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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‐



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 Lipović, 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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The Impact of Luminescence in Technological Scale

Jagannathan Thirumalai
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Provisional chapter

The Impact of Luminescence in Technological Scale

Jagannathan Thirumalai

Additional information is available at the end of the chapter

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‐

© 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, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



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,
and so on (in all the below cited luminescence
types) [7]

Display devices, fluorescent
hydrogels, biomarkers

Phosphorescence Eu2+‐doped strontium silicate‐aluminate and so on
(in all the below cited luminescence types) [8]

Traffic signals, phosphorescent paint
(‘Leuchtgelb’)

Photoluminescence Halophosphate (fluoro‐or chloro‐apatite):
Ca5(PO4)3(F,CI):Sb3+, Mn2+ [9]

Fluorescent lamp

Radioluminescence Paint with radium, gaseous tritium light source
(GTLS) [10]

Wristwatch faces, gun sights, nuclear
reactors and radioisotopes

Cathodoluminescence Ca3Gd7(PO4)(SiO4)5O2: Ce3+, Tb3+ and Mn2+ [11] Cathode ray tube, monitors, field
emission device

Electroluminescence Zn(S,Se): Cu+, ZnS: Cu+ [12] LED, EL displays

Thermoluminescence ZnS: Mn2+, Radioactive irradiation, quartz [13, 14] Archaeology, dating of burnt flint,
pressure gauge temperature

Chemiluminescence Oxidation of luminol, fluorescein, rhodamines,
coumarins, oxazines [15]

Analytical chemistry

Bioluminescence Green fluorescent protein [16] Cell tracking, fast‐acting biocides

Candoluminescence/
Pyroluminescence

Zinc oxide and cerium oxide or thorium dioxide,
trimethyl borate, alkali metals and alkali earth
metals [17, 18]

Gas mantles or limelight

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

Luminescence - An Outlook on the Phenomena and their Applications4
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Type Examples Applications

Mechanoluminescence/
Mechanochromic
luminescence

CaZnOS:Mn2+ and CaZr(PO4)2:Eu2+ [21] Mechanical stress in industrial
plants, structures and living bodies

Triboluminescence/
Fractoluminescence

ZnS:Mn2+ [22, 23] Diamond, quartz, emission of
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

The Impact of Luminescence in Technological Scale
http://dx.doi.org/10.5772/64625
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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)
time‐resolved photoemission spectroscopy (or)
laser‐based angle‐resolved photoemission spectroscopy

[41–44]

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

[41–44]

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
that encompasses 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
has been 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
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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].

Figure 1. (a) A schematic diagram showing an emission from both intrinsic and extrinsic defects [2], (b) an emission
spectrum of SrGa2O4 displaying luminescence from intrinsic defects, (c) shows an emission of ZnTa2O6:Pr3+ 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 SrGa2O4 (unpublished data) is
presented in Figure 1b.

Extrinsic defects are intentionally incorporated dopants into a host matrix, in order to generate
a luminescent center (Figure 1a). When the excited electrons de-excite to the luminescent center
(Pr3+ 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 ZnTa2O6:Pr3+ phosphor, which
displays blue and red emission lines from different metastates of Pr3+ as electrons de-excite
further to their ground state. The blue emission lines are attributed to 3P0→3H4 transitions at
447–449 nm, and the red emission lines are attributed to 1D2→3H4, 3P0→3H6 and 3P0→3F2

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 (S0) to higher singlet energy states (S1, S2…Sn). From where the
electron will de-excited to the lowest excited state (S1), then radiatively de-excite to the ground
state (S0) 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 T2 to T1 (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].

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 (Pr3+ in GdTaO4:Pr3+) [10, 14].

This type of luminescence may last up to several minutes or hours [10]. The decay curve
(Figure 3) of GdTaO4: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 t is the measurement time. The first and second terms
describe the decay of the first and the second components; τ1 and τ2 represent the lifetime of
the two components [15].

Figure 3. Decay curve of GdTaO4:Pr3+ persistent luminescence [2].

(1)

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 (·  and · ·) [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
[2].

Figure 4. Schematic showing persistent luminescence mechanism for GdTaO4:Pr3+ [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 ZnTa2O6:Pr3+ [19].

The glow curve of ZnTa2O6:Pr3+ (Figure 5) was deconvoluted into five thermal peaks using
CGCD method, guided by the Tm−Tstop 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 IM and TM are
the TL intensity and temperature (K) at the glow peak maximum, respectively, E is the
activation energy (eV), k is the Boltzmann constant, β is the heating rate, no 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].

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

Figure 7 shows the spectra of SiO2:Er3+ and SiO2:Er3+,Yb3+. The emission of SiO2:Er3+ is attributed
to radiative electronic transitions of Er3+, which has luminescent emission peaks at 432 from
4F5/2 to 4I15/2, 486 from 4F5/2 to 4I15/2, 542 from 4F5/2 to 4I15/2, 611 and 708 nm from different meta-
states of 4F5/2 to 4I15/2, as shown in Figure 8 [27].
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Figure 7. Luminescence from different levels of Er3+ energy states in SiO2:Er3+ and SiO2:Er3+,Yb3+ that were excited at 980
nm to achieve upconversion.

Figure 8. Jablonski energy diagram illustrating energy transfer from Er3+ to Yb3+ [28].

The luminescence of SiO2:Er3+ was achieved upon exciting the sample with a 980 nm LED laser,
which excited the electrons from 4I15/2 to the nearest 4I11/2 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
Er3+ [27]. The electrons positioned at the higher energies may de-excite directly to 4I15/2, 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.

SiO2:Er3+ was co-doped with Yb3+ 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
SiO2:Er3+,Yb3+, the electrons are excited from 4I15/2 to 4I11/2 metastates of Er3+, and from 2F7/2 to 2F5/2

metastates of Yb3+ (Figure 8). The spectral overlap between the two ions results in the emis-
sion of Yb3+ that is faster than that of Er3+, being absorbed, therefore transferring energy to
Er3+ via the resonant non-radiative energy transfer channel [27]. This results in the emission of
Yb3+ from 2F5/2 to 2F7/2 transition being reabsorbed to enhance the electron excitation from 4I15/2

to 4I11/2, 4I13/2 to 4F9/2 [28] and the rest of the transitions as shown in Figure 8.

Figure 9. (a) UC emission spectra of 1 mol% Ho3+-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
% Ho3+-doped TZO glass, and (c) emission spectra of TZO glass doped with Ho3+ [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]

nPµI (5)

The UC emission spectra of a Ho3+-doped TeO2−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 5F4/5S2 → 5I8, 5F5 → 5I8, and 5S2 → 5I7 optical transitions of
Ho3+ 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 ln-ln
plot of power versus UC emission intensity for the green and red emission bands of the Ho3+

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 5F4/5S2 → 5I8 and 5F5 → 5I8

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:Eu2+) 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 4f6 5d1 (t2g) to the 4f7 (8S7/2)
of Eu2+. A CL map (Figure 10b) was obtained by collecting several spectra from a 44 × 32 μm
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 (Eu2+) 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 CaS, and O attributed to a secondary phase (CaSO4) [31].

Figure 10. (a) CL spectrum and (b) map of CaS:Eu2+ [31].

Figure 11. The BSE image and X-ray maps of CaS:Eu2+ 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. CaTiO3:Pr3+ was subjected to a prolonged electron beam irradiation in-situ, using an
Auger electron spectroscopy at 1 × 10−6 Torr O2, 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 CaTiO3:Pr3+ (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 O2 in the system led to a fast oxidation of the surface of the sample, which is
observed from 0 to 500 C cm−2 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 O2 or H2O 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].

Figure 12. (a) CL spectra and (b) APPH profile of CaTiO3:Pr3+ 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 (CaTiO3), 530.4 eV BE from TiO2 and Ti2O3, 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 CaOx sub-oxide formation [2].

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.

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−1 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 I525 and I547 are the integrated intensities corresponding to the 2H11/2

→ 4I15/2 and 4S3/2 → 4I15/2 transitions, respectively, B is the pre-exponential constant, ΔE is the
energy difference between the 2H11/2 and 4S3/2 levels, k is Boltzmann’s constant, and T is absolute
temperature [40, 41].

525

547

expI EFIR B
I kT

-Dæ ö= = ç ÷
è ø

(6)

The optical temperature sensing behavior of Er3+−Yb3+ co-doped SrWO4 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 2H11/2 → 4I15/2 and 4S3/2 →
4I15/2 transitions of the Er3+ 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 4S3/2 → 4I15/2 transition was more reduced
than that of the 2H11/2 → 4I15/2 transition. The observed change of the two transitions is plotted
as the intensity ratio (I525nm/I547nm), which is a function of temperature (inset of Figure 16) [31].

Figure 16. Green UC emission spectra of SrWO4:Er3+−Yb3+ 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 ln(I525/I547) 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 ΔE of the two thermally coupled levels of
about 600 cm−1.

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

Figure 18. Schematic of phosphor converted white LED [38].
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was later achieved by converting the blue LED to white LED by coupling the diode with a
yellow light-emitting phosphor (Figure 18 [38]), Y3Al5O12:Ce3+ [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].

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

© The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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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

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.

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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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

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.

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 sensitizer, and the activator that
luminesces is the emission center. For this situation, the next stages occur: the absorption g
s!es 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 e A 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.

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 R0 for the g state, and to the first
excited state (e) will be R0’. 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 g 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 f shells, that is, [Xe]4f 0, [Xe]4f 7, and [Xe]4f 14 electron configurations.
Examples are as follows: cerium has a stable 4+ valence state with a 4f 0 electron configuration,
and Eu2+ is themost stable divalent ion and has a 4f7 electron configuration (see Table 1). The RE3

+ ions have the maximum possible numbers of unpaired f electrons (up to 7 for Gd3+) 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 2S + 1LJ, where 2S + 1 is the multiplicity of the term, S is the quantum
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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:

• L: 0 1 2 3 4 5 6,...

• capital letter: S P D F G H I....

(It is an extension of the notation for a one-electron atom or ion: s = 0, p = 1, d = 2, etc.). J is the
quantum number of the total angular momentum with allowed values being |L–S|, L–S+1,…,
L+S–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 J value, whereas for electron configurations with more
than half-filled shell the multiplet has the maximum J value. That is, the lowest value of J is |
L–S| and its maximum value is L + S.

The term symbols are exemplified next. The Ce3+ ion (4f1) contains a single electron into 4f-
shell. Therefore, the quantum numbers: S = ½ = s for the spin of an electron, L = 3 = l (for one f

Z Element
Neutral atom
configuration

(RE)3+

configuration Term (RE)3+
(RE)2+

configuration Term (RE)2+

57 La 4f06s25d 4f0 2F5/2

58 Ce 4f16s25d 4f1 2F5/2

59 Pr 4f36s2 4f2 3H4 4f3 4I9/2

60 Nd 4f46s2 4f3 4I9/2

61 Pm 4f56s2 4f4 5I4

62 Sm 4f66s2 4f5 6H5/2 4f6 7F0

63 Eu3+ 4f76s2 4f6 7F0 4f7 8S7/2

64 Gd 4f86s25d 4f7 8S7/2

65 Tb3+ 4f96s2 4f8 7F6

66 Dy 4f106s2 4f9 6H15/2 4f10 5I8

67 Ho 4f116s2 4f10 5I8 4f11 4I15/2

68 Er 4f126s2 4f11 4I15/2 4f12 3H6

69 Tm 4f136s2 4f12 3H6 4f13 2F7/2

70 Yb 4f146s2 4f1 4f14 1S0

71 Lu 4f146s25d 4f13 2F7/2 4f146s1 2S1/2

Table 1. Electron configurations of RE ions in the ground state.
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electron) and the values J = j = l–s (=5/2), l + s (=7/2). Thus, the term symbols to Ce3+ are 2F5/2 and
2F7/2, and they have the same multiplicity: 2. In agreement with third Hund’s rule, 2F5/2 term
corresponds to the lowest energy level of the ground state.

Other case is to Eu2+ 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 J = |L ± S |=7/2. Thus, the maximummultiplicity is 8, and 8S7/2
is a single-term symbol corresponding to the ground state.

A third example: Yb3+ 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 2F7/2
(see the ground multiplet for Ce3+, Eu2+, and Yb3+ 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 n, being n = 1, 2, 3, 4, …,14
for the rare earths.

The former two Hund's rule show their evidence: the same largest (2S + 1) occurs in several terms.
An example is Pr3+ (4f 2 electron configuration). Their terms are 1S, 1D, 1G, 1I, 3P,3 F,3 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 3HJ = 4,5,6.

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 n 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]

H ¼∑
i

p2i
2m

−∑
i

Ze2

ri
þ 1
2
∑
i>j

e2

rij
þ λL � S (1)

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 1/2 is justified by the Pauli
principle [6]. The fourth is the spin-orbit interaction due to all the electrons, where λ 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 Hso.

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 2S + 1L. What does this mean?

Example. Consider us again the Ce3+ ion. When the spin-orbit interaction is taken into account
over the 4f 1 level, 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 ¼ ðLþ SÞ � ðLþ SÞ−L � L−S � S ¼ JðJ þ 1Þ−LðLþ 1Þ−SðSþ 1Þ (2)

It can be shown that, for example, with λ positive, for the single electron in 4f-shell of Ce3+, the
energy level to J = 7/2 is higher than that to J = 5/2, by 7λ/2 due to the perturbation λ 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 Hcryst effects are small (typically 100 cm-1)
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: Hcryst < Hso.

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

H ¼∑
i

p2i
2m

−∑
i

Ze2

ri
þ 1
2
∑
i>j

e2

rij
þ λL � SþHcryst (3)

For instance, consider the CaS:Eu luminescent compound. The CaS host lattice has the NaCl
structure; therefore, each one of Eu2+ ion prefers to occupy the Ca2+ site, because the ionic radii
of Eu2+ (1.12 Å) is compatible with those of Ca2+ lattice site and it has an octahedral symmetry
as shown in Figure 4. In this situation, the 8S7/2 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 n transitions: narrow absorption and emission lines

Figure 5 shows an energy-level diagram for some RE3+ ions. The effect of crystal field is very
small, but produces a splitting on these energy levels to each one of RE3+ (Gd3+ is an exception;
it has seven electrons in 4f-shell, and thus the 8S7/2 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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covalency effects [1, 4]. Actually, ΔR = RðeÞ−RðgÞ∼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].

Figure 5. Energy-level diagram of rare earth ions: Nd3+, Eu3+, Tb3+, Yb3+, Ce3+ and Gd3+.

Figure 4. Eu2+ (central ion) substitute for Ca2+ lattice site has octahedral symmetry around six S2- ligands.
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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: 4fn ! 4fn-15d transitions and charge-transfer transitions (4fn!4fn
+1L-1, where L denotes an anion such as Cl-, S2-, O2-, etc.) [1, 2].

1.4.2.1. 4fn ! 4fn-15d transitions

The 4fn !4fn-15d transitions are strongest in rare earth that have a tendency to became divalent
(from RE3+ to RE2+), such as Eu2+, Sm2+, and Yb2+, where broad and intense absorption bands
are observed in the UV of electromagnetic spectrum.

Example 1: Eu2+ ions into a host lattice. Its interconfigurational transition 4f 7 !4f 65d 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: Ce3+ ions into a crystal. Remember the next: spin-orbit coupling causes 2F5/2 and
2F7/2 levels of the ground-state configuration (4f 1) of Ce3+ ion. The crystalline field yields a
splitting of the configuration (5d1) in several levels. Thus, due to 4f!5d transitions, absorption
bands appear in the UV region of electromagnetic spectrum because Ce3+ 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).

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 centers inside host lattice, schematized through
three parabolas as shown in Figure 6(b). What does the highest parabola mean?

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 n configuration transitions. (b) The charge-transfer state has a larger offset (highest parabola).
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Figure 7. The role of charge-transfer state. It populates, at least partly, the ground-state levels 7FJ = 0,1,2,3,4,5,6 of the electron
configuration of the Eu3+.

Figure 8. Both absorption spectra consist of two bands: (a) NaCl:Eu2+crystal to 600°C and (b) NaCl:Eu2+ without
treatment thermal.
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Intraconfigurational-4f n 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 n 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 RE3+-L- bond,
L-being an anion such as Cl-, S2-, O2-, 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 Eu3+ ions-doped host lattice. Levels of the ground state (4f 6) of Eu3+,
according to Appendix 1, are 7F, 5D, and so on. Luminescent processes are 7FJ ! charge-
transfer state excitation, charge-transfer state ! 5D0 relaxation, and

5D0 ! 7F0 emission. Figure 7
shows some energy level of Eu3+ 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 Eu2+. This crystal has dimensions of 8 × 8 × 1 mm3, and grows by the Czochraski
method. The concentration of Eu2+ 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 α (a constant characteristic of the material) as
follows:

dI
I
¼ −αdx (4)

Thus, if the incident photons intensity at the sample surface is I0 = I(x = 0) and I is the
transmitted intensity, we obtain Eq. (6):
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IðxÞ ¼ I0e−αx (5)

Transmittance is defined as ð II0Þ100%, but also the optical density (OD) is often used:

OD ¼ lnðI0
I
Þ=2:303 (6)

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

α ¼ lnðI0
I
Þ

� �
=x; (7)

with α in cm-1. For example, if the thickness of an amorphous film is 1 µm and α = 100 cm-1,
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 Ni 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:

f Ni ¼ ðCg þ CeÞ (8)

That is, the total number of centers that succeeded to pass through level g to level e: Ce is a
number of centers in the state e and a number Cg 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 ¼ hc=λ (9)

λ 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-1 and λ is in nm then the constant hc has the value l07,
and when Ephoton is measured in eV, the constant hc has the value 1239.8 eV-nm].

On the other hand, the intensity of emission I due to n photons emitted every interval of time
t is
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I ¼ n
t

(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
dt

¼ −Pegn (11)

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

nðtÞ ¼ nð0Þe− tτ (12)

τ ¼ 1 Peg

.
being the radiative decay time. The emission intensity is the rate of decay of the

population of the excited state, that is,

I ¼ −
dn
dt

(13)

I ¼ nð0Þ
τ

e−
t
τ (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

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 Eg, 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

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 SiO2, B2O3, P2O5, SiO2-Na2O, TeO2-V2O5,
B2O3-Al2O3-CaO, TeO2-GeO2-ZnO, and PbO-P2O5-TeO2 [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, SiO2 in their different crystalline forms
(quartz, cristobalite, tridymite, etc.), its network is built with SiO4 tetrahedra (four oxygen
ligands to a single Si form a single tetrahedron) joined at their corners. The same is true for
vitreous SiO2 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 SiO2, B2O3, P2O5, and GeO2 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 TeO2, V2O3, SeO2, MoO3, and Bi2O3 are known as conditional
network formers not able to vitrify themselves when a conventional melt-quenching method of
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vitrification is used, but when mixed with other oxides they are so-called non-conventional
glasses [16].

Consider now TeO2, a conditional network former. The structure of TeO2 crystalline consists of
trigonal di-pyramids (tdp) TeO4. 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 Oeq-Te-Oeq,
and in the axial positions are occupied by two atoms of oxygen Oax-Te-Oax [17]. X-ray and
neutron diffraction structural studies have shown that the atomic arrangement in glassy TeO2

may be well described as a three-dimensional network of TeO4 tdp [18, 19].

Actually, a tellurite glass is constituted by TeO2 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 TeO4 and trigonal pyramids TeO3, the latter with three bond
Te-O shorter distances concerning the TeO4, where it has been observed that a change of TeO4

in TeO3 happens when the modifier oxide (a second component) content increases at the expense
of that high content TeO2 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, TeO2, B2O3, S2O3, 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].

Figure 11. Classification of some oxide compounds in accordance with the role played in the glass formation.
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Figure 12. Structural model for TeO4 units in TeO2 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 TeO2, the building units of these materials are (a)
TeO4 and (b) TeO3 groups. TeO4 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 Eu2+ 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: Eu2+ crystal

Consider the NaCl:Eu2+ luminescent compound as an example. EuCl2 was added to the
powder of NaCl. The Eu2+ 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 μs, 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 μs 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

Figure 14. Temporal response of PL emission from a NaCl:Eu2+ freshly annealed crystal to 600°C (to a light emitted in 427
nm).

Figure 15. Emission spectra of a NaCl:Eu crystal freshly annealed crystal to 600°C with a temporal resolution of 100
(circles) and 1300 ns (triangles).
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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-μm 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-1) 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].

RE3+-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-TeO2 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

Figure 16. Emission spectra of a NaCl:Eu crystal without prior heat treatment, with a temporal resolution of 100 (circles)
and 1300 ns (rectangles).

Luminescence - An Outlook on the Phenomena and their Applications52



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-μm 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-1) 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].

RE3+-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-TeO2 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

Figure 16. Emission spectra of a NaCl:Eu crystal without prior heat treatment, with a temporal resolution of 100 (circles)
and 1300 ns (rectangles).

Luminescence - An Outlook on the Phenomena and their Applications52

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 TeO2 in a
composition triangle), for the ZnO-CdO-TeO2 system, have been studied [36].

2.2.1. Conventional melt-quenching method

Three batches of ZnO-CdO-TeO2 system were prepared, as can be seen in Table 2, by mixing
appropriate amounts of the oxides: TeO2 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 Tb3+ ions are referred as Tb118, Tb127, and Tb136,
respectively; meanwhile, those doped with Yb3+ ions are Yb118, Yb127, and Yb136. However,
VI, V2, and V3 denote the other two types, glasses containing Nd3+ or Eu3+. All the measure-
ments were recorded at room temperature.

2.2.2. XRD results on ZnO-CdO-TeO2:REc glasses

These results are summarized as follows:

a. Yb118, Yb127, and Yb136 glasses display the pattern of an amorphous structure, and
small particles of CdTeO3 crystals are observed in the sample Yb118, see Refs. [32, 33].

b. Tb118, Tb127, and Tb136 glasses also show a crystalline phase CdTeO3, see Refs. [32, 33].

c. Of the V1, V2, and V3 glasses containing Nd3+, all exhibit a vitreous structure, which can
correspond to short ordering of ZnO4 tetrahedra embedded in the glassy structure, see
Ref. [34].

d. Of the V1, V2, and V3 glasses containing Eu3+ ions, that with the highest content of
CdO modifier helps in the formation of a crystalline phase of CdTe2O5 compound, see
Ref. [35].

Sample V1 V2 V3

ZnO 9.52 9.52 9.52

CdO 9.52 19.04 28.58

TeO2 76.20 66.68 57.14

REc 4.76 4.76 4.76

REc (rare earth compound): Tb4O7,YbBr3, NdCl3, EuCl3. Their concentrations are (2.5, 2.9) range mol%.

Table 2. Bath original compositions (wt%) of ZnO-CdO-TeO2:REc glasses.
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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 α is proportional to PA intensity, that is,

αðhvÞ∝PA (15)

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

CdTeO3 is a semiconductor of direct band, and the same is observed to the ZnO, CdO, and TeO2

constituents of these glasses. Hence, near edge absorption spectral behavior follows [32]:

αðhvÞ∝ðhv−EgÞq (16)

In this relation, α is the absorption coefficient, h is Planck's constant, υ is the frequency of the
incident light, Eg is the optical energy measures in eV, and q = ½ for a direct band. Thus, of
Eqs. (16) and (17), a measurement of |PA|2 versus hv typical plot for the Eg calculation [12].

In Figure 17, the PA spectra for the samples Yb127 and Yb136 are displayed, but Yb118 is not
shown here. The Eg is estimated, its value was 3.47 eV for Yb136 and 3.6 eV for Yb127.

Figure 17. PA spectra of Yb127 and Yb136 glasses. In the inset, a typical plot used to determine Eg is illustrated.

Luminescence - An Outlook on the Phenomena and their Applications54



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 α is proportional to PA intensity, that is,

αðhvÞ∝PA (15)

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

CdTeO3 is a semiconductor of direct band, and the same is observed to the ZnO, CdO, and TeO2

constituents of these glasses. Hence, near edge absorption spectral behavior follows [32]:

αðhvÞ∝ðhv−EgÞq (16)

In this relation, α is the absorption coefficient, h is Planck's constant, υ is the frequency of the
incident light, Eg is the optical energy measures in eV, and q = ½ for a direct band. Thus, of
Eqs. (16) and (17), a measurement of |PA|2 versus hv typical plot for the Eg calculation [12].

In Figure 17, the PA spectra for the samples Yb127 and Yb136 are displayed, but Yb118 is not
shown here. The Eg is estimated, its value was 3.47 eV for Yb136 and 3.6 eV for Yb127.
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Figure 18 shows PA spectra for Tb118 and Tb127 glasses, but Tb136 is not displayed here. The
Eg 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 Eg is limited in the interval (3.47, 3.60) eV, which is very near of Eg = 3.9 eV,
the bandgap of CdTeO3 [32].

Figure 19 shows the PA spectra of the glasses doped with Nd3+: VI, V2, and V3. By considering
that one of the compounds in the tellurite matrix is ZnO, a material of direct bandgap (Eg) thus,
a same value of Eg = 3.45 eV was calculated, for the three samples (see the inset of Figure 19, a
plot to determine Eg). This value of Eg 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 Eu3+ 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
CdTe2O5 corresponds to a semiconductor more complex.

In the region between ~ 101 and ~ 104 cm-1, α obeys a simple relation,

α∝eðhv=E0Þ (17)

which is termed the Urbach tail, being E0 hardly depends on temperature [12]. In amorphous
semiconductors, it is reported that E0 varies linearly in the range of 0.05–0.1 eV. Using the
Urbach relation and αðhvÞ∝PA, we obtain that

Figure 18. PA spectra of Tb118 and Tb127 glasses.
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Figure 19. PA spectra of three glasses doped with Nd3+. In the inset, a typical plot used to determine Eg is illustrated, for
the V2 glass.

Figure 20. PA spectra of three glasses doped with Eu3+. In the inset, a typical plot used to determine Eg is illustrated.
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Figure 19. PA spectra of three glasses doped with Nd3+. In the inset, a typical plot used to determine Eg is illustrated, for
the V2 glass.

Figure 20. PA spectra of three glasses doped with Eu3+. In the inset, a typical plot used to determine Eg is illustrated.
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lnðαÞ∝hv (18)

By applying Eq. (19), ln(α) versus hv, for the V1–V3 glasses doped with europium, the energy
of the optical absorption edge (Eg) was determined (see Figure 20). The obtained Eg values
were 3.47, 3.33, and 3.49 eV for the V1, V2, and V3, respectively. The Eg for the starting oxides
(ZnO, CdO, and TeO2) 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 2F5/2!2F7/2
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 Yb3+ 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:
5D4!7F5,

5D4!7F4,
5D4!7F3, of the ion Tb3+, 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 5D4!7F5) 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.

Figure 21. The photoluminescence []spectra of the Yb118, Yb127, and Yb136 samples are displayed.
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PL spectra of glasses are shown in Figure 23, where only one transition 4F3/2!4I9/2 appears due
to the emission of the Nd3+ ions. Such a transition is typical in Nd3+-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
Eu3+ ion, which were identified as follows: 5D0 ! 7F1,

5D0 ! 7F2,
5D0 ! 7F3, and

5D0 ! 7F4,
which appear around 590, 620, 650, and 700 nm, respectively. Such transitions are typical in

Figure 23. Photoluminescence spectra of V1, V2, and V3 glasses containing Nd3+.

Figure 22. The photoluminescence spectra of the Tb118, Tb127, and Tb136 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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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 5D0 ! 7F2 transition,
the highest intensity, indicating that Eu3+ occupies a low symmetry site. The intensity ratio of R
= I(5D0 ! 7F2)/I(

5D0 ! 7F1), which is a measure of Eu3+ ion site symmetry, is calculated to be
upper to the unit. This result is an indication that Eu3+ ions occupy mainly the lattice site of
noninversion symmetry [1].

3. Conclusions

1. For NaCl crystals containing a considerable concentration of Eu2+ ions (≈200 ppm or 0.1
wt%), the following results were confirmed:

1.1 The decay curve of the luminescent intensity due to Eu2+ 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 Eu2 + ions in crystalline matrices mainly
alkali halides.

2. Glasses of the ZnO-CdO-TeO2 system were doped with Yb3+, Tb3+, Nd3+, or Eu3+ 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

Figure 24. Photoluminescence spectra of V1, V2, and V3 glasses containing Eu3+.
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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 Yb3 + 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
Cd0.06ZnO0.94O/ZnO QWs as a consequence of change in crystal symmetry from C6v to
C2v at interfaces between Cd0.06Zn0.94O 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 MgxZn1–xO/ZnO and CdxZn1–xO/ZnO multiple and single quantum wells (QWs) [7–
10]. These low-dimensional heterostructures can produce interesting quantum phenomena
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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 LaAlO3, LiGaO2, SrTiO3 and (La, Sr)(Al, Ta)O3 [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) MgxZn1–xO/ZnO and CdxZn1–xO/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 CdxZn1–xO/ZnO QWs was higher than
that of MgxZn1–xO/ZnO QWs because the crystal symmetry in a CdxZn1–xO well layer was
changed from C6v to C2v 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 CdxZn1–xO/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 × 6 Bir-Pikus Hamiltonian for the VB. When treating the VBs together
with the CB, we make use of the 8 × 8 Hamiltonian for the VB in combination with the 2 × 2

Figure 1. E1 (a), E2 (b), and E3 (c) transition energies as a function of in-plane strain εyy and εzz for an A-plane ZnO layer
at 300 K. Energy difference T3−T2: ΔT32 (d) and T3−T1: ΔT32 as a function of in-plane strain εyy and εzz (e). Schematic dia-
gram of the transition energies of ΔT32 and ΔT31. 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 (ΔE) between two
inter-band transitions with E//c and E⊥c is large [40]. The E//c and E⊥c indicate electric fields
parallel and perpendicular to the c-axis. We evaluated the in-plane anisotropic strains in order
to obtain a large ΔE at the excitonic edge of the Γ point. For strain-free A-plane ZnO, 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 T1, T2, and T3 in order to
increasing transition energies, respectively. The residual lattice strain εββ (β = x, 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 Dj (j = 1–6) for the VB were given by
Wrzesinski et al. [41] and Lambrecht et al. [42]. The crystal-splitting (Δso) and spin orbit splitting
(Δso) 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].

12 13

11 11

.e e e= - -xx yy zz
C C
C C (1)

where Cij indicates the elastic stiffness constants [47]. Figure 1a–c shows the counter plots for
variation of the transition energies T1, T2, and T3 as a function of the in-plane strains. The
calculations were extended to an arbitrary in-plane strain for the range |εyy| and |εyy| ≦ 0.7%.
The energy and polarization properties of T1, T2, and T3 at a zero strain are matched with those
of the A-, B-, and C-excitons, respectively.

In Figure 1, the energy of the T3 transition exhibits a linear correlation between εyy and εzz. In
contrast, the transition energies of T1 and T2 showed larger energy shifts on εzz compared to
εyy. The dependence of the energy shift on εyy changed in the vicinity of the boundary between
tensile (εyy > 0) and compressive (εyy < 0) regions. This relation is well reflected by the oscillation
strengths of T1, T2, and T3 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 T1, T2, and T3 transitions are determined by both material parameters and the rela-
tionship between εxx, εyy, and εzz. Figure 1(d) shows the dependence of the difference (ΔT31) in
transition energy T3 – T1 on the in-plane strain. An increase in ΔT31 was found in regions of in-
plane biaxial tensile (εyy > 0 and εzz > 0) and in-plane biaxial compressive (εyy < 0 and εzz < 0)
strains. On the other hand, the energy difference (ΔT32) in the transition energy T3 – T2 gradually
decreased in both regions of in-plane tensile and compressive strains. This result had an
opposite tendency for the difference in ΔT31.

The polarization anisotropy is dependent on the three polarization components of the
oscillation strength for the transitions T1, T2, and T3, which are obtained from momentum
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matrix elements of the type ϕc|pl|ϕv with l = x, y, z [48, 49]. The orbital part of the CB can be
described as ϕc|= S|, while that of the VB can be expressed by the following equation:

1 2 5 6 1 2 5 6 3 4
1| ( ) | ( ) | ( ) |
2 2

v
n n n n n n n n n n

ia a a a X a a a a Y a a Zj = + + + + + - - + + (2)

where the coefficients of ajn (j = 1–6) were obtained from the eigenvectors of the Hamiltonian.
The relative values of the oscillator strengths S|px|X2, S|ply|X2 and S|pz|Z2 are normalized to
the same value [50]. The oscillator strengths for the transitions T1, T2, and T3 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 T3 transition was polarized for z
polarization (E//c) in all strain range. However, the oscillation strengths of the T1 and T2

transitions changed substantially. For the in-plane biaxial compressive strains, the oscillation
strength of the T1 transition has a significant component for y polarization (E⊥c), providing
the ΔT31 transition at the band edge. In contrast, the T2 transition was polarized along the y
direction for the in-plane biaxial tensile strains. Optical properties at the band edge for E⊥c

Figure 2. Relative x, y, and z components of the oscillator strength of T1, T2, and T3 transitions as a function of the in-
plane strain εyy and εzz 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 ΔE 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/cm2 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 × 10−2 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].

Figure 3. Polarized Raman spectra for ZnO layers at Tg = 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 2high mode in ZnO lay-

ers at different in-plane strains (Figure 3 of [51]). Copyright 2014 by the American Institute of Physics.

We investigated 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 E2

high peak based on the A1g mode located at around 442
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cm−1. The E2
high peak was found in the x(yy)-x geometry (Figure 3a and b). In contrast, we could

not confirm the E2
high peak in the x(zz)-x geometry due to crystal symmetry of nonpolar ZnO.

In addition, the E2
high 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 (Δω) of the E2

high peak can be described as follows [52].

( ) ( )xx yy zz xx yya b cw e e e e eD = + + ± + (3)

where the coefficients of a, b, and c represent the corresponding deformation potentials per
unit strain. In Eq. (3), the red-shifted E2

high 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 Tg 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 C2v 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
Tg = 650°C showed compressive and tensile strains along the z- and y-directions. The values of
(εyy and εzz) of the layers at Tg = 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 Tg = 730°C
realized in-plane biaxial compressive strains (εyy = −0.11% and εzz = −0.46%). Details were
reported to Ref. [32].

2.3. In-plane strains and optical absorptions

Polarized absorption spectra were measured for the E⊥c (α⊥) and E//c (α//) geometries. Figure 3
shows significant polarization anisotropy at the band edge. A plot of α2 as a function of energy
E for the ZnO layers at Tg = 450°C [S-(i)] showed that the absorption edge shifted to higher
energy for E//c relative to E⊥c by 18 meV. The lines can be fitted by the following equation for
direct interband transition:

2 2( ) [ ]expE E Ea b= - (4)

where the values of β for both polarizations are related to oscillation strengths. We obtained
the extrapolated absorption edge (Eexp) of 3.320 and 3.3378 eV for E⊥c and E//c, respectively
(Figure 4a). The energy separation (ΔE) at the absorption edge for E⊥c and E//c indicates the
difference in the band gap. Values of Eexp for a layer at Tg = 650°C [S-(iii)] were 3.321 and 3.353
eV for E⊥c and E//c, respectively (Figure 4b), resulting in an increased ΔE of 32 meV. The
highest ΔE of 42 meV was obtained in the layer at Tg = 730°C [S-(iv), Figure 4c]. Herein, the
transition energies in layers at Tg = 450°C [S-(i)] and 550°C [S-(ii)] were defined by T2 and T3

transitions, which dominated the optical transitions for E⊥c and E//c, respectively. In contrast,
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Eexp values for E⊥c and E//c in layers at Tg = 650°C [S-(iii)] and 730°C [S-(iv)] were equivalent
to the T1 and T3 transitions, respectively. Therefore, a decrease in εyy resulted in the change of
the inter-band transitions from ΔT32 to ΔT31. The large ΔE at the band edge was caused by the
energy difference between T1 and T3 transitions (Figure 4c).

Figure 4. α2E2 as a function of photon energy E and AFM image (inset) in a ZnO layer at Tg = 450°C (a) and Tg = 650°C
(b). (c) Correlation between experimental ΔE and theoretical ΔT 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 ΔE 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⊥c 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 10−4 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 5c). 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 5c 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 2θ 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.

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 2θ
pattern of the (11-20) plane was separated from that of the ZnO substrate. The out-of-plane
strain (εxx) 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 ω-rocking curve with a line-width of 0.14o because of a lattice
relaxation at the heterointerface (Figure 7b). As a result, the in-plane lattice strain (εyy and εzz)
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, εxx can be expressed using Eq. (1). The calculated εxx was estimated as +0.42%, which
was close to the experimental εxx. The lattice expansion along the [11-20] direction resulted
from the anisotropic compressive strains along the in-plane directions.

Figure 7. (a) 2θ/ω and (b) ω-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(O2)]
during the PLD growth could successfully produce the different lattice strains. The value of
εxx gradually increased with increasing p(O2). In contrast, the values of εyy and εzz decreased.
The relationship between εxx, εyy, and εzz was consistent with the theoretical calculation [Eq.
(1)]. The increased εxx 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 Γ9 and 7upper bands and a |Z state for the 7low band. The

lowest A-exciton (Γ9) occurs because of E⊥c, while the C-exciton (7low) occurs at the higher

energy under E//c [37].

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

The strain-free ZnO layer showed polarization to E⊥c with a polarization ratio (ρ) of 0.51
(Figure 8a). A value of ρ can be expressed by the following relation:
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where I⊥ and I// indicate the peak intensities for E⊥c and E//c, respectively. Peak energies of PL
were determined as 3.286 and 3.327 eV at 300 K for E⊥c and E//c, respectively, which resulted
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in an energy separation (ΔE) 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⊥c (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⊥c and E//c, respectively.
The strained A-plane ZnO layers showed the blueshift of the PL peak energy when changing
from E⊥c to E//c. ρ gradually increased by up to 0.62 with increasing out-of-plane strain (εxx)
(Figure 8e) because photo-excited holes occupy |Y-like and |Z-like states of the VBs by the
Boltzmann-like distribution. The increase in ρ reflects a large difference in transition energies
for E⊥c 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. CdxZn1–xO/ZnO quantum wells

The anisotropic lattice 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 CdxZn1–xO/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 (LW). In our work, we observe
highly polarized PL from A-plane Cd0.06Zn0.94O/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 Cd0.06Zn0.94O well layer is very sensitive to an
epitaxial lattice strain owing to lattice mismatch between Cd0.06Zn0.94O well and ZnO layers.
The contribution of well width to the optical properties on A-plane Cd0.06Zn0.94O/ZnO QWs
becomes very important to achieve highly polarized PL at room temperature.

Cd0.06Zn0.94O/ZnO QWs with different LW were grown on A-face ZnO substrates by PLD. A
Cd0.06Zn0.94O well layer was embedded between a 150 nm-thick ZnO buffer and 5 nm-thick
ZnO capping layers. The ZnO buffer was deposited at Tg = 650°C, while the well and capping
layers were both grown at Tg = 260°C. An AFM image of an A-plane QW with LW = 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.

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

4.2. Polarized PL properties in A-plane Cd0.06Zn0.94O/ZnO QWs

Figure 10a and b shows polarized PL spectra of a QW with LW = 4.8 and 2.0 nm. The PL intensity
for E⊥c was higher than that for E//c. Energy separations (ΔE) between PL peak energies of
E⊥c and E//c were 41 and 47 meV for QWs with LW = 4.8 and 2.0 nm, respectively. These values
were larger than that for the strain-free ZnO layer (ΔE: 35 meV). The large ΔE 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⊥c) and z-polarized (E//c) light components are dominated by the |Y-like and |Z-like states,
respectively.

The polarization ratio (ρ) of the PL intensity for E⊥c and E//c was dependent on tempera-
ture (T) (Figure 10c and d). Excited carriers (electrons and holes) at 300 K fully distributed
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in the |Z-like state, providing ρvalues of 0.63 and 0.71 for QWs with an LW of 4.8 and 2.0
nm, respectively. The values of ρ 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 ρ 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 kBT. When two differ-
ent VB bands with the same effective mass are separated by ΔE, and carriers obey a Boltz-
mann-like distribution. ρ is described by the following expression [58]:
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The calculated ΔE was 41 and 45 meV for QWs with LW = 4.8 and 2.0 nm, respectively. These
values were close to the experimental ΔE 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

Figure 10. Polarized PL spectra at 300 K of a QW with LW = 4.8 nm (a) and 2.0 nm (b) for E⊥c and E//c. Temperature
dependence of PL peak energy for E⊥c and E//c and polarization (ρ) on QWs with LW = 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 LW because of
quantum confinement. In our QW samples, no shift was observed when varying the excitation
power from 0.1 to 10 W/cm2, 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/MgxZn1–xO QWs on nonpolar ZnO substrates. Moreover, PL
peak energies at 300 K for QWs with LW = 2.8 and 6 nm are also applicable to Eq. (6) because

Figure 11. (a) Dependence of PL peak energy at 300 K for E⊥cs and E//c on LW. (b) Dependence of ΔE and ρ on LW at
300 K. (c) Correlation between ΔE and ρ in A-plane Cd0.06Zn0.94O/ZnO QWs with different LW. 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 LW = 2.8 and 6.0 nm, respectively.
Tuning of LW in a QW influenced ΔE and ρ of the polarized PL at 300 K. Figure 11b shows the
values of ρ and ΔE between the topmost VB levels as a function of Lw. At 300 K, ρ and ΔE
gradually decreased with a widening of LW and acquired values as low as 0.61 and 39 meV,
respectively, when Lw was set to 6.0 nm. The values of ρ and ΔE were strongly dependent on
a LW. In order to investigate the cause of this dependence, we plotted the correlation between
ρ and ΔE 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.

Figure 12. (a) Cross-sectional TEM image of a QW with LW = 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 LW = 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 Cd0.06Zn0.94O layers in QWs with LW = 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 LW = 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 (dxx) along the x-axis in the well layers
were 1.65 and 1.66 Å for QWs with LW = 4.8 and 2.0 nm, respectively. For a QW with LW = 4.8
nm, the value of dxx in the well layer expanded by 1.4% compared with that in the barrier layer
(Figure 12b and c). Expansion of dxx to the order of 1.8% was obtained for a QW with LW = 2.0
nm (Figure 12e and f). In contrast, the in-plane intervals (dyy) 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 LW, which resulted in anisotropic lattice distortions of
the basal hexagon of the Cd0.06Zn0.94O unit cell in the well layers as shown schematically in
Figure 12g.

Makino et al. reported lattice parameters of relaxed CdxZn1–xO (up to x = 0.073) epitaxial layers
on ScMgAlO4 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 Å, respectively, which indicates the a-axis
length of Cd0.06Zn0.94O slightly expanded by 0.3% compared to that of ZnO. Thus, the lattice
distortions of well layers are larger than those of relaxed CdxZn1–xO layers, which lead to a
change of structural symmetry from C6v to C2v. 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/AlN QWs exhibited a narrowing of LW 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 D2d symmetry is reduced to C2v in the
GaAs well layers [62]. Accordingly, the highly polarized PL resulting from quantum confine-
ment in a-plane Cd0.06Zn0.94O/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
Cd0.06Zn0.94O/ZnO QWs. The polarization ratio of PL gradually enhanced with a narrowing of
LW, 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 C6c to C2v at a hetero interface between the
well and barrier layers.
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Abstract

The chapter discusses about excitation‐intensity effects on photoluminescence emission
peaks of zinc oxide (ZnO) material. ZnO is an ideal material for optoelectronic devices
due to its wide band gap of 3.37 eV and some exciting optical properties. The perform‐
ance of optoelectronic devices is greatly affected by the vibrational properties of the
material,  which are influenced by the interaction of phonons with free and bound
electron‐hole pairs. The photoluminescence (PL) spectroscopy is used to understand the
extrinsic and intrinsic defects in ZnO materials. Understanding PL of ZnO nanostruc‐
tures/thin films may lead to development of more efficient ZnO‐based optoelectronic
devices.

Keywords: ZnO, Defects, excitation intensity, photoluminescence

1. Introduction

Luminescence is one of the fastest growing and most useful analytical techniques in science
and technology. The applications of luminescence can be found in various subject areas as
materials science, microelectronics, clinical chemistry, biology, physics, environmental science,
chemistry, toxicology, biochemistry, pharmaceuticals, and medicine. The term luminescence
includes a wide variety of light‐emitting processes, which originate their names from the
varied sources of excitation energy that power them.

Photoluminescence (PL) spectroscopy is a sensitive nondestructive technique, suitable for
identifying point defects including extrinsic and intrinsic defects in materials [1]. It is a useful
tool to evaluate the quality and to study the physical parameters of semiconductor materials
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in the form of thin films and nanomaterials. Zinc oxide (ZnO) is one of the promising semi‐
conductor materials of II–VI group, because of its wider band gap (3.37 eV) and large excitation
binding energy (60 meV) at room temperature [2]. ZnO thin films and nanostructures are
increasingly being used in light‐emitting diodes, solar cells, chemical sensors, photocatalysis,
and antibacterial materials, etc., because of their unique physical properties [2, 3].

In general, defects and impurities are playing an important role in the semiconductor industry
to develop devices. In the case of ZnO material, it is very difficult to understand and study the
role of defects or impurities in order to develop optoelectronic devices. Native or intrinsic
defects are existing in the ZnO material such as oxygen vacancies (VO), zinc interstitials (Zni),
oxygen interstitial (Oi), zinc vacancies (VZn), zinc antisites, and oxygen antisites. Understanding
the incorporation and behavior of intrinsic defects in ZnO material is essential to its successful
application in optoelectronic devices. These native defects have long been believed to play an
important role in ZnO‐based devices. The band‐to‐band excitation of ZnO promotes electrons
from the valence band to the conduction band, leaving holes in the valence band. The holes
migrate from the valence band to deep levels and recombination occurs between electrons from
either the conduction band or shallow donor levels and trapped holes on deep levels [4–6].
Basically, the PL of ZnO is related to the presence of holes in the valence band [4]. The PL
spectroscopy can help to understand the extrinsic and intrinsic defects in ZnO materials.
Understanding of PL on ZnO nanostructure/thin films may lead to development of more
efficient ZnO‐based optoelectronic devices.

The PL properties of ZnO materials have been widely studied by many research groups and
several research groups noticed that excitation intensity (EI) also has important influence on
the PL spectra of ZnO material [7, 8]. The current chapter is providing more details about the
EI effects on ZnO materials with different morphologies. Three different sets of ZnO samples
were deposited on various substrates with three kinds of morphologies. PL and Raman spectra
were recorded using LABRAM‐HR spectrometer excited with a 325 nm He‐Cd laser at room
temperature. The excitation intensity‐dependent PL and Raman spectra were obtained at room
temperature by changing the laser intensity with the change of optical filters. The laser intensity
was fixed as P0 for without filter (no filter). The EI for different filters denoted as D0.03 = P0/2,
D0.06 = P0/4, D1 = P0/10, D2 = P0/100, D3 = P0/1000, D4 = P0/10,000. Low‐temperature PL and Raman
spectra were obtained using WITec instrument. The crystal structure and morphology of the
samples were characterized by X‐ray diffraction (XRD) and scanning electron microscopy
(SEM).

2. Results

2.1. ZnO thin films

ZnO thin films with thickness of 450 nm were deposited on glass substrates using spray
pyrolysis (SP) technique. The precursor solution for spray pyrolysis was prepared by dissolv‐
ing appropriate amounts of zinc acetate dihydrate in a mixture of deionized water and ethanol
at room temperature. In this mixture, ethanol concentration was 10 ml in 100 ml solution. A
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solution of 0.3 M Zn (CH3CO2)2 was used as a precursor, prepared by the dissolving in
deionized water and ethanol [3]. A few drops of acetic acid were added to aqueous solutions
to prevent the formation of hydroxides. ZnO thin films were deposited on glass substrates at
a substrate temperature of 623 K. The glass substrates were cleaned thoroughly with acetone,
isopropanol, deionized water, and finally cleaned with the help of an ultrasonic bath for 30
min and dried [3, 9]. The spray nozzle was at a distance of 20 cm from the substrate during
deposition [3, 9]. The solution flow rate was held constant at 3 ml/min. Air was used as the
carrier gas at the pressure of 2 bar [3, 9]. The structural and morphological properties of ZnO
thin films are shown in Figure 1.

Figure 1. (a) XRD, (b) SEM, and (c) AFM.

Figure 2. PL emission peak intensity variation with EI intensity.
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The XRD studies have shown that all the diffraction peaks belong to ZnO wurtzite structure
and the (0 0 2) diffraction peak related to the c‐axes is predominant. No other phase was
observed. The ZnO thin films are having uniform grains on the surface. These grains are
uniformly distributed on the surface of the films without any voids. This can be understood
from the SEM and AFM studies (Figure 1). The room temperature PL studies are shown in
Figure 2.

The PL spectrum of ZnO thin films consists of two major emission peaks: a sharp peak located
at ultraviolet region, and a weak broad peak in the visible region. According to the previous
reports, the appearance of UV emission and visible emission indicates that the existence of
native defects in ZnO. The intensity of UV peak of ZnO thin films is decreases with the
decreasing EI. The UV emission peak position moved toward lower wavelength side (406–380
nm) with the decreasing of EI. The UV emission peak variation with EI could not explained
completely by previous reports. Some previous reports were explained this kind of effect using
the concept of laser‐induced heating effect. The EI variation studies have extend for different
ZnO samples with different morphology (nanorods, tetrapods, etc.) to understand EI effect on
ZnO material.

2.2. ZnO nanorods

Nanorods structures like ZnO material were deposited on ITO substrate by electrochemical
deposition (EC) technique. Electrolytes were zinc nitrate hydrate (Zn(NO3)2·6H2O) and
analytic‐grade hexamethylenetetramine (C6H12N4). Figure 3 shows XRD and the FESEM
images of rod‐like ZnO nanostructures with different magnifications that have been grown on
ITO substrate. The nanostructures are arbitrarily directed and a nonuniform distribution of
dense, arbitrarily directed ZnO nanorods, and no branching is observed, which indicates that
the ZnO nanorods are grown from spontaneous nucleation.

Figure 3. (a) XRD and (b) SEM.

Figure 4 shows that the PL spectrum of ZnO nanorods. The UV emission peak position exhibits
a significant blue‐shift from 417 to 377 nm with a range of about 40 nm with decrease of EI.
The UV peak intensity also varied with the EI.
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Figure 4. PL spectrum of ZnO nanorods.

2.3. ZnO tetrapods

ZnO tetrapods were synthesized on silicon substrate by vaporizing Zn granule (99.8% purity)
in a quartz tube of 30 mm diameter and 100 cm in length at 1200°C in a horizontal tube furnace
for 30 min duration at a heating rate of 10°C/min in ambient. Figure 5 shows the XRD and SEM
of ZnO tetrapods.

Figure 5. ZnO tetrapods (a) XRD and (b) SEM.

Excitation‐Intensity (EI) Effect on Photoluminescence of ZnO Materials with Various Morphologies
http://dx.doi.org/10.5772/64937

95



Figure 6. PL spectrum of ZnO tetrapods.

The PL spectrum of ZnO tetrapods is shown in Figure 6. The UV emission peak position of
ZnO tetrapods moved significantly toward lower wavelength side (from 430 to 380 nm) with
the range of about 50 nm when the EI intensity decreased from P0 to D4. The intensity of UV
peak is increase with EI ranging from P0 to D0.06, and reaches highest at D0.06. Then the UV peak
intensity decreases and reaches lowest for the D4.

2.4. ZnO bulk material

Bulk ZnO (ZnO powder) was taken from the Sigma Aldrich for the comparative studies to
understand the EI effect on ZnO material. Figure 7 shows the XRD and SEM of ZnO bulk
powder. SEM showed micron‐sized particles. The PL spectrum of ZnO bulk material is
shown in Figure 8. The UV emission peak position and intensity variations are similar to the
PL results of ZnO nanorods and ZnO tetrapods.

Figure 7. ZnO bulk powder (a) XRD and (b) SEM.
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Figure 8. PL spectrum of ZnO bulk powder.

3. Discussion

PL studies show that the UV emission peak position is moved toward higher energy side (blue
shift), i.e. lower wavelength side with EI decreases. The blue shift of UV emission peak is
observed in all the samples irrespective of their morphology. In the PL spectra of ZnO, recently
many research groups are observed that the UV emission peak intensity and peak positions
varying with the excitation intensity of laser. In other words, the excitation intensity (EI)
strongly influences the PL in ZnO nanostructures including nanocrystals, wires, rods, tetra‐
pods, and ribbons [1, 7, 8, 10]. Hongwei et al. [11] studied the excitation‐power dependence of
the near‐band‐edge emission in ZnO inverse opals and nanocrystal films. Zhang et al. [8]
studied the effects of excitation intensity (EI) on fluorescence spectra in various ZnO nano‐
structures, including tetrapod, rod, and sheet‐like structures. The EI effects on PL spectra of
ZnO nanostructures were explained by many authors using the UV‐laser‐induced heating
effect/laser heating effect. Kurbanov et al. [1] explained UV‐laser‐induced heating effect using
concept of thermal effusivity for ZnO nanocrystals grown on different substrates. In order to
understand the local laser heating effects, we have assumed that the laser heating effects
increase temperature in the semiconductor material (ZnO nanostructures/thin films). The
rising temperature of semiconductor material due localized laser heat effects leads to the
changes in optical and vibrational properties of the material [12, 13]. The phonon frequency
shifts in ZnO nanostructures/thin films due to laser heating effects can be obtained using
Raman spectroscopy. Raman spectroscopy is a nondestructive characterization technique,
which is widely used to study the optical and vibrational properties of semiconductor
materials including with thin films, hetrostructures, nanocrystals, nanowires, nanoribbons,
nanorods, and tetrapods. ZnO is uniaxial crystals with wurtzite structure and it belongs to
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(6)4 (63𝀵𝀵𝀵𝀵) space group. Group theory predicts the existence of the following Raman modes

[14]:

1 1 1 2Γ 2 2opt A B E E= + + +

where Γ is point of the Brillouin zone and it involved in first‐order Raman scattering for perfect
ZnO crystals. Both A1 and E1 modes are polar. They split into transverse optical (A1TO, E1TO)
and longitudinal optical (A1LO, E1LO) modes. E2 is nonpolar mode consists of two modes of
low‐ and high‐frequency phonons (E2 low, E2 high). E2 (high) is associated with oxygen atoms
and E2 (low) is associated with Zn sublattice [13]. These modes are Raman active according to
Raman selection rule. B1 branch is silent. The phonon frequency shifts in the Raman spectra of
ZnO nanostructures are probably due to the optical phonon confinement, defects or impurities
in the material, tensile strain, and laser‐induced heating [13, 14]. The optical phonon confine‐
ment effect is neglected in this work because Bohr exciton radii (≈2.34 nm) are smaller than the
nanocrystallite size of the grown ZnO nanostructure/thin films.

The PL spectra of ZnO nanostructures with the changes of EI are summarized as follows. In
the case of bulk ZnO, the UV peak position moved significantly toward lower wavelength side
(from 423.6 to 386.5 nm) with the range of about 37.1 nm when the EI intensity decreased from
P0 to D4. The intensity of UV peak is increase with EI ranging from P0 to D0.06, and reaches
highest at D0.06. Then the UV peak intensity decreases and reaches lowest for the D4. Similar
behavior is observed in the case of ZnO nanorods and tetrapods. In the case of ZnO thin films,
the intensity of UV peak decreases with the decreasing EI. The green emission peak position
is not changed with the EI. The green band intensity is fluctuating with the EI. In other words,
the changes in EI not affect by green band position, intensity, and width. Moreover, the
appearance of green band in the spectrum is directly supporting the existence of oxygen
vacancies or Zn interstitials in the ZnO nanostructure/film. Figure 9 shows the Raman spectra
of ZnO nanostructure/film sample excited using 514 nm laser. The spectrum of bulk ZnO
exhibits one prominent peak at 439 cm−1 (E2 high) in addition weak peak at 332 and 579 cm−1.
The nanorods also show similar spectrum. In the case of thin films, the prominent peak is
observed at 438 cm−1 (E2 high) and weak peaks are observed at 331, 493, and 577 cm−1. The
tetrapods of ZnO show prominent peak at 437 cm−1 (E2 high) in addition to weak peaks at 330,
376, and 579 cm−1. In all the cases, the intensity of all the Raman peaks decreases with decreasing
EI. The observed values (Raman shift/peak position) are much closed to the previous reports
[15, 16]. The Raman peak E2 high (439/438/437 cm−1 representing bulk/rods/tetrapods, respec‐
tively) is corresponding to the wurtzite phase of ZnO. The EI variation of the laser (514 nm)
does not produce any change in E2 high peak and other additional peaks position (579/578/577
cm−1 representing bulk/rods/tetrapods, respectively). The most important peak is observed at
579/578/577 cm−1 in all the ZnO nanostructures. In general, the LO frequency modes are used
to observe between 574 and 591 cm−1 for the relatively large size of ZnO nanocrystals. Accord‐
ing to previous reports [17, 18], the 579/578/577 cm−1 mode is ascribed to the LO phonon of A1

or E1 symmetry. According to Zhang et al. [14], the peak observed at 577 cm−1 is a defect induced
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mode in ZnO nanostructures. We believe that the 579/578/577 cm−1 corresponding to bulk/rods/
tetrapods are defect‐induced mode associated with the defects such as oxygen vacancies, zinc
interstitials, and the free carrier lack [19]. In the most of the samples (see Figure 9), ZnO
transversal modes and second order modes are absent in the spectra. This leads to understand
poor crystallization quality of ZnO nanostructures.

Figure 9. Raman spectrum of ZnO material for bulk, thin films, nanorods, and tetrapods.

Raman studies with 325 nm laser line are conducted on the ZnO nanostructures in order to
cross check the laser heating effect because the same laser was used for the PL. The Raman
spectra with 321 nm laser are shown in Figure 10. No E2 (high) peak is observed. The LO mode
is observed at 579/578/577 cm−1 for the different ZnO nanostructures. The intensity of LO is
decreases with EI. Neither a blue nor a red shift is observed in LO position with a decrease in
EI. According to previous report [13], the huge red shift of LO should be observed for the ZnO
nanostructure when the intense local heating induced by UV laser. The observations from
Figure 10, indirectly tells that the presence of the intrinsic impurity or defects in the sample.
After careful analysis of Raman results, we understand that the huge shift of UV peak in PL
may not be attributed to local heating induced by UV laser in the ZnO nanostructures. In order
to verify this assumption, we recorded the PL and Raman spectra at low temperature for all
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the samples using WITec Alpha SNOM instrument with solid state lasers 355 and 532 nm,
respectively. We change the instrument to avoid instrumental error. Here, the PL spectrum was
recorded at the maximum and minimum of laser EI. The samples were tested in the temper‐
ature range of −190 to 30°C (83–303 K).

Figure 10. Raman spectrum of ZnO material with 325 nm excitation source for bulk, thin films, rods and tetrapods.

Figure 11 shows the low‐temperature PL spectra. It is well known that the low‐temperature
PL from ZnO material with reasonably good crystalline quality is dominated by UV emis‐
sion. From Figure 11, the origin of the UV emission peak shift explained based on the two
major parameters one is laser EI the other one low‐temperature variation.

From low‐temperature PL, it can be argued that when the sample is in liquid nitrogen reservoir,
then the reservoir temperature would be expected to compensate the local heating by laser.
Hence, no‐shift in the UV band (or the quenching of the UV emission) is expected. However,
at liquid nitrogen temperature, the similar blue shift of UV emission has been observed for the
samples (thin films, nanorods, and tetrapods) at E(max) and E(min). Moreover, we have tried
to measure the surface temperature of the samples using thermocouple as well as IR ther‐
mometer during surface illumination by laser. No evidence of the increase in the surface
temperature of the samples is observed. It is stated that such shift in UV emission is inde‐
pendent of the deposition parameter, morphology and structural parameters. The PL UV peak
emission position blue shift of ZnO material can be understood from Figure 12.
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Figure 11. (a) Low‐temperature PL of ZnO thin films. (b) Low‐temperature PL of ZnO nanorod. (c) Low‐temperature
PL of ZnO tetrapods.
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Figure 12. Energy band diagram of ZnO showing the probable transition processes [7].

After careful analysis of the RT and low‐temperature PL studies, the shift in the UV emission
can be due to intrinsic defect level emissions in ZnO as explained based on the energy band
diagram shown in Figure 12. From Figure 12, the origin of UV emissions in ZnO are attributed
to four factors. They are: (i) direct transition from conduction band (CB) to valence band (VB);
(ii) transition of zinc interstitial (Zni) defect level to VB; (iii) transition from the CB to zinc
vacancy (VZn) which is a result of blue‐green emission of the material; and (iv) transition from
Zni to VZn [7, 20]. It is believe that the Zni and VZn defects are playing crucial role in the blue
shift of UV emission in ZnO. According to PL results, UV emission shifts largely from 377 to
415 nm with EIs for various samples. This UV emission can be due to the transitions (i), (ii),
and (iii) involved between defects levels Zni, VZn, and CB due to which shift in the band‐to‐
band transition is observed for different EIs. Hence, it is understood from the above discussion
that defect levels present in the sample may be responsible for the shifts in the UV emission
band with different EIs. In this regard, all ZnO samples exhibit the A1LO Raman band (∼580
cm−1) which is ascribed to a defect induced mode [7] as evidenced from the Raman spectrum.
Overall, all the samples possess considerable intrinsic defects which may be responsible for
the shifts in UV emission band with EIs.

4. Conclusion

The excitation‐intensity dependence of the UV emission for various ZnO samples has been
studied in detail. The EI effects were studied systematically at room temperature and at liquid
nitrogen temperature. It is observed that the UV emission band moves toward higher energy
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side (blue shift) when the EI is decreased and vice versa both room temperature as well as at
liquid nitrogen temperature. The blue shift of UV emission is only observed for some samples
whereas few samples do show a marginal shift with the EI variation. These results give an
implication that the shift may not be the intrinsic effect of laser‐induced heating as has been
claimed by other research groups; rather other mechanism can also be equally responsible. For
detailed understanding, Raman measurements are methodically recorded for different EIs.
The marginal shift in A1LO modes observed for different samples with different EIs and
systematic analysis of all the results supporting the shift of UV emission. It may also be
attributed to the native defects in ZnO nanostructures/thin films apart from laser‐induced
heating. Result analysis show that the PL properties of the ZnO nanostructures/thin films are
a strong function of the excitation intensity. The Raman studies helped to identify the origin
of the UV emission peak shift in ZnO nanostructures. These results strongly suggest that
heating effect alone cannot explain the observed excitation intensity dependency of lumines‐
cence spectra. However, further study is underway for better understanding.
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Abstract

Rare-earth-doped  upconversion  materials,  featuring  exceptional  photophysical
properties including long lifetime, sharp emission lines, large anti-Stokes shift, low
autofluorescence  of  the  background,  and  low  toxicity,  are  promising  for  many
applications. These materials have been investigated extensively since the 1960s and
employed in many optical devices. However, due to rapid development of synthesis
strategies for nanomaterials, upconversion materials have been rehighlighted on the
basis  of  nanotechnology.  Herein,  we  discuss  the  recent  advances  in  upconversion
materials. We start by considering energy transfer processes involved in the basic study
of upconversion emission phenomena, as well as synthesis strategies of these materials.
Progress  in  different  energy  transfer  processes,  which  play  an  important  role  in
determining luminescence efficiency, is then discussed. Newer applications of these
materials have been vastly reviewed.

Keywords: upconversion, luminescence, rare earth, 4f-4f transitions, nanomaterials,
energy transfer, optical applications, nanophosphor

1. Introduction

Photon upconversion (UC) is a nonlinear optical process which yields high-energy photons
through sequential absorption of two or more low-energy photons. The concept of UC was
conceived by physicist N. Bloembergen [1] in 1959 to develop an infrared (IR) photon detector
for counting infrared photons through the interaction of infrared (IR) photons with rare earth
(RE) or transition-metal ions incorporated in crystalline materials. Though, due to the lack of
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coherent pumping sources, the prospect of achieving upconversion was not possible. With the
advances in lasers and optical technology, the landmark experiment to observe IR to visible
upconversion was reported first time by F. Auzel [2] in 1966 and explained energy transfer in
Er3+-Yb3+ and Tm3+-Yb3+ systems. Since then, research on photon upconversion has inspired the
design of near-infrared (NIR) to visible upconverter suitable for a wide range of applications.
Later, technological advances in laser and optical tools compelled the application of upcon-
version lasers for converting low-energy laser radiation to high-energy laser radiation [3].
However, in early days, applications of UC materials in biomedical fields were not clear [4].
One of the major challenges was to control the size and shape of the materials that are suitable
in biological environments.

Rare earth elements, including scandium and yttrium, are important in functional materials
due to their similar electronic configurations ([Xe]4fn−15d0−16s2). Because of this, they have
similar physical and chemical properties in their trivalent ionic state. The energy levels of RE3+

from the 4f electronic configuration are abundant and thus allow for many intraconfigurational
transitions (Figure 1). The intra-4f transitions are forbidden for free RE ions but these rules are
partially broken when the REs are embedded in an inorganic lattice. Owing to many energy
levels with intraconfigurational transitions, RE-ions act as promising luminescent centers.
Moreover, the intrinsic character of RE ions due to shielding of partially filled 4f electrons by
completely filled 5s25p6 subshells makes them less sensitive to the environment of the host
lattice. Apart from this, long life, sharp emission lines, large anti-Stokes shift, and photosta-
bility are the results of their unique 4f energy levels.

Figure 1. The 4f energy level diagrams, computed using the mean free ion parameters described in Ref. [5]. The levels
were cut at 52,000 cm−1.
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In recent decades, UC materials have attracted much attention because of their special
spectroscopic properties [6]. RE-doped luminescent materials have been employed in display
devices and solid state lasers for long time. With the development of new synthesis strategies,
RE-doped UC materials can be prepared at nanoscale for better prospects [3]. The emission
bands of UC nanomaterials are less affected by the particle size unlike quantum dots, whose
luminescence is dependent on particle size. Moreover, owing to their high resistance to
photobleaching, photoblinking, specific NIR excitation, excellent penetration depth in
biosystems without any autofluorescence from the background, UC particles have a wide
range of applications in bioimaging and theranostics [7]. In spite of these features, several
aspects of the UC nanomaterials are of great concern, such as enhancing UC efficiency, color
outputs, and manipulation of energy transfer pathways to achieve desired UC emissions for
specific applications.

Here, we review the recent advances in photon-upconverting materials. In this chapter, we
discuss the composition of ideal UC materials, synthesis of UC particles, physics of UC
followed by their applications and future prospects.

2. Composition of upconversion materials

Upconverting particles are generally composed of a host material doped with optically active
sensitizer and activator ions [8]. Controlling the energy transfer processes among these three
constituents is of great importance in selecting suitable dopant-host pairs. The host matrices
differ in their coordination numbers, distances between dopants, and efficiencies of energy
transfer. Thus proper selection of the host matrix is of significant importance. Host matrices
must possess low-phonon energies to avoid degradation of efficiency through nonradiative
relaxations and should be chemically and thermally stable. Moreover, host materials should
have high tolerance for sensitizer and activator ions and high transparency for free migration
of NIR photons in the lattice. Fluoride materials meet these criteria and are popular choices as
host matrices for UC materials [8]. Among the reported host matrices, the NaREF4 series has
been proven to be highly effective due to their lower phonon energy and excellent chemical
stability. In this family, the hexagonal-NaREF4 series is more efficient than the cubic-NaREF4

series due to its unique crystal structure. Oxide materials such as ZrO2, Y2O3, vanadates (e.g.,
YVO4, GdVO4), phosphates (e.g., LuPO4, YPO4) are also examples of some common host
materials because of their high chemical stability, even though they have larger phonon
energies than the fluoride materials [6, 8].

The role of sensitizers is to sensitize the activators in the UC materials. An ideal sensitizer
should have large absorption cross-section at the desired excitation wavelength and resonant
energy levels to those of the activators, with suitable excited energy state located in the NIR
region. Among all the RE ions, Yb3+ is the best choice as a sensitizer. The absorption cross-
section of Yb3+ is 9.11 × 10−21 cm−2 at 980 nm, which is relatively large among RE ions [9].
Moreover, the energy level diagram of Yb3+ has only one excited state (2F5/2) that matches very
well with the f-f transitions of many RE activators, e.g., Er3+, Ho3+, Tm3+, etc. and therefore Yb3+
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is an excellent sensitizer to transfer energy to other RE ions. For example, the 2F5/2 state of Yb3+

overlaps the 4I11/2 state of Er3+, allowing Yb to Er energy transfer (Figure 1).

UC emission increases with doping concentration of activator ions until a critical concen-
tration. Beyond that concentration, quenching among activator ions occurs and decreases
the upconversion emission [10]. To get rid of this problem, concentrations of activators are
kept low while one or more types of RE ions with high concentration are incorporated as
sensitizers. The activators should possess a large number of metastable energy levels. Once
ground state electrons are excited to the metastable state, activators are likely to accept
energy from nearby sensitizers to be excited at higher excited states. The energy levels of
the activators should not be close enough to promote nonradiative relaxations. According
to the energy level structures, Er, Tm, and Ho ions in their trivalent state are ideal to
minimize nonradiative relaxations, whose transition rate decreases exponentially with
increasing energy gap.

3. Synthesis of upconversion materials

In order to achieve high UC efficiency, synthesis of UC materials is very crucial. Recently,
various methods have been developed for synthesizing RE-doped UC materials, including
thermal decomposition, coprecipitation, hydrothermal, sol-gel, combustion, microwave,
microemulsion, and so on [11–20]. The methods are to address specific requirements such as
surface modification and monodispersity. The synthesis routes are not mutually exclusive, and
often more than one method is combined to produce the suitable UC particles. Some important
synthesis processes for preparing UC particles are discussed below.

3.1. Thermal decomposition

Thermal decomposition gives size-controlled well-shaped particles within short reaction time
[11]. It usually involves surfactant-assisted decomposition of precursors in high-boiling
organic solvents. Then the generated ions are combined into new nuclei at relatively high
temperature. The trifluoroacetate and oleate compounds are commonly used organic precur-
sors and polar capping groups such as oleic acid, oleylamine and octadecene are usually used
as surfactants. It is believed that the solvents can control the growth of the particles via capping
the surface of UC particles. A systematic investigation on the growth mechanism of UC
nanocrystals was performed by Mai et al. [12] and inferred the passage of precursors in
surfactant solutions through a slow nucleation pathway. They also showed that various sizes
and shapes of Er3+/Yb3+ doped NaYF4 particles can be obtained by varying reaction time,
reaction temperature, and concentration of reagents. Though this method has several impor-
tant advantages, e.g., strong UC emission, high quality of products and pure phase crystals, it
suffers from some disadvantages including operation difficulty, production of toxic materials,
and presynthesis of RE(CF3COO)3 precursors.
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3.2. Coprecipitation

The coprecipitation method is developed to overcome the limitations of the thermal decom-
position method and considered as a significant method for synthesis of UC particles. It
involves the precipitation of two substances simultaneously. In the coprecipitation route, UC
nanocrystals are formed with organic surfactants and prevent agglomeration though their
adsorption to the surface of the particles [6]. The benefits of the coprecipitation method include
absence of toxic by-products, inexpensive equipment, and simple procedure. Er3+/Yb3+, Ho3+/
Yb3+, and Tm3+/Yb3+ doped LaF3 nanoparticles [13] with particle size of 5 nm were prepared by
Yi et al. In addition to that, RE-doped LuPO4, YbPO4, NaYF4, NaGdF4, and Y3Al15O12 (YAG)
nanoparticles were also produced using this method. Recently, our group has synthesized
the Er3+/Yb3+ doped BaTiO3 [14] and YVO4 [15] nanocrystals using the coprecipitation method.
Despite the general advantages, this method suffers from the long-time operation of the
experimental procedure, which sometimes takes more than 8 h. Moreover, to produce UC
particles in industrial scales, this method is not suitable.

3.3. Hydrothermal

Thermal decomposition can only use organic solvents while hydrothermal synthesis which is
mainly a solution-based method, can occur in a water-based system with low reaction
temperature (around 200°C) in a relatively environment friendly condition [11]. Hydrothermal
methods involve heating of the solvent at high pressure above its critical point. This process
is convenient to produce controllable size and shape of the inorganic nanoparticles with
diverse nanodimensional architectures. For example, yttrium orthovanadate (YVO4) crystals
have been prepared hydrothermally in both acidic and basic media with well-defined micro-
crystals with clear facets and dispersed nanograins and nanoflakes within 5–50 nm dimension
[16]. Prism, disk, rod, and tube like NaYF4 crystals were prepared by hydrothermal method
[17]. An advantage of this route is that experimental parameters such as reaction temperature,
reaction time, solvent type, and surfactant type can be varied to control the size and shape of
the synthesized particles.

3.4. Sol-gel

The sol-gel method is generally used for the preparation of thin films, oxides, and fluoride
nanocrystals [11]. The method is a typical wet-chemical process, starts with liquid solution of
molecular precursors and it forms a new sol phase through hydrolysis and polycondensation
reactions. With the addition of base, the sol is agglomerated into gel through a large macro-
molecular network, followed by annealing at high temperature for a few hours. Annealing
increases crystallinity and removes the solvents from the gel. Patra et al. [18] prepared Er3+

doped TiO2 and BaTiO3 using basic acetate and titanium tetraisopropoxide. Patra et al. [19]
developed the sol-gel method into sol emulsion-gel method to synthesize ZrO2:Er3+ nanopar-
ticles. A thin film of YVO4:Eu3+ was fabricated by Cheng et al. [20] through the combination of
pechini-type sol-gel method and inkjet printing. The key step in a sol-gel process is the
annealing procedure. The quality of the synthesized materials is significantly dependent on
the annealing temperature and time. The materials produced via sol-gel method yield high
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UC intensity and the method can be applied for production on a large scale. However, there
are some shortcomings in this process. For instance, the derived particles are of irregular
shapes, sizes, and are not water-soluble.

3.5. Combustion

Compared to thermal decomposition, hydrothermal, and sol-gel methods, combustion
synthesis is a high-throughput method of producing UC particles within a very short period
of time [7]. A balanced mixture of reducing agent (fuel) and oxidizers (metal nitrates) is usually
selected for the reaction to release maximum energy during the reaction time. In this process,
a series of controlled explosions take place in the reaction materials in a self-sufficient condition
without requiring any extra heat for the total reaction. Generally, the oxide and oxysulfide
materials are prepared through this technique. Some reports on producing RE-doped Y2O3,
La2O2S, Gd2O3, and Gd2Ga5O12 can be found in the literature [6, 11]. One should keep in mind
that the fuel and nitrates are chosen so that they do not produce toxic gases and the reaction
should be relatively mild. However, combustion synthesis is a readily scalable, time and
energy-saving, low cost, and efficient process that can be extended for commercial purpose.

4. Physics of upconversion

4.1. Upconversion mechanisms

Several mechanisms have been identified to be involved in UC process either alone or in
combination [3, 4, 6, 10]. Though much work has been performed to know the energy transfer
processes during UC event, only the basic possibilities, namely excited state absorption (ESA),
energy transfer UC (ETU), photon avalanche (PA), cooperative UC (CUC), and energy
migration-mediated UC (EMU) are given here. Figure 2 depicts the basic UC processes.

Figure 2. Simplified energy level diagrams describing upconversion processes: (a) ESA, (b) ETU, (c) PA, (d) CUC, and
(e) EMU (red: excitation; blue: UC emission; green: energy transfer).

An ESA (Figure 2a) process refers to multistep excitation by sequential absorption of one or
more low-energy photons from the ground state to intermediate state, and finally populates
the intermediate state, from which upconversion emission occurs. The absorption cross-section
of the excited ion should have the capability of absorbing the second pump photon. The ESA
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process generally occurs at low doping concentration (<1%) of the activator ions, as high
doping concentration is likely to degrade the UC emission via nonradiative relaxation
processes. Although the ESA process occurs in single RE ions, its efficiency is strongly
suppressed due to weak absorption induced by parity-forbidden 4f-4f transitions within RE
ions.

The ETU process (Figure 2b) is more efficient than ESA and it involves two types of luminescent
centers—sensitizer and activator ions. Once the sensitizer is excited, it transfers energy to the
nearest activator ion and UC emission is obtained from the activator when it drops back to the
ground state or lower excited state. For sufficient energy transfer, the activator and sensitizer
should possess resonant energy levels with closeness in spatial distance between them. Because
of resonant energy absorption, the excitation lifetime is longer and probability of UC is higher
which makes this process an efficient one.

The PA process (Figure 2c) is more complex than the ESA and ETU and only occurs after a
critical level of pump density. The PA process was first proposed in 1979 using Pr3+ ion-based
infrared quantum counter. If the pump density is sufficiently high, the intermediate reservoir
level of many ions becomes populated initially by a nonresonant ground state absorption
process, followed by resonant ESA or ETU from another excited ion to populate the UC
emitting level. After this stage efficient cross relaxation takes place between excited and
ground-state ions. As a result, population of the reservoir level and the UC emitting level
increases and causes an “avalanche” effect of generating more excited ions through feedback
looping, making this process the most efficient.

The CUC process (Figure 2d) is similar to ETU process and includes two types of luminescent
centers—sensitizer and activator. In this process the UC emitting level of the activator is
populated via cooperative energy transfer from two adjacent sensitizers. The basic difference
between ETU and CUC is that in CUC the activator does not have adequate long-lived
intermediate energy levels compatible to that of the sensitizers. CUC occurs mainly in Yb3+/
RE3+ doped UC materials, where Yb3+ acts as cooperative sensitizer. The efficiency of CUC is
lower than that of the ETU.

Based on energy transfer within NaGdF4:Yb3+,Tm3+@NaGdF4:Ln3+ (Ln = Tb, Eu, Dy, and Sm)
core-shell nanostructures, the EMU process (Figure 2e) was first proposed by Liu and cow-
orkers [21] in 2011. The EMU process involves four types of luminescent centers, namely
sensitizer, accumulator, migrators, and activator. The sensitizer/accumulator and the activator
are confined in separate layers of the core-shell and connected by migrators [10]. The sensitizer
first excited by ground state absorption and transfers its energy to an accumulator, promoting
it to higher excited state. The accumulator should possess energy levels with longer lifetimes
to accept the energy from the sensitizer. Then, energy migration takes place from higher excited
state of accumulator to migrator, followed by migration of the excitation energy through the
migrators via core-shell interface [10]. Finally, the migrated energy is trapped by an activator
in the shell and emits UC luminescence.
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4.2. Excited-state dynamics

The excited-state dynamics of RE ions involved in UC processes has been extensively investi-
gated in several bulk materials and most of these are also applicable to their equivalent
nanoscale systems. Quantitatively, the UC process can be described by a set of rate equations
[4, 10] by taking into account all the population and depopulation pathways involved in the
concerned system.

  idN populationrate depopulationrate
dt

= å - å

As an example of establishing rate equations, the rate equations for UC process upon 980 nm
light excitation in Er3+-Yb3+ system are discussed below [22].

As the absorption cross-section of Yb3+ is much larger than that of Er3+ at 980 nm excitation
wavelength, it is reasonable to consider the energy transfer from Yb3+ to Er3+ [9]. The three
possible energy ETU processes from Yb3+ to Er3+ are the following (refer to Figure 3):

(a) ETU-1: 2F5/2 (Yb3+) + 4I15/2 (Er3+) → 2F7/2 (Yb3+) + 4I11/2 (Er3+)

(b) ETU-2: 2F5/2 (Yb3+) + 4I11/2 (Er3+) → 2F7/2 (Yb3+) + 4F7/2 (Er3+)

(c) ETU-3: 2F5/2 (Yb3+) + 4I13/2 (Er3+) → 2F7/2 (Yb3+) + 4F9/2 (Er3+)

Figure 3. Energy transfer processes relevant for upconversion in Er3+-Yb3+ system [22].

The Er3+ ions raised to the 4F7/2 level by ETU-2 relaxes nonradiatively to the 2H11/2/4S3/2 levels
and subsequently, radiative transition to the ground state (4I15/2) yields green UC emission
bands. Possible mechanisms for population of the 4I13/2 level of Er3+ are (i) energy back-transfer:
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2H11/2/4S3/2 (Er3+) + 2F7/2 (Yb3+) → 4I13/2 (Er3+) + 2F5/2 (Yb3+) and (ii) cross-relaxation process of Er3+

ions: 2H11/2/4S3/2 + 4I15/2 → 4I9/2 + 4I13/2.

The rate equations for Er3+-Yb3+ codoped system are as follows:

,  1
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where NEr,i (i = 0, 1, 2, 3, 4) are the population densities of 4I15/2, 4I13/2, 4I11/2, 4F9/2 and 2H11/2/4S3/2

levels of Er3+. NYb,i (i = 0, 1) are the population densities of the 2F7/2 and 2F5/2 levels of Yb3+. W1,
W2, and W4 are the nonradiative decay rates of the 4I13/2, 4I11/2, and 2H11/2/4S3/2 states, respectively;
W′3 and W′4 are the radiative decay rates of the 4F9/2 and 2H11/2/4S3/2 states, respectively. The WYb

is the radiative decay rate of the excited 2F5/2 state of the Yb3+ ion. The k1, k2, and k3 are the energy
transfer rates of ETU-1, ETU-2, and ETU-3, respectively. The C40 is the cross-relaxation rate for
2H11/2/4S3/2 + 4I15/2 → 4I9/2 + 4I13/2; σij is the absorption cross-section between levels i and j of Er3+;
σYb is the absorption cross-section between levels 2F5/2 and 2F7/2 of Yb3+ and ρP is the pump
constant which is proportional to the incident pump power, IP. If the absorption cross-section
of Er3+ is low compared to that of Yb3+ at 980 nm, the contribution of ground state absorption
and ESA processes of Er3+ states can be neglected in comparison to the ETU (by Yb3+) and
relevant terms can be excluded from the rate equations. The energy transfer rates can be
calculated using Judd-Ofelt theory [23, 24]. The multiphonon nonradiative relaxation rates can
be derived using the modified energy gap law [4]. Once the transition rates are known, the
characteristics of UC, namely, luminescence lifetime, spectral ratios, and quantum yields can
be determined by solving these rate equations.

The rate equation model for UC process is generally made for theoretical analysis, but only
very few reports are available on the use of this approach in UC nanomaterials mainly due to
the complex nature of the involved UC process at the nanoscale and most of the spectroscopic
characteristics of UC nanoparticles are determined experimentally. The investigation into the
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time-resolved photoluminescence behavior of UC emissions is often used to check the validity
of the proposed model of UC processes, and the rate constants are extracted from the fittings
[10]. The lifetime of the activator’s excited state is shorter than those of the sensitizers. The ETU
processes lengthen the lifetime of the activators due to energy transfer from the sensitizers.
Thus, the apparent lifetime of the activators is dependent on the sensitizers. The measured
lifetime in UC luminescence and downconversion luminescence (the excited states are directly
excited) is different. However, in the nanomaterials several factors such as surface quenching
effect, particle size, and surface structure affect the lifetime and deviate from the theoretical
value. The UC process shows pump power-dependent UC luminescence due to its nonlinear
character. The combination of pump power dependent of UC with the steady-state rate
equations yields useful information on the UC kinetics. Theoretical models proposed by
Pollnau et al. and Suyver et al. [25, 26] are used vastly to know the nature of UC, i.e., the number
of photons absorbed in the UC processes. The UC emission intensity (I) is proportional to nth
orders of the pump power density (P): I ∝ Pn, where ‘n’ is the number of photons absorbed in
the particular UC process. Thus, the slope of the plot of ln[I] vs. ln[P] reveals the nature of the
UC process. The pump power dependence of the UC emission is valid in low power density
and becomes complicated at high pump power due to the competition between linear decays
and UC processes. In most of the cases, the slope value decreases with increasing excitation
power and at very high pump power, the UC processes sometimes become pump independent
due to saturation of some intermediate levels.

4.3. Photophysical processes

Basic understanding of the main photophysical processes of UC emission is necessary not only
for design and optimization of performance of UC materials but also the proper interpretation
of experimental results. Although the three major steps photon absorption, subsequent energy
transfer, and emission of UC are key processes, various nonradiative processes that compete
with the radiative processes play vital roles in determining UC efficiency. Luminescence
intensities are connected to the quantum-mechanical transition rates that depend on the details
of the energy states that take part for the particular UC emission. The details of the initial and
final states involved in the UC emission can be determined by Judd-Ofelt theory [23, 24]. This
theory is based on the approximation that all the Stark manifolds have equal population and
the host matrix element is isotropic. This approach facilitates to estimate the radiative rates
for RE3+ ions theoretically by using the experimental parameters of optical absorption or
emission spectra. The radiative decay rate, Wrad (photons/s) for an electric dipole allowed
transition between two manifolds of RE3+ ion can be described as [10]:

where  are the initial and final states of the transition, respectively. e, ω, ħ, c, and
n are the electronic charge, average angular frequency of the optical transition, reduced Planck
constant, speed of light, and refractive index, respectively. [(n2 + 2)/3]2 is the Lorentz local field
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correction factor, and (2J + 1) is the degeneracy manifold of the initial state. 
are the squared matrix elements of the electric dipole operator between the initial and final
manifolds. The Ωλ (λ = 2, 4, 6) are Judd–Ofelt parameters that can be obtained from the optical
absorption characterization of the material and give the influence of the host matrix on the
electric dipole transition probabilities. In order to understand the UC mechanism involving 4f
electrons more precisely, the magnetic dipole transitions which are weakly affected by the
crystal field of the host should be combined to the Judd-Ofelt rates. With magnetic dipole
transitions factored in, the Hamiltonian of a free ion (RE3+) can be treated in quantifying the
magnetic part of the UC emission in RE3+.

Within a sensitizer-activator pair, the excitation energy of the sensitizer is transferred reso-
nantly to adjacent activator. The resonant energy transfer process may be radiative or nonra-
diative. The nonradiative energy transfer takes place via long-range dipole-dipole interactions
while the former one requires emission and reabsorption of a photon [10]. According to
Dexter’s theory [27], the resonant energy transfer probability WSA between the sensitizer and
activator ions can be expressed using the spectral overlap of the emission of sensitizer and
absorption of activator. The energy transfer probability is given by [3]:

( ) ( )4 4
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where h, c, n, rSA, and τS are Planck’s constant, the speed of light, the refractive index, the
sensitizer-activator distance, and the intrinsic lifetime of the sensitizer, respectively; Qabs is the

integrated absorption cross-section of the activator ion, 𝀵𝀵𝀵𝀵   and 𝀵𝀵𝀵𝀵   are the normalized

spectral functions of the absorption band of the activator at intermediate levels

( 𝀵𝀵𝀵𝀵  𝀵𝀵 = 1) and the emission band of the sensitizer at excited states ( 𝀵𝀵𝀵𝀵  𝀵𝀵 = 1),

respectively [3, 10]. Therefore, the sensitizer-activator separation (rSA) and the spectral overlap
(the integration part) are the two key parameters governing the energy transfer. Another
requirement to get efficient energy transfer is the high absorbance (Qabs) of the activator ion at
the emission wavelength of the sensitizer ion.

If there is an energy mismatch between the energy levels of the sensitizer and activator ions,
the resonant energy transfer probability, WSA decreases exponentially with the magnitude of
the mismatch and the energy transfer will be no more resonant. Nevertheless, energy transfer
in such case is compensated by the nonradiative, phonon-assisted processes, known as
phonon-assisted energy transfer [3, 10].

5. Applications

UC materials have been extensively used in solid-state-lasers and waveguide amplifiers for a
long time [3]. Applications in rewritable optical storage and nondestructive optical memory
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devices are examples of some recent developments of exploiting UC materials in practical use
[3]. Furthermore, the applications of these materials in biological field have been considered
after the tremendous progress in preparation of UC nanomaterials with controllable particle
size and shape. Recently, a diagnosis method for Ebola virus has been proposed by Tsang et
al. using UC nanoparticles [28]. Therefore, advances of UC materials in newer applications will
now be discussed in this section.

5.1. Lighting and displays

As a source of three primary colors—red, green and blue, UC emission offers many attractive
features for display devices. An eminent advantage is the ability to operate displays with
very high brightness and saturated colors without deterioration of the light emitting
materials. Such displays are appropriate for high-brightness ambient lighting conditions.

Figure 4. Luminescence color images generated in a RE-doped nanocrystal/polydimethylsiloxane composite monolith
show the ability to display (a) additive colors [29], (b) three-dimensional objects [29], (c) volumetric three-dimensional
display generated by combining three sets of conventional upconversion nanoparticles featuring monochromatic RGB
emission (red, KMnF3:Yb/Er; green, NaYF4:Yb/Er; blue, NaYF4:Yb/Tm) [29], (d) variation of UC emission intensity of
green bands (524 nm and 554 nm) with external temperature of YVO4:Er3+/Yb3+ particles [36], (e) plot of fluorescence
intensity ratio (FIR) as a function of external temperature [36], (f) AM1.5G solar irradiance spectrum (1000 W m−2) and
available for downconversion or downshifting (about 16% up to 500 nm) and upconversion (about 16% in the range of
1.2–2.5 μm), and (g) fresh fingerprint on glass by dry powdering with YVO4:Er∕Yb particles illuminated at 980 nm light
[47]. Figures reproduced with permission from: (a–c) Ref. [29], Nature Publishing Group; (d and e) Ref. [36], Elsevier;
and (g) Ref. [47], Optical Society of America.
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The ability of dispersion of UC materials in polymers has further extended their applications
in displays. For instance, NaYF4:Er(Tm),Yb-PMMA nanocomposite producing white, blue,
and green lights have been designed by Lin and his group [29] through in situ photopoly-
merization. Downing et al. [30] and Wang et al. [31] have shown that UC materials can be
employed for three-dimensional displays. A very recent work by Deng et al. [32] shows the
modulation of UC emission color of multilayer core-shell structure by controlling the pulse
duration of the excitation laser. Figure 4(a–c) exhibits the volumetric three-dimensional
display using pulse duration sensitive nanocrystals.

5.2. Temperature sensing

The luminescence from lanthanide-doped materials is an interesting solution to collect
information about temperature in hazardous environment, microelectronic and photonic
devices. Temperature sensing has been studied from the last decade using luminescent
microcrystalline compounds at the tip of scanning thermal probe, at the tip of optical fiber
or on the silica-on-silicon waveguides [33]. Although there were some drawbacks due to
micron-sized particles; because the material may act as a thermal insulator and light
scattering by rough surfaces of the bigger particles degrades the resolution of temperature
sensing. The most important feature of UC nanoparticle-based thermometry is that these
particles can be employed inside the cells. The temperature sensing of RE-doped UC
materials is determined by two commonly used methods, i.e., decay time and fluorescence
intensity ratio (FIR) methods. Besides these two major techniques, there are some other
reports on temperature sensing based on temperature-dependent variation in emission
bandwidth, variation of intensities of Stark sublevels, valley-to-peak intensity ratio, etc. [34,
35]. The most accepted method used for temperature sensing is based on the FIR technique
which includes temperature-dependent variation of intensity ratio, emitted from two
thermally coupled levels. The FIR method, in principle, uses low excitation power or short
pulsed excitation in order to reduce the self-heating of the nanoparticles. The most studied
RE element for temperature sensing application is Er3+, which has well-known thermally
coupled 2H11/2 and 4S3/2 levels. The sensor sensitivity is defined as the ratio in which the FIR
changes with the temperature and is considered as the standard figure-of-merit. Figure 4d
shows the upconversion spectra of an Er3+, Yb3+ codoped YVO4 powder recorded within 302–
483 K [36]. The change in emission intensity from thermally coupled electronic multiplets
is clearly observed. Figure 4e shows the plot of intensity ratio versus absolute temperature.
As expected the system shows Boltzmann distribution of populations of the 2H11/2 and 4S3/2

levels. Among the luminescent thermometers proposed till now at submicron scale, only a
few of them successfully illustrated the temperature sensing with a scanning microscope,
e.g., thermal sensors using Er3+/Yb3+ codoped fluoride glass [37] and NaYF4:Er3+/Yb3+

nanoparticles [38]. Temperature sensing performance up to 2000 K using metal-nanoparticle
decorated, (Gd,Yb,Er)2O3 nanorods exploiting FIR technique and blackbody radiation has
been reported recently by Carlos and his group [39].
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5.3. Solar cell

Nonabundance of fossil fuel and public nonwillingness to accept nuclear power have
encouraged researchers to search for alternative energy sources. Solar energy, a contempo-
rary nonconventional source of energy is an obvious natural target due to its availability in
large quantities. Crystalline silicon (c-Si) semiconductor was the key material for the earlier
solar cells for converting solar energy into electricity. But the production of solar energy is
still limited due to low efficiencies of power conversion. The multijunction semiconductor-
based solar cells have maximum conversion efficiency 37.5% while the commercial silica-
based solar cells have within 15–20% [40]. On the other hand, the dye-sensitized solar cells
(DSSCs) yield conversion efficiencies below 12% [41]. The spectral mismatch between the
incident photon energy of solar radiation and the band gap of c-Si semiconductor is one of
the most important reasons for the low efficiency. Most of the solar energy is lost in several
ways, including conversion to heat energy passing through the solar cell and thus it limits
the efficiency [42, 43]. In order to enhance spectral response, wavelength converting layers
are added to the solar cells. This layer is capable of absorbing the spectral range where
photosensitive materials do not absorb well, although the addition of extra layers may
modify the reflection, refraction and other optical responses in a negative or positive way.
The photons of lower energy (UV/blue) can be converted into NIR through downconversion
processes and NIR light can be upconverted by sequential absorption of two or more low-
energy photons into visible or UV, which partially minimizes the optical mismatch in solar
cells (Figure 4f). At the same time, the thermalization effect due to the carriers is greatly
decreased and the conversion efficiency of the solar cell is enhanced. Nevertheless, exami-
nation of some available reports demonstrates that downshifting can add 1–2 absolute% to
the conversion yield and upconversion 0.5–1% in silicon cells while in DSSC, the conversion
yield is increased by 1–1.5% for downshifting and 0.2–0.5% for upconversion [44]. However,
it is expected that these numbers will be increased in forthcoming years, especially if
plasmonics are used to increase the UC efficiency.

5.4. Security

The unique properties of UC materials make them useful in security ink applications such
as latent fingerprint and quick response code printing [45, 46]. Many UC particles are easily
dispersible in well-known solvents, allowing printing or coating them onto various
substrates. Moreover, multicolor emissions from UC layers upon IR excitation are useful for
complex security patterns, giving another level of security or data protection. Earlier, we
demonstrated the latent fingerprint detection (Figure 4g) using YVO4:Er/Yb particles by a
dry powdering method on a glass slide [47], which shows green fingerprint images upon
980 nm light illumination. The advantage of this technique is that it gives nearly no
background and ridges can be detected clearly. The lifetimes of UC nanocrystals under a
single-wavelength excitation vary from μs to ms and can be utilized for multiplexing in the
time domain which is extendable to security and data storage technology including
anticounterfeiting applications [48, 49].
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5.5. Biomedical

With unique upconversion properties, UC nanoparticles yield high photostability, high
sensitivity, and low optical background noise due to the absence of autofluorescence under
NIR radiation which are suitable for bioimaging and biodetection [7, 28, 50, 51]. Moreover,
NIR excitation enables deep penetration in tissue without damaging the biological specimens.
Such properties of RE-doped UC nanomaterials are appropriate for a wide range of potential
biological applications, including photodynamic therapy (PDT), drug delivery, biological
imaging, and sensing. Most important point to be concerned for biomedical applications of
UC nanomaterials is that the toxicity of the nanoparticles should be evaluated and must be
nontoxic in nature for biological applications.

5.5.1. Biological imaging

The UC nanoparticle-based bioimaging has been widely used in cell, tissue, and small animal
imaging due to their high contrast, absence of autofluorescence, and photostability against
photobleaching and photoblinking [7, 50, 51]. The UC emissions are bright enough to be
imaged at moderate excitation power of CW laser and can be used for single-molecule imaging.
In vitro cellular imaging using RE-doped UC nanoparticles as targets has been demonstrated
recently for colon cancer cells [52], ovarian cancer cells [53], HeLa cells [54], breast carcinoma
cells [55], etc. In 2006, Lim and his coworkers [56] carried out pioneering work on live organism
imaging on Caenorhabditis elegans worms using Y2O3:Er,Yb nanoparticles. The imaging of the
digestive system of the worm under NIR excitation showed track of movement of the nano-
particles in intestines. Besides organism imaging, in vivo imaging of small mammals has been
studied using NaYF4:Er,Yb nanoparticles by Chatterjee et al. [52] and demonstrated that the
luminescence from the nanoparticles can be clearly observed upon NIR excitation even when
the nanoparticles are placed ~10 mm beneath the skin of the animal and the study opens up a
new perspective for bioimaging.

5.5.2. Biological sensing and detection

In biological sensing and detection [28, 57], UC luminescence is turned on or off by chromo-
phoric complexes, decorated with the UC nanoparticles and the techniques are based on
mainly two processes: fluorescence resonance energy transfer (FRET) and non-FRET [7]. The
energy transfer in FRET takes place between donor and acceptor at a very short distance,
typically shorter than 10 nm. Wang et al. [58] reported detection of avidin using human biotin-
functionalized NaYF4:Er/Yb and gold nanoparticles. Recently, Liu and his coworkers [59]
proposed a highly sensitive biosensing platform based on UC nanoparticles and graphene as
donor-acceptor system. On the other hand, in non-FRET based biological sensing, RE-doped
UC nanoparticles are used as reporters and the luminescence from the nanoparticles is
observed directly. Van de Rijke et al. [60] used Y2O2S:Er,Yb nanoparticles in the detection of
nucleic acids and observed four-fold increase in the detection limit compared to conventional
reporter.
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5.5.3. Photodynamic therapy

The UC nanoparticles have recently been developed for application in cancer photodynamic
therapy (PDT) [61–63]. For photodynamic therapy, three primary elements—excitation light,
photosensitizer, and reactive oxygen species (ROS) are required. The photosensitizers are
excited to the higher energy states under the irradiation of suitable NIR (Figure 5). The
photosensitizer then returns to lower energy state producing energy which is transferred to
the nearby oxygen and creates ROS that damages the cancer cells in the vicinity. Zhang et al.
[64] first time designed the UC nanoparticles, coated with layer of mesoporous silica shell
where the photosensitizers were doped for photodynamic therapy for the treatment of bladder
cancer cells. Yan and his group [65] constructed NaGdF4:Yb,Er@CaF2 core/shell UC nanopar-
ticles loaded with hematoporphyrin and silicon phthalocyanine dihydroxide molecules, and
showed excellent PDT efficiency in HeLa cancer cells upon NIR irradiation.

Figure 5. Schematic diagram of UC-based photodynamic therapy. The upconversion nanoparticles emit visible light
which further excites the photosensitizers, resulting in the production of ROS and causes damage to the nearby cancer
cells.

6. Summary and outlook

In summary, we presented an overview of the synthesis, properties, and recent development
of RE-doped UC materials in various emerging applications. The UC materials show potential
for a wide range of energy-related applications covering from lighting and display technolo-
gies to photovoltaic. At the same time, UC nanoparticles have proven to be effective in
biological applications due to their unique optical and chemical properties such as absence of
autofluorescence, low-toxicity, low photodamage to the biological cells, and high tissue-
penetration depth of the excitation light. In spite of these benefits, there remain some limita-
tions at the fundamental level associated with the practical use of UC materials. For example,
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the efficiency of UC materials is restricted and to date, the maximum internal quantum yield
has been obtained as 7.6% for LiLuF4:Yb,Tm@LiLuF4 [66] nanoparticles under NIR excitation.
Another challenge for UC nanoparticles is surface engineering which is required for biomed-
ical application and surface modification generally decreases the luminescence efficiency.
Additionally, for biological applications, the UC nanoparticles should be the smallest (<10 nm)
and the problem associated with smaller nanoparticles is that the upconversion efficiency
decreases with decreasing particle size. However, manipulation of local environment around
the RE ions in UC particles along with plasmons, quantum dots, dyes, or other dopants with
a strong absorption might be effective ways to enhance the quantum yield. Therefore, more
significant benefits of UC materials through constant and thriving research are yet to come in
future for fundamental understanding as well as in emerging applications.
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Abstract

Rare earth‐doped glasses find applications in numerous photonic devices including
color displays, infrared solid‐state lasers, and indicators, among many. In this chapter,
we will present and discuss several luminescent glasses doped with rare earth ions in
their trivalent form (RE3+) with general background and technological perspectives.
Initially, we begin with a short introduction of RE3+ electronic energy‐level structure in
solids followed by the discussion of structural feature of glass lasers. While the lasing
properties are mainly governed by the solubility of the ions and phonon interactions,
the issue of ion interactions in solid hosts will be addressed since they hardly depend
on the type of materials. Spectroscopic properties of Nd3+‐doped phosphate glasses are
discussed in the framework of Judd‐Ofelt theory. Rare earth‐doped optical amplifiers
are tackled from a technological point of view, as well as luminescent solar concentrators
for enhancement of solar efficiency.

Keywords: glasses, rare earth ions, luminescence, optical amplifiers, solar concentra‐
tors

1. Introduction

A large number of ions from the lanthanide (rare earth) and actinide groups of periodic table
exhibit laser action when doped into a large number of host crystals or glasses. The construc‐
tion of high‐power crystalline lasers requires substantial crystal sizes. In practice, crystals are
grown by the small seed crystals while pulling the larger crystal from the melt. These methods
are very difficult if larger crystals are needed. When glasses are used as host media, the
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environments of the ions vary much more than in a crystalline material because of the random
structural character of the glass matrix. All glass lasers until present date have used trivalent
lanthanides as the active ions. Glass plays many varied roles in rare earth laser systems, as it
can be made with uniformly distributed rare earth concentrations and has great potential as
a laser host medium. In addition, rare earth‐doped fibers have received growing attention
recently. They can be used as amplifiers in optical communication systems and as optical
sources. Glass lasers are substantially inhomogeneously broadened, and usually present more
broader line width than Nd:YAG ones. The laser transition line width and shape typically vary
from one glass to another glass matrix. In this way, innovation of glass lasers remains a vibrant
area in the development of science and technology. The luminescent glass materials are used
to develop solid‐state  lasers  operating in  visible  and NIR regions due to  their  potential
applications in the fields of medical, eye safe lasers, atmosphere pollution monitoring, energy
converters and telecommunications. Sharp fluorescent lines, strong absorption bands, and
reasonable high quantum efficiency will determine the adequacy of laser material.

In this contribution, the introduction consists of brief review of electronic energy‐level
structure of RE3+ in solids, structural features, and general considerations in laser glasses. Laser
glasses and amplifiers are studied to know the spectroscopic parameters using spectroscopic
techniques. Especially, the current achievements on Nd3+‐doped phosphate glass lasers will be
discussed and numerous data will be presented. Er3+‐doped glass fiber amplifiers subject will
also be addressed. Finally, we will discuss rare earth‐based luminescence concentrators for
photovoltaic applications.

1.1. Rare earth ions as luminescent centers

Trivalent rare earth ions are well known for their special optical properties, which result from
the fact that the electronic transitions within the 4f shell occur at optical frequencies. The 4f
shell is shielded by the completely filled 5s and 5p shells, so the frequencies of the transitions
are almost independent of the host. Generally, the electric dipole transitions are forbidden due
to equal parity of the electronic levels within the 4f shell. Those transitions are possible in solids
that have slightly mixed odd‐parity wave functions. As a result, the absorption and emission
cross sections are small (~10‐20 or 10‐21 cm2), and the lifetime of the luminescent level is relatively
long ranging from microseconds to several milliseconds. The influence of the electric field
around the ions removes the degeneracy of the 4f levels, resulting in a Stark splitting of the
levels. Figure 1 shows the energy levels of the trivalent lanthanide ions (4f configurations).
This figure provides useful information to predict and/or to make a proper assignment of the
emission spectra corresponding to trivalent rare earth ions in crystals or glasses.

The energy levels of the 4f shell arise from spin‐spin and spin‐orbit interactions and are often
denoted using Russell‐Saunders notation 2S+1LJ [1, 2], in which S is the total spin angular
momentum, L is the total orbital angular momentum, and J is the total angular momentum.
There exist 14 rare earth elements all having a different number of electrons in the incompletely
filled 4f shell. However, due to the shielding by the outer lying shells, the magnitude of the
splitting is small, resulting in relatively narrow lines.
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cross sections are small (~10‐20 or 10‐21 cm2), and the lifetime of the luminescent level is relatively
long ranging from microseconds to several milliseconds. The influence of the electric field
around the ions removes the degeneracy of the 4f levels, resulting in a Stark splitting of the
levels. Figure 1 shows the energy levels of the trivalent lanthanide ions (4f configurations).
This figure provides useful information to predict and/or to make a proper assignment of the
emission spectra corresponding to trivalent rare earth ions in crystals or glasses.

The energy levels of the 4f shell arise from spin‐spin and spin‐orbit interactions and are often
denoted using Russell‐Saunders notation 2S+1LJ [1, 2], in which S is the total spin angular
momentum, L is the total orbital angular momentum, and J is the total angular momentum.
There exist 14 rare earth elements all having a different number of electrons in the incompletely
filled 4f shell. However, due to the shielding by the outer lying shells, the magnitude of the
splitting is small, resulting in relatively narrow lines.
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Table 1 displays some important emission transitions of rare earth ions and their technological
interest. More general views about the spectra and energy levels of rare earth ions can be found
in literature [9–12]. The large number of excited states that are suitable for optical pumping
and subsequent decay to metastable states having high quantum efficiencies and narrow
emission lines is favorable for achieving laser action.

Figure 1. Schematic energy levels of rare earth ions.

RE3+ ions Transitions Wavelength (nm) Application

Pr3+ 1G4→3H5 1300 Optical amplifier [3]

Nd3+ 4F3/2→4I11/2 1064 Solid‐state lasers [4]

Eu3+ 5D0→7F2 615 Displays, lighting [5]

Tb3+ 5D4→7F5 545 Lighting [6]

Dy3+ 6F11/2+6H9/2→6H15/2 1300 Optical amplifier [7]

Er3+ 4I13/2→4I15/2 1530 Optical amplifier [8]

Tm3+ 3H4→3F4 1480 Optical amplifier [7]

Yb3+ 2F5/2→2F7/2 980 Sensitizer [6]

Table 1. Important emission lines of some lanthanide ions.

1.2. Glasses for lasers and amplifiers: structural features

Glasses are widely used nowadays and present several applications in different fields of life.
There are several definitions for glassy materials. Grouping them one can define glass as an
inorganic product of melting which has been cooled to a solid without crystallization [13]. It
means that glass looks like an undercooled liquid. An undercooled liquid can crystallize at
any moment but at room temperature it is not possible. Therefore, glass is an amorphous
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material as it does not exhibit long range order of atoms in a lattice. The transition of a glass
melt to a crystallized state at the crystallization temperature does not take place if the cooling
of the glass is fast. Below the crystallization temperature, glass behaves like a fluid down to
the transformation temperature. Below this temperature, glass has the properties of a solid.
Glass can also be defined as an amorphous solid lacking completely, in long range, periodic
atomic structure and exhibiting a region of glass transformation behavior.

In general, glasses can be prepared either from high quality, chemically pure components or
from a mixture of far less pure minerals. The batch materials can be divided in to five categories
depending on the property of components used in the glass preparation: (1) glass formers, (2)
flux, (3) property modifier, (4) colorant, and (5) fining agent. Every glass contains one or more
components, which serve as the primary source of the structure. The same component may be
classified into different categories when used for different purposes. For example, alumina
serves as a glass former in aluminate glasses but in most silicate glasses, it works as property
modifier [14]. Zachariasen [15] noted that those crystalline oxides that form open, continuous
networks tended to form glasses and those glass‐forming networks were associated with ions
with particular coordination numbers (CN). The primary glass formers in commercial oxide
glasses are silica (SiO2), boric oxide (B2O3), and phosphoric oxide (P2O5), in addition to other
compounds GeO2, Bi2O3, As2O3, Sb2O3, TeO2, Al2O3, Ga2O3, and V2O5 which act as glass formers
under certain circumstances.

Figure 2. Schematic representation of (a) random network of alkali silicate and (b) glass structure of different atomic
neighborhoods (3D).

These oxide glass formers play an important structural role in glasses when used as network
or intermediate oxide modifiers. Thus, the oxide network modifiers will create strong
bridging oxygen (BO) bonds in between the glass‐forming polyhedra and weak nonbridging
oxygen (NBO) bonds (see in Figure 2a). Moreover, the oxide modifiers will control many
useful properties, lowering the melting temperature that is highly useful for developing
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useful properties, lowering the melting temperature that is highly useful for developing

Luminescence - An Outlook on the Phenomena and their Applications136

technologically used glasses. The intermediate oxides also modify glass properties due to
their coordination numbers and bond strengths in between the network formers and network
modifiers. Table 2 reports some of the oxide‐based modifier glasses for realization of structure
influence on various properties.

Glass composition D (g/cm3) Tg (°C) nd τ (ms)

60SiO2‐20Al2O3‐20Li2O [16] 2.40 693 1.531 2.65

20Na2O [16] 2.45 811 1.507 2.45

20MgO [16] 2.55 827 1.548 2.43

20CaO [16] 2.61 868 1.557 2.37

20ZnO [16] 2.84 742 1.573 2.51

20La2O3 [16] 4.08 863 1.709 2.01

71SiO2‐14Al2O3‐15MgO [17] 2.44 831 1.520 2.48

10CaO [17] 2.61 829 1.549 –

10BaO [17] 2.86 841 1.549 2.39

15SrO [17] 2.73 834 1.549 –

TBZN—0.05Ho2O3 [18] 4.248 286 – 17.4

0.1Ho2O3 4.212 288 – 18.2

0.5Ho2O3 4.137 290 – 17.0

1.0Ho2O3 3.949 292 – 15.1

1.5Ho2O3 4.116 295 – 14.5

Table 2. Density (D), transition temperature (Tg), refractive index (nd), and lifetime of respective ions (τ599 nm(Sm3+) [16,
17]; τ660 nm(Ho3+) [18]) in different oxide modifier‐based glass compositions.

Owing to superior physical properties such as high thermal expansion coefficients, low melting
and softening temperatures, and high ultraviolet transmission, phosphate glasses have several
important attributes over conventional silicate and borate glasses. However, the poor chemical
durability of these early optical glasses has temporarily discouraged for their further devel‐
opment. Interest in the amorphous alkali phosphates was stimulated in the 1950s by their use
in a variety of industrial applications, including sequestering agents for hard water treatments
and dispersants for clay processing and pigment manufacturing [19]. Studying such materials,
Van Wazer [20] established the foundations for much of our current understanding of the
nature of phosphate glasses. Kordes and co‐workers [21, 22] re‐examined the alkaline earth
phosphate glasses, including UV‐transmitting compositions and observed some “anomalous”
trends in properties.

Phosphate glasses have unique characteristics that include high transparency, high thermal
stability, low refractive index and dispersion, and high gain density due to high solubility for
lanthanide ions and hence find growing field of applications [23–26]. An important step in
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laser glasses occurred in 1967 when phosphate‐based compositions were first explored [27].
Several phosphate glasses find considerable applications in optical data transmission, detec‐
tion, and sensing [28]. The phosphate glasses also find applications in fast ion conductors,
optical filters, reference electrodes, stable storage medium for immobilizing high‐level
nuclear waste [29] and as additives in the manufacturing of insulating polymeric cables.
Certain phosphate vitreous electrolytes are being used increasingly in electrochemical sensors,
in prototype batteries, and in electrochemical devices. There have been many excellent reviews
of structural studies on phosphate glasses including that of Van Wazer [20, 30, 31]. A schematic
structure of different atomic neighborhoods (covalent and ionocovalent) in rare earth (Er3+)‐
doped phosphate glass is shown Figure 2b.

The large concentration of lasing atoms can be doped easily into different glasses, which can
be made in different shapes and sizes depending on technological needs. The high‐power laser
threshold is possible from the ions‐doped glasses compared to the same ions‐doped crystal
due to their large absorbing capability of incident energy and energy level broadening. The
electronic transitions of rare earth ions have 4f‐4f and 4f‐5d configurations, which are weakly
affected by the host material, since the 4f electrons are effectively screened by outer, filled
electron shells. Thus, these transitions cause absorption and fluorescence patterns from the
ultraviolet (UV) to infrared regions and they are narrow. Two important aspects of the optical
behavior of rare earth ions are determined by the host material. One is the electric dipole
transitions which occur between 4f states are strictly forbidden for an isolated ion, since the
parity of the electronic configuration must change with an electric dipole transition. However,
the strengths of these electric dipole transitions remains relatively weak due the perturbative
nature of the admixing states, and as consequence, the radiative lifetimes of excited rare earth
ions can be relatively long (∼10‐3 ms). Another aspect is related to the nonradiative rates
originated from relaxation of the excited states of the rare earth ions, which is determined by
the host material. Recently, Babu et al. [32] had studied different fluorophosphate glasses
doped with 0.5 mol% of Er3+ ions through the Judd‐Ofelt and McCumbers theories for potential
broadband optical fiber lasers and amplifiers. Praseodymium (Pr3+)‐doped high‐aluminum
phosphate (HAP) glasses with excellent chemical durability for thermal ion‐exchanged optical
waveguide have been investigated by Tian et al. [33]. In order to improve the solar cell
efficiency, potential downconversion was studied in GeS2‐Ga2S3‐CsCl glass for modifying solar
spectrum and are found quantum yield to be below 1200 and 1650 nm are 51 and 76%,
respectively [34].

2. Limiting factors in rare earth‐doped glasses

2.1. RE3+ ions solubility in glasses

Higher concentration of RE3+ ions in glasses lead to clusters. Thus, the clusters of rare earth ion
serve as luminescent quenchers, either by increasing ion‐ion interactions between rare earth
ions or by forming rare earth compounds that are not optically active. Therefore, much effort
has been done into developing suitable host glass compositions for various rare earth doping
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levels. Some of the technological limitations for the development of new glasses are due to the
rare earth ion density required for laser action. Currently, high‐power lasers used Nd3+‐doped
phosphate glasses and their nominal Nd doping levels in the range of about 3–4.2 × 1020 cm‐3.

2.2. Phonon interaction

Since the multiphonon decay process is essentially a competing process to the fluorescence, a
low multiphonon decay rate can lead to an increased fluorescence efficiency for many
important rare earth transitions. The efficiency of nonradiative transition rate depends on the
energy gap between the ground and excited states, as well as the vibrational energy of the
oscillators. The nonradiative transition decay rate can be expressed in terms of multiphonon
relaxation, concentration quenching, energy transfer to another doping impurity such as
transition metal ions or other rare earth ions, and energy transfer to hydroxyl groups OH‐ [35].
The quenching efficiency is strongly dependent on the number of vibrational quanta that are
needed to bridge the gap between the lowest emitting level and the highest nonemitting level
of the lanthanide ion. Generally, hosts with low phonon energy tend to have a low multiphonon
decay rate; thus, selection of lower phonon hosts such as fluoride or tellurite glasses can reduce
the contribution of multiphonon relaxation and allow important radiative transitions.

2.3. Ion‐ion interaction

Ion‐ion interaction is due to multipolar interactions between neighbor rare earth ions. The
analysis of ion‐ion interaction and energy transfer provides essential information to the
applications of laser glasses and display devices. In such process, the excitation energy
transfers from an excited donor to a nearby unexcited activator (acceptor). Many theories have
been put forward to give formulas for the rate of energy transfer by electric dipole‐dipole
interaction (n = 6), electric dipole‐quadrupole interaction (n = 8), and quadrupole‐quadrupole
interactions (n = 10). These transfer mechanisms differ from one another in the dependence of
the transfer rate on donor‐acceptor distance, but common to all is the condition that an overlap
between the donor emission spectrum and the acceptor absorption spectrum is essential for
the transfer to occur. Such resonant transfer is analyzed most frequently through luminescence
measurements: donor molecules are excited in the presence of acceptor ions, and the lumi‐
nescence yield of donor and/or acceptor and the decay time of donor luminescence are
measured as functions of the acceptor concentration. A more detailed description of ion‐ion
interactions is given by Inokuti‐Hirayama theory [36], which explicitly deals with the dynamics
of energy migration.

Among many energy transfer theories, Förster [37] and Dexter [38] theory on energy transfer
is one of the most widely employed and the probability rate of energy transfer can be deter‐
mined as [39] follows:

(1)
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where R is the distance of separation between donor and acceptor, CDA is the energy transfer
constant (cm6/s), and [ =   1/(ℏ0/𝀵𝀵𝀵𝀵) − 1] is the average occupation of phonon mode at
temperature T. Then, the energy transfer constant is expressed as follows:

(2)

The critical radius of the interaction can be obtained by the product of energy transfer constant

and intracenter lifetime of the donor excited level (i.e., 6 = 𝀵𝀵𝀵𝀵  ×   𝀵𝀵).

In addition to the aforementioned mechanisms, in glasses containing only one RE3+ species (for
example Nd3+, Er3+), a number of different ion‐ion interactions occur such as energy migration,
cross‐relaxation among others. The most important are outlined below.

2.4. Energy migration

Energy migration is strongly dependent on rare earth ion concentration and due to the dipole‐
dipole Förster and Dexter interactions. An excited ion in the metastable state can interact with
the nearby ground state ion then promoting it to the excited level (see Figure 3). The successive
energy transfers between the ions increase the probability of nonradiative decay that lead to
decrease the fluorescence efficiency [40, 41].

Figure 3. Schematic diagram of ion‐ion interaction in the case of Nd3+ and Er3+ ions.
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2.5. Cross relaxation

Cross relaxation involves the same RE ions and their schematic representation, which is
shown in Figure 3. An excited state of ion A that gives half its energy to ion B is in its ground
state. So that both ions end up in the intermediate energy level, from which they relax rapidly
to the ground state through nonradiative relaxation. This relaxation is usually observed for
Nd3+‐doped glasses that cause concentration quenching.

2.6. Upconversion mechanisms

By Excited State Absorption (ESA): The simplest representation of upconversion mechanism in
trivalent Er3+ ion through the ground‐state absorption (GSA)/excited state absorption (ESA) is
shown in Figure 4a. The first excitation photon is absorbed by the ground‐state N0 and
populates the intermediate‐state N1. Provided the lifetime of N1 is long enough, a second
incident photon can be absorbed, exciting further the ion from its intermediate‐state N1 to a
higher‐lying excited state N2, from which upconversion luminescence arises.

Figure 4. Schematic representation of upconversion mechanisms. (a) GSA/ESA process; (b) ETU process; (c) coopera‐
tive process.

By sensitized energy transfer upconversion (ETU): Sensitized energy transfer upconversion was
first introduced by Auzel who called ETU from Addition of Photon for Energy Transfer (APTE)
from (the French ‘Addition de Photons par Transferts d ‘Energie'). Upconversion involves
nonradiative energy transfers between a sensitizer (e.g., Yb3+) and an activator (e.g., Er3+,
Ho3+, Tm3+). Usually, sensitizer has a strong absorption cross section at the excitation wave‐
length. Once the sensitizer is excited (after absorption of an incident photon), it relaxes to a
lower‐energy state (the ground state in the case of Yb3+) by transferring its energy to a neigh‐
boring activator, raising the latter to a higher‐energy state (see Figure 4b). These energy transfer
processes are generally based on electric dipole‐dipole interactions.
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By cooperative luminescence: Figure 4c shows the schematic representation upconversion by
cooperative luminescence. Two excitation photons sequentially absorbed by two different ions
(e.g., two Yb3+ ions, but the two ions do not need to be the same species), moving both of them
into their excited state. Then, both ions decay simultaneously to their ground state, with the
emission of one single photon that contains the combined energies of both ions. The cooper‐
ative emission occurs from a virtual level, and it explains why the emission probability is rather
low.

3. Spectroscopic properties of Nd3+‐doped phosphate glasses

3.1. Judd‐Ofelt theory and intensity parameters

Optical spectroscopy often used to measure optical absorption of trivalent rare earth ions in
UV‐vis‐NIR regions, from which the effect of a host matrix on the local environment of a given
rare earth cation with its first neighbor anions such as oxygen can be elucidated using the
theory proposed by Judd [42] and Ofelt [43]. Each observed transition corresponds to a
transition between two spin‐orbit coupling levels. The Judd‐Ofelt theory has been applied for
the interpretation of these transitions by the three mechanisms: (1) magnetic dipole transitions,
(2) induced electric dipole transitions, and (3) electric quadrupole transitions. The quantitative
analysis of the intensities of these f‐f transitions in the rare earth ions has been provided
independently by Judd [42] and Ofelt [43]. The basic idea of Judd and Ofelt is that the intensity
of f‐f electric dipole transitions can arise from the admixture into the 4fN configuration of
opposite parity (e.g., 4fN‐1n1d1 and 4fN‐1n1g1). According to Judd‐Ofelt theory, the intensity of
magnetic and electric dipole transition is represented as follows:

calf ed mdf f= + (3)

This means that experimentally measured oscillator strengths could be expressed to a good
approximation in terms of absorption of light by electric dipole (𝀵𝀵𝀵𝀵) and magnetic dipole

mechanisms. But, the order of magnitude of magnetic dipole oscillator strengths (𝀵𝀵𝀵𝀵) is found
to be very low for the observed intensities of rare earth ions and thus will not be considered
further. The calculated oscillator strengths are therefore approximately equal to electric dipole
oscillator strengths, that is
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where υ is the mean energy of the transition 𝀵𝀵𝀵𝀵 𝀵𝀵’𝀵𝀵’, and Uλ 2 is the squared reduced matrix
element of the unit tensor operator of the rank, λ (=2, 4 and 6). T2, T4, and T6 are related to the
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radial part of 4fN wave functions, the refractive index of the medium, and the ligand‐field
parameters that characterize the environment of the ion. These quantities are treated as
parameters and are determined from the experimental oscillator strengths.

The intensity of an absorption band is expressed in terms of a quantity called the “oscillator
strength.” Experimentally, the oscillator strength (f) is a measure of the intensity of an
absorption band and is proportional to the area under the absorption peak. The area under an
absorption peak is a better measure of the intensity than the molar absorptivity at the peak
maximum, because the area is the same for both the resolved and unresolved band. The
oscillator strength (f) of each absorption band is expressed in terms of absorption coefficient
α(λ) at a particular wavelength λ and is given by [44]

2 2
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where m and e are the mass and charge of the electron, c is the velocity of light, and N is the
density of the absorbing ions obtained from the rare earth ion concentration and glass density
values, respectively. ∫()𝀵𝀵 represents the area under the absorption curve. The molar
absorptivity () of an absorption band at energy ν (cm‐1) is given by
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where C concentration of rare earth ions per unit volume,  optical path length, and log 0  is

the optical density.

As an example, optical absorption measurements were made at room temperature in the
wavelength region 300–900 nm for an Nd3+‐doped phosphate glass using JASCO V‐630, UV‐
vis spectrophotometer. Figure 5 shows (a) absorption and (b) emission spectra of Nd3+‐doped
phosphate glass. The validity of Judd‐Ofelt theory is determined by the root‐mean‐square
(δrms) deviation between the measured and calculated oscillator strengths by the relation [45].
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Using the experimental oscillator strengths (fexp), a best set of Judd‐Ofelt intensity parameters
Ωλ (λ = 2, 4, and 6) for the Nd3+ ion‐doped glass were determined using the procedure followed
in Ref. [46]. The Judd‐Ofelt intensity parameters represent the square of the charge displace‐
ment due to the induced electric dipole transition. The advantage of Ωλ parameters is that a
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set of parameters is needed for describing both the absorption and emission processes. The
Ωλ parameters are important for the investigation of the local structure and bonding in the
vicinity of rare earth ions. Reisfeld [47] indicated that Ω2 parameter is sensitive to both
asymmetry and covalency at rare earth sites. Oomen and van Dongen [48] pointed out that the
rigidity or long range effects of glass hosts were responsible for changes in Ω6. The Ω4

parameters are affected by factors causing changes in both Ω2 and Ω6. Table 3 shows Judd‐
Ofelt intensity parameters Ωλ (λ = 2, 4, and 6) for the Nd3+‐ion doped various phosphate glasses.

Glass matrix Ω2 Ω4 Ω6 Ω4/Ω6

40P2O5‐20Al2O3‐40Na2O [49] 4.70 6.0 5.40 1.11

41P2O5‐17K2O‐9.5CaO‐8Al2O3‐24aF2 [50] 5.40 7.03 6.51 1.07

58.5P2O5‐17K2O‐14.5SrO2‐9Al2O3 [51] 6.74 3.86 6.35 0.60

75NaPO3‐24LiF3 [52] 3.44 4.14 6.28 0.65

(65P2O5‐15Na2O)‐15Li2O [45] 4.32 3.66 6.00 0.61

(65P2O5‐15Na2O)‐15Na2O [45] 5.42 4.93 8.06 0.61

(65P2O5‐15Na2O)‐15K2O [45] 7.68 8.96 11.71 0.76

(65P2O5‐15Na2O)‐7.5Li2O‐7.5Na2O [45] 4.01 3.69 5.92 0.62

(65P2O5‐15Na2O)‐7.5Li2O‐7.5K2O [45] 6.42 6.15 8.96 0.69

(65P2O5‐15Na2O)‐7.5Na2O‐7.5K2O [45] 4.90 3.88 6.18 0.63

Table 3. Judd‐Ofelt intensity parameters (Ωλ, λ = 2, 4, and 6 × 10‐20 cm2) in 1 mol% Nd2O3‐doped phosphate glasses.

The covalency between the rare earth ion and the surrounding oxygen in the glass modifies
the intensity of hypersensitive transitions (HST), as suggested by Reisfeld and co‐worker [47,

Figure 5. (a) Absorption and (b) emission spectra of Nd3+‐doped phosphate glass [33].
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48]. This can be observed more clearly in RE3+‐doped alkali‐ and mixed alkali‐based glasses.
For example, in Nd3+ ion, the transition 4I9/2→4G5/2 + 2G7/2 is found to be hypersensitive by
selection rule, ΔJ ≤ 2, ΔL ≤ 2, and ΔS = 0. The observed oscillator strengths of the hypersensitive
transition are higher when compared to other bands (see inset Figure 5a). Figure 6 shows
variation of J‐O parameter, Ω2 with (a) oscillator strength (b) energy (cm‐1) of HST transition
of Nd3+ ion for alkali, mixed alkali phosphate glasses. From Figure 6a, among the alkali glass
matrices, the oscillator strength of HST is found to be lower in lithium phosphate glass matrix
and higher in potassium glass matrix. But the oscillator strength of HST is found to be higher
in lithium‐potassium phosphate glass matrix among the mixed alkali glass matrices. Thus, the
results of oscillator strength show that potassium is playing active role in enhancing the
oscillator strengths of Nd3+ ion in potassium phosphate glass matrices (K, Li‐K, and Na‐K)
compared to other glass matrices. In lithium phosphate glass matrix, oscillator strength of HST
indicates the lower crystal field symmetry at Nd3+ ion site.

Figure 6. Variation of (a) Ω2 with oscillator strength (fexp) of HST and (b) Ω2 with band position (Eexp) of HST in alkali
and mixed alkali phosphate glasses [45].

The hypersensitive transition can also give the information regarding the covalency nature of
rare earth‐ligand interaction, which can be determined by the shift of hypersensitive band
position to lower or higher wavelength due to nephelauxetic effect. From Figure 6b, it is
observed that for lithium to sodium glass matrices, the peak wavelength of HST shifts toward
higher wavelength side and the Ω2 parameter also increases indicating that the structural
changes are not influencing the covalence bond. For lithium to potassium and lithium‐
potassium glass matrices, the peak wavelength of HST does not change but the Ω 2 parameter
increased indicating that the some structural changes are influencing the Nd‐O bond. For
sodium to potassium and sodium‐potassium glass matrices, the peak wavelength of HST shifts
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toward lower wavelength side but Ω2 parameter increased (for Na to K) and decreased (for Na
to Na‐K) indicating that the structural changes are influencing the Nd‐O bond.

Due to the zero values of certain reduced matrix elements ‖Uλ‖of Nd3+ ion, certain lasing
transitions can be uniquely characterized by the ratio of intensity parameters Ω4 and Ω6, which
is known as spectroscopic quality factor (χ) and are shown in Table 2. If χ < 1, the 4F3/2→4I11/2

transition shows stronger intensity than that of 4F3/2→4I9/2 transition. From the Table 2 data, the
obtained χ value is <1 for Nd3+‐doped phosphate glasses, indicating that the intensity of
4F3/2→4I11/2 transition at 1064 nm will be stronger for various phosphate glasses [53].

3.2. Fluorescence analysis and radiative properties

The emission spectra of Nd3+‐doped phosphate glass recorded at room temperature in the
wavelength region 800–1500 nm under excitation wavelength, 514.5 nm of Ar3+ laser are
shown in Figure 5b. Emission spectra show three emission peaks due to the transitions,
4F3/2→4I9/2, 4F3/2→4I11/2, and 4F3/2→4I13/2 nearly centered at 902, 1069, and 1340 nm, respectively. The
stimulated emission cross section is an important parameter and its value is related to the rate
of energy extraction from the optical material. The Judd‐Ofelt theory can be applied to laser
glasses and can successfully account for the induced emission cross sections that are observed.

The efficiency of a laser transition is evaluated by considering the stimulated emission cross
section, and it is related to the radiative transition probability. It can be obtained from the
emission spectra using Fuchtbauer‐Ladenburg method [54]
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where λp is peak wavelength, and Δλeff is the effective line width. The effective line width
Δλeff is obtained from
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where I(λ) is the integrated fluorescence intensity and Imax is the peak fluorescence intensity.
The radiative transition probability Arad(ψJ, ψ'J') for emission from an initial excited state ψJ to
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Where the factor (2 + 2)29  represents the local field correction term for the ion in a medium,

υ is the energy of transition, and n is the refractive index of the glass.

The radiative lifetime (τR) of an excited state ψ'J' is calculated from
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The fluorescence branching ratio, βR, predicts the relative intensity of lines from a given excited
states and characterizes the lasing potency of that particular transition. In order to choose
suitable lasing transition, one has to select the transition having branching ratio >0.5 and the
energy difference of about 3000 cm‐1 between the emitting level and the next lower level. The
fluorescence branching ratio (βR) is given by
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Table 4 shows critical parameters to the laser designer such as branching ratios and radiative
life times, peak stimulated emission cross sections of 1062 nm laser line in various phosphate
glasses.

Glasses τexp (μs) τcal (μs) η (%) βrad (%) Δλ (nm) σp (cm2)

55P2O5‐17K2O‐11.5Bao‐6BaF2‐9Al2O3 [55] 210 189 90 59 25.1 6.23

58.5P2O5‐17K2O‐14.5MgO‐9Al2O3 [56] 262 249 74 68 28.8 4.41

57P2O5‐14.5K2O‐28.5BaO [57] 178 430 41 53 29.3 2.78

0.4MgO‐0.4BaF2‐0.1Al(PO3)3‐0.1Ba(PO3)3 (wt.%) [58] 185 308 60 49 32 2.97

APG1 [59] 385 361 106 – 27.8 3.4

APG2 [59] 464 456 101 – 31.5 2.4

HAP4 [60] 350 – – – 27.0 3.6

HAP3 [60] 380 372 102 – 27.9 3.2

Q89 [61] 350 – – – 21.2 3.8

τexp: radiative life time; τrad: radiative lifetime from J‐O theory; η: quantum efficiency; β: branching ratio; σP: peak
emission cross section (×1022 cm2). (APG1, APG2, HAP4, HAP3, and Q89 are commercial phosphate glasses).

Table 4. Laser emission properties at 1060 nm of Nd3+‐doped phosphate glasses
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4. Rare earth‐doped optical amplifiers

Rare earth‐doped fibers have received growing attention recently. They can be used as
amplifiers in optical communication systems and as optical sources. Optical amplifiers amplify
an incident weak light signal through the process of stimulated emission. The main ingredient
of any optical amplifier is the optical gain realized when the amplifier is optically pumped to
achieve population inversion. The optical gain, in general, depends mainly on the doping
material, on the frequency (or wavelength) of the incident signal, and also on the local beam
intensity at any point inside the amplifier. By a proper choice of the doping materials, the
amplifier characteristics such as the operating wavelength and the gain bandwidth can be
modified. Many different dopants such as erbium (Er3+), holmium (Ho3+), neodymium (Nd3+),
samarium (Sm3+), thulium (Tm3+), and ytterbium (Yb3+) can be used to realize fiber amplifiers
operating at different wavelengths covering a wide region extending over 0.5–3.5 μm and the
most commonly used hosts are silicate, phosphate, fluoride, and tellurite glasses. Figure 7
shows working of active fibers within a specific wavelength range determined by various rare
earth ions. Specially, optical telecommunication transmission [wavelength division multiplex‐
ing (WDA)] systems work in the conventional C‐band (1530–1565 nm) telecommunication
window. This band can easily be observed in erbium (Er3+) ions among the rare earths and is
the most useful dopant for commercial optical amplifiers and erbium‐doped fiber amplifiers
(EDFAs) that are made from silicate and phosphate glass matrices. The schematic representa‐
tion of Er3+‐doped fiber amplifiers (EDFA) is shown in Figure 8. An erbium‐doped fiber is
pumped optically by an infrared laser sources at 980 or 1480 nm and are compatible with
InGaAs and InGaAsP laser diodes. The three‐level pumping process in EDF is illustrated in
Figure 9.

Figure 7. Rare earth‐doped fibers working wavelength ranges.
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Figure 8. Erbium‐doped fiber amplifier (EDFA).

Figure 9. Simplified energy band diagram of Er3+‐doped silica fiber. (a) Three‐level process. (b) Two‐level process.

When a laser source tuned at 980 nm is used to pump the EDF, the Er3+ ions move from ground
level (4I15/2) to excited level (4I15/2). The ions stay excited level only about 10‐6 s and after that
they decay into a metastable level through multirelaxation process. In this process, the energy
loss is turned into mechanical vibrations in the fiber. Finally, ions stay in the order of 10‐3 s in
metastable level, which is longer than the ion lifetime in the excited level and decay to the
ground level with emission of photons in the 1530 nm wavelength region. Therefore, under
980 nm pumping, almost all the ions will be accumulated in the metastable level, and the three‐
level system can be simplified into two levels for most of the practical applications, as shown
in Figure 9b. Whereas in the case of 1480 nm wavelength pumping, ions excited from ground
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level to the metastable level directly. Therefore, 1480 nm pumping is more efficient than 980 
nm pumping because it does not involve the nonradiative transition and is often used for high‐
power optical amplifiers. However, amplifiers with 1480 nm pump usually have higher noise
than the ones pumped at 980 nm.

Optical pumping provides the necessary population inversion between the energy levels E1

and E2, which in turn provides the optical gain defined as g = σ(N2 ‐ N1), where σ is the
transition cross section. Normally, in laser and amplifiers, the gain coefficient decreases as
signal power increases and is called as gain saturation. The gain coefficient can be defined as
[62] follows:
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where 0 is the small‐signal gain coefficient at a given wavelength, P is the signal power, and
Ps is the saturated signal power. The absorption and broadened gain spectra of EDFA (see
Figure 10) are the advantages for Wavelength Division Multiplexing (WDM) applications.

Figure 10. Absorption and gain spectra of EDFA.

Wave division multiplexing optical transmission system requires a flat gain spectrum of EDFA
across the whole usable bandwidth. It is difficult to achieve the gain flatness in WDM system
because EDFA has the narrow high gain in the C‐hand wavelength region (1530–1570 nm)
centered at 1550 nm. In recent decades, many glass hosts for Er3+ ions have been investigated
to realize the optical amplifier. For the flattened gain performance of optical amplifier, Er3+‐
doped fluoride [63], tellurite [64], and bismuth [65] based glasses are capable of realizing a flat
gain over a broadband width of 1530–1560 nm.
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5. Luminescent solar concentrators (LSC)

A schematic of luminescent solar concentrator (LSC) is shown in Figure 11a. LSC is working
based on the absorption of sun light by a transparent material that has been doped with high
quantum efficiency luminescent ions and subsequently re‐emit by transparent material. The
resulting luminescence is propagate by total internal reflection in transparent material and
concentrated onto the solar cell, which attached to the edge of the transparent material to
convert trapped emission light into electricity. The LSC was first proposed in late 1970s [66].
A typical design consists of a polymer plate doped with a luminescent material, such as a
fluorescent organic dye, with solar cells optically matched to the plate edges. In recent decades,
luminescent transparent material extends to availability of inorganic luminescence materials
such as semiconductor quantum dots (QDs) [67], rare earth‐doped materials [68] and semi‐
conductor polymers [69]. Particularly, rare earth‐doped glasses are still great interest due to
their potential use as solid‐state lasers and luminescence solar concentrators.

(b)

Figure 11. (a) Schematic diagram of luminescent solar concentrator. (b) Emission of solar radiation.

Figure 11b shows emission spectra of (AM1) solar radiation. It is known that the efficiency of
solar cell is mainly limited by the loss of photons with much higher energy than the band gap
of the photovoltaic solar cell. Normally, photovoltaic cells are made with silicon, which absorb
photons only with energy greater than 1.1 eV and it is improving the performance of LSC. The
luminescent material usually absorbs all wavelengths below 950 nm. Above 950 nm, the
luminescence consists of a strong emission band in the range from 950 to 1000 nm [70]. This
region is more reliable to increase the spectral response of the Si Photo‐voltaic cell in LSC (see
shaded region in figure). In addition the number of photons in the LSC is double while
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extending the absorption from visible (300–600 nm) out to the NIR (300–900 nm) range. The
extending wavelength increased nonradiative recombination due to increasing molecular
dimensions and decreasing probability of radiative transitions [71]. This leads to decrease in
fluorescence quantum yield (FQY). In rare earth‐doped materials, the FQY vary greatly
depending on host materials and concentration, but values >90% have been reported in glass
substrates [71]. The FQY is defined as follows:

No. of emitted photons 100%
No. of absorbed photons

= ´FQYη (14)

Figure 12. Absorption and emission spectra of Nd3+ and Yb3+ ions.

A high quantum yield (~95–100%) is essential for good LSC performance. Rare earth ions such
as neodymium (Nd3+) and ytterbium (Yb3+) in glassy hosts exhibit high FQY (~90%) values due
to range at 800–1300 nm (Nd3+) and 1000 nm (Yb3+) emission peaks. When Nd3+/Yb3+ co‐doped
glasses are used as LCS, Nd3+ acts as sensitizer due to its numerous absorption bands in visible
region, and Yb3+ acts as activator due to its single emission peak at ~1000 nm. Moreover, this
material absorbs 20% of the solar spectrum in the range 440–980 nm range [72]. Figure 12 shows
absorption (for Nd3+) and emission (for Nd3+, Yb3+) spectra for realizing the LCS. It is observed
that the emission peak at ~1000 nm is matched perfectly to the maximum spectral response of
a Si‐Solar cell.

6. Conclusions

In summary, this chapter consists of a brief discussion on electronic energy‐level structure of
RE3+ in solids, structural features, and general considerations in lasers glasses such concentra‐
tion quenching, phonon interaction, ion‐ion interaction, and upconversion mechanisms. Judd‐
Ofelt intensity parameters (Ωλ, λ = 2, 4, and 6) on Nd3+‐doped phosphate glasses and relevant
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theory were considered. We also included a study on the covalency between rare earth ion and
the surrounding oxygen in the glass that increases the intensity of hypersensitive transitions
for the case of alkali‐ and mixed alkali phosphate‐based glasses. Laser parameters such as
emission cross sections (σp), radiative lifetime (τ), branching ratios (β), peak bandwidth (Δλ),
and quantum efficiency on Nd3+‐doped phosphate glasses are reported. Laser emission process
in three‐level and two‐level‐based silica‐EDFA was discussed as well as significant features of
rare earth‐doped luminescent solar concentrators.
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Abstract

Luminescent silicon‐rich dielectric materials have been under intensive research due to 
their potential applications in optoelectronic devices. Silicon‐rich nitride (SRN) and sili‐
con‐rich oxide (SRO) films have been mostly studied because of their high luminescence 
and compatibility with the silicon‐based technology. In this chapter, the luminescent 
characteristics of SRN and SRO films deposited by low‐pressure chemical vapor deposi‐
tion are reviewed and discussed. SRN and SRO films, which exhibit the strongest pho‐
toluminescence (PL), were chosen to analyze their electrical and electroluminescent (EL) 
properties, including SRN/SRO bilayers. Light emitting capacitors (LECs) were fabricated 
with the SRN, SRO, and SRN/SRO films as the dielectric layer. SRN‐LECs emit broad EL 
spectra where the maximum emission peak blueshifts when the polarity is changed. On 
the other hand, SRO‐LECs with low silicon content (~39 at.%) exhibit a resistive switch‐
ing (RS) behavior from a high conduction state to a low conduction state, which produce 
a long spectrum blueshift (~227 nm) between the EL and PL emission. When the silicon 
content increases, red emission is observed at both EL and PL spectra. The RS behavior 
is also observed in all SRN/SRO‐LECs enhancing an intense ultraviolet EL. The carrier 
transport in all LECs is analyzed to understand their EL mechanism.

Keywords: silicon‐rich dielectrics, photoluminescence, electroluminescence, conduction 
mechanisms
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1. Introduction

The use of photonic signals instead of electrons to transmit information through an elec‐
tronic circuit is an actual challenge. Unfortunately, it is well known that bulk silicon (Si) is 
an indirect bandgap semiconductor, making it an inefficient light emitter. Therefore, great 
efforts have been taken to obtain highly luminescent Si‐based materials in order to get Si‐
based photonic devices, especially a light emitting device [1–3]. Such circumstances have 
led to explore new options for converting silicon into a luminescent material. Si nanopar‐
ticles (Si‐nps) embedded in a dielectric material as silicon‐rich oxide (SRO) or silicon‐rich 
nitride (SRN) show a prominent photoluminescence (PL) emission in red and blue‐green 
region, respectively [4–10]. Thus, SRN or SRO films have been considered as promising can‐
didates for emissive materials due to their potential applications in Si‐based optoelectronic 
devices, and their fully compatibility with the complementary metal‐oxide‐semiconductor 
(CMOS) processes [11–16].

Two main strategies have been explored: those that focus on the intrinsic emission from the 
matrix, either through emissions from defects or by the presence of Si‐nps. The second one 
focus on extrinsic emission, which is produced by doping the material (usually introducing 
rare earth ions) [3, 17].

The most common strategy to obtain intrinsic emission is through silicon nanostructures, 
which significantly increase the emission due to the quantum confinement effect (QCE) [5, 
18]. Furthermore, the dependence on the size of the Si‐nps on the forbidden gap width allows 
that the emission can be adjusted in the visible and the red‐near infrared region of the elec‐
tromagnetic spectrum [19]. Several studies have reported both red and near infrared electro‐
luminescence (EL) SRO which is mainly attributed to the recombination of excitons in Si‐nps 
[20, 21]. On the other hand, the emission of green or blue light has been attributed to defects 
associated with oxygen [22, 23]. Some studies have reported that red (620 nm) EL emission 
could be attributed to non‐bridging oxygen hole center (NBOHC) defects whose origin has 
been corroborated by the fact that the peak position does not change if the film is excited with 
different energies [24].

Another alternative to obtain intrinsic light emission is through an ordered structure of Si‐
nps by a superlattice, which is formed by the alternating of SRO and SiO2 nano‐films. Red or 
near infrared emission has been observed in these structures and has been related to both 
excitonic recombination taking place in confined states within Si‐nps or relaxation of hot 
electrons [25, 26].

Intrinsic emission has been also observed in SRN films [27–31]. For example, an orange emis‐
sion at 600 nm was observed at room temperature and has been related to the electron‐hole 
pairs’ recombination within Si‐nps [27]. Also, green emission has been observed in nitrogen‐
rich silicon nitride, which was attributed to radiative recombination in localized states related 
to Si‐O [28]. Some other authors have shown significant improvement of the green emission 
intensity using oxidized silicon‐rich nitride [29]. Also, when a silicon nitride film is implanted 
with Si ions, violet and green‐yellow emission bands are observed, giving rise to an intense 
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white EL emission [30]. The violet band was related with the presence of defects states related 
to silicon dangling bonds (=Si0 or centers K0) located near the middle of the forbidden gap of 
silicon nitride and defect states related to the unit Si–Si= located near the edge of the valence 
band, while the green‐yellow band was attributed to the transition from the =Si0 state to nitro‐
gen dangling bonds (=N–) in the tails of valence bands.

Red‐near infrared EL (800 nm) has been reported in superlattices combining SRN and SiO2 
films and explained by the bipolar recombination of electron‐hole pairs in Si‐nps present 
within the SRN films [31]. A yellow EL emission has been reported when an SRO film instead 
of SiO2 layer is used in the multilayer structure [32]. All of these promising results have proved 
the first implemented all‐silicon‐based photonic device [33]. Nevertheless, despite all these 
promising results in luminescent silicon‐based materials, the improvement of the efficiency 
of the light emitting devices is still necessary.

This chapter shows a review about our experience on the PL and EL properties of SRN and 
SRO films deposited by low‐pressure chemical vapor deposition (LPCVD). The effect of the 
combination of the SRN and SRO luminescent properties is also analyzed as an SRN/SRO 
structure. A study about the composition, structural, optical, and electro‐optical properties 
of these films will be discussed. The study also includes the analysis of the charge transport 
mechanism through the SRO, SRN, and SRN/SRO films to understand their electrolumines‐
cence behavior and its correlation with the different luminescent centers (LCs) within the 
active material.

2. Experimental procedure

In this chapter, SRN, SRO, and SRN/SRO films were deposited in a homemade LPCVD hot‐
wall reactor. In these silicon‐rich dielectrics materials, the Si content was controlled by a ratio 
of partial pressure of reactant gases; RN and Ro for SRN and SRO, respectively.

The SRN films were deposited on N‐type ((100)‐oriented) Si wafers with a resistivity of 
1–5 Ω‐cm at 750°C using ammonia (NH3) and 5% nitrogen (N2)‐diluted silane (SiH4) as the 
reactant gases by the ratio RN = 20*P(NH3)/P(SiH4). SRN films with RN values of 5, 20, and 80 
were deposited with the parameters shown in Table 1. SRO films were deposited on N‐type 
Si wafers with a resistivity of 5–10 Ω‐cm ((100)‐oriented) at a temperature of 720°C using pure 
nitrous oxide (N2O) and 3.3% nitrogen (N2)‐diluted silane (SiH4) as the reactant gases by the 
ratio Ro = 30*P(N2O)/P(SiH4). SRO films with Ro values of 30 and 20 were deposited with the 
parameters shown in Table 1. Finally, SRN/SRO bilayers were deposited on P‐type silicon 
substrates ((100)‐oriented) with resistivity of 5–10 Ω‐cm. Ro = 20 and 30 and RN = 80 values 
were used for the SRO and SRN films, respectively. SRO and SRN films were deposited at 730 
and 760°C, respectively. The deposition conditions are also summarized in Table 1. About 
3.3% of nitrogen diluted silane was used for the bilayer structures.

After deposition, SRN, SRO and SRN/SRO samples were thermally annealed at 1100°C under 
nitrogen atmosphere conditions for 180 min.
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For electrical and electroluminescence studies, light emitting capacitive (LEC) structures were 
fabricated. For SRN‐LECs, a transparent 300‐nm thick fluorine‐doped tin oxide SnO2:F (FTO) 
film was deposited onto the surface of the SRN by ultrasonic spray pyrolysis. Square‐shaped 
patterns with 1 mm2 area were defined by a photolithography process step to act as gate 
contact. For SRO‐LECs, ~400‐nm thick semitransparent n+ polycrystalline silicon (poly) gate 
was deposited onto the SRO film surface by LPCVD. After a photolithography process step, 
square‐shaped gates of 4 mm2 area were defined. For SRN/SRO‐LECs, ~300‐nm thick indium 
tin oxide (ITO) film was deposited by RF sputtering onto the surface of the films as gate 
contact. Square‐shaped patterns with area of 1 mm2 were defined by a photolithography pro‐
cess step to act as anode gate contact. Approximately 700‐nm thick aluminum (Al) film was 
evaporated onto the backside of the silicon substrates as cathode contact in all of the LECs. 
A thermal annealing process at 460°C in N2 atmosphere for 20 min was used to form the 
ohmic contact.

The thickness of thermally annealed SRO and SRN films was measured with a Gaertner 
L117 ellipsometer with a 70° incident laser with wavelength of 632.8 nm and is also shown 
in Table 1. Chemical bonding characteristics was analyzed by means of Fourier transform 
infra‐red spectroscopy (FTIR) with a Brucker V22 equipment in the 4000–350 cm‐1 range with 
a resolution of 5 cm‐1. The PL spectra were measured with a Fluoromax 3 of Horiba Jobin 
Yvon. The samples were excited using a 300 nm radiation, and the PL emission signal was 
collected from 400 to 900 nm with a resolution of 1 nm. The depth analysis profile of thermally 
annealed SRN, SRO, and SRN/SRO films was analyzed by means of X‐ray  photoelectron 
spectroscopy (XPS) Escalab 250Xi of Thermo Scientific equipment, with an Al Kα monochro‐
mated source. Current‐voltage (I‐V) measurements of SRN, SRO, and SRN/SRO‐LECs were 

Sample name RN Ro Pressure of gases (Torr) Time (min) Thickness (nm)

N2O NH3 SiH4

SRO
M20 20 0.53 0.80 12 55.72 ± 5.0

M30 30 0.80 0.80 15 64.00 ± 3.4

SRN

N5 5 0.22 0.85 10 102.83 ± 3.62

N20 20 0.85 0.85 15 112.67 ± 6.19

N80 80 2.00 0.50 13 66.93 ± 2.12

SRN/SRO

B20 80 1.08 0.41 4 16.32 ± 1.54

20 0.53 0.80 15 55.72 ± 5.0

B30 80 1.08 0.41 4 16.32 ± 1.54

30 0.80 0.80 15 64.00 ± 3.4

Table 1. Process parameters of the SRO, SRN and SRN/SRO films deposited by LPCVD and thickness of the sample after 
thermal annealing.
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performed using a Keithley 4200‐SCS parameter analyzer at the same time that the EL was 
collected with an optical fiber, which was located right on the surface of the device and con‐
nected to an Ocean Optics QE‐65000 spectrometer.

3. Composition

The composition of SRN and SRO films play an important role in order to understand their 
luminescence, electrical, and electro‐optical properties. In this sense, some techniques such as 
FTIR and XPS spectroscopies have been used.

3.1. Silicon‐rich nitride (SRN) film

The Si‐N bonds of SRN films were determined by FTIR measurements. Figure 1(a) shows the 
IR spectra measured from SRN films with RN = 5 (N5), 20 (N20), and 80 (N80) before (B‐TA) 
and after (A‐TA) thermal annealing.

IR peaks at 460 and 840 cm‐1 ascribed to Si‐N wagging and stretching modes, respectively, 
were observed for all samples [35–37]. An IR band appears at 1080 cm‐1 after thermal anneal‐
ing, being more evident in the N80 sample. The presence of this peak has been observed 
before and attributed to a reordering in the films toward a‐Si3N4 bonding configuration [38, 
39]. Nevertheless, it could be related to the Si–O stretching mode due the oxygen incorporation 
in the samples.

Figure 1. (a) FTIR spectra of SRN films with RN = 5 (N5), 20 (N20) and 80 (N80) before and after thermal annealing, and 
(b) atomic concentration (at.%) of Si, O, and N as a function of RN. Inset shows the XPS depth profile of SRN film with 
RN = 80 (N80). From Cabañas‐Tay et al. [34].
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In order to comprehend the stoichiometry and the presence of some oxygen into the SRN 
films, analysis of their composition was performed by means of XPS. Figure 1(b) shows infor‐
mation about the chemical composition of the thermally annealed SRN samples. The inset of 
Figure 1(b) exhibits the depth profile composition of the thermally annealed RN = 80 (N80) 
sample. As can be observed, some oxygen is present at the outmost part of the layer through 
the film depth, being present mainly at the film surface. This behavior is similar for different 
RN, but with different concentrations. Figure 1(b) shows the atomic concentration of Si, O, and 
N as a function of RN. Mean silicon content values along the layer of 45.55 ± 0.38, 43.58 ± 0.48, 
and 42.88 ± 1.39 at.% were obtained for the SRN films with RN = 5, 20, and 80, respectively. 
Moreover, the presence of oxygen increases from 5.6 to 11.8 at.% as the RN value increases 
from 5 to 80, respectively.

3.2. Silicon‐rich oxide (SRO) film

The Si–O bonds of SRO films were also determined by FTIR measurements. The IR spectra 
measured from SRO films with Ro = 20 (M20) and Ro = 30 (M30) after thermal annealing are 
shown in Figure 2(a). Typical vibration bands at 460, 810, and 1070 cm‐1 related to Si–O rock‐
ing, Si–O bending, and Si–O stretching modes, respectively, were present in both SRO films 
[40, 41]. The shoulder from ~1100 to ~1300 cm‐1 observed in both SRO films has been attributed 
to Si–O stretching out of phase [42]. It has been reported that this shoulder is less pronounced 
for the suboxides compared to the stoichiometric oxide [43, 44]. The absorption at 610 cm‐1 due 
to unsaturated Si–Si bonds (phonon‐phonon interactions) was observed only in M20 (SRO 
film with higher proportion of silicon precursor) showing the presence of structural imperfec‐
tions at the SiO2/silicon nanoparticles (Si‐nps) interface [45].

Figure 2(b) exhibits the depth profile composition of the thermally annealed SRO films. Mean 
silicon content values of 41.85 ± 1.1 and 39.98 ± 0.8 at.% were obtained for the SRO films with 

Figure 2. (a) FTIR spectra of SRO films with Ro = 20 (M20) and 30 (M30) after thermal annealing, and (b) XPS depth 
profile of SRO films with Ro = 20 (M20) and 30 (M30).
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Ro = 20 (M20) and 30 (M30), respectively. The presence of nitrogen was also observed in both 
SRO films being slightly more evident for M20. An analysis of the Si2p XPS signal of SRO 
film with Ro = 30 thermally annealed at 1100°C (not showed here) [46] shows that the micro‐
structure of this film is almost a stoichiometric SiO2 (Si4+) and that the silicon excess is present 
as Si–O compounds, which could include the neutral oxygen vacancy (NOV) and non‐bridg‐
ing oxygen hole center (NBOHC) defects. As expected by the Si2p XPS signal, crystalline 
silicon nanoparticles were not observed in this films; however, energy‐filtered transmission 
electron microscopy (EFTEM) analysis has shown (although not clearly) the presence of sili‐
con nanoparticles with a mean size of 1.5 nm and density of ~1.1 × 1012 cm−2 as reported in [47, 
48]. In fact, it has been reported that a largely disordered system is expected when the size 
of Si‐nps is between 1 and 2 nm. Thus, the small Si‐nps are no longer crystalline but amor‐
phous like, as also indicated by theoretical calculations [49, 50]. Then, the dispersed Si atoms 
in the M30 films are preferentially arranged as very small Si‐nps (E’δ) and some defects like 
oxygen‐ deficiency center (ODC) and NBOHC as reported for thin SiOx films (<100 nm) [51].

The presence of the Si0 peak in the Si2p XPS signal correlates well with the presence of  silicon 
nanocrystal observed by high‐resolution transmission electron microscopy (HRTEM, not 
shown here) in the M20 film. HRTEM reveals Si nanocrystals with an average size (and den‐
sity) of 2.91 ± 0.40 nm (8.66 x 1011 cm‐2) [46].

3.3. Silicon‐rich nitride/silicon‐rich oxide (SRN/SRO) bilayer

The Si–N and Si–O bonds of SRN/SRO bilayers with Ro = 20 (B20) and Ro = 30 (B30) were also 
determined. Figure 3(a) shows the FTIR spectra of SRO and SRN/SRO films with Ro = 20 (M20 
and B20, respectively) after thermal annealing. The IR peak at 820 cm‐1 observed only in the 
B20 bilayer is ascribed to Si–N stretching present in SRN films [45]. The intensity of a shoulder 

Figure 3. (a) FTIR spectra of SRO and SRN/SRO films with Ro = 20 (M20 and B20, respectively) after thermal annealing, 
and (b) XPS depth profile of SRO and SRN/SRO films with Ro = 20 (M20 and B30, respectively) after thermal annealing.
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(shadow area) from 900 to 1000 cm‐1 increased when the B20 bilayer was formed, and it was 
attributed to the formation of Si–N–O bonds in silicon oxynitride [45].

As shown in Figure 3(a), the shoulder from ~1100 to ~1300 cm‐1 was observed in both sam‐
ples (M20 and B20) and it was attributed to Si–O stretching out of phase [42]. The IR peak 
at 610 cm‐1 observed in the SRO monolayer (M20) disappeared for the bilayer (B20) and it 
could be related to the nitrogen incorporation within the SRO that creates Si–N–O–Si bridges. 
The presence of these bridges decreased the quantity of strained bonds and Si dangling bonds 
at the SiO2/Si‐np interface [45]. The SRN/SRO film with Ro = 30 (B30) showed the same IR 
peaks than the B20 bilayer, except for the 610 cm‐1 IR peak.

Figure 3(b) showed the depth profile composition of the thermally annealed SRO mono‐
layer and SRN/SRO bilayer, both with Ro = 20 (M20 and B20, respectively). The average Si 
content within the SRO monolayer was about 41.85 ± 1.1 at.%. When the SRN/SRO bilayer 
was formed, the oxide‐nitride interface became an imprecise oxynitride (SiON) layer almost 
for 30 s  etching time (shadow area in Figure 3(b)). In that region, a gradual increasing of 
both nitrogen and silicon was observed toward the interface. The average Si content slightly 
increased up to ~43.21 ± 0.7 at.% in the SRO layer, whereas the oxygen content in the SRO film 
was reduced from 56.78 ± 1.3 to 53.08 ± 1.0 at.%. The Si, O, and N diffusion could be enhanced 
by the high annealing temperature. This is supported by two facts: first, the presence of a 
nitrogen concentration within the oxide layer which goes from 2 to 10%, and second, the oxy‐
gen presence in the nitride layer (~25%). The nitrogen content inside of the SRO in the SRN/
SRO bilayer structure could modify its optical and structural properties. It has been reported 
that the nitrogen hinder the diffusion of Si atoms and prevents the phase separation in the 
amorphous SiOx:N films [52]. Thus, the mobility of the Si atoms is smaller and the growth of 
the Si‐nps during the thermal diffusion process is reduced, giving as a result smaller Si‐nps. 
A similar behavior was observed for the B30 bilayer, but with different concentration.

4. Photoluminescence
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the main band shifts from 490 to 420 nm, as shown in Figure 4(b). It is well known that the 
silicon excess in silicon‐rich dielectrics agglomerates forming Si‐nps after high temperature 
annealing, resulting in a redshift of the PL band due to the quantum confinement effects [53–57]. 
However, contrary to this assumption, in this work, the PL blueshifts after the annealing, as 
shown in Figure 4(b). This effect has been observed before and it has been ascribed to com‐
positional‐dependent changes in the concentration of defect states within the samples [58]. 
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Therefore, defects are created rather than Si‐nps, after thermal annealing. Moreover, due to 
the low diffusivity of silicon atoms in Si3N4, a high Si content (>52 at.%) is needed to form 
 Si‐nps [59, 60]. Because of the low Si content present in the SRN films from this work (<46 at.%), 
as shown above in the XPS results, these films can be explained as a sub‐stoichiometric nitride 
with structural defects, as reported in the study of Cabañas‐Tay et al. [34].

PL bands between 380 and 600 nm (2.0–3.2 eV) have been observed before in SRN films, 
and they have been ascribed to the radiative recombination of carriers in band tail states, 
which are related to defect energy levels within the gap of amorphous silicon nitride [61–64]. 
Therefore, the PL bands emitted by the SRN films from this work can be explained by the 
excitation of different defects as discussed in the study of Cabañas‐Tay et al. [34]. As observed 
in Figure 4(a), the as‐deposited SRN films emit at 590, 580, and 490 nm, whereas the thermally 
annealed films emit at 580, 540, and 420 nm for RN of 5, 20, and 80, respectively. PL emission 
bands observed at 580–590 nm (~2.1 eV) have been related to electronic transitions from the 
conduction band minimum (CBM) to K0 centers located near of the mid‐gap, the emission band 
at 540 nm (~2.3 eV) is related to electronic transition from the K0 centers to =N‐ centers located 
near of the valence band maximum (VBM), and the emission band at 420 nm (~2.9 eV) has been 
related to electronic transitions from the K0 centers to VBM. Hence, the PL bands observed in 
this work could have a similar origin, as discussed in the study of Cabañas‐Tay et al. [34].

Some studies have shown that electronic transition related with K0 centers to =Si–O–Si states 
are observed when oxygen is incorporated in the SRN film [65, 66]. The presence of oxygen 
in SRN films creates a gap state of Si–O above the VBM, giving rise to the 485 nm (~2.55 eV) 
emission. The XPS analysis demonstrated that SRN films contain oxygen, being the higher 
concentration for RN = 80 (11.8 at.%). Therefore, the PL emission band at 490 nm (~2.53 eV) 

Figure 4. (a) Normalized PL spectra of as‐deposited, and (b) maximum PL peak position before and after thermally 
annealed, SRN films with RN = 5 (N5), 20 (N20), and 80 (N80). Lines are plotted as an eye‐guide. From Cabañas‐Tay 
et al. [34].
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observed in the as‐deposited sample with RN = 80 could be related to the electronic transition 
from the K0 centers to =Si–O–Si states.

In summary, the analysis of the PL emission observed in the SRN films before and after ther‐
mal annealing indicates that it could be mainly originated from the radiative recombination 
via luminescent Si dangling bonds, N dangling bonds, and Si–O bonds existing in the silicon 
nitride matrix.

4.2. Silicon‐rich oxide (SRO) film

Figure 5 shows the normalized PL spectra of SRO films before and after thermal annealing. 
The as‐deposited SRO film with Ro = 30 (M30) emits a broad PL band with the main peak 
at 460 nm. After thermal annealing, the PL emission band becomes narrower and redshifts 
reaching 690 nm, as shown in Figure 5(a). As the Ro value decreases, the PL emission band 
becomes wider and shifts to a higher wavelength reaching 660 nm for Ro = 20 (M20, higher 
silicon excess), as shown in Figure 5(b). After thermal annealing, the PL of M20 redshifts, 
reaching 740 nm.

The PL emitted by M30 exhibit a significant redshift of the main peak after thermal anneal‐
ing as shown in Figure 5(a). Nevertheless, when the silicon content is increased (M20), the 
PL band appears mainly at the red side of the spectrum. The redshift of the main PL peak 
(after thermal annealing) has been widely observed and ascribed to the agglomeration of 
silicon excess and a subsequent silicon nanoparticle formation as a result of thermal anneal‐
ing process [67–71]. Nevertheless, some point defects are also present within the SRO films. 
It is widely accepted that violet‐blue (400–460 nm), green (520), and even red (630) emission 
bands, obtained from the deconvolution of the PL spectrum [72], can be related with oxygen 

Figure 5. Normalized PL spectra of SRO monolayer (a) with Ro = 30 (M30) and (b) Ro = 20 (M20) before and after thermal 
annealing. From Palacios‐Huerta et al. [46].
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defect centers (ODC), E’δ (SiSi=Si) and NBOHC defects, respectively [67–71]. The E’δ center is 
one of the at least four different E’ centers [43], which comprises an unpaired spin delocalized 
over five silicon atoms and suggest the presence of very small Si‐nps in the films.

4.3. Silicon‐rich nitride/silicon‐rich oxide (SRN/SRO) bilayers

In previous studies, it has been reported that the combination of Si3N4/SRO structure 
improves luminescent emission properties [73, 74]. Previous studies have also shown that 
a Si3N4‐SRO bilayer structure improves the operation of light‐emitting devices, such as a 
reduced leakage current, a reduced electric field on the oxide layer, and results an improve‐
ment in efficiency and a longer device life [73–76]. In this chapter, the effect of a SRN film on a 
SRO film (SRN/SRO bilayers) on their optical properties is analyzed. SRN films, deposited by 
LPCVD with RN = 80 (N80), show luminescence in the blue region, while the SRO films emit in 
the red region, as observed in Figures 4 and 5, respectively. Therefore, a combination of SRN 
with RN = 80 and SRO films could allow reaching a broad emission spectrum.

Figure 6 shows the PL spectra of SRN/SRO bilayers with Ro = 20 (B20) and 30 (B30) after 
thermal annealing. The emission spectra of the SRN (N80) and SRO monolayer films with 
Ro = 20 (M20) and 30 (M30) are shown as references, respectively. The emission spectra of 
the samples were normalized to the SRO thickness. Each PL spectrum of SRN and SRO 

Figure 6. Normalized PL spectra after thermal annealing of (a) SRN/SRO film with Ro = 20 (B20), SRN film with RN = 80 
(N80), and SRO with Ro = 20 (M20), and (b) SRN/SRO film with Ro = 30 (B30), SRN film with RN = 80 (N80), and SRO 
with Ro = 30 (M30).
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 monolayers was fitted three Gaussian, while four Gaussians were used to fit the PL spectrum 
of the SRO/SRN bilayer.

For the SRN film (N80), PL bands at about ~420, 505, and 680 nm were identified, which 
are related to electronic transitions from the K0 centers to the VBM, K0 centers to =Si–O–Si, 
and states of defects nitrogen (N0

2), respectively [64]. For the SRO film with Ro = 20 (M20), 
PL bands at ~420, 735, and 820 nm were identified and have been widely related to weak oxy‐
gen bond (WOB) defects, interactions that take place at the Si‐np/SiOx interface, and quan‐
tum confinement in silicon nanocrystals, respectively [72]. The PL spectrum of the SRN/SRO 
bilayer with Ro = 20 (B20) exhibits the same PL bands of the SRO films at ~420, ~735, and 812 
nm, but with an additional band at ~505 nm (green band), which is related to transitions from 
K0 centers to =Si–O–Si featured of the SRN film, as shown in Figure 6(a).

As observed in Figure 6(b), the SRO monolayer with Ro = 30 (M30) exhibits PL bands 
at ~420, 720, and 805 nm, which have been also linked to WOB defects, interactions that 
take place at the Si‐nps/SiOx interface, and silicon nanocrystals (Si‐ncs) through quantum 
 confinement, respectively [72]. The PL spectrum of the SRN/SRO with Ro = 30 (B30) is com‐
posed by the same luminescent bands than that observed in the bilayer with Ro = 20 (B20), 
but with an increased intensity of the bands at ~420 and ~505 nm related with transitions 
from K0 centers to VBM (violet band), transitions from K0 centers to =Si–O–Si (green band), 
respectively.

In summary, it is observed that the emission intensity in the blue and green bands (~420 and 
505 nm) is improved when a SRN/SRO bilayer is formed compared to SRO monolayers, being 
higher when a Ro = 30 (B30) is used. The XPS results show a diffusion of oxygen from the SRO 
layer to the SRN layer and nitrogen from the SRN layer to the SRO layer during SRN deposi‐
tion (onto SRO layer). Therefore, some defects could be passivated into the SRO layer and 
others generated into the SRN layer like WOB or =Si–O–Si defects.

5. Electroluminescence

SRN, SRO, and SRN/SRO films exhibit intense and visible photoluminescence. In this section, 
luminescent characteristics of the samples are present but under electrical excitation.

5.1. Silicon‐rich nitride (SRN)‐LECs

Figure 7 shows the EL spectra of the light emitting capacitors using the as‐deposited SRN 
film with RN = 20 as an active dielectric layer at different injected currents. At forward bias 
(FB) (positive voltage to FTO contact respect to Si substrate), the SRN‐LEC shows a broad 
spectrum with the maximum emission centered at around 580 nm, and it remains at the 
same wavelengths for different voltages as shown in Figure 7(a). This luminescence has been 
reported as a characteristic behavior of defect‐related EL [67]. In fact, the luminescent prop‐
erties of SRN films in this chapter are related to the presence of defects. Therefore, the EL 
in SRN‐LECs may originate from the same electronic transitions of the CBM to K0 centers, 
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as observed in PL [77, 78]. This behavior is similar for all SRN films in both as‐deposited and 
after thermal annealing, as reported in the study of Cabañas‐Tay et al. [34].

On the other hand, at reverse bias (RB), the EL spectrum changes and now three main emis‐
sion bands are observed at around 600, 680, and 780 nm, as observed in Figure 7(b). Namely, 
the maximum emission band blueshifts when the polarity is changed from RB to FB. The 
EL bands at 600, 680, and 780 nm also remains at the same wavelength when the voltage is 
increased indicating the EL emission is also produced by defects. These EL bands have been 
ascribed to electronic transitions from the K0 centers to valence band tail states [58, 77]. The EL 
emission for all the SRN‐LECs in both polarities is through shine dots as shown in the inset 
of Figure 7(a) and (b). The device's area is covered with more shine dots when the current 
increases. The EL emission composed by shining spots is attributed to the formation of a finite 
number of preferential conductive paths within the SRN films, which connect the top and bot‐
tom electrodes, as discussed in the study of Cabañas‐Tay et al. [34].

Negligible spectral shift is observed between the EL at forward bias and PL spectra of SRN 
films with RN = 5 and 20 before and after thermal annealing, indicating that both PL and EL 
emissions are originated from the same radiative centers [34]. Nevertheless, a long spectral 
shift is observed for the SRN films with RN = 80 (before and after thermal annealing). This 
behavior was explained as a significant smaller electrical pumping of electrons allowing the 
holes to relax to the lowest defect states before recombining. For the EL at RB, a similar behav‐
ior is presented but the electrical pumping of electrons is slightly improved allowing only few 
of the holes to relax to the lowest defect states before recombining [34].

Figure 7. EL spectra of the as‐deposited SRN LEC with RN = 20 for different injected currents at (a) forward bias and (b) 
reverse bias. In the inset, pictures for the device with 100 mA of injected current for each bias. FTO was used as gate 
electrode. From Cabañas‐Tay et al. [34].

Luminescent Devices Based on Silicon-Rich Dielectric Materials
http://dx.doi.org/10.5772/64894

171



5.2. Silicon‐rich oxide (SRO)‐LECs

The presence of defects including the Si‐nps, either crystalline or amorphous, and their den‐
sity and size in silicon‐rich dielectric materials affect clearly the current transport, and there‐
fore the EL, as in the SRO case. Figure 8 shows J‐E curves of SRO‐LECs with Ro = 30 and 20; 
samples were thermally annealed at 1100°C. SRO‐LECs are forwardly biased (accumulation 
mode) considering the substrate as reference.

SRO‐LECs with Ro = 30 (M30) films show a high current state (HCS) at low electric fields, 
then after the applied voltage increased, the current was switched to an LCS, as shown 
in Figure 8. This behavior was observed by our group before in SRO films with Ro =30, 
and it was related to the creation and annihilation of preferential conductive paths gener‐
ated possibly by adjacent stable Si‐nps and unstable silicon nanoclusters (Si‐ncls) through 
structural changes and by the possible creation of defects (breaking off Si–Si bonds) [70, 
79, 80]. Indeed, a clear correlation between current jumps/drops and EL dots appearing/
disappearing on the LEC surface was observed [70, 79, 80]. This RS behavior is inde‐
pendent on the thermal annealing temperature [46]. Recent studies regarding the same 
electrical RS behavior in SRO films was observed and related with a conductive filament 
formed by Si‐nps [81–84], which undergoes structural changes through a crystallization 
and amorphization process of the Si‐nps, as discussed in [82]. Such observations are in 
agreement with the presented asseverations about the behavior of the SRO with Ro = 30 
(M30)‐based LECs.

Once the current fluctuations disappear, through the electrical annealing, the current behav‐
ior stabilized (see I–V curve marked as M30‐after in dark blue line, Figure 8) and EL on the 
whole area (WA EL) was observed at higher electric fields. On the other hand, the electrical 
behavior of SRO‐LEC with Ro = 20 (M20) did not show current fluctuations. The latter could 

Figure 8. J‐E curve of SRO‐LECs with Ro = 20 (M20) and 30 (M30) thermally annealed at 1100°C. From Palacios‐Huerta 
et al. [46].
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be related to the presence of well‐separated and crystalline silicon nanoparticles, mainly on 
the density of Si‐nps, as shown by transmission electron microscopy (TEM) analysis [46]. 
Therefore, a uniform network of conductive paths becomes possible as the Si‐nps density 
increases, allowing a uniform charge flow through the whole capacitor area.

Figure 9 shows the EL spectra from the SRO‐LECs. Blue EL in the whole area was observed 
with Ro = 30 (M30) only after the current drop. The main EL peak remains at 468 nm when 
the electric field increases, as observed in Figure 9(a). When the silicon content is increased 
(Ro = 20), the LECs emit a broad EL spectrum in the red region, as observed in Figure 9(b). 
The EL peak is placed at 710 nm. This value is blueshifted with respect to the value found 
in PL at 740 nm. Differences in the PL and EL peak wavelength have been related to the 
transmittance of the top electrode, which influences the real light emission from the active 
layer [85]. Indeed, the process of carrier injection and the several transport mechanism taking 
place through the active luminescent materials produces a complicated understanding of the 
EL process, as compared to the PL one [86]. Nevertheless, both EL and PL spectra appear in 
the same red region, which could indicate that the emission is originated by the same radia‐
tive centers. Images of LECs are shown as insets in Figure 9. As can be observed, the LEC 
devices emit an intense whole area EL.

5.3. Silicon‐rich nitride/silicon‐rich oxide (SRN/SRO)‐LECs

Figure 10 shows the J(E) characteristic and the EL spectra of SRN/SRO‐LECs at forward bias 
considering the substrate like reference. SRN/SRO‐LECs show a high current state (HCS) at 
low electric fields, and then after the applied voltage increases, the current is switched to a 
LCS, as shown in Figure 10(a). The resistive switching in the B20 bilayer occurs at a lower elec‐
tric field (~2 MV/cm) compared to the B30 bilayer. When SRN/SRO‐LECs, both with Ro = 20 

Figure 9. EL spectra and images of SRO‐LECs with (a) Ro = 20 (M20) and (b) 30 (M30) annealed at 1100°C. Semitransparent 
n+ polycrystalline silicon was used as gate electrode. From Palacios‐Huerta et al. [46].
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(B20) and Ro = 30 (B30), are in the HCS (<20V), a broad spectrum with the maximum emis‐
sion centered at about 730 nm and a shoulder at ~900 nm is observed. The 730 nm emission 
increases as the voltage also increases, as observed in Figure 10(b). Nevertheless, first the 
shoulder at 900 nm increases its intensity when the voltage is between −17 and −18 V and 
then remains at the same value for larger voltages. As we can see in Figure 10(b), the EL 
is observed as randomly scattered luminescent spots (mainly red) over the entire LEC sur‐
face. The spectrum exhibits that the EL emission follows the PL, showing that the emission is 
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Figure 10. (a) J‐E curve of SRN/SRO‐LECs with Ro = 20 (B20) and 30 (B30) and EL spectra of SRN/SRO LECs at forward 
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the LCS. Inset of each graph are shown photographs of the LEC. ITO was used as gate contact.
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Figure 10(d) shows the EL emission of the SRN/SRO‐LEC with Ro = 30 (B30) in the range of 
LCS (>35V). The same narrow and highly intense UV EL peaks at ~250, 270, 285, 305, 325, 
415, and 450 nm with an average width of 7 ± 0.6 nm are also observed in these devices. 
Nevertheless, these LECs do not show EL emission in the red‐near infrared region.

Four narrow UV EL peaks have been reported at 293.78, 316.10, 403.07, and 444.82 nm, with an 
average width at half peak of 4 nm, in ITO/Y2O3/Ag EL devices. This emission was attributed 
to the characteristic radiation of indium ions [87]. However, as the best of our knowledge, nar‐
row UV EL peaks in silicon rich dielectric materials have not been reported before. The most 
intense EL peaks emitted by the present SRN/SRO‐LECS (~305, 325, 415, and 450 nm) are very 
similar to those obtained in reference [87], but displaced ~10 nm toward longer wavelengths. 
Thus, they could have a similar origin; however, a deeper analysis of these narrow emission 
bands needs to be done.

6. Conduction mechanisms

The origin of the EL emission from the SRO, SRN, and SRN/SRO‐LECs can be determined by 
identifying the charge transport mechanism that takes place within the different silicon‐rich 
dielectric materials as discussed below.

6.1. Silicon‐rich nitride (SRN)‐LECs

Figure 11 shows the J(E) dependency for the SRN‐LECs with RN = 5, 20, and 80. The con‐
duction mechanism of the carriers in the SRN films was studied by analyzing the different 
reported mechanism including P‐F conduction [88, 89], TAT [90], and space charge limited 
current (SCLC) [91]. As observed in Figure 11, the TAT mechanism is dominating the carrier 
transport at both forward and reverse bias, and it can be ascribed to the defect states gener‐
ated during the SRN deposition. A model based on the trap‐assisted tunneling carrier trans‐
port is shown with the EL radiative recombination process in the reference [34].

6.2. Silicon‐rich oxide (SRO)‐LECs

Figure 12 shows the experimental J‐E data from SRO‐LECs with Ro = 20 and 30 fitted to the 
carrier transport mechanisms including Poole‐Frenkel (P‐F) conduction [88, 89] and trap‐
assisted tunneling (TAT) [90]. As can be observed, the TAT conduction mechanism predomi‐
nates in the SRO‐LEC with Ro = 30 (M30).

The trap energy was estimated to be φt ≅ 1.75 eV, if a uniformly distributed trap concentra‐
tion is assumed. It is worth to mention that these trap energy levels correlates well with the 
one obtained for Er‐doped SRO/SiO2 superlattice (2.1 eV) and Er‐doped SiO2 (1.9 eV), which 
are assumed to be deep traps inherent to the SiO2 [92] possibly neutral oxygen vacancy [93]. 
Mehonic et al. have reported that the barrier height of the trap is modified by the concen‐
tration of oxygen vacancies in the connecting tissue; lower barrier heights correspond to a 
higher concentration of oxygen vacancies, which defines the device resistance [84]. Moreover, 
it has been reported that a poor quality of nanocrystalline composite material (formed by Si 
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Figure 11. J‐E characteristic and conduction mechanism fitting of SRN‐LECs with RN = 5 (N5), 20 (N20), and 80 (N80) 
after thermal annealing at: (a) reverse bias (RB) and (b) forward bias (FB). Symbols are the experimental current data, 
black line represents the TAT conduction, green dash line SCLC, and violet dash dot line the Poole‐Frenkel conduction. 
From Cabañas‐Tay et al. [34].

Figure 12. J‐E characteristic and conduction mechanism fitting of SRO‐LECs with Ro = 30 (M30) and Ro = 20 (M20). 
Red line represents the TAT conduction and blue line the Poole‐Frenkel conduction. Symbols are the experimental data. 
From Palacios‐Huerta et al. [46].
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nanocrystals and SiOx) yields parasitic current paths, while low density of nanocrystals turns 
difficult the direct charge injection into the nanocrystals [94]. A similar behavior is obtained 
for SRO‐LECs with Ro = 30 (M30), where the annihilation of conductive paths, created by 
adjacent stable Si‐nps and unstable silicon nanoclusters (Si‐ncls), produce structural changes 
including the possible creation of defects. Then, it can be assumed that M30 films exhibit 
a poor quality of the silicon oxide resulting from the phase separation and the low silicon 
content. This behavior is well correlated to the blue EL emission observed in the M30‐based 
LECs.

On other hand, the P‐F conduction fits well the charge transport in SRO‐LECs with Ro = 20 
(M20), as observed in Figure 12. A relative permittivity (εr) value of 9.16 was obtained from 
the P‐F fit for M20, which is closer to the relative permittivity of silicon (εSi = 11.9), similar 
to other reports [92]. Relatively high permittivity values are a good indication of the large 
amount of silicon present as Si‐nps within the M20 films. Moreover, the Si‐nps size calculated 
by using the P‐F estimate relative permittivity are very close to that obtained through the TEM 
analysis, as reported in [46].

6.3. Silicon‐rich nitride/silicon‐rich oxide (SRN/SRO)‐LECs

When the SRN/SRO bilayer structure is used as active layer in LECs, several charge transport 
mechanisms are present, as observed in Figure 13. For the SRN/SRO‐LEC with Ro = 20 (B20), 
and in the HCS where red EL emission is observed, the hopping tunneling is the predominant 
mechanism (pink line), as shown in Figure 13(a).

The average distance between traps (a) was estimated to be about 0.25 nm. When the current 
switches to the low conduction state, the tunneling mechanism changes, then the P‐F  conduction 

Figure 13. J‐E characteristic and conduction mechanism fitting of SRN/SRO‐LECs with (a) Ro = 20 (B20) and (b) Ro = 30 
(B30) thermally annealed at 1100°C. Pink line represents the hopping conduction, orange line the TAT conduction, and 
blue lines the Poole‐Frenkel conduction. Symbols are the experimental data.
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dominates (dark blue line). The dielectric constant (εr) obtained by the P‐F fit was about 7.96. 
However, when the deep UV EL emission starts, the conduction transport is dominated by 
two different mechanisms: TAT (orange line) and P‐F (blue line). In this region, the traps depth 
obtained by the TAT fit was about 2.06 eV, and the dielectric constant (εr) obtained by the P‐F 
fit was about 7.81.

The SRN/SRO‐LECs with Ro = 30 (B30) behaves similar to the B20 bilayer, as observed in 
Figure 13(b). In the high conduction state, the dominant mechanism is hopping tunneling 
(pink line), where the average distance between traps is about 0.15 nm, indicating a higher 
density of traps compared to the B20 sample (0.25 nm). When the current drops to the low 
conduction state, the dominating mechanism changes to the P‐F conduction (blue line). The 
dielectric constant (εr) was estimated at 5.98, indicating a lower content of silicon related to 
B20 sample (8.61), as expected. However, when the EL emission starts, the conduction begins 
to be dominated by TAT (orange line). The traps depth was estimated at about 2.15 eV, very 
similar to that obtained in B20 sample (2.06) and very close to the depth at which are the 
 centers K0 (~2.1 eV) [64].

In summary, the conduction mechanism in the region of low electric fields at HCS is hop‐
ping for SRN/SRO bilayers. It was observed that when the nitrogen content in the SRO layer 
increases, the average distance between defects also increases either due to the defects passiv‐
ation or due to the reduction of the Si‐nps size. In the region of high electric fields at low con‐
duction, both TAT and P‐F mechanisms take place simultaneously. The trap depth, obtained 
by the TAT fit, was ~2.1 eV from the minimum of the conduction band for both bilayers (B20 
and B30), which relates to the location of the centers K0 in SRN film.

7. Conclusions

The compositional, structural, optical, and electro‐optical properties of SRO, SRN films as 
well as combination of SRN/SRO bilayers deposited by LPCVD were studied. The EL of the 
SRN‐LECs showed a broad emission spectrum where the maximum peak blueshifts when 
the polarity changed from reverse to forward bias. The EL spectrum was nearly similar to 
that of PL when LECs were forwardly biased and the silicon excess was increased. Analyzing 
the current‐voltage characteristics, it was found that TAT was the main carrier transport 
mechanism in SRN films in both biases, where typical EL was observed. In SRO films, it 
was demonstrated that the silicon content affects the luminescence centers density obtain‐
ing the EL emission at lower electric field as the silicon excess increased. SRO with Ro = 30 
films exhibited the presence of structural defects like NOV, NBOHC, and E’δ (SiSi=Si) cen‐
ters, which produced blue to red PL band after thermal annealing. SRO with Ro = 20 films 
showed mainly red PL produced by the presence of well‐defined Si‐ncs. It was found that 
SRO‐LECs with Ro = 30 shows an intense blue EL, after a resistance switching behavior was 
reached. The RS was originated by the annihilation of preferential conductive paths created 
by Si‐nps and silicon nanoclusters through structural changes that result in a long spectral 
blueshift (~222 nm) between the PL and EL. On the other hand, the RS was not observed in 
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SRO‐LECs with Ro = 20 due to the well‐defined Si‐nps with 2.7 nm size. These well‐defined 
Si‐nps  produce a better charge injection through multiple conductive paths enhancing an 
intense red EL, which is related mainly to defects at the Si‐nps/SiOx interface. The transport 
mechanism was affected by the composition and structure of the films, being TAT and PF 
the dominant transport mechanism in SRO with Ro = 30 and 20, respectively. When the SRN 
was deposited onto the SRO to form the bilayer, compositional and electro‐optical changes 
were observed. The SRN/SRO layers showed a broad PL emission respect to a simple SRO or 
SRN layer. In addition, multiple defects or centers were responsible of PL emission. The same 
luminescent centers in SRN/SRO were present in SRO and SRN monolayers. SRN/SRO‐LECs 
showed an intense UV EL at high electric fields related to indium ions radiation. The conduc‐
tion mechanism in SRN/SRO bilayers was found to be dominated by Pool‐Frenkel and TAT 
mechanisms at LCS, and hopping at HCS.

Acknowledgements

This work has been partially supported by the project CONACyT‐180992. The authors 
acknowledge technicians Pablo Alarcon, Armando Hernández, and Victor Aca from INAOE 
and Luis Gerardo Silva from CIMAV.

Author details

Santiago A. Cabañas‐Tay1, Liliana Palacios‐Huerta2, Mariano Aceves‐Mijares2, Antonio 
Coyopol1, Sergio A. Pérez‐García1, Liliana Licea‐Jiménez1, Carlos Domínguez3 and Alfredo 
Morales‐Sánchez1*

*Address all correspondence to: alfredo.morales@cimav.edu.mx

1 Advanced Materials Research Center (CIMAV), Monterrey‐PIIT Apodaca, Nuevo León, 
México

2 Electronics Department, National Institute of Astrophysics Optics and Electronics 
Tonantzintla, Puebla, México

3 Microelectronics Institute of Barcelona (IMB‐CNM, CSIC) Bellaterra, Barcelona, Spain

References

[1] Tseng C.‐K., Lee M.‐C. M., Hung H.‐W., Huang J.‐R., Lee K.‐Y., Shieh J.‐M., and Lin G.‐R. 
Silicon‐nanocrystal resonant‐cavity light emitting devices for color tailoring. Journal of 
Applied Physics. 2012;111(7): 074512. DOI: 10.1063/1.3702793

[2] Zhiping Z., Bing Y., and Jurgen M. On‐chip light sources for silicon photonics. Light: 
Science & Applications. 2015;4: e358. DOI: 10.1038/lsa.2015.131

Luminescent Devices Based on Silicon-Rich Dielectric Materials
http://dx.doi.org/10.5772/64894

179



[3] Berencén Y., Illera S., Rebohle L., Ramírez J. M., Wutzler R., Cirera A., Hiller D., 
Rodríguez J. A., Skorupa W., and Garrido B. Luminescence mechanism for Er3+ ions 
in a silicon‐rich nitride host under electrical pumping. Journal of Physics D: Applied 
Physics. 2016;49(8): 085106. DOI: 10.1088/0022‐3727/49/8/085106

[4] Canham L. T. Silicon quantum wire array fabrication by electrochemical and chemical 
dissolution of wafers. Applied Physics Letters. 1990;57:1046–1048. DOI: 10.1063/1.103561

[5] Delerue C., Allan G., and Lannoo M. Theoretical aspects of the luminescence of porous 
silicon. Physical Review B. 1993;48(15):11024–11036. DOI: 10.1103/PhysRevB.48.11024

[6] Barreto J., Morales A., Perálvarez M., Garrido B., and Domínguez C. Stoichiometry 
of silicon‐rich dielectrics for silicon nanocluster formation. Physica Status Solidi (C). 
2011;8(3):1610–1642. DOI: 10.1002/pssc.201000363

[7] Shih C.‐F., Hsiao C.‐Y., and Su K.‐W. Enhanced white photoluminescence in silicon‐rich 
oxide/SiO2 superlattices by low‐energy ion‐beam treatment. Optics Express. 2013;21(13): 
15888–15895. DOI: 10.1364/OE.21.015888

[8] Mohammed S., Nimmo M. T., Malko A. V., and Hinkle C. L. Chemical bonding and 
defect states of LPCVD grown silicon‐rich Si3N4 for quantum dot applications. Journal of 
Vacuum Science & Technology A. 2014;32(2): 021507. DOI: 10.1116/1.4861338

[9] Liao W., Zeng X., Wen X. and Wen Y. Tunable photoluminescence of Si‐rich nitride films 
with silicon quantum dots by changing the total pressure. International Photonics and 
Optoelectronics. 2015; JW3A.33. DOI: 10.1364/OEDI.2015.JW3A.33

[10] Vlasukova L. A., Komarov F. F., Parkhomenko I. N., Milchanin O. V., Makhavikou M. A., 
Mudryi A. V., Żuk, J., Kopychiński P., and Togambayeva A. K. Visible photolumines‐
cence of non‐stoichiometric silicon nitride films: The effect of annealing temperature 
and atmosphere. Journal of Applied Spectroscopy. 2015;82(3): 386–389. DOI: 10.1007/
s10812‐015‐0117‐9

[11] Lin G.‐R., Lin C.‐J., and Lin C.‐K. Enhanced Fowler‐Nordheim tunneling effect in 
nanocrystallite Si based LED with interfacial Si nano‐pyramids. Optics Express. 
2007;15(5):2555–2563. DOI: 10.1364/OE.15.002555

[12] Lin Y.‐H., Wu C.‐L., Pai Y.‐H., and Lin G.‐R. A 533‐nm self‐luminescent Si‐rich SiNx/
SiOx distributed Bragg reflector. Optics Express. 2011;19(7):6563–6570. DOI: 10.1364/
OE.19.006563

[13] Nishi H., Tsuchizawa T., Shinojima H., Watanabe T., Itabashi S‐I., Kou R., Fukuda H., 
and Yamada K. Low‐polarization‐dependent silica waveguide monolithically integrated 
on SOI photonic platform. Journal of Lightwave Technology. 2013;31(11):1821–1827. 
DOI: 10.1109/JLT.2013.2256880

[14] Cheng C.‐H., Lien Y.‐C., and Wu C.‐L., and Lin G.‐R. Mutlicolor electroluminescent 
Si quantum dots embedded in SiOx thin film MOSLED with 2.4% external quantum 
 efficiency. Optics Express. 2013;21(1): 391–403. DOI: 10.1364/OE.21.000391

Luminescence - An Outlook on the Phenomena and their Applications180



[3] Berencén Y., Illera S., Rebohle L., Ramírez J. M., Wutzler R., Cirera A., Hiller D., 
Rodríguez J. A., Skorupa W., and Garrido B. Luminescence mechanism for Er3+ ions 
in a silicon‐rich nitride host under electrical pumping. Journal of Physics D: Applied 
Physics. 2016;49(8): 085106. DOI: 10.1088/0022‐3727/49/8/085106

[4] Canham L. T. Silicon quantum wire array fabrication by electrochemical and chemical 
dissolution of wafers. Applied Physics Letters. 1990;57:1046–1048. DOI: 10.1063/1.103561

[5] Delerue C., Allan G., and Lannoo M. Theoretical aspects of the luminescence of porous 
silicon. Physical Review B. 1993;48(15):11024–11036. DOI: 10.1103/PhysRevB.48.11024

[6] Barreto J., Morales A., Perálvarez M., Garrido B., and Domínguez C. Stoichiometry 
of silicon‐rich dielectrics for silicon nanocluster formation. Physica Status Solidi (C). 
2011;8(3):1610–1642. DOI: 10.1002/pssc.201000363

[7] Shih C.‐F., Hsiao C.‐Y., and Su K.‐W. Enhanced white photoluminescence in silicon‐rich 
oxide/SiO2 superlattices by low‐energy ion‐beam treatment. Optics Express. 2013;21(13): 
15888–15895. DOI: 10.1364/OE.21.015888

[8] Mohammed S., Nimmo M. T., Malko A. V., and Hinkle C. L. Chemical bonding and 
defect states of LPCVD grown silicon‐rich Si3N4 for quantum dot applications. Journal of 
Vacuum Science & Technology A. 2014;32(2): 021507. DOI: 10.1116/1.4861338

[9] Liao W., Zeng X., Wen X. and Wen Y. Tunable photoluminescence of Si‐rich nitride films 
with silicon quantum dots by changing the total pressure. International Photonics and 
Optoelectronics. 2015; JW3A.33. DOI: 10.1364/OEDI.2015.JW3A.33

[10] Vlasukova L. A., Komarov F. F., Parkhomenko I. N., Milchanin O. V., Makhavikou M. A., 
Mudryi A. V., Żuk, J., Kopychiński P., and Togambayeva A. K. Visible photolumines‐
cence of non‐stoichiometric silicon nitride films: The effect of annealing temperature 
and atmosphere. Journal of Applied Spectroscopy. 2015;82(3): 386–389. DOI: 10.1007/
s10812‐015‐0117‐9

[11] Lin G.‐R., Lin C.‐J., and Lin C.‐K. Enhanced Fowler‐Nordheim tunneling effect in 
nanocrystallite Si based LED with interfacial Si nano‐pyramids. Optics Express. 
2007;15(5):2555–2563. DOI: 10.1364/OE.15.002555

[12] Lin Y.‐H., Wu C.‐L., Pai Y.‐H., and Lin G.‐R. A 533‐nm self‐luminescent Si‐rich SiNx/
SiOx distributed Bragg reflector. Optics Express. 2011;19(7):6563–6570. DOI: 10.1364/
OE.19.006563

[13] Nishi H., Tsuchizawa T., Shinojima H., Watanabe T., Itabashi S‐I., Kou R., Fukuda H., 
and Yamada K. Low‐polarization‐dependent silica waveguide monolithically integrated 
on SOI photonic platform. Journal of Lightwave Technology. 2013;31(11):1821–1827. 
DOI: 10.1109/JLT.2013.2256880

[14] Cheng C.‐H., Lien Y.‐C., and Wu C.‐L., and Lin G.‐R. Mutlicolor electroluminescent 
Si quantum dots embedded in SiOx thin film MOSLED with 2.4% external quantum 
 efficiency. Optics Express. 2013;21(1): 391–403. DOI: 10.1364/OE.21.000391

Luminescence - An Outlook on the Phenomena and their Applications180

[15] Zimmermann H., editors. Integrated Silicon Optoelectronics. 2nd ed. Germany: 
Springer‐Verlag Berlin Heidelberg; 2010. 406 p. DOI: 10.1007/978‐3‐642‐01521‐2

[16] Pavesi L., Gaponenko S., and Dal Negro L., editors. Towards the First Silicon Laser. 1st 
ed. Dordrecht: Kluwer Academic Publishers; 2003. 490 p. DOI: 10.1007/978‐94‐010‐0149‐6

[17] Klak M. M., Zatryb G., Wojcik J., Misiewicz J., Mascher P., and Podhorodecki A. 
Mechanism of enhanced photoluminescence of Tb ions in hydrogenated silicon‐rich sili‐
con oxide films. Thin Solid Films. 2016;611: 62–67. DOI: 10.1016/j.tsf.2016.04.050

[18] Barbagiovanni E. G., Lockwood D. J., Simpson P. J., and Goncharova, L. V. Quantum 
confinement in Si and Ge nanostructures. Journal of Applied Physics. 2012;111(3): 
034307. DOI: 10.1063/1.3680884

[19] Iacona F., Franzò G., and Spinella C. Correlation between luminescence and structural 
properties of Si nanocrystals. Journal of Applied Physics. 2000;87(3): 1295–1303. DOI: 
10.1063/1.372013

[20] Kim T.‐W., Cho C.‐H., Kim B.‐H., and Park S.‐J. Quantum confinement effect in crystal‐
line silicon quantum dots in silicon nitride grown using SiH4 and NH3. Applied Physics 
Letters. 2006;88(12): 123102. DOI: 10.1063/1.2187434

[21] Qin G. G., Li A. P., Zhang B. R., and Li B.‐C. Visible electroluminescence from semitrans‐
parent Au film/extra thin Si‐rich silicon oxide film/p‐Si structure. Journal of Applied 
Physics. 1995;78(3): 2006–2009. DOI: 10.1063/1.360175

[22] Lin G.‐R., and Lin C.‐J. Improved blue‐green electroluminescence of metal‐oxide‐semi‐
conductor diode fabricated on multirecipe Si‐implanted and annealed SiO2/Si substrate. 
Journal of Applied Physics. 2004;95(12): 8484–8486. DOI: 10.1063/1.1739283

[23] Liu Y., Chen T. P., Ding L., Yang M., Wong J. I., Ng C. Y., Yu S. F., Li Z. X., Yuen C., Zhu 
F. R., Tan M. C., and Fung S. Influence of charge trapping on electroluminescence from 
Si‐nanocrystal light emitting structure. Journal of Applied Physics. 2007;101(10): 104306. 
DOI: 10.1063/1.2713946

[24] Liao L.‐S., Bao X.‐M., Li N.‐S., Zheng X.‐Q., and Min N.‐B. Visible electrolumines‐
cence from Si+‐implanted SiO2 films thermally grown on crystalline Si. Solid State 
Communications. 1996;97(12): 1039–1042. DOI: 10.1016/0038‐1098(95)00846‐2

[25] Wang T., Wei D. Y., Sun H. C., Liu Y., Chen D. Y., Chen G. R., Xu J., Li W., Ma Z. Y., 
Xu L., and Chen K. J. Electrically driven luminescence of nanocrystalline Si/SiO2 multi‐
layers on various substrates. Physica E: Low‐dimensional Systems and Nanostructures. 
2009;41(6): 923–926. DOI: 10.1016/j.physe.2008.08.001

[26] López‐Vidrier J., Berencén Y., Hernández S., Blázquez O., Gutsch S., Laube J., Hiller D., 
Löper P., Schnabel M., Janz S., Zacharias M., and Garrido B. Charge transport and elec‐
troluminescence of silicon nanocrystals/SiO2 superlattices. Journal of Applied Physics. 
2013;114(16): 163701. DOI: 10.1063/1.4826898

Luminescent Devices Based on Silicon-Rich Dielectric Materials
http://dx.doi.org/10.5772/64894

181



[27] Cho K. S., Park N.‐M., Kim T.‐Y., Kim K.‐H., Shin J.‐H., Sung G. Y., and Shin J. H. High 
efficiency visible electroluminescence from silicon nanocrystals embedded in silicon 
nitride using a transparent doping layer. Applied Physics Letters. 2006;88(20): 209904. 
DOI: 10.1063/1.2205754

[28] Huang R., Chen K., Qian B., Chen S., Li W., Xu J., Ma Z., and Huang X. Oxygen induced 
strong green light emission from low‐temperature grown amorphous silicon nitride 
films. Applied Physics Letters. 2006;89(22): 221120. DOI: 10.1063/1.2399393

[29] Huang R., Chen K., Dong H., Wang D., Ding H., Li W., Xu J., Ma Z., and Xu L. Enhanced elec‐
troluminescence efficiency of oxidized amorphous silicon nitride light‐emitting devices by 
modulating Si/N ratio. Applied Physics Letters. 2007;91(11): 111104. DOI: 10.1063/1.2783271

[30] Cen Z. H., Chen T. P., Liu Z., Liu Y., Ding L., Yang M., Wong J. I., Yu S. F., and Goh W. 
P. Electrically tunable white‐color electroluminescence from Si‐implanted silicon nitride 
thin film. Optics Express. 2010;18(19): 20439–20444. DOI: 10.1364/OE.18.020439

[31] Warga J., Li R., Basu S. N., and Dal Negro L. Electroluminescence from silicon‐rich 
nitride/silicon superlattice structures. Applied Physics Letters. 2008;93(15): 151116. DOI: 
10.1063/1.3003867

[32] Tai H. Y., Lin Y. H., and Lin G. R. Wavelength‐shifted yellow electroluminescence of 
Si quantum‐dot embedded 20‐pair SiNx/SiOx superlattice by Ostwald ripening effect. 
IEEE Photonics Journal. 2013;5(1): 6600110. DOI: 10.1109/JPHOT.2012.2232285

[33] González‐Fernández A. A., Juvert J., Aceves‐Mijares M., and Domínguez C. Monolithic 
integration of a silicon‐based photonic transceiver in a CMOS Process. IEEE Photonics 
Journal. 2016;8(1):1–13. DOI: 10.1109/JPHOT.2015.2505144

[34] Cabañas‐Tay S. A., Palacios‐Huerta L., Luna‐López J. A., Aceves‐Mijares M., Alcántara‐
Iniesta S., Pérez‐García S. A., and Morales‐Sánchez A. Analysis of the luminescent cen‐
ters in silicon rich silicon nitride light‐emitting capacitors. Semiconductor Science and 
Technology. 2015;30(6):065009. DOI: 10.1088/0268‐1242/30/6/065009

[35] Tsu D. V., Lucovsky G., Mantini M. J., and Chao S. S. Deposition of silicon oxynitride 
thin films by remote plasma enhanced chemical vapor deposition. Journal of Vacuum 
Science & Technology A. 1987;5(4):1998–2002. DOI: 10.1116/1.574902

[36] Vuillod J. Preparation and characterization of plasma enhanced chemical vapor depos‐
ited silicon nitride and oxynitride films. Journal of Vacuum Science & Technology A. 
1987;5(4):1675–1679. DOI: 10.1116/1.574545

[37] Debieu O., Nalini R. P., Cardin J., Portier X., Perrière J., and Gourbilleau F. Structural and 
optical characterization of pure Si‐rich nitride thin films. Nanoscale Research Letters. 
2013;8(1): 1–13. DOI: 10.1186/1556‐276X‐8‐31

[38] Lin K‐C, and Lee S‐C. The structural and optical properties of a‐SiNx:H pre‐
pared by plasma‐enhanced chemical‐vapor deposition. Journal of Applied Physics. 
1992;72(11):5474–5482. DOI: 10.1063/1.351992

Luminescence - An Outlook on the Phenomena and their Applications182



[27] Cho K. S., Park N.‐M., Kim T.‐Y., Kim K.‐H., Shin J.‐H., Sung G. Y., and Shin J. H. High 
efficiency visible electroluminescence from silicon nanocrystals embedded in silicon 
nitride using a transparent doping layer. Applied Physics Letters. 2006;88(20): 209904. 
DOI: 10.1063/1.2205754

[28] Huang R., Chen K., Qian B., Chen S., Li W., Xu J., Ma Z., and Huang X. Oxygen induced 
strong green light emission from low‐temperature grown amorphous silicon nitride 
films. Applied Physics Letters. 2006;89(22): 221120. DOI: 10.1063/1.2399393

[29] Huang R., Chen K., Dong H., Wang D., Ding H., Li W., Xu J., Ma Z., and Xu L. Enhanced elec‐
troluminescence efficiency of oxidized amorphous silicon nitride light‐emitting devices by 
modulating Si/N ratio. Applied Physics Letters. 2007;91(11): 111104. DOI: 10.1063/1.2783271

[30] Cen Z. H., Chen T. P., Liu Z., Liu Y., Ding L., Yang M., Wong J. I., Yu S. F., and Goh W. 
P. Electrically tunable white‐color electroluminescence from Si‐implanted silicon nitride 
thin film. Optics Express. 2010;18(19): 20439–20444. DOI: 10.1364/OE.18.020439

[31] Warga J., Li R., Basu S. N., and Dal Negro L. Electroluminescence from silicon‐rich 
nitride/silicon superlattice structures. Applied Physics Letters. 2008;93(15): 151116. DOI: 
10.1063/1.3003867

[32] Tai H. Y., Lin Y. H., and Lin G. R. Wavelength‐shifted yellow electroluminescence of 
Si quantum‐dot embedded 20‐pair SiNx/SiOx superlattice by Ostwald ripening effect. 
IEEE Photonics Journal. 2013;5(1): 6600110. DOI: 10.1109/JPHOT.2012.2232285

[33] González‐Fernández A. A., Juvert J., Aceves‐Mijares M., and Domínguez C. Monolithic 
integration of a silicon‐based photonic transceiver in a CMOS Process. IEEE Photonics 
Journal. 2016;8(1):1–13. DOI: 10.1109/JPHOT.2015.2505144

[34] Cabañas‐Tay S. A., Palacios‐Huerta L., Luna‐López J. A., Aceves‐Mijares M., Alcántara‐
Iniesta S., Pérez‐García S. A., and Morales‐Sánchez A. Analysis of the luminescent cen‐
ters in silicon rich silicon nitride light‐emitting capacitors. Semiconductor Science and 
Technology. 2015;30(6):065009. DOI: 10.1088/0268‐1242/30/6/065009

[35] Tsu D. V., Lucovsky G., Mantini M. J., and Chao S. S. Deposition of silicon oxynitride 
thin films by remote plasma enhanced chemical vapor deposition. Journal of Vacuum 
Science & Technology A. 1987;5(4):1998–2002. DOI: 10.1116/1.574902

[36] Vuillod J. Preparation and characterization of plasma enhanced chemical vapor depos‐
ited silicon nitride and oxynitride films. Journal of Vacuum Science & Technology A. 
1987;5(4):1675–1679. DOI: 10.1116/1.574545

[37] Debieu O., Nalini R. P., Cardin J., Portier X., Perrière J., and Gourbilleau F. Structural and 
optical characterization of pure Si‐rich nitride thin films. Nanoscale Research Letters. 
2013;8(1): 1–13. DOI: 10.1186/1556‐276X‐8‐31

[38] Lin K‐C, and Lee S‐C. The structural and optical properties of a‐SiNx:H pre‐
pared by plasma‐enhanced chemical‐vapor deposition. Journal of Applied Physics. 
1992;72(11):5474–5482. DOI: 10.1063/1.351992

Luminescence - An Outlook on the Phenomena and their Applications182

[39] Scardera G., Puzzer T., Conibeer G., and Green M. A. Fourier transform infrared spec‐
troscopy of annealed silicon‐rich silicon nitride thin films. Journal of Applied Physics. 
2008;104(10):104310. DOI: 10.1063/1.3021158

[40] Tsu D. V., Lucovsky G., and Mantini M. J. Local atomic structure in thin films of silicon 
nitride and silicon diimide produced by remote plasma‐enhanced chemical‐vapor depo‐
sition. Physical Review B. 1986;33(10):7069–7076. DOI: 10.1103/PhysRevB.33.7069

[41] Aceves‐Mijares M., Espinosa‐Torres N. D., Flores‐Gracia F., González‐Fernández A. A., 
López‐Estopier R., Román‐López S., Pedraza G., Domínguez C., Morales A., and Falcony 
C. Composition and emission characterization and computational simulation of silicon 
rich oxide films obtained by LPCVD. Surface and Interface Analysis. 2014;46: 216–223. 
DOI:10.1002/sia.5212

[42] Fazio E., Barletta E., Barreca F., Neri F., and Trusso S. Investigation of a nanocrystalline 
silicon phase embedded in SiOx thin films grown by pulsed laser deposition. Journal of 
Vacuum Science & Technology B. 2005;23(2):519–524. DOI: 10.1116/1.1880252

[43] Schliwinski H. –J., Schnakenberg U., Windbracke W., Neff H., and Lange P. Thermal 
annealing effects on the mechanical properties of plasma‐enhanced chemical vapor depos‐
ited silicon oxide films. Journal of the Electrochemical Society. 1992;139(6):1730–1735. 
DOI: 10.1149/1.2069484

[44] Pai P. G., Chao S. S., Takagi Y., and Lucovsky G. Infrared spectroscopic study of SiOx 
films produced by plasma enhanced chemical vapor deposition. Journal of Vacuum 
Science & Technology A. 1986;4(3):689–694. DOI: 10.1116/1.573833

[45] Diniz J. A., Tatsch P. J., and Pudenzi M. A. A. Oxynitride films formed by low energy 
NO+ implantation into silicon. Applied Physics Letters. 1996;69(15):2214–2215. DOI: 
10.1063/1.117169

[46] Palacios‐Huerta L., Cabañas‐Tay S. A., Luna‐López J. A., Aceves‐Mijares M., Coyopol 
A., and Morales‐Sánchez A. Effect of the structure on luminescent characteristics 
of SRO‐based light emitting capacitors. Nanotechnology. 2015;26(39):395202. DOI: 
10.1088/0957‐4484/26/39/395202

[47] Morales‐Sánchez A., Monfil‐Leyva K., González A. A., Aceves‐Mijares M., Carrillo J., 
Luna‐López J. A., Domínguez C., Barreto J., and Flores‐Gracia F. J. Strong blue and red 
luminescence in silicon nanoparticles based light emitting capacitors. Applied Physics 
Letters. 2011;99(17):171102. DOI: 10.1063/1.3655997

[48] Lin G.‐R., Lin C.‐J., and Kuo H.‐C. Improving carrier transport and light emission in a 
silicon‐nanocrystal based MOS light‐emitting diode on silicon nanopillar array. Applied 
Physics Letters. 2007;91(9):093122. DOI: 10.1063/1.2778352

[49] Dohnalová K., Ondič L., Kusová K., Pelant I., Rehspringer J. L., and Mafouana R.‐R. 
White‐emitting oxidized silicon nanocrystals: Discontinuity in spectral development with 
reducing size. Journal of Applied Physics. 2010;107(5):053102. DOI: 10.1063/1.3289719

Luminescent Devices Based on Silicon-Rich Dielectric Materials
http://dx.doi.org/10.5772/64894

183



[50] Wang X., Zhang R. Q., Lee S. T., Niehaus T. A., and Frauenheim T. Unusual size depen‐
dence of the optical emission gap in small hydrogenated silicon nanoparticles. Applied 
Physics Letters. 2007;90(12):123116. DOI: 10.1063/1.2715101

[51] Cueff S., Labbé C., Jambois O., Berencén Y., Kenyon A. J., Garrido B., and Rizk R. 
Structural factors impacting carrier transport and electroluminescence from Si nano‐
cluster‐sensitized Er ions. Optics Express. 2012;20(20): 22490–22502. DOI: 10.1364/
OE.20.022490

[52] Kiebach R., Yu Z., Aceves‐Mijares M., Bian D., and Du J. The deposition and control of 
self‐assembled silicon nano islands on crystalline silicon. International Journal of High 
Speed Electronics and Systems. 2008;18(4):901–910. DOI: 10.1142/S0129156408005862

[53] Park N.‐M., Choi C.‐J., Seong T.‐Y., and Park S.‐J. Quantum confinement in amor‐
phous silicon quantum dots embedded in silicon nitride. Physical Review Letters. 
2001;86(7):1355–1357. DOI: 10.1103/PhysRevLett.86.1355

[54] Wang Y. Q., Wang Y. G., Cao L., and Cao Z. X. High‐efficiency visible photoluminescence 
from amorphous silicon nanoparticles embedded in silicon nitride. Applied Physics 
Letters. 2003;83(17):3474–3476. DOI: 10.1063/1.1621462

[55] Park N.‐M., Kim T.‐S., and Park S.‐J. Band gap engineering of amorphous silicon quan‐
tum dots for light‐emitting diodes. Applied Physics Letters. 2001;78(17):2575–2577. DOI: 
10.1063/1.1367277

[56] Mercaldo L. V., Veneri P. D., Esposito E., Massera E., Usatii I., and Privato C. PECVD in‐
situ growth of silicon quantum dots in silicon nitride from silane and nitrogen. Materials 
Science and Engineering B. 2009;159–160:77–79. DOI: 10.1016/j.mseb.2008.09.029

[57] Liao W., and Zeng X., Wen X., Chen X., and Wang W. Annealing and excitation depen‐
dent photoluminescence of silicon rich silicon nitride films with silicon quantum dots. 
Vacuum. 2015;121: 147–151. DOI: 10.1016/j.vacuum.2015.08.002

[58] Xie M., Li D., Wang F., and Yang D. Luminescence properties of silicon‐rich silicon 
nitride films and light emitting devices. ECS Transactions. 2011;35(18):3–19. DOI: 
10.1149/1.3647900

[59] Dal Negro L., Li R., Warga J., and Basu S. N. Sensitized erbium emission from silicon‐
rich nitride/silicon superlattice structures. Applied Physics Letters. 2008;92(18):181105. 
DOI: 10.1063/1.2920435

[60] Sahu B. S., Delachat F., Slaoui A., Carrada M., Ferblantier G., Muller D. Effect of anneal‐
ing treatments on photoluminescence and charge storage mechanism in silicon‐rich 
SiNx:H films. Nanoscale Research Letters. 2011;6(1):1–10. DOI: 10.1186/1556‐276X‐6‐178

[61] Giorgis F., Vinegoni C., and Pavesi L. Optical absorption and photoluminescence 
properties of a‐Si1‐x:H films deposited by plasma‐enhanced cvd. Physical Review B. 
2000;61(7):4693–4698. DOI: 10.1103/PhysRevB.61.4693

Luminescence - An Outlook on the Phenomena and their Applications184



[50] Wang X., Zhang R. Q., Lee S. T., Niehaus T. A., and Frauenheim T. Unusual size depen‐
dence of the optical emission gap in small hydrogenated silicon nanoparticles. Applied 
Physics Letters. 2007;90(12):123116. DOI: 10.1063/1.2715101

[51] Cueff S., Labbé C., Jambois O., Berencén Y., Kenyon A. J., Garrido B., and Rizk R. 
Structural factors impacting carrier transport and electroluminescence from Si nano‐
cluster‐sensitized Er ions. Optics Express. 2012;20(20): 22490–22502. DOI: 10.1364/
OE.20.022490

[52] Kiebach R., Yu Z., Aceves‐Mijares M., Bian D., and Du J. The deposition and control of 
self‐assembled silicon nano islands on crystalline silicon. International Journal of High 
Speed Electronics and Systems. 2008;18(4):901–910. DOI: 10.1142/S0129156408005862

[53] Park N.‐M., Choi C.‐J., Seong T.‐Y., and Park S.‐J. Quantum confinement in amor‐
phous silicon quantum dots embedded in silicon nitride. Physical Review Letters. 
2001;86(7):1355–1357. DOI: 10.1103/PhysRevLett.86.1355

[54] Wang Y. Q., Wang Y. G., Cao L., and Cao Z. X. High‐efficiency visible photoluminescence 
from amorphous silicon nanoparticles embedded in silicon nitride. Applied Physics 
Letters. 2003;83(17):3474–3476. DOI: 10.1063/1.1621462

[55] Park N.‐M., Kim T.‐S., and Park S.‐J. Band gap engineering of amorphous silicon quan‐
tum dots for light‐emitting diodes. Applied Physics Letters. 2001;78(17):2575–2577. DOI: 
10.1063/1.1367277

[56] Mercaldo L. V., Veneri P. D., Esposito E., Massera E., Usatii I., and Privato C. PECVD in‐
situ growth of silicon quantum dots in silicon nitride from silane and nitrogen. Materials 
Science and Engineering B. 2009;159–160:77–79. DOI: 10.1016/j.mseb.2008.09.029

[57] Liao W., and Zeng X., Wen X., Chen X., and Wang W. Annealing and excitation depen‐
dent photoluminescence of silicon rich silicon nitride films with silicon quantum dots. 
Vacuum. 2015;121: 147–151. DOI: 10.1016/j.vacuum.2015.08.002

[58] Xie M., Li D., Wang F., and Yang D. Luminescence properties of silicon‐rich silicon 
nitride films and light emitting devices. ECS Transactions. 2011;35(18):3–19. DOI: 
10.1149/1.3647900

[59] Dal Negro L., Li R., Warga J., and Basu S. N. Sensitized erbium emission from silicon‐
rich nitride/silicon superlattice structures. Applied Physics Letters. 2008;92(18):181105. 
DOI: 10.1063/1.2920435

[60] Sahu B. S., Delachat F., Slaoui A., Carrada M., Ferblantier G., Muller D. Effect of anneal‐
ing treatments on photoluminescence and charge storage mechanism in silicon‐rich 
SiNx:H films. Nanoscale Research Letters. 2011;6(1):1–10. DOI: 10.1186/1556‐276X‐6‐178

[61] Giorgis F., Vinegoni C., and Pavesi L. Optical absorption and photoluminescence 
properties of a‐Si1‐x:H films deposited by plasma‐enhanced cvd. Physical Review B. 
2000;61(7):4693–4698. DOI: 10.1103/PhysRevB.61.4693

Luminescence - An Outlook on the Phenomena and their Applications184

[62] Warren W. L., Robertson J., and Kanicki J. Si and N dangling bond creation in silicon 
nitride thin films. Applied Physics Letters. 1993;63(19):2685–2687. DOI: 10.1063/1.110420

[63] Warren W. L., Lenahan P. M., and Curry S. E. First observation of paramagnetic nitrogen 
dangling‐bond centers in silicon nitride. Physical Review Letters. 1990;65(2):207–210. 
DOI: 10.1103/PhysRevLett.65.207

[64] Robertson J., and Powell M. J. Gap states in silicon nitride. Applied Physics Letters. 
1984;44(4):415–417. DOI: 10.1063/1.94794

[65] Liu Y., Zhou Y., Shi W., Zhao L., Sun B., and Ye T. Study of photoluminescence spec‐
tra of Si‐rich SiNx films. Materials Letters. 2004;58(19):2397–2400. DOI: 10.1016/j.
matlet.2004.02.015

[66] Nguyen P. D., Kepaptsoglou D. M., Ramasse Q. M., Sunding M. F., Vestland L. O., 
Finstad T. G., and Olsen A. Impact of oxygen bonding on the atomic structure and 
photoluminescence properties of Si‐rich silicon nitride thin films. Journal of Applied 
Physics. 2012;112(7):073514. DOI: 10.1063/1.4756998

[67] Hao X. J., Podhorodecki A. P., Shen Y. S., Zatryb G., Misiewicz J., and Green M. 
A. Effects of Si‐rich oxide layer stoichiometry on the structural and optical prop‐
erties of Si QD/SiO2 multilayer films. Nanotechnology. 2009;20(48):485703. DOI: 
10.1088/0957‐4484/20/48/485703

[68] Lai B. H., Cheng C. H., and Lin G. R.. Multicolor ITO/SiOx/p‐Si/Al Light Emitting 
Diodes With Improved Emission Efficiency by Small Si Quantum Dots. IEEE Journal of 
Quantum Electronics. 2011;47(5):698–704. DOI: 10.1109/JQE.2011.2109699

[69] González‐Fernández A. A., Aceves‐Mijares M., Morales‐Sánchez A., and Monfil‐Leyva 
K. Intense whole area electroluminescence from low pressure chemical vapor deposi‐
tion‐silicon‐rich oxide based light emitting capacitors. Journal of Applied Physics. 
2010;108(4):043105. DOI: 10.1063/1.3465335

[70] Salh R. Defect Related Luminescence in Silicon Dioxide Network: A Review. In: Prof. 
Sukumar Basu, editor. Crystalline Silicon—Properties and Uses. Umeå, Sweden: InTech; 
2011. DOI: 10.5772/22607

[71] Rodríguez J. A., Vásquez‐Agustín M. A., Morales‐Sánchez A., and Aceves‐Mijares 
M. Emission mechanisms of Si nanocrystals and defects in SiO2 materials. Journal of 
Nanomaterials. 2014;2014:409482. DOI: 10.1155/2014/409482

[72] González‐Fernández A. A., Juvert J., Aceves‐Mijares M., Llobera A., and Domínguez C. 
Influence of silicon binding energy on photoluminescence of Si‐implanted silicon diox‐
ide. ECS Transactions. 2012;49(1):307–314. DOI: 10.1149/04901.0307ecst

[73] Perálvarez M., Carreras J., Barreto J., Morales A., Domínguez C., and Garrido B. Efficiency 
and reliability enhancement of silicon nanocrystal field‐effect luminescence from nitride‐
oxide gate stacks. Applied Physics Letters. 2008;92(24):241104. DOI: 10.1063/1.2939562

Luminescent Devices Based on Silicon-Rich Dielectric Materials
http://dx.doi.org/10.5772/64894

185



[74] Parker C. G., Lucovsky G., and Hauser J. R. Ultrathin oxide‐nitride gate dielectric 
MOSFET's. IEEE Electron Device Letters. 1998;19(4):106–108. DOI: 10.1109/55.663529

[75] Wang X., Huang R., Song C., Guo Y., and Song J. Effect of barrier layers on electrolumines‐
cence from Si/SiOxNy multilayer structures. Applied Physics Letters. 2013;102(8):081114. 
DOI: 10.1063/1.4794079

[76] Berencén Y., Ramírez J. M., Jambois O., Domínguez C., Rodríguez J. A., and Garrido B. 
Correlation between charge transport and electroluminescence properties of Si‐rich 
oxide/nitride/oxide‐based light emitting capacitors. Journal of Applied Physics. 
2012;112(10):109901. DOI: 10.1063/1.4768249

[77] Pei Z., Chang Y. R., and Hwang H. L. White electroluminescence from hydrogenated 
amorphous‐SiNx thin films. Applied Physics Letters. 2002;80(16):2839–2841. DOI: 
10.1063/1.1473230

[78] Li D., Huang J., and Yang D. Enhanced electroluminescence of silicon‐rich silicon nitride 
light‐emitting devices by NH3 plasma and annealing treatment. Physica E: Low‐dimen‐
sional Systems and Nanostructures. 2009;41(6):920–922. DOI: 10.1016/j.physe.2008.08.024

[79] Morales‐Sánchez A., Barreto J., Domínguez C., Aceves‐Mijares M., and Luna‐López J. A. 
The mechanism of electrical annihilation of conductive paths and charge trapping in sili‐
con‐rich oxides. Nanotechnology. 2009;20(4):045201. DOI: 10.1088/0957‐4484/20/4/045201

[80] Morales‐Sánchez A., Barreto J., Domínguez C., Aceves‐Mijares M., Perálvarez M., 
Garrido B., and Luna‐López J. A. DC and AC electroluminescence in silicon nanopar‐
ticles embedded in silicon‐rich oxide films. Nanotechnology. 2010;21(8):085710. DOI: 
10.1088/0957‐4484/21/8/085710

[81] Yao J., Sun Z., Zhong L., Natelson D., and Tour J. M. Resistive switches and memories 
from silicon oxide. Nano Letters. 2010;10(10):4105–4110. DOI: 10.1021/nl102255r

[82] Yao J., Zhong L., Natelson D., and Tour J. M. In situ imaging of the conducting filament 
in a silicon oxide resistive switch. Scientific Reports. 2012;2:242. DOI: 10.1038/srep00242

[83] Mehonic A., Vrajitoarea A., Cueff S., Hudziak S., Howe H., Labbé C., Rizk R., Pepper 
M., and Kenyon A. J. Quantum conductance in silicon oxide resistive memory devices. 
Scientific Reports. 2013;3:2708. DOI: 10.1038/srep02708

[84] Mehonic A., Cueff S., Wojdak M., Hudziak S., Labbé C., Rizk R., and Kenyon A. J. 
Electrically tailored resistance switching in silicon oxide. Nanotechnology. 
2012;23(45):455201. DOI: 10.1088/0957‐4484/23/45/455201

[85] González‐Fernández A. A., Juvert J., Aceves‐Mijares M., Llobera A., and Domínguez C. 
Influence by layer structure on the output EL of CMOS compatible silicon‐based light 
emitters. IEEE Transactions on Electron Devices. 20123;60(6): 1971–1974. DOI: 10.1109/
TED.2013.2258158

[86] Wang D.‐C., Chen J.‐R., Zhu J., Lu C.‐T., and Lu M. On the spectral difference between 
electroluminescence and photoluminescence of Si nanocrystals: a mechanism study of 

Luminescence - An Outlook on the Phenomena and their Applications186



[74] Parker C. G., Lucovsky G., and Hauser J. R. Ultrathin oxide‐nitride gate dielectric 
MOSFET's. IEEE Electron Device Letters. 1998;19(4):106–108. DOI: 10.1109/55.663529

[75] Wang X., Huang R., Song C., Guo Y., and Song J. Effect of barrier layers on electrolumines‐
cence from Si/SiOxNy multilayer structures. Applied Physics Letters. 2013;102(8):081114. 
DOI: 10.1063/1.4794079

[76] Berencén Y., Ramírez J. M., Jambois O., Domínguez C., Rodríguez J. A., and Garrido B. 
Correlation between charge transport and electroluminescence properties of Si‐rich 
oxide/nitride/oxide‐based light emitting capacitors. Journal of Applied Physics. 
2012;112(10):109901. DOI: 10.1063/1.4768249

[77] Pei Z., Chang Y. R., and Hwang H. L. White electroluminescence from hydrogenated 
amorphous‐SiNx thin films. Applied Physics Letters. 2002;80(16):2839–2841. DOI: 
10.1063/1.1473230

[78] Li D., Huang J., and Yang D. Enhanced electroluminescence of silicon‐rich silicon nitride 
light‐emitting devices by NH3 plasma and annealing treatment. Physica E: Low‐dimen‐
sional Systems and Nanostructures. 2009;41(6):920–922. DOI: 10.1016/j.physe.2008.08.024

[79] Morales‐Sánchez A., Barreto J., Domínguez C., Aceves‐Mijares M., and Luna‐López J. A. 
The mechanism of electrical annihilation of conductive paths and charge trapping in sili‐
con‐rich oxides. Nanotechnology. 2009;20(4):045201. DOI: 10.1088/0957‐4484/20/4/045201

[80] Morales‐Sánchez A., Barreto J., Domínguez C., Aceves‐Mijares M., Perálvarez M., 
Garrido B., and Luna‐López J. A. DC and AC electroluminescence in silicon nanopar‐
ticles embedded in silicon‐rich oxide films. Nanotechnology. 2010;21(8):085710. DOI: 
10.1088/0957‐4484/21/8/085710

[81] Yao J., Sun Z., Zhong L., Natelson D., and Tour J. M. Resistive switches and memories 
from silicon oxide. Nano Letters. 2010;10(10):4105–4110. DOI: 10.1021/nl102255r

[82] Yao J., Zhong L., Natelson D., and Tour J. M. In situ imaging of the conducting filament 
in a silicon oxide resistive switch. Scientific Reports. 2012;2:242. DOI: 10.1038/srep00242

[83] Mehonic A., Vrajitoarea A., Cueff S., Hudziak S., Howe H., Labbé C., Rizk R., Pepper 
M., and Kenyon A. J. Quantum conductance in silicon oxide resistive memory devices. 
Scientific Reports. 2013;3:2708. DOI: 10.1038/srep02708

[84] Mehonic A., Cueff S., Wojdak M., Hudziak S., Labbé C., Rizk R., and Kenyon A. J. 
Electrically tailored resistance switching in silicon oxide. Nanotechnology. 
2012;23(45):455201. DOI: 10.1088/0957‐4484/23/45/455201

[85] González‐Fernández A. A., Juvert J., Aceves‐Mijares M., Llobera A., and Domínguez C. 
Influence by layer structure on the output EL of CMOS compatible silicon‐based light 
emitters. IEEE Transactions on Electron Devices. 20123;60(6): 1971–1974. DOI: 10.1109/
TED.2013.2258158

[86] Wang D.‐C., Chen J.‐R., Zhu J., Lu C.‐T., and Lu M. On the spectral difference between 
electroluminescence and photoluminescence of Si nanocrystals: a mechanism study of 

Luminescence - An Outlook on the Phenomena and their Applications186

electroluminescence. Journal of Nanoparticle Research. 2013;15(11):1–7. DOI: 10.1007/
s11051‐013‐2063‐x

[87] Yin X., Wang S., Li L., Mu G., Tang Y., Duan W., and Yi L. Intense deep‐blue electrolu‐
minescence from ITO/Y2O3/Ag structure. Optics Express. 2015;23(14):18092–18097. DOI: 
10.1364/OE.23.018092

[88] Huang R., Song J., Wang X., Guo Y. Q., Song C., Zheng Z. H., Wu X. L., and Chu P. 
Origin of strong white electroluminescence from dense Si nanodots embedded in silicon 
nitride. Optics Letters. 2012;37(4):692–694. DOI: 10.1364/OL.37.000692

[89] Tao Y., Zheng J., Zuo Y., Xue C., Cheng B., and Wang Q. Enhanced current transporta‐
tion in silicon‐riched nitride (SRN)/silicon‐riched oxide (SRO) multilayer nanostructure. 
Nano‐Micro Letters. 2012;4(4): 202–207. DOI: 10.1007/BF03353715

[90] Huang R., Wang D. Q., Ding H. L., Wang X., Chen K. J., Xu J., Guo Y. Q., Song J., 
and Ma Z. Y. Enhanced electroluminescence from SiN‐based multilayer structure 
by laser crystallization of ultrathin amorphous Si‐rich SiN layers. Optics Express. 
2010;18(2):1144–1150. DOI: 10.1364/OE.18.001144

[91] Vila M., Prieto C., and RamÍrez R. Electrical behavior of silicon nitride sputtered thin 
films. Thin Solid Films. 2004;459(1–2):195–199. DOI: 10.1016/j.tsf.2003.12.082

[92] Ramírez J. M., Berencén Y., López‐Conesa L., Rebled J. M., Peiró F., and Garrido B. 
Carrier transport and electroluminescence efficiency of erbium‐doped silicon nanocrys‐
tal superlattices. Applied Physics Letters. 2013;103(8):081102. DOI: 10.1063/1.4818758

[93] Perera R., Ikeda A., Hattori R., and Kuroki Y. Trap assisted leakage current conduc‐
tion in thin silicon oxynitride films grown by rapid thermal oxidation combined micro‐
wave excited plasma nitridation. Microelectronic Engineering. 2003;65(4):357–370. DOI: 
10.1016/S0167‐9317(02)01025‐0

[94] Anopchenko A., Marconi A., Moser E., Prezioso S., Wang M., Pavesi L., Pucker G., and 
Bellutti P. Low‐voltage onset of electroluminescence in nanocrystalline‐Si/SiO2 multi‐
layers. Journal of Applied Physics. 2009;106(3):033104. DOI: 10.1063/1.3194315

Luminescent Devices Based on Silicon-Rich Dielectric Materials
http://dx.doi.org/10.5772/64894

187





Section 3

Thermoluminescence Dating: From Theory to
Applications





Chapter 9

Recombination Radiation in the Diamond

Evgeniy Igorevich Lipatov,

Dmitriy Evgen’evich Genin,

Denis Valer’evich Grigor'ev and

Victor Fedotovich Tarasenko

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65064

Provisional chapter

Recombination Radiation in the Diamond

Evgeniy Igorevich Lipatov,

Dmitriy Evgen’evich Genin,

Denis Valer’evich Grigor'ev and

Victor Fedotovich Tarasenko

Additional information is available at the end of the chapter

Abstract

Original experimental data on the recombination radiation of free excitons, the band-A
of luminescence, and the recombination radiation of electron-hole liquid in a diamond
have been presented. A review of the literature on the recombination radiation in
diamond and its application was performed. There was no displacement of free-exciton
band at 5.275 eV in the temperature range of 80–300 K. At low excitation levels, the
temperature dependence of free-exciton band intensity had the maximum at ∼150 K.
The band-A of luminescence, due to defects containing sp2-hybridizedcarbon bonds, is
located in the spectral range 350–650 nm with a maximum at ∼440 nm and is charac-
terized by the decay time of 8–19 m sec in the temperature range of 80–300 K. The
electron-hole liquid recombination radiation in the diamond was observed at temper-
atures  of  <200  K  and  at  peak  densities  of  charge  carriers  of  ≥(0.3–1.0)×1018  cm-3.
Condensation  of  electron-hole  liquid  implies  the  displacement  of  the  free-exciton
intensity maximum on the temperature dependence to higher temperatures. The critical
temperature of electron-hole liquid condensation takes values in the range of 160–220
K. The literature data on the diamond light-emitting devices are discussed.

Keywords: diamond, recombination, electron-hole pair, exciton, electron-hole liquid,
electron-hole plasma, photoluminescence, cathodoluminescence, KrCl-laser, light-
emitting device
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1. Introduction

Recombination  radiation  in  semiconductors  appears  due  to  radiative  recombination  of
nonequilibrium charge carriers, which are generated in the processes of photon and high-
energy particles absorption, or are injected through the contacts [1]. Usually, recombination
luminescence is observed in the spectra of photoluminescence (PL), cathodoluminescence (CL)
and electroluminescence (EL).

For simple indirect-gap semiconductors (germanium, silicon, diamond), plasma band
recombination of electron-hole pairs (at least at low excitation levels) is not observed in the
luminescence spectra. Depending on the defect-impurity composition, temperature and
density of nonequilibrium carriers, phonon components of radiative recombination bands of
free (FE) and bound (BE) excitons, exciton complexes (EC), the electron-hole liquid (EHL) and
electron-hole plasma (EHP) are observed in the luminescence spectra of the sample near the
fundamental absorption edge. In the latter case, there is a bound state of nonequilibrium charge
carriers arising when the Mott transition is fulfilled (phase transition of the second kind)—
transition gas FE–EHP. In addition to the processes mentioned above, the radiative recombi-
nation of nonequilibrium charge carriers can occur through the impurity-defect allowed states
located in the band gap. In this case, recombination emission bands are observed in the spectral
region close to the half-width of the energy gap.

Due to the short covalent C–C bond, the low dielectric constant and high Debye temperature
diamond excel other semiconductors. Table 1 shows comparative data on diamond and other
semiconductor-related recombination radiation.

Semiconductor Electric

constant, ε

Debye

temperature, T

[K]

Binding

energy of free

exciton, Ex

[meV]

Radius of

free exciton,

ax [nm]

Critical EHL

carrier

density, n

[cm-3]

Critical EHL

temperature, T

[K]

Germanium, Ge 15.6 374 3.2 15.37 8.9×1016 6.7

Silicon, Si 11.4 640 14.3 4.15 1.2×1018 28

Silicon carbide, 3C-

SiC 

9.7 1200 13.5 3 2.3×1018 41

Gallium phosphide,

GaP

9.1 445 10 5 2.6×1018 45

Diamond, C 5.7 1860 80.5 1.26 3×1019 >165

Table 1. Characteristics of some indirect-gap semiconductors associated with the recombination radiation: electric
constant, Debye temperature, the binding energy of exciton, the free-exciton radius, critical temperature, and
concentration for formation of EHL.

Diamond is characterized by high exciton binding energy (80.5 meV) [2], which corresponds
to a temperature of 660°C. At room temperature, the thermal energy of the charge carriers is
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less than twice the binding energy of FE. At the temperature of liquid nitrogen, binding energy
of FE in the diamond exceeds the thermal energy of lattice on an order of magnitude. Therefore,
nonequilibrium charge carriers in diamond form FEs, because it is energetically favorable for
them. These temperatures are not extremely low (helium). At the same time, the high density
of trapping/recombination centers of charge carriers hinders the formation of FE. However, in
the diamond samples containing the impurity-defect centers of <1018 cm-3, nonequilibrium
charge carriers being generated or injected (at small values of the electric field) form excitons,
which are then involved in the radiative and nonradiative recombination, the formation of the
EC, condensation and evaporation of EHL.

This chapter of the book is devoted to the review process of radiative recombination FE, EHL,
and EHP bands, as well as the so-called band-A of luminescence. We discuss the observed
effects, the outstanding issues and possible research directions.

2. Experimental

We investigated the properties of several diamond samples, whose main characteristics are
given in Table 2.

Sign Synthesis

method 

Monocrystal/

polycrystalline

Size [mm] Transparency FE-band Band-A EHL-

band

C4 Natural Mono ∅4 × 0.25 Yes No Strong No

C5 Chemical vapor

deposition (CVD)

Poly 10 × 10 × 0.5 Yes Strong Very

weak 

Strong

C6 (fragments) CVD Poly 10 × 10 × 0.1 Yes Weak Very weak No

C10 CVD Mono 5 × 5 × 0.25 Yes Strong No Strong

C11 CVD Poly 5 × 5 × 0.25 No No Very weak No

C12 High-pressure

high-temperature

(HPHT)

Mono 5 × 5 × 0.25 Yes Strong No Weak

Table 2. General characteristics of diamond samples: synthesis method, monocrystal/polycrystalline, size, transpa-
rency, observation of spectral FE-, band-A, or EHL-components.

The densities of impurities and defects in samples were less than 1018 cm-3. IR absorption
spectra of samples did not reveal any peculiarities in one-phonon absorption in the range of
7.5–15 microns (see Ref. [3]), due to the impurity-defect centers.

IR absorption spectra were measured at room temperature (RT) using infrared spectrometer
Nicolet 5700 with Fourier transformation in the spectral region from 2.5 to 15 microns. Raman
spectra of samples in the wave number range of 100–3700 cm-1 were obtained at RT using the
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same infrared spectrometer equipped with the Raman attachment NXR FT-Raman. Spectral
resolution was 2 cm-1.

The PL spectra of diamond samples were measured at temperatures from 80 to 300 K using
spectrometer Ocean Optics HR 4000 in the spectral range of 200–300 nm with spectral resolu-
tion of 0.4 nm and Stellar-Net EPP-2000C in the spectral range of 200–850 nm with resolution
of 1.5 nm. Before measurements, diamond sample was mounted on a cooled copper holder,
placed in a vacuum chamber. The sample temperature was measured with a platinum
thermoresistor Heraeus Pt1000. Excitation of PL was provided by pulsed KrCl-laser radiation
(λ = 222 nm) with pulse duration 18 ns (FWHM) or ArF-laser radiation (λ = 193 nm) with pulse
duration of 8 ns (FWHM). Laser pulse energy was 30 mJ. The radiation was focused on a sample
by a quartz cylindrical lens with a focal length of 65 mm. The peak intensity of the laser
radiation on the surface of the sample reached 13 and 10 MW/cm2 at 222 and 193 nm, respec-
tively. PL radiation from the opposite side of the diamond sample (excitation relative) was
transported to the spectrometer through the optical fiber. The incident energy on the sample
was measured by laser radiation pyroelectric sensor Ophir PE50-BB. The experimental scheme
is described in detail in Ref. [3].

Figure 1 shows the evacuated chamber design, which was used to research the pulse PL of
diamond samples at cooling from room temperature (RT) to the temperature of liquid nitrogen.
The design of this camera also enables to conduct the measurement of diamond photocon-
ductivity.

Figure 1. Vacuum chamber. 1-diamond sample; 2, 3-copper round plates; 4-hollow copper heat sink; 5-metal cup with
liquid nitrogen; 6-seals; 7-platinum thermistor; 8-vacuum-tight electrical bushings; 9-fused silica windows.
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Diamond sample 1 was placed between two copper round plates 2 and 3. In the center of each
plate, there was a square hole 3 × 3 mm2. Plates were fastened to the hollow copper heat sink 4.
The heat sink 4 was out of the evacuated chamber in a metal cup 5 with liquid nitrogen. The
vacuum seal and partial heat insulation were provided with seals 6 (polyamide, vacuum
rubber). To measure sample temperature, the platinum thermistor 7 (Heraeus Pt1000) has been
placed on the copper plate 2 in contact in the copper holder. The resistance of the thermistor 7
was measured with a multimeter (MY-64 S-line) through vacuum-tight electrical bushings 8.
The temperature of the diamond sample 1 was considered equal to the temperature of the
thermistor 7 and was determined from the temperature dependence of thermistor resistance
provided from the device data sheet. In the experiment, the temperature range of the thermistor
resistance decreases from 1100 to 225 ohms. Thus, the minimum temperature recorded was
80 K at a fore-vacuum pump (∼10-2 torr).

Thermal contact of the sample 1, copper plates 2 and 3, heat sink 4 and the thermistor 7 was
provided by thermopaste KPT-8 with a specific electrical resistance >1012 Om cm. The laser
beam fell into the sample through a quartz window 9. The chamber pumping was made by
the backing pump 2NVR-5DM.

The absorption of photons in the diamond sample leads to a nonuniform distribution of
nonequilibrium charge carriers. Reduction in the peak intensity of the laser radiation with the
depth of the sample (taking into account the reflections from the rear face) is calculated by the
formula [4]:

( )
( ) ( )( )2 d xx

0 2 2 d

1 r e r e
I x I

1 r e

-a× × --a×

- ×a×

- × - ×
= ×

- × (1)

where x [cm]—depth, I0 [W/cm2]—the peak intensity of the laser radiation on the surface of
the sample, r—reflection coefficient of diamond at the laser wavelength (r222 = 0.21031, r193 = 
0.24432 [5]), α [cm-1]—the absorption coefficient of the sample at the laser wavelength (α222 = 
400 and α193 = 3250 cm-1), d [cm]—thickness of the sample.

Profiles of charge carrier peak density over the sample thickness were calculated using the
formula [6]:

( ) ( )I x
n x

h x
× t

=
n × (2)

where I(x) [W/cm2]—profile of the laser radiation peak intensity with the depth of the sample,
calculated according to the formula (1), τ [s]—lifetime of nonequilibrium charge carriers, hν
[J]—the energy of photons.
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Figure 2 shows the distribution of the laser peak intensity and the peak carrier density in the
sample, calculated by the formulas (1) and (2), at peak laser intensity I222 = 13 MW/cm2 and I193 
= 10 MW/cm2.

Figure 2. Laser intensity and charge carrier density in the diamond sample C5 versus the depth of sample for laser
excitation on 222 nm (solid curves) and 193 nm (dashed curves).

Thus, the photons at 222 and 193 nm created in the samples the maximum nonequilibrium
charge carrier density of n222 ∼ 1.1×1017 and n193 ∼ 5.6×1017 cm-3, respectively. The carrier density
reduced exponentially by two orders of magnitude in the diamond layer thickness d222 ∼ 110 
microns and d193 ∼ 13 microns, respectively.

CL spectra were measured using another vacuum chamber, a similar device. The camera was
attached directly to the electron accelerator. The luminescence radiation of a sample was
transported to a spectrometer through the optical fiber. The technique of CL measurements is
described more detailed in [7].

3. Free exciton recombination band

In the diamonds with the densities of impurity-defect centers of less than 1018 cm-3, the
recombination FE band is characterized by considerable intensity even at RT. In Ref. [8],
observation of the FE luminescence band of the diamond sample doped with boron at
temperatures up to 277°C was reported. Presumably, in luminescence spectra of undoped
ultrapure samples, the FE recombination band can be observed up to temperatures of ∼660°C.
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Due to the indirect zone structure in the diamond, the FE radiative recombination arises with
the generation of momentum-conserving phonons. Recombination radiation of FEs in
diamond is accompanied by the generation of the three main phonon components—the
dominant TO (transverse optical phonon 141 meV) at 5.275 eV, TA (transverse acoustic phonon
87 meV) at 5.325 eV and TO+OΓ (two-phonon process involving TO + Raman phonon 141 + 
159 meV) at 5.117 eV, as shown in Figure 3. The LO-component (longitudinal optical phonon
156 meV) at 5.254 eV is characterized by low intensity and is indistinguishable on the
background of intense temperature-broadened TO-components at temperatures higher than
100 K [9].

Figure 3. PL integrated spectra of diamond monocrystal C10 under excitation at 222 nm at temperatures of 83 K (solid
curve) and 299 K (dashed curve). The spectrum contains the phonon components: TA (87 meV) at 5.325 eV, TO (141 
meV) at 5.275 eV, LO (156 meV) at 5.254 eV and TO + OΓ (141 + 159 meV) at 5.117 eV.

The spectral position of the phonon component of the recombination FE band ℎ was deter-
mined by the band gap , the binding energy of FE 𝀵𝀵, and the corresponding phonon energyℎ:

g FEh E E hn = - - w (3)

Depending on experimental conditions, all three terms in the right side of the expression (3)
vary slightly, causing the displacement of the spectral components.
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It is known that the band gap decreases with increasing temperature due to increase in thermal
energy of the atomic lattice [10]. In Ref. [11], the difference between the band gap  and exciton
binding energy  in the 80–620 K temperature range was measured by finding the position
of the phonon component of exciton absorption threshold at 5.258 and 5.314 eV for several
natural diamonds. In the temperature range 80–300 K, the reduction of value  −  was ∼15 
meV (see. Figure 4). According to Eq. (3), this reduction,  − , should cause a corresponding
shift of the maxima of phonon FE component. In Ref. [12], the position of TO-component
maximum of FE recombination was measured in the temperature range 80–250 K for CVD
diamond samples (see Figure 4). The FE band maximum shifted to shorter wavelengths by
∼16 meV as the temperature increases from 80 to 200 K. This observation contradicts to the
effect of band gap reduction with increasing temperature.

Figure 4. Positions of indirect optical transitions depending on diamond sample temperature. Excitation was provided
at 222 nm with peak intensity 1 MW/cm2. Black squares-sample C10, black circles-sample C12, open triangles-data
from Ref. [11], open turned triangles and open rhombs-data from Ref. [12].

We have measured the position of dominant TO-component maximum of FE recombination
depending on the temperature for the samples C10 and C12 at low level of excitation at 222 
nm. The measured values are shown in Figure 4. The observed change in the maximum
position of radiative FE recombination is about 3–5 meV, which lies within the measurement
error, and is significantly less than one measured in [11]. In Ref. [12], there was another trend
of TO-component position shifting to shorter wavelengths with increasing temperature. Thus,
the data are inconsistent, and the observed phenomena deserve separate studies.

At low excitation levels, the binding energy of FE in diamond is 80.5 meV [2]. As the FE density
approaching the Mott transition level or EHL condensation critical density (phase transition
of the first kind), which is characterized by a decrease in the average distance between FEs to
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the data are inconsistent, and the observed phenomena deserve separate studies.
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a value  = 1–2 (in FE radius size), the FE binding energy should decrease to zero [13]. In the

literature, there is no information for diamonds about the FE binding energy measurements
under such conditions.

For various diamond samples with various defect-impurity compositions, different phonon
energy is mentioned for indirect optical transitions of radiative recombination. Table 3 shows
the values of TA-, TO-, LO- and OΓ-phonon energies to various literature references.

References Phonon energy, meV
TA TO LO OΓ

[11] 83 143 132 167

[2] 83.6 135.8 156 159.2

[9] 87 141 163 165

[14] 87 140 – 151

[15] 88 140 162.4 164.2

Table 3. Energies of TA-, TO-, LO- and OΓ-phonons from a variety of published data.

Differences in phonon energies arise from different calculation methods, measurement errors
and experimental conditions. Experimental conditions are the most important thing, because
it is necessary to use the phonon energy as the varying values for the best fit of the experimental
and calculated data. This indicates an incomplete understanding of observed phenomena.

Figure 5. CL integrated spectra of polycrystalline CVD diamond samples C5 and C6 at room temperature. The CL exci-
tation was provided by high-current electron beam (220 keV) with pulse duration of 2 ns. On the inset Raman spectra
of several diamond samples at room temperature are shown.

The presence of defects and impurities in the sample increases the probability of nonradiative
recombination processes of FEs. CL spectra at room temperature of two different polycrystal-
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line CVD diamond samples C5 and C6 are shown in Figure 5. FE recombination band
dominated in both spectra. The inset in Figure 5 shows the Raman spectra of several diamond
samples, including C5 and C6. For comparison, the spectra of natural (C4) and CVD single
crystals (C10), as well as a fully opaque CVD polycrystalline sample (C11), are presented. In
contrast to sample C5, the Raman spectrum of sample C6 is characterized by high intensity
“non-diamond” bands: amorphous carbon (570–580 and 1540 cm-1), disoriented graphite
(1350 cm-1) and microcrystalline diamond (1140 cm-1). These features are reflected in the
intensity of FE band. Thus, the presence of large density of states of “non-diamond” carbon
increases the probability of nonradiative recombination and reduces the probability of optical
transitions in FE band. Samples C5 and C6—diamonds of “optical quality”— had no measur-
able absorption bands in the IR range, had low intensity of luminescence band-A (see Sec-
tion 4), showed no other luminescence bands (except the band-A and the FE band) and revealed
the clear edge of fundamental absorption [3]. In addition, sample C5 demonstrated the
radiative recombination of EHL at higher excitation levels [3, 16], which will be discussed in
Section 5.

Figure 6. PL integrated spectra of polycrystalline CVD diamond sample C5 at different temperatures. The PL excita-
tion was provided by KrCl-laser (222 nm) with pulse duration of 18 ns. On the inset there is the temperature depend-
ence of FE band intensity of diamond sample C5.

The intensity of FE recombination band varies with the temperature of the sample as shown
in Figure 6. At low excitation levels, this dependence has the form as shown in the inset of
Figure 6 and is determined by the FE lifetime of charge carriers in diamond [17]:
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where PFE—annihilation rate FE, the second term—the rate of FE thermal ionization with
frequency FFE and binding energy EFE, the third term—the localization rate of bound excitons
(BE) on shallow traps, RT—capture speed of FE, RBE—the BE annihilation rate, FBE—frequency
of BE thermal dissociation on a FE and a trap, EBE—binding energy of BE.

The intensity maximum of TO-component of recombination FE band usually locates at
temperature about 150 K for all diamond samples and excitation methods [12, 17, 18]. The
exception is the PL at high excitation levels (see Section 5).

Thus, the FE recombination radiation in the diamond at low excitation levels has been studied
quite well. However, there are following unresolved aspects: the absence of spectral shifting
of dominant TO-component, when the temperature changes; the different phonon energies of
FE recombination component in different experiments; and the unknown change in FE binding
energy by increasing the charge density to values ≥1019 cm-3.

4. The band-A of luminescence

Diamond samples of any synthesis method show the blue luminescence band (350–650 nm) in
the visible region of luminescence spectra. This so-called band-A is observed at any excitation
method [19] (See Figures 7–9). There is a competition between the FE recombination band and
band-A [8]. More defective samples show intense band-A, and purer samples—intensive FE
band. Thus, the centers of band-A are effective FE radiative recombination centers.

Figure 7. CL and PL integrated spectra of natural diamond IIa-type sample C4 at temperatures of 300 and 80 K. The CL
excitation was provided by electron beams with durations of 0.1, 2, and 4 ns. The PL excitation was provided by KrCl-
laser with pulse duration of 18 ns.
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Figure 8. CL integrated spectra of polycrystalline CVD diamond sample C5 at room temperature. The CL excitation
was provided by several electron beams with pulse duration of 1.5, 2, and 10 ns. The integrated spectrum obtained at
1.5 ns excitation was magnified in 30 times compared with the spectrum obtained at 2 ns excitation. The spectrum ob-
tained at 10 ns excitation was reconstructed from the maximum of CL emission signals at different wavelength (the
method see in Ref. [29]) and was normalized to intensity of CL spectrum obtained at 1.5 ns excitation.

Figure 9. CL integrated spectra of polycrystalline CVD diamond sample C6 at room temperature. The CL excitation
was provided by electron beams with pulse duration of 1.5 and 2 ns. The integrated spectrum obtained at 1.5 ns excita-
tion was magnified in 30 times compared with the spectrum obtained at 2 ns excitation.

There is no common opinion about the origin of luminescence band-A. Initially, luminescence
analysis objects of the diamond structure were natural crystals and specimens grown in
conditions of high pressure and high temperature (HPHT). Such samples always contain
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conditions of high pressure and high temperature (HPHT). Such samples always contain
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nitrogen in significant densities (1017–1020 cm-3) in the dispersed form or in polyatomic com-
plexes. In Ref. [20], it was suggested that the band-A is the result of recombination of electrons
and holes on closely spaced donor-acceptor pairs. However, intensive band-A was observed
in samples containing impurities below 1017 cm-3 [21]. In [19], band-A has been attributed to
optical transitions in N4V centers. However, a clear correlation between the intensities of the
band-A and N9 system (associated with N4V centers) has not been identified [22]. In Refs. [8,
12, 23, 24], it has been proposed that band-A is associated with dislocations. However, not all
of the dislocations were luminesced [19, 23], a clear correlation with the type of dislocation
was not observed [25], and band-A radiation may come from sample areas, which are free from
dislocations [23]. Sometimes, the observed emission of band-A appeared from a single
dislocation, which has led to assume about the optical transitions in defect centers, decorating
dislocation and dangling bonds in dislocations.

The development of CVD technology was enabled to receive diamond samples of large sizes
(up to Ø120 × 3 mm3) [26]. Untreated CVD diamonds contain no nitrogen with aggregation
degree of more than 2, because the synthesis gas receives nitrogen from air only. The obser-
vation of band-A in luminescence spectra of undoped CVD diamonds has led to speculation
that the band-A is a result of recombination of electron-hole pairs on lattice defects, contain-
ing the sp2-hybridized carbon bonds [27]. In natural diamonds subjected to natural HPHT
treatment, this type of defects exists throughout the whole volume of sample [19].

The band-A is practically immeasurable in CVD single crystals [3]. Intrinsic defects, contain-
ing sp2-hybridized carbon bonds, are concentrated in grain boundaries of polycrystalline CVD
diamonds [28]. In Ref. [21], it was found that the band-A of CVD polycrystalline diamond
luminescence is observed from defective disoriented areas—grain boundaries. Calculations
[28] showed that the grain boundaries contain ∼40% of amorphous carbon with sp3-hybridized
carbon bonds, preserving the short-range order of diamond lattice only, ∼10% of dangling
bonds and ∼30% of sp2-hybridized carbon dimers, which create allowed states in the band
gap. The radiative recombination of FEs in the spectral region of band-A occurs through
allowed states in the band gap.

In Ref. [8], there was competition between the FE recombination band and band-A in the CVD
diamond films. The increase in boron impurity density led to the emergence of “non-diamond”
bands in Raman spectra, reduction of FE band intensity and increase in the band-A intensity
and vice versa. The FE binding energy in the diamond is about two times higher than heat
energy at room temperature. There is a competition between the processes of spontaneous FE
radiative recombination and FEs capture on band-A defects.

Natural samples (e.g., C4), containing a small amount of N2 defects, exhibit intensive band-A
of luminescence in the spectral range of 350–650 nm (see Figure 7). The luminescence spectra
of polycrystalline CVD samples of “optical quality” contain the dominant FE recombination
band at 235.2 nm. At the same time, the band-A is characterized by low intensity (see Figures 8
and 9).

The natural diamonds and synthetic samples, which were subjected to HPHT treatment,
demonstrate the band-A of luminescence that overlapped the bands of other defects [22]. These
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defects (N3V, N2V and NV centers) show vibronic bands of luminescence with the zero-phonon
lines (ZPL) at 415, 503 and 575 nm, respectively. For this reason, the integrated luminescence
spectra of the diamonds in the visible region can have multiple peaks and exhibit shifts from
sample to sample. Figure 7 shows the CL and PL spectra of the natural type IIa specimen (C4).
CL was excited by electron beam with pulse duration of 0.1, 2 and 4 ns; for PL excitation, the
pulsed laser radiation at 222 nm with a pulse duration of 18 ns (FWHM) was used. Besides
band-A, the luminescence spectra exhibit the so-called N3 system with ZPL at 415.2 nm due
to N3V centers.

Measurements of luminescence spectra with time resolution allow to resolve the band-A and
superimposed bands in time. Figure 10 shows the change in the CL spectrum of natural sample
C4 in time. The CL spectrum in the maximum of optical signal consisted of system N3 with
ZFL 415.2 nm and its phonon replicas (427, 438, 450 and 463 nm), and the wide anti-Stokes
(with respect to the ZPL) component at 350–410 nm. At 30 ns after starting of excitation pulse,
the CL intensity decreased by seven times, the position of the ZPL and phonon replicas did
not change, and anti-Stokes luminescence component drastically decreased. At 2 ms after
starting of excitation pulse, the ZPL 415.2 nm and its phonon replicas completely disappeared,
and the intensity was reduced by three orders of magnitude, maximum shifted to 450–480 nm.

Figure 10. CL spectra of natural diamond sample C4 at room temperature obtained at 10 ns excitation. CL spectra were
reconstructed at different wavelength (the method see in Ref. [29]) from the maximum of CL emission signals
(squares), after 30 ns from the excitation starting (circles) and after 2 ms from the excitation starting (triangles). On the
inset, there are CL spectra in the magnified spectral scale.

Thus, the band-A is characterized by prolonged weak emission in the 350–650 nm range with
decay time 8–9 ms at room temperature, as shown in Figure 11. At temperature ∼80 K of
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diamond sample, the decay time increased up to 18–19 ms [7, 29]. The temperature dependence
of the band-A was investigated in detail earlier [23]. The sample heating from 30 to 110°C
resulted in complete quenching of the band-A. In Ref. [22], the observation of band-A at
temperatures up to 125°C was reported. So the activation energy of nonradiative recombina-
tion of band-A centers is about 35 meV.

Figure 11. Spectra of CL decay time of natural diamond sample C4 at room temperature in nanosecond and millisec-
ond time scale. The vibronic N3 system (N3V centers) is characterized by the nanosecond decay time of CL. The band-
A (sp2-hybridized bonds) is characterized by the millisecond decay time of CL. Note that the CL decay time spectrum
of band-A did not changed at different durations of electron beams and was 8–9 ms in the whole emission range.
Squares-e-beam pulse duration of 0.1 ns, circles-2 ns, triangles-10 ns.

The observed temperature quenching of band-A in nonradiative recombination processes
showed the complex structure of energy levels of corresponding defects. Temperature
quenching was observed at temperatures above 80 K. There are no references in the available
literature about the dependence of band-A intensity at temperature less than 80 K.

Thus, the experimental data indicate that the recombination band-A of luminescence in the
diamond is due to the intrinsic defects of the diamond lattice, containing the sp2-hybridized
carbon bonds. The lifetime of the metastable excited level centers of band-A is ∼8–19 ms in the
temperature range 300–80 K. The activation energy of temperature quenching of band-A is
≥35 meV. At the same time, the atomic structure and the position of energy levels of band-A
centers are not known exactly. Research in this area will improve the understanding of defect
formation in diamond and advance in the synthesis of ultra-pure diamond samples for
optoelectronic applications.
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5. Electron-hole liquid recombination band

The electron-hole liquid (EHL) is a condensed state of FE gas in semiconductors [13]. For the
condensation of EHL, it is necessary to provide the temperature below the critical point and
high charge carrier density. The EHL exists in the form of droplets with size 10-8–10-4 m
depending on the material. The lifetime of the EHL is determined by the charge carrier lifetime
and the processes of droplet condensation/evaporation. The EHL is observed in PL and CL
spectra in the form of recombination band shifted toward longer wavelengths relative to FE
recombination band.

EHL properties in germanium and silicon are well understood [30]. For them, the critical
constitute 6.7 K and 24.5 K, respectively. Diamond is the third one-component indirect-gap
semiconductor. Due to the high FE binding energy of 80.5 meV and the high Debye tempera-
ture of 1860 K, the critical temperature of EHL existence in diamond is more than 160 K [31–33].

The first reports on the EHL observation in diamond have been made quite recently [33, 34]
as improving CVD synthesis technology. Observation of EHL in luminescence spectra of
natural diamonds (as well as FEs) is difficult because of high level of doping with nitrogen [31].
These defect centers act as nonradiative (NS, N2, N4V) and radiative (N3V, N2V, NV, sp2-bonds)
centers of FE recombination. Currently, the EHL properties in diamond attract some interest
[3, 35].

Figure 12. CL spectra of polycrystalline CVD diamond sample C5 at several temperatures from 80 up to 300 K at exci-
tation by 2-ns electron beam (left part). CL spectra of two HPHT samples at 80 K from Ref. [36].

The observation of EHL recombination band in CL spectra of the diamond is complicated by
heating the area of electron beam exposure. An accelerated electron generates tens-thousands
of “hot” electron-hole pairs, which then thermalize in cascades of phonon emission, causing
the heating of lattice and the “phonon wind,” making difficulties to EHL condensation. In CL
spectra, the EHL recombination band is observed in the form of low-intensity band at 5.16–
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5.23 eV range and between TO- and TO+OΓ-components of FE recombination band (see
Figure 12, CVD sample C5). In addition to this work in the available literature, it was reported
only once about the EHL recombination band in CL spectra of the HPHT IIa type (pure) and
IIb type (doped with boron) diamonds [36].

The excitation of nonequilibrium charge carriers by laser radiation provides less heating of the
lattice, as an absorbed photon produces an electron-hole pair. Moreover, if the excitation of
nonequilibrium carriers by laser radiation takes place at the fundamental absorption edge, the
generated carriers will have a minimum excess energy, and consequently, less laser energy is
converted to the lattice heating and the “phonon wind.”

The threshold laser intensity for the observation of EHL recombination band in the PL spectra
depends on the fundamental properties of the material, as well as the impurity-defective
composition of a particular sample. The higher the recombination center density in the sample
is, the higher the threshold intensity to compensate the exciton recombination should be. On
the other hand, some impurity-defect centers can act as condensation nuclei of EHL drops,
which should reduce the threshold intensity, as condensation on the irregularities is thermo-
dynamically favorable than the condensation in the homogeneous vapor [13, 37].

Figure 13 shows the PL spectra of polycrystalline diamond sample C5 in the temperature range
90–235 K with excitation at 222 nm with peak intensity of 3 MW/cm2 [38]. The EHL recombi-
nation band is observed in the form of long-wavelength shoulder (5.2–5.16 eV) of TO-compo-
nent of FE band. The EHL recombination radiation arises from the central regions of
crystallites, but not from the crystallite boundaries. Figure 14 shows a micrograph of sample
C5 with magnification ×4. Crystallite sizes range from 50 to 400 microns, which is significantly
higher than the FE diffusion length in diamond (1–10 microns) at RT [21, 39, 40].

Figure 13. PL spectra of polycrystalline CVD diamond sample C5 at several temperatures from 80 K up to 300 K at ex-
citation by 18-ns laser pulses at 222 nm with peak intensity 3 MW/cm2. The TO-component of FE band at 5.27 eV domi-
nated in PL spectra. The TO-component of EHL band in the spectral range 5.1–5.2 eV was appeared on the long-
wavelength edge of FE band.
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Figure 14. The microphotograph of surface of polycrystalline CVD diamond sample C5 with magnification ×4. The
crystallite sizes take values from 50 up to 400 μm.

For a single-crystal sample C10 with excitation at 222 nm, the threshold intensity of EHL
recombination band was about 7 MW/cm2, which is more than two times higher than the
threshold intensity for sample C5. The reason for this effect has not yet been established.

In addition to changing the threshold intensity for observation EHL recombination radiation
from sample to sample due to its different impurity-defective structure, the threshold intensity
also depends on the excitation wavelength. As mentioned above, the higher photon energy of
excitation exceeds the band gap, and more laser energy is converted into thermal energy of
lattice. The spectra of edge luminescence of the sample C10 are shown in Figures 15 and 16
with excitation at 222 and 193 nm, respectively. Spectra are marked with numbers, which
correspond to the peak intensity of laser radiation in units of MW/cm2.

Figure 15. PL spectra of monocrystal CVD diamond sample C10 under the excitation at 222 nm at temperatures of 81
and 298 K. The PL spectra marked by peak intensities [7, 10, and 13 MW/cm2] of laser radiation on the sample surface.
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Figure 16. PL spectra of monocrystal CVD diamond sample C10 under the excitation at 193 nm at temperatures of 83
and 297 K. The PL spectra marked by peak intensities [5 and 10 MW/cm2] of laser radiation on the sample surface.

According to the expression (2) at 222 nm excitation with peak intensities of 7, 10 and 13 
MW/cm2, the peak densities of non-equilibrium carriers were (0.72, 1.04 and 1.35)×1018 cm-3,
respectively. At 193 nm excitation with peak intensities of 5 and 10 MW/cm2, the peak densities
were (3.47 and 6.94)×1018 cm-3, respectively. Thus, for comparable peak densities, the PL spectra,
shown in Figures 15 and 16, were significantly different.

At 222 nm excitation with the peak intensity 7 MW/cm2, the FE recombination band was
observed only at temperatures of 81 and 298 K in the PL spectrum (see Figure 15). At 298 K,
there was a considerable thermal broadening of the FE band components. At 10 MW/cm2 on
the long-wavelength edge of the TO-component of FE band, the shoulder appeared due to the
EHL radiative recombination (and EC, possibly). When the peak intensity achieved of 13 
MW/cm2 and the sample temperature was 81 K, the EHL band was expressed explicitly as the
TO-component at 5.16–5.22 eV and the TO+OΓ-component at 5.0–5.09 eV. There was possible
contribution of TA-component in the spectral range of 5.18–5.26 eV and of EC band in the
spectral range of 5.20–5.26 eV. The broadening of short-wavelength edge of TO-component of
FE band at 81 K in the spectral range of 5.18–5.34 eV was also due to the contribution of TA-
component of EHL band. At the temperature of 298 K, the short-wavelength edge of TO-
component of FE band practically did not change with increasing of laser intensity. Note that
at the temperatures of liquid nitrogen and of RT, the long-wavelength shoulder of TO-
component of FE band was presented in the PL spectrum. At RT, this broadening cannot be
described in terms of thermal broadening.

Figure 16 shows the PL spectra excited at 193 nm with a peak intensity of 5 and 10 MW/cm2

for temperatures 83 and 297 K. At 193 nm PL excitation, the peak density of electron-hole pairs
was higher by 3–10 times than at 222 nm excitation. The radiation at 193 nm is absorbed in
layer ∼13 μm. It was an order of magnitude less than that at 222 nm excitation. However, at
193 nm excitation the PL spectra at 83 K showed a smaller contribution EHL recombination
band than at 222 nm excitation. At excitation on the same wavelength, the charge carrier
density increase was resulted in the increase in the contribution of the EHL band. Presumably,
there is a high density of structural defects in a surface layer, which are nonradiative
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recombination centers. It results in an increase in threshold FE density for EHL condensation.
At the same time, the envelope of PL spectra essentially unchanged at RT with different peak
intensities. Unlike excitation at 222 nm in PL spectra at 193 nm excitation, “tails” in the spectral
region of <5.08 eV were observed that for the case of silicon was attributed to the EHP
recombination [13].

Figure 17 shows the edge luminescence spectra of the HPHT single crystal C12 at 222 nm
excitation. The EHL recombination band was not expressed clearly, and FE band was three
times less intensive with the same peak intensities as for sample C10. The spectrum envelopes
did not change during the peak intensity growth for both temperatures. This indicates a much
greater density of nonradiative recombination centers in the sample C12, as compared to C10,
which makes it difficult for EHL condensation in sample C12.

Figure 17. PL spectra of monocrystal HPHT diamond sample C12 under the excitation at 222 nm at temperatures of 83 
K and 296 K. The PL spectra peaks are marked by peak intensities [7, 10 and 13 MW/cm2] of laser radiation on the sam-
ple surface.

The EHL condensation was evident also in the temperature dependence of intensity of the
dominant TO-component of FE recombination band, as shown in Figure 18. In conditions
where condensation EHL was insignificant, the maximum of temperature dependence of FE
band intensity was close to 150 K (see Figure 18 for C10, 7 MW/cm2). The peak position arises
from the FE lifetime temperature dependence (Eq. 4). As the EHL band intensity increases with
the increase in laser intensity (10 MW/cm2), the additional maximum appeared at 190–220 K
on the temperature dependence. As the intensity increases further (13 MW/cm2), the maximum
at 190–220 K becomes dominant.
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Figure 18. Temperature dependencies of FE recombination band intensities of two monocrystal diamond samples C10
and C12 at different excitation intensities at 222 nm. Squares-laser intensity 7 MW/cm2, circles-10 MW/cm2, triangles-13 
MW/cm2.

Note that for the C12 sample (Figure 18), the temperature dependences were differed. The FE
band intensity remained practically unchanged in the temperature range of 130–190 K, i.e., the
temperature maximum has been extended essentially, in contrast to the dependencies for the
sample C10. With an increase in the peak laser intensity from 10 to 13 MW/cm2, the FE
recombination intensity remained approximately unchanged. The additional maximum at
190–220 K was not clearly manifested.

The analysis of dependencies in Figures 17 and 18 leads to the conclusion that:

1. When EHL droplet size increases, the FE density decreases due to their loss in the process
of EHL condensation (FE intensity maximum shifts on the temperature dependence);

2. The FE condensation can take place up to temperatures of ∼220 K (EHL or EHP according
to Mott);

3. The interaction cross-section of nonradiative recombination centers with EHL drops is
higher than with FEs (no intensity increase for sample C12 with the peak laser intensity
increase from 10 to 13 MW/cm2).

The plot of phase diagram of electron-hole system in the diamond as the temperature de-
pendence on the charge carrier density is an important problem, which is not completely solved
yet. The results of the plot of phase diagram are summarized in Figure 19. Experimental data
and theoretical models were used in [14, 41, 42].
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Figure 19. The phase diagram of the electron-hole system in diamond. White squares are experimental data from [14,
42]. White circles are experimental data from Ref. [33]. 1-1-degenerate plasma model 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 173 K, 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵  = 4.05×1019 

cm-3 from [42], 1-2-degenerate plasma model 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 165 K, 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 3.33×1019 cm-3 from [33], 2-1-liquid-gas transition

boundary in Guggenheim model 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 173 K, 0 = 1.41×1020 cm-3 from [42], 2-2—liquid-gas transition boundary in

Guggenheim model 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 165 K, 0 = 1.0×1020 cm-3 from [33], 3-Mott criterion in Thomas-Fermi approximation [33,

42], 4-Mott criterion in Debye-Huckel approximation [33, 42]. Black rhombs are two sets of critical temperature and
EHP density: 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 160 и 173 K, 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = (3.33 и 4.05)×1019 cm-3. White triangles are experimental data of present work.

The experimental data [14, 42] were approximated (white squares in Figure 19) in the model
of a degenerate plasma with the critical temperature 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 173 K and the critical density 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵
 = 4.05 1019 cm-3 (curve 1-1 in Figure 19) and in the model of simple liquid near the critical point
with the critical temperature 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 173 K and the charge carrier density at the absolute zero

of temperature 0 = 1.0×1020 cm-3 (curve 2-1 in Figure 19). Note that in [14, 42] the PL excitation

of diamond samples was provided by laser radiation with duration of 5–8 ns at FWHM.

In Refs. [33] and [41], the model of a degenerate plasma was used also with the critical
temperature 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 160 K and the critical density 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 3.33×1019 cm-3 (curve 1-2 in Figure 19)

and the model of simple liquid near the critical point [43] with a critical value temperature𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 = 160 K and the charge carrier density at the absolute zero of temperature 0 = 1.0×1020 
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cm-3 (curve 2-2 in Figure 19). In Ref. [33], the laser pulses with subpicosecond duration (200 
fs) were used for PL excitation. These experimental data (white circles in Figure 8) were
obtained not only for right side of the phase diagram at densities higher than the critical, but
at densities less than densities of the Mott transition. In Thomas-Fermi approximation, the
Mott transition has a threshold (curve 3 in Figure 19), but in Debye-Huckel approximation the
Mott transition criterion increases monotonically with the FE density (curve 4 in Figure 19).

Note that the values of the experimental densities in Figure 19 were obtained [14, 33, 42]
through the form factors analysis of spectral components. But the density range of 4.1×1018–
6.0×1019 cm-3 was not investigated.

Black rhombs in Figure 19 mark two sets of critical temperature and density for the EHL
condensation. Different values of these quantities define the different calculated values in a
degenerate plasma model and a phenomenological model of the gas-liquid transition (curves
1-1, 1-2, 2-1, 2-2 in Figure 19). As shown in Figure 20, the several different values of critical
temperature and density for the EHL condensation were defined or calculated for the dia-
mond [16, 31–33] and other semiconductors [30, 32]. Furthermore, in [42] it was postulated
that the critical temperature for the EHL condensation is in the range of 180–207 K at PL
excitation by laser pulses of nanosecond duration. At the same time, in Ref. [43], the EHL was
observed at temperatures below 120 K at PL excitation by subpicosecond laser pulses. Note
that the critical EHL condensation temperatures were determined from the shapes of PL
spectra, but the EHL critical densities were the calculated parameters. Significant differences
between the nanosecond PL excitation [14, 42] and the femtosecond PL excitation [32, 33, 43]
were caused by:

1. Different modes of excitation—stationary and pulsed, respectively. At the stationary mode
of excitation, the pulse duration is significantly longer than the lifetime of EHL drops (less
than 1 ns), which leads to the nucleation of drops during the excitation pulse. At the pulsed
mode of excitation, the duration of laser radiation is shorter in three orders of magnitude
than the lifetime of EHL drops, so the PL spectra of EHL recombination display drops
formed around the same time.

2. Different peak intensities of laser excitation—a few to tens of MW/cm2 at the stationary
mode and a few to tens of GW/cm2 at the pulsed mode. The peak intensity of laser radiation
of gigawatt level leads to the generation of electron-hole plasma with an initial density of
more than 1020 cm-3 and causes the lattice heating due to the thermalization process of hot
carriers and to the Auger recombination. This heating leads to a decrease in the critical
temperature for the EHL condensation. For example, the authors of [44] were forced to
use the understated initial FE density of 1018 cm-3 to perform calculations.

3. Different excitation wavelengths—218–220 and 215 nm, respectively. Due to the sharp
increase in the absorption coefficient at the fundamental absorption edge of diamond [3],
the shorter wavelengths are characterized by the thinner diamond layer in which absorp-
tion occurs. Therefore, at the same radiation intensity the shortwave radiation creates the
higher initial FE density (see Figure 2). Moreover, the FE generation by shortwave photons
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creates “hot” carriers, which transmit more energy to the diamond lattice in the thermal-
ization process, and it reduces the critical temperature.

Figure 20. Critical EHL temperatures versus critical EHL densities in the several semiconductors. Black squares-germa-
nium (Ge), black circles-silicon (Si), black down triangle-silicon carbide (SiC), black up triangle-gallium phosphite
(GaP), white shapes-diamond (C). Data for Ge, Si, SiC and GaP referred to [30, 32], data for C (diamond)—[16, 31–33].

As it can be seen from Figure 19, the modeling of phase diagram of gas FE-EHL in the diamond
describes satisfactorily the right branch, whereas, for the left branch the used models do not
give a close description of experimental curves. The Mott criterion in Debye-Huckel approxi-
mation describes most closely the boundary of FE gas existence (left branch of the phase
diagram) at the FE densities of (1–4)×1018 cm-3. The values of critical temperatures and densities
of experimental data of this work are marked as white triangles in Figure 19. Note that we
have obtained the charge carrier densities according to expressions (1) and (2), but the values
of critical temperature were taken from the positions of maxima on the temperature depend-
ences of FE intensity (Figure 18).

Thus, the study of the EHL properties in the diamond has not yet responded to the key issues
related to the conditions of condensation, evaporation and recombination. It remains still
unclear what values of critical temperature and charge carrier density take place, and what
their dependences on the impurity-defective composition of samples, the excitation energy of
particles and the duration of excitation pulses are like. The phase diagram of EHL existence
requires the additional data in the density range of 4.0×1018–6.0×1019 cm-3. An important aspect
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is to determine the temperature dependence of intensities of TA- and TO+OΓ-components of
EHL recombination band. Does EC band give a contribution to PL spectra (their position,
intensity)? In addition, there are two different concentrated states of nonequilibrium charge
carriers in the diamond—EHL and EHP—which can have the same densities under certain
conditions. So, the question arises: what are the differences between these two states?

6. Applications of recombination radiation in the diamond

The most obvious application of recombination radiation in the diamond is producing of light
emitting devices (LED) based on diamond. The recombination radiation in the luminescence
spectrum of diamond is located in the spectral range of 230–245 nm near the fundamental
absorption edge (225 nm) (see Section 3). The band-A of luminescence is located in the blue
region of the visible spectrum with the maximum at 440 nm and has the recombination origin
(see Section 4).

The LED's operating principle is based on the phenomenon of electroluminescence (EL)-
radiative recombination of electron-hole pairs injected through contacts. The problem of
making ohmic contacts to the diamond is solved in general [44]. Typically, the ohmic contacts
to the diamond consist of three-layer metal deposition: carbide-former metal (Ti, Ta, Mo, W,
Cr), interdiffusion-blocking layer (Pt) and protective/mounting layer (Au).

Figure 21. EL spectra of two natural diamond samples of IIb type referred to [46]. 1-sample without PL, 2-sample with
yellow-green PL.

The first reports on EL in diamond were about semiconductor IIb type samples which were
naturally doped with boron. The impurity of boron is an acceptor in diamond with an
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activation energy of 0.38 eV. In Ref. [45], the observation of the blue EL band of natural diamond
sample with the maximum at 440 nm (the spectrum is not given) was reported. The EL was
observed only at one polarity of bias of 50–100 B. In Ref. [46], a broadband EL (see Figure 21)
was observed for several natural diamonds, presumably of IIb type (only a small fraction of
the samples gave EL). In addition to the blue band with the maximum at 440 nm, the EL spectra
of samples showed a broadband with several local maxima in the range from 500 to 650 nm.
The green band of EL is appeared in the EL spectrum with a significant delay (tens of minutes).
In general, the EL has demonstrated strong intensity fluctuations and has quenched when
sample was cooled to a temperature below 100 K. This fact involves hopping conduction. In
Ref. [47], the production of LED based on natural and HPHT diamonds was reported. The p-
and n-types of conductivity were created by ion implantation of boron and lithium, respec-
tively. The emission spectrum of resulting p-n transition is shown in Figure 22. The intensity
of this transition decreases to zero with increasing temperature from -200 to 300°С, i.e., the
band-A of luminescence took place.

Figure 22. EL and CL luminescence spectra of diamond-based junctions referred to [47, 48]. The EL spectrum of p-n
junction from [47] is showed by black circles. The p- and n-types of conductivity were created in the natural diamond
by ion implantation of boron and lithium, respectively. The EL spectrum of diamond LED from [48] showed by black
squares. The p- and n-types of conductivity were created in the CVD diamond during the synthesis process using ad-
mixtures of boron and phosphorus, respectively. The CL spectrum of the LED is shown as white squares.

The development of CVD-diamond synthesis and the ability to create p- (boron) and n- (0.47 
eV phosphorus, lithium 0.29 eV) types of sample conductivity during the synthesis or during
the subsequent ion implantation have led to reports on the EL research of CVD diamonds and
the creation of LED based on various types of light-emitting junctions in diamond [48–62]. The
voltage of only tens of volts was used.

In 2002, the first reports on diamond LED development, emitting in the UVC range at 235 nm,
appeared. In Ref. [48], a diamond LED p-n junction was reported. The spectrum of LED emitted
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radiation is shown in Figure 22. The FE emission at 235 nm was characterized by intensity of
an order of magnitude less than the intensity of band-A. So, the low intensity of FE band
indicates the unsatisfactory quality of doped layers. In Ref. [49], a similar device showed the
same characteristics: the presence of FE peak at 235 nm and the intense band-A.

In Refs. [50] and [51], the three-layer structure diamond:N-diamond:Ce-SiO2 was studied. The
EL spectrum showed the presence of wide and narrow bands in the spectral region 300–630 
nm, arising from the band-A, transitions in cesium atoms and nitrogen complexes. The
monotonically decreasing tail was observed from 630 nm to the IR region. This structure
demonstrated the brightness of 3.5 cd/m2 at RT and voltage of 150 V. In Ref. [52], the p-n
junction was formed in a CVD single crystal by ion implantation of boron and lithium with
subsequent ion implantation of xenon. The resulting device demonstrated the EL broadband
in the spectral region from 450 to 850 nm at voltage 100 V and RT. There were the vibronic
system of Xe centers with ZPL at 812.5 nm and the weak emission of N-V centers with ZPL at
575 nm.

In Ref. [53], a diamond-based p-i-p structure was described, which showed the EL emission at
235 nm. Later the same group produced a p-i-p-i-p device emitting FE recombination band
[54]. In Ref. [55], a p-i-n transition doped with boron and phosphorus diamond layers was
reported. At voltages of ±15 V, the p-i-n transition showed the dominant FE band at 235 nm,
but the band-A was suppressed. In Ref. [56], the С-Si heterojunction demonstrated the red EL
at RT. In Ref. [57], by ion implantation of B, As and P the p+-p-n structure was fabricated, which
was based on p-type HPHT diamond. At RT the p+-p-n structure demonstrated the effect of
superluminescence in the spectral region of band-A. In Ref. [58], the p-C/n-AlN-heterojunction
showed the dominant FE recombination band at 235 nm in the diamond layer. In [59] the p-i-
n structure based on boron and phosphorus (ion implanted) CVD diamond layers showed the
EL of N-V defects at 575 nm. The authors of [60] suggested the method of creating graphite
electrodes buried in a CVD diamond volume by the action of a focused MeV-ion beam (He+).
In the EL spectrum, there were the band-A, the ZPL at 575 nm of N-V centers, ZPL at 536.3 and
560.5 nm centers associated with helium and the broadband at 740 nm of Si-V or V centers.

We note that due to the superior thermal conductivity (higher than of copper in 5 times), the
diamond samples are used also as passive heat sinks for LEDs based on other semiconductor
materials [61, 62].

At the time being diamond LEDs are not widely used. The main reason is the need to improve
the quality of the diamond structures. Another reason-the fundamental: diamond is a semi-
conductor with indirect-band structure, which reduces the efficiency of FE radiative recombi-
nation. At the same time, theoretical searches of ways to overcome the fundamental limitations
of the diamond as a material for LEDs are being conducted. In [63] it was proposed to change
the band structure of diamond to the direct-gap by using the linear compression of ∼4% or
lattice deformation by high doses of radiation damage. In [64] it was suggested to generate
picosecond high-power pulses at 235 nm by using the superluminescence in diamond-
cooperative spontaneous FE radiative recombination. The superluminescence is possible to be
created in a ring resonator. At this condition, the Mott transition is not achieved.
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Thus, the recombination radiation of diamond in the FE band (235 nm) or the band-A (400–
650 nm) may be applied in LEDs. Despite the fact that the EHL is an interesting phenomenon
in terms of quantum effects, its practical use as a radiation source or any other thing has not
been found. The situation is the same for all semiconductors. At the same time, diamond has
a highest critical temperature of EHL condensation (>160 K), which still gives hope for the
practical application.

In Ref. [38], the strengthening of photoconductivity in the CVD diamond under conditions of
EHL existing was reported. Unlike a single FE, drops of EHL are not electrically neutral particle
clusters. Due to the different work function of electrons and holes (due to the different effective
masses), the EHL drops have a noncompensated surface charge [13]. Consequently, the EHL
drops may drift in the electric field and participate in the photocurrent. One can assume that
the EHL drops in diamond could be used as controlled sources of photons, dynamic quantum
dots, etc.

7. Conclusion

This chapter provides the original experimental data on the recombination radiation of natural
and synthetic diamonds and the overview of the literature about.

The FE recombination radiation in the diamond is observed in CL, PL and EL spectra in the
shape of the four-component band containing TA-, TO-, LO- and TO+OΓ-components at 5.325,
5.275, 5.254 and 5.117 eV, respectively. The “non-diamond” carbon phase and impurity-defect
centers have the negative effect on the intensity of FE recombination band. The spectral position
of FE band maximum at 5.275 eV did not change within the measurement error in the tem-
perature range of 80–300 K, which contradicts the phenomenon of band gap decreasing with
the increase in temperature. At low excitation levels, the temperature dependence of the FE
recombination band intensity has the maximum at ∼150 K, which is in agreement with
published data. The band-A, caused by intrinsic defects of the structure containing the sp2-
hybridized carbon bonds, is located in the spectral range of 350–650 nm with the maximum at
about 440 nm and is characterized by the decay time of 8–19 ms in the temperature range of
80–300 K. The band-A reflects the perfection degree of diamond sample, i.e., the higher the
band-A intensity is, the greater the structure defect density is. There is a competition between
the band-A and FE recombination band in diamond. The emission spectrum of the band-A
may be imposed by vibronic bands of N3V, N2V, NV centers, which are characterized by decay
times in the nanosecond time range. Therefore, the measurement of luminescence emission
spectra with time resolution allows to separate in time the spectra of band-A and other
structural defects.

The recombination radiation of EHL drops in diamond is observed in CL and PL spectra at
temperatures ≤200 K and peak carrier densities ≥(0.3–1.0)×1018 cm-3. The EHL band consists of
three phonon components: TA, TO and TO+OΓ at 5.249, 5.211 and 5.075 eV, respectively. The
dominant TO-component of EHL band begins to appear in the form of long-wavelength
shoulder of TO-component of FE band when the charge carrier density reaches the critical
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value. A further increase in carrier density leads to an increase in EHL band intensity. The
surface layer of diamond sample is more defective than the inner volume. Therefore, the
absorption of exciting radiation in a thin layer hampers EHL condensation compared with
volume absorption. The EHL condensation results in displacement of FE band intensity
maximum on the temperature dependence to higher temperatures up to 220 K, which can be
interpreted as a decline of excitons in the EHL condensation process at lower temperatures. In
this context, the critical temperature of EHL condensation is not established and, presumably,
takes values in the range of 160–220 K. In this regard, the phase diagram of EHL existence
requires clarification.

Currently, fabricated LEDs based on p-n, p-i-n, p-i-p and other junctions in diamond structures
have showed the possibility of spontaneous emission in the UV range at 235 nm and in the
visible range of 400–800 nm. However, the diamond LEDs do not satisfy the requirements of
efficiency and emission brightness. The main reason is the indirect-band zone structure of
diamond, which leads to a long FE lifetime and low efficiency of the three-particle radiative
recombination. To overcome this fundamental limitation, it was suggested to use the local
deformation of the crystal, resulting in direct-gap zone structure in diamond and the super-
luminescence in the ring resonator. The prospect of finding the solution to increase the
efficiency and the emission brightness of the diamond-based LEDs is associated with the
possibility of obtaining the compact devices that are emitting in the UV-C spectrum.
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Abstract

The electrical and optical properties of wide band gap materials are greatly affected by the
presence of defects in the band gap. Identification and characterization of these defects that
act as electron and hole traps are essential to understand charge carrier and exciton
dynamics and ultimately control the electrical and optical properties of dielectrics and
semiconductors. In this chapter, we will demonstrate how thermoluminescence (TL) spec-
troscopy can be used to characterize traps and measure their energy levels in the band
gap. An advanced wavelength-based TL spectrometer will be presented, and its applica-
tions for the evaluation of trap levels and the characterization of donors and acceptors in
semiconductors and dielectrics will be discussed.

Keywords: dielectrics and semiconductors, wide band gap materials, trap levels, exciton
dynamics, luminescence

1. Introduction

The electrical and optical properties of materials are greatly affected by the presence of deep
and shallow traps in the band gap. Deep traps capture charge carriers and prevent their
recombination while shallow traps affect the transport of charge carriers and excitons in the
lattice. Thus, identification and characterization of the electron and hole traps are essential to
understand exciton and charge carrier dynamics and ultimately control the electrical and
optical properties of dielectrics and semiconductors. Thermoluminescence (TL) spectroscopy
can offer a powerful tool for the study of traps and the measurement of their depth in the band
gap. It is commonly used for dosimetry and has also been applied for defect investigation and
radiation damage studies. Recently, we have developed an advanced wavelength-based TL
spectrometer for the evaluation of trap levels and the characterization of donors and acceptors
and employed it to study a number of semiconductors and dielectrics.
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This chapter explains in detail the basics of TL spectroscopy and introduces the reader to its
use an effective method for trap and donor and acceptor characterization. Then it describes the
experimental details of an advanced TL spectrometer, explains how to construct TL glow
curves, and discusses different approaches for the calculations of trap levels in the band gap.
The chapter also discusses in brief some of the complimentary methods that can be used in
parallel with TL for the full characterization of traps including their structure, type, density,
and energy level. Examples of these methods include positron annihilation and optical absorp-
tion spectroscopies. A few TL studies of traps in semiconductors and dielectrics are presented.

The chapter is organized as follows. It begins in Section 2 with a historical background about
TL and its applications to radiation dosimetry and defect studies then it discusses the TL
process and physics in Section 3. Section 4 gives a complete analysis for activation energy and
trap level calculations including initial rise method, different heating rate method for first-
order kinetics, and finally, it describes an analysis of general order kinetics. In Section 5, we
describe the standard TL setup “TL reader”, then introduce our advanced TL spectrometer
that is especially useful for the study of traps in dielectrics and the characterization of donors
and acceptors in semiconductors. Sections 6 and 7 discuss in detail the application of TL in the
study of wide band gap materials by presenting our recent studies on yttrium aluminum
garnet (YAG) as an example of dielectrics and ZnO as an example of wide band gap semi-
conductors.

2. Historical background

In Latin “lumen”means light, the term “luminescent”materials refer to materials that can emit
light, especially in the visible range such as crystals, minerals, and chemical substances.
Luminescence phenomena have been known for long times [1], it does not occur spontane-
ously, it needs some source of energy such as visible light, ultraviolet light, or X-rays in order
to excite the sample [2]. Cascariolo [3] made the first attempt to create luminescence artificially
from Bolognian stone in 1603. Afterwards, the stone and other luminescent materials were
named “phosphor”. In 1852, Stokes [4] formulated luminescence law, the energy of emission is
typically less than the energy of absorption; therefore, luminescence occurs at lower energies
or longer wavelengths. Later in 1888, Weidemann [5] used the term “luminescenz” for all
phenomena of light not produced through increased temperature, i.e., incandescence. Lumi-
nescence is classified to many types such as photoluminescence, cathodoluminescence, ther-
moluminescence, and X-ray luminescence [6, 7].

Measuring material properties as a function of temperature is called thermally stimulated
processes (TSPs) that are usually as follows: first, the sample is perturbed, in most cases by
exposure to some source of ionizing radiation, then by elevating the temperature, it is ther-
mally stimulated back to equilibrium that releases accumulated energy as light emission in TL
or as current in thermally stimulated conductivity [8]. We will limit our discussion and
literature review in this chapter to TL spectroscopy. Existence of thermoluminescence in
crystals is dependent on the presence of crystal defects that are capable of absorbing some part
of incident energy during irradiation, and only emit light after heating the material [9–13].

Luminescence - An Outlook on the Phenomena and their Applications226



This chapter explains in detail the basics of TL spectroscopy and introduces the reader to its
use an effective method for trap and donor and acceptor characterization. Then it describes the
experimental details of an advanced TL spectrometer, explains how to construct TL glow
curves, and discusses different approaches for the calculations of trap levels in the band gap.
The chapter also discusses in brief some of the complimentary methods that can be used in
parallel with TL for the full characterization of traps including their structure, type, density,
and energy level. Examples of these methods include positron annihilation and optical absorp-
tion spectroscopies. A few TL studies of traps in semiconductors and dielectrics are presented.

The chapter is organized as follows. It begins in Section 2 with a historical background about
TL and its applications to radiation dosimetry and defect studies then it discusses the TL
process and physics in Section 3. Section 4 gives a complete analysis for activation energy and
trap level calculations including initial rise method, different heating rate method for first-
order kinetics, and finally, it describes an analysis of general order kinetics. In Section 5, we
describe the standard TL setup “TL reader”, then introduce our advanced TL spectrometer
that is especially useful for the study of traps in dielectrics and the characterization of donors
and acceptors in semiconductors. Sections 6 and 7 discuss in detail the application of TL in the
study of wide band gap materials by presenting our recent studies on yttrium aluminum
garnet (YAG) as an example of dielectrics and ZnO as an example of wide band gap semi-
conductors.

2. Historical background

In Latin “lumen”means light, the term “luminescent”materials refer to materials that can emit
light, especially in the visible range such as crystals, minerals, and chemical substances.
Luminescence phenomena have been known for long times [1], it does not occur spontane-
ously, it needs some source of energy such as visible light, ultraviolet light, or X-rays in order
to excite the sample [2]. Cascariolo [3] made the first attempt to create luminescence artificially
from Bolognian stone in 1603. Afterwards, the stone and other luminescent materials were
named “phosphor”. In 1852, Stokes [4] formulated luminescence law, the energy of emission is
typically less than the energy of absorption; therefore, luminescence occurs at lower energies
or longer wavelengths. Later in 1888, Weidemann [5] used the term “luminescenz” for all
phenomena of light not produced through increased temperature, i.e., incandescence. Lumi-
nescence is classified to many types such as photoluminescence, cathodoluminescence, ther-
moluminescence, and X-ray luminescence [6, 7].

Measuring material properties as a function of temperature is called thermally stimulated
processes (TSPs) that are usually as follows: first, the sample is perturbed, in most cases by
exposure to some source of ionizing radiation, then by elevating the temperature, it is ther-
mally stimulated back to equilibrium that releases accumulated energy as light emission in TL
or as current in thermally stimulated conductivity [8]. We will limit our discussion and
literature review in this chapter to TL spectroscopy. Existence of thermoluminescence in
crystals is dependent on the presence of crystal defects that are capable of absorbing some part
of incident energy during irradiation, and only emit light after heating the material [9–13].

Luminescence - An Outlook on the Phenomena and their Applications226

Different types of irradiation sources can be used to excite the samples in TL measurement
such as γ-rays, X-rays, and UV radiation. The dependence of energy absorbed during irradia-
tion, which is termed “radiation dose” and defined as dose rate × time of exposure makes TL
very effective in radiation dosimetric applications [14, 15] in medicine, industry, biology and
agriculture, and also in dating of ancient pottery sherds and certain rocks [16, 17]. Besides
dosimetric applications, thermoluminescence spectroscopy is a versatile tool for defect studies
in crystals and trapping phenomena at the grain boundaries in nanostructures and soft mate-
rials.

The TL glow curve represents the intensity of emitted light versus temperature; each glow
peak is associated with recombination center and related to specific trap. Activation energy
and escape frequency factor can be calculated from the glow curve [18]. As mentioned in the
introduction, TL is an important technique for investigating of nature and depth of traps in the
different type of solids [19, 20], and various methods can be used to calculate trap parameters
based on the kinetics order of glow peaks such as initial rise method and variable heating rates
that will be discussed later. Heating rate has critical effect on the intensity and peak area of
thermoluminescence glow peaks [21]. Variable heating rate techniques including very slow
heating rate down to 0.0008°C/s were used to investigate the TL of CaSO4: Tm phosphor.
Using slow heating rates helped to resolve eight narrow components in the TL glow curve
[22]. Because of inner shell electronic transitions, rare-earth ions and transition metal ions are
considered excellent luminescence centers [23–28]. For example, TL measurement was applied
to investigate the luminescence efficiency of rare-earth ions doped SrTiO3:Pr

3+ [28]. The
authors used a 100 W deuterium lamp for excitation and measured emission from as-fired
SrTiO3:Pr

3+ and annealed samples in reduced atmosphere (5% H2 and 95% Ar). They observed
a considerable decrease in the TL intensity of the annealed samples, which were attributed to
the suppression of traps. They also tried to increase the luminescence efficiency of SrtiO3:Pr

3+

by adding impurities. After adding Al, new peaks were appeared, it seems that above 150 k,
Al3+ ions are responsible for providing free carriers, which help to improve the luminescence
efficiency of Pr3+ [28].

Recently, nanosized phosphor has fascinated researchers, and its applications have been
emerged in different fields of materials especially luminescence area [29]. They have great
potential for high dose detection in dosimetry applications [30, 31]. ZrO2 nanophosphor is a
good example where TL spectroscopy was successfully applied to study its properties [30].
Different concentrations of titanium were used as dopants to study TL behavior of ZrO2

nanophosphors [32]. Samples were exposed to 254 nm UV for variable times in order to study
the effect of time exposure and dose on TL intensity. Trapping parameters, i.e., activation
energy and frequency factor were also calculated with different heating rate and peak shape
methods. By increasing the heating rate, peaks position were shifted to higher temperature
side. The sample was found to be useful for TL dosimetry applications due to linear dose
response, high stability, and low fading phenomenon. Two peaks were observed at 167 and
376°C with fixed positions, and enhancing or quenching of intensity was found to be strongly
dependent on dopant concentrations. Similarly, Tamrakar et al. [33] used TL spectroscopy to
study the effect of different concentration of Er3+ as dopant for gadolinium oxide
nanophosphor (Gd2O3:Er

3+ phosphor). They found shallow and deep traps when using
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254 nm UV irradiation and Co60 gamma irradiation, respectively. In addition, gamma-irradi-
ated samples indicated low fading and higher stability in comparison with samples exposed to
UV. However, UV-irradiated Mn-doped CaYAl3O7 phosphor indicates higher intensity com-
pared to the samples irradiated by Gamma and megavoltage beam, indicating that by expos-
ing to lower energy radiations, large numbers of shallower traps were formed [34]. Gamma
rays have also been applied to irradiate pure LiF crystals to investigate trap levels and their
connections to color centers generated during ionization process. The authors reported the
relation of four color centers to four resolved and six unresolved glow peaks, which shows that
TL spectroscopy is quite useful [35].

It is important to mention that the physical and optical properties of individual nanosize
phosphor materials are often not the same as those of their bulk counterparts [36–39]. For
example, activation energy and trap parameters were calculated by Tamrakar et al. [37, 40]
from TL glow curve of bulk CdS and CdS: Cu phosphor nanoparticles using Chen’s peak
shape methods [8, 41–43]. The former was found to exhibit first-order kinetics while the second
one showed general order kinetics in TL emission implying the presence of charge retrapping
in the nanoparticles. They also found that the level of excitation, presence of other traps, and
preionized luminescence centers can affect the shape, intensity, and position of a glow curve.

3. Basics of TL process

In a typical TL measurement, a sample is irradiated with high-energy light for a duration,
which excites electrons from the valence band or from the dopant levels within the band gap to
the conduction band. The excited state is not stable, so after some time the charge carriers
recombine. A fraction of charge carriers may be trapped at a defect or impurity and cannot
recombine with their counterpart. After removal of the excitation, heating injects thermal
energy into the system, providing the trapped charge carriers with the energy necessary to
escape their traps. These released charge carriers can either recombine with their charge carrier
counterpart at luminescence centers, giving rise to TL emission, or they can become trapped at
a deeper, higher-energy trap. They possess too much energy at this point to retrap at the same
type of trap they just escaped or any shallower trap. The probability of detrapping increases
with raising temperature. Figure 1 presents a schematic diagram of the process of thermal
stimulation and recombination of trapped charge carriers. TL emission intrinsically occurs at
one or few luminescence centers. Thus, TL measurements provide a reliable method by which
to record small luminescence intensities. This makes TL an ideal method for the characteriza-
tion of trap levels in insulating crystals such as yttrium aluminum garnet (Y3Al5O12) [44–58].

4. Activation energy and trap level calculations

A plot of thermoluminescence intensity versus temperature is known as a glow curve. Analy-
sis of glow curves can provide quantitative information about trap levels. Most notably, one
may use glow curve analysis to calculate the depth of the charge carrier traps. The calculated
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depth of a trap is referred to as its activation energy. To explain TL phenomena, Randall and
Wilkins presented a model based on a single defect level within the band gap and assumed
negligible retrapping, in which case the charge carrier can go straight to a luminescence center
[59–61]. This is based on first-order kinetics of TL. Higher order kinetics assumes higher
degrees of retrapping.

There are several methods to calculate activation energy from glow curves based on TL
kinetics. The initial rise method calculates the activation energy directly by fitting the begin-
ning of TL peak and is applicable to any order kinetics but can only be applied for
nonoverlapping glow curves, where the peak being studied initially rises from the baseline
[2, 41, 55, 62–64]. Other methods of activation energy calculation rely on conducting the
experiment multiple times with different heating rates. At a faster heating rate, a glow curve
shifts to higher temperature [2, 41, 65]. This effect is shown in Figure 2 for glow curves of YAG
doped with Ce to 0.2% concentration (Ce:YAG 0.2%) at heating rates of 5, 10, 20, 30, 40, 50 and
60°C/min. The method of two heating rates uses two separate constant heating rates to cancel
unknown terms in kinetics calculations, thus rendering activation energy calculation trivial
[2, 41, 55, 65–66]. This method is limited by peak fitting capabilities, and since peak tempera-
ture is usually not very sensitive to the heating rate, can give large uncertainty.

This method is typically applied to first-order kinetics, but it is possible to apply this method to
any order kinetics. Following the same principles as the method of two heating rates is the
variable heating rate method, where several glow curves using different heating rates are
constructed [2, 55]. As with the method of two heating rates, unknown terms cancel in kinetics

Figure 1. Schematic diagram of the TL process after the thermal activation of trapped charge carriers [55].
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equations, and in this case the activation energy can be determined graphically. The benefit of
this method over the method of two heating rates is that the greater number of data points
decreases uncertainty. This method is typically applied to first-order kinetics, but it can be
generalized to any order kinetics. Other methods, such as the half-width method or direct
computational glow curve fitting with the activation energy as a fitting parameter, are not
explored in this chapter.

4.1. Initial rise method

Let us now derive each of the discussed methods for determining activation energies. The
probability p of an electron escaping from a trap of depth at temperature T can be described by
the Arrhenius Equations [60, 65, 67].

p ¼ s exp −
E
kBT

� �
(1)

where kB is the Boltzmann constant and s, known as the frequency factor, is given by [67]

Figure 2. Glow curves of Ce:YAG 0.2% at multiple heating rates, showing the effects of heating rate on glow curve peaks.
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s ¼ NBvσt (2)

where NB is the density of states in the band in which the carriers escape, v is the carrier’s
thermal velocity, and σt is the trap’s capture cross section. The frequency factor s has units of
time−1 and may vary weakly with temperature. The rate of detrapping −dn/dt at temperature T
can be expressed as

−
dn
dt

¼ s n exp −
E
kBT

� �
(3)

where n is the concentration of trapped charge carriers. Determining n(T) follows from Eq. (3)
by

dn
n

¼ −s exp −
E
kBT

� �
dt ¼ −

s
q

exp −
E
kBT

� �
dT (4)

where q = dT/dt is the heating rate, which for simplicity we shall assume is linear. Integration
gives

lnðnÞ ¼ −∫
s
q

exp −
E

kBT0

� �
dT ′ þ constant (5)

The prime in T’ is introduced to distinguish between the variable and the upper limit of
integration. When t = 0, let n = n0 and T = Ti = some initial temperature, then the constant is
equal to n0 and we have

ln
n
n0

� �
¼ − ∫

T

Ti

s
q
exp −

E
kBT ′

� �
dT ′

or

n ¼ n0 exp − ∫
T

Ti

s
q
exp −

E
kBT ′

� �
dT ′

" # (6)

The thermoluminescence intensity I is proportional to the rate that charge carriers are supplied
to luminescence centers [2, 41, 60, 64–65, 68–69]:

IðTÞ ¼ −c
dn
dt

¼ c s n exp −
E
kBT

� �
:

(7)

Combining this with Eq. (6),

IðTÞ ¼ c s n0 exp −
E
kBT

� �
exp − ∫

T

Ti

s
q
exp −

E
kBT

� �
dT ′

" #
(8)

which is known as the Randall-Wilkins first-order expression of a single glow peak [60]. For
low temperatures (T ≈ Ti), we may estimate n ≈ n0 and thus write
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I ≈ c s n0 exp −
E
kBT

� �
(9)

The initial rise method, introduced by Garlick and Gibson [64], is based on Eq. (9). To
calculate the activation energy by the initial rise method, we may rewrite Eq. (9) in a more
useful form

lnðIÞ ¼ lnðc s n0Þ− E
kBT

(10)

Plotting ln(I) versus 1/kBT gives the slope = E.

The initial rise method is applicable to first, second, and even general order cases, but it is
limited to the region where Ii ≤ I << Im.

Bräunlich [62] showed that the values found for E using the initial rise method will be smaller
than the actual values when the retrapping factor R[h(Ti)/f(Ti)] >> 1, where R is given by

R ¼ probability of retrapping
probability of recombination

(11)

and h(Ti) and f(Ti) are traps with electrons and the initial concentration of unoccupied recom-
bination centers, respectively (at the temperature Ti). This suggests that the initial rise method
actually gives a poor estimate for E for high order kinetics.

Christodoulides [63] estimated a correction to the initial rise method that may be used if the
intensity of the range used for calculation is larger than a small fraction of the peak height. The
activation energy calculated by the initial rise method EIR can be adjusted to the corrected
value of the activation energy EC by

EC ¼ ð1þ 0:74a1 þ 0:082a2ÞEIR−ð2a1 þ 0:22a2Þ Tm

11, 605
(12)

The factors a1 and a2 are the fraction of the peak value of the TL intensity observed at
temperatures T1 and T2, respectively, marked as the lower and upper bounds of the fit, as
demonstrated in Figure 3.

4.2. Methods of variable heating rates

The initial rise method is applicable to general order kinetics, but with decreased accuracy for
higher order kinetics. However, if peaks are overlapped it is not possible to apply this method
since the beginning of a peak is not available for analysis. The methods of two and variable
heating rates only require that the peak temperature can be determined for calculation of E.
These methods can be used with general order kinetics. The methods of two and variable
heating rates can be derived from first-order kinetics or simplified from general order kinetics.
We will first derive the method for general order kinetics and then apply it to the case of
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11, 605
(12)
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temperatures T1 and T2, respectively, marked as the lower and upper bounds of the fit, as
demonstrated in Figure 3.
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The initial rise method is applicable to general order kinetics, but with decreased accuracy for
higher order kinetics. However, if peaks are overlapped it is not possible to apply this method
since the beginning of a peak is not available for analysis. The methods of two and variable
heating rates only require that the peak temperature can be determined for calculation of E.
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first-order kinetics. It will be necessary to assume that s is independent of temperature to
proceed with this derivation. To general order of kinetics, Eq. (7) becomes [2, 41, 65, 69–71]

IðTÞ ¼ −c
dn
dt

¼ c s′nb exp −
E
kBT

� �
(13)

where s’ is the general order preexponential factor, be represents the order of kinetics, and s’ = s
for b = 1. Eq. (13) can be integrated

∫
n

n0
ðn′Þb ¼ −∫s′ exp −

E
kBT

� �
dt (14)

This has the solution

Figure 3. TL glow curve of Ce:YAG 0.2% plotted as ln(I) versus 1/T for calculation of the activation energy by the initial
rise method, demonstrating the definitions of a1 and a2.
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The intensity of Eq. (13) then becomes

IðTÞ ¼ c s′ exp −
E
kBT

� �
nb0 1þ s′ðb−1Þnb−10

q
∫
T

Ti

exp −
E

kBT ′

� �
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" # b
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(16)

The maximum intensity of a peak occurs at temperature Tm. At this point, the derivative of the
intensity is zero, as is the derivative of the logarithm of the intensity. Thus, we obtain at T = Tm

the relationship

d{ln½IðTÞ�}
dT

jT¼Tm
¼ 0 ¼ E

kBT2
m
−

b
b−1

1þ s′ðb−1Þnb−10
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� �
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·
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E
kBTm

� �� � (17)

This yields

1þ s′ðb−1Þnb−10

q
∫
Tm

Ti

exp −
E
kBT

� �
dT ¼ b s′ nb−10 kBT2

m

q E
exp −

E
kBTm

� �
(18)

The following approximation can be made

∫
T

Ti

exp −
E

kBT ′ dT
′

� �
≅T exp −

E
kBT

� �
∑
n¼1

kBT
E

� �n

ð−1Þn−1n! (19)

which Kitis and Pagonis determined is usually “a very good numerical approximation” [69].
The series converges quickly, so only the first two terms need to be taken. Inserting Eq. (19)
into (18) yields

1þ s′ðb−1Þnb−10

q
T exp −

E
kBTm

� �
kT
E

−
2k2T2

m

E2

� �� �
¼ b s′ nb−10 kBT2

m

qE
exp −

E
kBTm

� �
,

which becomes

q E
kBT2

m

¼ s′ nb−10 exp −
E

kBTm

� �
1þ ðb−1Þ 2kBTm

E

� �
(20)

At this point, we can calculate the first-order solutions for the method of two heating rates and
the variable heating rate method by setting b = 1 and s’ = s
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q E
kBT2

m

¼ s exp −
E

kBTm

� �
(21)

Conducting a pair of TL measurements and recording the maximum temperature of a peak in
both glow curves gives two such equations with different q and Tm, but with the same E and s.
Division of one equation by the other gives

q1T
2
m2

q2T
2
m1

¼ exp
E

kBTm2
−

E
kBTm1

� �
(22)

which can be solved for E

E ¼ kBTm1Tm2

Tm1−Tm2
ln

q1T
2
m2

q2T
2
m1

 !
(23)

which represents the activation energy to first-order kinetics using the method of two heating
rates [2, 41, 65–66, 70]. The frequency factor can also be found by Eq. (21) once we have
obtained E.

The variable heating rate method adapts the method of two heating rates to the case of many
heating rates, to be solved graphically. From Eq. (12), for first-order kinetics

ln
T2
m

q

� �
¼ E

1
kBTm

� �
−ln

s kB
E

� �
(24)

Data can easily be plotted in this way to give the activation energy as its slope. Figure 4 plots
the data obtained from Figure 2 for calculation of E and s using Eq. (24). Once E is calculated, s
may be calculated from the y-intercept.

Activation energies calculated using the initial rise method, corrected initial rise method [63],
and the method of variable heating rates is compared and presented in Table 1.

Note that the activation energies found for Peaks 2 and 3 match closely between the method of
multiple heating rates and the corrected initial rise method and that the initial rise method in
those peaks gives a significantly smaller result than the method of two heating rates. The latter
point suggests that we may see the effects of retrapping proposed by Braunlich [62].

4.3. General order method of variable heating rates

The general order variable heating rate method and the method of multiple heating rates are as
of yet poorly documented in the literature [2]. The solution of the general order variable
heating rate method begins by taking the logarithm of Eq. (20)

E
kBTm

¼ ln
s′ nb−10 kBT2

m

q E
1þ ðb−1Þ 2kBTm

E

� �� �
, (25)

which can be separated into the parts
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Figure 4. Data and fits for all three peaks using multiple heating rates to get the results.

Peak 1 (470–720 nm, ~400 K) Activation energy (eV)

Method of multiple heating rates 1.16 ± 0.01

Initial rise method 0.88 ± 0.06

Corrected initial rise 1.46 ± 0.05

Peak 2 (470–720 nm, ~550 K)

Method of multiple heating rates 1.80 ± 0.05

Initial rise method 1.15 ± 0.06

Corrected initial rise 1.83 ± 0.10

Peak 3 (470–720 nm, ~600 K)

Method of multiple heating rates 2.08 ± 0.05

Initial rise method 1.49 ± 0.07

Corrected initial rise 1.97 ± 0.05

Table 1. Calculated activation energies for the three major peaks found in Ce:YAG 0.2% thermoluminescence
measurements from room temperature to 400°C using all methods previously discussed.
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þ ln
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The activation energy is typically at least an order of magnitude larger than kBTm [2], so we can
apply the series expansion for ln(1 + x) for x ≤ 1 to get

ln
�
T2
m

q

�
≈ln

E
s′nb−10 kB

� �
þ E
kBTm

−2ðb−1Þ kBTm

E
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2
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E2 −
8
3
ðb−1Þ3 k

3
BT

3
m

E3 þ… (27)

If we let y ¼ lnðT2
m=qÞ and x ¼ kBTm and designate y0 as the logarithmic term independent of

both q and Tm, Eq. (27) becomes

y ¼ y0 þ
E
x
−2ðb−1Þ x

E
þ ðb−1Þ2 x

2

E2 −
8
3
ðb−1Þ3 x

3

E3 þ… (28)

which can be plotted and fit using a simple fitting program. Mahesh et al. [2] solve this in a
very different way:

ln Ib−1m
T2
m

q

� �b" #
¼ blnEþ ln

ðc s′ nb−10 Þb−1
ðs′ b kBÞb

" #
þ E
kBTm

(29)

Eq. (29) shows dependence on intensity, which adds a further source of uncertainty.
Detector zero drift, overlapping glow curve peaks, nonlinear intensity response by the
detector, or other misleading intensity measurements will add error to calculations. Thus,
Eq. (27) is preferred over Eq. (29) since it contains less factors that may create further
sources of error.

The general order method of two heating rates can be solved by subtracting Eq. (27) for two
different measurements

0 ¼ E
kB

1
Tm1

−
1

Tm2

� �
þ ln

q1T
2
m2

q2T
2
m1

 !
þ 2ðb−1ÞkB

E
ðTm2−Tm1Þ

�
−
2ðb−1Þ2k2B

E2 ðT2
m2−T

2
m1Þ

þ 8ðb−1Þ3k3B
3E

ðT3
m2−T

3
m1Þ−…

(30)

This is easiest solved graphically. After inputting all the known values for Tmi and qi and the
constants and letting x = E, we can write Eq. (30) as

y ¼ Axþ Bþ C
x
−
D
x2

þ E
x3

−… (31)

which can be plotted to find the x-intercept = E. The substitutions made are as follows:
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A ¼ 1
kB

ð 1
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−
1

Tm2
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B ¼ lnðq1T
2
m2

q2T
2
m1
Þ,

C ¼ 2ðb−1ÞkBðTm2−Tm1Þ,

D ¼ 2ðb−1Þ2k2BðT2
m2−T

2
m1Þ,

E ¼ 8
3
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m2−T
3
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(32)

We may check our work here by setting b = 1 in Eq. (30), and we see that we return the first-
order kinetics solution of Eq. (22).

The obvious challenge with this method, however, is the required guesswork for the order b.

The solution presented by Mahesh et al. [2] for the general order method of two heating rates is

T2
m1

q1

1
b−1

þ 2kBTm1

E

� �
exp −

E
kBTm1

� �
¼ T2

m2

q2

1
b−1

þ 2kBTm2

E

� �
exp −

E
kBTm2

� �
(33)

which is not so easily solved for E and still requires inputting an assumed b. If b = 1, this can
also be shown to return the first-order kinetics solution of Eq. (22).

Thus, we have formulated the theory for the initial rise method (Eq. 10), which can be applied
to general order kinetics, the first-order method of two heating rates (Eq. 22) and variable
heating rate method (Eq. 24), and general order method of two heating rates (Eq. 30) and
variable heating rate method (Eq. 27).

5. Experimental setup

A schematic of a standard TL dosimetry reader (TLD) is shown in Figure 5. The irradiated
dosimeter is mounted on a tray located within a readout chamber. Two different temperatures
are used for heating the dosimeter, first one is preheating to clear noisy peaks and second one
is readout temperature used to thermally stimulate the sample and collect data. Nitrogen gas is
continuously pumped to decrease spurious phenomena [72] and reduce the background.

The absorbed dose is proportional to the output current received from photomultiplier tube
[73].

We have developed an advanced TL setup that uses a special heating stage with an optical
window that transmits light and blocks heat to achieve perfect temperature control during the
measurement. Solarized fiber optics connected to collimation lenses are used to collect the
emitted light (Figure 6). The TL spectra are recorded by a CCD detector with a 200 μm slit.
The spectral range of the detector can be adjusted from 200 to 800 nm or from 350 to 1100 nm
with 1 nm resolution. The optical components are water cooled to allow for high temperature
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with 1 nm resolution. The optical components are water cooled to allow for high temperature

Luminescence - An Outlook on the Phenomena and their Applications238

(up to 400°C) TL measurements. Before TL experiment, we often irradiate the samples in dark
for certain time using xenon lamp, light emitting diodes (LEDs), or 254 nm irradiation panel.
The spectral range of the xenon lamp is 220–750 nm. This setup has many advantages includ-
ing:

1. Precise control and measurements of temperature, 1 mK precision and high stability.

2. Adjustable heating/cooling rate, can go up to 1000°C/min. In most measurements, it is
operated at 60°C/min and 120°C/min. Using different heating rates is required to calculate
trap levels by variable heating rate methods.

3. TL can be measured as a function of temperature and wavelength simultaneously as
shown in (Figure 7).

Figure 5. Schematic of TLD reader setup [73].

Figure 6. Schematic diagram of a typical TL setup. The sample is heated on a heating stage at a constant rate and the
frame temperature is regulated by a water pump. A collimated lens collect emitted light from the sample and carries it to a
spectrometer.
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A TL measurement is performed in a dark box in a temperature-insulated heating stage as
discussed above and as shown in the figure. This is because the TL emission is relatively weak,
so it is necessary to isolate the measurement from ambient lighting that would greatly interfere
with it. The heating stage must be also temperature isolated for two reasons. First, it makes it
possible to fully control the temperature of the sample instead of potentially creating a gradi-
ent of temperature across the thickness of the sample. Second, it separates the optical compo-
nents used for excitation and measurement so that they may be operated independently.

6. TL applied to dielectrics

Dielectric materials possess a large band gap separating the valence and conduction bands.
This large gap determines the characteristic insulating properties. Dopants, defects, and impu-
rities alter the band structure of a dielectric material by adding energy levels and electron and
electron hole traps within the band gap. Charge carrier traps can be vacancy, interstitial,
substitutional, or antisite defects. Typically, charge carriers can be trapped at defects of the
opposite charge. For instance, an anion vacancy is positively charged and would thus trap an
electron. However, the behavior of some impurity traps depends on the electronic structure of

Figure 7. TL intensity versus temperature and wavelength.
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the impurity [74, 75]. For instance, in YAG, Eu3+, and Yb3+ impurities have been found to act as
stable electron traps at room temperature due to their large electron affinity. Meanwhile, Pr3+,
Tb3+, and Ce3+ were found to act as hole traps, stable at room temperature [45, 57]. At low
temperatures, other traps stabilize, such as Sm3+ electron traps.

TL can be used to characterize defects and provide quantitative information about charge
carrier traps. It shares many similarities to color center measurements [76]; however, it has
more advantages in evaluating the trap depths in the band gap. In color center measurements,
a sample is irradiated for a period of time with an excitation source, similar to the first step for
a TL measurement. Absorption spectra of this sample are recorded before and after excitation.
As discussed previously, this excitation leads to the trapping of some charge carriers at defects.
These trapped charge carriers carry their own optical properties, which are observable in
absorption measurements. On top of that, an irradiated sample may be visibly discolored.
Heating to sufficiently high temperature bleaches this discoloring and returns the trapped
charge carriers to recombination centers. TL is the qualitative study of this effect. Figure 8
shows the absorption spectra of undoped YAG before and after irradiation and after heating to
400°C. This sample will be also used later for TL glow curves presented in Figure 12. Some
qualitative information can be gained from this figure in conjunction with prior knowledge
about the sample, such as ascribing the peak at 256 nm to Fe impurities [77, 78]. These plots
give no information about the depth of these traps other than the fact that heating to 400°C
seemed to clear them up which implies that they are deep centers. TL provides the more
qualitative analysis.

We will discuss our TL study on Ce:YAG as an example of dielectric materials because of its
great importance in a wide range of applications from phosphors to scintillation. In general,
YAG is one of the most important optical materials, with Nd:YAG as the most widely used
laser crystal. As it stands now, Ce:YAG is an efficient luminescent material, but its performance
as a scintillator is often hindered by the presence of traps.

6.1. YAG TL

In our TL measurements on YAG crystals [55], samples were cooled or heated within a temper-
ature range of −190 to 400°C and TL spectra are recorded as described in the experimental
section. Glow curves were constructed by integrating each spectrum over a specific range of
wavelengths. In Ce-doped YAG, Ce ions provide the recombination centers and thus all TL
emission are shown to have the luminescence profile characteristic of Ce ions in YAG, as shown
in Figure 9. For the sake of demonstration, a contour plot of temperature versus wavelength for
the same sample is provided in Figure 10, demonstrating only one luminescence center.

Sometimes care had to be taken when integrating over wavelengths to distinguish between
different luminescence centers activating at different temperatures. Figure 11 shows the con-
tour plot of temperature versus wavelength for an undoped YAG sample, originally grown in
a pure Ar atmosphere, where the luminescence centers are comprised of different trace impu-
rities. Something else to note in Figure 10 is the onset of IR emission near 400°C due to
blackbody radiation. The wavelength of this IR emission overlapped slightly with the integra-
tion range of one of the peaks and was visible in the constructed glow curve. Also note the
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much weaker emission, as each contour now corresponds to a step of 200 counts, whereas in
Figure 10, it corresponded to 1500 counts. The IR radiation was too weak to show on the
contour plot of Figure 10. The Ar-grown undoped YAG sample was annealed at 1200° for 96
hours in air. Figure 12 presents the two unique glow curves for this sample before and after
annealing, separately integrating over the wavelength ranges 340–570 and 570–800 nm. The
intensity of most peaks has been decreased suggesting decreased concentration of their
corresponding defects. Also, the high-temperature peak in the high-wavelength plot shifts
significantly, suggesting a change in activation energy. Activation energies were calculated for
each of these peaks and frequency factors were calculated whenever possible for the as-grown
sample. The small peak in the high-wavelength glow curve at 180°C had too high of uncer-
tainty to get a reliable estimate for s. Results are tabulated in Tables 2 and 3.

Obviously, the activation energy increases with temperature, as charge carriers at deeper traps
require more thermal energy for release. The most noticeable change is the large decrease in

Figure 8. Air annealed Ar-grown YAG absorption spectra after UV excitation and heating.
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activation energy of the highest energy peak after annealing by about 0.9 eV. Due to the nature
of anneal, it seems reasonable to attribute this defect partially to oxygen vacancies. However,
the fact that the peak persists, just at a decreased activation energy, suggests that there still
exists a defect, suggesting that the original defect was a complex defect consisting of both at
least one Al vacancy and at least one O vacancy, and the anneal filled one O vacancy but left
the Al vacancy. The depth of the low-wavelength peak at 250°C appears to decrease slightly
after annealing, possibly due to the change in charge state of the impurity responsible for this
luminescence and/or change of lattice defect structures surrounding them. No other activation
energy appeared to change after annealing, so it would appear that annealing only decreased
their concentration and not their depth.

Positron annihilation lifetime spectroscopy (PALS) measurements were also performed on
these samples in combination with TL [79]. PALS works by injecting a positron into the crystal
and timing how long it takes to annihilate with an electron within the sample. If the positron
annihilates within the bulk of the sample, the process is very fast (of order 0.1 ns). If the
positron becomes trapped at a vacancy or void, it takes longer to annihilate with an electron

Figure 9. TL emission spectrum at 262°C for Ce:YAG 0.14%.
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due to the reduced number density of electrons at vacancies. Due to their positive charge,
positrons typically trap at negatively charged vacancies or voids, such as cation vacancies, or
neutral voids, such as cation + anion vacancy complexes. Typically, a larger vacancy means a
lower number density of electrons and thus longer positron lifetime [80, 81].

PALS measurements on these YAG samples demonstrated a defect lifetime (i.e., the lifetime of
a positron trapped at a defect) of 0.2931 ± 0.0032 ns for the as-grown sample and 0.2691 ±
0.0037 ns for the annealed sample, suggesting that annealing in air decreased the size of the
defect but did not entirely eliminate it. This defect bears striking similarity to the peak in
Figure 12 that moved from 395 to 345°C after annealing in air and in fact the same conclusion
may be drawn from this PALS result that this defect is due to an Al + O vacancy complex.

PALS measurements only identified one defect that trapped the injected positrons, suggesting
that the remaining defects arose from either positively charged vacancies or nonvacancy

Figure 10. Contour plot of TL of Ce:YAG 0.14%, plotting luminescence intensity contours to a map of temperature versus
wavelength. Each Contour represents 1500 counts [79].
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Figure 11. Contour plot of TL of undoped YAG grown in a pure Ar atmosphere, plotting luminescence intensity contours
to a map of temperature versus wavelength. Each contour represents a step of 200 counts [79].

Figure 12. Glow curves for Ar-grown undoped YAG before and after annealing. The low wavelength curve (left) was
integrated over 340–570 nm, the high wavelength curve (right) was integrated over 570–800 nm.
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defects, such as impurities. Since a positively charged vacancy in this crystal means an O
vacancy, annealing in air would be expected to eliminate or decrease this defect, and conse-
quently any TL peaks associated with it. Other TL peaks that are not sensitive to air anneal can
be ascribed to impurities.

6.2. Low-temperature TL of Ce:YAG

Low-temperature glow curves for Ce:YAG 0.14%, presented in Figure 13, provide an abun-
dance of information. The sample was measured, then annealed in air for 48 hours at 1200°C
and remeasured, then annealed in a vacuum for 24 hours at 800°C and measured once again.
TL emission spectra were integrated over the wavelength range of 470–720 nm, which encom-
passes the strong and well-documented Ce luminescence peak in YAG peaked around 550 nm
[51, 56, 57, 78, 82–106]. From figure, it can be seen that the highest intensity peak at −75°C is
completely eradicated by annealing in air, but it returns after annealing in vacuum. With this
information, it is easy to identify this trap as an oxygen vacancy. Upon eliminating this peak,
TL emission can be distinguished near −100°C in the air-annealed sample. Curve fitting
resolves that it is as two peaks centered at about −100 and −90°C. Aweak peak at about −10°C
appears to be eliminated by annealing in air.

Activation energies were calculated to compare the as-grown and air-annealed samples and
are provided in Table 4. Interestingly, although all traps appear to decrease drastically in
concentration, their depths uniformly increase.

These examples demonstrate some of the analytical capabilities of TL spectroscopy. The high-
concentration oxygen vacancies observed in Figure 13 at −75°C are not stable at room

Approximate peak location (q = 60°C/min)

Activation energy Frequency factor

As grown Air annealed As grown

250°C 1.47 ± 0.23 eV 0.95 ± 0.09 eV 2.68 × 1010 s−1

Table 2. Calculated activation energies of Ar-grown undoped YAG for the glow curves constructed using 340–570 nm
integration.

Approximate peak location (q = 60°C/min)

Activation energy Frequency factor

As grown Air annealed As grown

110°C 1.65 ± 0.01 eV 1.63 ± 0.09 eV 6.47 × 1017 s−1

180°C 3.04 ± 2.27 eV 1.44 ± 1.87 eV (not calculated)

250°C 1.92 ± 0.09 eV 2.07 ± 0.15 eV 4.21 × 1019 s−1

345°C N/A 2.23 ± 0.55 eV 1.14 × 1022 s−1

395°C 3.15 ± 0.25 eV N/A N/A

Table 3. Calculated activation energies of Ar-grown YAG for the glow curves constructed using 570–800 nm integration.

Luminescence - An Outlook on the Phenomena and their Applications246



defects, such as impurities. Since a positively charged vacancy in this crystal means an O
vacancy, annealing in air would be expected to eliminate or decrease this defect, and conse-
quently any TL peaks associated with it. Other TL peaks that are not sensitive to air anneal can
be ascribed to impurities.

6.2. Low-temperature TL of Ce:YAG

Low-temperature glow curves for Ce:YAG 0.14%, presented in Figure 13, provide an abun-
dance of information. The sample was measured, then annealed in air for 48 hours at 1200°C
and remeasured, then annealed in a vacuum for 24 hours at 800°C and measured once again.
TL emission spectra were integrated over the wavelength range of 470–720 nm, which encom-
passes the strong and well-documented Ce luminescence peak in YAG peaked around 550 nm
[51, 56, 57, 78, 82–106]. From figure, it can be seen that the highest intensity peak at −75°C is
completely eradicated by annealing in air, but it returns after annealing in vacuum. With this
information, it is easy to identify this trap as an oxygen vacancy. Upon eliminating this peak,
TL emission can be distinguished near −100°C in the air-annealed sample. Curve fitting
resolves that it is as two peaks centered at about −100 and −90°C. Aweak peak at about −10°C
appears to be eliminated by annealing in air.

Activation energies were calculated to compare the as-grown and air-annealed samples and
are provided in Table 4. Interestingly, although all traps appear to decrease drastically in
concentration, their depths uniformly increase.

These examples demonstrate some of the analytical capabilities of TL spectroscopy. The high-
concentration oxygen vacancies observed in Figure 13 at −75°C are not stable at room

Approximate peak location (q = 60°C/min)

Activation energy Frequency factor

As grown Air annealed As grown

250°C 1.47 ± 0.23 eV 0.95 ± 0.09 eV 2.68 × 1010 s−1

Table 2. Calculated activation energies of Ar-grown undoped YAG for the glow curves constructed using 340–570 nm
integration.

Approximate peak location (q = 60°C/min)

Activation energy Frequency factor

As grown Air annealed As grown

110°C 1.65 ± 0.01 eV 1.63 ± 0.09 eV 6.47 × 1017 s−1

180°C 3.04 ± 2.27 eV 1.44 ± 1.87 eV (not calculated)

250°C 1.92 ± 0.09 eV 2.07 ± 0.15 eV 4.21 × 1019 s−1

345°C N/A 2.23 ± 0.55 eV 1.14 × 1022 s−1

395°C 3.15 ± 0.25 eV N/A N/A

Table 3. Calculated activation energies of Ar-grown YAG for the glow curves constructed using 570–800 nm integration.

Luminescence - An Outlook on the Phenomena and their Applications246

Figure 13. Low-temperature glow curves of Ce:YAG 0.14% as grown, annealed in air, and annealed in a vacuum using
470–720 nm integration.

Approximate peak location (q = 60°C/min)

Activation energy

As grown Annealed in air

−170°C 0.20 ± 0.01 eV 0.37 ± 0.03 eV

−140°C 0.27 ± 0.01 eV 0.39 ± 0.02 eV

−100°C N/A 0.38 ± 0.15 eV

−90°C N/A 0.67 ± 0.06 eV

−75°C 0.55 ± 0.01 eV N/A

−45°C 0.66 ± 0.01 eV 0.81 ± 0.01 eV

−10°C 0.90 ± 1.04 eV N/A

Table 4. Calculated activation energies of Ce:YAG 0.14% for the glow curves constructed using 470–720 nm integration
range.
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temperature but would play a major role in any low-temperature processes involving Ce:YAG
crystal. It also affects exciton dynamics in YAG crystal. It is clear how different processing
affects the defect structure and concentration within these samples.

7. TL applied to semiconductors

7.1. Calculations of donor ionization energies in ZnO

In this section, we discuss a new application of TL that implies the use of low-temperature TL for
the measurements of donor ionization energy in luminescent semiconductors. TL spectroscopy
has been already applied in combination with other methods to identify defects in a few semi-
conductors as mentioned earlier in the chapter. However, the focus here is on its development as
a method for donor ionization energy calculations. We have recently shown that it is possible to
apply low-temperature TL to measure donor ionization energies in luminescent semiconductor.
The study has been carried out on ZnO, one of the most important wide band gap semiconduc-
tors with many existing and future applications [107]. It is also considered one of the most

Figure 14. Contour plot of TL emission as a function of temperature and wavelength for as grown and annealed ZnO
single crystals. 60°C/min was used for heating rate [116].
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complex binary system in terms of defects and optoelectronic properties. There are several
established methods for calculating donor and acceptor ionization energies in semiconductors.
Temperature-dependent Hall-effect is the most common method, it is crucial for semiconductor
characterization [108–110], however it suffers limitations in specific cases, and TL may provide
an alternative method in these cases as explained below. Electron paramagnetic resonance (EPR)
[110], and photoluminescence [111–115] have also been applied to measurements of donor
ionization energies, however, EPR is very limited and PL alone may be not capable of measuring
the donor ionization energy due to the collapse of exciton.

Low-temperature TL has been recently applied on as-grown and annealed ZnO single crystals
[116]. Annealing was carried out in different atmospheres: (1) hydrogen atmosphere at 300°C
for 1 hour. (2) Oxygen atmosphere at 1100°C for 1 hour. (3) Both atmospheres in different
order. Figure 14 represents the contour plots for as-grown and annealed samples, two peaks
can be seen at 520 and 580 nm, which are slightly changed with the annealing atmospheres.
Figure 15 shows the glow curves for as-grown and annealed samples. Three donors were
identified in the samples from the glow curves and their ionization energies were found to be
47 ± 3, 55 ± 5, and 36 ± 2 meV. The first two energies are in agreement with Lavrov [111, 112]

Figure 15. TL glow curve of ZnO single crystals produced from contour plots shown in Figure 14 (a-c) [116].
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reports, the 47 meV was attributed to hydrogen bound in oxygen vacancy (Ho), and the 55
meV was related to hydrogen at a bound centered lattice site (HBC). The 36 meV has also been
reported for ZnO, and its origin is still in debate. Figure 16 reveals the spectral range of TL
emission that shows two peaks at 580 and 520 nm green luminescence centers, the ratio
between them is dependent on the annealing conditions. The 580 nm emission peak is attrib-
uted to the Zn-O vacancy pairs which that have been modified after annealing in O2

(Figure 16b). The 520 nm peak was reported as O-vacancy related defects, this peak was
declined for the sample annealed in H2 first and then annealed in O2, where the 36 meV
ionization energy has been measured. The reason behind it is that oxygen fills oxygen vacan-
cies rather than Zn-O vacancies due to the formation of stable H-Zn vacancy complex defects,
which supports the association of the 36 meV with “three or more hydrogen in Zn vacancy”
donor. These TL measurements revealed the three known donors for ZnO in a single experi-
ment, while each other method was only capable of measuring one type of the three donors. It
should be noted that TL could be especially useful for small nonuniform samples because Hall-
effect measurements require uniform sample and its resolution is limited to 5 × 5 mm.

Figure 16. Emission peaks for as grown and annealed ZnO single crystals. Annealing atmosphere shows strong effects on
the ratio of 580 and 520 nm [116].
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Moreover, characterizing donors and acceptors in thin films on conductive layer using Hall-
effect is a real challenge as the current diffuses to the conductive substrate and the measure-
ments give a false indication for the electrical transport properties of the film. We expect that
TL could be an alternative method for donor characterization in thin films on conductive layers

8. Conclusion

The chapter reviewed the basics of TL spectroscopy and its applications and described an
advanced TL setup to extend its applications to the study and measurements of trap levels
in semiconductors and dielectrics. Different methods for the analysis of TL glow curve and
the calculations of activation energies were presented. By applying TL spectroscopy to the
study of YAG and ZnO, we demonstrated the effectiveness of the technique in characteriz-
ing trap levels and measuring donor ionization energies in dielectrics and semiconductors,
which is crucial to understand their electronic properties. By combining TL with other spec-
troscopies such as positron annihilation, Fourier transform infrared, and optical absorption
spectroscopies, full characterization of trap levels in the band gap can be obtained. This is
especially important for wide band gap materials where defects and dopants in the band
gap determine most of the optical, electrical, and magnetic properties.
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Abstract

Over the last 60 years, luminescence dating has developed into a robust chronometer 
for applications in earth sciences and archaeology. The technique is particularly use-
ful for dating materials ranging in age from a few decades to around 100,000–150,000 
years. In this chapter, following a brief outline of the historical development of the dat-
ing method, basic principles behind the technique are discussed. This is followed by a 
look at measurement equipment that is employed in determining age and its operation. 
Luminescence properties of minerals used in dating are then examined after which 
procedures used in age calculation are looked at. Sample collection methods are also 
reviewed, as well as types of materials that can be dated. Continuing refinements in 
both methodology and equipment promise to yield luminescence chronologies with 
improved accuracy and extended dating range in the future and these are briefly 
discussed.

Keywords: luminescence dating, thermoluminescence (TL), optically stimulated 
luminescence (OSL), paleodose, dose rate, earth sciences, archaeology

1. Introduction

Luminescence dating refers to age-dating methods that employ the phenomenon of lumines-
cence to determine the amount of time that has elapsed since the occurrence of a given event. 
In this chapter, the application of luminescence techniques in dating geological and archaeo-
logical events is examined. Generally, the term luminescence dating is a collective reference 
to numerical age-dating methods that include thermoluminescence (TL) and optically stimu-
lated luminescence (OSL) dating techniques. Other terms used to describe OSL include opti-
cal dating [1] and photon-stimulated luminescence dating or photoluminescence dating [2]. 
Luminescence dating methods are based on the ability of some dielectric and  semiconducting 
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materials to absorb and store energy from environmental ionizing radiation. In earth sciences 
and archaeological applications, the dielectric materials are usually minerals such as feldspar 
and quartz. The materials are also sometimes referred to as dosimeters [3]. Environmental ion-
izing radiation for earth science and archaeological applications typically comes from radioac-
tive elements within the immediate surroundings of the mineral grains as well as from cosmic 
radiation. When the minerals are stimulated, they release the stored energy in the form of 
light, from which the term luminescence is derived. Stimulation of energy release by heating 
is referred to as TL. When light is used, on the other hand, the technique is described as OSL. 
Measuring the amount of energy released in conjunction with a determination of the rate at 
which the energy was accumulated allows an age to be calculated, indicating time that has 
elapsed since the storage of energy began. Luminescence methods can generally be used to 
date materials that range in age from a few decades to about 100,000 years. However, ages of 
up to several hundred thousands of years have been reported in some studies [4]. Therefore, 
the method can be used for dating events of Late Pleistocene and Holocene age (ca. < 126 000 
years). Radiocarbon dating is a technique that can also be used to date some materials of Late 
Pleistocene or Holocene age if they bear carbon. Hence, when dealing with materials that do 
not contain organic carbon, luminescence dating can serve as an optional chronometer to radio-
carbon dating. Furthermore, the age range that can be dated using luminescence techniques is 
greater than that of radiocarbon dating, and this provides researchers with a viable alternative 
dating method.

This chapter presents a brief examination of how luminescence is used in earth sciences and 
archaeology to measure time. In both fields of study, the imperativeness of assigning a temporal 
scale to events and processes is an inherent aspect of the discipline. Hence, the role played by 
dating cannot be overstated. The chapter is not intended to be used as a practice manual. Rather, 
the aim is to provide a primer that acquaints scholars who may be familiar with the science of 
luminescence but are not accustomed to its application as a dating method. Thus, the chapter 
comprises eight sections. Following an introductory look at the development of luminescence 
dating in Section 1, principles of luminescence dating are examined in Section 2. In Section 3, 
basic luminescence measurement equipment and sample stimulation mechanisms during mea-
surement are explored after which luminescence properties of some common minerals are exam-
ined. The determination of parameters used in the luminescence age equation is discussed in 
Section 5, and this is followed by a look at materials that can be dated with luminescence meth-
ods in Section 6. Section 7 looks at methods used in sample collection and preparation prior to 
the analysis. In Section 8, the chapter concludes with a look at future developments in lumines-
cence dating.

1.1. Historical development of luminescence dating

The ability of some minerals to luminesce when stimulated is not a recent finding. The earliest 
recorded observation of the behavior in minerals has been attributed [5] to Robert Boyle, who 
in 1664 recounted his discovery [6] that a diamond that had been loaned to him could emit 
light when heated. Subsequently, Boyle would describe the phenomenon as ‘ self-shining’ [7]. 
Throughout the eighteenth, nineteenth and early parts of the twentieth  centuries a lot of activ-
ity went into examining the effects of TL such that by the middle of the twentieth century, 
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physicists were fairly familiar with the phenomenon. The focus of this section, however, is not 
on the history of the science of luminescence but rather on the history of the emergence of the 
application of luminescence as a dating technique for geological and archeological materials. 
That inception can be traced back to approximately seven decades ago, to a period during 
which experiments were being conducted into applications of TL [8, 9]. Zeller et al. [10] noted 
that research into applying TL to determine geological ages of rocks using minerals began at 
the University of Wisconsin around 1950. Progress in dating geological materials, however, 
was hampered by a limited understanding of the luminescence process in rocks and accu-
rate ages were hard to come by [11]. It is in the dating of heated archaeological artifacts that 
progress was realized. In 1953, Daniels et al. [9] had proposed that TL from ancient pottery 
could be used to determine its antiquity [12]. The idea was premised on the recognition that 
heating the pottery to high temperatures (>500°C) during production had the effect of erasing 
any previously accumulated energy from constituent mineral grains. Subsequently, Kennedy 
and Knoff [13] provided some basic aspects of dating heated archaeological materials using 
TL, though the approach had not been tested on actual samples as yet. Around the same time, 
Grogler et al. [14] provided additional experimental details on how a dating experiment mea-
suring TL of pottery could be conducted. It was in 1964 that Aitken et al. [12] designed a study 
that sought to determine the relationship between TL glow of an artifact and its archaeologi-
cal age. Results demonstrated that the luminescence intensity emitted by the samples was lin-
early proportional to radiocarbon ages of sediments from which the samples were obtained. 
The positive results noted in these early studies gave impetus for further refinements in TL 
protocols, and throughout the rest of the 1960s and 1970s, the dating method gained a foot-
hold in archaeological studies.

A major development in luminescence studies occurred when TL dating was extended to 
determining burial ages of unheated sediments. The evolution appears to have followed two 
parallel paths, one in the West and another in former Eastern Bloc countries. However, it 
seems there was minimal interaction between the two geographical regions, especially in the 
early stages. In the West, some of the earliest work includes a study [15] that looked at TL 
signals of deep-sea sediment that mostly comprised foraminiferal shells. The investigators 
[15] considered the signals to be from calcite and noticed that the TL intensity increased with 
depth. Later, another study [16] investigated a deep-sea sediment core that comprised pre-
dominantly siliceous plankton and reported results similar to those presented earlier [15]. 
Subsequent studies by Wintle and Huntley [17] provided additional TL data from deep-sea 
sediments that also showed increasing signal intensities with depth. However, it was later 
observed [17] that the TL signals from deep-sea cores actually came from detrital minerals 
that were mixed with the plankton. Significantly, it was also suggested [17] that what was 
being dated was the last time the ocean sediments had been exposed to sunlight. Though 
it was some time before researchers fully understood the zeroing mechanism for unheated 
sediment [18], that discovery was extremely important for sediment dating since it meant that 
the exposure of sediments to sunlight had the same zeroing effect of accumulated energy in 
sediment grains as did heating in pottery.

In former Eastern Bloc countries, the analysis of unheated terrestrial sediments using TL 
appears to have begun sometime during the 1960s. Early published reports from the former 
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Soviet Union include a study [19] that examined TL signals of Quaternary deposits. A few 
years later, Morozov [20] presented relative ages of Quaternary sediments from Ukraine 
that had been dated using TL methods. The study was mainly based on the recognition 
that luminescence signal intensities increased with depth, which was interpreted as com-
mensurate with age. Morozov [20] also suggested that the signal was coming from quartz in 
the sediments. Shortly afterwards, Shelkoplyas [21] reported a range of Quaternary TL ages 
obtained from soils and loess deposits [18]. Throughout the 1970s, researchers in Eastern 
Bloc countries [22–29] as well in China [30] reported studies in which TL was used to date 
Quaternary deposits. The accuracy of some of these early ages, however, is questionable 
[18], not least because zeroing mechanisms were not well-understood at the time. In other 
studies, efforts were directed at understanding TL characteristics of dosimeters, especially 
quartz [31–33].

Around the time Wintle and Huntley [17] discovered that TL signals in their deep-sea cores 
were coming from detrital mineral grains mixed with the plankton, they became aware of 
the work by Eastern Bloc researchers who had worked extensively with terrestrial sedi-
ments. Ultimately, they realized that TL dating could be applied much more broadly to date 
Quaternary deposits [18]. These developments resulted in the landmark publications by 
Wintle and Huntley [17, 34, 35] in which TL dating of sediments was outlined. With increased 
research throughout the early 1980s, dating procedures improved as efforts were made to 
standardize procedures [18]. However, optimal conditions for solar resetting of sediments 
remained unclear to researchers and this hampered the accuracy of TL ages. Researchers 
who examined the problem include Huntley [36] who investigated solar resetting of sedi-
ments from various environments and proposed a method to address the issue of inadequate 
zeroing. By 1985, another monumental step in luminescence dating would be realized when 

Authors Topic Source

Murray and Olley (2002) Luminescence dating of sedimentary quartz [40]

Feathers (2003) Luminescence dating in archaeology [41]

Lian (2007) Optically stimulated luminescence dating [42]

Duller (2008) Luminescence dating guidelines for archaeology [43]

Fuchs and Owen (2008) Luminescence dating of glacial sediments [44]

Preusser et al. (2008) Luminescence dating: principles and applications [45]

Rittenour (2008) Luminescence dating of fluvial deposits [46]

Singhvi and Porat (2008) Luminescence dating in geomorphology [47]

Wintle (2008) History of luminescence dating over the last 50 years [39]

Wintle (2008) Luminescence dating: history and prospects [3]

Rhodes (2011) Luminescence dating of sediments [48]

Liritzis et al. (2013) Luminescence dating in archaeology [49]

Table 1. Recent review studies examining luminescence dating and its applications.
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Huntley et al. [11] reported that a light source could be used to stimulate energy release from 
a dosimeter during measurement instead of heating as was used in TL. This led to the devel-
opment of OSL dating which offered a number of advantages over TL methods when dating 
unheated sediments. With further equipment and methodological refinements, there was a 
burgeoning of OSL dating studies of Quaternary sediments throughout the 1990s that saw 
luminescence dating emerge as a robust dating technique. Over the last two decades, the tech-
nique has developed further [37–39], and today, it is the method of choice for dating detrital 
sediments of Late Pleistocene and Holocene age as well as previously heated archaeological 
artifacts. Table 1 presents some recent review studies that have examined various aspects of 
luminescence dating and its applications.

2. Principles of luminescence dating

2.1. Luminescence behavior of dielectric materials used in dating

Many minerals such as quartz, feldspar, calcite and zircon are dielectric materials and, when 
subjected to ionizing radiation, they are able to store energy in their crystal lattices. In natu-
ral geological and archeological settings, the ionizing radiation emanates naturally from the 
immediate surroundings of the minerals. Cosmic radiation may also contribute a small com-
ponent. If the minerals used in dating are stimulated, they release the energy by luminescing 
and, within certain constraints, the energy released is proportional to the stored energy.

2.2. Luminescence dating equation

In luminescence dating, the energy given out by the minerals or dosimeters following stimu-
lation is measured using appropriate instrumentation. This energy is referred to as the paleo-
dose [50]. In order to determine an age, the rate at which the energy was accumulated by the 
dosimeter, or the dose date, is also ascertained. The quotient of the paleodose and the dose 
rate, as indicated in Eq. (1), is the luminescence age.

  
 

PaleodoseLuminescence age
Dose rate

=  (1)

If the mineral grains were emptied of all previously accumulated energy prior to the latest 
energy storage episode, the age obtained will denote time that has elapsed since the start of 
that episode. Hence, both in geology and archaeology, the luminescence age simply connotes 
time that has passed since the occurrence of a specific energy zeroing event. In geology, this 
might be a geomorphic event that exposed sediment to sunlight. Zeroing by sunlight is also 
sometimes referred to as optical bleaching [3]. In pottery, zeroing would normally occur dur-
ing a firing event associated with the manufacture.

2.3. Electron trapping mechanisms

Mechanisms by which minerals store energy in their crystal lattices as a result of ionizing 
radiation are complex [50–52]. However, it is thought that ionizing radiation drives mineral 

Luminescence Dating: Applications in Earth Sciences and Archaeology
http://dx.doi.org/10.5772/65119

263



crystals into a metastable state where electrons are displaced from their parent nuclei. The 
positions from which the electrons have been evicted act as holes. The electrons and holes then 
diffuse within the mineral crystals and become trapped separately at lattice defects. Examples 
of common defects include a negative ion missing from its lattice position, a negative ion posi-
tioned in an interstitial site or the presence of impurity atoms in the lattice through substitu-
tion [52]. Other more complex trap types exist [52]. Figure 1 depicts an energy level diagram 
that is used to visualize the trapping mechanisms involved in luminescence in crystalline 
materials. The depth of the trap (T) below the conduction band, indicated by ‘E’ (Figure 1) 
is a reflection of the efficacy of a given trap. Stable traps are those that can withstand per-
turbations such as lattice vibrations that could dislodge the electrons from their traps. If the 
crystal lattice is stimulated using an appropriate mechanism, for example, by heating to an 
adequately high temperature or by exposure to an optical source with a suitable wavelength, 
trapped electrons will be evicted out of the traps. Once evicted, the electrons diffuse within 
the crystal lattice until they reach a site that is attractive to electrons. Such sites are referred 
to as recombination centers. Some recombination centers emit energy in the form of light 
when they capture electrons. Where stimulation is conducted by heating, the effect would 
be referred to as TL. When stimulation is by optical means, OSL will be obtained. The diffu-
sion of evicted electrons to their recombination centers occurs fairly rapidly to the extent that 
the time between stimulation and recombination can be viewed as instantaneous. Effective 
recombination centers are usually those sites in the lattice where electrons are missing. These 
are the holes created when the materials are exposed to ionizing radiation (Figure 1a). The 
intensity of the luminescence that is obtained when a material is stimulated is proportional 
to the number of electrons that are trapped in the material which, in turn, is commensurate 
with the energy absorbed from the ionizing radiation [50, 51]. However, despite the energy 

Figure 1. An energy level diagram that illustrates how ionizing radiation creates luminescence centers in crystal lattices 
(redrawn from Ref. [50]). (a) Following irradiation, electrons are expelled from their original sites leaving holes behind. 
Both electrons and holes diffuse within the lattice. (b) At appropriate sites, electrons are trapped while holes may become 
localized. (c) Thermal (TL) or optical (OSL) stimulation of the material results in electrons being evicted from the traps. 
Evicted electrons that reach luminescence centers result in light being emitted.

Luminescence - An Outlook on the Phenomena and their Applications264



crystals into a metastable state where electrons are displaced from their parent nuclei. The 
positions from which the electrons have been evicted act as holes. The electrons and holes then 
diffuse within the mineral crystals and become trapped separately at lattice defects. Examples 
of common defects include a negative ion missing from its lattice position, a negative ion posi-
tioned in an interstitial site or the presence of impurity atoms in the lattice through substitu-
tion [52]. Other more complex trap types exist [52]. Figure 1 depicts an energy level diagram 
that is used to visualize the trapping mechanisms involved in luminescence in crystalline 
materials. The depth of the trap (T) below the conduction band, indicated by ‘E’ (Figure 1) 
is a reflection of the efficacy of a given trap. Stable traps are those that can withstand per-
turbations such as lattice vibrations that could dislodge the electrons from their traps. If the 
crystal lattice is stimulated using an appropriate mechanism, for example, by heating to an 
adequately high temperature or by exposure to an optical source with a suitable wavelength, 
trapped electrons will be evicted out of the traps. Once evicted, the electrons diffuse within 
the crystal lattice until they reach a site that is attractive to electrons. Such sites are referred 
to as recombination centers. Some recombination centers emit energy in the form of light 
when they capture electrons. Where stimulation is conducted by heating, the effect would 
be referred to as TL. When stimulation is by optical means, OSL will be obtained. The diffu-
sion of evicted electrons to their recombination centers occurs fairly rapidly to the extent that 
the time between stimulation and recombination can be viewed as instantaneous. Effective 
recombination centers are usually those sites in the lattice where electrons are missing. These 
are the holes created when the materials are exposed to ionizing radiation (Figure 1a). The 
intensity of the luminescence that is obtained when a material is stimulated is proportional 
to the number of electrons that are trapped in the material which, in turn, is commensurate 
with the energy absorbed from the ionizing radiation [50, 51]. However, despite the energy 

Figure 1. An energy level diagram that illustrates how ionizing radiation creates luminescence centers in crystal lattices 
(redrawn from Ref. [50]). (a) Following irradiation, electrons are expelled from their original sites leaving holes behind. 
Both electrons and holes diffuse within the lattice. (b) At appropriate sites, electrons are trapped while holes may become 
localized. (c) Thermal (TL) or optical (OSL) stimulation of the material results in electrons being evicted from the traps. 
Evicted electrons that reach luminescence centers result in light being emitted.

Luminescence - An Outlook on the Phenomena and their Applications264

storage mechanism being the same for a given mineral, the sensitivity to radiation may vary 
greatly between samples, an aspect that has important implications for dating procedures as 
will be shown later.

Importantly, for dating purposes, the number of electron traps within any mineral lattice is 
finite. As a result, when minerals are exposed to ionizing radiation for an extended period, 
the traps become exhausted such that energy can no longer be stored efficiently. This effect 
is referred to as saturation. In dating, saturation determines the upper limit beyond which 
samples cannot be dated using luminescence techniques. Materials that are subjected to very 
high dose rates will have the number of traps exhausted more rapidly such that the specific 
age representing the upper age limit will depend on both the number of traps present as well 
as the dose rate.

2.4. Natural sources of ionizing radiation

In geological and archaeological dating applications, natural sources of ionizing radia-
tion that contribute to the trapped energy in mineral grains include isotopes of uranium 
(238U and 235U) and thorium (232Th) decay chains, potassium (40K) and rubidium (87Rb). The ele-
ments are found in natural materials in very low concentrations (about 3–10 parts per  million 
for uranium and thorium and less than 5% for potassium, where 40K is one part in 10,000). 
Despite the low concentrations, these radioactive isotopes collectively emit enough radiation 
to induce luminescence that is detectable for dating purposes. The radiation emitted includes 
alpha and beta particles as well as gamma radiation. Beta particles and gamma rays have 
penetration ranges of about 0.02 cm and 20 cm in earth materials, respectively, whereas alpha 
particles penetrate about 0.02 mm [51].

An additional though smaller radiation component received by earth materials comes from 
cosmic radiation. Cosmic rays from outer space consist of a soft and a hard component. 
On earth, surface substrate absorbs the soft component such that it cannot penetrate deeper 
than 50 cm. The hard component, however, largely comprising muons, penetrates deeper 
and is lightly ionizing. Hence, only the hard component is relevant to luminescence dating. 
On earth, the intensity of the hard component is also influenced by both latitude and altitude. 
Special formulae for evaluating cosmic ray contribution to dose rate have been developed for 
luminescence dating [53].

3. Basic luminescence measurement equipment and sample stimulation 
mechanisms

For dating studies, the primary aim of TL and OSL measurements is to determine the amount 
of energy that has been stored in the mineral grains of a given material since the start of 
the event that is being investigated. As outlined above, two main methods are used to stim-
ulate energy release in luminescence studies. Heating allows TL to be measured, whereas 
 stimulation using a light source is used for OSL measurements.
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3.1. The luminescence reader

The basic layout of equipment used to measure luminescence in geological and archaeologi-
cal dating is shown in Figure 2. Modern luminescence dating systems commonly possess 
both TL and OSL measurement capabilities [54, 55]. To conduct a measurement, samples are 
usually loaded on discs about 1 cm in diameter that sit on an appropriate sample holder in 
multiples. These are then introduced into the device, commonly referred to as a luminescence 
reader [44] and selectively moved into position for measurement. The luminescence signal 
from the sample is captured by a photon detector system [1] for example, photomultiplier 
tube (PMT) or charge-coupled device (CCD) camera after passing through optical filters. 
When conducting TL measurements, the filters exclude infrared signals from the heating but 
permit blue or violet emissions to pass through. In OSL measurements, wavelengths used for 
stimulation are rejected by the filters, whereas violet and near ultraviolet wavelengths are 
usually transmitted. Output from a TL measurement is distinctly different from that obtained 
using OSL stimulation (Figure 2).

3.2. Thermal stimulation

When using thermal stimulation, samples are heated at rates approaching 20°C per second. On 
reaching a temperature that corresponds to the trap depth ‘E’ (Figure 1), usually  characteristic 

Figure 2. Main components of a luminescence reader that measures both TL and OSL signals (modified after Ref. [56]).
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of a given trap type, trapped electrons are rapidly evicted [51] into the conduction band. The 
equation below gives the probability per second at temperature T that the energy provided is 
sufficient to evict a trapped electron at depth ‘E’ into the conduction band:

 ( ) ( ) ( )exp /T s T E kTρ = −  (2)

where s(T) is a temperature dependent factor associated with the lattice vibrational frequency 
and change in entropy and k is Boltzmann’s constant [52]. Once evicted, electrons are free 
to be re-trapped at the same site, be trapped at a different site or get to a recombination site 
where luminescence occurs. The eviction temperature is depicted by a peak in emission on a 
plot of the luminescence signal versus temperature which is referred to as a TL glow-curve. 
If the heating continues, all the electron traps will be emptied. A glow-curve that is obtained 
after the first heating of a sample is given in Figure 3. Heating the sample again soon after the 
first heating will produce a different curve. The second curve corresponds to incandescence 
that is usually observed when any material is adequately heated to an elevated temperature. 
Hence, from this second heating, there will be no luminescence from trapped electrons that 
had accumulated from ionizing radiation since the last zeroing event.

3.3. Optical stimulation

In optical stimulation, electrons are expelled from their traps using a source of a chosen wave-
length. Commonly used sources in luminescence dating include blue, green or near-infrared 
wavelengths. The rate at which trapped electrons are evicted is influenced by the rate at which 
stimulating photons are emitted by the source as well as by the sensitivity of the trap types to 
optical stimulation. Generally, however, starting with a concentration of ‘n’ trapped electrons 

Figure 3. Illustration of glow-curves obtained following thermal stimulation. (a) A signal yielded after the first heating 
of a quartz sample with trapped electrons (paleodose). (b) A glow-curve from incandescence resulting from the second 
heating of the sample to a high temperature. It is important to note that incandescence is also realized above 400°C 
during the first heating (redrawn from Ref. [56]).
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and if ‘p’ is the probability for electrons to be evicted by an optical source to the conduction 
band per unit time, ‘n’ will change according to Eq. (3): 

  dn np
dt

=−  (3)

assuming that no re-trapping of freed electron occurs. Resolving Eq. (3) shows that as traps 
are emptied, the concentration of trapped electrons decays exponentially as given in Eq. (4) 
[5].

 ( ) 0
ptn t n e−=  (4)

where n0 is the concentration of trapped electrons prior to the stimulation. If all freed elec-
trons reach recombination sites instantaneously, the luminescence intensity will be propor-
tional to electrons being evicted from the traps. Thus from Eq. (3) and Eq. (4):
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The exponentially decaying emission curve obtained is referred to in OSL dating as a shine-
down curve (Figure 4). With continued stimulation, a point is reached where all trapped 
electrons that are susceptible to optical stimulation are depleted. If all the photons released 
during stimulation are integrated, the total luminescence energy released by the mineral can 
be ascertained.

Factors that influence the sensitivity of a trap type to optical eviction include characteristics 
of the trap as well as the wavelength of the optical source. Generally, however, eviction rates 
are faster when shorter wavelengths are employed. Electron eviction from some traps could 
require more energy than that provided by an optical source. To circumvent that limitation, 

Figure 4. A shine-down curve obtained following the optical stimulation (OSL) of a hypothetical mineral sample for 
about 100 s (modified after Ref. [51]).
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thermal assistance is used to attain the energy threshold required for eviction. This allows 
longer wavelengths that would not normally be employed for optical stimulation to be used 
in dating [50].

Generally, sources for optical stimulation are selected such that separation can be made 
between wavelengths of the source used for stimulation and those of signals emitted by 
the minerals being analyzed. That separation is usually aided by the use of optical filters. 
As an illustration, the main emissions for quartz and feldspar are in the near-ultraviolet 
(356 nm) and violet (410 nm) regions of the electromagnetic spectrum. Thus, filters that are 
employed when analyzing quartz and feldspars have windows in those respective regions 
but exclude wavelengths used for stimulation, for example, blue for quartz and near infrared 
for feldspar.

3.4. Advantages of OSL over TL

OSL dating has a number of inherent advantages compared with TL when analyzing sedi-
ments that have been zeroed by exposure to sunlight. Investigations have shown that solar 
bleaching of electron traps that are stimulated by TL proceeds more slowly than with traps 
that are sensitive to OSL [50]. In the study summarized in Figure 5, after 20 h of exposure to 

Figure 5. Bleaching rates of quartz (q) and feldspar (f) stimulated using TL and OSL (green light) conducted by Godfrey-
Smith et al. [57] (redrawn from Ref. [50]). The slower bleaching curves are from TL signals. For quartz, TL measurement 
focused on a peak between 320 and 330°C whereas for feldspar, a peak at 310–320°C was analyzed. Detection of TL 
signals was through a window with a center at 400 nm (violet). For the OSL, both quartz and feldspar used a green laser 
and a detection window of 380 nm which is violet to near-UV [50].
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sunlight, both quartz and feldspar were shown to have less than 0.1% of the signal originally 
present in the mineral remaining [57]. The TL signal that remained following the same period 
of bleaching, on the other hand, was a few orders of magnitude higher than the OSL signal. In 
practical terms, the slower bleaching of TL traps by solar energy means that higher residual 
signals will be found in unheated sediments analyzed using TL, to the extent that it is difficult 
to date very young samples using TL [11, 50]. Thus, OSL analysis is generally preferred for 
dating sediments that were not reset by heating [50]. For dating materials that have previ-
ously been zeroed by heating, however, such as archeological artifacts, TL remains an appro-
priate stimulation mechanism.

4. Luminescence properties of some common minerals

Many minerals will luminesce when stimulated using an appropriate source following a 
period of exposure to ionizing radiation. However, not all such minerals are suitable for use 
in luminescence dating. Today, luminescence dating primarily employs quartz and feldspar. 
Zircon and calcite have been tried in some studies but both minerals are associated with a 
number of complications. As a result, they are not commonly used in luminescence dating 
at present. This section examines the luminescence properties of the four minerals. In the 
discussions below, natural dose refers to energy acquired from natural radiation sources by 
a mineral grain in its field setting. This is differentiated from an artificial dose that a sample 
would obtain when irradiated using an artificial source in a laboratory setting.

4.1. Quartz

Quartz is the most commonly used mineral in luminescence dating because it offers a num-
ber of advantages when contrasted with alternatives. Due to its resistance to both chemical 
weathering and mechanical abrasion, it is very stable at the earth’s surface. As a result, it 
is one of the most abundant minerals in clastic depositional environments. Quartz’s lumi-
nescence properties are also very stable. Additionally, it does not have an internal source of 
radiation as a major element of its composition. Thus, the ionizing radiation that quartz grains 
receive in nature is usually from an external source, which simplifies dose rate calculation 
procedures. Situations exist, however, where quartz grains may contain very low levels of 
uranium but these are rare [51].

4.1.1. Quartz TL properties

Quartz that has a natural dose displays TL peaks at 325°C and 375°C [58]. TL dating usually 
employs the 375°C peak which is very stable and is thought to be the result of AlO4 lattice 
impurities that serve as hole traps [59]. Under sunlight, the 325°C peak bleaches much more 
rapidly than the 375°C peak [60]. Quartz that has been irradiated artificially also shows a peak 
at 110°C [Figure 6]. With regards to emissions, heating quartz above 300°C shows a natural TL 
emission band around 460–480 nm (blue) and another in the region of 610–630 nm (orange). 
Laboratory irradiated quartz has a TL emission band below 300°C in the region of 360–420 nm.
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4.1.2. Quartz OSL properties

Quartz has been shown to luminesce when stimulated by wavelengths from any part of the 
visible spectrum [60]. Most current OSL studies, however, prefer using blue light for stimula-
tion because of the higher OSL intensities it yields [55]. Investigations have demonstrated that 
the OSL signal of quartz can consist of at least three or more components that are referred to as 
fast, medium and slow, based on their decay rates [61, 62]. To separate the components  during 
 stimulation, constantly increasing power is used to give linearly modulated OSL (LM-OSL) 
[63].  Most regular dating procedures, however, employ a constant power (continuous wave–
CW) and are unable to resolve the components. Through the use of heat treatments or stimu-
lation for limited times (to exclude the slower components), desired signals can be targeted 

Figure 6. Examples of TL (a, b) and OSL (c, d) emission spectra (adapted with permission from Ref. [60]). For TL spectra, 
the sharp rise in emissions beyond 650 nm is largely from incandescence (rather than from electrons evicted from traps).

Luminescence Dating: Applications in Earth Sciences and Archaeology
http://dx.doi.org/10.5772/65119

271



when using CW stimulation. Emission bands that are observed in quartz OSL are in the range 
of 360–420 nm (Figure 6), which corresponds to emissions that are seen in quartz TL at tem-
peratures below 300°C [60] (Figure 7).

4.2. Feldspar

Feldspar is another widely used mineral in OSL dating. It constitutes about 60% of the earth’s 
crust and even though it weathers more rapidly than quartz, it is also a very common min-
eral at the earth’s surface. In terms of chemistry, feldspars are aluminosilicates that form 
solid solution series with potassium (K) calcium (Ca) and sodium (Na) as end members of a 
ternary system. Since potassium has an isotope that contributes ionizing radiation in lumi-
nescence dating, the potassium in K-feldspars has to be treated as a source of internal dose, 
in addition to dose contributions from sources external to the grains. As a result, when dating 
feldspars, it is necessary to separate K-feldspars from Ca and Na-feldspars and analyze them 
separately.

Compared with quartz, feldspar has a number of attractive luminescence features. First, 
feldspar emissions are generally brighter than those from quartz which produces stron-
ger signals. This means that smaller doses can be measured during analysis. Second, the 
internal dose from potassium is not susceptible to external influences such as variations 
in pore water and this allows dose rates to be ascertained more accurately. Third, feldspar 
can be stimulated using infrared radiation which allows effective separation to be made 
between the stimulation source and emission wavelengths. The main drawback for feld-
spar, however, is its susceptibility to anomalous fading [64]. Anomalous fading occurs 
when trapped electrons reside in their traps for shorter periods than what would be pre-
dicted by physical models such that the luminescence intensity drops over time from the 
time of irradiation. Ultimately, the result of anomalous fading is that most feldspar grains 
yield equivalent doses that are slightly lower than they would in the absence of fading. 

Figure 7. Main emission wavelengths for quartz and feldspars used in luminescence dating as well as wavelengths 
employed for stimulation. Sensitivity ranges for some detectors are also shown. Standard bialkaline photomultipliers 
(PMT) and EMI 9235QB PMTs do not detect emissions beyond 650 nm, whereas electron multiplying CCD (EMCCD) 
cameras can capture the whole range (modified after Ref. [54]).
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Correction methods have been developed for dealing with anomalous fading when dating 
feldspars [65, 66].

4.2.1. Feldspar TL properties

Various studies have shown that K-feldspars extracted from sediments yield natural TL 
 signals that display peaks at 280 and 330°C [60]. In terms of emission wavelengths, K-rich 
feldspars have been reported [67] to show maximums in the range of 390–440 nm (violet to 
blue). Conversely, emissions for some plagioclase feldspars have been reported to appear 
in the range of 550–560 nm (blue-green). Other studies, however, have intimated at a more 
 complex emission pattern for feldspars [68].

4.2.2. Feldspar OSL properties

Optical stimulation of luminescence from feldspars has been investigated using visible light. 
Early studies employed lasers which included the 514.5 nm wavelength from argon and 
the 633 nm (red) wavelength from krypton. The emissions were then monitored at shorter 
wavelengths [1, 57] and shown to be centered around 400 nm [69]. The application of OSL 
stimulation in dating feldspars, however, has been relatively limited because near-infrared 
stimulation (discussed below) has been shown to be a more desirable approach. Nonetheless, 
a study [70] comparing green light stimulation (GLSL) of feldspars with infrared stimulated 
luminescence (IRSL) reported data suggesting that at 10°C, GLSL signals were more stable 
than IRSL signals. This would indicate that different trap types might be involved [50]. Apart 
from green and red stimulation, luminescence in feldspar has been demonstrated using a 
range of other wavelengths in the region spanning 380–1020 nm [71].

4.2.3. Feldspar IRSL properties

As mentioned above, wavelengths in the near infrared region (peaking around 880 nm) can 
also be used to induce luminescence in feldspars. Since this effect was first noticed [72], most 
research in optical dating of feldspars has focused on IRSL stimulation. The main advantage 
of using IRSL is that the rest of the visible spectrum can then be used for emission detection. 
Fine-grained sediments containing mixtures of both plagioclase and K-feldspars have also 
been demonstrated to display a major stimulation peak around 845 nm as well as a weaker 
one at 775 nm [73]. Today, most studies that use feldspar for optical dating employ light emit-
ting diodes (LEDs) for stimulation that have emission peaks at around 880 ± 40 nm. LEDs 
are much cheaper than lasers and are widely available, making them a desirable alterna-
tive. Sedimentary K-feldspars stimulated using IRSL show a major natural emission peak 
at 410 nm (Figure 6d) and another minor peak in the range of 300–350 nm [74]. Some IRSL 
studies [75] have reported additional natural emission maxima for K-feldspars at 280, 560 
and 700 nm. With plagioclase feldspar, an IRSL emission peak has been identified at 570 nm.

Feldspars stimulated using IRSL following the administration of a laboratory dose also exhibit 
an emission peak at 290 nm. That peak is not observed in feldspars that have a natural signal. 
When not required during dating, the peak can be removed by preheating the sample to an 
appropriate temperature.
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4.3. Calcite

Thermally stimulated calcite has an emission maximum at 570 nm [60]. However, efforts to 
use the mineral in luminescence dating have been encumbered by the limited environmental 
occurrence of calcite. Calcite also tends to concentrate uranium in its lattice and this com-
plicates dose rate calculations since isotopic disequilibrium of uranium has to be taken into 
account. Worth noting is that uranium disequilibrium dating can yield ages from calcite that 
are more reliable than those obtained using luminescence techniques. As a result, the incen-
tive to employ luminescence methods in dating calcite has been small. It should be mentioned 
that some of the earliest, albeit unsuccessful, TL studies that tried to date rocks employed 
calcite [10]. Other attempts to use calcite in archaeological dating include a report by Ugumori 
and Ikeya [76].

4.4. Zircon

Zircon is an attractive dosimeter because it usually has a relatively high concentration of ura-
nium. Consequently, the dose from the mineral grain’s interior is far greater than that origi-
nating from outside. This yields a dose rate that is relatively constant since it is not susceptible 
to variations arising from external effects such as changes in water content or burial depth. 
An associated drawback, however, is that the uranium content of zircon varies between indi-
vidual grains. Consequently, measurements for dose rate are made on single grains. Also 
notably, zircon crystal lattices often have natural inhomogeneities that make it difficult to 
make comparisons between artificial irradiation administered in the laboratory with natural 
doses originating from within the grain. As outlined in Section 5, such comparisons are the 
standard approach for determining the paleodose when dating quartz or feldspar. To address 
that problem, zircon dating uses a technique called autoregeneration. With autoregeneration, 
after the natural signal from the zircon grains is measured, the grains are stored for a few 
months to allow a new dose to accrue. Measuring the signal at the end of the storage period 
and comparing it to the natural signal obtained from the initial measurement allows a calibra-
tion to be made that yields an age of the natural signal.

Analysis of zircon using TL includes a study by Huntley et al. [67] and by Templer and 
Smith [77]. OSL studies using zircon include investigations by Smith [78].

5. Paleodose and dose rate determination

The age equation introduced in Section 1 (Eq. 1) shows that two parameters need to be deter-
mined before a luminescence age can be calculated: the paleodose and the dose rate. This 
section examines methods that are used to determine the two variables.

5.1. Paleodose determination

The start of the accumulation of the paleodose should typically coincide with a geomorphic 
or archeological event that emptied (or zeroed) any previously accumulated energy in the 
sample grains. The dose refers to the energy absorbed per kilogram of material, and it is 
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 measured using units of gray (Gy), where 1 Gy = 1 J/kg. For materials that were previously 
zeroed by heating or firing, the start of the accumulation of the paleodose would correspond 
with the last time the material was heated to a temperature high enough to expel electrons 
from their traps. In the case of sediments that were zeroed by exposure to sunlight, the start 
of the accumulation of the paleodose would correspond to the last time that a sample was 
subjected to the bleaching effects of the sun for a period long enough to evict all trapped elec-
trons. As indicated earlier, the natural signal refers to the luminescence signal yielded by a 
sample  collected from the field. In order to determine the paleodose of a sample of unknown 
age, the natural signal is measured first after which the sample is irradiated artificially using 
a well-calibrated laboratory-based source. The signals from the artificial dose are then mea-
sured and compared with the natural dose signals in order to determine an artificial dose that 
gives a signal similar to that of the natural dose. This is referred to as the equivalent dose (De). 
Investigators use two main methods to determine De: the additive dose and the regenerative 
dose (or regeneration) methods [2, 50].

5.1.1. Additive dose method

When determining luminescence ages using the additive dose method, a sample of unknown 
age is split into two sets of aliquots. The natural signal for one set is measured first after which 
the second set is irradiated with incremental doses using an artificial source and also mea-
sured. Plotting the artificial signals against the dose administered produces a dose–response 
curve depicting the luminescence signal against the laboratory dose (Figure 8a). The curve is 
also known as a growth curve. The natural signal is also plotted on the growth curve against 
zero dose (Figure 8a). Extrapolating the curve backwards until it intercepts the horizontal axis 
at zero signal intensity provides De (Figure 8a) [51]. Growth curves are unique to each sample 
because luminescence sensitivity of mineral grains can vary from sample to sample. As a 
result, a new growth curve has to be constructed for each sample whose age is being deter-
mined. When dating materials that were zeroed by the sun using TL, the residual TL signal 
that is noted following solar bleaching would have to be taken into account when extrapolat-
ing the curve backwards. With both feldspar and quartz, the relationship between the lumi-
nescence signal and the laboratory radiation portrays a linear trend for low and moderate 
doses. At elevated doses, however, the growth curve plateaus, indicating that luminescence 
traps are getting exhausted, also referred to as saturation.

5.1.2. Regenerative dose method

The procedure used in the regeneration method is similar to that employed in the additive 
dose method apart from that, before the laboratory dose is applied, the sample aliquots in the 
regeneration method are first zeroed to remove any previously acquired dose. Incremental 
doses are then applied to the zeroed aliquots and measured. The acquired signals are plotted 
against the administered dose to give a regenerative dose growth curve. To get the equiva-
lent dose, the signal from the sample of unknown age is interpolated into the growth curve 
(Figure 8b) [51]. Hence, when constructing the growth curve, the laboratory irradiation doses 
are selected such that the signals they produce lie above and below the signal obtained from 
the natural dose.

Luminescence Dating: Applications in Earth Sciences and Archaeology
http://dx.doi.org/10.5772/65119

275



5.1.3. Single aliquot methods versus multiple aliquot methods

Both the additive dose and regenerative dose methods employed multiple aliquots when they 
were originally developed for TL dating. Later, when OSL dating emerged, the possibility of 
using single aliquots only was brought up [1]. However, the concept did not take hold ini-
tially and multiple aliquots were also adopted for OSL dating. Generally, the use of multiple 
 aliquots assumes that all aliquots of a given sample behave similarly to the dose administered. 

Figure 8. Main methods employed in determining the equivalent dose. (a) When using the additive dose method, 
incremental doses are administered on top of the natural dose and then measured. (b) With the regenerative dose 
approach, samples are first zeroed to remove any previously acquired dose and then given incremental doses, followed 
by measuring. Growth curves are unique to each sample being analyzed such that new measurements have to be made 
and a new curve constructed for every sample being dated.
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However, in reality, inter-aliquot variations occur for a range of reasons that include changes 
in sensitivity [3, 79]. Normalization is used in some cases to try and reduce the effects of the 
variations. Nonetheless, the effects cannot be eliminated entirely such that uncertainties are 
contributed to the calculated ages. Ultimately, there was an incentive to devise an approach 
that only employed a single aliquot.

5.1.4. Single-aliquot regenerative-dose (SAR) protocol

When initially introduced for dating, single aliquot methods employed the additive dose 
method on feldspars [80, 81]. Quartz had not been used because sensitivity changes that it 
displays during repeat measurement cycles rendered single aliquot data unworkable. A few 
years later, however, following work carried out by Mejdhal and Bøtter-Jensen [82], a single 
aliquot regenerative (SAR) protocol for quartz that incorporated correction steps to address 
the changes in sensitivity was proposed. Subsequently, Murray and Wintle [37] presented an 
enhanced version of the SAR approach introduced by Murray and Roberts [83] in which a test 
dose was used to monitor sensitivity changes in the quartz. As initially proposed by Murray 
and Wintle [37], their SAR method entailed steps outlined in Table 2.

Minor modifications have been made to the SAR procedure presented in Table 2 since its origi-
nal inception [37, 38]. However, over the last two decades, the protocol has been widely adopted 
for routine dating of both sediments and heated materials using quartz and feldspar  [84].

5.1.5. Single grain analysis

SAR protocols have also been extended to determining paleodoses using individual mineral 
grains. The transition has been facilitated by the development of special equipment for load-
ing and analyzing thousands of grains of sand size (<250 µm) relatively quickly [85]. The 
analysis of individual grains from the same sample is particularly useful for identifying dif-
ferences in paleodose between grains [86]. Examples of cases where this may be expedient is 

Step Treatmenta Observed signal

1 Irradiate sample with artificial dose, Di  –

2 Sample preheated (160–300°C) for 10s –

3 Sample stimulated for 100 s at 125°C Li

4 Sample irradiated with test dose, Dt –

5 Sample heated to 160°C –

6 Sample stimulated for 100 s at 125°Cb Ti

7 Return to step 1 and repeat sequencec –

Di is the dose that yields the signal Li while Dt is the test dose that produces the signal Ti. These values are used to plot a 
curve of Li/Ti vs. the regeneration dose D.
aFor the natural sample, i = 0 and D0 = 0 Gy.
bStimulation time varies with the intensity of the light used for stimulation.
cSubsequent modifications to steps above include an additional step to help attenuate recuperation.

Table 2. Sequence of steps in the SAR procedure as initially proposed by Murray and Wintle [37].
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when  studying sediments deposited by rivers (fluvial) where well-bleached grains might be 
mixed with partially bleached fractions [87].

5.2. Determination of the dose rate

As outlined above, once the paleodose has been ascertained, the dose rate needs to be evalu-
ated before an age can be determined. In Section 1, it was mentioned that ionizing radia-
tion responsible for the energy accumulation in mineral grains in natural settings emanates 
from uranium and thorium decay chains as well as from potassium and rubidium isotopes. 
Cosmic radiation also contributes a minor component. A number of methods can be used to 
evaluate the total contributions of all these components. Using the concentration approach, 
levels of uranium, potassium and rubidium in a given sample are quantified with the help 
of an analytical procedure such as atomic absorption spectroscopy (AAS), neutron activation 
analysis (NAA), flame photometric detection (FPD), X-ray fluorescence (XRF) and inductively 
coupled plasma spectroscopy (ICPS). Once the concentrations have been measured, dose rate 
is determined using special conversion tables prepared for the purpose [50]. For uranium 
and thorium, however, isotopic disequilibrium could render the measurements using these 
analytical techniques unreliable [50].

As opposed to measuring elemental concentrations “using methods outlined” above, direct 
measurements of the activities of specific radionuclides can be achieved using methods such 
as alpha or gamma ray spectrometry. Despite being costly, these methods can provide accu-
rate measurements, including from uranium and thorium decay chains and in cases where 
disequilibrium exists. Nonetheless, lengthy measurement times may be necessary [50].

Alternatively, errors from isotopic disequilibrium in the uranium and thorium decay chains 
can be reduced by measuring the contributions of uranium and thorium using thick source 
alpha counting (TSAC) after which potassium is measured using an analytical technique such 
as AAS, FPM, XRF or ICPMS. Yet another approach to determine the dose rate is to use TSAC 
to determine the alpha particle contribution after which a beta particle counter is employed to 
determine the beta contribution. The gamma dose rate is best determined in the field when-
ever possible. Highly sensitive portable gamma-ray spectrometers that make such onsite 
measurements possible are now available [44].

Measurement of the dose rate can also be conducted in the field using synthetic dosimeters 
such as α-Al2O3:C [44]. These are highly sensitive materials that are left in the field for a few 
weeks after which they are retrieved and analyzed.

The dose contribution from cosmic rays is usually minor. However, in settings where the 
radionuclide concentrations are low, the proportion from cosmic rays becomes significant. 
A methodology for calculating cosmic ray contribution to the luminescence dose rate was 
formulated by Prescott and Hutton [53].

Lastly, it is imperative to take the in situ moisture content of the material that is being dated 
into account when calculating the dose rate. This is because interstitial water absorbs part 
of the dose that should otherwise reach the dosimeter, with the attenuation of the dose rate 
intensifying as the moisture content increases.
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5.3. Lower and upper age limits in luminescence dating

At present, luminescence dating methods can be used to date samples that are as young as 
a few decades [88]. Dating using the single grain approach can produce young ages that are 
relatively precise. When dating such young samples, it is desirable to use mineral grains 
characterized by a high luminescence sensitivity and for the grains to have been completely 
bleached prior to the burial [39]. Minimizing thermal charge transfer during measurement 
also improves the accuracy of the results.

Maximum ages that can be obtained using luminescence dating methods are ultimately con-
trolled by the fact that the population of electron traps within any given dosimeter is fixed. As 

Figure 9. Examples of growth curves for quartz taken to saturation (redrawn after [3]). (a) Curve constructed using a 
saturating exponential function of the form I(D) = I0 (I − exp−D/D

0) where I(D) is the luminescence signal produced by the 
dose D and I0 is the maximum luminescence intensity produced. The parameter D0 determines the shape of the curve. 
(b) Since curve (a) appeared to underestimate some older ages, the saturating function from (a) is combined with a linear 
function in (b) [3].
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a result, the number electrons stored by trapping cannot increase indefinitely [50, 51, 56]. This 
is depicted in luminescence growth curves by a flattening of the signal obtained as the dose 
increases and is often expressed using a saturating exponential function. Figure 9a shows 
such a function expressing the fast component of a quartz signal. It shows that, once a certain 
dose is reached, the curve flattens. That dose is the upper limit above which the proportional-
ity between the dose received and luminescence signal obtained breaks down. Quartz usu-
ally saturates with a dose of around 100–150 Gy. An approach used in some studies [4, 89] 
working with high doses is to model the growth curve by combining a linear function and a 
saturating function as shown in Figure 9b [3]. This approach has been used to report quartz 
ages in excess of 200 000–400 000 years. It should be noted that the limits of the ages that can 
be obtained are ultimately determined by the magnitude of the dose rate, with low dose rates 
giving higher age limits and vice versa. With feldspar, several studies have reported ages that 
exceed 100 000 years using IRSL [90]. Correction for anomalous fading of the feldspar at such 
high doses (>100–200 Gy) using standard methods [66], however, becomes problematic.

In essence, with both feldspar and quartz dating, there are maximum dose limits above which 
reliable ages cannot be produced as a result of electron trap exhaustion.

6. Sample collection and preparation for analysis

Preceding sections explored the basics of luminescence dating. A subject that now needs to be 
addressed is the nature of materials on which luminescence dating methods can be applied. 
Before that can be looked into, however, it is pertinent to examine the topic of sample grain 
size, since protocols employed in luminescence analysis are contingent upon the granulom-
etry of the material being analyzed.

6.1. Sample grain size

There are generally two broad mineral grain size ranges that are employed in luminescence 
dating: coarse grains and fine grains. When using the coarse grain method, sand-sized parti-
cles in the diameter range 90–250 µm are extracted and analyzed. Grains in this size range nor-
mally receive ionizing radiation from alpha and beta particles as well as gamma and  cosmic 
rays. Because of their size, alpha particles would only be able to penetrate the mineral grain’s 
exterior 25 µm. When working with coarse grains, the outer rim that is affected by the alpha 
particles is removed by etching using hydrofluoric acid (HF). For this reason, coarse grain 
luminescence dating is sometimes described as inclusion dating [58, 91, 92]. When dating 
pottery using quartz inclusions, grains in the size range 90–125 µm are commonly selected. 
In sediment dating, the usual practice is to extract grain sizes that represent the modal size. 
Thus, for eolian dunes, grains in the size range 150–180 µm are often used [3]. Feldspar inclu-
sion dating employs procedures similar to those used for quartz dating, including etching to 
remove the outer rim penetrated by alpha particles.

An important aspect of inclusion dating is that, since parts of the grain affected by alpha parti-
cles are removed prior to the performing luminescence measurements, only the  contributions of 
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beta, gamma and cosmic rays are taken into account when determining the dose rate. If Eq. (1) 
is modified to take those analytical considerations into account, the age equation becomes:
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where Dβ, Dγ and Dc are the doses from beta, gamma and cosmic ray contributions, respec-
tively [50, 51]. If the dose rates are given as annual values, the equation yields the age in 
calendar years. The beta dose rate is factored by 0.9 as a correction for the grain size and the 
etching that disposes of the outer rim which also received a beta dose [50, 51].

Worth noting is that, on rare occasions, quartz may contain some uranium and thorium within 
its lattice. In such cases, Eq. (6) may need to be modified if coarse grains are used. Similarly, 
when dating feldspar using coarse grains, potassium-40 isotopes in K-feldspar constitute an 
additional source of beta particles that has to be factored into the dose rate calculation. As a 
result, feldspars are often separated into K-feldspar and low-potassium fractions that are then 
analyzed separately.

For fine grains, mineral grains in the size range 4–11 µm are usually extracted and mounted 
for analysis. When calculating the dose rate for such mineral grains, since their diameters are 
such that alpha particles can penetrate them entirely, contribution from alpha particles has to 
be included in the dose rate. Consequently, the age equation becomes:
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where Dα, Dβ, Dγ and Dc are the doses from alpha, beta, gamma and cosmic ray contributions, 
respectively.

Mineral grains in the diameter range 33–63 µm have been dated in other studies [93]. Because 
the size range is intermediate between coarse grain and fine grain categories, the analysis is 
sometimes referred to as middle-grain dating [50]. Etching with HF to remove the outer rim 
of the grains is not usually employed with middle-grain dating. Thus, the alpha particle con-
tribution is also included when calculating the dose rate.

6.2. Sample collection and preparation

6.2.1. Sample collection

As outlined earlier, exposure of luminescence dating dosimeters to sunlight results in the 
zeroing of any previously acquired dose. Thus, a basic constraint when collecting samples is 
that they should be shielded from light until the time of analysis. Accordingly, when dealing 
with archaeological artifacts, sampling usually entails using a power drill in safe-light con-
ditions to retrieve a representative sample from the interior of the artifact. When collecting 
sediments from their natural settings, on the other hand, sampling could be conducted at 
night [50]. However, working in the dark is inconvenient and chances of accidentally expos-
ing the sample to light are also greater. Hence, night-time sampling is not the most popular 
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approach. More often than not, sampling is conducted during the day. In cases where sedi-
ments have a firm consistency, it may be possible to cut out a block of sediment and transport 
it to the lab where the sample for dating is extracted from the block’s interior. A more com-
monly used approach is to insert an opaque cylindrical pipe into a targeted geological unit. 
Both ends of the pipe are capped once it has been retrieved. At the laboratory a sample is 
analysis is removed from the center of the pipe. Samples for luminescence analysis can also be 
collected at depth by drilling vertically using sampling modules specially designed to avoid 
exposure of the sample to sunlight [94].

6.2.2. Sample preparation prior to the measurement

Collected samples have to be pretreated before luminescence analysis can be conducted. 
There are a number of standard procedures that have been developed for pretreating samples, 
depending on whether the grains targeted for analysis are fine or coarse. Analysis of coarse 
grains is usually performed on pure separates of either quartz or feldspar. Fine grains, however, 
are often analyzed as polymineralic fractions. The choice of what mineral or grain size to ana-
lyze will generally depend on the sample type. For instance, when dating loess, which is a silt-
sized deposit, it is more appropriate to extract fine grains whereas using coarse grains would be 
more suitable for dating wind deposited dune sands. Where sediments have equal proportions 
of fine and coarse components, it is possible to validate results by dating both fractions.

In coarse grain dating, sample pretreatment entails first removing carbonates and organic 
material using dilute hydrochloric acid (HCl) and hydrogen peroxide (H2O2), respectively. 
Pure separates of quartz or feldspar are then extracted from the sample using a heavy liquid 
such as sodium polytungstate solution. Finally, the separates are mounted on discs (about 
10 mm in diameter) before being analyzed. More details on sample extraction are given in [95].

When extracting fine grains for analysis, carbonates and organic materials are also first elimi-
nated using dilute HCl and H2O2, respectively. To avoid flocculation of the grains, dilute 
sodium oxalate is added. After thorough mixing, a sedimentation column is then used to 
extract grains of the desired size range (usually 4–11 µm). If no further separation is required, 
the sample will be ready for mounting on discs. Occasionally, however, some studies do 
extract pure quartz from fine-grained samples. This is achieved by digesting feldspar from 
the polymineralic sample using fluorosilisic acid [96]. Additional details on separating and 
mounting fine grains can be found in [97].

7. On what materials can luminescence dating be applied?

Materials of geological or archaeological origin that are dated using luminescence methods 
have to satisfy a number of characteristics before they can be successfully analyzed. First, the 
material must be composed of a substance that behaves as a dosimeter. Second, the lumines-
cence energy contained in the material must have been zeroed at some point that now serves 
as the starting point for counting time. Third, energy storage in the materials should not 
have reached saturation at the time of analysis, otherwise stored energy would cease to be 
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an  accurate measure of time that elapsed. Within the context of these requirements, materi-
als from which ages can be obtained using luminescence methods can be classified into two 
main categories: substances whose accrued energy has been reset by heating and sediment 
grains of sand and silt size whose previously acquired energy has been zeroed by exposure to 
sunlight while being transported.

7.1. Heated materials

The heating process employed in pottery production commonly fires earthenware to tem-
peratures in excess of 800°C. Such elevated heat effectively evicts trapped electrons in con-
stituent materials, providing a starting event for a luminescence age. As a result, archeological 
materials such as ancient pottery, bricks, terracotta figures and tiles are artifacts whose ages 
can be ascertained using luminescence methods, especially TL. This is because the artifacts 
commonly contain mineral grains such as quartz and feldspar. If the quartz or feldspar grains 
from the artifacts are extracted and dated using the inclusion dating approach (coarse grain 
technique), ages can be obtained. Alternatively, the fine-grained components can be extracted 
from the same materials and polymineralic fractions dated. Fine-grained quartz separates can 
also be isolated and dated similarly. It is thought that humans began making pottery about 
30,000 years ago, during the Neolithic period [98]. By 10,000 years ago, the skill had spread 
globally [51]. Thus, most ancient pottery artifacts should be amenable to dating using lumi-
nescence methods.

In addition to pottery, other materials of archaeological context that could experience epi-
sodes of heating include flint and any other stones that may have been heated to high tem-
peratures by fires associated with human settlements. These include residual rock chips from 
the production of tools by ancient humans that may have been heated either intentionally or 
otherwise. Dating any of these artifacts using luminescence techniques provides a timeline 
that approximates the age of the occupation of the archaeological site by humans [99].

Geological materials that have undergone heating to high temperatures at any point during 
the last about 100,000 years should also be datable using TL methods if they contain appro-
priate dosimeters. Materials that could fall into this category include sediments that border 
volcanic eruptions, as well as products of the volcanic eruptions themselves including lava 
and ash. In all instances, dating the materials using luminescence methods allows the age of 
the eruption to be approximated [100].

A final category of substances that can be dated using luminescence methods after being 
zeroed by elevated temperatures are materials associated with meteorite impacts. Such 
impacts create thermal shocks that erase any previously acquired dose in mineral grains con-
tained in proximal geological structures, providing a convenient bleaching mechanism for 
dating the impact using luminescence methods [101].

7.2. Dating of sediments reset by sunlight

Granular sediments that contain dosimeters that have been bleached of all previously acquired 
energy by exposure to sunlight before being buried form an important class of  materials that 
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can be dated using luminescence methods. Stemming from studies [36] that showed that the 
exposure of some minerals to sunlight could evict electrons from traps in mineral lattices, 
luminescence methods have been successfully used to date sediment from a range of envi-
ronments. While TL was used in the beginning, the subsequent development of OSL tech-
niques was nurtured by the dating of this category of materials. The types of sediments that 
fall into this category include sediments transported by wind (eolian sediments), water-lain 
sediments, sediments associated with glaciers, as well as sediment related to earthquakes. 
The section below examines each of these sediment classes. In each case, luminescence ages 
denote time that has passed since the sediments were last zeroed by sunlight. Similarly, the 
ages correspond to time that has passed since the sediment was last shielded from sunlight 
(or buried) by overlying geological units.

7.2.1. Eolian deposits

Of all classes of geological materials that can be dated using luminescence methods, wind 
deposited (eolian) sediments are the most ideal. This is because the sediment grains are trans-
ported at the earth’s surface or in mid-air, affording them adequate exposure to the sun to 
cause complete zeroing of any dose the sediment may have [50]. Consequently, the largest 
share of luminescence ages that have been published to date are from deposits of eolian ori-
gin. Eolian deposits generally fall into two main categories: sand-sized and silt-sized grains. 
Sands comprise sediment grains in the range 63–250 µm. The wind transports such particles 
via a process called saltation [102], which is a sequence of low altitude jumps, less than a foot 
from the surface of the depositional bed. Such grains usually form dunes. Silt-sized grains 
comprise particles in the size range 2–63 µm. These are transported in suspension and typi-
cally stay airborne for long periods of time [102]. In either case, eolian sands and silt grains are 
usually well-zeroed by the time they are buried by other sediments.

Eolian dune sediments have been dated in multiple studies [103] using quartz or feldspar 
extracts (mostly employing blue OSL and IRSL for stimulation, respectively) and pro-
duced ages that have been compared with radiocarbon ages from related sediments. In all 
cases, the results have validated luminescence dating as a competent dating method that 
provides reliable ages. Since eolian dune deposits are often treated as indicators of dry 
conditions, chronologies from eolian sands have been used to reconstruct environmental 
changes from the past [104–107]. Published ages span the last ca. 100,000 years. Hence, the 
method has emerged as an indispensable tool for the study of Late Pleistocene and Holocene 
paleoenvironments.

In addition to studying environmental change in inland deserts, luminescence chronologies 
from coarse-grained eolian sands have also been used to investigate depositional chronolo-
gies of coastal dune deposits [108]. Results from such studies have been used to develop tem-
poral frameworks for processes in coastal environments, including sea level change.

Silt-sized eolian sediments can form extensive sequences of deposits referred to as loess [102]. 
Fine grain dating has been used to provide depositional chronologies of loess in numerous stud-
ies [107]. As in coarse grain dating, the chronologies have invariably been used to reconstruct 
paleoenvironments from the late Quaternary period. Luminescence analysis of fine grains 
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cause complete zeroing of any dose the sediment may have [50]. Consequently, the largest 
share of luminescence ages that have been published to date are from deposits of eolian ori-
gin. Eolian deposits generally fall into two main categories: sand-sized and silt-sized grains. 
Sands comprise sediment grains in the range 63–250 µm. The wind transports such particles 
via a process called saltation [102], which is a sequence of low altitude jumps, less than a foot 
from the surface of the depositional bed. Such grains usually form dunes. Silt-sized grains 
comprise particles in the size range 2–63 µm. These are transported in suspension and typi-
cally stay airborne for long periods of time [102]. In either case, eolian sands and silt grains are 
usually well-zeroed by the time they are buried by other sediments.

Eolian dune sediments have been dated in multiple studies [103] using quartz or feldspar 
extracts (mostly employing blue OSL and IRSL for stimulation, respectively) and pro-
duced ages that have been compared with radiocarbon ages from related sediments. In all 
cases, the results have validated luminescence dating as a competent dating method that 
provides reliable ages. Since eolian dune deposits are often treated as indicators of dry 
conditions, chronologies from eolian sands have been used to reconstruct environmental 
changes from the past [104–107]. Published ages span the last ca. 100,000 years. Hence, the 
method has emerged as an indispensable tool for the study of Late Pleistocene and Holocene 
paleoenvironments.

In addition to studying environmental change in inland deserts, luminescence chronologies 
from coarse-grained eolian sands have also been used to investigate depositional chronolo-
gies of coastal dune deposits [108]. Results from such studies have been used to develop tem-
poral frameworks for processes in coastal environments, including sea level change.

Silt-sized eolian sediments can form extensive sequences of deposits referred to as loess [102]. 
Fine grain dating has been used to provide depositional chronologies of loess in numerous stud-
ies [107]. As in coarse grain dating, the chronologies have invariably been used to reconstruct 
paleoenvironments from the late Quaternary period. Luminescence analysis of fine grains 
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can be conducted by targeting feldspar in polymineral fractions using IRSL. Alternatively, if 
quartz fines are extracted as outlined above, blue OSL is employed for stimulation [109].

7.2.2. Water-lain deposits

Coarse as well as fine-grained sediments that have been deposited by water have also been 
investigated using luminescence methods. However, studies have shown that sediments 
transported by rivers (fluvial deposits) are not always well-zeroed at deposition [46, 110]. 
As a result, single grain dating methods have been used to identify well-zeroed grains from 
such settings [46, 110]. Useful information on modern and ancient depositional rates of 
river systems have been acquired through luminescence studies of fluvial sediments [110]. 
Influences of tectonic and climatic effects on river systems have also been investigated using 
luminescence chronologies [110]. Other applications of luminescence ages from fluvial depos-
its include paleoseismic and archaeological studies. Additional information on dating fluvial 
deposits using luminescence methods can be found in [46, 110].

7.2.3. Sediments of glacial origin

As with water-lain deposits in fluvial settings, the greatest concern with deposits from gla-
cial environments is the degree of bleaching that sediments experience prior to the burial. 
Sediments with the highest probability of being well-zeroed are deposits that meltwaters 
transport away from the glacier as outwash [44, 111]. Hence, chances for complete zeroing 
increases with distance from the glacier’s front [111–113]. Nonetheless, even with outwash 
deposits, studies have shown that sediments are often partially zeroed [112]. As with fluvial 
deposits, single grain dating methods can be used to identify well-bleached grains in such 
instances. Some investigators have tried to identify signal components that bleach more rap-
idly for use when dating partially bleached glacial deposits [111]. More detailed discussions 
on luminescence dating of glaciofluvial deposits are found in [44, 111].

7.2.4. Earthquake-related studies

Tsunami episodes generated by earthquakes often displace sandy deposits from beach areas, 
depositing them further inland in tidal marshes, bogs and lakes that rim ocean margins. 
Afterwards, as part of the coastal sequence, other deposits that can include peat or mud may 
be emplaced atop the displaced sands, shielding them from sunlight. If the sands are dated 
using luminescence methods, the chronology they yield can be used to approximate recur-
rence rates of the tsunamis and, by extrapolation, of the earthquakes that cause the tsuna-
mis. Such information would be critical when evaluating environmental hazards within the 
region [50]. Worth noting, however, is that tsunami events are rapid and often do not provide 
time for adequate bleaching of the sediments they mobilize. As a result, investigators target 
sediments that were exposed at the surface before the tsunami event and hence were already 
zeroed [50, 114]. Other deposits associated with earthquakes on which luminescence dating 
has been applied are sediments that occur on horizontal surfaces that have experienced differ-
ential vertical movement through earthquake-related faulting [49]. Sediments on the uplifted 
surfaces could be correlated by dating them using luminescence methods.
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8. Current and future trends in luminescence dating

Luminescence dating has evolved into a full-fledged and robust chronometer over the last 
six decades. Concurrent with and driving this development has been the establishment of 
numerous luminescence dating laboratories throughout the world. To foster interaction 
between scholars, the Luminescence and Electron Spin Resonance Dating (LED) Conference 
is held triennially to examine a range of topics that encompass luminescence dating. In the 
years between the LED conferences, regional and national meetings are also held, including 
the UK Luminescence Dating Conference, the German Luminescence and ESR Conference 
or the North American New World Luminescence Dating Workshop. Topics explored at 
the meetings include fundamental research into luminescence dating as well as applica-
tions of luminescence chronologies in environmental, geological and archaeological sciences. 
Improvements in instrumentation for luminescence dating also constitute an important ele-
ment at the meetings.

Current topics in fundamental research include investigations that aim to improve knowl-
edge on luminescence characteristics of dosimeters such as feldspar and quartz. Ultimately, 
this should lead to the production of ages that are more accurate as well as the extension of 
maximum and minimum age limits that can be obtained using luminescence methods. Such 
efforts include studies that aim to understand the behavior of quartz at high doses [115, 116]. 
The information should lead to the formulation of protocols that extend the upper limit of 
ages obtainable using quartz [116].

Research on feldspar has included efforts to identify IRSL signals that are less inclined to 
experience anomalous fading [66]. Employing such signals would allow older ages to be 
determined using feldspar than are currently obtainable [117, 118]. Some studies have dem-
onstrated that IRSL signals that are acquired by stimulating feldspar at a low temperature 
(for instance, 50°C) after which another measurement is immediately conducted at a higher 
temperature (for instance, 290°C), have a lower fading rate than those obtained using standard 
protocols [118]. This experimental procedure, termed post-IR IRSL [118] has yielded encour-
aging results that could potentially raise the upper limit of ages that can be obtained using 
current methods [118].

Improvements in instrumentation are also continuously being realized and advances include 
the development of luminescence readers equipped with broader spectral ranges for emis-
sion detection [54]. The recent development of portable OSL measurement systems that can 
be used to conduct rapid on-site measurements is also worth mentioning [119]. Compared to 
regular OSL readers, the portable systems have limited functions. However, if they were to 
be equipped with add-ons such as external X-ray sources for sample irradiation, practitioners 
would be faced with expanded options for signal collection.

Today, luminescence dating is a dynamic field of research that is set to continue witnessing 
ground-breaking developments in years to come. As both laboratory procedures and analyti-
cal equipment are improved, ages should be reported with higher precision and accuracy.
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Abstract

What shaped the evolution of vision in fish more than anything else is the need to
see, be it to avoid obstacles or find shelters, and recognize conspecifics, predators and
prey. However, for vision to be effective, sufficient light has to be available. While
there is  no shortage of  light  in shallow water depths,  at  least  during the day,  the
situation for species occurring at  greater depths is  a different one:  they live in an
environment where sunlight does not reach,  but which nevertheless,  is  not totally
devoid of light. Numerous marine organisms, including fishes of at least 46 families,
possess  the  ability  to  ‘bioluminesce’,  i.e.  they  can  produce  biological  light.  This
chapter focuses on the interaction between bioluminescence and specific photorecep‐
tor adaptations in fishes to detect the biological light.

Keywords: bioluminescence, light, sea, eye, vision, fish

1. Introduction

Bioluminescence is rare, but widespread. This seemingly contradictory statement refers to the
fact that there is almost no animal phylum that does not have at least a few bioluminescent
species,  even if  the  vast  majority  are  non‐luminescent.  Freshwater  contains  the  smallest
number of bioluminescent species; terrestrial environments possess a slightly greater number,
but the oceans are inhabited by a wide variety of bioluminescent creatures and the vertebrate
class of Pisces represents one of the best examples of this [1]. When one thinks of the evolu‐
tionary plasticity of fishes and the fact that most of the ocean is dark, it is not surprising that
these animals show a high degree of remarkable luminous features. In fact, fishes present the
most diverse and complex examples of bioluminescent adaptations in the world [2].

© 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, distribution,
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In an environment where organic light is used for different biological purposes [1, 3], light
perception may be a determinant factor for the survival and success of the species involved [4].
The eyes of all animals on the planet are adapted to the light regimes of the habitat they are
meant to function in [5] and bioluminescent fishes are no exception. The visual capacities of
oceanic fishes are adapted not only to the spectral properties and intensity of downwelling
sunlight at depths the fish inhabit, but also to the bioluminescence in their environment [6].
Vision and bioluminescence (at least in fishes) are likely to share a common evolutionary
history, which is reflected in the bioluminescent fishes’ ontogeny, behaviour and ecology.

2. Taxonomy of luminous fishes

While preparing this chapter, the authors found records of bioluminescence for around 1500
species of fish, but most likely this number is too low as some records of luminescent species
may still be missing. The tally of luminescent fishes represents about 8% of the approximately
20,000 known species [7]. At least 43 families of 11 orders of bony fishes and 3 families of 1
order of sharks are luminous (Table 1). There are families with no luminescent representatives
and there are families in which the luminescent species are more abundant than in some other
families, which is often a reflection of the habitat that these species inhabit (see next section of
this chapter).

Order (total number

of families)

Family Biolumine scent genus Functionsa

Ratiob Genus

Cartilaginous fishes

 Squaliformes (7) Dalatiidae 7/7 All [8] L [8], CI [8]

Etmopteridae 5/5 All [8] M, CI, Sc [92], A [67]

Somniosidae 1/5 Zameus squamulosus [9] ?

Bony fishes

 Anguilliformes (16) Congridae 1/30 Lumiconger arafura [16] ?

 Aulopiformes (16) Chlorophthalmidae  1/2 Chlorophthalmus [2] S [60]

Evermannellidae 2/3 Cocorella atrata [2],

Odontostomops normalops [11]

?

Paralepididae 2/12 Lestidium, Lestroplepis [23] CI [4]

Scopelarchidae 2/3 Benthalbella, Scopelarchoides [95] R [95], CI [4]

 Batrachoidiformes (1) Batrachoididae 1/22 Porichthys [21] M [4], L [21], CI, I [33],

A [2]
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Order (total number

of families)

Family Biolumine scent genus Functionsa

Ratiob Genus

 Beryciformes (7) Anomalopidae 6/6 All [12] M, L [33], S, I, Br [62]

Monocentridae 2/2 All [26] L, I [53]

Trachichthyidae 1/18 Aulotrachiththys [2] CI [21]

 Clupeiformes (7) Engraulidae 1/17 Coilia dussumieri [15] CI [33]

 Gadiformes (10) Macrouridae 14/23 Cetonurus, Coelorinchus,

Haplomacrurusd, Hymenocephalus

[23], Kumba [24], Lepidorynchus

[23], Lucigadus [24],

Malacocephalus, Nezumia,

Odontomacrurus, Sphagemacrurus

[23], Spicomacrurus [24],

Trachonurus, Ventrifossa [23]

S [60], I [30]

Merlucciidae Steindachneria argentea [24] ?

Moridae 5/11 Gadella [23], Physiculus [23],

Salilota [24], Tripterophycis [23]

?

 Lophiiformes (18)

(Suborder Ceratioidei)

Centrophrynidae 1/1 All [14] M, L, I [14], Sa, Ss [41]

Ceratiidae 2/2 All[14]

Diceratiidae 2/2 All [14]

Gigantactinidae 1/2 Gigantactis [14]

 Lophiiformes (18)

(Suborder Ceratioidei)

Himantolophidae 1/1 All [14]

Linophrynidae 5/5 All [14]

Melanocetidae 1/1 All [14] M, L, I [14], Sa, Ss [41]

Oneirodidae 16/16 All [14]

Thaumatichthyidae 2/2 All [14]

 (non‐Ceratioidei) Ogcocephalidae 1/10 Dibranchus atlanticus [17] ?

 Myctophiformes (2) Myctophidae 34/34 All [11] R [32], M [4], S [59], CI

[2], I [1], Sa [2]

Neoscopelidae 1/1 Neoscopelus [15] CI [11], L [20]

 Osmeriformes (14) Alepocephalidae 4/19 Microphotolepis, Photostylus,

Rouleina, Xenodermichthys [23]

CI [57], I [30]
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Order (total number

of families)

Family Biolumine scent genus Functionsa

Ratiob Genus

Microstomidae 1/3 Nansenia [100] ?

Opisthoproctidae 3/8 Opisthoproctus, Rhynchohyalus,

Winteria [23]

CI [21]

Platytroctidae 13/13 All [13] R, CI, Ss [13]

 Perciformes (164) Acropomatidae 2/8 Acropoma [23], Synagrops [17] CI [21]

Apogonidae 5/32 Apogon, Archamia [23], Jaydia

[18], Rhabdamia, Siphamia [23]

M, L, CI [51], I [33]

Chiasmodontidae 1/4 Pseudoscopelus [23] CI [21]

Epigonidae 3/7 Epigonus, Florenciella,

Rosenblattia [23]

?, Ss [2]

Howellidae 1/3 Howella [23] ?

Leiognathidae 7/7 All [18] R, M, L, S, CI, I, Sa [53]

Pempheridae 2/2 Pempheris, Parapriacanthus [23] CI [33]

Scianidae 3/65 Collichthys [23], Larimichthys,

Sonorolux [106]

CI [33]

 Saccopharyngiformes

(4)

Eurypharyngidae 1/1 All [2] ?

Saccopharyngidae 1/1 All [22] L [15]

 Stomiiformes (4) Gonostomatidae 8/8 All [22] CI [11]

Phosichthyidae 7/7 All [22] ?

Sternoptychidae 10/10 All [22] CI [2]

Stomiidae 27/27 All [22] R [2], M [46], L [4], S

[46], CI [2], I [48], A

[46], Sa, Br [4]

aR—recognition; M—mate; L—lure; S—school; CI—counterillumination; I—illumination; A—aposematism; Br—blink
and run; Sa—startle predators; Ss—smokescreen; ?—unreported functions in the references.
bRatio, the number of the genera containing luminous species/the total number of the genera in the family; All, all the
species are luminous.
cEtmopterids also seem to use its photophore patterns to coordinate hunting in schools [8].
dBioluminescence in Haplomacrurus is only stated by Herring [23] and no other references found to contradict or agree
with this information. The taxonomy used in this table is in accordance with the WoRMS Editorial Board, 2016 [7]. The
taxonomic data used in this table are included and available online in the website of the Living Light List Project
(http://www3.chubu.ac.jp/faculty/oba_yuichi/Living%20Light%20List/).

Table 1. Bioluminescent families and genera of fishes and respective suggested ecological functions.
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Eurypharyngidae 1/1 All [2] ?

Saccopharyngidae 1/1 All [22] L [15]

 Stomiiformes (4) Gonostomatidae 8/8 All [22] CI [11]

Phosichthyidae 7/7 All [22] ?

Sternoptychidae 10/10 All [22] CI [2]

Stomiidae 27/27 All [22] R [2], M [46], L [4], S

[46], CI [2], I [48], A

[46], Sa, Br [4]

aR—recognition; M—mate; L—lure; S—school; CI—counterillumination; I—illumination; A—aposematism; Br—blink
and run; Sa—startle predators; Ss—smokescreen; ?—unreported functions in the references.
bRatio, the number of the genera containing luminous species/the total number of the genera in the family; All, all the
species are luminous.
cEtmopterids also seem to use its photophore patterns to coordinate hunting in schools [8].
dBioluminescence in Haplomacrurus is only stated by Herring [23] and no other references found to contradict or agree
with this information. The taxonomy used in this table is in accordance with the WoRMS Editorial Board, 2016 [7]. The
taxonomic data used in this table are included and available online in the website of the Living Light List Project
(http://www3.chubu.ac.jp/faculty/oba_yuichi/Living%20Light%20List/).

Table 1. Bioluminescent families and genera of fishes and respective suggested ecological functions.
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In cartilaginous fishes, bioluminescence is not as common as in bony fishes. Only three families
of luminous sharks are known, Dalatiidae, Etmopteridae and Somniosidae [8, 9]. Lumines‐
cence in rays and skates as well as in Holocephali seems non‐existent or has not been confirmed.
In the luminescent sharks, numerous small light organs are predominantly present in the
ventral region of the body, but lower densities can even reach the dorsal areas in dalatiid
species [10]. Luminous sharks, like the majority of fish species, possess external light organs
with intrinsic light production, which are denominated as photophores [8, 11].

In bony fishes, bioluminescence reaches its zenith in terms of complexity and diversity of light
organs and their corresponding biological and ecological functions. It is common to find whole
families of bioluminescent species, such as the Myctophidae [11], Leiognathidae, Anomalopi‐
dae [12], Platytroctidae [13] and several families of anglerfishes [14]. In such cases, the patterns
or shapes of the light organs are generally species‐specific and can even be used for taxonomic
purposes. Nevertheless, the most common scenario is that only some genera of fishes are
bioluminescent as, for example, in families of the order Perciformes with very few luminescent
species or in Macrouridae with considerably more luminescent species [2]. An uncommon
scenario is when there is only a single luminous species known in an entire order as is the
case with Coilia dussumieri in the Clupeiformes [15] and Lumiconger arafura in the order
Anguilliformes [16, 17]. Equally uncommon is it to find only one luminescent species within
a family as for the merluciid Steindachneria argentea [2] and the ogcocephalid Dibranchus
atlanticus [17]. On the other hand, we have the order Stomiiformes, in which all of its species
produce their own light [1].

Generally speaking, the origin of the light emissions do not vary much within families, being
either bacterial or intrinsic. Exceptions exist in the Apogonidae where only Siphamia species
are known to have bacterial symbionts whereas the remainder of the luminescent species
employ intrinsic bioluminescence with Cypridina luciferin [18]. A rare case is observed in
anglerfishes of the families Lynophrinidae and Centrophrynidae which have an intrinsic
bioluminescent barbel in addition to the symbiotic luminous lure of the first ray of the dorsal
fin that projects from the dorsum of the anglerfishes and is known as the esca [14]. The location
of the light organs is also generally similar within a family, but exceptions exist, namely in
families where all the species are luminous. In Myctophidae, for example, only members of
the genus Diaphus have head photophores and unlike fishes of some other genera do not
possess caudal glands. Another example is that of luminous barbels, present in some species
of Stomiidae [15]. Indirect bioluminescence is produced by internal luminous organs that
depend on transparent tissues underneath to emit diffuse light from the ventral part of the
body. Although this method is more common in the shallow‐water species like those of the
families Leiognathidae and Apogonidae [19], it can also be found in some fishes of greater
depths as from the families of Opisthoproctidae [12] and Evermannellidae [2].

2.1. Dubious species

Misidentifications, confusion of non‐luminous tissues and luminous bacteria on damaged
specimens [20] are common sources of errors that led to reports of the luminous species, which
do not exist or are not luminescent at all. Furthermore, unusual phylogenetic and habitat
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placements in records for certain species claimed to be luminous, apparently backed up with
dubious references, are suspicious vis‐à‐vis the phylogeny and habitat preferences of the
accepted luminous species and therefore cast doubt on the validity of some records. Another
problematic issue are contradictory statements, when some authors report a species to be
luminescent and others contradict such statements. As the authors of this chapter did not have
the chance to observe and confirm the status of luminosity of all the species mentioned, they
decided to be neutral and include in the chapter cases that could be dubious.

The batoid Benthobatis moresbyi [20] is one of the most doubtful cases of bioluminescence
reported in fishes. Sharks of the genus Somniosus were erroneously categorized as biolumi‐
nescent [2]. The megamouth shark possesses reflective tissue along its upper jaw, which can
be used to attract its prey through reflecting the bioluminescence of other animals [1].

In bony fishes, reports of luminescent members of opisthoproctids, Dolichopteryx, Bathylych‐
nops and Bathylagus have been shown to be erroneous [2]. Some trachichthyid genera like
Hoplostethus [21] and Sorosichthys [22] may have luminous members, but there is no convincing
proof of their bioluminescence. In macrourids, the genera Coryphaenoides, Mesobius, Pseudoce‐
tonurus, Macrourus and Idiolophorhynchus andriashevi are stated as luminous by some, but not
all investigators [21, 23, 24]. Antimora is another uncertain case among otherwise lumines‐
cent morids [2, 23].

Apart from the well‐known anglerfishes, two unrelated species of shallower water lophii‐
formes, Antennarius hispidus and Chaunax [20, 25] are described as luminous based on a single
reference. There are also some species of ogcocephalids, which have dubiously been reported
as luminous [21, 23]. Bioluminescence in cetomimids has been stated by reference [21], but
other authors disagree [26]. Reference [21] consider luminescence in the species of the families
Halosauridae and Brotulidae and the gempylidae genus Ruvettus as dubious. The uncertainty
of bioluminescence in Kasidoron and Bathylagus has been discussed [2] and possible lumines‐
cence in Derichthys serpentines has been muted [27] but definitive proof is lacking. The silaginid
Sillago bassensis was found with bioluminescent bacteria [28] probably attached to its skin; this
might also have been the explanation for the dorsal luminescence of a flying fish reported in
Japan [29].

3. Habitat dispersal of luminous fishes

Light penetrates the sea and is then subjected to scattering by air bubbles and water molecules
[3], phytoplankton and zooplankton as well as suspended particles [30]. This essentially
imposes limits on the use of vision in the aquatic environment [31]. Major light attenuation
occurs in the epipelagic zone where the planktonic biomass, dissolved nutrients and floating
debris ‘filter’ most of the light, reducing its intensity and altering its spectral composition.
However, the angle of this light is almost completely vertical apart from very near the surface
[32]. Not many bioluminescent fishes inhabit the epipelagic zone (Figure 1) and in those that
are present, photoreceptive structures and visually induced behaviours seem less complex
than that encountered in species inhabiting deeper habitats [33]. This seems likely to be related
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to two main factors. Primarily, at these shallow depths light intensities, especially during the
day, are too high for luminescence [4, 31] to be useful for ecological purposes without investing
a considerable energy [32]. Secondly, if a very strong light were to be produced, it would readily
be spotted by keen eyes of the abundant photopic predators around [32, 33]. The biolumines‐
cent epipelagic species are mainly active at night [34] and use internal counterillumination to
deter and avoid dusk‐active piscivorous predators [19, 33]. Some exceptions are the headlights
of anomalopid and monocentrid species [12, 35] and fishes with photophores, like the batra‐
choidid Porichthys.

Figure 1. Schematic representation of the spatial distribution of bioluminescent fish families and some ecological de‐
tails.a Lophiiformes families other than Thaumatichthyidae, Linophrynidae, Caulophrynidae and Ogcocephalidae. The
data presented only refer to species that are known as bioluminescent. The order of disposition within the coastal,
coastal‐oceanic and oceanic categories is ecological and not spatial. References used for spatial distribution and diel
vertical migrations [10, 13, 15, 26, 40, 65, 79, 95–99] and for bioluminescence [2, 9, 16, 21, 24, 47, 48, 50, 58, 60, 67, 100].
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Only dim light from the short wavelength spectra of the blue–green component of sunlight
(but no moonlight) reaches the mesopelagic zone [30]. In contrast to the epipelagic zone, the
mesopelagic zone is characterized by a uniformity of light in all lateral directions and the
highest intensity from above [4, 30]. This is the oceanic ‘bioluminescent hotspot’ where more
than 80% of the species present are bioluminescent [32, 36] and biological light reaches its
greatest splendour in diversity and complexity of structures and purposes [37]. In terms of
fish biomass, it is the mesopelagic zone that stands out [38]. Myctophids are one of the families
of teleosts with a very high number of species, representing the second most abundant taxon
of mesopelagic fishes. In terms of sheer numbers, the gonostomatid genera Vinciguerria and
Cyclothone represent the most abundant fauna on the planet [11]. The mesopelagic zone is also
the transference zone from an extended origin of light to a point source. The downwelling
sunlight is the primary source of light in the upper mesopelagic zone (200–610 m depth) while
bioluminescence takes over as the main source of light in the lower mesopelagic zone (610–
1000 m depth). Under the essentially monochromatic scotopic light, the use of bioluminescence
is far more advantageous for camouflage and vision, be it in the case of predators or prey, than
at depths more brightly illuminated by a fuller spectrum of light. In the depths where silhouette
distinction is of visual importance and it comes as no surprise that most of the bioluminescent
fish species inhabit this realm. The colorations of the fish at greater depths are a reflection of
the different light environment. In the upper mesopelagic silver bodies acting as mirrors and
assisting in camouflaging are common [30]. The animals inhabiting the lower mesopelagic and
bathypelagic tend to have darker bodies, preventing reflections of bioluminescence in these
deeper realms [4, 21].

At 1000 m depth, sunlight is no longer strong enough to allow fishes to see in and that depth
by definition corresponds to the beginning of the bathypelagic zone [30]. The latter is the
aphotic zone where no sunlight is available [30] and complete homogeneity in terms of the
light environment occurs in all directions [4, 31]. Here, light from above does not possess much
relevance for the impoverished faunal assemblages present and the only source of photic
stimulation, in contrast to that of the mesopelagic zone, is bioluminescence [3, 30]. Conse‐
quently, there is a drop in the number of bioluminescent species and individuals from that in
the mesopelagic zone [2]. Even deeper living abyssal fishes, phylogenetically related to
bathypelagic or mesopelagic luminous species, are not bioluminescent (e.g. macrourids) [4, 12].

It is not surprising that the majority of all bioluminescent fishes are oceanic and pelagic [33],
as there are no structures blocking the path of the light in this environment, it seems to be
optimal for the realization of many of the roles bioluminescence can ultimately be involved in
[30, 37]. On the other hand, some benthopelagic species that are not known as vertical migrators
possess ventral luminescence (e.g. morid species). These are puzzling cases of bioluminescence
and its possible role [2], because emitting ventral light close to the bottom does not fulfil the
purpose of camouflage. In fact, it may cause a reflection by the substrate and expose the fish
[21]; however, there may be advantages too, which have not been looked into like, for instance,
diverting attention and misguiding potential predators to the reflection rather than its
originator. Coastal and benthic fishes more often employ bacterial luminescence while the
pelagic species possess mostly intrinsic bioluminescence [2, 33, 39].
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Diel vertical migrations are common among mesopelagic fishes [40] but are also known from
some species of epipelagic [4, 41] and bathypelagic fish [4, 21]. These migrations do not always
involve all taxa present [15] or genders in the same population and may vary geographically
and seasonally. Generally speaking, the diel vertical migrant approaches surface waters at
night to feed on zooplankton or other migrants when diurnally hunting visual predators are
less active. The vertical movements of these individuals provide an important source of carbon
(and other nutrients) to the deeper layers of the ocean [4].

4. Bioluminescence purposes in fishes

4.1. Light organs and control

Despite the extensive diversity of luminous organs in fishes, the basic structure is rather
uniform [37] irrespective of whether we deal with photocytes or bacterial symbionts (Figure
2). The photogenic mass is situated at the centre and is associated with an external lens. An
internal reflector is enclosed by a pigmented layer. Innervation of blood capillaries is also a
common feature [2, 37]. Bacterial light organs usually possess an opening to exterior allowing
the release of excess bacterial cells to the environment [42]. Photophores, with the exception
of those in neoscopelids, are closed [2, 4].

The majority of the bioluminescent fishes have luminous tissues capable of generating light
by themselves, but others maintain a culture of luminous symbiotic bacteria in their light
organs [4, 39, 43]. The light organs of the species with symbiotic bacteria possess ducts in which
they culture extracellular luminous bacteria [39]. In most cases, these bacteria are species like
Photobacterium, but Aliivibrio fischeri and possibly Vibrio harveyi can also be found as symbionts
in light organs of some luminous fishes [42]. Intrinsically luminescent fish possess photocytes
with Cypridina luciferin and coelenterazine. Cypridina luciferin is only used by coastal fishes
of the families Batrachoididae, Pempheridae and Apogonidae while coelenterazine has been
suggested to occur in Stomiiformes, Myctophiformes and Platytroctidae [44]. The remainder
of intrinsically bioluminescent fishes may belong to coelenterazine or unknown luciferin types.

A pigmented layer of cells surrounds the light organs internally to absorb stray light [2]. Below
the light organ, there usually is a layer of cells with a reflecting material that redirects the light
towards the lens [45]. Some species lack reflectors [20, 21], and in others, the reflectors may not
be present in all types of luminous tissues, as stomiids [46]. In fishes with indirect biolumi‐
nescence, the reflector is located above the ventral diffusive tissues (see Figure 3) instead of
being inside the light organ [47]. Reflectors affect the emission spectra in some fishes, as in
alepocephalids, and myctophids that lack pigmented lenses in front of the light organ [48, 49].
When the light produced by the photogenic chamber is emitted to the outside of the photo‐
phores, it passes through the lens [45], whose pigments filter the emitted light and adjust its
spectrum to match that of the downwelling light [3, 48]. Some fishes like the monocentrids lack
lenses. In the case of Cleidopus gloriamaris, a red‐orange skin tissue external to the light organ
alters the spectrum of the light emission [12].
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Figure 2. Schematic representation of the general structure of light organs in fishes. External side with light emission
and internal side with blood capillaries and nerve supply. Matrix represents the space between the photogenic cham‐
ber and other structures. The right half of the photogenic chamber represents an intrinsic light organ with photocytes.
The left half of the photogenic chamber represents a symbiotic light organ with transverse section of tubules filled with
luminous bacteria.

Fishes with luminous symbiotic bacteria emit light continuously, but may have some control
over the light by chromatophores [34] and nutrient supply to the bacteria [34, 43, 45]. Shutters
are tissue patches with chromatophores that can partially or totally cover the light organs and
are under muscular control [41, 50]. These shutters are different across genera of the same
family and may occlude internal organs as in leiognathids and Siphamia or may be restricted
to external organs as in anomalopids [41, 50, 51]. It is suggested that anglerfishes possess a
similar mechanism to control the light emission from the escae [41]. Skin chromophores can
be used to control light emissions in bioluminescent fishes with internal bacterial symbiotic
organs (leiognathids [50], pempherids [47], acropomatids [19], evermannelids [2]) or externally
(Gadiformes [52], Trachichtidae [12]), and bacterial symbionts in the lower jaw organs as in
monocentrids [34]. There are some exceptions like Opisthoproctus, which may regulate light
with ventral scale movements [2] and thaumatichthyids [41] and Cleidopus gloriamaris [12] that
have light organs inside the mouth closing it to block the light emission. Leiognathids use
branchiostegals to control their light emissions [53], and according to the observations of one
of the authors (Yuichi Oba), the pigmented pelvic fins of Chlorophthalmus may serve the same
purpose. The regulation of bacterial luciferase by oxygen and ion supply from the blood has
been stated as a possibility, but there are no clear conclusions on this [39]. Observations by
Meyer‐Rochow [43] on Anomalops katoptron have shown that their bacterial light organs become
successively dimmer when the fish starves.
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Figure 3. Light organs in fishes per family. Intrinsic bioluminescence in blue and symbiotic in green. The light organs
are represented in coloured bands or circles delimited by a black outline. Blur coloured forms represent internal biolu‐
minescence through diffusive tissues. aUsed in cases that bioluminescent emissions and organs are very similar be‐
tween families of the same order.b Crane [101] also found luminescence in skin samples of the ventral surface of the
fish. Images are representative for the families and are not on scale. Same references used for bioluminescence in Fig‐
ure 1 plus [10, 13, 15, 95]. Source of drawings: Food and Agriculture Organization of the United Nations [15, 26, 96,
102–105]. Reproduced with permission.

Neural light emission control of intrinsic bioluminescence occurs in sharks [54], Stomiiformes
[46, 55], myctophids, Porichthys [55] as well as alepocephalids [49] and proceeds through
neurons in scopelarchids [56] and other coastal fishes besides Porichthys [33]. Neurons may be
able to individually regulate light outputs of single photophores as in myctophids [55].
However, blood supply has also been suggested to be involved, at least in the control of the
linophrynid’s intrinsically luminous barbels [41].

Exceptions are platytroctids, which excrete luminous liquids; a process that invokes muscular
control [2, 41]. In some anglerfishes, the liquid may not actually be secreted by the Escae, but
from small symbiotic luminous bulbs (the so‐called caruncles) that in the family Ceratiidae are
dorso‐posteriorly positioned from the escae [14].

Luminous organs are predominantly ventral [21, 37] (Figure 3) but some light tissues can be
dorsal, as in the escae of anglerfishes and photophores in dalatiid sharks. Some fishes have
buccal light organs like in the apogonids Siphamia spp. [18], the myctophid genus Neoscopelus
[20] and thaumatichthyids and Cleidopus. Light organs are present in or on the heads of some
fish especially deep‐sea species like alepocephalids [57], platytroctids [13], myctophids,
stomiids, and the chiasmodontid Pseudoscopelus [58], but also the shallow‐water anomalopids
and monocentrids [12]. Apart from these organs, there are other types of luminous tissues in
fishes. Besides the ‘normal’ photophores, i.e. primary photophores, some species also possess
secondary photophores that are smaller and of less complex structure [57]. These small
photophores are then, rarely with some degree of preference, distributed all over the body of
the fish, cf. platytroctids, alepocephalids, myctophids and stomiids [13, 15, 57]. Myctophids
possess caudal glands that usually present sexual dimorphism [2] and glandular light organs
can also be found in the Stomiiformes [2, 46] and dalatiid species [8]. Luminous tissue with a
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tween families of the same order.b Crane [101] also found luminescence in skin samples of the ventral surface of the
fish. Images are representative for the families and are not on scale. Same references used for bioluminescence in Fig‐
ure 1 plus [10, 13, 15, 95]. Source of drawings: Food and Agriculture Organization of the United Nations [15, 26, 96,
102–105]. Reproduced with permission.

Neural light emission control of intrinsic bioluminescence occurs in sharks [54], Stomiiformes
[46, 55], myctophids, Porichthys [55] as well as alepocephalids [49] and proceeds through
neurons in scopelarchids [56] and other coastal fishes besides Porichthys [33]. Neurons may be
able to individually regulate light outputs of single photophores as in myctophids [55].
However, blood supply has also been suggested to be involved, at least in the control of the
linophrynid’s intrinsically luminous barbels [41].

Exceptions are platytroctids, which excrete luminous liquids; a process that invokes muscular
control [2, 41]. In some anglerfishes, the liquid may not actually be secreted by the Escae, but
from small symbiotic luminous bulbs (the so‐called caruncles) that in the family Ceratiidae are
dorso‐posteriorly positioned from the escae [14].

Luminous organs are predominantly ventral [21, 37] (Figure 3) but some light tissues can be
dorsal, as in the escae of anglerfishes and photophores in dalatiid sharks. Some fishes have
buccal light organs like in the apogonids Siphamia spp. [18], the myctophid genus Neoscopelus
[20] and thaumatichthyids and Cleidopus. Light organs are present in or on the heads of some
fish especially deep‐sea species like alepocephalids [57], platytroctids [13], myctophids,
stomiids, and the chiasmodontid Pseudoscopelus [58], but also the shallow‐water anomalopids
and monocentrids [12]. Apart from these organs, there are other types of luminous tissues in
fishes. Besides the ‘normal’ photophores, i.e. primary photophores, some species also possess
secondary photophores that are smaller and of less complex structure [57]. These small
photophores are then, rarely with some degree of preference, distributed all over the body of
the fish, cf. platytroctids, alepocephalids, myctophids and stomiids [13, 15, 57]. Myctophids
possess caudal glands that usually present sexual dimorphism [2] and glandular light organs
can also be found in the Stomiiformes [2, 46] and dalatiid species [8]. Luminous tissue with a
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similar structure to photophores can be found in the body of myctophids [2] and stomiids [46]
and barbels, while luminous mucus clinging to teeth was seen in some stomiids [20] and
anglerfishes [2]. Some studies suggest the existence of bioluminescent skin in Himantolophus
azurlucens and Cryptopsaras couesii [41].

The intensity of light emission in fishes can vary individually depending on the type of organ,
depth and function (see further). Nevertheless, it seems that intensity is higher in coastal and
shallow rather than mesopelagic, deep water species. Light spectra of the emitted lights usually
peak in the blue‐green, but are to some extent variable mostly in relation to depth. Coastal and
epipelagic fishes produce light principally in the green and meso‐ and bathypelagic in the blue
[3, 4, 33]. A rare case is the red light emission of some stomiids. Regarding angular distribution,
bioluminescence starts to exceed downwelling light in the lower mesopelagic zone. At that
depth, luminescence signals change from a ventral direction to a point‐light scenario with
bioluminescence emitted in all directions. The angle of the light emitted by an individual
depends on the position of the light organ and its reflector in the body of the fish [2, 48], on
the kind of transmission tissue involved and the body position of the light‐emitting fish in the
water column [37, 50]. Some shallow‐water fishes like anomalopids and leiognathids can
control the angle of the emitted lights [41, 50]. The light emitted also depends on the trophic
level and nutritive state of the fish [43] and whether the light‐emitting individual is looking at
a conspecific side by side in a school, or, for example, prey above or a predator below.

4.2. Functions of light organs and likely roles of the emitted lights

A bioluminescent signal is defined by its intensity, spectral peak(s), temporal and spatial
characteristics [3]. To what extent the degree of polarization, if any, plays a role has never been
examined. The same luminous tissue may serve multiple kinds of functions, and the locations
of the light organs are generally related to the roles the emitted lights are expected to play. The
light generated can be used by a fish to communicate with its congeners, attract prey or avoid
and startle predators. The range of functions of biological light is less complex in the coastal
species than that in the deep water species, but even in the former, the emitted light has a
variety of different biological roles.

4.2.1. Intraspecific communication

Fishes use light signals for intraspecific recognition, schooling and mating. Some fishes
possess species‐specific structures that purely on account of their placement and position
may also assist specific recognition, as the photophore patterns in myctophids apparently do
[59]. As aggregations of bioluminescent fishes help confusing predators, light emission may
also assist school‐forming species of etmopterids [10, 54], chlorophthalmids and macrourids
[60].

A role in reproduction seems to be the part of the bioluminescence repertoire of at least some
luminescent fishes including leiognathids, with their complex system of controlled light
emission, and stomids [2, 3]. Light organs are sexually dimorphic in some species of Gazza,
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Secutor and Leiognathus, and courtship behaviours using light signals have been observed in
these fishes [61].

4.2.2. Interspecific communication

Some fishes use luminous organs located in or on the head to illuminate their surroundings,
in search of prey and to detect predators. The bright headlights of anomalopids illuminate
their surroundings, help them to avoid predators [62] and allow them to spot zooplankton [35].
Luminescence may be used for illumination in alepocephalids and macrourids in search of
prey on the seafloor [30].

Many fish seem to attract their prey with bioluminescent lures. The escae of anglerfishes have
been suggested to mimic faecal pellets with luminous bacteria [32]. Monocentrids have been
assumed to attract prey with their light organs [53], but the cephalic photophores of Diaphus
may be used to stun preys with bright flashes [1]. Malacosteus niger has small greenish light-
emitting spots near its mouth and larger red light-emitting patches below its eyes. It is believed
that the small greenish lights attract prey and the red light, invisible to most deep water
organisms, is used by the fish to visually detect the approach of the unsuspecting prey in order
to seize it when sufficiently close [2, 30, 48, 63].

Bioluminescent fishes can also use their lights in various ways to distract predators and avoid
to be seen by them. Counterillumination is widespread and particularly common in the
mesopelagic species, which emit light ventrally to match the downwelling light from above.
In that way these often strongly laterally compressed species become camouflaged and almost
invisible as silhouettes to the eyes of a predator below [37, 50]. This notion of the use of
bioluminescence is strongly supported by biological and ecological facts. Photophores tend to
be larger in the species of mesopelagic fishes occurring at shallower depths [2, 4], but the
intensity of the ventral light emission from some fishes may change according to the light they
find themselves in as from leiognathids [50] and myctophids [64]. Extraocular photophores in
Stomiiformes, myctophids [2] and sharks [65] are located in optimal positions for comparisons
of the downwelling sunlight with their own light in order to adjust it, a scenario that has also
been suggested for apogonids [51]. Counterillumination appears to be of importance to the
vast majority of luminous shallow water [33, 35] and mesopelagic teleosts [4, 21, 57] and
sharks [66]. Whether the control of the matching luminescence involves eyes and ocular
feedback or whether the light organs and cells within them are able to independently and
directly regulate photic output of the light organ are questions yet to be answered.

Aposematism is a likely reason for the bioluminescent dorsal spines in etmopterids [67].
Aposematism is one of the proposed functions for bioluminescence in Porichthys as these
species possess venomous dorsal spines [2]. When a possible predator is close by and ready
to attack, other methods have to be used for luminous fishes to escape. One possible
strategy for prey to evade a predator’s attack is to emit a brief and blindingly bright flash
of light right before changing its swimming direction. This has been suggested for the post-
orbital photophores of anomalopids [62] and stomiids [4]. As most of the predators of these
fishes have eyes adapted to dim light, very bright flashes may have a temporary effect of
rendering them incapable of vision [32, 33]. In addition to the species already mentioned,
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this survival strategy also seems to be employed in cases of the brief and bright flashes of
leiognathids [53], the cephalic photophores in Diaphus [1] and the caudal organs of various
myctophids [2]. A very similar defence has been proposed in cases in which a biolumi‐
nescent liquid is secreted into the water, acting as a luminous smokescreen and confusing
the predator while the prey escapes [4]. Luminous liquids or mucoid secretions are
produced in the ‘shoulder organ’ of platytroctids [57], the gill slits of the epigonid Florenciella
[2], the anal gland of the macrourid Malacocephalus [21] and the escae and caruncles of
some anglerfishes [21, 41].

4.2.3. Unreported functions

For the bioluminescence in several families of fish, no particular reason for the biological light
is known (Table 1). Nevertheless, most of these unreported cases deserve some attention. As
for the majority of other pelagic species, counterillumination is probably the most important
function in Somniosidae, Evermannelidae, Microstomatidae, Phosichthyidae, Epigonidae and
Howellidae as well as in some other families of the same order. Eurypharyngidae may use
their luminescence as a lure to attract food items as with members of Saccopharyngidae. The
fact that bioluminescence characteristics exhibit considerable similarities within the families
of the order Gadiformes may be used as evidence that functions suggested for Macrouridae
can apply equally to Moridae and Merlucciidae.

5. Vision in bioluminescent fishes

Light enters the eye through the cornea (Figure 4), passes the pupil and is refracted by the lens
and focussed on the retina. Photons are absorbed by pigments in the photoreceptor cells,
transformed into synaptic signals, the latter being transmitted through interneurons to the
retinal ganglion cells [30, 68, 69]. The axons of these cells are grouped together and form the
optic nerve which passes the visual information to the optic areas in the brain [70]. The basic
structure of the eye in fish conforms to that of other vertebrates, but there are features that
differ, depending on the life style of the fish involved (predator or prey) and on the photic
environment [3], i.e. essentially the epipelagic and mesopelagic zones, in which the fish eyes
are supposed to operate [30]. The most obvious differences in the structure and function of the
fish eye accompany differences in the light intensities prevailing along the depth gradient of
the oceanic zones. The majority of the bioluminescent species inhabit deeper waters and their
vision is adapted to dim light conditions [30]. The luminescent crepuscular or nocturnal
epipelagic fishes [33, 34, 39] have photoreceptors that, too, are mainly adapted to function
under low light conditions [68, 70, 71].

5.1. Eye (structure, size and position)

There are no bioluminescent fishes with degenerated eyes and all possess binocular vision [3].
Epipelagic [4, 33] and mesopelagic fishes [30] inhabit environments that can be reached by
sunlight and they usually possess large laterally positioned eyes. In contrast, the aphotic
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bathypelagic species often have smaller eyes [4, 30]. The majority of the bioluminescent fishes
have typical single lens, camera‐type eyes, but some mesopelagic fishes possess tubular eyes.
The latter are cylindrical eyes located at the top of the head and on account of their position
allow the fish to distinguish silhouettes against downwelling sunlight. In these eyes, their
binocular overlap provides high quantum capture, and accessory retinae and additional visual
structures allow them to also detect a certain amount of light coming from lateral and ventral
regions [68].

5.2. Lens, pupils and gaps

Fish lenses present little spherical aberration and a gradient of refractive index with the highest
value in the centre guarantees that the focus of the light is sharp [4]. Lens transparency helps
sensitivity [3], but lens pigments may influence the colour of the light reaching the retina [36].
Large pupils corresponding to wide apertures allow the admission of more photons, increasing

Figure 4. Schematic representations of the eye structure in fishes. (A) Camera‐eye representing light entering the eye
(1) and refracted by the lens focused on the retina (2). (B) Front‐view of a left tubular eye in the head of a fish. (C) Basic
retinal structure by cell layers.
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visual sensitivity [30]. Aphakic gaps can enhance sensitivity by allowing light capture from
specific oblique areas of the visual field [3, 4]. Such gaps are more commonly rostrally placed
and extend binocular frontal vision in the lateral eyes. Light passing through gaps may get
focussed in specialized retinal areas [30, 31, 72].

5.3. Tapeta

Animals that live in dim environments often possess tapeta lucida, which consist of a reflective
layer positioned behind the photoreceptors acting as a mirror [30, 71]. This layer reflects the
photons that are not captured by the photoreceptors, sending them back to the photoreceptors
[68] and doubling quantum capture success; thus improving the sensitivity of the eye [31]. The
spectral reflection peak of the tapetal regions in some fish species is thought to coincide with
the absorption peaks of the visual pigments in the photoreceptors of the fish, but in some cases
specific tapetal areas reflect spectrally different light thereby fulfilling specific visual tasks [36,
72].

5.4. Retina

Photoreceptor cells are responsible for the perception of light and their anatomical and
ultrastructural make up, organization, dimensions, density, and distribution, and visual
pigment is what has to match the behavioural visual tasks required of them by their owners
in the specific photic habitats [69]. Like other vertebrates, fishes have two anatomically
distinguishable types of photoreceptors. Cones, of which physiologically different two, three
or more kinds with non‐identical peak spectral sensitivities may be present, perceive different
colours under conditions of bright light. Contrary to cones, rods are monochromatic photore‐
ceptors, but provide the fish with high sensitive vision under low levels of light [36]. Cones
occur in some bioluminescent fishes but are often reduced in total number and/or size even in
the shallow‐water species [60, 68, 70, 71, 73, 74]. Deep‐sea fishes have mostly pure rod retinas
of high cell density, for there is little need for them to be able to distinguish colours. For them
the priority is to possess high sensitivity in a blue‐light dominated nearly monochromatic dim,
almost dark environment. High sensitivity of the rods is achieved by longer and wider cells.
Sensitivity is also enhanced when rods are arranged in groups or are arranged in multi‐layers
called banks [30].

The differences in function between rods and cones are due to different kinds of photopigments
in the visual cells. Rods possess either rhodopsin, a visual pigment with maximum absorbance
at short wavelength (chemically a retinaldehyde, retinal 1 or vitamin A1‐based compound) or
porphyropsin (i.e. chemically a 3,4‐dehydroretinal, retinal 2 or vitamin A2‐based compound)
[36]. Deep‐sea fishes usually have high concentrations of rhodopsin giving the fish broad
sensitivity to blue‐green wavelengths [69]. However, some deep‐sea fish have rod types
containing different wavelength‐sensitive rhodopsins or in addition may also have porphyr‐
opsins, the latter with longer‐wavelength peak absorbances. The variety of receptor types and
the development of banked retinas to increase absolute sensitivity can provide deep‐water fish
with the potential to make use of a wide range of photic stimuli [36, 75].

Bioluminescent Fishes and their Eyes
http://dx.doi.org/10.5772/65385

313



The density of retinal ganglion cells and, in particular, the ratios between receptors to ganglion
cells define visual acuity and sensitivity. A high ratio of rods to retinal ganglion cells is
indicative of high absolute sensitivity, while a low ratio would favour acuity. Most of the deep‐
water fishes possess unspecialized retinae and retinal cell ratios typical of sensitivity improve‐
ment [30, 31]. However, even so slight regional enhancements of acuity may be found in some
species [68, 76].

Retinal specializations are regions of concentric increases in visual cell densities that enhance
the visual sensitivity (rods) or acuity (retinal ganglion cells). These specializations seem to be
related to visual behavioural tasks [72, 76]. In bioluminescent fishes, areae centralis and foveas
can usually be identified as areas with higher visual acuity than the rest of the retina [30, 68],
but it is possible that such specialized retinal regions change during the lifetime of a fish [77].

6. Evolution of bioluminescence and vision

The eyes of bioluminescent fishes evolved as adaptations to a dim light environment, in which
bioluminescence provided important visual stimuli to perceive predators, prey items and
mates. The fact that the bioluminescence in these species shares optical properties with the
light pervading the environment the fish inhabit indicates the role selective pressures must
have played [4]. Nevertheless, one cannot discount the idea that light emission and reception
together represent a mutual and progressive adaptation [3].

In fishes, the adaptation of rhodopsin pigments to dim‐light vision occurred in 12 separate
occasions, suggesting that dim‐light vision was a subject to considerable adaptive evolution
[5]. In deep‐sea fishes, these pigments were already shifted and adapted to the same visual
environment as today in the Early Triassic. This shift was an adaptation to maximize the
quantum capture of the dim sunlight and the biologically generated light in the deeper water
of the sea. Along the way, convergent evolution seemed to have occurred with regard to
rhodopsins of deep‐sea fishes for adaptation to specific light regimes. This would explain the
variation of wavelength sensitivities in these fishes, some adapted to specific biolumines‐
cence peaks [75, 78]. Diversity in the pigmentation of the lenses of deep‐water fishes suggests
that it too has been the subject of separate evolutionary events a number of times [36]. Much
later than vision, and assumed to have happened from the Early Cretaceous to the Late
Cenozoic, bioluminescence appears to have evolved in teleosts [17]. A total of 27 independent
occurrences are regarded to have left representatives in the marine teleosts assemblage,
appearing first in the Stomiiformes [17]. Bioluminescence in the three closely related families
containing luminescent species of sharks is also thought to have evolved from a common
ancestor during the Cretaceous [9, 10, 17]. Bioluminescent patterns could have contributed to
speciation in fishes [9, 11].

6.1. Bioluminescence evolution

An exposure to different light regimes powerfully influences the type of bioluminescence
characteristics in the species of different habitats. This can express itself through different
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spectral emission peaks and intensities of the biologically generated lights matching the photic
environment of a species’ habitat. The angle and direction of the emitted light are also subject
to evolutionary pressures as most of luminescence glows ventrally in epipelagic and mesope‐
lagic zones [2, 21, 33], where traces of sunlight from above are still discernible. No light from
above, on the other hand, reaches the bathypelagic zone where the bioluminescent species
exhibit a reduction in the number and sizes of photophores [2]. A good example of this
tendency is the bathypelagic myctophids of the genus Taaningichthys, in which only the deepest
living species, T. paurolychnus [79], lacks photophores (but still possesses caudal glands) [15].

6.1.1. Functions

Bioluminescence plays major roles in the ecology of the luminescent fish species. The evolu‐
tionary history of bioluminescence in fishes shows that the ability to generate light arose
dozens of times in unrelated clades [17] and yet, the basic structure of the light organs is nearly
the same in all cases, independent of substrate, position and functions of the organ [20, 37]:
counterillumination seems an excellent example. Fishes developed different ways to hide their
silhouette from predators, using their ventral light emission. Some species make use of rows
of photophores for that purpose, whereas others use indirect luminescence, but each case arose
repeatedly and independently during evolution [17, 21].

An example of different structures employed in counterillumination can be seen in shallow‐
water species. In that environment, all the fishes use an indirect form of bioluminescence for
camouflage with the exception of Porichthys, sciaenids and C. dussumieri that have photophores
for that purpose [2, 33]. Different photogenic origins (i.e. symbiotic and intrinsic) may have
led to the evolution of counterillumination, and some excellent examples are those that involve
indirect bioluminescence. Some shallow (e.g. pempherids) and deep‐water (e.g. Cocorella
atrata) fishes use intrinsic light organs for indirect ventral bioluminescence, but the majority
of species with this kind of light emission are employing symbiotic bacteria [2, 19, 39]. This
divergence of photogenic origins can also be observed within apogonids [2]. Ventral lumines‐
cence in diel vertical migrants must also have come under selective pressures to conceal the
silhouettes of the migrants from predators, when ascending into shallower and more illumi‐
nated waters [21, 37]. It is also conceivable that light signals in interspecific schools of diel
vertical migrants play a role in keeping individuals together [3]. Although we focussed on
counterillumination, there are other less well studied examples of structures of photogenic as
well as non‐photogenic origins serving identical functions in bioluminescent fishes. What
immediately comes to mind are the symbiotic lures in anomalopids [53] and ceratiids [14] and
the intrinsic barbels of stomiids [4] and photophores in sharks [8].

6.1.2. Acquisition

Whether we deal with cases of intrinsic or symbiotic bioluminescence in fishes, the acquisition
of the bioluminescence must have appeared at some point in the evolutionary history. It is still
not clear how and when this happened, but based on some widely accepted suggestions the
process behind it is thought to have involved the higher availability of luminous bacteria in
coastal areas as a cause for the widespread use of symbiotic bacteria in the bioluminescence
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of fishes inhabiting seashore‐near habitats [80]. Similar kinds of constraints could have acted
upon the Cypridina luciferin containing species of intrinsic luminous fish. These fishes are
coastal species [33, 44] and the ostracods, which produce Cypridina luciferin, Vargula and
Cypridina are benthic species and seem to inhabit mainly coastal and shallow waters [81–83].
It is well established that fishes like apogonids, pempherids and Porichthys have obtained the
Cypridina luciferin from ostracods they ingested [18, 47, 84]. As there are no records that fish
can synthesize coelenterazine, dietary acquisition seems a plausible scenario. This suggestion
is supported by the widespread occurrence of coelenterazine also in luminous mid‐water fishes
and the fact that this substance is most abundant in the tissues of the digestive tracts of these
fishes [85].

On the other hand, we have the symbiotic luminous fishes, in which light‐producing bacteria
are responsible for the bioluminescent capacity of the host. In return, the host provides
protection, a place to grow, nutrition and oxygen to the bacteria [42]. This symbiotic relation
could have started with facultative luminous bacteria in the gut of fishes (e.g. leiognathids),
evolving into the obligatory symbiosis we now witness in anglerfishes and anomalopids [39,
41]. Hosts are ecologically dependent on the bacterial light and ‘host family‐bacterial specif‐
icity‘ seems to be the trend [42]. However, contrary to what had been believed for decades,
nowadays coevolution between facultative symbiont and the host fish species is regarded as
an unlikely scenario [41] as different fish host the same bacterial species and different species
of bacteria can be co‐symbionts of fish species. Moreover, evolutionary divergence in the
bacterial species is unrelated to that of the host species [86]. Nevertheless, the absence of non‐
luminous bacteria in the organs indicates that some selection must have taken place [42] and
associations could have arisen (or been bolstered) through environmental factors like the depth
that the metamorphosing larvae inhabit. Support for this notion comes from Photobacterium
leiognathi and Photobacterium mandapamensis found in organs of fishes that inhabit warmer and
shallower waters and Photobacterium kishitanii that is found in deeper and colder waters [39,
42, 86].

6.2. Visual adaptation to bioluminescence

Vision in fishes evolved primarily as an adaptation to light intensity changes to extended or
point sources in the near and far field of vision and secondarily to species‐specific ecological
needs [30, 31]. Bioluminescence has, to a large extent, affected the evolution of the optical
system in luminescent fishes, which is obvious when one compares the eyes of fishes inhabiting
the mesopelagic and bathypelagic realms. In the mesopelagic zone, animals use counterillu‐
mination to match the dim background light [36] and under such conditions fish evolved
certain adaptations like tubular eyes [68], yellow lenses and retinae with banked receptor cells.
In terms of their function, such eyes had to be sensitive, able to distinguish small spectral
discrepancies from background light and to detect camouflaged prey [36]. For bathypelagic
fishes, on the other hand, the only light sources available to them would have been of biolu‐
minescent origins, restricting the range of their visual adaptational possibilities [31]. The
bathypelagic species therefore tend to have larger aphakic gaps than mesopelagic species even
within the same genus [3, 68]. As food is scarce at these greater depths, fishes living there
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evolved less energetically expensive small eyes [4]. Nevertheless, these fishes do possess eyes
with visual acuities capable of distinguishing point‐source bioluminescence. Moreover, the
eyes of the bathypelagic bioluminescent species show overall fewer regressed features than
the eyes of the non‐luminescent bathypelagic species do, indicating that the former rely more
on vision than the latter. There are even some bottom‐dwelling deep‐sea fishes that have
severely degenerated eyes ,which are likely to detect no more than the presence or absence of
bioluminescence of perhaps invertebrates in the seabed [31].

The types of visual pigments [5] and the balance between visual acuity and sensitivity are the
results of millennia of selective pressures stemming from the diverse light regimes and visual
tasks fishes had to contend with [4]. Visual pigments evolved primarily to light from the sun,
perhaps to guide specimens to darker regions and shelters away from the light or to seek
illuminated areas, but in deep‐sea fishes photopigments seem to be much more attuned to
bioluminescence spectra [4, 6, 30, 36]. The eyes of most of the deep‐water species have high
concentrations of rhodopsin giving them a broad sensitivity to the blue‐green range of the
spectrum [69], comprising wavelengths that seem ideally suitable for perceiving biolumines‐
cence emissions of prey, predators and conspecifics [6]. Potential colour vision in some deep‐
sea fishes may be an adaptation to identify species by differences in their bioluminescence
hues [69, 75].

7. Ontogeny of bioluminescence and vision

7.1. Metamorphosis of eye and luminous tissues

During larval metamorphosis in fishes, the eyes change in shape, size, structure and even
location [27]. The best examples among bioluminescent species are the tubular eyes, which are
formed from laterally placed camera‐type eyes in the larvae that become tubular in shape and
migrate dorsally during metamorphosis. The lens remains unchanged but the retina suffers
many alterations [87]. Retinae in larvae of the deep‐water species, whether or not luminescent,
are poorly specialized and vision, generally, is much less developed than in adults [88]. Almost
all fish larvae have pure‐cone retinae that are totally or partially substituted by rods during
metamorphosis. The only exceptions in bioluminescent fish larvae are Saccopharyngiformes
and Lumiconger arafura, in which pure rod retinae are the rule. In retinae with rod multilayers,
the number of banks increases throughout development [68, 87, 88].

Photophores are formed during metamorphosis of a fish [22, 27, 87] and some are then already
functional [2]. The luminous organs of symbiotic fishes also develop during larval metamor‐
phosis [39]. This is the case of other luminous tissues too, as for example, the caruncles of
ceratiids [41] and the caudal glands of myctophids [27]. Furthermore, the barbels of stomiids
seem to arise during metamorphosis [27] and continue to elaborate throughout the fish’s
development [4].

The acquisition of the photogenic substrate in fishes is not well known. The luminous organs
of symbiotic fishes start to develop prior to their being colonized by bacteria. Colonization
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occurs during metamorphosis and it seems that each new generation of fish needs to acquire
its symbiont afresh from the environment. The larvae of the shallow‐water species are spatially
close to adults, which suggests that bacteria may be released from the adult light organ and
transferred to the young [39]. This does not seem to apply to the deep‐sea species as the larvae
are planktonic and hundreds of metres away from the adults. In these cases, it was suggested
that larvae are infected when they migrate to coastal areas where luminous bacteria are more
abundant [42, 80]. For ceratioids, the secretory cells that are common only in young fish may
liberate pheromones to attract the right bacterial symbiotic species [41]. In intrinsic species,
maternal transference of Cypridina luciferin was observed in Porichthys [84]. The same mech‐
anism was suggested to apply to other teleosts and etmopterid sharks [89, 90].

7.2. Ecology and ontogeny: vision and bioluminescence in young fishes

Most symbiotic and intrinsically bioluminescent fishes have epipelagic larvae that will in‐
habit mid‐ or deep‐waters as adults [4, 12, 15, 22, 26, 39]. During this ontogenic vertical mi‐
gration to deeper waters, the visual habitat changes to an increasingly dim and
monochromatic light scenario. These changes in the light environment require the modifica‐
tions of the fish’s photoreceptive as well as luminescent structures (described above) to coin‐
cide with the larvae undergoing metamorphosis. The migration to deeper waters and the
metamorphic changes previous to the habitat change are believed to be completed in a rela‐
tively short time [87]. The development of rods and the changes in photoreceptor arrange‐
ments prepare the metamorphosing larvae to a life as a juvenile or adult in an environment
where superior visual sensitivity is paramount. The transformations provide the young fish
with visual capabilities for recognizing conspecifics, forming schools, engaging in predation
and tracking and evading predator advances. In multi‐layered retinae, a greater develop‐
ment of banks appears to coincide with the greater depths juvenile fish seek to spend their
lives in as adults. In shark species, a metamorphosis similar to that seen in teleost is not
present and the ontogenesis of photogenic organs or eyes in bioluminescent sharks has not
been studied in much detail [68, 87].

In teleosts, the development of luminous organs is also affected by the changes in the photic
environment and the behaviour of the young fishes. In some Stomiiformes and myctophids,
the early development of cephalic photophores suggests that they are used to lure crustacean
prey at night [22]. The more common scenario is that in the species whose larvae occur in dimly
illuminated waters, photophores develop on the body first [2, 22, 91] and then gradually
become functional as the migration to deeper water proceeds [22]. Larvae tend to develop
photophores earlier in the species that inhabit deeper water as adults. For juveniles, light
emission changes during growth and maturation [22]; ventral luminescence develops rapidly
during that phase of the life of many teleosts [2, 4, 12, 52]. Ventral photophores also appear to
be more developed in juvenile etmopterid sharks that inhabit shallower depths than the
adults [8]. Considered together, these observations highlight the importance of counterillu‐
mination in young fishes while they migrate to deeper waters [2, 22].

Not only do photophores and light organs change in relation to a fish’s developmental stage,
the role or roles bioluminescence is to play in the life of a fish may also change with age. This
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has been suggested for etmopterid sharks as ventral patterns of photophores used for mating
and schooling are more developed in adults [8, 92]. Photophores of young platytroctids are
horizontally placed on the body and are probably used to illuminate prey, while distracting
predators. These photophores, however, do acquire more vertical positions as the ontogenic
development proceeds [13] and this very likely implies a similar explanation to that seen in
scopelarchids in which luminescence is limited to the adults [2]. In both cases, the use of the
ventral lights only in adults is strong evidence for its function as counterillumination devices
to help camouflage silhouettes of larger adult bodies.

8. Visual ecology

Considering bioluminescence as a means for communication and vision may help us under‐
stand its origins in fishes. Luminous species exhibit adaptations for a wide range of visual tasks
[30] as light organs are multi‐purpose and in most cases their predators and preys are also
bioluminescent [2, 30]. Most bioluminescent signals are of rather low intensity, but biolumi‐
nescent fishes frequently possess rod‐dominated retinae, conferring to them high visual
absolute sensitivity [68, 70, 71] allowing them to perceive even very dim lights.

8.1. Bioluminescence detection

The optical characteristics, i.e. ‘quality and quantity’ of the light emitted by the vast majority
of mid and deep‐water luminescent species of fish relate to the downwelling light of their
habitats. Vision accompanies this tendency. All of the luminescent species, whether shallow
or deep‐water fishes, possess eyes with at least some visual overlap, i.e. binocular vision, and
that enhances sensitivity to and detection of distant point sources in dimly lit environments
[68]. Bioluminescent fishes, moreover, frequently exhibit large pupils, which help them to
detect bioluminescent flashes against a wider background [30]. The visual pigments present
in the eyes of deep‐sea bioluminescent fishes seem to be perfectly adapted to the biolumines‐
cence spectra they encounter [2, 6, 30, 36].

Additionally to these more general adaptations, bioluminescent fishes evolved numerous
visual particularities in order to improve detection of bioluminescence signals. Large eyes in
epipelagic and in particular mesopelagic species admit greater amounts of photons, banked
photoreceptors further improve the photon yield and efficient tapeta permit an at least two‐
fold photon catch. Such adaptations are critically important if sensitivity improvement in
order to use bioluminescence is the goal. Different spatial relation of aphakic gaps, retinal
specializations and tapeta are particularly well developed among the myctophid species
[72] and luminous sharks [65]. Most deep‐sea fishes can detect bioluminescence signals up
to 30 m away [6, 48]. Some are even able to see bioluminescence up to 51 m as in bathypela‐
gic fishes [21]. Bioluminescent bathypelagic fishes possess small eyes with wide pupils, ros‐
tral aphakic gaps and acute foveas. Although these eyes are less sensitive than those of the
mesopelagic species, their resolving power is better and they seem perfectly adapted to spot
point sources of biological lights in their environment. Contrary to non‐luminescent bathy‐
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pelagic fishes, the eyes of the luminous species are not widely separated, aiding them in
distances estimation [31, 68].

8.2. Intraspecific communication

In many bioluminescent fish species, their luminescence seems to play a role in communication
between conspecifics. The eyes of these species are by necessity optimally adapted to their own
bioluminescence. In shallow‐water species, anomalopids seem to have eyes and retinae
adapted to their own lights [74] and the visual pigments of Porichthys are also a good match
to the emission spectrum in this species [73].

In deeper species, the eyes of Chlorophthalmus, with yellow tainted lenses and a specialized
retina with some cones seem specifically adapted to their own blue‐green light emissions [60].
Myctophids also possess visual pigments adapted to the spectra of their own light emissions
[6]. Most male anglerfishes possess relatively large laterally positioned eyes with aphakic gaps
[14] and long rods for heightened absolute sensitivity, adaptations that may be linked to the
use of the female’s esca to attract the attention of a male [3]. The genera Malacosteus, Photostomias
and Aristostomias possess sub‐ocular photophores, which emit red‐light used as a ‘private
waveband’. These species evolved long‐wavelength pigments in their rods and possessed
tapeta and lenses that allow them to see their own red light [36].

Dalatiid sharks do not school, contrary to etmopterids [10]. In bioluminescent sharks, only the
etmopterids seem to use their light emissions for intraspecific purposes, specifically the lateral
patterns of the photophores [8, 92]. These patterns are more nasal and temporal in Etmopterus
lucifer and seem to be detected by specific sensitive and acute zones in the nasal and temporal
areas of the retina of this species [65].

8.3. Hunting

The use of bioluminescence in the context of food procurement in luminescent fishes is
common. Photic lures to attract prey are one of the better known examples of luminous hunting
devices. In order to be seen by and attract prey, the light tissue of the predator needs to be
brighter than the background and has to be located in a visible place of the predator body,
preferably the head and near the mouth [21]. Indeed, the most luminous structures of fishes
that are likely to act as lures are easily spotted and emit an intense light, as the escae of
anglerfishes [41], the barbels of stomiids [4] and the head organs of anomalopids [33], mono‐
centrids [12] and Diaphus [1]. Most of their prey organisms possess highly sensitive eyes [30],
so that the perception by them of the lights emitted by the photic lures is not an issue.

Some luminous fishes use their light to illuminate their surroundings, helping them in the
search and seizure of prey, as suggested for anomalopids [35, 62] and Diaphus [1]. The same is
possible for the benthopelagic deep‐sea fishes, as alepocephalids and macrourids, that have
uncommonly well‐developed eyes, which might serve them to search for prey with their
ventrally aimed luminescence [31].

It is common for bioluminescent fishes to prey on other luminous organisms. A good indication
of this is the acquisition of Cypridina luciferin by fish through the consumption of luminous
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ostracods [18, 33] and the high amount of coelenterazine in the digestive tissues of biolumi‐
nescent fishes [85]. The eyes of these predators, exhibit characteristics that help them perceive
the bioluminescence of their prey. The highly sensitive retinae of fishes like myctophids,
ensures that light from prey reaching them over relative long distances, i.e. several metres, is
registered [72, 76]. Luminous sharks have retinal specializations, aphakic gaps and tapeta that
also seem to be used for the detection of luminescent prey. In the specific case of the dalatiid
Squaliolus aliae, the shortwave sensitive pigments in its retina seem to be more adapted to prey
emitting blue‐luminescence [65].

The fact that the prey of luminous fishes is frequently bioluminescent can create problems for
the predator as most prey may employ counterillumination for concealment [4]. Biolumines‐
cent fishes therefore appear to have evolved visual mechanisms allowing them to distinguish
light emissions of prey from the downwelling surrounding lights. Most of the predators
seeking to capture fish that employ counterillumination have large eyes that can disrupt the
prey’s counterillumination at close range [32]. Other species have evolved tubular eyes which
possess acute retinal areas [30] perfect to detect at greater distances even silhouettes camou‐
flaged through counterillumination [21, 46] and diverticula and accessory retinae to detect
lateral luminescent stimuli [3, 31]. Some predators use yellow eye lenses to cut‐off blue spectra,
and to recognize the minimal green mismatches revealing the luminous silhouettes of prey
[36]. Aphakic gaps ‘lined‘ with retinal specializations of photoreceptor and ganglion cells as
in myctophids may further help detecting counterilluminated prey [72, 76]. The enhancement
of binocular resolution by foveas in deep‐sea fish may also aid in breaking luminescent
camouflages [68]. Different visual pigments and banks in rods that potentiate colour vision in
deep‐sea fishes are probably involved in breaking counterillumination [36, 75] and the
translucent skin area above the eyes in etmopterid sharks may filter the spectra of luminescent
prey, thereby compromising the camouflage of the latter [65].

8.4. Predator avoidance

One of the major functions of bioluminescence is defence [4, 33]. It is therefore not surprising
to see such a vast number of different self‐protective mechanisms in luminescent fishes. The
trick is to avoid being seen by predators and in the case that has already happened, to deceive
the predator and ‘to go on the run’. The method of defence as well as vision of the predator
and prey is always involved. We already stated the possibility for the predators to be luminous
and that the eyes of bioluminescent fishes serving as prey are sufficiently sensitive to detect
the predator. Curiously, except for the purpose of camouflage, smaller species tend to produce
faster and shorter flashes than the larger predators [93]. This seems a strategy to reduce the
risk to be accepted by a predator. A predator cannot afford the effort and risk of checking out
every single flash it encounters, so that the predator would probably use the size and duration
of a flash it encounters in deciding whether pursuit is worthwhile and the emitter of the
luminescence is large or small [32].

The spectrum of a luminescent species’ light used in counterillumination is not always a perfect
match of the downwelling light [30]. This is not a problem for the deep‐sea species as most of
their predators do not possess colour vision [4, 48] and intensity rather than spectral matching

Bioluminescent Fishes and their Eyes
http://dx.doi.org/10.5772/65385

321



is most important and apparently within the capability of most species that employ counter‐
illumination concealment [4, 30, 32, 64]. On the other hand, epipelagic predators of biolumi‐
nescent fish have eyes more capable than those of deeper waters [94] to disrupt
counterillumination [33]. The majority of coastal luminescent fishes exhibit internal light
organs providing them a kind of disruptive luminescence that is more effective in turbid and
dynamic near‐shore waters than the uniform glow [33, 50] of deep‐water species that live in
more homogeneous and optically transparent photic environment [4].

Since both nocturnal predators of shallow‐water bioluminescent fishes [94] and deep water
predators [30] possess highly sensitive eyes, luminescent ‘smokescreens‘ and very bright, brief
flashes can temporarily confuse or even blind a predator and allow potential prey to flee [33].

Bioluminescence is not always straightforward and what seems to be an advantage can become
a disadvantage under certain conditions. The ‘private waveband‘ of the red light in stomiids
seems an outstanding evolutionary trait for a predator, but some prey like scopelarchids [69],
gonostomatids [75] and myctophids [6] have retinae with additional long‐wave sensitive
photopigments enabling the potential prey to see the stomiids red light. Fishes with ‘head
lamps’ to illuminate the surroundings may be coastal and nocturnal or midwater inhabitants.
Their bright emissions may be an advantage to pick up prey, but they are also a disadvantage
as predators can easily spot these fishes and be attracted to them [12, 32, 33]. Nevertheless, the
risks of that happening appear to be reduced as these species feed in schools from which
predators usually find it more difficult to focus on an individual fish and seize it [12, 33, 94].
Moreover, the luminescent anomalopid also can rapidly and repeatedly occlude their lights
[35, 41, 43].

9. Final remarks

9.1. Methodology

To understand the inter‐relationship between vision and bioluminescence in luminescent
species, detailed information on eyes and light organs of these animals is paramount. Spectral
properties and intensities of the emitted lights, development, organization, structure and
function of photophores as well as photoreceptors have to be studied and behavioural
correlates need to be identified. None of that is easy; accessibility is difficult, measurements of
the light emissions in luminescent fishes can be a tricky undertaking (especially for deep‐sea
teleosts and sharks) and when caught, these animals are more than often moribund and in
most cases have to be stimulated to glow. This is possible using electricity and/or certain
chemicals [34, 55]. The intensity and spectra of such induced light emissions can be measured
using a spectrometer and a photo detector, but the data may not exactly reveal their properties
in the way the fish use their luminescence in their natural environment. The angle of the light
emissions depends on the light organ’s position on the body and the internal angle of the organ,
both analysable to a fair degree of accuracy using histological techniques [46]. Chemical
analyses of the chemical compounds involved in the generation of the biological light would
help understand the underlying mechanism involved, but control of the light emissions,

Luminescence - An Outlook on the Phenomena and their Applications322



is most important and apparently within the capability of most species that employ counter‐
illumination concealment [4, 30, 32, 64]. On the other hand, epipelagic predators of biolumi‐
nescent fish have eyes more capable than those of deeper waters [94] to disrupt
counterillumination [33]. The majority of coastal luminescent fishes exhibit internal light
organs providing them a kind of disruptive luminescence that is more effective in turbid and
dynamic near‐shore waters than the uniform glow [33, 50] of deep‐water species that live in
more homogeneous and optically transparent photic environment [4].

Since both nocturnal predators of shallow‐water bioluminescent fishes [94] and deep water
predators [30] possess highly sensitive eyes, luminescent ‘smokescreens‘ and very bright, brief
flashes can temporarily confuse or even blind a predator and allow potential prey to flee [33].

Bioluminescence is not always straightforward and what seems to be an advantage can become
a disadvantage under certain conditions. The ‘private waveband‘ of the red light in stomiids
seems an outstanding evolutionary trait for a predator, but some prey like scopelarchids [69],
gonostomatids [75] and myctophids [6] have retinae with additional long‐wave sensitive
photopigments enabling the potential prey to see the stomiids red light. Fishes with ‘head
lamps’ to illuminate the surroundings may be coastal and nocturnal or midwater inhabitants.
Their bright emissions may be an advantage to pick up prey, but they are also a disadvantage
as predators can easily spot these fishes and be attracted to them [12, 32, 33]. Nevertheless, the
risks of that happening appear to be reduced as these species feed in schools from which
predators usually find it more difficult to focus on an individual fish and seize it [12, 33, 94].
Moreover, the luminescent anomalopid also can rapidly and repeatedly occlude their lights
[35, 41, 43].

9. Final remarks

9.1. Methodology

To understand the inter‐relationship between vision and bioluminescence in luminescent
species, detailed information on eyes and light organs of these animals is paramount. Spectral
properties and intensities of the emitted lights, development, organization, structure and
function of photophores as well as photoreceptors have to be studied and behavioural
correlates need to be identified. None of that is easy; accessibility is difficult, measurements of
the light emissions in luminescent fishes can be a tricky undertaking (especially for deep‐sea
teleosts and sharks) and when caught, these animals are more than often moribund and in
most cases have to be stimulated to glow. This is possible using electricity and/or certain
chemicals [34, 55]. The intensity and spectra of such induced light emissions can be measured
using a spectrometer and a photo detector, but the data may not exactly reveal their properties
in the way the fish use their luminescence in their natural environment. The angle of the light
emissions depends on the light organ’s position on the body and the internal angle of the organ,
both analysable to a fair degree of accuracy using histological techniques [46]. Chemical
analyses of the chemical compounds involved in the generation of the biological light would
help understand the underlying mechanism involved, but control of the light emissions,
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whether direct by the photophores themselves, through nervous signals or hormonal media‐
tors requires living, healthy specimens.

Anatomical details of the eye, cell topography, photoreceptor cell types, cell ultrastructures
and distributions as well as certain visual parameters can be gleaned from histological
investigations, but while functional parameters like sensitivity, acuity, angular acceptance, etc.
can to some extent be deduced from the anatomical details, electrophysiological techniques or
the use of microspectrophotometry must be the methods of choice when it comes to functional
questions. Spectral sensitivity peaks of the visual pigments obtained spectrophotometrically
or electrophysiologically ought to be connected with chemical analyses of the photopigments
involved and opsin gene analyses [36]. Chemical and optical studies like refractive indices,
focal lengths, etc. on the dioptric structures of the fish eye ought to complement the other
investigations so that predictions can be made on the way a fish uses its eyes.

Evolutional studies of vision receive support from investigations on the mutagenesis of the
visual pigments [5] and genetics of nuclear and mitochondrial gene fragments can also be used
in studies on phylogenetic relationships between species [17]. Often lacking first‐hand direct
observational evidence of vision/luminescence interactions in the natural environment, the
next best approach would involve realistic analyses of the underwater transmission of
bioluminescence in specific cases and ecological modelling, based on the information availa‐
ble [48].

9.2. Future prospects

Communication by light is a subject of considerable interest to ethologists and ecologists,
chemists, geneticists, anatomists, physiologist, opticians and vision researchers. Biotechnolo‐
gists, too, become increasingly interested in bioluminescence generally and communication
by light in particular. For the comparative zoologist it is important to realize that behaviour
exhibited by individual luminescent fish in captivity may not be the same as that in the fish’s
natural environment. This is even more important to keep in mind when interpreting the
induced light emissions obtained from nearly dead deep‐sea species. Moreover, vision and
bioluminescence are only part of a bigger picture. There is evidence that pineal photoreceptors
support light perception and are even involved in light output regulation in deep‐sea fish [64].
Therefore in analyses of the ecological role, i.e. overall biological significance that biolumi‐
nescence plays, we must not ignore the fact that other sense organs like, for instance the lateral
line system, semicircular canals, otoliths, chemo, electro and magnetoreceptors, etc. may also
be involved [4].

Regarding the eco‐ethological roles of the relationship between bioluminescence and vision,
some questions have been answered but many more remain to be solved. Remotely operated
underwater vehicles (ROVs) can be expected to help in this task and should provide new in
vivo insights into the various eco‐ethological roles of bioluminescence while advances in
genetic techniques can be expected to shed further light onto the phylogeny and evolution of
these ‘brightest creatures of the animal world’.
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Abstract

Bioluminescence imaging by microscopy is performed using an ultra-low-light imaging
camera.  Although  imaging  devices  such  as  sensor  and  camera  have  been  greatly
improved over time, such improvements have not been attained commercially which
are available for microscopes now. We previously optimized the optical system of a
microscope for bioluminescence imaging using a short-focal-length imaging lens and
evaluated this system with a conventional color charge-coupled device camera. Here,
we describe the concept of bioluminescence microscope design using a short-focal-
length  imaging  lens  and  some  representative  applications,  including  intracellular
calcium  imaging,  imaging  of  clock  gene  promoter  assays,  and  three-dimensional
reconstruction of Drosophila larva. This system facilitates the acquisition of biolumines-
cence  images  of  single  live  cells  using luciferase,  which is  similar  to  fluorescence
microscopy using a fluorescent protein.

Keywords: bioluminescence microscopy, short-focal-length imaging lens, single live-
cell analysis, three-dimensional imaging

1. Introduction

Aequorin is a calcium-specific light-emitting protein extracted from the jelly fish Aequorea [1].
Additionally, aequorin-injected eggs of the medaka (Oryzias latipes), a fresh water fish, showed
a dramatic increase in free calcium during fertilization, as determined by measuring light from
the eggs using a photomultiplier tube [2]. Notably, bioluminescence microscopy with an image
intensifying system using a vidicon camera was performed in 1978 to show the spatial distri-
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bution of the free calcium in the egg [3]. This system revealed a spreading wave of high free
calcium (calcium wave) during fertilization from the animal pole,  as  discussed with the
fertilization wave of cortical changes in eggs observed by light microscopy [4]. Although the
potential of low-light imaging has been recognized in physiology and developmental biology,
this technique was not commonly used at that time due to a lack of commercially available
instrumentation. Later, advances in detector and digital imaging processing systems facilitated
the commercial production of appropriate instrumentation and made it possible for low-light
imaging to be carried out using a silicon-intensifier target (SIT) tube camera or a high-sensitivity
cooled charge-coupled device (CCD) camera.

Since the cloning of firefly luciferase in the late 1980s, luciferase has been used as a reporter
enzyme to assay the activity of a particular gene promoter using the photon-counting lumin-
ometer method [5–7]. Additionally, bioluminescence microscopy of promoter activity in single
cells has been performed using ultra-low-light imaging cameras, such as liquid nitrogen-
cooled CCD cameras, photon-counting CCD cameras, or image-intensifying CCD cameras [8–
16]. However, temporal and spatial resolution was not enough for the observation of cellular
biological events and for the detection of single cells compared with that of conventional CCD
cameras. Therefore, satisfactory analysis has not been achieved at the single-cell level by
bioluminescence microscopy.

Recently, electron-multiplying CCD (EM-CCD) camera, which yields higher sensitivity and
image quality, was commercially released and subsequently used for bioluminescence
microscopy [17–19]. Although the image sensor of ultra-low-light imaging cameras has been
greatly improved over time, such improvements have not been made commercially available
for microscopes.

In our previous studies, we optimized an optical system using a short-focal-length imaging
lens for bioluminescence microscopy and performed bioluminescence imaging of single live
cells expressing the luciferase gene using a conventional CCD camera [20, 21]. This system is
commercially available now and has been widely used for gene expression analysis in
chronobiology [22–28], neurobiology [29, 30], developmental biology [31], medical research
[32–35], signal transduction analysis [36–38], molecular interaction [39–41], and radiation
biology [42, 43]. Accordingly, in this study, we describe the concept of bioluminescence
microscopy adopting a short-focal-length imaging lens and present several representative
applications, including a three-dimensional analysis, to demonstrate the advantages of the
short-focal-length imaging lens system.

2. Microscope design

Bioluminescence microscopy is based on the detection of light emitted by living cells express-
ing a luciferase gene or other luminescence-related gene. Conventional microscopes are
inefficient at transmitting light from the sample to the detector, necessitating long exposure
times. We designed a new type of microscope for ultra-low-light imaging based on modifica-
tions to the imaging lens, vignetting, and effective field area.
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2.1. Imaging lens

Figure 1 shows a diagram of an inverted microscope equipped with an infinity-corrected
optical system. Light from a sample is collected by an objective lens (OB), and the sample
image is created by an imaging lens (tube lens; IM) on a CCD chip. Generally, the degree of
brightness (I) of an image is directly proportional to the square of the numerical aperture (NA)
of the OB and is inversely proportional to the square of magnification (M) of the image, namely
as I ∝ (NA/M)2. Therefore, a higher NA and lower M yield much brighter images. However,
it is difficult to obtain both conditions. Because higher NA OB yields higher M (shorter focal
length), or lower M OB yields lower NA. Thus, high NA and low M are mutual trade-offs. On
the other hand, the value of NA/M is the same as the NA of the IM, geometrically denoted as
NA′. Therefore, a microscope with a high NA′ (short-focal-length imaging lens) makes it
possible to achieve a higher NA and lower M without further improvement of the objective
lens. This was the concept on which we based the design of the bioluminescence microscope
[20, 21].

Figure 1. A diagram of an inverted microscope with an infinity-corrected optical system. OB, objective lens; IM, imag-
ing lens; NA, numerical aperture of the objective lens; NA’, numerical aperture of the imaging lens; Fo, focal distance of
the objective lens; Fi, focal distance of the imaging lens.
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Figure 2 shows one example of the I condition to capture bioluminescence images of live cells
using a microscope. The X-axis indicates the I value of the in vivo macro-imaging system, OV100
(Olympus, Tokyo, Japan), using a 0.8× objective lens with an NA varying from 0.05 to 0.25 (I =
0.004–0.098). HeLa cells transiently expressing the Luc+ luciferase gene (pGL3 control vector;
Promega, Madison, WI, USA) in Hanks’ balanced salt solution (HBSS; Invitrogen, Carlsbad,
CA, USA) containing 1 mM D-luciferin, potassium salt (Promega) at room temperature were
imaged using a CCD camera (ST-7; SBIG, Ottawa, Canada) for astronomical imaging. The
exposure time was 1 min, and the cooling temperature was −20°C. The Y-axis indicates the
normalized luminescence intensity of the entire area of the image captured (Figure 2A). As
shown in the graph (Figure 2B), luminescence images could be captured at I values of greater
than 0.02, although the M was lower for single-cell imaging. Therefore, we designed an IM to
achieve an I value of 0.02 with a higher M using a conventional OB.

Figure 2. The I condition to capture bioluminescence images of HeLa cells using an OV100 in vivo macro-imaging sys-
tem with a 0.8× objective lens and an NA ranging from 0.05 to 0.25 (I = 0.004 to 0.098). (A) HeLa cells expressing the
Luc+ luciferase gene in HBSS containing 1 mM D-luciferin. Scale bars, 1000 μm and (B) normalized luminescence in-
tensity of the image (A) against degree of brightness I.

2.2. Vignetting

Figure 3 shows diagrams of light passing from an object in an infinity-corrected optical system.
In this system, light from object runs parallel between the OB and IM (Figure 3A and B).
Therefore, this system is suitable for several observations because several optical elements
(such as mirror units for fluorescence observations or polarizing filters) can be inserted

Luminescence - An Outlook on the Phenomena and their Applications336



Figure 2 shows one example of the I condition to capture bioluminescence images of live cells
using a microscope. The X-axis indicates the I value of the in vivo macro-imaging system, OV100
(Olympus, Tokyo, Japan), using a 0.8× objective lens with an NA varying from 0.05 to 0.25 (I =
0.004–0.098). HeLa cells transiently expressing the Luc+ luciferase gene (pGL3 control vector;
Promega, Madison, WI, USA) in Hanks’ balanced salt solution (HBSS; Invitrogen, Carlsbad,
CA, USA) containing 1 mM D-luciferin, potassium salt (Promega) at room temperature were
imaged using a CCD camera (ST-7; SBIG, Ottawa, Canada) for astronomical imaging. The
exposure time was 1 min, and the cooling temperature was −20°C. The Y-axis indicates the
normalized luminescence intensity of the entire area of the image captured (Figure 2A). As
shown in the graph (Figure 2B), luminescence images could be captured at I values of greater
than 0.02, although the M was lower for single-cell imaging. Therefore, we designed an IM to
achieve an I value of 0.02 with a higher M using a conventional OB.

Figure 2. The I condition to capture bioluminescence images of HeLa cells using an OV100 in vivo macro-imaging sys-
tem with a 0.8× objective lens and an NA ranging from 0.05 to 0.25 (I = 0.004 to 0.098). (A) HeLa cells expressing the
Luc+ luciferase gene in HBSS containing 1 mM D-luciferin. Scale bars, 1000 μm and (B) normalized luminescence in-
tensity of the image (A) against degree of brightness I.
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Figure 3 shows diagrams of light passing from an object in an infinity-corrected optical system.
In this system, light from object runs parallel between the OB and IM (Figure 3A and B).
Therefore, this system is suitable for several observations because several optical elements
(such as mirror units for fluorescence observations or polarizing filters) can be inserted
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between the OB and IM without light-pass correction for image formation. However, light
from peripheral vision (ray “a”) is vignetted by the imaging lens, when the distance between
the OB and IM becomes longer (Figure 3C). Therefore, vignetting can be avoided by shortening
the distance between the OB and IM.

Figure 3. Diagrams of light passing from an object in an infinity-corrected optical system, illustrating the vignetting of
light from peripheral vision by the imaging lens. (A) Light passing through the central axis. Light flux was restricted
by the aperture of the objective lens; (B) light passing through peripheral vision; and (C) light passing through periph-
eral vision when the distance between the objective and the imaging lens was greater than that in B. Light from periph-
eral vision (ray “a”) was vignetted by the imaging lens. OB, objective lens; AP, aperture; IM, imaging lens; fo, focal
distance of the objective lens; fi, focal distance of the imaging lens.

2.3. Effective field area

Figure 4 shows an effective field diagram on a CCD chip. Generally, the area of the CCD chip
is smaller than the effective field area because peripheral vision is affected by several optical
aberrations. Images on the CCD chip only show part of the light collected by the OB. If all light
is collected on the CCD chip as an image by reducing the magnification using an intermediate
tube lens or modified IM, the light intensity of each pixel becomes greater. Thus, image quality
is sacrificed to obtain brighter images.
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Figure 4. An effective field diagram on a CCD chip. Generally, the area of a CCD chip is smaller than the effective field
area, and an image on a CCD chip is only some of light collected by the objective lens. If all light is collected on the
CCD chip as an image by reducing the magnification using an intermediate tube lens or modified imaging lens, the
light intensity of a pixel of the CCD chip increases.

2.4. The bioluminescence microscope, LV200

Figure 5 shows the inverted bioluminescence microscope used in our studies (Luminoview
LV200; Olympus, Tokyo, Japan). A halogen lamp was used as the source of transmitted bright-
field light. The light was directed to a sample through a condenser lens with a glass fiber. A
short focal-length imaging lens (f = 36 mm, NA = 0.2) was customized based on the condition
of I to capture dim bioluminescence images in this system. Normal OBs are available for
observation. Using the IM, total magnification was reduced to one-fifth of the magnification
of the OB because the focal distance of the IM is fixed (180 mm; Olympus) in a conventional
microscope body. The distance between the OB and IM was set at 17 mm to avoid vignetting.
A stage-top incubator with temperature and CO2 gas controllers (MI-IBC-IF; Tokai Hit Co.,
Shizuoka, Japan) was added to the sample stage. The observation area was covered with a dark
box [21, 44].
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UPlanFLN 40× oil objective lens (NA = 1.30, I = 0.026) and DP70 color CCD camera (Olympus).
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OB, CCD camera, and exposure time) using a conventional inverted microscope (IX70;
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for the beetle luciferase-expressing cell line (Figure 6B) [21]. Despite the use of blank image
subtraction, 10 min is the upper limit of exposure time for the DP70 color CCD camera due to
intense background evaluation [21]. Thus, bioluminescence images of cells expressing the
luciferase gene can be captured using an LV200 microscope with a 40× OB and color CCD
camera. In this case, the M of the image was reduced by a power of 8 owing to the short-focal-
length IM, and the I value was 0.026. To equalize the I value between the LV200 and IX70
microscopes, a low M and high NA OB (e.g., 8×, NA 1.3) is required for IX70. However, an OB
with such a high NA cannot be purchased commercially.

Figure 5. Bioluminescence microscope, LV200. A stage-top incubator with temperature and CO2 gas controllers was
added to the sample stage. The observation area was covered with a dark box.

To show the spatial resolution of the bioluminescence images acquired using LV200, organelle-
targeted images were captured using an UPlanFLN 100× oil objective lens (Olympus) and
ImagEM EM-CCD camera (C9100-13; Hamamatsu Photonics, Shizuoka, Japan). The binning
of the EM-CCD camera was 1 × 1 (512 × 512 pixels), EM-gain was 1024, and exposure time was
300 ms to 1 s. NanoLuc luciferase (Promega), which is 150-fold brighter than beetle luciferase
[37], was used as a tag for organelle localization, similar to a fluorescent protein. Before
substrate addition (12.5 μM furimazine; Promega), cells were washed with culture medium
three times.
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Figure 6. Bioluminescence images of U2OS cells expressing beetle luciferase CBG99 (arrow 1), CBR (arrow 2), and Luc2
(arrow 3) at 37°C captured by LV200 and IX70 microscopes with a UPlanFLN 40× oil objective lens and DP70 color
CCD camera. The exposure times were 2 and 10 min for LV200 (M = 8, I = 0.026) and IX70 (M = 40, I = 0.001), respective-
ly. D-Luciferin, 1 mM. Scale bars, 100 μm (A) and 20 μm (B). This figure was quoted and modified from Ref. [21] with
Wiley’s open access terms and conditions.

Figure 7. Bioluminescence images of NanoLuc fused with NLS (A), CoxVIII (B), calreticulin (C), and no targeting se-
quence (D) in U2OS cells at 37°C. Images were captured using an LV200 microscope with an UPlanFLN 100× oil objec-
tive lens and an ImagEM EM-CCD camera. Exposure time, 300 ms (A, D), 500 ms (B), and 1 s (C). Furimazine, 12.5 μM.
Scale bars, 20 μm. This figure was quoted from Ref. [21] with Wiley’s open access terms and conditions.

Figure 7 shows bioluminescence images of NanoLuc fused with nuclear localization se-
quence (NLS) (Figure 7A), mitochondrial targeting sequence (subunit VIII of human cyto-
chrome C oxidase, CoxVIII) (Figure 7B), endoplasmic reticulum resident protein, calreticulin
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with KDEL retrieval sequence (Figure 7C), or no targeting sequence (Figure 7D) in U2OS cells
[21]. The NanoLuc-NLS accumulated in the nucleus of the cell, and the CoxVIII-NanoLuc and
calreticulin-NanoLuc-KDEL appeared in a meshwork pattern in the cytoplasm. Thus, the
nucleus and cytoplasm were discriminated clearly, and mitochondria and endoplasmic
reticulum were recognized in the cytoplasm.

3. Applications

As examples of bioluminescence microscopy using our system (LV200), we introduce three
applications: (1) calcium imaging of single cells, (2) imaging of clock gene promoter assays,
and (3) three-dimensional imaging of Drosophila larva.

3.1. Intracellular Ca2+ imaging using obelin

Obelin is a calcium-specific bioluminescent protein similar to aequorin; using obelin, intra-
cellular calcium was imaged by ATP and ionomycine (A23187) stimulation for calcium release
from intracellular membranes (mitochondria and endoplasmic reticulum) and inflow from
outside of the cell, respectively. The apoobelin gene [45] was inserted into the mammalian
expression vector, pCDNA3.1 (Invitrogen), and transfected into HeLa cells. HeLa cells
transiently expressing apoobelin were incubated in DMEM containing 60 μM coelenterazine
(Promega) for 4 h to reconstitute obelin. The cells were stimulated with 500 μM ATP, and
bioluminescence images were captured using an LV200 microscope with an UplanApo 20× OB
(NA = 0.70; Olympus) and an iXon EM-CCD camera (DU-897l; Andor Technology, Belfast,
UK). Binning of the CCD was 2 × 2, EM gain was maximum, and the exposure time was 25 s
with a 30-s interval. The cells were restimulated by 10 mM ionomycine at 20 min after ATP
stimulation.

Figure 8. Bioluminescence image of intracellular calcium levels in HeLa cells using the photoprotein obelin (A). Time
course of light intensity in single cells (B). Images were captured using an LV200 microscope with an UPlanApo 20×
objective lens and an ImagEM EM-CCD camera. Cells were stimulated with 500 μM ATP and 1 mM ionomycine. Coe-
lenterazine, 60 μM. Exposure time, 25 s. Scale bar, 200 μm.
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Figure 8A shows pseudocolor-coded bioluminescence images of intracellular calcium in HeLa
cells at 8 min after ionomysin stimulation. Figure 8B shows a time course of the intracellular
calcium response for 10 single cells using time-laps image analysis software TiLIA [46].
Calcium responses in each cell varied temporally, were broad in intensity at around 15 min
after ATP stimulation, and were uniform and greater in intensity after ionomysin stimulation
[47, 48]. Using this imaging system, ATP-induced calcium oscillation in HEK-293 cells was
confirmed using a bioluminescent calcium sensor constructed by aequorin and GFP with 1 s
exposure time using a bioluminescence resonance energy transfer (BRET) system [36].

3.2. Imaging of clock gene promoter assays

The circadian rhythm is monitored by measuring the promoter activity of clock genes from
individual cells as a cellular clock. However, it is impossible to resolve whether loss of circadian
rhythm following stimulation is caused by dis-periodicity or dis-synchronicity in individual
cells using a luminometer because the luminometer captures total luminescence from the cell
population. Bioluminescence microscopy can provide clear single-cell analyses of promoter
activity.

Figure 9. Bioluminescence image of Per2 gene expression in NIH 3T3 cells using a Luc+ luciferase promoter vector (A).
Time course of light intensity of the single cells (B). Images were captured using an LV200 microscope with an UPla-
nApo 20× objective lens and a DP30 CCD camera. Cells were stimulated with 1 mM dexamethasone. D-Luciferin, 500
μM. Exposure time, 5 min. Scale bar, 200 μm.

Figure 9 shows an example of imaging of Per2 clock gene promoter activity in cultured cells.
The promoter region of the Per2 clock gene in mice was inserted into the luciferase promoter
vector, pGL3 (Promega), and the vector was transfected into NIH3T3 cells. Cells were cultured
in CO2-independent DMEM (Invitrogen) containing 500 μM D-luciferin. Bioluminescence
images were captured using an LV200 microscope with an UPlanApo 20× OB (NA = 0.70) and
DP30BW CCD camera (Olympus) at 37°C. The binning of the CCD was 1 × 1 (1024 × 1024
pixels), the cooling temperature of the sensor chip was 5°C, and the exposure time was 5 min
with 30-min interval for 28 h. As shown in Figure 9A, bioluminescence images of single cells
expressing the Per2 gene were captured clearly using a conventional CCD camera. Figure 9B
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The promoter region of the Per2 clock gene in mice was inserted into the luciferase promoter
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shows a time course of Per2 promoter activity in 10 cells selected appropriately for 48 h using
TiLIA [46]; this time course allowed us to analyze synchronicity among cells [49]. Using this
imaging system, Ukai et al. [23] produced photoresponsive mammalian cells by introducing
the photoreceptor melanopsin and monitored the effects of photoperturbation on the state of
the cellular clock. They observed that a critical light pulse drove cellular clocks into singularity
behavior and proved that loss of the circadian rhythm of a cellular clock may be caused by dis-
synchronization of individual cells underlying singularity behavior by single-cell analysis.

3.3. Three-dimensional imaging of Drosophila larva

Because our bioluminescence microscope system utilizes a short-focal-length imaging lens, the
magnification is lower and the focal depth is shallower than those of conventional microscopy
systems using the same OB. Therefore, depth of field is also shallower. This is convenient for
three-dimensional image reconstruction by light sectioning.

Figure 10. Three-dimensional bioluminescence image of armadillo promoter activity of insular larva for the transgenic
Drosophila melanogaster reconstructs from 11 sectionalized images (100 μm depth). Expression of armadillo was observed
in the midgut from a tissue depth of 100 μm. The larva was immersed in 3 mM D-luciferin for 5 min before image
acquisition. A and C, slant view. B, front view. Scale bar, 100 μm. Ant, anterior part of the body.

Accordingly, we constructed transgenic Drosophila melanogaster carrying an armadillo (a
member of the segment polarity gene) promoter and luciferase fusion gene [31]. Figure 10
shows three-dimensional images of armadillo promoter activity from insular larva of trans-
genic flies reconstructed from 11 sectionalized images (front and slant views). The larva was
immersed in 3 mM D-luciferin for 5 min before image acquisition. Bioluminescence images of
the anesthetized larva with cold treatment were captured using an LV200 microscope with an
UPlanFLN 60× OB (NA = 0.90) and iXon EM-CCD camera. The binning of the CCD was 1 × 1;
EM gain was maximum; and exposure time was 30 s. Eleven sectionalized images were
obtained with 10-μm steps from top to bottom (0–100 μm) of the larva. After deconvolution,
three-dimensional images were reconstructed using CelSens Dimension image analysis
software (Olympus). As shown in the Figure 10, the expression of the armadillo was observed
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in the midgut from a tissue depth of 100 μm, although it needed clearing treatment of kidney
tissue for imaging of 100–200 mm depth by confocal fluorescence microscopy [50].

4. Conclusion

In this study, we presented the concept of bioluminescence microscopy using a short-focal-
length IM. This system facilitates the acquisition of bioluminescence images of single live cells
using luciferase, similar to fluorescence microscopy using a fluorescent protein, although M
is lower than that of conventional microscopy. Furthermore, this method is applicable for
studies of cellular activity at the single cell level, including analyses of signal transduction,
gene expression, and embryogenesis.

As bioluminescence microscopy requires no excitation light, it leads to substantive differences
from fluorescence microscopy. Bioluminescence observation lacks the phototoxicity and
background autofluorescence problems associated with fluorescence observation and permits
the long-term, non-lethal observation of living cells such as embryonic stem cells, iPS cells, and
embryos. Table 1 summarized the substantive differences between the fluorescence and
bioluminescence microscopy. Thus, bioluminescence microscopy is a powerful tool in cellular
biology and complements fluorescence microscopy.

Fluorescence Bioluminescence

Excitation energy Photon Chemical reaction

Auto-fluorescence Affected None

Phototoxicity Affected None

Long-term observation Acceptable Excellent

Observation of photosensitive cell Acceptable Excellent

Brightness of image Excellent Acceptable

Spatiotemporal resolution Excellent Acceptable

Table 1. Substantive differences between fluorescence and bioluminescence microscopy.
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Abstract

Three experiment series on the ctenophores Mnemiopsis leidyi and Beroe ovata biolumi‐
nescence variability investigation were conducted: (1) depending on ctenophores size 
and ontogeny stage; (2) depending on temperature conditions and (3) depending on 
season. The ctenophores luminescence was registered using the laboratory complex 
“Svet” by methods of mechanical and chemical stimulation. Ctenophores light‐emission 
 characteristics are changing in the process of ontogenesis and rising proportionally to the 
organism mass growth. Seasonal dynamics of the ctenophore‐aliens light‐emission char‐
acteristics has been revealed: the highest indices of M. leidyi and B. ovata bioluminescence 
are observed in the summer period and minimal indices for both species were registered 
in the winter‐spring period. Environment temperature affects considerably at the ampli‐
tude‐temporal characteristics of the ctenophores light‐emission. The bioluminescence 
reaction optimum for M. leidyi is achieved under the temperature of 26 ± 1°C, and for 
B. ovate—under the temperature of 22 ± 1°C, while its minimum for both ctenophores 
was registered under the temperature of 10 ± 1°C. Thus, results of the investigations 
have detected the opportunity to use ctenophores M. leidyi and B. ovata light‐emission 
characteristics as an index for their physiological state estimation.

Keywords: light‐emission characteristics, ecological‐physiological  indices, Mnemiopsis 
leidyi, Beroe ovata, the Black Sea

1. Introduction

Bioluminescence as a manifestation of an organism life activity in a form of electric‐magnetic 
radiation in the visible region of spectrum is the most important ecological factor of marine 
environment [1]. Quite recently, they considered that microplankton—bacteria and dino‐
flagellates—makes the main contribution into formation of the Black Sea bioluminescence 
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field [2–5]. But for a number of the World ocean regions, another fraction of plankton com‐
munity makes the major contribution into bioluminescence field formation, in particular jelly‐
fish macroplankton [3, 6, 7]. For instance, ctenophores Mnemiopsis leidyi and Beroe ovata, which 
quite recently inhabited the Black Sea are luminescent organisms, bioluminescent intensity of 
which exceeds hundreds of thousands to million times light‐emission of the majority of the 
microplankton representatives.

There are totally about 150 species of ctenophores, of them in 46 species, living in wide 
range of temperatures, bioluminescent ability has been registered reliably [8, 9]. For the past 
30 years, the Black Sea ctenophore fauna became considerably more rich: Until 1980, it has 
been presented by one species of pleurobrachia (Pleurobrachia pileus (O.F. Muller, 1776)), 
from 1980‐1990‐th two species from genus mnemiopsis (Mnemiopsis leidyi A. Agassiz, 1865) 
and beroe  (Beroe ovata Mayer, 1912) were added and in 2007 near the Turkish and Bulgarian 
shores bolinopsis (Bolinopsis vitrea (L. Agassiz, 1860)) was also found. Now it is not yet clear 
whether this species inhabiting Mediterranean sea will be able to naturalize in the Black Sea,, 
but it was met already in 2010 [10]. That is why our work will be devoted exclusively to the 
parameters of life activity of only two alien ctenophores: Mnemiopsis leidyi and Beroe ovata.

Ctenophores—aliens not only reached the list of the Black Sea macroplankton but they also 
considerably influenced structure dynamics of its ecosystem, thus attracting great attention to 
them. The climate warming and increasing of the anthropogenic eutrophication led in a num‐
ber of cases to considerable growth of not only ctenophores populations but jelly‐fish as well, 
which influenced condition of the marine communities and effected human economic activ‐
ity: fishing nets and water canals were blocked, obstacles for marine bathing were created, 
and in the Black Sea anchovy fishing sharply decreased with the first flash of the mnemiopsis 
mass development [11–13].

At present time, there is quite great number of works devoted to physiology and ecology of 
different ctenophores species, including the Black Sea populations [12, 14–20]. From 1980, they 
conduct intensive studies of the ctenophores—aliens in the Black Sea: they reveal features of 
their distribution by the sea regions in connection with depth, temperature and salinity; they 
also study peculiarities of nutrition, breathing and reproduction. As for mnemiopsis, they 
revealed effect of the environment temperature on such characteristics as population vertical 
distribution in pelagial [13, 21–23], reproduction rate [24], metabolism intensity [25, 26] and 
some peculiarities of luminescence under experimental conditions [27, 28]. The same data 
were received for beroe as well [28–30].

But such important ecological characteristic of the ctenophores as bioluminescence still remains 
to be not much studied. In particular, the studies of the light‐emission parameters in the Black Sea 
populations of M. leidyi and B. ovata by present time were conducted exclusively in the Department 
of Biophysical Ecology, IBSS NASU (now—IMBR RAS). Such indices of the ctenophores biolumi‐
nescent as a change of intensity and duration of the light‐emission in ontogenesis are studied not 
enough, influence of different environment factors on the bioluminescence parameters is studied 
insufficiently, still unclear is connection between the organism physiological indices and its lumi‐
nescence. Nevertheless, it is known that on the base of the amplitude‐time characteristics of bio‐
luminescence we can make a conclusion about the organism functional condition [27, 28, 31, 32].
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In connection with the above mentioned, we consider it to be extremely important to continue 
investigation of the light‐emission in the Black Sea alien ctenophores, to reveal an influence of 
different factors on them and to evaluate accordance of their functional state with variability 
of the bioluminescence parameters.

2. Materials and methods

Experimental investigations were conducted in the Biophysical Ecology Department of 
the A.O. Kovalevsky Institute of Marine Biological Research (IMBR) from 2007 to 2012. 
Ctenophores with sizes of 35–40 mm (oral‐aboral length for M. leidyi and total for B. ovata) 
were collected by Judy net in the Crimea coastal zone at the layer of 0–50 m. Not damaged 
samples without content in the gastrovascular cavity were chosen for experiments. Three 
experiment series were conducted: (1) depending on ctenophore size and ontogeny stage; 
(2) depending on temperature conditions and (3) depending on season. The freshly caught 
animals were left for 2–3 h to adapt to the conditions similar to in situ.

The investigation of B. ovata bioluminescence parameters in ontogenesis was carried out in 
September–November 2007–2009 in three experiment series: (1) depending on ctenophore 
size; (2) depending on their physiological state and (3) on ontogeny stage. B. ovata indi‐
viduals with wet weight from 0.06 to 19.53 g were taken for the first experiment series. 
Unbroken individuals were placed into 5 l containers with filtered marine water (membrane 
filters pore diameter is 35 μm) at a temperature of 21 ± 2°C [33]. For estimation of B. ovata 
luminescence variability in relation to reproduction stage specimens were separated into 
four groups: (1) 50‐mm long—just‐caught individuals before gonada formation; (2) 50‐mm 
long individuals with mature gonads; (3) ctenophore eggs spawned by the second group; 
(4) ctenophore larvae grown from eggs of the third group. Adult just‐caught B. ovata organ‐
isms were put in 20 l aquariums with filtered water under temperature 20 ± 2°C with feeding 
M. leidyi (L = 40 mm). Experiments of B. ovata light signal registration by ontogeny stages 
were carried out by the methodology [33, 34].

The investigation of M. leidyi bioluminescence parameters in ontogenesis was carried out in 
July–August 2007–2010. Ctenophores of 3–65 mm size (oral‐aboral length) were selected from 
the plankton samples, taken by Judy net in the upper 10 m layer. Ctenophores wet weight was 
calculated by the volume of displaced water in measuring cylinder with further weighing of 
each specimen on the microanalytic weighs AN 50 with accuracy up to 0.01 g. In experiments 
on the ctenophores size influence on their bioluminescence characteristics, fresh‐caught speci‐
mens were separated to six size groups: (1) 0.0073 ± 0.00036 g; (2) 0.52 ± 0.026 g; (3) 3.69 ± 0.18 
g; (4) 12.77 ± 0.63 g; (5) 35.06 ± 1.75 g and (6) 42.03 ± 2.10 g. To avoid photoinhibition of the 
ctenophores bioluminescence, they were kept before measuring for 2 h in darkness with 24 ± 
2°C temperature. Ctenophores were kept in vessels with 3–5 l volume marine water, filtered 
through the membrane filters with 35 μm pores diameter. Proper filtration of the ctenophores 
medium was necessary for exclusion of the by‐catches of another luminescent organisms 
(first of all dinoflagellates), which could distort the results of experiments when studying 
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ctenophores bioluminescence at the initial ontogenesis stages (eggs and larvae). To study 
an influence of the ctenophores reproductive system condition on the characteristics of their 
 bioluminescence, the caught in the sea adult specimens (40 mm length) were divided to three 
experimental groups: (1) ctenophores freshly caught in the sea (with gonads at early stage of 
development, which served as a control after 2‐h adaptation in the filtrated water); (2) cteno‐
phores with eggs clutches, formed in the laboratory conditions after experimental feeding; (3) 
specimens after eggs spawning out. Such ctenophores were preliminary kept under condi‐
tions analogous to those of the second group during 6 h; during this period, they produced 
new eggs clutches and they spawned eggs out. The third group ctenophores bioluminescence 
characteristics were registered directly after their spawning.

It is known that at natural conditions calanoid copepods, dominating in mesozooplankton 
composition in the second half of the summer season make the main part of the Black Sea 
mnemiopsis feeding [35]. That is why we used calanoid copepods Calanipeda aquaducles, 
grown in the laboratory for fish cultivation for nutrition of the ctenophores in the experi‐
mental conditions. Before measuring bioluminescent characteristics, the second group cteno‐
phores were kept isolated during 5 h in 5 l vessels with concentration of the late copepodite 
stages of copepods at the level of 60 ex·l‐1 (with food supply of 300 ex for one specimen of 
ctenophores). Copepods concentration in the experimental vessels was determined before 
the beginning of experiment, counting specimens in an aliquota of volume in the Bogorov 
camera. In 3 h after beginning of exposition, concentration of food was corrected to initial 
volumes. With such food supply, ctenophores reproduce actively and in 5 h of nutrition they 
form ready for spawning eggs clutches [18]. This group of ctenophores was lighted directly 
after formation of clutch in them.

For estimation of variability of luminescence biophysical characteristics in the ctenophores 
in ontogenesis, they were divided into four groups: (1) freshly caught in the sea specimens 
of 40 mm length before gonads formation, adapted to the conditions of experiment under 
complete darkness during 2 h; (2) ctenophores of 40 mm length with matured gonads, formed 
as a result of experimental nutrition during 5–6 h after catching; (3) eggs, spawned out by 
the second group ctenophores, 0.40–0.50 mm diameter; (4) developed from the ctenophores 
eggs larvae, 0.25–0.30 mm diameter. To receive eggs and then larvae, the freshly caught adult 
ctenophores were isolated in 5 l vessels with filtered water, where they were fed by copepods. 
Eggs clutched by ctenophores were collected by filtration of all the water volume through 100 
μm sieve. Eggs collected on the sieve were washed into 200 ml glass cylinder, and the num‐
ber of eggs was calculated in all the volume under microscope. Size of eggs and larvae were 
measured with accuracy of 0.01 mm under microscope. The measurements of the biolumi‐
nescence characteristics were conducted in 15–20 specimens of each experimental group and 
repeated three times. Before light‐emission stimulation ctenophores were kept in the filtered 
marine water with 24 ± 2°C temperature. The given temperature conditions are optimal for 
quick eggs spawning by ctenophores and further larvae development [25].

For investigation of temperature variability, uni‐sized (35–40 mm length) ctenophores were 
divided in the laboratory into five groups and contained in different temperature conditions: 
(1) 10 ± 1°C; (2) 16 ± 1°C; (3) 22 ± 1°C; (4) 26 ± 1°C and (5) 30 ± 1°C. M. leidyi and B. ovata were 
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after formation of clutch in them.

For estimation of variability of luminescence biophysical characteristics in the ctenophores 
in ontogenesis, they were divided into four groups: (1) freshly caught in the sea specimens 
of 40 mm length before gonads formation, adapted to the conditions of experiment under 
complete darkness during 2 h; (2) ctenophores of 40 mm length with matured gonads, formed 
as a result of experimental nutrition during 5–6 h after catching; (3) eggs, spawned out by 
the second group ctenophores, 0.40–0.50 mm diameter; (4) developed from the ctenophores 
eggs larvae, 0.25–0.30 mm diameter. To receive eggs and then larvae, the freshly caught adult 
ctenophores were isolated in 5 l vessels with filtered water, where they were fed by copepods. 
Eggs clutched by ctenophores were collected by filtration of all the water volume through 100 
μm sieve. Eggs collected on the sieve were washed into 200 ml glass cylinder, and the num‐
ber of eggs was calculated in all the volume under microscope. Size of eggs and larvae were 
measured with accuracy of 0.01 mm under microscope. The measurements of the biolumi‐
nescence characteristics were conducted in 15–20 specimens of each experimental group and 
repeated three times. Before light‐emission stimulation ctenophores were kept in the filtered 
marine water with 24 ± 2°C temperature. The given temperature conditions are optimal for 
quick eggs spawning by ctenophores and further larvae development [25].

For investigation of temperature variability, uni‐sized (35–40 mm length) ctenophores were 
divided in the laboratory into five groups and contained in different temperature conditions: 
(1) 10 ± 1°C; (2) 16 ± 1°C; (3) 22 ± 1°C; (4) 26 ± 1°C and (5) 30 ± 1°C. M. leidyi and B. ovata were 
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kept in the temperature‐controlled aquariums (50 l) with the filtered marine water, being 
adapted during 6–8 h to the temperature close to such in the sea in the given period [36].

The main parameters: amplitude, energy and bioluminescence duration of the alien‐cteno‐
phore under the different temperature conditions were compared. For research of sea‐
sonal dynamics, bioluminescence uniform‐sized samples group (40 mm) of ctenophores 
were taken. The adaptive period before experiments on ctenophore bioluminescence was 
2 h. Experiments on ctenophore bioluminescence characteristics registration on the labora‐
tory complex—luminescope “Svet” [31] were conducted after the adaptive period. Special 
cuvette for mechanical, chemical and electrical stimulation of the plankton organisms, made 
of transparent organic glass, in which experimental organisms were placed, was set into the 
luminescope dark chamber. Biophysical characteristics of the ctenophore light‐emission were 
investigated by mechanical and chemical stimulation in our experiments. Mechanical stimu‐
lation method, the most adequate to the natural stimuli, chemical stimulation by ethyl alcohol 
give more prolonged and bright signals with maximal values [32, 33].

3. Results

3.1. Seasonal dynamics of the Mnemiopsis leidyi bioluminescence

The studies conducted had revealed in M. leidyi bioluminescence intensity considerable 
seasonal fluctuations for its amplitude characteristic as well as for temporal one (Figure 1). 

Figure 1. Mnemiopsis leidyi light‐emission amplitude seasonal dynamics under different stimulation types [31].
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Thus, the ctenophores in the winter period gave not very intensive flash with the  amplitude 
until 70.0 ± 3.4·108 quantum·s−1·cm−2 and duration about 2.0 s. Low  bioluminescence values 
were observed in the spring period with minimum on March (9.93 ± 0.49&·108 quantum·s−1·cm−2 
and 9.21 ± 0.46·108 quantum·s−1·cm−2) under the chemical and mechanical stimulation 
 correspondingly [31].

The average luminescence amplitude (260.94 ± 13.04·108 quantum·s−1·cm−2) was registered in 
June. The light‐emission characteristics rise with peak in August and make 841.97 ± 42.09·108 
quantum·s−1·cm−2. It is related with ctenophores reproduction in July–August. M. leidyi lumi‐
nescence intensity under the chemical stimulation is 2–2.5 times greater (p < 0.05) than under 
the mechanical one [31].

The luminescence amplitude of M. leidyi decreases almost 11 times in the middle of November, 
if compared with the summer period. Light‐emission energy of ctenophores depending on 
season changes analogically with their amplitude indices (Figure 2) [31].

Thus, minimal energy values of M. leidyi were registered in February and maximal in 
August, making 659.97 ± 32.98·108 quantum·cm−2 and 393.39 ± 19.66·108 quantum·cm−2 under 
the chemical and the mechanical stimulation correspondingly. The M. leidyi luminescence 

Figure 2. Mnemiopsis leidyi light‐emission energy seasonal dynamics under different stimulation types [31].

Luminescence - An Outlook on the Phenomena and their Applications356



Thus, the ctenophores in the winter period gave not very intensive flash with the  amplitude 
until 70.0 ± 3.4·108 quantum·s−1·cm−2 and duration about 2.0 s. Low  bioluminescence values 
were observed in the spring period with minimum on March (9.93 ± 0.49&·108 quantum·s−1·cm−2 
and 9.21 ± 0.46·108 quantum·s−1·cm−2) under the chemical and mechanical stimulation 
 correspondingly [31].

The average luminescence amplitude (260.94 ± 13.04·108 quantum·s−1·cm−2) was registered in 
June. The light‐emission characteristics rise with peak in August and make 841.97 ± 42.09·108 
quantum·s−1·cm−2. It is related with ctenophores reproduction in July–August. M. leidyi lumi‐
nescence intensity under the chemical stimulation is 2–2.5 times greater (p < 0.05) than under 
the mechanical one [31].

The luminescence amplitude of M. leidyi decreases almost 11 times in the middle of November, 
if compared with the summer period. Light‐emission energy of ctenophores depending on 
season changes analogically with their amplitude indices (Figure 2) [31].

Thus, minimal energy values of M. leidyi were registered in February and maximal in 
August, making 659.97 ± 32.98·108 quantum·cm−2 and 393.39 ± 19.66·108 quantum·cm−2 under 
the chemical and the mechanical stimulation correspondingly. The M. leidyi luminescence 

Figure 2. Mnemiopsis leidyi light‐emission energy seasonal dynamics under different stimulation types [31].

Luminescence - An Outlook on the Phenomena and their Applications356

energy reduces during the following period and decreases 12 times in November if compared 
with July.

M. leidyi light‐emission duration changes considerably depending on season (Figure 3). 
Thus, the shortest flashes are registered in February–March, making 0.79–1.32 s and more 
 prolonged luminescence duration is observed in August–September and it achieves 2.77–3.46 
s (p < 0.05) [31].

3.2. Seasonal variability of the B. ovata bioluminescence characteristics

The typical luminescence signal of B. ovata is represented by a number of flashes, superimpos‐
ing one on another, with several amplitude peaks with sharp increasing background and the 
same damping decrement.

Figure 3. Mnemiopsis leidyi light‐emission duration seasonal dynamics under different stimulation types [31].
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The beroe luminescence has significant seasonal differences [31]. Thus, several weak signals 
may be observed for ctenophore, luminous in the winter period (Figure 4), followed by the 
flash of negligible intensity with the greatest amplitude (56.7 ± 2.83·108 quantum·s−1·cm−2).

The ctenophore bioluminescence is depressed even more in the spring period, with the 
minimal values in May: one to two weak signals are observed with the amplitude up to 
35.96 ± 1.79·108 quantum·s−1·cm−2. The bioluminescence intensity increases up to 537.6 ± 26.88·108 
quantum·s−1·cm−2 which is registered in summer. B. ovata maximal bioluminescence is regis‐
tered in July, their intensity achieves 1382.25 ± 69.11·108 quantum·s−1·cm−2 and duration up 
to 2.86 ± 0.14 s. Ctenophore light‐emission intensity is 1.5 times higher under the mechanical 
stimulation than under the chemical one (p < 0.05) [31]. B. ovata luminescence characteristics 
decrease up to 98.75 ± 4.93·108 quantum·s−1·cm−2 in August. The second peak of light‐emis‐
sion intensity is observed in September, achieving 852.56 ± 42.62·108 quantum·s−1·cm−2. 
Luminescence amplitude reduces 15 times by December, if compared with the autumn peak 
and makes 56.7 ± 2.83·108 quantum·s−1·cm−2 and 27.01 ± 1.35·108 quantum·s−1·cm−2 under the 
mechanical and chemical stimulation correspondingly. Ctenophore luminescence energy sea‐
sonal changes are the same (Figure 5).

Figure 4. Beroe ovata light‐emission amplitude seasonal dynamics under different stimulation types [31].
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Low energy values of ctenophores are observed in winter‐spring period with minimum 
in May. B. ovata bioluminescence energy is maximal in July, making 518.94 ± 25.94·108 
quantum·cm−2 under the mechanical stimulation and 511.88 ± 25.59·108 quantum·cm−2 under 
the chemical one. Decrease of the luminescence energy indices is observed in August, if com‐
pared with the previous month. B. ovata light‐emission amplitude rises again in autumn with 
maximum in September and decreases 1.5 times if compare with the summer period (p < 0.05). 
Light‐emission energy decreases 11 times (p < 0.05) by December [31]. Light‐emission dura‐
tion of ctenophore like its intensity in the different seasons change considerably (Figure 6).

More prolonged signals are registered in July and September, making 2.54–2.86 s, the 
 shortest luminescent signals of B. ovata are observed in May (1.06 s) and in December (0.9 s) 
(p < 0.05). B. ovata trophic state like this of M. leidyi is depressed in the winter‐spring period 
[31, 37], and it reveals itself in reducing its luminescence amplitude‐temporal character‐
istics. But B. ovata nutritive conditions are the most favorable in early autumn period, in 
September especially [37], which affects the ctenophore bioluminescence activity increase 
in the given period.

B. ovata, if compared to other jelly‐fish, is the species sensitive to the temperature swings more 
than others [38]. The temperature rise in the Black Sea in May up to 16°C leads to B. ovata early 

Figure 5. Beroe ovata light‐emission energy seasonal dynamics under different stimulation types [31].
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appearance, but ctenophore luminescence values are low in the spring period. The first cteno‐
phore bioluminescence peak is observed in July. The water temperature rise in August up to 
26°C leads to B. ovata abundance decrease in the given period. The ctenophore second maxi‐
mum was found in September while the water temperature falls to 20 ± 2°C. From October 
till March, the ctenophore state is depressed. Food supplies and mass spawning reduce affect 
unfavorably the B. ovata functional state as well as its bioluminescence indices [31, 39].

Thus, seasonal variability of ctenophores light‐emission parameters was established. Our 
investigations showed that maximal bioluminescence values for mnemiopsis are regis‐
tered in August, whereas beroe maximal bioluminescence is observed twice—in July and in 
September. Light‐emission minimal values for both ctenophores were observed in the win‐
ter‐spring period [31].

3.3. Influence of the temperature on the M. leidyi bioluminescence

The investigation results have shown considerable changes of the M. leidyi bioluminescence 
intensity, connected with temperature changes (Table 1). Thus, maximal indices of the 
ctenophore signals amplitude were observed under the temperature of 26 ± 1°C. M. leidyi 

Figure 6. Beroe ovata light‐emission duration seasonal dynamics under different stimulation types [31].
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 bioluminescence intensity under chemical stimulation was 1.5 times higher, than under the 
mechanical one, making 1432.94 ± 71.64·108 quantum·s−1·cm−2.

The temperature increases up to 30°C leads to four times decrease of ctenophore lumines‐
cence intensity, making 322.34 ± 16.1·108 quantum·s−1·cm−2. M. leidyi light‐emission intensity 
decreased two times (p < 0.05) comparing with optimum under the temperature decrease 
down to 22°C. The temperature decreases down to 10 ± 1°C leads to more considerable biolu‐
minescence intensity change, up to its minimal values 17.32 ± 0.83·108 under mechanical and 
17.93 ± 0.89·108 quantum·s−1·cm−2 under the chemical stimulation correspondingly [36].

M. leidyi light‐emission energy changes under different temperatures (Table 1). Thus,  maximal 
values of ctenophore luminescence energy were registered under 26°C, making 894.64 ± 
44.7·108 and 725.33 ± 36.2·108 quantum·cm−2—under the chemical and mechanical stimulation 
correspondingly.

Bioluminescence energy decreases two times (p < 0.05) under the temperature of 22°C. 
M. leidyi light‐emission energy minimal indices were observed under the temperature of 
10°C [36]. Temperature fluctuations affected the M. leidyi light‐emission duration change with 
minimal indices under the temperature 10°C, under its rise up to 30°C making 1.94 and 2.67 
s correspondingly. The most continuous signals were registered under the temperature of 
26°C, 3.54 ± 0.15 s, under the chemical stimulation especially.

3.4. Influence of the temperature on the B. ovata bioluminescence

Amplitude and light‐emission energy considerable changes, connected with the environment 
temperature change, were revealed in ctenophore B. ovata (Table 2). Thus, B. ovata flashes in 
amplitude had the maximal indices under the temperature of 22 ± 1°C regardless the type 
of stimulation, having achieved 1150 ± 57.51·108 quantum·s−1·cm−2 under the mechanical and 
822.03 ± 41.10·108 quantum·s−1·cm−2 under the chemical stimulation correspondingly.

Ctenophore reacts with more low light‐emission amplitude indices with the temperature 
rise up to 26°C, but minimal values of the luminescence amplitude are registered under 
the temperature of 30°C, achieving 49.01 ± 2.4·108 under the mechanical stimulation and 

Characteristics of 
light‐emission

Amplitude of light‐emission, 
quantum·s−1·cm−2

Energy of light‐emission, 
quantum·cm−2

Duration of light‐
emission, s

Stimulation types 1 2 1 2 1 2

10 ± 1°C 29.52 ± 1.47·108 33.52 ± 1.67·108 12.47 ± 0.62·108 15.51 ± 0.77·108 1.82 ± 0.09 1.94 ± 0.097

16 ± 1°C 219.45 ± 10.97·108 332.33 ± 16.61·108 197.43 ± 9.87·108 283.97 ± 14.19·108 2.51 ± 0.12 2.70 ± 0.13

22 ± 1°C 545.75 ± 27.28·108 632.95 ± 31.64·108 407.19 ± 20.35·108 417.65 ± 20.388·108 2.89 ± 0.14 3.48 ± 0.17

26 ± 1°C 910.81 ± 45.54·108 1432.94 ± 71.64·108 725.33 ± 36.26·108 894.64 ± 44.73·108 3.14 ± 0.16 3.53 ± 0.17

30 ± 1°C 322.34 ± 16.12·108 488.43 ± 24.42·108 294.89 ± 14.74·108 265.15 ± 13.25·108 2.54 ± 0.12 2.67 ± 0.17

Remark: 1, mechanical stimulation; 2, chemical stimulation.

Table 1. Light‐emission characteristics of M. leidyi under different temperatures.
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29.23 ± 1.46·108 quantum·s−1·cm−2 under the chemical one. The B. ovata functional state is nega‐
tive under low temperature also. Thus, temperature decreases down to 10 ± 1°C  weakens 
ctenophore moving activity and lowers their luminescence intensity values: down to 
3.42 ± 0.16·108 quantum·s ‐1·cm−2 and 4.92 ± 0.22·108 quantum·s−1·cm−2 under the chemical and 
mechanical stimulation correspondingly. bioluminescence energy of beroe change as well 
as its amplitude depending on different temperatures. Thus, maximal values are registered 
under the temperature of 22°C (530.19 ± 26.5·108 quantum·cm−2) and minimal—under the 
temperature of 10°C, making 2.95 ± 0.12·108 quantum·cm−2. B. ovata light‐emission duration 
varied considerably under the temperature changes [36].

The shortest bioluminescent signals were observed under the temperature of 10°C, making 
1.02 ± 0.05 s, and the most continuous under 22°C, achieving 3.03 ± 0.15 s. Ctenophore light‐
emission characteristics changes, under different temperature conditions, can be explained, 
we believe, by these organisms physiological adaptations to the environment temperature 
oscillations point of view. Indeed, the most intensive M. leidyi luminescence is observed 
under the temperature of 26 ± 1°C, and B. ovata—under 22 ± 1°C, which are the most favor‐
able for their functional state. Thus, according to the data of Anninsky with co‐authors, 
M. leidyi [25] breeding peak is observed under the temperature of 24–26°C in August, and 
ctenophore B. ovata [12, 19] autumn abundance growth under the temperature 20–22°C. 
Ctenophores under the temperature 22°C are actively breeding, and their metabolism is 
considerably higher than under lower temperatures. Ctenophores light‐emission amplitude 
decreases for several orders under the temperature to 10°C can be explained by their popula‐
tions abundance sharp reduction reduces in the autumn‐winter period [23, 36].

Maximal activity of the enzyme‐substrate complex, basic for the ctenophores luminescence 
was observed under the temperature of 30°C in vivo [36, 40, 41]. Thus, light‐emission ampli‐
tude maximum was observed in our investigations under following temperatures: under 
26°C for M. leidyi and under 22°C for B. ovata [36].

3.5. Bioluminescence characteristics changes in the M. leidyi ontogenesis

After 5–6 h of experimental feeding ctenophores of 40 mm length produced from 3.0 
to 4.5 thousands of viable. The spawning peak was observed at night (23–24 h), which 

Characteristics of 
light‐emission

Amplitude of light‐emission, 
quantum·s−1·cm−2

Energy of light‐emission, 
quantum·cm−2

Duration of light‐
emission, s

Stimulation types 1 2 1 2 1 2

10 ± 1°C 4.92 ± 0.24·108 3.42 ± 0.16·108 2.95 ± 0.12·108 1.67 ± 0.08·108 1.03 ± 0.05 1.02 ± 0.05

16 ± 1°C 551.14 ± 27.55·108 482.89 ± 24.14·108 262.22 ± 13.11·108 156.12 ± 7.8·108 1.91 ± 0.09 1.76 ± 0.08

22 ± 1°C 1150.36 ± 57.51·108 822.03 ± 41.10·108 530.19 ± 26.51·108 482.65 ± 24.13·108 3.03 ± 0.15 2.47 ± 0.12

26 ± 1°C 577.06 ± 28.85·108 268.81 ± 13.44·108 166.97 ± 8.34·108 148.63 ± 7.43·108 2.12 ± 0.10 2.08 ± 0.10

30 ± 1°C 49.01 ± 2.45·108 29.23 ± 1.46·108 14.73 ± 0.73·108 13.84 ± 0.69·108 1.53 ± 0.07 1.49 ± 0.07

Remark: 1, mechanical stimulation; 2, chemical stimulation.

Table 2. Light‐emission characteristics of B. ovata under different temperatures.
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Characteristics of 
light‐emission
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Table 2. Light‐emission characteristics of B. ovata under different temperatures.
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 corresponds to the data of other researchers [24]. Duration of development from eggs 
spawning to larvae getting out in our investigations was of 16–19 h. Typical biolumines‐
cent signals of ctenophores M. leidyi under mechanical and chemical stimulations at differ‐
ent stages of ontogenesis are presented in Figure 7a and b. As one can see in Figure 7 and 
Table 3, ctenophores luminescence characteristics change considerably depending on the 
development stage.

The most intensive bioluminescence is observed in adult specimens (with matured gonads), 
in which amplitude‐time characteristics reach maximum magnitudes: amplitudes up to 

Figure 7. The typical bioluminescence signals of M. leidyi at the different ontogenesis stages: (A) under mechanical 
stimulation and (B) under chemical stimulation.

Ontogenesis 
stages of  
M. leidyi

N L (мм) Amplitude of light‐emission 
(quantum·s−1·cm−2)

Energy of 
light‐emission 
(quantum·cm−2)

Duration of light‐
emission, s

Stimulation types 1 2 1 2 1 2

Just‐caught 
individuals 
(control)

43 40 (112.16 ± 5.61) ·108 (144.18 ± 7.20) ·108 (109.68 ± 
5.48) ·108

(143.36 ± 
7.16) ·108

2.39 ± 0.12 2.75 ± 0.13

Reproductive 
ctenophores

38 40 (424.46 ± 21.22) ·108 (470.98 ± 23.54) ·108 (284.76 ± 
14.23) ·108

(311.24 ± 
15.56) ·108

3.28 ± 0.16 3.93 ± 0.19

Ctenophore eggs 25 0.40–0.50 (0.39 ± 0.019) ·108 (0.89 ± 0.04) ·108 (0.23 ± 
0.012) ·108

(0.52 ± 
0.026) ·108

0.45 ± 0.02 0.76 ± 0.03

Ctenophore larvae 30 0.25–0.30 (1.44 ± 0.08) ·108 (3.13 ± 0.15) ·108 (0.48 ± 
0.022) ·108

(1.07 ± 
0.05) ·108

1.33 ± 0.067 1.86 ± 0.11

Remark: 1, mechanical stimulation; 2, chemical stimulation.

Table 3. The bioluminescence characteristics of ctenophore M. leidyi at the ontogenesis.
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(470.98 ± 23.54)·108 quantum·s−1·cm−2 and duration of signal—up to 3.93 ± 0.19 s. Light‐emis‐
sion amplitude in the adult specimens three times and signal energy two times (p < 0.05) 
exceeds analogous characteristics of the control group ctenophores.

Luminescence durations in the given ctenophore groups also differ considerably. 
For  example, luminescence duration in the adult specimens for 1.18 s exceeds the same 
in control. Signal duration in the control group ctenophores three to four times exceeded 
those in their eggs and larvae. The weakest luminescence was registered in ctenophores 
eggs (Table 3), expressed in low amplitudes (less than 0.39 ± 0.019·108 quantum·s−1·cm−2) 
and light‐emission energy (less than 0.23 ± 0.012·108 quantum·cm−2), as well as small dura‐
tion of the bioluminescent signal—up to 0.45 ± 0.02 s. Comparing bioluminescence of the 
ctenophore eggs and larvae, we stated that the larval stage luminescence amplitude was 3.5 
and energy two to three times higher than analogous characteristics of the eggs biolumi‐
nescence. Signal durations of ctenophore larvae also two to three times exceeded analogous 
parameters in eggs (p < 0.05). The results of correlation of the light‐emission in M. leidyi 

Figure 8. Variability of the bioluminescence amplitude ctenophore M. leidyi depending on wet weight of the individuals 
under mechanical and chemical stimulation.
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ctenophores depending on specimen size under the mechanical and chemical stimulation 
are given in Figures 8–10.

It has been revealed that magnitudes of amplitude, energy and duration of the bioluminescent 
signals in the freshly caught ctenophores depended directly on their size. For example, lumi‐
nescence intensity in M. leidyi with wet weight 0.52 ± 0.026 g makes under mechanical stimu‐
lation 1.32·108 quantum·s−1·cm−2 and under chemical—3.55·108 quantum·s−1·cm−2 (Figure 8), 
while in big specimens (with wet weight 42.03 g) its intensity makes (767.56 ± 42.21)·108 
quantum·s−1·cm−2 under mechanical stimulation and (1016.93 ± 50.84)·108 quantum·s−1·cm−2 
under chemical one. Analogous situation is observed at the bioluminescence energetic 
 indices (Figure 9), which grow with an increase of the organism size (from (0.89 ± 0.035)·108 
to (1004.28 ± 40.17)·108 quantum·cm−2 under chemical stimulation and from (0.29 ± 0.01)·108 
quantum·cm−2 to (868.26 ± 39.07)·108 quantum·cm−2 under mechanical one). Luminescence 
duration (Figure 10) of less in size organisms (with wet weight 0.0073 ± 0.00036 g) made under 
mechanical stimulation 0.79 ± 0.03 and under chemical—1.37 ± 0.06 s, but in the second size 
group (with wet weight 0.52 ± 0.026 g) ctenophores bioluminescence duration under both 
types of stimulation increased 2–2.5 times. Further on with an increase of the specimen size 
in groups from 10 to 65 mm ctenophore luminescence duration practically did not change, 

Figure 9. Variability of the bioluminescence energy ctenophore M. leidyi depending on wet weight of the individuals 
under mechanical and chemical stimulation.
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reaching in the biggest specimens 3.35 ± 0.16 s under mechanical stimulation and 2.78 ± 0.13 
s under chemical one.

Figure 11 represents variability of the biophysical characteristics of M. leidyi light‐emission 
depending on the stage of the organism's reproduction. As it can be seen at the illustrative 
material presented amplitude of light signals appeared to be the most sensitive index of the 
bioluminescence (Figure 11), its maximum magnitudes were registered in a group of cteno‐
phores with eggs clutches, where they two to three times (p < 0.05) exceeded luminescent 
intensity in the freshly caught specimens (control).

Having compared ctenophore bioluminescence after spawning and those in control we 
found that luminescence amplitude in the control group 14 times exceeded amplitude in the 
spawned specimens. Light‐emission energy in the spawning ctenophores with clutch reached 
if compared with other groups of organisms maximum magnitudes up to (139.46 ± 8.36)·108 
quantum·cm−2, which 1.5 times exceeded analogous indices in specimens from the control 
group and 53 times (p < 0.05) the same indices in the spawned ctenophores, showing the low‐
est energetic indices to (2.62 ± 0.13)·108 quantum·cm−2. The signals duration in ctenophores 

Figure 10. Variability of the bioluminescence duration ctenophore M. leidyi depending on wet weight of the individuals 
under mechanical and chemical stimulation.
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with clutch and control exemplars practically did not differ, making from 3.28 to 3.62 s, but 
3.5 times they exceeded such signals in the spawned specimens, which gave the least time of 
luminescence to 0.90 ± 0.045 s.

3.6. Bioluminescence variability in the B. ovata ontogenesis

Bioluminescence energy values depend on quantity of secret, produced in the time of organ‐
ism irritation. So with the increase of the ctenophore age and body mass growth, the more is 
secret content. Thus, luminescence intensity is a function of organism's mass, that is, A = f (W). 
Amplitude and bioluminescent signal duration of newly caught ctenophores directly depend 
on dimension, that is, on wet weight of the investigated organism (Figure 12) [33].

B. ovata light‐emission amplitude of organisms with body mass till 0.06 ± 0.003 g under 
mechanical stimulation was two times more than the one under chemical stimulation, 
achieving (11.39 ± 0.56)·108 quantum·s−1·cm−2. Light‐emission intensity grows when B. ovata 
body mass increases from 0.06 to 19.53 g, achieving (925.74 ± 45.27)·108 quantum·s−1·cm−2. 
The shortest luminescent signals (0.46–0.94 s) were produced by small‐sized ctenophores 
(Figure 13).

Beroe light‐emission duration increased, achieving from 1.44 to 2.37 s, as body mass 
raised [33]. The organisms with body mass 19.53 ± 0.97 g produce 2–2.5 times more prolonged 

Figure 11. Variability of the bioluminescence amplitude ctenophore M. leidyi at the reproduction period.
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Figure 13. B. ovata bioluminescent signal duration depending on body mass wet weight under mechanical and chemical 
stimulations.

Figure 12. B. ovata light‐emission amplitude in terms of organism wet weight under mechanical and chemical 
stimulation [33].
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stimulations.

Figure 12. B. ovata light‐emission amplitude in terms of organism wet weight under mechanical and chemical 
stimulation [33].
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light‐emission signals than small‐sized ctenophores. Experiment's results of the ctenophore 
reproduction system investigations detected that bioluminescence amplitudes were maxi‐
mum in ctenophores with egg clutches (Figure 14), being two to three times more (p < 0.05) 
than in the control group. However, bioluminescence indices were three to four times more in 
the control organisms than in the post‐spawning group. Light‐emission energy of spawning 
individuals if compared with other groups achieved maximal indices until (434.41 ± 21.7)·108 
quantum·cm−2 [33].

The post‐spawning group gave the lowest energy indices until (56.77 ± 2.83)·108 quantum·cm−2. 
Light‐emission durations in ctenophores with eggs clutches were the same as in the control 

Figure 14. B. ovata bioluminescent signal amplitude in reproduction period [33].

Ontogenesis stages 
of B. ovata

L (мм) Amplitude of 
light‐emission 
(quantum·s−1·cm−2)

Energy of light‐emission 
(quantum·cm−2)

Duration of light‐
emission, s

Stimulation types 1 2 1 2 1 2

Just‐caught 
individuals 
(control)

50 (315.36 ± 
15.76) ·108

(246.23 ± 
12.31) ·108

(331.09 ± 16.55) 
·108

(177.60 ± 8.88) ·108 2.27 ± 0.11 1.39 ± 0.06

Reproductive 
ctenophores

50 (823.91 ± 
41.18) ·108

(601.72 ± 
30.08) ·108

(434.41 ± 21.72) 
·108

(259.75 ± 12.98) ·108 2.49 ± 0.12 1.86 ± 0.09

Ctenophore eggs 0.80–0.85 (0.76 ± 
0.03) ·108

(0.28 ± 
0.01) ·108

(0.53 ± 0.02) ·108 (0.21 ± 0.01) ·108 0.89 ± 0.04 0.33 ± 0.016

Ctenophore larvae 0.4–0.5 (6.07 ± 0.3) 
·108

(2.26 ± 0.1) 
·108

(3.71 ± 0.17) ·108 (1.49 ± 0.06) ·108 1.64 ± 0.08 1.08 ± 0.05

Remark: 1, mechanical stimulation; 2, chemical stimulation.

Table 4. The bioluminescence characteristics of ctenophore B. ovata at the ontogenesis [33].
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group. The lowest light‐emission time was in the post‐spawned group up to 1.51 ± 0.07 s. 
The B. ovata clutch contained from 2.0 till 7.0 thousands of eggs with size up to 0.80–0.85 
mm. Free‐swimming larvae with body length of 0.4–0.5 mm appeared on the third day after 
spawning.

Ctenophore eggs have low luminescence indices with intensity peaks up to (0.76 ± 0.03)·108 
quantum·s−1·cm−2, light‐emission energy values—up to (0.53 ± 0.02)·108 quantum·cm−2 and 
short bioluminescent signal—up to 0.89 ± 0.048 s. It was shown also that larvae biolumi‐

Figure 15. Typical B. ovata bioluminescent signals at different ontogeny stages under mechanical (A) and chemical (B) 
stimulations [33].
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nescence intensity was eight times and energy—seven times more than eggs had (p < 0.05) 
(Table 4, Figure 15).

The same situation was observed for eggs and larvae light‐emission durations. Thus, lar‐
vae luminescence duration was two to three times more than the eggs’ one. B. ovata light‐emis‐
sion amplitude rises with ctenophore growth. Adult individual's light‐emission amplitude 
exceeded the larvae one. Luminescence duration in the control organisms is 0.63 s more than 
in the larvae. Consequently, present research detected that B. ovata light‐emission characteris‐
tics significantly change in ontogeny, at the reproductive stages and rise proportionally with 
body mass growth [33].

4. Discussion

M. leidyi and B. ovata light‐emission seasonal variability can be conditioned by specificities 
of ctenophores chemical composition seasonal dynamics. Thus, different food supply is the 
main reason of the organism's biochemical composition changes. Ctenophores physiologi‐
cal state in the winter‐spring periods is depressed, that is connected with food concentra‐
tion deficit [27]. That is why light‐emission intensity and energy have the lowest values 
in these periods. Food conditions of ctenophore are most favorable in the summer, which 
is connected with rise of glycogen and waxes concentrations in the M. leidyi [42]. Other 
maximal light‐emission amplitude values are registered in August as well. Other reason 
of the  bioluminescence  seasonal changes is the Black Sea water temperature variability. 
Thus, water temperature lowering to 8 ± 2°C in winter‐spring leads to decrease in ampli‐
tude‐temporal indices of ctenophores bioluminescence. Low temperatures are unfavorable 
for the M. leidyi vital activity, their motion function and metabolic processes and negatively 
influence reproduction condition [39, 43, 44]. That is why the ctenophore light‐emission 
characteristics decrease in this period. Ctenophores light‐emission seasonal dynamics can 
be explained by the seasonal changes of their biochemical composition, connected with the 
food supply [31, 39].

That allows using our experiments results in different variants of the ecological monitoring 
of the coastal water area. Environment temperature affects considerably the amplitude‐tem‐
poral characteristics of the Black Sea alien‐ctenophore light‐emission. It was revealed that 
bioluminescence reaction optimum for M. leidyi is achieved under the temperature of 26 ± 1°C 
and for B. ovata—under the temperature of 22 ± 1°C, while its minimum for both ctenophore 
species was registered under the temperature of 10 ± 1°C. As it follows from the results of the 
experiments conducted, bioluminescence is characteristic for M. leidyi ctenophores at all the 
stages of individual development, but with considerable changes in its parameters during 
ontogenesis. It is necessary to underline that our investigations were conducted at the period 
of the ctenophores reproduction from July to September, maximum of which in M. leidyi takes 
place in August [43].

But at the period of intensive growth and reproduction, when fodder zooplankton biomass 
cannot supply needs for support and reproduction of the population, ctenophores are under 
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deficit of food [18, 20]. That is why increase in the mnemiopsis abundance during repro‐
duction is accompanied with a decrease of its average individual mass, first of all due to a 
decrease of the big size individuals share in the population [33, 39]. During the given inves‐
tigations, we also observed in the zooplankton samples domination of fry, eggs and larvae of 
the ctenophores and to a less extent availability of matured specimens.

Undoubtedly flashes intensity depends on a number of photoprotein in photocytes and matu‐
ration of the photocytes themselves. Its content increases with age and consequently with 
an increase if linear sizes and body mass. Thus, light‐emission energy is a function of the 
organism mass, that is, E=f (W). It is also known that trophic factor effects considerably life 
activity and bioluminescent characteristics of ctenophores [27]. For example, according to our 
data, freshly caught ctenophores with full stomachs gave eggs and germs averagely in 6 h. 
But without feeding germs did not develop and they perished, having not reached the larval 
stage. In the laboratory conditions with satisfactory supply of food ctenophores are close to 
the conditions of the specimens in situ [18, 20]. At the before‐spawning period, ctenophore 
is getting ready for the reproduction, accumulates necessary for this organic substances and 
contains quite great energetic potential, equal to the sum of its own one and this of eggs. 
That is why just at the given period, we observe the highest amplitude‐energetic parameters 
of their bioluminescence. Visual observations of the ctenophores behavior at the period of 
their spawning have shown that individuals after ovulation feel themselves worse, become 
less mobile, some of them fall to the bottom. Such behavior is identical to this in situ, when 
ctenophores spawning not only influences their moving activity but in some cases also causes 
specimens death [33]. According to some researchers, organic losses in the ctenophores after 
spawning can make 6.9% of body. But the full‐day losses for exchange in ctenophore with 
body mass of 25 g at 26°C are estimated as 5.6% of body [43].

In other words, the loss of substance with sex products is quite comparable with losses of 
an organism for breathing. This points to domination of the generative metabolism strat‐
egy in ctenophores and explains accompanying slowing of its growing at the reproductive 
period [14]. As bioluminescence is closely connected with the breathing chain of organ‐
ism [3], it is quite understandable that considerable change in the functional condition and 
metabolism in ctenophores during reproduction are reflected in the observed low indices of 
the bioluminescence in the spawned individuals if compared with the control. Differences in 
the ctenophores bioluminescence parameters we revealed at different ontogenesis stages can 
be also explained by changes in their biochemical composition during their individual devel‐
opment. For instance, according to Finenko and Anninsky, organic substance composition 
differs considerably in eggs and larvae from the same in the matured specimens. In particu‐
lar, content of organic substance in M. leidyi eggs makes only 0.25 μg·mg−1, but in the body 
of two‐day larvae of M. leidyi of 0.26–0.30 mm size 25.1 ± 8.3 μg·mg−1 of wet substance [14].

Due to the fact that the organic substances stock provide early survival of larvae and maxi‐
mum growth rate parallel to minimum exchange more bright lighting of larvae if compared 
with the ctenophore eggs can be explained, as we think, by great content of organic substance 
in larvae. Together with this, specific content of organic substance in the ctenophore early 
larvae is 20–30 times higher than the corresponding magnitudes for adult specimens. Change 
in number of photocytes in developing individuals can present one more reason of the regis‐
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tered by us variability of the luminescence characteristics on the ctenophores in ontogenesis. 
For example at early stages of the ctenophores development, when growth of twinkling row‐
ing plates begins in organisms we observe an increase of the photocytes cytological maturity. 
At more late stages, when embryo begins to feed itself we observe an increase of the photo‐
cytes number. And at last with development of the organisms, we register an increase of the 
photoprotein number in the photocytes tissues of the adult specimens [40].

That is why it is quite explainable that quantum issue of the ctenophores bioluminescence is 
minimal at early stages of the organism's development and it is maximal at those late. Besides 
differences in the ctenophores bioluminescence parameters can be conditioned, according 
to our opinion, by peculiarities of the ctenophores biochemical composition, determined by 
their dependence on nutrition quantity and spectrum. According to the data of Anninsky 
et al. [14], concentration of organic substance in the ctenophore body depends considerably 
on their size. Protein in the ctenophore body is dominating oxidized substrate and its share 
in the ctenophore organic substance is of 80–85%. Correlation of concentrations of free amino 
acids and protein is maximal in small individuals with highly active metabolism and mini‐
mal in big organisms. There is domination in lipids of fractions, characteristic for the cell 
membranes: phospholipids make 35.7 ± 9.6% of general lipids. But in bigger organisms, they 
observe a tendency to increase number of waxes and sterine ethers. For example their content 
was of 4.0 ± 3.6; 5.5 ± 3.2 и 7.1 ± 4.0% in ctenophores with the size 10–20, 21–30 and 31–50 
mm, correspondingly. In carbohydrates, glycogen dominated; its content grew a bit with an 
increase of ctenophores size and made 25 ± 4; 28 ± 5; and 36 ± 12 μg·g−1, when body length was 
10, 11–20 and 31–50 mm correspondingly [42].

And at last with organisms growing hydration increases and individuals motility decreases. 
Thus, protein‐lipid and carbohydrate exchange effect changes in the ctenophores biolumi‐
nescence parameters. But, as it has been already marked with development of organisms’ 
quantity of photoprotein in the ctenophores photocytes and concentration of the substrate of 
the bioluminescent reaction—luciferin increase, which influence reinforcement of the biolu‐
minescent activity in adult ctenophores [40]. Taking into consideration fermentative nature of 
the bioluminescent reaction, we can presume that change in the rate of fermentative processes 
affects duration of the bioluminescent signals. Really maximal bioluminescence is observed in 
small specimens with higher fermentative activity and shorter signal duration. In adult indi‐
viduals, we observed decrease in metabolism and connected with this decrease in luciferase 
fermentative activity, which facilitates more long light‐emission [45]. Thus, development of 
organisms along the way of increasing body hydration and decrease of the active exchange 
in more big specimens, lowering of their motility and maneuver is compensated by the most 
important ecological characteristic: less access for predators due to more developed lumi‐
nescent organs and correspondingly maximal yield of the bioluminescence energy. It gives 
grounds for supposition that bioluminescence protective function is the most important com‐
ponent in the ctenophores ecology.

Our investigations with Beroe larvae were conducted in the period of ctenophore reproduc‐
tion—from September to November. B. ovata spawning peak is observed in October [19, 
33, 34]. Juveniles, eggs and larvae predominated in the zooplankton samples from mid‐
September till October. Similar to M. leidyi Beroe prepared for reproduction in prespawning 
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period. Composition of ctenophores changed. Probably, for this reason, high bioluminescent 
amplitude‐energetic parameters of B. ovata were observed. Recording beroe behavior in the 
spawning period has shown that the organisms after fertilization became less mobile. The 
B. ovata eggs clutch in situ was similar to our laboratory experiments, but varied from 4500 ± 
250 until 28,000 eggs per day. Distinction in clutch sizes was determined by different organ‐
isms’ sizes, temperature conditions and availability of nutrition budget [14, 33, 46]. Adult 
B. ovata organisms lose large amount of organic material with reproductive products [14]. 
Ctenophores with body mass 15.4 g loose from 6% to 8% of organic matter per day, from dif‐
ferent data, at temperature conditions of 19–21°C [14, 33, 38].

Accordingly, the fact that bioluminescence is closely related to biochemical processes in organ‐
ism and to its physiological state [28, 47] is well substantiated by our data that the lowest cteno‐
phore bioluminescent parameters are produced by post‐spawned individuals at reproduction 
period. It is revealed by us that ctenophore bioluminescent parameters dissimilarity at different 
reproductive stages are explained by changes of their biochemical composition in ontogenesis. 
The eggs and larvae composition of organic matter differed much from the adult individuals 
[14]. Beroe light‐emission parameters changeability in ontogenesis can be related with pho‐
tocyte quantitative variability of growing individuals and their cytological maturity [40]. We 
suppose that ctenophore light‐emission characteristics changeability with body mass growth 
can be determined by specialty of their biochemical composition depending on sizes [23].

At the same time, as the organism develops along the way of body growing hydration and active 
metabolism [14, 23], decrease of great individuals’ mobility and maneuverability is compen‐
sated by one of highly important qualities: the lowered survival capability due to more devel‐
oped bioluminescent organs and, consequently, maximum bioluminescent energy discharge.

Acknowledgments

The authors are grateful for the valuable advices during the given work conduction to 
Khanaichenko A.N., Finenko G.A. the scientists of KIMBR, Russia; to Juk V.F., Belogurova 
Yu.B. and M.I. Silakov, leading engineers of KIMBR, Russia, for the help in work with labora‐
tory equipment and making the program of its verification.

Author details

Tokarev Yuriy Nikolaevich1 and Mashukova Olga Vladimirovna2*

*Address all correspondence to: olgamashukova@yandex.ru

1 Scientific Supervisor of IMBR, Head of the Biophysical Ecology Department of IMBR, RAS, 
Sevastopol, Nakhimov Av

2 Senior research scientist, the Biophysical Ecology Department of The Kovalevsky Institute 
of marine biological research (IMBR), RAS, Sevastopol, Russia

Luminescence - An Outlook on the Phenomena and their Applications374



period. Composition of ctenophores changed. Probably, for this reason, high bioluminescent 
amplitude‐energetic parameters of B. ovata were observed. Recording beroe behavior in the 
spawning period has shown that the organisms after fertilization became less mobile. The 
B. ovata eggs clutch in situ was similar to our laboratory experiments, but varied from 4500 ± 
250 until 28,000 eggs per day. Distinction in clutch sizes was determined by different organ‐
isms’ sizes, temperature conditions and availability of nutrition budget [14, 33, 46]. Adult 
B. ovata organisms lose large amount of organic material with reproductive products [14]. 
Ctenophores with body mass 15.4 g loose from 6% to 8% of organic matter per day, from dif‐
ferent data, at temperature conditions of 19–21°C [14, 33, 38].

Accordingly, the fact that bioluminescence is closely related to biochemical processes in organ‐
ism and to its physiological state [28, 47] is well substantiated by our data that the lowest cteno‐
phore bioluminescent parameters are produced by post‐spawned individuals at reproduction 
period. It is revealed by us that ctenophore bioluminescent parameters dissimilarity at different 
reproductive stages are explained by changes of their biochemical composition in ontogenesis. 
The eggs and larvae composition of organic matter differed much from the adult individuals 
[14]. Beroe light‐emission parameters changeability in ontogenesis can be related with pho‐
tocyte quantitative variability of growing individuals and their cytological maturity [40]. We 
suppose that ctenophore light‐emission characteristics changeability with body mass growth 
can be determined by specialty of their biochemical composition depending on sizes [23].

At the same time, as the organism develops along the way of body growing hydration and active 
metabolism [14, 23], decrease of great individuals’ mobility and maneuverability is compen‐
sated by one of highly important qualities: the lowered survival capability due to more devel‐
oped bioluminescent organs and, consequently, maximum bioluminescent energy discharge.
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