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Synopsis

SYNOPSIS

The topic which was worked upon in this Ph.D. thesis is “Understanding
defect and dopant mediated optical properties in oxide matrices”. The selected oxide
matrices in present thesis are very important from photonics and optoelectronics point
of view. Currently in the field of lighting, white light emitting diode (W-LED) or
white phosphor-conversion (PC) light-emitting diodes (LEDs), a new generation solid
source has been highlighted due to its high luminous efficiency, low power
consumption and environmentally benign nature [i, ii]. In India, a goal has been set up
to replace the conventional street and domestic lights with energy efficient LED lights
across 100 cities in the country by lunching Street Light National Programme (SLNP)
in January 2015 [iii]. This may help India to save Rs 5,500 crore or 9,000 million
units of power annually if SLNP implemented properly. There is a tremendous growth
in the development of LED worldwide due to its various scientific and technological
applications viz. lighting, motor vehicle and backlight for mobile panel and liquid
crystal displays [iv-vi]. Thus, there is an ongoing demand to develop new phosphors
specifically for LEDs. Because of the ever-growing demand for advanced luminescent
materials, huge scientific and technological efforts have been dedicated for improving
existing phosphors and to develop new effective luminescent materials in the last few
decades and so |[vii, viii].

Generally, phosphors are classified into two sub categories: activator based
and non-activator based. In activator based phosphor, the luminescence property is
governed by transitions between energy levels of metal activator ions [vii-xi].
Although there are numbers of advantages of using lanthanide doped phosphor
because of its interesting optical properties such as high colour purity, narrow
emission, large stoke shift, longer excited state lifetime, high photostability etc., but
pure rare earth is facing serious shortage problem other than issues related with lack of
recyclability and its higher cost. The other group of luminescent materials that is non
activator based consist of semiconductors and defect-related materials [xii]. For most
semiconductor, the luminescence normally results from band-to-band excitation
between impurity states within the band gap. Since these non activator based materials
do not contain any dopant ion, they seem to be promising alternatives to traditional
phosphors in many applications because of their advantages such as low toxicity,

stability, tunable emission colour, and low cost [xiii-xv].
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However in all the optical materials, irrespective of the fact whether it is doped
or undoped, the local structures of the luminescence centres are directly linked with
the luminescence phenomenon and therefore can have high impact on the
luminescence efficiency. Here local structure of luminescence centre means its
oxidation states, crystal field environment, coordination geometry, symmetry etc. Any
change in the local structure will have serious consequences on the optical properties.

Over the past few decades material chemistry has experience tremendous
evolution with regards to design, synthesis and controlling of properties of new
functional materials with different size from micrometre to nanometre scale [xvi].
Such new materials are often structurally and chemically complex and often lack long
range ordering and hence structurally disorder. Although design and synthesis of new
materials is one of the challenges in materials chemistry, it is far from achieving this
goal universally. Synthesis of new materials can be achieved but the success in
controlling materials properties has been limited. The desire for novel functions or
properties generate a vast demand for new materials which has to be fabricated with
well defined aspect ratio, controllable properties and with well known morphology.

Presently used phosphors in CFLs and W-LEDs are activated with Lanthanide
(Ln) and/or Transition metal (TM) ions [vii, viii]. In case of TM ions, the intra-shell
d—d transitions are exploited while for Ln®" ions, both parity-allowed 5d—4f (e.g. Ce*")
and parity-forbidden 4f—4f (e.g. Tb®") transition occurs other than the charge transfer
transition which arises due to host. Most of the TM ions have an incompletely filled d-
shell (d", 0 < n < 10). For example the 3d transition metal ions utilized in phosphors
may have three electrons (Cr’" and Mn*"), or five electrons (Mn*") occupying the
outermost 3d orbital, which in contrast to lanthanide ions, are not shielded from the
host lattice. This is why the host lattice can influence the optical properties of TM ions.
For lanthanides, the 4f-4f transitions result in sharp, "atomic-like" photoluminescence
(PL) bands, which are insensitive to temperature and host lattice. Such doping enables
to achieve light emission in a given spectral region. Lanthanide ions such Eu’" ion is
also extensively used as local probes for identifying local structures in crystalline
material [xvii, xviii], understanding the effect of chemical and thermal treatment on
catalysts and probing the structure of biological molecules. In view of its non-
degenerate emissive state Dy, Eu’" ion is most appropriate as luminescent structural

probe for the determination of the number of metal ion sites in a compound, their
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symmetry, and their respective population. In present thesis, we have given special
emphasis on the local structure determination of lanthanide ions in matrices such as
BaZrOs and Biy—cLayUQg, using Eu’" as luminescent structural probe. Among the
materials evaluated as hosts for TM ions in this thesis, our attention was mostly
focused on perovskite and spinel based oxide materials such as SrZrO;, ZnAl,Os.
Since the crystal field environments surrounding the cation sites are different from
each other, it is feasible to tune the emitting colour of TM ions by merely changing
the site occupancy.

Actinides (5f block elements) exhibit much richer chemistry than lanthanide
because of their tendency to exhibit variable oxidation states. Compared to 4f electron
in lanthanides; 5f-electrons are relatively less shielded by outer lying electrons. As a
result, they are more perturbed by local crystal field, which results in broad emission
and absorption spectrum. Oscillator strength of 5f-5f transition is relatively larger than
in iso-electronic lanthanide ions. Actinide chemistry is gaining new interest day by
day because of stabilization of various unusual oxidation states, unique magnetic
properties and chemical reactivity. They are also very important for various
applications such as in radiation shielding and ceramics, as ballasts in ships and
airplanes and as a heat and fuel source in space exploration and in terrestrial nuclear
power production [xix]. Among actinides, uranium displays unique photophysical
characteristics. Uranium is known to exist in various oxidation states, such as +3, +4,
+5 and +6 [xx-xxii]. Each one of them exhibit characteristics optical fingerprint. The
fascinating uranyl luminescence has been explored in various glasses and ceramic
based matrices. Some of the applications are internal actinometers in biological
chemistry, as luminescent sensors and in uranium detection assays [xxiii]. Other than
being a constituent of high-level radioactive wastes, uranium is also one of the
daughter products in a-decay of plutonium. In this context, it is of paramount
importance to examine the chemical environment (coordination and oxidation state) of
uranium in important nuclear waste host. In present thesis a special emphasize has
been given on photoluminescence properties of Uranium in MgAl,O4. MgAL Oy is
proposed candidate for minor actinide transmutation because of its favorable high
temperature properties and high radiation stability [xxiv].

There are several investigations going on throughout the world to explore rare

earth free phosphor. In this series, alkaline earth metal oxides, such as CaO, BeO,
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MgO, and SrO [xxv], have been gaining considerable attention in material science as
an inorganic phosphor for optoelectronics devices, sensors, and solid-state lighting
applications due to their defect-induced luminescence properties. Various activator
free materials such as ZnO, TiO,, SnO,, Cul, Al,0;, MgO [xxvi-xxxi] etc. are
reported to show defect induced photoluminescence (PL) characteristics. When the
defects induced optical properties in oxides matrices are considered, different types of
electronic states within the band gap of the material are found to be responsible for the
emission behavior. Although the roots of defect-related luminescent materials can be
traced to 1986 [xxxii], the remarkable growth was observed after Sailor et al., reported
the white phosphors from a silicate-carboxylate sol—gel precursor [xiii]. The origins of
photoluminescence in this kind of materials are complex in nature and not yet entirely
understood. However there is mounting evidence that the emission arises due to
presence of various defects such as vacancies, impurities, radical, donor—acceptor
pairs, etc., [xii]. This results in a charge imbalance at these defect sites which must be
compensated by localization of electrons and electron hole pairs or give rise to
impurity states within the band gap. Therefore, the defect sites are apparently the
precursors for various luminescence centres in defect-related luminescent materials
and impart them with excellent emission characteristics. Here in present thesis, we
have chosen various activator free oxide matrices such as MgO, MgAl,O4 and
ZnAl,O4. Although several reports on defects induced emission properties in MgO are
available, a proper understanding about the correlation of the defect structure with the
emission colours is still lacking in the literatures. We have considered a special
electron-hole recombination process to understand the defects induced characteristics
in MgO. Very few reports exist in literature about the defects induced emission
characteristics in MgAl,O4 and ZnAl,O4. In present thesis, using a combine
experimental and theoretical investigation a detail analysis about the defect structure
and their respective emission has been presented.

Various synthesis techniques were explored to synthesize the materials of
interest such as solid-state, sol-gel, combustion etc. Characterization of the materials
was carried out by various physical and chemical methods. For structure, phase purity
and crystallite size, X-Ray Diffraction has been used. For morphology and average
particle size, scanning electron microscopy (SEM) and transmission electron

microscopy (TEM) have been used. Energy dispersive X-ray Spectrometry (EDX or
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EDS) and inductively coupled plasma atomic emission spectroscopy (ICP-AES) have
been used for impurity analysis. Positron annihilation lifetime spectroscopy (PALS)
was used to understand the nature of defects in some of the materials. Time resolved
emission spectroscopy (TRES) has been extensively used in this thesis work for
recording emission and excitation spectra along with the luminescence lifetimes.
Electron paramagnetic resonance (EPR) spectroscopy has been used to characterize
the paramagnetic defects centres and to understand the local structure of the TM ions.
Extended X-ray absorption fine structure (EXAFS) was used to understand the local
environment around Ln’" ion in various inorganic hosts. For better understanding of
the electronic structure, Density Functional Theory (DFT) based calculation has been
carried out for different matrices. The present thesis is divided into 6 chapters. A brief
description of the different chapters is given below.
Chapter 1: Introduction

In this chapter, the fascinating photophysics of lanthanides, actinides and
transition metal ions and their origin have been discussed. The choice of dopant ions
and the host have been explained in details. Characteristics difference in photophysics
of 3d, 4f and 5f block elements have been discussed thoroughly to make audience
appreciate the quantum of work done in this thesis. This chapter gives a brief
introduction about various crystallographic defects centres and the mechanism of
defects induced optical properties in oxide-based matrices. A detail insight about the
electron-hole recombination process inside the band gap has also given in this chapter.
This chapter also explains about the choice of host and luminescent dopant to
synthesize the phosphor. With respect to the energy gap requirement, it is obvious that
Eu’* , Gd* * and Tb>" are the best ions, with AE =12 300 (5 Dy — 7F6), 32200 (6P7/2 —
8S75) and 14 800 ("D4 — 'Fg) cm™, respectively. However, Gd (III) emits in the UV
and therefore it is not very useful as luminescent probe for bioanalyses, because its
luminescence interferes with either emission or absorption processes in the organic
part of the complex molecules. Lanthanide photophyics, Judd-Ofelt Theory,
information gained from lanthanide luminescence, luminescence quenching, energy
transfer, multiphonon emission etc. are also discussed in this chapter.
Chapter 2: Experimental

The synthesis techniques adopted in preparation of different micro/nano

luminescent materials and the experimental techniques used for characterization of
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these materials have been presented in Chapter 2. Brief description on various
synthesis methodology and their characteristics has been discussed for the researcher
who wants to repeat the experiments and do some other analysis. Sol-gel route and
combustion method adopted for preparation of MgO, MgALO, ZnAl,O4, SrZrOs,
BaZrO;, LiZnVO,4 matrices (both undoped and doped) has been elaborated. Solid state
method which was used for the preparation of Biy—»yL.ay, UOg and Bi; g6Eug 04UQOg, has
also been discussed. Phase evolution of synthesized powders after calcination was
characterized by X-ray diffraction. Particle morphologies were studied using SEM
and TEM. Impurity analysis in MgO was carried out using ICP-AES and EDX
techniques. Local environment/ site symmetry around TM, Ln ion, and defect centres
in a particular host was investigated using time resolved fluorescence spectroscopy
(TRFS). EPR technique is used to study the local structure of paramagnetic defect
centres e.g. singly charged oxygen vacancies in various matrices like MgO, MgAlL,Oy,
ZnAl,O4, SrZrO;, BaZrO;. EPR also helped to understand the local structure of TM
jons in matrices such as Fe’":ZnALO4, Mn?"SrZrO; & LiZnVO4.Positron annihilation
lifetime spectroscopy (PALS) has been carried out to probe the nature of defects in
MgO and ZnAl,0,. Local environment/ site symmetry around La® +,Bi3 *and U*" ion in
Biy—oiLas, UOg host was investigated using time resolved fluorescence spectroscopy
(TRFS) and extended x-ray absorption fine structure (EXAFS) measurement
employing synchrotron. DFT based calculations were carried out to understand the
electronic structure due to various defect centres in MgO, MgAl,04 & ZnAl,O4 and to
understand the local site occupancy of Mn”" in SrZrOs and that of U®" in MgALO,.
Chapter 3: Defects mediated optical properties in MgO, MgAl,O4 & ZnAl,O4
This chapter discusses about the defect induced optical properties in binary
compound MgO and in spinels such as MgAl,O4and ZnAl,O4 .We have characterized
various defect centres in these matrices and established a correlation with the
multicolour emission behaviors. Generally defects induced emission phenomena is
very complex in nature, which often results in very broad emission spectra consisting
of different kind of defect centres. Thus it is very much essential to isolate each and
individual defect emission from the complex spectra which has been done by lifetime
and TRES measurements. We have also monitored the changes of these individual

emission profiles with varying synthesis conditions, which helped to control the

19



Synopsis

emission profiles. The lifetime values of the defect centres could also be controlled by
controlling the annealing temperature.

MgO is known to display defect induced optical and magnetic properties.
However proper understanding for the same is completely lacking in the literature. An
effort was taken to understand the origin of various defect induced emission and
ferromagnetism in MgO. A combined EPR and PALS study helped in a great deal in
understanding the defect structures in MgO. With the help of DFT calculation, a
proper summery about the various defects induced electronic structure inside the band
gap was obtained. In MgO, a photo ionization process of the F centre is involved at an
excitation wavelength of 250 nm, followed by the equation F + hv < F"+ e. The
released electron in this process may prompt into the conduction band and thereby
behaves as a free carrier. Being free, the electron may recombine with different types
of positively charged defect centres in addition to the newly formed F' centres. Thus
different electronic transitions from the conduction band (CB) to the empty ground
electronic states of positively charged F- and F,-type centres could be correlated with
the observed emission components. Low temperature EPR study also helped to
identify the paramagnetic defect centres responsible for ferromagnetism behavior in
MgO.

In MgAl,O4, we have observed defect induced tunable emission from blue-
green-yellow to red and near-infrared region (NIR) upon thermal annealing of the
compound. With varying excitation wavelength, a photo conversion process of F to F*
centres at Ao = 250 nm was observed for the first time. The thermally tunable
emission characteristic is attributed to the change in the phase behavior of the spinel.
Further low temperature tunable emission characteristics render MgAl,O4 to be a
potential optical based thermal sensor material. In another aluminates based spinel
compound i.e. ZnAl,Oy, it has been found that the compound obtained at lower
annealing temperature is a blue emitting phosphors while that obtained at higher
annealing temperature is near white emitting phosphor. Interestingly for both
MgAl,O4 and ZnAl,O4 compounds obtained after synthesising at lower annealing
temperature, the lifetime of the defect centres were found to be high (of the order of
millisecond ) while at higher annealing temperature the life times were significantly
reduced (of the order of ps). This makes the phosphors more variant i.e. either long

persistent or short persistent. From the DFT calculated density of states (DOS), we
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have successfully established a clear understanding about the electronic structures
inside the band gap due to different defect states and their correlation with the
emission.

Chapter 4: Transition metal ions mediated optical properties in Fe'":ZnALOy,
Mn*"“SrZrO; & LiZnVOy

This chapter discusses about the optical properties of TM ion doped oxide
materials and their tunable emission characteristics with crystal field variation. By
changing the crystal field environment surrounding the transition metal ion, one can
induce a large diversity in optical properties in the transition metal doped oxide
materials. For a d° system such as for Fe’" and Mn*" ion, the emission is due to T —
A, transition which is very much dependent on the crystal field strength [xxxiii]. At
higher crystal field strength, the transition energy gap is small while it is large for low
crystal filed environment.

For all the Zn; xFexAl,O4 (x = 0.005, 0.010, 0.025 or 0.050) compounds
which were prepared at 700 °C through sol-gel combustion method, we have observed
two different emission bands in the blue and red region respectively. The blue band is
attributed to the Fe*" in tetrahedral geometry (low crystal field) while the red band is
due to Fe*" in octahedral geometry (high crystal field). When these compounds were
annealed at higher temperatures (such as 800 °C & 900 °C), a reverse trend in the two
respective bands was observed; the intensity of the blue band was found to decrease
while that of the red band was increased. This crystal field dependent
photoluminescence property of Fe’” ion also helped to probe the inverse to normal
phase transition in ZnAl,Oy4 spinel. Through a combined XRD, PL and EPR study in
Fe** doped ZnAl,Oy4, it has been established that in ZnAl,O4 which was obtained at
low annealing temperature, the percentage of inverse spinel is more while heating this
compound at higher temperature led to a transformation of the inverse phase to normal.

In Mn: SrZrO3, the emission due to Mn?" was found to be varied depending on
its substitution at different cation site. Mn”" ion substituted at Zr-site faces a strong
crystal field environment, while at Sr-site it faces a weak crystal field. Thus at Sr-site,
Mn”" emits green colour while at Zr-site it gives red emission. We have also observed
an enhancement of the red emission at higher doping level, indicating more

substitution of Mn”" at Zr-site at higher concentration. Further these Mn- substitutions
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at Sr & Zr- sites were also found to influence the shallow and deep defects related
emissions, which was further supported by DFT calculation.

In LiZnVOQ4 an intense green emission was observed due to oxygen vacancy
and charge transfer transition of the VO,> host. The compound was synthesised
through sol-gel combustion route. Usually phosphor materials obtained via this route
often show low quantum yield due to agglomeration of the particles at higher
annealing temperature. In present case, vanadium exists as VO** (3d' and EPR active)
in the sol and gel form during the synthesis procedure whereas in the final product
LiZnVO,, it exists as V> (3d” and EPR inactive). Thus monitoring the EPR spectra at
different intermediate steps during the synthesis process helped to conclude that 600
°C is the optimum temperature for synthesis of LiZnVO, phosphors. Further, the
calculated EPR parameters at various intermediate steps suggested that there is a
change in co-ordination surrounding vanadium atom from octahedral to tetrahedral
geometry, which confirmed that tetrahedral VO4> is the main luminescence centres.
Thus transition metal ions can be used in colour tunable phosphor materials and also
as a local structural probe.

Chapter 5: Lanthanide and Actinide ions mediated optical properties in
Sm3+:BaZrO3, Eu3+:BaZrO3, Bij.96Eu0,04UOg & U: MgAI204

This chapter discusses about the photoluminescence properties of lanthanide
and actinide ions in different oxide matrices. Here, we had introduced both Sm*" &
Eu’" ions in nanocrystalline BaZrOs and Eu®" in Bi;UQOg. BaZrO; nanoceramics (both
doped and undoped) were synthesized using gel-combustion route. Intense blue and
green emission was observed in undoped sample due to the presence of oxygen
vacancy. Both Sm®" and Eu** doped BaZrO; compounds were found to be red emitting
phosphors. Based on PL spectroscopy, it was inferred that majority of Sm®" ion
stabilizes at Ba®" site without inversion symmetry where as majority of Eu’" ion
occupies Zr*" site. The actual site symmetry for Eu®" ion in barium zirconate was also
evaluated based on stark splitting pattern, which was found to be Ce.

In BiycLaysUQg, doping of Lacreates oxygen vacancies in the matrix which
leads to ionic conductivity due to the migration of oxide ions through the oxygen
vacancies. Now in order to understand the local structure of La, Eu’" had doped in
place of La+3, since La™ is a non-activator ion. In iso-structural Bi; 96Eug 04UOg

compound, it was observed that majority of Eu’" ions are occupying the Bi*" site.
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Thus Eu®” can be used as a spectroscopic probe for site occupancy of La®" having
similar charge and size. Emission due to oxygen vacancies was also observed in this
compound, which in combine study with EXAFS was concluded to be due to La
substitution at Bi site, which leads to distortion in the matrix. These oxygen vacancies
were also detected by EPR technique and their concentration was found to increase up
to a certain percent of La doping followed by decay.

Considering the fact that this MgAl,Oj is one of the probable candidates to be
used for transmutation of actinide; speciation study of uranium ion in this particular
matrix holds high significance for nuclear scientist. Time resolved photoluminescence
(TRPL) is used extensively in uranium speciation in doped solid. The compounds were
synthesised through sol-gel combustion method. From excitation and emission
spectroscopy, it was observed that uranium stabilizes in +6 oxidation state in the form
of UO,*" ion. On doping uranium in MgAl,O,, complete energy transfer from host to
uranium ion was observed which is explained using DFT. Based on luminescence
lifetime it was inferred that U in the form of uranyl exist in two different chemical
environments in MgAl,Oy.

Chapter 6: Conclusions and future scope

The conclusions drawn from the work carried out have been described in the
last chapter of the thesis. The future scopes of research in this rapidly growing area
have also been highlighted. The present work describes various defect and doping
induced optical properties in different oxide matrices such as spinel compounds
(ZnAl,04, MgAl,Oy4 etc.), perovskite (SrZrO; & BaZrO;), MgO, Bir—cLasx/EuyUOg
and LiZnVO.. The different type of defect centres such as oxygen vacancy, cationic
vacancy, interstitial defect create different electronic states inside the wide band gap,
which are responsible for multicolour emission of the undoped compounds. Defect
centres such as Mg and O-vacancies in MgO are also responsible for magnetism
behavior. Additionally tuning of emission profile of these defects related materials
was also possible by means of thermal annealing. In case of doped materials, optical
properties of various dopant ions such as transition metal ion (Fe’":ZnALOy ,
Mn:SrZrO;, LiZnVO,), lanthanide (Sm3+ and Eu’’ doped BaZrO;) and actinide
(U:MgAl,04 and Biy—cLay/EuyUOg) were investigated. For transition metal ions, the
optical properties can be tuned in the blue and red regions by changing the crystal

field environment surrounding the metal ion while in case of lanthanides, the emission
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profile is very much dependent on the site symmetry. For actinides such as U, the
optical properties vary with the oxidation state. Different spectroscopic techniques
such as Photoluminescence (PL), Electron Paramagnetic Resonance (EPR), Extended
X-ray Absorption Fine Structure (EXAFS), UV-visible , Positron annihilation lifetime
spectroscopy (PALS) etc. were used throughout the thesis work. The findings of these
studies were further corroborated with the Density Functional Theory (DFT)
calculations. The chapter is concluded by outlined the directions for future research
related to the topic of the thesis.
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. Figure 3.3. UV—Visible spectrum (in reflectance mode) of a) MgO-
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Figure 3.4. a) Excitation spectra of Mg-600 at A, = 540 nm and b)
Emission spectra of MgO-600 at different excitation wavelengths

(Viz. Aex =210 nm, 250 nm, 290 nm & 310 nm) [57]

. Figure 3.5. Emission spectra of a) MgO-600, b) MgO-800 and c)

MgO-1000 at Aex = 250 nm. Arrows show the peak position of
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Figure 3.6. Decay profiles of the MgO-600 compound at A = 250
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Figure 3.7. TRES at different time interval.
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Figure 3.13. Overall summary of the location of the oxygen defect
states arises due to Vo'(E%), Vo' (F) and Vo™ (F™) as well as Mg
defect states arises due to VOMg, V'lMg and V'zMg. Distribution of
defect states for vacancy clusters F, centre and P centre are also
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Figure 3.14. Possible free electron model for different transitions of
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configuration. At 250 nm excitation wavelength a photo conversion
process of F centre is involved followed by the equation F + hv <> F"
+ e. The released electron in this process becomes free after
prompting into the conduction band and may recombine with
different types of positively charged defect centres in addition to the
newly formed F" centres. Thus different electronic transitions from
the conduction band (CB) to the empty ground electronic states of
positively charged F- and F,-type centres can be correlated with the
observed emissions.

Figure 3.15. Room temperature and low temperature (77 K) Emission
spectra of Mg0O-600 compound at different excitation wavelengths
(Aex =250 nm & 290 nm ).

Figure 3.16. FC and ZFC M vs T plots showing for MgO-600, MgO-
800 & MgO-1000.

Figure 3.17. Hysteresis plots for a) MgO- 600, b) MgO- 800 and c)
MgO-1000 after diamagnetic correction. Inbox represents the enlarge
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Figure 3.18. Typical PALS spectrum for MgO-1000 compound.
Figure 3.19. Room temperature EPR spectra of MgO-600, MgO-800
and MgO-1000.

Figure 3.20. Simulation of the EPR spectra (a) MgO-600 & (b) MgO-
1000.

Figure 3.21.Temperature dependent EPR spectra of a) MgO-600 & b)
MgO-1000.

Figure 3.22.Temperature dependencies of (a) line width, AH,,, of the
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MgO-600 and (c) resonance field, Hg of the S; signal in MgO-1000.
Figure 3.23. Temperature dependencies of the inverse of EPR integral
intensity i.e.1/Igpg.

Figure 3.24. XRD patterns of MAS after annealed at (a) 600 °C
(MAS-600). (b) 800 °C (MAS-800) and (c) 1000 °C (MAS-1000) and

with Mg/Al composition ratio (d) % and (e) 11?.
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Figure 3.25. Excitation spectra of MAS compound observed after
annealing at 600 °C with different emission wave length.

Figure 3.26. Emission spectra of the MAS compounds obtained after
annealed at a) MAS-600, b) MAS-800 and ¢c) MAS-1000 temperature
with Ae= 250 nm.

Figure 3.27. CIE chromaticity diagram for the MAS phosphor at
different temperature with Aex =250 nm.

Figure 3.28. Emission spectra of MAS -1000 at a) different excitation
wavelengths and b) the enlarge version.

Figure 3.29. Temperature variation Emission spectra of MAS-1000.

Figure 3.30. Emission spectra of the MAS compounds with different

Mg/Al composition (a) % =1 (b)%

098
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= and (¢) 5= = with
Aex= 250 nm.

Figure 3.31. Emission spectra of the MAS compounds observed after
annealing in different atmospheres (vacuum and air).

Figure 3.32. PL decay curves of MAS compound prepared at 600 °C
with Aex =250 nm and Aem = (a) 410, (b) 460, (c) 530 and (d) 720 nm.
Figure 3.33. Time Resolved Emission Spectra (TRES) at different
delay time.

Figure 3.34. Time Resolved Emission Spectra of the respective
species.

Figure 3.35. Overall summary of the location of the defect states
arises due to Vo', Vo' and Vo' in the normal and inverse spinel of
MgAl,O4. Light grey coloured bands are filled with electrons and
white bands are empty.

Figure 3.36. EPR spectra of MAS samples at different annealing
temperature.

Figure 3.37. Proposed model for trapping de trapping mechanism.
Figure. 3.38. Rietveld fittings of XRD patterns of the ZnAl,O4,
Figure 3.39. (a)Emission spectrum of ZA annealed at different
temperature with A =250 nm and (b) CIE chromaticity diagram for

the ZA phosphor at different temperature which shows a tuning of
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Figure 3.40. Gaussian fitting of emission spectrum of ZA-750

Figure 3.41. Time Resolved Emission Spectra (TRES) of (a) ZA-750
and (b) ZA-1300 at different delay time.

Figure 3.42. Time Resolved Emission Spectra (TRES) of ZA-750 in
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Figure 3.43. Time Resolved Emission Spectra (TRES) at a) 60 ms
delay and b) in the Sms -60 ms time interval
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Figure 3.46 . Typical PALS spectra for ZA-750, ZA-1000 and ZA-
1200
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Figure 3.50. Overall summary of the location of the defect states
arises due as O vacancy (Voo, Vo'l and Vo+2), Al vacancy (VA13'), Zn
vacancy (VZHO,VZHZ'), interstitial Zn (Zni+), antisite defects ( Al &
Zny)) etc in ZnAl,O,. Light gray coloured bands are filled with
electrons and white bands are empty.

Figure 3.51. Probable electron transition of various colour
components a) 375 nm, b) 420 nm, ¢ & d) 450 nm, e& f) 490 nm
Figure 3.52. Probable electron transition of various colour
components a) 530 nm, b & ¢) 600 nm

Figure 3.53. Probable electron transition of various colour

components a & b) 720 nm, ¢) 780 nm & d) 850 nm
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Figure 4.1. a) XRD pattern of the ZnAl,O4 powder samples annealed
at 600°C and standard ICDD stick patterns with file No-5-669, b)
Rietveld fittings of XRD patterns undoped ZnAl,O4 system & c)
Expanded XRD pattern corresponding to 26 value of 36.835.

Figure 4.2. Excitation spectra of 0.5 mol% Fe" doped ZnAl,04 with
A em= 693 nm.

. Figure 4.3. Emission spectra of a) 0.5 mol% Fe’" doped ZnAl,O,

where Inset shows vibronic sidebands FeO,4_b) 5.0 mol% Fe’* doped
ZnAl,O4with A = 280 nm and c) Energy level diagram of a d
configuration .

Figure 4.4. Luminescence decay time profile of the 0.5 mol % Fe®"
doped ZnAl,O4at A= 280 nm with a) A= 445 nm and b) A= 693
nm.

Figure 4.5. a) Room-temperature X-band EPR spectra of Zn 975 Fe
0.025s Al,O4 (a) Experiment (blue) and (b) numerical simulation (red).
Figure 4.6. a) Simulations (red ) of experimental EPR spectra (a) and
its components (b-g) for Zng ¢75 Fe ¢.025 Al O4,

Figure 4.7. EPR spectra of different mol % Fe** doped ZnAl,O,,
Figure 4.8. (a) Emission and (b) EPR spectra of 1.0 mol% Fe’* doped
ZnAl,Oy at different annealing temperature.

Figure 4.9. (i) XRD pattern of the undoped and Mn doped SrZrO;
powder samples annealed at 600 °C with dopant mol % of (a) 0, (b)
0.1, (¢) 0.5, (d) 1.0, (e) 2.5, (f) 5.0 and the standard ICDD stick
patterns with file no. 44-0160 and (ii ) Schematic crystal structure of
SrZrO;

Fig. 4.10. Excitation spectra of a) Pure SZO & b) 0.1mol%
Mn**doped SZO with hem =430 nm.

Figure 4.11. Room temperature emission spectrum of a) pure SZO
and b) 0.1 mol% Mn?"doped SZO with Aex =255 nm.

Figure 4.12. Variation of intensity ration of peak P5 to P; and P4 to P,
with different mol % of Mn*" ion.

Figure 4.13. Pictorial representation for the origin of the different

peaks of SrZrO; Mn”" and their variation with doping level.
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19.

20.

21.

22.

Figure 4.14. Luminescence decay time profile of the a) SZO and b)
0.1 mol% Mn*"doped SZO.

Figure 4.15. Room-temperature EPR spectra of a) SZO & b) 0.1
mol% Mn*" doped SZO.

Figure 4.16. (a) First & (b) Second harmonic EPR spectra of 0.1
mol% Mn*" doped SZO samples (blue) and their simulated signals Sy,
St, St and Sto= S+ Sirt St

Figure 4.17. The EPR spectra recorded for the Sr;\MnyZrOs; samples
with concentration. a) x = 0.001, b) x = 0.005, ¢) x = 0.01, d) x=
0.025 and e) x = 0.05..

Figure 4.18. Latimer Diagram.

Figure 4.19. (a) XRD pattern of the lithium zinc vanadate (LZV)
powder samples annealed at 600°C and Standard ICDD stick patterns
with file No-38-1332 , (b) Crystal structure of LiZnVO,4 and (c)SEM
image of LZV

Figure 4.20. (a)EPR spectra of vanadium at different stages during
sol-gel chemistry and (b) Comparison of Aj| value of VO*' in
different stages of annealing

Figure 4.21. (a) Excitation and(b) Emission spectra of LiZnVOy, (c)
and its decay profile.

Figure 4.22 . CIE chromaticity diagram for the LiZnVO, phosphor at
359 nm excitation

Figure 5.1. XRD Pattern of undoped and Sm and Eu doped BaZrO;
nanocrystal. This figure also consists of standard pattern
corresponding to JCPDS No. 060399.

Figure 5.2. (a) TEM (b) HRTEM image and (c) SAED pattern of
BZO nanoparticles.

. Figure 5.3. (a) PL and (b)EPR spectra of BaZrOs; at room

temperature.

Figure 5.4. (a) Excitation (b) Emission spectra of BaZrOs.Sm> under
643 nm (Aeym) and 240 nm (Ae) (c) CIE diagram showing the co-
ordinates and representing the colour emitted by BaZrOs.Sm>".

Figure 5.5. PL decay profile for (a) BaZrO3.Sm”" under excitation of
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240 nm and emission of 643 nm and (b) for BaZrOs;.Eu’" under
excitation of 255 nm and emission of 616 nm

Figure 5.6. (a) Excitation (b) Emission spectra of BaZrO;.Eu’ under
616 nm (Aeyn) and 255 nm (Ae) (c) CIE diagram showing the co-
ordinates and representing the colour emitted by BaZrO3.Eu’".

Figure 5.7. Stark splitting pattern of Eu® emission peak in BaZrOs.
Figure 5.8. (a) Rietveld fitting of XRD pattern of Bi,UOg (dotted line,
observed pattern; continuous line, best fitted theoretical curve after
Rietveld refinement)and (b) Crystal structure of Bi,UOg.

Figure 5.9. (a)XRD patterns of Biy xLa;UOs with X= 0.00, 0.02,
0.05, 0.06, 0.08 respectively and (b) XRD patterns of the enlarged
portion of Fig.5.9a (in the 2 theta range of 14-24°) as shown above.
Figure 5.10. EPR spectra of BiyxLa,sUQg (x=0.02 to 0.08) recorded
at room temperature.

Figure 5.11. PL excitation spectra of Bi;osEu904UOg at different
emission wavelengths (530 nm & 615 nm) . a) Charge Transfer
Bands (CTB) and b) Different characteristic excitation lines of Eu®"
and U°".

Figure 5.12. PL emission spectrum of BijosEug04UOg at a) Aex=245
nm and b) A=270 nm

Figure 5.13. PL decay curves corresponding to 2 atom % Eu **
doped Bi,UOg (Bi;.96Eu04UO¢ ) with different emission wavelengths
( Aem = 430, 537 and 615 nm) at an excitation wavelength of A =
245.

Figure 5.14. TRES spectra of 2 atom % Eu " doped Bi,UOg
(Bij.96Eu9,04UQg ) at two different delay time (20 & 200 ps).

Figure 5.15. Powder X-ray diffraction pattern of MgAL,O4. U

Figure 5.16. Emission spectrum of MgAl,O4 under excitation of 230
nm.

Figure 5.17. Excitation spectrum of MgA1,04.U (Aer-501 nm)

Figure 5.18. Emission spectra of MgAl,04.U in the excitation range
(a) 230-300 and (b) 300-400

Figure 5.19. Emission spectra of MgAl,04.U and uranyl fluoride
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20. Figure 5.20. (a)Luminescence decay profile of Uranyl ion in
MgAl,O4 under Aex-250 nm and Aey,-501 nm & (b) Time resolved

emission spectra of short and longer lived uranyl ion in MA

List of Tables

Chapter 1 1. Table 1.1. Classification of Defects
2. Table 1.2 .The various types of luminescence.
3. Tablel.3.Electronic configuration of
lanthanide atoms and trivalent ions as well as
the radii of the trivalent ions.
4. Table 1.4. Selection rules for f—f transitions
between spectroscopic levels.
Chapter 2 1. Table 2.1. Advantages and disadvantages of

electron microscope

2. Table 2.2. Comparison between light optical
microscope and electron microscope

3. Table 2.3. Comparison between SEM and
TEM

4. Table 2.4. Bio transition metal nuclear spins
and EPR hyperfine patterns.

5. Table 2.5. Bio ligand atom nuclear spins and
their EPR hyperfine patterns.

6. Table 2.6. List of fields for resonance for a g
= 2 signal at microwave frequencies
commonly available in EPR spectrometers.

Chapter 3 1. Table 3.1. Lifetime values of MgO-600 at
different emission wavelength and their
respective contributions.

2. Table 3.2. Colour components and their
respective recombination process.

3. Table 3.3. Saturation Magnetisation value for
different  temperature = annealed MgO
compound obtained from Brillouin function
fitting of the experimental data.

4. Table 3.4 . Positron lifetimes of MgO
compounds annealed at different temperature.

5. Table-3.5. Lifetime values of MAS
compounds obtained at different annealing
temperature

6. Table-3.6. Lifetime values for different
emission components at 250 nm excitation
wavelength.

7. Table 3.7. Positron lifetimes of ZnAl,O4

36



Chapter 4

Chapter 5

(ZA) compounds annealed at different
temperature.

Table 3.8. The average lifetime t,, and the
bulk lifetime tg for different ZA compounds

Table-4.1. Structural parameters of Fe doped

ZnAl,O4 synthesized through the sol-gel-

combustion route .

Table-4.2. Percentage and Lifetime values of
T, (Short lived) and T, (Long lived) at
different mol% of Fe®".

Table 4.3. Structural parameters of

manganese doped SrZrO; synthesized through

the sol-gel-combustion route.

Table-4.4. Principal values of g and hyperfine
(A) tensors for paramagnetic vanadyl
complexes at different temperatures

Table 5.1. J-O intensity parameters and
radiative properties for Eu’" in BaZrOs.
Table.5.2. Cell parameters and reliability
factors (chi-square, R-factor) obtained after
the Rietveld refinement.

Table. 5.3 . Bond distances at different doping
concentration

Table 5.4. Lifetime values at different
emission wavelength

37



Chapter 1

Chapter 1

Introduction

38



Chapter 1

1.1. Introduction

1.1.1 General introduction to the subject

For the past two decades solid state material chemistry has become a most fascinating
area of research globally because of its application in all facets of human life. It
encompasses an interface between chemistry, physics, engineering and biological
sciences. It basically involves processing of material, its systematic characterization,
property optimization and finally evaluation of its performance which can be seen in
schematic shown in Figure 1.1. Synthesis and processing involves the creation of a
material with the desired material’s properties. From an engineering standpoint, a
material cannot be used in industry until an economical production method has been
developed for it. In this step, chemistry plays a major and challenging role for
economical development of a material with its optimum performance. In order to find
or discover newer properties in materials the best way is to developed new kind of
materials. Therefore the most imminent challenges of modern materials chemist are
not only to develop new materials but also to develop novel materials that have
comparable or better functionalities [1] than those existed in the present market. Again
in exploring new material, structural-property correlation is very important for
optimum and efficient performance of the designed materials. Thus a systematic
structure-property correlation study is very much essential in developing any kind of
multifunctional materials with properties such as optical, magnetic, electrical, catalytic

etc. [2]

Structure

Characterization

Properties

Processing
Performance

Figure 1.1: Schematic involves in materials study

One such astounding area of materials research encompasses phosphor material
related research. Because of the ever-growing demand for advanced luminescent
materials, huge scientific and technological efforts have been dedicated to improve the
existing phosphors and to develop new effective luminescent materials [3]. In general,

phosphors are classified into two sub categories: activator based and non-activator
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based. In activator based phosphor, the luminescence property is governed by
transitions between energy levels of metal activator ions such as rare earth and
transition metal ions (e.g. f—f transitions of Eu’™ in Y,03:Eu’") [4 -7] or complex ions
e.g. [WO4]2' in CaWO, where the emission is due to charge-transfer transition [8,9].
However these luminescent materials are sometimes expensive and contain non-
environment friendly elements, such as Ag (in ZnS:Ag) [3]. Though there are several
advantages of lanthanide doped phosphor because of its interesting optical properties
such as high colour purity, narrow emission, large stoke shift, longer excited state
lifetime, high photostability etc., but pure rare earth is facing some serious problems
such as shortage problem, lack of recyclability and its high cost. On the other hand, it
is also necessary for most metal-activator-based phosphors to be excited by short
wavelength ultraviolet (UV) light for operation, which results in the extensive use of a
mercury vapour plasma in fluorescent lighting products [3]. The excess usage of
mercury vapour will give rise to environmental contamination and technical
difficulties. Mercury is extremely hazardous chemical and can have serious ill effect
on humans.

The other group of luminescent materials is non-activator based luminescence
materials, which consists of semiconductors and defect-related materials [10]. For
most semiconductors, the luminescence normally results from band-to-band excitation
involving the impurity states within the band gap. Since these non activator based
materials do not contain any activator ion, they seem to be promising alternatives to
the traditional phosphors in many applications because of their advantages of low
toxicity, stability, tunable emission colour, and low cost [11-13].

However in all the optical materials, irrespective of the fact whether it is doped or
undoped, the local structure of the luminescence centres (activator or the defect
canter) is directly linked with the luminescence phenomenon and therefore highly
influences the luminescence efficiency. Here local structure of luminescence centres
means its oxidation states or charge, crystal field environment, co-ordination,
symmetry etc., as shown in Figure 1.2. Any change in these parameters will have

serious consequences on the optical and magnetic properties.
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Local site

Coordination
geometry

Oxidation state

Figure 1.2: Local structure in material

Although there is a tremendous evolution in material chemistry with regards to
design, synthesise and controlling of properties of new functional materials with
different sizes from micro to nanometre scale [14], such new materials are often
structurally and chemically complex and often lack long range ordering or structurally
disorder, which may degrade its performance. Therefore though the synthesis of new
materials can be achieved but the successes of developing an efficient performing
material have been limited. The desire for efficient novel functions or properties
generate a vast demand for new materials which have to be fabricated with well
defined size of the particle, controllable properties and with well known structures. In
oxide based materials, tremendous interest has been generated in tailoring the
properties on the molecular and nanoscale level, which either shows characteristics in
between the precursor oxide phases or even new properties. Tailoring of specific
properties such as magnetic, optical, electronic etc. is very important for the material
to be utilized. To accomplish the target properties, the right structure and composition
have to be achieved. Mounting evidences suggest that their structure, defects and
interaction on nanometre length scale are intimately connected to their remarkable
properties. Therefore in order to optimise or enhance the material’s properties, precise
structural determination on atomic scale i.e. local structure determination for those
materials is essential. The present thesis is organised based on a systematic study on
different doped and undoped oxide based phosphor materials, which involves their
synthesis with different sizes, characterisation, structure-property correlation and

finally tailoring of the optical properties for optimum performance of the material.
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1.1.2. Transition metal (3d configuration), Rare earth (4f configuration) and
Actinide (5f configuration) doped optical materials:

Presently used phosphors in CFLs and w-LEDs are activated with rare earth (RE)
and/or Transition metal (TM) ions. Such doping enables to achieve light emission in a
given spectral region, which has some advantages (for example temperature
insensitivity), but also imposes some limitations.

Especially RE ions show very attractive properties for applications as emission
activators. Their 4f-4f transitions result in sharp, atomic-like photoluminescence (PL)
bands, which are temperature and host insensitive. As mentioned earlier that use of
intra-shell transitions of RE ions also imposes some limitations. In particular, the intra
shell 4f-4f transitions of RE ions are difficult to excite under the host excitation,
which is due to the screening of electrons from the 4f shell by electrons in the external
and filled 5s and 5p shells. Consequently, host excitation is inefficient and 4f-4f
transitions are excited only upon 4f-5d or charge transfer (CT) excitation [15, 16].
Moreover, the 4f-4f transitions are parity forbidden and thus show rather low rates of
radiative decay. The above reason imposes serious limitations on host materials for
RE ions. Their band gap must be large enough to allow for either 4f-5d or CT
excitation [16]. Moreover, we must select materials in which one of these excitation
processes exactly fits to the energy of emission of mercury vapours or LED emission.
These limitations can be avoided if RE emission could be excited by band-to-band
excitation of the host material. On the other hand, the d electrons of TM ions are not
shielded and hence their emission is host sensitive.

In modern solid state optical technology, lanthanide ions play a great role with
applications ranging from solid state lasers for industry, medicine and environmental
monitoring, to active optical fibers for telecommunication purposes, phosphors for
cathode ray tubes, displays, plasma monitors and lightning applications [3,16]. From
the scientific point of view, lanthanide doped materials attract increasing interest due
to their specific physical properties. Indeed their electron configuration involving f-
electrons and the exceptional time and space coherence properties led to the
observation of new and fascinating phenomena. Lanthanide ion, such Eu’" ion is
extensively used as local probes for identifying local structures in crystalline material
[17, 18], understanding the effect of chemical and thermal treatment on catalysts and

probing the structure of biological molecules. In view of its non-degenerate emissive
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state i.e. *Do, Eu’" ion is most appropriate as luminescent structural probe for the
determination of the number of metal ion sites in a compound, their symmetry, and
their respective population. Other lanthanide ions have transitions that are usually the
mixtures of electric dipole transition (EDT) and magnetic dipole transition (MDT) and
the effects of symmetry are less pronounced.

Actinide elements (5f-ions) exhibit much richer chemistry than lanthanide because of
their tendency to exhibit variable oxidation states. Among actinides, uranium displays
unique photophysical characteristics. Other than being a constituent of high level
radioactive wastes, uranium is also one of the daughter products in a-decay of
plutonium. In this context, it is of paramount importance to examine the chemical
environment (coordination and oxidation state) of uranium in important nuclear waste
host.

Uranium exists in various oxidation states such as +3, +4, +5 and +6 [19-21]. Each
one of them exhibit characteristics optical fingerprint. Interestingly the +6 oxidation
state of uranium can exhibit different molecular forms such as UO4*, UO" or U0,
species depending upon the host crystal field, synthesis method, thermal treatment etc.
Each one of them exhibit distinct emission characteristics. The fascinating uranyl
luminescence has been explored in various glasses and ceramic based matrix. Some of
the related applications are internal actinometers in biological chemistry, as
luminescent sensors and in uranium detection assays [22]. Schematic of activator

emission is schematically presented in Figure 1.3.

radiationless
recombination

energy above ground state
excltation

luminescense
excitation

activator

Figure 1.3: Schematic of activator doped emission
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1.1.3. Defect related optical Materials:

Over the past few decades, enormous amounts of different luminescent nonmaterial
have been studied globally. Several discoveries have emerged to provide alternate
solutions for overcoming solid-state lighting problems in our daily life. Although,
there are well-known materials that can easily emit light, such as semiconductor
nanomaterials (CdS, ZnS), quantum dots, and rare earth based nanomaterials
(Y203:Eu3+, YAG:Ce) [23] and even though these luminescent materials have found
numerous applications, such as luminescent security ink, optoelectronic devices, solar
cell, biological fluorescence labelling, light harvesting devices, and optical imaging,
[24] they have some disadvantages. For instance, semiconductor materials, like
sulphides, have issues of toxicity, low efficiency, and require the use of harmful
solvents and additives [25]. Similarly quantum dots require a low temperature to
control their size. Though, the rare earth materials have sharp transitions, anti-stokes
emission, and better stability, they also suffer from some obvious drawbacks such as
inconsiderate synthesis conditions, high cost, and limited availability on earth. There
are several investigations going on throughout the world to address these issues. In
this series, alkaline earth metal oxides, such as CaO, BeO, MgO, and SrO, have been
gaining considerable attention in material science as an inorganic phosphor for
optoelectronics devices, sensors, and solid-state lighting applications due to their
defect-induced luminescence properties.

Although the roots of defect-related luminescent materials can be traced to 1986, [26],
the remarkable growth was observed after Sailor et al., reported the white phosphors
from a silicate-carboxylate sol—gel precursor [27]. Since then, these materials without
containing any transition metal or rare earth activators appear to be promising
alternatives to traditional phosphors in many applications because of their advantages
of low toxicity, stability, tunable emission colour, and low cost [10 -13]. The origins
of photoluminescence (PL) in this kind of materials are complex in nature and not yet
entirely understood. However there is mounting evidence that emission arises from
special defects such as vacancies, impurities, radical impurities, donor—acceptor pairs,
etc. [10]. This results in a charge imbalance at these defect sites which must be
rectified by localization of electrons and electron-hole pair or give rise to impurity
states within the bandgap. Therefore, the defect sites are apparently the precursors for

various luminescent centres in defect-related luminescent materials and impart them
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with excellent emission characteristics. A schematic diagram of activator free
emission is presented in Figure 1.4.

In addition to various attractive luminescence properties in defect related materials,
detection of low level defect-induced ferromagnetism (DIFM) at room temperature
has also got a substantial attention in several diamagnetic oxides such as ZnO, [28]
HfO,, [29] CaO, [30], and MgO [31] and some of them can be used as spintronics
devices for the manipulation of charges and spins [32]. The origin of ferromagnetism
in these nano size oxide particles, which are otherwise non-magnetic in bulk size, is
also a controversial topic till date. In some oxides such as ZnO, HfO,, TiO,, In,03,
Ce0;,, Al,03, SnO, etc. the observed ferromagnetism behavior is widely attributed to
the oxygen vacancies at the surface of the particles [33-36]. On the contrary some
other studies attributed this behavior to metal-deficient centres and formation of

ferromagnetic clusters [37-39].

111111

External Field
Figure 1.4: Schematic activator free (defect) related emission [40]

1.2. Crystallographic Defects [41]

Perfect crystals exist only in theory — in reality, materials have defects. Defects in
materials constitute a wide and interesting subject, important in many fields such as
material engineering, metallurgy, physics and chemistry.Usually a solid consists of an
aggregate of large number of small crystals. These small crystals have defects in them.
This happens when crystallization process occurs at fast or moderate rate. Single
crystals are formed when the process of crystallization occurs at extremely slow rate.

Even these crystals are not free of defects [41]. The defects are basically irregularities
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in the arrangement of constituent particles. The defects can be of various types viz.

Point defects, Line defects, Planar defects and Surface defects.

Defects are classified by their spatial extent: Point defects have no spatial extent, as

their name suggests, line defects are one-dimensional and two-dimensional defects

include planar defects and surfaces. The classification is displayed in Table 1.1 [42].

Table 1.1: Classification of Defects

Type of Defect Spatial Extent Some Examples Definition

Point Defects 0 Dimensional A missing atom Vacancy
An extra atom Interstitial impurity
A 'wrong' atom in Substitutional
the lattice impurity

Line Defects 1 Dimensional Linear Dislocation
discontinuity in the
lattice

Planar Defects 2 Dimensional A missing/ extra Stacking fault
sheet of atoms
Boundaries Grain boundaries
between crystals

Surfaces 2 Dimensional Most common '2D-
defect'

1.2.1. Point Defects

Point defects are the irregularities or deviations from ideal arrangement around a point
or an atom in a crystalline substance. Point defects can be classified into three types:
stoichiometric defects, impurity defects and non-stoichiometric defects. A flow chart

of different point defects is given below in Figure 1.5.

Defectsin Solids

Non — stoichiometry
defects

Stoichiometric defects

Vacancy
Defect

Figure 1.5: Flow chart of various points defects in solid

Impurity defects

Schottky
defect

Deficiency
Defect

Interstitial
Defect
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1.2.1.1. Stoichiometric defects

These point defects do not disturb the stoichiometry of the solid. They are also called
intrinsic or thermodynamic defects. They are of four types namely vacancy, interstitial,
Frenkel and Schottky defects. Vacancy and interstitial defects can be shown by non-
ionic solids whereas ionic solids must always maintain electrical neutrality. Rather
than simple vacancy or interstitial defects, they show these defects as Frenkel and

Schottky defects. These are pictorially represented in Figure 1.6.
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Figure 1.6: Pictorial representation of various stoichiometric defects

[Figure courtsey: https://en.wikipedia.org/wiki/Crystallographic defect]
1.2.1.1 a: Vacancy defects:
When some of the lattice sites are vacant, the crystal is said to have vacancy defect.
Vacancies are empty spaces where an atom should be, but is missing.This results in
decrease in density of the substance. This defect can also develop when a substance is
heated. These are known as vacancy defects. There are different types of vacancies
[42-44]: F,," centre — an electron trapped at an anion vacancy. Vacancy aggregates of
F centres are stable in ionic solids in units of two (called M centres), three (called R
centres) and four (called IV centres). V,,," centre - a hole trapped at a cation vacancy. In
F centres the electrons are localized by the net positive charge of the missing anion
and vice versa for the V, where n are the ion charge that has been removed and m is
the number of F and V centres that are coupled. Irradiation of simple halide crystals at
low temperature with ionizing radiation produces F centres and trapped holes centres.
Pictorial representation of vacancy defects is given in Figure 1.6.
1.2.1.1 b :Vacancy defects: Interstitial defects:
When some constituent particles (atoms or molecules) occupy an interstitial site, the
crystal is said to have interstitial defect [45]. This defect increases the density of the
substance. They are of two types; Self-interstitials and Impurity interstitials. Pictorial

representation of interstitial defects is given in Figure 1.6
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(i) Self-interstitials: Self-interstitial defects are interstitial defects, which contain only
atoms which are the same as those already present in the lattice. Self interstitial atoms
occur only in low concentrations in metals because they distort and highly stress the
tightly packed lattice structure.

(ii) Impurity interstitials: Interstitial impurity atoms are much smaller than the atoms
in the bulk matrix and they fit into the open space between the bulk atoms of the
lattice structure.

1.2.1.1 c: Schottky defects:

It is a vacancy defect in ionic solids. In order to maintain electrical neutrality, the
number of missing cations and anions are equal. Schottky defects decrease the density
of the substance. lonic substances in which the cation and anion are of almost similar
sizes [45] show Schottky defect. Few examples include NaCl, KCI, CsCl and AgBr. It
may be noted that AgBr shows both Frenkel as well as Schottky defects. They are also
called P centre i.e. vacancy of both cations and anions. Pictorial representation of
schottky defects is given in Figure 1.7.

1.2.1.1 d: Frenkel defects:

Ionic solids show this defect. The smaller ion (usually cation) is dislocated from its
normal site to an interstitial site. It creates a vacancy defect at its original site and an
interstitial defect at its new location. Frenkel defect is also called dislocation defect
[45]. It does not change the density of the solid. Frenkel defect is shown by ionic
substance in which there is a large difference in the size of ions, for example, ZnS,
AgCl, AgBr and Agl due to small size of Zn>" and Ag" ions. Pictorial representations

of Frenkel defects are given in Figure 1.6 and Figure 1.7.
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Figure 1.7: Schottky and Frenkel defect.
[Figure courtsey: https://www.majordifferences.com/2013/02/difference-between-schottky-defect-
and.html# Wrs95rvkK4g]
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1.2.1.2: Impurity Defects

If molten NaCl containing a little amount of SrCl; is crystallized, some of the sites of
Na" ions are occupied by Sr*". Each Sr*" replaces two Na' ions. It occupies the site of
one ion and the other site remains vacant. The cationic vacancies thus produced are
equal in number to that of Sr** ions [45]. Such defects are known as impurity defects.
Another example is the solid solution of CdCl, and AgCl. Pictorial representation of
such impurity defects due to substitution is given in Figure 1.6.

1.2.1.3: Non-stoichiometric defects

Impurity and stoichiometric defects do not disturb the stoichiometry of the crystalline
substance. However, a large number of non-stoichiometric inorganic solids are
known which contain the constituent elements in non-stoichiometric ratio due to
defects in their crystal structures. These are of two types: metal excess and metal
deficient defects.

1.2.1.3a: Metal excess defects:

(1) Metal excess defects due to anion vacancies: A compound may have excess
metal cation if a negative ion is absent from its lattice site, leaving the hole, which is
occupied by an electron to maintain electrical neutrality. These kinds of defects are
found in the crystals which are likely to possess the "Schottky defects". The Anion
vacancies in the alkali metal halides are reduced by heating up the alkali metal halides
crystals in an atmosphere of alkali metal vapours. The "holes" occupy by electrons are
called "F-centres" (or colour centres).

(i) Metal excess defects due to interstitial cations: Another way in which metal
excess defects might occur is, if the extra positive ion is present in an interstitial site.
Electrical neutrality is maintained by the presence of an electron in the interstitial site.
1.2.1.3b: Metal deficiency defects:

There are many solids, which are difficult to prepare in the stoichiometric composition
and contain less amount of the metal as compared to the stoichiometric proportion. A
typical example of this type is FeO, which is mostly found with a composition of
Feg950. It may actually range from Fep 930 to Fepo6O. In crystals of FeO some Fe**
cations are missing and the loss of positive charge is made up by the presence of

. 3+ .
required number of Fe”" ions.
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1.2.2. Line defects

When the deviation from the perfect arrangement is present in the entire row of lattice
points, then the defect is known as line defect. These are commonly called as
dislocation. This can be further divided into two types: Edge dislocation and Screw
dislocation.

1.2.2.1. Edge Dislocation

The edge defect exists due to the presence of an extra half plane of atoms in the
crystal lattice. This dislocation is a line defect because distortion is present only in the
immediate vicinity of the dislocation line. This area is called dislocation core or area.
Dislocation lines are along the top of extra half plane. This type of dislocation can
distort the perfect crystal with a small stress. This dislocation moves parallel to the

direction of stress. Pictorial representation of Edge Dislocation is given in Figure 1.8.
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Figure 1.8: Edge dislocation [41]
As shown in the set of images above, the dislocation moves a small amount at a time.
The dislocation in the top half of the crystal is slipping one plane at a time as it moves
to the right from its position in image (a) to its position in image (b) and finally image
(c). In the process of slipping one plane at a time the dislocation propagates across the
crystal. The movement of the dislocation across the plane eventually causes the top
half of the crystal to move with respect to the bottom half. However, only small
fractions of the bonds are broken at any given time. Movement in this manner requires
a much smaller force than breaking all the bonds across the middle plane

simultaneously.
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1.2.2.2. Screw Dislocation

The movement of screw dislocation is a result of shear stress but the defect moves in
perpendicular direction of the stress of the atom displacement. This can be explained
with a metal block by applying shear stress. If a shear stress (- stress which is applied
parallel or tangential to a face of a material as opposed to a normal stress, which is
applied perpendicularly) is applied to the block of metal, the plane of atoms of top
side will not move from their original position. The atoms of the bottom side have
moved to their new position in the lattice and have re-established metallic bonds. The
middle side atoms are in the process of moving. In this, only small portions of the
bonds are broken at a time. This movement requires a much smaller force than
breaking all the bonds across the middle plane and edge dislocation. The atoms will
continue the movement with increasing shear stress. Pictorial representation of Screw

Dislocation is given in Figure 1.9.
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1.2.3. Planar defects: A Planar Defect is a discontinuity of the perfect crystal
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Figure 1.9: Screw dislocation [41]

structure across a plane. There are different types of planner defects
1.2.3.1 Grain Boundaries:
A Grain Boundary is a general planar defect that separates regions of different

crystalline orientation (i.e. grains) within a polycrystalline solid. The lattice in each
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grain is identical but the lattices are oriented differently. The atoms are so close at
some locations in the grain boundary that they cause a region of compression, and in
other areas, they are so far apart that they cause a region of tension.The atoms in the
grain boundary will not be in perfect crystalline arrangement. Grain boundaries are
usually the result of uneven growth when the solid is crystallising. Grain sizes vary
from 1 pm to 1 mm. Pictorial representation of Grain Boundaries is given in Figure

1.10.
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Figure 1.10: Grain Boundarie. [Figure courtsey: http://moisespinedacaf.blogspot.in/2010/06/planar-
defects-and-boundaries.html]

1.2.3.2 Tilt Boundaries:
A Tilt Boundary, between two slightly misaligned grains appears as an array of edge

dislocations. Pictorial representation of Tilt Boundaries is given in Figure 1.11.
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Figure 1.11: Tilt Boundarie. [Figure courtsey: http://moisespinedacaf.blogspot.in/2010/06/planar-

defects-and-boundaries.html]
1.2.3.3 Twin Boundaries:
A Twin Boundary happens when the crystals on either side of a plane are mirror
images of each other. The boundary between the twinned crystals will be a single
plane of atoms. There is no region of disorder and the boundary atoms can be viewed

as belonging to the crystal structures of both twins. Twins are either grown-in during
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crystallisation, or the result of mechanical or thermal work. Pictorial representation of

Twin Boundaries is given in Figure 1.12.

Figure 1.12: Twin Boundaries [Figure courtsey: http://moisespinedacaf.-blogspot.in/2010/06/planar-
defects-and-boundaries.html]

1.2.3.4 Stacking faults:

It occurs in a number of crystal structures, but the common example is in close-packed
structures. They are formed by a local deviation of the stacking sequence of layers in a
crystal. An example would be the ABABCABAB stacking sequence. Pictorial

representation of Twin Boundaries is given in Figure 1.13.

Figure 1.13: Origin of stacking faults: Different stacking sequences of close-packed crystals. [Figure
courtsey: https://en.wikipedia.org/wiki/Crystallographic_defect]

1.2.4. Surface defects:
Surface defects are the boundaries, or planes, that separate a material into regions,
each region having the same crystal structure but different orientations. Surface

defects determine much of the material’s reaction abilities. There are different kinds

of surface defects, some of which are described:
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a. Material Surface
The exterior dimensions of the material represent surfaces at which the lattice abruptly
ends. Each atom at the surface no longer has the proper coordination number and
atomic bonding is disrupted. The exterior surface may also be very rough, may
contain tiny notches, and may be much more reactive than the bulk of the material.
In order to minimize the energy of the crystal, the defects will diffuse to the grain
boundaries [46]. There are two types of diffusion creeps (a diffusion creep is the
deformation of crystalline solids by the diffusion of vacancies through their crystal
lattice):
Nabarro-Herring creep — the movement of vacancies inside the crystal. In this type
of diffusion creep chemical bonds are broken and formed. Activation energy is needed
for the diffusion, which strongly varies with the temperature.
Coble creep- which is the movements of the vacancies along the grain boundaries, the
activation energy for this type is lower than the first type of diffusion creep.
Dislocations do not diffuse to the grain boundary. When stress is applied the
dislocation will move to the grain boundary. The difference is that diffusion is random
and the movement of the dislocation is not random and happens only when stress is
applied. When the term dislocation "diffusion" is used in this work, it should be the
dislocation movement to the grain boundaries due to stress in the grain.
1.3. Phosphor materials:
The science and technology for understanding, controlling and exploiting the
interaction of light and matter is broadly defined as Photonics, which furnishes
enabling technologies for telecommunications, solar energy, lighting, displays,
biotechnology, medical diagnostics, bio-imaging etc. Luminescence is a phenomenon
of emission of electromagnetic radiation by a physical system in excess of energy
following excitation by electrons/photons [16, 47]. Phosphor (luminescent materials)
is an example of such a physical system, which essentially emits light by converting
one type of energy into another. They can be crystalline or non-crystalline [16, 48].
Generally a phosphor is a combined system of a host lattice and one or more
activators with concentration ranging from parts per million to a few mole percent.
The luminescent properties of phosphor materials can be determined by any of them
i.e. either by the host or by the activator ions. Such as in zinc sulphide/cadmium

sulphide: silver (ZnS:Ag/CdS:Ag) phosphor, the emitted colours can be varied with
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varying the Cd content. At zero cadmium, the emitted colour is blue and then it can be
changed through green, to yellow and into red as the Cd content is increased. The
phosphors are generally powders having average particle sizes ranging from micro to
nano-scale [49].

Generally phosphors are inorganic solid materials consisting of a host lattice, usually
intentionally doped with impurities such as rare earth ions or transition metal ions [3,
16, and 50] with relatively low concentration. At higher concentrations the efficiency
of the luminescence process usually decreases due to concentration quenching effects.
A white body colour is an essential feature for most of the phosphors since it prevents
absorption of visible light by the phosphors [16, 50]. Ultraviolet (UV) energy can be
used as an excitation source. The excitation energy can be absorbed either by the host
lattice first and then transferred to luminescent centres (usually intentionally
introduced rare earth ions or transition metal ions or defects) or it can be absorbed by
an impurity ion and then transfer to another impurity ion identical to the former. In
general, the emission takes place on the impurity ions, and when these impurity ions
are used to generate the desired emission, they are referred to as activators [50]. Again
if the absorption efficiency displayed by an activator is too low, a second kind of
impurity called sensitizer can be added, which will absorb the energy and
subsequently transfer it to the activators. A pictorial representation has been given in

Figure 1.14.
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Figure 1.14. Schematic diagram of phosphors.(a) Activator in the host lattice. (b) Energy transfer from
a sensitizer to an activator. A: activator, S: sensitizer; EXC: excitation; EM: emission; ET: energy

transfer [50]
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In most cases, we can adjust the emission colour by choosing the proper impurity ion,
without changing the host lattice in which the impurity is incorporated. It is well
known that the emission of light exhibited by the luminescent materials is due to the
excited electrons whose quantum state is above the minimum ground state. Based on
excitation source by which electrons can be excited in luminescent in materials there
are various types of luminescence processes [51, 52] and corresponding excitation
mechanisms as listed in Table 1.2.

Table 1.2 -The various types of luminescence [51]

Type of Luminescence Source of excitation Examples
Bioluminescence Biochemical reactions fireflies
in living organisms
Chemiluminescence Chemical reaction Luminol (CgH7N30,)
Photoluminescence Absorption of Phosphor material
electromagnetic such as YAG:Ce’",
radiation (photons) NaYF4:Eu,
NaGdF4:Eu, Y,03:Eu
etc.
Crystalloluminescence Crystallization, the NaCl

process in which solid
crystals precipitate from
a solution, a melt or
more rarely deposited
directly from a gas

Electrochemiluminescence Resulting from ZnS:Mn
electrochemical
reactions
Mechanoluminescence Mechanical action on a | Quartz glass, KBr and
solid LiF
Radioluminescence Bombardment by YBOs:Eu
ionizing radiation
Thermoluminescence Emission as a result of | ZnS:Cu
heating

1.4. Photoluminescence (PL) in solid

As stated in Table 1.2, in case of PL, the electronic states of the solids are excited by a
photon, and the excitation energy is released in the form of light [52].Since the
generation of light by luminescence is initially tied up with the energy relaxation
mechanism in the solid, the emission process is more complicated than the absorption
process. The shape of the emission spectrum is also affected by the thermal
distribution of the electrons and holes within their bands [S2]. Again based on the

nature of the electronic transitions, the PL emission in solids, i.e. in inorganic
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insulators and semiconductors can also be classified such as intrinsic and extrinsic
luminescence. [52]

1.4.1. Intrinsic Photoluminescence

In case of intrinsic photoluminescence, the luminescence arises due to the presence of
variety of defects in a crystal structure [52, 53]. This type of luminescence does not
involve impurity atoms. Intrinsic photoluminescence are of three kinds namely: band
to band, excitons and cross luminescence. The important factors that may influence
intrinsic photoluminescence are (1) non-stoichiometry (a state of a material not having
exactly the correct elemental proportion), (2) Structural imperfections —owing to poor
ordering, 3) radiation damage etc.

1.4.2. Extrinsic Photoluminescence

Extrinsic photoluminescence is defined as the luminescence that results due to
intentionally incorporated impurities in the crystal structure or doping of external
luminescence active ion [S54]. These impurity ions also known as activators with
energy levels in the band gap (forbidden zone) provide additional energy levels for
excitation and relaxation processes [54].

1.4.3. Type of Luminescence in Solid

Two different kinds of luminescence phenomena can be observed in luminescent
materials: fluorescence and phosphorescence. They are distinguished by whether the
transition to emit light is allowed or forbidden by spin selection rules. Fluorescence is
observed where the light emission is an allowed singlet-singlet transition while
phosphorescence is observed due to a forbidden transition such as singlet-triplet
transition, which usually shows long afterglow [55].

1.4.3.1 Fluorescence

In Fluorescence the valence electrons are raised to the conduction band and return
immediately via the luminescence centre to fill the holes in the valance band and there
are no traps but many luminescent centres [S2, 56]. When the excited electrons return
to the ground state, their surplus energy will be emitted in a form of visible light and
the process is instantaneous. If in the time interval 10 sec the excited electrons return
back to the ground state, the resulting emission is described as fluorescence [57]. The
emitted energy is always less than the excitation energy. If phosphors are exited with
UV light then it will result in emission in the visible region. A pictorial representation

of electronic transition of an excited electron to the conduction band followed by its
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return to the valance band via a luminescence centre is given in Figure 1.15 [56]. In
this case the emitted photon has an energy that is equivalent to the energy difference

across the luminescence centre.
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Figure 1.15: Energy band diagram of fluorescent phosphor [56]

1.4.3.2. Phosphorescence

Phosphorescence in a luminescent material is observed when the recombination of the
photogenerated electrons and holes is significantly delayed. For example when one of
the excited states of a luminescent centre is a quasistable state i.e., with very long life
time the recombination process may get delayed. Again the excited electrons and
holes in the conduction and valence bands of a phosphor can often be captured by
impurity centres or crystal defects before they are captured by emitting centres. When
an electron (or hole) captured by an impurity or defect centre and thereby the
probability of recombine with a hole (electron) becomes negligible and the electron
has to be reactivated into the conduction band (valence band), then the defect centres
are known as traps [57].

Figure 1.16 gives a representation of the electrons (holes) captured by traps
which are responsible for phosphorescence. These trapped electrons are thermally
reactivated into the conduction band (valence band) and radiatively recombined at an
emitting centre. Due to trapping of these electron or holes, the decay time of
phosphorescence can be as long as several hours and also results in photoconductive

phenomena [56]. Unlike others simple exponential function cannot represents the
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decay curve of the long afterglow due to traps. The form of a decay curve depends on
various factors such as the concentration of the traps, electron capture cross-sections

of the traps and the emitting centre and also on the excitation intensity [56].
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Figure 1.16: An energy band diagram representing a phosphorescent phosphor [56]

1.4.4. Luminescent Centres

There are wide variety of centres which give rise to luminescence in semiconductors
and insulating materials. Examples are rare earth ions, transition metal ions, excitons,
donor-acceptor pairs, and ions with a d'° or s* electronic configuration state [58]. The
resulting characteristic luminescence can be comprised of either relatively sharp
emission lines or a broad band in the visible part of the electromagnetic spectrum [50].
The sharp emission lines that are usually illustrated by most of the rare earth ions arise
from purely electronic transitions and the effect of the environment is felt mainly
through their effects on the lifetimes of the excited states [58]. The broad emission
bands arise from the interaction between the electronic system of the luminescent
centre and the vibrations of the atoms or ions, which surround it. This is due to the
simultaneous transitions of both electronic and vibrational systems [58]. Furthermore
the broad band spectra are observed when the character of the chemical bonding in the
ground and excited states differs considerably. This process goes hand in hand with a
change in equilibrium distance between the emitting ion and its immediate
environment and is commonly explained with the configuration coordinate diagram,

shown in Figure 1.17 [50].
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Figure 1.17: Configurational coordinate diagram [50].

Figure 1.17 represents the configurational coordinate diagram where Qg and Qe
represent the metal-ligand distances in the ground and excited state, respectively. Ea
and Ee are the energies at which the absorption and the emission bands have their
maximum intensity, respectively. The zero phonon energy given by A is the transition
which involves the completely relaxed excited and ground states, and no excited
photon states are involved- hence the name of this kind of transitions. The hog and
hoe are the phonon energies in the ground and the excited states, respectively. The
relaxation energies in the ground and excited states can be expressed as a product of
the phonon energy and the Huang-Rhys factors. The Huang-Rhys factors Sg and Se in
the ground and the excited state, respectively give the mean number of phonons
involved in the absorption and emission processes, respectively [50]. According to the
harmonic approximation the curvature of the parabolic bands, the phonon frequencies
and the Huang-Rhys factors are the same in the ground and excited state [S0]. This
diagram is very elementary, in the sense that it does not describe the thermal
expansion of the lattice. However it does give a lot of insight, for example, it can be
used to illustrate that a larger Stokes Shift is expected on increasing lattice relaxation

and also in the description of thermal quenching of the emission [S0].
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1.4.4.1 Optical Transition of Transition metal ions:
I. Photoluminescence of Mn’* & Fe'':

In this section the electronic structure of Mn®" and Fe’” will be explained for a
better understanding of their optical properties. Both Mn*" & Fe’™ have an
incompletely filled d shell and have similar electron configuration which is d°. The
energy levels originating from this configuration have been calculated by Tanabe and
Sugano considering the interaction between the d electrons and the crystal field [59].
The energy levels of a free ion are given on the left hand side of the Tanabe- Sugano
diagrams in Figure 1.18. For a crystal field 10Dq # 0, many of these levels split into
two or more levels. The ground state is represented by the x axis. The free ion levels
are marked “°"'L, where S presents the total spin quantum number, and L the total
orbital angular momentum. The degeneracy of these levels is 2L + 1 and can be lifted
by the crystal field. Crystal field energy levels are marked *>"'X, where X may be A
for no degeneracy, B for a twofold degeneracy and T for a threefold degeneracy. In
Figure 1.18, the ground state terms of this d° configuration are 6A1g (°S) for octahedral
and °A; (°S) for tetrahedral coordination respectively where g stands for gerade in case
of centrosymmetric octahedral ion. All the electronic transitions are spin forbidden
since ground state term is the only sextet of d° configuration. Since these energy levels
are all within the d shell, all transitions from the ground state to excited levels are spin
and parity forbidden. However, the Mn®" transitions can still be observed. It was
suggested that the selection rule is relaxed through a spin-spin interaction and a
vibronic mechanism, where the electronic transitions are coupled with vibrations of
suitable symmetry [60]. The first excited state for octahedral coordination is 4T1g ‘G)
and “T| for tetrahedral coordination respectively. Phosphorescence of Fe®' for
octahedral coordination is attributed due to the transition *Tig(tae seg) — *Aug (trg e,
while for tetrahedral coordination, the phosphorescence is due to 4T1 (e3, tzz) — 6A1 (ez,
t,%) transition. The emission peaks are broadened due to difference in occupancy of e
and t, orbitals in ground and excited states. Thus, the transition energies depend on the
crystal field parameter 10Dg. In a cubic field approximation the free electron term ‘G
splits into *T;(*G), *T»(*G) and the degenerate *A;,*E(*G). Generally, those energy
terms, which give horizontal lines, are independent of the crystal field splitting. The
ground state free-ion term ®A(°S) is a horizontal line. Other terms giving horizontal

lines are *E (*G), ‘A1 (*G), ‘E (‘D) and *A, (‘D) and hence their energies are
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independent of the crystal field. Thus, transitions from ground state to these four states
should give rise to sharp peaks. By the same reasoning, the transitions from states with
appreciable slope such as *T; and *T, to °A, give broader bands.

Exciting a system with UV light brings an electron of Mn>" in a high
vibrational level of the excited state, as shown in Figure 1.19. The electron falls to the
lowest vibrational level of the excited state giving up the excess energy to the
surrounding. Another way to describe this process is to say that the nucleus adjusts its
position to the excited state, so the interatomic distance varies from the distance it has
in equilibrium. The configurational coordinate changes by AR. This process is called
relaxation. From the lowest vibrational level the electron can return to the ground state
spontaneously under emission of radiation. From this it can be seen, that the emission
has a lower energy than the excitation of the same excited level. This effect is called
Stokes Shift.

If the ground-state energy is zero then that of the first excited state,*T is -
10Dg + 10B + 6C, and therefore decreases in energy as 10Dg increases and B and C
remain constant [61] as shown in Figure 1.18. Thus the emission spectra of d° ion vary
with varying the crystal field. A typical excitation bands from Mn*" are presented in
Figure 1.20 [63]. The PL arises from the radiative return to the ground state via the
T, (G) — °A, ¢(S) transition. The excitation bands are marked with their
corresponding energy level. The interesting feature in this excitation spectrum is that
there is a different width for the different excitation maxima. Such as the degenerate
states A, ¢ (G) and 4Eg(G) have a narrow band while that of the 4ng(G) and *T, N(S))
states have rather broad. The band-width resulted due to coupling with vibrations.
Tanabe-Sugano diagrams can predict the width of the band due to the crystal field
strength, which varies during the vibration. When the energy level runs parallel to the
ground state level, influence of A on the transition energy will be very small and a
narrow band can be expected as observed for 4Alg(G) and 4Eg(G). Because of this
reason for most systems these energy levels show their excitation band at about 400
nm. However if the excited levels has a slope relative to the ground state, a variation
of A will influence the transition energy resulting a broad transition band. That is why

the 4T1g (G) state is most sensitive to the crystal field A.
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Figure 1.20: The dashed curve shows the PL spectrum of Mn”" in LiBaFs, excited at 255 nm.

The solid curve presents the excitation bands for this transition and the PL was
detected at 712 nm [62].
1.4.4.2 Optical transition of rare earth ions:
Lanthanides are the group of atoms ranging from lanthanum (atomic number 57) to
lutetium (atomic number 71) in the periodic table of elements as shown in Figure 1.21.
They are characterized by gradual filling of the 4f electron shell and are therefore

called f- block elements.

1 2
H He
3 4 5 6 7 8 9 10
Li | Be B C N 0 F Ne
11 | 12 13 | 14 15 16 | 17 18
Na | Mg Al | Si P S Cl | Ar

19 | 20 | 21| 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 32 33 34 | 35 36
K | Ca| Sc| Ti \4 Cr |Mn | Fe | Co | Ni | Cua | Zn | Ga | Ge As Se Br Kr
37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | 50 51 52 53 54
Rb| Sr | Y | Zr [Nb |Mo| Tc | Ru | Rh | Pd | Ag | Cd | In Sn Sb Te I Xe
55|56 |57 | 72 | 73 | 74 | 75|76 | 77 | 78 | 79 | 80 | 81 82 83 84 85 86
Cs | Ba |[La| Hf | Ta | W | Re | Os Ir Pt | Au | Hg | TI | Pb Bi Po | At | Rn
87 | 88 | 89 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 1312 | 113 | 114 | 115 | 116 | 117 | 118
Fr | Ra | Ac | Rf | Db | Sg | Bh | Hs | Mt | Ds | Rg | cn | Uut | FI | Uup | Lv | Uus | Uno

58 | 59 | 60 | 61 | 62 | 63 | 64 | 65 | 66 | 67 | 68 | 69 | 70 | 71
Ce | Pr [Nd |Pm | Sm | Eu | Gd | Tb | Dy | Ho | Er |Tm | Yb | Lu
90 | 91 | 92 | 93 | 94 | 95 | 9 | 97 | 98 | 99 | 100 | 101 | 102 | 103
Th | Pa U Np|Pu |Am |[Cm | Bk | Cf | Es | Fm | Md | No | Lr

Figure 1.21: The periodic table of elements. The lanthanides are highlighted in green [16].
Since lanthanides have very similar chemical behaviors, their properties can be
discussed in a general way. They are most frequently found in the trivalent (3+)
oxidation state (see Table 1.3), however tetravalent (4+) cerium/terbium and divalent
(2+) europium/ytterbium also occur. Since the f-orbitals are shielded by the 5s and 5p

orbitals, the f-electrons do not participate in chemical bonding so that the predominant
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interactions in lanthanide complexes are electrostatic ones. This shielding of the
spectroscopically active 4f-electrons by filled 5s and 5p orbital result in the lanthanide
f-f electronic transitions to be very narrow lines in the luminescence and absorption
spectra compared to the broad band observed for transition metal ions. Since changes
in the local environment of the lanthanide ion has a negligible influence on the 4f-
electrons, coordination will only affect the fine structure of the absorption and
emission bands and there will be hardly any shifts in the peak position. Lanthanide
ions can show emission in the near-UV, visible, near-infrared and infrared spectral

regions. Each lanthanide ions has a characteristic absorption and emission spectra.

Table 1.3: Electronic configuration of lanthanide atoms and trivalent ions as well as

the radii of the trivalent ions [16]

Element Atomic electron Ln’ electron | Ln’' radius (pm)
configuration configuration (6-coordinate)
( all begin with ( all begin with
[Xe] ) [Xe] )

La 5d'6s” 4 103

Ce 4f'5d"6s” 4! 102

Pr 4657 4f 99

Nd 416> 4f° 98.3

Pm 4f°6s” 4f* 97

Sm 4f°6s* 4f° 95.8

Eu 4f'6s” 4f° 94.7

Gd 4f'5d'6s” Af 93.8

Tb 4f°6s” 4f° 923

Dy 4£'%6s” 4 91.2

Ho 4f'6g 410 90.1

Er 4f%65 4f'T 89

Tm 4f6g 4f° 88

Yb 4165 41 86.8

Lu 454" 65 41 86.1

The trivalent rare earth or lanthanide cations both in solution and in the solid state
have characterized narrow emission bands with relatively long luminescence lifetimes
values up to milliseconds [16, 63]. This characteristic shape of the bands can be
explained by the fact that the ground and excited states of these transitions have the
same equilibrium geometry, since excitation only involves rearrangement of the
electrons within f-orbitals. Except for lanthanum (La*") and lutetium (Lu’"), each

lanthanide ion has its specific emission bands: for example, the lanthanide ions
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europium (Eu’) and samarium (Sm®") emit red light, terbium (Tb*") green light,
gadolinium (Gd™) UV-light and neodymium (Nd™, ytterbium (Yb™), and erbium
(Er’") near-infrared light. These characteristics have led to the application of
lanthanide ions as probes in fluoroimmunoassays (Eu3+ and Tb3+) [16, 64, 65], laser
systems (e.g. Nd*") [16, 66], and optical amplifiers (Er’" and Pr’*) [16, 67].

1.4.4.2.1 The 4f energy levels and selection rules

The different energy levels to a same configuration are a result of several interactions
within the ion. The degeneracy of the energy levels of 4f orbital is lifted due to the
electronic repulsion, spin-orbit coupling, and (in a coordination environment) the
ligand field, as shown in Figure 1.22. The electronic repulsion among the electrons,
which is the strongest columbic interaction, disrupts the degeneracy of the 4f energy
levels into various energy terms with separations in the order of 10* cm™. Each of
these terms are further split into several J-levels owing to the spin-orbit coupling in
the order of 10’ cm™, which is relatively large in lanthanide ions, because of their
heavy nuclei. Spin-orbit coupling is defined as the interaction between the magnetic
moments of the electrons due to their spin (spin angular momentum) and the magnetic
moments due to their movement around the nucleus (orbital angular momentum).
Now let us consider the free ion levels that are described by the term symbols ®**VL;.
2S+1 represent the total spin multiplicity; L is the total orbital angular momentum and
J is the total angular momentum of the f electrons. When present in a coordinating
environment, such as a crystal or an organic ligand, the individual J-levels are split up
further by the electric field of the matrix, which is usually referred to as the crystal
field. These splitting are usually small (10 cm™) and, depending on the spectral
resolution of the spectrometer, appear as fine structure on the individual bands. Often
this fine structure is ignored, although it may be used to gather information about the

symmetry of the coordination environment.
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Figure 1.22: Splitting of the 4f energy levels of Eu®" as a result of electronic repulsion, spin-orbit
coupling, and the ligand field [16]

According to the Russell-Saunders coupling scheme the term symbol of the J-states is
written as **VL; [68]. The 2S+1 is the spin multiplicity, where S is the total spin-
impulse momentum of the system gives the maximum of possible spin orientations
and denotes the degeneracy of the J-states. L is the total orbital angular momentum
and its value is represented by the symbols S (L=0), P (L=1), D (L=2), F (L=3), G
(L=4) etc. The value of L is obtained by coupling the individual orbital angular
momenta li; L = (Ij+l+...4+L), (Ii+th+t...+ly),] (- L-...-1). J is total angular
momentum and it indicates the relative orientation of the spin and the orbital momenta:
J=1+S, L+S-1, L+S-2..., |L-S].

The energy levels of some of the trivalent lanthanide ions are depicted in Figure 1.23.
The following selection rules have to be obeyed for an atomic spectrum in general:

. AS = 0, since light does not affect the spin and thus the overall spin is not
allowed to change.

. AL = 0, £1, with Al = %1, the orbital angular momentum of an individual
electron must change.

° AJ =0, =1, but J =0 to J =0 is forbidden.

o The Laporte rule or the parity selection rule, which forbids electric dipole
transitions between levels with the same parity, examples are electronic transitions
within the d-shell, within the f- shell, and between d and s shells.

In quantum mechanics the basis for a spectroscopic selection rule is the value of the

transition moment integral (Equation 1.1)
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Jwirpyedr (L)

where yand v, are the wave functions of the two states involved in the transition and
u is the transition moment operator. If the value of this integral is zero the transition is
forbidden. In practice, the integral itself does not need to be calculated to determine a
selection rule. It is sufficient to determine the symmetry of transition moment function,
iy, If the symmetry of this function spans the totally symmetric representation of
the point group to which the atom or molecule belongs then its value is (in general)
not zero and the transition is allowed. Otherwise, the transition is forbidden.

The transition moment integral is zero if the transition moment function, y*py,, is
anti-symmetric or odd, i.e. y(x) = -y(-x) holds. The symmetry of the transition
moment function is the direct product of the parities of its three components. The
symmetry characteristics of each component can be obtained from standard character
tables. Rules for obtaining the symmetries of a direct product can be found in texts on
character tables.

The Laporte selection rule formally stated as follows: In a centrosymmetric
environment, transitions between like atomic orbitals such as s-s, p-p, d-d, or f-f,
transitions are forbidden. The Laporte rule applies to electric dipole transitions, so the
operator has u symmetry (meaning ungerade, odd). p orbitals also have u symmetry,
so the symmetry of the transition moment function is given by the triple product
uxuxu, which has u symmetry. The transitions are therefore forbidden. Likewise, d
orbitals have g symmetry, so the triple product gxuxg also has u symmetry and the

transition is forbidden
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Figure 1.23: Energy diagram of the 4f levels responsible for the lanthanide luminescence [16, 69].

On the other hand Magnetic dipole (MD) transitions obey the selection rule AJ =0, +1
and are allowed (except for J = 0 to J = 0), but have low oscillator strengths. In case of
the electric dipole intra-4f transitions, which are parity forbidden, the transitions that
do not occur within the ground multiplets are also spin-forbidden (AS#0). However in
an asymmetric environment, by mixing of opposite parity wave functions (primarily
the 5d wave functions) into the 4f wave functions, the ED f-f transitions become
weakly allowed (with oscillator strength of 10°) or we can say that the parity
forbidden intra-4f transitions ‘steal’ some intensity from the allowed 4f-5d transitions.
Since the heavy atoms have large spin-orbit couplings, the spin selection rule is
relaxed in this case. Again since the oscillator strengths of these induced ED
transitions are in the same order of magnitude as those of MD transitions, both
transitions can be observed in lanthanide absorption and emission spectra. However
due to forbidden character of intra-4f transitions, those transition have low
absorptivities, with absorption coefficients in the visible spectral range of less than 10

M em™ and relatively long luminescence lifetimes (in the range of ps to ms).
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For certain induced electric dipole transitions that have |[AJ] <2, |AL| <2, and AS =0,
the intensities are much more sensitive to complexation than other transitions, and
have been termed as Aypersensitive transitions. The intensities of these transitions
may be up to 200 times larger than the corresponding transition in the hydrated ion,
whereas the intensities of the other transitions are generally approximately the same.

Table 1.4 included the other selection rules applying to S, L and J quantum numbers
for f—f transitions between spectroscopic states. While deriving them it was assumed
that the wave functions of the 4f electrons are described by f"[SL]J functions (i.e. that

Russell-Saunders spin—orbit coupling scheme is valid).

Table 1.4: Selection rules for f—f transitions between spectroscopic levels [70]

Operator Parity AS AL AJ*
ED Opposite 0 <6 <6 (246ifJor)  =0)
MD Same 0 0 0, 1
EQ Same 0 0, £1, 0, £2
+2

* J=0toJ’=0 always
forbidden

Several hypotheses are considered to derive the selection rules, which are not always
completely fulfilled in reality (in particular 4f wave functions are not totally pure).
Thus the terms ““forbidden”” and ‘‘allowed’’ transitions cannot be taken too rigidly.
Therefore, a more correct wording would be that a forbidden transition has a low
probability and an allowed transition a high probability of occurring.

1.4.4.2.2 Radiative and Non-radiative transitions in lanthanide

In the hypothetical free lanthanide ion, only magnetic dipole (MD) transitions are
allowed followed by the selection rules AJ = 0, =1 (but J = 0—J = 0 is forbidden).
They are practically independent of the surrounding matrix and their probability is
relatively easily calculated [71]. The *Dy—F; emission line of Eu’" is an example of
a purely MD transition. In a coordinating environment, electric dipole (ED) transitions
are induced, as the ligand field mixes odd parity configurations slightly into the [Xe]
4" 5d° configuration.
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Most of the absorption and emission lines are such induced ED transitions. In some
cases, such as the emission spectrum of Tb>" is dominated by mixed ED/MD
transitions. Here transitions acquire strength both by MD and ED schemes. Since ED
transitions in lanthanide ions are induced by the ligand field, the transition
probabilities are quite sensitive to it. In case of strong asymmetric or interacting ligand
fields, ED transitions become relatively more intense. The intensities of some ED
transitions are extremely sensitive to coordinating environment and in those cases the
transitions are either completely absent or very intense, depending on the ligand field.

Symmetry of the surroundings has pronounced influence on the emission spectrum of
the Eu’". The main emissions of this ion occur from the *Dy to the "Fy (J = 0-6) levels.
The Dy—F, transition is a pure magnetic dipole (MD) transition, it is practically
independent of the symmetry of the surroundings, and the strength can be calculated
theoretically. The transitions to the 7F0, 3,5 levels are forbidden both in magnetic and
electric dipole schemes and are usually very weak in the emission spectrum. The
remaining transitions to the 7F2, 4,6 levels are pure electric dipole (ED) transitions and
they are strongly dependent on the symmetry of the environment. In a crystal site with
inversion symmetry, the electric dipole transitions are strictly forbidden and the
Dy—F, transition is usually the dominant emission line. In a site without inversion
symmetry, the strength of the electric dipole transition is higher. The *Dy—'F,
transition is usually the strongest emission line in this case, because transitions with
AJ = +2 are hypersensitive to small deviations from inversion symmetry. The
symmetry around the lanthanide ion can thus be obtained from the shape of the
emission spectrum of the Eu’" ion. The other lanthanide ions have transitions that are
usually mixtures of electric and magnetic dipole transitions and the effects of the
symmetry are less pronounced. The symmetry also has an influence on the radiative
lifetime of the ° Dy level. The radiative lifetime is the time for the luminescence to drop
to 1/e in intensity in absence of quenching. In the case of Eu’"ion without inversion
symmetry, the rate of the forced electric dipole transition is higher than in the case of
a Eu’" ion with inversion symmetry. This automatically means that the radiative
lifetime of a Eu’” ion in a site with inversion symmetry is longer. Radiative lifetimes
of lanthanide ions have been calculated with several methods, of which the Judd-Ofelt
theory is the most popular [72]. In this theory, the strength of the electric dipole

transitions are calculated from the absorption spectrum and these strengths can be
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related to the radiative lifetime. Werts et al., have formulated an equation to calculate
the radiative lifetime of the Eu’ ion from the shape of the emission spectrum

(Equation 1.2) [73].

1 Lo
— = Aypon®(2) (1.2)

TR Imp

In this equation, the strength of the magnetic dipole transition (MD) is compared to
the intensity of the total spectrum (Li). Ampis the spontaneous emission probability
of the 5Do—>7F1 transition in vacuum and 7’ is a correction for the refractive index.
Awmp, o could be calculated and was found to be 14.65 s,

Both MD and induced ED transitions of lanthanide ions are weak compared to the
‘fully allowed’ transitions found in organic chromophores. In the case of
luminescence, this gives rise to radiative lifetimes of the order of milliseconds,
depending on the lanthanide ion and its matrix. This is 6 orders of magnitude as long
as the radiative lifetimes of organic fluorophores. On the other hand, the absorption
bands are also weak, typically resulting in extinction coefficients of the order of 1 M~
'em™ with bandwidths less than 0.2 nm. This makes the long-lived photoluminescence
of lanthanide ions difficult to excite. Figure 1.24 schematizes the types of electronic
transitions in lanthanide ions, both of radiative and non-radiative nature. If highly
excited lanthanide ions could only decay radiatively, their emission spectra would
become extremely rich in lines, since in principle radiative transitions between any
two states can take place. Under favourable conditions, emission from ‘higher’ excited
states is indeed observed. Such processes are the basis of upconversion (UC) [71], in
which an already excited ion is excited into a higher lying luminescent state,
converting two low-energy photons into one high-energy photon, and quantum cutting
(QC) [74], in which a highly excited ion emits sequentially two photons. Both UC and
QC have important technological implications. UC can convert a flux of near-infrared
light into visible light, whereas QC offers the prospect of highly energy-efficient
conversion of ultraviolet light into visible light.

The excited states of lanthanide ions, however, do not decay solely by radiative
processes. In glasses and crystals, the electronic excitation energy can be dissipated by
vibrations of the surrounding matrix, a process known as multiphonon relaxation
(MPR) [75]. MPR is inversely proportional to number of vibrational quanta needed to
bridge the gap between given energy level and the next lower one. A similar process

occurs also in complexes with organic ligands and is even of bigger importance in
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such systems, since in organic media, suitable high-energy vibrations are more
common. The efficiency of matrix vibration mediated nonradiative relaxation is
inversely proportional to the number of vibrational quanta that are needed to bridge
the gap between a given energy level and the next-lower one. This energy gap law is a
result of the overlap between the vibronic wave functions. A semi-quantitative
treatment was given by Haas and Stein [76].

The rate of phonon emission, ®, depends on the number of phonons emitted

simultaneously to bridge the energy gap and is expressed by equation 1.3:

o (h_ak.:i) (1.3)

Where, AE is the energy gap to the nearest lower level and /ymax is the maximum
energy of phonons coupled to the emitting states. The phonon emission rate, o,
decreases rapidly with an increase in AE, so that the competitive light emission or
radiative process becomes dominant.

The nonradiative decay rate does not depend exclusively on the energy gap and the
number of matrix vibrations that fit this gap. Multiphonon relaxation still involves
electronic transitions in the ion without a change in parity. Weber [75] has pointed out
that for this process also; selection rules apply, although they affect only a few
transitions, such as 5D1—>5D0 in Eu®* (and Tb3+). Indeed even in organic media, weak
luminescence from the ‘higher excited’ D, state can be observed. As a result of
vibration (or phonon)-mediated nonradiative (NR) decay, luminescence of a given
lanthanide ion occurs mainly from one state, which is the state that has a large gap
with the next lower lying level. More highly excited states are quickly deactivated to
this state, since the higher states form a ‘ladder’ consisting of relatively small gaps
that efficiently undergo multiphonon relaxation. Especially in organic media and in
aqueous solution, where matrix vibrations of high energy are ubiquitous [77, 78] the
emission of lanthanide ions stems (almost) exclusively from one level and therefore

the number of emission lines is limited.
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Figure 1.24: Electronic transitions in lanthanide ions: (a) absorption/excitation, (b) excited state
absorption, (c) direct excitation into a higher excited state, (d) ‘‘conventional’’ emission from the
lowest luminescent state, (e) non-radiative relaxation, (f) radiative transition between excited states, (g)
emission from a higher excited state [16]
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In most cases, the decay of the lanthanide luminescent level is not controlled by the
radiative rate constant, which is the rate constant of spontaneous emission, but by non-
radiative processes. For lanthanide ions, the most important nonradiative processes are
those that emerge from interaction of the lanthanide 4f electronic states with suitable
vibrational modes of the environment. The luminescent trivalent rare earth cations can
be classified into two groups: The first group of lanthanides consists of praseodymium,
neodymium, holmium, erbium, thulium, and ytterbium, and this group exhibits only
weak luminescence in the visible and/or the near-infrared region. The main reason for
this is that the energy difference between the lowest luminescent state and the highest
non-luminescent state is relatively small. This small energy gap makes the competing
radiationless decay more likely to occur, i.e. vibronic quenching by high frequency
oscillators. The second group of lanthanides consists of samarium, europium, terbium,
and dysprosium, which exhibit strong luminescence. These lanthanide ions have large
energy gaps between the lowest luminescent state and the highest non-luminescent
state (as shown in Figure 1.23), and are therefore less sensitive towards vibronic
quenching by high frequency oscillators. These energy gap considerations are known
as the energy gap law theory. The lanthanide ions lanthanum, lutetium and gadolinium
do not exhibit any luminescence. Because the 4f subshells are completely empty or
completely filled in La’" and Lu’" respectively, no intra-4f transitions are possible.
Luminescence is rarely observed for Gd**, because of the large energy gap between

the ground and the first excited state (as shown in Figure 1.23).
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The measured lifetimes of luminescent species are generally shorter than the natural
lifetimes, because non-radiative processes compete with the radiative decay. High
frequency O-H and C-H vibrations in the local environment and the size of the energy
gap between the excited and the ground state of the lanthanide ion, play an important
role in removing energy non-radiatively from the lanthanide excited state [79,80]. The
deactivation arises from a weak vibronic coupling between the f-electronic states of
the lanthanide ions and the vibrational states of O-H and C-H. To provide an efficient
deactivation route, the energy gap between the excited and the ground state of an
excited lanthanide ion must be bridged by these vibrational states. According to the
theory of the energy gap law [76] the smaller the harmonic number of vibrational
quanta that is required to match the energy gap between the lowest luminescent state
and the highest non-luminescent state of the lanthanide ion, the more effective the
vibronic quenching will be. The harmonic number of vibrational quanta (v) of several
vibrations that is required to match the energy gap in Tb>", Eu’", Yb**, Er’", and Nd**
are indicated in Figure 1.25.

The Tb>" ion, which has a large energy gap (as shown in Figure 1.23), is the least
sensitive towards quenching by high frequency oscillators, and as a result has a higher
luminescence quantum yield than for example, Eu®". It can furthermore easily be seen
from Figure 1.25 that the near-infrared luminescent lanthanide ions (such as Nd*") are
more prone to quench by vibrations in their environment than the visible emitting
lanthanide ions. Indeed, the observed lifetimes of Eu*" and Tb>" complexes in solution
are in the ms range, whereas the observed lifetimes of the near-infrared luminescent
lanthanide complexes are in the us range. It has been shown that by replacing the C-H
bonds in the ligands by C-D bonds the luminescence lifetimes of the complexed

lanthanide ions are increased [81, 82].
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Figure 1.25: Graphical representation of the number of vibrational quanta of four high frequency
oscillators that is required to match the energy gap between the lowest luminescent state and the
highest non-luminescent state of the lanthanide ion (the dashed line is merely a guide to the eye). [16]

1.4.4.3 Optical transition of actinide ions (U**, U™, U"and U*®):

Compared to 4f electron in lanthanides; 5f-electrons are relatively less shielded by
outer lying electrons. As a result, they are more perturbed by local crystal field, which
results in broad emission and absorption spectrum. Oscillator strength of S5f-5f
transition is relatively larger than in iso-electronic lanthanide ion. The fact that U™,
U™, U" and U™ are all luminescence active ions and stabilize under different
conditions. L. S. Natrajan [22] gives a detail description of luminescence properties of
various actinides ions including U.

U*" (5f%) exhibits luminescence in the near-IR region (1400-1600 nm) which
is suitable for high power laser materials and amplifiers. The main transitions
observed are *F3,— *I;1, and *Iy),.

In the case of uranium (IV) (5f), doped in solid state matrices with cubic
geometry or symmetry, (e.g. U*" in doped systems of LiYF4, ThBr4, ThCls, ThSiO4
and Cs,ZrBrg,Cs;GeBrg and in Cs,UClg) [22], both the charge transfer emission bands
in the UV-VIS and the relatively less intense broad emission bands in the visible
region, have been assigned to 5f'6d'—5f electronic transitions. These transitions
arise from a redistribution of valence electrons in the 5f sub-shell. For example, in
single crystals of LiYF4:U*, the observed emission bands at 262, 282, 304, 328 and

334 nm (and the weaker bands at 438 and 492 nm) were assigned to transitions
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between the °F, excited state derived from the 5f'6d' configuration and the ground
state *Hy (5f%) manifold. Following excitation at 240 nm (the 5f—5fl6d! absorption
band), the UV and near visible emission bands possessed radiative lifetimes of
approximately 17 ns at both 300 and 77 K. Similarly, computed and experimental
spectra of the doped system Cs,GeFg:U*" consist of several broad, intense bands in the
ultraviolet and a number of broad weaker bands in the visible and near infrared region.
All these emission bands were associated with 5f'6d'— 5f. The luminescence
properties of U*" is suitable for tunable UV solid state laser material

Pentavalent uranyl (U°") has a 5f' electronic configuration, which is unstable
in protic media, and it undergoes rapid disproportionation to U™ and UO,*". The first
solution luminescence study of uranyl (V) was followed by photo-reduction of
uranyl(VI) under ambient conditions where a broad emission band with a maxima at
440 nm was observed [22].

Hexavalent Uranium depending on the synthesis conditions and thermal
treatment, can have different molecular species such as tetrahedral uranate (UO42'),
hexagonal uranate (UO¢™) or uranyl (UO,”") species. The stabilization of U(VI) in the
octahedral (UO¢™) / tetrahedral (UO,%) uranates is reported in solids only, whereas
UO,*" moiety is stable both in solutions and solids. Both UO,*" and octahedral UOg"™
give emission in the green region owing to ligand-to-metal charge transfer (LMCT)
transition, but U022+emissi0n can be distinguished from that of the latter on the basis
of its characteristic vibronic structure exhibiting a set of six characteristic equidistant
bands around 460, 480, 500, 520, 546 and 572 nm. While characteristic emission of
UO4» species was reported to be in the red region [21]. Such fascinating uranyl
luminescence has been explored for various applications such as photocatalysis, bio-
remediation , chemosensor, internal actinometers in biological chemistry.

1.5. Scope of the Thesis:

The subject of this Ph.D. thesis is the synthesis and characterization of the
photoluminescence properties of various oxide based compounds of interest in
photonics and optoelectronics. In this context, both undoped and doped oxide matrices
were investigated. The main focus was on understanding various kind of fascinating
optical properties which arise due to presence of various intrinsic defect centres or due
to doping of metal activators such as transition metal, lanthanide and actinide ions.

The peculiarity of 4f, 5f and 3d orbital in terms of their photophysical characteristics
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were highlighted. Various multifunctional oxide based matrices were studied, starting
with simple MgO to complicated Bi,—»cLas/EuyxUOg. A great emphasis was given on
understanding thermally tunable defect induced optical properties in matrices such as
MgAl,0O4 and ZnAl,O4 spinel. Even a system as old as MgO was taken to explain the
unexplained dimension in its defect induced luminescence and ferromagnetism. Site
selective luminescence spectroscopy was investigated in perovskite matrices using
TM and RE ion as a dopant. Extra efforts were made to explain the experimental data
using density functional theory calculations.
A variety of inorganic matrices (undoped and doped) starting from binary magnesium
oxides (MgO) to aluminates (ZnAlLOs, Fe:ZnAl,Os, MgALOs & U:MgAlLOy),
zirconate (SrZrOs;, Mn:SrZrO;, BaZrO;, Sm:BaZrO; & Eu:BaZrO;), uranate
(Biz-2xLas/EuxxUQOg) and vanadate (LiZnVOj4) were synthesised in present thesis
work. These compounds exhibit broadband absorption and emission spectra covering
deep ultraviolet (DUV) (300-440 nm), visible (400-700 nm) and near-infrared (NIR)
spectral range (700-900nm), which are of scientific and technological importance due
to their valuable applications in the field of broadband photodetectors, solar cells, and
bioimaging.

MgO is known to display defect induced optical and magnetic properties. But
Proper understanding for the same is lacking in the literature. An effort was taken to
understand the reason for defect induced emission and ferromagnetism in MgO. The
data were explained by Photoluminescence (PL), Positron annihilation spectroscopy
(PAS) or Positron annihilation lifetime spectroscopy (PALS), Superconducting
quantum interference device (SQUID) and Density functional theory (DFT) studies.
For the first time in MgAl,O4, we have observed defect induced tuneable
photoluminescence characteristics, from blue-green-yellow to red-NIR region, upon
thermal annealing of the compound. This tunable emission characteristic was
attributed to the change in the phase behavior of the spinel. Further low temperature
tunable emission characteristics render MgAl,O4 to be a potential optical based
thermal sensor material. In another aluminates based spinel compound i.e. ZnAl,O4
(ZA). it has been found that the compound obtained at lower annealing temperature is
a blue emitting phosphors while that obtained at higher annealing temperature is near
white emitting phosphors. Interestingly for both MgAl,O4 and ZnAl,O4 compounds

synthesised at lower annealing temperature, the lifetime of the defect centres were
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found to be high (of the order of ms ) while at higher annealing temperature the life
times were significantly reduced (of the order of ps). This makes the phosphors more
variant i.e. either long persistent or short persistent.

The photoluminescence property of Fe* ion was used to probe the inverse to
normal phase transition in ZnAl204 spinel. The emitting colour can be tune in
between blue and red depending on the site selectivity of Fe’. Through a combined
XRD, PL and EPR study on Fe* doped ZnAl,Oy, it has been established that in
ZnAl,O4 which was obtained at low annealing temperature, the percentage of inverse
spinel is more while at higher annealing temperature majority of the phase is normal
spinel. In Mn: SrZrOs, the emission due to Mn>" was found to vary depending on its
substitution at different cation site. These substitutions again lead to creation of
shallow and deep defects in SrZrOs;, which is also reflected in their respective
emissions. In sol-gel combustion derived LiZnVO, an intense green emission was
observed which renders the compound as a potential rare earth free green emitting
phosphor. In order to make the synthesis procedure cost effective, EPR study was also
carried out to monitor the progress of the reaction at different steps, so that a optimum
synthesis temperature can be derived.

Special effort was given to understand the photoluminescence characteristics
of SrZrOs and BaZrO; perovskite in the visible region. These undoped matrices emits
in the blue and green regions due to various intrinsic defect centres while on doping
Sm’>" and Eu’", the compounds (Sm’":BaZrO; & Eu’":BaZrO;) become red emitting
phosphors. Stark splitting pattern of Eu’" emission also help to determine its actual
site symmetry. The PL characteristics of Bi; 9sEug04UQOg indirectly help to understand
the local structure of La in Bi,oiLayx UOg, which shows fascinating conductivity
properties with respect to temperature. Considering the fact that MgAl,O, is one of the
probable candidates to be used for transmutation of actinide; speciation study of
uranium ion in MgAl,O4 holds high significance for nuclear scientist. In present thesis
the local site occupancy, valence state and coordination geometry behavior of U was
determined using PL technique.

The thesis may be helpful in opening up new avenues for researcher working
in the field of optoelectronics. The thesis provides a great deal of understanding
particularly for defects and dopant mediated tunable optical properties. A great effort

has been devoted to understand the local structure of the luminescence centre which

79



Chapter 1

enables us to control the optical properties of the material. In some cases the
characteristics photoluminescence also enable us to get an insight about other material
properties. The outcome of the thesis will be interesting for young researcher to take

such  problems and investigate the  fundamentals to  application.
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2.1. Synthesis of luminescent materials:

2.1.1 Conventional Solid-state route:

The most widely used method for the preparation of polycrystalline solids from a
mixture of solid starting materials is solid-state reaction route. In this method, since
the precursor solids do not react together at room temperature over normal time scales,
the precursors need to be heated at much higher temperatures, often to 1000 to
1500 °C in order for the reaction to occur at an appreciable rate. The factors which
decide the feasibility and rate of a solid state reaction depend are structural properties
of the reactants, their reactivity, surface area of the solids, reaction conditions and the
thermodynamic free energy change associated with the reaction. Further repeated
grinding and repeated heating are required in this method since the mechanism of
solid-state reactions is diffusion control.

Following are the consequences of high reaction temperatures

* Jons that readily form volatile species (i.e. Ag+) are difficult to incorporate

* Low temperature, metastable (kinetically stabilized) products are not possible to
access

* At high temperature, higher (cation) oxidation states are often unstable because of
the thermodynamics of the following reaction:

2MOx(s) = 2MO,-1(s) + O2(g)

Since the entropy increases due to the release of a gaseous product (O,), the forwards
reaction is favored. Positive entropy leads to negative free energy and thus forward
reaction becomes increasingly important as the temperature increases.

It is difficult to obtain single-phase compound by the conventional solid-state method.
Hence, doping a low concentration (of the order of 1-3%) of activator has always
been delicate. Following are the limitations of conventional solid-state route:

1. Products are inhomogeneous.

2. Large particles with low surface area are obtained and hence mechanical particle
size reduction is required, which may introduce impurity and defects.

This problem of inhomogeneity of the products could be mitigated by preparing them
through non-conventional methods (wet-chemical), which do not comprise of the
normal mixing, calcinations and grinding operations. Various wet-chemical methods
such as sol-gel, combustion, polymeric precursor etc have been employed to

synthesize both undoped and activator doped phosphors. These wet-chemical methods
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facilitate doping of activators uniformly. However, calcination is required to get
crystalline (required) phosphor.

2.1.2 Sol-gel Method:

Solid state method, which is the most widely used synthetic technique for bulk metal
oxides is based on the direct reaction of powder mixtures and the reactions are
completely controlled by the diffusion of the atomic or ionic species through the
reactants and products. Thus, these solid-state processes always require high
temperature and small particle sizes of the reactants in order to bring the reaction
partners sufficiently close together and to provide high mobility. Although this
approach gave access to a large number of new solid compounds and thereby enabled
the development of structure-properties relationships, the ceramic method is a rather
crude approach in comparison to organic chemistry, where highly sophisticated
synthetic pathways are employed to make and break chemical bonds in a controlled
way. It is therefore no surprise that liquid-phase routes represent the most promising
alternatives for the size- and shape-controlled synthesis of nanoparticles. In this
approach, synthesis of nanoparticles with well-defined and uniform crystal
morphologies and with superior purity and homogeneity is achievable due to
possibility to control the reaction pathways on a molecular level during the
transformation of the precursor species to the final product [83]. In this context, sol-
gel procedures were particularly successful in the preparation of bulk metal oxides
(e.g., ceramics, glasses, films and fibers) among the various soft-chemistry routes [84,
85] and therefore they have also been applied for nanoparticle synthesis.

The sol-gel process may be described as formation of an oxide network through
polycondensation reactions (where molecules join together, losing small molecules as
by-products such as water or methanol) of a molecular precursor in a liquid. Sol-gel is
a chemical solution process used to make ceramic and glass materials in the form of
thin films, fibres, or powders. A sol is a colloidal (the dispersed phase is so small that
gravitational forces do not exist; only Van der Waals forces and surface charges are
present) or molecular suspension of solid particles of ions in a solvent and a gel is a
semi-rigid mass that forms when the solvent from the sol begins to evaporate and the
particles or ions left behind begin to join together in a continuous network.

In general, the precursor or starting compound is either an inorganic (no carbon) metal

salt (chloride, nitrate, sulfate etc) or a metal organic compound such as an alkoxide.
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Metal alkoxides are the most widely used precursors, because they react readily with
water and are known for many metals. Some alkoxides, which are widely used in
industry, are commercially available at low cost (Si, Ti, Al, Zr), whereas other ones
are hardly available or only at very high costs (Mn, Fe, Co, Ni, Cu, Y, Nb, Ta ...).
These metal alkoxides and metal chlorides undergo hydrolysis (Hydrolysis is a
chemical reaction or process in which a chemical compound is broken down by
reaction with water) and polycondensation reactions. This leads to the formation of a
colloid, a system composed of solid particles (size ranging from 1 nm to 1 pm)
dispersed in a solvent. The sol evolves then towards the formation of an inorganic
network containing a liquid phase (gel).Formation of a metal oxide involves
connecting the metal centres with oxo (M-O-M) or hydroxo (M-OH-M) bridges,
therefore generating metal-oxo or metal-hydroxo polymers in solution. The drying
process serves to remove the liquid phase from the gel thus forming a porous material,
then a thermal treatment (firing) may be performed in order to favour further
polycondensation and enhance mechanical properties. The precursor sol can thus be
used for various purposes including synthesis of powders.

The overall sol-gel process can be presented as below:

| 4 g 5 = Supercritical
Condensation o O Gelation - 8 drying
- ©Oog © - S - =
S0g® ®
o o
o° o ° ®
Solution Sol
of precursors {colloid)
Spray, dip, or spin coat_- \
Draw
° > 1 Dry
oSodboe

Coated substrate

Stk {

Dense ceramic

Dense thin film

Figure 2.1: Various steps in the sol-gel process to control the final morphology of the product [86].

In case of metal alkoxides precursors, the sol-gel conversion of involves two main
reaction types: hydrolysis and condensation (Scheme 2.1). During hydrolysis, the

metal ion undergoes a nucleophilic substitution reaction where the alkoxide groups (-

84



Chapter 2

OR) are replaced by the nucleophilic attack of the oxygen atom of a water molecule
followed by release of alcohol and the formation of a metal hydroxide. As shown in
Figure 2.2, in most cases the hydrolysis step requires a catalyst. When two
hydroxylated metal species undergoes condensation reactions a M-O-M bond is
formed under release of water (oxolation) while the condensation reaction between a
hydroxide and an alkoxide also leads to format M-O-M bonds under release of an
alcohol (alkoxolation). Figure 2.3 represents the steps involved in the condensation of
tetra ethyl orthosilicate (TEOS) during sol-gel process. Hydrolysis (Eq. 2.1) and

condensation, involving oxolation (Eq. 2.2) and alkoxolation (Eq. 2.3)

=M—OR + H0 — =M—OH + ROH (2.1)
=M—0OH + HO—M= ——> =M—0—M=+H,0 (2.2
=M—O0R + HO—N = = —» =M—0—M= +ROH  (2.3)

Acid catalysed hydrolysis

RO .2 OR
H H ) H (&=
@ &)
No 7 _\‘\a o e Pmereem S ---- & “o—s| +ROH+H
Y - = i,
/ R O"" / S \ “OR
H 3 H 3 R
j OR
RO RO .
Base catalysed hydrolysis
RO 2R OR
= ] ‘ S
H—O #~ 7 VR Si---mmnm- i +RO

Figure 2.2: Acid and base catalyzed hydrolysis step
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Figure 2.3: Simplified representation of the condensation of TEOS in sol gel process

Following are the advantage and disadvantages of sol-gel methode\
Advantages of Sol-Gel Technique:

1. It can easily shape materials into complex geometries in a gel state.

2. It can produce high purity products because the organo-metallic precursor of
the desired ceramic oxides can be mixed, dissolved in a specified solvent and
hydrolyzed into a sol, and subsequently a gel, the composition can be highly
controllable.

3. Can have low temperature sintering capability, usually 200-600°C.

4. It can create very fine powders.

Disadvantages of Sol-Gel Technique:

Despite its advantages, sol-gel technique never arrives at its full industrial potential
due to some limitations, e.g. weak bonding, low wear-resistance, high permeability,
and difficult controlling of porosity

2.1.3 Sol-gel auto combustion technique

The Sol-gel auto combustion method, which is also known as self-propagating high-
temperature synthesis (SHS), has been proved to be extremely facile, time saving and
energy-efficient route for low-cost production of various industrially useful bulk/

nano-crystalline powders of oxide ceramics, at a lower calcination temperature.
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Principle:

This gel combustion technique comprises of two-step process viz. (i) formation of a
precursor (viscous liquid or gel) and (ii) auto-ignition. In a typical reaction, the
precursor (mixture of water, metal nitrates and fuel) on heating decomposes,
dehydrates and ruptures into a flame. The resultant product is a voluminous, foamy
powder, which occupies the entire volume of the reaction vessel. As starting materials,
oxidizing metal salts, such as metal nitrates, and a combustion agent (fuel), such as
citrate acid, polyacrylic acid or urea are used [87]. Generally, Citric acid is suited for
obtaining precursors of transition metal oxides due to the good capability of chelating
metallic ions and low decomposition temperatures. Since during the initial step of the
preparation process, this method uses a solution, the reactants are well-dispersed and
are in a much higher reactive state and thereby providing a homogeneous reaction
mixture. The combustion agent or organic fuel plays an important role in preventing
the precipitation of hydroxilated compounds by forming complexes with metal ions
[88]. The combustion process can be considered as a thermally induced redox reaction.
The chemical energy released from the exothermic reaction between the metal nitrates
and fuel can rapidly heat the system to high temperatures without an external heat
source. Compared to the powders obtained by conventional solid-state methods,
nanomaterials synthesized through combustion route are generally homogeneous,
contain fewer impurities, and have higher surface areas. Nature of fuel, fuel to
oxidizer ratio, ignition temperature and water content of the precursor mixture are the
important parameters, which influence the reaction.

For an intimate blending of the starting constituents and preventing the random redox
reaction between a fuel and an oxidizer, the formation of the precursor (viscous liquid
or gel), is a primary condition. The process is termed as auto-ignition process since the
high exothermicity generated during combustion manifests in the form of either a
flame or a fire. For getting a transparent viscous gel without any phase separation or
precipitation, the nature of the fuel and its amount, are some of the important process
parameters [89]. Thus, the fuel should have some basic characteristics such as it
should be able to maintain the compositional homogeneity among the constituents and
undergo combustion with an oxidizer at a low ignition temperature. Most common
used fuels are citric acid, urea, glycine, ascorbic acid etc. During the combustion

process, the two events, which occur, are (i) generation of heat of combustion, and (ii)
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gas evolution. The flame temperature generated during the first event helps in
crystallization and formation of the desired phase. However, a very high flame
temperature always leads to increase in the crystallite size, formation of hard
agglomerates which inturn reduce the surface area and sinterability. The second event
i.e evolution of gaseous products during the combustion plays an important role in
dissipating the heat of combustion and thereby limits the rise of temperature. This step
thus reduces the possibility of premature local partial sintering among the primary
particles. Hence, the heat of combustion and gas evolution steps in this process
primarily govern the powder characteristics, which themselves are dependent on
nature of the fuel and oxidant-to-fuel ratio [90].
The self combustion synthesis (SCS) may occur as either volume or layer-by-layer
propagating combustion modes depending on the type of the precursors, as well as on
conditions used for the process organization. Through this process not only yield of
nanosize oxide materials is possible but also a homogeneous doping of trace amounts
of activator ions in a single step is also possible. Literature survey revealed that
among the gamut of papers published in recent years on SCS, synthesis of various
luminescent materials and catalysts occupy the lion share. Most of the latest
developments in SCS technique are discussed based on the materials applications.
Currently synthesis of nanophosphors is a hot topic in the field of self-combustion
synthesis.
There are various advantages and disadvantages of gel-combustion method over other
routes as mentioned below
Advantages of Sol-gel auto combustion process:
Sol-gel combustion methods show advantages over the other processes mainly due to
the following important facts,

1. Low cost and low temperature process.

2. Better control of stoichiometry.

3. Crystalline size of the final oxide products is invariably in the nanometer range.

4. Exothermic reaction makes product almost instantaneously.

5. Possibility of multicomponent oxides with single phase and high surface area.
Limitations of Sol-gel auto combustion process:

1. Contamination due to carbonaceous residue, particle agglomeration, poor

control on particle morphology.
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2. Understanding of combustion behavior is needed to perform the controlled
combustion in order to get final products with desired properties.

3. Possibility of violent combustion reaction which needs special production.

4. Synthesis of non-oxide ceramic is difficult.

5. Scaling up is an issue

2.2. Characterization Techniques:

2.2.1. X-ray diffraction:

X-ray diffraction (XRD) technique is used to determine the structural properties of
materials and it can give information to the researchers about phase identification, the
lattice parameters, degree of crystallinity and grain size. In 1912, Von Laue first
suggested the use of the diffraction of waves from the periodic arrangement of atoms
in solids to determine the crystal structure, which was then developed by Bragg in
1913 and is now a well-developed science. Since in solids, the typical interatomic
distances are a few angstroms, waves with approximately this wavelength are required
to explore this structure. X-rays are used to produce the diffraction pattern because
their wavelength A is typically the same order of magnitude (1-100 angstroms) as the
spacing d between planes in the crystal. The commonly applied x-rays for x-ray
diffraction are having wavelengths in between 0.7 and 2.3 A, which is close to the
interplanar spacings of most crystalline materials.

2.2.1.1. Principle:

Crystals are regular arrays of atoms, and X-rays can be considered waves of
electromagnetic radiation. Electrons in atom are mainly responsible for scattering of
X-ray waves. Just as an ocean wave striking a lighthouse produces secondary circular
waves emanating from the lighthouse, so an X-ray striking an electron produces
secondary spherical waves emanating from the electron. This phenomenon is known
as elastic scattering, and the electron (or lighthouse) is known as the scatterer. A
regular array of scatterers produces a regular array of spherical waves. Although these
waves cancel one another out in most directions through destructive interference, they
add constructively in a few specific directions. Since in a crystal, the atoms have a
periodic arrangement, at certain angles, the scattering produces a diffraction pattern
with sharp maxima (peaks). These peaks in the x-ray diffraction pattern are directly
related to the interatomic distances. In Figure 2.4, an incident x-ray beam interacting

with the atoms arranged in a periodic manner is shown in two dimensions (2-D) where
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the atoms can be viewed as forming different sets of planes in the crystal. The
condition for a diffraction (peak) to occur for a given set of lattice plane with an
interplanar distance of d can be written as

2d sin 6 = nA 2.4)
This is known as Bragg's law, after W.L. Bragg, who first proposed it. In this equation
/. is the wavelength of the x-rays, 0 is the Bragg angle, which is half of the scattering

angle and n is an integer representing the order of the diffraction peak .

e ° ° ° o

Figure 2.4: Scattering of x-rays from atoms and Bragg’s law. The incoming beam (coming from upper
left) causes each scatterer to re-radiate a small portion of its intensity as a spherical wave. When the
scatterers are arranged symmetrically with a separation d, these spherical waves will be in
constructive interference or sync (add constructively) only in some directions, where their path-length
difference 2d sin 0 equals an integer multiple of the wavelength 1. Thus part of the incoming beam is
deflected by an angle 20 and produce a reflection spot in the diffraction pattern.[Figure courtesy-
Wikipedia].

2.2.1.2. X-ray production:

X-rays is a form of electromagnetic radiation in the region between ultraviolet and
gamma rays. X-rays have a wavelength between 10.0 and 0.1 A. X-ray wavelengths
are shorter than those of UV rays and typically longer than those of gamma rays.
When fast-moving electrons of sufficient energy are decelerated, X-rays are produced.
Whenever charged particles (electrons or ions) of sufficient energy hit a material, x-
rays are produced. X-rays can be generated by an X-ray tube, a vacuum tube where a
high voltage is maintained to accelerate the electrons released by a hot cathode to a
high velocity [91].

The high velocity electrons then collide with a metal target called anode, creating the
X-rays. Thus X-rays are produced at the point of impact, and radiated in all directions.

The kinetic energy of the electrons is transformed into electromagnetic energy (x-

90



Chapter 2

rays). Since energy must be conserved, the energy loss results in the release of x-ray
photons of energy equal to the energy loss. This process generates a broad band of
continuous radiation (called Bremsstrahlung, or braking radiation) as shown in Figure

2.5.

Kp
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Figure 2.5: Continuous and characteristic x-rays for copper [92]

X-rays are created by two different atomic processes, when the electrons hit the target:

Characteristic X-ray emission (X-ray fluorescence): Characteristic x-rays can be
produced when the moving electron interacts with an inner-shell electron of the target
atom. When this moving electron ionizes the target atom by removal of a K-shell
electron, transition of an outer orbital electron to the vacant inner shell will occur,
accompanied by the emission of an x-ray photon. The emitted x-ray photon will have
an energy equal to the difference in the binding energies of the orbital electrons in
outer and inner shell involved. Thus if an L-shell electron moves to the vacant
position a K-shell electron , a Ko, x-ray is produced (with wavelength 1.54178 A for
Cu). Similarly when an M-shell electron moves to replace a vacanmt position of a K-
shell electron, a Ky x-ray is produced (with wavelength 1.39217 A for Cu). These
characteristic x-rays are presented in Figure 2.5 and are suitable for diffraction
experiments. A suitable metal filter is used to obtain monochromatic x-rays. Such as
Nickel strongly absorbs x-rays below 1.5 A and thus it can be used to filter the Kp x-
rays from Cu, as represented in Figure 2.6 [93].

Bremsstrahlung: This is radiation given off by the electrons as they are scattered
by the strong electric field near the high-Z (proton number) nuclei. These X-rays have

a continuous spectrum. The intensity of the X-rays increases linearly with decreasing
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frequency, from zero at the energy of the incident electrons, the voltage on the X-ray

tube.
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Figure 2.6: Using a Nickel filter for Cu X-rays [93]
2.2.1.3. XRD diffractometer:

Diffraction pattern of a sample is recorded in a diffractometer. Figure 2.7 gives the
schematical representation of the essential features of a diffractometer. The
diffractometer consists of an x-rays source (usually an x-ray tube) which produces
monochromatic x-rays of known wavelength, a sample stage, a detector, and a way to
vary the angle. The x-rays are focused at some angle of 6 on the sample while the

detector reads the intensity of the diffracted x-rays it receives at the scattering angle

20.
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Figure 2.7: X-ray diffractometer [94].
2.2.1.4. XRD applications: phase purity and crystallite size:
From the XRD pattern, identification of an unknown crystalline material becomes
possible. With the help of Bragg’s law (Equation 2.4), the angles where peaks occur

can be converted to interplanar spacings (d-spacings). In the Powder Diffraction Files
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(PDF) of the International Centre for Diffraction Data (ICDD), for comparison files of
d-spacings for hundreds of thousands of inorganic compounds are available there.

For lower crystallite size (less than 100 nm), appreciable broadening in the x- ray
diffraction reflections will occur. From the broadening of the diffracted beam, the
grain size can be calculated using the Scherer’s formula:

t=KA /B cosf (2.5)
Where, t = Diameter of the grain, K = Scherer’s constant and its value is the order of
unity for usual crystals. Normally, K = 0.9 is used. A = Wavelength of the X-ray (for
Cu-Ka, A = 1.5418 A), B = Full width at half maximum (FWHM) of a diffraction
peak, 6 = Bragg angle or diffraction angle, Hence,

t=0.9A\ /B cos0 (2.6)
The line broadening B is measured from the Warren’s formula:

B? =B, - B2 (2.7)
Where, By = Full width at half maximum of the sample, Bs = Full width at half
maximum of a standard sample of grain size of around 2 pwm. The reflections were
chosen such that the standard and sample had closest possible 26 values and the
operations carried out on two reflections were identical. Quartz was used as the
standard.

In the present study, all the Powder X-ray diffraction measurements were carried out
at room temperature using a Rigaku Miniflex-600 diffractometer using Cu Ka X-rays.
The instrument operates in Bragg-Brentano focusing geometry. Graphite
monochromator was used to get monochromatic X-rays and Nal (Tl) scintillation
detector was used for detection of X-rays. To obtain accurate lattice constants, the K
reflections were removed by a stripping procedure. The goniometer was calibrated for
correct zero position using silicon standard. Before recording the samples are well
grounded and made in the form of a slide. As all the micro crystals are randomly
oriented, at any point on the sample different planes from crystals will be exposed to
X-ray

2.2.2. Electron microscopy: SEM/TEM

Micro-structural characterization, which gives substantial information about the
structure-property correlation, has now become very much important for all types of

materials. Micro-structural characterization helps to ascertain the morphology, to
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estimate the particle size and to identify of crystallographic defects and composition
of phases etc.

The most extensively used techniques for this purpose is electron microscopy, which
is based on the interaction between electrons (matter wave) and the sample.

A beam of highly energetic electrons is used in these scientific instruments (Electron
microscopes) to examine objects on a very fine scale. These instruments are widely
used as tools for research, quality assurance and failure analysis in the field of
material science. In the field of biological and life sciences, they are indispensable
implements. In electron microscopy, since wavelength of electron beam is much
shorter than light, it results much higher resolution image. The advantages and
disadvantages of electron microscope are given in Table 2.1 shows while comparison
between light optical microscope and electron microscope are presebted in Table 2.2.

The range of optical and electron microscope is depicted in Figure 2.8.

Range of light
microscope

Range of
electron microscope

100 um

- Epithelial cells
10 um

- Red blood cells

] Typical bacteria
1um

-— Mycoplasmas
- 100 nm
Viruses
10 nm

. (100 A) :I Proteins
Scanning —»

tunneling :I Ami id
» 1nm mino acids
microscope (10 A)
- Atoms
0.1 nm
(1A

Figure 2.8: Typical range of light and electron microscope
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Table 2.1: Advantages and disadvantages of electron microscope

Advantages

Shorter wavelength Better resolution

Low mass Non-destructive for most specimens

Negative charge Beam focused / deflected via electric coils

Strong interaction Different signals available

electron-matter - Elastic scattering: imaging
- Phase shift: weak-scatter imaging
- Diffraction: crystallography
- Inelastic scattening / ionisation:

chemical analysis

Disadvantages

Strong interaction
electron-matter

Excellent vacuum and

thin specimen for TEM,
conductive specimen for SEM

Table 2.2: Comparison between light optical microscope and electron microscope

Light Microscopy Electron Microscopy
Carrier Photons Electrons
Wavelength 400-800 nm (visible) 0.0037 nm (at 100kV)
200 nm (ultra violet) 0.0020 nm (at 300kV)
Medium Air Vacuum
Observation Direct Via fluorescent screen/TV screen
Contrast by Absorption, reflection, phase Scattering, phase changes and
changes, polarisation. .. diffraction
Information Mass Density Distribution Mass Density Distribution,
Crystallographic and Chemical
Resolving Power 0.2 pm (vistble) 0.2 nm (potnt)
0.1 pm (ultra violet) 0.1 nm (line)
Lenses Glass Electromagnets
Focusing and Alignment Mechanically Electronically
Aperture Angle <64° 0.2-07°
Depth of Focus 0.11m-0.1m 1-10,000m
(1-1k) (1k-1000K)
Depth of Field <0.1pm <l¥m

In the present work, Scanning Electron Microscopy (SEM) and Transmission Electron

Microscopy (TEM) have been used to characterize the nano and micron sized particles.

The basic principle and experimental details of these two techniques are listed below.
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In Material Science, following informations about the materials can be obtained by
studying these two techniques:

Morphology - describes the size and shape of the particles making up the object.
There is a direct relation between the morphology and material’s properties such as
ductility, strength, reactivity etc.

Topography - describes the surface features of an object or * how it looks’, its texture.
There is a direct relation between the topography and material’s properties such as
hardness, reflectivity etc.

The composition of the specimen - the relative amounts of the elements and
compounds that the specimen is composed of. Electron microscope is used to evaluate
the homogenicity or the uniformity of composition and their correlation with
properties like melting point, mechanical properties etc.

Crystallographic information - About the arrangement of atoms in the specimen of the
object. A direct relation between the atomic arrangements and the properties like
conductivity, electrical characteristics, strength etc., of the material under
investigation can be obtained.

Therefore a complete structure — property correlation understanding is possible with
electron microscopy study.

2.2.2.1. Scanning Electron Microscopy (SEM):

An SEM produces Difffenr types of signals, which include secondary electrons (SE),
reflected or back-scattered electrons (BSE), photons of characteristic X-rays and light
(cathodoluminescence) (CL), absorbed current (specimen current) and transmitted
electrons. Secondary electron detectors are standard equipment in all SEMs and single
machine with detectors for all other possible signals is rare. The signals are resulted
due to the interactions of the electron beam with atoms at various depths within the
sample. In secondary electron imaging or SEI which is the most common or standard
detection mode, since the secondary electrons are emitted from very close to the
specimen surface, SEM produces very high-resolution images of a sample surface and
thereby revealing details less than 1 nm in size. Back-scattered electrons (BSE) are
nothing but a beam of electrons that are reflected from the sample due to elastic
scattering. Since BSE emerge from deeper locations within the specimen, the
resolution of BSE images is generally poorer than SE images. However, since the

intensity of the BSE signal is strongly related to the atomic number (Z) of the
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specimen, these signals are often used in analytical SEM along with the spectra made
from the characteristic X-rays. Information regarding the distribution of different
elements in the sample can be obtained from BSE images. Characteristic X-rays are
emitted when an inner shell electron is removed from the sample and causing a
higher-energy electron to fill the shell and release energy. In order to identify the
composition and to measure the abundance of respective elements in the sample, these
characteristic X-rays are used.

In a typical SEM, a well-focused electron beam is incident and scanned over the
sample surface by two pairs of electro-magnetic deflection coils. The signals
generated from the surface by secondary electrons are detected and fed to a
synchronously scanned cathode ray tube (CRT) as intensity modulating signals. Thus,
the specimen image is displayed on the CRT screen. Any changes in the brightness
represent changes of a particular property within the scanned area of the specimen.
The large depth of field in SEM allows a large amount of the sample to be in focus at
one time. The high resolution image in SEM also allows to examine closely spaced
features at a high magnification. In SEM analysis, the sample must be vacuum
compatible (~ 10-6 Torr or more) and electrically conducting. By coating with a thin
film of gold or platinum or carbon, the surfaces of non-conductive materials are
generally made conductive.

A schematic representation of SEM is given in Figure 2.9 . Image formation in a SEM
depends on the acquisition of signals produced from the interaction of the specimen
and the electron beam. A pictorial representation of information that can be obtained

from SEM are given in Figure 2.10.
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Figure 2.10: Various electron and photon emitted in SEM and information gathered from them.

2.2.2.2. Transmission electron microscopy (TEM):

Transmission electron microscopy (TEM) is a microscopy technique in which a beam

of electrons is transmitted through an ultra-thin specimen, interacting with the

specimen as it passes through. An image is formed from the electrons transmitted
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through the specimen, magnified and focused by an objective lens and appears on an
imaging screen, a fluorescent screen in most TEMs, plus a monitor, or on a layer of
photographic film, or to be detected by a sensor such as a CCD camera. TEMs are
capable of imaging at a significantly higher resolution than light microscopes, owing
to the small de Broglie wavelength of electrons. This enables the instrument's user to
examine fine detail—even as small as a single column of atoms, which is thousands of
times smaller than the smallest resolvable object in a light microscope. Electrons are
usually generated in an electron microscope by a process known as thermionic
emission from a filament, usually tungsten, in the same manner as a light bulb, or by
field emission. The electrons are then accelerated by an electric potential (measured in
V, or volts) and focused by electrostatic and electromagnetic lenses onto the sample.
The transmitted beam contains information about electron density, phase and
periodicity; this is used to form an image. A TEM can be modified into a scanning
transmission electron microscope (STEM) by the addition of a system that rasters the
beam across the sample to form the image, combined with suitable detectors. An
analytical TEM is one equipped with detectors that can determine the elemental
composition of the specimen by analysing its X-ray spectrum or the energy-loss
spectrum of the transmitted electrons. Schematic representation of TEM is shown in

Figure 2.11. Table 2.3 represents the comparison between SEM and TEM.

Table 2.3: Comparison between SEM and TEM

SEM TEM
Electrons scan the surface Electron is transmitted through the specimen
Bulk sample can be done Extremely thin sample
Larger depth of field Comparatively less
Resolution-10 nm Resolution-0.1 nm
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Figure 2.11: Schematic of transmission electron microscope.

2.2.3. Positron annihilation spectroscopy (PAS):

Positron annihilation spectroscopy (PAS) which is sometimes specifically referred as
Positron annihilation lifetime spectroscopy (PALS) is a non-destructive spectroscopy
technique used to study voids and defects in solids. In the field of material science
PAS is a well established technique to study the electronic structure and defects in
materials [95-98]. The basic principle of PALS is that a positron or positronium will
annihilate through interaction with electrons and thus the lifetime of positrons depends
on the electron density at the annihilation site. This annihilation process resulted
release of gamma rays that can be detected. Thus, the time between emission of
positrons from a radioactive source and detection of gamma rays due to annihilation
corresponds to the lifetime of positron or positronium. After being injected into a solid
body, positrons interact in some manner with the electrons in that species. In case of
solids containing free electrons such as metals or semiconductors, the implanted
positrons annihilate rapidly. However if voids are available in the material, positrons
will reside in them and annihilate less rapidly than in the bulk of the material, on time

scales up to ~ 1 nanosecond. In the presence of defects the electron density
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experienced by positron is reduced which leads to increase in its lifetime value and
thus positrons have high affinity for open volume defects. This way positron lifetime
spectroscopy is capable of giving information about the size, type and relative
concentration of various defects/vacancies even at ppm level concentration. On the
other hand, Doppler broadening technique measures the momentum distribution of the
annihilating electrons. The low momentum part of the Doppler spectrum (511 keV
gamma line) arises mainly from the annihilation with the valence electrons while the
high momentum part the spectrum arises from annihilation with core electrons that
can be taken as signature of an element. However, due to the repulsion of positron by
the positively charged nucleus a very small fraction of positrons annihilate with core
electrons. Therefore, the amplitude of the high momentum or core electron component
is low and it is buried in the Compton background in conventional Doppler spectrum.
Coincidence Doppler broadening (CDB) technique using two HPGe detectors [99], is
capable of eliminating the background to a great extent, e.g., peak to background ratio
of ~ 10° can be obtained as compared to a few hundreds in conventional Doppler
technique. This enables unambiguous extraction of the shape and magnitude of the
high momentum part of the Doppler spectrum. Information regarding chemical
surrounding of the annihilation site or elemental specification is obtained from the
shape/magnitude of the high momentum core component, which carry the signature of
the element. Again since the physical or chemical state of the element does not
influence the core electron momentum distribution, the CDB technique is capable of
identifying the elements at the annihilation site irrespective of its physical or chemical
state in the sample. Therefore, valuable information about the vacancy structure can
be obtained by a combined study of lifetime spectroscopy (LTS) and CDB technique.
Figure 2.12 shows a schematic representation of positron annihilation while Figure

2.13 shows the schematic of instrument used in positron lifetime measurement.
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Figure 2.12: Schematic representation of positron annihilation indicating the basis for the three
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Figure 2.13: The conventional positron lifetime measurement system

2.2.4. Electron paramagnetic resonance (EPR) spectroscopy:

Electron paramagnetic resonance spectroscopy (EPR), also called electron spin

resonance (ESR), is a technique used to study chemical species with unpaired

electrons. EPR was first observed by Soviet physicist Yevgeny Zavoisky in 1944 in

Kazan State University, [100] and was developed independently at the same time by

Brebis Bleaney at the University of Oxford.

Very surprisingly, there are large numbers of materials that have unpaired electrons

such as free radicals, many transition metal ions, defects in materials etc. Short-lived

102



Chapter 2

free electrons play crucial roles in many processes such as photosynthesis, oxidation,
catalysis, and polymerization reactions. Therefore, EPR crosses several disciplines
including chemistry, physics, biology, materials science, medical science and many
more.

The basic concepts of EPR are analogous to those of nuclear magnetic resonance
(NMR), but it is electron spins that are excited instead of the spins of atomic nuclei.
Like a proton, the electron has spin, which gives it a magnetic property known as a
magnetic moment and makes the electron behaves like a tiny bar magnet.

Every electron has a magnetic moment and spin quantum number s = 1/2, with
magnetic components mg = + 1/2 and mg = - 1/2. In the presence of an external
magnetic field with strength H , the electron's magnetic moment aligns itself either
parallel (ms = - 1/2) or antiparallel (ms = + 1/2) to the field, each alignment having a
specific energy due to the Zeeman effect: E = m.g.,fH

where g. is the electron's so-called g-factor (see also the Landé g-factor), g. = 2.0023
for the free electron and P is the Bohr magneton. Therefore, the separation between
the lower and the upper state is AE = g.H for unpaired free electrons. This equation
implies that the splitting of the energy levels is directly proportional to the magnetic
field's strength.

An unpaired electron can have transition between the two energy levels by either
absorbing or emitting a photon of energy hv obeying the resonance condition, hv = AE.
Hence the fundamental equation of EPR spectroscopy is hv = g.fH. Although this
equation permits a large combination of frequency and magnetic field values
experimentally, but the great majority of EPR measurements are made with
microwaves in the 9000—10000 MHz (9—10 GHz) region, with fields corresponding to
about 3500 G (0.35 T). Furthermore, EPR spectra can be generated by either varying
the photon frequency incident on a sample while holding the magnetic field constant
or doing the reverse. The usual practice is to keep the frequency fixed and the
paramagnetic centres are exposed to microwaves at a fixed frequency. With increasing
the external magnetic field, the gap between the mg = + 1/2 and mg = - 1/2 energy
states becomes widened until it matches the energy of the microwaves, as represented
by the bold arrow in Figure 2.14. The condition where the magnetic field and the
microwave frequency are "just right" to produce an EPR resonance (or absorption) is

known as the resonance condition and is described by the equation shown in the above

103



Chapter 2

Figure 2.14. At this point, the unpaired electrons can move between their two spin
states. Since there will be more electrons in the lower energy level (i.e., parallel to the
field) than in the upper level (antiparallel), due to the Maxwell-Boltzmann
distribution (see below), there is a net absorption of energy, and it is this absorption

that is monitored and converted into a spectrum.

Mg = +12
e AMg = +1 b Bl
o E=hv_aBH anck’s constant 6.626196 x
i v=gp 10% erg.sec
v frequency (GHz or MHz)
Ms =-V2 g g-factor (approximately 2.0)
-21
H=0 H=0 B Bohr mggneton (9.2741 x 10
erg.Gauss™')

p]

AH,
; H magnetic field (Gauss or mT)
EPR is the resonant absorption of
microwave radiation by
paramagnelic systems in the
presence of an applied magnetic

Magnetic Field (H) | field

Figure 2.14: Separation between the lower and the upper state for unpaired free electrons in EPR

g- factor:

The factor g can provide information about a paramagnetic centre's electronic
structure. The unpaired electron of a paramagnetic species not only responds to the
spectrometer's applied magnetic field H, but also to any local magnetic fields of atoms
or molecules. The effective field Hcs experienced by an electron is thus written as Hegr
= H(1- o), where o includes the effects of local fields and it can be positive or
negative. Therefore, the hv = g.BH.s resonance condition cab be rewritten as follows:
hv = gBHcsr = g.pH(1- 6)

Here the quantity g.(1- o) is denoted as g and called simply the g-factor. Therefore
the final resonance equation becomes hv = gfH

From this equation, g-factor can be determined in an EPR experiment by measuring
the field and the frequency at which resonance occurs.

The factor g is the measure of the total magnetic moment associated with the
paramagnetic molecule and it is represented by the following equation.

g=1+[JT+D)+SS+H)-LL+D/ 2T T +1)] (2.8)

For free electron, S =1/2, L = 0, J = S = . This gives g = 2.0. The g factor is a

dimensionless constant. For most of the free radicals, g value is very close to 2.0000.
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This is because in case of free radicals the unpaired electron is not confined to a
localized orbital but can move freely over the orbital resulting in the quenching of the
orbital contribution ( L=0 ). In case of transition metal complexes, on the other hand,
the unpaired electron is confined in a particular orbital. Because of the loss of orbital
degeneracy and the spin orbit coupling the g value of the complex is different from
2.0000. The g value of the transition metal complexes depends on the relative
magnitude of the spin orbit coupling and the crystal field splitting. The spin orbit
contribution makes “g” as a characteristic property of a transition metal ion and its
oxidation state. The g factor is an anisotropic quantity i.e. its value depends on the
direction of observation (orientation dependent). From the g value of a transition
metal complex, one can obtain important information about the structure of the
complex. In solids, the movement of the molecule is restricted and thus one can have
different g values for different direction of observations. In a cubic crystal field, the
metal ligand bond lengths are same along three crystallographic axes and hence g
value remains the same (isotropic), that is g« = g, = g,.

If the crystal field is tetragonal, the metal - ligand distance along the x and y axis are
the same but different from the metal ligand distance along the z direction. The g
value for such complex is anisotropic and they are expressed as g, = g and g= g, =
g,. This is because it is always assumed that, the principal axis (along which the
magnetic field if aligned) is along the z-axis. Whereas if the symmetry of the complex
is orthorhombic, all the three g values will be different, that is g, # g, # g.

However, for most systems in solution or gas phase, the g value is averaged over all
the orientations because of the free motion of the molecules. In this case, the

av = (gx+gy1E,)/3. (2.9)
Hyperfine Interactions:

Hyperfine interactions are another very important factor in EPR spectroscopy. In
addition to the applied magnetic field H, the unpaired electrons in a compound are
also sensitive to their local environment. This allows to draw additional conclusions or
information from the so called hyperfine interaction. When the nuclei of the atoms in
a molecule or complex have their own fine local magnetic moments and if the moment
is intense enough, can affect the electron. Such interaction between the local magnetic
field of the nuclei and electron is called the hyperfine interaction. Then the energy

level of the electron can be expressed as
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E = gBHMg + aMl; (2.10)
Here a is the hyperfine coupling constant, m; is the nuclear spin quantum number.
Hyperfine interactions can provide a wealth of information about the sample such as
the number and identity of atoms in a molecule or compound, as well as their distance
from the unpaired electron. The rules for interacting nuclei are same as for NMR.
Isotopes, which have even atomic and even mass numbers and the ground state
nuclear spin quantum number, /, is zero, will have no EPR (or NMR) spectra. While
isotopes with odd atomic numbers and even mass numbers, the values of [ are integers
e.g. for °H is 1. For isotopes with odd mass numbers, the values of / are half integer.
For example the spin of 'H is 1/2 and the spin of **Na is 7/2. Here are more examples
from biological systems given in Table 2.4 and Table 2.5:
Table 2.4. Bio transition metal nuclear spins and EPR hyperfine patterns [101]

Metal Valency [sotope Spin (abundance) EPR lines

\' v 51 7/2 8

Mn 1l 55 5/2 6

Fe 1 54, 56, 57, 58 0+1/2(2%) 1+2(1%)
Co 1l 59 7/2 8

Ni 11,1 58,60,61,62, 64 0+3/2(1%) 1 +4(0.25%)
Cu 1l 63, 65 3/2 4

Mo v 92,94, 95, 96, 97, 98, 100 0+ 5/2(25%) 1 + 6 (4%)
W v 180, 182, 183, 184, 186 0+ 1/2(14%) 1 +2(7%)

Table 2.5. Bio ligand atom nuclear spins and their EPR hyperfine patterns [101]

Ligand Isotope Spin (abundance) EPR lines
H 1.2 1/2 + 1 (0.015%) 2+ 3
< ¥2_ I3 O+ 7172 (1.1%) 1 +2
N 14, 15 1 + 71/2(0.4%) 3+2
O 16, I7.18 O + 5/2(0.04%%) 1 +6
F 19 1/2 2

P 31 1/2 2

S 32, 33,34 O + 3/2 (0.8%) 1 +4
C1 35, 3F 3/2 4

As 75 3/2 4

Se 76, 77,78, 80, 82 O+ 1/2(7.6%) 1 +4
Br 79, 81 3/2 -+

I 127 S72 6

The number of lines from the hyperfine interaction can be determined by the formula:
2NI + 1 where N is the number of equivalent nuclei and / is the spin. For example, an
unpaired electron on a V** (/=7/2) will give 8 lines in the EPR spectrum. In case of
coupling to a single nucleus, each line has the same intensity while coupling to more

than one nucleus, the relative intensity of each line is determined by the number of
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interacting nuclei. For the most common /=1/2 nuclei, the intensity of each line

follows Pascal's triangle, which is shown below in Figure 2.15 :

1
1 1
1 2 1
1 3 3 1
14 6 4 1
1 5 10 10 5 1

Figure 2.15: Pascal's triangle

For example, for *CH3, the radicals signal is split to 2N/+1= 2*3*1/2+1=4 lines, the
ratio of each lines intensity is 1:3:3:1. The spectrum looks like this in Figure 2.16:
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Figure 2.16. Simulated EPR spectrum of the *CH3 radical. [102]

If an electron couples to several sets of nuclei, first one can apply the coupling rule to
the nearest nuclei, then we split each of those lines by the coupling them to the next
nearest nuclei, and so on. For the methoxymethyl radical, H2C(OCH3), there are
(2*¥2*1/2+1)*(2*3*1/2+1)=12 lines in the spectrum, the spectrum looks like this in

Figure 2.17:
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Figure 2.17. Simulated EPR spectrum of the H,C(OCH3) radical.[103]

For /=1, the relative intensities follow this triangle in Figure 2.18:
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Figure 2.18: Triangle for I=1

The three essential components for any spectroscopic technique has are a source of
electromagnetic radiation (EMR), a sample, and a detector. To acquire a spectrum, we
can vary the frequency of the EMR and measure the amount of radiation that passes
through the sample with a detector to observe the spectroscopic absorptions. In an
EPR spectrometer, the source of the microwave radiation is a Klystron or a Gunn-
diode. The source provides a limited range of variable frequency. The microwave
source and the detector are in a box called the microwave bridge.

To measure the EPR spectrum of a paramagnetic sample, the sample is placed in a

magnetic field of a resonator cavity in which microwave power is concentrated. The
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sample is so positioned inside the resonator cavity that the electrical component of the
EMR is at its minimum and the magnetic component is at its maximum.

At the sample, the static magnetic field (H) is perpendicular to the microwave
magnetic field. The interaction of magnetic spins with the oscillating magnetic field of
the electromagnetic radiation leads to the EPR transitions. Either varying the magnetic
field strength or the microwave frequency can record the EPR spectrum. As it is easier
to vary the magnetic field than the frequency due to restriction in the electronics,
usually the magnetic field H is varied over a wide range and the frequency is kept
constant.

An electromagnet having sweep width ranging from 5000 G to 15000 G can be used.
The microwave energy is modulated and the microwave power absorbed by the
sample at the resonance is measured by the phase sensitive detector, the signal is
amplified and fed to a computer for data processing. A semiconductor silicon-tungsten
diode is used as a detector. Earlier, the EPR spectrum used to be recorded as a
function of absorption intensity against magnetic field. Such a curve often produces
broad absorption bands. In modern instrument, the first derivative of the absorption
intensity (dA/dH, i.e. slope) is plotted against H as shown in Figure 2.19. This type of
plot gives more accurate g values. It may be noted that the resonance field H is not a
unique fingerprint for identification of the paramagnetic species because spectra can
be acquired at different frequencies. The g-factor, g = hv/fH being independent of the
microwave frequency, is much better for that purpose. Notice that higher values of ‘g’
occur at low magnetic fields and vice versa. A list of fields for resonance for a g= 2
signal at microwave frequencies commonly available in EPR spectrometers is
presented in the Table 2.6. Figure 2.20 shows the block diagram of typical EPR
spectrometers. Figure 2.21 shows the photographs of EPR spectrometer used in

current studies.
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Figure 2.19. Comparison of absorption spectrum and EPR spectrum [104].
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Figure 2.20: Block diagram of typical EPR spectrometers

Figure 2.21: Photograph of Bruker ESP-300 EPR spectrometer
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Table 2.6: List of fields for resonance for a g = 2 signal at microwave frequencies

commonly available in EPR spectrometers

Designation v/IGHz H otectrony

Tesla

L 1.1 0.0392

S 3.0 0.107

X 9.5 0.339

K 23 0.82

Q 35 1.25

W 95 33

The most widely used EPR spectrometer is the X-band spectrometer operating in the
frequency range 9-10 GHz. The sensitivity of an EPR spectrometer is directly
proportional to the square of the frequency, and a high frequency is preferred for a
better resolution of the EPR signal. The sensitivity of the Q band spectrometer is
fifteen times than that of X band spectrometers.

In the present work, a Bruker ESP-300 EPR spectrometer was used to record the EPR
spectra. In order to calibrate the g-values of the paramagnetic species, Diphenyl
picrylhydrazyl (DPPH) was used as a standard. The spectrometer operates at X-band
frequency (9.5 GHz) equipped with 100 kHz field modulation and phase sensitive
detection in order to obtain the first derivative signal. Simulation of the experimental
spectra were carried out using Bruker WinEpr SymFonia programme

2.2.5. Photoluminescence spectroscopy (PL):

Photoluminescence spectroscopy is uded to study the emission and excitation
behaviours of various luminescence centres and their lifetimes. Here the sample is
excited by photons (generally in UV range) and the excess energy of the excited state
is released through the emission of light which can be detected and recorded for
different modes, i.e. excitation, emission and luminescence decay lifetime. A
spectrofluorometer is an instrument, which is capable of recording the emission
spectrum or both the excitation and emission spectra. The wavelength distribution of
an emission measured at a single constant excitation wavelength is an emission
spectrum while the dependence of emission intensity, measured at a single emission

wavelength, upon scanning the excitation wavelength is the excitation spectrum. The
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spectrofluorometer can record the luminescence lifetime decay curve with the help of
a pulsed excitation source and a fast detector. The fluorescence decay time is obtained
by measuring the fluorescence signals at fixed wavelength as a function of time. A
decay curve is a spectrum measured within a narrow time-window during the decay of
the fluorescence of interest. A pulsed excitation source (pulse duration short in
comparison with the excited-state lifetime of the molecule) and a fast detector are the
two main requirements for lifetime measurements.

2.2.5.1. Physical principle:

In photoluminescence spectroscopy, at first the species is excited from its ground
electronic state to one of the various vibrational states in the excited electronic state by
absorbing a photon. Collisions with other molecules cause the excited molecule to
lose vibrational energy until it reaches the lowest vibrational state of the excited
electronic state. From there the molecule can then drops down to one of the
vibrational levels in the ground electronic state. This process will result in the
emission of a photon. Since the molecules can drop down into any of the several
vibrational levels in the ground state, the emitted photons may have different energies.
These processes are often visualised with the Jablonski diagram as shown in Figure
2.22. There are several factors, which can affect the fluorescence intensity. A pictorial

representation is given Figure 2.23.

excited vibrational states
Sn /

\ 4
electronic ground state

So

Figure 2.22: A Jablonski diagram shows the possible relaxation processes in a molecule after the
molecule has absorbed a photon (4): IC = internal conversion, ISC= intersystem conversion, F=
fluorescence, P= phosphorescence
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Figure 2.23: Parameters affecting fluorescence emission

2.2.5.2. Instrumentation: Excitation and emission spectroscopy

Various light sources may be used as excitation sources including lasers, photodiodes,
lamps etc, which produce light photons. At first, the photons impinge on the excitation
monochromator. This monochromator selectively transmits light in a narrow range
around the specified excitation wavelength. For laser excitation sources, filters may be
used instead of a monochromator, or with a monochromator to give high quality
monochromatic light. The transmitted light is then allowed to pass through adjustable
slits, which control intensity and resolution by further limiting the range of transmitted
light. In this way, the filtered light passes into the sample. The emitted light from the
excited samples again goes through a filter to prevent the excitation light entering the
detector, which results second order peaks. The filtered light then enters the emission
monochromator, positioned at a 90° angle from the excitation light path. This setting
help to eliminate background signal and minimize noise due to stray light. Again,
emitted light is transmitted in a narrow range centred on the specified emission
wavelength and exits through adjustable slits, finally entering the photomultiplier tube
(PMT). A schematic diagram of a general-purpose spectrofluorometer is given in
Figure 2.24. It is possible to record both excitation and emission spectra with most
spectrofluorometer. An emission spectrum can be described as the wavelength
distribution of an emission measured at a single constant excitation wavelength.
Conversely, the dependence of emission intensity, measured at a single emission
wavelength, upon scanning the excitation wavelength is described as an excitation

spectrum. For an ideal instrument, the directly recorded emission spectra would
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represent the photon emission rate or power emitted at each wavelength, over a
wavelength interval determined by the slit widths and dispersion of the emission
monochromator. Similarly, the excitation spectrum would represent the relative
emission of the fluorophore at each excitation wavelength. Xenon lamp is used as a
source of exciting light in this instrument. Such lamps have high intensity at all
wavelengths ranging upward from 250 nm and are very useful. As shown in Figure
the instrument is equipped with monochromators to select both the excitation and
emission wavelengths. As shown in this schematic, the excitation monochromator
contains two gratings, which decreases stray light i.e. light with wavelengths different
from the desired one. In addition, Again use of concave gratings, produced by
holographic means, in these monochromators further decreases stray light. In order to
allow automatic scanning of wavelength both monochromators are motorized. The
fluorescence is detected with photomultiplier tubes followed by quantification with
the appropriate electronic devices. The output is usually presented in graphical form

and stored digitally. Figure 2.25 shows the fluorescence spectrometer used in current

studies.
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Figure 2.24: Block diagram of spectrofluorometer [105].
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Edinburgh FL 900 (Time Resolved Fluorescence Spectrometer)

Excitation
Monochromator

Figure 2.25: Photograph of the time resolved fluorescence spectrometer
2.2.5.3. Instrumentation: Luminescence lifetime
Time-correlated single-photon counting (TCSPC) is a well established and a common
technique for fluorescence lifetime measurements, it is also becoming increasingly
important for photon migration measurements, optical time domain reflectometry
measurements and time of flight measurements.
The principle of TCSPC is the detection of single photons and the measurement of
their arrival times in respect to a reference signal, usually the light source. TCSPC is a
statistical method requiring a high repetitive light source to accumulate a sufficient
number of photon events for a required statistical data precision. TCSPC electronics
can be compared to a fast stopwatch with two inputs (Fig 2.26a). The clock is started
by the START signal pulse and stopped by the STOP signal pulse. The time measured
for one START — STOP sequence will be represented by an increase of a memory
value in a histogram, in which the channels on the x-axis represent time. With a high
repetition rate light source millions of START — STOP sequences can be measured in
a short time.
The detector signal consists of a train of randomly distributed pulses due to the
detection of the individual photons. There are many signal periods without photons;
other signal periods contain one photon pulse. Periods with more than one photons
are very rare. When a photon is detected, the time of the corresponding detector pulse
is measured. The events are collected in a memory by adding a ‘1’ in a memory

location with an address proportional to the detection time. After many photons, in the
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memory the histogram of the detection times, i.e. the waveform of the optical pulse
builds up. The resulting histogram counts versus channels will represent the
fluorescence intensity versus time as shown in Figure 2.26b.

Generally, one of the inputs to the TCSPC electronics (either START or STOP) will
be a pulse generated by a single photon. Single photons can be detected by
photodetectors with intrinsically high gain. The majority of those photodetectors are
photomultipliers or micro-channel plate photomultipliers, but also single photon
avalanche photodiodes. For statistical reasons it is important to ensure no more than
one single photon event per light flash is detected. Multi-photon events will affect the
histogram statistics and will yield to erroneous measurement results. (This is known in
literature as the “pulse pile-up problem™.) In order to ensure that only one photon per
light flash is detected; the photon rate is kept low in comparison to the rate of the

exciting lamp; usually 5% or lower.
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Figure 2.26: a) TCSPC - A fast stopwatch with two inputs b) TCSPC Measurement Principal [106]
The main components for signal processing in TCSPC as shown in Figure 2.27 are
constant fraction discriminators (CFD), electrical delays (DEL), the Time-to-

Amplitude Converter (TAC), Amplifier (between the TAC and ADC), Analogue to
Digital Converter (ADC) and digital memory (Mem).

116



Chapter 2

Pulsed Light Source A

Detector

START

STOP

Sample Detector

Figure 2.27: The main components for signal processing in TCSPC [106]
At the input of the electronics, incoming pulses are evaluated with respect to pulse
height. Only pulses higher than a given threshold will be accepted for further signal
processing. Thus small amplitude noise pulses are readily eliminated. The constant
fraction discriminators on both the START and the STOP input then analyse the pulse
shape of the individual pulses. The portion of the incoming (generally negative) pulses
with the steepest slope on the leading edge is taken as a criterion for the temporal
position. Which portion of the slope is taken will depend on the fraction, the constant
fraction delay (or shaping delay), and the zero crossing level. Threshold, fraction,
constant fraction delay, and zero crossing level will depend on the type of detector
used and need to be matched to the individual detector. At the output of the CFD,
pulses are re-shaped to a standard height and shape. They then can be delayed by an
electronic shifting delay. This delay will later result in a left or right shift of the entire
measurement on the time axis. The TAC is the fast clock, started by the START and
stopped by the STOP pulse. The START pulse initiates the growth of a ramp signal.
Depending on the arrival time of the STOP pulse the ramp will have a lower or higher
height. Once the growth of the ramp has been stopped, the level will remain constant
for a defined period. The TAC output pulse can then be amplified, thus effectively
stretching the time axis. Minimum and maximum available (amplified) TAC
amplitude determine the time range. The amplified TAC output pulse is effectively an
analogue pulse of a height corresponding to a measured time of a single START —
STOP sequence. For further processing the pulse height will be measured by a digital
pulse height measure devise, the ADC. The ADC resolution determines how many

discrete time values are possible. All possible measured TAC pulse amplitudes will
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therefore put into different time bins. The width of the time bin is the ratio of the full
time range and the resolution of the ADC in channels. It is the time resolution, usually
given in picoseconds / channel or nanoseconds / channel.

The PL data were recorded on an Edinburgh CD-920 unit equipped with M
300 monochromator. The data acquisition and analysis were done by F-900 software
provided by Edinburgh Analytical Instruments, UK. A Xenon flash lamp with
frequency range of 10—100 Hz was used as the excitation source. Emission spectra for
a particular sample were recorded with a lamp frequency of 100 Hz. Multiple scans (at
least five) were taken to minimize the fluctuations in peak intensity and maximize S/N
ratio. Luminescence lifetime measurements were based on well established Time-

Correlated Single-Photon Counting (TCSPC) technique.

2.2.5.4. The C.1.E. Color Space

The CIE 1931 color spaces were the first defined quantitative links between
distributions of wavelengths in the electromagnetic visible spectrum, and
physiological perceived colors in human color vision. The mathematical relationships
that define these color spaces are essential tools for color management, important
when dealing with color inks, illuminated displays, and recording devices such as
digital cameras. The International Commission on Illumination (CIE) created the CIE
1931 RGB color space and CIE 1931 XYZ color space in 1931. They resulted from a
series of experiments done in the late 1920s by William David Wright and John Guild.
The experimental results were combined into the specification of the CIE RGB color
space, from which the CIE XYZ color space was derived. The CIE 1931 color spaces
are still widely used, as is the 1976 CIELUV color space.

Since the human eye has three types of color sensors that respond to different ranges
of wavelengths, a full plot of all visible colors is a three-dimensional figure. However,
the concept of color can be divided into two parts: brightness and chromaticity. For
example, the color white is a bright color, while the color grey is considered to be a
less bright version of that same white. In other words, the chromaticity of white and
grey are the same while their brightness differs.

CIE tristimulas values X, Y, Z are product of data values for illuminant,
reflectance/transmittance of object and sensitivity functions and integration over all

wavelengths in visible region .The CIE XYZ color space was deliberately designed so
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that the Y parameter is a measure of the luminance of a color. The chromaticity of a
color is then specified by the two derived parameters x and y, two of the three
normalized values being functions of all three tristimulus values X, Y, and Z. The
derived color space specified by x, y, and Y is known as the CIE xyY color space and

is widely used to specify colors in practice.

x = = z=—2_—(l=xy)
=Xz Y T xqviz’ £ T Xvvez Yy

CIE 1931 xy Chromaticity Diagram

Figure 2.28: CIE xy Chromaticity diagram

Figure 2.28 represents the CIE xy Chromaticity diagram. Following are the features
of this diagram
1. Edge marks the wavelengths of visible light and is "pure' spectral light colors.

2. Other colors are developed by mixing varying amounts of different wavelengths.

3. Purples at the bottom do not have a wavelength associated with them. These purples
are non-spectral colors, that is they can only be seen by mixing wavelengths from the
two ends of the spectrum.

4. White light is perceived when all three cones are stimulated

Note: Few of the contents on C.LLE. Color Space are taken from Wikipedia.
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2.3. DFT calculation methodology
Mn: SrZrOs :

The calculations were performed using the density functional theory (DFT) with the
plane wave pseudopotential formalism as implemented in Vienna Ab-initio
Simulation Package (VASP). We imposed the generalized gradient approximation
(GGA) for the exchange and correlation potentials as parameterized by Perdew, Burke
and Ernzerhof (PBE). The projector augmented wave (PAW) potentials were used for
the ion-electron interactions including the valence states of Sr (4s, 4p, 5s - 10 valence
electrons)), Zr (4s, 4p, 5s, 4d — 12 valence electrons), Mn (3p, 4s, 3d - 13 valence
electrons) and O (2s, 2p — 6 valence electrons). In our calculations, the Kohn-Sham
single particle wave functions were expanded in a plane wave basis with kinetic
energy cutoff 500 eV and it was shown that the results were well converged at this cut
off. For orthorhombic SrZrO; (SZO) structure, optimization was carried out with
respect to Egy and k-point meshes to ensure convergence of total energy to within a
precision 0.1 meV/atom. The Brillouin-zone (BZ) integrations were performed on an
optimized Monkhorst-Pack k-point grid of 12x12x8 for SZO and 4x8x8 for 2x1x1
supercell of SZO. We studied three systems, namely pure SrZrOs, Sr; Mn,ZrO;
(SMZO0) and SrZr;xMn,O3; (SZMO). For SMZO, one or two Sr** ions were replaced
by Mn*" ions while for SZMO one or two of Zr*" were replaced. We performed spin
polarized GGA calculations for Mn doped structures. The total energy of SZO, SMZO
and SZMO were optimized with respect to volume (or lattice parameter), b/a, c/a ratio
and atomic positions. The structural relaxations (b/a, c/a ratio and atomic positions)
were performed for each structure using the conjugate gradient algorithm until the
residual forces and stress in the equilibrium geometry were of the order of 0.005 eV/A
and 0.01GPa, respectively. The final calculation of total electronic energy and density
of states (DOS) were performed using the tetrahedron method with Blochl corrections.
The strong on-site Coulomb repulsion among the Mn 3d electrons has been considered
by employing a rotationally invariant method proposed by Dedarev ef al. along with
PBE form of GGA (GGA+U). In this method, the total energy depends on the
difference between the Coulomb, U, and exchange, J, parameters. The U,y which is
known as U-J parameter, adjusts the electron correlation contribution (on-site

columbic effects), was set at 5.04 eV for Mn-3d electrons.
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MgAl,Oq4:

The MgAl,0O4 face-centered cubic normal and inverse spinel phases are studied
using the Vienna ab initio simulation package (VASP), which calculates the Kohn—
Sham eigenvalues within the framework of DFT. The calculations have been
performed with the use of the generalized gradient approximation (GGA) while the
exchange and correlation energy per electron have been described by the Perdew-
Burke-Ernzerhof (PBE) parametrizati0n4o. The interaction between electrons and
atoms are described by means of the projector augmented-wave (PAW) method using
Mg (3s — 2 valence electrons), Al (3s, 3p - 3 valence electrons) and O (2s, 2p — 6
valence electrons) as implemented in the VASP package. For normal and inverse
cubic spinel unit-cell as well as structures comprises of oxygen vacancy (neutral and
charged), optimization was carried out with respect to E. and k-point meshes to
ensure convergence of total energy within a precision 0.1 meV/atom. A Monkhorst-
Pack k-space sampling of 13x13x13 for normal spinel and 7x7x7 for inverse spinel in
reciprocal space for the brillouin zone integration and a cutoff energy (E.y) of 500 eV
for the plane wave basis set was used. The total energy of normal and inverse cubic
spinel unit-cell as well as structures comprises of oxygen vacancy (neutral and
charged) were optimized with respect to volume (or lattice parameter) and atomic
positions. Conjugate gradient algorithm was used for the unit-cell relaxations until the
residual forces and stress in the equilibrium geometry were of the order of 0.005 eV/A
and 0.01GPa, respectively. The final calculation of total electronic energy and density
of states (DOS) were performed using the tetrahedron method with Blochl corrections.
MgO:

All the electronic structure calculations of various defects in MgO are performed by
spin-polarized plane wave based density functional theory (DFT) as implemented in
Vienna Ab-intio Simulation package (VASP). The interaction between electrons and
ions is described using projector augmented wave (PAW) method which includes the
valence states of Mg (3s — 2 valence electrons) and O (2s, 2p — 6 valence electrons).
Generalized gradient approximation (DFT-PBE) is used for the exchange-correlation
potential in the form of Perdew-Burke-Ernzerhof (PBE). A 2x2x2 supercell (64 atoms)
is employed to study defect formation in MgO. For calculations of the unit cell (8
atoms) and 2x2x2 supercell (64 atoms), the integration over the Brillouin zone is

carried out on 16x16x16 and 8x8x16 k-point meshes generated using the Monkhorst—
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Pack method, which are both proven to be sufficient for energy convergence of less
than 0.1 meV/atom. A cutoff energy (E,) of 500 eV for the plane wave basis set is
used. For cubic MgO unit-cell, optimization of E, and k-point meshes are carried out
to ensure convergence of total energy to within a precision 0.1 meV/atom. The total
energy of MgO unit cell as well as supercells are optimized with respect to volume,
shape and atomic positions as permitted by the space group symmetry of the crystal
structure. The structural relaxations are performed for each defect structure using the
conjugate gradient algorithm until the residual forces and stress in the equilibrium
geometry were of the order of 0.005 eV/A and 0.01GPa, respectively. The final
calculation of total electronic energy and density of states (DOS) were performed

using the tetrahedron method with Blochl corrections.
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3.1. Introduction
In an inorganic matrix, although defects are often considered as imperfections and

may degrade various material properties, sometimes they may also lead to some
attractive materials properties such as optical, magnetic, catalytic, energy conversion
etc. [107-111]. It is now widely accepted that defects play great roles in determining
the optical properties of wide band gap crystalline materials, which have various
potential technological applications such as adsorbents, sensors, catalysis, refractory
material, paint, fluoride remover, optoelectronics and luminescence devices [112-115].
Defect induced properties in material have now become hot research areas. Examples
are photocatalysis properties in TiO, [116], electronic and magnetic properties in
graphene [117,118], opto-electronic properties in indium sulfide [119], plasmonic
properties in silicon nanocrystal and CdO:Dy [120,121], electrochemical properties in
LiFePO4 [122], optical properties in activator free Ag,Se, and MoS, [123,124],
electric and ferroelectric properties in CuO:Fe [125] etc. When the defects induced
optical properties in oxides matrices is considered, different types of electronic states
within the band gap of the material are found to be responsible for the emission
behavior, while for the magnetic properties, paramagnetic vacancies such as F' centres,
V" centres etc. are mainly responsible. Various activator free materials such as ZnO,
TiO,, SnO,, Cul, Al,0;, MgO [126-131] etc. are reported to show defect induced
photoluminescence (PL) characteristics. Recently, alumina has been found to show
various kinds of optical properties such as photoluminescence (PL), thermo
luminescence (TL) and optically stimulated luminescence (OSL), both in pure and
doped a-Al,O3 [130,132-135]. In these entire luminescence phenomenon, presence of
defect centres e.g. F centres (oxygen vacancies occupied by two electrons), F' centres
(oxygen vacancies occupied by one electron), their aggregates such as F, centres (two
associated oxygen vacancies occupied by four electrons) and the F," centres (two
associated oxygen vacancies occupied by three electrons) are reported to be mainly
responsible and sometimes they are also inter-convertible using light irradiation.
Another wide band gap insulator MgO with band gap energy of 7.8 eV has
shown some exceptional optical, magnetic and electronic properties in recent years
[131,136-138]. Various structural defects such as oxygen vacancies, Mg vacancies (F-
centre defects and V centre defects) and interstitials defects are reported to be

responsible for the Photoluminescence (PL) properties of MgO nanomaterials
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[135,139, 140]. In spite of being a wide band gap material [141], presence of these
intrinsic/extrinsic defects create various electronic states within the band gap, which
reduces the photon excitation energy of the material significantly well below the band
gap energy [142]. Uchino group recently [143] has reported a more detailed
investigation on the trapping and recombination processes of the F-type centres (F &
F+ centre) and their lasing property in MgO microcrystals. However, there is still
some controversy about these defects regarding their position within the band gap and
interaction with the excitation [144, 145]. In this context, Rinke et al., have shown an
agreement between the calculated and the experimentally observed absorption and
emission spectra of F® and F" centres in MgO [146]. However, various other defects
e.g. doubly charged oxygen vacancies (F** or V™), cluster of F' centres such as
F,*", Fo'' pair of adjacent F and F* centres such as (F" + F") or (F + F")], cationic
vacancies (VMg'z), hole trap at cationic vacancies [VMg'IZ VMg'2 + h(+)], interstitial
oxygen (0’ ,0;' & O; ) and Schottky defects (forms when oppositely charged Mg
and O ions leave their lattice sites and form MgO molecule) etc. also exist in MgO.
Information regarding their electronic structures and correlation with the optical
properties is still missing in literature. Thus, a correlation study of the observed
optical properties with the DFT calculated electronic states due to various defect
centres in MgO would be very much helpful to understand the defect induced optical
properties.
ZnO is another wide-band gap semiconductor, which has also attracted the attention of
researchers for several decades due to its many important applications, especially in
optics and optoelectronics [147,148]. The compound showed emission bands both in
the ultraviolet (UV) and visible (green, yellow, blue and violet) regions in the
photoluminescence (PL) spectroscopy. The UV emission is generally considered as
the characteristic emission of ZnO,[149,150] and attributed to the band—edge
transition or the exciton combination [151]. On the other hand, various intrinsic or
extrinsic defects such as oxygen vacancies [152,153], Zn interstitial etc. [154] are
universally considered to be responsible for the bands in the visible regions in ZnO.
MgAl,04 and ZnAl,0O4 may be assumed as a combination of MgO &Al,O; and ZnO &
ALO;. The emission characteristic will therefore be always a complex one. In
MgAl,O4 various factors such as stoichiometry, structural disorder, impurities,

thermal/mechanical treatment and sintering or annealing conditions can lead to
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creation of various kinds of defects [155]. For example in pure stoichiometric
MgAl,Oy, three types of intrinsic defects can be present which are misplaced atoms,
Schottky and Frenkel defects and approximately uo to 30% of cation antisite disorder
[156,157].

The antisite defects can be expressed according to Kroger—Vink as:

[Maii] + (AU = [Alig] + Mga] (3.1)
Because of cation disorder few other defects also exist and can be described by
following equation [156]:

[Maiig] + War 1 = [Mga] + [Viy,] (32)
[+ [Vig] = [Aligg] + Var ] (33)
Now in order to charge neutrality of the samples due to these antisite defects
formation of various kinds of defect centres viz. V-centre, F-centre and F centre is
also possible. All of these defects may act as a colour centres and give rise to various
attractive optical properties. Specially defects induced optical properties in insulators
are of renewed interest because of the emergence of colour centre lasers. As far as
defect related optical properties in MgAl,O4 (MA) spinel is concerned report due to
cations disorder and oxygen vacancy (F' centre) is present in literature [158].
However, emissions due to F, F»*", F' centre surrounding each of the cations and due
to different shallow and deep states in the visible and near infrared (NIR) region are
yet to be explored.

Optical properties of another aluminates based spinel compound i.e. ZnAl,O4 (ZA)
spinel with different band gap energy (3.8 eV) is also yet to be explored elaborately.
As far as optical properties of undoped ZnAl,O, is concerned, very few reports exist
in the literature. In this context, Wang et al., have reported ZA to be blue emitting
phosphors prepared from different aluminum salt [159]. Cornu ef al., have observed a
change in the emission profile of ZA compound when annealed at higher temperature
through the co-precipitation synthetic route and showed ZA to be a potential sensor
material [160]. Although these emission profiles are attributed to different oxygen
vacancies, antisite defects and interstitial Zn, concrete evidence is still lackingin
literature and a detailed investigation of various defects induced emission behavior is
much needed in ZA to understand its optical properties.

In present thesis, we have chosen various activator free oxide matrices such as MgO,

MgAl,0O4 and ZnAlLyO,. In this chapter, the main focus will be on characterization of
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various defect centres in these matrices and their correlation with the multicolour
emission behaviors. Generally, defects induced emission phenomena are very
complex in nature, which often result very broad emission spectra consisting of
different defects related emission components. Therefore, it is very much essential to
isolate each and individual defect related emission component from the complex
spectra. This has been done by lifetime and Time Resolved Emission Spectra (TRES)
study. Monitoring these individual emission profiles with changing synthesis
condition was also carried out in order to optimize the luminescence intensity. From
the DFT calculated density of states (DOS) we have successfully established a
correlation between the electronic structures inside the band gap and various emitting
colour components arising due to different defect states.

3.2. Synthesis, optical and magnetic properties of MgO

3.2.1. Synthesis, characterization and morphology

MgO compounds were synthesized by the thermal decomposition of magnesium
oxalate (MO) precursor [161]. At first MO was synthesized through sol-gel method
using magnesium nitrate hexa hydrate [Mg(NO3),.6H,0] (98%, AR grade) and oxalic
acid (98%, AR grade) as precursors in 1:1 molar ratio. Two clear solutions of
[Mg(NOs),.6H,0] and oxalic acid were prepared by dissolving them separately in
ethanol in separate beakers. These two solutions were then mixed in another beaker
with continuous stirring for 2 hours until a thick white gel was obtained. This gel was
then heated at 100 °C for 8h followed by grinding when a fine powder of magnesium
oxalate was obtained. This oxalate product was then allowed to decompose at 600 °C
for 6 h in a furnace after which the desired product magnesium oxide (MgO-600) was
obtained followed by characterization using XRD and SEM. The compound was
further annealed at higher temperature such as 800 °C (MgO-800) and 1000 °C (MgO-
1000).

Figure 3.1 represents the XRD patterns of different MgO compounds viz. MgO-600,
MgO-800 & MgO-1000, prepared after annealing at different temperatures. The XRD
patterns correspond to cubic (NaCl-type) periclase phase of MgO with known lattice
parameter a = 4.211A [JCPDS 45-946]. The diffraction peaks of MgO-600 are
somewhat broader and when the annealing temperature increased, they become

sharper.
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We have also determined the crystallite size from the X-ray line broadening

kA

technique using the Debye—Scherrer formula: ¢ = TBE=8%,) cos®

3.4)

where t is the crystallite size, 4 is the used wavelength of Cu Ka,; radiation (1.5418
A), 8 is the angle of the corresponding Bragg reflection, which was considered to
calculate the FWHM. The full width at half maximum (FWHM) of the peaks at 26 =
42.94 and 26 = 62.39 were calculated after fitting them by employing the standard
pseudo Voigt function. Bs and By are the FWHM (in radians on the 20 scale) of
selected diffraction peaks from the sample and reference (silicon), respectively, and
k is a Scherrer constant, whose value is 0.94 when the crystallites are spherical and for
non spherical crystallites the value of k is 0.89 as given by Klug and Alexander [162].
To calculate the value of By from the FWHM, the highest-intensity peak of pure
silicon at 20 = 28.41 is considered. The instrumental broadening was taken care of by
subtracting the contribution from silicon most intense peak from the one due to
sample. The average crystallite sizes determined from the two peaks are 27.5+0.2 nm
for MgO-600, 33.7+0.4 nm for MgO-800 and 65.4+0.3 nm for MgO-1000. Thus with
increasing annealing temperature, the average crystallite sizes were found to increase.

Figure 3.2-al and 3.2-b1 represent the two SEM micrographs of MgO-600 and MgO-
1000 compounds respectively, which showed flake like morphology oriented in
clustered vertical geometry and each particle is an agglomerate of crystals. At higher
annealing temperature (i.e. MgO-1000) the flakes start disintegrating into crumbled
powder and agglomerating in random orientation. Image J software was used to
measure the average particle size of the samples. The particle size distributions
histogram of the two different thermally annealed compounds viz. MgO-600 and
MgO-1000 are shown below their corresponding SEM images as represented by
Figure 3.2-a2 and Figure 3.2-b2. The histograms clearly show that for MgO-600,
majority of the particles have size in the range of 0.5-0.7 um while in case of MgO-
1000, the size of the particles becomes bigger with higher frequency in the range of
1.0-1.4 pm. The larger size of the particles observed in SEM compared to that
calculated from XRD data is due to agglomeration of several crystallites. In true sense
a crystallite is considered as a single crystal and in a particle several such crystallites

are arranged in a random fashion in the sense of different lattice panes. This
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agglomeration of randomly oriented crystallites is called the particle or grain. Since

XRD sees only the lattice planes, it gives information about crystallite size only.
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Figure 3.1. XRD patterns of different temperature annealed MgO compounds: MgO-600, MgO-800
and MgO-1000 [161].
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Figure 3.2. (al) SEM images of MgO-600 and (a2) corresponding size distribution histogram.(bl)
SEM images of MgO-1000 compounds and (b2) corresponding size distribution histogram [163].

3.2.2. Absorption spectroscopy

Figure 3.3 represents the UV—Visible spectrum of MgO-600, MgO-800 and MgO-
1000 in the reflectance mode. Due to restriction of the lower spectral detection limit of
the UV—vis spectrophotometer, any absorption or reflectance below 200 nm cannot be
detected. Presence of several absorption peaks in the UV and visible region indicates
the existence of several defects and low coordinated cations and anions on the surface,
interface, etc. [140]. For example the excitation at ~240 nm and ~ 250 nm are
attributed to F™ and F centre while the absorption at 207 nm is due to the excitation of
5 coordinated surface anions while s respectively [164,165]. The absorption peak at
313 nm can be ascribed to the F,*" centres [164] while that at 450 nm is due to the
transition of a four-coordinated F centre [166]. Annealing of the defect centres with
increasing the annealing temperature is reflected in the net decrease in absorbance of
the concerned defect centres. The negative value of absorbance is due to error
associated with the instrument during the base line correction. However, since the all
the datas are collected in the same set up, we can compare the data to each other for

any changes.
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Figure 3.3. UV-Visible spectrum (in reflectance mode) of a) MgO-600, b) MgO-800 and c¢) MgO-1000

3.2.3 Excitation Spectroscopy

[161]

Figure 3.4-a represents the photoluminescence excitation (PLE) spectrum of

MgO-600 at A= 540 nm. Various intense lines near about 230, 247, 258, 271, 285,

297, 310 and 345 nm are found in the spectra which clearly indicates presence of

different type of defect states inside the band gap. The peaks in the 230-270 nm range

are assigned to different type of F and F' centre [165, 166] while peaks at 285, 310

and 340 nm can be attributed to their aggregates such as F,and F,*" centres [165].
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Figure 3.4. a) Excitation spectra of Mg-600 at 2.,, = 540 nm and b) Emission spectra of MgO-600 at
different excitation wavelengths (viz. A, =210 nm, 250 nm, 290 nm & 310 nm) [161]

3.2.4 Emission Spectroscopy

The emission spectra at different excitation wavelength are presented in Figure

3.4-b. The higher intensity of the emission spectra at 250 nm excitation was due to
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photo conversion process of the F centre followed by the equation F + hv < F' + ¢,
as reported earlier [139-141]. The detail explanation will be given later in this report.
Now in present case since the excited state is energetically close to the conduction
band [146], the released electron in this process may prompt into the conduction band
and thereby behaves as a free carrier. Being free, the electron may recombine with
different types of positively charged defect centres in addition to the newly formed F*
centres [146]. Thus different electronic transitions from the conduction band (CB) to
the empty ground electronic states of positively charged F- and F,-type centres can be
correlated with the observed emission components. Recombination of a hole in the
valence band (VB) with the filled electron in the electronic states may also responsible
for some emission behaviors. Therefore, an understanding about all the emitting
colour components due to various defect centres in MgO might is achievable by
considering those special recombination processes and may also help to remove the
long standing contradiction regarding their origin.

Therefore since in present case our main interest is on the photo conversion process of
the F centre at and its consequence on the different defect induced emission
characteristics, all the emission spectra are recorded at excitation wavelength of A=
250 nm (= 247 nm). Figure 3.5 shows the room temperature PL spectra of MgO-600,
MgO-800 and MgO-1000 compounds where the intensity in some regions was found
to be decreased when the samples were annealed at higher temperatures due to
decrease in concentration of the defect states responsible for the emission at those
wavelength regions. More decay in intensity was observed in the near infrared (NIR)
region (750-900 nm) and orange-red (605 nm) region while intensity of the blue
region (450 nm) was found to decrease for MgO-800 followed by increase in case of
MgO-1000. The broad emission profiles of the compounds clearly indicate the
existence of several colour centres in the MgO matrix, each having individual
emission maxima and in combination give rise to a broad profile. In Figure 3.5, such
emission peaks with their 4, around 390 nm, 450 nm, 490 nm, 540 nm, 605 nm, 680
nm and 850 nm are shown by arrows. To get a clear picture of these emission
components, life time measurement and time resolved emission spectroscopy (TRES)

studies were carried out.
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Figure 3.5. Emission spectra of a) MgO-600, b) MgO-800 and c) MgO-1000 at A.. = 250 nm. Arrows
show the peak position of different emitting components, which may slightly shift towards right hand or
left hand side at different annealing temperature. [161]

3.2.5 Lifetime Study

Fig. 3.6 shows some of the luminescence decay profiles of MgO-600, recorded at
different emission wavelengths viz., A = 390, 450, 490, 540 nm at an excitation
wavelength of Aex =250 nm. Decay profiles at A, = 605, 680 and 850 nm are given in
reference [161]. Most of the decay curves were fitted into a mono or multi-

exponentials using the following decay equations 3.5, 3.6 & 3.7

I(t)=Ag+A;exp (-t/7) (3.5)
I(t)=Ag+A;exp (-t/1") + Ay exp (-t/7%) (3.6)
L(t) = Ag+A; exp (-t/t') + Az exp (-t/1) + Az exp (-t/1°) (3.7)

Where t is the time, and ', 7 and ©° are decay time values for exponential components
and Ay, A, Ay, Az are scalar quantities obtained from the decay curve fitting. The
multi-exponential behavior of some of the decay profiles indicates that there might be
an overlap to the Ay, either by the preceding or by the next emission band or by both
bands, which leads to multi exponential decay equation instead of mono exponential.
In those cases we have considered only that life time value, which has the highest
percentage of contribution. Thus, the decay times for various colour components are

given in Table 3.1
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Table 3.1: Lifetime values of MgO-600 at different emission wavelength and their

respective contributions. [161]

Wavelength (nm) T (us)
390 11.22
450 13.54
490 212.2
540 82.48
605 15.09
680 362
850 13.23
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Figure 3.6. Decay profiles of the MgO-600 compound at 2., = 250 nm and at different emission

wavelength viz. a) 390 nm, b) 450 nm, ¢) 490 nm & d) 540 nm

3.2.6 Time Resolved Emission Spectroscopy (TRES)

Figure 3.7 represents the TRES spectra at different delay times such as 2 ps, 20 ps, 40

us, 100 us, 200 ps, 500 us and 900 ps, with a constant integration time of 1 ms while

Figure 3.8 shows the TRES spectra of individual emission components derived from

Figure 3.7. Mostly the excited species are fully decayed at an average time that is

approximately three times of their respective lifetime (31). Therefore, at the very

initial of the decay i.e. at low delay time such as at 2 ps, it is assumed that none of the

colour components will be completely decayed since none of them have lifetime

below 2 ps as given in Table-3.1. However, at higher delay time, the short-lived

components were decayed first followed by the long-lived ones. From Table 3.1, the

different colour components can be arranged in the increasing order of their lifetime
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as 11.22 ps (390 nm), < 13.23 ps (850 nm) < 13.54 ps (450 nm) < 15.09pus (605 nm)
< 82.48 pus (540 nm) < 212.2 us (490 nm) < 362 ps (680 nm) etc. Hence in the time
interval of 2 -20 us, the species with lifetime values 11.22 us, 13.23 us, 13.54 us and
15.09 pus will start to decay. The observed decay in intensity in the 390 nm, 450 nm,
605nm and 850 nm regions also support this as we increase the delay time from 2 pus
to 40 us, as shown by Figure 3.7. Again in the time interval of 2 -20 us, the 390 nm
colour component will be decayed more compared to others since due to its lowest
lifetime i.e. 11.22 ps. On contrary, in the next time interval i.e. 20-40 ps, the other
components such as 450, 605 and 850 nm that have comparatively higher lifetime will
be the prominent decaying components. This is also reflected in the Figure 3.8a,
where we have subtracted the TRES spectra at 2 ps delay time with that at 20 ps and
in Figure 3.8b where the TRES spectra at 20 us delay time was subtracted with that at
40 ps delay time. For further understanding, gaussian fitted spectra of Figure 3.8a and
Figure 3.8b are provided in Figure 3.9.

From Figure 3.9, we can see that in the time interval of 2-20 us, the P; (~390 nm)
component was decaying more in comparison to the P,, Ps and P; while in the time
interval of 20-40 ps, the contribution of P; was negligible and the main decaying
components are P,, Ps and P;. The next long-lived colour component is 540 nm (82.48
ps) and in the time interval of 100 -300 ps, we have seen a comparatively more
decrease in intensity in this wavelength region, as shown in Figure 3.8. The next
colour component with higher lifetime is 490 nm (212.2 ps) and in the time interval of
300 - 600us, we can see a decrease in intensity in the respective wavelength region in
Figure 3.8. Here it is necessary to mention that in the 100 -300 ps time interval, along
with 540 nm, the 490 nm species are also decaying and the resulting TRES will
compose of both the 490 and 540 nm with the major contribution from the latter. This
is shown by the Gaussian fitted spectra in Figure 3.10, which showed that P3 (~ 490
nm), P4 (~ 540 nm) and Ps (~605nm) are major decaying component in the 100-300 ps
time interval and the major contribution is coming from P4 (~ 540 nm). However, in
the higher decay time interval such as in the 300 -600 ps, the TRES spectra will have
major contribution from P; (~ 490 nm) emission as shown by Gaussian fitted spectra
in Figure 3.10. Along with P;_ rest of the P4 (~ 540 nm) components have also been
found to be decayed in this time interval. No P4 (~680nm) component was found to

decay due to its highest lifetime value. Now at higher delay time such as at 900 us, a
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constant decrease in intensity of the P; (~ 490 nm) emission component compare to
that of Pg (~680nm) component can be seen in Figure 3.7g. One Gaussian fit TRES
spectra at 800 us is presented in Figure 3.11a which clearly shows presence of two
components P; (~ 490 nm) and P¢ (~ 680 nm) at higher delay time with the major
contribution coming from P¢ (~ 680 nm). Gaussian fit of Figure 3.8f is shown in
Figure 3.11b which showed the TRES spectra of 540 nm emission. Thus, all these

Gaussian fitted spectra support those emitting components.
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Figure 3.7. TRES spectra at different time interval [161]
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Figure 3.8. TRES spectra due to different colour components. [161]
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Figure 3.10. TRES at 100-300 us and 300-600 us time interval [161]
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Figure 3.11. a) TRES at 800 us & b) Gaussian Fit of TRES in the Figure 3.8 [161]

Thus from the TRES study, we have successfully isolate the different colour
components viz. 390, 450, 490, 540, 605, 680 and 850 nm from the complex emission
spectra. Since the luminescence processes involve Gaussian line broadening
mechanism, the emission curves of MgO-600, MgO-800 and MgO-1000 compounds
were deconvoluted and decomposed to different colour components, which are violet
at Amax = 390 nm (Py), indigo at Amax = 450 nm (P;), blue at Ay = 490 nm (P3), green
at Amax = 540 nm (P4), Orange at Ay = 605 nm (Ps) , orange-red at Am.x = 680 nm (Pg)
and NIR region at Am.x = 850 nm (P;), as shown in Figure 3.12. From the
deconvoluted spectra in Figure 3.12, several observations can be made on these
individual emission components. The intensity of the P; band was found to decrease
while that of P, to increase compared to each other. Later in this chapter, we will show
that this increase in P, intensity will be very much useful to draw a conclusion on

defect induced magnetism behavior. The other colour components where a prominent
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decrease in peak intensity was found are P3 Psand P; respectively. Now to understand
the origin of all these defects induced colour components we have to consider the

electronic structures inside the band gap of MgO.
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Figure 3.12: Gaussian fit of the emission profile of MgO-600, MgO-800 and MgO-1000 compound.
[161]

3.2.7 Electronic Structure and Band Gap Energy
As stated earlier, that the multicolour emission of pure MgO compound

indicates the presence of various electronic states inside the band gap of the material
and these electronic states may be originated from various defect states; otherwise in a
wide band gap material like MgO (band gap = 7.8eV), multiple colour components in
the visible region would not have been possible. In present case the individual
electronic states of various neutral and charged defect centres are calculated using
DFT calculation where we have considered most of the possible neutral and charged
single anionic vacancies (F- type centres) and their cluster (F,-type centres) e.g. F (or

Vo)), E" (or Vo), F** (or Vo), B2*" (or Vo' '+ Vo), B,'* (or Vo''+ Vo), F2** (or
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Voﬂ+ Vo+2); cationic vacancies e.g VMgO,VMg'l,VMg'Z, Schottky defect (VMgO + VOO) ;
interstitial oxygen e.g. Oio, O{l,O{2 etc. The details of the DFT based calculation
methodologies are given in our published report [161]. The overall summary of the
electronic structures for different kind of charged and uncharged vacancies as
obtained from the respective density of states (DOS) is pictorially represented in
Figure 3.13. All the electronic states represent the ground state configuration. From
this figure, different filled (represented by bold) and unfilled (represented by white
colour) electronic states inside the band gap can be seen, which are arising due to
different kind of vacancies in the matrix. Thus, the excitation of the electron will be
from the filled electronic state of these ground state configurations and the emission
will be due to the transition of an electron from the excited state to the unfilled
electronic state. Although in the present case, the DFT study does not deal with the
excited states due to some restriction, fortunately the excited states of F and F centres
lie very closely to the conduction band and a photo conversion process of F to F"
centres is involved at 250 nm following the equation F + hv « F" + ¢ [139-141].
Since the absorption bands of F to F' centres are energetically close [164,168], it is
difficult to excite any of them without exciting the other. The F' centre is thus
considered as the ionized state of the F. The released electron in this photo ionization
process becomes free and behaves as a free carrier. This means that the recombination
process of the free electron with the hole does not need to occur at the same site where
they have been created. Other positively charged defect centres such as F*, F** | F,'",
F,*", F,>" centres etc (which might be created by bleaching process or were already
present in the compound) will naturally attract the free electron and the
recombination process may occur with them also as predicted by Rinke et al., for F
centre [146]. The free electron can also be trapped into different trap state (vacant
electronic state) within the band gap. The F centre emission can therefore be realized
by a recombination process of the free electron in the conduction band with the vacant
spin state of the F' centre in the ground state, following the equation F'+ ¢ <> F + hv
[139,146]. Similarly if the electron in the filled electronic state of F' centre is photo
excited to the conduction band, the resulted ground state will be like F** centre and
on encounter with the free electron in the conduction band, the F" centre emission can
be realized by the equation F**+ e <> F™ + hv as reported by Kumar ez al.,[169]. In the

same manner we can also say that by considering the recombination process of the
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free electron in the conduction band with the unfilled ground state of F22+and F23+ ,
emission of the F21+ and F22+centre can be realized, following the equations F22++ e«
F,'"+ hv and F>"+ e — F,>™+ hv , respectively, since these vacancies are nothing but
cluster of F and F' centres. Thus the energy of the radiative emission of F centre will
be the energy difference between the bottom of the conduction band and the unfilled
electronic state of F'. Similarly, the energy difference between the unfilled electronic
state of F+2, F+22 and F+32 and the CB will be emitted in the form of radiative
emission due to F, Fﬂz and F+22 centres respectively. The reverse recombination
process i.e. a free hole in the valence band with the electron in the filled state of F
centre is also possible (positively charged F centre will be repealed by the hole). For
this recombination process to occur, some electrons have to be knocked out from the
VB to the upper unfilled states,at 250 nm excitation wavelength. In this way, Figure
3.13 will help in a great deal to find a correlation of the observed emission

components with the different defects induced electronic states inside the band gap.
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Figure 3.13: Overall summary of the electronic structures arise due to various defects centres. Colour

bands filled with electrons and white bands are empty. [161]
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Now let us propose a model in Figure 3.14, to explain all the colour components
present in the emission profile and their correlation with electronic structure inside the
band gap. In Table 3.2, all the recombination processes of the respective emissions are
listed and they are pictorially presented in the proposed model Figure 3.14. In this
model a photo conversion process at 250 nm is shown followed by release of an
electron. Now the electron being free can go to the conduction band as marked by
green arrow and thus behaving as a free carrier. Being free the electron can now
recombine with different positively charged F and F, type centres at their ground
states. At the bottom of the model, a recombination process of a free hole in the VB
with the electron in the filled states of negatively and neutral interstitial oxygen atom
is also shown. Now to justify our proposed model of electronic transitions, we have
also compared the emission energies for some of the defect centres obtained through
present calculations and experiments with that previously reported in literature. In
literature, the violet emission (P;) at Apax = 390 nm is assigned to the F" centre while
the green emission (P4) at Amax = 540 nm is attributed to F centre [139,140]. In our
present case, we can see that in Figure 3.13 there are two vacant empty states for F"
(Vo) and F? (V™) centres and the energy difference of these two states with the
conduction band are ~ 2.4 eV and ~ 3.5 eV respectively. Although these theoretically
obtained energy differences do not exactly match to the experimental value 2.3 eV
(~540 nm) & 3.2 eV (~390 nm), but fall very well into the very broad experimental
peak. Thus the Violet emission (P1) at Ama = 390 nm is assigned to the F" centre
owing to the encounter of the free electron in the conduction band with the F*? centre
as represented by violet colour in the model Figure 3.14 following the equation F+
e <> F" +hv (390nm) in Table 2. Similarly the green emission (P4) at Apay = 540 nm
can be assigned to the F centre following the recombination F* + e < F + hv (540 nm)
which is represented by green colour in the model. Similarly for the indigo (P3)
emission at Amax = 450 nm (2.81 eV), we have observed that the energy difference
between the CB and the higher vacant state of F,”" state i.e. ~ 2.8 eV is closely
resembling. Therefore this indigo (P,) emission can be assigned to the F,*" centres
which is also supported by the literature survey [142], following the equation F,** + e
— F,*" + hv (450 nm), as marked by indigo colour in the model. For other emissions
such as 490 nm (P3), 605 nm (Ps), 680 nm (Ps) and 850 nm (P7) we have compared the

energy difference between the vacant electronic states of different defect centres with
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the observed emission in similar way and successfully correlated them with various
defect centres, shown by different transition in the model. The corresponding electron-
hole recombination processes are also included in Table 3.2. However any transition
of the free electron from the CB or from trap state to the vacant spin states of the
defects cannot explain the broad emission in NIR region with Ay.x = 850 nm (P7) (1.45
eV ) since none of the energy difference match with this low energy emission (1.3 eV
-1.6 eV ). In this case a reverse combination process i.e. a hole at the VB and an
electron in the defect states may explain this broad band emission [146]. The hole at
250 nm excitation wavelength may be created by knocking out one electron to vacant
excited states inside the band gap or it may be created by a two photon excitation
phenomenon. From Figure 3.13, we can see that there are various filled electronic
states present for the neutral and negatively charged interstitial oxygen atoms (O;)
which are present 0.2 - 1.8 eV above the valance band. Being neutral and negatively
charged, they will attract these positively charged holes. Thus recombination of a free
hole at the VB with the filled spin states of different interstitial oxygen atom is mostly
responsible for the broad NIR emission. The detail explanation is given in reference

[161].

Table- 3.2: Colour components and their respective recombination process [161]

Colour Components (nm) Recombination Process
390 (P,) F'+eo F +hy
450 (P,) F, +e« F," +ho
490 (P5) F," " +e—F+hy
540 (P,) FFf+eF+h
605 (Ps) F" + e (shallow trapped) <> F + hv
680 (Pg) F, +eoF +h
850 (P;) h' (VB) + e (filled states of O;) <> hv
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Figure 3.14: Possible free electron model for different transitions of the emission components in MgO.
The bold circles represent filled electronic states while the white ones represent vacant electronic state.
The white circles in the VB represent positively charged holes. All the electronic states inside the band
gap represent the ground state configuration. At 250 nm excitation wavelength a photo conversion
process of F centre is involved followed by the equation F + hv < " + e. The released electron in this
process becomes free after prompting into the conduction band and may recombine with different types
of positively charged defect centres in addition to the newly formed F' centres. Thus different electronic
transitions from the conduction band (CB) to the empty ground electronic states of positively charged
F- and F-type centres can be correlated with the observed emissions. [161]

Now let us explain the emission map in Figure 3.4b, at different excitation
wavelength.From the spectra it is observed that when the excitation wavelength was
increased to 250 nm, there was an increase in the intensity of the overall spectra. The
enhancement of intensity was more pronounced in the 390, 600 and 850 nm regions as
shown by arrows. The overall intensity of the spectrum was further increased as we
tune the excitation wavelength to 290 nm, while tuning it to 310 nm led to decay in
intensity. Now this enhancement of intensity at 390 nm region at 250 nm excitation
can be explained only on the basis of photo ionization process of F centre followed by
the equation F + hv «<» F' + ¢". Since at this excitation wavelength, the F centre is
converted to the F' centre, there should be an increase in intensity of its characteristic
emissions. By same logic, a decrease in intensity of the F centre emission [540 nm
(P4)] would have also observed against the current trend. However, since 250 nm is
the excitation wavelength of F centre, the emission intensity will always be more at
this wavelength and also there is a chance of the F' centre to recombine with the free

electron, which might be the reason for not observing the expected result. The
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enhancement in intensity in the 605 nm region can be explained based on our
proposed model in Figure 3.14 where the 605 nm emission is shown to be associated
with shallow trap electron, which comes from the conduction band. Thus there is a
direct link with the photo conversion process since at 250nm excitation wavelength
the released electron will be prompted into the conduction band and being free they
can also be trapped at shallow level. At 290 nm excitation, the further increase in
intensity both at 390 nm and 605 nm region (Figure 3.4b) indicates that some other
photo conversion process such as F, + hv <> F,'™ (or F+F") + e might also be involve
at this wavelength. As seen from Figure 3.4b, at 290 nm excitation the emission at 490
nm region is highest which corresponds to the F, centres, which are nothing but a pair
of adjacent F centre. Hence if a photo conversion process is at all involved at this
excitation wavelength (290 nm), there will be an enhancement in intensity of the F"
centre too, similar to 250 nm excitation.

For further support of our argument about the photo ionization process and the
recombination process involving a free electron, the low temperature emission spectra
both at 250 nm and 290 nm excitation were recorded, which is shown in Figure 3.15.
The figure shows that at both of these excitation wavelengths, there is a decay in
intensity around the 390, 605 and 850 nm regions. Therefore, it can be argued that at
low temperature (77 K), the electron released in the photo conversation process i.e. F
+ hv (250 nm) < F"+ ¢, might not be able to move into the conduction band and
rather it will recombine with the newly formed F" centres. This is what reflected in the

in decay in intensity in the 390 nm &605 nm wavelength region.

Intensity (a.u.)

2.5x10° <

2.0x10" -

1.6x10'

1.0x10'

5.0x10° <

0.0 &

——T7K
—=— Room Temp.

Ex.= 250 nm

Intensity (a.u.)

T
400

T
500

T T T
600 700 800
Wavelength (nm)

a

900

3.5x10°
3.0x10°
25x10" 4
2.0x10°

1.5x10"

1.0xt0'o |

5.0x10° !

0.0 4

——Room Tem.

7K

Ex.= 290 nm

\J
% e
g
P

i

e

T
400

T T T T
500 600 700 800
Wavelength (nm)

b

900

Figure 3.15. Room temperature and low temperature (77 K) Emission spectra of MgO-600 compound
at different excitation wavelengths (A, = 250 nm & 290 nm ) [161]
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3.2.8. Magnetic, EPR and PAS study:
3.2.8.1. Magnetization studies [163]

Figure 3.16 shows the temperature dependent field cooled (FC) and zero field
cooled (ZFC) measurements under an applied field of 1000 Oe for different annealed
compounds viz. MgO-600, MgO-800 & MgO-1000. Here a paramagnetic (PM) to
ferromagnetic (FM) transition at a Curie temperature (T¢) around 65 K (£10 K) was
observed for all of the compounds, where the FC and ZFC curve are getting bifurcated.
Figure 3.17-a, b & c represent the M (magnetisation) vs H (applied field) curves at SK
over a field 50kOe, for MgO-600, MgO-800 and MgO-1000 compounds. Now the S-
shaped nature of the M vs. H plot indicates existence of weak ferromagnetic ordering
at low temperature, which is further supported by the enlarge view of the hysteresis
loop near origin as shown in the inbox of Figure 3.17. In order to calculate the
saturation magnetization, these M vs H curves were fitted using Brilluin function

[170-172] given in Equation 3.8.

2J+1

M = Ng;jug [Tcoth (2’2—71 y) - %coth (%)] (3.8)

. . : H
Here the saturation magnetization value is(Ms) = Ng;Jug,y = g]]fL;, H =Hgy +
B

H,,,; where Hg,, and Hpo are the applied and Weiss molecular magnetic field.
Assuming g;= 2, the Brillouin function was fitted for MgO-600, MgO-800 and MgO-
1000 compounds with various J values ranging from 1/2 to 5/2 and it was found that
the best fittings were obtained for J = 1 or 3/2 values. The saturation magnetization
(M) values with J =1 or 3/2 are included in Table 3.3 which shows that for both the J
values, the Mg was increased when MgO was annealed at higher temperature. This
present trend of saturation magnetization with annealing temperature is exceptional
since in most of the cases of MgO nanoparticles, a decrease in the Mg with annealing
temperature was reported due to the decrease in the surface defect concentration,
which are mainly responsible for the magnetism behavior [137,138]. However in
present case the surface to volume ratios play hardly any role in determining the
magnetism trend since the MgO particles are in the micron size and some other things

must be responsible as discussed later.
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Table-3.3: Saturation Magnetization values for different temperature annealed MgO

compounds obtained from Brillouin function fitting of the experimental data. [163]

Compound Saturation Magnetization (M;) (emu/g)
ForJl=1 ForJ=3/2
MgO-600 0.49 0.43
MgO-800 0.64 0.55
MgO-1000 0.80 0.69
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Figure 3.16. FC and ZFC M vs T plots showing for MgO-600, MgO-800 & MgO-1000 [163]
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Figure 3.17. Hysteresis plots for a) MgO- 600, b) MgO- 800 and c) MgO-1000 after diamagnetic
correction. Inbox represents the enlarge view of the hysteresis loop near origin. [163]

3.2.8.2. Positron annihilation lifetime spectroscopy (PALS) measurements [163]
Figure 3.18 shows typical PALS spectrum for MgO-1000 compound.
PALSFIT program was used to analyze the PALS spectra into discrete positron
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lifetime components. For the analysis, after source correction and back ground (B)
subtraction, the PALS spectrum, N (t) is fitted to sum of exponentials convoluted with
a Gaussian resolution function (R) through equation 3.9.
ikt T
N(t)=R®[ D (L)exp(—t/z,) + B] (3.9)
=t T

Where the index i stands for different positron lifetime components t; with its
corresponding intensity /;. The index k stands for the number of positron trapping sites
available in the samples. Table 3.4 includes various positron lifetimes and their
corresponding intensity values in MgO compounds. The third lifetime component
which is in the nanosecond range is due to the orhto-positronium(o-Ps) pick-off
annihilation. It was found that in case of metal oxide powder samples, a fraction of
positron diffuses to the particle surface and form positronium [173]. Generally, the o-
Ps lifetime depends on the open volume (local structure) at the grain boundary
whereas its corresponding intensity (I3) depends on their concentration in the sample.
In present case, the o-Ps lifetime (13) and I; do not vary significantly among the
studied samples which indicates that the variation in the local structure as well as the
concentration of grain boundaries as a result of annealing is non-significant and would
not be considered for its role of magnetic properties of the samples. For MgO-600, the
first two lifetime components viz. 237.0 ps(picosecond) and 445.0 ps are attributed to
open volume defects as both these values are higher compared to the bulk positron
lifetime in MgO, which is reported to be 160 ps [174], also supported by theoretical
calculations [175]. The open volume defects can be present either in bulk or at the
surface of the samples. The 237 ps lifetime component in MgO-600 samples is close
to the calculated positron lifetime value (244 ps) of Mg monovacancy while the 445
ps lifetime component can be ascribed to the vacancy clusters consisting of 2V, and

2V or 2(Vyg + Vo) (calculated lifetime 414 ps ) [175,176].
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Figure 3.18. Typical PALS spectrum for MgO-1000 compound [163]

Table 3.4 : Positron lifetimes of MgO compounds annealed at different temperature.

Sample T1(ps) / 11(%) T, (ps) / 1(%) 13 (ns) / I3(%)

MgO0-600 237.0+£7.0/ 67.3+6.3 445.0+4.7/26.9+5.2 1.16+0.11/5.17+1.28
MgO-800 145.5+6.1/45.64+4.0 291.0+8.0/51.82+3.81 1.06+0.05/2.53+0.27
MgO-1000 115.9+5.2/30.78+2.08 279.0+4.0/64.9+1.90 1.03+0.03/4.22+0.25

Since the isolated positively charged oxygen vacancy do not trap positrons,their
presence cannot be ascertained by the PALS measurements. From Table 3.4, it can be
found that on annealing, both the lifetime values are reduced indicating the reduction
in the size of the defects. On annealing, the second lifetime value was reduced from
445 ps to 291 ps which suggests that the large vacancy cluster undergo dissociation
and reduced to smaller size of vacancy defects. On comparison with theoretically
calculated lifetime, the second component for MgO-800 sample can be ascribed to the
di vacancy of Vyg + Vo [176]. Here the first lifetime was found to reduced to 145 ps,
which is lower than the bulk lifetime (160 ps) indicating unsaturated trapping at the
defects sites. On further annealing the compound at 1000 °C, the second component
was further reduced to 279 ps, which does not match with any characteristic lifetime
value of any plausible monovacancy defects in MgO. Thus, it appears that the di
vacancies present in the MgO-800 sample undergo dissociation leading to creation of
isolated mono vacancies of Mg and O along with the residual di vacancies. In such a
case, the observed lifetime of 279 ps is the average of positron annihilation from

combination of Vi, and Vy+Vo. It is to be noted that isolated Vo cannot be indexed
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using positron due to their positive charge. The first lifetime component is further
reduced in this sample, which is consistent with the creation of Vg in this sample.
The trapping constant for Vv, which is negatively charged, is much higher compared
to neutral Vy,+Vo. Thus from positron annihilation lifetime measurements we can
conclude that for low temperature annealed compound such as MgO-600, the
prominent defects are Mg vacancies (V) and vacancy cluster consisting of 2V, and
2Vo or 2(Vmg + Vo). However, at higher annealed samples this cluster undergoes
dissociation, forming mono vacancies of Mg and O along with the residual di
vacancies [163].
3.2.8.3. Electron Paramagnetic Resonance (EPR) spectroscopy [163]

The EPR spectra of MgO-600, MgO-800 and MgO-1000 are shown in Figure
3.19, where we have not observed any characteristic lines due to paramagnetic metal
impurity such as transition metal impurities viz. V, Fe, Mn etc.[177-179]. This
indicates that the observed spectra must be originating from some kind of intrinsic
defect states in the compound. From the spectra, it is clearly visible that more than one
paramagnetic species or defect centres are present in the system. When the compound
was annealed at higher temperature such as in case of MgO-1000, the spectra showed
an increase in intensity on lower field side. Figure 3.20 represents the simulation of
the EPR spectra for MgO-600 & MgO-1000. As seen the spectra are composed of four
different signals at g = 1.96 (Srv), 1.98 (Su), 2.03 (Sy) and 2.07 (S). These strong
intense resonance signals must be contributed from some type of intrinsic defects,
such as oxygen and Mg vacancies, since both Mg®" and O*" do not contribute to the
EPR spectrum. Among different possible oxygen vacancies, only F' centres and their
aggregate such as F,°", F,'" centres are paramagnetic and hence they are EPR
sensitive while for Mg- vacancies, when a hole traps at the Mg vacancy (VMg//), it
becomes paramagnetic (VMg/ ) and EPR active. Here the broad peaks of S; (A = 730
Gauss) and Sy (A = 1400 Gauss) in Figure 3.20, indicate that the spins in the system
are strongly coupled and may form spin clusters [137] . This Sy signal is attributed to
the F centre [180-182] while the Sy and Sy signals are due to trapping of superoxide
(02_1) radicals in the air-annealed MgO [137,181-183]. On the other hand the broad
Si signal can be attributed to V™ centre or hole trap at Mg vacancy i.e Vg - [184].
From Figure 3.20, it can be concluded that when MgO compound was annealed at

higher temperature, the intensity of the S;signal was increased which is responsible
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for the higher intensity in lower field region of the EPR spectra for MgO-1000 shown
in Figure 3.19. This also supports the observation from positron annihilation study that
at higher annealing temperature the concentration of cationic vacancies increases due
to thermal dissociation of 2(Vumg + Vo) cluster. However, Vi, I cannot be solely
responsible for the increased magnetization value as we go from Mg0O-600 to MgO-
1000 since during thermal dissociation along with Vi I, paramagnetic oxygen
vacancies are also another product, which cannot be characterized by positron
annihilation study. Again it is not known whether these paramagnetic species are
ferromagnetically coupled or not and thereby increasing the magnetization value.

In this context, EPR spectroscopy plays a great role where by measuring line
position, line width and integral intensity of EPR spectra at different temperature,
information about magnetic ordering in a ferromagnetic material can be easily
obtained [185-195]. Figure 3.21 represents the temperature dependence of EPR
spectra of the MgO-600 and MgO-1000 compounds. In Figure 3.21a, in case of MgO-
600, a continuous increase in intensity and broadening of the Sy signal and shifting of
the resonance field position to the lower field was observed as the temperature is
lowered, which are the characteristic of ferromagnetic resonance spectra [185-195].
For MgO-600, since the intensity of Sj signal is very less, information regarding
ordering of those spins is difficult. However in case of MgO-1000, since the Sysignal
has significant contribution to the EPR spectra, such information about the S;signal
can be easily obtained in addition to that of Sy signal. As shown in Figure 3.21b, as
the temperature is lowered, the magnetic field positions of both the Syand Sy signal are

shifted to the lower field side.
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Figure 3.19. Room temperature EPR spectra of MgO-600, MgO-800 and MgO-1000 [163]
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Figure 3.20: Simulation of the EPR spectra (a) MgO-600 & (b) MgO-1000 [163]

The temperature dependence of the resonance field position and line width of
the Sy signal for MgO-600 are presented in Figure 3.22a & 3.22b. For MgO-1000, the
temperature dependence plot of resonance field position of Sy signal is given in Figure
3.22c¢. Since in this case both the S;yand Sy signal has significant contribution and both
are broad in nature, the line width and intensity measurement will be more erroneous
and hence we have avoided such plot. However, the change in resonance field position
is enough to explain its magnetic ordering. In the paramagnetic state, such
temperature- dependent changes in the line width and line position of the resonance
signal would not occur. This behavior is attributed to the presence of a non-
homogeneous local magnetic field, which modifies both the resonance H and the line
shape of the signal in the ferromagnetic state [188-190]. Therefore, from these T-
dependence spectra we can conclude that both the S; and Sy signals are
ferromagnetically coupled and we can denote both these signals as ferromagnetic
resonance (FMR) signals. Hence, the observed ferromagnetism in MgO compounds
must have originated from either the Vi, " or Vo or F' centres. The relatively large

linewidth of the Sy signal compare to the S; signal implies that paramagnetic oxygen
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vacancies i.e Vo' or F' centres are strongly coupled compared to the paramagnetic

.. .. -1
cationic vacancies i.e Vg .
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Figure 3.21: Temperature dependent EPR spectra of a) MgO-600 & b) MgO-1000[163]

Direct information about the magnetic state can also be obtained from the variation of
the integral intensity of the FMR signals (S; & Syj) from temperature dependent EPR
spectrum [188-190]. Generally in the high temperature range, the temperature
variation of Igpr(T) can be represented by equation 3.10
Igpr(T) x T—LTH (3.10)

where C stand for Curie constant, T for recording temperature and Ty is the Curie—
Weiss temperature. This Integral intensity Igpr (T) is proportional to the spin
susceptibility of the paramagnetic species taking part in resonance. In present case we
have plotted the temperature dependence of 1/Igpr of the FMR (Sy) signal in MgO-
600 as shown in Figure 3.23. The numerical value of Ty can be obtained from the
linear extrapolation of the high temperature part of 1/ Igpr and the value of Ty is ~ 75
K. The positive sign of the Curie—Weiss temperature (Ty) indicates that the spins are
ferromagnetically coupled [188,191,193]. A detailed explanation for the change of
EPR parameters such as resonance filed, intensity etc. is given in the published report
[163]on the basis of electronic phase separation (EPS) where some parts of the spins
are involved in ferromagnetic (FM) coupling while others remain as paramagnetic

(PM) state.
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Figure 3.22: Temperature dependencies of (a) line width, AH, ., of the Sy; signal in MgO-600 (b)
resonance field, Hy of the Sy signal in MgO-600 and (c) resonance field, Hy of the S; signal in MgO-
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Figure 3.23: Temperature dependencies of the inverse of EPR integral intensity i.e.1/Izpz [163]

3.2.8.4. Explanation of origin of ferromagnetism and its exceptional enhancement

From Positron annihilation lifetime measurements (PALS), we have observed that

MgO-600 possess both Mg mono vacancy (either double or single charge) and di-

vacancy clusters i.e. 2(VMg0 + Vo), which upon annealing undergoes dissociation,

forming mono vacancies of Mg and O along with the residual di vacancies. From EPR
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study we have observed that MgO-600 compound possess both singly negative
charged Mg vacancies i.e. VMg'1 and singly positive charged oxygen vacancies i.e.
Vo' or F* centres. At low annealing temperature the concentration of VMg'1 is very
much low while and at higher annealing temperature a significant increase in intensity
of the EPR signal due to VMg'1 was observed. Low temperature EPR study showed
that the spins of both of these vacancies are ferromagnetically coupled.
Photoluminescence study in Figure 3.12, showed that in MgO-600, both F™ and F,*"
centres are present with major contribution coming from the latter one. Upon
increasing the annealing temperature, the percentage of F' centre was decreased while
that of F,*" centres was increased to some extent. Since at higher temperature, the
magnetically inert Z(VMgo + Vo' ) cluster vacancies undergo dissociation forming
paramagnetic VMg'1 and Vo', these newly Vo' may aggregate to F,*" centres.
However, the newly born cationic vacancy VMg'1 now plays an addition role in the
magnetization value. Thus, the increased magnetization value at higher annealing
temperature is due to both increase in VMg'1 and F,*" centres population while at lower
annealing temperature it was mainly due to the F,>" centres. Or in other way this
change in magnetism can be linked to a transformation of one kind of cluster vacancy
(2VMg0 + 2V ) to another cluster vacancy (F,>") via a dissociation and association

mechanism [163].

3.3. Synthesis and Optical properties of MgAl,O4 (MAS) [180]:

3.3.1. Synthesis and characterization
3.3.1.1 Synthesis:

In this present sol-gel-combustion method, stoichiometric amounts of required
Magnesium carbonate [Mg(COs3)2] (99%, AR grade) and Aluminum nitrate
[AI(NO3);-9H,0] (98%, AR grade) were used as starting materials while citric acid
(CcHgO7-Hy0) (99.7%, AR grade) was used as a fuel for the synthesis of MAS .
Mg(COs3), and citric acid were taken in the molar ratio 1:10. At first, two different
solution of the mentioned metal carbonate and metal nitrate were prepared by
dissolving required amounts of the corresponding precursor material in quartz double
distilled (QDD) water. Mg(CO3), salt was dissolved in QDD by slight addition of pure
HNO;. Then these two prepared solutions were mixed in a beaker and kept for stirring

by a magnetic stirrer for 1 hour. When a clear solution was observed, citric acid
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solution (prepared in QDD water) was also added into the mixture under vigorous
stirring. The final solution mixture was then heated at 80°C with continuous stirring
for 5 hours after which a highly viscous gel formation was observed. This viscous gel
was then heated at 150°C in a furnace for 3 hours and an ash-like product was
obtained. The ash-like product was then removed from the furnace and ground in a
agate mortar pestle. The obtained powder was then kept for annealing at 600° C in air
atmosphere for 12 hr and finally a fine white powder (MAS-600) was obtained. To
confirm the phase purity of this compound, X-ray diffraction (XRD) study was carried
out. This compound was further annealed at different higher temperatures viz. 800°C
(MAS-800) and 1000°C (MAS-1000) respectively in order to study the effect of
annealing on PL properties. Small amount of MAS-600 compound was also annealed

in vacuum atmosphere. In a different lot, two MAS compounds with different Mg/Al

.. 098 1 .
molar ratio viz. 200 and To > Were also prepared following the same procedure.

3.3.1.2. Phase purity: X-Ray Diffraction

Figure 3.24 represent the XRD patterns of MAS samples annealed at different
temperatures which shows that all the patterns are very well consistent with the
standard data ICSD-31373 of MgAl,04 compound with space group Fd3m and
thereby confirmed the formation of the pure spinel compound. Absence of impurity
peaks in the XRD spectra confirmed the formation of a single phase spinel structure
while the strong and sharp diffraction peaks of the annealed samples indicate

crystalline nature of MAS samples. The two MAS compounds with different Mg/Al
composition ratio % and ﬁ do not show any impurity peaks which indicate

absence of any binary systems with these compositions.
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Figure 3.24. XRD patterns of (a)MAS-600), (b) 800 °C (MAS-800) and (c) 1000 °C (MAS-1000) and

with Mg/Al composition ratio (d) % and (e) 1—;6 [180]

3.3.2. Excitation, emission and life time spectroscopy

Figure 3.25 represents the excitation spectra of MAS-600 at different emission
wavelength, which consist of different bands with A, at 230, 235, 245,250, 260, 273,
287, 298, 311 and 326 nm etc. This indicates presence of different electronic states
inside the band gap of MAS. The peaks in the 230-245 nm regions are attributed to F"
centre while those in the 250-260 nm regions are due to F centres [180]. The higher
energy bands i.e. in the 270-298 nm regions are attributed to charge transfer between

A’ at octahedral sites and its surrounding O ions [158].
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Figure 3.25. Excitation spectra of MAS compound observed after annealing at 600°C with different
emission wave length [180].
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Figure 3.26 represents the room temperature Gaussian fitted deconvoluted PL
spectra of the MAS compounds prepared at different annealed temperatures. The
figure showed ten different emission components in the ultraviolet-visible- near
infrared region (UV-VIS-NIR). These colour components at different emission
wavelength (nm) are represented in Figure 3.26 by P;, P,, P3, P4, Ps, P P7, Ps, Pgand
P10, such as the UV component (P;) at Ana = 375 nm, violet (P;) at Apa = 410 nm,
blue (P3) at Amax = 460 nm, bluish-green (P4) at Amax = 490 nm, green (Ps) at Ay = 530
nm, yellow (Pg) at Amax = 570 nm, orange (P7) at Amax = 610 nm, red (Pg) at Apax = 720
nm and the NIR components at Ap.,x = 780 nm (Pg) and Ap.,x = 850 nm (Pyg)
respectively. Latter in this section, the existence of these emission components in the
complex spectra will be further confirmed by the TRES study. This multi components
emission characteristic indicates the presence of various defect states within the band
gap of the material; where each colour arises due to a different electronic transition.

The major changes observed in the emission profile of the MAS compounds
shown in Figure-3.26 are that, when the annealing temperature was increased from
600 "C to 1000 ‘C, the intensities of the red and near infrared (NIR) bands (Pg & Po)
were increased drastically in comparison to that of the bands present in the blue-
green-yellow regions. Now to specifically denote the colour characteristics of MAS
compounds the CIE chromaticity coordinates were evaluated adopting standard
procedures. In Figure 3.27, the values of x and y coordinates for different MAS
samples are pictorially represented, where the colour point is denoted by an ‘asterisk’
which was found to change from bluish to bluish-white to orange-red, as the
temperature is changed in the row 600 °C — 800 °C — 1000 °C. This observation
renders this particular MAS compound as a potential candidate for optical
thermometry. In particular, the drastic increase in the P; and Pg band intensity for

MAS-1000 also renders this material to be a potential NIR emitting material.
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Figure 3.26. Emission spectra of the MAS compounds obtained after annealed at a) MAS-600, b)
MAS-800 and c) MAS-1000 temperature with .= 250 nm [180].

Figure 3.27: CIE chromaticity diagram for the MAS phosphor at different temperature with 1, =250

nm[180]

Figure 3.28a shows the emission spectra for MAS-1000 at different excitation

wavelength. Two observations can be marked from this figure. Firstly, when the

excitation wavelength was tuned to Aex = 250 nm, the emission intensity in the red-

NIR region has been found to increase sharply. The intensity of this red-NIR region,

159



Chapter 3

which is composed of two major bands viz. Ps= 720 nm and Py = 780 nm (at higher
annealing temperature the Py = 850 nm band was found to be disappear), has been
found to increase continuously up to an excitation wavelength, A = 250 nm, beyond
this wavelength, the intensity in red-NIR region started falling. The second interesting
observation is that at higher excitation wavelength, the peak maxima at Ayax = 720 nm,
which was evident up to Ax = 280 nm, was red shifted to 760 nm at A = 320 nm as
shown in Figure 3.28b. Emission spectra at different excitation for the MAS-600 and
MAS-800 also followed similar trend [180]. Henceforth, it can be inferred that the
peak at 720 nm disappears as the excitation wavelength was increased to 330 nm

where the spectrum in the red-near IR region consists of only one peak i.e. = 780 nm.

2.2x10°
2.0x10° A
1.8x10" ——230nm [\ a

1.6x10°
1.4x10° -

1.2x10° 4
1.0x10° <
8.0x10° -

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

6.0x10°

4.0x10° 4
2.0x10° 4
0.0
T T T T y T T T
300 400 500 600 700 800 900 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure 3.28: Emission spectra of MAS -1000 at a) different excitation wavelengths and b) the enlarge
version [180].

Figure 3.29 shows the low temperature (in the temperature range 77K-300K)
emission spectra of MAS-1000. The overall intensity of the spectrum was found to
increase upon decreasing the recording temperature. This is due to quenching of the
non radiative pathways which are more efficient at higher temperatures. The lifetime
values were also found to be increased accordingly. Interestingly the emission
intensity of the red-NIR region (650-900 nm) was not affected strongly and slight
decrease in intensity was observed as the temperature went down to 77 K. Thus the
emission profile can be controlled by controlling the measurement condition and that
the particular MAS compound can be used as a potential low temperature sensor

material.
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Figure 3.29. Temperature variation Emission spectra of MAS-1000 [180]

Figure 3.30 represents the emission spectra of the two MAS compounds with

Mg/Al composition ratio % and 1% respectively, prepared after annealing at 600°C.

It was found that for both of these compositions, there was an increase in intensity

around 410, 530,720 and 780 nm regions (shown by black arrows) when compared to

. . . Mg 1 ., Mg _ 098 . o
the ideal spinel composition A—‘lg =7 However with A—f == the intensity in the 410
. . . M
nm region was found to increase more compare to the other regions and with =< =

Al

1 : . . .
oo the intensities of the 530, 720 and 780 nm region were found to increase more

than the 410 nm region. The increase in intensity in the 720 and 780 nm regions (red-

0.98

. M 1 M
NIR region) was also found to be more with A—lg = — compared to that with A—lg ==

1.96
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Figure 3.30. Emission spectra of the MAS compounds with different Mg/Al composition (a) Iz—f =L

1.96’
(b) =% =22 and () 5% = > with 4= 250 nm [180].

The emission behavior of the pure MAS compounds after annealing in air and vacuum
atmosphere is shown in Figure 3.31. There is an overall increase in emission intensity
(shown by black arrows) both in the blue-green-yellow and red-NIR region when the

MAS compound was annealed in vacuum atmosphere.
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Figure 3.31. Emission spectra of the MAS compounds observed after annealing in different
atmospheres (vacuum and air) [180].

Figure 3.32 shows the luminescence decay profile of the MAS-600 compound
at Aex = 250 nm and at different emission wavelengths viz., Ay, = 410, 460, 530 and
720 nm. Other decay curves recorded at 375,490, 560, 610, 780 and 850 nm emission
peak are given in our report [180]. Most of the decay curves were found to be multi
exponential and could be fitted into a sum of two or three exponentials following the
decay equations 3.5,3.6 & 3.7. As in the case of MgQO, the life time value, which has

the maximum contribution among all, is assigned to the monitoring wavelength. Thus
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the lifetime values of the respective emission wavelengths can be given as 14.23 ps
for Py (hem = 375 nm), 26.05 ms for P, (Aemy =410 nm), 11.90 ps for P3 (hem = 460 nm),
321.88 ps for P4 (Aemy =490 nm), 126 ps for Ps (hem = 530 nm), 20 us for Pg (Aem = 560
nm), 170 us for P; (Aeyy = 610 nm), 11.29 ms for Pg (Aem = 720 nm), 51 us for Py (Aem
=780 nm), 191 us for Py (kem = 850 nm) [180]. The lifetime values for MAS-1000
are included in Table-3.5.At low annealing temperature, few lifetime values were
found to be in the order of several ms while at higher annealing temperature these life
times values are significantly reduced to the order of ps. Later in ZnAl,0O4 compound
also we have observed similar trend in life time values with annealing temperature.
We will explain there that this trend is due to presence of antisite defect centres which
acts as a electron or hole trap and thereby delaying the recombination process. These
antisite defects arise out due to inversion in the matrices, which is high at low
annealing temperature while at high annealing temperature the major phase of the

spinel is normal and inversion is less.

Table-3.5: Lifetime values of MAS compounds obtained at different annealing

temperature
Annealing | T, T, T; T, Ts Te T, Tg Ty Tho
Temp.(in (375nm) | (410 nm) | (460 nm) | (490 nm) (530nm) | (560nm) | (610nm) | (720nm) | (780nm) | (850 nm)
')
600 14.23 | 26.05 | 11.90 | 321.88 | 126.00 | 20.00 | 170.00 | 11.29 | 51.00 191.00ps
us ms us us us us us ms us
1000 11.54 | 13.25 | 14.02 | 91.74 13.00 9.28 13.77 | 5.5ms | 26.18 13.02 ps
us us us us us us us us
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Figure 3.32. PL decay curves of MAS compound prepared at 600°C with J,, = 250 nm and A, = (a)
410, (b) 460, (c) 530 and (d) 720 nm [180]

3.3.3 Time Resolved Emission Spectroscopy (TRES) [180]

Figure 3.33 shows the TRES spectra at different delay times viz. 2 ps, 100
ps ,200 ps, 400 ps, 600 ps ,1 ms, 5 ms, 10 ms and 50 ms with a constant integration
time of 80 ms. As stated earlier,in case of MgO that most of the species fully decayed
at an average time which is approximately three times of their respective life time
(31).Thusat the very beginning of the decay time such as at 2 s, all the emitting
colours due to different defect states will be present in the spectra, since none of them
have lifetime below 2 ps. The TRES spectra at 2 ps delay time is represented by
Figure 3.33-1.However at higher time delay, such as at 100 ps; the species with
lifetime values t'1= 14.23ps (at hem = 375 nm),t'5=11.90 ps (at Aey = 460 nm) and
7'6=20 ps (at hem = 560 nm) will be completely decayed as reflected by their decaying
intensity at and around these wavelengths at100 us delay timein Figure 3.33-I1. Here
the spectra consist of other species except those with above mentioned lifetime values.
The other two species with higher lifetime values such as t1=51 us (at Aem = 780 nm)
and t' (=36 us (at Aem = 850 nm) also started decaying in this time region (100 ps) and
at higher delay times such as 200 ps and 400 ps, they almost disappeared as seen in
Figure 3.33-1II & IV.The next component with comparably higher life time value is
that with %= 126 ps (at Aen = 530 nm) and at higher decay times such as at ~ 400 &
600 ps as shownin Figure 3.33-IV & V,a disappearance of the spectra in the 530 nm

region was also observed. Therefore, it can be said that in the time region of 2 us -
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100 ps, the decaying species are with life time values t'5=11.90 ps, t';= 14.23ps,
116=20 us, r110=36 us and 119251 ps and above 100 ps delay time and in the time
region 200-400 ps, these species completely decayed and the new decaying species is
5= 126 ps. Now if we subtract the TRES spectra at 2 ps delay time from that at 100
us delay time, it will give a spectra mixed of emission at 375 nm, 460 nm, 530nm, 560
nm, 780 nm and 850 nm as shown in Figure 3.34-A. In the similar manner, if we
subtract the TRES at 200 ps delay time from that at 400 ps delay time, the spectra
obtained consists of emission at 530 nm as shown in Figure 3.34-B. It is to be noted
that in this time region 200-400 ps, along with the 530 nm emitting species, another
two species with higher life time values viz. 7= 170.04 ps (at hem = 610nm) and 1°4=
321.88 us (at e = 490nm) also started decaying as seen by their weak emission peak
at 610 nm and 490 in Figure 3.34-B. When Figure 3.34-B was subtracted from Figure
3.34-A, a spectra consisting of emission at 375 nm, 460 nm, 560 nm, 780 nm and 850
nm was observed, as shown by Figure 3.34-C. Next two species are with relatively
higher lifetime values i.e. 7= 11.29 ms (at Aem = 720 nm) and 1%,=26.05 ms (at ke =
410 nm). As shown in Figure 3.33-VI, VII, VIII & IX, after a delay time of about 1
ms, all the TRES consists of two prominent peaks; one at 410 nm and other at 720 nm.
However at higher delay time such as 10 ms, the intensity of the 720 nm peak kept on
decreasing and disappeared at 50 ms delay time. After 50 ms delay, the spectra
consists of a single component with %=26.05 ms emitting at 410 nm. Subsequently,
Figure 3.33-IXrepresents the TRES of the species with lifetime, t,=26.05 ms. At
further higher delay time, the intensity kept on decreasing. When TRES at 5 ms delay
time was subtracted from that at 50 ms, the TRES of the species with %= 11.29 ms
was obtained as shown in Figure 3.34-D, emitting at 720 nm. Thus, TRES study
confirmed the presence of all these emission components as observed from Gaussian

fitted spectra in Figure 3.26.
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Figure 3.33. Time Resolved Emission Spectra (TRES) at different delay time [180]
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Figure 3.34. Time Resolved Emission Spectra of the respective species [180].

3.3.4. Electronic Structure and Band Gap Energy

The detail of the DFT calculation methodologies for various defect centres in
MAS are given in our published report [180]. A pictorial summary is presented in
Figure 3.35, observed from the density of state (DOS) analysis based on DFT
calculations on both normal and inverse spinel, with different kind oxygen vacancies
having different charges. As shown in Figure 3.35, both for normal and inverse phase,
two filled states due to the neutral (Vo) and singly positive charge oxygen vacancies
(OVs) (Vo) have appeared above the valence bond. On the other hand two shallow

vacant states (they are very close to each other and thereby showing a single band)
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just below the conduction band have also appeared due to the singly and doubly
positive charged OVs. In the middle of the band gap two vacant deep defect states due
to Vo' and Vo™ are found to be exist in case of normal phase. In case of inverse
phase, the deep states due to Vo' is found to be very close to the shallow states and
almost merge with them, showing as a single broad band. This representation of defect

states will be considered as basis to understand the PL profile.
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Figure 3.35. Overall summary of the electronic structures inside the band gap due to V", Vo™ and
Vo2 in the normal and inverse spinel of MgAl,O,. Light grey coloured bands are filled with electrons

and white bands are empty [180].

3.3.5. Origin of the different colour components and their tunability with a
proposed model:

3.3.5.1 Origins of different colour components.

In the present annealing temperature range during synthesis, MAS mostly used to be
formed as a mixed spinel where both Al and Mg atoms have tetrahedral and
octahedral co-ordination depending on the inversion rate. As reported earlier, a control
over the inversion rate of the Mg>" and AI’* cations inside the spinel crystallographic
network is possible by varying the synthesis condition and annealing temperature
[196]. Now since in the mixed spinel, fraction of the Mg”" ions are in octahedral co-
ordination (inverse phase), it is interesting to compare the emission characteristics of
MAS in the inverse phase with that of MgO; where all the Mg”" have octahedral co-
ordination as reported in our previous report on MgO [161]. This will certainly help in

. . . . 2+
understanding the luminescence phenomenon, which occurs surrounding the Mg~ co-
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ordination environment. On the similar lines, if we compare PL of a-Al,O3; with MAS
normal phase, information related to emission behavior surrounding the octahedral Al
atoms in the mixed spinel can be achieved [132]. The emission at 375 nm (P,) is in
close resemblance with the F* centre emission in MgO [161]. The lifetime (r11= 14.23
us) value also fall in same order as that of singly ionized oxygen vacancy (Vo'") or F*
centre and therefore P (Amax = 375 nm) is attributed to the *Ty,-*A, transitions of F'
centre around the octahedral Mg atom. Similarly Ps (Anax = 530 nm) can be attributed
to the F-centre surrounding the octahedral Mg atom as observed in case of MgO [161].
It is also clearly visible in Figure 3.35 that the filled states due to the neutral F centres
(V') are placed above the states due to the singly charged F* centres (Vo). The long
lived decay 1= 126 ps (at Aem = 530 nm) of this F-centre compared to the F* centre at
375 nm can be explained in terms of forbidden transition of the F centres. The
electronic structure of the F centre can be treated as a helium atom where the ground-
state configuration (Is)* corresponds to the term 'Sp and the excited states can be
generated by promoting one electron into a 2s or a 2p state, resulting excited-state
configurations 1s2s or 1s2p. These configurations correspond to both singlet and
triplet states ('S, S, 'P, and *P). The emission of F centre is due to P -'S transition
which is forbidden [197]. The emission at 410 nm (P,) can be attributed to the F
centre associated with the distorted Al octahedral sites. The long lifetime value
r21=26.05 ms (at Aem = 410 nm) is also very similar to the one observed by Itou et al.,
in a-Al,O3 [132]. Since the co-ordination environment of the Al atoms in a-Al,O;
closely resemble with that in the normal phase of MgAl,O4 (where both of the Al
atoms have octahedral co-ordination), the blue shifting of the F centre emission
surrounding the Al-Oy (Oy, = octahedral) compared to the Mg-Oy;, can be explained by
considering the higher band gap energy of normal phase as compared to the inverse
phase, shown in Figure 3.35. The emission at 560 nm (P¢) can be attributed to the
F,*" centres surrounding the octahedral AI** ions which are nothing but a pair of F
centres [198, 199]. The emission around 460 nm (P3) is due to the charge transfer
transition between AI’" at octahedral sites and its surrounding O ions [198, 199].
The green emission peaks at Ap. = 490 nm (P4) can be assigned to transition of an
electron to a hole trapped at Mg ion vacancy [200] while the yellow-orange emission
peak (P7) at Aem = 610 nm can be assigned to the oxygen vacancies resulting from the

existence of Mga; antisites [160], respectively. The most important task is to assign
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the Pg (720 nm), Py (780 nm) and P (850 nm) emission components. Since the Pyg
(850 nm) band was found to disappear at higher annealing temperature (Figure 3.26),
this emission should originate from some kind of surface defect state which is
annealed at higher annealing temperature. Obviously these longer wavelength (Pgand
Py) emissions are associated with some kind of defects which exist deeply inside the
band gap. Kim ef al., has also shown similar red emission at 680 nm in isostructural
ZnGay04 [201]. They have shown that this emission with long decay time will only
occur in case of distorted octahedral site (where there is an oxygen vacancy
surrounding the Ga atom in octahedral site) and the electronic transition will be from
O” ion to the singly charged oxygen vacancy (Vo  or Vo' ) confirmed by EPR
spectroscopy. We have also observed an asymmetric signal at g = 1.9967 in EPR
spectroscopy as shown in Figure-3.36, due to paramagnetic Vo'. As stated earlier in
the summary of DFT calculation (Figure-3.35), inside the band gap of the MAS
compound, two vacant deep defect states and two vacant shallow defect states are
present due to the singly and doubly positive charged oxygen vacancies. Electrons
from the conduction band may also be trapped into these vacant shallow and deep
states. Since the energy gap between these shallow and deep states are very close to
the observed emission wavelengths in the red-NIR region, we believe transition
between these states are responsible for the Pg (720 nm) and Py (780 nm) bands. As
seen in Figure-3.35, the vacant deep defect states due to Vo' (or V') is placed below
the vacant states due to Vo', Therefore the Pg (720 nm) band can be assigned to the
transition of electron trapped at the shallow states to the vacant deep sates arising due
to singly charged paramagnetic Vo''. On the other hand the Po (780 nm) band can be
assigned to the transition of an electron trapped at the deep states of V" to the vacant
deep sates of paramagnetic Vo' In the next section, the annealing temperature effect
on the emission profile of MAS compound will be explained.

3.3.5.2 Tunability with annealing temperature and atmosphere and with varying
composition.

As shown in annealing temperature variation PL spectra in Figure 3.26, the
intensity of the 720 nm and 780 nm band were enhanced when the annealing
temperature was increased from 600 °C to 1000 °C. As stated in the earlier section
that these two bands are linked to the paramagnetic singly charged oxygen vacancy,

Vo+1 or (Vo'), hence the concentration of Vg also has to be more at higher annealing
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temperature leading to more intense peaks in the NIR region. In this context, Electron
Paramagnetic Resonance (EPR) spectroscopy is a very useful technique to identify
and quantify the paramagnetic species like Vo' as shown in Figure 3.36. An
asymmetric signal at g = 1.9967 is shown by all the compounds which can be
attributed to the paramagnetic singly charged oxygen vacancy (Vo) [161,163]. The
intensity of the signal was found to increase with increasing annealing temperature. It
is worth to be noted here that all the positively charged defect centres will get
stabilized through formation of a nearby negatively charged cationic vacancy such as
VMgz', VA13', MgAll' and Oiz' etc. This confirms that, this EPR signal which arise due
to Vo' surrounding the distorted Al -Oy, & Mg -Oy, sites must be responsible for the
red-NIR emission [201]. As stated earlier that these spinel compounds synthesized at
the mentioned annealing temperatures are mixed spinel in nature and at low annealing
temperature (= 600 °C), percentage of inverse phase is more while at higher annealing
temperature (= 1000 °C ) percentage of normal phase is more. Now, since the sharing
of the octahedral (Oy) sites by Al atom will be doubled in the normal phase than in the
inverse phase, a transformation of inverse to normal form with annealing temperature
will also be accompanied by a change in coordination of the tetrahedral (AlO4) to
octahedral [AlOg]. Thus through this path of transformation, the co-ordination around
AP’ jons will be 4< Al-Coordination <6 and Al atoms which are newly placed at the
octahedral sites, will not have perfectly octahedral symmetry or some of them will
have distorted octahedral symmetry (as the co-ordination of Al will be <6). On the
other hand for Mg atom, the reverse process i.e. a change in coordination of the
octahedral [MgQOg] to tetrahedral (MgO,) will happen and the perfectly octahedral
[MgOs] will now become distorted. Therefore the AI’* and Mg*'ions at distorted Oy,
sites will always be associated with some oxygen vacancy. Henceforth distortion
around the Al-Op and Mg-Oy, sites will be increased as the temperature is increased
from 600 °C to 1000 °C, which is reflected in the sharp increase in intensity of the
red-NIR band at higher temperature and also in EPR signal intensity. Thus tuning of
distortion around octahedral sites of the spinel of MAS compound might be

responsible for the tuning of emission colour at higher annealing temperature.
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Figure 3.36: EPR spectra of MAS samples at different annealing temperature [180].

Now on the basis of above conclusion , the explanation of emission behavior
with different compositions and different annealing atmospheres can be given. Since
different type of oxygen vacancies are responsible for the emission in the 410nm, 530
nm, 720 nm, 780 nm regions, annealing of the MAS samples in vacuum atmosphere
will definitely lead to an increase the intensity around these regions as observed in
case of the vacuum annealed MAS sample in Figure 3.31. Now the emission
characteristics of the compounds with different Mg/Al molar ratio viz. 0.98/2.00 and
1/1.96 can be given on the basis of cationic vacancies. For these composition ratio,
there will be negatively charged cationic vacancies such as VMgz' or VA13 ~ which will
lead to formation of positively charge oxygen vacancies for charge neutrality of the
system. This is reflected in the increase in intensity in the 410nm, 530 nm, 720 nm,
780 nm regions for both Mg*" (for 0.98/2.00) and AI’* (for 1/1.96) cations deficient
MAS compounds in Figure 3.30. Since these cationic vacancies may lead to formation
of oxygen vacancies in their nearest neighbor because these oxygen atoms are shared
by both Mg*" and AI’" ions for their co-ordination, a deficiency in Mg*" ion from its

lattice site will initiate the vacancy of the oxygen atoms from the Al’* co-ordination

and vice versa. The higher intensity at 410 nm with % = O'Zﬁ in Figure 3.30, which is

due to F centre emission surrounding the octahedral Al atom supports this argument.

- M 1 o . S
Similarly with A—f = Tog an enhancement in intensity at 530 nm, which is due to the

F centre emission surrounding the Mg”" atom was also observed in Figure 3.30. Again
for both of the compositions the intensity in the red-NIR region is increased. This is

due to red-NIR emission is linked to the Vo surrounding the distorted Al -Oy, & Mg -
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Oy, sites. Although a deficiency of Al atom with IZ_lg = ﬁ is found to be more efficient

. : . M 0.98 . . :
in creating Vg, compare to that with A—‘f =—-as reflected by the higher intensity.

3.3.5.3 Photo conversion of F to F' centres: Excitation tunable emission
characteristics

The emission characteristic at different excitation wavelength indicates that the
electrons might be involve with some kind of trapping and de trapping mechanism
within the different electron trapped states inside the band gap. The continuous
increase in intensity of the Pg= 720 nm band up to 250 nm excitation wavelength
followed by a decay in Figure 3.28 indicates that the electrons started getting more
and more trapped into the states responsible for Ps= 720 nm emission when excitation
wavelength was increased to 250 nm where a maximum intensity was observed. Now
the disappearance of the Pg= 720 nm band beyond 300 nm, where only Pg= 780 nm
band exist indicates that de trapping of the electrons from the Ps= 720 nm states has
been occurred, followed by re trapping of the same electrons into the states
responsible for Pg= 780 nm band. The maximum intensity of these bands at 250 nm
excitation wavelength indicated that a photo ionization process might be involved at
this excitation where more free electrons are released and getting trapped into the
different defect states in the band gap.

Now as in our previous work in MgO, we have observed a photo conversion
process of F to F' centre at ~ 250 nm [161], a parallel comparison can be drawn with
emission properties MAS compound. At 250 nm excitation, the F centre will be
converted to F" centres following the equation F + hv «<>F" + ¢". Similarly in MAS we
believe that the F centres surrounding the Mg atom (distorted octahedral) undergo a
photo conversion at 250 nm excitation wavelength and the released electrons may be
promoted to the conduction band or may be trapped into the vacant shallow and deep
defect states arise due to Vo' ' and Vo2, as shown in Figure 3.35.
3.3.5.4 Proposed Model

Now to explain all these trapping- de trapping mechanism and the low
temperature emission behavior, a model is proposed as shown in Figure 3.37, based
on all the theoretical and experimental results observed till now. A photo ionization of
the F to F' centre at 250 nm excitation wavelength following the equation F + hv «

F'+ ¢ is shown in this model. The green bent arrows show that the released electron
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may either go to the conduction band or may be trapped into the shallow and deep trap
levels. As shown in the model the Pg= 720 nm emission band arise due to transition of
electron trapped at shallow states to the Vo' at distorted octahedral sites, while in
case of Po= 780 nm band, the transition is from a deep trap level. Now at 250 nm
excitation, the population of these states will be maximum by trapping of electrons
coming from the photo conversion of F centres and thereby sharply increasing the
intensity in the red-NIR region. However when the excitation wavelength was tuned
to 310 nm or above, the electrons which were trapped in the shallow states will de
trapped followed by re trapping in the deep states responsible for 780 nm emission.
This explains the presence of two emission band at 250 nm excitation wavelength
where as at 310 nm excitation only one band is present.

This model can also explain the low temperature emission characteristic can.
As seen from Figure 3.29 at room temperature the intensity of the red-NIR region is
more compare to the blue-green region while at low temperature a reverse trend is
observed. In our DFT summary in Figure 3.35, it has been shown that the conduction
band and shallow sates are energetically very close. Thus at room temperature there is
possibility of the electrons from conduction band to go to the shallow trap states and
thereby increasing the red-NIR emission intensity. However, at low temperature this
process become more difficult, which can explain the low temperature

photoluminescence behavior.
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Figure 3.37: Proposed model for trapping de trapping mechanism [180].
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3.4. Synthesis and Optical properties of ZnAl,O4 (ZA)

3.4.1. Synthesis and characterization of ZnAl,O4
3.4.1.2. Synthesis
Zinc nitrate [Zn (NO3),.6H,0] (99.0%, AR grade, s.d.fine-chem.ltd.), Aluminum

nitrate [Al(NO3)3;.9H,0](98%, AR grade, S.d.fine-chem.ltd.), citric acid (CcHgO7-H,0)
(99.7%, AR grade, Chemico fine chemicals) (used as a fuel here) are the precursor
materials and taken in the molar ratio 1: 2:10 for the synthesis of ZnAl,O4 compound.
The procedure is similar to that of MgAl,O4.Initially separate solutions of the metal
nitrates and citric acid were prepared by dissolving stoichiometric quantities in quartz
double distilled (QDD) water. Then these solutions were mixed in a beaker with
constant stirring with a magnetic stirrer for about 1 hour after which a clear solution
was observed. The citric acid solution was then added to this mixed solution under
vigorous stirring and left for heating at 80°C for 5 hours after which a highly viscous
gel formation was observed. The gel was then heated on a heating mantle at a
temperature of 150°C where the combustion took place after which an ash-like
product was obtained. The ash-like product was then ground in an agate mortar and
kept for calcining at 600°C for 8 hours and then a fine white powder was obtained.
The phase purity of the compound obtained at 600°C was confirmed from X-ray
diffraction (XRD) study. After confirmation of the pure product formation, the
compound was further annealed at different higher temperatures viz.750°C, 1000°C,
1200°C and 1300°C  respectively which were subjected to different physical
characterization such as PL, PALS and EPR after each heating treatment.

3.4.1.2 Phase purity: X-Ray Diffraction

The Rietveld fittings of XRD patterns of ZnAl,O4 prepared at 750°C is shown in
Figure 3.38, which indicates formation of single-phase compound with space group
Fd-3m by the present sol—gel-combustion study. The strong and sharp diffraction

peaks of the compound indicate that it is well crystallized.
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Figure. 3.38: Rietveld fittings of XRD patterns of the ZnAl,0,.
3.4.2. Emission and life time spectroscopy
Figure 3.39a & 3.39b represent the room temperature PL spectra of the ZA
compounds prepared at different annealed temperatures and their respective CIE
chromaticity coordinates. From Figure 3.39a, it is clearly visible that there are
different emission components present in the spectra which in combination give rise to
broad emission profiles. Now to specifically denote the colour characteristics of all the
ZA compounds obtained after annealing at different temperature, the CIE chromaticity
coordinates were evaluated adopting standard procedures [202]. In Figure 3.39b, the
values of x and y coordinates for different thermally annealed ZA compounds are
denoted by an ‘asterisk’, which was found to change from bluish to near white, as the
annealing temperature was increased in the row 750°C — 1000°C — 1300°C. This
tunable colour characteristics at different annealing temperature renders this particular
ZA as a potential phosphor material whose colour characteristics can be controlled or
tune in between blue and white depending on annealing temperature. This observation
also renders this particular ZA compound as a potential candidate for optical
thermometry or optical based thermal sensor materials.
In the emission spectra (Figure 3.39a), different peaks or humps are visible at different
wavelengths regions, starting from the Ultraviolet (UV) region to Visible to Near
Infrared (NIR) region viz. UV (P;) at Ayax = 375 nm, violet (P2) at Ay =410 nm, blue
(P3) at Apax = 440 nm, cyan (P4) at Ayax = 490 nm, green (Ps) at Apax = 530 nm, yellow
(P6) at Amax = 590 nm, red (P7) at Amax = 720 nm and the NIR components at Ayax = 780

nm (Pg) and Amax = 850 nm (Py) respectively. These multicolour emissions indicate the
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presence of various electronic states inside the band gap; arising due to various defect

centres present in the material. Each colour arises due to a different electronic

transition. In Figure 3.40, the emission spectrum of ZA-750 was decomposed into the

above nine emission peaks using Gaussian peak fitting. To confirm their (the emission

components) existence in the complex spectra, their lifetime and TRES studies were

carried out which is the best way to isolate each and individual emitting components

from the complex broad emission spectrum as done earlier in case of MAS [180].
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Figure 3.39. (a)Emission spectrum of ZA annealed at different temperature with 1,,=250 nm and (b)
CIE chromaticity diagram for the ZA phosphor at different temperatures which show a tuning of colour
coordinate from bluish to near-white
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Figure 3.40. Gaussian fitting of emission spectrum of ZA-750

Similar to MgO and MgAlL,O,, in ZA compound most of the bands are overlapped by

either the preceding one or by the next band or by both. Thus instead of getting a

single lifetime value at particular emission and excitation wavelength, here also
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multiple life time values were obtained at all the emission maximums. Among these
values, the lifetime value, which has the maximum contribution among all is assigned
to the monitoring wavelength (emission peak under consideration). Thus, the lifetime
values with the highest contribution for each of the wavelength are included in Table
3.6 for different thermally annealed ZA compounds. At low annealing temperature the
lifetime of the defect centres were found to be high (of the order of several ms ) while
at higher annealing temperature the life times are significantly reduced (of the order of
ps). This observation suggest that at low annealing temperature the compound can be
treated as long persistent phosphor materials while at high annealing temperature the
compound can be treated as short persistent phosphors [203]. This is a very important
observation since depending on the annealing temperature the decay kinetics of the

luminescence can be changed

Table-3.6: Lifetime values for different emission components at 250 nm excitation

wavelength.
Compound T, T, T; T, Ts Ts T, Ty Ty
(375 nm) (410 nm) (450 nm) (490 nm) (530 nm) (600 nm) (730 nm) (780 nm) (850 nm)
ZA -750 1423 ps | 2.08 ms | 13.99 48.13ms | 1.643ms | 217.57 - 424 us 359.95
ms us us
ZA -1000 14 us 90.17 us | 12.79 89.13 us | 204.48 1121 pus | 3.5ms | 869.97 23.83 us
us us
ZA -1300 12.81 ps | 70.56 us | 11.80 us | 16.36us 113.93 10.72 us | 1.26 ms | 287.56 11.80 ps
us us

3.4.3 Time Resolved Emission Spectroscopy (TRES)

TRES spectra of ZA-750 and ZA-1300 are shown in Figure 3.4la and 3.41bat
different delay time. General approximation is that most the excited species fully
decay at an average time, which is approximately three times of their respective
lifetime (37). Since for both the compounds the lifetime values in Table-3.6are greater
than 10 ps, it can be assumed that all the emitting colours due to different defect states
will be present in the spectra at the very beginning of the decay time such as at 2 ps.
The TRES spectra at 2 ps delay time is shown in Figure 3.41. For the low temperature
annealed ZA-750 compound in Figure 3.41a, it can be observed that very little change
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is there when the delay time is increased from ps to ms. This is because for ZA-750,
most of the emitting components are having lifetime in the ms region. The short lived
components with lifetime in ps range will be decayed fast, whilethe long lived
components with lifetime in ms range will be decayed late. Thus in the 5-500 ps range,
if we subtract the TRES spectra at 5 ps delay time with that at 500 ps delay we will
have those components in the decayed spectra as shown in Figure 3.42a,while in the
500 ps -5 ms range, the components are 420 nm and 850 nm as shown in Figure 3.42b.
At higher delay time such as 60 ms two components with higher lifetime such as 450
and 490 still exist as shown in Figure 3.43a. Now in the time interval 5 ms-60 ms the
Pscomponent i.e. 450 nm will decay faster than the P, component (490 nm) as shown
by the TRES spectra in Figure 3.43b . The other two components which also decayed
in this time interval are P7 (690 nm) and Pg (780 nm) components as predicted by their

lifetime values from Table-3.6.
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Figure 3.41. Time Resolved Emission Spectra (TRES) of (a) ZA-750 and (b) ZA-1300 at different
delay time.
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Figure 3.42. Time Resolved Emission Spectra (TRES) of ZA-750 in (a) 5-500 us region and b) 500 us -
5 ms time interval
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Figure 3.43. Time Resolved Emission Spectra (TRES) for ZA-750 at a) 60 ms delay and

b) in the 5ms -60 ms time interval
Now when the compound is heated at higher temperature such as 1300°C, the lifetime
of most of the components decrease drastically from ms order to ps. From Figure 3.41,
it is clearly visible that even in the ps delay time such as 500us most of the
components vanished. Another interesting observation for this compound annealed at
higher temperature is that a new peak in the red region at 700-800 nm range was
observed which was absent for the compounds annealed at low temperature. Since the
lifetime values of the 400, 450,490, 600 and 850 nm components are in the 10-15 ps
region they are decayed in the 2-75 ps interval as shown in Figure 3.44. While the
components such as 530 (Ps), 720(P7) and 780 (Ps) nm with higher delay time will be
decayed at higher delay time. In Figure 3.45, two TRES at two different delay time viz.
400 ps and 1.7 ms are presented which found to be consisted of three components 530

(Ps), 720 (P7) and 780 (Pg) nm. Among them, the 530 (Ps) component is having lower
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lifetime value and that is why at 1.7 ms delay time, the component was found to be

almost decayed (Figure 3.45 b).
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Figure 3.44. Time Resolved Emission Spectra (TRES) of ZA-1300 in the 2us-75 us time interval
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Figure 3.45. Time Resolved Emission Spectra (TRES) of ZA-1300 at (a) 400 us delay and (b) at 1.7
ms delay

3.4.4 Positron annihilation lifetime spectroscopy (PALS)

PALS measurements have been carried out at room temperature using two BaF,
scintillation detectors connected to a fast—fast coincidence system. The Na positron
source (~ 10 uCi) deposited in a thin Kapton foil was kept inside the powder sample in
a aluminum vial and the vial was kept between two BaF, detectors. The resolving time
measured with ®®Co source was 250 ps for the positron window settings and the time
calibration was 12.5 ps/channel. The spectrum with approximately 2 x 10° counts was
acquired for each measurement and data was analyzed using PALSFIT [204] analysis
program. Figure 3.46 represents typical PALS spectra for ZA-750, ZA-1000 & ZA-
1200.

The positron lifetime spectrum is a multi-exponential decay curve given as

t
Ii _;
F(t) =Xiate ™ (3.11)
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where F(¢) represents the number of counts at time ¢, £ is the number of exponential

decay components, 1; is the lifetime of the ith component, /i is the corresponding

intensity.

This multi-exponential function is convoluted with instrumental resolution function,

R(t) (250ps). The lifetime spectra were fitted to four discrete components to obtain the
best fit.

Results are shown in Table 3.7. The average lifetime t,, and the bulk lifetime 13

(given in Table-3.8) were calculated as follows:

counts

Tov= (hTithn)/(l1+]) (3.12)
‘EB:(]1+]2)/(11/‘L'1+12/‘[2) (313)
106 T T T v T T 3
—+«— ZA-750(chn. const. 50ps/chn) E
— »— ZA-1000 (chn. const. 12.20ps/chn) 1
10° ZA-1200 (chn. const. 12.20ps/chn) ]

Figure 3.46 : Typical PALS spectra for ZA-750, ZA-1000 and ZA-1200

Table 3.7: Positron lifetimes of ZnAl,O4 (ZA) compounds annealed at different

temperature.
Sample | 1, (ns) 1 (%) T2 (ns) 5 (%) T3 (ns) I (%) T4 (ns) 1, (%)
ZA- 0.254+.003 | 60.95+1.56 | 0.488+.007 | 32.25+1.54 | 5.21+.11 | 2.32+.03 | 56.88+.75 | 4.48+.03
750
ZA- 0.182+.003 | 46.89+1.67 | 0.400+.005 | 49.13+1.62 | 2.53+.18 | 1.46+.07 | 23.84+1.08 | 2.52+.03
1000
ZA- 0.170+.002 | 52.69+0.94 | 0.388+.004 | 43.81+0.90 | 2.03+.08 | 1.69+.06 | 19.88+.52 | 1.80+.17
1200
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Table 3.8 : The average lifetime t,, and the bulk lifetime tg for different ZA

compounds
sample Tay (DS) T8 (ns)
ZA-750 0.335 0.304
ZA-1000 0.293 0.252
ZA-1200 0.269 0.228

The fitted t; value in 750 °C annealed sample is very close to the theoretically
calculated lifetime (254ps) in a try-vacancy constituting two Zn-vacancy plus one-
oxygen vacancy (2Vz,-V,) in the lattice [173,205]. After annealing at 1000 °C the T,
reduces to around 182ps which lies very close to Zn as well as O mono vacancy. After
annealing at higher temperature at 1200°C, it suggests that O vacancy population
increases. The 1, value corresponds to the multi-vacancy or vacancy clusters in the
grain boundary or inside the particle. The t, value gets reduced after annealing at 1000
°C, but its intensity gets increased and it continues till annealing at even higher
temperature 1200 °C which may indicate the de-clustering going on with the increase
in annealing temperature. It is also interesting to see that t,, - T, which is indicative of
the presence of vacancy in the lattice even after annealing [206]. The second positron
lifetime value (1) might have then originated from Al-related vacancy and it must be
a cluster vacancy. Literature survey on Al-doped ZnO samples showed that these
compound are also consist various Alz, antisite defect related cluster vacancy such as
2A174-Vzn , Alza-Vzn , nAlz-0; [206-209]. These Aly, antisite defects are very much
likely to exist in the spinel since they are directly linked with inversion of the spinel.
Earlier report in ZA prepared through solution state method also showed that for ZA
compound obtained at low annealing temperature, the inversion rate is high while at
high annealing temperature the inversion rate goes down [160]. Theoretical
calculation on various defects in ZA also showed that antisite defects have the lowest
formation energy [210]. Thus, it is obvious that for ZA-750 the concentration of Aly,
antisite defects will be more while for ZA-1200 they will be deactivated because the
Al atom will occupy its own site and thereby lead to low inversion rate. Therefore, in
present case it might be possible that in ZA-750 compound bigger cluster vacancies
such as 2Alyz,-Vz, are present which gives rise to higher life time value. Now upon
thermal annealing they may reduce to smaller cluster such as Alz,-Vz, since the Al in

Zn-site will now move to its own site. For further confirmation EPR experiments were
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carried out,which can provide more evidence.The third (t3) and fourth (t4) lifetime
components with very small intensity (1.5-4.5 %) correspond to the formation of
ortho-positronium (o-Ps) may be in the large grain boundaries. The pick-off
annihilation of 0-Ps with the surrounding electrons from the grain boundaries gives
the long lifetime components.

3.4.5 EPR study

Figure 3.47 represents respective EPR spectrum of ZA-750, ZA-1000, ZA-1200 and
ZA-1300 compounds. From this figure it can be seem the EPR spectra of ZA-750 and
ZA-1000 are different than that of ZA-1200 and ZA-1300 compounds. There is a huge
change in intensity and a change in the resonance profile when ZA is annealed at
higher temperature viz. 1200°C and 1300°C. Figure 3.48 represents the EPR spectrum
of ZA-1000 and ZA-1200 with characteristics g values for different species. As seen
from this figure only one paramagnetic signal at g = 2.02 is present for ZA-1000 while
for ZA-1200 in addition to this signal, other signal such as g =2.07, g=2.14 and g =
2.30 also appeared in the spectrum. These signals therefore must be the results of
thermal annealing of the samples. Some new defect centres must have formed in the
compound at higher annealing temperature. The g = 2.02 signal can be attributed to
electron trap at oxygen vacancy [179-181].This signal exists among all the compounds
and upon thermal annealing of ZA, the intensity was found to increase as shown in
Figure 3.49. From positron lifetime study we have observed that the (2Vyz, -V,)
vacancy dissociated into mono vacancies i.e. Vz, and V, . Thus it might be possible
that (2Vz, -V,) cluster was first reduced to (Vz,-V,) through deactivation of one Zn
vacancy by one interstitial Zn;and finally the (Vz,-V,) vacancy dissociated into mono
vacancies i.e. Vz, and V,". The signal at g = 2.07 can be attributed to Vz,". The signal
was prominent for ZA-1200 and ZA-1300. This corroborates well with our
assumption that at higher annealing temperature (Vz, -V,) vacancy dissociated into
mono vacancies i.e. Vz,” and V,' . The signal at g = 2.30 might have originated from
spin exchange interaction, which was absent for ZA-750 and ZA-1000 since the
concentration of paramagnetic mono vacancies Vz, and V. were less. In ZA-750
most of the vacancies are in cluster form such as (2Vz,-V,) and Alz,-Vz, which are
diamagnetic. Only g = 2.02 signal which is due to V, was present in ZA-750
suggesting that some mono oxygen vacancies V, were also present along with the

cluster vacancies.
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Figure 3.47 : Room temperature EPR spectra for ZA-750, ZA-1000, ZA-1200 and ZA-1300
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Figure 3.48 : Room temperature EPR spectra for ZA 1000 and ZA-1200
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Figure 3.49: Room temperature EPR spectra for ZA 750 and ZA-1000
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3.4.6 Electronic Structure and Band Gap Energy

Similar to the case of MgO and MgAl,O4, the multicolour emission of pure ZnAl,O4
compound indicates the presence of various electronic states within the band gap of
the material. In present case the individual electronic states of various neutral and
charged defect centres such as O vacancy (Vo', Vo' and V™), Al vacancy (Varh),
Zn vacancy (Vz,,Vz), interstitial Zn (Zn;"), antisite defects ( Alz, & Znay) etc. are
calculated using DFT calculation. A detail explanation of the observed density of state
from the DFT calculation will be given in our communicated report. The following
summary from the density of states (DOS) for different kind charged and uncharged

vacancies and vacancy cluster is pictorially represented in Figure 3.50.
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Figure 3.50: Overall summary of the location of the defect states arises due as O vacancy (Vo", Vo'
and Vo', Al vacancy (V.i7), Zn vacancy (V' Vz?), interstitial Zn (Zn;"), antisite defects ( Alz," &
Zny[) etcin ZnAl,O,. Light gray coloured bands are filled with electrons and white bands are empty.

3.4.7. Discussion:

From EPR and PALS study it can be confirmed that the following defects viz. O
vacancy, Zn vacancy, antisite defects presents in ZA matrix either in the cluster form
or single form. This cluster vacancy is nothing but a pair of two or three identical or
different vacancies when they are neighbor to each other. Such as the cluster a cluster
vacancy Vz,-V, can be formed when a pair of Van' and VO2+ exist side by each other.
The similar vacancy can also be formed by a pair of Vz,' and V,'" .In earlier report

on ZA matrix, synthesised through the same sol-gel combustion method,various group
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including us concluded that at lower annealing temperature the percentage of inverse
phase is more while its percentage decreases upon annealing the compound at higher
temperature [178,211]. Various other groups also discussed that in this spinel
compound it is possible to control the inversion rate by means of thermal annealing
[160] which led to interesting optical properties. During thermal treatment, there is a
reciprocal exchange of Zn*" ions and AI’" ions between octahedral and tetrahedral
positions, which leads to inverse phase of the spinel. Now this reciprocal exchange of
cations create the existence of [Zn2+A1]' or [Al3+2n]+ antisite defects. This negatively
charge [Zn*A] can acts as a hole trap while the positively charged [A7,]" act as
electron trap [212]. Since A’ ions have low electron affinity, the captured electron
may finally leave its trap and recombine with a trapped hole [212].

Thus by trapping of electron these antisite defect centres delay the electron-hole
recombination process, which is reflected in the lifetime value of the various emitting
components for ZA obtained at low annealing temperature, where the rate of inversion
is high. At higher annealing temperature since the spinel compound becomes more
and more order and the rate of inversion is low, the concentration of these antisite
defect centres become low. Therefore the electron and hole trapping process on this
defect centres becomes less significant which is reflected in the drastic decrease in the
lifetime values.

From the DFT summery in Figure 3.50 it can be seen that there are electronic states
inside the band gap arising due to various defect centres. Some are filled by electron
(states below the Fermi energy level) and some are unfilled (states above the Fermi
energy level). Since the excitation energy (250 nm ~ 4.95eV) is more than the band
gap energy (3.8 eV), the electron from valence band (VB) can be prompt into the
conduction band (CB), leaving a hole in the VB. This hole can be trapped into the
electronic states close to the VB such as L-9, L-10, L-11 etc. Similarly electron from
the filled states such as L-5.L-6, L-7,L-8 etc. can also be prompted into the CB,
leaving a hole in those states. The electrons from the conduction band can now be
recombined with the holes in those levels or can be trapped into various vacant states
such as L-1, L-2 & L-3. Now each and individual colour components due to various
defects centres will be explained by considering their electronic structure observed

from DFT calculation.
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P; (375 nm), P, (420 nm), P3 (450 nm)& emission: As presented in the model (Figure
3.51 ) the 375 nm is very close to the energy gap between the L-1 and L-12 level
which are arising out due to antisite defect centres. Since the energy of the
emission375 nm (3.3 eV) is lower than the band gap (3.8 eV) there must be some
shallow level. In earlier report too [160], this band was observed where the authors
attributed this band to the radiative recombination of a trapped electron below the CB
with a hole in the valence band. Now in present case as observed from our DFT
calculation these shallow states below the CB (L-1 and L-2) are contributed by antisite
defect and O-vacancy defects (Figure 3.50). Thus we can attribute the 375 nm
emission to be due to antisite defect states which creates some shallow vacant states
below the CB and some filled state just above the VB as shown in Figure 3.50. On
excitation electron may prompt into the CB or into the shallow states below the CB as
shown in Figure 3.51-a, creating hole in the VB or L-12 level. The electron from CB

can exchange into the L-1 followed by recombination with the hole in L-12.
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Figure 3.51: Probable electron transition of various colour components a) 375 nm, b) 420 nm, ¢ & d)
450 nm, e& f) 490 nm
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In earlier report [159] emission in 400-450 nm regions are attributed to oxygen
vacancies although no clear understanding about the electronic transition involving
these emissions have been presented there. In present case the 420 nm emission was
found energetically close to the electronic transition L-1 — L-7, L-8 as shown in
Figure 3.51-b. L-1 level is contributed from various oxygen vacancy related defect
centres while L-7 and L-8 are contributed by cationic vacancies. For P; (450 nm)
component, the transition from CB to L-6 level is energetically good match as shown
in Figure 3.51-c. L-6 is contributed by the oxygen vacancy (V,). Emission in the same
region was also observed by Cornu ef al., and they have attributed it to interstitial Zn
(Zn; ) [160]. We have also calculated the electronic structure due to Zn; . From the
energy matching criteria it was found that P3 (450 nm) component can be linked to L-2
— L-7, L-8 transition where the L-2 is contributed by Zn; as shown in Figure 3.51-d .
Again since the antisite defect centres are also close to these level (in case of L-1 level
the energy level of both oxygen vacancy defect centres and antisite defect centres are
very close and thereby represented by a single level i.e. L-1), they may act as an
electron and hole trap which will delay the electron hole recombination process. The
490 nm emission can be linked to transition of an electron trapped in a deep level such
as L-3 to L-12 as shown in Figure 3.51- e where a hole has been created due to
excitation. The 490 nm emission is also energetically close to the transition CB — L-5
as shown in Figure 3.51- f. In both cases, either the electron or hole is in the trapped
state. The lifetime of this particular emission is the highest among others. Since the L-
12 is directly contributed by the antisite defects, it might be possible that 490 nm
emission is the result of L-3 —L-12 transition.

Ps5 (530nm) and Pg (600nm) emission : The 530 nm emission can be correlated to
the transition from L-3 level to L-11 as shown in Figure 3.52-a . L-11 is contributed
by Vz' while L-3 is linked to Vo' is involved. In the emission spectra in Figure
3.39a it can be found that with increasing the annealing temperature the intensity
around this region is enhanced. In EPR spectra also, the resonance signal due to Vo'
and Van- were found to be more intense for the compound annealed at high
temperature. In PALS study the cluster vacancies were found to be dissociated to
mono Zn and O-vacancies. This established the fact the green at 530 nm are directly

linked with the Zn and O-vacancy.
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Earlier report [160] in ZA showed that this emission is probably associated with some
oxygen vacancy related intermediate levels. Through our DFT calculation this 600 nm
emission can be energetically linked to two transitions; i) L-2—L-5 and ii) L-4—>VB
as shown in Figure 3.52-b and Figure 3.52-c. Both L-4 and L-5 are linked to filled and

unfilled O-vacancy related states. The enhanced intensity at higher annealing

. . . . +1
temperature can be explained on the basis of increase in free Vo

of cluster vacancy.
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Figure 3.52: Probable electron transition of various colour components a) 530 nm, b & ¢) 600 nm
Red Near IR region: 720 nm (P;) , 780 nm (Pg) and 850 nm (Py)
From TRES study it was found that the 720 nm (P7) emission was absent for ZA-750
compound. A group of lines with the most intense at around 690 nm were found for
all heated samples, which might be due to Cr'’ ion [160]. However, a prominent peak
around 720 nm was observed for ZA-1000, ZA-1350 compounds. Thus the transition
might be associated with free O & Zn- vacancies which arise out only at higher
annealing temperature. From DFT calculated electronic structure this emission can be
linked to two transitions; i) L-3 —L-6 Figure 3.53-a and ii) L-4 —L-11 Figure 3.53-b.
In first case the transition levels are associated with the oxygen vacancies while in 2nd
case L-4 is linked Vo' and L-11 to Vz,'". The seconnd case is found more sound,
since from PALS and EPR study it was observed that the concentration of free Vo+1
and Vz,'” were more at higher annealing temperature.
The 780 nm (Pg) emission can be linked to L-1—>L-4 transition as shown in Figure

3.53- ¢. On the other hand 850 nm (Py) emission can be linked with L-3—L-5
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transition (Figure 3.53- d). Both the transitions are linked with O-vacancy. Thus slight
enhancement of the emission intensity in the near-IR region can be due to same region

as that of 720 nm.
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Figure 3.53: Probable electron transition of various colour components a & b) 720 nm, c) 780 nm & d)
850 nm

Explanation of the change in colour co-ordinate from bluish to near white:

At low annealing temperature the blush emission characteristics is due to strong
intense violet-blue emission as shown in Figure 3.39a, where the percentage of green
and red emission was low. Now as the annealing temperature was increased the
percentage of green and red colour was also increased due to increase in oxygen
vacancy. On contrary a decrease in intensity of the blue region was observed. Thus in
a balance of all the three colours viz. blue, green and red, the compound showed white

emission characteristics as reflected in the colour co-ordinate in Figure 3.39b.
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4.1 Introduction:

In the past few decades,research on metal-ion doped phosphors has been
carried out all over the world which covered almost all branches of luminescence.
Various type of metal-ion doped phosphors have been synthesized in different forms
such as crystals, powders and thin films, in which the activators control the
luminescent properties of the phosphors [213]. Mostly two types of metal-ions are
utilized as activators, which are transition-metal (TM) ions and lanthanide ions (Ln*").
In case of TM ions the intra-shell d—d transitions are exploited while for Ln** ions,
both parity-allowed 5d—4f (e.g. Ce* and parity-forbidden 4f-4f (e.g. Tb®") transition
occurs. These TM and Ln doped luminescent materials have wide range of
applications starting from optoelectronics to biomedicine, through to almost all
aspects of human life [214-220]. Among these activator based phosphors materials, d-
block or transition metal doped phosphor possess certain advantages over the others
due to the their crystal field dependent optical properties. Most of the TM ions have an
incompletely filled d-shell (d", 0 < n < 10). For example the 3d transition metal ions
utilized in phosphors may have three electrons (Cr’" and Mn*" ), or five electrons
(Mn*" and Fe*") occupying the outermost 3d orbitals which in contrast to lanthanide
ions, are not shielded from the host lattice. This is why the optical properties can be
influenced by the host lattice. Thus varying crystal field environment surrounding the
transition metal ion in different host matrices, one can justifiably induce a large
diversity of optical properties in the transition metal doped oxide materials. For
example in case of d’ ions such as for Fe** and Mn*" ion, the emission is due to 4T1 —
A, transition which is very much dependent on the crystal field strength [221]. Here
since the 3d electrons of Mn”" ion are not shielded by any outer orbitals, the energy
difference between the excited state and ground state is modified by the host lattice.
At higher crystal field strength, the transition energy gap is small while it is large for
low crystal filed environment [221]. Thus with the increase of crystal field strength,
the emission between T and °A; can shift from green to deep red. For example Mn*"
doped ZnS (ZnS:Mn) is one of the most used phosphors in flat-panel displays and
lighting sources [222,223]. Similarly, the luminescence of Cr** in Al,O5 was utilized
for the first generation of solid-state lasers where the emission spectrum consists of
two strong lines at 694.3 and 692.9 nm (the so-called R1 and R2 lines) [213]. The

luminescence of Cr’" arises from the spin-allowed transition “T,— *A, where *T; level
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is sensitive to the crystal field. Thus, spectroscopic properties of Cr’* ions depend
strongly on the crystal field and the emission is characterized by a broad band with a
short lifetime. The emissions of Cr’" can be changed from red to green with altering
the crystal field strength from high to low [224]. In most of the cases of TM doped
host matrices, the luminescence is characterized by some broad and undefined features
which is due to the strong coupling of electronic transitions with vibrational
transitions of the host lattice. In present study, the luminescence properties of various
TM 1ions such as Fe3+, Mn?" and V' in various matrices such as Fe:ZnAl,Oy,,
Mn:SrZrO; and LiZnVO4 have been investigated. In Fe:ZnAl,O4 and Mn:SrZrOs, by
varying the dopant site occupancy a change in crystal field environment was possible
which led to tuneable emission characteristics.This tuneable emission characteristics
were very much helpful in determining the local structure of the dopant ions, phase of
the compound (in ZnAl,O4) and also defect structure of the host (in SrZrO3).

ZnAl,O4 compounds have an ideal formula AB,O4 where, (A) represents the
divalent metal ions (cations) occupying FCC tetrahedral sites and (B) represents
trivalent metal ions (cations) occupying FCC octahedral sites of a cubic crystal
structure [178]. Spinels have cubic symmetry with a space group Fd-3m and 8 formula
units per unit cell. The unit cell contains 32 oxygen atoms in a cubic close packed
system with 8 tetrahedral (A) and 16 octahedral (B) occupied sites. These spinel
compounds are commonly divided into two kinds namely, ‘normal’ and ‘inverse’
spinels. Normal spinel structures are usually cubic close-packed oxides with one
tetrahedral and two octahedral sites per oxide. The tetrahedral sites are smaller than
the octahedral sites. B*" jons occupy the octahedral holes because of a charge factor,
but can only occupy half of the octahedral holes. A*" ions occupy 1/8 of the
tetrahedral holes. Inverse spinel structures however are different in the cation
distribution, in that the entire A cations and half of the B cations occupy octahedral
sites, while the other half of the B cations occupies tetrahedral sites. There is
intermediate class also where the cation distribution can be described as (A;Bx)
[Ax2B1.x2]204, where parentheses () and brackets [] are used to denote tetrahedral and
octahedral sites, respectively. The so-called inversion degree x adopts values between
0 (normal) and 1 (inverse), and it is x=2/3 for a fully random cation distribution.
However, when an active dopant is introduced into these spinels, their optical and

magnetic properties are dramatically changed depending on its distribution in the
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spinel. Studies of dopant ion distribution in spinels have attracted much attention
because they may allow better understanding of the correlations between structure and
properties such as colour, magnetic behaviour, catalytic activity, and optical properties,
etc., which are strongly dependent on the occupation of these two sites by metals.

In present work,we have synthesised various Zn; xFex Al,O4 (x = 0.005, 0.010,
0.025 or 0.050) compounds through sol-gel combustion route at different annealing
temperature such as 700 °C, 800 °C & 900 °C. We have observed two different
emission bands in the blue and red region respectively [178]. The blue band is
attributed to the Fe in tetrahedral geometry (low crystal field) while the red band is
due to Fe'" in octahedral geometry (high crystal field). Upon increasing the Fe"
concentration, there was an enhancement of intensity of the red band while that of
blue band remained almost constant. When these compounds were annealed at higher
temperatures (such as 800 °C & 900 °C ), a reverse trend in the two respective bands
was observed. The intensity of the blue band was found to decrease while that of the
red band to increase on increasing annealing temperature. Since in EPR spectroscopy
also, Fe’" shows different spectrum characteristics for different coordination geometry,
these tunable emission behaviour on varying concentration and temperature was
further supported by EPR study.These observations in combination with the calculated
cell constants obtained from rietveld refinements of the XRD patterns suggested that
at low annealing temperature the percentage of inverse spinel is more while at higher
annealing temperature normal spinel is predominant. Thus there is a phase change of
the spinel from inverse to normal upon thermal annealing.

The ABO; type of perovskite materials, which have various crystalline
structures, show interesting physiochemical properties that offer potential hosts for
chemical substitution. Substitution at both the A and B sites can lead to changes in
symmetry and composition, and thus create various defects via cation or oxygen
vacancies that can drastically influence band structures. Substitution then is the main
factor in determining the electronic structures. In particular, these materials can
accommodate both transition metal and lanthanide ions on the A or B site, and these
doped oxides are not only used as probes to investigate local centres and energy but
also to provoke changes in optical behavior. Moreover, doping foreign elements into a
semiconductor with a wide band gap to create a new optical absorption edge is known

to be one of the primary strategies for developing materials with optical-driven

194



Chapter 4

properties. However, the role of rare earth (RE) in the perovskite structure is not really
clear and is still being discussed.

Further Mn doped SrZrO; compounds were synthesised through sol-gel route.
Substitution of Mn?" ion at Zr-site will face a strong crystal field environment while at
Sr-site, it faces a week crystal field [179]. Thus at Sr-site, Mn?" emits green colour
while at Zr-site it gives red emission. We have also observed an enhancement of the
red emission at higher doping level indicating more substitution of Mn*" at Zr-site at
higher concentration. Further this substitution at Sr & Zr- site was also linked with the
shallow and deep defects of the SrZrO; as observed from DFT calculation. It was
observed from the density of states (DOS) that the substitution of Mn®" at Sr-sites
leads to the generation of shallow defect states, whereas that at Zr-site, both shallow
and deep defect states generated within the band gap of the material. A change in the
corresponding emissions of these defect states with varied concentrations of Mn*" was
also observed. Thus Mn-substitution also helped in characterising shallow and deep
defect related emission. In EPR spectroscopy, Mn®" showed characteristic spectra due
to substitution in the lattice site and surface of the particle. In addition a broad spectra
due to oxygen vacancy was also observed which was found to increase at higher
concentration of Mn*". This is due to more substitution of Mn*" at Zr*'-site, which
will create more oxygen vacancies due to charge imbalance.

Alkali/alkaline earth vanadates have shown considerable interest by
researchers due to their potential application in solid state lighting devices attributed
to their better chromaticity [225,226]. In these compounds, the broad and intense
oxygen to metal charge transfer (CT) band, usually observed in the near-UV region,
are very efficient in transferring their energies to a luminescent centre of interest by
non radiative pathways. Thus by playing with the composition of the vanadates and
choosing a suitable luminescent centre, luminescence of choice can be generated.
Specifically, the vanadate group, VO,>, where the central metal ion is coordinated by
four oxygen ions in tetrahedral (7,;) symmetry is known to be an efficient luminescent
centre.

In LiZnVQ, an intense green emission was observed due to oxygen vacancy
and charge transfer transition of the VO,*” host [177]. The compound was synthesised
through sol-gel combustion route and phosphor material obtained via this route often

showed low quantum yield due to agglomeration of the particles at higher annealing
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temperature. In present case, since V exist as VO*" (3d' and EPR active) in the sol and
gel form during the synthesis procedure while in the final product LiZnV Oy, it exist as
V> (3d” and EPR inactive), monitoring the EPR spectra at different annealing
temperature confirmed that 600 °C is the optimum temperature for synthesis. Further
the EPR parameters at different intermediate steps during heating procedure showed
that there is a change in co-ordination surrounding the V from octahedral to
tetrahedral geometry, which confirms that tetrahedral VO, is the main luminescence
centres. Thus transition metal can be used for developing colour tuneable phosphors
material and also as a structural probe to monitor synthesis of phosphor materials.

4.2 Synthesis and Optical properties of Fe** doped ZnAl,O4 [178]

4.2.1 Synthesis and Characterization

4.2.1.1 Synthesis

The starting materials for the synthesis of the desired compounds are Zinc nitrate [Zn
(NOs3),.6 HyO] (99.0%, AR grade, s.d.fine-chem.ltd.), Aluminum nitrate [AI(NO;)3.9
H,0] (98%, AR grade, S.d.fine-chem.ltd.), citric acid (C¢HsO7;-H,O) (99.7%, AR
grade, Chemico fine chemicals) and Fe(NO;); (99.99%, ICP standard, Merck,
Germany). For doped compounds viz. Zn; FexAl,O4, Zinc nitrate, Ferric nitrate,
Aluminum nitrate, and citric acid were taken in the molar ratio (1-x) : x : 2 : 10 where
x = 0.005, 0.010, 0.025 and 0.050 for 0.5, 1.0, 2.5 and 5.0 mol % Fe'* doped
compounds respectively. At first, stoichiometric quantities of the metal nitrates were
dissolved in quartz double distilled (QDD) water; then the solutions were mixed in a
beaker with constant stirring with a magnetic stirrer for 1 hour to get a clear solution.
In another beaker, citric acid solution was made by dissolving it in QDD water. This
citric acid solution was then added to the mixture of metal nitrate solution under
vigorous stirring. This final solution mixture was then heated at 80°C with continuous
stirring for 5 hours after which a highly viscous gel formation was observed. Next the
gel was heated at a temperature of 150 °C placed on a heating mantle when a
combustion process had taken place resulting an ash-like product. The ash-like
product was then ground in an agate mortar and kept for calcining at different
temperatures starting from 200 °C to 600 °C in air. Finally, at 600 °C, a fine white
powder of the desired compound was obtained followed by characterization using X-

ray diffraction (XRD) study. In order to study the effect of annealing temperature, one
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of the doped compound (1 mol% Fe’" doped ZnAl,O,) was further annealed at
different higher temperatures viz. 700 °C, 800 °C and 900 ° C respectively.

4.2.1.2 Phase purity: X-Ray Diffraction and Rietveld refinements

The XRD patterns for undoped and doped compounds in Figure 4.1a confirmed that
all the patterns are consistent with the standard data of ZnAl,O4 with ICDD file No 5-
669. This indicates the formation of pure compounds with space group Fd-3m and that
the effect of Fe doping had no dominating impact on the crystallization behaviors. For
higher mol % doped viz. 5.0 mol% Fe’* doped ZnA1,0,, some impurity peaks due to p
-alumina were observed and hence we did not synthesized more than 5.0 mol% Fe’"
doped ZnAl,O4. The strong and sharp diffraction peaks of the studied samples indicate

that all the annealed samples were well-crystallized.
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Figure 4.1: a) XRD pattern of the ZnAl,O,powder samples annealed at 600 °C and standard ICDD

stick patterns with file No-5-669, b) Rietveld fittings of XRD patterns undoped ZnAl,0, system & c)
Expanded XRD pattern corresponding to 20 value of 36.835[178]

Rietveld refinement of the undoped ZnAl,O4 compound obtained after annealing at
600°C is shown in Figure 4.1b and the refinements of other compounds are given in
reference 178. The calculated cell constants values of the undoped and doped
compounds obtained after refinement of the XRD patterns as listed in Table-4.1,
which shows an initial increase up to 1.0 mol % dopant concentration and beyond that
a reverse trend was observed. This observed trend is also supported by Figure 4.1c,

which shows a shifting in the position of the diffraction peaks towards lower theta
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value w.r.t blank for lower concentrations of Fe** viz. 0.5 and 1.0 mol %;but as the
concentration of Fe’* increased beyond 1.0 mol %, same diffraction peak shifted
towards higher theta side. This is because shifting in the position of the diffraction
peak is inversely related with the lattice constant value. This trend in lattice constant
can be understood on the basis of size of the dopant ion and the cations to be
substituted. If we consider the respective ionic radii of the cations in the present
systems, then Zn>" ion has larger ionic radii than Fe*" ion while AI’" ion has smaller
ionic radius than that of Fe’" ion. Thus if Fe’" ions were incorporated into the Al’*
sites (tetrahedral/octahedral); an increase in cell constant value would be observed as
Fe’" is larger in size than AI*". Similarly, if Fe’” were incorporated into the Zn>" site
(tetrahedral/octahedral) there should be a decrease in cell constant.

Thus the present trend in lattice constant values in Table-4.1 suggests that at lower
concentration fraction of Fe*” (ionic radii 4-coordinated Fe*" = 0.49 and 6-coordinated
Fe’ =0.65 A) residing at tetrahedral/octahedral A’ (0.39/0.535 A) site is more than
tetrahedral/octahedral Zn®* site (0.60/0.74 A) since an increase in lattice constant
value w.r.t to blank sample was observed. However the decrease in cell constant value
at higher doping concentration indicates that fraction of Fe'* residing in
tetrahedral/octahedral Zn*" would be more. Therefore at lower doping concentration
Fe’” ions were preferentially substituting Al’* site while at higher concentration they
substituted at Zn”" sites. This might be due to the charge compensation playing
dominant role at lower concentration while at higher concentration the comparable

size of substituting and substituted ions becomes dominant.

Table-4.1: Structural parameters of Fe doped ZnAl,0O4 synthesized through the sol-

gel-combustion route [178]

Mol% of Cell parameter Reliability factors
doped Fe’* A) R, Chi’ Bragg R-factor
0 8.0837 9.04 1.75 2.903
0.5 8.0849 11.5 2.71 2.990
1.0 8.0862 8.54 1.48 3.049
2.5 8.0803 10.2 1.86 3.427
5.0 8.0751 15.7 4.06 5.782

198



Chapter 4

4.2.2. Emission, excitation and life time spectroscopy of Fe** doped ZnAl,O4

Figure 4.2 represents the excitation spectra of 0.5 mol % Fe’" doped ZnAl,O, where
the sharp peak at 388 nm is due to the °A; (°S) - *E (*D) transition while the peaks at
430 and 471 nm are due to the °A; (°S) -*E, *A; (*G) transition [227]. The bands in the
region 280 and 350 nm are probably associated with O*-Fe**charge-transfer processes
[228,229]. The other excitation band in the region of 520 nm with doublet character
can be assigned to °A; (°S) - *T), (*G) transition which is the inverse of the emission

process. [227,230]
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Figure 4.2: Excitation spectra of 0.5 mol% Fe'* doped ZnAl,O4 with 2. ,,,= 693 nm[178]
Figure 4.3a & 4.3b represent the room temperature emission spectra of 0.5 % & 5.0

mol% Fe*" doped ZnAl,0,4 compounds respectively. For 0.5 % Fe’" doped compound,
the emission spectrum is characterized by a blue broad emission band with maxima at
445 nm and with vibronic sidebands at 665, 674, 684 and 693 nm (magnified image is
shown in inset of Fig. 4.3a) having constant energy differences (~ 9-10 nm). While for
higher doping level (5.0 mol %), in addition to the blue 445 band, another red band at
745 nm was also observed (Fig. 4.3b). Here the vibronic sidebands are not so clear as
in 0.5 mol % since the spectrum is dominated by a broad emission in the range 660-
790 nm. The red emission (~ 745 nm) is attributed to Fe’" ions in octahedral
coordination while the blue emissions (~ 445 nm) is due to Fe'" in tetrahedral
coordination [229,230,231]. The vibronic sidebands are mainly due to Fe*' in
tetrahedral coordination and their origin is attributed to local modes of a [FeOy]
centre [229,233,234]. As stated in our earlier chapter the emission peaks at 480, 520
and 530 nm are attributed to various intra band gap defects like oxygen vacancies etc.

coming from the host ZnAl,Oy itself. For d" ions situated in crystalline environments,
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the electric-dipole transitions to or from the ground state are normally both spin and
parity forbidden. However, when configurations of opposite parity is mixed by odd
components of the crystal field the transition may becomes partially allowed. This is
why ions situated at tetrahedral sites which lacks inversion symmetry generally show
strong emission than those at centrosymmetric octahedral coordinated sites
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Figure 4.3: Emission spectra of a) 0.5 mol% Fe'" doped ZnAl,0, where Inset shows vibronic
sidebands FeO, b) 5.0 mol% Fe’* doped ZnAlLO with A .= 280 nm and c) Energy level diagram of a
& configuration [178]

Figure 4.3c represents the energy level diagram of a d’ configuration where the
ground state terms of this d’ configuration are 6A1g (6S) for octahedral and A, (6S) for
tetrahedral coordination respectively. As can be seen that all the electronic transitions
from the higher excited states are spin forbidden since ground state term is the only
sextet of d° configuration. The first excited states for octahedral and tetrahedral
coordination are 4T1g(4G) and 4T1(4G) respectively. Emission of Fe*" for octahedral
coordination is attributed to the transition ‘Tig (tyg'eg) —°Ai(trg es’) while for
tetrahedral coordination it is due to transition 4T1 (e3 , t22) —>6A1 (ez, t23 ). The emission
peaks are broadened due to difference in occupancy of e and t, orbitals both in ground
and excited states. Thus the transition energies depend on the crystal field parameter
10 Dg. Again due to zero-point and thermal vibrations there will be fluctuation in the
magnitude of 10Dg and thus in the emission wavelength [235]. In a cubic field
approximation the free electron term *G splits into *T;(*G), *T»(*G) and the degenerate
‘ALECG). Generally those energy terms, which give horizontal lines, are

independent of the crystal field splitting. The ground state free-ion term °A;(°S) is a
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horizontal line. Other terms giving horizontal lines are 4E (*G), ‘A (‘G), “E (‘D) and
*A, (*D) and hence their energies are independent of the crystal field. Thus transitions
from ground state to these four states should give rise to sharp peaks. By the same
reasoning the transitions from states, which slope appreciably, such as *T; and *T,
give broader bands. The 693 nm emission band is from “T,(*G) - °A,(°S) transition
and the weak side bands are due to the cooperative vibronic line because of the
coupling with the AlO4 or ZnO4 vibration. The electronic transition and the vibronic
transitions are spatially separated.
We have observed a constant increase in intensity of the octahedral peak’s (~745 nm)
when the concentration Fe'™ was increased from 0.5 to 5.0 mol% [178]. This
observation suggests that at lower concentration, Fe’* preferentially occupies the
tetrahedral site whereas on increasing the concentration, its local site occupancy
changes to octahedral site.
Since there are two lattice sites (tetrahedral and octahedral) available for the Fe*” ions,
PL decay time (lifetime) studies will be very much helpful about the nature of
occupancy of the dopant ion. The decay curves of 0.5 mol % Fe®" doped ZnAlLO,
compound with different emission wavelengths viz., A= 445 and 693 nm at an
excitation wavelength of A= 280 are shown in Figure 4.4.The decay curve with
emission at 445 nm was fitted using the mono-exponential decay equation-4.1
I(t) = Ajexp (-t/ty) 4.1)

While with emission at 693 nm a good fit was found to a bi-exponential decay using
the following equation-4.2

I(t) =A¢+A; exp (-t/t1) + Az exp (-t/13) (4.2)
Where Ao, A; and A; are scalar quantities obtained from the curve fitting, t is the time
and 1, and T, are decay time values for exponential components respectively.
After analyzing the decay curve at Aey= 693 nm, two different components were
found to exist; one short lived and one long lived with respective life time value of ~
39.5 ps (short component, t;) and ~170 us (long component, t,) which can be
indicative of the presence of two emitting species or states. While the decay curve at
an emission wavelength of 445 nm showed the presence of single component with life
time value ~ 40.2 ps.
Now it is assumed that for a given phonon energy, the relatively longer PL decay time

can be attributed to a more symmetric site since the d-d transition becomes more
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forbidden in this case, whereas a shorter decay time is often linked with an
asymmetric site due to relaxation in the selection rules. In ZnAl,O, spinel structure, 4-
coordinated site (S;) is surrounded by four nearest neighbor oxygen ions in the form
of tetrahedral, which is less symmetric structure than that of the 6-coordinated (S,) site
with regular octahedral. Species t; (~40 ps) arises because of Fe’” ions occupying S;
site without inversion symmetry, whereas 1, (170 us) can be ascribed to Fe’" ions
occupying S, site with inversion symmetry. The single component observed from
decay curve at an emission wavelength of 445 nm is due to the unique emission of
tetrahedral Fe’" ion at that region while the observance of two components at an
emission wavelength of 693 nm is due to presence of both Fe’" tetrahedral sidebands
and Fe’" octahedral emission in that region.
In Table 4.2, the life time values and their respective population (in %) at two
different sites for various concentration of Fe’” are tabulated. From this table it can be
observed that although with increase in concentration there is not much change in life
time value however the percentage occupancy of Fe'* ions for a specific life-time
calculated using equation-4.3 changes drastically.
(A %71 )
n_n %100 4.3)

> A xrt
n=12" "

% of species (n) =

The table shows that shorter lived species (~40 ps) predominates at lower
concentration and the longer one (~170 ps) is dominant at higher concentration. Since
the species T; (~40 ps) is assigned to Fe’" ions occupying S; site without inversion
symmetry (tetrahedral), whereas 1, (170 ps) to Fe’* ions occupying S, site with
inversion symmetry (octahedral), these observation indicate the tuning of local site

occupancy of Fe 3" jons from tetrahedral to octahedral with increase in concentration.
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Figure 4.4: Luminescence decay time profile of the 0.5 mol % Fe’* doped ZnAl,O,at )= 280 nm with
a) o= 445 nm and b) A,= 693 nm [178]

Table-4.2: Percentage and Lifetime values of t; (Short lived) and 7, (Long lived) at
different mol% of Fe*" [178]

mol % of Fe'* 1 (us) T2(1s)
0.5 39.5(79.57 %) 170 (20.43%)
10 39.56 (82.5%) 169.19 (17.5 %)
25 0217 (573 %) 173.25 (42.61 %)
5.0 39.73 (27.46%) 171,37 (72.54 %)

From X-ray diffraction studies, we have concluded that at at lower doping
concentration Fe’* ions are preferentially substituting AI’* site while at higher
concentration majority of them go to Zn** site. Hence combining XRD, PL and life
time data, it is evident that at lower concentration, Fe>* was substituting tetrahedral
AP, while at higher concentration it was substituting Zn>" at octahedral site.

4.2.3. EPR studies of paramagnetic Fe'" in ZnAL O, [178]

The room temperature EPR spectrum of 2.5 mol% Fe’" doped ZnAl,Oy4 viz. Zngo7s Fe
0.025 AlLO4 consists of a number of signals at g = 8.48, 6.66, 4.20, 4.01, & 1.99 and a
broad signal at 2.20 respectively as shown in Figure 4.5a. In addition to these signals,
the spectrum also consisted of five hyperfine lines with g =2.01 and A= 80G which
are attributed to presence of Mn®" as impurity ion. Fig. 4.5b and 4.6(a-g) shows the
numerical simulation of the above experimental spectra and its simulated components.
Fe’* contains five unpaired electrons in its d orbital and with S=5/2 it should show a

five line spectrum corresponding to the transitions: 5/2<3/2, 3/21/2, 12+ -1/2,-
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1/2>-3/2, and -3/2<>-5/2. However, in the present case, since the crystal field
splitting is large, the transition 1/2«> -1/2 is only observed at the X-band frequency,
while other are spaced wide apart. These multiple absorption lines in the EPR spectra
indicate different environment of Fe’*. The signals around g ~ 4.20 & g ~ 8.48 are
attributed to Fe’™ in tetrahedral sites while the broad signal at g~2.20 is attributed to
Fe’ in octahedral sites [236,237,238]. The details of other signal are given in our
published report [178].
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Figure 4.5: a) Room-temperature X-band EPR spectra of Zn o975 Fe 925 A1,O4 (a) Experiment (blue)
and (b) numerical simulation (red) [178]
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Figure 4.6: a) Simulations (red ) of experimental EPR spectra (a) and its components (b-g) for Zng.g75
Fe 25 ALO, [178].
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Figure 4.7 represents the EPR spectra of different mol % Fe’” doped ZnAlO,
compounds starting from 0.5 to 5.0 mol%, which shows that upon increasing the Fe’"
concentration the intensity of the peak at g~2.20 increases. The reduction in the
resonance absorption of the tetrahedral Fe*” (g ~ 4.20) and that of enhancement for the
octahedral Fe’* (at g~2.20 ) at higher concentration viz. 2.5 and 5 mol% is a clear
indication for the transformation of lower symmetry (tetrahedral) to higher symmetry
(octahedral).These observations are in concordance with the emission spectra at

different dopant concentration.
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Figure 4.7: EPR spectra of different mol % Fe’* doped ZnAlL,O, [178].
Therefore, combining XRD, PL and EPR study, it can be concluded that at lower
concentration Fe’™ was substituting tetrahedral AI’" while at higher concentration it
was substituting Zn*" at octahedral site.
4.2.4 Transformation of inverse to normal phase: Tunable emission properties
upon thermal annealing
From XRD data it has been concluded that for all the doped compounds
prepared at 600 °C, at lower doping concentration Fe" is preferentially substituting
AP’" site while at higher doping level Fe*" favourably going to Zn”" site, as reflected
in the continuous decrease in cell constant value upon increasing the dopant level.
Further both PL and EPR studies of these compounds showed that Fe’" prefers for

tetrahedral site occupancy at lower concentration and the preference shifted to
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octahedral sites at higher concentration. These observations clearly indicate that at
lower concentration Fe’™ is substituting tetrahedral AI’* site while at higher
concentration it substituting Zn*" at octahedral site. Thus we can conclude that it is the
inverse phase of zinc aluminate spinel which is forming as majority at 600°C as in
inverse spinel the tetrahedral coordination is fully occupied by AI’" while the
octahedral is shared by both AI*" and Zn®". It was reported in earlier work on zinc
aluminate by Mathur ef a/., [211] that in ZnAl,O4 the percentage of inverse structure
is more when the synthesis temperature is <900°C .

Figure 4.8a & 4.8b represent the Emission and EPR spectra of 1.0 mol% Fe®"
doped ZnAl,Oy, at different annealing temperature respectively. In the emission profile,
an increase in the luminescence intensity of the octahedral Fe** and that a decrease for
tetrahedral Fe’* ion was observed for the compounds obtained at higher annealing
temperature. Similarly the EPR spectra showed an increase in intensity of the signal at
around g=2.20 (Octahedral Fe’") and a reduction in the resonance absorption at
around g = 4.20 (Tetrahedral Fe’"), upon annealing the compound at higher
temperature. These observations clearly signify a tuning of local coordination around
Fe*" ions in ZnAl,O, i.e. from tetrahedral FeO,4 to octahedral FeO¢ with increase in
annealing temperature. Now there are two possible explanations for this behavior. The
first one is that at low annealing temperature charge compensation of AI*" by Fe’"
plays an important role and thereby substituting Al**, though it is smaller in size.
While at higher annealing temperature the system could overcome that charge
compensation barrier and occupying more favorable octahedral Zn*'site in view of
larger size of Zn*" and more coordination number of octahedral sites. This explanation
is favorable only if we assume that the system remains in inverse phase even at higher
temperature. But if that is so, there should be a decrease in cell constant value. We
have also observed that there is no appreciable change in cell constant value at higher
temperature from rietveld refinement [178]. So there is no change in local site
occupancy of Fe’"; only thing which is taking place at higher temperature is, a
change in the site of AP’ to octahedral and Zn®" to tetrahedral i.e. the formation of
normal spinel. These observations clearly indicate a transformation of inverse phase to
normal phase of ZnAl,O4 with higher annealing temperature and formation of normal

spinel at temperature around 900 °C.
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Figure 4.8: (a) Emission and (b) EPR spectra of 1.0 mol% Fe’* doped ZnAl,0, at different annealing
temperature [178]

4.3. Synthesis and Optical properties of Mn doped SrZrO; [179]

4.3.1. Synthesis and characterization

4.3.1.1. Synthesis

All the reagents used in the preparation of doped and undoped SrZrO; compounds
were of analytical reagent grade and procured from Sigma Aldrich. For synthesis of
undoped compound, zirconyl oxychloride (ZrOCl,) (reagent grade, 98%), strontium
nitrate Sr(NOs3), (99.99% trace metals basis), ammonium nitrate (NHsNO3) (99.99%
trace metals basis), and citric acid (C¢HgO7-H,0O) (ACS reagent, >99.5%) were taken
in the molar ratio 1 : 1 : 10 : 1.25. Separate solutions of all these reagents were
prepared by dissolving them in quartz double-distilled (QDD) water in separate
beakers. Initially two different solution of Sr(NOs3), and (NH4NO3) were mixed with
constant stirring for 30 minutes in a separate beaker followed by addition of ZrOCl,
solution. Under vigorous stirring, citric acid solution (2 M) was poured into the
mixed solution which resulted in an opal gel. This gel was then dried at 100 OC for 10
h under an IR lamp followed by transfer to a quartz beaker. The quartz beaker along
with the gel was then kept in a muffle furnace at 300 °C for 10 min which resulted in
formation of an ash-coloured fluffy substance. In this step, the actual combustion
reaction using citric acid as the fuel had taken place. The ash-like product was then
calcined at 600 °C for 1 h resulting in a white powder. For the preparation of Mn
doped compound varied concentrations of MnCOj3 (>99.9% trace metals basis) (0.1,

0.5, 1.0, 2.5 and 5.0 mol %) in HNOj5 solution were used.
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4.3.1.2. Structural analysis: XRD

Figure 4.9-i represents the XRD patterns of both SrZrO; and Mn doped SrZrO;
samples annealed at 600 °C where all the diffraction peaks match very well with the
standard values of orthorhombic phase of SrZrO; (ICDD file no 44-0161). Absence of
other phase in the spectra revealed that the doped manganese ions are incorporated
into the host lattice and that incorporation of manganese in SrZrO; has not distorted
the crystal structure. The XRD data was indexed into space group Pnma. The cell
constants were calculated from indexing program for the undoped and doped

compounds as listed in Table-4.3.
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Figure 4.9. (i) XRD pattern of the undoped and Mn doped SrZrO; powder samples annealed at 600 °C
with dopant mol % of (a) 0, (b) 0.1, (c) 0.5, (d) 1.0, (e) 2.5, (f) 5.0 and the standard ICDD stick patterns
with file no. 44-0160 and (ii ) Schematic crystal structure of SrZrO; [179].

From this table it can be seen that the cell constant values for all the doped compounds
are less than that of the undoped compound. This observed trend is also in accordance
with the shifting of the diffraction peaks, which is inversely related with the lattice
constant [179].
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Table 4.3: Structural parameters of manganese doped SrZrO; synthesized through the

sol-gel-combustion route. [179]

Mol% of Mn*" Cell constants (A) Cell volume (A)’
a b c (a*b*c)
0 (Blank) 5.8207 8.2077 5.8006 277.1211
0.1 5.8170 8.2040 5.7970 276.6483
0.5 5.8153 8.2035 5.7950 276.4551
1.0 5.8137 8.2031 5.7937 276.3036
2.5 5.8153 8.2035 5.7954 276.4742
5.0 5.8155 8.2036 5.7956 276.4966

The structure of an ABO; ideal perovskite can be described as an association of [AO;]
and [BOg] groups where the BOgy octahedra forms a network by sharing corners, in
combination with A?" ion, which fills the hole in between the octahedra. A schematic
of the crystal structure for the SrZrOj is presented in Figure 4.9-ii. In SrZrOs, the size
of Sr*" ion is smaller than the hole which leads to a distorted structure. The
incorporation of a smaller ion such as Sr*" ion in the perovskite structure is
accompanied by rotation of the octahedra leading to the lowering of the symmetry
with respect to an ideal perovskite in which the coordination numbers of Sr cations &
Zr cations are reduced. Tilting of the ZrOg octahedra reduces the coordination of an
undersized Sr cation from 12 to as low as 8. Conversely, off-centreing of an
undersized Zr cation within its octahedron allows it to attain a stable bonding pattern.
This is why SrZrO; is considered to be pseudo cubic or orthorhombic at room
temperature [239,240].

Now the observed trend in lattice constant in Table 4.3 can be understood on the basis
of the respective sizes of the cations. If we consider their ionic radii then 8-
coordinated Mn”" has a smaller ionic radius (0.96 A) than the same coordinated Sr**
ion (1.26 A); while 6-coordinated Mn>" (0.83 A) is larger than the same coordinated
Zr*" ion (0.72 A) [241]. Thus if manganese ion occupies St sites, a decrease in the
cell constant value would be expected and if it occupies Zr'" site, the cell constant
value would be increased. Two interesting observations could be highlighted in Table
4.3; (i) the lattice constant values at all concentration is lower than undoped sample
and (ii) it shows a decreasing trend up to 1 mol % followed by an increasing trend.

This suggests that, for the entire range of concentration, the fraction of manganese
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ions residing at the Sr’” site is more than that at octahedral Zr'" site. However at
higher doping level viz. 2.5 & 5.0 mol%, there is a considerable increase in the
fraction of Mn®" ions residing at octahedral Zr*" site. This is probably due to the fact
that at higher concentration, charge compensation gets relaxed and size matching
plays the dominating role.

4.3.2. Photoluminescence: Emission, excitation and life time spectroscopy of Mn?*
doped SrZrO;

The excitation spectrum of undoped SrZrO; (SZO) is represented by Figure
4.10a which shows a peak at around 250 nm which is attributed to host absorption
band (HAB) arising due to O to Zr charge transfer [242]. Figure 4.10b represents the
excitation spectrum of 0.1 mol % manganese ion doped SrZrO; where similar to the
undoped compound a broad peak in the low wavelength region was observed. This is
attributed to the overlap of the charge transfer (CT) bands from oxygen to manganese
(O—Mn) and the host band (O-Zr). In addition to these host absorption bands, the
excitation spectrum also consisted of few peaks at around 375, 438 and 489 nm which
are characteristics excited bands of Mn”" [243] due to transitions involving °A, (6S)

—*T, (*D), °A; (°S) =T, (*G) and °A; (°S) —*T; (*G) of Mn*" levels respectively.
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Fig. 4.10. Excitation spectra of a) Pure SZO and b) 0.1mol% Mn” doped SZO with },, =430 nm [179].

Fig. 4.11a & 4.11b show the room temperature emission spectra of undoped
and 0.1 mol% manganese ion doped SZO. Based on the Gaussian line broadening
mechanism for luminescence processes, the PL curves of the undoped and doped
samples were deconvoluted using Gaussian fitting. The emission spectrum in Figure
4.11a for undoped SZO shows three PL components after deconvolution, namely

violet-blue at Amax = 430 nm (P;), blue-green at Ayax = 490 nm ( P,) and yellow —
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orange at Amax =~ 600( P4). The sharp peak around 600 nm might be due to
unintensional Eu’" jon impurity in the sample holder.This multicolour components
are attributed to the presence of various defect states which create various electronic
states within the band gap of materials. As reported in earlier literature, violet-blue
emission (P;) can be attributed to shallow defects, yellow-orange emission (P4) (and
also red) to deeper defects and the blue-green emission (P;) is associated to surface
defects. [242,243,245]

For the Mn-doped samples, in addition to host emission, two additional peaks at 540
nm (P3) and 680 nm (Ps) were observed. Mn can be stabilized in host lattice in
divalent, trivalent or tetravalent oxidation state. Mn*" ion exhibits its characteristics
emission band between 600 and 700 nm with four sharp peaks occurring at about 643,
656, 666, and 671 nm due to the “E-*A, transition [246-249]. Absence of such peaks
eliminates the possibility of Mn existing as Mn*" in the present matrix. In addition
size mismatching does not permit the stabilization of Mn as Mn (IV) (Ionic radios of 6
coordinated Mn*"= 0.53 A) on either at Sr*" (1.26 A) or Zr*" (0.72 A) site. Again if at
all Mn gets stabilized in +4 oxidation state, in XRD a continuous decrease in the cell
constant values would have been observed upon Mn doping since Mn*" ions is smaller
in size compared to both Sr** and Zr*" ions. Therefore based on four analogy i.e. (i)
spectral features in excitation spectra and in emission spectra, (ii) size matching
assumption, (iii) cell constant values and (iv) low combustion temperature; we can

propose that it is Mn>" which is getting stabilized in SrZrOs lattice and not Mn*"
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Figure 4.11. Room temperature emission spectrum of a) pure SZO and b) 0.1 mol% Mn’* doped SZO
With A, =255 nm [179].

Similar to Fe*" in ZnAl,O4 [178], tetrahedrally coordinated Mn*" ions (in weak
crystal field) exhibit a green emission while the octahedrally coordinated Mn*" ions
(in strong crystal field) emit in the orange to red region [250-253]. In present case,
observation of two different Mn”>" emission bands (green band at 540 nm; P; and red
band at 680 nm; Ps) suggests that two different kind of crystal field environments are
being experienced by the Mn*" ions. In StZrOs, the mean bond Zr—O bond length is
2.10 A which is much shorter than that of the Sr—O bond length is 2.96 A [250], which
suggests that crystal field effect at Zr*" site is stronger than at Sr**. Thus, the Ps
emission band at the longer wavelength can be attributed to the luminescence of Mn*"
ions staying in Zr*" sites (characterized by a stronger crystal field and nephelauxetic
effect), while the P; emission band at the shorter wavelength is due to Mn”>" ions
located at Sr** sites.

Now to investigate the effect of doping level/concentration, the variation of
intensity ratios of Ps/P; and P4/P; with various concentration of Mn*" viz. 0.1, 0.5, 1.0,
2.5 and 5.0 mol% were calculated as shown in Figure 4.16. It can be seen that at all
concentrations, intensity of P; is more than that of Ps justifying XRD results that Mn
preferentially occupies Sr** site.With increasing Mn concentration, ratio of Ps/P;

increases. In other words, emission due to Mn®" at Zr*" site increases i.e. at higher
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concentration, proportion of Mn ion occupying Zr*" site is more than that at lower

concentration, which is in concordance with the XRD results.
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Figure 4.12: Variation of intensity ration of peak Ps to P; and P, to P, with different mol % of Mn”" ion
[179)].

The Figure 4.12 also reveals that at all concentration emission intensity of the
P, band is more than that of P4 (P4+/P; < 1). As stated earlier, P1 & P4 bands are linked
to shallow and deep defect states respectively. Thus an initial decrease in P4/ P; ratio
indicates increase in the population of shallow defect states while the increasing value
of P4/ P, ratio indicates increase in the population of deep defect states. In our report
[179] from DFT calculated total and partial density of state (DOS) of Mn doped SZO,
it was shown that Mn”"substitution at Sr-site is linked to shallow defect states while
that at Zr-site is linked to both deep and shallow defect states in the band gap . Thus
the emission (P4) coming from deep defect states will be influenced by substitution at
Zr site only while emission (P;) coming from shallow defect states will be influenced
by substitution at both Sr & Zr sites. The current trend in P4/ P; ratio implies that at all
concentrations, fraction of Mn”" ions occupying Sr** site are more than that at Zr*" site.
Initially at lower concentration (uo to 1.0 mol%) fraction of Mn*" ions substituting
Sr** ions increases, thereby increasing the P, emission intensity. However at higher
concentration (beyond 1.0 mol %), there is a site swapping of Mn”" ions towards Zr*"
site which leads to an increase in P4 emission intensity. For better understanding about
the origin of different components in the emission curve of SrZrO;:Mn”"and their
respective change at different doping level, a pictorial representation is given in
Figure 4.13.The higher intensity of P, band at higher doping level might be due to

more number of surface defects of the SZO particles at higher Mn*" ion concentration.
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Figure 4.13: Pictorial representation for the origin of the different peaks of SrZrO;:Mn’" and their
variation with doping level [179].

Figure 4.14a shows the PL decay curves for undoped SrZrO; at emission
wavelength Ae, = 480 nm and at excited wavelength A, = 250 nm. The curve was best
fitted on a 100 ps scale using the bi-exponential decay equation 4.2. The average
lifetime values of slower decaying species is 12.0 us, whereas for fast decaying
species the values are around 2.0 ps. As explained in earlier section, there are shallow
and deep defects within the band gap of SrZrO; nanoparticles. Faster decaying species
is therefore attributed to radiative recombination process from deep defects whereas
slower decaying species is attributed to similar phenomenon from shallow defects
[242, 254].

For 0.1 mol % Mn?" doped SrZrOs, the decay curve (Aem = 540 nm and Aex = 250 nm)
is shown in Figure 4.14b and a good fit was found on an 800 ps scale using the tri-
exponential equation 4.3.

I (t) = Ay +A; exp (-t/t)) + A; exp (-t/12) + Az exp (-t/t3) (4.3)
where Ay, A;, A, and Aj are scalar quantities obtained from the curve fitting, t is the
time and 1, T, and 13 are decay time values for exponential components respectively.
The three lifetime values are of the order 1.5 ps (t;), 14 pus (12) and 69 ps (t3). T1and 1,
are the contribution from host lattices itself whereas 13 1s because of Mn?" in SrZr0O5

matrix. It is difficult to resolve the lifetime value for Mn at St**-site and Mn at Zr*'-
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site due to strong host contribution in the doped sample also. Much change in the
values of 1; and 1, was not observed while varying the concentration of Mn?,
however the value of 13 first increased uo to 1.0 mol %, beyond which concentration

quenching had taken place, resulting in decrease in 13 value [179].
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Figure 4.14: Luminescence decay time profile of the a) SZO and b) 0.1 mol% Mn’" doped SZO [179]

4.3.3. EPR study [179]:
The EPR spectrum of pure SZO (Figure 4.15a) shows an intense and

asymmetric signal (g= 1.976) of the spin Hamiltonian at room temperature indicating
the presence of some kinds of intrinsic defects in the as prepared material. This signal
corresponds to singly ionized oxygen vacancies Vo and vacancy-related defects,
[255-257] with the g-value in the range of 1.9560-2.0030. The change in the value of
g for Vg in different system are related to differences in the method employed for
synthesis, chemical environment, and heat treatment conditions. The broad line width
of signal indicates a certain degree of heterogeneity (several species differ slightly in
spectral parameters) typical of disordered environments, such as those found at the
surface of nanostructured crystals. Such broad signal is also found in case of
nanocrystallineTitania, which has attributed by the authors to species formed at the

surface of TiO, [258].
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Figure 4.15: Room-temperature EPR spectra of a) SZO & b) 0.1 mol% Mn*" doped SZO [179].

Matta et al., [259] employed EPR to understand the phase transition from
tetragonal to monoclinic zirconia and observed a signal g =2.0018, which was
attributed to trapped single electrons located in oxygen vacancies of ZrO,. Lin et al.,
[260] reported that the EPR signal at g=1.9800 is related to oxygen vacancy. In the
disordered ZrO,, these Vo are linked to ZrOs clusters, called [ZrOs.Vo'] oxygen
complex clusters [261].

The powder EPR spectra corresponding to 0.1 mol% Mn”>" doped SZO is
shown in Figure 4.15b, which shows six line patterns. In SZO lattice containing 0.1
mol % Mn ion, hyperfine transitions are possible due to the resonance associated to
the dipole-allowed AMg = =1 with AM;= 0 that is £5/2=+3/2, £3/2>*1/2 and +1/2>
-1/2 transitions. But the random orientations cancel out the anisotropic contributions
from +5/2+3/2 and +£3/2=+1/2 transitions. Thus, only +1/2<>-1/2 transition shows
six line pattern. These signals are attributed to Mn®>" incorporation inside the lattice
sites (Sr*"/Zr*") of SZO particles. In addition, it is possible to observe weaker kinks in
the spectrum, which are produced by fine and hyperfine resonance from Mn®" ions
located on the surface. The substituted Mn®>" magnetic ions inside the lattice sites
(Sr**/Zr*) of SZO particles generated an EPR signal S; (g = 1.993) and the ions
located near the surface produced a low intensity EPR signal Sy; (g = 2.013) as shown
in the simulated spectra for both 1* and 2" harmonic EPR spectra of 0.1 mol% Mn*"
doped SZO in Figure 4.16 a & b. Our PL data has also shown an increase in surface
defect related emission intensity (P,) with increasing Mn ion concentration. This was
probably due to increase in surface defects with increase in Mn ion concentration on

the surface of the particle. In addition to Sy and Sy, the EPR spectrum also includes
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another broad signal Sy due to single-electron trapped oxygen vacancies for all the
doped compounds. Kar et al., has also reported surface defect-related luminescence
properties of SnO; nanorods and nanoparticles in the visible region and also observed
similar type of EPR signal (Sy;) [128]. They have also shown that greater the surface
defects greater is the intensity of Sy signal in EPR spectroscopy. The simulated Sy, Sy
and Syi EPR signals as well as their combined effects Sroa for dipole-allowed
transitions AMg = +1 with AM; = 0 were compared to the experimental spectrum
recorded for the 0.1 mol% Mn*" doped SZO.

Figure 4.16a & b shows excellent agreement between the experimental and the
simulated (Stotar) spectra which indicates the stabilization of divalent Mn®" ions in the
lattice [262] and further justifying our luminescence data to support the stabilization
of Mn(Il) in SZO lattice. It can also be observed from our EPR spectra, that broad
signal (Sy) is more intense than the fine structure embedded in it, confirming strong
host contribution even in doped sample. The simulation parameters (given in ref 179)
agree reasonably well with the values reported in the literature for Mn>" doped

different nanocrystals having both surface and core Mn”" ion [263-265].
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Figure 4.16: (a) First & (b) Second harmonic EPR spectra of 0.1 mol% Mn’" doped SZO samples
(blue) and their simulated signals Sy, Sy, Syr and Sto= S+ Syt Sy [179].

217



Chapter 4

Figure 4.17 shows the dependence of EPR spectra on dopant ion concentration.
At high Mn”" ion concentration the hyperfine splitting completely disappears and the
spectrum merges to one broad signal with slight decrease in line width. There are two
contributions to the EPR signal coming from Mn*" ions with concentration up to 1.0
mol%; (i) a broad resonance line of Lorentzian shape arising from spin—spin
interactions between different Mn?" centres in the core of the particles or the undiluted
adsorbed Mn”" ions as MnO on the surface of the particle in a cluster-like assembly
such that the hyperfine structure collapses to a single line, and (ii) a set of six
hyperfine lines from isolated Mn*" centres (six allowed hyperfine transitions on the
central Ms= 1/2 « -1/2). With increasing dopant concentration, contributions from
dipolar interactions between Mn centres become dominant, such that only one single
line is detected for the samples with the highest Mn content. The initial increment in
the line width can be attributed to Mn—Mn energy transfer and prevalence of exchange
interactions over the hyperfine interactions. For the heavily Mn®" doped samples (5
mol%), both fine and hyperfine structures are too weak and result in only a broad
EPR spectrum reassembling a free-like state for S=1/2 and magnetic spin quantum
number Mg = +1/2. The disappearance of hyperfine lines and the observation of a
single broad EPR line suggest that the Mn®" ions are not completely diluted and strong
dipole—dipole interactions persist in between them, both in core and surface of the
particles at higher concentration of Mn. On increase of Mn concentration to 5 mol.%
there is an exchange narrowing effect between the Mn®" ions and as a result a decrease
in the singlet line width is observed. Again the line broadening corresponding to the
heavily doped Mn*" SZO particles may not be only due to dipole—dipole interaction
between paramagnetic Mn”" ions, but may also be due to dipole-dipole interaction in
between the paramagnetic single-electron trapped oxygen vacancies [V o]. Since Sy is
contributing more to the Sto value as shown in Fig. 4.16, any change in Sy value
will be reflected in the value of Stei, Thus the increase in intensity of the EPR spectra
at higher doping level is not only due to increase in concentration of paramagnetic
Mn?" ions but also due to increase in Sy value. This suggests an increase in the
concentration of paramagnetic single-electron trapped oxygen vacancies [V o]. This is
possible only when Mn”" ions are either adsorbed on surface and thereby creating
surface defect oxygen vacancies or substituting Zr*" ions and thereby creating oxygen

vacancies due to charge compensation. This also suggests that at higher concentration
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the number of Mn®" ions substituting Zr*" ions or present on the surface of the
particles are also increased. Thus, both the explanations are supported by our earlier

observed photo luminescence data and vice versa.
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Figure 4.17: The EPR spectra recorded for the Sr;..Mn,ZrO; samples with concentration: a) x = 0.001,
b)x =0.005, c) x =0.01, d) x= 0.025 and e) x = 0.05 [179]

4.4. Synthesis and optical properties of LiZnVOy4 [177]

4.4.1 Synthesis, characterization and morphology
4.4.1.1. Synthesis

In sol-gel-combustion method, stoichiometric amounts of lithium carbonate (98 %,
Merck), zinc acetate (99 %, Lobachemie), ammonium metavanadate (99 %, Qualigens
fine chemicals) and Citric acid and as a fuel were used. At first, ammonium vanadate
was made soluble in quartz double distilled (QDD) water by adding few drops of
concentrated nitric acid under IR lamp where a clear yellow colour solution was
observed. In another beaker, solution of Lithium carbonate was prepared by dissolving
it in QDD water with addition of few drops of concentrated nitric acid. This solution
was then added to the ammonium vanadate solution. Separately prepared Citric acid
and zinc acetate solutions by dissolving the reagents in ODD water were added to the
mixed solutions under vigorous stirring. It was found that on addition of zinc acetate
solution the colour was changed from yellow to blue via an intermediate green colour.
The explanation of this interesting colour changing is given in the next section. The

bluish solution was then heated at 70 °C with constant stirring on a magnetic stirrer for
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5 hours until gel formation had taken place following a chemical reaction. The gel was
then heated at a temperature of 100 °C placed on a heating mantle and a combustion
reaction had taken place resulting an ash-like product. The ash-like product was then
ground in an agate mortar and kept for calcination at different temperatures, starting
from 200°C to finally at 600°C when a white powder was formed. At each heat
treatment, from solution state to solid white powder during the course of reaction,
EPR spectrum has been recorded. This white powder was then characterized by XRD
and SEM techniques followed by PL measurements.
4.4.1.1.a Explanation of colour changing during the solution chemistry
Vanadium exhibits various oxidation states of +2, +3, +4 and +5 under different
conditions among which +4 is the most stable one. The various oxidation states of
vanadium are characterized by their different colours in acidic solution. It shows pale
yellow colour at +5 state, blue at +4 state, green at +3 state and purple—violet at +2
states. Here in the present synthesis procedure,NH,;VO;was taken as a starting
material along with Zinc acetate and Li,COj;. Thus, the yellow colour of acidic
NH,VOs solution was due to formation of VO," ion. Now the colour change from
yellow to blue via an intermediate green colour on addition of Zinc acetate solution
was due to change of oxidation state from +5 to +4 (in the form of VO*") via an
intermediate oxidation state +3. The systematic changes of oxidation states and their
relative stability in this acidic medium can be explained in a proper way by
considering the Latimer diagram of the species involved and the Electrode potential
values of the following red-ox reactions.

i, VO3 g+ 6H (g = VO, (aq) + 3H20) [an acid-base reaction]

ii. Voz g+ 2H g T € VO™ (o) + HyO
E? half—cell potential = T1.00V, pale yellow to the blue oxovanadium (IV) ion

1ii. VO (aq) T 2H" (g T e ‘_V (aq) + HzO(l)
E? hatt-cel potential = 10.34V, blue to green vanadium (III) ion

1v. 2V02 g T 4H (aq T Zn(s |:>2VO (aq T 2H20(1) + Zn (aq)
E reaction — E reduction — E oxidation — =+1.00 — (_0 76) +1.76V

V. 2V02+(aq) + 4H+(aq) + Zn(s) :> 2V3+(aq) + ZHZO(]) + Zn2+(aq)

E? reaction = +0.34 —(—0.76) = +1.10V,where E? 7y zn2+(aq) is —0.76V
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Thus the redox reactions (i-v) explained the existence of VO*" in the mother solution
giving steady blue colour while the intermediate green colour is due to less stable V**

in this medium. Latimer Diagram (Figure 4.18) also explains the same.

100V 0.34V -0.26V 113 v
V03' — VO > > yi——> V(S)

067V
Figure 4.18: Latimer Diagram [177]

4.4.1.2. Phase purity and structure: X-Ray Diffraction

Figure 4.19a represents the XRD patterns of LiZnVO4 which matches well with
rhombohedral phase of LiZnVO4(ICDD file no 38-1332). Pure LiZnVO4 could be
obtained on annealing the samples at and above 600°C. The XRD data was indexed on
a thombohedral system with space group R3 having cell parameters a = 14.18 A and

c=9.487A.

‘ ‘ ‘ Liznvo,

[ L 0 CUUSRSILS W01 U9 Sy et 0

Standard JCPDS pattern (38-1332)

10 20 20 4 5 ]
20 (deg.)

a b C

Figure 4.19: (a) XRD pattern of the lithium zinc vanadate (LZV) powder samples annealed at 600°C
and Standard ICDD stick patterns with file No-38-1332, (b) Crystal structure of LiZnVO, and (c)SEM
image of LZV

Figure 4.19b shows the phenacite structure of LiZnVO, which could be described as
three dimensional arrangement of [MOy] tetrahedra (M= Li/Zn or V) sharing apices.
The arrangement concerns three different types of tetrahedra [VO4] and two
disordered sites [Li/ZnQ4], which give rise to an overall disordered phenacite structure.
When viewed along the ¢ axis, the packing of [MO,] tetrahedra results in two types of

tunnels: large hexagonal tunnels surrounded by six lozenge like channels (rings of

221



Chapter 4

four tetrahedra). Similar description has recently been reported by Capsoniet a/ [266]
using a powder X-ray diffraction data of LiZnVOs.

4.4.1.3. Morphology and particle size: Scanning electron microscopy

SEM studies showed that the particles are uniformly distributed and mostly of
spherical morphology as can be seen from Figure 4.19c. Moreover the LZV
nanosphere shows 100-200 nm size grains, which were highly uniform and
monodisperse in nature. Most of the particles have same morphology. These image
shows homogeneous aggregates with a sphere-like aspect, which are composed of
large number of small grains.

442 FEPR study at various intermediate steps during synthesis
EPR spectra were recorded at different interval during the course of this synthesis
procedure. This technique is a powerful tool which provides information about the
elemental composition, nuclearity, and electronic structure of a paramagnetic state. In
the present case, since VO** is a paramagnetic species (3d'), it can be used as a spin
probe to monitor the progress of reaction during the formation of LiZnVOj4 via sol-gel
combustion route. Figure 4.20a shows the EPR spectrum recorded at various stages of
the reaction. In the solution stage of the reaction (after stirring for 2 hours of the
mixed solution), the EPR spectrum had shown a set of 8§ lines with different intensities
which is due to existence of VO**. The set of 8 lines arise due to interaction of the

electron spin (S = 1/2) with the >V nucleus (I = 7/2). Here the g-values for vanadium

complexes are smaller than that for free electrons (g, = 2.0023). An octahedral site

with a tetragonal compression would give g| <g,;< g. and A|| > A; with Ajs
generally larger than 100 G [267]. As stated earlier that g is the g-factor (Landé g-
factor) and A is hyperfine coupling constant, which is the characteristic of the
molecular environment and is parameterized by the A, where the ‘iso” emphasizes
that this is the isotropic value. Ay, is calculated using the equation:
Aiso = (Al +2 A))/3 (4.4)
The g and A values obtained (Table-4.4) in the solution state agree with this
relationship and are close to those reported for octahedral vanadyl complexes
containing oxygen as an equatorial ligand [267]. It is therefore confirmed that the
vanadium ions in solution state of the reaction exist as VO*" ions in octahedral

coordination with a tetragonal compression and have C4, symmetry. The intensities of
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these lines were decreased, when the ash-like product was heated at different
temperatures. Finally the set of 8 lines completely disappeared in the white powder
obtained after calcination at 600 °C. This is due to complete oxidation of the VO*" ions
to EPR inactive V°* (3d") ion. In the intermediate states, the intensities decreased due to
partial conversion of the VO* " ions to EPR inactive V°*. Up to 400 °C, there was a clear
existence of VO* " ion in small concentration and above 400 °C, the concentration was
too low to be detected by EPR technique and at 600 °C the spectrum showed a flat line.
Thus EPR technique in this case can be used to monitor the change of oxidation states
and to optimize the final calcination temperature for the formation of LiZnVO, via sol-

gel-combustion route.

——70°C (solution)

600°C (Whit%
——250°C (solid)

500°C (Intermediate Solid) Ap=184G —— 400°C (solid)

400°C (Intermediate Solid)

250 °C (lnterm‘e:m—te’s:;;/b\\v/’l
— 70°C (Solution) h l’ \J

2800 3200 3600 4000
Magnetic Field (Gauss) Magnetic Field (Gauss)

a b

Figure 4.20: (a)EPR spectra of vanadium at different stages during sol-gel chemistry and (b)

T r 1 .~ T * T
2700 3000 3300 3600 3900 4200

Comparison of Ay value of VO’ in different stages of annealing [177]

The results in Table-4.4 also show a continuous decrease of Aj,, values from the
solution to solid state at different heating temperatures. The decrease in Ajs, indicates
the change in symmetry around vanadium from octahedral to tetrahedral. The axial ESR
spectra of tetrahedral vanadium complexes are characterized by g,> g)| and Aj > A}
but with Aj value (80-100 G) smaller than that for octahedral complexes [267]. Figure
4.20b shows the comparison of A|| value for VO*' in solution (70 °C), intermediate

(250 °C) and solid state stage (400 °C). It is to be noted here that g and A values were

calculated uo to 400°C and after that the spectrum started disappearing as most of the
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VO* present were converted to EPR inactive V", These changes of coordination
around vanadium ion also support the existence of VO, tetrahedra as concluded from
XRD data shown in Figure 4.19.

Table-4.4: Principal values of g and hyperfine (A) tensors for paramagnetic vanadyl

complexes at different temperatures. [177]

Physical State g g Ziso Al (G) A (G) Aiso(G)
Solution 1.9345 1.9818 1.9660 207.14 80.28 122.56
(freeze at

=70 °C)

Solid at 250 °C | 1.9273 1.9685 1.9547 190 60.71 103.80
Solid at 400 °C | 1.9355 1.9630 1.9538 184.28 57.53 99.78

4.4.3. Photoluminescence spectroscopy: Excitation and Emission spectroscopy,

colour coordinates and lifetime study

The excitation spectrum of LiZnVO,4 phosphor with & o= 543 nm is shown in Figure
4.21a which exhibits a broad band in the UV region with maximum intensity at 375
nm (‘A;—'T}). This absorption band (excitation peak) is mainly because of the charge
transfer from the oxygen ligands (O*) to the central vanadium atom (V>") [268]. The
emission spectrum of LiZnVO, phosphor at A x =375 nm is shown in Figure 4.21b. In
LiZnVOy,, VO43 “ion is in Ty symmetry where the V>* ion has a closed-shell electronic
structure with no d electron. The excitation and luminescence phenomenon results
from the one electron charge transfer process from the oxygen 2p orbital to the 3d
orbital of the V>*. Here in LZV, the bright green luminescence at 543 nm is due to the
(*T,—'T)) transition and it is allowed due to spin—orbit interaction [269,270]. In
compounds like tungstates and vanadates, the most common defects are found to be
oxygen vacancies. These defects also act as radiative centres in the luminescence
processes by creating different electronic states inside the band gap. Thus these
vacancies might also be responsible for the bright green emission in the prepared

LiZnV O, ceramic phosphor.

The decay curve for LZV prepared at 600°C is shown in Figure-4.21¢ at excitation
wavelength of 375 nm and emission wavelength 543 nm and fitted using the mono-

exponential decay equation 4.1 and the decay time obtained is 8.3 pus.
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Figure 4.21: (a) Excitation and(b) Emission spectra of LiZnVO, (c) and its decay profile [177]

Evaluation of colour coordinates:

5 N B

CIE chromaticity coordinates were evaluated adopting standard procedures for the

system [202]. The values of x and y coordinates of the present phosphor system were

calculated to be 0.31 and 0.41 respectively. This is pictorially represented in Figure

4.22, where the point is denoted by an ‘asterisk’. As evident from Figure 4.22, the CIE

index for the phosphor system is very close to the ‘greenish’ line. Thus, it can be

inferred that the particular lithium zinc vanadate can be potential green phosphor

material.
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Figure 4.22 : CIE chromaticity diagram for the LiZnVO, phosphor at 359 nm excitation [177]
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Chapter 5

Lanthanide and Actinide ions mediated
optical properties in Sm’*:BaZrO;,
Eu’":BaZr0;, Bi; ysEu0,UO; &
U:MgAl,0,
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5.1 Introduction:

The lanthanide series which comprises of 15 metallic chemical elements, starting from
lanthanum (atomic numbers 57) through to lutetium (atomic numbers 71) along with
the scandium and yttrium are known as the rare-earth (RE) elements. In most cases,
the informal chemical symbol Ln is used to refer any lanthanide for any kind of
general discussions of lanthanide chemistry. These elements are characterized by an
incompletely filled 4f shell which is shielded from their surroundings by the filled 5s*
and 5p° orbitals. This shielding results in sharp and narrow lines of the emission
spectra of transitions within the 4f configuration [271,272] because the 4f electrons
are not influenced by the surroundings. In contrast, the transition involving d-electrons
such as the emission spectra arising from 5d—4f transitions (e.g. Ce’" ) are broad
because the unshielded 5d electrons are heavily influenced by their surroundings in
this case [271]. In addition to the sharp emission characteristics of the Ln elements,
the forbidden character of the f—f transitions in 4f configuration also leads to
substantially long lifetimes values (mostly in the range of milliseconds). However, for
parity allowed transitions, such as for 5d—4f transitions, a much faster luminescence
lifetime (~107 s) is observed. Lanthanide ions have been extensively studied as
activators for luminescent materials due to the ladder like energy levels. Optical
materials doped with rare earth elements are of great relevance in science and
technology. In modern solid state optical technology, lanthanide doped materials have
tremendous applications ranging from solid state lasers for industry, medicine and
environmental monitoring, to active optical fibers for telecommunication purposes and
phosphors for cathode ray tubes, displays, plasma monitors and lightning applications.
Lanthanide ions are also extensively used as local probes for identifying local
structures in crystalline material. This will help in understanding the effect of
chemical and thermal treatment on catalysts and probing the structure of biological
molecules. In this context Eu (III) ion is most appropriate as luminescent structural
probe for the determination of the number of metal ion sites in a compound, their
symmetry, and their respective population [273-275]. This is because of the relative
simplicity of Eu energy-level structure and the fact that it possesses non-degenerate
ground ('Fo) and excited (°Dy) states, and because the absorption and emission spectra
of this ion show marked dependence on its site symmetry in the host material. The

orange emission (590600 nm) of Eu’" ,which is due to the magnetic dipole (MD)
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transition “Dy— F, is not affected much by the site symmetry since it is parity-
allowed, while the red emission (~610—630 nm) due to the electric dipole (ED)
transition of *Dy—Fa, being hypersensitive, is affected by the site symmetry of Eu’"
ion [273-275]. Now in a crystal site with inversion symmetry the MD transitions are
usually the dominant emission lines and the ED transtions are strictly forbidden. On
the contrary, in a site without inversion symmetry (ED) of *Dy—F, transition is
usually the strongest emission line, because transition with AJ = +2 is hypersensitive
to small deviation from inversion symmetry. In this way, the symmetry around the
lanthanide ion can be determined from the shape of the emission spectrum of Eu®” ion.
Luminescence spectrum of Dy’" consists of two relatively intense bands in the visible
spectral region that correspond to the 4F9/2—6H15/2 (blue) and 4F9/2—6H13/2 (yellow)
transitions, respectively. The yellow emission of Dy3 "is especially hypersensitive to
the local environment, while its blue emission is not sensitive. Generally, when Dy’
is located at a low symmetry (without an inversion centre), the yellow emission is
dominant, whereas the blue emission is stronger, when Dy’" is located at a high
symmetry (with an inversion centre) [276,277]. In case of Sm*"; *Gs-Hyjy (AJ = £1)
transition is partly magnetic dipole (MD) and partly electric dipole (ED) nature,
whereas 4G5/2—6H5/2 is purely MD in nature and 4G5/2—6H9/2 is purely ED in nature [278].
The magnetic dipole (MD) transition 4G5/2—>6H5/2 does not depend on chemical
surroundings of the luminescent centre and its symmetry. However, the hypersensitive
*Gs;,—°Hy, transition is magnetic-dipole forbidden and electric-dipole allowed. Its
intensity increases as the environmental symmetry become lower.

Recently lot of research interests have been focused on luminescence studies
pertaining to ABO; type distorted perovskite oxide like SrTiOs5 [279], PbZrO; [280],
PbTiOs [281], CaTiOs [282], MgTiOs [283], SrZrO; [178, 242, 284, 285] etc., where
local defects in the perovskite structure is mostly responsible for photoluminescence
in visible region. The local defects in such cases are mostly oxygen vacancies (OV);
which can be neutral (Vy), singly ionized Vo'l or doubly ionized Vo' depending
upon the thermal treatment and synthesis condition and methodology. The advantage
of such perovskite-based materials is their ability to stand out from the other as far as
luminescence study is concerned. Because they are very robust host and are
sufficiently conductive to release the accumulated charges on the surface of phosphor

particles, which makes them suitable candidate for field emission display (FED) and
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plasma display panel (PDP) devices [286]. They are also reported to be highly
resistant to high-density electron irradiation because of which thermal stability and
luminescence efficiency is maintained even with prolonged columbic loading [287].
Among the materials evaluated as host for lanthanide ions in this work, our attention
was mostly focused on alkaline zirconate such as Eu’" and Sm*" doped BaZrO; (BZO).
These materials are characterized by good transmission properties in the visible part of
the electromagnetic spectrum with relatively low phonon energies. They can be
efficiently doped with lanthanide ions, due the similarity between the ionic radius of
the alkaline earth and the lanthanide ions. Barium zirconate is one such perovskite
which is an excellent luminescence host and used in various rare earth doped
phosphor such as Eu:BZO [288], Eu,Ti:BZO [289], and Yb,Tm :BZO [290] etc.
Undoped BZO is reported to give visible light emission in blue-green region which is
attributed to presence of oxygen vacancy or other structural defect produced during
the synthesis [261,291-294]. As far as literature is concerned there is no report on
luminescence of Sm®>" in BZO and there is only report by Hano-Gonzalez et al.,
which explains the site occupancy of Eu’” in BaZrOs [295]. In the present study, time
resolved photoluminescence (TRPL) spectroscopy was used as a tool to probe the
local site of Eu’" and Sm®" in BZO. Understanding the local site of lanthanide ion in
doped host, where multiple sites are available for occupancy is very important to have
better understanding of structure-property correlation to optimize its performance.
Another work, where special emphasis was given in the present thesis, is the local site
occupancy of La in Biy p[a;xUQOg (x=0-0.05).This compound is reported to show two
regimes of conductivities with respect to temperature, having a change in conductivity
at 550 °C [296]. In both regimes, O” ions are the charge carriers. The ionic
conductivity of these solid solutions is due to the migration of oxide ions through the
oxygen vacancies. Since the ionic sizes of La”™ and Bi" are similar (1.032 A and
1.030A respectively), La* can replace Bi® to form La doped Bi,UOg solid solutions,
with almost similar cell volume and structure. Such solid solutions shall be an
interesting class of compounds having same cell volume and structure but different
properties e.g. magnetic, ionic and thermal. Since La™ is a non activator ion, PL study
is not possible to probe the local structure around La in Bi, »xLa,cUQOg solid solutions.
However, in case of isostructural compound such as BijgsEu04UQg, with good

activator Eu®" (7 co-ordinated Eu**= 1.03A) ion, which shows similar behavior as
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La”, PL study might be very much helpful to probe the local structure. In a previous

study on double perovskite compounds with the formula BaA’LaTeOgs (A’ = Na, K,

Rb), the La site occupancy was supported by the characteristic PL emission of Eu®"
ion when it was doped in the matrix in place of La*" ion [297]. Similarly in present
case, proof of La site occupancy in BiyxLayxUQOg solid solutions can be obtained
indirectly by preparing an isostructural solid solution Bi; 9sEug04UOs followed by its

PL study. Again since both U (VI) and oxygen vacancies give emission in the visible

region, PL technique will also give information regarding speciation of U(VI) and

doping induced defect such as oxygen vacancies. The preparation and local structure

investigation of Biyx[La)UQg solid solution using PL and EPR technique is being

reported for the first time to the best of our knowledge.

Similar to the lanthanides, actinides are good candidates as activator ions in electro-

optic materials due to the numerous sharp emissions covering a broad spectral region.

For example, crystals of uranium doped alkali fluorides, alkaline earth fluorides, and
lanthanide fluorides have shown emission spectra containing many narrow lines and

sharp bands associated with uranium as luminescent centre [298-301]. As stated
earlier in Chapter 1 that compared to 4f electron in lanthanides; Sf-electrons are
relatively less shielded by outer lying electrons. As a result they are more perturbed by
local crystal field which results in broad emission and absorption spectrum. Oscillator
strength of 5f-5f transition is relatively larger than in iso-electronic lanthanide ion.

Actinide chemistry is gaining new interest day by day because of stabilization of
various unusual oxidation states, unique magnetic properties and chemical reactivity.

Among all the actinides, most of the research is focused on uranium, in particular in
the form of UO,>" ion because it is the most dominant form of natural and spent
uranium. The fact that U (+3), U(+4), U(+5) and U (+6) are all luminescence active

ion and stabilizes under different conditions; time resolved photoluminescence (TRPL)
is used extensively in uranium speciation in doped solid. In most of the cases U (+3),

U (+4), U (+5) stabilize in single crystal while U (+6) is most likely to get stabilized
in solid powder. Some of the recent results from our laboratory suggested similar
trends e.g. Uranium stabilizes as UO,*" in S1,SiOy, Sr,P,0O;, ThO, [21, 302, 303]

whereas as octahedral uranate U066' in SrZrOs, SrB,O7 [304, 305] ctc. In some of the
matrix uranium simultaneously stabilizes as U(IV) and U(V]) such as Gd,Zr,07 [306].
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In present work, special emphasize has been given on photoluminescence properties
of uranium in MgAl,O4. MgAl,O4 is proposed candidate for minor actinide
transmutation; because of its favorable high temperature properties and high radiation
stability [307]. It has been used extensively as a host for lanthanide luminescence like
Ce’ [308], Eu’" [309], Tb*" [310], Dy’" [311], G&®" [312], Yb®" [313] etc. But
actinides as dopant in MgAIl,O4 ion have never been explored. Considering the fact
that MgAl,0O4 is one of the probable candidates to be used for transmutation of
actinide; speciation study of uranium ion in this particular matrix holds high
significance for nuclear scientist. 1.0 mol % of uranium ion was doped in combustion
synthesized MgAl,O4 and its local site occupancy, valence state and coordination
geometry behavior were probed using TRPL spectroscopy.
5.2. Synthesis and Optical properties of Sm** and Eu** doped BaZrO;
nanocrystals [314]
5.2.1. Synthesis, characterization and morphology
5.2.1.1 Synthesis

Analytical grade chemicals of ZrO(NOs),.xH,O (AR Grade, Loba Chemie),
Ba(NOs), (AR Grade, Merck), NH4NO3; (AR Grade, Chemico Fine Chemicals) and
citric acid (AR Grade, Chemico fine Chemicals CsHgO;-H,0) Eu,O; (Sigma-Aldrich
= 99.99%) and Sm,0; (Sigma-Aldrich = 99.9%) were used as starting reagents for
the synthesis of barium zirconate nanoparticles. Initially dilute solution of Ba(NOs3)a,
ZrO(NO3),.xH,0, NH4NOj3, Eu,03 , Sm,05 and citric acid were prepared in separate
beakers by dissolving them in QDD water or dilute nitric acid .Then the solutions of
ammonium nitrate was transferred to the beaker containing barium nitrate solution
followed by addition of zirconyl nitrate solution under vigorous stirring. Solutions of
Eu,03 and Sm,0; in dilute niric acid were added separately to two different slotion
mixtures. Next 2M citric acid (acting as a fuel) was added to these mixtures. These
entire solution resulted in the formation of an opal gel after few minutes; which on
subsequent heating at 100 °C for 10 hr under Infrared (IR) lamp lead to complete
dehydration. These dehydrated products were then subjected to heating at 300 °C for
10 min in muffle furnace, which resulted in an ash-coloured voluptuous mass. The
ash-like products were ground in an agate-mortar pestle and then subjected to slow
calcination at 600 °C for 2-3 hour, which resulted in formation of crystalline white

powder.
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5.2.1.2 Phase identification and structure

Figure 5.1 represents the X-ray diffraction (XRD) pattern of BaZrO; (BZO) host and 1
mol % Ln*"(Ln’" = Sm’"/ Eu’") doped BaZrO; samples. All the diffraction peaks can
be indexed to the pure cubic phase of BaZrO; (JCPDS 06-0399). No traces of any
other impurities diffraction peaks (BaO, Eu,0O3 or Sm;O3) were observed in the doped
sample which indicates formation of a single phase solid solution of BaZrO; and
Eu’*/Sm’". Thus it can be said that doping of lanthanide ion i.e. Sm>" or Eu®" ions into

the BZO hosts did not cause any significant distortion or changes in the host crystal

structure.
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Figure 5.1: XRD Pattern of undoped and Sm and Eu doped BaZrO; nanocrystal. This figure also
consists of standard pattern corresponding to JCPDS No: 060399 [314].

BaZrO; belongs to ideal cubic type perovskite structure, where Ba sits at cube corner
position (000), Zr atom sits at body centre position (1/2, 1/2, 1/2) and oxygen atoms
sit at face centred positions (1/2, 1/2, 0). It belongs to Pm3m space group (SG) Oy
point symmetry. The coordination number of zirconium atom which is referred as
lattice former is 6, oriented in the form of ZrOg octahedra, whereas that of barium
which is called as lattice modifier is 12 in the form of BaO;, cuboctahedral. Its unit
cell can be visualized as corner linked ZrOg octahedra embedded inside a cube formed

by Ba atoms.
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5.2.1.3 Morphology and particle size: Transmission electron microscopy

Figure 5.2a shows the TEM image of BaZrOs; particles. The image shows
agglomerated particles having smaller particles dispersed in BZO matrix. The
nanoparticles are typically of the size of 20-30 nm; however, some large particles
having size of 60—100 nm can also be seen. Figure 5.2b shows the high-resolution
TEM image where lattice fringe could be observed. Figure 5.2¢ shows the selected
area electron diffraction (SAED) pattern of BZO nanoparticles. The pattern shows that

BZO nanoparticles are well crystalline in nature.

Figure 5.2: (a) TEM (b) HRTEM image and (c) SAED pattern of BZO nanoparticles [314].

5.2.2. Defects induced photoluminescence in BaZrO;

Figure 5.3a represents the photoluminescence spectrum of undoped BaZrO; at an
excitation wavelength of 270 nm. In the emission spectrum there are two broad bands,
centreed at around 440 nm and 515 nm. This kind of multicolour emission indicates
that the relaxation takes place via various pathways and there exists large number of
states within the band gap of materials [285]. Again the excitation wavelength used
for recording the emission spectrum 270 nm (~ 4.59 eV) is less than the experimental
band gap of BZO (~ 5.3 eV) [315] which indicates presence of certain localized
energy states within the band gap of the material otherwise direct transition from
valence to conduction band will be forbidden in this case. This type of emission in
nanostructure can be because of local defects which arise during heating treatment of
the sample. It is reported that local defect can mainly get invoked in perovskite
nanostructure due to different types of oxygen vacancy (OV) namely; neutral, singly

ionized and doubly ionized [316].
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Figure 5.3: (a) PL and (b)EPR spectra of BaZrOj; at room temperature [314] .

Now as mentioned in the earlier chapter, EPR is an efficient tool for characterizing
paramagnetic defects. Since BaZrOj; is a non-magnetic (no unpaired electron in Ba*",
Zr*" or 0%), it will not have an EPR signal of its own. In present case BaZrOj is
showing an intense room temperature EPR signal in Figure 5.3b at around 3400 Gauss
with g ~ 1.9567. This signal is typical of singly ionized oxygen vacancy (V) [317].
Thus it is the oxygen vacancy, which creates intermediate energy states within the
band gap of BZO nanostructures where electron-hole recombination takes place
leading to intense blue-green photoluminescence.

Further, since the violet-blue emission is more energetic than green emission,
the intense violet-blue emission (Figure 5.3a) can be attributed to shallow defects
while the green emission can be linked to deep defects. This is because the energy gap
from the valence band to deep defect related electronic state is less than that with the
shallow defect state. Thus, emissions involving shallow defects are generally in the
higher energy region while that due to deep defects are in the low energy region.
There are reports which show that presence of such deep and shallow defect generates
energy dependent localized state which forms electron traps within the band gap of
material during excitation with highly energy UV light [318]. In such case emission
originates from recombination process wherein an excited electron of the conduction
band (CB) loses its energy and re-occupied the energy levels of an hole in the valence
band (VB) through the localized defect levels.

5.2.3. Photoluminescence spectroscopy of Sm** doped BaZrO;: Excitation and
emission spectroscopy, colour coordinates and lifetime study.
Sm®" ion gives bright photoluminescence in the visible and near infrared (NIR)

region and the characteristics emission bands are due to transitions between the energy
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levels in the 4f° electron configuration. The excitation spectrum at Ae,= 643 nm is
shown in Figure 5.4a wherein the broad band in the range of 200 — 270 nm with Amax
at 240 nm was attributed to the charge transfer band 0" —Sm’" (CTB). In the 320-
550 nm wavelength region, several excitation peaks are observed such as 348 nm
(“Hsn-Hi3), 367 nm (*Hsp-"Dsp), 382 nm (*Hso-°P72), 405 nm (*Hsp-"F71), 421 nm
(“Hspo- °Psp), 435 nm (*Hsp-"Gop), 460 nm (*Hsp-"lo), 469 nm (“Hso-"111), 473 nm
(6H5/2-4113/2) and 488 nm (6H5/2-411 s12) which are attributed to f—f transitions of Sm’".
Figure 5.4b showed the emission spectrum of Sm’" ions doped BaZrO; at an
excitation wavelength of 240 nm (CTB). It was found that the emission characteristics
remains similar on excitation with both 240 nm (charge transfer) and 405 nm (f-f
band), except for significant difference in their intensity. The intensities at Aex = 405
nm were found to be quiet low compared to that obtained with A.x = 240 nm which
might be because of the fact that the Sm>" absorption bands corresponding to the f-f
transitions are electronically forbidden and exhibit poor absorption in UV region. The
high intensities of emission bands with CTB excitation are due to the intramolecular
energy transfer (IMET) process, which mainly occurs in the UV region. Since there is
no host emission in the Sm** doped sample, we can assume that there is a complete
energy transfer from host to dopant.

The emission spectrum consists of sharp emission lines starting from 550 to
725 nm, which are characteristic lines of the Sm®" ions. The peaks at 561, 597, 643
and 701 nm are attributed to the *Gsp-"Hsp, *Gsn-"Hyp, *Gsn-"Hop and *Gsp-Hiip
transitions of the Sm>" ions. Among them, the red emission at 643 nm (4G5/2—6H9/2) is
having the maximum intensity. As stated earlier in the introduction part that for Sm*"
ion the transition *Gs-°Hy); at 597 nm (AJ = £1) is a partly magnetic dipole (MD) and
partly electric dipole (ED) in nature emission band. On the other hand, the transition at
561 nm (4G5/2-6H5/2) is purely MD in nature and the 643 nm (4G5/2-6H9/2) transition is
purely ED natured, which is sensitive to crystal field. In general, the intensity ratio of
ED and MD transition, which is known as asymmetry ratio, has been used to measure
the symmetry of the local environment of the trivalent 4f ions. Higher intensity of the
ED transition is linked with the more asymmetry surrounding the Sm®" ion. In the
present study, the 643 nm (4G5/2-6H9/2) transition of Sm>" ions is much more intense
than 4G5/2-6H5/2 (MD) transition, which indicates that Sm’>* occupied highly

asymmetric site in BaZrOs. CIE chromaticity coordinates were also evaluated for
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BZO: Sm phosphor adopting standard procedures in order to evaluate the material
performance for phosphor application. The position of the coordinates is represented

as the point “*’ in Figure 5.4c, which shows that BZO:Sm emits in orange-red region.
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Figure 5.4: (a) Excitation ,(b) Emission spectra of BaZrO;:Sm’" under 643 nm (Aom) and 240 nm (Jo) (c)
CIE diagram showing the co-ordinates and representing the colour emitted by BaZrO;:Sm’" [314].

The coordination numbers of Ba and Zr ions in BZO are 12 and 6 respectively in
cubic perovskite structure. Now since the ionic size difference between 12-
coordinated Sm>" (124 pm) and 12-coordinated Ba®" (161 pm) ion is more, if Sm®*
ions occupy the Ba" sites, it will lead to a large distortion inside the lattice. Further, if
the associated defect due to charge difference is also at a nearby distance then the
local site symmetry will be having non-inversion symmetry. On the other hand size
difference between 6-coordinated Sm®" (ionic size 96 pm) and 6-coordinated Zr**
(ionic size 72 pm) is small and hence Sm®" ions occupying the Zr*" sites will not lead
to a large distortion in the lattice. If the associated defect due to charge difference is at
a large distance then the local site symmetry will be having inversion symmetry. Thus
from the observed spectra where 4G5/2-6H9/2 (ED) transition of Sm>" ions is much more
intense than *Gs-Hs;, (MD) transition, it can be inferred that majority of Sm®" ions
are occupying Ba®" site without inversion symmetry and also oxygen vacancies are
introduced in vicinity to ensure local charge compensation. The presence of relatively
less intense allowed MD transition at 561 nm suggests that some of the Sm** ions also

4+ . . . .
occupy Zr" site with symmetric environment.
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Lifetime spectroscopy of Sm** doped BaZrQO;:

To get an idea about the nature of the dopant ion occupancy in these lattice
sites, PL decay time (lifetime) studies were conducted. The decay -curves
corresponding to the 4G5/2 level of Sm®" ions in the 1.0 mol % Sm>" doped BaZrOs; are
shown in Figure 5.5a at excitation wavelength of 240 nm, monitoring emission at 643
nm. The decays were correctly fitted by using a bi-exponential equation 4.2 as given
in previous chapter. Broadly, the analysis showed the presence of two components;
short-lived components (t;) and long-lived (t,). The lifetime values are 20 ps (t;) and
67 ps (12) indicative of the presence of two different environments for Sm’>" in BaZrO;
as is also evident from emission spectroscopy. Assuming a given phonon energy (same
host for the lanthanide ions), a relatively longer PL decay time should be attributed to
a more symmetric site, as the f-f transition becomes more forbidden, whereas a shorter
decay time is often associated with an asymmetric site due to relaxation in the
selection rules. Species 1, (20 ps) arises because of Sm’" ions occupying 12-
coordinated Ba®" site without inversion symmetry whereas 1, (67 ps) can be ascribed
to Sm”" ions occupying 6-coordinated Zr*" with inversion symmetry. These results are
in agreement with our emission studies, where it was observed that majority of Sm’"

. 24+ . . . .
ions occupy Ba“" sites without inversion symmetry.
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Figure 5.5: PL decay profile for (a) Sm’ :BaZrO;under excitation of 240 nm and emission of 643 nm
and (b) for Ev’*:BaZrO; under excitation of 255 nm and emission of 616 nm [314].
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5.2.4. Photoluminesence spectroscopy of Eu* doped BaZrQOj;: Excitation and
emission spectroscopy, colour coordinates, Stark splitting pattern, lifetime study
and calculation of Q; (Judd-Ofelt) parameters

Figure 5.6a represents the PL excitation spectra of 1.0 mol % doped Eu’" doped
BaZrO; by monitoring emission at 616 nm corresponding to *Do— Fotransition of
Eu’" ion. The spectrum consists of a broad band centered at 255 nm, which is assigned
to charge transition band (CTB) arising due to transfer of electron from filled 2p shell
of oxygen to partially filled 4f shell of Eu®" ion. The other weaker peaks at 321, 365,
386 and 396 nm are due to to 'Fo,;—Ha,, Fo,i—Da, 'Fo,1—°Gs and "Fop—Le
transitions of Eu’", respectively. Since the f—f transitions are forbidden in nature,
these peaks have relatively weak intensity compared to Eu—O charge transfer band
absorption.

Figure 5.6b represents the emission spectrum of 1.0 mol % Eu’" doped BaZrOs; on
excitation with 255 nm corresponding to CTB. The spectrum consists of many sharp
peaks due to the direct excitation of the Eu’" ions from the ground state to higher
levels of the 4f-manifold. As stated earlier in this chapter, the two major peaks viz.
594 (5Do—>7F1) and 616 nm (5D0—>7F2) corresponds to magnetic dipole transition
(MDT) and electric dipole transition (EDT), respectively. Apart from these prominent
peaks, some weak emission peaks are also observed at 655 and 698 nm correspond to
*Dy—F5 and Dy—F4 transitions, respectively. In addition to these allowed transitions,
small peak at *Dy—'F, could also be observed which is normally forbidden both by
electric dipole as well as magnetic dipole transition. Absence of broad host emission
due to oxygen vacancy in emission spectra of Eu’":BaZrO; indicates complete energy
transfer at 1.0 mol % of Eu’" ion concentration. The fine splitting of emission peaks
can be seen in the spectral features of *Do—'F_ 2, 3. 4 which implies that the final Ba;.
«EuxZrO; perovskite samples prepared using gel-combustion method have been well
crystallized [319].

As seen in the emission spectrum, among all the transitions mentioned above, the
hypersensitive electric dipole transition >Dy—F, at 616 nm transitions is the strongest
and is characterized by intense red emission, whereas magnetic dipole transitions
Dy—F) at 594 nm is relatively very weak. As stated earlier that in a crystal site with
centre of inversion (C;), the EDT are strictly forbidden while the MDT is allowed and

it is the most intense emission peak. . On contrary in a site without inversion
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symmetry, it is EDT which is usually the strongest emission line, because transition
AJ= %2 is hypersensitive to small deviation from inversion symmetry. The more
sensitive parameter for understanding symmetry is asymmetry ratio (I), which is
described as ratio of integral intensities of EDT (5D0—>7F2) to MDT (5D0—>7F1). The
fact that in Ba; x<EuxZrOs , EDT is much more intense than MDT; asymmetry ratio is
found to be much greater than unity (I>> 1) indicating majority of Eu*" ions are at site
without inversion symmetry in BaZrO; perovskite.

Normally 12 coordinated Eu’" ions do not exist [241], which means most of
Eu’ ions occupy 6-cordinated Zr*" site, because stabilization of Eu’" in BaO,, is
difficult. However the ionic size difference between 6-coordinated Zr*" (72 pm) and 6-
coordinated Eu®" (95 pm) is more. Hence, Eu®" ions occupying the Zr*" sites will lead
to a large distortion in the lattice and if the associated defect due to charge difference
is at a nearby distance, the local site symmetry will be having non-inversion symmetry.
This is the reason for enhanced EDT compared to MDT in the emission spectrum
(Figure 5.6b). The appearance of *Dy—'Fj transition at 578 nm in Figure 5.6b also
confirm that that the surrounding environment of Eu’* is asymmetric in nature since
this transition normally appears when the point symmetry around Eu’" is very low.
This is in agreement with reported data [320] that emission spectrum of europium
doped BZO consists of intense EDT and presence of “Dy—F, transition. They have
also observed two lifetimes value for Eu doped BZO which they have attributed to
presence of (i) Eu at Zr*" site with no oxygen vacancy and (ii) Eu at Zr*" with
presence of charge compensating oxygen vacancy. This fully supports our
experimental finding.

The CIE chromaticity coordinates for Eu3+:BaZrO3phosphor were calculated,
which is represented as the point “*’ in the CIE diagram shown in Figure 5.6¢c. The

CIE chromaticity coordinates show that Eu®":BaZrOsphosphor is a strong red emitter.
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Figure 5.6: (a) Excitation, (b) Emission spectra of Eu’*:BaZrO; under 616 nm (Aoy) and 255 nm (Ao)
and (c) CIE diagram showing the co-ordinates and representing the colour emitted by Eu’" :BaZrO;
[314].

When the Eu’" ion is inserted into any chemical/ligand environment (crystal field)
under the influence of inorganic host, the (2] + 1)-degenerate J-energy levels split into
the so-called Stark sub-levels by ligand field effect and the number of such levels
depends on the local site symmetry around Eu’” ion. The substitutions of either Zr*"
with Eu’" may results in significant lattice distortion due to ionic size as well as
charge mismatching.

Radiative transitions from *Dy to levels with J = 0 or odd J (J =3, 5) are both ED and
MD forbidden, and only weak transitions from 5Do to these levels are observed due to
CF induced J-mixing effect. Moreover, the 5D0—> 7F0 transition is only allowed in the
following 10 site symmetries: Cs, Cy, Ca, Cs, Cs, Cg, Cay, Csy, Cay, and Cgy, according
to the ED selection rule [321].

From stark splitting pattern shown in Figure 5.7, One lines for J = 0 —J = 0 transition,
two lines for J = 0 —J = 1 transition, two lines for J = 0 —J = 2 transition, two lines
for J = 0 —.J = 3 transition and two lines for J = 0 —. = 4 transition of Eu’" were
resolved for Eu®" :BaZrOs. According to the branching rules of various point groups

[322, 323], it infers that the actual site symmetry of Eu’" in BaZrOj is Cé.
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Figure 5.7: Stark splitting pattern of Ev’ emission peak in BaZrO; [314]

Lifetime spectroscopy of Eu’* doped BaZrO;:

The decay curve corresponding to the *Gsy; level of Eu’" ions in the 1.0 mol % Eu’*
doped BaZrO; is shown in Figure 5.5b at excitation wavelength of 255 nm,
monitoring emission at 616 nm. The decays were correctly fitted by using a bi-
exponential temporal dependence similar to Sm*" doped BaZrOs. The two lifetimes
are 114 ps and 406 ps respectively, which indicate the presence of Eu’" ions in two
different environments. Both these species are present in 6-coordinated Zr*" sites since
twelve-coordinated Eu®" at Ba®" site is not possible. The species which is having
relatively lower life time value might be nearer to the charge compensating defects
and thereby induce more asymmetry surrounding the Eu’"ion, while the other one
which is having higher lifetime is far off from charge compensating defects. The
charge compensating defects can be schematically represented using Kroger-Vink
notation as

BaZr0; ———— Vj+ Eudty, (5.1)

where V), represents oxygen vacancy having two positive charges and Eu3%,,

represent Eu’ occupying Zr*" site with extra negative charge.
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Calculation of €, (Judd-Ofelt) parameters, radiative properties and quantum
efficiency of the *Dy level:

Judd-Ofelt (JO) intensity parameters, Qy (J = 2, 4) calculated using Judd-Ofelt theory
[324,325] provide information about local environment and bonding in the proximity
of lanthanide ion. €, generally known as short range parameter gives the measure of
degree of covalence and polarizability of the chemical environment experienced by
the Ln’" ion while Q4 called as long range parameter is related to the bulk measurable
such as viscosity and rigidity of the inorganic matrices [275]. The application of JO
theory to the quantitative analysis of Eu®" emissive properties in matrix is nicely
presented by Werts et al, [326], and also by our group [275,327] and can be
summarized as follows. There is a close relationship between radiative emission rates
and integral PL intensity for transition between two manifolds Dy and 'F; (J = 2, 4)

can be written as:

- fooy hvo—
Agy =401 ot oo (5.2)

where Iy and Iy are integral intensities for Dy—'F; and Dy—'F; (pure magnetic
dipole) transitions and hvo_yand hvq_ are their energies (in cm™), respectively. Since
5Do—>7F1 transition which is known as magnetic dipole transitions is not affected
much by environmental effect its transition rate is constant with the approximate value
of 50 sec™! [328]. The ‘Do—'F; (/ =2, 4, and 6) transitions are an electric dipole
transition and can be expressed as follow:

Yoz46 N (P UMW) )2 (5.3)

A _ 64m e2k3 n (n? +2)>2
0=/ 7 3h(2/+1) 9

where n is the refractive index of the medium, e is the electric charge, k is the
transition energy of electric dipole transitions in cm™, €, is the J-O intensity
parameter, and (V]|| UA”‘{"]')2 values are the squared reduced matrix elements,
whose values are 0.0032 and 0.0023 for J' =2 and 4, respectively. For BaZrO; we
have adopted value for the index of refraction of 2.07. Emission quantum efficiency of

the emitting *Dy level is written as
=T Yj—1-44y (5.4)

where the AR rate was obtained by summing over the radiative rates for each *Dy—F;

AR
AR+ANR

]7:

(J = 1-4). The JO parameter and other photophysical values are mentioned in Table
5.1
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It is well known that the parameter €,, is an indication of the dominant covalent
nature and/or structural changes in the vicinity of the Eu®* ion (short range effects),
while Q4 intensity parameters are long range parameters that can be related to the bulk
properties such as viscosity and rigidity of the inorganic matrices. The €, parameter is
related to the degree of covalence and polarizability of the chemical environment
experienced by the Eu’" ion; higher €, values point to more covalent and polarizable
environments. In case of BZO:Eu; Q, value was found to be greater than Q4 indicating
high covalency and low symmetry around Eu’" ion which is also supported by our
point symmetry calculations, which comes out to be C¢. This is well in agreement with
high asymmetry value of Eu’" in BaZrO; (6.23). The calculated tx for the excited *Dy
level of Eu** ion is found to be 0.523 ms, which is larger than the Texp (0.365 ms). This
difference in Tey, and Tey can be attributed to nonradiative decays. The trend in
branching ratio- suggests most of radiative energy goes in the >Dy — 'F, transition.
The Judd-Ofelt parameter and other properties calculated for Eu’" in BaZrO; is
mentioned in Table 5.1.

Table 5.1: J-O intensity parameters and radiative properties for Eu’" in BaZrO; [314]

Transition Aped Apma o By n Ag Ang
Cp) ™ (102 cm?) @) | (%) | )

’Dy— 'F, 0 147 - 173 | 69.1 | 1052 762

Dy — 'F, 723 0 5.52 62.9

*Dy— 'F4 216 0 2.68 18.3

5.3 Synthesis and Local structure determination of Bi,,La;,UO¢ and
Bij.o6Eu0.04UOg [181]
5.3.1. Synthesis

The solid solutions Biy,xLayxUO¢ (x= 0-0.08) were prepared by heating
stoichiometric amount of Bi,O3; (AR grade), UsOs (nuclear grade) and La(OH); (AR
grade). The reactants in powder forms were mixed in a pestle mortar. The powder
mixture of reactants were transferred in different platinum boats and heated at 750°C
for about 48 hours in steps of twelve hours. After each heating cycle, the products
obtained were ground and XRD pattern was recorded to check the progress of the
reaction and formation of the compound. Similarly Eu,O; (AR grade), Bi,O; and
U;O0g were mixed in stoichiometric ratios and heated up to 750°C to prepare

Bij 96Eug,04UOsg.
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5.3.2. XRD measurements and Rietveld refinement

All the structural refinements were performed using Rietveld refinement
program FULLPROF [329]. In all refinement procedure, the background was defined
by a sixth ordered polynomial in 26. A pseudo Voigt function (linear combinations of
Gaussian and Lorenzian function) was chosen to define the profile shape of X-ray
diffraction peaks. Except for the occupancies of the atoms, all other parameters i.e.,
scale factor, zero correction, background and half-width parameters along with mixing
parameters, lattice parameters, positional coordinates and thermal parameters were
refined.
The X-ray diffraction pattern of the Bi,UOg prepared in this study indicates that it is a
single phase compound. All the reflections could be indexed by the cell parameters of
low temperature monoclinic phase of Bi,UOg, having C, space group as reported in
literature [330]. The XRD pattern of Bi,UO¢ along with its Rietveld profile fitting is
shown in Figure 5.8a. Vesta software has been used to obtain the crystal structure of

Bi,UQg from the CIF file generated after rietveld refinement.
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Figure 5.8: (a) Rietveld fitting of XRD pattern of Bi,UOy (dotted line, observed pattern; continuous
line, best fitted theoretical curve after Rietveld refinement) and (b) Crystal structure of Bi,UOg4 [181]

The structure of Bi,UOg¢ obtained on the basis of this refinement is shown in Figure
5.8b. The XRD patterns of the products obtained during attempt to prepare Bi,.
2xLaxxUQOg (x=0.02, 0.05, 0.06 and 0.08) were found to be similar to that of Bi;UOg for
x values up to 0.05. Figure 5.9a shows the XRD patterns of these products and Figure
5.9b shows enlarged part of the XRD patterns in the 26 range of 14°-24°, It can be
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seen from the XRD patterns, that the position of the peaks remain almost unchanged
compared to the undoped compound and no additional peak was observed up to
x=0.05. However for x > 0.05, two extra peaks appeared in the 26 range of 21-23°. On
careful examination of the XRD patterns, it was found that these two additional peaks
arising at 21.4° and 22.8° correspond to 100% XRD line of U3Og and Bi,O3
respectively. Rietveld profile fittings were carried out to determine the cell parameters
of the solid solutions. The reliability factors (chi-square, R-factor) obtained after the
Rietveld refinement are shown in Table 5.2. It was found that good fitting is obtained
when we assume that La™ ions are replacing Bi™ ions in Bi;UOs lattice to form the
solid solutions. The cell parameters determined from the Rietveld fitting is listed in
the Table 5.2. It can be seen from the table that the cell parameters do not change
appreciably in Biy,xLaxUQOg solid solutions since the size of La™ (1.032 A ) and Bi"
(1.030A ) are similar. This observation suggests that during formation of the solid
solutions, La™ ions occupy the Bi" positions in the lattice. From the XRD data, the
bond distances of Bi-O and U-O at different doping concentration level were
determined and are given in Table 5.3. The table shows that, Bi is coordinated to two
types of oxygen atoms; Bi-O2: in plane oxygen and Bi-O3: out of plane oxygen as
shown in Figure 5.8b. Average Bi-O3 bond distance is found to be greater than Bi-O2
type bond distance. On the other hand, U has two type of bonding; U-O1 type and U-
03 type. U-O1 type bonds are greater than U-O3 type bonds. All the U-O1 type bonds
are situated in a plane where they remain slight up and down compared to each other.
U-O3 type bond is basically U=O bonds (uranyl ie. UO,™ type), which is
perpendicular to the plane of U-O1 type bonds. From the XRD data, no significant
change in the bond distance was observed with La doping, as XRD gives average

crystallographic data and cannot probe any local distortion in the crystal structure.
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Figure 5.9: (a)XRD patterns of Biy.;La, UOs with X= 0.00, 0.02, 0.05, 0.06, 0.08 respectively and (b)
XRD patterns of the enlarged portion of Fig.5.9a (in the 2 theta range of 14-24°) as shown above [181]

Table.5.2: Cell parameters and reliability factors (chi-square, R-factor) obtained after
the Rietveld refinement [181].

Sample Cell parameters Reliability factors
a(A) b (A) c(A) B (0) Rp Bragg-R factor Chi
square
Bi,UO, 6.8796(4) 4.0047(2) 9.6903(5) 90.123(5) 123 5.099 2.12
BiioLagsUOs  6.8830(6) 3.9951(4) 9.6680(7)  90.075(9)  15.6 5.536 2.14
Bi,oLa 0UOs 6.8865(7) 4.0004(4) 9.6752(9)  90.09(1) 17.7 7725 242
Bijgsla ,UOs  6.9120(3) 3.984(2) 9.6812(6)  90.03(6) 18.5 11.33 3.57
Biigla sUOs 6.8876(7) 4.0042(4) 9.6785(7)  90.23(1) 22.8 9.729 3.49
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Table. 5.3 : Bond distances at different doping concentration

Sample Bi-O bond distances(A) U-O bond distances(A)
Bi,UOg Bi-O2 2.194 2x U-01 2.340
Bi-02 2.290 2x U-0O1 2.603
Bi-02 2.308 2x U-0O1 2.013
Bi-02 2.520 2x U-O3 1.909
Bi-O3 2.800
Bi-O3 2.683
Bi-03 2.867
Bi; 9La sUOg Bi-02 2.189 2x U-01 2.341
Bi-02 2.290 2x U-O1 2.598
Bi-02 2.304 2x U-0O1 2.010
Bi-02 2.516 2x U-O3 1.905
Bi-O3 2.798
Bi-03 2.678
Bi-03 2.863
Bi, goLa 10UOq Bi-02 2.191 2x U-O1 2.342
Bi-02 2.292 2x U-O1 2.601
Bi-02 2.307 2x U-0O1 2.012
Bi-O2 2.519 2x U-O3 1.906
Bi-O3 2.800
Bi-O3 2.681
Bi-03 2.865
Bil‘ggLa‘12UO6 Bi-O2 2.192 2x U-01 2.347
Bi-02 2.296 2x U-01 2.601
Bi-02 2.307 2x U-01 2.012
Bi-O2 2.519 2x U-0O3 1.908
Bi-O3 2.803
Bi-03 2.682
Bi-O3 2.866
Bi, gsLa ;U0 Bi-02 2.191 2x U-O1 2343
Bi-02 2.293 2x U-0O1 2.604
Bi-02 2.308 2x U-01 2.013
Bi-02 2.520 2x U-03 1.907
Bi-O3 2.802
Bi-03 2.682
Bi-O3 2.867

We have also carried out EXAFS analysis which is reported in our published
literature [181], where it was found that the coordination number of La is close to 7
(6.3 to 6.7); this also suggests that La is going at the position of Bi in Bi,UOg lattice.
The La-O bond distances calculated are smaller than the Bi-O bond distances. For 2 at%
La doped solid solutions, there are two types of La-O distances and from 5 at%
onwards, there is only one type of La-O bond distance, which is around 2.2A. As we
know, Bi has one stereochemically active lone pair in Bi,UOQg; this lone pair is very

much responsible for the different Bi-O bond distances around Bi atom. When La
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replaces Bi atom in Bi,UQg; all the La-O bond distances will become almost same, as
La do not have any lone pair. This observation establishes the fact that La is going at
Bi sites up to 5 at% La doping. This hypothesis receives further confirmation from PL
and EPR studies as discussed below.
5.3.3. EPR study

Figure 5.10 shows the EPR spectrum of Bi.oxLaxUOs (x=0.02 to 0.08)
samples recorded at room temperature. All the compounds showed an asymmetric
signal at g = 2.12. Since U®", Bi’" and La’" cations do not contribute to EPR signals
due to absence of any unpaired electron, these strong intense resonance signals must
have been due to some type of intrinsic defects, such as oxygen vacancies. The
oxygen vacancies can exist in three possible states as represented by Kroger—Vink
notation; (i) The doubly positively charged vacancies without trapping of any electron,
which are assigned as Vo' or Vo and are diamagnetic, since no unpaired electron is
left there. Therefore, Vo centres are not observed by EPR technique. (ii) The single
positively charged vacancies with trapping of one electron, which are assigned as Vo'
or Vo . They are paramagnetic and hence EPR sensitive. This defect centre is same
like F" centre in alkali halides and is formed when the F** centres trap an electron
from the conduction band. (iii) Finally the singly charged centres (Vo) may become a
neutral centre by capture of another electron forming the neutral F or Vo' centre.
However it must be noted that the introduction of the F** or F* centre must be
accompanied by simultaneous introduction of some negatively charged centres such as
negatively charged cationic vacancies V///Bi or V" La- The F?* centre can trap one or
two electron from it’s nearest negatively charged cationic vacancies (V///Bi or V///La)
leading to the formation of F' and F centre. If the spins of two trapped electrons in F
or Vo' centre somehow compensate each other, the F or V" centre will result as a
diamagnetic one. However, if the spins do not compensate, we may expect the
existence of a triplet state, which is EPR active and will show two fine transitions. In
present case,only one fine transition is seen in all of the doped compounds, which
suggest, that the resonance signal must be due to paramagnetic oxygen vacancies Vo .
From Figure 5.10, it is also clear that, there is an increasing trend of EPR signal
intensity up to 5 at % La, beyond which decay in intensity was observed. This can be
explained only in terms of doping of La, as confirmed by XRD and EXAFS data, up
to 5 at % La doping. When La is going to the Bi site forming a single phase; an
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increasing concentration of the Vo' is usually expected. But after 5 at % of La doping,
since some impurity phases (e.g. U3Og and Bi,03) are formed as shown in XRD
pattern, there will be decay in EPR signal intensity. This also indirectly supports the

La site occupancy mentioned above .
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Figure 5.10: EPR spectra of Bi;.;[La, UOs (x=0.02 to 0.08) recorded at room temperature.

There are several possible ways to understand the creation of oxygen
vacancies due to substitution of Bi"® by La™, having similar charge and size. As
discussed earlier, Bi™ has one stereo chemically active lone pair and because of which
it has irregular co ordination around it [331]. One group of coordination has shorter
Bi-O bond distances and another group of coordination has longer bond distances.
This type of irregular coordination is also observed in Bi,UO¢ compound, where one
group of coordination has shorter Bi-O distances (2.1 A -2.3 A) and another group of
coordination has longer Bi-O distances (2.5 A -2.9A). But when Bi" is replaced by
La" ion, this type of irregular co ordination around La atom will not be present as
La" does not possess any stereo chemically active lone pair, as seen from the EXAFS
data at La L; edge. From EXAFS study [181], we have seen that the La-O bond
distances in the La-O3=U link in Bi,.,La,UQOs matrix are in the range of 2.1-2.25A
which is very much shorter than the Bi-O3 bond distances (2.5 A -2.9A) of the Bi-
03=U link in pure Bi,UOg (Figure 5.8b). Therefore, on La doping, the Bi; L.a;UOg
lattice will always show a tendency to rearrange the oxygen atoms (O3) linked
between La/Bi and U atoms. Again, since it is difficult to move an oxygen atom of the
03=U link towards the La atom (in order to reduce the La-O bond), the lattice will be

always a distorted or it will be structurally disordered. This type of distortion or
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disorder may create oxygen vacancies. Observation of such oxygen vacancies due to
lattice distortion/disorder are reported in several matrices. [261, 332]. This distortion
might be the reson of getting impurity phases when the doping level of La is more
than 5 at % .

As stated earlier that these doubly positive charged oxygen vacancies (Vo>
centres) can trap one electron from the negatively charged cationic vacancies and
thereby forming the EPR active Vo° centres (or V'™ centres), the system will contain
both Vo> and Vo'™ centres. These positively charged oxygen vacancies will be
balanced by negatively charged Bi vacancies such as Vg;"' and Vp;" (hole trap at Bi
vacancies) and forming Bi,Os. Therefore, the new charge balance equation can be
written as

2Bigi*+300*= Vpi"' + Vp;" + 2 V°° + V° + Bi,03 (5.7)

Now the increase in EPR signal intensity can be explained in terms of doping
of La. As explained in our XRD and EXAFS data, up to 5 at% doping level, La is
going to the Bi site forming a single phase. Therefore, an increase in distortion in the
system is also expected with increasing doping level of La, which is reflected in the
increasing intensity trend of the EPR signal due to the paramagnetic Vo'™. On the
other hand, there are two possible reasons for observing decay in the EPR signal at La
concentration levels more than 5 at %. Since out of the two different oxygen vacancies
(Vo' and Vo'") only Vo' is EPR active and give rise the EPR signal, at higher La
concentration i.e. at x= 0.06 & 0.08, obviously the concentration of the paramagnetic
species (Vo'") will be less. This indicates that at higher La concentration, the
conversion of Vo' to Vo' by an electron capture from the negatively charged
cationic vacancies become less prominent and at this concentration the Bi,O;
separated phase shall be so appreciable that it may prevent the formation of Bi
vacancies in the solid solutions. The other possible reason is that, since at higher La
concentration the mixture contains the un reacted Us;Og, Bi,O3 and La,O3 along with
the Bi2_5,[.a;UQOg solid solutions, the concentration of the paramagnetic species (VOH)
will get diluted as it belongs to the Biy,cLayxUOgsystem only. This was not the case
for the solid solution with x up to 0.05, where the synthesized product was mostly Bi,.

2xLarxUQOg matrix.
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5.3.4. Photoluminescence study: Excitation and emission spectroscopy, lifetime
study and time resolve emission spectra

Figure 5.11a & b show the excitation spectra at Aen = 615 nm and 530 nm
respectively for 2 at % Eu®" doped Bi,UOg (Bij.96Eu9,04UOg). Two broad band with
Amax= 245 nm and A= 270 nm are attributed to the 0*—=U® and O*—Eu*" charge
transfer band (CTB) (Figure 5.11a), since the degree of covalency of Eu*'— O*” bond
is weaker than U®'— O*"due to the larger electro negativity and smaller size of U
These bands arise due to charge transfer transition from oxygen (2p) orbital to
uranium (6d) orbitals and to 4f shells of Eu’" ions. The sharp lines in between 350—
500 nm in Figure 5.11b in case of Aem = 615 nm are attributed to intra-configurational
Af—4f transition of Eu®" in host lattice. The peaks at 320, 360, 380, 395, 420, 460 and
480 nm are assigned to electronic transitions of "Fo — 5H3, 5L9, 5L7, > L, 3 Dy, D5 and
D, of Eu** respectively [333], whereas, in case of ke, = 530 nm, the excitation peaks
at 326, 362, 392, 412, 424, 445 and 487 nm are due to hexavalent uranium [305,334].
The peaks in between 285 and 330 in Figure 5.11a are due to Bi*" ions [335-337].
Thus, the absorption bands due to Bi*" are overlapped with the existing charge transfer

bands.
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Figure 5.11: PL excitation spectra of Bij osEu0,UOg at different emission wavelengths (530 nm & 615
nm): a) Charge Transfer Bands (CTB) and b) Different characteristic excitation lines of Eu’* and U°*

Emission spectra for 2 at % Eu ** doped Bi;UOg at ke = 245 nm & 270 nm
(charge transfer band, CTB) are shown in Figure 5.12a & b. It was observed for both
the excitation wavelengths, that there is a broad band in the range 350—460 nm with
maxima at 430 nm. This emission at 430 nm is assigned to paramagnetic oxygen

vacancies Vo [178,179]. The spectra also consists of vibronic structure due to UO,>"
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as reported in the literature [305,334] along with characteristic transitions of Eu®" such
as °Dy — 'F; (593 nm), Dy — 'F, (615), >Dy — 'F3 (652 nm) and Dy — 'E4 (700 nm)
arising due to transition from the excited *Dy state to 'Fy (J= 0—4) levels. As seen from
these two figures, for Aex = 245 nm, the characteristic emission lines of UO,*" are very
clear while that of Eu®" ion are very low intense and not visible clearly (Figure 5.12a)
while for Ae= 270 nm, the characteristic emission lines of Eu®" ion are more intense
and more clear compared to UO,*" (Figure 5.12b). From the characteristic lines of
Eu’" ion in Figure 5.12b, it is also clearly seen that 5Do — 7F2 (615 nm) is the most
intense one among all. If one carefully sees these two figures (5.12 a & b), a broad
background feature with maxima at 520 nm is also found to be present which is
attributed to the 'S «> P, transition of Bi*". Generally, U (VI) in the form of UO*
also shows emission in this region [333]. However, as Bi,UOg does not contain this
moiety, the presence of UO¢" emission can be ruled out completely. The emission due
to Bi’" ions is generally observed in the spectral range 470-670 nm depending on the
covalence; crystal field and co-ordination number [335-337]. A combined PL decay
and Time Resolve Emission Spectra (TRES) study was performed to resolve all the

components, which is discussed below.
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Figure 5.12: PL emission spectrum of Bi; ¢sEu0,UOgat a) 1.,=245 nm and b) 1,,.=270 nm

The PL decay curves corresponding to the 2 at % Eu " doped Bi,UOs
(Bi;.96Eu0.04UOg) with different emission wavelengths viz., Aey = 430, 520 and 615 nm
at an excitation wavelength of Ax = 245 nm are shown in Figure 5.13. The decay

curve at 430 nm was fitted using the mono-exponential decay equation; while the
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other two decay curves at 540 and 615 nm were fitted using the bi-exponential decay
equation. The details of this equation are given in previous chapters.

The lifetime values (71 and T;) corresponding to the emission wavelengths 430
nm, 540 nm and 615 nm are tabulated in Table 5.4. The life time values at Ao, = 430
nm (t'; = 14 ps) is attributed to oxygen vacancies since the emission is associated
with electron hole recombination process as observed in our previous cases [179]. In
case of Aem = 540 nm, the two lifetime values obtained from the bi-exponential
equation are T°= 20 ps and t,= 95 ps. Since both uranyl ‘UO,*" and Bi’*" generally
show emission in the same region, the two life time values are due to these two
species only. The origin of uranyl group’s emission is charge transfer transition, which
is allowed while that of Bi*" ion is due to 'S <> *P, which is forbidden due to triplet
to singlet transition. Therefore the shorter lifetime i.e. t= 20 ps is assigned to the
uranyl “‘UO,*"* group while the longer one i.e. T,= 95 ps is assigned to the Bi’" ion.
The lifetime values observed from the bi-exponential decay curve at Aey, = 615 nm are
7= 50 ps and T,~400 ps. Since EXAFS and XRD studies have indicated that La™ is
going at Bi" site in Bi;UO, these two life time cannot be assigned to Eu’" ion at two
different sites (Bi*" and U®" site). As the f-f transition of Eu’" ion is a forbidden one,
obviously the longer lifetime 7%, is due to Eu’" ion at Bi*" site. Emission spectrum
shows that there are defects like oxygen vacancies in the solid solutions. These defect
centres provide some non-radiative pathways to the activator in the excited state to
come back to the ground state. Therefore we attribute the shorter lifetime t°;= 50 ps
to Eu’" ion at Bi*" site which is in the vicinity of oxygen vacancies, while the longer
one i.e. T,~400 ps is due to Eu’* jon at Bi’" site which is far from oxygen vacancies.

In Figure 5.14: 1, 11, III, IV and V, TRES spectra at A= 245 nm and at
different delay times viz. 20, 200, 400 & 800 ps with constant integration time of 1 ms,
have been shown. In general, all the species fully decayed at an average time of 3
times of their respective life time (3t). Assuming that, at 20 ps delay time, all the
species will be present. Figure 5.14-1 represents a mixture of all the emissions from
these species. However at higher time delay such as 200 ps, the species with t'; = 14
us will be completely decayed and the spectra Figure 5.14-1 will consist of other

species except that one with life time t',. Therefore A=(I-II) represents the
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Figure 5.13: PL decay curves corresponding to 2 atom % Eu 3 doped Bi,UOg (Bi; gsEu0,UOg ) with

different emission wavelengths (A,

=430, 537 and 615 nm) at an excitation wavelength of 4., = 245.

Table 5.4 : Lifetime values at different emission wavelength

123

123

Wavelength (nm) 1(us) 2 (us)
430 = 13.96 (100%) -
540 ©,=19.81 (44.78%) 15=95.03 (55.22.27%)
615 7'5=49.39 (28.20 %) 75=398 (71.80%)

TRES spectra due to the species t'; = 14 ps as shown in Figure 5.14 A, with a maxima

peak at 430 nm, which is assigned to oxygen vacancies. Similarly the TRES spectra of

uranyl (t*1= 20 ps) and Bi’

(7%= 95 ps) species can be represented by B= (II-III) and

C= (ITI-IV). At 800 us delay time, the spectrum will be mostly contributed by the long

lived component of Eu**

as represented by IV in Figure 5.14. Since both the Eu’"

species with T~ 50 ps and °,=400 ps occupy the same symmetry and same co-

ordination, their TRES spectra will be same. The orange emission (590—600 nm) of

Eu’" is due to the Magnetic Dipole Transition (MDT) 5Do —'F 1, which is not affected
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appreciably by the site symmetry while the red emission (610-630 nm) is due to the
Electric Dipole Transition (EDT) *Dy — 'F, which is sensitive to local site symmetry
as stated in our earlier case in Eu:BZO. Hence, the intensity ratio of 5D0<—>7F2 to
’Dg>'F; will provide information about the site symmetry of Eu’". Strong intensity of
’Dy’F, line at 614 nm (EDT) in comparison to D« 'F; line at 594 nm (MDT) from
Figure 5.12b, 5.14-1I1 & 5.14-1V, indicates that Eu’* occupy asymmetric environment
without inversion symmetry. As stated earlier, Bi ions possess more asymmetric
environment compared to U in Bi;UQg; it can be easily concluded that Eu®" ions are
substituting Bi" ions in Bi,UO lattice to form Bi; osEug04UQs. Since both Eu®" and
La’" have similar size and charge, they will also follow similar behavior during
formation of Bi,.»cLay,UOg¢ solid solutions. Hence, La*" will also substitute Bi*" in

Bi,UOg to form Biy.olLar,UOg solid solutions.
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Figure 5.14: TRES spectra of 2 atom % Eu " doped Bi,UOg (Bi, osEuy.0:UOs ) at two different delay
time (20 & 200 us).

255



Chapter 5

5.4. Synthesis and optical properties of U:MgAl,O4 [338]

5.4.1. Synthesis and Characterization

U:MgAl,O4 has been synthesized using gel-combustion method employing citric acid
as combustion fuel. The raw materials used in this synthesis are citric acid
(C¢HgO7-H,0) (99.7%, AR grade), Magnesium Carbonate [MgCOs3] (99%, AR grade),
Aluminium nitrate [Al (NO3);-9H,0O] (98%, AR grade) and U;Og (Spectroscopic
Grade, 99.999 %). At first required amount of magnesium carbonate and uranium
oxide were converted into their respective nitrate form by dissolving their appropriate
amounts in dilute nitric acid (4M).In a separate beaker, required amount of Aluminum
nitrate salt was dissolved in QDD water. The magnesium and aluminum nitrate
solutions were then mixed in a beaker under constant stirring for half an hour and a
transparent solution was obtained. The uranium nitrate solution was then mixed to this
mixed solution. Citric acid solution, which was prepared in a separate beaker by
dissolving its required amount in QDD water, was subsequently added to the nitrate
solution mixture. The entire mixing process was done at room temperature under
vigorous stirring at magnetic stirrer and kept as such for 1 hour. The solution mixture
was then heated at 80°C with continuous stirring for 5 hours, until a highly viscous gel
is formed. The gel was then heated under infrared lamp for 10-12 hours after which a
brown ash-like voluminous product was formed. The ash like mass was then grounded
and kept for calcining at 800° C in a muffle furnace under air atmosphere for 12 hr,
after which a fine white powder was obtained.

Figure 5.15 shows the XRD patterns of as-prepared 1.0 mol % U doped MgAl,O4
(U:MAS). XRD patterns of the compound are in close agreement with reported cubic
pattern of MgAl,O4 spinel (MAS) with JCPDS No. 77-0435. The XRD patterns do not
show any signature of impurity phase diffraction peaks such as MgO, Al,O3 or U303
phase which is an indication of homogeneous solid solution of MgAl,04 and U, which
further confirms the occupancy of uranium ions at the lattice sites of MAS. It can also
be seen from the XRD pattern that all peaks are sharp and well defined, indicating a
high degree of crystallization in U:MAS sample. We have synthesized the pure phase
at 800°C and in comparison to reported literature our samples mostly stabilizes in

normal spinel form with octahedral AI’" and tetrahedral Mg2+ sites [339].
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Figure 5.15: Powder X-ray diffraction pattern of U:MAS

5.4.2. Excitation and Emission Characteristics, lifetime, local site occupancy,
energy transfer and TRES study

Figure 5.16 shows the emission spectrum of MAS undoped sample under 230 nm
excitation. The emission can be seen in the visible bluish green region, which was
attributed to presence of shallow and deep defect in band gap of materials. Since the
excitation wavelength used in this case is less than the band gap of MAS, direct band-
to- band transition is not possible. There must be some defect states (cation or oxygen
vacancies) which are aiding the hole-recombination process. The origin and role of

various defects is explained in our earlier work [178, 179].
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Figure 5.16: Emission spectrum of MgAl,O, under excitation of 230 nm.

Figure 5.17 depicts the excitation spectrum of U:MAS under emission at 501 nm.
There are two main features; one is a broad band at around 260 nm and there are
cluster of peaks at around 422 nm. Broad peak at 260 nm has been attributed to a U-O

charge transfer transition corresponding to the presence of U ions at the Mg*™ or AI’*
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sites. The peak at 422 nm is typical of uranium in the form of uranyl ion. It is reported
[340] that the absorption band at 420 nm is typical of ligand-to-metal charge transfer
(LMCT) electronic transition of uranyl (VI) salts, consisting vibrational fine structure

of which maximum of twelve transitions can be resolved.
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Figure 5.17: Excitation spectrum of U:MAS (Aen=501 nm)

Figure 5.18a shows the emission spectrum of U:MAS under excitation range from 230
to 300 nm. The spectral feature remains same as a function of excitation wavelength
but they do differ in terms of intensity; 250 nm excited sample gives the maximum
emission output. The fluorescence spectrum has six characteristic bands at 460, 480,
500, 520, 546 and 572 nm. The four main peaks (460, 480, 500, and 520 nm) have a
full width at half maxima (FWMH) of around 20 nm (Figure 5.18a). Complete
disappearance of defect induced host emission of MAS in emission spectrum of
U:MAS is an indication of the fact that complete energy transfer takes place at 1.0
mol % of uranium ion concentration. This has also been explained using DFT
calculation, which is given in details in our published report [338]. From DFT
calculation, it was observed that d and f-states of U contribute strongly in the lower
part of CB as well as in the defect states generated due to oxygen vacancies. In our
previous study [179], it was shown that photo-luminescence properties of the
MgAl,O4 are dominantly governed by the presence of oxygen vacancies (neutral and
charged). As a result, photon energy transfer from host MAS to dopant U is easy and
preferable.
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The vibronic progression with constant spacing in the emission spectrum is specific
signature of uranium in +6 oxidation state in the form of UO,*" [21]. Such uniformly
distributed vibrational progression arises from strong interaction of the ground state
Raman active O=U=0 symmetric stretching mode with the °IT, electronic triplet
excited state (generally observed between 780 and 900 cm™'). These characteristic
emission peaks of U:MAS (Fig. 5.18a) is due to LMCT involving electronic transition
from bonding oxygen orbital (6, 6, 7, and my) to a non-bonding uranium 5f5 and 5f;
orbital [22]. U-O in uranyl ion (UO;) has partial triple bond character and relatively
shorter bond length compared to single U-O bond in uranate ion (UOg). The position
of first vibrational band (v¢.o) is most confirmatory signature in deciding the number
of oxygen around uranium and bond order of U-O and it is termed as zero phonon
band (ZPB). ZPB for UO,*" can vary from 440-520 nm and the fact in our spectrum it
is observed at 460 and the subsequent vibrational progression can be seen at room
temperature is an indication of the fact U (+6) stabilizes as U0,

Figure 5.18b shows the emission spectra for the uranium incorporated
MgAl,O4 samples as a function of excitation wavelength, from 300-400 nm. It can be
seen from the figure that as the excitation wavelength increases and reach the limit of
330 nm, the fine uranyl structures vanishes and a broad band was observed centered
at around 525 nm which is the signature of uranate ion in octahedral coordination
(UO¢%). This indicates that minor amount of U (+6) may also be stabilized in the form
of UOg" .
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Figure 5.18: Emission spectra of U:MAS in the excitation range (a) 230-300 and (b) 300-400
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Local site occupancy of Uranium in MAS

In order to compare the emission profile of uranyl ion in a magnesium aluminate
spinel and that of pure uranyl ion compound, the fluorescence spectrum of uranyl
fluoride, available in our laboratory, was recorded. Figure 5.19 shows the comparative
emission spectra of uranyl fluoride crystal systems and that of U:MAS. The emission
spectrum of U:MAS exhibits broad spectral features compared to uranyl fluoride
crystal; this is typical of uranyl ion in disordered chemical surrounding. Secondly, the
emission bands in U:MAS are blue shifted with respect to peak position of uranyl
fluoride, which also indicates a distorted chemical environment for the uranyl ion in
magnesium aluminate compared to pure uranyl compound. This indicates that
majority of UO,*" occupies relatively asymmetric Mg>" sites (tetrahedral) in
magnesium aluminate.

To get better insight into local structure and site of uranyl ion in MAS,
luminescence lifetime measurements were conducted. The decay curve corresponding
to U:MAS is depicted in Figure 5.20a under excitation wavelengths of 250 nm and
emission wavelength 501 nm. The PL decay curve was fitted using bi-exponential
model using equation4.2 as given in previous chapter. The decay curve shows two
different lifetime value 15us (T1) and 119 ps (T2) with magnitudes 22% and 78 %
respectively. Bi- exponential decay indicates different chemical environment of uranyl

ion in MgAl,Oy.

Uranyl flucride crystal
Urayl ion in MgAl,O,

— 5 _|

=: 2x10
=

=

=

2 1x10°-

Q

s

=

c

.9 4

n 5x10 -

2

£

i

0
T T T T . T | T
400 450 500 550 600

Wavelength (nm)

Figure 5.19: Emission spectra of U:MAS and uranyl fluoride crystals under identical conditions
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Figure 5.20: (a)Luminescence decay profile of Uranyl ion in MgAl,O, under 1.,,-250 nm and A.,-501

nm & (b) Time resolved emission spectra of short and longer lived uranyl ion in MA

Time resolved emission spectroscopic analysis:

To get information about emission characteristics of T1 and T2, TRES measurement
was carried out on U:MAS. On applying suitable delay and selecting appropriate gate
width, one can get emission spectral information for T1 (15 ps) and T2 (119 ps). The
emission profile obtained for shorter and longer-lived species is shown in Figure
5.20b. It can be seen from the spectra that the emission peaks corresponding to the
slow decaying species are blue shifted by 3—5 nm and both the species differ in their
emission output. This observation clearly confirmed the presence of the uranyl ion at

two different chemical environments in MAS.
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Chapter 6

Conclusions and future scope

The present thesis describes a detail investigation on defects and dopant mediated
optical properties in various oxide based matrices (both doped and undoped) e.g.
magnesium oxides (MgQO), zinc and magnesium aluminates (ZnAl,O4, Fe:ZnAl,Oy,
MgAlLO4s & U:MgAlLOy), zirconate (SrZrOs, Mn:SrZrOs;, BaZrO;, Sm:BaZrO; &
Eu:BaZrOs;), uranate (Bix—oxLa/EuxxUOg) and vanadate (LiZnVO,), which were
synthesised through either solid state or sol-gel combustion method. Structural and
optical properties of these materials have been investigated using XRD, SEM, TEM,
PAS, EPR and PL techniques. In Chapter 1, a brief introduction to various defects and
dopant related optical materials, different luminescence centres and their
luminescence properties are given and discussed. In chapter 2, basic principles of
different experimental and instrumentation techniques used for synthesis and the
characterization of the luminescent materials are discussed. Subsequent chapters
(chapters 3-5) deal with the various defects and dopant mediated fascinating optical
properties of the mentioned oxide matrices.

MgO was synthesized by the thermal decomposition of magnesium oxalate
precursor at different temperatures viz. 600°C, 800°C and 1000°C .Various defect
centres such as oxygen vacancies (different F centres), cationic vacancy, interstitial
oxygen, etc. are responsible for multi component emission characteristics. DFT based
calculations were performed for these defect centres to characterize their electronic
states inside the band-gap. In MgO, a photo ionization process viz. F + hv < F'+ ¢
was observed, where the released electron becomes free after prompting into the
conduction band. Being free, the electron may recombine with different types of
positively charged defect centres in addition to the newly formed F™ centres. Thus,
different electronic transitions from the conduction band (CB) to the empty ground
electronic states of positively charged F and F,-type centres were correlated with the
respective colour components. Recombination of a hole in the valence band (VB) with
a filled electron in the electronic states may also be responsible for some emission

behaviors in the near infrared (NIR) region. These recombination processes lead to
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observation of different emitting colours. Study on magnetic measurements showed a
low temperature weak ferromagnetic ordering with a T¢  (Curie
temperature) around 65 K (£5 K). The saturation magnetization (Ms) was found to
increase with increasing annealing temperature during the synthesis. A combined EPR
and Positron annihilation lifetime study suggested that both oxygen and Mg vacancies
are responsible for the ferromagnetism behavior and the observed higher magnetic
value at higher annealing temperature was due to dissociation of cluster vacancy to
mono vacancies.

Both MgAl,O4 and ZnAl,O4 compounds were synthesized using sol-gel
combustion method at different annealing temperatures. In MgAl,O4, two broad
emission bands; one in the blue-green-yellow and other in the red-near infrared (NIR)
regions were observed. Tuning of emission profile from blue-green-yellow to red-NIR
region was possible upon thermal annealing of the as prepared compound. Multiple
defect centres, such as F, F», F*, and F,*" and different shallow and deep defects were
found to be present inside the band gap, as confirmed by the lifetime and time-
resolved emission spectroscopy (TRES) studies. The tunable emission characteristic at
different annealing temperatures could be linked with the phase behavior of the spinel.
Excitation wavelength variation suggested that a photo conversion process of F to F+
centres was involved with Ay = 250 nm, followed by a trapping—de-trapping
mechanism of the released electrons within different trap states. An exchange
mechanism of electrons in between conduction band and shallow states was also
observed at room temperature, which was absent at low temperature, as indicated by
the emission profile. These observations render MgAl,O4 to be a potential optical
based thermal sensor material.

In ZnAl,O4, a broad emission peak in the blue-green region was observed
which is due due to presence of oxygen vacancies, interstitial defect and anisette
defect centres. No prominent emission in the red-NIR regions was observed like
MgAl,04. However TRES study showed that at higher temperature, there is an
existence of a low intense red-NIR peak. Unlike MgAl,O4, no photo conversion of F
centres and tuneable emission characteristics on excitation wavelength variation was
observed. For both MgAl,O4 and ZnAl,O4, when the compounds were synthesised at
lower annealing temperature the lifetime of the defect centres were found to be high

(of the order of ms) while annealing them at higher temperature, the life times are
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significantly reduced (of the order of ps).This observation can be attributed to the
presence of antisite defect centres such as Aly, or AlMg+ which act as an electron trap,
thereby delaying the electron-hole recombination. For these compounds obtained at
lower annealing temperature, the percentage of inversion is more while at higher
annealing temperature it is less. In both cases of the compounds, DFT-based
calculations were carried out for both pure and various oxygen-vacancy-introduced
spinel phases in order to characterize the different defect related electronic states
inside the band gap.

In Fe:ZnAl,O4, which was synthesised through sol-gel combustion method,
two different emission profiles in the blue and red region were observed. With
changing concentration, there was an increase in the red emission due to Fe’"
substituted Zn>" at octahedral site. At higher annealing temperature, a reverse trend in
both the colour was observed. The blue emission kept on reducing, while the red
emission kept on increasing as the doping level was increased. In EPR study also, Fe®"
showed two characteristics spectra in the tetrahedral and octahedral site and their
variation with concentration and annealing temperature was in concordance with the
results in PL spectroscopy. These observations suggest that at low temperature the
percentage of inverse phase in ZnAl,O4 spinel is more, while at higher annealing
temperature normal phase exists in majority.

In Mn:SrZrOs;, which was synthesised through sol-gel combustion method,
Mn”" at Zr-site experiences strong crystal field environment, while at Sr-site it faces
low crystal field environment. At Sr-site it gives green emission and at Zr-site it gives
red emission. A tuning of emission colour to the red region could be observed at
higher Mn concentration, due to increase in Mn”" ion substitution at Zr-site. Further
this substitution at Sr- & Zr-site was also linked with the shallow and deep defects of
the SrZrOs as confirmed by DFT calculation. Thus Mn -substitution also helped in
characterising shallow and deep defects of the host emission. In EPR investigation,
Mn”" showed characteristic spectra due to substitution at the lattice site and on surface
of the particle. In addition, a broad spectrum due to oxygen vacancy was also
observed; this was found to increase at higher concentration of Mn”>" due to more
substitution at Zr-site.

In LiZnVOs, an intense green emission was observed due to oxygen vacancy

and charge transfer transition of the VO,> host. The compound was synthesised
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through sol-gel combustion route. Generally phosphor material synthesised through
this route shows low quantum yield due to agglomeration of the particles at higher
annealing temperature. In this case during synthesis, in the starting solution, V exists
as VO*" (3d") which is EPR active, while in LiZnVO,, V exist as V°* (3d’) which is
EPR inactive. Thus monitoring the EPR spectra at different annealing temperatures, it
was observed that 600 °C is the optimum temperature for synthesis. Further the EPR
parameters at different steps showed that there is a change in co-ordination
surrounding the V from octahedral to tetrahedral, which confirmed that tetrahedral
VO, is the main luminescence centre in LiZnVO,. Thus on a general note, we can
say that transition metal ions can be used for developing colour tunable phosphors
materials, as a structural probe and to monitor synthesis of phosphor materials.

BaZrO; nanoceramics were synthesized using gel-combustion route. Intense
blue and green emission was observed in undoped sample due to the presence of
oxygen vacancy. Both Sm>" and Eu’* doped BaZrOs;compounds were found to be red
emitting phosphors. Based on PL spectroscopy, it was inferred that majority of Sm*"
ion stabilize at Ba®" site without inversion symmetry, whereas majority of Eu’" ions
occupy Zr* site. The actual site symmetry for Eu®" ion in barium zirconate was also
evaluated based on stark splitting pattern and was found to be Cs.

In Bi,—o¢Lass UOg in order to understand the site occupancy of La, Eu®" had
doped in place of non-activator ion La™. The compounds were synthesized through
solid state method. In iso-structural Bi; 9¢Eug04UQg, it was observed that majority of
Eu’" ions were occupying the Bi’" site. Thus Eu’" can be used as a spectroscopic
probe for site occupancy of La*" having similar charge and size. Emission due to
oxygen vacancy was also observed in this compound, which in a combined study with
EXAFS was concluded to be due to La substitution at Bi site, which leads to distortion
in the matrix. These oxygen vacancies are responsible for the conductivity of the
material. In Bij 96Eug04UQOg, uranium stabilizes in +6 oxidation state in the form of
UO,™ ion giving a vibronic structure in the emission profile. With the help of TRES
study, the five line vibronic structure was isolated from the complex emission spectra.

Uranium doped MgAl,04 was synthesized through gel-combustion method. It
is very important to know the exact state of U, since the physical properties associated
with the U based compound is very much dependent on its state of existence. From

excitation and emission spectroscopy, it was observed that uranium stabilizes in +6
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oxidation state in the form of UO,*" ion. On doping uranium in MgAlL,O4, complete
energy transfer from host to uranium ion was observed, which was explained using
DFT. Bi-exponential decay indicated two different chemical environments for uranyl
ion in MgAl,O4. TRES obtained after suitable delay time showed the emission
characteristics of two different uranyl ions.
Future scope:
As a natural continuation of this work the following issues should be
investigated
1) Theoretical and EXAFS measurements to reach a deep understanding about
the defect structure in ZnAl,O4 and BaZrO;
2) Defect induced emission characteristics in other aluminates such as BaAl,Oyq,
CaAl,O4 and comparing their PL properties with MgAl,0O4 and ZnAlL,Os.
3) Exploring defects and dopant induced optical properties in double perovskite
materials.
4) Photocatalysis study of these materials will also be very an interesting research

area.
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