and base stage: The AFM head consists of the laser, cantilever, the
photodiode, the position mechanism for focusing the laser beam on the backside of the
cantilever and the photodiode (the beam splitter and the mirror respectively). It is also
comprises of an electronic device which processes the signal coming from the
photodiode [17].

The high voltage electronics (HVE): It amplifies the low signal coming from the
digital signal processor (DSP) to a high voltage (about 100 V) to derive the
piezoelectric scanner. The HVE also send the analog voltage signals from the
photodiode to the DSP.

The digital signal processor (DSP) and the data processing system: The DSP
processes the signals and calculate the real-time involve in AFM operation. It
transforms the digital signal coming from the computer to analog signals using the
digital to analog converter (DAC). It also converts the analog signal from the HVE to
digital signal using an analog to digital converter (ADC). Finally, the data processing

system uses a computer base software to run the whole set-up [18].

Beam splitter
Photodiode Mirror g

Laser

N

Piezoelectric
scanner

Tip

HVE Sample —=

]
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- System
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Fig. 3.9: Schematic diagram set-up of AFM technique.
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3.6.1. The principle of operation of the AFM

The light from the laser is focused on the backside of the cantilever by the beam splitter and the
mirror on the photodiode focuses the reflected light. Two piezoelectric scanners are used for the
movement of the cantilever and the sample. One scanner moves the cantilever up and down in the
Z-direction, while the other scanner moves the sample back and forth in the x- and y-direction.
The deflection of the cantilever with respect to the repulsive or attractive forces between the tip
and sample surface depend on the spring constant of the cantilever, and the distance between the
tip and the sample surface. As the tip approaches the surface, the attractive force between the tip
and the surface causes the cantilever to bend towards the surface. However, as the cantilever bends
closer to the surface, the increasingly repulsive force between the cantilever and the surface causes

the cantilever to bend away from the surface. This force, F can be described using Hooke’s law:
F =—kx (3.4)

where Kk is the cantilever spring constant and x is cantilever deflection [19]. The up and down
deflection of the cantilever changes the direction of the deflection of the laser beam, and hence
produces a change in the position of the laser spot on the photodiode. The photodiode is divided
into quadrant of different sensitivities. Depending on the position of the laser beam on the

photodiode, a corresponding analog voltage is recorded by the HVE.
3.6.2. Mode of operation

AFM operate in three different modes, namely, contact mode, non-contact mode and tapping
mode. In contact mode, the tip is brought into soft mechanical contact with the surface of the
sample [20]. Contact mode allows tip to either scans at a constant small height above the sample
surface or under a constant force. The cantilever deflection x is proportional to the force acting on
the tip according to Eq. (3.4). Contact mode allows fast scanning. However, its major disadvantage
is that the excessive tracking forces applied by the probe to the sample can cause damage on the
sample surface. In non-contact mode, there is no tip-sample interaction, but the probe operates
base on the attractive Van der Waals forces acting between the tip and the sample. Although, a
very low force is exerted on the sample in this mode, however, the image resolution is low. In

tapping (intermittent contact) made, the tip contacts with the sample surface intermittently, hence
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avoiding dragging the tip across the surface. Tapping mode overcomes problems associated with
friction, adhesion, electrostatic forces, etc. Tapping mode allows high resolution topographic

imaging of the sample surface; however, a slow scanning is required [21].
3.6.3. Applications of AFM

AFM have found application in: biochemistry for biological molecular structure imaging, cellular
components imaging and cell or tissues imaging; Chemistry, material science and nanotechnology
applications for polymer imaging, nanostructure and other material imaging; physics and
biophysics for measurement of forces between the probe tip and the sample surface [22].

3.7. Rutherford Backscattering Spectrometry

Rutherford backscattering spectrometry (RBS) is one of the analytical techniques used for
quantitative analysis of elemental composition, thickness and depth profiles of a solid sample near
the surface region (~2 ). RBS is based on the principles of Rutherford scattering [23]. In this
method of analysis, charged incident particles elastically scattered by the nuclei of the analyzed
sample are detected and their energies are analyzed. The amount of energy loss by the incident
particle during collision with the nuclei of the sample depends on the atomic number Z of each
element present in the sample.

3.7.1. Scattering fundamentals

Consider a flux of known particles (ions) of mass My, atomic number Z; and a given energy Eo,
focused on a sample containing particles of mass M2 and atomic number Z, as illustrated in Fig.
3.10. The force between the incident and the target nucleus is purely Coulombic, hence, some of
the impinging positively charged ions (+) would be repelled by the positively charged nucleus
according to the inverse square law [24]. This repulsive force causes the path of a scattered incident
particle to form a hyperbola. The scattering angle (0) is the angle between the asymptotes and the

hyperbola.
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Fig. 3.10: Collision between two positively charged particles.

In RBS, a monoenergetic “He* ion (a-particle) beam coming from an accelerator are focused on
the sample (Fig. 3.11). When the a-particle beam interact with the sample, some of the ions will
be elastically scattered by the surface atoms of the sample, while others will penetrate the sample.
The ions that penetrate the sample will lose some energy and will be backscattered at various
depths in the sample. The backscattered a-particles are detected and analyzed and a spectrum of
backscattered a-particles as a function of energy is obtained. Every information on the nature and
depth distribution of individual element present in the sample can be determined from the RBS

energy spectrum.

The ratio of the reduced energy of the incident particle (E1) after scattering and its energy before
scattering (Eo) is the kinematic factor K, which is related to the scattering angle by
2
E (Mf—Mfsin2 0)”2+Mlcose

—1:K:
E, M, +M,

(3.5)

where M is the mass of the incident a-particles and My is the mass of the target atom. According
to Eg. (3.5), when Eo is fixed, the energy of the backscattered particles (KEo) will depend only on
the nature of the atoms in the surface of the sample [25].
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Fig. 3.11: Schematic diagram showing the set-up of RBS technique.

3.8. Ultraviolet-Visible Spectroscopy

When a light beam is incident on the surface of an absorbing medium, three phenomenon occur,
reflection, absorption and transmission. As illustrated in Fig. 3.12, some of the light is reflected
from the surface of the material, while the rest of the light propagates through the material and is
transmitted at other side of the material. Absorption occurs in a material during propagation if the
frequency of the incident light is in resonance with the transition energies of the atoms in the
material [26]. The coefficient of transmission or transmissivity T is related to the coefficient of

reflection or reflectivity R and the absorption coefficient « by
T=01-R)’e™ (3.6)

where | is the thickness of the material.
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Fig. 3.12: Schematic diagram showing incident, reflected and transmittance light propagating

through an absorbing medium.

Ultraviolet-visible (UV-vis) spectroscopy is used for absorbance, reflectance and transmittance
measurement of materials [27]. As the name implies, UV-vis spectroscopy can be used to measure
the aforementioned properties of a material from the ultraviolet (UV) range (100 - 400 nm) and
the visible range (400 - 750 nm) of the electromagnetic spectrum. However, due to application
reasons, must of the techniques are designed to scan from 200 - 800 nm. From UV-vis
measurement, electrical and optical properties of a material can be determined. Absorbance mode
allows the measurement of the concentration of a substance in a liquid solution according to the
Beer-Lambert law [26]. In absorption spectroscopy, the intensities of a liquid sample placed
between a light source and a photodetector are compared before and after it passes through the
sample. The transmission spectroscopy is similar to the absorption spectroscopy, but it compares
the light that pass through the sample to the light that does not pass through the sample, and it can
be used for solid, liquid and gas samples [27]. Reflectance spectroscopy on the other hand can be

used for only solid samples.

The basic set-up of UV-vis spectrometer is depicted in Fig. 3.13. The monochromator transmits a
selected wavelength of light. The chopper controls the light path by alternating it between the
sample, shutter and blank [28]. By doing this, the chopper allows light to hit both the sample and
the reference at a small interval. The detector (photomultiplier tube, PMT) detects the intensity of
the light that pass through the reference (which suffer insignificant or no absorption) and the
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intensity of the light that pass through the sample. The ratio of these two signals are compared
using the signal processor and the output is displayed on the screen [29]. Most UV-vis
spectrometers uses two light sources. For instance, Lambda 950 UV-Vis spectrophotometer uses
a Deuterium lamp for short wavelength scan (190 - 370 nm) and a Tungsten Halogen lamp for
long wavelength (320 - 1100 nm) scan [30, 31].

Blank

Sample 9 Shutter
AL A Aha\.‘ Chup@ Sample Detector
| ‘ \ ;

Signal processor

Light source

-

Monochromator

M ir\

ror Detector

Reference

Fig. 3.13: Schematic diagram of a UV-vis spectrometer.

3.9. Photoluminescence Spectroscopy

Photoluminescence (PL) emission spectrum is obtained from photoluminescence spectrometer by
choosing a fixed excitation wavelength (often at the peak of the absorption spectrum) and scanning
the emission as a function of wavelength. The PL excitation spectrum is generated under the
inverse condition, i.e., the emission spectrum is fixed at the emission maximum and the excitation

source is scanned over the wavelength range of the absorption of the material [32].
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Fig. 3.14 shows the basic set-up of PL spectrometer. It comprises of two wavelength selectors

(monochromators). One wavelength selector selects the excitation wavelength from the light

source and other selects the emission wavelength from the sample after excitation [33]. The

common excitation sources are high-pressure Xe flash lamp with continuous emission spectrum

in the wavelength range of 160 - 2000 nm [34] or lasers with a monochromatic wavelength [35].

The detector is usually PMT.

Monochromator

/,}:1 A2 )\\3\\
ﬁ | x \
v ' \

- 1

Light source ~e

Signal processor

Sample

Excitation

Detector

. Emission

N -

Monochromator

Fig. 3.14: Schematic diagram of a photoluminescence spectrometer.
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c“ The influence of deposition atmosphere and substrate temperature
® | on the structure, morphology and photoluminescence of pulsed laser
4 deposited LaosGd15SiOs:Dy**

4.1. Introduction

Rare-earth oxyorthosilicates (R2SiOs) have generated interest in the past few years due to excellent
properties such as high density, high quantum efficiency, minimal self-absorption, wide band gap,
high stability and fast decay times [1]. These properties, combined with the ability to incorporate
substantial amount of luminescent rare earth ions have made R2SiOs exceptional host matrices to
rare-earth ions for numerous luminescence applications [2-8]. The structural properties of R2SiOs
have been studied extensively [9-12]. In an attempt to leverage the best qualities out of these
materials, researchers have mixed various compound rare-earth oxyorthosilicates [13-19]. For
instance, R2SiOs have two crystallographic sites [9-12], therefore mixing two R2SiOs is believed
to provide more sites in the crystal lattice to accommodate Dy** dopant ions. Furthermore, mixing
compound R2SiOs at different molar ratios can tune the properties of these materials. The growth
of cerium doped (Lu1xGdx)2SiOs changed the melting temperature, structure, density, optical
absorption edge and light yield of the material depending on the Lu/Gd molar ratio [20]. Gd1.go-
xYxCe0.01Si0s showed a similar structure as Ce:Gd»SiOs but the optical transmittance and the
luminescence intensities of Gd1.99-xYxCeo01SiOs (x = 0.0995, 0.199) were higher than those of
Ce:Gd,SiOs [21]. Also Dy**-doped (Lu1-xGdx)2SiOs (x = 0, 0.2, 0.6, 0.8 and 1) showed no change
in the structural, physical and optical properties of Lu>SiOs but the inhomogeneous broadening of

Dy?3* spectral band was observed due to structural disorder of the host [15].

Phosphors can be synthesized in either powder or thin film form. Many researchers [22-24] have
compared the properties of powder and thin film phosphors. Different methods have been used in
the deposition of thin films [25, 26]. Compared to other popular thin film deposition techniques,
such as physical vapor deposition (PVD) and chemical vapor deposition (CVD), pulsed laser
deposition (PLD) has shown some outstanding advantages. In CVD, precursors are used as the
starting material, while in PLD, solid targets are deposited on a substrate using laser ablation. In

PLD, the rate of the film growth can be controlled by changing background gas, adjusting the laser
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parameters, deposition time, substrate to target distance, etc. Some of the major features of PLD
are the transfer of the stoichiometry of the target material deposited on the substrate, deposition at
high temperature and high deposition rate [27, 28]. Since its invention in 1965 [29], the principles
of PLD have been vastly discussed by many authors [30, 31]. PLD has been applied successfully
in the deposition of different types of materials on thin films, such as complex oxides, polymer-

metal composites, nitrides, borides and carbides [30-32].

In this study, LaosGd15SiOs:Dy** phosphor thin films for possible application in UV-pumped
white light emitting diodes (LED) were deposited on Si (111) substrates using the PLD technique.
In our previous work, we prepared La,«GdxSiOs:Dy** (x =0, 0.5, 1.0, 1.5 and 2) phosphor powder
and the CIE colour coordinates calculated from the data obtained when the phosphors were excited
using a 325 nm He-Cd laser showed a tunable colour from blue to yellow through white [33]. A
near white light was obtained when x = 0.5 (i.e. LaosGd15SiOs:Dy*"), hence we chose to prepare

the thin film at this composition.
4.2. Experimental
4.2.1. Sample preparation:

A LaosGd15SiOs:Dy*" powder was prepared by urea and ammonium nitrate-assisted solution
combustion method as discussed in our previous work [13]. The phosphor powder was then
pressed using a hydraulic press to make a target for laser ablation. The target (pellet) was pre-
annealed in air using an oven at 250 °C for 3 hours to get remove moisture and other adsorbed
volatile substances. The silicon substrates (Si (111)) were cut into smaller sizes (2.5x2.5 cm?) and
were cleaned first using distilled water and subsequently immersed in a glass beaker containing
acetone and ethanol respectively placed in an ultrasonic bath for about 15 min. The cleaned
substrates were then blown-dry using nitrogen. The Si substrate was mounted on the substrate
holder that was 4.5 cm away from the target that was mounted on a rotatable target holder. The
deposition chamber was pumped down to a base pressure of 3.25x10° Torr. The laser energy and
the pulse repetition rate were fixed at 40 mJ and 10 Hz respectively. The films were deposited in
three different working atmospheres namely; vacuum, Ar and O,. The substrate temperature was
varied from 50 to 500 °C while the deposition time was 15, 30 and 50 min. The Nd:YAG
wavelength was set to 266 nm for all thin film depositions.
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4.2.2. Characterization:

The crystal structures of the films were analyzed using a Bruker D8-Advanced X-ray
diffractometer operating with a CuK, radiation source (A = 0.15406 nm). The chemical
composition and the thickness of the films were determined using Rutherford backscattering
spectroscopy (RBS). The RBS spectra were recorded when the films were bombarded with *He*
ions with irradiation energy of 2 MeV at a scattering angle of 165° and detector resolution was set
at 20 KeV. The pressure in the chamber was 3.87x 10~ mbar and the beam current was in the
range of 40-50 nA. SIMNRA program was used to perform the simulation to obtain best-fit curves
[34, 35]. The surface topography and particle morphology studies and the elemental analysis were
carried out using a Shimadzu SPM-9600 Scanning Probe Microscope and a JEOL JSM-7800F
field emission scanning electron microscope (FE-SEM) fitted with Oxford Aztec 350 X-Max80
energy-dispersive X-ray spectroscopy (EDS). The electronic and chemical states were investigated
using a PHI 5000 Versaprobe-scanning X-ray photoelectron spectroscopy (XPS). The
photoluminescence (PL) spectra were measured using a Cary Eclipse fluorescence

spectrophotometer with a 150 W xenon lamp as excitation source.
4.3. Results and discussion

Fig. 4.1(a) and (b) show the XRD patterns of LaosGd15SiOs:Dy*" thin films deposited in different
atmospheres (Ar, vacuum and O at a substrate temperature of 200 °C for 30 min) and at different
substrate temperatures (50, 200, 300, 400 and 500 °C) in O atmosphere for 30 min. From Fig.
4.1(a), it is clear that the films deposited in O and Ar were crystalline while the one deposited in
vacuum was amorphous. This could be due to the presence of more particles in the films deposited
in Oz and Ar when compared to the film deposited in vacuum (see Fig. 4.3). It is well known that
the characteristics of a thin film strongly depend on the pressure of the background gas during
PLD, since the ambient particles interact with the particles in the plume [36]. The collision between
the ambient gas atoms and the particles in the plume will decrease the kinetic energies of the
particles and hence increases the amount of time the particles stay in the plume. This gives the
particles enough time to nucleate, agglomerate and grow into bigger particles prior to their arrival
on the substrate [36, 37]. On the other hand, the particles ejected in vacuum moves freely and are
expected to have higher mean free path and thus they do not have enough time to nucleate. This

could explain why better films were obtained in O, and Ar when compared to vacuum atmosphere.
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Fig. 4.1(b) show the XRD pattern of LaosGd15SiOs:Dy** thin film deposited at different substrate
temperatures (50, 200, 300, 400 and 500 °C) in O atmosphere for 30 min. As can be seen from
Fig. 4.1(b), the crystallinity of the films increased with the increase in the substrate temperatures
with the samples deposited at 400 and 500 °C appearing to be more crystalline than the rest. The
XRD pattern showed only the (002) diffraction peak from Gd.SiOs and the (012) diffraction peak
from LazSiOs, indicating that LaosGd15SiOs:Dy** films have a preferred orientation [38]. The
Gd2SiOs and LaxSiOs peaks matched with the standard data referenced in JCPDS 74-1795 and 40-
0234 respectively. The XRD data clearly indicate that Gd>SiOs and La>SiOs combined to form
clusters of like materials, i.e. the mixing was not at the particle level to form a new compound
whose properties are independent of the two components. The higher intensity of the (002) peak
could be a result of the higher ratio of Gd2SiOs in the sample. The shift to the lower 26 value
observed in the diffraction peaks with increasing substrate temperature could be due to residual
stress emanating from a change of lattice parameters [38].

RBS is an important technique for the quantification of the chemical composition and the area
density (atom/cm?) of a thin film. The thickness of a thin film can also be determined using RBS
if the atomic density (g/cm®) of the compound is known [39]. The RBS spectra for the films
deposited in O at the substrate temperatures of 50 and 500 °C are shown respectively in Fig. 4.2(a)
and (b). No significant change was observed in the spectra. The peaks of La, Gd and Dy are located

around 1.7 MeV, while O, and Si peaks are located around 0.65 and 0.9 MeV, respectively.

In RBS, beams of charged atomic particles (*He* in our case) are used to probe thin films. The
ions are slowed down when traversing the thin film and the depth analysis of the material is based
on the energy lost by the probing particle [40]. The stopping power S can be defined in terms of
the amount of energy lost AE per unit distance Ax as

s _ AE (4.1)
AX

The distance Ax is the thickness of the film which we will denote by t. The stopping cross-section

e is defined as

. _AE (4.2)
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where N (atoms/cm?3) is the atomic density. Hence, the film thickness can be written as

(4.3)
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Fig. 4.1: The XRD pattern of LagsGd15SiOs:Dy** thin films, as a function of temperature, (a)
deposited in O (blue), vacuum (red) and Ar (black) at 200 °C for 30 min, (b) deposited at 50
(black), 200 (red), 300 (blue), 400 (green), and 500 °C (magenta) in O for 30 min.
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Fig. 4.2: RBS spectra of LaosGd15SiOs:Dy®* thin films deposited in Oz at substrate temperatures
of (a) 50 °C and (b) 500 °C. (c) Variation of film thickness with substrate temperature.

If the stopping power is in eV / cm, and the stopping cross-section is in eV’cm?/ 10'°atoms, then,
AE/ g Will be in 10% atoms/cm?. The density of LaosGd15SiOs:Dy** is 6.87 g/cm® and its atomic

density was determined to be 8.34x10% atoms/cm®. The values AE/¢ from the stimulated data are

737 and 1980x10'° atoms/cm? for the samples deposited in vacuum and Ar respectively. For the
samples deposited in O at the substrate temperatures of 50, 200, 300, 400 and 500 °C, the values
of AE/ewere 2610, 1610, 1810, 1610 and 1640x10® atoms/cm? respectively. Using Eq. (4.3), the

thicknesses of the films were determined and are shown in table 4.1. Fig. 4.2(c) shows how the
thickness of the films changed with substrate temperature. As can be seen, the thickness of the
films reduced sharply between the films deposited at the substrate temperatures of 50 and 200 °C

and afterwards, it started varying in no definite manner with the substrate temperature.
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Table 4.1: The thickness of the films and stoichiometry (ratio) of elements in
Lao 5Gd15Si0s: Dy,

Stoichiometry (at. %)

Deposition Substrate Thickness
atmosphere  temperature (°C) (um) La Gd Si @) Dy
Vacuum 200 0.88 0.036 0.192 0.015 0.764 0.013
Ar 200 2.37 0.036 0.320 0.015 0.796 0.011
02 50 3.13 0.035 0.199 0.015 0.764 0.011
02 200 1.93 0.036 0.290 0.015 0.764 0.013
02 300 2.17 0.045 0.330 0.015 0.764 0.011
02 400 1.93 0.045 0.380 0.015 0.764 0.011
02 500 1.96 0.043 0.370 0.015 0.764 0.011

Fig. 4.3 (a-c) shows the 3D-AFM images of the LagsGd15SiOs:Dy** films deposited respectively
in vacuum, Ar and Oz atmospheres. The films exhibit spherical particles with distinct number of
particles. The films deposited in O.and Ar contained the higher number of particles with the same
rms roughness value of 70.0 nm. The film deposited in vacuum contained the lowest number of
particles with rms roughness value of 18.8 nm. As mentioned earlier, films deposited in a
background gas are higher quality than films deposited in vacuum since the background gas
interact with the particles in the plume resulting in increased residence time to nucleate,

agglomerate and grow into bigger particles [36, 37].
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Fig. 4.3: The 3D-AFM images of LaosGd15SiOs:Dy** films deposited in, (a) vacuum, (b) Ar and
(c) O2 at 200 °C for 30 min.

Fig. 4.4(a-e) shows the 3D-AFM images of the surface of LagsGd15SiOs:Dy** films deposited in
O atmosphere for 30 min at 50, 200, 300, 400 and 500 °C substrate temperatures respectively. The
plot of the surface rms roughness values of the films as a function of substrate temperature is
shown in Fig. 4.5. The rms roughness value initially decreased with increase in the substrate
temperature, from 84.1 nm at 50 °C to 70.1 nm at 200 °C. However, at higher substrate
temperatures (300 and 400 °C) the rms roughness value increased to 72.3 nm and 77.7 nm
respectively, but decreased to 39.1 nm when the substrate temperature was increased to 500 °C. In
Fig. 4.4(a), the grain boundaries are indistinct and the surface of the film is highly coarse.

However, when the substrate temperature was increased, the adatoms began to form crystalline
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particulates with defined boundaries, making the surface of the films smoother. At 500°C, however,
the number of the adatoms decreased leading to decrease in the rms roughness value of the film.
At low substrate temperatures, the atoms diffuse on the surface of the film with low kinetic energy.
Thus, the adatoms have sufficient time to nucleate on the surface of the substrate along with some
mixed 3D growth, leading to indistinct boundaries and coarse surface. As the substrate temperature
is increased, the Kkinetic energy of the atoms on the surface of the film increases, and hence the
atoms can diffuse on the surface of the substrate and grow more crystalline grains with smoother
surface. At 500 °C, the kinetic energy of the atoms becomes very high leading to the deterioration

of the growth orientation of the grains [41].
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Fig. 4.4: The 3D-AFM images of LaosGd15SiOs:Dy** films deposited in O, for 30 min at, (a) 50,
(b) 200, (c) 300, (d) 400 and (e) 500 °C.
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Fig. 4.5: rms roughness values of LapsGd15SiOs:Dy** thin films deposited at different

temperatures.

Fig. 4.6(a-c) depicts the FE-SEM images of the surface morphology of the LaosGd15SiOsDy®*
films deposited in vacuum, Ar and O atmosphere respectively. The micrographs constitute
spherically shaped particulates with distinct sizes. The film deposited in vacuum contained the
lowest number of particles followed by the film deposited in Ar while the film deposited in Oz has
the highest number of particles. The FE-SEM results are in agreement with the AFM results and
the possible causes of the differences in the number of particles contained in each film is due to

their different deposition atmosphere as discussed in the AFM data.

Fig. 4.7(a-e) shows the FE-SEM images of LagsGd15SiOs:Dy** thin films deposited in an O
background atmosphere for 30 min, at substrate temperatures of 50, 200, 300, 400 and 500 °C
respectively. It is evident that the number of the particles deposited on the surface of the films
decreased with increasing substrate temperature. The factor behind this, as explained in the AFM
images, is that the adatoms possess low kinetic energy on arriving at the surface of the substrate at
the lower temperatures and hence they will have sufficient time to diffuse and orient. At high
temperatures, the Kinetic energy increases as they arrive on the surface of the substrate and they

collide with each other and re-evaporate [42].

The elemental composition of LaosGd1sSiOs:Dy** thin films were investigated using EDS. Fig.
4.8(a) and (b) 8x12 um EDS scan of LaosGd15SiOs:Dy** thin film deposited in O at the substrate
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Fig. 4.6: The FE-SEM images of LaosGd15SiOs:Dy*" films deposited at 200 °C for 30 min in, (a)
vacuum, (b) Ar, and (c) O..

temperatures of 50 and 500 °C respectively. Carbon (C) was probably coming from the
atmospheric hydrocarbons. La, Gd, Dy, Si and Oz were observed in the samples as expected. Low
count of Dy in the spectra is due to its low concentration in the samples. The inset in Fig. 4.8(2)
and (b) are the respective elemental maps. It can be seen from the map that all the elements were
evenly distributed on the surface of the films. Notice that the O, peak decreased at higher substrate
temperature. This may be due to the crystallization of the films at higher temperature leading to
desorption of the O species [43].
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Fig. 4.7: The FE-SEM images of LaosGd15SiOs:Dy** films deposited in O, for 30 min at
substrate temperatures of, (a) 50, (b) 200, (c) 300, (d) 400 and (e) 500 °C.
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The XPS technique was used to analyze the electronic and chemical states of the thin films and
the results are shown in Fig. 4.9 and 4.10. Fig. 4.9(a) shows the fitted O 1s XPS spectrum of
LagsGd15Si0s:Dy?* thin film. The five fitted peak at 529.3, 530.3, 531.0, 531.6 and 532.3 eV are
ascribed respectively to LaGdOgz, SiOx (X < 2), LaGdSiOs, SiO2 and SiOs. The LaGdOs peaks
comprise of the La,O3 and Gd203 peaks while the LaGdSiOs peak comprises of the La,SiOs and
Gd2SiOs peaks [44-51]. Fig. 4.9(b) shows the fitted Si 2p XPS spectrum for the
LagsGd15SiOs:Dy?* thin film. The Si 2p spectrum consists of five peaks ascribed to Si, SiOx (x <
2), LaGdSiOs, SiO and SiO4 with binding energies positioned respectively at 100.7, 102.3, 104.1,
105.1 and 106.0 eV [48, 52, 53].
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Fig. 4.9: Fitted XPS spectra for (a) O 1s and (b) Si 2p peaks for LaosGd1.5SiOs:Dy** film.
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The 3d core-levels XPS spectra of all rare earth compounds are similar. They are double peak
structured, consisting of 3ds, and 3ds2 peaks and their energy loss lines [54]. The double structure
is due to spin-orbit splitting. By and large, the spectrum is made up of XPS and energy loss lines.
The major XPS peaks originate from photoexcitation of core-level electrons and arises as a result
of electrons traveling to the surface of the solid without suffering energy loss. On the other hand,
the energy loss lines arises as a result of electrons which lost energy during travel through the
solid. The energy loss lines can be either intrinsic or extrinsic. Energy loss lines are intrinsic when
they are due to the de-excitation of photoholes, which are neutralized by electrons that are localized
in the site of photoemission process. This causes change in the energy of the state from which the
photoemission occurred. Extrinsic energy loss lines are excited by the outgoing photoelectron in
the solid in the process of its travel to the surface [55]. The photoelectrons which suffer no energy
loss will have energy E, and energy loss lines at Ey — hw,,, Ey — 2hw,, Ey — 3hw, etc., where
hw, is energy loss lines energy [56]. The fitted XPS spectrum of La 3d core-levels is shown in
Fig. 4.10(a). The spin-orbit splitting of 16.8 eV is observed between the 3ds» and 3ds2 double
structure peaks of the La 3d core-level. During the photoionization process, individual states (3ds/2
and 3ds/2) split into two final states labeled I and Il in Fig. 4.10(a). The final state | is a 3d'4f°
final state configuration (a core hole) and it is due to the La-O bond in La;Os and it is observed
around 833.3 and 852.1 eV for 3ds2 and 3ds states respectively. The final state 11 is a 3d*f! final
state configuration (a core hole with the transfer of an electron from the O, valence band to an
empty 4f orbital) and it is due to La-OH bond in La(OH)zs. The final state Il is further divided into
J=1(astrongsignal) and J # 1 (a cluster of weak signals) terms because of electron-hole exchange
interaction. In the 3ds;> and 3dsy. states, the J = 1 term lines were observed respectively around
837.5 and 854.3 eV whilst the J # 1 term lines were observed respectively around 836.0 and 852.1
eV [57-59]. The La 3ds; and 3ds2 energy loss lines are observed around 848.9 and 865.9 eV
respectively [44, 57, 59-61]. The fitted XPS spectrum of the Gd 3d core-levels is shown in Fig.
4.10(b). Spin orbit splitting of 32.0 eV was observed between the 3ds; and 3ds) states of the Gd
3d core-levels. The two peaks observed around 1184.1 and 1187.0 eV in the 3ds, state are
respectively assigned to Gd and Gd.Os. Likewise, two peaks were observed in the 3ds state
around 1217.3 and 1219.4 eV and they are assigned respectively to Gd and Gd»0s, respectively
[62-65]. The small peak around 1201.8 is also assigned to the energy loss line of the Gd 3ds, state
[61]. The broad peak around 1217.3 eV correlates with the Gd 4f'—3d%f’ electronic configuration
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usually observed in trivalent Gd compounds due to the 3d4f final state multiplet structure [66].
The Dy 4d core-levels fitted XPS spectrum is shown in Fig. 4.10(c). The XPS peaks observed
around 156.6 and 158.5 eV are ascribed to Dy 4ds;, and Dy 4ds, respectively [67]. These two
peaks are due multiplet splitting. The multiplet splitting is a phenomenon usually observed in
lanthanides 4d levels. This phenomenon gives rise to extra structures in the 4d state of lanthanides
owing to the electrostatic interaction between a core-level and the partially filled 4f state [55]. The
multiplet splitting in the Dy 4d core-level originates from the electrostatic interaction between the
4d and 4f states because these two shells have the same quantum number [68, 69]. The broad peak
observed in the higher binding energy centering around 170 eV is ascribed to Dy-O bond in Dy,0s.
The XPS deconvoluted peaks showed four peaks which arise due to the final Dy states with 4d and
4f spins parallel and anti-parallel. The two peaks observed at 167.9 and 169.5 eV are ascribed to
the electrons with their spin anti-parallel to the spin of the electrons in the material and their
satellites peaks respectively, while the peaks observed at 171.1 and 173.1 eV are attributed
respectively to the electrons with their spins parallel to the spin of the electrons in the material and
their satellites peaks. Photoelectrons with spins aligning in the same configuration (spins parallel)
with the magnetization of the material will move freely from the core-level of the solid, while the
movement of the photoelectrons which their spin are configured anti-parallel to the spin of the
electrons in the material will suffer collision with the electrons in the material as they travel from
the core-level of the solid. In general, the anti-parallel spin electrons suffer energy loss due to their
collision with the electrons in the material and hence they have lower energy than the parallel spin

electrons [70].
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Fig. 4.10: Fitted XPS spectra of (a) La 3d peak, (b) Gd 3d peak and (c) Dy 4d peak.

Fig. 4.11(a) and (c) shows PL excitation spectra of LaosGd1sSiOs:Dy** films deposited
respectively in different atmosphere and at different deposition temperature. The excitation spectra
were recorded when monitoring the emission at 578 nm. The excitation spectra comprises of one
major peak at 226 nm and other minor peaks in the range of 275 to 400 nm. The insets in Fig.
4.11(a) and (c) are magnified excitation spectra in the range of 300 to 400 nm. The broad bands
with maximums at 226 nm are attributed to the electronic transition from oxygen 2p (O2p) valence
band to the La (5d6s) and Gd (5d6s) conduction bands [71, 72]. The other excitation peaks
observed at 275 and 313 nm are assigned respectively to 8S7,—®1; and 8P;—8S7,2 f-f forbidden
transition of Gd*, while those at 325, 351 and 386 nm are attributed to ®His,—°P3s2, ®His;2 —°®P7p
and ®Hisp— *liz2 - transition of Dy** respectively [13, 73-75].
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The corresponding PL emission spectra were recorded when the films were excited at the
wavelength of 226 nm and they are shown in Fig. 4.11(b) and (d). The emission spectra comprise
of four emission lines, two major (488 and 578 nm) and two minor (668 and 756 nm) peaks which
are ascribed to  *Fo—%Hus/2, *Fan—°Haaz, *Farr—°H1112 and *Fe.—®Hgy, f-f electronic transition
of Dy** respectively’. From the excitation and the emission spectra of the films deposited in
different atmospheres (Fig. 4.11(a) and (b) respectively), as expected from the AFM and the FE-
SEM images, the film deposited in O gave the highest PL intensity followed by the film deposited
in Ar while the one deposited in vacuum have the least intensity.

Furthermore, in the PL excitation and emission spectra of the films deposited at different substrate
temperatures (50, 200, 300, 400 and 500 °C), (Fig. 4.11(c) and (d) respectively), the PL intensity
increased with the substrate temperature up to 200 °C. It can be observed from the XRD pattern in
Fig. 4.1(b) that the crystallinity of the films increased with the substrate temperature. Hence, the
PL data is not in full agreement with the XRD data when considering from the crystallinity
perspective, since it is believed that the intensity of the UV peaks depends strongly on the
crystalline quality of a material [76]. However, it has also been suggested that the PL intensity
does not solely depend on the crystallinity of a material but depends also on its stoichiometry [77-
79]. During PLD, there is usually an interplay between the background gas (O: in this case),
pressure, and the substrate temperature [80], since the mobility of the particles on the surface of
the film depends strongly on these two parameters. Therefore, the best films are obtained when
there is a balance between the substrate temperature and the background gas pressure, and this
defines the best stoichiometry of the material. From the XRD and the FE-SEM results, the films
deposited at the substrate temperature of 400 and 500 °C have the best crystallinity, but the film
deposited at substrate temperature of 200 °C have the highest emission intensity. Therefore, in our
case, the balance between the substrate temperature and the background gas pressure was attained

at the substrate temperature of 200 °C.
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Fig. 4.11: PL spectra of LaosGd15SiOs:Dy*" films, (a) excitation and (b) emission spectra of the
films deposited in Ar (blue), vacuum (black) and Oz (red), (c) and (d) excitation and emission
spectra of films deposited in O at the substrate temperature of 50 (black), 200 (red), 300 (blue),
400 (purple) and 500 °C (green).

Fig. 4.12(a) and (b) show the photoluminescence excitation and emission spectra, respectively, for
the thin films deposited in O, atmosphere at 200 °C for 15, 30 and 50 min. The film deposited for
15 shown the lowest photoluminescence intensity, while there is no significant difference between

the intensities of the films deposited for 30 and 50 min.

Ogugua, et al. J. Vac. Sci. Technol. A 34 (2016) 021520-12. 84



SV O (b) ST

50 min

50 min

30 min

488 nm

Intensity (a.u)
Intensity (a.u)

_— 15 min

275 nm

200 250 300 350 400 450 500 400 500 600 700
Wavelength (nm) Wavelength (nm)

Fig. 4.12: PL (a) excitation and (b) emission spectra of LaosGd15SiOs:Dy** films deposited in O

atmosphere at the substrate temperature of 200 °C for 15, 30 and 50 min.
4.4. Conclusions

Mixed lanthanum gadolinium oxyorthosilicate doped with dysprosium (LaosGd15Si0s:Dy*") thin
films were successfully deposited on Si (111) substrates using PLD. The films were deposited in
different atmosphere and substrate temperatures. The structure, compositions, morphology,
electronic states, and the photoluminescence properties were investigated. The XRD showed that
the crystallinity of the films increased with substrate temperature, with the highest quality
crystalline films obtained at 400 and 500 °C. However, the photoluminescence emission showed
that films deposited at 200 °C in Oz have the highest intensity. Furthermore, the films deposited in
O2 gave higher emission intensity than those deposited in Ar and vacuum environments. This
suggests that O is a better atmosphere to deposit LaosGd15SiOs:Dy** thin films. The thickness of
the films varies from 3.12 to 1.93 um. The excitation showed a prominent peak at around 226 nm
from which the emission were measured. Emission lines associated to f-f electronic transition of

Dy** were also observed at 488, 578, 668 and 756 nm.
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c“ The influence of post-deposition annealing on the structure,
. morphology and luminescence properties of pulsed laser deposited

5 LaosGd15Si0Os doped Dy?* thin films

5.1. Introduction

Some interesting properties of rare earth oxyorthosilicates (R2SiOs) such as high quantum
efficiency, wide band gap, high chemical and thermal stability, fast decay time, high density and
minimal self-absorption have attracted the attention of many researchers [1]. They have emerged
as preferred host for rare-earths dopant ions for various luminescence applications due to similar
ionic radii and their wide band gap [2-11]. There are many reports in the literature on the structural
properties of R2SiOs [12-16]. Both La2SiOs and Gd2SiOs belong to the rare earth oxyorthosilicate
family with monoclinic crystal structure system and the P21/C space group. Dy** doped matrices
are a promising phosphors for white light emitting applications such as white light emitting diodes
(LEDs) [17], field emission displays (FED) [18] and other white colour display devices [19]. The
possibility of generating white emission from Dy** doped matrices is based solely on the branching
ratio of its two major emission lines located at ~485 nm (bluish-green) and ~575 nm (yellowish)
[20].

Thin film technology plays measure role in the fabrication of devices used in different
technological applications. However, important category of thin film based technologies are
mostly in luminescence materials [21]. The luminescence properties of pulsed laser deposition
(PLD) based thin films can be improved by varying parameters such as deposition time, substrate
to target distance, substrate temperature, laser parameters, and by changing the background gas
[22]. In addition, post-deposition annealing (hereafter referred to as post-annealing) of films
deposited using PLD have shown a substantial improvement on crystallinity and optical properties
of the films [21, 23-26]. At higher annealing temperatures, films are crystalline, more chemical
and thermally stable and show higher luminescent intensity [23]. Hence, in this study,
Lag5Gd15SiOs:Dy?* thin films deposited on Si(111) substrate at different substrate temperatures
were post annealed at 1000 °C temperature for 1lhr. The influence of post-annealing on the

structure, morphology and luminescence properties of the films were studied and are discussed.

Ogugua, et al. Physica B 535 (2018) 143-148. 92



5.2. Experimental
5.2.1. Preparation

A LaosGd15SiOs:Dy** was prepared in powder form by using urea-assisted solution combustion
method (a detailed synthesis method used for the powder preparation can be found in [20]). The
target (pellet) was prepared by pressing the powder phosphor using a hydraulic press. It was
sintered in air using an oven set at 250 °C for 3hr to get rid of adsorbed moisture and other volatile
substances. The Si (111) substrates were mounted one at a time on the substrate holder inside the
vacuum chamber set 4.5 cm away from the rotating target holder. The deposition chamber was
pumped to a base pressure of 3.25 x 10 Torr. The repetition rate of the laser and the laser energy
were fixed respectively at 10 Hz and 40 mJ throughout the deposition. The films were deposited
in oxygen atmosphere at different deposition temperature (50, 200 and 500 °C) for 30 min using
266 nm Nd: YAG pulsed laser. After deposition, the films were annealed at 1000 °C for 1hr before

characterization.
5.2.2. Characterization

A Bruker D8-Advanced X-ray diffractometer using CuK, radiation with an incident wavelength
of 0.15406 nm under a voltage of 40 kV and a current of 40 mA. The surface topography and
particle morphology of the surface of the films were analyzed using a Shimadzu SPM-9600
Scanning Probe Microscope and a JEOL JSM-7800F Field Emission Scanning Electron
Microscope (FE-SEM) respectively. The elemental analysis was performed using Oxford Aztec
350 X-Max80 Energy-Dispersive X-ray Spectroscopy (EDS) fitted in the JEOL JSM-7800F FE-
SEM system. The photoluminescence (PL) spectra were measured using (i) a Carry Eclipse
fluorescence spectrometer equipped with 150 W xenon lamp and (ii) a PL system consisting of a
325 nm He-Cd gas laser as an excitation source, a spectrometer, a photomultiplier tube (PMT)
detector and a lock-in amplifier. The cathodoluminescence (CL) spectra were measured using a
Gatan MonoCL4 fitted to the JEOL JSM-7800F FE-SEM system.

Ogugua, et al. Physica B 535 (2018) 143-148. 93



5.3. Results and discussion

Fig. 5.1 depicts the XRD patterns of LagsGdisSiOs:Dy** thin films deposited in oxygen
background at 50, 200 and 500 °C and post-annealed for 1hr at 1000 °C. Compare to the as-
deposited films reported in our previous work [22], the XRD of the annealed films appeared to be
crystalline (especially the film deposited at 500 °C). The peaks marked with an asterisk (*) are
from LazSiOs while those with # are from Gd2SiOs. The XRD patterns are consistent with the
JCDPS file no: 40-0234 and 74-1795 of LazSiOs and Gd2SiOs respectively. The XRD patterns of
the films shows four diffraction peaks assigned to the (200), (002), (212) and (311) diffraction
peaks of Gd»SiOs and three diffraction peaks assigned to the (012), (013) and (330) peaks of
LaSiOs. The insets, (1) and (2), of Fig. 5.1 are the magnified XRD patterns of the film deposited
at 500 °C and 200 °C in the 26 ranges of 25—60° and 20—25°, respectively. The (111) diffraction
pattern from Gd»SiOs and La>SiOs are apparent in insets (1).

The surface topography of the LaosGdisSiOs:Dy** films were studied using atomic force
microscope (AFM). Fig. 5.2(a-c) depicts the 3D AFM images of 4 x 4 um area scan of the films
deposited at 50 °C, 200 °C and 500 °C respectively, and post-annealed at 1000 °C for 1hr. Particle
morphology and roughness of the films are different from those of as-deposited films reported in
ref [22]. Post-annealing resulted in a considerable increase in the size of the grains causing the

grains to agglomerate together and the grain boundaries fades.

Unlike spherical shape formed by the as-deposited films [22], the surface of the annealed films
appeared smoother with terraces. In agreement with the FE-SEM images (Fig. 5.3), the films
deposited at 50 and 200 °C appear to have bigger and closely packed grains compared to the film
deposited at 500 °C. For the films deposited at 200 and 500 °C, the root mean square (rms)
roughness values increased from 70 and 39 nm to 73 and 64.5 nm respectively after annealing.
The increase in rms value indicates roughness of the film surface after annealing, suggesting
increase in crystallinity of the films [27]. On the other hand, the rms value of the film deposited at
50 °C, decreased from 84 nm to 78 nm after annealing [28], thus indicating smoothness of the
surface after annealing. The smoothness of the surface of the low temperature (50 °C) deposited
film after annealing could be due to high impurity content observe in low temperature deposited

films which evaporates after post-annealing [28].
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Fig. 5.1: The XRD pattern of LagsGd15SiOs:Dy®* thin films deposited in oxygen atmosphere at
different substrate temperature (50, 200 and 500 °C) and post-annealed at 1000 °C for 1hr.

Fig. 5.3 depicts the FE-SEM images of the films pulsed laser deposited at different substrate
temperatures and post-annealed in air at 1000°C. Fig. 5.3(a) and (b), (c) and (d), and (e) and (f)
shows the low magnification (x10, 000) and high magnification (x50, 000) of the encircled spots
for the films deposited at 50, 200 and 500 °C respectively. The low magnification micrographs
depict spherically shaped particulates with discrete sizes. However, from the high magnification

micrographs, it was observed that the spherically shaped particulates comprised of smaller
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Fig. 5.2: The AFM micrograph of LaosGd15SiOs:Dy** thin films deposited in oxygen
atmosphere at different substrate temperature (a) 50 °C, (b) 200 °C and (c) 500 °C and post-
annealed at 1000 °C for 1h.
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agglomerated spherically shaped particles. This could be due to the splashing phenomenon as
explaining in detail in refs [29-31]. Furthermore, it can be seen that the films deposited at 50 °C
(Fig. 5.3(a)) comprises of large amount of particulates, followed by the film deposited at 200 °C,
while the film deposited at 500 °C contains the least number of particles. Compare to the SEM
images of the as-deposited films [22], the particle size generally increased after post-annealing

treatment.

==
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Fig. 5.3: FE-SEM images of LagsGd15SiOs:Dy** thin films deposited in oxygen atmosphere at
different substrate temperature (a) 50 °C, (c) 200 °C and (e) 500 °C and post-annealed at 1000 °C
for 1hr. (b), (d) and (f) are the magnification of the encircled region of (a), (c) and (e)
respectively.
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The elemental composition of the films was analyzed using EDS. Fig. 5.4(a-c) show the EDS scan
of LaosGd15SiOs:Dy** films deposited at 50, 200 and 500 °C respectively. All the elements (La,
Gd, Si, Oz, and Dy) were observed at their respective energy positions in the spectra. The low
count of Dy in the spectra can be linked to its low concentration in the films (the concentration of

Dy is 1mol% in the powder sample before deposition).

In TOF-SIMS, pulsed ion beam is used to eject and ionize atomic and molecular species from the
uppermost layers of a material. The resulting secondary ions are accelerated into a mass
spectrometer where they are separated in space according to their mass and a spectrum of intensity
versus atomic mass is obtained. By scanning the finely focused beam across the surface of the
sample, the chemical image of the sample can be generated to visualize the distribution of
individual species across the surface of the sample. Fig. 5.5(a) and (b) shows the ToF-SIMS
positive mass spectra of the atomic and molecular species generated from Lao sGd15SiOs:Dy®* thin
film deposited at 50 °C and annealed at 1000 °C for 1h in the atomic mass range of 12-46 u and
138-181 u respectively. Each spectrum shows the atomic mass unit corresponding to the

specie/species in question.
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Fig. 5.4: The EDS spectra of LaosGd15SiOs:Dy*" thin films deposited in oxygen atmosphere at
different substrate temperature (a) 50 °C, (b) 200 °C and (c) 500 °C and post-annealed at 1000 °C

for 1hr.
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Fig. 5.5(a): The positive ToF-SIMS spectra of molecular and ionic species in the atomic mass
range of 12-46 u from LaosGd15SiOs:Dy®* film deposited at 50 °C and annealed at 1000 °C for

1h.
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Fig. 5.5(b): The positive ToF-SIMS spectra of molecular and ionic species in the atomic mass
range of 138-181 u from LaosGd15SiOs:Dy** film deposited at 50 °C and annealed at 1000 °C for

1h.
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Table 5.1 shows all the atomic and molecular species generated from the films and their
corresponding atomic mass units. All the carbon related species (C*, CH*, CHz*, CHs", CoH4",
COH" and C3Hs") could be from the atmospheric carbon and contaminants from the sample holder
[32].

Table 5.1: The atomic and molecular ions and their corresponding atomic mass units obtained
from positive ToOF-SIMS measurement of LagsGd15SiOs:Dy** thin film deposited at 50 °C and
annealed at 1000 °C for 1h.

Atomic/molecular ions Mass (u) Atomic/molecular ions Mass (u)
Cc* 12.00 Gd* 157.93
CH* 13.01 GdH* 158.93
CH," 14.01 Dy* 163.92
CH3* 15.02 DyH" 164.92
Sit 27.98 GdO* 173.93
CoHs* 28.03 GdOH* 174.93
SiH* 28.98 DyO" 179.93
COH" 29.00 DyOH" 180.93
CoHs* 29.04
Sio* 43.97
SiOH* 44.98
La" 138.91
LaH* 139.91
LaO* 154.90
LaOH* 155.92

Fig. 5.6(a-d) shows the 100 x 100 um? ToF-SIMS positive images of LaO" (blue), GdO* (red),
DyO" (green) and the overlaid image of the three molecular compounds respectively, obtained
from LaosGd15Si0s:Dy** film deposited at 50 °C and annealed at 1000 °C for 1h. The vertical bar
at the right side of each image represent the intensity of the signal emanating from each specie.

Region with high colour intensity represent high concentration while region with low intensity
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represent low concentration of the specie in question. It can be seen from Fig. 5.6(a-d) that all the

species are evenly distributed across the surface of the scanned area of the film.

Overlay of GdO+, DyO+, LaO+

Fig. 5.6: The positive ToF-SIMS images of (a) LaO*, (b) GdO*, (c) DyO* and (d) overlay images
of LaO*, GdO* and DyO" of LagsGd15SiOs:Dy** thin film deposited at 50 °C and annealed at
1000 °C for 1h.

The PL excitation and emission of the films measured using a monochromatized xenon lamp as
excitation source are shown in Fig. 5.7. The excitation spectra were measured by monitoring the
*Farn—5H1312 (578 nm) transition of Dy** and are shown in Fig. 5.7(a). Fig. 5.7(c) is the magnified
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excitation spectra in the wavelength range of 265—370 nm. The excitation peak observed at 226

nm is assigned to the electronic transition from oxygen 2p (O2p) valence band to the La (5d6s)

and Gd (5d6s) conduction band. The peaks observed at 275 and 313 nm are ascribed to 8S7,,-°1;

and ®P;—8S7, f—f transitions of Gd®* respectively, while the peak at 351 nm is attributed to the

SH15/,—%P7), f-f transition of Dy** [22].
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Fig. 5.7: The PL () excitation spectra and (b) emission spectra of LaosGd15SiOs:Dy?* thin films

deposited in oxygen atmosphere at different substrate temperature (50, 200 and 500 °C) and post-
annealed at 1000 °C for 1hr. (c) is the magnification of the excitation spectra in the wavelength

range of 265—370 nm and (d) is the comparison of the luminescence intensities of the as-

deposited [22] and the post-annealed films.

The PL emission spectra were measured by monitoring the 226 nm excitation peak and are shown
in Fig. 5.7(b). Four emission lines were observed at 484, 578, 668 and 756 nm and are ascribed to

the “Fon—%Hisn, *Fan—%Hisn, *Fen—%Hiz and *Fen—C®Hop electronic transition of Dy,

respectively [22]. Defined as hypersensitive transition, the yellow (578 nm) emission is an electric

dipole transition and is strongly influenced by the crystal field environment around the Dy®* ions.
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The blue (484 nm) emission is a magnetic dipole transition and hardly varies with the crystal field
around Dy** [33]. As can be seen from Fig. 5.7, the film deposited at 200 °C has the highest
luminescence intensity, followed by the film deposited at 50 °C, while the film deposited at 500
°C has the least intensity. Fig. 5.7(d) is the plot of deposition temperature versus
photoluminescence intensity of the as-deposited and the post-annealed films. It is evident that the
intensity of the post-annealed films is almost twice that of the as-deposited films. The
cathodoluminescence (CL) emission spectra of the films deposited at 50, 200 and 500 °C and
annealed at 1000 °C for 1hr after exposure time of 50 seconds are shown in Fig. 5.8. The CL
spectra show similar emission lines from Dy3* as observed in the PL emission spectra (Fig. 5.7(b))
except for a little shift in the peak positions and a broad background band. The broad band is host
related and is more evident when the films were excited with 325 nm He-Cd laser (Fig. 5.9). It can
also be seen from Fig. 5.8 that the CL intensities of the films are in agreement with the PL spectra,
with the film deposited at 200 °C having the highest intensity and the film deposited at 500 °C
having the smallest intensity. This suggests that the number of photons absorbed by each film

during photoexcitation is proportional to the number of photons emitted by the film under electron
bombardment.

580 nm

Intensity (a.u)

T T
400 500 600 700 800
Wavelength (nm)

Fig. 5.8: The CL spectra of LaosGd1.5Si0s:Dy*" thin films deposited in oxygen atmosphere at
different substrate temperature (50, 200 and 500 °C) and post-annealed at 1000 °C for 1hr.
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The PL emission of the as-deposited (Fig. 5.9(a)) and the post-annealed (at 1000 °C for 1hr) (Fio.
5.9(b)) LaosGd15SiOs:Dy?* films deposited at 50 °C, 200 °C and 500 °C in oxygen background
were recorded using 325 nm He-Cd laser as the excitation source. As shown in Fig. 5.9(a) and (b),
the emission spectra consist of all the emission lines observed in Fig. 5.7(b) and Fig. 5.8. In
addition, the broad blue emission observed in the CL spectra (Fig. 5.8) is more pronounced (Fig.
5.9) in the wavelength range of 365—600 nm and is assigned to self-trapped excitons (STE) in
SiO2 [34]. The broad blue emission was not observed in the emission spectra in Fig. 5.9(b) because
different mode of excitation was used in both cases. The spectra in Fig. 5.7(b) was excited in
phosphorescence mode, while the spectra in Fig. 5.9 was excited in fluorescence mode. The STE
emission of the as-deposited films (Fig. 5.9(b)) have its maximum at 422 nm, but the maximum
shifted to higher wavelength (460 nm) upon annealing in Fig. 5.9(b). The blue emission of Dy**
ions (488 nm) is very close to the STE emission, so the two bands overlaps effectively. Due to the
overlapping, the 488 nm emission of Dy** was highly enhanced. Lii et al [35], Liu et al [36] and
Liu et al [37] have reported similar results. It can be seen from the emission spectra of the as-
deposited and annealed films that the films deposited at 50 °C has the highest emission intensity
followed by the film deposited at 200 °C, while the film deposited at 500 °C has the smallest
emission intensity. The inset of Fig. 5.9(a) compares the intensities of the STE bands, 488 and 578
nm emissions as a function of deposition temperature for the as-deposited and the annealed films.
As can be seen from the inset, for example, the emission intensity of the 488 nm line for the post-
annealed film deposited at 50 °C has the highest emission intensity followed by that of the film
deposited at 200 °C, while the film deposited at 500 °C has the smallest intensity. It can also be
seen that except from the film deposited at 500 °C, the annealed films have higher intensities than
the as-deposited films for the three major emission bands (STE, 488 and 578 nm). The increase of
in luminescence intensity with annealing observed in the films deposited at lower temperature (50
°C and 200 °C) can be attributed to the crystallization of the films after post-annealing [23]. On
the other, the decrease in the luminescence intensity observed in the film deposited at 500 °C after
post-annealing treatment could be due to the change in the local environment of Dy** atoms from

low to high temperature O coordination of the host materials [12, 38].

The CIE chromaticity coordinates of the data obtained when the films were excited using a 325
nm He-Cd laser as the excitation source and the CL data were calculated and the results are shown

in Fig. 5.10(a) and (b) respectively. Table 5. 2 shows the (X, y) colour coordinates of the films.
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The correlated colour (CCT) of the films were calculated using the McCamy empirical formula
[39, 40] (Eq. 5.1) given by

CCT = —473n® +3601n? —6861n + 5514.31 (5.1)
In Eq. 5.1, n = (X —Xe)/(y—Ye) With Xe = 0.3320 and ye = 0.1858 is the chromaticity epicenter.

Table 5.2: The CIE coordinates for the 325 nm He-Cd laser and the CL data of
LaosGd15Si0s:Dy®* thin films deposited in oxygen atmosphere at different substrate temperature

(50, 200 and 500 °C) and post-annealed at 1000 °C for 1hr.

Deposition Chromaticity coordinates (X, y) CCT (K)
temperature
(°C) As-deposited Post-annealed  As-deposited  Post-annealed
325 nm He-Cd laser
50 (0.246,0.249)  (0.217,0.249) 22619 32554
200 (0.276,0.282)  (0.219, 0.265) 10815 23903
500 (0.259,0.301)  (0.259, 0.288) 11419 12412
Cathodoluminescence
50 (0.361, 0.363) 4486
200 (0.348,0.351) 4883
500 (0.372,0.401) 4360
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Fig. 5.9: The 325 nm He-Cd laser excited PL spectra of LagsGd15SiOs:Dy** thin films deposited
in oxygen atmosphere (a) at different substrate temperature (50, 200 and 500 °C) and (b) post-
annealed at 1000 °C for 1hr.
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Fig. 5.10: The CIE coordinates diagram of LagsGd:15SiOs:Dy** thin films deposited in oxygen
atmosphere at different substrate temperature (50, 200 and 500 °C) and post-annealed at 1000 °C
for 1hr. (a) from the data when the films were excited with a 325 nm He-Cd laser, (b) from the
CL data.

5.4. Conclusion

Lao5Gd15Si0s:Dy** thin films were successfully deposited on Si(111) substrates at the substrate
temperatures of 50, 200 and 500 °C and post-annealed at 1000 °C for 1hr. The XRD patterns
showed an improved crystallinity after post-annealing. The FE-SEM images showed that the films
were made of agglomerated small particles. The PL studies showed a great luminescence
enhancement after post-annealing. From the CIE colour coordinates calculated from the PL and
CL data, the films could have potential applications in white lighting devices such as LEDs and
FEDs.
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c“ The dynamics of the photoluminescence of Pr3* in mixed lanthanum
| |

yttrium oxyorthosilicate hosts

6.1. Introduction

The luminescence intensities from Pr3* f—f transitions have shown inconsistency in different host
materials [1]. Visible emission from Pr¥* f—f transition doped matrices are predominantly
observed from its Po and D, energy levels. Depending on the crystal field strength of the host
material, the luminescence intensity associated with these energy levels can dominate in the
emission spectrum, since the crystal field of the host determines where the bottom of the 4f5d level
of Pr* lies with respect to the 3Py and D, levels [1-4]. The position of the 4f5d level of Pr*
determines the rate of the 3Po—'D, non-radiative decay. This non-radiative decay in Pr3* doped
matrices has been explained using different mechanisms, such as inter-system crossing due to Pr-
to-metal charge transfer [5], multiphonon relaxation [6-10], cross-relaxation between Pr3* ions [11,
12] and inter-system crossing via low-lying 4f5d excited state of Pr3* [3, 4]. However, De Mello
Donegd et al [3] in their study of non-radiative relaxation processes of Pr3* in various hosts,
demonstrated that the dominant mechanism for ®Po—'D, non-radiative decay is relaxation through
inter-system crossing via the 4f5d state. Pr3* doped CaZrOs, showed only the 3Py emission [13].
On the other hand, when doped into Ln,Os (Ln = Sc, Y, Gd) and LuzOs, Pr¥* showed only the D,
emission [3, 14]. However, both 3Py and 1D, transitions were observed with varying branching
ratios in some host matrices. When doped into NasLa(WOQa)4, NasY (WQ4)s and CaTa.Os, the *Po
transition dominates the emission [3, 15]. On the other hand, the D> transition dominated the
emission when Pr3* was doped into RE2Ti,O7 (RE = La, Gd) and Gd,TiOs [3]. Depending on the
ratio of the 3Po (green) and the 1D, (red) emission, Pr3* doped matrices can be used in the red [16-
19] component of white LED and other display applications.

La>SiOs and Y2SiOs belong to the family of rare earth oxyorthosilicates with monoclinic structure
but different space groups. La>SiOs belong to the P21/c space group in its low temperature phase
(X1 phase) and 12/a space group in its high temperature phase (X2 phase) [20, 21], while Y2SiOs
belong to the C2/c space group in its low temperature phase and B2/b space group in its high

temperature phase [20-22]. The difference in space groups of La>SiOs and Y2SiOs will result in
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different crystallographic planes, and hence will influence the photoluminescence properties [23],
especially when doped with ions like Pré* whose luminescence properties are highly dependent on
the host environment [3]. When doped into Y2SiOs, Pr3* exhibited predominantly red emission
[24-26]. Although there is no literature on La,SiOs:Pré*, our results show that when Pr®* is doped
into La,SiOs, the branching ratio of the green and the red emissions are comparable. In this work,
we prepared eight different phosphors, namely: undoped lanthanum oxyorthosilicate (La>SiOs),
undoped yttrium oxyorthosilicate (Y2SiOs), undoped lanthanum yttrium oxyorthosilicate
(LaYSiOs), Pr* doped lanthanum oxyorthosilicate (La.SiOs:Pr3*), Pr¥* doped yttrium
oxyorthosilicate (Y2SiOs:Pr¥*), and Pr¥* doped mixed lanthanum yttrium oxyorthosilicates
(La15Y05Si0s:Pr3*, LaYSiOs:Pr3* and LagsY15SiO0s:Pre*). The three undoped samples are referred
to as undoped La>SiOs, undoped Y2SiOs and undoped LaYSiOs throughout this work, while the
doped samples are referred to as LazxYxSiOs:Pr¥* (x =0, 0.5, 1, 1.5 and 2), were x = 0 represent
La,SiOs:Pré*, x = 0.5 represent Lai5Y05SiOs:Pré*, x = 1 represent LaYSiOs:Pré*, x = 1.5 represent
LaosY15Si0s:Pr3* and x = 2 represent Y2SiOs:Pre*.

6.2. Experimental
6.2.1. Sample preparation

1 mol % Pr3* doped Laz-xYxSiOs phosphors were synthesized by urea-assisted solution combustion
method using lanthanum nitrate hexahydrate, La(NOz3)3.6H20, yttrium nitrate hexahydrate,
Y (NO3)3.6H20, praseodymium nitrate hexahydrate, Pr(NO3)3.6H20, and silicic acid, SiO2H>0
analytical reagents as precursors. Stoichiometric amounts of the aforementioned reagents were
added into eight different glass beakers labeled undoped La,SiOs, undoped Y2SiOs, undoped
LaYSiOs, x =0, x =0.5, x =1, x = 1.5 and x = 2. Stoichiometric amounts of the aforementioned
precursors, urea, CO(NHa4)2 and ammonium nitrate, NHsNO3 were added into different beakers,
before 2.0 ml of distilled water was added. Each beaker was placed on a hot plate magnetic stirrer
(one at a time) set at the temperature of 100 °C and stirred for about 15 min to obtain a
homogeneous solution. The homogeneous solution (which looks transparent) was transferred into
a clean ceramic crucible boat and instantly into a muffle furnace pre-heated to 600+10 °C.
Oxidation took place in about 2 min after placing the solution into the furnace, leading to
evaporation of gases such as CO, N2, and H20 and resulting into a crispy foam-like product. After

cooling down the product to room temperature, it was ground into a fine powder using an agate
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mortar and pestle and it was further annealed for 1 hr in air at 950 °C to ensure total evaporation
of unwanted gases (COz2, N2, and H20). Each sample was then stored in a different sample holder

for characterization.
6.2.2. Characterization

The structure of the powder phosphors was analyzed using a Bruker D8 advanced X-ray
diffractometer (XRD) with a monochromatic CuKa radiation of wavelength () = 1.54056 A.
lontof time of flight secondary ion mass spectroscopy (ToF-SIMS) was used to analyze the atomic
and molecular ionic species and dopant ions distribution in the host lattices. The ultraviolet visible
(UV-vis) measurements were performed using a Lambda 950 UV-vis spectrometer. The
photoluminescence (PL) spectra were measured in the steady state mode and the decay curve in
phosphorescence mode using the FLS980 spectrometer - Edinburgh instruments equipped with a
450 W Xenon Lamp (Xel) as the excitation source and the red-cooled photomultiplier tube (PMT)
detector.

6.3. Results and discussion

The XRD patterns of Lax«YxSiOs:Pr3* (x = 0, 0.5, 1, 1.5, 2) and undoped LazSiOs and Y2SiOs
powders annealed at 950 °C for one hour are shown in Fig. 6.1. In general, the powders crystallized
in the X1 phase of both La;SiOs and Y2SiOs. The patterns show variation in the crystal planes as
the ratio of La to Y was varied in the host matrix, suggesting a change in structure. The change in
crystal plane is expected since La,SiOs and Y2SiOs belong to different space groups although they
both have a monoclinic structure. La,SiOs belong to the P21/c space group (the large ionic radii
rare earth ions) while Y2SiOs belong to the C2/c space group (the small ionic radii rare earth ions)
[21, 22]. It has been shown that mixed rare earth oxyorthosilicates can crystallize in a single phase
even at high ratio of the substituent ion. For instance, mixed Gdi.99-xYxCe0.01SiOs (x = 0.199)
exhibited the structure of Gd»SiOs (P21/c) [27]. In addition, Lu.xGdxSiOs showed the structure of
Lu2SiOs (C2/c) up to 80 at% of Gd [28]. In the pure phases of La2SiOs (x = 0) and Y2SiOs (x = 2),
the XRD patterns matched with the monoclinic structures of La»SiOs and Y2SiOs referenced
respectively in JCDPS file no: 40-0234 and 74-2011. Observe in Fig. 6.1 that some diffraction
peaks were suppressed while others were improved upon doping with Pr3*. For instance, the (102),
(321), (330) and (502) peaks are more intense for x = 0 (LazSiOs:Pr3*) but not on the undoped
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La,SiOs. On the other hand, the (202), (102) and (512) peaks are more intense for the undoped

LazSiOs but are less intense for the La,SiOs:Pr3* (x = 0). These results show that incorporation of
Pr3* affected crystallinity of the La,SiOs host lattice. However, the Pr3* incorporation did affect
the structure of Y2SiOs (x = 2). This could be due to similarities in the ionic radii of Pr¥* (0.1179
nm) and Y3 (0.1075 nm). The ionic radius (0.1216 nm) of La** is larger than that of the Pr** and
hence can easily accommodate Pr®* on its lattice sites. However, this may lead to small shrinkage
in the lattice [21, 29] as confirmed shifting of the (121) peak to higher values of 26[30] (Fig. 6.1).
Also, observe from Fig. 6.1 is that Pr** has no effect on the peak positions of Y2SiOs most probably

due to similarities in their ionic radii of Pré* and Y3*.
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Fig. 6.1: XRD pattern of undoped La;SiOs, Y2SiOs and Pr3* doped Lax«YxSiOs (x =0, 0.5, 1, 1.5
and 2) phosphors compared to the standard JCDPS file.

The differences in the intensities of the diffraction peaks of the undoped and Pr* doped samples
can be related to structure factors (scattering power of atomic planes) of each plane [31]. The
structure factor is a function of the atomic scattering factor and since La®**and Pr3* have different
116
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atomic scattering factors [32, 33] due to different atomic scattering factors, the intensities of the

crystal planes may vary depending on the crystallographic sites occupied by the dopants.

ToF-SIMS can produce the mass spectrum of elemental and molecular species present on the
surface of a sample to allow a detailed chemical analysis of the surface of the sample. The mass
spectra can be performed in either positive mode (using positively charged primary ion) or
negative mode (using negatively charged primary ion) to collect negative or positive secondary
ion spectra respectively. The secondary ions are extracted into the analyzer by application of
extraction voltage of opposite polarity to the secondary ions (negative extraction voltage for
positive secondary ions and vice versa for negative secondary ions). Fig. 6.2(a-f) show the ToF-
SIMS positive ion spectra of LaYSiOs:Pr3*. The spectra only depict some of the positive atomic
and molecular ions observed in our sample, namely CHs*, Si*, YO*, LaO", PrO* and PrOH" with
atomic mass units of 15.02, 27.97, 104.89, 154.89, 156.90 and 157.90 amu respectively. The other
atomic species detected from the sample are shown with their corresponding atomic masses in
table 6.1. The presence of CHs", Na* and K* could be associated with contaminants from the

sample holder and the atmosphere [20].

Table 6.1: Atomic and molecular ions and their corresponding atomic mass units obtained from
positive TOF-SIMS measurement of LaYSiOs:Pr®* phosphor.

Atomic/molecular ions Mass/u Atomic/molecular ions Mass/u
CHs" 15.02 YOH?* 105.90
Na* 22.99 La* 138.90
Si* 27.97 LaH* 139.91
SiH* 29.00 LaO* 154.89
K* 39.10 LaOH" 155.90
Sio* 44.05 Pr 140.91
SiOH" 44.97 PrH* 141.91
Y* 88.90 Pro* 156.90
YH* 89.91 PrOH* 157.90
YO* 104.89
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The secondary ion images of the molecular and atomic species present in LaYSiOs:Pr3* were

generated by using the primary ion beam to raster across the surface of the samples. The impinging

primary ion beam leads to desorption of secondary ions within the surface region of 2—-3 atomic

layers. The emitted secondary ions at each point within the area of 100 x 100 um? in the entire

cascade volume are captured by the detector. Fig. 6.3(a) depict overlaid images of LaO* (red), YO*

(green) and PrO* (blue) labeled as al, a2 and a3 respectively. The vertical scale bar at the right

side of each image portrays the intensities of the signal coming from each ion. Regions with low

colour intensity depicts low ionic concentration while region of high intensity indicates high ionic
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concentration. The sharpest images were obtained by setting the banning at 4.0 pixels. Fig. 6.3(b)
show the overlaid images of LaO* (red), YO* (green) and PrOH* (blue) labeled as b1, b2 and b3
respectively. It can be observed from Fig. 6.3 that all the ionic and molecular species are evenly

distributed on the surface of 100 x 100 um? area of the sample.
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Fig. 6.3: The positive ToF-SIMS images of (al) LaO", (a2) YO, (a3) PrO" and (a) overlay
image of LaO", YO and PrO*, and the positive ToF-SIMS images of (b1) LaO*, (b2) YO, (b3)
PrOH" and overlay image of LaO*, YO*and PrOH* taken from LaYSiOs:Pr3* phosphor.
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X-ray photoelectron spectroscopy (XPS) technique can be used to measure the elemental
composition, chemical and electronic state of elements present in a material. The fitted high
resolution O 1s and Si 2p XPS spectra of LaYSiOs:Pr¥* (i.e. x = 1) are shown in Fig. 6.4(a & b)
respectively. The O 1s peak (Fig. 6.4(2)) showed five peaks assigned to LaY O3 (528.8 eV), SiOx
(x <2) (530 eV), LaYSiOs (530.9 eV), SiO (531.8 eV), and SiO4 (532.8 eV) [34].
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Fig. 6.4: Fitted XPS spectra for (a) O 1s and (b) Si 2p peaks for LaYSiOs:Pr3*,
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The Si 2p XPS spectrum (Fig. 6.4(b)) showed peaks from Si, SiOyx (x < 2), LaYSiOs, SiO, and
SiO4 at binding energies of 99.6, 100.8, 102.7, 104. 1 and 105.6 eV respectively [34]. The LaYOs
peak in Fig. 6.4(a) originates from La>,O3 and Y203, while the LaYSiOs peak in Fig. 6.4(b)
originates from La>SiOs and Y2SiOs respectively.

The XPS 3d core-level spectra of all rare earth compounds usually splits into 3ds. (J = 5/2) and
3ds2 (J = 3/2) states due to their spin-orbit splitting [35]. Fig. 6.5(a) shows the La 3d core-level
XPS spectrum from LaYSiOs:Pr3* (i.e. x = 1). The spectrum splits into the 3ds and 3ds, states
with a spin-orbit splitting of 16.8 eV. Under photoionization, each state can split into two final
states | and 11 (these represents the two La sites in La,SiOs [36]) as shown in Fig. 6.5(a). The final
state | is a core hole state (3d'4f%), while the final state 11 is a core hole state (3d*f) with an electron
transfer from the O 2p valence band to an empty 4f orbital. The final state I is ascribed to the La-
O bond in La;03 and is observed at 833.7 and 850.5 eV in the 3ds;2 and 3dsy, states respectively.
The final state 11 is ascribed to the La-OH band in La(OH)s. Due to electron-hole exchange, the
final state Il further splits into two states, J = 1 (a strong signal) and a J # 1 (a cluster of weak
signals) in the 3ds/2 and 3ds/2 spin-orbital, with the J # 1 terms having lower binding energy than
the J = 1 term. The J = 1 term peaks are observed at 838 and 854.9 eV in the 3ds and 3dzy. states
respectively, and the J # 1 terms peaks are observed at 835.9 and 852.2 eV in the 3ds; and 3dss
states respectively [37-39]. The peaks observed at 846.9 and 863.5 eV are ascribed to the energy
loss lines associated to the La 3ds/2 and La 3ds2 components respectively [37, 39, 40]. These peaks
are usually observed in XPS due to photoelectrons that loss part of their energy as a result of
interaction with other electrons. Consequently, the energy loss lines are observed at higher binding
energy of the parent line [40]. Fig. 6.4(b) shows the Y 3d core-level XPS spectrum from
LaYSiOs:Pré* (i.e. x = 1). The 3ds; and 3ds2 spin-orbit splitting is 2.05 eV. Two Y203 peaks
belonging to the 3ds;2 and 3day, states are observed at 157.2 and 159.1 eV respectively [36]. Each
doublet of the Y 3d state (Y 3ds2and Y 3dsp) is compose of two Y2SiOs peaks observed at 157.2
and 158 eV for Y 3ds; state and at 159.6 and 160.4 eV for the Y 3ds, state. These peaks are
attributed to the two Y sites in Y2SiOs [36]. The Pr 3d core-core level XPS spectrum measured
from LaYSiOs:Pré* (i.e. x = 1) is shown in Fig. 6.5(c). The energy separation between the Pr 3ds/
and Pr 3ds/2 doublets is 20.4 eV. Each doublet contain two pairs of peaks assigned to Pr** species
(e.g. PrOz and PrsO11) and Pr* species (e.g. PrOs and Pr(OH)s) [41]. In the Pr 3ds/, state, the pair
of peaks around 928.1 and 932.7 eV are ascribed to Pr3*. The other pair of peaks observed around
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930.2 and 934.5 eV are assigned to Pr#* [41]. In the Pr 3ds; state, the Pr®* peaks are observed at
948.7 and 954.1 eV, while the Pr** peaks are observed at 951.7 and 957.2 eV [42]. The presence
of Pr** peaks is an indication of the oxidation of Pr* to Pr** ions in the samples. The energy loss
lines are observed around 943.1 and 959.1 eV [40].
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Fig. 6.5: Fitted XPS spectra of (a) La 3d peak, (b) Y 3d peak, and (c) Pr 3d peak from
LaYSiOs:Pré*,

The diffused reflectance spectra of La,-<YxSiOs:Pr3* (x =0, 0.5, 1, 1.5 and 2) (Fig. 6.6(a)) shows

strong UV absorption peaks which varies with the ratio of La to Y in the matrix. The absorption
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edges were observed around 207 nm for x = 0 and at 211 nm for x = 0.5, 1, 1.5 and 2. The strong
band-edge absorptions may be due to band to band transitions. The strong broad absorption from
around 620 nm with maxima at 376 nm is due to O*—Pr*" charge transfer band (CTB). These
bands are not accompanied by luminescence and also suppresses the absorption of Pr3* [43, 44]. It
has been reported that highly-charge cations such as U%*, Nd°* and W®* can display luminescence
[45-47], which can be ascribed to the transitions between metal ion orbitals and ligand molecular
orbitals. However, tetravalent rare-earth (RE**) cannot display luminescence [43, 44] and hence
the O>—Pr*" charge transfer band (CTB) is not observed in the excitation spectra (Fig. 6.3). The
inability of RE** to luminesce may be due to radiationless process as a result of interaction between
the RE** and the holes in the ligand molecular orbital [43]. In the tetravalent oxidation state RE**,
rare-earth compounds are normally considered to lose one 4f electron with reference to the trivalent
ion RE3*. Pr oxides have been considered as mixed valence compound [48, 49]. In the trivalent
state, Pr®* have 4f? configuration, while in the tetravalent state, Pr** have 4f! configuration [50].
The ground state of Pr ion is made up of the 4f2 configuration, which corresponds to the trivalent
Pr.0Os phase. The covalence hybridization between O 2p—Pr 4f states leads to a minor Pr 4f state
which contributes to the upper part of the valence band, mostly dominated by O 2p state. On the
other hand, the conduction band minimum is made up of the Pr 4f states with little contribution
from antibonding O 2p states [51-53]. In the mixed valence picture, the tetravalent Pr#* (4f
configuration) and the trivalent Pr¥* (4f? configuration) exist simultaneously in the cation ground
state [48]. It has been shown that the 4f! and 4f2 configurations are separated by 0.5 eV in the
cation ground state of Pr [54]. It can be concluded that Pr,Os are trivalent (Pr*), while PrO; are
tetravalent (Pr**) and that the oxidation process from Pr.O3 to PrO2 harmonize with delocalization
of an extra f electron [51]. Karnatak et al. proposed the coexistence of localized and delocalized f
electrons [52], thus the 4f! ground-state configuration of Pr has can interpreted as being localized
[55]. Fig. 6.4(b) shows the plot of hv versus [hvF(R1g0)]%/? constructed from the diffused
reflectance data with the aid of Kubelka-Munk function [56, 57] given by Eq. (6.1).
F(R*)_(GZ_RTC)ZJ (6.1)

where R, is the reflectance of a semi-infinite medium. F(R,,) is directly proportional to the

absorption coefficient (a) [57] for a material given by Eqg. (6.2).
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(ahv)'" = A(hv-E,) (6.2)

where (Ej) is the band gap of the material, h is Planck’s constant, v is the frequency of vibration,
n can be 1/2, 3/2, 2 or 3 depending on the nature of the transition and A is proportionality constant
which is independent of the material chemical composition. For a finite medium with 100 %

reflectance, R« = Rigo. Since F(R,,) is proportional to a, comparing Eg. (6.1 and (6.2) gives,
(F(Ryo)hV)"" = Alhv — E,) (6.3)

The band gaps of the annealed Lay«YxSiOs:Pr3* phosphors were determined by extrapolating the
point of intersection of a tangent line and the inflection point of the curve to the hv axis as shown
in Fig. 6.6(b). The estimated band gaps are 5.00, 480, 316, 4.75 and 5.00 eV for x =0, 0.5, 1, 1.5
and 2 respectively. Observe the decrease in the band gaps of the mixed host samples (x = 0.5, 1
and 1.5). The variation in the band gap values could be due to lattice mismatch as a result of
difference in the lattice parameters of La»SiOs and Y2SiOs [58]. Table 6.2 compare the estimated
band gaps with the band gaps of undoped La;SiOs, Y2SiOs, LaYSiOs (the spectra are not shown).
It can be observed from table 6.2 that the band gaps increased after doping with Pr*. The widening
of the band gaps observed in the samples can be explained by Burstein—Moss (BM) shift (Fig. 6.7)
[59]. When Pr3* ions substitute La* or Y3* lattice sites, it is expected to give n-type doping effect.
In n-type materials, the Fermi energy level lies close to the conduction band. When the dopant
concentration increases, the position of the Fermi-level is perturbed and it is shifted into the
conduction band causing the band gap to widen. Fig. 6.7(a) shows the band structure of an undoped

material with the unperturbed valence and conduction bands given respectively by

E. ) =-A"K*/2m; (6.4)

and

E2()=E.+A'K’/2m. (6.5)

where Eg is the band gap of the undoped material, k is the wave number, 7w is the photon energy,
mg and my, are the effective masses at the conduction and valence band respectively. Above the
Mott critical density [60] in doped materials, the lowest state of the conduction band is blocked

due to partial filling of this state, and hence resulting in the widening of the band gap (Fig. 6.7(b)).
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This phenomenon is known as BM shift [59]. Furthermore, above the Mott critical density in the
doped materials, the energy shift is observed in the valence and conduction bands due to electron-
electron and electron-impurity scattering. The conduction band of the doped material will

experience downward shift due to the mutual exchange and Coulomb interaction of the free excited

electrons and the electron-impurity scattering.
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Fig. 6.6: (a) Diffuse reflectance spectra, and (b) (F(R)*hv)Y? versus hv curve of LazxYxSiOs:Pre*.
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Table 6.2: Band gaps of Pr3* doped and undoped LazxYxSiOs (x =0, 0.5, 1, 1.5 and 2).

LazxYxSiOs:Pré* Undoped LazxYxSiOs
La2xYxSiOs (eV) (eV)
x=0 5.00 4.65
x=0.5 4.80 -
x=1 3.71 3.68
x=15 4.75 -
X=2 5.20 5.15

Opposite influence is also observed in the valence band. Due to these effects, Eg. (6.4) and (6.5)

can be rewritten as follows by replacing the band dispersions by quasiparticle dispersions:
E., k.o = E (K +AS, (K o) (6.6)
and

Ec ko) =EL () +AZ (k) (6.7)

where h), and hY,. are self-energies due to electron-electron and electron-impurity scattering.

Hence, the band gap of the direct transitions can be expressed as:

E,-E.k. ®-E, K, @ (6.8)

where kj is the Fermi wave number which can be defined as k; = (3n?n,)*/® and n, is the

electron density. Eq. (6.8) can be rewritten as:

E,=E.+AE, (6.9)
where
AE, = AE) + a3 ke @) - AX, K @) (6.10)
and
vo_ B2 R s (6.11)
AE, = e kp—2m;c(37z2rle)2
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my, IS the reduced effective mass and AE’;’B is the MB shift. Eq. (6.11) reveals that the energy

shift is proportional to n§/3. The minimum energy separation between the valence and the

conduction band in the doped material E,, is defined by [61].

E.~E,+hZ. ko) -AX, (Ke) (6.12)
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Fig. 6.7: Schematic illustration of the Burstein—-Moss shift in Pr3* doped Laz-«Y»SiOs.

To study the effects of crystal field on Pr®* luminescence in LaxxYxSiOs (x =0, 0.5, 1, 1.5 and 2),
we evaluated the photoluminescence (PL) properties of these materials. The PL excitation spectra
(Fig. 6.8) exhibited four excitation peaks, one broad band in the UV region and three peaks in the
visible region. The broad bands observed in the UV region (235, 237, 237, 237 and 238 nm for x
=0, 0.5, 1, 1.5 and 2 respectively) are assigned to electronic transition from the O2p valence band
to La(5d6s) and Y (4d5s) conduction band [20]. The encircled area in Fig. 6.8 (245-290 nm) is
ascribed to the 4f-5d transition of Pré* [62, 63]. The excitation peaks observed in the visible region
at 447, 472 and 486 nm (shown in the inset of Fig. 6.8) are assigned to 3Hs—°3P2, *Hs—3P1, e,
and Ha—3Po 4f—4f transitions of Pr3* respectively [64]. The PL emission (Fig. 6.9(a-€)) show
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three major emission lines at 490 nm (with a shoulder at 500 nm), 611 nm (with a shoulder at 630
nm) and 650 nm. The peaks at 490 and 500 nm are assigned to double manifold of *Po—3Hs, while
those at 611 and 630 nm are double manifold of 'D,—3H4 4f—4f transitions of Pr¥* [4, 14, 65],
whereas, the peak at 650 nm is ascribed to 3Po—3F; transition of Pr3* [66]. The three peaks at 528,
540 and 555 nm are assigned to three manifold of 3Po—>Hs transitions of Pr* [66], while the peak
at 730 nm is assigned to 3Po—3F4 transition of Pr®* [67]. The broad band observed in the
wavelength range of 400-460 nm is assigned to self-trapped excitons (STE) in SiO2 [20, 68]. Fig.
6.9(f) shows how the intensities of the 490 nm (®Po) and the 650 nm (3Po) and 611 nm (*Dy)
emission lines varies with x. It is obvious that the intensities of both the 3Py and D transitions
decreased as x increased, except for x = 1. However, it is apparent that the branching ratio of the

1D, emission dominates the spectra as the value of x increases.
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Fig. 6.8: Photoluminescence excitation spectra of Las«YxSiOs:Pr¥* (x =0, 0.5, 1, 1.5 and 2)
phosphors recorded under 611 nm emission. The inset and encircled area are the enlarged
excitation spectra in the wavelength range of 400-500 nm and the wavelength range of 245-290

nm respectively.
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phosphors recorded under 235 nm excitation, (f) the plot of emission intensity versus x for 490,
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A similar PL emission observed when x = 0 (Fig. 6.9(2)) has been reported by Arai et al [4] in Pr3*
doped monoclinic gadolinium sesquioxide (Gd203). The *Poand D, emission lines were attributed
to two different sites occupied by Pr3* ions in the host matrix. R2SiOs (R = La, Y) has monoclinic
structure with two non-equivalent R crystallographic sites, R1 and R2, which are coordinated by
nine and seven oxygen atoms respectively [69]. Hence, Pr¥* ions can occupy both R1 and R2 sites
in the host matrix and the 3P and D2 emission of Pr®* can emanate from Pr3* ions occupying any
of these sites. Observed from Fig. 6.9(a) that the *Po have more or less the same emission intensity
height as the !D; transition when x = 0 (La2SiOs:Pr*), but decreases as x increases (i.e. as Y content
increases in the host) (Fig. 6.9(b-¢)). Furthermore, when x = 2 (Y2SiOs:Pr¥*) (Fig. 6.9(e)), the D2

emission dominates the spectrum. These results suggests two possible cases:
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Case I: When x = 0, Pr¥* occupies the R site which favours P emission. The behavior of Pr3*
ions in such a site is shown schematically in the energy configuration coordinate diagram in Fig.
6.10(2). In this model, the effect of the ligands on the 4f5d level energy is small; hence, the bottom
of the 4f5d energy level curve lies slightly above the 3Po energy level but further away from the
1D, energy level. These leads to smaller difference in energy between the bottom of the 4f5d curve
and the crossing point to the Po curve compared to the bottom of the 4f5d level and the crossing
point to the *D2 curve. Therefore, under UV-excitation, the excited 4f5d state relaxes to the 3Po
level through the bottom of the 4f5d curve and not to the D level and hence the 3Py emission
intensity is high in the spectrum. In this case, the non-radiative *Po—D; transition rate is relatively

slow.

Case II: When x = 2, Pr3* occupies the R site which favours D, emission. In this case, the 4f5d
level is highly influenced by the ligands, hence the bottom of the 4f5d energy curve lies between
those of the 3Py and D curves (Fig. 6.10(b)). Therefore, under UV-excitation, both the *Po and
the 4f5d state relaxes to the D, level through the bottom of the 4f5d curve. This is due to the
bottom of the 3Py level been close to the crossing point between the 3Po level and the 4f5d level,
hence the 3Po level empties most of its electrons to the 1D, state via the 4f5d level, and hence the
D, emission intensity dominates the spectrum [4]. In this case, the non-radiative *Po—'D
transition rate is relatively high. The energy gap between the 3P and lowest level of 1D- level has
been reported to be about 4000 cm™ [70], and the phonon cut-off energy of Y2SiOs is about 960
cm™ [71, 72] (there is no report on La,SiOs at the moment). So about four phonons are required to
bridge the energy gap. Therefore, multiphonon relaxation process for the 3Po—'D- energy transfer
is negligible. Hence, the 3Py state can relax non-radiatively to the D state through the deep lying
415d level [14].

By and large, the irregularities in the branching ratios of the emission intensities of energy level
transitions in Pr¥* doped matrices is as a result of the magnitude of the interaction between these
levels and the excited configurations, which is a function of how strong the ligands interact (crystal
field strength of the host) with the excited configuration. This anomaly in the interaction between
the excited configuration and the multiplets leads to a conditional (with regard to the crystal field

strength of the host lattice) non-radiative charge transfer between the excited states and the
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multiplets, and between the multiplets [73], with higher rate of non-radiative 3Po—D; transitions

observed in host lattices with high crystal field strength [74].
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Fig. 6.10: Schematic configuration coordinate diagrams with energy E and configuration
coordinate g for Pr** in La,«YxSiOs:Pr¥* (x =0, 0.5, 1, 1.5 and 2), (a) the ligands crystal field
have small effect on 4f5d level (b) ligands crystal field have high effect on the 4f5d level.

From the two cases reported above, the preferred R sites for Pr* in La,SiOs and Y2SiOs can be
deduced. As mentioned previously, R2SiOs (R = La, Y) have two non-equivalent R
crystallographic sites, R1 and R2 (R1 = Lal, Y1 and R2 = La2, Y2) coordinated by nine and seven
oxygen atoms respectively [75, 76]. The La—O and Y-O distances for the two R sites in LazSiOs
and YSiOs are listed in table 6.3. The average distance for Lal-O and L2-O are 0.2628 and
0.2512 nm, with the maximum distances of 0.3055 and 0.2676 nm respectively. Likewise, the
average distances of Y1-0O and Y2-0O are 0.2456 and 0.2390 nm, with the maximum distances of
0.2951 and 0.2562 nm respectively. It is a well-known phenomenon that for divalent and trivalent
rare earth ions, the energy levels difference between the 4f5d and 4f states decreases with an
increase in the crystal field strength of the host matrix, which increases with the decrease in the
distance between the rare earth ion and the ligands [77, 78]. This implies that there is likely to be

less interaction between the ligands and the rare earth ions (Pr®*) occupying the Lal sites compare
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to the Laz2 sites, since Lal site has the higher average rare earth-oxygen distance (0.2628 nm).
Also, the Lal-04¢Y (0.3055 nm) distance is very long and hence its effect on the central rare earth
ion is negligible. Therefore, in case I, *Po emission emanates from Pr3* occupying Lal sites and
1D, emission emanates from Pr3* occupying the La2 sites (Fig. 6.11). Similarly, in case II, the *Po
emission emanates from Pr3* occupying the Y1 sites, while the D, emission emanates from Pr3*
ions occupying the Y2 sites (Fig. 6.11). Furthermore, in La2SiOs and Y2SiOs, all the oxygen atoms
are bonded to silicon except the O5 atoms which form bonds only with R atoms. There are three
non-silicon-bonded O5 atoms around R2 sites and only one O5 atom around R1 sites.
Consequently, Pr¥* in the R2 sites are more covalently bonded than Pr3* in the R1 sites. The
covalency of Lal and La2 has been reported to be 2.86 and 3.00 respectively [75]. Therefore, it is
fair to conclude that the transition at the higher energy (°Po) emanates from Pr3* occupying the Lal
and Y1 sites, while the transitions at the lower energy (*D2) emanates from Pr3* occupying the La2
and Y2 sites, since crystal field strength increases with covalency [14, 79]. As mentioned earlier,
the branching ratio of 3Py and !D; transition changes with x, with 3Pg transition dominating when
x = 0 and Dz transition dominating when x = 2 (Fig. 6.9). So it can be deduced that the highest

rate of 3Pg—'D> non-radiative transition was observed when x = 2.

Table 6.3: The La—O and Y—O distances for Lal and La2 sites in La;SiOs and Y1 and Y2 sites in

Y2SiOs.

Nuclear d (nm) Nuclear d (nm) Nuclear d (nm) Nuclear d (nm)
Lal-01 0.2654 La2-O1f 0.2676 Y1-01 0.2391 Y2-01f 0.2421
Lal-01? 0.2370 La2-03 0.2575 Y1-012 0.2201 Y2-03 0.2541
Lal-02 0.2666 La2-03f 0.2656 Y1-02 0.2611 Y2-03f 0.2562
Lal-O2° 0.2618 La2-03¢ 0.2489 Y1-02° 0.2451 Y2-03¢ 0.2342
Lal-02¢ 0.2516 La2-05 0.2324 Y1-02° 0.2461 Y2-05 0.2342
Lal-04¢ 0.3055 La2-05" 0.2506 Y1-04¢ 0.2561 Y2-05" 0.2302
Lal-04¢ 0.2570 La2-O5' 0.2358 Y1-04¢ 0.2951 Y2-05! 0.2231
Lal-O4P 0.2695 Y1-04P 0.2251
Lal-O5° 0.2509 Y1-05°¢ 0.2231

Ave. 0.2628 Ave. 0.2512 Ave. 0.2456 Ave. 0.2390
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Fig. 6.11: Schematic illustration of crystal sites of La>SiOs (Lal and L2) and Y2SiOs (Y1 and

Y2) from which the 3P and 1D transitions of Pr3* emanates.

Fig. 6.12 shows a schematic energy diagram illustrating the photoluminescence mechanism of
Pr3+ in the LaxxYxSiOs hosts. When the samples are excited with 235 nm UV-light, electrons are
promoted to from the valence band (VB) of the host (O 2p level) to its conduction band
(La(5d62)/Y (4d5s) level) and holes are generated in the VB. The excited electrons can be
transferred non-radiatively to the 4f5d energy level of Pr3*, and then to the *P; (J = 0, 1, 2) level
and 1D, level and emissions are observed. As shown in shown in Fig. 6.10, depending on the
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position of the 4f5d level of Pr3* relative to the 3P and the 1D2 level, either the 3P or the D, or

both emissions can be observed.
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Fig. 6.12: The schematic energy diagram illustrating the energy transitions of Pr* in La,-
«YxSiOs:Pr¥* (x =0, 0.5, 1, 1.5 and 2) phosphors.

The luminescence branching ratio (B;;) for emission from the J manifold to the J* manifolds is
defined as a probability of spontaneous emission for a particular transition 4, to the sum of all
the transition probabilities from the / manifold [80]. The luminescence branching ratio can be

estimated experimentally by taking ratio of the relative intensities of individual emission peaks to
that of the total emission intensity peaks [81]. Table 6.4 shows the estimated experimental

luminescence branching ratios (Bg,) of LazxYxSiOs:Pré* (x = 0, 0.5, 1, 1.5 and 2) phosphors.
Observe the variation in the luminescence branching ratios as the value of x changes. For instance,
the luminescence branching ratios of the 3Py emission observed at 490 nm 0.194, 0.144, 0.162,
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0.109 and 0.093 for x =0, 0.5, 1, 1.5 and 2 respectively, and 0.204, 0.207,0.174, 0.238 and 0.205

for the D2 emission at 611 nm. It also be seen that the difference between the Bexp Value for the

611 nm line and the 490 nm was highest when x = 2 (in the favour of 611 nm line).

Table 6.4: The experimental luminescence branching ratios of the emission lines observed from
LayxYxSiOs:Pr¥* (x =0, 0.5, 1, 1.5 and 2) phosphors.

Transition Em;snl]c;n A Experimental luminescence branching ratios (Bg.,)

x=0 x=05 x=1 x=15 X=2
STE STE 0.025 0.017 0.021 0.084 0.094
*Po 490 0.194 0.144 0.162 0.109 0.093
%Po 500 0.101 0.087 0.110 0.086 0.087
3Po 528 0.036 0.029 0.037 0.040 0.049
3Po 540 0.036 0.032 0.036 0.037 0.052
3Po 555 0.025 0.026 0.031 0.030 0.046
D, 611 0.204 0.207 0.174 0.238 0.205
D, 630 0.125 0.159 0.146 0.197 0.203
*Po 650 0.177 0.202 0.196 0.130 0.134
*Po 730 0.075 0.097 0.087 0.048 0.038

The phosphorescence decay curves of LazxYxSiOs:Pr¥* (x =0, 0.5, 1, 1.5 and 2) phosphors were

measured by exciting the phosphors at 235 nm and measuring the time it takes for the 490 nm (3Po)
and 611 nm (*D2) emission (Fig. 6.13(a & b) respectively) to decay. The insets of Fig. 6.13(a & b)
are the log scale plots of the phosphorescence decay curves for the 3Py and D, emissions

respectively. The decay curves show superposition of three exponential components for both 3Po

and 1D; lines. This suggests that three energy levels were involved in the radiative transitions for

these emissions. The lifetimes components were extracted by fitting the decay curve with a third

order exponential decay function (Eq. (6.13)).
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Fig. 6.13: The fitted decay curves of La,xYxSiOs:Pr¥* (x =0, 0.5, 1, 1.5 and 2) phosphors for the
(a) *Po (490 nm) and (b) D2 (611 nm) Pr®* transition by monitoring the 235 nm excitation.

|(t):Aeft/rl+Beft/12 +Ce—t/r3 (613)

where | is the luminescence intensity, t is the phosphorescence time, A, B and C are decay
constants, 7,4, 7, and 5 are the decay times of the first, second and the third lifetime components,
respectively [15]. The three lifetime components (z;, T, and t3) for both 3P and D, emission lines
are shown in table 6.5 whereas Fig. 6.14 shows the plots of lifetime as a function of x. The inset
in Fig. 6.14 shows the magnified graph of first lifetime component (z,) versus x for 3Po and 1D,

emissions. It can be seen from Fig. 6.14 that lifetimes of the 1D, emission are higher than those
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from the 3P emission in each case (z4, 7, and 73). For instance, the values of t; for x =0, 0.5, 1,
1.5and 2 are 3.83, 2.93, 2.52, 2.90 and 1.45 us for *Po emission and 4.55, 3.67, 3.68, 3.32 and 2.66
us for the 1D, emission, respectively. The longer lifetime of the !D; state of Pr¥* is due to the spin-
forbidden nature of the transition [82, 83].

Table 6.5: The values of lifetime () for the *Po (490 nm) and 1D (611 nm) transitions of Pr3* in
LazY,SiOs (x = 0, 0.5, 1, 1.5 and 2).

Laz«YSiOs:Pré* 3Py (490 nm) emission 1D, (611 nm) emission
T (MS) T, (M) 5 (M) 7, (Us) PA('D) 73 (Us)
x=0 3.83 10.97 26.62 4.55 28.19 99.94
x=05 2.93 11.07 100.00 3.67 29.18 110.00
x=1 2.52 13.56 110.00 3.68 34.97 140.00
x=15 2.90 12.47 110.00 3.32 34.97 110.00
X=2 1.45 10.68 61.33 2.66 24.09 120.00

—l—1:|490 nm

—r, 611 nm
—h—1, 490 nm
—vr, 611 nm

—+, 490 nm

—, 611 nm

—— 490 nm

——1, 611 nm

!
2.5 3.0

| | |
0 05 1.0 15 2
e —
0 T T xl
2.0

0.0 0.5 1.0 1.5
X

Fig. 6.14: The plots of lifetime (7,1, T, and 75 for 3Py (490 nm) andD;, (611 nm) transitions of
Pr3*) versus x for Pri* in Laz«YxSiOs (x =0, 0.5, 1, 1.5 and 2). The inset is magnified spectra of
1, for the 3Po (490 nm) and 1D, (611 nm) transitions.

Fig. 6.15 shows the CIE chromaticity coordinates diagram of Laz-xYxSiOs:Pr®*. The CIE shows
red colours with (x, y) coordinates of (0.464, 0.341), (0.501, 0.350), (0.462, 0.355), (0.432, 0.286)
and (0.411, 0.290) for x = 0, 0.5, 1, 1.5 and 2, respectively. The changes observed in the CIE
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coordinates is due to the variations observed in the luminescence intensities of the ®P; and D>

transitions in the emission spectra (Fig. 6.9(a-e)).

0.5 0.6 0.7 0.8

0 0.1 0.2 0.3

0.4
X-CIE

Fig. 6.15: CIE coordinates diagram of LazxYxSiOs:Pr¥* (x =0, 0.5, 1, 1.5 and 2) phosphors.

6.4. Conclusions

Pr3* doped mixed lanthanum yttrium oxyorthosilicates, Laz-«xYxSiOs:Pré* (x =0, 0.5, 1, 1.5 and 2)
powder phosphors were prepared using urea-assisted combustion method. The structure, elemental
and molecular species, ultraviolet visible reflectance and photoluminescence properties of the
phosphors were studied. The band gap of the doped samples was widened due to the shifting of
the Fermi-level into the conduction band by the dopant ions. The photoluminescence study of the
phosphors showed that the branching ratio of the Po and D, transitions of Pr3* varies with the
crystal field of the host, with x = 0 (La2SiOs) favouring 3Po transition and x = 2 (Y2SiOs) favouring
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1D, transition. The observed variation in branching ratio of the 3Po and 'D; transitions was ascribed
to the non-radiative transition of 3Po—D,, which increases with x (i.e. as the ratio of Y increases
in the host). It can be concluded therefore, that the inconsistencies observed in the branching ratios
of the emission intensities of transitions of Pr3* in different hosts is due to the variable crystal field
strength of the hosts. The magnitude of the crystal field influences the interaction between the Pr3*
energy levels and the excited configurations and hence the rate of non-radiative Po—'D
transitions, with higher rate of 3Po—!D; non-radiative transitions observed in host lattices with
high crystal field strength. Furthermore, it was also shown that the 3P transitions are from Pré*
ions occupying Lal and Y1 sites in the La2SiOs and Y2SiOs lattices respectively, while the D
transitions emanated from Pr* ions occupying the La2 and Y2 sites. The decay curve showed three
lifetime components from both 3P and D> transition with the latter having higher lifetime values

in all cases.
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c“ Influence of the ratio of rare earth oxyorthosilicate R.SiOs (R = La,
. Y) hosts on the structure and optical properties of co-doped Pr3*
1 /Dy** phosphors.

7.1. Introduction

Crystal field determines the chemical nature of the optical center of a phosphor material. Some of
the optical advantages of crystal field engineering include shifting of the wavelength ranges of
optical transitions, increasing the rates of radiative transitions and minimizing loss by nonradiative
decay and excited state absorption. These objectives can be accomplished by manipulating the unit
cell containing the optical center. The unit cell can be manipulated by changing its chemical
composition [1]. The crystal field strength in any host increases with decreasing ionic radius of the
host material relative to that of the dopant due to increased electrostatic interaction of the host
lattice with the dopant ion [2]. Therefore, dopant with bigger ionic radius will create stronger

electrostatic interaction with the host lattice and hence higher crystal field strength.

The luminescence spectra of phosphors based on Pr3* doped matrices show a strong dependence
on the crystal field strength of the host material. For host matrices with weak crystal field strength,
the lowest crystal field component of the 4f5d configuration of Pr3* is energetically located above
the 1Sy level of the 4f-state and hence after vacuum ultra-vacuum (VUV) excitation, majority of
the relaxation path populates the 1So level, Fig. 1(a) [3, 4]. When doped into host matrix with
crystal field strong enough that the lowest crystal field component of the 4f5d configuration is
located slightly below the 1Sy state, Pr3* gives broad emission in the ultraviolet B or UV-B (280—
315 nm) and UV-C (100-280 nm) range, Fig. 7.1(b) [4, 5]. However, for a host matrix with a very
strong crystal field strength, the 4f5d of Pr3* is far below the Sy state and closer to the 4f states.
This leads to the population of the 4f states and hence leads to emission in the visible range of the
spectrum, Fig. 7.1(c) [4, 6-8].

On the other hand, Dy*" doped matrices show two prominent emission lines around 485 nm
(bluish-green) and 575 nm (yellowish), which varies differently with the crystal field around Dy®*

ion. Defined as hypersensitive, the yellow emission, which is electric dipole transition, is highly
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sensitive to the crystal field around Dy** ions. On the other hand, the bluish emission is a magnetic

dipole transition and hardly varies with the crystal field around Dy®* ions [9].

Variation in the molar ratio of Laand Y in La>xYxSiOs (x =0, 0.5, 1, 1.5 and 2) host will result in
variation of the unit cells of the host and hence tuning of the crystal field strength. These, to large
extent, can influence the luminescence properties of Pr3* and Dy** in the host matrix. Concerning
the effects described above, we decided to study the effect of host composition on luminescence
properties of R2SiOs (R = La and Y) co-doped Pré* and Dy*".

(a) (b) (©)
'So 'So 'So
4f5d
40 =
~ 4f5d
£ 30—
-"E 3 Jp:
i - i"ﬂ 1
o ~
= = Py
= 20 ,% g -
2 5 £
10— "Gy
4
3foF
6
5 I'H
0 — y y M

Fig. 7.1: Schematic of energy levels of Pr3* in different hosts.

7.2. Experimental
7.2.1. Sample preparation

0.25% of praseodymium (Pr) and dysprosium (Dy) co-doped Laz«YxSiOs (x =0, 0.5, 1, 1.5 and 2)
powder phosphors were prepared by urea-assisted solution combustion synthesis. The starting

materials are lanthanum nitrate hexahydrate, La(NO3)3.6H>O, yttrium nitrate hexahydrate,
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Y(NO3)3.6H20, praseodymium nitrate hexahydrate, Pr(NO3)3.6H>O, dysprosium nitrate
hexahydrate, Dy(NOz)3.6H-0, silicic acid, SiO2H20, urea, CO(NH4)2 and ammonium nitrate,
NHsNOs. Urea and ammonium nitrate were used as fuel. Stoichiometric amounts of the above
compounds were dissolved in 2 ml of distilled water in a glass beaker and placed in a magnetic
stirrer with a hot plate set to 100 °C and was stirred for about 15 min to obtain a homogeneous
solution. The solution was transferred to ceramic crucible boat and immediately into a muffle
furnace pre-heated to 600110 °C. Combustion reaction took place within 2 min after the crucible
boat containing the solution was placed into the furnace, resulting in evaporation of gases like
COz2, N2 and H20. The end product (crispy foam-like) was removed from the oven and allowed to
cool to room temperature and was ground into a fine powder using an agate mortar and pestle. The

powder samples were stored in different sample holders for characterization.
7.2.2. Characterization

A Bruker D8 Advanced X-ray diffractometer (XRD) with a monochromatic CuKa radiation of
wavelength (L) = 1.54056 A was used to study the structure. A Lambda 950 UV-vis spectrometer
was used for absorption measurements. A Jeol JSM-7800F field emission scanning electron
microscope (FE-SEM) fitted with Oxford Aztec 350 X-Max80 was used to study the morphology
and the energy-dispersive X-ray spectroscopy (EDS) for chemical composition analysis.
Photoluminescence (PL) measurements were performed using two instruments: (i) the FLS980
spectrometer - Edinburgh instruments equipped with a 450 W Xenon Lamp (Xel) as the excitation
source and the red-cooled photomultiplier tube (PMT) detector. (ii) a PL system consisting of a
325 nm He-Cd gas-cooled laser as source of excitation, PMT detector, a spectrometer and a lock-

in amplifier.
7.3. Results and discussion

It has been shown that the crystal structure of La>SiOs and Y>SiOs can crystalize in a pure
monoclinic phase. However, La;SiOs fall into the P21/c space group (the large ionic radii rare
earth ions) while Y>SiOs fall into the C2/c space group (the small ionic radii rare earth ions) [10,
11]. Dominiak et al reported that mixed oxyorthosilicate Lu2-xGdxSiOs exhibited the LuzSiOs
(C2/c) type structure up to 80 at% of Gd and 20 at% of Lu (Gd2SiOs belong to the P21/c group)
[12], while mixed Gd1.99-xYxCe0.01SiOs (X = 0.199) has been shown to crystalize in P21/c space
group [13]. The tendency that mixed rare earth host form single or mixed phase can be related to
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the ionic radii of the rare earth ions that are incorporated. Considering the similarity between ionic
radii of Lu®* and Gd®* ions (Lu®* = 0.1032 and Gd** = 0.1107 nm) in their nine fold coordinates,
[10, 14], substituting these will not have significant effect on the crystal structure of the Lu,SiOs.
Similarly, Y3* (0.1075 nm) will not have any significant effect on the crystal structure of Gd,SiOs.
However, the crystal phase of the structure of Laz-YxSiOs: 0.25Pr**, 025Dy** (x =0, 0.5, 1, 1.5 and
2) can be affected by varying the molar ratio of La®** to Y** in the matrix as shown in the XRD
pattern in Fig. 7.2. By decreasing the La ion content, the matrix can move from P21/c space group
to C2/c space group [15]. For x = 0 and 2 we have pure P21/c and C2/c space group respectively.
The change in the crystal structure of LazxYxSiOs: 025Pr**, 02sDy** with x can be attributed to a
relatively large difference between the ionic radii of La®>" (0.1216 nm) and Y3* (0.1075 nm).
Considering the ionic radii of the rare earth ions, Pr¥* (0.1179 nm) ions can easily substitute La*
(0.1216 nm) sites but will cause expansion in Y3* (0.1075 nm) lattice sites. On the other hand,
Dy®* ions (0.1083 nm) can easily substitute both La®>* and Y3* lattice sites [10, 14]. However,
substitution of Dy®* into La®" lattice sites will lead to shrinkage of the lattice sites (and hence
resulting in longer Dy**—La®* bonds length) and subsequently a weaker crystal field splitting effect
[16]. The XRD pattern of the pure La>SiOs (x = 0) and pure Y2SiOs (x = 2) matched with the
standard monoclinic structures referenced in JCDPS file no: 40-0234 and 74-2011 respectively. It
shows that the diffraction peaks shift to higher angles as x increases, which is ascribed to the
change in the crystal structure [15]. For a fixed wavelength (1), the interplanar spacing (d-spacing)
(dpx;) can be estimated from the XRD data using Eq. (7.1) [17].

p) (7.2)

d. —
T 25in 6,

where 1 = 0.15406 nm is Cu Ka X-ray wavelength; h, k and | are Miller’s indices; and 6y is the
diffraction angle. The estimated d-spacing decreases as x increases and they are compared with the
theoretical values in table 7.1. The peaks marked with * are from Y>SiOs while the unmarked

peaks are from LazSiOs.

148



Table 7.1: Crystallographic planes and corresponding Bragg angles, the experimental and
theoretical d-spacing for LaxY»xSiOs:025Pr**, 02sDy** (x =0, 0.5, 1, 1.5 and 2).

20 (deg) La:Y molar ratio/Crystallographic planes dhi (NmM)
x=0 x=0.5 x=1 x=15 X=2 Experimental Theoretical
195 (202)* 0.45485 0.44044
20.51 (200) 0.43268 0.44202
22.58 (112) 0.39397 0.39549
22.61 (112) 0.39294 0.39549
22.75 (112) 0.39056 0.39549
26.86 (021) 0.33165 0.32709
27.89 (021) 0.31963 0.32709
28.58 (121)* 0.31208 0.30357
29.09 (202) 0.30672 0.31978
29.16 (121)* 0.30600 0.30357
29.29 (202) 0.30467 0.31978
29.36 (121)* 0.30396 0.30357
30.67 (121) 0.29127 0.29218
30.84 (121) 0.28970 0.29218
31.02 (121) 0.28806 0.29218
32.57 (213) * 0.27469 0.26469
33.57 (213) * 0.26674 0.26469
33.77 (213) * 0.26521 0.26469
43.73 (321) 0.20684 0.20359
44.07 (321) 0.20532 0.20359
45.97 (123) 0.19726 0.19848
48.22 (125)* 0.18857 0.18756
48.62 (125)* 0.18711 0.18756
52.19 (512) 0.17512 0.17706
52.82 (512) 0.17318 0.17706
57.25 (240)* 0.16079 0.15952
57.65 (240)* 0.15977 0.15952
63.72 (441) 0.14593 0.14625
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Fig. 7.2: XRD pattern of Lax«YxSiOs:025Pr**, 02sDy** (x =0, 0.5, 1, 1.5 and 2) compared to the
JCDPS files of pure Laz2SiOs and Y2SiOs.

Fig. 7.3 (a-c) show the FE-SEM images of LaxxYxSiOs:0sPr®*, 0sDy** (x = 0, 1, 2) powders
respectively. The images show that the powders were made up of platelet-like and flake-like

structures of different sizes.

EDS spectra recorded from three sample (x =0, 1 and 2) are shown in Fig. 7.4 (a, c and €) and the
corresponding images of elemental mapping are shown in Fig. 7.4(b, d and f). From the EDS
spectra, the carbon (C) was probably from the carbon tape used to mount the samples and the

atmospheric carbon. Other elements such as La, Y, Si, Dy, and O were observed as expected. The
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elemental mapping shows how each element was distributed on the surface of the samples, and it

is apparent that all the elements were evenly distributed on the surface.

Fig. 7.3: FE-SEM images of (a) LazSiOs:025Pr3*, 025DY** (x = 0), (b) Y2SiOs:025Pr3*, 025Dy (X
=2) and (c) LaYSiOs:025Pr*, 025Dy%* (x = 1).
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Fig. 7.4: The EDS spectra of () La2SiOs:0.25Pr*, 0.25Dy*, (€) Y2SiOs:0.25Pr*, 025Dy, (€)
LaYSiOs:0.25Pr*, 025sDy** and the corresponding elemental maps (b), (d) and (f).
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The reflectance properties of La,SiOs, Y2SiOs, mixed LaYSiOs, and LaYSiOs doped Dy** and
Pr3* phosphors were investigated using UV-VIS spectrometer at room temperature. Fig. 7.5(a)
shows the diffuse reflectance spectra of LaxSiOs, Y2SiOs and LaYSiOs while Fig. 7.5(b) shows
the diffuse reflectance spectra of LaYSiOs doped with Dy** and Pr3*. From the reflectance curve
(Fig. 7.5(2)), it is seen that the absorption edge of LaYSiOs lies at higher wavelength (lower
energy) compared to those of Y2SiOs and La,SiOs. This could be because of strain induced in the
matrix due to mixing of the two host matrices. Both LaYSiOs:Dy** and LaY SiOs:Pr3* show similar
absorption edge around 210 nm (Fig. 7.5(b)). Furthermore, the shape of the reflectance curve of
LaYSiOs:Dy*" is similar to the undoped LaYSiOs. However, for LaYSiOs:Pr¥*, immense decrease
was observed in the reflectance from around 668 nm to 376 nm, and it becomes constant around
310 nm, and then decreases again. This broad absorption band with maxima at 376 nm is ascribed
to O>—Pr* charge transfer band (CTB) and it is usually not accompanied by luminescence [18].
In addition, this charge transfer band suppressed the Pr3* and Dy®* absorptions peaks in the
reflectance spectra [18, 19].

The optical band gaps were determined from the reflectance spectra using Tauc plot [20].

According to Tauc, the absorption coefficient a for a given material is related to its band gap (Ej)
by

(ahv)'" = A(hv—E, ) (7.2)

where h is Planck’s constant, v is the frequency of vibration, n denotes the nature of material
transition and A is a constant which is independent of the chemical composition of the material.
According to the Kubelka-Munk function (F (R.,)), the diffuse reflectance (R,) for a semi-infinite

medium is given by
F(Rw)=((12_RR°°)2] (7.3)

Therefore, for a finite medium with 100 % reflectance,

F(Rm)z(@ Rmo)j :[(1— RY /100} (7.4)

2R, 2R /100
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F(Ry¢0)) is directly proportional to a, hence Eq. (7.2) can be written as
(F(Ruo)hV)"" = Alhv—E, ) (7.5)

The reflectance wavelength in nm A,,,,, is related to the photon energy (hv) in electron volts (eV)
by hv = 1240/Agmy [21, 22]. The plot of hv versus [AvF (Rygo)]*/* for La;SiOs, Y2SiOs,
LaYSiOs are shown in Fig. 7.6(a), while Fig. 7.6(b) shows the hv versus [AvF (R100)]*/? plot for
LaYSiOs doped Pr®* and Dy®*. The estimated band gaps are 4.65, 5.15, 3.66, 4.72 and 3.71 for

La,SiOs, Y2SiOs, LaYSiOs, LaYSiOs:Dy** and LaYSiOs:Pr*, respectively. The value of the band
gaps are less than the reported band gap of Y2SiOs (6.10 eV) [22].
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Fig. 7.5: The diffuse reflectance curves of (a) undoped LazSiOs, Y2SiOs and LaYSiOs and (b)
LaYSiOs:Dy** and LaYSiOs:Pr".
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Fig. 7.6: Estimation of the band gaps of (a) La2SiOs, Y2SiOs and LaYSiOs, (b) LaYSiOs:Dy**
and LaYSiOs:Pré* using the hv versus [AvF (R100)]/>.

For the co-doped LazxYxSiOs:0.25Pr3*, 02sDy** (x = 0, 0.5, 1, 1.5 and 2), the highest reflectance
was obtained when x = 2 (Y2SiOs025P%*, 025Dy**) and the lowest when x = 0.5
(La1sY05Si0s:0.25Pr*, 0.2sDy*), Fig. 7.7(a). It can be seen that the reflectance decreased initially
with increasing x (x = 0.5), but started increasing with x from x values of 1, 1.5 and 2. It is expected
that, since Y»SiOs have higher reflectance than L.SiOs, increasing the molar ratio of Y2SiOs
(increasing value of x) in the LaxxYxSiOs:025Pr®*, 02sDy*" matrix should lead to increasing
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reflectance. Nevertheless, the initial decrease in the reflectance could be due to induced strain due
to the mixed phase of La>SiOs and Y2SiOs. The absorption edge was constant at 225 nm for x = 0,
0.5 and 1, but changed to 214 and 206 nm for x = 1.5 and 2 respectively. Fig. 7.7(b) shows the hv
versus [hvF (Ryg0)]*? curves for Lay«YxSiO5:025Pr¥, 025Dy** (x = 0, 0.5, 1, 1.5 and 2) with
estimated band gaps of 3.84, 3.23, 3.72, 4.19 and 5.35 eV, respectively.
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Fig. 7.7: The diffuse reflectance curves of (a) LaxYxSiOs:025Pr*, 02sDy** (x =0, 0.5, 1, 1.5 and
2) and (b) the respective band gaps.
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Photoluminescence properties of Dy** and Pr3* doped LaYSiOs were measured to confirm the
electronic transitions emanating from each of the rare earth ion before co-doping. Fig. 7.8(a) (1
and 2) shows the PL excitation spectra of LaYSiOs:Dy** and LaYSiOs:Pr®* when monitoring the
*Foro—®Hiar2 (573 nm) and D,—3H4 (611 nm) transitions of Dy** and Pr3* respectively. The
excitation spectra of LaYSiOs:Dy** and LaY SiOs:Pr3* show major excitation peaks at 234 and 237
nm, respectively, which are attributed to the electronic transition from the O2p valence band to
La(5d6s) and Y (4d5s) conduction band [23, 24]. The inset of Fig. 7.8(a) (1 and 2) are the magnified
excitation spectra of LaYSiOs:Dy** and LaYSiOs:Pr¥* from wavelength range of 250 — 500 nm.
The magnified excitation spectra of LaYSiOs:Dy** (Fig. 7.8(a) (1)) shows eight excitation peaks
assigned to *Hisp—*Kisr (294 nm), ®Hisp—*Kiss, ®P3r2 (325 nm), Hiso—°®P712, *Mas2 (349 nm),
®Ha15/2—%Ps12 (362 nm), *Hisio—*11372 (387 nm), ®H1so—*G112 (424 nm), *His;p—*l1512 (454 nm),
and ®Hiso—*For2 (474 nm) excitation states of Dy®* [25, 26]. The magnified excitation spectra of
LaYSiOs:Pr¥*, Fig. 7.8(a) (2), shows three peaks at 447, 472, and 486 nm assigned to 3Hs—>P>,
3H,—3P; and 3Hs—3Po transition of Pri* respectively [27]. The encircled area in the inset of Fig.
7.8(2) (2) is due to 4f—4£5d transition of Pr¥* [28-30]. Fig. 7.8(b) (1 and 2) show the emission
spectra of LaYSiOs:Dy** and LaYSiOs:Pr¥* recorded when exciting at 234 and 237 nm
wavelengths respectively. The emission spectrum of LaYSiOs:Dy** shows four peaks from Dy**
Af—4f transition at 484, 573, 665, and 755 nm assigned to “*Fop—°Hisp, *Fop—°Haap,
*Farn—®H1112, and “Forp—®Hgyz respectively [31]. The emission spectrum of LaYSiOs:Pr3* show
three major peaks at 490 nm (with a shoulder at 500 nm), 611 nm (with and shoulder at 630 nm),
and 650 nm. The peaks at 490 nm and the shoulder at 500 nm are assigned to double manifold of
3Py—3Hs, while the one at 611 nm and the shoulder at 630 nm are double manifold of 'D,—%H,
Af—4f transitions of Pr3* [32-34]. The other peaks at 650 nm is attributed to *Po—>F2 transition of
Pr3*, while the small broad band peaking at 540 nm is ascribed to manifolds of 3Po—3Hs transitions
of Pr3* [35]. The peak at 730 nm is assigned to *Po—3F. transition of Pr®* [36]. The broad band
shown in the inset of Fig. 7.8(b) (1 and 2) are the magnified PL spectra in the wavelength range of
400 — 470 nm and they are assigned to the self-trapped excitons (STE) in SiOz [37, 38].
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Fig. 7.8: The PL (a) excitation spectra of (1) LaYSiOs:Dy*", (2) LaYSiOs:Pr3* monitored under
the 573 nm and 611 nm emissions of Dy** and Pr3* respectively and (b) emission spectra of (1)
LaYSiOs:Dy®", (2) LaYSiOs:Pr3* under 234 nm and 237 nm excitations respectively.

The PL excitation spectra of the co-doped Laz-«YxSiOs: 0.25Pr**, 02sDy** (x = 0, 0.5, 1, 1.5, 2) were
measured by monitoring Dy** 4Fo,—%H13/2 transition at 573 nm and are shown in Fig. 7.9(a). The
excitation spectra comprise of peaks ranging from UV to the visible region. Similarly, eight were
observed in the wavelength range of 281— 500 nm in Fig. 7.9(a) as observed from LaYSiOs:Dy**
(Fig. 7.8(a) (1)). As also observed in Fig. 7.8(a), the broad bands from O 2p valence band to
La(5d6s) and Y (4d5s) conduction bands were observed at a lower wavelengths of 228 nm for x =
2 and at 223 nm forx =1.5,1, 0.5, and 0 [23, 24] in Fig. 7.9(a). The two insets of Fig. 7.9(a) show
the magnified excitation spectrum in the wavelength range of 238 — 300 nm. The two peaks
observed at 256 and 278 nm are assigned to the 4f—4f5d transitions of Pr3* [28-30]. Fig. 7.9(b)
shows how the UV and the 349 nm excitation intensities varies with each other for each value of
X. It is evident that the highest intensities were obtained when x = 2 and the least intensities were
obtained when x = 0 for both the UV and 349 nm excitations. The plot in Fig. 7.9(b) shows that

the emission intensity of the phosphors decreases with increasing La content (as x decreases) and
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increases with increasing Y content (increasing x) in the host matrix. This variation in the PL

intensity with La can be linked to the differences between the ionic radii of the hosts and the
dopants. As observed in the XRD data, substitution of Dy** into La®* lattice sites will lead to
shrinkage of the lattice sites (and hence resulting in longer Dy**—La* bonds length) leading to
weaker crystal field effect [16]. The weak crystal field interaction leads to decreasing PL intensity

as x decreases (increasing La®* molar ratio). However, the similarity between the ionic radii of

Dy3* and Y** leads to stronger crystal field interaction and hence leading to increasing PL intensity

with increasing Y** molar ratio (increasing x).
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Fig. 7.9: (a) The PL excitation spectra of LazxYxSiOs:025Pr*", 02sDy** (x =0, 0.5, 1, 1.5 and 2)
under the 573 nm emission of Dy®*, (b) compares the variation in the excitation intensities with x
for the UV (228 and 223 nm) and 349 nm excitation lines, (c) magnified excitation spectra of
LazxYxSiOs:0.25Pr®*. The insets in (a) is the magnified spectral in the 238 —300 nm spectral range.
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The PL emission spectra of the co-doped LazxYxSiOs: 0.25Pr*, 02sDy** (x =0, 0.5, 1, 1.5, 2) were
recorded by monitoring different excitation wavelengths and the results are shown in Fig. 7.10.
The emission spectra of the phosphors when monitoring the excitation at 349 nm are shown in Fig.
7.10(2). Four emission peaks were observed at 484, 573, 665 and 755 nm and are attributed to the
*Fon—C®Hisp, *Fon—C®Hisn, *Far—C®Hi112 and *Fop—°Hen f—f electronic transition of Dy**
respectively [31]. The broad band observed from 400 — 470 nm is host related and is assigned to
self-trapped excitons (STE) in SiO2 [37, 38]. Observe that no Pr3* emission was observed in Fig.
7.10(a). However, when the phosphors were excited by using the ®Hisp—*Kaizz (294 nm) line of
Dy®*, both Dy** and Pr3* emissions were observed as depicted in Fig. 7.10(b). These suggested
that Dy** and Pr3* ions were excited simultaneously when the phosphors were excited at 294 nm.
As can be seen from Fig. 7.9(c), 4f—4f5d band of Pr3* extended above 300 nm and hence there is
a possibility that when the phosphors were excited at 294 nm, both Dy** and Pr* ions were excited
concurrently. Also observe from Fig. 7.10(b) is that: (i) when x = 0, only one peak was observed
from Pr3* at 540 nm assigned to *Po—3Hs transition [39]. (ii) When x = 2, six Pr¥* emissions were
observed at 620, 630, 644, 657, 715 and 750 nm. The four peaks at 620, 630, 644 and 657 nm are
the manifolds of *D>—3Ha transition of Pré* [40, 41]. The peak at 715 nm is ascribed to Po—°F3
transition of Pr®*, while the one at 750 nm is the combination of 3Po—3F4 and *Fo,—°Hoy
transitions of Pr* and Dy**, respectively [31, 42]. (iii) The luminescence intensity of Pr** lines in
the higher wavelength (620, 630, 644, 657, 715 and 750 nm) decreases with x (i.e. with increasing
La content in the host) and vanished completely when x = 0. The decrease in the emission intensity
of the peak observed in the higher wavelengths (especially the peaks at 620, 630, 644 and 657 nm)
could be due to the 3Po—'D, non-radiative transitions usually observed in Pr®* doped matrices [15,
43]. The mechanism of *Po—D, non-radiative transitions in Pr* doped matrices can be explained
by 3Po—1D; relaxation through inter-system crossing via the 4f5d state. It has been shown that the
energy level minimum of the 4f5d level of Pr3* can vary with respect to the 3P and Dy states in
different hosts [33, 43]. This variation affects the rate of 3Po—*D2 non-radiative decay, with higher
rate observed in host matrices with stronger crystal field strength [44]. Therefore, it is safe to
conclude that the variation in the branching ratio of the emission intensities of the emission lines
from the 3P and D2 levels of Pr3* observed in Fig. 7.10(b) is due to the variation of the crystal
field strength of the host matrices as the ratio of La:Y is varied. It can also be concluded that the

rate of *Po—1D, non-radiative decay increases as the ratio of Y increases (as x increases) in the
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host. These suggests that Y has higher crystal field strength than La in the Laz-xYxSiOs: 025Pr®",
025DY** system. Fig. 7.10(c) shows the emission spectra of the phosphors (x = 1, 1.5 and 2) when
monitoring the emission under UV excitation (229, 223 and 223 nm respectively). The spectra
show four emission peaks from Dy*" at 484, 573, 665 and 755 nm assigned to *Fo,—%Hiss,
*Forn—®Hiar, *Fan—C®Hiu12, and *Fep—%Hay respectively [31]. The broad emission band in the
wavelength range of 400-472 nm with maximum at 450 nm is a combination of the STE in SiO>
[37, 38], and Pr* 4f5d—'D, emission [45]. Observe that the branching ratio of the intensity of the
4£5d—'D; transition of Pr¥* to that of the *Fo>—°®H13/2 (573 nm) transition of Dy** changes with
X, with 4f5d—!D; increasing as x decreases while *Fo,—°®H131, transition increases with x. The
variation in the emission intensities of these two peaks could be due to energy transfer from Pre*
to Dy®*. Fig. 7.10(d) shows the excitation and emission spectra of Dy*" and Pr3* respectively,
incorporated into LaYSiOs host. The spectral overlap between the ®Hisp—*lis2 (454 nm)
excitation peak of Dy** and the 4f5d—'D, (450 nm) emission band of Pr®* is an evidence that Pr*
can sensitize Dy**. The possible energy scheme for Pr* to Dy®* energy transfer in LaYSiOs host
is illustrated in Fig. 7.11. Under UV excitation, electrons are excited from the O 2p valence band
to the La(5d6s) and Y (4d5s) conduction band of the host. The excited electrons relax to the 4f5d
energy level of Pr¥* and higher energy level of Dy3*. Energy transfer from Pr3*:4f5d to Dy**:*l1s/2
level takes place. Energy transfer from Pr3* to Dy** has been reported in lithium borate glasses co-
doped with Dy**and Pr3* [46]. The number of electrons transferred from Pr3* to Dy®* varies with
X, probably because of the widening of the energy levels of the Pr3*:4f5d and Dy**:*l15, as a
function of x. It has been shown that for divalent and trivalent rare earth ions, the energy level
difference between the 4f5d state and the 4f state increases with decrease in the crystal field
strength of the host [47]. This suggests that the crystal field strength of the samples probably
increased with x; with x = 0 having smallest and x = 2 having the highest crystal field strength.
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Fig. 7.11: Schematic of energy diagram showing the energy transfer mechanism from Pr3*:4f5d
to Dy®*:*l1sp2.

The photoluminescence emission properties of the co-doped Laz-«YxSiOs: 0.25Pr3*, 025Dy (x = 0,
0.5, 1, 1.5, 2) phosphors were also studied using a 325 nm He-Cd laser as the excitation source
and the observed spectra are shown in Fig. 7.12(a). Emission spectra similar to those shown in Fig.
7.9 (b) were obtained including broad emission bands with maximums at 620, 630, 644 and 657
nm (Fig. 7.12(b)) which were observed in only two of the samples (x = 1.5 and 2) assigned to the
manifolds of *D,—3Ha transition of Pré* [40, 41]. The STE band is also observed in the wavelength
range of 380-470 nm [37]. Fig. 7.12(c) shows a magnified emission spectrum in the wavelength
range of 550 to 600 nm. It is clear from Fig. 7.12(c) that the emission maxima at 573 nm gets

narrower as the value of x increases in the matrix. This is because the electrostatic field (crystal
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field) around rare-earth dopant ions in the host matrix affects the shape and the width of the
emission line. The closer the sizes of the ionic radius of the host and the dopant, the stronger the
crystal field strength affects the dopant ions and smaller will be the bandwidth of the emission
spectra [2, 48, 49]. As discussed in the XRD data, the ionic radius of Y3* (0.1075 nm) is similar to
that of Dy** (0.1083 nm) compared to that of La®>" (0.1216 nm) [10, 14]. Therefore, Dy** ions
substituted in Y** lattice sites will experience greater crystal field effect than Dy** ions substituted
in La* lattice sites.
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Fig. 7.12: () The emission spectra of LazxYSiOs:0.25Pr3*, 025DY*" (x =0, 0.5, 1, 1.5 and 2)
under 325 nm He-Cd laser excitation, (b) the magnified spectra in the 500 to 600 nm spectral
range and (c) the magnified spectral in the 600 to 700 nm range.
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The varied emission properties for different molar ratios of La and Y, particularly the changes of
the relative emission intensity observed at 460, 484 and 573 nm is a direct indication that the
emitted colours of Laz«YxSiOs: 0.25Pr*, 0.25Dy** (x =0, 0.5, 1, 1.5, 2) can be tuned in a controllable
manner as confirm by the CIE (X, y) colour coordinates of the phosphors. The CIE chromaticity
varies from bluish-white through white to yellowish emission as the ratio of La and Y were varied
in LazxYxSiOs: 025Pr¥*, 0.2sDy*" matrix as shown in Fig. 7.13(a-d) for the samples excited with UV
(223 and 229 nm), at 294 nm, 349 nm and 325 nm respectively. The correlated colour temperature
(CCT) specifies the appearance of colour emitted by a lamp in comparison with a referenced light
source heated to a certain temperature. The CCT of the phosphors were calculated using the

McCamy empirical formula [50, 51] given by

(7.6)

CCT =—-473n®+3601In* — 6861n +5514.31

where n = (X —Xe)/(y—Ye) with xe = 0.3320 and ye = 0.1858 is the chromaticity epicenter. The
calculated CCT values and the corresponding CIE (X, y) coordinates for the phosphors are shown
in table 7.2.

Table 7.2. CIE chromaticity coordinates and CCT values of Laz-xYxSiOs:0.25Pr®*, 02sDy** (x = 0,
0.5, 1, 1.5, and 2) phosphors under UV, 294 nm, 349 nm and 325 nm He-Cd laser excitation.

Las«YxSiOs: Chromaticity coordinates (x, y)/ CCT (K)
025Pr*, 0.25Dy**
uv 294 nm 349 nm 325 nm
x=0 - (0.237, 0.224)/51569 (0.239, 0.218)/65897 (0.313, 0.333)/ 6461
x=0.5 - (0.197, 0.144)/6195 (0.207, 0.160)/7102 (0.337, 0.353)/ 5312
x=1 (0.188,0.087)/1811  (0.213,0.181)/2393704  (0.240, 0.207)/138818  (0.339, 0.357)/ 5240
x=15 (0.301, 0.252)/9562 (0.242, 0.154)/5034 (0.215, 0.171)/35397 (0.380, 0.380)/ 4032
X=2 (0.353, 0.343)/4661 (0.352, 0.228)/3025 (0.294, 0.271)/9329 (0.394, 0.408)/ 3871
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Fig. 7.13: CIE coordinates of Laz-xYxSiOs:025Pr3*, 02sDy** (x =0, 0.5, 1, 1.5, and 2) phosphors
under (a) UV (229 and 223 nm) excitation (b) 294 nm excitation (c) 349 nm excitation and (d)
325 nm He-Cd laser excitation.
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7.4. Conclusion

The molar ratio of single and mixed host lanthanum and yttrium rare-earth oxyorthosilicate
phosphors varied in the following manner: La>xYxSiOs (x = 0, 0.5, 1, 1.5, 2), (where x = 0 (pure
LaxSiOs) x = 2 (pure Y2SiOs) and x = 0.5, 1, and 1.5 are the admixtures of the two compounds)
and co-doped with 0.25% Pr3* and 0.25% Dy** were successfully prepared using urea-assisted
combustion method. The change in phase due to the admixture of these two compounds as
confirmed by the XRD data was further confirmed by the change in optical properties of the
phosphors. The variable optical properties due to the change in the band gaps resulted in a different
behaviour in the emission of Pr3* and Dy** in the host matrices. The position of the 4f5d state of
Pr3* relative to the 4f levels of Pr3* and Dy®* in the hosts played major role on the luminescence
properties of the phosphors. Our study showed that the 4f5d state of Pr3* lie closer to the 4f levels
of Pr3* and Dy*" in the sample when x = 2 (Y2SiOs) and further away from the 4f5d state as x
decreases from 2 to 0 (LazSiOs). This is clear indication that Y,SiOs exerted greater crystal field
on the dopants than La>SiOs. The tunable colour emission observed when the phosphors were
excited at different wavelengths suggest that they can be a promising material for white light and

other display applications.
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c“ The influence of post-annealing atmospheres on the optical
. properties and energy transfer between Pr3* and Dy3* in mixed

8 lanthanum-yttrium oxyorthosilicate hosts

8.1. Introduction

White light can be generated from Pr3* and Dy** when singly doped in different host matrices [1-
6]. Dy*" doped materials are of particular interest because of their dual visible emissions around
468—500 nm (blueish) and 565—600 nm (yellowish) associated respectively with the *Fg,—°His/2
and *Fo2—°®Hisp transitions [5]. The ratios of these two emissions can be influenced by the
symmetry of the host lattice [5, 7, 8]. Visible emission from Pr* doped materials are dominated
by the 3Po (blueish-green) and 'D- (red) transitions, whose intensity ratios are dependent on the

crystal field strength of the host material [©].

Sensitization of phosphor materials can enhance the luminescence property of the acceptor to a
very large degree [10, 11]. This occurs when a donor (activator) absorbs an external radiation and
transfers it to an acceptor (sensitizer), causing the emission of the sensitizer to be greatly enhanced
[12]. Energy transfer from Pr3* to Dy®* or vice versa have occurred in different host materials [13,
14-16]. However, in other host materials, no evident of energy transfer from either Pr* to Dy** or
Dy3* to Pri* were observed [17, 18]. This could be linked to the position of the 4f5d state of Pr3*
relative to the 4f states of Dy** in the host matrix, since energy transfer from Pr3* to Dy** occurs
when the 4f5d state of Pr3* lies close to the 4f states of Dy** [13]. The variation observed in the
gap between the 4f5d state of Pri* and 4f states of Dy** could be due to the fact that the energy
difference between the 4f5d and 4f states in trivalent and divalent rare earth ions increases with

decreasing crystal field strength of the host and vice versa [19].

Pr ions can occur in trivalent (Pr3*) and tetravalent (Pr**) states. However, only the Pr3* ions are
optically active. The Pr** ions are generally non-luminescence but form luminescence quenching
centers in the material [5, 20]. These centers are formed by capturing of holes from the top of the
valence band by Pr¥* to form Pr** (Pr3* + h —Pr*") [21] and hence reducing the luminescence

associated with the trivalent species. The Pr** ions can act as recombination centers, capturing
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electron to form (Pré¥*)* (Pr** + e Pr¥"), an excited state, which transits to the ground state and give

characteristic emission [22].

Post-annealing can improve the crystallinity of a phosphor material and hence the luminescence
[23-25]. Annealing in air can lead to the oxidation of Pr3* jons to form Pr** ions, which is harmful
to the luminescent. Nevertheless, Pr3* doped host materials annealed in air have shown
enhancement of luminescence by filling the oxygen vacancies created during synthesis [26, 27].
However, this depend on the annealing temperature [26, 28]. Annealing in reducing atmosphere
on the other hand can reduce reasonable amount of Pr#* ions to Pr3* ions, but will create more
oxygen vacancies in the material [26]. Pr doped materials annealed in reducing atmosphere have
generally enhanced the luminescence compare to the samples annealed in air [26-28].

Pr doped host matrices has shown drastic change in band gap energy under different annealing
conditions [29-32]. This change in band gap effects the position of the 4f5d relative to the
conduction band of the host, which in turn will determine whether the 4f5d transition will be
observe or not. Annealing in different atmosphere will also affect the crystal field of the host
material, since it effects the amount of oxygen present in the host. This will influence the position
of the 4f5d state of the Pr* relative to the 4f states of both Pr3* and Dy®*. In the presently work,
we studied the influence of different post-annealing environment (air and Ar-H) on the
photoluminescence properties of LazxYxSiOs:025Pr*,025Dy** (x = 0, 0.5, 1, 1.5 and 2) phosphors.
We paid particular attention to the energy transfer mechanism from Pr®* to Dy**, and the influence
of molar ratios of the host materials (La2SiOs and Y>SiOs) and the different post-annealing
atmospheres on the energy transfer. We chose to doped the sample with 0.25 mol% of Dy** and
Pr3* because in our previous study [5], we obtained the best luminescent intensity from the sample
doped with 0.25 mol% of Dy®*". Fig. 8.1 shows the plot of mol% Pr3* versus the luminescence
intensities. It can be seen from Fig. 8.1 that the best luminescent intensity was attained at the 0.25
mol% Pr3*. We did not dope the samples below 0.25 mol% because Zhmurin et al [33] obtained
the best Pr3* luminescence intensity in Y,SiOs host when they doped with 0.1 mol%. Although,
they observed luminescence quenching above 0.1 mol%, they did not dope below 0.1 mol%.
Furthermore, the intensity they obtained at 0.1 mol% is not much higher than what they obtained

at 2 mol % Pr3*. Looking at Fig. 8.1, the intensity obtained at 0.25 mol% is far higher than what
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was obtained at 2 mol%, hence since 0.1 and 0.25 mol% are close, we chose not to go lower to
0.25 mol%.

8.2. Experimental
8.2.1. Sample preparation

0.25 mol % of Pr¥* and Dy®*" co-doped Lap«Y,SiOs (x = 0, 0.5, 1, 1.5 and 2) phosphors were
prepared by urea-assisted solution combustion synthesis. The starting materials were, lanthanum
nitrate hexahydrate, La(NOz3)3.6H20, yttrium nitrate hexahydrate, Y (NOz3)3.6H20, praseodymium
nitrate hexahydrate, Pr(NO3)3.6H.0, dysprosium nitrate hexahydrate, Dy(NO3)3.6H-0, and silicic
acid, SiO2H20. A stoichiometric quantity of these reagents was transfer to different beakers labeled
x =0, 0.5, 1, 1.5 and 2. A stoichiometric amount of urea, CO(NH4)2, and ammonium nitrate,
NHsNOs, were added to each beaker and 2.0 ml of distilled water was also added. Each beaker
was stirred for about 15 min using a hot plate magnetic stirrer set at 100 °C to obtain a
homogeneous solution. The solutions were transferred to a ceramic crucible boat (cleaned with
ethanol and rinsed distilled water) and immediately into a muffle furnace pre-heated to about
600110 °C. Oxidation was observed in about 2 to 3 min after the crucible boat containing the
solution was placed into the furnace, resulting into a crispy form-like product. The product was
allowed to cool to a room temperature before it was ground into a fine powder using an agate
mortar and pestle. Each set of sample was divided into three parts, and one set of the samples were
post-annealed in air and the other set of the samples were annealed in Ar 95%/H, 5% (Ar-Hy)
atmosphere at 950 °C for 1 hr. Each set of samples were stored in a different sample holder for

characterization.
8.2.2. Characterization

A Bruker D8 advanced X-ray diffractometer (XRD) with a monochromatic CuKa radiation of
wavelength (1) = 1.54056 A was used to analyzed the structure of the phosphors. The electronic
states, chemical compositions, and the oxidation states were analyzed using a PHI 5000
VersaProbe X-ray photoelectron spectroscopy (XPS). The ultraviolet visible (UV-vis)
measurements were taken using a Lambda 950 UV-vis spectrometer. The photoluminescence (PL)
spectra were measured in the steady state mode using Edinburgh instruments FLS980
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spectrometer- equipped with a 450 W Xenon Lamp (Xel) as the excitation source and the red-

cooled photomultiplier tube (PMT) detector.

Intensity (a.u)

~_

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
mol%o Pr3+

Fig. 8.1: A graph of mol% Pr®* versus luminescent intensity in LaYSiOs host.

8.3. Results and discussion

Fig. 8.2(a-c) show the XRD patterns of LazxYxSiOs:025Pr¥",025Dy%" (x = 0, 0.5, 1, 1.5 and 2)
phosphors for the as-prepared, air-annealed, and Ar-Hz-annealed samples, respectively. The XRD
patterns of LazSiOs:025Pr*,025Dy*" (x = 0) and Y2SiOs:0.25Pr* 025Dy (X = 2) are consistent with
the standard of the pure monoclinic phases of La,SiOs and Y>SiOs referenced in the JCDPS file
no: 40-0234 and 74-2011, respectively. It is therefore reasonable to conclude from the XRD
patterns in Fig. 8.2 that the admixtures of La2SiOs and Y2SiOs (x = .5, 1 and 1.5) crystallized as a
mixture of the two compounds, with the patterns showing more peaks from the crystal planes of
the compound with higher concentration. For instance, when x = 0.5, most of the peaks observed
were from LaSiOs, and more peaks from Y>SiOs were observed when x =1.5. The dissimilarity
in the crystal planes observed from La;SiOs and Y2SiOs was presumed since the two compounds
belong to different space group, even though they are both monoclinic. La>SiOs belong to the

large ionic radii rare earth ions group (P21/c space group), while Y2SiOs belong to the small ionic
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radii rare earth ions group (C2/c space group) [34, 35]. It is apparent that the annealed samples
(especially x = 0, 0.5 and 1) are more crystalline than the as-prepared samples. This is confirmed
by the higher values of the full width at half maximum (FWHM) of the as-prepared samples
(calculated from the (321) peak of La>SiOs and (121) peak of Y2SiOs) compared to the annealed
samples (Fig. 8.2(d)).

The X-ray photoelectron spectroscopy (XPS) was used to determine the elemental composition,
oxidation state, chemical and electronic states of elements in the surface region of the materials.
Fig. 8.3(a-c) shows the O 1s fitted XPS spectra of the as-prepared, air-annealed and Ar-H,-
annealed LaYSiOs:025Pr3",025Dy*" (x = 1) samples respectively. The spectra showed peaks from
LaYSiOs (combination of La2O3 and Y203), SiOx (X < 2), LaYSiOs (combination of La>SiOs and
Y2SiOs), SiO2 and SiO4 with binding energy positions shown in table 8.1(a). Observe that the O
1s peak intensity is highest in the air-annealed sample, followed by the as-prepared sample, while
the Ar-Hz-annealed sample have the least intensity. Other studies have shown similar results [36,
37]. The reduction of O 1s peak intensity in the Ar-Hz-annealed samples indicates the removal of
native oxides from the samples [36], while the enhancement of O 1s peak in the air-annealed

sample indicates the oxidation of the sample [28, 36].

The XPS 3d core-level spectra of all rare earths compounds splits into 3ds/2 (J = 5/2) and 3dz2 (J =
3/2) states because of spin-orbit splitting [38]. Fig 8.4 (a) shows the XPS spectrum of Pr 3d for the
as-prepared LaYSiOs: 0.25Pr3*,025Dy** (x = 1). The XPS spectrum show four peaks assigned to Pr
3ds13 (932.1 eV), energy loss line (942.6 eV), Pr 3ds2 (952.5 eV) and O KLL (975 eV). The 3ds2
and 3ds/, doublets are located at the lower and higher binding energies with energy separation of
20.4 eV. The small intensity of the Pr 3d peaks in the XPS spectrum reflects the low concentration
of Pr in the sample. The energy loss line originates when a photoelectron loss some energy due to
its interaction with other electrons [39]. The O KLL peak is an Auger peak and it originates from
the ejection of L shell electrons from the atoms owing to the filling of the O 1s state (K shell) by
an electron from the L shell [40, 41]. The fitted XPS spectra of Pr 3ds/ core-level of the as-
prepared, air-annealed and Ar-Hz-annealed LaYSiOs: 0.25Pr*,02sDy** (x = 1) samples are shown
in Fig. 8.4(b-d). Each spectrum consists two pairs of peaks belonging to Pr* species (e.g. Pr203
and Pr(OH)s) and Pr** species (e.g. PrO2 and PrgO11) [9, 42], with the Pré* species lying in lower
binding energies compared to the Pr** species. The binding energy positions and the corresponding
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Pr species are summarized in table 8.1(b). Observe from Fig. 8.4(b-d) that the average area of Pr3*
and Pr** peaks in the air-annealed sample, Fig. 8.3(c), are almost the same. Moreover, the average
area of Pr¥* is higher than that of Pr** in the as-prepared sample, Fig. 8.4(b), and even more in the
Ar-Hz-annealed sample, Fig. 8.4(d). This is an indication that more Pr3* were oxidized to Pr** in
the air-annealed samples compare to the as-prepared and Ar-Hz-annealed samples [42]. The broad
XPS peaks observed in the lower binding energy and the small peak at the higher binding energy
in Fig. 8.4(b-d) are assigned to energy loss lines [39, 43]. The energy loss lines were observed at
942.6 and 959.7 eV for the as-prepared sample, 942.1 and 959.2 eV for the sample annealed in air
and at 941. 9 and 959 eV for the samples annealed Ar-He.
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Table 8.1: The binding energy positions and the corresponding chemical states for (a) O 1s and
(b) Pr 3ds;2 XPS peaks from LaYSiOs: 0.25Pr3*,0.25Dy** (x = 1) phosphors.

Chemical state Binding energy (eV)
As-prepared Air-annealed Ar-Hz-annealed

(@)
LaYSiO; 529.1 528.8 528.3
SiOx (X< 2) 529.9 530.0 529.4
LaYSiOs 530.9 530.9 530.4
SiO; 531.7 531.8 532.0
SiOq 532.6 532.8 533.2

(b)
Pré* (Pro0s) 951.0 950.5 950.3
Pr (PrOy) 953.2 952.7 952.5
Pré* (Pro0s) 955.6 955.1 954.8
Pr#+ (PrOy) 957.6 957.2 956.9

The XPS 3d core-level spectrum of La is complicated compare to that of Pr, because the 3ds/. and
3da3y, states (with spin-orbit splitting of 16.8 eV) split into two final states | and 11 as depicted in
Fig. 8.5(a). The final states | and 11 are respectively assigned to a core hole state, 3d*4f° and a core
hole state, 3d*f*, with an electron transferred from the O 2p valence band to an empty 4f orbital.
The final state I is assigned to La-O bond in La2Oz, while the final state Il is ascribed to the La-
OH bond in La(OH)az. The final states 11, due to electron-hole exchange, splits into two J states, J
=1 (with a strong signal) and J # 1 (with a weak signal). The two broad peaks observed around
848.2 and 863.5 eV are assigned to energy loss lines [39, 44-46]. The binding energies
corresponding to each state are shown in table 8.2(a). The I and Il final states are due to the two
La sites in La,SiOs [9] as depicted in Fig. 8.5(a & c). Fig. 8.5(c) shows the crystal structure of
La,SiOs, depicting the two La sites, Lal and La2, coordinated by nine and seven oxygen atoms
respectively [5]. The I and Il final states could be assigned to the La2 and Lal sites respectively.
Lal site is expected to have higher binding energy than La2, since it is coordinated by higher

number of oxygen atoms [47].

Ogugua, et al. Opt. Mater. 76 (2018) 125-140. 180



T0m

Gy (h}

500 Y 3dy;

400np
300 \"!Siﬂ;

cfs
[WE

200

100

Energy los/lines ) | 0 S ‘t’_g'ﬂ_:.
850 845 840 s.,}ﬁl 230 E25 172 170 168 166 1lﬁ-i+ 162
Binding Energy (eV) Binding

[
60 153 156 154 152 150
ergy (eV)

oog

(E!) Si 2p

La:Si0,

150p

oop

cls

150

100k

R

L -Ilh . _ _ - _ _ _ -~ _
114 112 110 108 106 104 10 100 98 %6 54 14 112 110 108 106 104 102 100 9E 96 M
Binding Energy (eV) Binding Energy (eV)

Fig. 8.5: Fitted XPS spectra of (a) La 3d peak, (b) Y 3d peak, (e) Si 2p peak from La,SiOs, (f) Si
2p peak from YSiOs, and the crystal structures of (¢) La2SiOs, and (d) Y2SiOs.

Ogugua, et al. Opt. Mater. 76 (2018) 125-140. 181



Fig. 8.5(b) shows the XPS spectrum of Y 3d core-level. The 3ds/2 and 3ds. are separated by spin-
orbit splitting of 2.05 eV. Two peaks belonging to Y-O bonds in Y203 and four peaks belonging
to Y-O bonds in Y2SiOs were observed in the spectra. The binding energy position for each
photoemission peak is shown in table 8.2(b). The two sets of Y2SiOs peaks observed at the higher
and lower binding energies belong to the two Y sites (Y1 and Y2) in Y2SiOs respectively [48], as
shown in Fig. 8.5(d).

The Si 2p XPS spectra of La;SiOs and Y2SiOs are shown in Fig. 8.5(e & f) respectively. Five
photoemission peaks belonging to Si, SiOx (x<2), SiO2 and SiO4 were observed from both spectra
as shown in Fig. 8.5(e & f). Other peaks belonging to La>SiOs and Y>SiOs were also observed as
shown in Fig. 8.5(e & 1), respectively. The binding energies belonging to these peaks are shown
in table 8.2(c & d) for LaxSiOs and Y2SiOs, respectively. The Si 2p photoemission spectra
emanated from the tetrahedra SiO4 as shown in Fig. 8.5(c & d).

Table 8.2: The binding energy positions and the corresponding chemical states for (a) La 3d
peak, (b) Y 3d peak, (c) Si 2p peak from La>SiOs, and (d) Si 2p peak from Y2SiOs.

Energy level ~ Chemical state  Binding energy Energy level Chemical Binding energy
(eV) state (eV)
(a) (b)
La 3dsp La,03 834.0 Y 3dsp2 Y203 157.0
La 3dsp La(OH)3 836.1 Y 3dsp2 Y205 157.9
La 3dsp La(OH)3 837.8 Y 3dsp2 Y205 158.7
La 3dap La,03 850.8 Y 3dar Y203 159.4
La 3d3; La(OH)s 853.1 Y 3dsp Y05 160.2
La 3dap La(OH)s 855.0 Y 3dsp Y05 161.2
(© (d)
Si 2p Si 99.2 Si 2p Si 99.9
Si 2p SiOx (x<2) 100.6 Si 2p SiOx (x<2) 100.9
Si2p LazSiOs 102.7 Si 2p YSiOs 102.8
Si 2p SiO; 104.3 Si 2p SiO; 103.9
Si 2p SiOq4 106.5 Si 2p SiOq 105.4

Since the signal intensity from the excitation spectrum reflects the difference in the photons

absorbed as a function of wavelength, it is expected that the excitation and absorption spectra
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should be identical for the molecule responsible for the luminescence. Therefore, a match of
absorption and excitation spectra of a given sample is an evidence of the same absorbing and
luminescence species. On the other hand, the absorption and excitation spectra will not match if
the molecule responsible for absorption is different from the molecule causing the luminescence
[49]. For anon-absorbing material, 100% of the incident radiant energy will be reflected. However,
for a reflecting material that selectively absorbs some of the primary excitation energy, the
reflectance spectrum deviates from that of the incident radiation [50]. UV-vis diffuse reflectance
shows the reflectance and absorption of a material in the ultraviolet-visible spectral region. Fig.
8.6(a-c) shows the UV-vis diffuse reflectance spectra of Laz-xYxSiOs:025Pr3*,025Dy*" for the as-
prepared samples, air-annealed and Ar-Hz-annealed samples in the spectral range of 200-800 nm,
respectively. The absorption band in the lower wavelength around 211-220 nm is assigned to band-
to-band absorption [51]. The broad absorption band starting from around 620 nm with maxima at
376 nm is due to the O>—Pr* charge transfer band (CTB). Fig. 8.6(d) shows the diffuse
reflectance of LaYSiOs:Pr3* and LaYSiOs:Dy**. Notice from Fig. 8.6(d) that the absorption band
at 376 nm was observed only in the sample doped with Pr¥*and not in the sample doped with Dy®*.
This confirms that the absorption band at 376 nm is Pr related, mainly due to the O*—Pr** CTB
[28]. The CTB basically introduce extra energy level due to the 4f (Pr** state) electrons sitting
between the O valence band and the host conduction bands [32]. Comparing the diffuse
reflectance of the as-prepared samples, Fig. 8.6(a), and the air-annealed samples, Fig. 8.6(b), it can
be seen that the samples that are air-annealed tend to oxidize more Pr®* to Pr** and hence increase
the absorption band at 376 nm. As expected, Ar-Hz-annealing caused reduction of Pr** to Pré*,

which is shown by the decrease of the 376 nm absorption band in Fig. 8.6(c).
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The optical band gap of a material can be determined from the diffuse reflectance curve using the

Tauc equation and the Kubelka-Munk function. These two functions are related by Eq. (8.1)
(F(R,)hv)'" = A(hv—E, ) (8.1)

where F(R,,) is the Kubelka-Munk function [52, 53] given by Eq. (8.2)
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F(Rw){(l;f‘”)z] (8.2)

0

where R, is the reflectance of a semi-infinite medium. F(R,,) is directly proportional to the
absorption coefficient (a) of the material [53]. h is Planck’s constant, v is the frequency of
vibration, n can be 1/2, 3/2, 2 or 3 depending on the nature of the transition, A is proportionality
constant and is the band gap of the material. For a finite medium with 100 % reflectance, R, =

Rioo0, hence Eq. (8.1) can be written as
(F (Ryoo)hV)'" = Alhv - E,)) (8.3)

The band gap can be extrapolated from the graph of [F(R;q0)hv]Y/? against hv as shown in Fig.
8.7(a-c) for the as-prepared, air-annealed and Ar-H, annealed La;-YxSiOs:0.25Pr*,0.25Dy*" (x = 0,
0.5, 1, 1.5 and 2) phosphors respectively. The estimated values of the band gaps are shown in table
8.3. It can be seen from the table that there is a general increment in the values of the band gap of
the air-annealed samples compare to the as-prepared samples. A further increment in the band gap
is observe in the Ar-Hz-annealed samples. Studies have shown that the oxidation of trivalent (R®")
to tetravalent (R*") rare earth ions [31, 32, 54] and oxygen vacancy formation can reduce the band
gap of a material [55]. The band gap narrowing could be due to the formation of oxygen defects
and Pr 4f levels below the conduction band minimum. The localized band states formed by the 4f
electrons and the oxygen vacancies levels restrict the maximum electronic transitions to the
conduction band [56]. As stated earlier, air annealing will lead to decrease in the oxygen vacancies,
but will oxidize more Pr3* to Pr**. However, annealing in reducing atmosphere (Ar-Hz) will create
more oxygen vacancies in the material, but will reduce a number of Pr#* to Pr¥*. Therefore, it is
reasonable to conclude that the increment in the band gap for the air-annealed and Ar-Hz-annealed
samples are due to filling of the oxygen vacancies and conversion of Pr* to Pr3* respectively.
Furthermore, since these two processes (air-annealing and Ar-Hz-annealing) lead to an increase in
the band gap and favour formation of Pr** and oxygen vacancies, respectively, which causes a
decrease in the band gap. It is worth mentioning that there will be an opposing effect between these
two processes on the band gap, one increasing and the other decreasing the band gap. It can also
be seen from table 8.3 that both processes (air annealing and Ar-H, annealing) have more effect

on the band gaps of the samples with high ratio of La>SiOs (x = 0 and 0.5) than those with high
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ratio of Y2SiOs (x = 1.5 and 2). These effects can be explained by looking at the energy requi

to form an oxygen vacancy (formation energy) in these two compounds.
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Table 8.3: Estimated band gap values for the as-prepared, air-annealed, and Ar-Hz-annealed Lax-
xYxSi0s:0.25Pr¥*02sDYy** (x = 0, 0.5, 1, 1.5 and 2) phosphors.

Laz«YxSiOs:025Pr*, Eq (eV) Eq(eV) Eq(eV)
0.2sDy%* As-prepared Annealed in air Annealed in Ar-H;
x=0 3.52 3.60 4.82
x=0.5 3.29 4.00 4.76
x=1 3.17 4.22 4.47
x=15 381 5.13 5.17
x=2 5.24 5.38 5.46

Fig. 8.8(a) shows the crystal structure of R2SiOs (R = La or Y). R2SiOs consists of SiO4 tetrahedra
and two R sites (R1 and R2) coordinated by 9 and 7 oxygen atoms, respectively. The oxygen sites
consist of five distinct oxygen atoms, namely O1 to O5. O1 to O4 atoms are linked to the SiO4
tetrahedra while the O5 atoms are bonded to only four R atoms forming O5-R4 tetrahedra [57] as
shown in Fig. 8.8(b). The formation energy (El.f ) can be used to determine the preferred vacancy
site in each element. Studies have shown that the two R sites (Y1 and Y2) in Y2SiOs have close
formation energies. However, the values of the formation energies of the oxygen sites are close
for the O1 to O4 sites (7.02—7.14 eV), but is roughly 10 % higher for the O5 site (7.88 eV) [58]
(see table 8.4). Hence, more O vacancies are expected to be formed from the oxygen sites O1 to
04 and not from the O5 sites. Although the energy required to break the Si-O bond is higher than
that of Y-O, the energy required to break the four Y-O bonds near Vos is higher than the energy
required to break one Si-O bond [58]. There is no literature on the formation energies of the lattice
sites in La»SiOs. However, formation energy for any site in a material is inversely proportional to
the bond lengths [59]. Table 8.5 compares the bond length of each site in La;SiOs and Y2SiOs. It
is apparent that the bond lengths of the sites in La.SiOs are on average longer than the bond lengths
of the sites in Y2SiOs. This suggests that the formation energies of the lattice sites in Y2SiOs are
on average higher than that in La2SiOs. The implications of this is that the O1 to O4 atoms on the
lattice sites of La>SiOs are likely to form vacancies compare to those of Y2SiOs during synthesis
and post-annealing processes. Therefore, it is reasonable to conclude that the rigorous changes
observed in the band gaps of the samples with higher ratio of La>SiOs (x = 0 and 0.5) is due to the

lower formation energies of O1 to O4 lattice sites in La>SiOs compare to those of Y2SiOs.
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VB

Fig. 8.8: (a) The crystal structure of R2SiOs (R = La or Y) and (b) O5 atom, showing how the
atoms are bonded.

Table 8.4: The values of the formation energies of the oxygen sites in O1 to O4 sites compare to
the O5 site in Y2SiOs [58].

Spec ies Vo1 Vo2 Vos Vos Vos

Vy1 Vy2 Vsi
Elev) 702 7.14 7.06 7.06 7.88 1353

13.57 13.28
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Table 8.5: The bond lengths of each site in La>SiOs and Y2SiOs.

Nuclear d (nm) Nuclear d (nm) Nuclear d (nm) Nuclear d (nm)
Lal-01 0.2654 La2-O1' 0.2676 Y1-01 0.2391 Y2-01f 0.2421
Lal-0O1? 0.2370 La2-03 0.2575 Y1-01?2 0.2201 Y2-03 0.2541
Lal-02 0.2666 La2-03f 0.2656 Y1-02 0.2611 Y2-03f 0.2562
Lal-O2° 0.2618 La2-03¢ 0.2489 Y1-02P 0.2451 Y2-03¢ 0.2342
Lal-02¢ 0.2516 La2-05 0.2324 Y1-02° 0.2461 Y2-05 0.2342
Lal-04¢ 0.3055 La2-O5" 0.2506 Y1-04¢ 0.2561 Y2-05" 0.2302
Lal-0O4¢ 0.2570 La2-05! 0.2358 Y1-04¢ 0.2951 Y2-O5 0.2231
Lal-O4° 0.2695 Y1-04° 0.2251
Lal-O5° 0.2509 Y1-05°¢ 0.2231

Ave. 0.2628 Ave. 0.2512 Ave. 0.2456 Ave. 0.2390

Fig. 8.9(a-c) shows the PL excitation spectra of the as-prepared, air-annealed and Ar-Hz-annealed
samples respectively, when monitoring the 573 nm (*Fe;2—®Haa/2 transition of Dy**) emission. The
first broad bands observed in the excitation spectra (whose positions vary from 220-243 nm in the
different samples shown in Fig. 8.9(a-c) are host related and are assigned to the electronic
transition from the O 2p valence band to the La(5d6s) and Y (4d5s) conduction band [60, 61]. The
inset of Fig. 8.9(a) is a magnified excitation spectrum in the wavelength range of 238-300 nm.
The peaks observed at 256 and 278 nm are assigned to the 4f—4f5d transitions of Pr¥* [62-64].
The other eight peaks in the excitation spectra are assigned to the ®Hisz—*Kisz (294 nm),
His,—*Kas/2, P32 (325 nm), ®His2—°P7s2, *“Misr2 (349 nm), ®H152-°%Ps;2 (362 nm), ®Hisp—*l1ar
(387 nm), ®His2—*G11z (424 nm), ®His—*l1s2 (454 nm), and ®Hisz—*Fez (474 nm) excitation
states of Dy®* [5, 6]. It must be pointed out that the observed absorption band with a maximum at
376 nm (O*—Pr*" CTB) appearing in the diffuse reflectance spectra (Fig. 8.6) is not observe in
the excitation spectra. This is because the O>—Pr** CTB is not accompanied by luminescence [65,
66], probably due to the insulating nature of the process [30-32]. Hoefdraad et al. ascribed the
absence of luminescence in R*" to be a radiationless process because of the interaction between
the R** and the holes in the ligand molecular orbital [66]. It can also be seen from Fig. 8.9(a-c)
that the excitation intensities of the bands due to the O 2p valence band to the La(5d6s) and Y (4d5s)
conduction band [60, 61] vary in the three different sets of samples (the as-prepared, air-annealed

and Ar-Hz-annealed samples). Fig. 8.9(d & e) show the graphs of intensity versus La>SiOs/Y 2SiOs
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ratio (x) for the band-band (the maximum intensity value was taken in that region) and 349 nm
excitation peaks, respectively, for the as-prepared, air-annealed and Ar-Hz-annealed samples. It is
evident from Fig. 8.9(d & e) that the Ar-Hz-annealed samples have the best excitation intensities
followed by the air-annealed samples, with the as-prepared samples having the lowest intensities.
In Fig. 8.9(a), the two samples with a high ratio of La>SiOs (x = 0 and 0.5) did not show any host
excitation. As stated earlier, oxygen vacancies (VO) formed during synthesis and the Pr** 4f levels
can form defect levels below the conduction band minimum [32, 56] as illustrated in the energy
band structure and density of state (DOS) in Fig. 10. These levels can only be measured in the
excitation spectrum if they are radiative [49, 67]. Although, the samples (x = 0 and 0.5) showed
reasonable absorption peaks from the hosts in Fig. 8.6(2), they did not show any excitation in Fig.
8.9(a). This suggests that the oxygen vacancies and Pr** levels might have formed luminescence-
quenching center below the conduction band minimum and these quenched the electrons excited
from the O 2p band. Hence, in a material where the non-radiative species are much greater than

the radiative species, the material may be able to absorb but may not luminesce.
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The PL emission spectra were measured for the three sets of samples (as-prepared, air-annealed
and Ar-Hz-annealed) by monitoring the band-band excitations (O 2p La(5d6s) and Y (4d5s)) and
the results are shown in Fig. 8.11(a-c), respectively. Only three of the as-prepared samples (x = 1,
1.5 and 2) are shown since the other two samples (x = 0 and 0.5) did not give excitation in this
wavelength region. All the samples showed the four emission peaks from the Dy*" 4f—4f
transitions at 484, 573, 665 and 755 nm assigned to *Fo2—°Hus12, *Foro—°Ha3i2, *Fao—°Hi112, and
*Farn—C®Hop, respectively [5, 6]. The peaks observed at 450, 440 and 465 nm in Fig. 8.11(a-c),
respectively, are assigned to emissions from the Pr®* 4f5d—1ls, 3P (s = 0.1,2) manifolds [68], while
the peak at 766 nm in Fig. 8.11(c) is assigned to the 3Po—3F4 transition of Pr®* [63]. The other
emission peaks at 511 and 667 nm, Fig. 8.11(c), and 630 nm, Fig. 8.11(b & c), are assigned to
3Po—3Hs, *Po—13F; and *D,—3H4 4f—4f transitions of the Pr3* respectively [9].

From Fig. 8.9(d & e), we can conclude that the emission lines are more prominent in the Ar-Ho-
annealed samples, Fig. 8.11(c), compare to the as-prepared, Fig. 8.11(b), and air-annealed samples,
Fig. 8.11(a), (since the excitation intensity of a material is expected to be equivalent to the emission

intensity). This could be due to the presence of more Pr* ions in the Ar-Hz-annealed samples due
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to the reduction of Pr** to Pr*. Furthermore, the PL emission intensities of the samples annealed
in air are higher than those of the as-prepared samples; this could be due to the filling of oxygen
vacancies during annealing in air [26, 27]. The number of oxygen atoms surrounding the dopant
determines the effect of the crystal field strength on the dopant, which in turn effects the
photoluminescence [69]. In sample x = 1, Fig. 8.11(a), and x = 0, Fig. 8.11(b), the PL emission
associated with the 4f5d—lg, 3P, (1= 0,12 manifold transition of Pr3* is prominent. In our previous
report, we showed how the crystal field strength effect on the position of the bottom of the 4f5d
level can influence the branching ratios of the 3Py and !D; transitions of Pr®* in mixed lanthanum
yttrium oxyorthosilicate [9]. However, when Dy** is introduced into the matrix, the ®Hisp—*l1572
(454 nm) excitation level of Dy** will overlap with the 4f5d level of Pr3* as shown in Fig. 8.11(d).
In the absence of Dy**, electrons from the 4f5d level of Pr3* can be transferred wholly or partially
to its lower energy states (*Po and D7) and emission can be observed from these states. However,
in the present case where Dy** ions are introduced into the matrix, electrons from the 4f5d level
of Pr3* can be partially or wholly emptied into the His,—*115/2 level of Dy**, leading to either only
Dy?* 4f—4f emission or Dy** 4f—4f and Pr3* 4f5d/4f—4f emission. This phenomenon is known
as energy transfer (from Pr3* to Dy**). The luminescence mechanism of Pr¥* and Dy** co-doped
Lao-xYxSiOs host shown in Fig. 8.11 can be understand by considering two cases. Fig. 8.12 provide
an explanation for the absence/presence of Pr3* 4f emission in the luminescence spectra in Fig.
8.11.
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Case I: Pr3* 4f5d level lies below the band gap of the host. Fig. 8.12a(1 & 2) shows the schematic
illustration of the energy level and the configurational coordinate diagrams respectively of the
cases where Pr3* 4f (°Po and 1D,) emissions were not observed in Fig. 8.11. According to Fig.
8.12a(1), Pr3* 4f5d state is localized below the conduction band of the host. In this case, there will
be an energy overlap between the 4f5d state of Pr3* and the *I15/2 excitation level of Dy**, but Po
and D states of Pr** lies below the 4f5d level of Pr3* and the “l1s2 excitation level of Dy®* as
illustrated in the configurational coordinate diagram in Fig. 8.12a(2). In such case, under UV
excitation, Pr3* will transfer part of its 4f5d energy to the *l152 excitation level of Dy** [4] which
transfers it non-radiatively to the *Fg, level of Dy®* leading to emission from Dy**, and no emission

is observed from the 4f (3Poand D) levels of Pr¥",

Case I1: Pr3* 4f5d level lies close to or inside the conduction band of the host. In rare earth doped
host matrices, when the 4f5d state is very close to or overlap with the bottom of the conduction
band of the host, 4f5d electrons are excited into the conduction band of the host under UV
excitation [70]. Fig. 8.12b(1 & 2) represents the schematic illustration of the energy level and
configurational coordinate diagrams, respectively, for the case were Pr3* 4f (3P and !D,) emissions
were observed in Fig. 8.11. In this case, the 4f5d level of Pr3* lies inside or close to the conduction
band of the host. In this instance, the excited electron can delocalize completely in the conduction
band, leading to an autoionization process. In this process, the promoted electron can be trapped
by a lattice defect or it can be attracted to a Pr** ion to form a self-trapped exciton state (Pr**/e-)
[71]. Autoionization can result in the partial or complete quenching of the 4f5d luminescence [72,
73]. As illustrated in the configurational coordinate diagram in Fig. 8.12b(2), the 4f5d state of Pr3*
lies far above the *I1s2 level of Dy®* hence energy transfer will not occur from Pré* to Dy®*.
However, part or all the excited Pr3* electrons are non-radiatively fed to the 1D state from the 3P,
(=0.1,2) State t. Here the parabola of the self-trapped exciton state is situated in such a way that any
excited Pr¥* ion moves the excitation energy to the (Pr** /e-) state, which bypasses the 3P, state and
channels the excited energy to the *D; state [74]. This will lead to emission either from the 3P; and
1D, state or only from the D2 state, depending on whether the 3P; state feed all or part of its energy
to the D> state (Fig. 8.12b(1)). The emission observed from Dy in these cases is due to energy
transfer from the host to the higher states of Dy**.
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and b(2) configurational coordinate diagrams, where the Pr®* 4f5d level lies close to or inside the

band gap of the host.

The emission spectra of the as-prepared, air-annealed and Ar-Hz-annealed samples were also
measured when monitoring the °His;z—°P712, *Mis12 (349 nm) excitation state of Dy** and are shown
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in Fig. 8.13(a-c), respectively. Emission lines were observed at 484, 573, 665, and 755 nm and are

assigned to the *Fo2—°Haspz, *Forz—®Haare, *Foz—®H1u12, and *Ferz—°Hor Dy?* 4f—4f transitions,

respectively [5, 6]. A broad band with maximum around 450 nm, which is host related, was also
observed and was assigned to the self-trapped excitons (STE) in SiO, [75, 76]. The absence of Pr3*
emission in Fig. 8.13 is evidence that there was no Dy** to Pr®* energy transfer.
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annealed LazYxSiOs:0.25Pr¥* 025Dy?* (x = 0, 0.5, 1, 1.5 and 2) phosphors when monitoring the
SH152—%P772, “Mis12 (349 nm) excitation state of Dy®".
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The CIE (X, y) colour coordinates for the as-prepared, air-annealed and Ar-Hz-annealed samples
taken from the data generated when the samples were excited using the band-to-band (UV) and
the 349 nm excitation are shown in Fig. 8.14(a-f), respectively. The variations observed in the CIE
coordinates can be related to the changes observed in the intensities of each peak in the emission
spectra, because of the change in the ratios of La and Y in the host and different annealing
atmospheres. Table 8.6 shows the (X, y) colour coordinates and the corresponding CCT of the

phosphors.
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Fig. 8.14: The CIE colour coordinates of LazxYxSiOs:0.25Pr®*,02sDy** (x =0, 0.5, 1, 1.5 and 2)
phosphors: (a) as-prepared, (b) air-annealed, and (c) Ar-Hz-annealed excited with UV light and
(d) as-prepared, (e) air-annealed, and (f) Ar-H2-annealed excited with 349 nm.
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Table 8.6: The CIE colour coordinates and the corresponding CCT values of the as-prepared, air-
annealed, and Ar-Hz-annealed Lao«YxSiOs:0.25Pr**,025Dy** (x = 0, 0.5, 1, 1.5 and 2) phosphors

excited with UV and 349 nm.

La2-xYxS | 05:

0.25P13* 0 25DY%*

Chromaticity coordinates (X, y) /CCT (K)

As-prepared Air-annealed Ar-Hz-annealed
UV exc. UV exc. UV exc.
x=0 - (0.183, 0.051) /1740 (0.470, 0.424) /2663
x=05 - (0.460, 0.372) /2358 (0.430, 0.423) /3264
x=1 (0.188, 0.087) /1811 (0.346, 0.329) /4878 (0.448, 0.405) /2827
x=15 (0.301, 0.252) /9562  (0.386, 0.386) /3917 (0.428, 0.420) /3277
X=2 (0.353, 0.43) /4951 (0.362, 0.353) /4397 (0.390, 0.389) /3839
349 nm exc. 349 nm exc. 349 nm exc.
x=0 (0.239, 0.218)/65897 (0.278, 0.257)/12979 (0.430, 0.433)/3333
x=05 (0.207, 0.160)/7102 (0.316, 0.297)/6577 (0.357, 0.344)/4518
x=1 (0.240, 0.207)/138817 (0.271, 0.244)/17164 (0.430, 0.437)/3359
x=15 (0.215, 0.171)/39579 (0.356, 0.352)/4597 (0.420, 0.433)/3508
X=2 (0.294, 0.271)/8970 (0.274, 0.260)/13286 (0.376, 0.399)/4247

8.4. Conclusions

Post-annealing of Laz-«YxSiOs:025Pr¥* ,025sDy*" (x = 0, 0.5, 1, 1.5 and 2) phosphors in different
annealing atmospheres (air and Ar-Hy) can influence the band gap and the photoluminescence
properties of the phosphors. Ar-Hz-annealing enhanced the band gap and photoluminescence
intensity of the phosphors compared to the as-prepared and air-annealed samples. The observed
enhancement in Ar-H,-annealed samples could be due to reduction of Pr#* (to Pr3*), formed during
synthesis and annealing the samples in air. This suggest that reduction of Pr** in the La-
«YxSiOs:025Pr** 025DY®"  system will enhance the optical properties (band gap and
photoluminescence) more than the formation of oxygen vacancies, since more oxygen vacancies
were expected to be present in the Ar-Hz-annealed samples. Furthermore, it was also shown that
the energy transfer mechanism from Pr3* to Dy** in LazxYxSiOs:0.25Pr**025Dy** (x =0, 0.5, 1, 1.5
and 2) matrices will depend on the position of the 4f5d energy level of Pr3* in the host matrices.

When the 4f5d level of Pr* lies within the band gap of the host, it overlaps with the 1152 level of
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Dy?* resulting to energy transfer from Pr3* to Dy®*. On the other hand, if the 4f5d level of Pr3* lies
very close to or inside the conduction band of the host, no energy transfer should be observed. The
CIE colour coordinates of the phosphors showed tunable colour ranging from red to yellow,
including white and blue.
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c“ Determination of quantum yield of phosphors using integrating

sphere

9.1. Introduction

When a phosphor material absorbs a photon of light, an excited state is formed. The excited species
undergoes different processes depending on the nature of its surroundings, before it eventually
deactivates (loses) the absorbed energy and returns to the ground state. Different ways in which
an excited electron can return to the ground state include radiative transition, nonradiative

transition such as multiphonon relaxation, and cross relaxation [1].

Phosphors are often graded by their excitation and emission spectra and quantum yield (QY) (also
known as quantum efficiency (QE). QY can be internal or external. Internal QY of a
photoluminescence material is the ratio of the number of emitted photons to the number of
absorbed photons. The external QY is the ratio of the number of emitted photons to the number of
incident photons. The external QY is very difficult to determine, since it depends on many factors,
namely, excitation wavelength, quantity and particle morphology of a material [2]. Hence it will
not be discussed further in this chapter.

QY of luminescence materials have been determined using methods such as, thermal lensing [3],
photoacoustic spectroscopy [4], and optically-based methods [5]. The optically-based method for
determination of QY can be divided into absolute and relative. The major drawback of the relative
method is that it requires a standard sample with similar excitation and emission properties with
the sample been studied [5]. The absolute method on the other hand does not require a reference
sample but required an integrating sphere. One major advantage of the integrating sphere is its
ability to collect all the light emitted and scattered by the photoluminescence material. Many
authors have applied this method in determination of the QY of solutions, thin films and powder

samples [6-13].

In this chapter, QY values of mixed lanthanum gadolinium oxyorthosilicate (La2-xGdxSiOs (x = 0,

0.5, 1, 1.5 and 2)) doped with 1 mol% Dy3* powder phosphors were determined using an
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integrating sphere-based setup. Two approaches can be applied when using the integrating sphere
setup for absolute determination of QY, namely two-measurement approach [9-11] and three-

measurement approach [6-8]. These two approaches were used in this study.
9.2. Experimental

La,xGdxSiOs (x = 0, 0.5, 1, 1.5 and 2) doped 1 mol% Dy** powder phosphors were synthesized
using solution combustion method as discussed in section 2.5.3. QY measurements were
performed using an FLS980 fluorescence spectrometer. The spectrometer uses a 450 W xenon arc
lamp that covers a range of 230 - 1000 nm as an excitation source and a R928P PMT detector in a
cooled housing which cover a range of 200 - 870 nm. The integrating sphere has an inner diameter
of 120 mm made of a polytetrafluoroethylene (PTFE) material with about 99 % reflectance over a
spherical range of 400 - 1500 nm and about 95 % reflectance within 250 - 2500 nm.

9.2.1. The two-measurement approach

The integrating sphere setup for the two-measurement approach is shown in Fig. 9.1. This
approach involves only two experimental setups; a measurement with no sample in the sphere (Fig.
9.1(a)), and a measurement with a sample in the sphere and in path of the incident beam (Fig.
9.1(b)). The baffle prevents the light from the excited source from exciting the sphere with the

scattered radiation through the emission port.
9.2.2. The three-measurement approach

The three-measurement approach (Fig. 9.2) involves a measurement with no sample in the sphere
(Fig. 9.2(2)), a measurement with a sample in the sphere and in the path of the incident beam (Fig.

9.2(b)) and a measurement with the sample in the sphere but not in the path of the incident beam
(Fig. 9.2(c)).
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Fig. 9.1: Schematic diagram illustrating two different set-up required for the two-measurement
approach, (a) no sample in the sphere and (b) sample in the sphere and in the path of the incident

beam.
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Fig. 9.2: Schematic diagram illustrating three different set-up required for the three-measurement
approach, (a) no sample in the sphere, (b) sample in the sphere and in the path of the incident

beam and (c) sample in the sphere but not in the path of the incident beam.
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9.3. Results and discussion
The two-measurement approach

As shown in Fig. 9.1(a & b), the two measurement approach requires a measurement with an empty
sphere and second measurement in which a sample in the integrating sphere is placed in the path
of the incident beam. The QY were determined at two wavelengths, 235 nm (electronic transition
from the O2p valence band to the La (5d6s) and Gd (5d6s) conduction bands [14, 15]) and 276 nm
(8S7,2—°1; f—f intra configurational transitions of Gd** [16]). Fig. 9.3 shows the spectra scan for
the two measurements approach. Fig. 9.3(a & b) was obtained from LaGd,SiOs:Dy** (i.e. x = 1)
under 235 and 276 nm excitations respectively, while Fig. 9.3(c & d) were obtained from
Gd,SiOs:Dy** (i.e. x = 2) under 235 and 276 nm respectively. Each spectrum in Fig. 9.3 can be
divided into two regions: “EX” denotes the spectral region for the incident light beam (which covers
the excitation wavelength of the sample), “Emi” denotes the emission wavelength region [6].
Following the labelling in Fig. 9.1, we can define the following quantities: Ex) is the number of
photons detected in the excitation wavelength region for the empty sphere measurement, Ex) is
the number of photons detected in the excitation wavelength region for the measurement where
there is a sample in the sphere and it is placed in the path of the beam. Furthermore, Emi is the
number of photons detected in the emission wavelength region for the empty sphere measurement,
and Emip) is the number of photons detected in the emission wavelength region for the
measurement where there is the sample in the sphere and it is placed in the path of the beam. From
the terms defined above, the QY for the two-measurement approach can be defined by Eq. (9.1)
[17]:

_ Emi,, — Emi, (9.1)
EX (5 — EXpy

QY
Since the background in the emission wavelength region for the empty sphere measurement,

Emia), is extremely low Eq. (9.1) can be written as:

QY _ Emi(b) (92)

Ex(a) — Ex(b)

209



E —— Empty sphere 101
107 *(a) (a) ......... Sanl:p]e II:, the beam Ex —— Empty sphere
—Exg,) ¢ (a) (b) --------- Sample in the beam
101 104
gw“- \ 210
£ Z10
3. 2
=10+ 2
- =107
103
2
107 104
10’ . . : : r 10— - . -
200 300 400 500 600 700 800 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
10
= Empty sphere 10° Ex Empty sph
Ex C : ] (@) d) —Emptysphere
10% ] (a) © .. Sample in the beam Exp) ( ) ......... Sanipheii e b
A X 1
|07. L (b) Emi b):'.". ]0::
2 104 Emi,:" \ "'~.,:'-._ =
T (@) % ' T £ & 10°
210 e ARV Y B
7107 ¢ ool gt Y .=
£ : 4 .
£ 10! S 10
&Y < 101
4 I =t
104
’ % I
104
1 T e R TR 10—, : ; .
200 300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Fig. 9.3: The spectra scan for the two-measurement approach taken from; LaGd,SiOs:Dy®* (i.e. x
= 1) under (a) 235 and (b) 276 nm excitations, Gd,SiOs:Dy®* (i.e. x = 2) under (a) 235 and (b)
276 nm excitations.

The three-measurement approach

By comparing Fig. 9.1 and 9.2, it can be seen that an extra experiment was added in Fig. 9.2 (a
measurement with sample in the sphere but pleased out of the incident beam). Hence, we introduce
two new terms Ex) and Emiy) in Fig. 9.4, which denote the number of photons detected in the
excitation and emission wavelength regions, respectively, in the measurement where there is a
sample in the sphere but it is placed out of the path of the incident beam. Fig. 9.4(a & b) was
obtained from LaGd,SiOs:Dy®* (i.e. x = 1) under 235 and 276 nm excitations respectively, while
Fig. 9.4(c & d) were obtained from Gd2SiOs:Dy** (i.e. x = 1) under 235 and 276 nm respectively.
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In the three-measurement approach, the QY can be determined using Eq. (9.3) [17]:

v = EX ) (EMi, — Emi ) — Ex ) (EMi ) — Emi ) (9.3)
EX(a) (EXpy — EX (o))

If the background in the emission wavelength region for the empty sphere measurement, Emia, is
extremely low, Eq. (9.3) can be written as:

_ EX 5y EMi () — EX (o) EMi (9.4)
EX (s (EXpy — EXy)
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The QYs were determined in this chapter using Eq. (9.1) and (9.3), and the values are shown in
table 9.1.

Table 9.1: QY values for LazxGdxSiOs:Dy** (x =0, 0.5, 1, 1.5 and 2).

QY (%)
Laz-xGdxSiOs:Dy** Two measurement approach Three measurement approach
235 nm exc. 276 nmexc. 235 nm exc. 276 nm exc.
x=0 0.6 - 0.5 -
x=0.5 3 9.2 2.9 9.2
x=1 5.9 7.2 6 7.5
x=15 0.9 1.9 0.8 1.8
X=2 6.5 22.4 6.5 22.4

9.4. Conclusion

The quantum yield (QY) of Laz-«GdxSiOs:Dy** (x =0, 0.5, 1, 1.5 and 2) powder phosphors were
determined using both the two and three-measurement approaches of the integrating sphere
technique. Similar values of QY were obtained from the two approaches. Generally, the values of
QY obtained when the samples were excited at 276 nm were greater than the values obtained under

235 nm excitation.
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10.1. Summary

The result chapters of this thesis (chapter four to nine) are summarized in this section based on the

findings discussed in each chapter.

In “chapter four”, the properties of dysprosium doped mixed lanthanum gadolinium
oxyorthosilicate (La15GdosSiOs:Dy*") thin films deposited on Si(111) substrates using the pulsed
laser deposition (PLD) technique was studied. The films were deposited in different atmospheres
(vacuum, argon (Ar) and oxygen (O2)), at different deposition temperatures (50, 200, 300, 400 and
500 °C) in Oz and at 200 °C in O, for 15, 30 and 50 min. The X-ray diffraction patterns
preferentially showed two peaks, one from Gd.SiOs and one from La;SiOs. The surface
topography and particle morphology of the films were studied using atomic force microscopy
(AFM) and field emission scanning electron microscope (FE-SEM). The Rutherford
backscattering (RBS) spectra and the energy dispersive X-ray spectroscopy (EDS) spectra
confirmed the presence of O, Si, La, Gd, and Dy in the films. The thickness of the films determined
from the RBS data were in the micrometer range and changes with the substrate temperature and
deposition atmosphere. The electronic states of the films were analysed using X-ray photoelectron
spectroscopy (XPS). The photoluminescent (PL) excitation showed a prominent peak around 226
nm from which the emission spectra were measured. The emission spectra showed two prominent
peaks at 488 and 578 nm due to f-f electronic transition of Dy**. The highest PL intensity was
obtained from the film deposited in O at the substrate temperature of 200 °C.

“Chapter five” focused on the influence of post-deposition annealing on the structure, particle
morphology and photoluminescence properties of the thin films studied in chapter four. The X-ray
diffractometer results showed an improved crystallinity after post-annealing. The topography and
morphology of the post-annealed films were studied using atomic force microscopy and field

emission scanning electron microscopy respectively. The elemental composition in the surface
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region of the films were analyzed using energy dispersive X-ray spectroscopy. The
photoluminescence studies showed an improved luminescence after post-deposition annealing.
The cathodoluminescence properties of the films were also reported. The CIE colour coordinates
calculated from the photoluminescence and cathodoluminescence data suggested that the films
could have potential application in white light emitting diode (LED) and field emission display

(FED) applications.

“Chapter six” focused on the effect of the molar ratio of La and Y on the photoluminescence
properties of Pr3*. The molar ratio of La:Y were varied in the following manner: La,-«YxSiOs (X =
0, 0.5, 1, 1.5, 2), where x = 0 representing La>SiOs, x = 2 representing Y»SiOs and x = 0.5, 1, and
1.5 are the admixtures of the two compounds. The X-ray diffractometer results showed that the
La>SiOs and Y2SiOs crystallized in their pure monoclinic phases, while their admixtures are both
present in the same phase. The Burstein—~Moss (BM) shift was used to explain the increase
observed in the band gap after doping. The influence of the host crystal field on the branching
ratios of the photoluminescence emission intensities of the 3P and D2 energy levels of Pr3* were
studied. The electronic transition from the *Po transition dominated the emission spectra when x =
0, while the D electronic transition dominated when x = 2. The variation in the branching ratios
of the 3Po and D2 emission with the change in the molar ratio of La:Y was assigned to 3Po—'D;
non-radiative transitions, which increased with the crystal field of the host as the value of x
increased (i.e., as the molar ratio of Y increases). Furthermore, it was shown that the 3Py emission
lines emerged from Pr3* ions occupying Lal and Y1 sites of La,SiOs and Y2SiOs respectively,
while the D, emission lines emerged from Pr* ions occupying La2 and Y2 sites. The decay curve
showed three lifetime components from both 3Pg and D2 emission lines, with the 1Dz lines having

higher lifetimes in all cases.

“In chapter seven”, the influence of different excitation wavelength on the photoluminescence of
co-doped Pr3* and Dy®* in Laz-«xYxSiOs (x = 0, 0.5, 1, 1.5, 2) host was reported. 0.25% of both Pr3*
and Dy*" where co-doped into pure and mixed lanthanum and yttrium rare-earth oxyorthosilicates
phosphors and were synthesized using the urea-assisted combustion method. The XRD patterns

showed the pure monoclinic phases of La;SiOs (x = 0) and Y2SiOs (x = 2) and mixed phases of
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lanthanum and yttrium rare-earths oxyorthosilicates (La>xYxSiOs, x = 0.5, 1 and 2). The diffuse
reflectance spectral showed a broad absorption peak with a maximum around 376 nm assigned to
0% —Pr* charge transfer band. The band gaps increased from 3.84 to 5.35 eV as the value of x
increased from 0 to 2. The PL emission spectra showed tunable emission when monitored at
different excitation wavelengths. When the emission was monitored by exciting at 223 and 229
nm, Pr3* 4f5d—!D; transition (450 nm), emission from self-trapped excitons (STE) in SiO; and
four emission line from Dy** (*Faz—°®His/2 (484 nm), *Forz—®Hisr, (573 nm), *Faz—°H11/12 (665
nm), and *Fe2—%Har2 (755 nm)) were observed. When the emission was monitored under 294 nm
excitation, the STE and the four Dy®* emission including emission from Pr®* peaking at 540 nm
(*Po—3Hs), 620, 630, 644 and 657 nm (four manifolds of 'D>—°%Ha), 715 nm (*Po—3F3) and 750
nm (3Po—°3F4) were observed. The emission monitored under 349 nm excitation showed the STE
peak and the four emission lines from Dy**. However, when the phosphors were excited using a
325 nm He-Cd laser, the STE emission and the four Dy®* lines were observed in all the samples,
but the four manifolds emission from the 'D>—3H, transition of Pr3* were only observed when x
= 1.5 and 2. A possible mechanism of energy transfer from Pr®* to Dy** was proposed. The
International Commission on IHlumination (CIE) coordinate diagram demonstrated tunable

emission colours of the phosphors.

In “Chapter eight”, the effect of post-annealing atmospheres on the optical properties of Lao.
«YxSiOs phosphor powders co-doped with Pr3* and Dy** were studied. The Lato Y ratio was varied
according to x = 0, 0.5, 1, 1.5 and 2, while the doping concentrations of Pr* and Dy®* were fixed
at 0.25 mol% of the La and Y. The phosphors were prepared using solution combustion synthesis.
Each sample was divided into three parts: one was left as prepared, another was post-annealed in
air and the last was annealed in 5% H> gas (in Ar). Annealing was performed at 950 °C for 1 h.
The X-ray diffraction patterns showed that the as-prepared samples have larger full width at half
maximum (FWHM) than the annealed samples. The elemental composition, oxidation states, and
chemical and electronic states of the phosphors were determined using X-ray photoelectron
spectroscopy. The band gap values determined from the diffuse reflectance spectra increased
following the post-preparation annealing treatments. The band gap for the sample annealed in the

reducing (Ar-Hy) atmosphere was larger than those annealed in air. The photoluminescence
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intensities of the phosphors followed the same trend as the band gap values. The CIE colour
coordinates of the phosphors showed tunable emission colours (blue, red and white) due to the La
to Y ratio and the annealing. Two different cases for the photoluminescence mechanism are
possible for the phosphors. In one case, the 4f5d energy level of Pr* lies below the conduction
band of the host and energy transfer was observed from Pr3* to Dy®* via the overlapping 4f5d
emission peak of Pr¥* and the *l15, excitation peak of Dy**. In the second case, the 4f5d energy
level of Pr3* lies very close to or inside the conduction band of the host and energy transfer was
not observed. The influence of the La to Y ratio and the annealing on these possibilities are

presented.

Lastly, in “chapter nine” the quantum yield (QY) of LazxGdxSiOs:Dy*" (x =0, 0.5, 1, 1.5 and 2)
powder phosphors were determined using the integrating sphere technique. The QY was
determined using different approaches—the two-measurement approach and the three-
measurement approach. The two approaches produced similar results, but the value of the QY

differs when the phosphors were excited at different wavelengths.

10.2. Future work

Luminescence efficiency of a phosphor material is of a major important when considering a
material for practical purpose. Hence, our first concern would be to enhance the luminescence
efficiency of selected samples. In chapter 5, it was observed that the films are not uniformly
distributed on the surface of the substrate due to the formation of some large particulates (droplets)
during deposition. To control the amount of these droplets, we will develop an off-axis PLD set-
up. In this set-up, two additional substrate holders will be placed horizontally in the upper and

lower sides of the on-axis substrate holder.
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