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Preface

Luminescence is more enthralling and significant towards mankind since the prehistoric
times and is named after new material that defined them, for example the occurrence of lu-
minescence through the aurora borealis, luminescent wood, glow worms, putrid fish and
meat (in the course of Middle Ages and past). The contemporary age is known as the lumen
(“bright” or “radiant”) age and/or materials age. Luminescence has been implemented in
ground-breaking research, especially in the sub-nanoscale, which studies the properties of
luminescence on both excitation and emission and is widely distributed in physical, chemi-
cal, material, medical and biological sciences.

The growth of innovative luminescence technologies virtually relies on the usage of existing
physico-chemical and biological materials. The origin of modern industrialized technologies
generates employments and superior living atmospheres. In the outline, learning about lu-
minescent materials may lead to innovative applications in the scientific community, which
can improve the quality of life expectancy rather than just following scientific inquisitive-
ness. At present modern luminescent materials are in developing stage and are at the fore-
front of physical, chemical and medicinal sciences with promising scope.

Luminescence has a wide range of applications in everyday life, starting from conventional
fluorescent lighting to digital radiography in the field of magnetic resonance imaging (MRI),
electronic portal imaging device (EPID), light-emitting diodes (LEDs), solid-state lasers, lu-
minescent solar concentrators and other electrical and electronic equipment. For examining
the structure and dynamics of substance or living systems at a molecular or supramolecular
level, luminescence is a powerful tool. Currently, fluorescence is used in various fields, such
as genetics, cell and molecular biology, biochemistry, microbiology, bioinformatics, biomet-
rics, forensics, flow cytometry, medical diagnostics, nanomaterials, DNA sequencing, etc.

The purpose of this book is to offer timely and in-depth coverage of designated advance-
ments in luminescent materials by the contributors. Also, researchers from various fields are
working in the field of luminescence throughout the world. This book deals with the many
elements of knowledge necessary to comprehend, both quantitatively and qualitatively, the
cutting-edge information in luminescent materials with an overview about the introduction
of luminescence, the types of luminescence with material examples, field of applications, ex-
citation and de-excitation processes of atom/molecules, dynamics, rare-earth ions, photon
down-/up-converting materials, luminescence dating, lifetime, bioluminescence microscopi-
cal perspectives and prospects, some topical instrumentation and its various technological
applications for wide range of luminescent materials. The chapters of this book have been
contributed by esteemed researchers in the area and cover the frontier areas of research and
developments in the field of biomedical and materials science technology. This book is envi-
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sioned for students and researchers wishing to gain a deeper understanding about the fun-
damental concepts that are of concern in the relevant fields, and it is our anticipation that
the readers will find this book useful.

This book consists of 14 chapters that have been divided into 4 sections. Section one includes
five chapters on the luminescent materials and their associated phenomena. This section
deals with the introduction of luminescence, the types of luminescence with material exam-
ples, charge-transfer transitions and the new development of high temperature composites
based on cadmium/zinc oxides, rare-earth ions-doped oxides, diamond for application in
various semiconductor devices, polarized PL of non-polar ZnO layers and their QW struc-
tures in terms of the crystal symmetry and the in-plane lattice strain using PLD technique,
crystal structure and morphological analysis, excitation-intensity effect on nanostructures/
thin films with different morphologies, diamond-based LED device, the dynamics of energy
transfer and persistent luminescence associated with novel luminescence applications.

Section two includes three chapters on the photo-physical properties and their emerging ap-
plications which deal with the review of rare-earth-doped up-conversion materials, silicon-
rich dielectric materials (nitride and oxide) and rare-earth ions in glassy hosts for desired
applications such as biomedical application, surface modification, high luminescent emis-
sion (resistive switching) in metal oxide semiconductor technology and luminescent solar
concentrators.

Section three consists of three chapters on the thermoluminescence dating: from theory to
applications which include discussion on the advanced thermoluminescence setup, current
and future trends in luminescence dating, lithium borate/zinc tellurite glasses towards the
application of the evaluation of trap levels and the characterization of donors and acceptors
in semiconductors and dielectrics (wide band gap materials), earth sciences and archaeology
and radiation dosimetry.

Section four comprises three chapters on the bioluminescence perspectives and prospects
which include discussion on the design and studies with bioluminescence microscopy, cell
biology, single live-cell analysis, interaction between bioluminescence and specific photore-
ceptor adaptations in fishes to detect the biological light (metamorphosis of eye and lumi-
nous tissues), the Black Sea ctenophores-aliens as an index of their physiological state and
three-dimensional imaging with dissimilar functionalizations specific for anticipated appli-
cations, for instance, biomedical and industrial applications.

Finally, I will never forget that my first steps in the field of luminescence were guided by Dr.
R. Jagannathan and Professor R. Chandramohan; our friendly collaboration for many years
was very fruitful. I would like to thank all the contributors of the chapters in this book for
their tremendous efforts in constructing outstanding work. Last but not least, I would like to
express my sincere gratitude to Ms. Iva Lipovi¢, publishing process manager, for the effec-
tive communication and assistance during the preparation of this book.

Jagannathan Thirumalai
B.S. Abdur Rahman University,
India
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Chapter 1

The Impact of Luminescence in Technological Scale

Jagannathan Thirumalai

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64625

1. A epigrammatic testimony of luminescence

From the prehistoric times, the term ‘luminescence’ is more fascinating towards mankind. One
can simply look at the logically occurring luminescence through the aurora borealis, lumines-
cent wood, glow worms, putrid fish and meat [1]. The effect was wearing a veil in secrecy and
illustrated consequently in the Middle Ages and past. The most primitive printed report of a
solid-state luminescent material originated from a Chinese text that was published in the Song
dynasty (960-1279 A.D.), quite referred to a book (never recovered) from the period 140-88
B.C. It narrates a painting picture of a cow munch grass in an outside field. In the darkness,
the cow would be seen repose within a shelter [1-3]. Perhaps, the first man-made ink was
exploited using a persistent phosphor material. Harvey [3] dispenses a tremendous description
of these untimely interpretations far beyond the purview of the current reassess. In general,
the name phosphorus is mentioned only for the chemical element, whereas specific micro-
crystalline luminescent materials are referred as phosphors. The first artificial phosphor
exemplified in Western literature dates from 1603. Then, the Italian alchemist and shoemaker
Vincenzio Cascariolo’s phosphor (1870) manifest was the earliest commercially available
phosphor, referred to as “Balmain’s paint,” a barium sulphide preparation. Phosphors (light-
bearing materials) are optical transducers that yield luminescence when the material is suitably
excited. The idiom ‘luminescence’ (the Greek translation of lucifer, means light bearer) was
first initiated by the German physicist, Eilhardt Wiedemann, in 1888, to facilitate the discrim-
ination among the emission of light (luminescence) from thermally excited substances/
molecules under suitable excitation devoid of escalating their average kinetic energy.

After 1900, the modern period luminescence experimentations were started on the inspira-
tions of promising quantum mechanics approaches [4-6]. During the antediluvian 1900s, the
progress of quantum theory bestowed a concrete evidence on theoretical groundwork about
the enormous accretion of spectroscophical facts. A comprehensive understanding of
luminescent emission led from quantum theory, which voluntarily elucidating prior inter-

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X R
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pretation and consenting predictions of innovative occurrence. Subsequently, during the
period of 1920-1930, theoretical concepts of luminescence are very well implicit among
researchers, and it was documented to facilitate luminescence spectroscopy is intrinsically
added novel perceptive than absorption spectroscopy. A minimum of five independent
luminescence properties are able to be estimated which are the features of a testing sample

module [4-6]:

1. Emission intensity by monitoring the excitation wavelength.

2. Excitation intensity by monitoring the emission wavelength.

3. Decay time of the excited state.

4. Emission of polarization.

5.  Quantum yield.

6. Anisotropy.

As an assessment, the merely alternative variable calculated using absorption spectroscopy is
the transmission spectra (Beer-Lambert law). However, most studies concern the activity of
luminescence concepts in the prediction of innovative occurrences as summarized in Table 1.

Type Examples Applications
Fluorescence Lignum nephriticum (‘kidneywood’), aragonite, ~ Display devices, fluorescent
and so on (in all the below cited luminescence hydrogels, biomarkers
types) [7]
Phosphorescence Eu*-doped strontium silicate-aluminate and so on  Traffic signals, phosphorescent paint
(in all the below cited luminescence types) [8] ("Leuchtgelb’)
Photoluminescence Halophosphate (fluoro-or chloro-apatite): Fluorescent lamp
Ca;(PO,),(F,CI):Sb*", Mn?" [9]
Radioluminescence Paint with radium, gaseous tritium light source Wristwatch faces, gun sights, nuclear
(GTLS) [10] reactors and radioisotopes
Cathodoluminescence Ca;Gd,(PO,)(Si0,);0,: Ce*, Tb* and Mn?* [11] Cathode ray tube, monitors, field
emission device
Electroluminescence Zn(S,Se): Cu*, ZnS: Cu* [12] LED, EL displays
Thermoluminescence ZnS: Mn*, Radioactive irradiation, quartz [13, 14]  Archaeology, dating of burnt flint,
pressure gauge temperature
Chemiluminescence Oxidation of luminol, fluorescein, rhodamines, Analytical chemistry
coumarins, oxazines [15]
Bioluminescence Green fluorescent protein [16] Cell tracking, fast-acting biocides
Candoluminescence/ Zinc oxide and cerium oxide or thorium dioxide, = Gas mantles or limelight
Pyroluminescence trimethyl borate, alkali metals and alkali earth
metals [17, 18]
Galvanoluminescence Electrolysis of sodium bromide (NaBr) [19] Fabrication of electrolytic cell
Sonoluminescence Collapse of gas-filled bubbles in a liquid [20] Bomb-resistant baggage container for

wide body aircraft
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Type Examples Applications
Mechanoluminescence/ CaZnOS:Mn? and CaZr(PO,),:Eu* [21] Mechanical stress in industrial
Mechanochromic plants, structures and living bodies
luminescence

Triboluminescence/ ZnS:Mn?* [22, 23] Diamond, quartz, emission of
Fractoluminescence electromagnetic radiation (EMR)—

sensors/smart materials

Crystaloluminescence NaCl [24] Image intensification techniques
(spatial, temporal and spectral)

Injection luminescence LED [25] Basic research

Negative luminescence InSb, (Hg,Cd)Te, Ge and InAs [26] Electronic device

Table 1. Different types of luminescence, with material examples, and field of applications.

Luminescence is a process having a wide range of applications in everyday life, starting from
the conventional fluorescent lighting they extend to digital radiography in the field of magnetic
resonance imaging (MRI) [27], electronic portal imaging device (EPID) [28], light-emitting
diodes (LEDs) [29, 30], solid-state lasers [31], luminescent solar concentrators [32] and many/
much other electrical and electronic equipment employ luminescent materials. Recently,
electroluminescent display that shows promise for making flexible electroluminescent flat
panel display (FEL-FPD) technology [33] is emerging worldwide; it also provides an excellent
platform for a foundation for a no-compromise hang-on-the wall TV. In the field of biochem-
istry and biophysics, the fluorescence spectroscopy and time-resolved fluorescence are
deemed as the first and foremost research equipment and this prominence has transformed
and expanded nowadays with modern spectroscophical equipment. Currently, fluorescence
as one of the foremost tactics was meticulously utilized in dissimilar areas of biochemistry, cell
and molecular biology, genetics, bioinformatics, microbiology, biometrics, forensics, flow
cytometry, medical diagnostics, nanomaterials, DNA sequencing, etc. The usage of fluores-
cence proves a dramatic growth in cellular and molecular imaging. Fluorescence imaging
should be able to disclose the localized analysis of intra-cellular molecules, every so often at
the stage of the detection of single molecule [34].

2. Technological advancements in the science of luminescence
spectroscopy

All and sundry is having numerous astonishing moments to have a high regard for the
spectacular engagement in recreation of luminosity, the consequence and the good organiza-
tion of the assistance offered through optical devices to expand our prospect, in addition to
reward for its ensnared defects to make ourselves with optical illusions. The well-equipped
spectroscophical techniques possess broad accessibility by means of ease procedure, selectiv-
ity, sensitivity, accuracy, speed and precision [6, 9, 34]. The novel applications of fluorescence
have proffered innovative technological advancements over few decades and these techno-
logical features were rapidly implemented for ground-breaking research. It is pointed out that

5
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two-photon or multi-photon excitation and multi-photon microscopy is one of the important
technologies by employing the fluorescence mechanism [35-38]. By two-photon absorption
process fluorophores can be excited by means of femtosecond pump-pulse lasers with regular
pulse width. These lasers have turned out to be simple to utilize and are equipped with
microscopes in the recent days. Table 2 summarizes some major innovative technological
advancement associated with the science of luminescence activities in a broad spectrum.

Instrumentation References
Time-resolved fluorescence spectroscopy [6]
Transient-absorption spectroscopy (flash spectroscopy) [39]
Time-resolved infrared spectroscopy [40]
Time-resolved two-photon photoelectron (2PPE) spectroscopy (or) [41-44]

time-resolved photoemission spectroscopy (or)
laser-based angle-resolved photoemission spectroscopy

Fluorescence lifetime imaging spectroscopy [45]
Fluorescence correlation spectroscopy [46, 47]
Single-molecule fluorescence spectroscopy [48]
Fluorescence microscopy (epi-fluorescence, confocal) [49]
Two-photon excitation fluorescence microscopy [50]
Near-field scanning optical microscopy (or) optical stethoscopy [51]

Table 2. Different types of luminescence spectroscophical instrumentation.

In fluorescence microscopy, the controlled excitation from the phenomenon of two-photon
excitation has created a prevalent employability. Only through the focal plane of a microscope
the image processing could be achieved through multi-photon excitation process [49]. This is
a major benefit, since fluorescence images may get deformed from fluorescence process from
top and bottom of the focal plane. There is no definite phase fluorescence so as to reduce the
dissimilarity in non-confocal fluorescence microscopy; as a result, the images are obtained with
good resolution. Such images are currently being achieved in numerous research laboratories.

Recently, a variety of scientific themes in association to the perspective of analytical advance-
ments in luminescence spectroscopy and luminescence-based imaging in the field of earth
sciences and related disciplines were discussed in detail [52]. Cathodoluminescence (CL)
spectroscopy can be employed to detect and differentiate diverse generation of minerals or
mineral by its variable CL colours or as an efficient technique on behalf of spatially resolved
analysis of point/lattice defects (e.g. radiation-induced defects or vacancies, or broken bonds
induced from electron defects) in solids by using the CL spectral measurements [53]. A new
approach where fluorescence methods combined with modern chemo-metric approaches,
such as bio-specific and other sensors, shows significant potential in the detection of cultural
heritage and its degradation, explosives, residues and their components using time-resolved
photoluminescence spectroscopy (TRPL) and fluorescence lifetime imaging (FLIM) [54].
Similarly, the total reflection x-ray fluorescence (TXRF) spectrometry is an energy-dispersive
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x-ray method that is employed for determining the elemental and chemical analysis (in
stainless steel metal release) and is also suitable for small-sample analyses like airborne silver
nanoparticles (NPs) from fabrics [55].

Thus, the invention of modern luminescence technology-oriented spectroscophical tools
employed with multi-photon excitation/emission is one of the most important mechanisms
thatencompasses with radiative energy transfer, energy transfer by resonant exchange, energy
transfer by spatial process, energy exchange by spin coupling, energy transfer by non-resonant
processes and so on, which involved during photophysical processes even in a molecular level.
As a result, the up-to-date activity in luminescence-based spectroscophical instrumentation
hasbeen correlated to expand our prospects towards new ideas in the field of biological science,
physical chemistry, food science, pharmacology, nanotechnology, photovoltaics/solar cells,
LEDs and displays, environmental science and so on.

In connection to the aforementioned aspects, the proper evaluation of environmental risks
pertinent to recent experimental standards with reference to technological perspectives based
on the growth inhibition caused by the chemical substances require necessary qualitative
assessment such as the assessment of mechanism articulating toxicity. Therefore, it is affirmed
that this assessment is need to be developed for building improvement towards ecological
preservation and to deep evasion against human health.

3. Conclusion

As discussed above, luminescence is not only well conceived, but a pioneer across the globe
with innovative scientific developments; however, facts also demonstrate that it has been and
will prolong to be imperative towards ground-breaking research against novel applications
for the societal cause. The most important worldwide challenges amongst the major notewor-
thy progress are in diverse fields of biochemistry, cell, molecular biology, genetics, bioinfor-
matics, microbiology, bioinformatics, biometrics, forensics, flow cytometry, medical
diagnostics and the addition of nanotechnology. The dispute of novel spectroscophical/
microscopical innovation comprises interdisciplinary areas that must continue to be improved
for these innovative global developments in spectral imaging, fluorescence lifetime, time-
correlated single-photon counting, kinetic chemical reaction rates, singlet-triplet dynamics,
visual implants, non-invasive optical biopsy and neurology. Thus, studies on inimitable
luminescence technological surroundings might provide an insights about atoms/molecules
that may perhaps turn out to be the future harbingers of green energy in the upcoming scenario.
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Abstract

Domestic light providing devices have always been an important component of life and
continue to provide us light beyond sunset. These devices continue to be improved
frequently to allow ease of use and to enhance their efficiency. The tungsten electric light
bulbs are widely used, which are based on incandescence of a continuously heated
tungsten element. However, their use will soon be short lived because of the increased
usage of fluorescent tubes and light-emitting diode (LED) devices, which are based on
luminescence emission. These emission materials that display luminescence are called
phosphors, and their emission is based on electron transitions. In the following chapter,
we shall look into photoluminescence from both intrinsic and extrinsic defects, covering
both down- and upconversion (UP). We will look into the concept of energy transfer
and persistent luminescence and lastly provide related applications of luminescence in
the modern days.

Keywords: electron traps, fluorescence, phosphorescence, kinetics, defects, persistent
luminescence

1. Intrinsic and extrinsic luminescence

Luminescence occurs when a material absorbs radiation that brings about the transition of
electrons from the valence band to the conduction band [1]. This is followed by de-excitation of
the electrons back to the valence band via a luminescence center, which converts their energy
to electromagnetic waves [2]. The luminescence center can either be from intrinsic defects [3] or
from extrinsic defects [4]. Figure 1a shows a schematic diagram illustrating both intrinsic and

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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extrinsic defects. Intrinsic defects occur as a result of an atom in a matrix being displaced from
its original position to an interstitial position, where it generates a point defect, leaving behind
a vacancy defect [5]. Positive defects occupy the donor level (D in Figure 1a), and the negative
defects occupy the acceptor level (A in Figure 1a) within the band gap of a material [6].
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Figure 1. (a) A schematic diagram showing an emission from both intrinsic and extrinsic defects [2], (b) an emission
spectrum of SrGa,O, displaying luminescence from intrinsic defects, (c) shows an emission of ZnTa,O,Pr* from an ex-
trinsic luminescent center [8].

When a material with intrinsic defects absorbs radiation, the electrons are excited from the
valence band to the conduction band, leaving behind positively charged holes in the valence
band [4, 5]. The positive charge of the donor level exerts a coulombic force unto the excited
electrons within the conduction band and attracts them. Similarly, the negative charge of the
acceptor level attracts the free holes in the valence band [7]. The two will exist in a temporary
bound state, and eventually the electrons will de-excite to recombine with the holes. When
electrons de-excite, they lose energy, which is converted to electromagnetic waves [4, 5]. An
emission spectrum showing an intrinsic defect emission of SrGa,O, (unpublished data) is

presented in Figure 1b.

Extrinsic defects are intentionally incorporated dopants into a host matrix, in order to generate
aluminescent center (Figure 1a). When the excited electrons de-excite to the luminescent center
(Pr* is used as an example of the luminescent center), further de-excite to lower state of the
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center radiatively, giving electromagnetic waves with different wavelengths, depending on the
ion adopted for the luminescent center [2]. It is also worth noting that direct excitation to the
luminescent center occurs simultaneously with the excitation to the conduction band [5].
Figure 1c shows photoluminescence emission spectrum of ZnTa,O4Pr** phosphor, which
displays blue and red emission lines from different metastates of Pr** as electrons de-excite
further to their ground state. The blue emission lines are attributed to *P,—°H, transitions at
447-449 nm, and the red emission lines are attributed to 'D,—°H,, *P,—°H, and °P,—°F,
transitions at 608, 119, and 639 nm, respectively [8].

2. Fluorescence and phosphorescence

The luminescence emission is differentiated by the length of its lifetime, which can either be
fluorescent, phosphorescence, or persistent [5]. On one hand, with an emission lifetime,
fluorescence is an emission lasting up to 10 ns [9]. On the other hand, phosphorescence is an
emission that is longer than 10 ns, and it lasts up to 10 s [9]. Additionally, there is also an
emission that lasts for a couple of minutes up to several hours after the excitation source has
been removed, and it is referred to as persistent luminescence [10].

The difference between the two is explained using a simplified Jablonski diagram (Figure 2),
which only shows transitions between vibrational states of a dopant ion. Fluorescence (F—in
Figure 2) occurs when the energy of the incoming radiation excites an electron (A —in Figure 2)
residing in the ground state (S;) to higher singlet energy states (S, S,...S,). From where the
electron will de-excited to the lowest excited state (5,), then radiatively de-excite to the ground
state (5,) within 10 ns. In the case of phosphorescence emission (P in Figure 2), there are triplet
energy states between metastates, from which the electron stabilizes then de-excites the one
below and so from T, to T, (Figure 2). This delayed transition of an electron results in an
emission that may be delayed up to 10 s from the time of radiation absorption [11-13].

S
8y —p———
5 2 - — T,
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A F 3 T,
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S‘ L 4

Figure 2. Schematic showing a simplified Jablonski diagram that is used to explain fluorescence and phosphorescence
emission [2].
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3. Persistent luminescence

Persistent luminescence differs from both fluorescence and phosphorescence, because it does
not depend on the dopant ion, but the electron-trapping centers, which are generated by
intrinsic defects [10]. In this case, when a sample is irradiated, the excited electrons are trapped
by electron traps, and as a result of thermal energy, they gradually migrate to the luminescent
center (Pr* in GdTaO,Pr*) [10, 14].

This type of luminescence may last up to several minutes or hours [10]. The decay curve
(Figure 3) of GdTaO,:Pr shows the luminescence emission intensity change over 1200 s. It is
divided into two components, the fast and the slow components, attributed to shallower and
deeper electron-trapping centers [2], with time parameters that can be extracted by fitting the
curve with a second-order exponential equation (Eq. (1)): where i(t) is the luminescence
intensity, A and B are constants, and ¢ is the measurement time. The first and second terms
describe the decay of the first and the second components; 7, and 7, represent the lifetime of
the two components [15].
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Figure 3. Decay curve of GdTaO,:Pr* persistent luminescence [2].
I(t) = Ae™t/™1 + Be t/™ )

Persistent luminescence relies on the electron-trapping (Figure 4) [14] centers, which may be
more than one in a particular system, and among them are positively charged oxygen vacan-
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cies (V;) and V (; ') [14-18]. These defects (oxygen vacancies) have an energy level that overlaps

with energy of the conduction band, and the positively charged defects occupy the donor level,
as mentioned earlier. They also occupy different energy levels relative to the conduction band
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Figure 4. Schematic showing persistent luminescence mechanism for GdTaO,Pr* [2].

The process begins by exciting the electrons to the conduction band, from where they are
trapped by the electron-trapping centers [10, 14, 15], by exerting a coulombic force [7] to them.
Those trapped by centers with energy levels that are equivalent to thermal energy correspond-
ing to room temperature (shallow traps), will be detrapped and migrated to the luminescent
center, via the conduction band [19]. The detrapping and migration process may last up to
several minutes or hours, resulting in a phosphor displaying persistent luminescence [14-18].
The decay curve (Figure 3) is a measure of how the luminescence intensity resulting from the
migrating electrons, changes in time. As observed, in time the luminescence intensity decreas-
es, and this is attributed to electrons being depleted from the shallow electron traps [19].

4. Thermal-stimulated luminescence

The electrons trapped (Figure 4) within deeper electron-trapping centers may be thermally
stimulated back to the conduction band by temperatures higher than room temperature [20].
Such luminescence is presented as a function of temperature (Figure 5) [21]. The resulting glow
curve (Figure 5) is then used to approximate depth of the electron-trapping centers. Different
methods may be used to calculate the depth of the electron, ranging from initial rise, Chen’s
peak geometry, isothermal analysis, variable heating rate, and computerized glow curve
deconvolution (CGCD), among many methods [20].
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Figure 5. A deconvoluted glow-curve of ZnTa,O4:Pr* [19].

The glow curve of ZnTa,Oy:Pr** (Figure 5) was deconvoluted into five thermal peaks using
CGCD method, guided by the T,,~T,,, measurements (not shown). Thermal peaks correspond
to prominent electron-trapping centers with very close energy distribution within the forbid-
den region [22, 23]. The deconvolution was performed by the CGCD from a software package
(TLAnal) developed by Chung et al. [24]. The general-order kinetics-related functions were
used to compute for the activation energy (Eq. (2)), frequency factor (Eq. (3)) and the concen-
tration of the electrons trapped within electron-trapping centers (Eq. (4)). where I, and T), are
the TL intensity and temperature (K) at the glow peak maximum, respectively, E is the
activation energy (eV), k is the Boltzmann constant, § is the heating rate, n, is the concentration
of the trapped electrons, and b is the kinetic parameter. With the above model, the depth of the
electron-trapping centers can be determined along with the quantity of electrons that were

trapped [20-23].
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5. Energy transfer upconversion

In order to optimize the luminescence efficiency of a phosphor, several methods are adopted,
which include energy transfer [2, 25], charge compensation [2], to mention a few. The earlier
involves the energy transfer between two dopants: the activator (accepter) and the sensitizer
(donor). For the process to begin, an interaction between the two ions is required, which can
either be exchange interaction, radiation reabsorption (resonant non-radiative energy transfer)
or magnetic-multipole interaction [25]. There are several types of multipolar interactions
involved in the energy transfer, such as dipole-dipole (d-d), dipole-quadrupole (d-q), and
quadrupole-quadrupole (q-q) interactions. The process where the energy transfer occurs as
radiation reabsorption is shown in Figure 6, where the excited donor, emits at the region where
the acceptor is excited, resulting in an enhanced luminescence emission of the acceptor [26].

EM

Acceptor

Luminescence Intensity

Wavelength (nm)

Figure 6. Schematic showing the overlap between the donor emission and the acceptor excitation.

Figure 7 shows the spectra of SiO,:Er* and 5iO,:Er*, Yb*. The emission of SiO,:Er** is attributed
to radiative electronic transitions of Er**, which has luminescent emission peaks at 432 from
4Fs), to ;5 486 from “F), to ‘I35, 542 from *Fy), to *I;5,, 611 and 708 nm from different meta-
states of *Fs, to ‘I, as shown in Figure 8 [27].
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Figure 7. Luminescence from different levels of Er* energy states in SiO,:Er** and SiO,:Er*,Yb* that were excited at 980
nm to achieve upconversion.
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Figure 8. Jablonski energy diagram illustrating energy transfer from Er** to Yb> [28].

The luminescence of SiO,:Er** was achieved upon exciting the sample with a 980 nm LED laser,
which excited the electrons from “I;5, to the nearest I;;,, metastate or other, metastates, as
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illustrated in Figure 8. Eventually all the small photon energies are combined to excite the
electrons in a stair like process until the electrons are excited up-to the highest metastate of
Er® [27]. The electrons positioned at the higher energies may de-excite directly to *I;5,, which
is the ground state, and emit photons with energies > that of the exciting source [28]. This
process is referred to as upconversion (UC) luminescence [27]. Which is different from the case,
where a sample is excited with high-energy photons (ultraviolet light) and yields lower-energy
photons (visible, near infrared or infrared emission), as we have discussed earlier.

SiO,:Er*" was co-doped with Yb** that acts as a sensitizer, in order to enhance the luminescence
emission intensity of the phosphor. When the 980 nm laser is used to pump energy to
SiO,:Er*,Yb*, the electrons are excited from *I;5,, to *I;;,, metastates of Er*, and from °F,, to ?Fs,,
metastates of Yb* (Figure 8). The spectral overlap between the two ions results in the emis-
sion of Yb* that is faster than that of Er*, being absorbed, therefore transferring energy to
Er* via the resonant non-radiative energy transfer channel [27]. This results in the emission of
Yb* from 2F>? to 2F,,, transition being reabsorbed to enhance the electron excitation from I,
to “Iyy5, *Iisp; to *Fo, [28] and the rest of the transitions as shown in Figure 8.
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Figure 9. (a) UC emission spectra of 1 mol% Ho*-doped TZO glass on increasing excitation power (inset-green to red

emission intensity ratio plot), (b) logarithmic dependence of the pump power versus integrated UC intensity, of 1 mol
% Ho*-doped TZO glass, and (c) emission spectra of TZO glass doped with Ho** [30].
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It is possible to determine the number of pump photons (n) involved in the UC emission
process. For this, it is necessary to measure the variation of the pump power (P) as a function
of the UC emission intensity (I) which is related by the following equation [29]

I P" @)

The UC emission spectra of a Ho**-doped TeO,~ZnO (TZO) glass recorded upon a 980 nm
excitation wavelength in the 400-800 nm range at different excitation powers are shown in
Figure 9a. Three UC emission bands were observed around 547, 660, and 760 nm in the green,
red, and NIR regions, assigned to °F,/°S, — 5I;, °F; — °I;, and °S, — °I, optical transitions of
Ho® ion. These transitions were aided by multiphoton excitation, and the increased intensity
came about as a result of increasing the excitation power [30].

The relative intensity ratio of the green to the red emission bands changed corresponding to
the excitation power as shown in the inset of Figure 9a. This variation in intensity was
attributed to the change in their excited energy level population. Figure 9b shows the In-In
plot of power versus UC emission intensity for the green and red emission bands of the Ho**
activated TZO glass. Linear fittings of the experimental data resulted into slopes with values
of 1.77 and 1.52 for the emission bands observed through the °F,/°S, — °I; and °F; — I,
transitions, respectively (Figure 9c¢). Thus, a two pump photon process is responsible for the
UC emission from the mentioned glass system.

6. Cathodoluminescence

So far, we have mainly focused on emission that results from photon excitation and also from
thermal stimulation of pre-excited electrons. In true sense, luminescence can be generated by
exciting electrons via photoluminescence and cathodoluminescence and may be stimulated
mechanically or thermally. Cathodoluminescence results from exciting a phosphor by an
electron beam and photoluminescence by a photon beam [25]. Several properties of a phosphor
may be explored by exciting it with an electron beam. However, in this chapter, we will focus
on mapping as method of determining the homogeneity of the luminescence center [31], and
luminescence degradation as a method of determining the chemical stability of a phosphor [2].

A commercial phosphor (CaS:Eu?") was exposed to the electron beam irradiation, which was
accelerated using an energy of 20 keV, in 30 Pa vacuum pressure. A CL emission spectrum was
obtained (Figure 10a), showing a broad red emission peak that is positioned at 650 nm. The
peak corresponds to the radiative relaxation of the electrons from the 4f° 5d" (t,,) to the 4f' (°S;,)
of Eu*. A CL map (Figure 10b) was obtained by collecting several spectra from a 44 x 32 um
field of view, at the same time as the backscattered electron (BSE) image (Figure 11) was
obtained. The CL map comes with a scale bar indicating the intensity changes of the lumines-
cence emission at different points along the scanned area. More luminescence intensity came
from the smaller and spherical-shaped particles, than from the bigger and octahedral-shaped
particles. This is an indication that the dopant (Eu*) is better incorporated in the smaller
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particles and not homogenously incorporated throughout the particles of the phosphor
powder. Along with the BSE image (Figure 11), the X-ray maps (Figure 11) were obtained,
confirming the presence Ca and S from Ca$S, and O attributed to a secondary phase (CaSO,) [31].
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Figure 10. (a) CL spectrum and (b) map of CaS:Eu? [31].

Figure 11. The BSE image and X-ray maps of CaS:Eu* commercial phosphor [31].

The surface chemical stability is an important parameter for phosphors that are projected for
industrial purposes, such as manufacturing of the television and mobile phone display screens,
to mention a few. The adopted laboratory procedure to investigate the chemical stability of a
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particular compound is to expose its surface to harsh conditions and then monitor CL
degradation. Such is achieved by accelerating a prolonged electron beam on the surface of a
sample. CaTiO;Pr®* was subjected to a prolonged electron beam irradiation in-situ, using an
Auger electron spectroscopy at 1 x 107 Torr O,, which was oxygen backfilled [2].

The resulting effects may lead to a completely degraded CL intensity, if the sample surface is
not chemically stable [2]. The CL spectra of CaTiO5:Pr* (Figure 12a) before and after degra-
dation are presented, which show that the luminescence intensity degraded by approximately
50%.

During the degradation process, the variation of the chemical species on the surface was
monitored and plotted as the Auger peak to peak height (APPH) profile (Figure 12b). The
introduction of O, in the system led to a fast oxidation of the surface of the sample, which is
observed from 0 to 500 C cm™ electron doses (Figure 12b). This is attributed to the reactive
O species that attacked the surface of the phosphor, which was generated by the electron
beam interaction with either the O, or H,O or both inside the chamber, according to the
ESSCR mechanism [2, 32, 33]. As a result of the electron-stimulated surface chemical reac-
tions at the interface of the new forming surface and the real surface, a defect grows, which
is responsible for the quenched luminescence intensity [2].
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Figure 12. (a) CL spectra and (b) APPH profile of CaTiO,:Pr* irradiated with a prolonged electron beam [2].

After having probed the sample with an electron beam, X-ray photoelectron spectroscopy
(XPS) was used to investigate the chemical changes that took place during the process.
Figure 13, shows fitted XPS spectra, indicating the chemical state of the surface of the sample.
The oxygen peak O 1s consists of five peaks prior degradation, contributed by peaks at 529.2
eV binding energy (BE) from the matrix (CaTiO;), 530.4 eV BE from TiO, and Ti,O,, 531.6 eV
BE from the OH™ group bonded species. The last two peaks at 532.7 and 534.2 eV correspond
to the Si-O-Si species from the silica crucible that was used to prepare the material, and from
the chemisorbed species, respectively. The O 1s XPS peak of the sample that was subjected to
electron beam degradation, was deconvoluted into seven peaks, with the additional peaks at
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528.4 from the CaO formed on the surface as a result of surface oxidation, and at 529.8 eV BE
as a result of CaO, sub-oxide formation [2].
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Figure 13. Spectra of O 1s before (O 1s BD) and after (O 1s AD) degradation [2].

7. Applications

There are several applications of luminescent materials; however, we will focus only on a few,
which are of modern technological innovation. Such as the persistent luminescence for home
lighting, luminescence for biological imaging, temperature sensing, white phosphor converted
light-emitting diodes, and phosphors for a television display.

7.1. Home lighting

Persistence luminescence offers an alternative lighting that is cost-effective and energy
conservative. It offers the possibility of having a light bulb that gives out light without any

Figure 14. Light bulbs made of luminescent materials [34].
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electrical connection (Figure 14). Such a bulb will be made of a persistent luminescent material,
can be placed outside during the day to absorb the sunlight, and then placed back inside the
house, where it will continue to glow in the absence of the excitation source [19].

7.2. Biological imaging

Photoluminescence mapping enables tracking of drug delivery to assess the effectiveness of
the drug release. The photoluminescence functionalized drugs are employed to detect and
quantify a particular disease [35, 36]. A similar approach was adopted using zinc gallate doped
with chromium ions, to map the path of the luminous drugs through the gastrointestinal tract,
after an oral consumption [35]. An LED was used to excite the luminous drug that was fed to
a mouse (Figure 15) [35], which glows in the spots where the luminous drug was situated.
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Figure 15. Schematic showing mapped luminescence of zinc gallate and poly-ethylene glycol composite [35].

7.3. Temperature sensing

Distant objects can best be measured using optical temperature sensors. Upconversion sensors
modified from inorganic materials doped with rare-earth ions are proving to be better
candidates in this regards [36]. Upconversion-modified sensors make use of the luminescence
changes from two close metastates of a luminescence center to derive the optical temperature
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changes [37]. A total of 2000 cm™ is a maximum required energy difference in between these
metastates, for the sensor to be effective [38]. The fluorescent intensity ratio (FIR) is then used
to approximate the temperature that corresponds to the fluorescence of the thermally coupled
levels [36, 39]. The fluorescence intensity ratio of thermally coupled transitions can be pre-
sented as (Eq. (6)): where I;; and I;,, are the integrated intensities corresponding to the *H;;,
— L5, and *S;, — 15, transitions, respectively, B is the pre-exponential constant, AE is the
energy difference between the °H,,,, and *S;, levels, k is Boltzmann'’s constant, and T is absolute
temperature [40, 41].

1 -AE
FIR = 3% = Bexp| —
P( T ) (6)

547

The optical temperature sensing behavior of Er*~Yb* co-doped SrtWO, phosphor upon 980
nm excitation in the 510-570 nm range on increasing the temperature up-to 518 K have been
recorded keeping the power constant as shown in Figure 16 [42]. The integrated intensity of
the UC emission bands around 525 and 547 nm (assigned through the H,;, — “I;5,, and *S;;, —
*I;5, transitions of the Er’* ion, respectively) varied when increasing the temperature of the
sample. At room temperature (300 K), the intensity of both the transitions was nearly equal,
whereas at 518 K, the intensity corresponding to the *S;, — *I;5, transition was more reduced
than that of the 2H,,,, — “I;5,, transition. The observed change of the two transitions is plotted
as the intensity ratio (Ls;spm/Isizam), Which is a function of temperature (inset of Figure 16) [31].
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Figure 16. Green UC emission spectra of StWO,:Er**~Yb* phosphor on increasing temperatures and the variation of
FIR as function of absolute temperature (inset) [42].
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In accordance with Eq. (6), the In(Iss/I54,) is plotted against the inverse absolute temperature
as shown in Figure 17. The experimental data were linearly fitted and gave a slope equal to
866. This resulted into the energy difference value AE of the two thermally coupled levels of

about 600 cm™
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Figure 17. Plot of logarithmic of FIR versus the inverse absolute temperature [42].

7.4. Wp-LEDs

LEDs are a form of solid-state lighting technology that relies on the inorganic compounds to
convert electricity to light. Recently, a blue-emitting light diode was achieved using InGaN by
a team of scientists led by Isamu Akasaki, Hiroshi Amano and Shuji Nakamura [37]. An LED
displaying an efficiently white emission compared to the conventional incandescent lighting

Phosphorescence

: Phnsph{.nr Blue
—— Bond wire lumines-
l__l cence

LED chip

- ! ‘ Phosphor

Figure 18. Schematic of phosphor converted white LED [38].



The Dynamics of Luminescence
http://dx.doi.org/10.5772/65050

was later achieved by converting the blue LED to white LED by coupling the diode with a
yellow light-emitting phosphor (Figure 18 [38]), Y;Al;0;,:Ce® [39].

7.5. Television display

One of the important applications of phosphors is in the display technology. We rely on
television to watch live news and events, in full color. We use mobile phones to capture
moments in color and for live video calling. All these are made possible by phosphors for
display [40]. There are several technologies that are used to achieve different types of television
displays, ranging from cathode ray tubes [41], liquid crystal display [42], field emission
display [43], to plasma display panels [44], to mention a few. For an example, the plasma
display panels (Figure 19) [45] have pixels that consist of small gas-discharge cells [37]. The
gas is made of Xe-Ne plasma, which excites the phosphor with a vacuum ultra-violet source
of 147 and 172 nm [44, 46].
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Figure 19. A schematic showing pixels of a plasma display panel [45].

8. Conclusions

The concept of luminescence, though not fully understood in the light of persistent lumines-
cence, it has advanced the human life. The mentioned applications are of great significance in
the way we live today and are only a handful of the broader applications in the technological
applications. Some of which are not listed. The luminescence expected to contribute vastly in
different fields, such as home lighting using electricity free light bulbs and in improving the
efficiency of the solar cells.
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Abstract

This chapter focuses on the study on luminescent materials, which consist of oxide
compounds (host material) and rare earth ions (as the activator) in the valence state,
mostly 3+ The first part begins with a background study about the luminescence
phenomenon, its stages, and the configurational coordinate diagram. Then, we review
the notation often used for rare earth ions, such as the term symbols associated with the
energy levels of the ground state. Lastly on the first part, we establish a relationship
between the configurational coordinate model and the electronic transitions of such
ions. The second part shows the photoluminescence results in some oxide compound
materials doped with rare earth ions that have been reported in research articles with
potential applications.

Keywords: rare earth, luminescence, oxides, glasses, crystals

1. Introduction

1.1. Background

Luminescence can be defined as the capability of a body to emit light when exposed to electro-
magnetic radiation or other means such as energy from an electron, a chemical reaction, and so
on. Examples are as follows: when the body is excited by low-energy photons, often ultraviolet
radiation (photoluminescence), by cathode rays (cathodoluminescence), by an electric field strength
(electroluminescence), by X-rays (X-rays luminescence), and so on. The light emitted by a body (a
luminescent material) appears in the visible part of the electromagnetic spectrum, but can be in
the infrared (IR) or ultraviolet (UV) regions.

A first application of a luminescent material is that the photoluminescence occurs in a fluores-
cent lamp. Such lamp consists of a glass tube in which a low-pressure mercury discharge
generates ultraviolet radiation. This material converts the UV radiation in white light. Visible

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X N



34

Luminescence - An Outlook on the Phenomena and their Applications

light emission processes due to thermal radiation are termed incandescence, and not lumines-
cence. This distinction explains why the efficiency of conversion of electricity to light is in a
fluorescent lamp considerably higher than in an incandescent lamp [1]. Figure 1 shows an
example of this situation.

In the example of Figure 1(a), if a photon of 3.35 eV (=370 nm of wavelength in ultraviolet part
of the electromagnetic spectrum) is absorbed by the phosphor, then it might emit a photon of
say 2.48 eV (=500-nm green light), which is common in Stokes” process [1].

The luminescence of inorganic materials is composed of the following processes: (1) absorption
and excitation, (2) energy transfer, and (3) emission. Most luminescent materials consist of a so-
called host material to which certain dopant ions, also termed activators, are added. In such
cases, the host lattice plays two distinct roles: as a passive matrix to define the spatial locations
of the activator ions; and as an active participant in the luminescence process, exerting its own
specific influence on the spectroscopic behavior of the activator. In the latter, it helps to shape
the structure of the energy levels of the activator and also introduces vibrations of various
energies, the so-called phonons, which influence the kinetics of the luminescence phenomena.

Consider the luminescence phenomenon in the simple case as follows. Figure 2(a) shows that
the exciting radiation is absorbed by the activator ion (A) into a host material. A system of two
electronic states, the ground energy state (g) and a higher-lying “excited” level (e), is schema-
tized in Figure 2(b). The process of excitation, which supplies energy to the host matrix, raises

(2] (b} (e}

White light emissicn

Gah-bases LiD photphars

Figure 1. (a) Solid-state lighting: based on GaN blue- (400 nm) or UV- (370-400-nm) light-emitting diodes (LEDs). (b) and
(c) white-light lamps: traditional designs.

MR

Euitation

Excitation
Emission

(&) )

Figure 2. (a) An activator ion A in a passive host lattice and (b) schematic depiction of excitation (absorption) and
emission processes in an activator A.
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an electron from the g state to the e level. Most of the excitation energy moves to a different
lower-lying state, with the remainder being dissipated without emission of light, through the
so-called non-radiative (N-R) relaxation, e — (nr). This configuration then relaxes to the ground
state by sending off a photon of light, a radiative emission (nr) — g. This completes the process,
allowing the system to reach a state of minimum energy.

On the other hand, if energy absorbed by an activator in a crystal (a passive host) is
transferred to a second activator of a different kind with the result that luminescence occurs
in the second activator, the process is called sensitized luminescence. The activator that is
responsible for the absorption of energy is called the semsitizer, and the activator that
luminesces is the emission center. For this situation, the next stages occur: the absorption g
*—¢® transition is due to the sensitizer, an energy transfer process occurs from the sensitizer S
to the center A in its higher-lying “excited” level. The level ¢ * populated by the energy
transfer decays non-radiatively to the slightly lower (nr), and finally the radiative emission,
(nr) — g A occurs.

Sometimes, the host lattice can function as the absorber in a luminescent system, that is, as an
active matrix, in which case we refer to “lattice-sensitized” luminescence.

1.2. Configurational coordinate diagram (CCD)

For electronic transitions within a solid, it is very common to find bands rather than isolated
absorption and emission lines. The configurational coordinate model is a model to explain the
width of bands in solids, which should correspond to discrete levels such as is depicted next.

Figure 3 shows the configurational coordinate diagram (CCD) for a single metal ion (a lumi-
nescent center). The ordinate is the energy E of the activator-ligand system, whereas R (the
configurational coordinate) is an interaction coordinate in the drawing and represents
interatomic distance in a general way that defines the configuration of the ligands.
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Figure 3. Configurational coordinate diagram showing (a) three vertical rows (absorption transitions) and (b) three
vertical rows (emission transitions). (c) Stokes’ shift between absorption and emission bands.
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As a first approximation, for small displacements the center ion behaves as a harmonic oscilla-
tor. Their two electronic states are represented as parabolas. The equilibrium distance between
the center ion and the ligand will be represented by a quantity R, for the g state, and to the first
excited state (e) will be Ry. The vibrational levels are shown by horizontal lines for both states
(denoted by 0, 1, 2, 3 and (0, 1, 2, 3’ the levels of g and e states, respectively). The absorption
and non-radiative relaxation processes are indicated in Figure 3(a). The vertical arrows repre-
sent the absorption of a photon (or energy from some other source: electric field, X-rays,
neutrons, etc.) which excite a single center from the g state to the e state, and is usually referred
as an optical absorption transition. Emission takes place as the electronic transition of the center
from the lowest vibrational levels of the excited state to the ground state, Figure 3(b).

However, the absorption, relaxation, and emission processes cover the dynamic behavior of all
centers (metal ions) present in the solid, which is considered as a collective process. As the
vibrations of the host lattice are random, they will affect the position of each center, so they will
make different radiative transitions, depending on the value that the coordinate R takes.

If the luminescent material is cooled to 0°K, will only present electronic transitions between
vibrational level lower of the ground state and the lowest vibrational level of the excited state,
but at higher temperatures the vibrational coupling originates that electronic transitions made
by all centers forming bands of excitation and emission into the solid in a continuous range of
values of the energy [2]. The energy difference between the maximum of the absorption band
and that of the emission band is called Stokes” shift; see Figure 3(c).

This scheme of CCD assumes that there is an offset between the parabolas of the ¢ and e states.
What does this mean? In the next section, we focus the study on rare earth (RE) ions. Lastly on
this section, the CCD will resume in the case of a crystal doped with a specific type of rare
earth ions to show how the formation of bands in the crystal is due to this type of activators.

1.3. Luminescent properties of rare earth ions into a crystalline material
1.3.1. Chemistry of the rare earths

The rare earths (RE) elements are La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu,
and can possess up to 14 identical electrons involving the 4f-shell. All the REs exhibit the +3
valence state. The +4 and +2 valence states are stable mainly for RE ions with completely empty,
half-full, or completely filled fshells, that is, [Xel]4f", [Xel4f”, and [Xe]4f ™* electron configurations.
Examples are as follows: cerium has a stable 4+ valence state with a 4f ° electron configuration,
and Eu*" is the most stable divalent ion and has a 4f electron configuration (see Table 1). The RE®
*ions have the maximum possible numbers of unpaired f electrons (up to 7 for Gd*>") and exhibit
complicated magnetic behavior due, in general, that the electrons of the unfilled shells provide a
net magnetic moment that may be oriented by the use of an external magnetic field B [3, 4].

1.3.2. Term symbols

For many-electron systems such as the transition metal, rare earth and actinide ions are
considered, is convenient to represent the electron states with term symbols [5]. A term symbol
has the general form *° * 'L;, where 25 + 1 is the multiplicity of the term, S is the quantum
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Neutral atom (RE)* (RE)*
Z Element configuration configuration Term (RE)** configuration Term (RE)*
57 La 4f%s%5d 4f° Fs)
58 Ce 4f'6s%5d 4f! 2Fs)
59 Pr 4£%6s? 42 °H, 4f° op
60 Nd 4f6s? 4 o
61 Pm 465 4f* °l
62 Sm 4f%6s> 40 ®Hs), 4f° "Fo
63 Eu’* 41765 4f° "Fq 4f7 851
64 Gd 4£%s75d 4’ 851
65 Tb>* 4652 48 7Fe
66 Dy 4f'"%s? 4f° ®Hysp 410 5l
67 Ho 4f"6s? 410 5lg 4" s
68 Er 4f'%65* 4" s 4f12 SHe
69 Tm 436> 42 °H, 413 2Fypn
70 Yb 4f'%6s? 4f! 4f1 1S,
71 Lu 4f"6s75d 4f3 Fyp 4f'%6s! 2511

Table 1. Electron configurations of RE ions in the ground state.

number of the total spin angular momentum, L represents the quantum number of the total
orbital angular moment and is denoted by capital letters as follows:

e [:0123456,.
* capital letter: SPDFGHI...

(It is an extension of the notation for a one-electron atom orion: s=0,p =1, d =2, etc.). ] is the
quantum number of the total angular momentum with allowed values being |L-S|, L-5+1, ...,
L+5-1, L+S [6].

The term symbols can be obtained using Hund'’s rule, which are of great help in evaluating the
ground state of atomic or ionic systems [7]. They are stated as follows:

1. Terms allowed by the Pauli principle are ordered according to the quantum number S.
The term of lowest energy level will be one of maximum value of S (highest multiplicity).

2. For two or more terms with the same maximum multiplicity that with greatest value of L
will be the lowest energy level.

3. For configurations consisting of electrons in a less than half-filled shell, the ground multiplet
(a term symbol) has the minimum ] value, whereas for electron configurations with more
than half-filled shell the multiplet has the maximum ] value. That is, the lowest value of | is |
L-S| and its maximum value is L + S.

The term symbols are exemplified next. The Ce®" ion (4f') contains a single electron into 4f-
shell. Therefore, the quantum numbers: S = ¥4 = s for the spin of an electron, L = 3 = (for one f
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electron) and the values ] =j = I-s (=5/2),  + 5 (=7/2). Thus, the term symbols to Ce’* are *Fs/, and
’Fy,, and they have the same multiplicity: 2. In agreement with third Hund’s rule, °Fs, term
corresponds to the lowest energy level of the ground state.

Other case is to Eu®' ion (4f7), it has seven f electrons, first half-filled 4f-shell, and the lowest
value for total orbital angular momentum is L = 0 and the highest value for total spin angular
momentum is S =7/2 and hence [ = |L + S [=7/2. Thus, the maximum multiplicity is 8, and 857/2
is a single-term symbol corresponding to the ground state.

A third example: Yb®" has the configuration consisting of 13 electrons. Using the principle of
equivalence of electrons and holes [7], we obtain the term symbols 2F5/2 and 2F7/2. However, as the
electrons are occupying more than half-filled 4f-shell, now, the lowest energy level will be *F;,
(see the ground multiplet for Ce*, Eu®", and Yb*" ions in Table 1).

A point to keep in mind: Hund’s rule is not to be applied to excited states. Appendix 1, particularly,
describes the terms that correspond to the electron configuration 4f”, being n=1, 2, 3, 4, ..., 14
for the rare earths.

The former two Hund's rule show their evidence: the same largest (25 + 1) occurs in several terms.
An example is Pr 4f 2 electron configuration). Their terms are 's,'D, G, '1,3P* F* H (see
Appendix 1). For this case, the largest multiplicity is 3, but the greatest value of L is 5(= H).
Thus, the term multiplet is *H; - 4 56.

1.3.3. Individual rare earth ions

To understand the energy levels of RE ions in a crystal, it is necessary to determine them in
detail in the free atom. Since the lines originating are intra-4f " configuration transitions only, the
energy levels of the f-shell have to be obtained [1, 8].

The Hamiltonian of a many-electron ion (assuming the nucleus fixed) in a magnetic field B is
given by [4, 6]

2 2 2
p; Zew lxe
H=) —~-)—+-2,—+AL-S 1
;Zm T T +2§jh‘j+ M

In Eq. (1), the first term represents the kinetic energy of the electrons, with i = 1, 2, ...,n
electrons into d-shell, f-shell, and so on. The second is their Coulomb energy in the field of the
nucleus. The third represents the energy associated with the mutual Coulomb repulsion
between the electrons (electrostatic interactions), where the factor '/, is justified by the Pauli
principle [6]. The fourth is the spin-orbit interaction due to all the electrons, where A is known
as the spin-orbit parameter, and the L and S vectors are the total orbital and spin angular
momenta, respectively. This interaction is denoted as Hy,.

For the magnetic ions of much interest such as rare earth and transition metal ions, the next
assumption is appropriate: the electrostatic interactions are certainly larger than the magnetic
interactions [4]. Particularly, in rare earth ions, spin-orbit interaction is much smaller than
electrostatic interaction, and, however, this must be taken into account due to coupling
between L and S.
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The energy levels of the free ion, such as an RE or a transition metal ion, in the absence of spin-
orbit interaction, are characterized by different terms 25+ 11, What does this mean?

Example. Consider us again the Ce®* ion. When the spin-orbit interaction is taken into account
over the 4f Hevel, it splits in other two levels, 2F5/2 and 2F7/2.

The total angular momentum vector is J = L + S. The eigenvalues of the J-J operator are J(J + 1)
and in similar way L-L have eigenvalues L(L + 1), and S(S + 1) to the S-S operator [6]. Using the
relation

2L-S=(L+S) (L+S)-L-L-S-S=](J+ 1)-L(L + 1)-S(S + 1) )

It can be shown that, for example, with A positive, for the single electron in 4f-shell of Ce®, the
energy level to | = 7/2 is higher than that to | = 5/2, by 7A/2 due to the perturbation A L - S.

1.3.4. Crystal field theory

Crystal field theory is based on the hypothesis that a magnetic ion (an RE, a transition metal, or
an actinide ion) in a crystal site feels the influence of its neighbors, the ligand ions, as an electric
field which has the symmetry of the site. RE ions in crystals present spectra which are sharp f-f
transition similar to free atoms [1, 3]. This is a consequence of the shielding of the 4f-shell from
the surroundings by the filled 5s and 5p shells.

When RE ions are embedded in a host, crystal field Heys effects are small (typically 100 cm™)
because f electrons are deeper in the ion [1, 8]. Hence, the spin-orbit interactions would be
stronger due to the electrons that are nearer to nucleus: Heryst < Hso.

The effects of crystal field strength and spin-orbit interaction are important, according to the
order of magnitude [1, 3]. Thus, H.y is included in the Hamiltonian as follows:

7 wZé 1ge?
H= Y232 23S 4 AL S+ Haye (3)
1

i Ti i>j 1ij

For instance, consider the CaS:Eu luminescent compound. The Ca$S host lattice has the NaCl
structure; therefore, each one of Eu*" ion prefers to occupy the Ca®" site, because the ionic radii
of Eu** (1.12 A) is compatible with those of Ca®* lattice site and it has an octahedral symmetry
as shown in Figure 4. In this situation, the ®S;/, level (orbitally nondegenerate, because L = 0) of
the ground state is very stable and cannot be split by the crystal field.

1.4. Absorption and emission spectra of RE ions in crystals
1.4.1. Intraconfigurational-4f " transitions: narrow absorption and emission lines

Figure 5 shows an energy-level diagram for some RE’* ions. The effect of crystal field is very
small, but produces a splitting on these energy levels to each one of RE>* (Gd”" is an exception;
it has seven electrons in 4f-shell, and thus the ®S;,, level of the ground state is very stable). The
electronic transitions within the 4f-shell are only weakly influenced by crystal fields and
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Figure 4. Eu®" (central ion) substitute for Ca®" lattice site has octahedral symmetry around six S* ligands.
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Figure 5. Energy-level diagram of rare earth ions: Nd*', Eu®*, Tb*', Yb**, Ce®* and Gd>*".

covalency effects [1, 4]. Actually, AR = R(e)-R(g)~0, the change in configurational coordinate
between ground and excited states is very small or zero, so that narrow absorption and
emission lines will be observed, rather than broad bands as is shown on the left-hand side of
Figure 6(a) [2].
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(a b)

Figure 6. (a) In a CCD, these levels appear as parallel parabolas. On the left-hand side of Figure 6(a), narrow lines appear
due to intra-4f " configuration transitions. (b) The charge-transfer state has a larger offset (highest parabola).

1.4.2. Interconfigurational transitions: absorption and emission bands

The allowed optical absorption transitions of the rare earth ions are interconfigurational and
consist of two different types: 4f* — 4f*'5d transitions and charge-transfer transitions (4f'—4f"
*111 where L denotes an anion such as CI,, >, O%, etc) [1, 2].

1.4.2.1. 4f* — 4f*'5d transitions

The 4f" —4f""5d transitions are strongest in rare earth that have a tendency to became divalent
(from RE®* to RE*"), such as Eu**, Sm*", and Yb*", where broad and intense absorption bands
are observed in the UV of electromagnetic spectrum.

Example 1: Eu** ions into a host lattice. Its interconfigurational transition 4f 7 —4f °5d corre-
sponds to a broad absorption band, and it shows an 5d —4f emission band which can vary from
UV-yellow range of the electromagnetic spectrum.

Example 2: Ce ions into a crystal. Remember the next: spin-orbit coupling causes *Fs;, and
*Fy, levels of the ground-state configuration (4f ') of Ce® ion. The crystalline field yields a
splitting of the configuration (5d") in several levels. Thus, due to 4f —5d transitions, absorption
bands appear in the UV region of electromagnetic spectrum because Ce tends to become
tetravalent. Hence, the luminescent spectrum contains two sharp emission bands due to next
transition: from the lowest 5d crystal field level to the ground state (4f ).

1.4.2.2. Charge-transfer transitions

Figures 3 and 6(a) have been referred to two different schemes on configurational coordinate
diagram: the former for two non-parallel parabolas and the second one to parallel parabolas.
Now, we consider a suitable concentration cenfers inside host lattice, schematized through
three parabolas as shown in Figure 6(b). What does the highest parabola mean?
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configuration of the Eu®".

Figure 8. Both absorption spectra consist of two bands: (a) NaCl:Eu**crystal to 600°C and (b) NaCl:Eu*" without

treatment thermal.
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Intraconfigurational-4f " transitions (the two parallel parabolas) yield very weak emission
lines. In this scheme, the non-parallel parabola means a charge-transfer state, which originates
from a different configuration and is connected to the 4f " configuration by an allowed
transition as follows. Excitation occurs now from the ground state to the charge-transfer state
(hence the yield of the absorption band is a charge-transfer transition in the RE’*-L™ bond,
L'being an anion such as CI', s> 0%, etc.). From here, the system relaxes to the relaxed excited
state of the second parabola (the non-radiative transition between the two upper parabolas is
possible). Emission occurs from the second parabola (line emission) to the lower parabola.

For example, consider an Eu®* ions-doped host lattice. Levels of the ground state (4f ) of Eu>",
according to Appendix 1, are ’F, °D, and so on. Luminescent processes are ’F; — charge-
transfer state excitation, charge-transfer state — 5Dy relaxation, and °Dy — ”F, emission. Figure 7
shows some energy level of Eu”" in a certain semiconductor crystal.

Luminescence process can occur, mainly, because the host contains an appropriate concentration
of ions which luminesce. Also, bands involved in an absorption spectrum maintains a depen-
dence with the temperature [7]. Consider the next example.

A previous example to the results, which is presented in Section 2.1, is referred to an NaCl crystal
doped with Eu**. This crystal has dimensions of 8 x 8 x 1 mm®, and grows by the Czochraski
method. The concentration of Eu** aggregated to the powder of NaCl was of 0.1 wt%. This
sample was heated in the seven next stages: 100, 240, 340, 390, 440, 540, and 600°C. All
absorption spectra consist of two bands in the range of 200-440 nm, but in Figure 8(a) only
the spectrum referred to 600°C is shown. With respect to the spectrum of continuous curve
shown in Figure 8(b), the high-energy band lost its structure in relation to the relative maxima
observed in the continuous curve and the low-energy band does not considerably change its
structure with such treatments [9, 10]. Remark: the high-energy band has shown a dependence with
the treatment temperature.

1.5. Types of luminescence spectra and its relationship with photoacoustic technique

In this section, we review some techniques related with the luminescent spectra for measuring
PL decay lifetimes, time-resolved PL, and photoacoustic (PA) spectra.

1.5.1. Technique of optical absorption

1.5.1.1. Theoretical model

For a homogeneous material, the relative fraction of the light intensity absorbed in traversing a
thickness dx depends on absorption coefficient & (a constant characteristic of the material) as
follows:

# = —adx (4)

Thus, if the incident photons intensity at the sample surface is Iy = I(x = 0) and [ is the
transmitted intensity, we obtain Eq. (6):
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I(x) = Lpe™ (5)

Transmittance is defined as (ﬁ)lOO%, but also the optical density (OD) is often used:
Iy
OD = ln(T)/2.3O3 (6)

where the reflection at the sample surface is neglected for simplicity (so, e.g., 1% transmittance
corresponds to an OD = 2). Of Egs. (6) and (7), the absorption coefficient can be expressed as

a= (m(IIO)) /x, (7)

with a in cm™. For example, if the thickness of an amorphous film is 1 um and a = 100 cm™,
thus, the transmittance is 99%.

1.5.1.2. Experimental equipment

The absorption spectrophotometer equipment often measures the quantity OD.

1.5.2. Technique of photoluminescence

Consider again a two-level system: the ground state (g) to refer to a level in the ground state,
and (e) for another level but in the excited state. Consider N; to be the number of centers that
exist in the host lattice. At the time of excitation of the sample with light coming from a power
source, a fraction f of the total centers will be taken from g to e state, and will occur after a
stimulated emission from e to the g state. This process will continue until the condition of an
equilibrium is established:

fNi= (G +C) ®)

That is, the total number of centers that succeeded to pass through level g to level e. C, is a
number of centers in the state e and a number C; in the ground state that made it through the
level g [10].

The energy gap between the levels e and g is the energy of emission of centers and is given by
the equation

Ephoton = hc/A (9)

A being the wavelength of the emitted light and hc is a constant depending on the system of
units used (if Ephoton is expressed in cm™ and A is in nm then the constant /e has the value 107,
and when Ephoton is measured in eV, the constant /ic has the value 1239.8 eV-nml].

On the other hand, the intensity of emission I due to n photons emitted every interval of time
tis
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==
f

(10)
In these circumstances to say, the intensity of emission I reaches the value of steady state [2, 10].
The process of excitation emission to measure the photoluminescence spectra is schematized in
Figure 9.

1.5.3. Techniques of time-resolved photoluminescence

1.5.3.1. Theoretical aspect

For the two-level system, e and g, the population of the excited state decreases according to [2, 10]

dn

== Pegn (11)

In Eq. (5), the value of n gives the number of luminescent centers in the excited state after an
excitation pulse, ¢ is the time, and P, the probability for spontaneous (or radiative) emission
from the excited to the ground state. Integration yields

n(t) = n(0)e™ (12)

T=1 / p,, being the radiative decay time. The emission intensity is the rate of decay of the

population of the excited state, that is,

dn
== (13)
=m0 (14)

1.5.3.2. Experimental

The time-resolved PL spectroscopy is very productive for obtaining the recombination rates (or
lifetimes) of various transitions. Thus, determining the dynamical processes including

Xenon lamp
Excitation Scattered light
Ill()]l(!(_‘llrl)lllﬂl()l/' Scanmner
Sample —| Emission —+|Photomultiplier
monochromator

Figure 9. Schematic diagram of a spectrofluorimeter brand SPEX Fluorolog to obtain the excitation-emission spectra of
the phosphor materials.
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emission line energies and the associated recombination rates as well as quantum efficiencies is
one of the basic purposes of time-resolved PL studies [11].

Time-resolved PL spectroscopy (or pulsed laser-excited time-resolved luminescence) is a relatively new
technique usually paired with pulse laser excitation. If the laser pulse is brief enough (typically
a few nanoseconds), the excitation is considerably shorter than most excited state lifetimes,
offering the possibility of separating emission from different electronic states. In practice, this
technique is applied by the synchronous use of laser pulses and gated detectors. One-timed
signal will activate the laser, while the next, after a predetermined wait, will turn on the
detector. Another signal will turn off the detector after a set dwell period. In this way, over
many thousands of pulses, a complete emission spectrum can be acquired from electronic
states with certain lifetimes. This is a particular value when trying to sort out the emission of
activators whose emission spectra heavily overlap but differ in lifetime. Figure 10 shows an
arrangement for obtaining the time-resolved PL spectra.

1.5.4. Photoacoustic spectroscopy
1.5.4.1. General description

The photoacoustic spectroscopy (PAS) of solid materials was revived around the year 1970,
and is widely used in the research of amorphous films to investigate the phenomena physical
and chemical in a number of fields including biology and medicine. More frequent use
photoacoustic detection mode includes a microphone of gas cell, and is unique because it
makes a direct monitoring of non-radiative relaxation and hence channel that complements
the spectroscopic techniques of optical absorption and photoluminescence. This complemen-
tarity is because the PA spectrum is a spectrum of excitation which is related to the amount of
heat generated by many non-radiative processes [12, 13].

1.5.4.2. Experimental

This technique is used to obtain optical absorption spectra more defined near the edge of

absorption, from which E, the bandwidth of optical energy [12], can be calculated.

The PA spectrometer consists of a stabilized 1000-W Xe lamp and a (1/8)-m-grating monochro-
mator (Oriel, Model 77250). The monochromatic output beam was intensity modulated at 17

Scattered light

Nitrogen
Laser Scanner
A
h 4 Emission
Sample monochromator »|  Photomultiplier

Figure 10. Arrangement for measuring PL decay and PL emission intensity at different delay times.
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Hz with a mechanical chopper. The PA signal is recorded by an electret microphone and a
lock-in amplifier. More details of this technique will be reviewed in Section 2.2.3.

1.6. Luminescent glasses

The preceding sections have dealt exclusively on solids in their crystalline form. However, also
many glassy solids are of practical use today rather than crystalline.

When a liquid solidifies without crystallizing, it is currently said to form a glass, that is, to
vitrify, or to pass to a vitreous state. This definition was initially reserved for inorganic solids,
but such definition is too restrictive, due to that a large number of organic liquids also form
glasses [14, 15].

Most of the inorganic glasses encountered in the laboratory or in daily life are composed of
mixed oxides of several elements. The oxides are usually described as the anion or polyanion
of a nonmetallic element of high electronegativity (silica, borate, silicate, phosphate, germinate,
and tellurite glasses). Examples of oxide glasses are SiO,, B,O3, P,Os, S5i0,-NayO, TeO,-V,0s,
B,03-Al,05-Ca0, TeO,-GeO,-ZnO, and PbO-P,05-TeO, [14, 15].

Like crystals, glasses consist of an extended three-dimensional network but the diffuse charac-
ter of the X-ray diffraction (XRD) spectra shows that the network is not symmetric and
periodic as in crystals (i.e., there is no long-range order).

The glass network may be compared to a unique molecule or a system with a giant unit cell.
Its structure can be analyzed in terms of coordination polyhedra of cations surrounded by a
variable number of anions. In crystalline solids, polyhedra can have common corners, edges,
or faces. For example, in NaCl crystals, each octahedron consists of six Cl ions surrounding Na*
cation.

Zachariasen sought the manner in which the polyhedra could be joined to build a disordered
network related to that of a crystal [15]. For instance, SiO, in their different crystalline forms
(quartz, cristobalite, tridymite, etc.), its network is built with SiO, fetrahedra (four oxygen
ligands to a single Si form a single tetrahedron) joined at their corners. The same is true for
vitreous Si0O, but due to its non-periodicity, the mutual orientation of the consecutive tetrahe-
dra is variable.

According to Zachariasen, the term network former has been adopted for an oxide which
belongs to vitreous network, and network modifier for an oxide which does not participate
directly in the network [15]. Certain oxides can function as glass formers or as modifiers
depending upon the glass compositions involved. They are called intermediate oxides. Figure 11
classifies some oxide compounds as glass formers, modifiers, and intermediates [14].

In particular, oxide compounds such as SiO,, BO3, P05, and GeO, alone have the ability to
form glass, and when mixed with other oxides such as those of alkaline metals, alkaline earth
metals, and transition metal form glasses [15]. These are the classic or conventional glasses that
are referred in the literature as silicate, borate, phosphate, and germinate glasses, respectively.
On the other hand, oxides TeO,, V,03, SeO,, MoQOj3, and Bi,O3 are known as conditional
network formers not able to vitrify themselves when a conventional melt-quenching method of
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Figure 11. Classification of some oxide compounds in accordance with the role played in the glass formation.

vitrification is used, but when mixed with other oxides they are so-called non-conventional
glasses [16].

Consider now TeO,, a conditional network former. The structure of TeO, crystalline consists of
trigonal di-pyramids (tdp) TeO,. Figure 12 shows a tdp: the equatorial plane is occupied by the
alone pair of electrons (5s-electrons) of the tellurium atom and two atoms of oxygen Ogq-Te-Oeq,
and in the axial positions are occupied by two atoms of oxygen Oay-Te-O,y [17]. X-ray and
neutron diffraction structural studies have shown that the atomic arrangement in glassy TeO,
may be well described as a three-dimensional network of TeO, tdp [18, 19].

Actually, a tellurite glass is constituted by TeO, in high percentage and other network
nonformer oxides as second component, third component, and so on. The structural units of
tellurite glasses are assumed to be TeO, and trigonal pyramids TeOj, the latter with three bond
Te-O shorter distances concerning the TeO,, where it has been observed that a change of TeO,
in TeO3 happens when the modifier oxide (a second component) content increases at the expense
of that high content TeO, decreases [20]. Figure 13 shows that the polyhedra could be joined to
build a disordered network in tellurite glasses. The relative abundance of these units depends
on the composition [21]. Section 2.2 presents the photoluminescence and photoacoustic spectra
(PAS) measured of a type of tellurite glasses.

Some glass-forming oxides, for examples, TeO,, B,Os, 5,03, in themselves do not luminesce, but
the presence of suitable activators leads to numerous interesting phenomena. Contrary to the
case of crystalline solids, the lack of periodicity in atomic arrangements in glasses leads to a
broadening of the luminescence spectra. Glasses are an intriguing material with which to study
luminescence phenomena; however, their power of dissolving most additives makes system-
atic studies of the effect of composition and, hence, of structure on luminescence possible
[14, 22].
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Oax

Oax (Oxygen in axial position)
Oec (Oxygen in equatorial position)

Figure 12. Structural model for TeOy units in TeO, crystalline: the Te presents coordination four with the first neighbors
(the four oxygen), which are occupying four of the vertices of the tdp. These units form a three-dimensional-ordered
network, which is not shown here.

Figure 13. In the structure of glasses with containing high amount of TeO,, the building units of these materials are (a)
TeO, and (b) TeO; groups. TeO, represents the partial transformation of TeO3 units due to the incorporation of a modifier
of the network in a tellurite glass.
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Luminescent centers in a host glassy consist of (a) “energetically isolated” activators, such as
metal atoms, which may be considered to exist as a metal vapor in the glass, (b) molecules or
groups that possess such a highly covalent nature as to be considered molecular groups, and
(c) ions that participate directly in the glass structure and are, thus, more greatly affected by
the host glass composition. In the latter case, the luminescence of rare earth ions is influenced by
changes in glass structure less than that of other ions because of the shielding of the inner 4f
electrons in which the transitions leading to emission occur. Rare earth ions can be easily
incorporated into many glasses, so these materials represent in principle an interesting area of
research. In a host glassy, the local environment of a rare earth ion is roughly the same as that
in a crystal, giving rise to a spectrum consisting of distinct lines.

Luminescent glasses serve as a useful function in products such as lasers, dosimeters, scintilla-
tion counters, artificial teeth, and electroluminescent devices. Furthermore, luminescent
glasses are useful in research for studying such problems as the constitution of glasses and
the formation of a vitreous phase in a crystalline substance.

2. Experimental results

This section covers the results on the study in luminescent materials doped with a rare earth
compound (with an appropriate concentration of RE ions). In order to start using some
techniques of photoluminescence, a first result of my research presents the time-resolved
photoluminescence spectra of an alkali halide crystal doped with Eu** ions; the next results
on photoluminescence and photoacoustic were obtained for oxide glassy compounds
containing a concentration of a one type of rare earth ions.

2.1. Results of time-resolved PL spectroscopy: NaCl: Eu*" crystal

Consider the NaCl:Eu* luminescent compound as an example. EuCl, was added to the
powder of NaCl. The Eu*" ions enter the NaCl network and substitute some Na* ions during
the crystal growth [9, 10]. The concentration of Eu ions into the NaCl powder was of 0.1 wt%.

In this section, the results of luminescent decay and spectral measures with temporal resolu-
tion (pulsed luminescence) are presented, in order to corroborate the fact that the Eu centers
have a different interaction with the environment (Cl" ligands and cation vacancies). To mea-
sure the decay of luminescence, the crystal was exposed to 500-ps and 337-nm laser pulses sent
to the crystal with a frequency approximate of 10 pulses/s. By every pulse of excitation that
makes a measure of intensity, this means that the intensity of the emitted light could vary
according to the intensity of the pulse. For the analysis of the measures, the intensity of the
excitation pulse has been considered constant. In this way, already every measure of intensity
corresponding to a single pulse, intensity can be seen in relative and in this way we obtain the
set of measures that represent the decay of the broadcast of the crystal at a fixed wavelength.
Taking into account the luminescence results reported in the interval (380, 540) nm, the
emission monochromator was set at corresponding wavelength of luminescence spectral
region [9]. In Figure 14, a particular case of luminescent decay occurs on a semilogarithmic
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plot. As a way of presenting, it is to be noted that the decay of the intensity is very approxi-
mately exponential, in agreement with Eq. (15). These measures correspond to a freshly
annealed crystal of 600°C to room temperature and to 427-nm emission wavelength. The slope
of the graph obtained by least squares adjustment turned out to be 1.10 us, which coincides
within the experimental error with that reported as in [23]. Measures of decay emissions taken
between 400 and 500 nm showed times of life around 0.85 ps to the crystal without treatment
thermal.

Using the technique of temporal resolution, the emission spectra in the region of 390-490 nm
were obtained. Two typical examples are presented in Figures 15 and 16. Curves in Figure 15
correspond to the newly annealed crystal and those in Figure 16 to the crystal without heat
treatment. Both curves in Figures 15 and 16 were taken with 100- and 1300-ns delay times. We
see a similar behavior in both cases. In the case of the newly annealed crystal, it dominates the
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Figure 14. Temporal response of PL emission from a NaCl:Eu?" freshly annealed crystal to 600°C (to a light emitted in 427
nm).
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Figure 15. Emission spectra of a NaCL:Eu crystal freshly annealed crystal to 600°C with a temporal resolution of 100
(circles) and 1300 s (triangles).
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Emission Intensity (a.u.) '

390 410 430 450 470 490
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Figure 16. Emission spectra of a NaCl:Eu crystal without prior heat treatment, with a temporal resolution of 100 (circles)
and 1300 s (rectangles).

emission of free dipoles, while in the case of unheated crystal, it dominates the aggregate
emissions [10].

2.2. Results of the photoacoustic and photoluminescence spectra of rare earth ions-doped
cadmium-tellurite glasses

Research on tellurite glasses is currently being performed because several of its properties can
be used in different types of modern devices [24-26]. These glasses show wide transmission in
the 0.4-5.0-um range, high linear and nonlinear refractive index, good corrosion resistance,
thermal and chemical stability, and they are capable of incorporating large concentrations of
rare earth ions into the matrix [27, 28]. Tellurite glasses represent a compromise between the
desire for a low phonon energy host (800cm™) coupled with the need to retain mechanical
strength and low-processing temperatures [29]. When tellurite glasses are doped with rare
earths, high-intensity, narrow-peak emissions can be obtained. This last property makes these
materials good candidates for laser applications [30].

RE*"-doped zinc-tellurite glasses have been studied for RE = Nd [31].

The following results are part of a wide research about the study of a ZnO-CdO-TeO, ternary
system doped with rare earth ions. Four papers have been published early in the which the
photoluminescence properties, structural studies, optical, and thermal analysis about this
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Sample Vi V2 V3
ZnO 9.52 9.52 9.52
CdO 9.52 19.04 28.58
TeO, 76.20 66.68 57.14
REc 4.76 4.76 4.76

REc (rare earth compound): Tb4O,YbBrs, NdCl;, EuCls. Their concentrations are (2.5, 2.9) range mol%.

Table 2. Bath original compositions (wt%) of ZnO-CdO-TeO,:REc glasses.

matrix containing ytterbium and terbium [32, 33], neodymium [34], and europium ions [35]
are reported.

Particularly, tellurite glasses in the glass-formation region (near the corner rich in TeO, in a
composition triangle), for the ZnO-CdO-TeO, system, have been studied [36].

2.2.1. Conventional melt-quenching method

Three batches of ZnO-CdO-TeO, system were prepared, as can be seen in Table 2, by mixing
appropriate amounts of the oxides: TeO, 99.999% purity (Sigma Aldrich), CdO 99.999% purity
(Sigma Aldrich, St. Louis, MO), ZnO 99.5% purity (Merck, Dakota, MN), and a rare earth (Yb,
Tb, Nd, or Eu) compound 99.99% purity (Alfa Aesar, Ward Hill, MA). The glasses were
fabricated by using a conventional melt-quenching method in a platinum crucible in the
1000-1200°C range.

Remark: V1, V2, and V3 glasses containing Tb>" ions are referred as Tb118, Tb127, and Tb136,
respectively; meanwhile, those doped with Yb®" ions are Yb118, Yb127, and Yb136. However,
VI, V2, and V3 denote the other two types, glasses containing Nd>* or Eu”*. All the measure-
ments were recorded at room temperature.

2.2.2. XRD results on ZnO-CdO-TeO,:REc glasses

These results are summarized as follows:

a. Ybll8, Yb127, and Yb136 glasses display the pattern of an amorphous structure, and
small particles of CdTeOj crystals are observed in the sample Yb118, see Refs. [32, 33].

b. Tb118, Tb127, and Tb136 glasses also show a crystalline phase CdTeO;, see Refs. [32, 33].

c¢. Ofthe V1, V2, and V3 glasses containing Nd**, all exhibit a vitreous structure, which can
correspond to short ordering of ZnO, tetrahedra embedded in the glassy structure, see
Ref. [34].

d. Of the V1, V2, and V3 glasses containing Eu* ions, that with the highest content of
CdO modifier helps in the formation of a crystalline phase of CdTe,Os compound, see
Ref. [35].
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2.2.3. Photoacoustic spectra

The results of optical absorption, in the majority of cases, have pointed out that these glasses
are transparent in the visible and near IR regions of the electromagnetic spectrum [37]. PA
spectroscopy was employed in order to obtain more defined absorption spectra around the
edge absorption.

PAS is the most direct method of obtaining the spectral dependence of the optical absorption
coefficient in edge absorption. The absorption coefficient « is proportional to PA intensity, that is,

a(hv)xPA (15)

The PA spectrometer equipment often measures the quantity PA signal intensity versus a.

CdTeOs is a semiconductor of direct band, and the same is observed to the ZnO, CdO, and TeO,
constituents of these glasses. Hence, near edge absorption spectral behavior follows [32]:

a(hv)x(hv-Eg)* (16)
In this relation, a is the absorption coefficient, /1 is Planck's constant, v is the frequency of the
incident light, E, is the optical energy measures in eV, and g = ¥ for a direct band. Thus, of
Egs. (16) and (17), a measurement of |PA|? versus /o typical plot for the E, calculation [12].

In Figure 17, the PA spectra for the samples Yb127 and Yb136 are displayed, but Yb118 is not
shown here. The E, is estimated, its value was 3.47 eV for Yb136 and 3.6 eV for Yb127.
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Figure 17. PA spectra of Yb127 and Yb136 glasses. In the inset, a typical plot used to determine E, is illustrated.
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Figure 18. PA spectra of Tb118 and Tb127 glasses.

Figure 18 shows PA spectra for Tb118 and Tb127 glasses, but Tb136 is not displayed here. The
E,is estimated, its value was 3.51 eV for Tb118 and 3.6 eV for Tb127. In both cases, Figures 17
and 18, the value E, is limited in the interval (3.47, 3.60) eV, which is very near of E, = 3.9 eV,
the bandgap of CdTeO; [32].

Figure 19 shows the PA spectra of the glasses doped with Nd**: VI, V2, and V3. By considering
that one of the compounds in the tellurite matrix is ZnO, a material of direct bandgap (E,) thus,
a same value of E; = 3.45 eV was calculated, for the three samples (see the inset of Figure 19, a
plot to determine E,). This value of E, indicates a wide bandgap material, and was an expected
result for this type of glass, but this value is lower than those reported for other glasses of the
same matrix doped with other ions [34].

Now, the PA spectra for the V1, V2, and V3 glasses containing Eu”" are exhibited in Figure 20.
These spectra were acquired with steps of 1 nm/s, taking into account an average thickness of 1
mm. Obviously, this case is different from (a) to (c) cases because the crystalline phase of
CdTe,Os corresponds to a semiconductor more complex.

In the region between ~ 10" and ~ 10* cm™, a obeys a simple relation,
otoxe!0/Eo) 17
which is termed the Urbach tail, being E, hardly depends on temperature [12]. In amorphous

semiconductors, it is reported that E, varies linearly in the range of 0.05-0.1 eV. Using the
Urbach relation and a(hv)xPA, we obtain that
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Figure 20. PA spectra of three glasses doped with Eu>". In the inset, a typical plot used to determine E, is illustrated.
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In(a)ochv (18)

By applying Eq. (19), In(a) versus hy, for the V1-V3 glasses doped with europium, the energy
of the optical absorption edge (E,) was determined (see Figure 20). The obtained E, values
were 3.47, 3.33, and 3.49 eV for the V1, V2, and V3, respectively. The E, for the starting oxides
(Zn0O, CdO, and TeO,) is 3.3, 2.5, and 3.3 eV, respectively [35].

2.2.4. Photoluminescence spectra

Figure 21 shows the PL intensity of the samples Yb118, Yb127, and Yb136. Only the 2F, 5/2H2F7/2
transition was detected, as expected because this is the only transition reported until now for
Yb-doped materials. The gradual diminution of the PL signal in the samples from Yb118 (the
higher signal) until Yb136 (the lower signal) can be due to surface effects. This fact can be due
to the difficulty to polish this kind of samples, in this way, some of them can present more
roughness than others. The PL emissions of Yb-doped samples are accompanied by the second
harmonic of the laser line (976 nm). The effects of the luminescence of the ion Yb®>" have
already been observed in other hosts of tellurite glasses, showing a typical transition [38].

In Figure 22, the PL spectra for the samples Tb118, Tb127, and Tb136 are displayed. The signal of
luminescence is very intense, with the emissions being identified as transitions between levels:
°Dy—"Fs, °D4—"F,, >Dy—"F3, of the ion Tb™, respectively. It is important to stand out that some
of the luminescent emissions were intense enough that could easily be seen with naked eye. As a
matter of fact, the signal of three of the six samples at 548 nm (transition >D,—Fs) saturated our
detector. On the other hand, it can be observed that it does not matter if the type of the matrix is
crystalline or amorphous, since the position of the peaks does not change. PL in crystalline and
amorphous matrices of RE-doped materials has already been reported in the literature.
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Figure 21. The photoluminescence []spectra of the Yb118, Yb127, and Yb136 samples are displayed.
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Figure 22. The photoluminescence spectra of the Tb118, Tb127, and Tb136 samples are displayed.
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Figure 23. Photoluminescence spectra of V1, V2, and V3 glasses containing Nd>".

PL spectra of glasses are shown in Figure 23, where only one transition *F3/,— Iy, appears due
to the emission of the Nd®* ions. Such a transition is typical in Nd>*-doped glasses and has also
been reported by other authors [31].

PL spectra of glasses are shown in Figure 24, indicating the characteristic transitions due to the
Eu®' ion, which were identified as follows: °Dy — 7F1, °Dy — "Fy, °Dy — "F5, and °Dy — “Fy,
which appear around 590, 620, 650, and 700 nm, respectively. Such transitions are typical in
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Figure 24. Photoluminescence spectra of V1, V2, and V3 glasses containing Eu®".

Eu-doped-glasses and have also been reported previously in glasses containing this dopant
[39, 40]. The emission spectra for the three samples are dominated by the °Dy — "F, transition,
the highest intensity, indicating that Eu>* occupies a low symmetry site. The intensity ratio of R
=I(°Dy — "F,)/I’Dy — ’F,), which is a measure of Eu®" ion site symmetry, is calculated to be
upper to the unit. This result is an indication that Eu®" ions occupy mainly the lattice site of
noninversion symmetry [1].

3. Conclusions

1. For NaCl crystals containing a considerable concentration of Eu** ions (=200 ppm or 0.1
wt%), the following results were confirmed:

1.1 The decay curve of the luminescent intensity due to Eu*" ions had an approximately
exponential behavior.

1.2 Luminescent emission spectra consist of a single broadband centered approximately
between 430 and 450 nm, which is typical of Eu” + ions in crystalline matrices mainly
alkali halides.

2. Glasses of the ZnO-CdO-TeO, system were doped with Yb>*, Tb**, Nd**, or Eu®" ions:

2.1 Optical absorption spectra showed that these glasses are transparent in much of the
optical region of the electromagnetic spectrum.

2.2 The photoluminescent emissions of these glasses investigated were assigned to typ-
ical transitions of those rare earth ions that already have been identified in other
systems vitreous.

2.3 The results seen in the photoacoustic spectra, and their correlation with XRD pat-
terns, have allowed to obtain the bandwidth of optical energy (optical bandgap) of
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crystalline phases that are embedded in the vitreous structure characteristic of the
material under study.

2.4 PA spectroscopy allows to determine the optical energy gap values that were found
with those reported in other systems already studied by this technique.

2.5 Tellurite glasses containing Yb® * are potential candidates for parent, a single line of
excitation laser 2F7/2 — 2F5/2.

2.6 Of the glasses containing CdTeO3, crystals can be used in the technology of devices
semiconductor, and also may be applied to nanotechnology.
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Abstract

We introduce excitonic polarized photoluminescence (PL) of nonpolar ZnO layers and
related quantum well (QW) structures in terms of crystal symmetries and lattice
distortions. Polarized PL characters are attributed to in-plane anisotropic strains in the
host, which are fully demonstrated on A-plane ZnO. Theoretical evaluations propose
that in-plane compressive strains induced in ZnO layers play an important role in
obtaining highly polarized optical properties. We experimentally achieve polarized PL
responses in strain-controlled A-plane ZnO layers. Furthermore, we find interesting
relationship between polarization degree of PL and in-plane anisotropic strains. Finally,
highly polarized PL at room temperature is obtained by controlling well width in
CdysZn0,6,0/ZnO QWs as a consequence of change in crystal symmetry from Cy, to
C,, at interfaces between Cd (;Zn,4,0 well and ZnO barrier layers in the QW samples.

Keywords: ZnO, nonpolar, luminescence, anisotropy, crystal symmetry

1. Introduction

Zinc oxide (ZnO) has been one of the candidates of important materials towards the fabrica-
tions of optoelectronic platforms such as transistors, light-emitting diodes, transparent
electrodes, and magnetism. ZnO has large exciton energy of 64 meV [1], which has received
much attention for the possibility of utilizing excitonic-based optical applications at room
temperature. In addition, MgO-ZnO and CdO-ZnO alloys are attracting great deal of interests
since these alloys possess higher and lower band gaps than that of ZnO [2-6], which have been
applied to Mg, Zn, , O/ZnO and Cd,Zn, ,O/ZnO multiple and single quantum wells (QWs) [7-
10]. These low-dimensional heterostructures can produce interesting quantum phenomena

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X IR



66

Luminescence - An Outlook on the Phenomena and their Applications

such as an increased excitonic binding energy and two-dimensional (2D) electron transport.
These physical properties have been received much attention by many researchers for science
and practical applications.

ZnO has a non-centrosymmetric structure with no center of inversion. This crystal symmetry
builds spontaneous and piezoelectric polarizations in the host, which provides interesting
excitonic luminescence. When the growth direction is chosen along the polar [0001] axis, these
polarizations result in potentially detrimental effects such as the lowering of the probability
of radiative recombination of active layers in QWs due to spatial separation of electron and
hole carriers because of the quantum-confinement Stark effect (QCSE) [11, 12]. To suppress the
QCSE, it is needed to deposit ZnO films and quantum structures on substrates other than Zn-
(0001) and O-(000-1) planes. The most promising are the nonpolar planes such as A-plane (11—
20) and M-plane (10-10), which are no spontaneous polarization fields since the polar c-axis
lies in the growth planes. Thus far, nonpolar ZnO layer growth has been performed using
various oxide substrates, such as LaAlO,, LiGaO,, SrTiO; and (La, Sr)(Al, Ta)O; [13-16]. In
particular, nonpolar ZnO films can be easily grown using r-plane sapphire substrates by pulsed
laser ablation (PLD), molecular beam epitaxy (MBE), and chemical vapor deposition (CVD)
[17-19]. Layer growths of nonpolar ZnO have provided some important tasks for scientific
studies [20-23], which have played key factors in applying for photodetector and transistor
devices [24-26]. In addition, artificial control of carrier polarity (p-type) and magnetism has
also been reported [27, 28]. Accordingly, research involving ZnO has recently been focused on
the growth of nonpolar axes rather than that of polar axes, which have been extended to
nonpolar (A- and M-plane) Mg Zn, O/ZnO and Cd,Zn,  O/ZnO QWs with no internal
polarization fields along the growth conditions [29, 30].

To date, some studies have reported on nonpolar ZnO-based QWs in terms of preventing the
QCSE caused by c-polar QWs [31, 32]. The merit of nonpolar ZnO is not only the avoidance
of QCSE but also the generation of polarized optical phenomena. These properties are
expected to be promising for attractive optical devices such as polarized photodiodes, light-
emitting diodes and solar applications [33-36]. The polarized light emissions of nonpolar ZnO
are associated with the conduction (CB) and valence band (VB) levels [37]. When using
nonpolar ZnO, the polarized photoluminescence (PL) of Cd,Zn,  O/ZnO QWs was higher than
that of Mg, Zn, O/ZnO QWs because the crystal symmetry in a Cd,Zn; O well layer was
changed from C,, to C,, by introducing an anisotropic compressive strain on the growing
surface [38, 39]. This lattice distortion causes a strain-induced modification of the VB, which
results in polarized PL. Therefore, the polarized PL is highlighted as the consequence of
anisotropic lattice distortions introduced in nonpolar ZnO layers and their related QWs.

This chapter is organized as follows. Theoretical evaluations of optical anisotropies are
described in Section 2 in order to investigate polarized PL in nonpolar A-plane ZnO. In
particular, we discuss on relationship between optical transitions at the excitonic edge and in-
plane strains. In Section 3, we state film growths and polarized PL properties in nonpolar ZnO
layers grown using homoepitaxial schemes. We experimentally clear correlation between
polarized PL properties and in-plane strains. Furthermore, on the basis of above preliminary
results, we fabricate nonpolar A-pane Cd,Zn,_O/ZnO QWs in order to show highly polarized
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PL at room temperature by introducing in-plane compressive strains in the QWs, which is
reported in Section 4. We report that anisotropic lattice distortions play an important role in
determining the degree of polarized PL. Finally, some concluding remarks and future research
directions are given in Section 5.

2. Optical polarization and electronic band structure

2.1. Electronic band calculations

Polarization control is theoretically demonstrated on the basis of excitonic selection rules at
the band edge in ZnO, relating to the electronic band structures (EBSs) of the CB and VB. The
transition energies of anisotropic strained A-plane ZnO were calculated using the k - p
approximation with the 6 x 6 Bir-Pikus Hamiltonian for the VB. When treating the VBs together
with the CB, we make use of the 8 x 8 Hamiltonian for the VB in combination with the 2 x 2
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Figure 1. E, (a), E; (b), and E; (c) transition energies as a function of in-plane strain ¢, and ¢,, for an A-plane ZnO layer
at 300 K. Energy difference T5-T,: AT, (d) and T;-T;: AT, as a function of in-plane strain ¢,y and ¢, (e). Schematic dia-
gram of the transition energies of AT, and AT;;. Black dots indicate experimental results in ZnO layers with different
in-plane strains (Figure 1 of [51]). Copyright 2014 by the American Institute of Physics.
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matrix for the CB. A high polarization is obtained when the energy shift (AE) between two
inter-band transitions with E//c and E Lc is large [40]. The E//c and E L c indicate electric fields
parallel and perpendicular to the c-axis. We evaluated the in-plane anisotropic strains in order
to obtain a large AE at the excitonic edge of the I' point. For strain-free A-plane ZnQO, the VBs
consist of | X +iY symmetry for the two topmost VBs (A- and B-excitons) and |Z for the third
VB (C-exciton). The VBs are mixed because of in-plane anisotropic strains, which provide
polarized optical properties. Three transitions involving |X-like, |Y-like, and |Z-like VB
require polarized lights along the x, y, and z directions, named T), T,, and T; in order to
increasing transition energies, respectively. The residual lattice strain ¢, (=1, y, z) in the films
was defined by three orthogonal directions: the x-[11-20] direction along the out-of-plane
components, and the y-[1-100] direction and z-[0001] direction along the in-plane component.
For calculations at 300 K, the deformation potentials D; (j = 1-6) for the VB were given by
Wrzesinski et al. [41] and Lambrecht et al. [42]. The crystal-splitting (A,,) and spin orbit splitting
(As,) were 43 and 16 meV, respectively [37]. The excitonic binding energy was taken to be 60
meV [43], and the band gap was 3.370 eV [44]. The a- and c-axis lengths were 0.3250 and 0.5204
nm, respectively [45]. The relationship between in-plane and out-of-plane strains can be
expressed by the following equation [46].

£, =6, ——2E,. 1)

where C; indicates the elastic stiffness constants [47]. Figure 1a—c shows the counter plots for
variation of the transition energies T, T,, and T; as a function of the in-plane strains. The
calculations were extended to an arbitrary in-plane strain for the range le,,| and e, | =0.7%.
The energy and polarization properties of T}, T,, and T; at a zero strain are matched with those

of the A-, B-, and C-excitons, respectively.

In Figure 1, the energy of the T; transition exhibits a linear correlation between ¢, and ¢... In
contrast, the transition energies of T; and T, showed larger energy shifts on ¢, compared to
¢,,- The dependence of the energy shift on ¢,, changed in the vicinity of the boundary between
tensile (¢, >0) and compressive (¢,, <0) regions. This relation is well reflected by the oscillation
strengths of T}, T,, and T} transitions (Figure 2). This provided a clue for an understanding of
the dependence of the energy shift in each transition. However, the dependences of energy
shifts of T, T,, and T; transitions are determined by both material parameters and the rela-
tionship between ¢,,, ¢,,, and ¢,,. Figure 1(d) shows the dependence of the difference (AT5,) in
transition energy T — T; on the in-plane strain. An increase in ATj;, was found in regions of in-
plane biaxial tensile (¢,, > 0 and ¢.. > 0) and in-plane biaxial compressive (¢,, <0 and ¢., < 0)
strains. On the other hand, the energy difference (ATj,) in the transition energy T;— T, gradually
decreased in both regions of in-plane tensile and compressive strains. This result had an

opposite tendency for the difference in ATj;.

The polarization anisotropy is dependent on the three polarization components of the
oscillation strength for the transitions T, T, and T;, which are obtained from momentum
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matrix elements of the type ¢°|p,|¢° with [ = x, y, z [48, 49]. The orbital part of the CB can be
described as ¢°|=S1, while that of the VB can be expressed by the following equation:

L1 i
lp" = ﬁ(am ta,, tas, +a,)| X+ ﬁ(am +a,,—as, —ag,)| Y +(ay, +a,)|Z (2)

where the coefficients of a, (j = 1-6) were obtained from the eigenvectors of the Hamiltonian.
The relative values of the oscillator strengths Slp, | X? Slp, | X* and Slp,| Z* are normalized to
the same value [50]. The oscillator strengths for the transitions T;, T,, and T; are shown in
Figure 2. The x polarization (out-of-plane) is not accessible with a normally incident beam
when using A-plane ZnO. The oscillation strength of the T; transition was polarized for z
polarization (E//c) in all strain range. However, the oscillation strengths of the T, and T,
transitions changed substantially. For the in-plane biaxial compressive strains, the oscillation
strength of the T, transition has a significant component for y polarization (E_Lc), providing
the ATj, transition at the band edge. In contrast, the T, transition was polarized along the y
direction for the in-plane biaxial tensile strains. Optical properties at the band edge for ELc
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Figure 2. Relative x, y, and z components of the oscillator strength of T}, T,, and T transitions as a function of the in-
plane strain ¢,, and ¢,, of an A-plane ZnO layer. Black dots indicate experimental results in ZnO layers with different
in-plane strains (Figure 2 of [51]). Copyright 2014 by the American Institute of Physics.
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and E//c consisted of a single inter-band transition. A large AE was observed within regions
of in-plane biaxial compressive strains in A-plane ZnO.

2.2. In-plane strains and crystal symmetries

A-plane ZnO layers were deposited on sapphire (10-12) substrates using PLD. ArF excimer
laser pulses (193 nm, 1 J/cm? and 3 Hz) were focused on ZnO targets (99.999%: 5 N) located 4
cm from the substrates in an oxygen flow of 1.8 x 102 Pa. The substrate temperatures were
changed within the range of 450-730°C. ZnO layers grown at 450, 550, 650, and 730°C were
named to S-(i), S-(ii), S-(iii), and S-(iv), respectively [51].
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Figure 3. Polarized Raman spectra for ZnO layers at T, = 450 (a) and 650°C (b) measured in two distinct backscattering

geometries. Raman peaks of the sapphire substrate are indicated by". (c) Peak frequency of E 2h1gh mode in ZnO lay-
ers at different in-plane strains (Figure 3 of [51]). Copyright 2014 by the American Institute of Physics.

Weinvestigated crystallographic polarizations of the layers using micro-Raman scattering. The
polarized Raman scattering was measured in two distinct backscattering geometries under a
514.5 nm laser at 300 K. We select the E,"s" peak based on the A;, mode located at around 442
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cm™. The E,"" peak was found in the x(yy)-x geometry (Figure 3a and b). In contrast, we could
not confirm the E,"s" peak in the x(zz)-x geometry due to crystal symmetry of nonpolar ZnO.
In addition, the E,"s" peak is very sensitive to the in-plane strains, and their positions of all
layers shifted to high-frequency region as compared to that of strain-free A-plane ZnO
(Figure 3c). The frequency shift (Aw) of the Ehish peak can be described as follows [52].

Aw=a(e, +e,)+be_*cle, +¢,) (3)

where the coefficients of 4, b, and c represent the corresponding deformation potentials per
unit strain. In Eq. (3), the red-shifted E,"" peak cleared presence of a compressive strain in the
layer.

The lattice parameters of the layers were determined by high-resolution x-ray diffraction (HR-
XRD). ZnO layers deposited at different T, produced various in-plane strains. Large compres-
sive strains along the c-axis direction were observed in all layers, which were also supported
from the Raman data. All layers had orthorhombic distortion of C,, symmetry. The relationship
between the in-plane and out-of-plane strains was satisfied with Eq. (1) in all layers, which
makes it possible to compare theoretical and experimental results. The layers grown at below
T, = 650°C showed compressive and tensile strains along the z- and y-directions. The values of
(¢, and ¢.,) of the layers at T, = 450, 550, and 650°C were (+0.42% and -0.61%), (+0.27% and
-0.56%), and (+0.15% and -0.65%), respectively. On the other hand, the layer at T, = 730°C
realized in-plane biaxial compressive strains (¢,, = —0.11% and ¢, = —0.46%). Details were
reported to Ref. [32].

2.3. In-plane strains and optical absorptions

Polarized absorption spectra were measured for the E_Lc¢ («,) and E//c (@) geometries. Figure 3
shows significant polarization anisotropy at the band edge. A plot of a* as a function of energy
E for the ZnO layers at T, = 450°C [S-(i)] showed that the absorption edge shifted to higher
energy for E//c relative to E_Lc by 18 meV. The lines can be fitted by the following equation for
direct interband transition:

o’ (E)=plE-E,,] (4)

where the values of f for both polarizations are related to oscillation strengths. We obtained
the extrapolated absorption edge (E.,,) of 3.320 and 3.3378 eV for E Lc and E//c, respectively
(Figure 4a). The energy separation (AE) at the absorption edge for E_Lc and E//c indicates the
difference in the band gap. Values of E,,, for a layer at T, = 650°C [S-(iii)] were 3.321 and 3.353
eV for ELlc and E//c, respectively (Figure 4b), resulting in an increased AE of 32 meV. The
highest AE of 42 meV was obtained in the layer at T, = 730°C [S-(iv), Figure 4c]. Herein, the
transition energies in layers at T, = 450°C [S-(i)] and 550°C [S-(ii)] were defined by T, and T,
transitions, which dominated the optical transitions for E_Lc and E//c, respectively. In contrast,
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E.,, values for E Lc and E//c in layers at T, = 650°C [S-(iii)] and 730°C [S-(iv)] were equivalent
to the T, and T; transitions, respectively. Therefore, a decrease in €y resulted in the change of
the inter-band transitions from ATj, to AT;,. The large AE at the band edge was caused by the
energy difference between T, and Tj transitions (Figure 4c).
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Figure 4. o’E? as a function of photon energy E and AFM image (inset) in a ZnO layer at T, = 450°C (a) and T, = 650°C
(b). (c) Correlation between experimental AE and theoretical AT between the two polarization directions for ZnO layers
at different in-plane strains (Figure 4 of [51]). Copyright 2014 by the American Institute of Physics.

In this section, we theoretically investigated relationship between energy separations and in-
plane anisotropic strains on A-plane ZnO, which were sufficiently verified from the experi-
mental results. The large AE at the band edge was obtained by introducing the in-plane
compressive strains in the layers, providing the large difference in absorption measured in the
E//c and E_Lc geometries. It is expected that the introduction of in-plane compressive strains
into A-plane ZnO can produce highly polarized PL.
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3. In-plane lattice strains and polarized luminescence

3.1. A-plane ZnO homoepitaxial layer growth

We report homoepitaxial growth for strain-free and strained A-plane ZnO layers from
viewpoints of morphologies, structural and optical properties. In particular, we present
relationship between polarized PL and in-plane lattice strains because any in-plane anisotropic
strain changes the crystal symmetry in the layers in terms of significant modifications of the
EBS of ZnO.

Figure 5. AFM images of strain-free ZnO layers with thicknesses of (a) 10 nm, (b) 28 nm, and (c) 140 nm. RHEED
patterns with the [0001] azimuth of strain-free ZnO layers with thicknesses of (d) 10 nm, (e) 28 nm, (f) 140 nm (Figure 1
of [53]). Copyright 2012 by the American Institute of Physics.

The hydrothermally synthesized substrates were supplied by Crystec GmbH (Germany) and
Goodwill (Russia). Both substrates were annealed at 1100°C for 1 h prior to PLD growth. A-
plane ZnO layers were homoepitaxially grown on both substrates at 550°C in an oxygen flow
of 10 mbar. ArF excimer laser pulses were focused on a ZnO target (5 N) 4.0 cm from the
substrate [53].

Growth processes of the homoepitaxial layers on Crystec ZnO substrates were monitored using
reflection high electron energy diffraction (RHEED) with the [0001] azimuth. Atomic force
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microscopy (AFM) was used to observe surface morphologies. At the beginning of layer
growth, up to 10 nm in thickness, the V-groove was seen with a RHEED pattern of three-
dimensional (3D) spot (Figure 5a and d). However, continued layer growth of ZnO up to 28
nm, changed to a slightly smooth surface by the filling of the V-groove structure (Figure 5b).
As a consequence, the 3D spot of the RHEED pattern were weakened (Figure 5¢). Finally, the
layer morphology at a thickness of 140 nm showed a very flat surface. The RHEED pattern
showed a sharp blight stripe with a high contrast to the background, which resulted from a
clean and smooth surface (Figure 5¢ and f).

A cross-sectional transmittance electron microscopy (X-TEM) image with the [0001] zone axis
showed that layer surface had nano-facet structures (Figure 6a and b). The nano-facets were
consisted of the M-plane from the angle between the nano-facets and (11-20) plane due to
higher surface energy of A-plane ZnO than M-plane ZnO (Figure 6d) [54]. The XRD showed
that the 20 pattern of the (11-20) plane was accompanied by Pendellosung fringes, which is
related to interference between the layer surface and the layer/substrate interface. The XRD
profile cleared coherent growth of A-plane ZnO.
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Figure 6. (a) Low-magnification and (b) high-magnification X-TEM images of a strain-free ZnO layer with a thickness
of 140 nm. (c) Schematic cross-section of the atomic lattice of ZnO viewed along the [0001] direction (Figure 2 of [53]).
Copyright 2012 by the American Institute of Physics.

Strained A-plane ZnO layers could be obtained using the goodwill ZnO substrates. The 20
pattern of the (11-20) plane was separated from that of the ZnO substrate. The out-of-plane
strain (¢,,) expanded 0.47% with x being parallel to the [11-20] direction (Figure 7a). In addition,
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the layer showed a broad w-rocking curve with a line-width of 0.14° because of a lattice
relaxation at the heterointerface (Figure 7b). As a result, the in-plane lattice strain (¢,, and ¢..)
showed anisotropic compressions of 0.04 and 0.78%, with y and z, respectively, being parallel
to the [10-10] and [0001] direction. These values were determined from reciprocal space
mapping of the (0002) and (10-10) planes (Figure 7c and d). For the local strain in A-plane
wurtzite, ¢,, can be expressed using Eq. (1). The calculated ¢,, was estimated as +0.42%, which
was close to the experimental ¢,,. The lattice expansion along the [11-20] direction resulted
from the anisotropic compressive strains along the in-plane directions.

_(a) I(Ili_lzo | _I(b) J ﬂl.w = 0|_142°

B Substrate r

Intensity (a.u.)

08 -04 0 04 08

-1 05 0 05 1

28/w (degree)
c - = = 2
0 O il
(0002) R S
@ pan iR o
o x = o
& 0.0 :
2 " 5
8 1.0 g%
[ Substrate e
044

—6_2 O_IO 0 _IZ 0.4
28/ w(degree) 208/ co(degree)

Figure 7. (a) 20/w and (b) w-rocking profiles of the (11-20) plane for strained ZnO layers. Reciprocal space mapping of
(c) (0002) and (d) (10-10) for the strained ZnO layer (Figure 3 of [53]). Copyright 2012 by the American Institute of
Physics.

3.2. Polarized PL from anisotropic strained ZnO layers

The in-plane lattice strains were highlighted to polarized PL. An oxygen pressure [p(O,)]
during the PLD growth could successfully produce the different lattice strains. The value of
¢, gradually increased with increasing p(O,). In contrast, the values of ¢,, and ¢,, decreased.
The relationship between ¢, ¢,, and ¢,, was consistent with the theoretical calculation [Eq.
(1)]. The increased ¢,, along the x direction was attributed to the anisotropic compressive strains
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along the in-plane (y — z) directions. The VBs of ZnO consist of p-like orbitals with wave

functions of |X + iY states for ', and I bands and a |Z state for the I' | band. The
Zupper 7low

lowest A-exciton (I's) occurs because of E Lc, while the C-exciton (I' | ) occurs at the higher
7

energy under E//c [37].
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Figure 8. (a) Polarized PL spectra of a strain-free ZnO layers. Polarized PL spectra of strained layers with ¢,, = +0.19%
(b), +0.24% (c), and +0.46% (d). (e) Polarized ratio (p) as a function of lattice strain (¢,,) (Figure 5 of [53]). Copyright
2012 by the American Institute of Physics.

The strain-free ZnO layer showed polarization to E_Lc with a polarization ratio (p) of 0.51
(Figure 8a). A value of p can be expressed by the following relation:

— IL _[//

5
IL_I// ( )

yo)

where I, and I, indicate the peak intensities for E L c and E//c, respectively. Peak energies of PL
were determined as 3.286 and 3.327 eV at 300 K for E Lc and E//c, respectively, which resulted
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in an energy separation (AE) of 41 meV. This value was close to the theoretical value between
A- and C-excitonic transitions. The PL intensities of all strained ZnO layers were polarized to
E Lc (Figure 8b—d). In-plane anisotropic strains change the EBS of ZnO. The original |X +iY
states are separated into | X-like and | Y-like states. The | Y-like state is raised, while that of the
| X-like state is lowered. Therefore, a large polarization ratio of PL would be measured by the
large energy separation between | Y-like state and | Z-like states for E Lc and E//c, respectively.
The strained A-plane ZnO layers showed the blueshift of the PL peak energy when changing
from ELc to E//c. p gradually increased by up to 0.62 with increasing out-of-plane strain (¢,,)
(Figure 8e) because photo-excited holes occupy |Y-like and |Z-like states of the VBs by the
Boltzmann-like distribution. The increase in p reflects a large difference in transition energies
for E_Lc to E//c, which originated from a lift of the degeneracy of VB with the anisotropic
compressive strains. The degree of PL polarization was well correlated with the in-plane
anisotropic strains.

In this section, the in-plane anisotropic strains were introduced in A-plane ZnO layers by
changing substrate-type and growth condition. Strain-free layers were obtained when using
Crystec ZnO substrates, while the use of Goodwill ZnO substrates provided strained ZnO
layers. The magnitude of lattice strain was systematically changed by controlling the oxygen
pressure during the PLD growth. The correlation between PL polarization and in-plane
anisotropic strain was evidenced experimentally.

4. Control of polarized luminescence by quantum well geometries

4.1. Cd,Zn, ,O/ZnO quantum wells

The anisotropiclattice distortion causes strain-induced modification of the EBS in ZnO, leading
to polarization modulation of PL. That is, polarization ratio of PL is strongly highlighted by
the anisotropic lattice distortion introduced in nonpolar ZnO. In this section, we report on
quantum size effects of polarized PL on A-plane Cd,Zn;_ O/ZnO QWs. A change in a quantum
well width of a QW has a remarkable influence on a quantum size effect. There is a strong
quantum confinement following a narrowing of well width (Ly). In our work, we observe
highly polarized PL from A-plane CdyZn,0/ZnO QWs when using a narrow well width
[30]. This finding suggests that a valence sub-band and a corresponding thermal carrier
distribution are dependent on well width. The Cd,Zn,,0 well layer is very sensitive to an
epitaxial lattice strain owing to lattice mismatch between Cd,(,Zn,,0 well and ZnO layers.
The contribution of well width to the optical properties on A-plane Cd,,Zn,4,0/ZnO QWs
becomes very important to achieve highly polarized PL at room temperature.

Cdy 04210, 0/ZnO QWs with different Ly, were grown on A-face ZnO substrates by PLD. A
Cdy4Zng 0,0 well layer was embedded between a 150 nm-thick ZnO buffer and 5 nm-thick
ZnO capping layers. The ZnO buffer was deposited at T, = 650°C, while the well and capping
layers were both grown at T, = 260°C. An AFM image of an A-plane QW with L, = 4.8 nm
showed that the morphology of ZnO capping of the QW showed a small surface undulation
elongated along the [0001] direction due to the anisotropic migrations of adatoms on the
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growing surface (Figure 9a) [55-57]. The height scale in the image was 1.4 nm with a roughness
of a few angstroms, which was also confirmed using RHEED with a streaky pattern (Fig-
ure 9b). The whole specimens gave the same surface states, being independent of well width.
The scanning electron microscopy (STEM) image with the [0001] zone axis revealed that an
interface between the well and barrier layers was very smooth (Figure 9c). Therefore, we could
keep the structural disorder of the interface between the barrier and the well layers to a
minimum, which can reduce a partial loss of polarization deriving from the breaking of the
selection rule owing to the structural disorder at the interface.

Zn0

Cd{,.{,GZ-nU .5‘-‘10

Zn0O
[11-20]

i 10-10]

<0001= [0001]

Figure 9. (a) AFM image and (b) RHEED pattern of a QW with Ly, = 4.8 nm. (c) Cross-sectional STEM image taken
along the [0001] zone axis of a QW with Ly, = 4.8 nm (Figure 1 of [30]). Copyright 2012 by the American Institute of
Physics.

4.2. Polarized PL properties in A-plane Cd,;Zn,,,0/ZnO QWs

Figure 10a and b shows polarized PL spectra of a QW with L, =4.8 and 2.0 nm. The PL intensity
for E1c was higher than that for E//c. Energy separations (AE) between PL peak energies of
Elcand E//c were 41 and 47 meV for QWs with Ly, =4.8 and 2.0 nm, respectively. These values
were larger than that for the strain-free ZnO layer (AE: 35 meV). The large AE values are
attributed to the strain-induced modification of the EBS in ZnO. In particular, the VB band is
separated to three levels: |Y-like, | Z-like, and |X-like states in order to decrease energy by
introducing anisotropic compressive strains on the growing surfaces of well layers. The y-
(E_Lc) and z-polarized (E//c) light components are dominated by the | Y-like and | Z-like states,
respectively.

The polarization ratio (p) of the PL intensity for ELc and E//c was dependent on tempera-
ture (T) (Figure 10c and d). Excited carriers (electrons and holes) at 300 K fully distributed



Crystal Symmetry and Polarized Luminescence on Nonpolar ZnO 79
http://dx.doi.org/10.5772/64724

in the |Z-like state, providing pvalues of 0.63 and 0.71 for QWs with an L, of 4.8 and 2.0
nm, respectively. The values of p gradually increased with decreasing T because the distri-
butions of holes in the |Y-like state was higher than that in the |Z-like state. The high p of
0.82 and 0.88 was observed at 200 K by a negligible carrier distribution in the |Z-like state.
The driving force to elevate carriers up to the |Z-like state is related to k3T. When two differ-
ent VB bands with the same effective mass are separated by AE, and carriers obey a Boltz-
mann-like distribution. p is described by the following expression [58]:

T-exp(- )
P ©
1- exp(—%)

B

The calculated AE was 41 and 45 meV for QWs with Ly, = 4.8 and 2.0 nm, respectively. These
values were close to the experimental AE obtained from polarized PL spectra at 300 K
(Figure 10c and d). Optical anisotropy for a temperature in the range 200-300 K obeys the
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Figure 10. Polarized PL spectra at 300 K of a QW with LW = 4.8 nm (a) and 2.0 nm (b) for E_Lc and E//c. Temperature

dependence of PL peak energy for E_Lc and E//c and polarization (p) on QWs with L, = 4.8 nm (c) and 2.0 nm (d) (Fig-
ure 2 of [30]). Copyright 2012 by the American Institute of Physics.
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polarization selection rule based on a Boltzmann-like distribution. On the other hand, this
selection rule breaks at low temperatures below 200 K because of the weak mixing between
the different VB states, which is related to excitonic localization in the well layers [59].

4.3. Control of polarized PL in the QWs

Figure 11a shows the PL peak energies of QWs at 300 K as a function of well width. The PL
peak energies systematically shifted to the higher energy with decreasing L, because of
quantum confinement. In our QW samples, no shift was observed when varying the excitation
power from 0.1 to 10 W/em?, indicating no carrier screening effect owing to the absence of
QCSE along the nonpolar growing direction. These trends were similar to those reported
earlier for homoepitaxial ZnO/Mg,Zn, ., O QWs on nonpolar ZnO substrates. Moreover, PL
peak energies at 300 K for QWs with Ly = 2.8 and 6 nm are also applicable to Eq. (6) because
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Figure 11. (a) Dependence of PL peak energy at 300 K for E_Lcs and E//c on Ly. (b) Dependence of AE and p on Ly, at
300 K. (c) Correlation between AE and p in A-plane Cy4,Z14,0/ZnO QWs with different Ly,. The solid line is described
using Eq. (6) (Figure 3 of [30]). Copyright 2012 by the American Institute of Physics.
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localization of excitons was 10.2 and 9.8 meV in QWs with Ly, = 2.8 and 6.0 nm, respectively.
Tuning of Ly in a QW influenced AE and p of the polarized PL at 300 K. Figure 11b shows the
values of p and AE between the topmost VB levels as a function of L. At 300 K, p and AE
gradually decreased with a widening of Ly, and acquired values as low as 0.61 and 39 meV,
respectively, when L, was set to 6.0 nm. The values of p and AE were strongly dependent on
a Ly. In order to investigate the cause of this dependence, we plotted the correlation between
p and AE using Eq. (6). The calculated fit the experimental data quite well (Figure 11c). This
indicated that the PL anisotropy of all QWs was derived from the selection rule based on a
Boltzmann-like distribution. The energy separation of the topmost VB levels determined the
polarization ratio of QWs.

{1120

[001]

Well

[11-24]
Barrier

[ g
. -
[

Aok Ao =+18%
fd, =+14% .
L “poae | ‘ |
| A‘F = o
5 d.=0% : | de= 0%

Figure 12. (a) Cross-sectional TEM image of a QW with Ly = 4.8 nm, and RSD patterns taken in the well (b) and barrier
layer (c) regions. (d) Cross-sectional TEM image of a QW with Ly = 2.0 nm and RSD patterns taken in the well and
barrier layers. (g) Schematic cross-section of a ZnO host viewed along the [0001] direction. The black dot and green
solid lines represent ZnO layers and lattice disordered Cd,Zn, 4,0 layers in QWs with Ly, =4.8 and 2.0 nm, respective-
ly (Figure 4 of [30]). Copyright 2012 by the American Institute of Physics.

TEM images of QWs with Ly, = 4.8 and 2.0 nm are shown in Figure 12a and d, respectively. The
location of well layers in the QWs was identified by z-contrast STEM images. A fast Fourier
transform (FFT) analysis was performed to examine a plane interval on the basis of a reciprocal
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space diffractogram (RSD) pattern. The plane intervals (d,,) along the x-axis in the well layers
were 1.65 and 1.66 A for QWs with Ly = 4.8 and 2.0 nm, respectively. For a QW with Ly, =4.8
nm, the value of d,, in the well layer expanded by 1.4% compared with that in the barrier layer
(Figure 12b and c). Expansion of d,, to the order of 1.8% was obtained for a QW with Ly, =2.0
nm (Figure 12e and f). In contrast, the in-plane intervals (d,,) of the well layer were consistent
with those of barrier layers for both QWs. As a consequence, the plane intervals along the x-
axis only increased with a narrowing of Ly, which resulted in anisotropic lattice distortions of
the basal hexagon of the Cd,,Zn;,,0 unit cell in the well layers as shown schematically in
Figure 12g.

Makino et al. reported lattice parameters of relaxed Cd,Zn;_ O (up to x =0.073) epitaxial layers
on ScMgAIlO, substrates [60]. From their estimations, lattice parameters of a- and c-axis
lengths at x = 0.06 are calculated as 3.260 and 5.241 A, respectively, which indicates the a-axis
length of Cd4Zn, 4,0 slightly expanded by 0.3% compared to that of ZnO. Thus, the lattice
distortions of well layers are larger than those of relaxed Cd,Zn, O layers, which lead to a
change of structural symmetry from C,, to C,,. It is thought that the anisotropic lattice
distortions along the growing direction are related to anisotropic compressive strains on the
in-plane growing surfaces. Mata et al. reported that the highly polarized PL of a-plane
GaN/AIN QWs exhibited a narrowing of L,, because of the increased anisotropic lattice
distortions in the GaN well layers [61]. Moreover, the in-plane optical anisotropy was found
even in (001) zinc-blende GaAs/AlGaAs QWs when its D,y symmetry is reduced to C,, in the
GaAs well layers [62]. Accordingly, the highly polarized PL resulting from quantum confine-
ment in a-plane Cd, 4,Zn;4,0/ZnO QWs is associated with the anisotropic lattice distortions of
well layers giving the change of crystal symmetry. This phenomenon is derived from an
increase in the energy separation between the two topmost VB levels in the well layers of the
QWs.

In this section, the dependence of polarized PL on well width was studied in A-plane
Cdy 0621 9,0/ZnO QWs. The polarization ratio of PL gradually enhanced with a narrowing of
Ly, resulting from the energy separation between the two topmost VB states. These effects were
a result of the anisotropic compressive distortions in the well layers. The lattice distortions in
the well layers played an important role in determining the degree of polarized PL, which
could be controlled by well width.

5. Conclusion remarks

This chapter was reported polarized PL of nonpolar ZnO layers and their QW structures in
terms to the crystal symmetry and the in-plane lattice strain during PLD growth. Anisotropic
optical properties were closely related to in-plane anisotropic strains introduced into the layers,
which were demonstrated on A-plane ZnO. Overall, the in-plane compressive strains could
obtain highly anisotropic optical properties from consistency between experimental and
theoretical viewpoints. We actually observed the polarized PL spectra at 300 K in the strain-
controlled A-plane ZnO homoepitaxial layers. Furthermore, we showed systematic correlation
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between the polarization degree of PL and the in-plane lattice strain. Finally, we achieved
highly polarized PL at room temperature by controlling a well width in the QW structures as
a consequence of change in crystal symmetry from Cg to C,, at a hetero interface between the
well and barrier layers.
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