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Zusammenfassung (Deutsch)

In dieser Arbeit werden die optischen Eigenschaften und die Lichtemission der dinnen amorphen
Schichten AIN, SiN und SiC:H dotiert mit Th untersucht. Die optische Charakterisierung beschrankt sich
auf die Bestimmung der Bandlicke, der Urbachenergie und den Urbachfokus. Basierend auf thermischen
Fluktuationen der Bandliicke wird ein Modell entwickelt, welches die fundamentale Absorption in
Uberlapp mit den Urbachauslaufern beschreibt. Es wird die Existenz und die Bedeutung des Urbachfokus
analysiert und mit dem vorher entwickelten Modell verglichen. Eine der wichtigsten Ergebnisse dieser
Untersuchungen ist die Fahigkeit dieses Modells, den Urbach-Bereich von dem Tauc-Bereich des
Abrorptionskoeffizienten zu trennen. Zum Beispiel zeigen dunne Filme aus SiC:H abgeschieden mit
unterschiedlichen Wasserstofffliissen unter Verwendung dieses Modells eine Bandllcke, die nicht mit der
Urbach-Energie Kkorreliert ist. Dies unterscheidet sich typischerweise von der Beobachtung der
Bandlickenvariation unter Verwendung des Tauc-Modells. Die Untersuchung der Lichtemission
konzentriert sich auf den Prozess der thermischen Aktivierung, welchen die Seltenerdionen bei
Ausheilung der Proben erleiden. Der Effekt der Ausheiltemperatur, der Probentemperatur und der
Konzentration der Seltenen Erden auf die Intensitdt der Lichtemission wird mit Anregung von Photonen
und Elektronen untersucht. Es wird ein Anderungsratenmodell der Ubergénge verwendet, um die globale
mit Th assoziierte Lichtemission der diinnen a-SiC:H:Tb**, Schichten in Abhangigkeit von der
Konzentration by verschiedenen  Ausheiltemperaturen zu modellieren. Es konnte eine
Aktivierungsenergie der thermischen Aktivierung bestimmt werden. Zuletzt beobachtet man im Falle von
a-SiC:H:Tb*" eine Verminderung der Unterdriickung der Konzentration, welches ein Hinweis darauf ist,
dass ein zusatzlicher Mechanismus fir die Erhéhung der Lichtemission mit der Tb Konzentration
verantwortlich ist.

Abstract (English)

In the present thesis the optical properties and light emission features of Th-doped amorphous AIN, SiN
and SiC:H thin films are assessed. The optical characterization is focused in the determination of the
bandgap, Urbach energy and Urbach focus from optical measurements. A model, based on thermal band-
fluctuations, to describe the fundamental absorption overlapped with Urbach tails is developed.
Thenceforth, an analysis of the existence and meaning of the Urbach focus is performed and contrasted
with the latter model. One of the main results in this part is the capability of aforementioned model to
distinguish the Urbach and Tauc regions of the absorption coefficient. In this matter, a-SiC:H thin films
grown with distinct hydrogen dilution conditions exhibited an uncorrelated bandgap with the Urbach
energy when using this model, contrary to what is typically observed after applying the Tauc model. The
light emission features analysis is concerned with the thermal activation process that rare earth ions suffer
when annealing the samples. The effect of the annealing temperature, sample temperature and rare earth
concentration on the light emission intensity is assessed under photon and electron excitation sources. A
rate equation model is used to fit the overall Tb-related intensity of a-SiC:H:Tbh** versus the Tb
concentration after different annealing temperatures. An activation energy associated to the thermal
activation is recovered. Finally, in the case of a-SiC:H:Tb** a diminution of the concentration quenching
effect is observed suggesting an additional mechanism to enhance the Th-related light emission intensity.
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Resumen (Espafiol)

En la presente tesis se evaltan las propiedades dpticas y las caracteristicas de emision de luz de peliculas
delgadas amorfas de AIN, SiN y SiC:H dopadas con Th. La caracterizacion oOptica se centra en la
determinacion del ancho de banda, la energia de Urbach y el foco de Urbach a partir de mediciones
Opticas. Se desarrolla un modelo, basado en fluctuaciones térmicas de la banda, para describir la
absorcion fundamental sobrepuesta con las colas de Urbach. Luego, se realiza un analisis de la existencia
y significado del foco de Urbach y se contrasta con modelo anterior. Uno de los principales resultados en
esta parte es la capacidad del modelo antes mencionado para distinguir las regiones de Urbach y Tauc del
coeficiente de absorcion. En este caso, peliculas delgadas de a-SiC:H depositadas en distintas condiciones
de dilucién de hidrégeno exhibieron un ancho de banda no correlacionado con la energia de Urbach al
usar este modelo, en contraste a lo que se observa tipicamente después de utilizar el modelo de Tauc. El
andlisis de caracteristicas de emision de luz se centra al proceso de activacion térmica que sufren los iones
de tierras raras cuando se calientan las muestras. El efecto de la temperatura de recocido, temperatura de
la muestra y concentracion de tierras raras en la intensidad de la emision de luz se evalta bajo fuentes de
excitacion de fotones y electrones. Se utiliza un modelo de tasa de transiciones para ajustar la intensidad
de luz global asociada al Tb en peliculas delgadas de a-SiC:H:Tb*" frente a la concentracién de Tb
después de diferentes temperaturas de recocido. Se recupera una energia de activacion asociada a la
activacion térmica. Finalmente, en el caso de a-SiC: H: Tb**, se observa una disminucion del efecto de
enfriamiento de la concentracion, lo que sugiere un mecanismo adicional para aumentar la intensidad de
emision de luz relacionada con Tb.

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




to my family

X (9
S+l %
& o

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




Acknowledgments

I wish to thank my advisors, Prof. Dr. Albrecht Winnacker (FAU) and Prof. Dr. Roland Weingéartner
(PUCP) for their constant support and advice and for introducing me in the exciting subject of materials
science, especially in the topics which constitute this thesis work. | would like to mention the efforts
invested by my advisors to initiate the successful collaboration between the PUCP and the University of
Erlangen since 2005. This collaboration is being continued by Dr. Miroslav Batentschuk. My doctorate

was developed within the framework of this collaboration.

The research conducted in this work was founded by the Research Management Office (DGI) of the
Pontificia Universidad Catdlica del Perd (PUCP) and by the PhD scholarship Huiracocha. Additional
support has been provided by the German Academic Exchange Service (DAAD) under the contract
number A13-93251. | am indebted to Prof. Dr. F. Alvarez (UNICAMP, Brazil) for opening his lab in
order to perform the XPS measurements on the SiC:H:Tb samples, to Prof. Dr. A. R. Zanatta (IFSC-USP,
Brazil) for his valuable collaboration and for providing access to his lab in order to perform the PL
measurements of the SiC:H:Tb samples and to the late Prof. Dr. H.P Strunk (Stuttgart-University,
Germany) for his collaboration and for helping us with the PLE and TEM measurements and for
providing us with the polycrystalline AIN samples. | also thank Prof. Dr. M. Bickermann, Prof. Dr. M.
Albrecht, Dr. K. Irmscher, and Dr. T. Schulz (IKZ, Germany) for receiving me and providing access to
their labs, where | performed the temperature-dependent CL and PL measurements and further feedback.
My thanks go also to all other colleagues, collaborators and students that are currently working in related

topics.

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




DEDICATORY 1

ACKNOWLEDGMENTS 2
INTRODUCTION 5
GENERAL BACKGROUND 7
2.1 SPUTTERING PRINCIPLES 7
2.2 OPTICAL PROPERTIES OF THIN FILMS 8
2.3 DETERMINATION OF THE OPTICAL CONSTANTS OF THIN FILMS 10
2.4 RARE EARTH DOPED MATERIALS 16
FUNDAMENTAL THEORY 20
3.1 OPTICAL PROPERTIES OF AMORPHOUS SEMICONDUCTORS 20
ELECTRONIC DENSITY OF STATES 21
DEFECT STATES IN AMORPHOUS SEMICONDUCTORS 23
FUNDAMENTAL ABSORPTION IN AMORPHOUS SEMICONDUCTORS 27
THE URBACH EDGE 30
ON THE ORIGIN OF THE URBACH RULE AND THE URBACH FOCUS 32
3.2 LUMINESCENT PROPERTIES OF RE DOPED MATERIALS 44
ELEMENTARY FEATURES 46
HAMILTONIAN OF A RE ION IN A SOLID 51
CRYSTAL FIELD INTERACTION 55
INDUCED ELECTRIC DIPOLE TRANSITIONS AND RADIATIVE LIFETIMES 60
NON-RADIATIVE DECAY 66
ENERGY TRANSFER PROCESSES 70
EXPERIMENTAL DETAILS 78
4.1 DEPOSITION 78
4.2 OPTICAL CHARACTERIZATION TECHNIQUES 79
UV-VIS TRANSMITTANCE 79
LIGHT EMISSION CHARACTERIZATION 80
INFRARED ABSORPTION BY FOURIER TRANSFORM SPECTROSCOPY (FTIR) 80
4.3 ANNEALING TREATMENTS 82
4.4 TERBIUM CONCENTRATION DETERMINATION 82
RESULTS AND DISCUSSION 87

'\-\ .

Tesis publicada con autorizacion del autor 2 %
No olvide citar esta tesis



5.1 OPTICAL CHARACTERIZATION OF THE AMORPHOUS ALN, SIN AND SIC:Hy THIN FILMS 87

BANDGAP AND URBACH ENERGY 88
THE URBACH FOCUS AND THE ORAPUNT & O’LEARY ANALYSIS 101
5.2 T8* DOPED SIN, ALN AND SIC:H LIGHT EMISSION PROPERTIES 110
THE EMISSION 111
CONCENTRATION QUENCHING 121
THERMAL ACTIVATION 127
TEMPERATURE DEPENDENT MEASUREMENTS 133
SUMMARY AND CONCLUDING REMARKS 141
THE OPTICAL BANDGAP AND THE URBACH FOCUS 141
RARE EARTH THERMAL ACTIVATION 143
TEMPERATURE DEPENDENT LUMINESCENCE 144
APPENDIX 146

A.1 OPTICAL CONSTANTS AND THICKNESS DETERMINATION OF DIELECTRIC THIN FILMS FROM

SINGLE OPTICAL TRANSMITTANCE MEASUREMENTS 146
THE THIN FILM ASSEMBLY 147
THE ENVELOPE METHOD AND OUR IMPROVEMENTS 148
SIMULATION OF THE TRANSMITTANCE CURVE 152
RECOVERY OF THE SIMULATED TRANSMITTANCE AND COMPARISON OF THE THREE METHODS 153
CONFIDENCE ANALYSIS 156
FINAL REMARKS 159
A.2 MULTIPHONON TRANSITIONS 161
A.3 UP-CONVERSION 163
A.4 ON THE CONVERSION OF ATOMIC CONCENTRATION OF RE INTO AVERAGE ION INTERDISTANCE
164
ON THE CONVERSION OF THE ATOMIC CONCENTRATION OF RES INTO NUMBER DENSITY 164
DISTRIBUTION OF THE NEAREST NEIGHBOR IN A RANDOM DISTRIBUTION OF PARTICLES 166
REFERENCES 170

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




Introduction

The interest on new light sources especially the study of the light emission from rare-
earth (RE) ions has been on a steady growth during the past decades. The trends for this
are twofold. First, the increasing demand for optical sources and amplifiers operating at
wavelengths compatible with fiber communications technology has been driving most of
the research in past years. This is mainly due to the fortunate coincidence between the
Er®" emission band at 1535 nm and the principal low-loss spectral region in the optical
absorption of aluminosilicate optical fiber [Ken02, Zav03, Ste99, Abell]. However, the
technological interest on RE luminescence reaches applications in displays, laser
materials, radiation detection and medical applications [Wan09]. Second, there is
currently a tremendous concern in the application of RE doped materials for solar energy
conversion. This is owing to the fact that the RE-host and RE-RE interaction opens the
possibility to processes known as photon up-conversion and photon down-conversion. In
the latter to low energy photon are absorbed by a single RE to emit a single higher energy
photon. In the down-conversion case, a high energy photon is absorbed to produce two
low energy photons. RE doped luminescent materials exhibit unique down-conversion
and up-conversion properties. They offer the effective use of high-energy photons
without energy loss upon thermalization and sub-bandgap energy photons that are
otherwise lost in solar cells. In this way opening the possibility to increase the spectral
efficiency of silicon based solar cells [Sha07, Wan11, Lial3, Wan14]. In this context, a
deeper understanding of the activation process, the connection between the thermal

activation and the effect of the host matrix in the overall efficiency is necessary.

RE elements possess unique optical and electronic properties due to their electronic
structure. For instance, their light emission spectra do not depend on the host material.
This fact makes RE-doped materials suitable candidates for light emission applications as
an alternative to direct electronic transitions devices [Ste99, Ric02, Lee03, Ada07,
Wak08]. Additionally, wide-bandgap semiconductors are transparent to visible light and
thus allow the output of the RE emission which can cover the colors blue (Tm), green
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(Tb), and red (Eu). Moreover, conventional semiconductors like silicon are known to
quench any RE emission at room temperature, and thus are not suitable for technical
applications. Wide-bandgap semiconductors are known to overcome the latter problem
[Zan03]. However, a new channel of light intensity loss is introduced when using RE
doped semiconductors, the concentration quenching effect. The more close-packed the
RE ions are, the higher the chance to lose the energy by a non-radiative electronic
transition. On the other hand, the RE light emission intensity can be enhanced through
post thermal annealing treatments and/or by bandgap engineering of the host matrix
[Wei06, Abell, Guel5]. Concerning the latter matter, the effect of thermal annealing
treatments on the activation mechanism of RE doped wide-bandgap semiconductors is
still under discussion [Jan07, Zan09, Abell, Guel3].

The present work is divided in two main subjects. The optical properties of amorphous
SiC:H, AIN and SiN thin films, and the light emission properties of the Th doped
versions of the same materials. In the first part, the mayor concern of the study of the
optical properties is the calculation of the optical bandgap of these three materials in
amorphous state. The structural dependent and independent parameters such as the
Urbach energy and Urbach focus are identified in the three materials under study. We try
to shed some light on the meaning of the Urbach focus and the definition of the bandgap
of amorphous materials. In order to do so, a new model for the fundamental absorption of
amorphous semiconductors is proposed. From this model is possible to recover the
Urbach rule and the Tauc models merged in a single equation. The second mayor part is
focused on the light emission properties of the Tb* when embedded in the
aforementioned materials. The concentration quenching and thermal activation are the
main interest. The effect of thermal annealing treatments on the optical activation of Th
ions is evaluated. Further temperature dependent analysis is presented upon CL and PL
excitation means in order to develop some insights concerning the principal excitation

process.
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General background

2.1 Sputtering principles

Sputtering is a physical process in which a material called target is bombarded with
accelerated ions in order to rip off atoms and molecules from its surface. These ripped
particles called sputtered particles usually retain the chemical and physical properties of
the target. The sputtered particles are subsequently thrown to a different surface called
substrate growing a thin film made of the target’s material. The process can be compared
to shooting steel balls to a concrete wall which acts as a target. Upon impact, the balls
tear apart fragments of concrete. On a continuous process, surfaces in the vicinity of the
impact are covered with a layer of concrete powder. This dust is equivalent in some

extent to the deposited film.

The sputtering process takes place in an evacuated chamber with a continuous flow of
argon (and/or nitrogen) which is then ionized. The typical pressures during the deposition
process range from 10 to 10 mbar. The target is kept at negative potential (cathode)
relative to the charged ions from the ionized gas. When the ions with a high kinetic
energy strike the cathode, the collisions sputter material from the target. The basic
principle of this technique is the momentum transfer from the accelerated ions to the
target’s surface (see figure 2.1.1). The ions generally do not become implanted in the
target, but they slam onto it and then return to the chamber atmosphere. The released
material settles on any surface in the chamber. The plasma is ignited between the cathode
and anode caused by a high voltage which can be either direct (DC) or alternate (radio
frequency, RF). Furthermore, a magnetic field (magnetron sputtering) can be used to
densify the plasma near the target in order to increase the deposition rate. The main asset
of the RF sputtering over the DC sputtering is the possibility to sputter insulating targets.
This feature is owned to the fact that in RF sputtering the positive charge build up on the
target (cathode) is avoided by the alternating potential, whereas in the DC case the charge
build up reduce considerably the sputtering rate.
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Additionally, the gas ions can react with the target’s atoms to form a new compound
different from the target’s material. For instance, if we use Si, Ga, or Al as targets and
nitrogen as ionized gas, we are able to grow SizN4, GaN or AIN. The structure and
stoichiometry of the subsequent thin film will depend besides of the target material, on
the substrate’s temperature, gas mixtures, gasses partial pressures and sputtering power.
Finally, sputtering two targets at the same time (co-sputtering) allow for other

compounds possibilities or even doping (see figure 2.1.1).

Substrate

Figure 2.1.1. An ion (e.g. Ar") carrying kinetic energy is directed towards the target’s surface (a). The
impact transfers momentum to the target and releases material that settles on a substrate (b). The
sputtering process can be reactive if the ionized gas (e.g. N*) bonds to the target’s atoms, thus forming a

different compound (c).

2.2 Optical properties of thin films

In general, the optical properties of thin films are of substantial importance. The wide use
of thin films in optics, and in the case of semiconductor thin films in opto-electronic
devices entails a good understanding of their optical properties. The main macroscopic
interaction phenomena are reflection, absorption and transmission of the incident light

onto the layer. When light propagates from one medium
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into another i.e. to a medium with a different

refractive index, a portion of the light intensity is Air | Layer | Air

reflected, another part is absorbed by the medium and I I l

finally some of the light radiation is transmitted (see 2rfs--
figure 2.2.1). During these processes the light <|_R
polarization states may also vary. By the principle of

energy conservation and ignoring light dispersion due d

to the surface roughness or other micro defects
(grains, fractures, etc.) in the material, the relation Figure 2.2.1. Part of the incident light

between the mentioned intensities can be written as intensity Iy is reflected I, absorbed

] . i y - I, and transmitted I by and through
shown in the equation 2.2.1. Following the definition

the layer, respectively. d denotes a
of the coefficients R = Ir/I, for reflectance, A = finite thickness of the layer.
1,/1, for absorbance and T = I /I, for transmittance

the equation 2.2.1 can be rewritten as shown in the equation 2.2.2.

IO = IR + IA + IT (221)

R+A+T=1 (2.2.2)

The optical processes within a material involve the interaction of photons with electrons.
In the ultraviolet (UV) and visible (VIS) light spectral regions the photons interact
directly with the electrons in the material allowing the characterization of electronic
energy bands. Whilst in the infrared (IR) light spectral region the interaction of photons
with the polarization of molecules are dominating, allowing the characterization of
distinct vibrational states. The optical properties of a material, concerning the light
absorption and emission can be expounded in terms of the electronic band structure

which is the result of the assembly of a large number of atoms bonded to form a solid.

For a comprehensive study of the optical behavior of a thin film, knowledge concerning
the structure of the film’s material is necessary. The layers may found to exhibit for

instance mono-crystalline, poly-crystalline, amorphous, nano- and/or micro-crystalline
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aggregates embedded in an amorphous matrix, etc. The optical properties depend

considerably on the particular structure of the layer.

2.3 Determination of the optical constants of thin films

The refractive index n(1) and the extinction coefficient k(4) are the most important
macroscopic optical constants of any material. They are the respective real and imaginary
parts of the complex refractive index 7(1) and the latter is the square of the complex
dielectric constant. From the fundamental and technological point of view, knowledge of
their dependency with the photon wavelength (A) is of great interest. For instance, on the
one hand the refractive index is necessary for the design of optical components like
coatings and interference filters. Whilst, on the other hand, the extinction coefficient,
which is linked to the absorption coefficient by a(41) = 4mk(1)/A, contains essential
information of the electronic density of states (DOS) of insulators and semiconductors
and therefore of the optical energy bandgap.

Consequently, the accurate determination of the optical constants of thin films has been
an issue for years. Several contributions concerning the improvement of numerical
methods and models to apply in techniques such as spectroscopic ellipsometry, optical
transmittance and/or reflectance have been developed [Swa83, Cha97, Cha98, Poe03]. In
the present work we deal with the determination of the optical constants of dielectric thin
films grown on transparent substrates by single optical transmittance measurements. For

this matter we review some features concerning this method.

Spectrophotometry techniques are quite simple because nowadays they are available in
any material science laboratory. Although their capacity to measure accurately optical
constants is very well known, the effort in extraction of materials parameters like the
optical bandgap has been often underestimated. Notwithstanding, they compound an
effective tool to obtain crucial information of the optical properties of thin films when
used properly. Now, in order to determine the optical constants from transmittance and/or
reflectance measurements, it is necessary to know precisely the geometry of the sample,

and accordingly, adopt a model. We simplify the system by assuming an isotropic,
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homogeneous, plane-parallel layer which in our case is sufficiently achieved. For
instance, for normal incidence, the transmittance and reflectance of the system depicted

in figure 2.2.1 is well described by the following equations in the spectral range of

interest:
1—R,)?
T=— d-RJx 2.3.1)
Ri{x? — 2Ry cos(¢p)x + 1
R,[1+ (1—2R)x?
11+ (1= 2R 232

- R?x2 — 2R, cos(¢p)x + 1

Here, R; is the Fresnel coefficient corresponding to the air-film interface and is defined
as Ry = (n—1)2/(n+ 1)2. x is the absorbance of the layer and is defined by x =
exp(—ad). ¢ is the phase shift of the light due to its propagation through the thin film
taking into account the interference of the multiple reflections inside the layer. It is
defined as ¢ = 4mnd/A.

T T T T T 1.0
Airy

- <T> +0.8
[} [}
(%] (%]
f= f=
g 0.6 + 41 F + 0.6 g
c 044 il 0.4 c
o m o
= T =

0.2 4 i - 0.2

a) d = 1000 nm b) d =100 um
00 " } 1 " 1 1 1 1 oo

200 400 600 800 1000 200 400 600 800 1000
Wavelength (nm) Wavelength (nm)

Figure 2.3.1. Simulated transmittance using Airy’s equation for a slightly absorbing layer with 1000 nm
thickness (a) and 100 um thickness (b). A conventional spectrophotometer is not able to resolve the rapid
oscillations in the transmittance of thick layers, thus it measures the average (T') instead of the Ty;;.,. Ty

and T;,, denote the upper and lower envelopes in the legend.

The equation 2.3.1 is known as Airy’s equation for the case of normal incidence [Kuz09].
Both equations can be obtained for instance using the matrix description of optical

systems [Mac86]. It is important to note that these equations describe the transmittance
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and reflectance coefficients taking into account the light interference effect due to the
multiple reflections inside the layer. This effect typically results in oscillations in both the
transmittance T and reflectance R versus the wavelength. When the layer is thick enough
the mentioned oscillations become too dense comparing to the spectrometer resolution
and thus an average is measured (see figure 2.3.1). This average is performed in equation
2.3.3, where @ (1 — 1) is the weighting function (typically a Gaussian curve can be used
as good approximation). Unfortunately, there is no analytical solution for the integral in
equation 2.3.3. Nonetheless, a good approximation can be reached by averaging over the
phase ¢, as shown in equation 2.3.4. The analytical result of this average over the
transmittance and reflectance is given in the equations 2.3.5 and 2.3.6. The latter
expressions are commonly used for describing the transmittance and reflectance of bulk
samples [Mac86, Gon02].

o

(T) = f_ T@B0— A)dx (2.3.3)
(T) ~ % fo 2nT(/1)d¢ (2.3.4)
(T) = % (2.3.5)

ry = Fall+ = 2R))x?] 236)

1 — R?x?2

Notice that the transmittance and reflectance are functions of the wavelength, the
refractive index, the absorption coefficient and the layer thickness. That is T =
T(A4;n(A),a(d),d) and R = R(A4;n(1),a(A),d). Therefore, assuming it is possible to
obtain the layer thickness by an alternative method, the calculation of n(4) and a(1)
follows by solving either the system of equations 2.3.5 and 2.3.6 for the case of layers
with a thickness of several hundreds of um or the equations system 2.3.1 and 2.3.2 for the
case of a thickness in the order of nm or tens of micrometers. Therefore two

spectroscopic measurements (besides the thickness measurement) are necessary to obtain
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the wavelength dependency of the refractive index and absorption coefficient. However,
measuring the reflectance at normal incidence could be a difficult task, thus another
approach is desirable. For instance measuring the transmittance at two different incident
angles is a possibility. In this way two independent measurements are obtained from

which the equations system can be solved [Poe03].

Here we use and discuss the method to estimate the optical constants of a thin film from a

single transmittance spectrum by taking advantage of the interference fringes appearing

due to the multiple reflections inside the layer. In order to do this we must define the

envelopes that contain the maxima (T,;) and minima (T;,,) extremes of the transmittance.

From the Airy’s equation (equation 2.3.1) these are defined by:
(1-Ry)*x

R?x2+ 2R;x + 1

(2.3.7)

Tm/M =

From the envelopes, the finesse (f) of the interference is calculated (see equation 2.3.8).
f is independent from the absorbance and thickness, and therefore the refractive index can
be calculated straightforward following the equations 2.3.9 and 2.3.10.

11 4R )38
=l 70 Rz (238)
Ri=1+2f—J(A+2)2-1 (2.3.9)

n—1+—‘/R—1 (2.3.10)

_1—\/R—1

The layer thickness can then be estimated from the fact that the phase shift difference A¢
between two extremes is always 2m (see equation 2.3.11). By knowing the layer’s
refractive index and the thickness, the absorption coefficient can be calculated directly by
solving for instance the equation 2.3.1. Note that in this approach, two virtual
measurements (the constructed envelopes) were used in order to complete the equations

system.

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




Ap =21 =4 d(nz n1>
¢ =2m =4n PR
2.3.11
yields 1 /1112 ( )
=3 lmtng)
2 le/ll —n1/12
Typically, a film is grown on a substrate
and in order to perform spectro- Air | Film Substrate Air
photometric transmittance measurements I
0 T
the substrate must exhibit certain o FYRP S P >
transparency in the wavelength range of y L
interest. If the goal is to obtain the (k) (s,k)
fundamental  absorption from  such q ¢

measurements, then the optical bandgap
of the substrate must be larger than that of  Figure 2.3.2. Film substrate system. Typically the

the film. In this sense. the optical film thickness is in the order of hundreds of

] nanometers, while the substrate thickness is in the
properties of the substrate must be taken o
order of millimeters.

into account.

The equation for the transmittance in this case varies from that of the system shown in the
figure 2.2.1. Nonetheless, in order to retrieve the optical constants we can apply the
previously described approaches. The corresponding equation that describes in a good
approximation the system depicted in the figure 2.3.2 is shown in the equation 2.3.12.
This equation is obtained after performing and average like in equation 2.34 but for the
substrate induced phase shift only. The use of envelopes described above in this case is

named the envelope or Swanepoel method [Swa83].

(1=R)(A—=Ry))(1 —R3)x

T =
(R1R2 - R1R3 - R2R3)x2 - 2 RlRZ COS(¢)X + 1

(2.3.12)

(1—=R)A —R)(1—R3)x
(R1R2 - R1R3 - R2R3)x2 i 21/R1R2 X + 1

(2.3.13)

Tm/M =
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1 1 4Rk (2.3.14)

T Tw (1—R)(—R)(1—Ry)

f=

n=(N+W2-s)12)" (2:3.15)

The envelopes are defined by the equation 2.3.13. From the envelopes the finess f is
calculated and related to the layer and substrate refractive indexes (see the equation
2.3.14). Subsequently, the refractive index n(1) can be found (see the equation 2.3.15,
here N = 2sf + (s> + 1)/2) and the film thickness can be calculated by using the
relation 2.3.11. Finally, by knowing the refractive index and the film thickness the system

is solved for the absorption coefficient.

The envelope method was developed based on the approach proposed by Manifacier
[Man76]. The envelope method is a simple straightforward technique that allows for the
optical constants determination of thin films grown on transparent substrates. An
extension of the method to work with slightly absorbing substrates has been proposed
before in [Gon02]. Nonetheless, the method presents some critical drawbacks. First, there
is no proper way to define and build up the envelopes between the interference extremes
using only the transmittance spectrum. Second, the envelopes should ideally be
constructed from the tangent points of the transmittance curve and not from the
interference extremes. This effect becomes more appreciable in the region where the
absorption of the film increases dramatically. Third, a large number of interference fringe
extremes are necessary in order to construct the envelopes and apply the method. This
condition is only met for films with a sufficient thickness. On the other hand, in order to
be able to measure the fundamental absorption of the film, the film thickness must be
sufficiently small leading typically in only a few fringes decreasing the applicability of
the method [Poe03, Guel0t].

Aiming to overcome the latter mentioned drawbacks we modified the envelope method.
In this modification, the refractive index is modeled, whilst the absorption coefficient

behavior is retrieved by fitting the transmittance spectrum. Further details on this
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approach and a confident analysis in comparison with the Swanepoel method and the
PUMA method, which is another well-known technique to obtain optical constants from

single optical transmittance spectra, can be found in the appendix Al.

2.4 Rare Earth doped materials

During the last four decades, the interest and applications of RE ions have increased
significantly. For instance, RE doped materials have found place for applications in
sensors, waveguides, solid-state lasers, energy-efficient luminescent materials, dopant
stabilizers for fuel cells, photon up-conversion coatings for improving solar cells spectral
efficiency, nano-particles radiation and photodynamic therapy for cancer treatment,
medical imaging, etc. Albeit their potential use, RE commercial applications are still
limited due to their high price which is comparable to gold. The main reason is that REs
can be isolated only by using ion-exchange separation techniques which are difficult to
apply in larger scales. Notwithstanding, RE doped materials continue to be an interesting
field of study, for instance from the fundamental point of view. In some materials there is
still not a consensus on what the activation processes for optical emission are. What is the
role of the host matrix in enhancing or quenching the emission intensity? And finally,
what excitation mechanisms are the most probable? Altogether, in order to improve the
light emission intensity, different studies on RE doped semiconductors, isolators and
other systems have been realized [Guel3q, Benl12, Mirl1, Chel0, OD010, Zan09, Loz07,
Jan03, Lu02].

The RE luminescence arises from radiative intra-4f electron transitions of the triply
ionized lanthanides (RE**) doped in host matrices like semiconductors. For instance, Th®
has an electronic configuration [Xe]4f°6s2, whereas Tb3* has an electronic configuration
[Xe]4f8. The 4f shell remains partially filled, which means that intra f-shell transitions
are potentially possible, albeit they don’t belong to the outermost shell. Furthermore,
notice that in REs the 5s and 5p shells shield the 4f electrons from the 6s bonding

electrons (see figure 2.4.1). The mixing with the 4f electrons is then very low,
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and thus the effect on the 4f energy levels due

to the RE bonding with the host matrix atoms
is weak. Therefore, the weak interaction
between the 4f electrons and the ion

P2 (r)

environment allows energy levels that are
relatively insensitive to the host environment,

and thus narrow spectral lines, and long

ifeti 0.0
fluorescence lifetimes are expected. In other 0 08 16 2432 4048556272

words, the light emission spectra of REs are r (au)

Figure 2.4.1. Electron orbitals radial distribution
P2(r) for the 4f, 5s, 5p and 6s electrons of Gd*
[Fre62].

well defined and does not dramatically depend

on the host matrix.

The optical active transitions under study are parity-forbidden in free ions due to the
angular momentum conservation Al = 0 (Laporte’s selection rule). Owing to the local
crystal field when the ion is surrounded by the host matrix the selection rules of free
atoms no longer can be applied [Jud62, Ofe62, H(f78]. In other words, thanks to the
interaction with the surrounding atoms, the RE observed emission is possible with the
particular fact that the spectra is practically unaffected by the host. This crystal field must
be non-centrosymmetric at the equilibrium position in order to have a coupling between
even and odd wavefunction parity states. Historically, in the 60’s with the independent
contributions of Judd and Ofelt [Jud62, Ofe62] the understanding of the atomic emission
spectra of RE in solids started to be finally understood. Before, the RE emission spectra
was well known but the understanding behind it presented a puzzle that took about 30
years to be solved [VIe37]. Later on, the race to design light emitting devices using
various hosts and REs encounter its first drawback. In the early 80’s only semiconductors
with a small bandgap were available, therefore the applications were limited to infra-red
light emitting devices. The application was then focused on the infrared emission of Er**
since the emission corresponding to the 4113/2 - ‘*115/2 transition (see figure 2.4.2)
matches the most pronounced absorption minimum of SiO, based optical fibers. In fact,
the study of Er compiles most of the contributions up to day. The light emission
quenching due to thermal effects drove disappointing results. Nevertheless, the quantum
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efficiency of these systems was somewhat large, opening new and promising research
paths in the field.
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Figure 2.4.2. Energy level diagrams of Eu®*, Tb*, Yb® and Er**. It has been already reported that
interaction between Eu**, Th*" and Yb*" allows cooperative up-conversion and down-conversion [Sal03,

Kir06]. In the case of Er®* cooperative up-conversion between ions of Er** allows the emission in the red

[Ken02].

It was not until the early 90’s that wide

bandgap semiconductors become sufficiently 1D2”3HN”3H6 Tm®*
available opening the field for visible light °D, - 'Fs Tb3*
=
emitting devices based on REs. Moreover, % Wy, Hy,, Dy?*
due to the large bandgap of these hosts the % ,
.= c °D, > Fy, Eu®
phonon energy threshold was sufficiently E AN
. . 4 6 " 6 3+
large to avoid the thermal quenching of the ) Gs)p HEAA&z* Hy,, >
luminescence at room temperature [Ste99, 2F5,262F7,j/@
Ken02, Zan03]. These features, plus the 500 400 600 200 1000

property that REs can interact with each other, Wavelength [nm]

open the possibility to produce materials Figure 2.4.3. CL emission spectra of a/nc-AIN
doped with different REs Covering the basic

which could shift the excitation wavelength to _
colors [Wei06].

higher or lower energies, known as up and
down conversion (see figure 2.4.2). In summary, different REs exhibit a particular well
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defined and spectrally sharp luminescence (see figure 2.4.3). Covering for instance the
basic colors green (Tb*"), red (Eu®" or Sm®") and blue (Tm**). The RE light emission
spectral energy does not depend strongly on the host matrix. However the light emission
intensity can be enhanced or quenched by the host matrix thus making RE doped

materials suitable candidates for applications in several fields.
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Fundamental theory

3.1 Optical properties of amorphous semiconductors

The determination of the optical properties of amorphous semiconductors is of great
interest for technology development and fundamental characterization. This is owing to
the fact that optical properties are related to structural and electronic properties of any
solid. Now, the description of the electronic properties of amorphous semiconductors
begins with the energy distribution of electronic states. In amorphous materials due to the
absence of long-range order the electronic states are broadened compared to the
crystalline counterpart and form band-tails at the band edge. Band-tails are also observed
in the crystalline case with increasing temperature of the material, caused by the phonon
interaction and broadening of electronic states due to the atomic thermal vibrations.
Furthermore, there is a complete loss of momentum conservation in the electronic
transitions in the amorphous case. The effect of these features on the optical properties
can be evaluated in the analysis of the absorption coefficient and the corresponding effect
on the optical bandgap. A schematic shape of the absorption coefficient encountered in
amorphous semiconductors is depicted in figure 3.1.1. Three regions are typically
assigned and as we will see later, these regions are connected deeply with features of the
electronic density of states.

In the following sections we will review first the electronic density of states of
amorphous semiconductors in contrast with the crystalline counterpart in the free electron
approximation near the band-edges. Second, the defect states that amorphous
semiconductors experience is revised. Subsequently, we proceed to perform the
traditional calculation of the fundamental absorption in the one electron approximation at
cero Kelvin temperature. The Urbach edge is studied and the Urbach focus defined.
Finally, we develop a model for the absorption coefficient based in thermal fluctuations
and motivated in the Kubo-Greenwodd formula which takes into account an ensemble of
electrons at finite temperatures. The consequences of this final calculation are considered

and contrasted with the Urbach rule and the Urbach focus.
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Deep states Urbach tail

Absorption coefficient

Photon energy

Figure 3.1.1. Schematic plot of the typical shape of the absorption coefficient in logarithmic scale of
amorphous semiconductors in the UV-VIS-NIR spectral region. Three zones can be identified: the deep

band tail states, the Urbach tail region, and the Tauc region corresponding to the fundamental absorption.

Electronic density of states

In amorphous semiconductors, it is not possible to define an energy-momentum band
structure. Due to the lack of translational symmetry the Bloch theorem is not applicable.
Therefore, the quasi-momentum conservation for transitions (phonon decay, phonon-
photon interaction, etc.) involving reciprocal lattice vectors is no longer valid. Instead of
using an energy band structure like in the crystalline semiconductor case, we start our
description with the energy-dependent density of states distribution D(E). The concept of
electronic density of states is independent of translational symmetry and therefore
applicable to amorphous semiconductors [Str91, YuC04]. Furthermore, it has been shown
that in the amorphous case an energy gap opens. An energy gap is not only related to
translational symmetry but related to the atomic bonding [Str91]. In summary,
amorphous semiconductors exhibit electronic states and an energy gap forbidden for the

electrons.

According to the physical origin, the electronic density of states separates into three
different energy regions (see i, ii, and iii in figure 3.1.2). First, the conduction and
valence extended states that are limited by the band edges (or mobility edges) denoted by

E. and E,, for the conduction and valence regions, respectively. As the name indicates the
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states are considered to be extended throughout the solid and play a similar role as the
Bloch states in a crystal. Second, the band tails (or Urbach tail) region overlapping the
band edges and extending further towards the forbidden gap which represents localized
electron states, i.e. electrons which cannot contribute to mobility. And finally, the defect

states region right inside the forbidden gap.

Crystalline Amorphous
(i) ' ~"a) '

b)

(i)

Energy

Electronic Density of States

Figure 3.1.2. Scheme of the electronic density of states (DOS) of crystalline (a) and amorphous (b)
semiconductors. The DOS can be separated in three regions: the conduction and valence bands region (i),

the band tail states (ii) and the defect states region (iii).

In the crystalline case, the energy band tails are pretty small compared to those observed
in the amorphous counterpart and are therefore considered absent. The nature of these
tails is completely thermal and will be explained later. What can be seen from figure
3.1.2 is that the mobility edges which correspond to the bandgap in the crystalline solid
do not show up in the density of states of the amorphous solid. The functional behavior
from the extended states to the localized states (Urbach tail) is rather continuous. These
features make difficult to define the optical bandgap of an amorphous semiconductor.
There exist several approaches to define the optical bandgap energy value. What we can
actually learn from these models and/or definitions may not be an absolute bandgap value
but rather a representation whose behavior is expected to be similar to that of the real
bandgap. For instance, when altered by the modification of the Urbach tails or mobility
edges through thermal annealing treatments and/or passivation of dangling bonds by

hydrogen or further dilution of nitrogen/oxygen.
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Defect states in amorphous semiconductors

Defect states in the forbidden gap influence the electronic properties of the material,
owing to the fact that their electron occupancy is changed by doping or by trapping
charge carriers. The energy levels of any defect depend on the local environment. In the
crystalline case any divergence from the crystalline lattice is a defect, which in fact there
exist a large amount of defect types in crystalline structures. On the other hand, the
disorder of a random lattice is an integral part of the amorphous semiconductor, thus
thinking of the amorphous lattice as a collection of defects is not helpful at all. Hence a

different definition of defect states is necessary for amorphous materials.

Taking the analogy of the crystalline case, that any departure from the perfect lattice is a
defect, we can define a defect in an amorphous material as any departure from the ideal
random network [Str91, Mor99, Sad99, Sin03]. The ideal random network would be a
continuous and uniform lattice. Understanding by ‘continuous lattice’ that all the bonds
are saturated in the random network and by ‘uniform lattice’ that there is no actual
segregation of the species (on the large scale) but the atoms are homogenously distributed

and therefore a compound and not a composite is formed.

Electronic orbitals Density of states
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! anti conduction band
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Figure 3.1.3. Schematic representation of the molecular orbit model of the electronic structure of

»
»

amorphous silicon and the corresponding density of states [Str91, Mor99, Sad99].
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This approach immediately leads to the idea of a coordination defect in which an atom
lacks forming a bond [Str91]. Let’s take for instance the case of amorphous silicon (a-Si).
The s and p orbital states combine to form the sp* hybrid orbital states for the tetrahedral
bonding. So in a solid formed by an ideal random network of Si atoms, all the atoms are
tetrahedral coordinated. The sp® orbital states split forming the anti-bonding and bonding
states which become the valence and conduction bands, respectively in a solid. However,
in fact not all the sp® orbital states find a neighboring orbital pair to form a bond in an
amorphous solid. Any non-bonding orbital is not split by the bonding interaction and thus
give rise to localized states in the gap (see figure 3.1.3). This type of defect is called
dangling bond and in this particular example is a three-fold coordinated silicon dangling
bond.

Now, all the electrons in an ideal random network are paired in bonding states. However
if the local coordination of an atom is one less (or greater) than the ideal, then the neutral
state of the atom has an unpaired electron forming the dangling bond. The addition of one
electron into the dangling bond results in paired electrons and a net charge. Therefore,
this non-bonding state has actually three possible charge states: two electrons D, one
electron D° and no electron D*. The electronic energies of these defects are not the same
due to the electron-electron interactions. The two electrons (holes) repel each other with a
Coulomb interaction which is absent in the singly occupied state. Thus the energy levels
split by the correlation energy U, [Str91].
e? 1

U.= = 3.1.1
¥ WAoo (3-11)

Here r is the effective separation of the two electrons. Consequently, it is roughly the
localization length of the defect wave-function. It is difficult to calculate the energy value
exactly, because the wave-function is not known accurately. Nonetheless, a rough
estimate in the case of amorphous hydrogenated silicon gives U, = 130 meV for
r = 10 A° [Str91]. Notice that the correlation energy is an important fraction of the

bandgap energy in a-Si:H (E; ~ 1.75 eV).
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The electron-phonon coupling between the

bonding electrons and the gap-state electrons ? conduction
causes the defect structure and energy to i

depend further on the charge state. This effect defect
is called lattice relaxation and is generally
described by a configurational coordinate

diagram of the type shown in figure 3.1.4. This

model describes the effect of the electronic

Configurational

excitation and the local distortions of the q=0 ;
coordinate q

bonding. For instance, let’s consider the

Figure 3.1.4. Configuration coordinate diagram
trapping of an electron from the conduction

describing the capture and release of an
band onto a defect. The potential energy of the  electron from the conduction band into a defect
upper state consists of two terms. One of state.

which is the energy E. of the electron at the bottom of the conduction band and the
second term is the additional energy of lattice vibrations. These are considered to be
single vibrational mode described by a configurational coordinate q. For the simple

harmonic oscillator approximation, it gives and energy E(q) by:

E(q) = E.+Fq® (3.1.2)

F is the strength of the network vibrations and the equilibrium state take place at q = 0.
The solution (quantum mechanical) of the harmonic oscillator gives the phonon energies
(n + 1/2 )hw with the frequency w = (2F/m)*/2. This model includes more than one
vibrational mode. The trapping of an electron releases an energy E; and without any
electron-phonon interaction the energy of the state E is below the upper energy sate. The
phonon interaction introduces an additional term which couples the energy to the
configuration coordinate g. At first order this linear coupling results in an energy E(q)

given by:

“I*E(q) = E.—Er +Fq’ - Gq (3.13)
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Here G is the local deformation potential. This solution shows that the defect state has a
potential minimum at g = G /2F, rather than at g = 0. The minimum energy of the defect
is E. — E;r —w, where w = G2/4F. The potential well is depicted in the figure 3.1.4.
The electron-phonon coupling causes the lattice to relax to a new equilibrium
configuration at a lower energy. The main outcome of the lattice relaxation is that the
transition energy between two electronic states depends on excitation and relaxation
process. Thermal excitation requires an energy E + w, which is the energy difference of
the potential minima depicted in figure 3.1.4, where there is no change of configuration
but leaves the upper vibrational state excited. The electron then relaxes to the equilibrium
state by emitting phonons. The dominant transition from the upper to lower states is also
vertical and leaves the lower vibrational state excited. Consequently, defect electronic
transitions are characterized by three energies, E;, Ey +w and E; + 2w. The first and

third correspond to optical transitions, whilst the second to thermal excitation [Str91].

In summary, in the amorphous material, small differences in local structure which fall
within the disorder of the ideal network cannot be meaningfully defined as a defect. Thus
one expects, contrary to the crystalline case, a few separated classes of defects, but with
their energy levels broadened by the disorder as illustrated in the figures 3.1.2 and 3.1.3.
There exist different types of defects in random networks, here we have reviewed some
features of the dangling bond states which have a well-defined character in the sense that
they can be separated from the ideal random network. For instance, dangling bonds have
the distinctive characteristic of either a paramagnetic spin or an electric charge, which
puts it apart from the electronic states of an ideal random network. Other type of defects
are possible, nevertheless they have a less well-defined character. For instance a
hydrogen void in a-Si:H certainly is a defect in the sense that it has a local structure
different from the rest of the amorphous network. However, from the atomic coordination
point of view, it is difficult to distinguish a void from the ideal network. If the atoms
around the void have similar distribution of bonding disorder, then the electronic states
probably fall within the ensemble of bulk states and are indistinguishable from those of

the bulk [Str91]. Similar arguments apply to impurity states. Any impurity which is
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bonded with its optimum valency is expected to form part of the ideal random network

and contribute only to the conduction and valence bands.

Fundamental absorption in amorphous semiconductors

Electronic transitions between the conduction and valence extended states are responsible
for the main absorption and are the measure of the optical bandgap energy. The optical
data contains information of the DOS, thus of the band tail density of states and the
optical bandgap. Notwithstanding, the absorption coefficient depends on the convolution
of conduction and valence band densities of states and also on the transition matrix

elements and these cannot be separated by optical absorption measurements only.

The absorption coefficient « is related to the electronic transition rate per unit volume
R., due to optical excitation between the extended valence states |v) and conduction
states |c) by equation 3.1.4. Here c is the speed of light, n the index of refraction, €, the
electric permittivity constant in vacuum and |E| the electric field amplitude [YuCO04].
This equation is found after equaling the energy density rate per unit volume absorbed by
the material W,, = R.,hw and the energy density rate per unit volume delivered by the

electromagnetic radiation Wy = —d(U)/dLt.

cCneg
2

a |E|? = R.,hw (3.1.4)

The electronic transition rate R, between the valence and conduction bands in crystals
and in the one electron approximation due to the optical excitation of Bloch electrons can
be written from the Fermi’s Golden Rule as presented in the equation 3.1.5. Here m, is
the electron mass, e the electron charge, w the photon frequency, E./, and k., are the
electron energy and the electron wave vector, respectively at the conduction (c) and
valence states (v). |M,,| is the transition matrix element in the dipole approximation
given by |M.,le/m, = (c|H.g|v), with H,z =ep-A/m, the interaction of the

electromagnetic radiation with the electrons in the solid [YuCO04].

_Zn( Ee

2
Rcv # ) Z |Mcv|25(Ec - Ev - hw)(skc Ky (3.1.5)

2wm,
ke Ky
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2
1
a = 471'60116' ) % Z |Mcv|25(EC - Ev - hw)gkc,k,, (3.1.6)

Me ke ey
From equations 3.1.4 and 3.1.5 the absorption coefficient can be written as shown in
equation 3.1.6 where naturally both quantities energy and momentum between the
valence and conduction states are conserved. In general, depending on the band structure
of the crystalline solid, the electronic transitions with highest probability can be direct or
indirect. That is, between energy levels with the same electron wave vector k (direct) or
different wave vectors k. =k, + kg (indirect). In the latter case, the remaining
momentum to maintain the k conservation is delivered by a third interacting particle, i.e.
phonons, here denoted by (kg, E). The electronic transition rate per unit volume R, in
such case must be calculated using the Fermi’s Golden Rule for three interacting
particles. In this sense the band structure allows the discrimination between two

categories of crystalline materials, indirect materials and direct materials.

, Qo hw+Ey(0) (Eyp(0)
ind oy f f D.(E))D,(E,)6(E, — E, — hw + Ey)dE,dE,  (3.1.7)

Ao E¢(0) Ec—hw
I rhw
dir Y
a = _f Dey(Ecy)8(Ecy — hw)dE, (3.1.8)
hw Ecy(0)

The absorption coefficient can be then written as a function of the valence D.(E.) and
conduction D, (E,,) electronic density of states for the case of indirect materials as shown
in the equation 3.1.7. Or for the case of direct materials as shown in the equation 3.1.8,
where the D, (E.,) is the density of combined states (or joint density of states) defined
from the direct transitions energy difference E., = E. — E,,. In both cases, the transition
matrix elements |M_,| are assumed to change slowly with the energy in the fundamental
absorption region and therefore it is absorbed along with the rest of the constants in the

coefficient a,.
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In the amorphous case the picture is quite different. First, in the free electron

approximation, the energy bands can be written by:

E. ~ E.(0) + 2 k?

(3.1.9)
E, ~ E,(0) +

k2
2m;, "

Here, m; is the electron effective mass, m;, is the hole effective mass. However this
approach is no longer applicable in amorphous materials since k is no longer a good
quantum number. Thenceforth, by taking advantage that the electronic density of states is
still an applicable concept, from the equation 3.1.6 we can write the absorption
coefficient in the following form:

amorph , _ Z_{?}f .I- D.(E.)D,(E,)S(E, — E, — hw)dE,dE, (3.1.10)

Here, the conservation of momentum Kk is relaxed completely so a joint density of states
cannot be defined. Nonetheless we can assume a shape for the valence and conduction
electronic density of states. For instance, we can take the shape from the free electron
approximation obtained from the energy bands in equation 3.1.9 (see equations 3.1.11).

x3/2

De(Be) = V2 i (Ec = ()
o (3.1.11)
Dy(By) = V2~ (B,(0) — E)2

This was the approach proposed by Tauc [Tau68]. By doing so and solving the integral in
equation 3.1.10 the absorption coefficient can be written as follows:

a2 (hw — ETauc)2
ATquec = MTauc hw

(3.1.12)

Notice, that it actually looks pretty similar to the solution found after solving the integral
in the equation 3.1.7 for indirect materials (see equations 3.1.13). Nonetheless, the result

3.1.12 is fundamentally distinct from the one of the indirect transitions. In the former the
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transitions are assisted by phonons. And even when in both cases the bandgap is defined
as the separation between the mobility edges in the former these are defined by the

assumption taken for the electronic density of states in first hand.

2
ind, _ p2 (hw — By + Ey)

ind
h
@ e (3.1.13)
dir,  — pg1/2 (hw — Eg)
dir hw

Furthermore, the mobility edges in the amorphous case are well merged into the band
tails and these were not taken into account in the preceding calculation. As we have
shortly mentioned before, the band tails play an important role on the optical and
electronic properties of the material and in fact they exhibit a strong influence in the
optical bandgap calculated by the equation 3.1.12. In this sense, the Tauc-gap is used
typically as a representative value of the ‘true’ gap. Currently, there is still not an
adequate formulation of the fundamental absorption in amorphous materials besides the
Tauc’s approach [Dun83, Dun85, OLe95a, OLe98, Guel3m].

The Urbach edge

Localized states have been predicted in the early studies of amorphous semiconductors by
the Anderson localization theory. Almost sixty years have passed since the publication of
Anderson in 1958 [And58]. The aforementioned band-tails present in the electronic
density of states are certainly localized states [Str91]. The influence of electronic
localized states becomes perceptible in doping, electrical transport, recombination, etc.
properties of the material. Therefore they establish the main differences between
amorphous materials and their crystalline counterparts. The origin of the band-tail states
and how they merge into the extended conduction and valence band states is a
complicated issue. Most experiments suggest that the band-tails are at least
approximately exponential. However the underlying reason for this shape is less clear. A
modest model for random disorder energies is expected to have a Gaussian distribution of
disorder energies and therefore Gaussian band-tails [Str91, OLe95a, OLe95b, Toy81,

Sou84, Saj86]. Several attempts have been realized to explain the exponential shape of
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the band tails. Taking advantage that the shape of the absorption coefficient is closely
related to the shape of the DOS some models are even specific to the optical absorption

since it also presents an exponential edge below the mobility edge.

Typically, the band-tail observed in the absorption coefficient can be described
empirically by an exponential energy dependence in the vicinity of the bandgap energy
(equation 3.1.14),

E- EF) (3.1.14)

a(E) = aFexp< L
where the Urbach energy E, ranges regularly from ~10 meV to ~200 meV. The
exponential tail is also known as Urbach edge or Urbach tail after its first observation in
alakali halide crystals [Urb53] and is found in all amorphous semiconductors. From there
the name of Urbach rule. Furthermore, Er and ay denote the Urbach focus coordinate
[Cod81]. This constant has been reported already in a series of materials, e.g. a-Ge
[Cod05], LnSe [Aba99], a-SiC [Zha92, Guell, Guerl3m, Mon13], and a-AIN [Guell,
Guel3m] and its origin is less clear.

The theoretical approaches of the origin of the nearly universal exponential shape of the
Urbach tail have gone through a complete transformation over the years. First, the
possibility that the shape was given by the joint density of states was largely discounted
in favor of explanations in terms of the energy dependence of the matrix elements
[Mot79]. This approach was supported by the fact that the similarity of the slope in all
amorphous semiconductors seemed an unlikely coincidence if it represented the density
of states. The observation of an Urbach edge in alkali halide crystals is obviously not a
density of states effect [Str91, Sad99]. The most promising of various models was of an
exciton transition broadened by random internal fields arising from the disorder [Dow71].
This model is able to account for the exponential slope with internal fields which are
reasonably consistent with the disorder of the amorphous semiconductors. This
explanation of the Urbach absorption edge has been largely discarded in favor of one in
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which the shape is simply given by the joint density of states and so reflects the disorder
broadening of the bands [Sin03].

Other models attribute the band edge broadening to electron-phonon interactions and/or
thermodynamic equilibrium occupancy of different possible configurations. Nevertheless,
despite these theories, the precise relation between structural disorder and the band-tails
shape remains unclear [Str91]. For instance the Toyazawa’s group [Toy71, Toy81]
introduced the static disorder effect assuming a Gaussian distribution for thereby random
site energies into the electronic Hamiltonian, achieving the exponential behavior of the
band edges. Other contributions, such as the work of Dunstan [Dun83, Dun85],
Soukoulis, Sajeev, Cohen and Economou [Sou84, Saj86] and later on the contribution of
the group of O’Leary on understanding and modeling the electronic properties of
amorphous materials [OLe95a, OLe95b, OLe98, OLe02, OLe04], introduced the effect of
thermal fluctuations in the band edge (or the band edge fluctuations due to static disorder)
and calculated the average absorption coefficient obtaining an expression at both the
Tauc and Urbach regimes [OLe95a].

Now, since the slope E;, of the Urbach absorption edge reflects the shape of valence band
tails, it follows that E,, varies with the structural disorder. For instance, one measure of
the disorder is the average bond angle variation, which can be measured from the width
of vibrational spectra using Raman spectroscopy [Lan82, Lan84] or infrared absorption
spectroscopy [Mus97]. The defect density is another measure of disorder and it also
increases along with the band tail slope [Stu89, Jan03, Let10].

On the origin of the Urbach rule and the Urbach focus

It is well established that whilst the universally observed exponential shape of the band-
tails is not properly explained yet, its origin lay in the topological disorder and thermal
vibrations [Toy71, Toy81, Dun83, Sou84, Saj86, OLe95a, OLe95b, Sin03]. The latter is
normally small and insignificant at low temperatures. However, the fact that both have
the same functional behavior provides the possibility to model both effects by thermal
vibrations alone. The physical reason lays in the assumption that a disordered material
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may be considered as an ordered one at a high (fictive) temperature in which molecules
are frozen in time (i.e. frozen phonon model). In order to calculate the absorption
coefficient in such systems we need to calculate the average electronic transition rate R,
between the conduction and valence bands due to the optical absorption process of an
ensemble of electrons in a fictive heat bath. This can be achieved by extending the one
electron approximation considering the electronic occupation degree in the valence band
and the available states in the conduction band by using D, —» D.(E,) X (1 - f(EC)) and
D, — D,(E,) X f(E,) and taking into account the stimulated relaxation process in the

Fermi’s Goden rule (see equation 3.1.15 and figure 3.1.5).

a E. T =500 meV
DV(E) Dc(E) a)’ : #e- in the v.b. b)/
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Figure 3.1.5. Electronic density of states at cero kelvin (black line). Electronic occupation degree in the
valence band and available states in the conduction band at a finite temperature (red line). Unoccupied
states in the valence band and occupied states in the conduction band (blue line). Graphs (a) and (b) are
presented for two different Fermi levels.

2n [ Ee g
Reyy=— 57— IIVIcvl2 (Ev) S(Ec —-E,—h )
h <2wme> RCZ(:]; s ]{ @ (3.1.15)

_S(Ec - Ev + fl(x)) }[1 - f(Ec)](SkC,k,,

Here, E is the electric field of the incident. M, is the electronic transition matrix element
between the conduction and valence bands. f(E) is the Fermi distribution. m, is the free
electron mass, and e is the electron charge. Equation 3.1.15 can be further reduced to the

equation 3.1.16. The latter is known as the Kubo-Greenwood formula, commonly used to
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describe the temperature dependence of the electrical conductivity of semiconductors.
The proof can be found by following the approach of Moseley [Mos78]. Here, the
Kubgo-Greenwood formula defines de average electronic transition rate versus the
temperature (see equation 3.1.17) [Mot79].

2n( Ee
Rcv(hw) = 7 20m
e

2
) Z |Mcv|2 {f(Ev) - f(Ec)}6(Ec - Ev - hw) (3-1-16)
keky

(R, )(T) = f Rey (he) | 7—o{—df (hw)/dhw }dhw (3.1.17)
—bD_(E_ -E) a) —— 0 meV b)
—— 50 meV
t —— 5(E) s
-F(E) — 100 meV
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Figure 3.1.6. Electronic Joint Density of States (D.,,) at cero Kelvin (a) and after the proposed average at
different temperatures (b).

In order to calculate the average electronic transition rate versus the photon energy Aw

and at different temperatures lets proceed with the following approach. S. K. O’Leary
proposed to average the Local Joint Density of States (“’C“lDw(EC,,)) with a Gaussian

distribution so as to account for the thermal fluctuations [OLe95a, OLe95b]. Now,
motivated by the equation 3.1.17, we see that the transition rate is being averaged with
—f'" (hw) = —df (hw)/dhw as weighting function. Furthermore - f'(hw) behaves quite
similarly to a Gaussian type distribution and lim;_o —f'(hw, T) = 6(hw). In this sense

we propose the average of the Joint Density of States as presented in the equation 3.1.18.
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The average will look as depicted in figure 3.1.6 producing tails below the bandgap

energy value.

(Dev)(Ecy) = foo —f'(e — E¢,) Dy (€)de (3.1.18)

Therefore the average transition rate (R.,) under direct transitions (i.e k. = k,,) can be
written as shown in the equation 3.1.19. After integrating (see eq. 3.1.20) and writing the

(D) in its integral form we are lead to the equation 3.1.21.

~ 2 o
(Rep) = 2_7T< ke ) f IMcvlz(Dcv)(Ecv)d(Ecv — hw)dE,, (3.1.19)
h \2wm, Eq(0)
2n( Ee \
(Rey) = 7<2wm ) (Dep)(hw) (3.1.20)
2n( Ee \° [*
(Rep)(hw,T) = 7(20)"16) Lw(o)lMcvlchv(Ecv){ —f'(Ecy — hw)}dE, (3.1.21)

Notice that equation 3.1.21 is identical to the electronic transition rate at cero Kelvin for
direct transitions except for the Dirac Delta function term that ended up been replaced by
the Fermi distribution derivative (see equation 3.1.5). We propose to extend this average
directly to the electronic transition rate R, by relaxing the energy conservation term.
That is by replacing 6 (E, — E, — hw) » —f'(E, — E,, — hw) either for direct or indirect

transitions.

From this point on, we follow Tauc’s calculation for amorphous semiconductors, i.e.,
relaxing the conservation of k and write (R.,) in its integral form, by using the valence
D,(E,) and conduction D.(E.) electronic density of states in the free electron
approximation. The absorption coefficient is then obtained as shown in equation 3.1.22,

where the energy reference is taken so that E.(0) = E; and E,(0) = 0.
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a(hw, T) =§—Z) f f \/EC—Eg \/—Ev (~f'(E. — E, — hw) }dE,dE, (3.1.22)

with

ag = IMC17|2

2 ( e )2 (mym;,)3/?
 cne

m, m3hS

Finally, equation 3.1.22 can be written more compactly as presented in the equation
3.1.23. Here Li, (x) is the Di-Logarithm function of x:

T
a(hw) = " 157w

Liy (—eP(hw=Fo)) (3.1.23)

E, is defined as E, = E; — py, and uy plays the role of a pseudo-chemical potential that
depends for instance on the matrix doping. 8 = 1/(kgT) is the definition of the Urbach
slope. Notice that u, enters only as a shift of the bandgap and therefore it can be
interpreted as the bandgap shift due to the doping effect or other mechanisms that may

vary the band edges.

2
_— pB(hw—Ep)
T a, 'Bze o, hw<KE,

a(hw) = =— - (3.1.24)
SRON = E,)? t5 hw > E,

Asymptotic analysis of equation 3.1.23 leads to the Urbach and Tauc expressions, here on
called extended Urbach and Tauc equations, respectively as shown in equation 3.1.24. At
cero Kelvin (or 0 meV Urbach energy) the extended Tauc expression is reduced to the
traditional Tauc model as expected. On the other hand, the extended Urbach rule behaves
just like the Urbach rule except for the factor 1/5% which becomes evident when
comparing the absorption coefficient with different slopes. Furthermore, we obtain
mathematically the same coefficient « in both regimes. Notwithstanding, physically we
may allow different coefficients in order to account for the variation of the matrix
elements |M_,,| with the photon energy in both regimens. This result is very similar to the
obtained by S. K. O’Leary [OLe95a, OLe95b, OLe04]. The main difference lays in the
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weighting function or the assumption of exponential tails directly in the band edges
[OLe04]. Here we average the JDOS (D.,) with the Fermi distribution derivative and
recover analytically the exponential behavior of the band tails afterwards.

Urbach region Tauc region
T T . 6)

(@ E)*® (cm™ eV

1 2 3 4 5 6 7 1 2 3 4 5 6 T
Photon Energy (eV) Photon Energy (eV)

Figure 3.1.7. Tauc plot of equation 3.1.23 for a E, = 5eV and 1/8 = 200, 350 and 500 meV. The black
lines correspond to the function in the asymptotic regimen of the Urbach (a) and Tauc (b) regions i.e.

equation 3.1.24.

The approach here presented predicts and models both the Urbach tail region of the
optical absorption and the fundamental absorption region. Additionally, by assuming a
constant |M,,| it also models de transition between the Urbach and Tauc regions. In
contrast to other approaches, it provides a simple an analytical tool which we believe to
prove of use to the experimentalist since a fit with the equation 3.1.23 is possible. The
asset of this equation lays in the fact that both Urbach and Tauc regions are merged into
one single and simple analytical expression relating the bandgap in the absence of
disorder E, with the Urbach energy E;,, = 1/ in both regimens [Guel6].

Let us now asses the implications of the equation 3.1.23 and its asymptotic behavior
(equation 3.1.24). Two features are to be noted. First, the extended Urbach rule does not
actually predict an Urbach focus. The Urbach focus is a constant typically observed as
intersection of the absorption coefficients when extrapolating the exponential behavior of
the Urbach region towards higher photon energies upon different Urbach slopes (see

figure 3.1.8). The Urbach energy can be modified after thermal annealing treatments or
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upon different sample temperatures. The nature of the Urbach focus seems to be related
to the bandgap in the absence of disorder since it is a constant of the material.
Nevertheless it is calculated using the equation 3.1.14 and therefore assuming its
existence beforehand [Guell]. The extended Urbach rule (i.e the equation 3.1.24 for
energies below Ej) predicts the existence of a constant different than the Urbach focus.
Furthermore, this equation actually predicts a region where the Urbach focus falls
depending on the dispersion of the Urbach slopes values (see figure 3.1.8.a). An analysis
to test the existence of the Urbach focus has been developed by F. Orapunt and S. K.
O’leary [Ora04]. In section 5.1, we perform the aforementioned analysis and extend it to
the equation 3.1.24 for the materials here under study (i.e. SiN, AIN and SiC:Hy).

E E
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Figure 3.1.8. Absorption coefficient of amorphous Si:H exhibiting the Urbach focus at Er = 2.21 + 0.06 eV
close to the value in the literature that surrounds 2.12 eV [Cod81]. The fits are performed using the equation
3.1.14 sharing the parameters Er and a (a). Absorption coefficient generated using the equation 3.1.23
(black lines) and their respective asymptotic curves in the Urbach region (red curves), in this plot E,= 2.1

eV was used. Notice that the extended Urbach rule does not merge in a single point but a region (b).

Second, what will we obtain if we fit the common models to the equation 3.1.23. That is
the Urbach rule (eg. 3.1.14) and the Tauc model (eqg. 3.1.12). For this let us generate the
absorption coefficient by 3.1.23. Such simulation is depicted in the figure 3.1.9 along

with the corresponding fits for each region.
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a) Urbach rule fit b) Tauc fit
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Figure 3.1.9. Absorption coefficient under two representations: logarithm-scale (a) and Tauc-plot (b) of
equation 3.1.23 for E, = 2.1 eV and 1/ from 10 meV to 190 meV. The red lines correspond to fits using
the Urbach rule (a) and the Tauc model (b). The Urbach rule fit was performed by sharing the parameters
Er and ay for all the curves. The blue circles denote the masked (not-considered) data in each fitting
procedure. The Urbach focus energy ordinate was found at Er = 2.156 + 0.0016 eV.
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Figure 3.1.10. Tauc-gap versus the sample temperature (a). Urbach energy versus the sample temperature
(b). And Tauc-gap versus the Urbach energy (c). These parameters were obtained from the simulation

shown in figure 3.1.9. Notice that the intercept in (c) matches closely to the Urbach focus energy value.
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The Tauc-gap and Urbach energy corresponding to the latter fits are depicted in figure
3.1.10. Here we recover a known behavior: the bandgap shrinking and the Urbach energy
enhancement due to the increase of the thermal vibrations with the temperature. Both
parameters seem to follow a linear correlation just as predicted by Cody et al [Cod81]
(see figure 3.1.10).
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Figure 3.1.11. Tauc-gap versus the sample temperature (a). Urbach energy versus the sample temperature
(b). Tauc-gap versus the Urbach energy of a-Si:H samples were the parameters were obtained after
varying the disorder through thermal annealing treatments (static disorder variation) and changing the
sample temperature (thermal disorder variation) (c) [Cod81]. The red lines correspond to fits performed
with the equations 3.1.30 (a), 3.1.26 (b) and 3.1.31 (c).

The frozen phonon model approach relates the thermal and static disorder to the optical
absorption spectra through the Urbach energy [Cod81]. For instance, the family of
absorption curves presented in figure 3.1.8 was obtained at different sample temperatures
and after different thermal annealing temperatures. As we already mentioned the thermal
annealing treatments causes fundamentally a variation on the structure of the material, by
delivering energy to the atoms and therefore allowing them to move sufficiently to reduce
bond stress and static disorder. In the case of a-Si:H, evidence shows that the Urbach
energy is enhanced by the hydrogen out-diffusion [Str91, Cod81]. Other hydrogenated
exhibit a similar behavior [Jan03, Guel6]. Now then, the observation of a single family
of curves describing the two types of disorder (static and thermal) is indication that both

types of disorder are alike in terms of their effect in the optical absorption process. That
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is, increasing the disorder (thermal or static nature) causes the bandgap to decrease and
Urbach energy to increase. The latter behavior is observed in the experimental bandgap

and Urbach energy data of a-Si:H depicted in figure 3.1.11.

Standard treatments of the Urbach edge in crystalline semiconductors [Toy71], conclude
that the Urbach energy E,, is proportional to (U?);, thermal average of the square of the
displacement U of the atoms from their equilibrium positions: E,,(T) = K(U?);. Thus, in
order to include the effect of the topological (static) disorder in E,,, we make the plausible

generalization that

EJT,%) = K{ (U2 + (U2, }, (3.1.25)

where (U?), is the contribution of the static disorder to the mean-square deviation of the
atomic positions from a perfectly ordered configuration [Cod81]. In order to justify this
central hypothesis, the dynamic phonon disorder and static topological disorder, in the
adiabatic approximation, should have similar effects on the electronic band energy levels.
The temperature dependence of E, can be estimated by approximating the phonon
spectrum of the material by an Einstein oscillator with a characteristic temperature ©
[Cod81, Stro1]. Here, the Einstein model is a good approximation to a Debye phonon
spectrum with a Debye temperature 0, = 4/3 ©. Thus, in this model the equation 3.1.25

can be expressed as

®<1+X 1 )

E,(T,X)=— +
u(T, X) ap Wk exp(0/T) — 1

(3.1.26)

The condition that E,, (T, X) — T /o, while T — oo is imposed and therefore the constant
K from equation 3.1.25 is absorbed in gy, the latter being an Urbach edge parameter of
order unity. In equation 3.1.26, X = (U?),./{U?), is a measure of the structural disorder

normalized to the zero-point uncertainty in the atomic positions (U?2),,.

Now, in order to relate the temperature dependence of E,, (T, X) to the bandgap E,(T) we

separate the temperature dependence of the bandgap in two different components as
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shown in the equation 3.1.27 [Str91, Cod81, All81]. The first term in the right hand side
is the explicit temperature dependence of the bandgap which originates from the electron-
phonon interaction through a deformation potential (here named D), whilst the second
term is the implicit temperature dependence due to the thermal expansion of the network.
y is the thermal expansion coefficient and k is the material’s compressibility. From the
known values of y and k, the second term contributes only about 2% to the measured
temperature dependence setting the explicit temperature dependence as the dominant

contribution for the temperature dependence of the bandgap [Str91].
dEg\  (dE, y (dE,
(ﬁ) ‘(ﬁ) ‘E(ﬁ (3.1.27)
P 14 T

The electron-phonon interaction on the temperature dependence of the bandgap in
crystalline semiconductors can be written as shown in the equation 3.1.28, where E;(0)
is the zero-temperature optical bandgap and D the second-order deformation potential.
Analogously to the equation 3.1.25, equation 3.1.28 can be generalized to the case of
amorphous materials by introducing the contribution of static disorder as shown in the
equation 3.1.29. Finally, the mean square lattice displacements in equation 3.1.29 can be
expressed in terms of the E,, (T, X) by using the equation 3.1.25. This result is presented
in the equation 3.1.30.

Eg(T) = Eg(0) = D{ (U)r — (U2, } (3.1.28)
Eqg(T,X) = Eg(0,0) = D{ (U + (U2, —(U?), }  (3129)

(3.1.30)

E,(T,X)
E,(T,X) = E;(0,0) — (U?)oD < - 1)

E,(0,0)

The above model provides a consistent picture of the effects of static and thermal

disorder on the bandgap energy and the Urbach tail slope. Moreover, the relation between
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the bandgap and the Urbach energy are in good agreement with the experimental data of
a-Si:H. For instance the solid curves in figure 3.1.11 are fits' performed with equations
3.1.30 and 3.1.26. The best fitted parameters (see figure 3.1.11) are close to the values
obtained in [Cod81, Str91].

This result suggest that the optical bandgap of a-Si:H is determined by the degree of
disorder in the lattice, rather than by the hydrogen content, as it was commonly
assumed [Str91]. In this model, the hydrogen affects the bandgap only indirectly through
its ability to relieve strain in the lattice. This result proofs sufficiently that thermal and
topological disorder affects the bandgap and Urbach energy in the same way [Cod81].
Therefore since the Urbach edge represent the JDOS near the mobility edge it is plausible
to treat the effect of the disorder on the optical absorption by thermal effects only but
considering that a fictive temperature is also present in order to account for the static
disorder. This statement establishes the basis of the frozen-phonon approach used
previously and explains the fact that figures 3.1.10 and 3.1.11 are so similar. In this
context, from the linear relation between the bandgap and the Urbach energy observed in
equation 3.1.30 and assuming that the relation depicted in equation 3.1.31 is correct, the
Urbach focus becomes the addition of the bangap in absence of disorder plus a term
proportional to the deformation potential Ep = E;(0,0) +(U?),D [Cod05]. So the
affirmation that the Urbach focus is a constant is valid only as far as (U?),D is a disorder
independent constant. Additionally, from equation 3.1.30, the slope of the
aforementioned linear relation is defined by G = (U?),D/E,(0,0). A linear fit of the
bandgap versus the Urbach energy in the case of a-Si:H is also depicted in figure 3.1.11.
The Urbach focus found through this linear fit matches indeed with the value obtained
directly by a global fit of the set absorption coefficients measured at different annealing

stages and sample temperatures.

Ey(T,X) = Ep + GE, (T, X) (3.1.31)

"More precisely in the present thesis, a single fit of both data sets simultaneously sharing the same parameters in
both equations achieved by the minimization of the sum of the estimator 2 of both models and data sets.
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Finally, the above approach allowed us to relate the Urbach focus with the bandgap in the
absence of disorder. This relation was somehow also observed by the proposed model in
equation 3.1.23. Nevertheless, in the latter model the Urbach focus is actually a small
region than a true constant. The proposed model for the absorption coefficient provides a
simple equation that describes fully both the Urbach and the fundamental absorption
regions. In section 5.1 a test to proof the validity of traditional approaches and the early
proposed equation 3.1.23 is performed for a-Si:H and the materials that compound the
main study of this thesis (AIN, SiN and SiC:H).

3.2 Luminescent properties of RE doped materials

When considering the optical emission within a single ion (or group of ions) embedded in
a solid, it is appropriate to treat an optical transition with a localized model rather than a
band model. In fact, most phosphors present localized luminescent centers and contain a
far larger variety of ions than delocalized centers [Yen07]. A luminescent center is a
localized electronic state capable to produce luminescence after suitable excitation. In
crystals, luminescence centers arise from defects, such as positive and negative ion
vacancies or interstitial atoms, or from activators which are specially introduced atoms or
ions. The most important types of luminescent centers are transition metal ions (TMI) and
rare earth ions (REI) that have been intentionally doped into a material. The
luminescence features of these systems depend on the dopant and the host matrix. These
states are also known as color centers. The host materials for localized, optically active
centers are usually large bandgap solids. The large gap bestows transparency in the

visible region to the host, and also prevents electrons from bridging the gap thermally.

As we have shortly reviewed in section 2.4, RE luminescence arises from radiative
electronic transitions within the 4f-shell of triply ionized lanthanides. This luminescence
presents remarkable features. First, its occurrence solely is already noteworthy. It was
first reported by J. Becquerel in 1907 [Bec07], and afterwards it was found that the nature
of this luminescence is of electric-dipole character. Such discovery was in contrast with
what electrodynamics predict. More precisely, electrodynamics requires the change of

parity between the initial and final states of the electron system with a spherically
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symmetric potential. This requirement is known as Laporte’s selection rule and it
presented a Puzzle that took about 30 years to be solved [VIe37, Jud62, Ofe62] (see table
3.2.1). It was not until the independent and almost simultaneous publications of B. R.
Judd [Jud62] and S. Ofelt [Ofe62] that a solution was found: the admixture of states of
opposite parity through a crystal field, thus granting radiative electric-dipole transitions
within the 4f-shell. Since the elaboration of this theory vast efforts have been realized to
develop a powerful theory based on numerous spectroscopic experiments. This theory
allows the calculation of transition probabilities and its development has been
progressing for more than 40 years already. The main reason is that triply ionized
lanthanides could always contribute to modern research demands. Despite their
interesting magnetic properties (the most widespread commercial use of RE solids at
present is the production of super-strong permanent magnets containing Neodymium),
the application of REs in the field of light emitting devices plays a very important role.
For instance, an extensive use of Neodymium is the Nd:YAG laser, widely used both at
its fundamental wavelength of 1064 nm (infra-red) or in the visible when the frequency is
doubled.

Table 3.2.1. Multipole operators and selection rules. P electric dipole, M magnetic dipole and Q
quadrupole operators. M radiation can account for some RE transitions however it represents just a special
case. Q radiation accounts for all the RE transitions, yet the probability is too low to account for the
observed intensities. Therefore, P radiation is the only reasonable channel to explain the observed RE
luminescence intensity. This solution implied a variation of the electronic motion due to crystalline fields.
Such theory is known as Judd-Ofelt theory.

Operator S L J Parity
(J=0-J=0,notallowed)
P= _ezﬁ AS =0 AL=0,%1 A =0,%1 opposite
i
_ eh — _
M:——ZmCle‘l'zsl AS =0 AL =0 A]=0,i1 same
i
_ 1o
Q = Ez(k . T;)Tl AS =0 AL = O,il,iZ A] = 0,i1,i2 same
i

The most remarkable feature of RE spectra is their sharp luminescence lines similar to the

spectra observed in the case of free ions. This behavior is consequence of the fact that the
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4f electrons are partially shielded from surrounding crystal fields due to the outer filled 5s
and 5p shells (see figure 2.4.1). Owing to this shielding, the energy levels of the 4f
electron systems are almost unaltered, and the spectral line-widths are to some extent
often only a bit broadened. However the influence of the crystal field on the dynamical
processes is profound. The crystal field is responsible for the radiative transitions
between 4f states (i.e. relaxing the Laporte’s selection rules). Additionally it drives the
non-radiative processes that allow the energy exchange between the host matrix and the
ion. In the following sections we will develop a condensed approach to the theory up to
the final solution. This will be done only to certain degree due to its large volume. The
formal treatment of intensity and energy levels calculations are based on group theory
(detailed calculations can be found in [Jud97] and [Wyb65]). The subsequent description
is based in the following references [G6r98, OD010, Vij06, Hif78].

Elementary features

Partially filled shells are observed usually in transition metal groups which comprise the
3d iron group, the 4d palladium group, the 4f lanthanide group, and the 5f actinide group.
In a crystal, luminescent center ions are by no means free but surrounded by a cage of
ligand atoms. The ligand atoms interact with the luminescent center ions, producing the
so called crystal field. The small crystal field interaction entails that the RE ions are not
very sensitive to the motion of the lattice. Consequently f — f transitions are
characterized by sharp lines, with typical linewidths around 1 cm™ at low temperatures.
The energy associated with this interaction varies around 1 to 1000 meV. This energy can
exceed the spin-orbit interaction, and in some cases the electrostatic interaction with
other electrons. Thus the crystal field is an additional interaction in an already
complicated problem. A perturbation approach is necessary in which terms are
considered in suitable order, for instance by decreasing interaction energy. The crystal
field interaction is introduced at the appropriate point relative to the sequence of
interactions internal to the luminescent ion (see figure 3.2.1). In decreasing interaction

energy order these are [Vij06]:
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Q) The interaction of an electron with the Coulomb field of the nucleus, modified by
the repulsion field of the other electrons. With an appropriate mean electronic
field with central symmetry this interaction ends in the electronic levels grouped
in configurations. For instance, the ground configuration of Cr3* is 3d3, which is

about 10 000 meV below the first excited configuration 3d?4s.

(i) The residual mutual electrostatic repulsion of the electrons H, = —e? Xij1/mj,
not represented by a central field. The Hamiltonian of this interaction is partially
simplified in the LS-coupling scheme (this scheme is also known as Russel-
Saunders for H, > H,,). Where a suitable basis is chosen in order to diagonalize
the spin orbit coupling in which the orbital angular momentum and the electron
spin are coupled and give rise to the total angular momentum L and total spin S.
This coupling produces energy splittings separated about 1000 meV between
terms of different quantum numbers L and S associated with a determined
configuration. For example, the ground term of a 3d3 configuration is (according
to the Hund’s rule) *F, with S = 3/2 and L = 3, around 1000 meV below *P

term, with S = 3/2 and L = 1 which belongs to the same 3d3 configuration.

(iii)  The spin-orbit coupling, Hgp = AL+ S, with ] = L + S being a good quantum
number. With the upper and lower sign suitable to electron shells being more or
less than half-filled, respectively. This interaction splits a given term into a
multiplet of levels with different /. The components of the multiplets are split by

about 1000 meV for 4f electrons while about 10meV for 3d electrons.
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Figure 3.2.1. Crystal field interaction of an ion with L = 3 and S = 1 for intermediate and weak crystal

field strength [Pur90].

The magnitude of the crystal field interaction (CF) relative to the interactions enumerated
above is different for the various transition groups. This magnitude might conveniently

be grouped as follows:

Q) Strong crystal field, i.e. CF > LS-coupling. For example the 4d and 5d electron

systems.

(i) Intermediate crystal field, i.e. CF =~ LS-coupling > spin-orbit coupling. Typically

case found in 3d electron systems.

(ili)  Weak crystal field, i.e. CF < spin-orbit coupling. The 4f electron systems exhibit

this behavior.
Figure 3.2.1 depicts an example of the crystal field interaction effect on the energy level

scheme of an ion with L = 3 and S = 1. The weak (iii) and intermediate (ii) cases are

shown in the right and left hand, respectively [Pur90].

N
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Figure 3.2.2. Application of the Hund’s rule to trivalent RE ions, here depicted by increasing the number

of electrons in the f shell.

Besides gadolinium, neutral REs exhibit an electron configuration 4fV5s25p®s?2, where
the number N of electrons ranges from 2 for Ce° up to 14 for Yb°. The typical oxidation
state REs are found is 3+, though 2+ is found in some compounds. In the triply ionized
state the electron configuration becomes 4"V 5s25p® having the number N of electrons
ranging from 1 for Ce** to 13 for Yb**. The Hund’s rule describes the filling of the 4f
shell. It establishes that the term with the highest quantum number S has the lowest
energy. In the case of several terms with the same S, the one with the highest angular
momentum quantum number L has the lowest energy. Additionally, due to the spin-orbit
coupling, the terms *!L are split into levels ] = L+ S,L + S — 1, ..., |L — S|, where for
less than half filled shells the term with the smallest ] lies lowest in energy. Otherwise the
term with the largest J has the lowest energy (see figure 3.2.2). In this way it is possible

to predict the ground state 2°*'L; of RE ions, as it is shown in the table 3.2.2 [Hual0].

A noteworthy feature of REI is the observed decrease in both the ionic and covalent radii
and the increase of the Pauling’s electronegativity with increasing the atomic number Z.
This might be attributed to the poor shielding capabilities of the 4f electrons causing the

subsequent shrinking of the radial integrals of the outer 5s and 5p electrons with
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increasing the nuclear charge [HualO]. This effect is the main reason of the slightly
different chemistry found in compounds throughout the lanthanide series [Dorl3].
Additionally, the different ionic radii may also have an impact on the symmetry at which
REI are found. For instance, the symmetry of Tb3* implanted GaN is different from the
observed in Pr3* and Sm3*[Gru01,Gru02, Gru02a]. Triply ionized REs are found with a
large amount of possible coordination numbers, leading to a large number of possible
symmetries [G6r98, HualO]. Typically coordination numbers up to 8 and 9 are found,
nonetheless higher coordination numbers are also possible. This feature is in contrast to

the limited amount of coordination numbers found in TMI [Vij06].
Table 3.2.2. Filling of the 4f shells of RE ions and predicted ground state according to the Hund’s rule

[Hual0].

S = |Ymyl, with mg = +1/2.

L=Igm

J = |L — S| (less than half-filled sheld), ] = L + S (otherwise)

m -3 -2 -1 0 1 2 3 S L J 25+ 1[,]

Ce3* 451 d 1/2 |3 5/2 2F5/2
Pr3*  4f? J l 1 5 3H,
Na3+t 4f3 \) { \) 32 |6 9/2 419/2
Pm3*t 4f* ) ! ) ) 2 6 |4 °,
Sm3*t  4f5 \’ { \) \) . 512 |5 5/2 61-15/2
Eut 4f°¢ \) l l \) AL 4 3 3 0 "F,
Gd3*+ 4f7 4 4 4 4 { { L |72 10 712 357/2
Tb3+  4f8 iy ALl \| ) L L !l |3 3 6 "F
Dy3+ 4f° Gy ! 4 4 l |52 |5 15/2 6H15/2
Ho3* 4f10 N N 2 l l l |2 6 8 Slg
Er3*t 4f1 L T 4 l |32 |6 15/2 4115/2
Tm3+ 4512 N L A e Y |1 5 6 3He
Yb3*+ 4f13 ol i L1123 712 2F7/2
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Hamiltonian of a RE ion in a solid

The treatment of triply ionized lanthanides in solids is dealt according to the Schrodinger
equation. The Hamiltonian of an optically active RE ion in a solid can be written as
shown in the equation 3.2.1. Here the Hy;, Hor and H, are the Hamiltonians for the free

ion, static crystal field interaction and lattice (electron-phonon) interaction, respectively.

H == HFI + HCF + HL (321)

The free ion Hamiltonian Hg; includes all electric and magnetic interaction in the ion. For
many-electron atoms this Hamiltonian is quite burdensome. Extensive treatments on the
various interaction contained in Hg; can be found in [Die68, Mor82]. Now, considering

only the most relevant interactions, Hg; can be expressed in the following form:

HFI = HO + HC + Hso. (322)

Here, H, contains the kinetic energy of the electrons H, and the electrostatic interaction
of each electron with an average potential due to the nucleus and the other electrons Hp
(see equation 3.2.3). This potential and the kinetic energy have typically a spherical
symmetry. The sum in equation 3.2.3 runs all over the 4f electrons and Z represents the

atomic potentials screened by the inner electrons.

N Ze?
(3.2.3)
L

N
h2
Hy=H,+H,=—— ) V? —
i=1

i=1

Solving the Schrddinger equation at this point leads to the approximate solutions
|n, 1, m; my) characterized by the quantum numbers n, [, m;, m; shown in equation 3.2.4.

1
lpn,l,ml,ms (T' 0, d)) = ; Rn,l(r)yl,ml(g: d))){ms (3'2'4)

The eigenstates of H, corresponding to a particular configuration (4f") are degenerate.
The perturbations are responsible partially for the removal of the degeneracy of the levels

encountered in equation 3.2.3.
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H. on the other hand accounts for the electrostatic interaction between electrons in the
unfilled shell. The electrostatic interaction is expanded into Legendre polynomials and
the spherical-harmonic addition theorem is applied, thus writing H. in tensor-operator
form [Sob72]:

T Zzln

i j>i

=—e zzz k+1Pk(COS(rl'TJ))

l]>lk0>

(3.2.5)

- € ZZZ k1 Z 2k+1( DY(6;, ¢)Y, (6, 9))

i j>i k=0

= —e ZZ z k+1( DI () = 22 T c(">c<")

i j>i q——k i j>i

with the ¢ defined by

P = Y (6: 60

2k+1

Rewriting equation 3.2.5 in a more convenient form [Jud97]:

c=—e ZZ k+1 WPu®)(F[lc| )

N (3.2.6)
2 Z kok
k=0,2,4,6

1l
o

Here f, are the operators and F* are the Slater integrals

ok
T
Fk = esz rkil R?(1))R?(rj)dridr; (3.2.7)
>
0

This interaction splits the ground configuration into different terms. This terms share

common values of S and L and are identified by the #**L notation. H. commute with the
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L%, S?, L, and S, operators and thus the corresponding quantum numbers L, S, M, and
Mg, respectively are valid. The energy of each state is independent of M, and Mg, and
therefore exhibit a degenerance of (2L + 1)(2S + 1). It is not difficult to show that the
parameter F° produced a shift to the whole 4f configuration energy levels, but with no
effect on the relative energetic positions. Thus, this parameter is excluded and along with
other shifting contributions summed up in a parameter here on named H,, 5 (See equation
3.2.10).

Lastly, the spin-orbit term is denoted by Hg, in the free ion Hamiltonian (equation 3.2.2).
For RE ions it is the next most significant interaction followed by the crystal field
interaction H.r. This case is known as the weak crystal field scheme. Nonetheless, for
TM ions H.g is larger than Hg,, so either the medium or strong field scheme is relevant
(see figure 3.2.2). It describes the interaction between the spin of the electron and its
magnetic moment. The Hamiltonian term Hg, is obtained from the non-relativistic form
of the Dirac equation and takes a known form in the case of spherically symmetric

electrostatic potential [Sob72].

Hgo = Z $isi*1; (3.2.8)
i

Again, the sum in equation 3.2.8 runs over all 4f electrons. Furthermore, equation 3.2.8

can be written similarly to the equation 3.2.6 [Jud97]:

Hso = =2 ) (u™u)(Flsllf) (£IIF) (32.9)

i
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Figure 3.2.3. Schematic representation of the energy levels splitting due to the distinct interactions
included in the free RE ion Hamiltonian (equation 3.2.2). H, represents the central field interaction, that is
the electrons in the field of the nucleus. H, denotes the mutual repulsion of electrons solely. Hg,, accounts
for the coupling between spin and orbital angular momentum. This is scheme is known as the LS-coupling

scheme in which the Coulomb interaction is greater than the spin-orbit interaction.

When including the spin-orbit interaction, the free ion energy levels can no longer be
categorized by the quantum numbers S and L. In fact this interaction splits each spectral
term into different levels. These levels are called J-multiplets (or /-manifolds) since Hg,
commutes with /] = L + S and not with S and L separately. See figure 3.2.3 in which the

labeling of the states changes from **'L to **'L, after the spin orbit interaction.

The Hamiltonian of the free ion Hy; can be written in the following way:

h? Z Z:Ze2 z z
HFI = HAVE - 2— Vlz - T + e2 kok + Eisi ' li (3210)
m L - i
i i

k=2,4,6 i

Further corrections to the interactions can be included. For instance, a correction to the
two-particle Coulomb interaction has been proposed by Rajnak and Wybourne [Raj63].
This interaction is named linear configuration interaction H;. and is parameterized using

three parameters a, § and y in the form shown in equation 3.2.11 where L is the total

S >
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angular momentum operator, G(G,) and G(R,) are Casimir’s operators for the
corresponding groups G, and G,. Another correction that can be taken into account
besides the aforementioned linear configuration is for the case of more than 12 electrons
in the 4f shell. It is named non-linear three-particle configuration interaction [Jud66].
Notwithstanding these corrections will not alter very much the energy levels calculated
by solving the Schrédinger equation with the shown Hy, Hamiltonian in the equation
3.2.10.

Hye = aL(L + 1) + BG(G,) + yG(R,) (3.2.11)

Crystal field interaction

Up to this point, in the Hamiltonian of equation 3.2.10 we have only considered the ion
as free. However as mentioned earlier, RE ions inserted into a crystal matrix experience
another contribution to the Hamiltonian due to the interaction of the 4f electrons with the
surrounding crystal field H.r. For an overview of the calculation of the crystal field with
the 4f electrons the Crystal field Handbook [NewQ0] is a good alternative among others
like [GOr98], [Vi1j06] and [HUf78]. As we already remarked before, in the free atom there
is a spherical symmetry and each level is reduced to 2] + 1 degeneracy. Notwithstanding,
when the ion is placed in a crystal environment the spherical symmetry is broken and
each level splits. In fact the spherical symmetry is reduced to the point symmetry at the
ion location. The degree to which the 2] + 1 degeneracy is removed will depend on the

symmetry surrounding the ion. These features will become clear shortly.

From now on we will follow with the point-charge description. In this scheme point

charges Z; will produce a potential V; at a distance R;.

Vi) = Z 4 g
) =—e Ay T (3.2.12)

The potential V (r;) written in the equation 3.1.12 is the potential from all point charges j

within the lattice at a position r; of the i*" 4f electron [G6r98, Vijoe]. Since the
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eigenfunctions of the free Hamiltonian possess complete spherical symmetry and can be
expressed in terms of spherical harmonics we then expand the equation 3.2.12 in

spherical harmonics as shown in the equation 3.2.13. This procedure is performed by

expanding the term |Rj - ri|_1 into Legendre polynomials, where r. is the smaller and r,
the larger distance of (R,r;). The angle w between R and r; is expressed in the polar

angles 8 and ¢, applying the so called spherical harmonic addition theorem.

Zj
V(r) = —ez dt
— |R; —7i]

X Lk
T.
= —eZZj Zrk%Pk(cos(R,ri))
j k=0~

y . (3.2.13)
rk Am . 4
==e) %) 5w ), ger 1 DG 90%0.6)
j k=0 q=-k
0o k
_ () A (k) 7
——eZij z By Cq (1)
I k=0 q=—k
(1) (1) :
Cq ~ and B, are defined by
4
() ey _
Cq ()= me,f(Gi.fm)
(3.2.14)
(k) S —-q r<
B =—eZZj(—1)qu 6.6)
k=0 >

Since Bék) (see equation 3.2.14) does not act on the 4f wavefunctions whilst the Cék)(i)

term does the Bék) operators can be taken outside the crystal field matrix element as

shown in equation 3.2.15 [HUf78].

<4fNy SLJ M| % ¢ |4f"Ny’S’L’]’M’>
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_ <4fNy SLJ M|U§")|4f“NV'5'L'/'M'> <3 ||C(k)||3>
N (3.2.15)

= m(_l)ZJ—M+S+k+l[U]U/]]
J kT ’
x((S) ]5 g)<—M q M){[{ ]L l;}

x <4fNy SLJ ||U§k)||4fANy'S’L’]’>

Notice that when —M 4+ q+ M’ = 0 is satisfied the second 3j-symbol term in the
equation 3.2.15 is different from zero. This is actually a general selection rule for
transitions between different crystal field levels. Additionally, the triangle conditions of
the 3j-symbols require that J + J' > k. The first 3j-symbol is different to zero only if
k + 6 is even, thus only with an even k. Furthermore, the triangle conditions require
k < 6. Consequently only the Cék) with an even k between 0 and 6 are responsible for
splitting the crystal field levels. In this sense, only the even part of the crystal field

2S+1
L

potential is responsible for the splitting of the levels, while the odd part of the

crystal field potential is responsible for the intensities of the induced electric dipole
transitions. The latter features were shown by Judd and Ofelt and will be discussed

shortly.

Now, if we separate the spherical harmonic by real and imaginary parts, the potential can
be written as [HUf78, G6r98, Vijo6]:

7 k
V(r) = Z [ B () + Z (Bg") (CE’;)(i) + (—1)qc,§q>(i))
=0 =t (3.2.16)

+BP (¢ B - (—1)‘16;5")(1'))) ]

with the Bék) rewritten as follows,

4 rk
W0 _ / oz EPRLA 3.2.17
BO 2k+1Yk . ( Ze)R]lH'l ( )
J
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AT rk
(k) _ q
B = /—2k+1(—1)q Re E (—Ze)RJkH
j
’ 41 rk
(k) _ q
B, = —2k+1(—1)q ImY, E (—Ze) R}‘“
j

Due to the fact that the crystal field Hamiltonian is invariant under all symmetry

operations of the point group the B(g") parameters become further restricted. This means
that only the BCS") for a specified symmetry will be nonzero and the corresponding Yk(q)

will contain the symmetry elements of the point group. These Bék) terms are typically

determined experimentally by fitting the measured energy levels to the ones calculated
theoretically. More specifically, as soon as the point symmetry and the appropriate form

of the crystal field are known, the crystal field energy matrix is constructed and then
diagonalized using an estimate set of Bék) starting parameters. The resultant set of
theoretical energy levels is compared to the set of experimental levels and then by an
iterative fitting procedure the Bcgk) parameters are adjusted to obtain the best overall fit to

the experiment [H{f78].

The crystallographic point groups can be divided into four general symmetry classes
[Run56]:

I Cubic: 04,0, Ty, T,, T
ii. Hexagonal: D¢y, De, Cey, Co, D3y, D34, D3, C3,, S, C3
iii. Tetragonal: Dy, Dy, Cayyy Cay Doy, Sa

iv. Lower symmetry: D,;, D,, Cy,, Cop, C5, Cs, S, C4

For instance, for the C;, symmetry, the potential at a 4f electron turns as shown in
equation 3.2.18 where only the even part (responsible of the energy level splitting) of the

crystal field is written [G6r98]. In this case we have six fitting parameters.
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veren = B + BPc + BV (¢S c®Y)

(6) ~(6) | p(6)( ~(6) ~(6) 6)( ~(6) ~(6) (32.18)
6 6 6 6 6 6 6 6
+B,7¢s + B¢ Q) + B (¢VcY)

On the other hand, the even part of the potential for a 4f electron in the case of Dj,
symmetry looks as shown in the equation 3.2.19 where four fitting parameters are

necessary [Huf78].

vgrer = BPC® + B C® + B¢ + B¢ +¢9) (3.2.19)

In summary, the positions of the electronic energy levels arise from a combination of the
Coulomb, spin-orbit and crystal field interactions. The electrostatic interaction leads to
the 25*1L splitting with an energy separation about 10*cm~'. Then the spin-orbit
interaction splits further the levels into 25*1L ; states putting them apart about 103cm™".
Subsequently, the even part of the crystal field potential removes (partially) the
degeneracy in J producing an energy level separation of about 10?2 cm™1. The magnitude
of this separation depends on the crystal field strength. The values for k and g are limited
by the point symmetry. That is, the number of nonzero terms in the H.r Hamiltonian
depends on the point symmetry and thus the crystal field must exhibit the same symmetry
of the ion. Notwithstanding at present is almost impossible to determine the Bék)

parameters, therefore the Hamiltonian in equation 3.2.16 is used to parameterize the

observed crystal field energy levels in terms of the parameters Bék). If a large number of

crystal field energy levels have been determined experimentally, these energy levels are

examined by evaluating the matrix elements of ¢® and treating the B

q q  as fitting

parameters [Wyb65, Hiif78]. On the other hand, the nonzero terms corresponding to the
odd-order of the H.r Hamiltonian (defined by k = 1, 3,5) play a key role in the Judd-
Ofelt theory for induced dipole transitions which we will review shortly. Additionally the
terms with k = 0 and g = 0 are spherically symmetric and affect all energy levels by a

uniform shift in the configuration.
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Finally, the local environment of a RE ion is roughly the same as that in a crystal, giving
rise to the known spectrum. However, since the far field is different for every RE ion in
an amorphous host the spectral lines exhibit a large inhomogeneous broadening, typically
of the order of 100 cm™. This feature makes the spectra much less useful for an
investigation of the crystal field features in glasses. Therefore most investigations of the
optical emission properties of RE-doped glasses deal with the determination of lifetimes

and oscillator strength [HUf78].

Induced electric dipole transitions and radiative lifetimes

Up to now we have developed the theory of the energy levels of RE ions in solids based
on the static, free-ion and single configuration approximations. That is, the central ion is
affected by the surrounding host ions via a static crystal field. This field acts on the free
ion Hamiltonian and is treated as a perturbation. Finally in the single configuration
model, the interaction of electrons between configurations is neglected. Now we would

like to know what happens to the electronic transitions selection rules when incorporating
the crystal field. For this let us start by the electric multipole tensor operator —eDél) (see
equation 3.2.20) where the index [ denotes the multipolarity of the radiation i.e. [ = 1 for
dipole, [ = 2 for quadrupole, etc. The sum in equation 3.2.20 runs over all 4f electrons

and r, is the position operator of the it" electron.

—eDél) - —ez rf,”(rl-,ei,@) (3.2.20)
B

For the initial (m| and final [n) states the matrix element for an electric dipole transition
fulfills the condition depicted in equation 3.2.21 only if (n| and |m) have opposite
parities. Notice that the parity operator 7, does not commute with r,. Now, we know
that the lanthanide ions are characterized by the shielded 4f shell (where the atomic like
transitions take place). Since the 4f states all have the same parity, i.e m = (—1)i% with
[ = 3 for lanthanides the probability of this transitions is negligible. Notwithstanding, the
occurrence of electric dipole transitions can be explained by the admixture of states of
opposite parity due to the crystal field [G6r98, Jud62, Ofe62]. Here we will follow a brief
description.
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(nlrlm) = (nlrebe, i, |m) = ~eiey nlr,fm) @2.21)

Let us start with an arbitrary initial level (y,|:

(Yol = Z au({INyM| (3.2.22)

M

Where a,, are expansion coefficients. y stands for all necessary quantum numbers. In
first-order perturbation theory, the state (y,| becomes the state (i, |:

Wpl = D au(afNyMI+ ) b Uy MDA @Y MY (32,9

M

with
b(n'l'y"M") =
1
E(y) —EM'l'y")

D a4 yMVoagl4f N (' )y "M
M

Here, n'l" are from other configurations and not from the 4f shell. Equation 3.2.23
remarks the fact that an admixture of states is not possible if the odd part of the crystal
field potential V,44 is zero and in fact this is actually the case of symmetries with an
inversion center. In the same way the final state |i,’) is expressed as:

|l/)b,) — Zajlw’ |4fN)/IM’) + Z b’(n’l’y”M”) |4fN—1(nlll)yuMu> (3224)
K

M1

with
b'(n'l'y"M") =
1
E(y)—Emly")

D @AY M Woagl AN ')y " M)
MI
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Combining the initial (y,,| and final [y, states about the electric dipole operator, it is

clear that the terms <z/)a D&V

l/Ja’> and <4fN_1(n’l’)y”M”|D/§1)|4fN—1(nlll)yuMn> are
equal to cero since dipole transitions are forbidden between states of the same parity.

The expression for the electric dipole matrix element D is reduced to:
) -

<4fNyM|D§1)|4fNy’M’><4fN—1(n'l’)y”M”|D§k)|4fNy’M’>

ay 'y Axq

kit ) = Bty (3.2.25)
(a7 yM|DSP|afy M) a2 oty M DO 4y )
+ Z aMa,MlAkq ST A
o EG) — EGvTY)

The final expression for a single transition between to individual levels is (see [G6r98]

for more details):

<1Pb |D;gl) |¢b'> =

> D @D A () o) pelUi ey €220
k,q A=even
with

(k1) = 14 Z(zz' +1)(=1)3+

n'l’
3 0 3G 0 06 o 0
AF lrin VY Af [rO|n'1)
A(n'lh

Here Ay, are the crystal field parameters and are related to the crystal field B, parameters

by:
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2 1
By = ZlAkql @k + 12 (3.2.27)
q

Additionally the equation 3.2.26 can be further reduced after taking into account the
orthogonality condition of the M components depicted in equation 3.2.28.

' _
ayaga /g’ = Sy Sy’ (3.2.28)
M,K,M' K’

On the other hand, magnetic dipole transitions are parity-allowed within the 4f shell and

moreover they can occur under inversion symmetry. These can be derived in the same

way as above. For this, let us introduce the magnetic dipole operator uf)l) defined as:

uP = - (L + g, )P (3.2.29)

2mec

Here § and L are the total spin and total orbital angular momentum operators,
respectively. g, is the electron g-factor. Just like before, the matrix element can be solved
in the following way.

(4fNySLIM)|(L + g.$)P|4fNy'S'L)'M]) =
(3.2.30)

S
o (g )@yl + g S)Ollary'ser)

The reduced matrix element in equation 3.2.30 can be further reduced by splitting the

independent terms of L and S and for the case of /] = J' it becomes:
gl +29®)) =g /[1(/ + D] (3.2.31)

Here g is the Landé factor. Notice that magnetic dipole transitions are allowed within the
4f shell although they are about one order of magnitude smaller than induced electric
dipole transitions. From the above expression of induced electric dipole and magnetic
dipole transitions the transitions selection rules can be derived. A summary is given in

table 3.2.3. It is important to remark that these selection rules are applicable only if the
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corresponding quantum numbers are good enough. For instance, the selection rules on M
and S break down in the intermediate coupling scheme, whilst the selection rules of J

breaks down in the case of J-mixing.

Table 3.2.3. Selection rules for induced electric dipole (ED) and magnetic
dipole (MD) transitions [G6r98]

ED MD
AJ AJ| <6 A =0,+1
|AJ| = 2,4,6 with] =0
0 < 0 forbidden
orJ/'=0
AM —(g+p) —p(p =11)
AL ALl < 6 0
AS 0 0
At 0 0
Al +1 -

While magnetic dipole transitions can be calculated without any further parameterization,
induced electric dipole transitions are parametrized mainly because ab initio calculations
do not yield reliable results. The dipole strength is calculated as the absolute square of the
matrix element of the dipole operator.

o =[{welo i)l = [0 @232)

From there the dipole oscillator strength can be calculated by:

8m?m
;Thezc 7D (3.2.33)

fOSC =

The total oscillator strength, i.e. including both electric and magnetic dipole transitions
can be expressed in the following form:

8mimv

f]—>J’ :W[ XepSep 31" + xupSmup U3 T) ] (3.2.34)

N
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Here, m and e are the mass and charge of the electron. c is the speed of light, v is the
average frequency at which the transition occur, h the Plack constant and n the refractive
index. ygp =n(n+2)%/9 and yyp = n3 are the Lorentz correction factors, which
correct the effective field at an active center in a solid, the latter correction is introduced
because the electric field acting on an impurity in a solid is different from that in vacuum
owing to the effect of the polarization of the surrounding atoms. Sz, and S,,p are the

electric and magnetic dipole line strength both defined in the equations 3.2.35 and 3.2.36.

SenUsl) = > VISP Vs L (32:35)
A=2,4,6
2h2
Sup(i)") = T [PV ISLYIIL + 2SI FV SV )2 (3236)

Equation 3.2.35 is known as the Judd parameterization scheme for lanthanides in a
solution [Jud62]. U are the unitarian tensor operators and (), are known as the Judd-
Ofelt parameters. Judd was the first to relate the experimental spectra to the parameters
Q;. This equation was derived for a randomly oriented system and without considereing
transitions between individual Stark levels, i.e. only transitions between LSJ multiples are

taken into account [G6r98].

Since the electric dipole transitions arise from small crystal field perturbations, the matrix
elements in equation 3.2.35 are not highly dependent on the host material. A large portion
of the book “Spectroscopic coefficients of the pn, dn, and fn configurations” by Nielson
and Koster [Nie63] is dedicated to tabulating matrix elements in the LS-coupling scheme.
Further efforts must be provided on converting these wavefunctions to the intermediate

coupling case applicable to RE ions.

The radiative emission probability is given by the Einstein’s coefficient A for

spontaneous emission and it can be calculated from the oscillator strength as shown in the

equation 3.2.37, T denotes the transition time from the excited initial state to a final
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state. Additionally, the absorption cross-section is related to the oscillator strength by the
equation 3.2.38. The correction factors for the effective field at the ion in the solid are
already included in the oscillator strength (see equation 3.2.34) however in the case of the

absorption cross-section an additional 1/n? factor must be included [Yen07].

8m2e?y?

-1 _ _

T]]l = A]_’]’ = —(47'[80)711(;3 ]_)]I (3237)
2me? 1
"= - ! 3.2.38
9=1" = (ameg)yme n? Ty=1 ( )
Finally the Einstein’s coefficient can be written as follows:
64ty

AU = SepUsJ' Sup U3 )’ 3.2.40
Ui (4ngo)3h(2]+1)c3[ xepSep 31 + XupSup U3 J) | ( )

Now taking into account all possible radiative channels through which a populated level
may decay, the lifetime is defines by:
1

= m (3.2.41)

%

Nonetheless, it is typically found that the experimental lifetimes are smaller than the
calculated ones. This discrepancy is attributed to non-radiative processes such as energy
migration between lanthanide ions or energy transfer to the lattice host. Thus the ratio
between the experimental and calculated lifetime is defined as the quantum efficiency.

Non-radiative decay

The classical approach describes a non-radiative transition as a process in which an
excited state relaxes to the ground state by crossing over the intersection of the
configuration coordinate curve through thermal excitation or other means (see figure
3.2.4). Let’s recall that the configurational coordinate model is often used to explain the

effect of lattice vibrations on the optical properties of a localized center. In this model the
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large amount of actual vibrational modes of the lattice are approximated by a small

combination of specific coordinates.

Excited
State

Total Energy —#

- -------

Configurational coordinate ——p

Figure 3.2.4. A schematic illustration of the configurational coordinate model. The two curves are
modified by repulsion near the intersection (point E). Vertical broken arrows A<B and CsD indicate the
absorption and emission of light, respectively. After thermal assistance, and excited state can relax to the
ground state by generating lattice vibrations without an optical emission through the point E. The blue

region of the potential curves denotes the path followed by the electron after losing energy.

Following the path of the optical transition illustrated in figure 3.2.4, we can assume that
the bonding force between the luminescent ion and the nearest-neighbor ion is expressed
by the Hooke’s law. The deviation from the equilibrium position of the ions is taken as
the configurational coordinate Q. The total energy of the ground state, U, and the total

energy of the excited states, U,, are given by the equation 3.2.42 and 3.2.43, respectively.

2
U, = Kg% (3.2.42)
A2
U, = U, + Kew (3.2.43)

Here K, and K, are the force constants of the chemical bond, Q, is the interatomic

distance from the equilibrium of the ground states, and U, is the total energy at Q = Q,.

. . . . X
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Naturally, the spatial distribution of an electron orbital is different between the ground
and excited states thus giving rise to a difference in the electron wavefunction overlap
with neighboring ions. In figure 3.2.4, optical absorption and emission processes are
indicated by vertical broken arrows. In this approach the nucleus of an emitting ion stays
approximately at the same position throughout the optical processes. This is known as the
Franck-Condon principle. The latter approximation is quite reasonable since an atomic
nucleus is heavier than an electron by 103 to 10° times. At 0 Kelvin, the optical
absorption proceed from the equilibrium position of the ground state, as indicated by the
arrow A — B. The probability for an excited electron to lose energy by emitting phonons
is about 102 s, whilst the probability for light emission is at most 10° s~1. Therefore,
an electron in the state B relaxes to the equilibrium position C before it emits a photon.

Then the emission process C — D and the relaxation process D — A are followed.

Electron states oscillate around the equilibrium position along the configurational
coordinate curve up to kzT. The amplitude of this oscillation produces the spectral
widening of the absorption transition. The intersection of two configuration coordinate
curves shown in the figure 3.2.4, allows an electron in the excited state to cross the
intersection assisted by thermal energy and thus reaching the ground sate non-radiatively,
i.e. a non-radiative relaxation process with an activation energy AU, and a transition
probability N given by the equation 3.2.44 can be assumed. Here s is the product of the
transition probability between the ground and excited states and a frequency at which the
excited state reaches the intersection E. The latter quantity can be treated as a constant

and is called frequency factor usually in the order of 1013s™1.

AU) (3.2.44)

N =sex (——

P\" kT
However, it is typically observed that the experimentally determined activation energy of
a non-radiative process depends on the temperature. This problem has a quantum
mechanical explanation. An optical transition accompanied by absorption or emission of
m — n phonons can take place when and n'™ vibrational level of the excited state and an

m™ vibrational level of the ground state are located at the same energy. The probability
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of such transition is also proportional to a product of the Franck-Condon coefficient and
thermal distribution of population in ground state, giving the required temperature
dependent probability. In such case, the non-radiative relaxation probability is given by
[YenO7]:

Y{S( + (n))}p+
('@ +N)!

N, = Ny exp(—S(2(n) + 1)) Z (Stn) (3.2.45)
=0

Here, p = m — n, (n) is the mean number of vibrational quanta n at the temperature T
expressed by (n)~! =exp(hw/k,T) —1, S is defined by S = %%(Q —Qp)%. The
notation N, stands for the overlap integral of the electron wavefunctions. Notice that the
temperature dependence of N, is included in (n). Clearly equation 3.2.45 does not have a
form characterized by a single activation energy. If we write it in a form such as N, «

exp(—E,/ksT) one gets:
E, = ((n), + (n))hw (3.2.46)

where (n),hw is the mean energy of the excited state subject to the non-radiative

process. E,, increases with temperature and at sufficiently low temperatures £, < AU.

In the case that S < 1/4 or in other words the electron-phonon interactions is small
enough, equation 3.2.45 can be further simplified by neglecting all the terms but j = 0.
That is:

N, = Ngg exp{—=5(2(n) + D}H{-S + (n))}*/p! (3.2.47)

In the case of RE ions, the dominating non-radiative relaxation process is the
multiphonon emission (see appendix A.2). If AE is the energy separation between two
levels, the non-radiative relaxation probability between these levels is given by Kiel
[Kie65, Yen07]:

N, = Ag€eP(1 + (n))P (3.2.48)
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phw = AE (3.2.49)

where Ak is a rate constant and € is a coupling constant.

Equation 3.2.47 can be shaped to the same form as equation 3.2.48 by the conditions

S~ 0, exp{—S(1+(n))} =~ 1,SP/p!=€P and Ax =N notwithstanding equation

egr
3.2.47 was derived independently of the configuration coordinate model. If two potential
curves in the configurational model have the same curvature and the same equilibrium
positions they will not cross and there is no relaxation process by thermal activation
between the two in the framework of the classical theory. Nevertheless, thermal
quenching of luminescence can be explained for such a case by taking phonon-emission

relaxation into account, as predicted by Kiel’s equation.

Energy transfer processes

When more than one optically active center is existent, an excited color center my
transfer all or part of its energy to a nearby center. This energy transfer process can
happen radiatively or non-radiatively (see figure 3.2.5). The ion from which the energy is
being transferred is called sensitizer (S) whilst the ion to which the energy is transferred
is named activator (A). In the radiative process, the excited ion emits a photon and
another ion absorbs that photon before it leaves the host matrix. This process has a low
effect in the lifetime of the radiating state. On the other hand, the most well-known non-
radiative energy transfer process is the Forster Resonant Energy Transfer (FRET). This
mechanism was first invoked to describe the energy transfer between organic molecules
in the dipole approximation [Fo6r48]. It was further generalized to higher-order
interactions between dopant ions in inorganic solids by Dexter [Dex53]. There are further
possibilities in the non-radiative energy transfer process. We will consider three cases:

resonant, phonon-assisted and cross-relaxation (see figure 3.2.5).
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Figure 3.2.5. Energy transfer processes: radiative (a), resonant non-radiative (b), phonon-assisted (c), and

non-radiative cross-relaxation (d).

In the resonant case, the initial state of the system is an excited sensitizer and an activator
in the ground state. The final sate of the system is a sensitizer in the ground state and an
activator in excited state. The Hamiltonian is the coulombic interaction between the
electrons of the sensitizer and those of the activator. Forster [Zim61] and Dexter [Spa90]
developed an equation to describe the resonant energy migration rate Ws, between S and
A (see equation 3.2.50) [Vij06].

Qa 9gs(E)ga(E)
WSA - KRn"[S E4' dE (3250)

In equation 3.2.50, K is a constant, Q, is the area under the absorption band of the
activator, t, is the lifetime of the sensitizer and R is the distance between the sensitizer
and the activator. g and g, are the normalized shape function of the emission bands of
the sensitirzer and the absorption bands of the activator, respectively. The integral
includes the overlap of these two functions, and is mainly a conservation of energy
statement. The R™ factor is determined by the multipole interaction between S and A.
Most cases, dipole-dipole (n = 6) is the dominant mechanism. However, in cases where
the dipole-dipole term vanishes due to symmetry, the dipole-quadrupole (n = 8) or

quadrupole-quadrupole (n = 10) terms may dominate. This exchange interaction may
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drive the energy transfer, but only when S and A are close to one another [Vij06].
Phonon-assisted energy transfer highlights because the overlap integral in the equation
3.2.50 is close to zero, and the energy different between the emission of S and the
absorption of A must be compensated by the absorption or emission of one or more
phonons. Two features can be remarked. First, the energy transfer obeys an exponential
energy gap law if the gap is much larger than the phonon energy. In other words, if more
than one phonon is required the transition rate decreases exponentially. This situation is
usually found in RE ions. Second, if Ws, is much larger than the decay rate of the upper
levels of both S and A, the two levels become thermalized according to Boltzmann
distribution. Additionally it has been commonly observed that the energy transfer rate
generally increases with temperature for TM ions. However in the case of RE ions, the

rate may increase or decreases with temperature depending on the energy levels involved

[Gal68].
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Figure 3.2.6. Energy transfer processes in Tb*. Non-radiative resonant energy migration (l), cross

relaxation (I1). Co-operative up-conversion in Th**. Co-operative up-conversion in Er** (1V).
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Energy transfer by cross-relaxation (or self-quenching) is also a coulombic interaction
phenomenon. However in this case the sensitizer and the activator are two identical ions
in which the first one relaxes to a lower energy state but not the ground state and the
activator is excited to an intermediate state. The energy between the intermediate and
ground states of the activator must be equal to the energy between the excited state and

the lower energy state of the sensitizer.

The energy transfer mechanisms reviewed above open a large amount of possible
channels for energy migration exhibiting interesting properties. One of this is the
possibility for energy up-conversion. More details on this feature can be found in the
appendix A.3. Figure 3.2.6 depicts the possible energy transfer pathways in Th®". First
the resonant energy migration between the °D3/°D, states to the ground 'Fg state which is
possible and very likely due to the fact that the energy gap between sates is large enough
to avoid multiphonon emission before the former process could occur. Second, the cross-
relaxation process is also very likely. It occurs by the electronic transition from the °Ds to
the °Dy level in the sensitizer and from the 'Fg to the 'Fy in the activator, the energy of
this transition rounds about ~0.72 eV. Subsequently, the electron in the 'F state relax
non-radiatively increasing therefore the overall population in the Dy level. On the other
hand the opposite process to the cross-relaxation, namely cooperative up-conversion is
also possible, however is pretty unlikely due to the fact that the energy gap between the
’F, sates is in the order of 100 meV and therefore multi-phonon decay becomes the
dominant relaxation process from the 'Fq to the 'Fg energy levels, additionally in order to
have two ions excited one 'Fo and other in the °D, two different excitation sources are
necessary. Notwithstanding, this behavior has been observed and extensively studied in
Er®* in which a single excitation wavelength (1550 nm) can excite two nearby Er®* ions
to the “l13, state. Thenceforth, in that case the co-operative energy up conversion is
possible with a higher probability by transferring the energy of one of the Er ions to the

other excited one and thus reaching the *lo, level [Auz04].
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Figure 3.2.7. After the excitation of a RE ion, the energy can migrate to a nearby RE ion successively thus
increasing the probability to reach a non-radiative recombination channel (a). An excited RE ion can
relax radiatively and non radiatively. Taking into account the population variation due to the excitation

(kexc) and relaxation rates (krqa, knon-rad» Ker—10ss) We are able to write the equation 3.2.57.

Lastly a particular feature and consequence of the energy migration between RE ions that
will be further studied and characterized in the present work is the concentration
quenching effect. It consists in the self-quenching of the RE luminescence by enhancing
the energy loss probability through non-radiative channels due to the increase of the
energy transfer probability between these ions, see figure 3.2.7. In other words, the
increase of the probability of an energy transfer between ions, for instance due to the
reduction of the ion interspace, enhance the possibility of the energy to reach an ion
which is close to a non-radiative decay channel, for instance a defect. Processes of this
nature are typically modeled by phenomenological rate equations which describe the time
dynamics of population densities of RE ions excited in different energy states. If we
restrict the model to only two states, let’s say for instance in Th®" the main representative
energy transfer mechanism being the cross-relaxation process pointed out lines above
(see figure 3.2.6), the corresponding rate equation and therefore the variation of the

intensity can be modeled in the following way:
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Let Ny and Ny, qbe the population of the excited and ground states, respectively. Since
the total number of active centers is constant, N = Ny + Ngrpngq, the variation of the

excited state population should match the variation of the ground state population as
shown in equation 3.2.51.

d ., __d
dt ¢ dt

Ngrna (3.2.51)

The ground state is continuously excited with an excitation rate k,,. thus reducing its
population in —kgycNgrnq, While simultaneously growing in population due to the
relaxation of ions in the excited state. This relaxation can be either radiative or non-
radiative. The radiative decay is characterized by the transition rate k,.,; (equivalent to
the corresponding Einstein’s coefficient A in s~1) while the non-radiative decay is
described by the addition of the transition rate of two processes. First the non-radiative
decay rate k,,n—rqq due to the energy migration from the excited RE to a non-radiative
recombination center (e.g. a defect). Second the self-quenching transition rate kgr_;oss
due to the successive energy transfer between RE ions and thus the subsequent energy
loss into a non-radiative recombination center (see figure 3.2.7). These last two transition
rates contribute to the light emission quenching. The variation of the ground state

population then follows as:

d
d_Ngrnd = _kechgrnd + kradNexc + (knon—rad + kET—loss)Nexc (3'2'52)

From this point, the population of the excited state can be solved as function of the
aforementioned transition rates by solving the corresponding differential equation as
shown in the equation 3.2.53. Additionally, the light emission intensity is proportional to
Ny X krqq. Considering only the steady solution after a sufficient long time we obtain
an equation for the light emission intensity versus the number of active centers (see
equation 3.2.54).

d
ENgrnd = _kexc (N - Nexc) + kradNexc + (knon—rad + kET—loss)Nexc
(3.2.53)

d
= %Nexc = kech - (kexc + krad + knon—rad + kET—loss)Nexc
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kech

>N, =
exe kexc + krad + knon—rad + kET—loss

+ C exp[—t Y k]

kradkech
I « (3.2.54)
kexc + krad + knon—rad + kET—loss

On the other hand, the kzy_;,ss depends on the distance between the RE ions. There are
two approaches to describe the energy transfer probability. The approach of Forster
[FOr59] based on classical electrostatic interaction (multipole-multipole interaction) and
the approach of Dexter [Dex53] based on a quantum mechanical exchange interaction.
Both dependencies are summarized in the equation 3.2.55.

r

pEEXeT () o exp (— —)
1o

) r\ ™
P () o« ()
To

(3.2.55)

Here r is the distance between the RE ions, m = 6,8, 10 corresponding to the dipole-
dipole, dipole-quadrupole and quadrupole-quadropole interactions, respectively and r, a
characteristic size threshold of the ions. In order to model the distance dependent
luminescence intensity the interspace distance average can be used (see equation 3.2.56).
Nonetheless and average of the (kzr_;0ss) Can also be used. More details can be found in
[Benl3, Hub79, Spe75].

keT—10ss = Kioss X pET((r» (3-2-56)

Finally, the overall intensity can be written as a function of the RE concentration 7z and
the mean RE interdistance rzz (see equation 3.2.57). Notice that these two quantities are
actually related. For a random distribution of REs in a solid it is possible to directly
calculate the average ion interdistance from the ion concentration. Details on these
calculations can be found in appendix A.4. In any case equation 3.2.57 has the shape
similar to a sigmoidal function multiplied by a line with intercept in the origin. So for low

concentrations (thus large average ion interdistance) the RE related intensity increases
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linearly with the concentration. Whilst for larger concentrations the self-quenching
becomes relevant thus reducing the light emission intensity. Figure 3.2.8 depicts this
behavior for Th doped Y,03; [Mue07, Wan10].
A

Ll (3.2.57)
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Figure 3.2.8. Normalized PL integrated intensity of Tb doped Y,O3 versus the Th concentration (a) and
mean ion interdistance (b). Here the ion mean interdistance is calculated following the procedure from the
appendix A.4. The data was taken and normalized from two different references [Mue07, Wan10]. Notice

that the integrated intentsity increases till a critical concentration value and then the energy transfer

between REs becomes more likely thus quenching the light emission intensity.
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Experimental details

4.1 Deposition

All films were grown on two side polished crystalline calcium fluoride (CaF;) and
polished silicon (Si) substrates by radio frequency magnetron sputtering. The pressure
before the deposition process was lower than 4x10°® mbar. The distance between the
target and the substrate was fixed to 55 mm. The copper substrate holder and thus the
substrates were cooled down with a constant water flux at 12°C to ensure the amorphous
structure of the layers. In the case of the SiC films the deposition was performed in an
argon-hydrogen atmosphere mixture using a high purity SiC target. This target’s
dominant impurity was nitrogen with a concentration smaller than 10 ppm wt. The AIN
and SiN films were grown in an argon-nitrogen atmosphere mixture using high purity
AIN and Si targets, respectively. The dominating impurity of the AIN target was oxygen
with a concentration below 90 ppm wt. The doping with Tb was performed during the
deposition process by using a Tb target attached to a second magnetron. The purity of the
Tb target was 99.9%. The typical power used to get a suitable amount of Tb in the layer,
ranged from 1 to 5 Watts. In the case of the a-SiC:H:Tb grown with different Tb
amounts, a single process was performed in which the magnetrons were hold in such
position to achieve a gradient in the composition (see figure 4.1.1). The deposition

conditions for each material are listed in table 4.1.1.

Table 4.1.1. Deposition conditions

Sample Ar flow H, flow N, flow Power Time Pressure
(sccm) (sccm) (sccm) (Watts) (min) (mbar)
SiC 50 0 - 120 143 1.5E-02
SiC:H(a) 50 5 - 120 270 9 E-03
SiC:H(b) 35 15 - 120 330 1.2 E-02
AIN 25 - 25 100 480 9 E-03
SiN 40 - 10 100 140 1.0 E-02
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Figure 4.1.1. Magnetrons arrangement in order to obtain a gradient of the Tb in the SiC:H films (left).
Photography of the substrate holder exhibiting the Th characteristic green emission during the deposition
process of SiC:H:Tb (right). Notice that the region with a larger Tb amount doesn’t exhibit any emission

due to the concentration quenching effect.

The poly-crystalline AIN samples were grown by reactive DC sputtering from two high
purity Al targets, each constantly powered with 150 Watts. In order to achieve different
Tb dopant concentrations the DC power of a Tb target was adjusted between 2 and 44
Watts. These processes were performed in an argon-nitrogen atmosphere mixture at
6x10° mbar. These last samples were grown and provided by the group of Prof. Dr. H. P.

Strunk in the University of Stuttgart, Germany [Ben13].

4.2 Optical characterization techniques

UV-VIS transmittance

The optical characterization was performed through optical transmittance measurements,
using a double beam photo-spectrometer model Lambda 2 UV/VIS/NIR from the
company Perkin Elmer. The transmittance spectra were measured in the wavelength
range from 190 nm to 1100 nm. In order to obtain the absorption coefficient, the
refractive index and the film thickness from transmittance data, we applied a slightly
improved self-consistent method of Swanepoel. The errors obtained for the film thickness
were less than 5% and were mainly caused by film inhomogeneities and low number of
interference fringes in the transmission spectra which are crucial for this method in order
to determine the thickness accurately. For more details concerning this method please

consult appendix A.1.

N
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Light emission characterization
The light emission characterization of the films was performed upon two types of
excitation sources, photons (PL) and electrons (CL). Two distinct setups were used in the

PL case.

In the PL case the samples excited upon 488 nm excitation wavelength were measured in
a commercial micro-Raman system. Two systems were actually used, one of the
company Ranishaw model InVia and another of the company Horiba model
LabRAM-HR. The PL spectrum was taken in a reflection setup and the excitation source
was an argon laser. Additionally, monochromatized light from a xenon lamp attached to a
monochromator was used to excite the samples at different wavelengths. From this setup
PLE and PL were performed. In the case of PLE (Photoluminescence excitation

spectroscopy) the spectral bandwidth of the monitored emission line was set to 4 nm.

The CL was performed using two systems: a Triax Monochromator, Jobin Yvon attached
to a SEM and a monoCL system of Gatan attached also to a SEM. The CCD camera of
both systems is capable to cover the wavelength range from 200 nm to 1000 nm. Typical
size of the excitation area was 200umx=200um. Suitable beam currents were used and the

acceleration voltage was kept typically at 20k V.

Infrared absorption by Fourier transform spectroscopy (FTIR)

Infrared transmittance measurements taken on the amorphous films were carried by using
an infrared spectrometer FTIR model Spectrum 1000 from the company Perkin Elmer
with a resolution of 8 cm™. These spectra were recorded in the spectral region from 400
cm™ to 4000 cm™ and were corrected for the silicon substrate absorption. Additionally, in
order to increase the reproducibility of the measurements and to avoid further effects due
to the films inhomogeneity an aluminum sample holder allowing a light spot of only 2

mm diameter was used.

It is important to note that due to the film thickness an interference effect is observed in
the IR spectra. However the transmittance obtained using a silicon substrate as reference

exhibits values above 100%. This is cause by the higher refractive index of the Si
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substrate (~3) in comparison to the film refractive index (~2). This problem is well
known in the literature and since these values lack of physical meaning an additional base
line correction is necessary [Raj03]. In order to do so, a polynomial fit of order five is
performed. Nevertheless a different approach has been taken in [Guel6] for a-SiC:H.
Subsequently, the absorbance is calculated by applying the Lambert-Beer’s law to the

corrected transmittance as shown in the figure 4.2.1.
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Figure 4.2.1. Measured IR transmittance of a-SiC:H grown on a polished silicon substrate. Due to the
procedure in the FTIR measurements in which a reference beam is measured and the refractive index of
the substrate which is higher than of the film, the transmittance exceeds 100% (a). A baseline is calculated
trough a fit using a polynomial fit of order five. The absorbance is then calculated through the Lambert-

Beer’s Law (b).

Lambert-Beer’s Law can be written as shown in the equation 4.2.1, where a(v) is the
absorption coefficient versus the wavenumber v, T is the transmittance related to the
absorption due to the distinct vibrational modes encountered in the material while T, is
the zero absorption transmittance or base line. The number of bonds N related to the
observed absorption peak can be estimated through the equation 4.2.2 knowing the
corresponding inverse absorption cross section for each vibrational mode [Kuz09]. In this
way it is possible to monitor the variation of the amount of the distinct bonds after for

instance annealing treatments at different temperatures on the same sample.

a(v) = log (Tio) /d (4.2.1)
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N f “S’) dv (4.2.2)

4.3 Annealing treatments

The annealing treatments were performed at different temperatures and took place in a
quartz tube inside a tube oven which could be heated up to 1200 °C. In the case of the u
undoped samples, the quartz tube was first evacuated down to 10°° mbar and then filled
with a constant flux of high purity (5N) nitrogen or argon up to a pressure of 10 mbar.
The AIN and SiN samples were annealed in a nitrogen atmosphere while the SiC ones
were annealed in an argon atmosphere. After the operating temperature was reached, the
quartz tube with the samples under treatment was moved rapidly inside the oven (shock
tempering). On the other hand, the doped samples were annealed at 1bar pressure and
under the respective atmospheres. The annealing time for each annealing step was 30 min

and the same samples were used for the next annealing steps (isochronical annealing).

4.4 Terbium concentration determination

In order to estimate the Tb concentration of the amorphous hydrogenated SiC thin films
we cut the sample in 6 equal parts along the Th amount gradient as it was described
earlier in section 4.1. Then we label 3 positions equally spaced in each sample piece thus
making a total of 18 distinct positions in which the Th amount increase along one
direction. We performed X-ray photon scattering (XPS) measurements in order to
determine the Th concentration of the first 4 pieces. We only measure these 4 sample
pieces due to resources limitations. An example of the spectrum obtained is depicted in
figure 4.4.1 and table 4.4.1. Notice the presence of oxygen, mainly due to the affinity of
Tb to oxidize. The oxygen content is also observed in the FTIR spectra as Si-O bonds
around 1070 cm™.

Additionally, notice from figure 4.4.2 that the overall IR absorbance spectra of the
samples decreases along the direction of increasing Th. This decrease is mainly attributed
to the reduction of Si-C and Si-O bonds with increasing the dilution of Tb in the host
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matrix. We take advantage of this fact to calibrate the Tb concentration of the samples in
the distinct positions with the area below the curve of the FTIR spectra as shown in figure
4.4.3.
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Figure 4.4.1. XPS spectra of Th doped amorphous hydrogenated SiC. The spectrum of the 4™ sample
piece is shown corresponding to the sample position number 5. The obtained Th concentration is obtained
after correcting the base line of the electronic orbitals of each element and then fitting a Gaussian peak. In
this case the value is of 3.89 at. % of Th, see table 4.4.1.

Table. 4.4.1. Peak information corresponding to the XPS spectra shown in figure 4.4.1. The total terbium

amount is calculated by adding the contributions of the distinct binding states. In this case the 3d3 and the

3d5.
Name | Start(eV) Peak (eV) End (eV) Height (Counts) FWHM (eV) At.%
Tb 3d3 1285.64 1279.16 1272.13 2691.72 5.75 181
Tb 3d5 1256.05 124474 1238.64 3573 7.34 2.08
Cls 292.21 286.03 278.5 1585.55 3.8 24.14
Si2p 110.32 104.53 100.5 7240.99 2.57 71.98

Notice, that these measurements were performed after the samples were annealed at
1050°C following the procedure described in section 4.3. When taking a close look to the

variation of the shape of IR absorbance spectra after the thermal annealing it is possible

'\-\ .
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to realize a sharpening of the Si-O related vibrational modes at 454 cm™ and 1070 cm™,
see figure 4.4.2. Furthermore, this sharpening becomes more prominent for
concentrations above 1.55 at.%. This effect could be attributed to a RE induced

crystallization which is not uncommon to occur in these systems.
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Figure 4.4.2. FTIR spectra of the six sample pieces. Two distinct annealing temperatures are shown. AG
stands for the as gown case. TEM revealed that a-SiC:H will become polycrystalline after an annealing
treatment at 1000°C [Benl13]. The crystallization process seems to be enhanced with increasing the Th

amount up to 3.72 at.% since the corresponding absorption peaks become sharper.

It is important to remark that the calibration described in figure 4.4.3 above introduces

systematical errors. First, the films in each sample piece are not homogeneous thus
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introducing an error not taken into account when using the area of the absorbance and not
of the absorption coefficient. Additionally, since we had to extrapolate the concentration
values for the last 2 sample pieces, that is for the positions 12 to 18, the calibration was
not performed through a linear fit of the measured Th concentration versus the inverse of
the IR absorbance area (see figure 4.4.3), but through an averaged accomplished by
rescaling the inverse of the IR absorbance area to match each of the 4 measured Th
concentration values independently. The four rescaled curves are then averaged. The red
line depicted in the frame (b) of figure 4.4.3 is the result of this average.

Sample position Inverse FTIR area
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Figure 4.4.3. The IR absorption area are obtained after integrating from 400 cm™ to 1400 cm™ the spectra
shown in the figure 4.4.2, these areas are plotted along with the measured Th concentration determined by
XPS versus the sample position (a). The calibration is performed between the inverse of the
aforementioned areas and the measured Th concentration. The blue dashed line is a linear fit with the
intercept fixed in the origin, while the red line is calculated after averaging the curves obtained after
scaling the inverse of the IR absorbance area with each measured Tb concentration (b). Schematic of the
SiC sample positions (c). Resulting estimated Th concentration for each sample position after the

calibration (d). The interpolation and extrapolation values are performed linearly.
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Finally, concerning the Th concentration values corresponding to the polycrystalline AIN
grown in the University of Stuttgart, these were determined by a combination of XPS
measurements and inductively coupled plasma optical emission spectroscopy (ICP-OES),
the latter sensible to the metal elements only, while the former renders the concentration
of all the constituents. It was found that the main impurity was oxygen homogeneously

distributed in the films [Ben13].
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Results and discussion

The experimental results presented here can be organized in two main groups. One part
treats, the optical characterization, which accounts for the optical bandgap determination
of the three materials under study, the modification of the bandgap upon iscochronical
annealing treatments and the relation between the bandgap and the Urbach energy.
Additionally, the Urbach focus is reported for the three materials and the tailoring of the
bandgap and the Urbach focus of a-SiC:H under different hydrogen dilution degrees is
also presented [Guel3m, Guel6]. Finally, the models developed in the section 3.1 are
brought and tested.

The other main topic treats the Th light emission properties, in which features of the Th-
related spectra are examined upon electron band-to-band excitation and photon sub-
bandgap excitation for the three materials under study. Furthermore, the concentration
quenching effect is examined for the SiC:H and AIN host matrices upon the two
aforementioned excitation sources. The thermal activation of the light emission of the Tb
ions is examined and contrasted with the variation of the optical bandgap and Urbach
energies after different annealing temperatures. This thermal activation is evaluated
profoundly in the case of a-SiC:H for the Th concentration range from ~0.5 at.% to 10
at.% and has been first reported here revealing valuable information concerning the
activation process. For instance, the interaction probability between Tbh ions seems to be
quenched with the annealing temperature. Finally, since different host matrices affect the
RE ions differently by enhancing or quenching the RE-related emission, temperature
dependent measurements are performed in order to shed light on the possible excitation

mechanisms that take place.

5.1 Optical characterization of the amorphous AIN, SiN and SiC:Hy thin films

One important aspect of amorphous semiconductors is the wavelength dependent
absorption coefficient in the fundamental and adjacent region. The Tauc region describes

the extended states related transitions, whilst the Urbach region accounts for localized

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




states related transitions, observed as the so called exponential tail in the absorption
coefficient. The set of three materials (a-AIN, a-SiN, a-SiC:H,) were characterized by
means of optical transmittance spectroscopy in order to measure the optical parameters
such as the refractive index and the absorption coefficient. Details concerning the used
method to extract the aforementioned optical parameters along with an analysis of its
accuracy can be found in the appendix A.1. Here we will focus on the fundamental
absorption and Urbach tail regions of the absorption coefficient. We measure the optical
bandgap, the Urbach energy and the Urbach focus. Furthermore, the bandgap dependency
with the annealing treatments and the Urbach Energy is presented. Finally, the variation
of the Urbach focus of a-SiC:Hy with increasing the hydrogen dilution during the

deposition process is reported [Guel6].

Bandgap and Urbach energy
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Figure 5.1.1. UV/VIS/NIR transmittance spectra in the wavelength range 200-1100 nm of a-SiN grown on
quartz. The layer thickness is 420 nm (a). Absorption coefficient in logarithm scale along with the Eg,

energy value (b). Tauc-plot showing a good linear relation in the high energy region (c).

It is important to remark that the optical bandgap can be solely calculated from the region
of the fundamental absorption of the absorption coefficient. In the case of thin films, this
region can only be observed in sufficiently thin samples [GuelOt] (see appendix A.1).
Furthermore, there is actually no proper model to accurately determine the optical
bandgap of amorphous semiconductors from their fundamental absorption spectrum (see
section 3.1). Nevertheless, the values obtained with the existing models give information
of the relative behavior of the bandgap. Here we use the Eo4 iso-absorption gap, the Tauc

gap (Etayuc) and the Urbach focus minus the Urbach energy (Eyg = EF — E,) [Guell,
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Dun83, Dun85] as representative values of the true bandgap of an amorphous

semiconductor. The Urbach focus determination is discussed in detail in the succeeding

section.
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Figure 5.1.2. UV/VIS/NIR transmittance spectra in the wavelength range 190-1100 nm of a-AIN grown
on CaF,. Two samples were grown, one of 500 nm thickness by sputtering an Al target in a nitrogen
atmosphere and another of 300 nm thickness by sputtering a single-crystal bulk AIN target in a nitrogen-
argon atmosphere mixture (a). Absorption coefficient in logarithm scale along with the E,, energy value

(b). Tauc-plot showing a good linear relation in the high energy region for the thinner sample (c).
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Figure 5.1.3. UV/VIS/NIR transmittance spectra in the wavelength range 190-1100 nm of a-SiC and
a-SiC:H grown on CaF,. The layers thicknesses are 652 nm (without H,), 411 nm (with 5 sccm H, flux)
and 435 nm (with 15 sccm H, flux) (a). Absorption coefficient in logarithm scale along with the Eg,

energy value (b). Tauc-plot showing a good linear relation in the high energy region (c).

Figures 5.1.1, 5.1.2 and 5.1.3 depict the UV/VIS/NIR transmittance (a), absorption
coefficient in logarithm scale (b) and the Tauc-plot (c) of the as grown amorphous thin
films of SiN, AIN and SiC:Hy, respectively. Notice the good linear relationship of the
absorption coefficient in the Tauc-plot representation. In the AIN case, films with a
thickness around or below 300 nm are necessary to be able to observe the fundamental

absorption region in the Tauc representation [Guel0t].
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After the isochronical thermal annealing treatments at different temperatures, a reduction
of the Urbach energy is observed in the SiN and AIN samples. That is, the diminution of
the band tail states near the band edge due to the disorder relaxation of the matrix [Str91,
Ada04]. This effect is also reflected in the optical bandgap as an increase with the
annealing temperature. In the case of SiC:Hy the bandgap shrinks after reaching a critical
annealing temperature. We will treat the latter behavior as a separated case. Figures 5.1.4
and 5.1.5 depict the bandgap, obtained with the aforementioned models, versus the
annealing temperature and versus the Urbach energy for the a-SiN and a-AIN films,
respectively. In the case of the AIN sample a linear relation is observed between the
Tauc-gap and the inverse of the Tauc-slope (1/mr,,c), Which is known as a measure of
the disorder degree [Mor99].

As it was already presented in the section 3.1, the linear relation between the bandgap
(Tauc-gap) and the Urbach energy can be explained by the frozen phonon model [Str91,
Ada04, Cod81]. From the intercept of such relation the bandgap in the absence of

(Tauc) E
F .

disorder can be calculated, here named From the analysis of several absorption

coefficients data of a-Si:H, Cody suggested that this intercept value and the Urbach focus
are actually the same parameter [Cod81]. This linear dependency is not always met.
Nevertheless, other linear relations between the optical bandgap and a disorder related
parameter can be expected depending on the position of the Urbach focus, wherever it
falls in the Urbach tail region or in the fundamental absorption region. Here, we present
three linear relations which connect the Urbach focus (Er) with the bandgap. First, the
equation 5.1.1 which accounts for the frozen phonon model and relates the Tauc-gap with
the Urbach energy (see equation 3.1.31). Second, the linear relation depicted by equation
5.1.2, consequence of the empirical Urbach rule and the definition of the E,, iso-
absorption gap. And third the equation 5.1.3, resulting from the case of the Urbach focus
energy value Ep falling in the fundamental absorption region and then modeling the
fundamental absorption with the Tauc approach [Guell]. The left upper label denotes the

origin of the constant Ep.
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1
Erque = "™E; ~ 5 Gcoay (5.1.1)

1
E04 = (04)EF - Elog(10_4aF) (512)

ETauC — (mTauc)EF _

(apEp)'/? (5.1.3)
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Figure 5.1.4. Erqyc, Eos and Eyg of the a-SiN films after different isochronical annealing temperatures
(@). Epquce and E,, versus the Urbach energy (b), the red dashed lines are fits using the equations 5.1.1 and
5.1.2.

By using the equations 5.1.1 and 5.1.2, two distinct values of the Urbach focus energy Ex

are found for a-SiN, see figure 5.1.4. The obtained (04)EF using the E,, iso-absorption
gap match pretty well with the Urbach focus obtained through a global fit of the

(Tauc) E
F

absorption coefficients (see next sub-section), while the obtained using the

Eraue does not. Notwithstanding, the “*““E,. match pretty well the value obtained for
the bandgap in the absence of disorder obtained using an extension of the Urbach rule
proposed here [Guel3m, Guel6] (see section 3.1). In the AIN case though, the constant
Er obtained with the equations 5.1.1, 5.1.2 and 5.1.3 are pretty close to each other (see
figure 5.1.5). These values are also close to the one obtained by a global fit of the

absorption coefficient (see next sub-section).

N
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Figure 5.1.5. Ergyc, Eoa and Ey; of the a-AIN films after different isochronical annealing temperatures

(@). Etauc Versus the inverse of the Tauc slope (b). Erqqc and E,, versus the Urbach energy (c).

Whilst in the SiN and AIN cases the bandgap increases with the annealing temperature, in
the SiC:Hy case it increases till a critical annealing temperature and then it decreases (see
figures 5.1.6). This differing behavior is typically attributed to the induced effusion of
hydrogen from the SiC matrix during the thermal treatments [Monl3, Zha92]. The
quenching of the bandgap of an hydrogenated amorphous semiconductor with the
annealing temperature has been observed before in a-Si:H [Str91, Mor99] and for SiC:H
[Mon13, Tes95]. Notwithstanding, we report this behavior also for the non-hydrogenated
sample, thus exhibiting that the shrinking effect cannot be attributed to the hydrogen out-
diffusion alone.

We examine the latter features in detail for a-SiC:H with different hydrogen dilution
contents by changing the hydrogen flux during the deposition process. Three samples
were grown, one without any hydrogen flux (0O sccm), which serves as our reference
sample, another with 5 sccm hydrogen flux and a last one with 15 sccm hydrogen flux
during the deposition process. The bandgap versus the annealing temperature of these
samples are depicted in the figure 5.1.6. The E,, iso-absorption gap was the only
parameter that exhibited a well-defined linear relationship with the Urbach energy. The

corresponding plots are shown in the figure 5.1.7.
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Figure 5.1.6. Eqgyc, Egs and Ey; of the a-SiC (a), a-SiC:H grown with 5 sccm H, flux (b) and a-SiC:H
grown with 15 sccm H, flux (c), after different annealing temperatures. The doted lines, denote the
bandgap of the three main poltypes of SiC.
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Figure 5.1.7. E,, iso-absorption gap versus the Urbach energy for a-SiC (a), a-SiC:H grown with 5 sccm

H, flux (b) and a-SiC:H grown with 15 sccm H, flux (c). The increase of the parameter (04)EF with the

hydrogen dilution content suggests an increase of the energy separation between the mobility edges. Inset
graphs include the variation of the Urbach energy with the annealing temperature.

Two major features are noted. First, the bandgap increases with the amount of hydrogen
used during the deposition process, and this difference is kept after the annealing
treatments independently of the model used for the bandgap calculation (see figure 5.1.6).
Furthermore, this difference is also observed in the increase of the Urbach focus energy
Er with the hydrogen incorporation, see figure 5.1.7. Second, the bandgap is quenched
after an annealing temperature around 450°C for all the three samples including the non-
hydrogenated one. In the following paragraphs we’ll try to elucidate the possible

mechanisms behind the latter behavior.
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The thermal induced out diffusion of hydrogen from the matrix can be translated in the
depletion of hydrogen related bonds. Therefore, like in the case of a-Si:H an increase of
the Urbach energy is expected reducing the bandgap [Str91, Bul87, Mor99]. This
depletion of hydrogen related bonds can be followed through IR absorption spectroscopy
[SumO04]. IR absorbance measurements of the three samples were performed, see figure
5.1.8. The IR absorption spectra of the samples in the range of 400-4000 cm™ consist of
four main absorption bands at ~790 cm™, ~1000 cm™, ~2100 cm™ and ~2900 cm™ for the
hydrogenated samples and three bands at ~790 cm™, ~1065 cm™ and ~1190 cm™ for the
non-hydrogenated one. The bands at 2100 cm™ and 2900 cm™ are attributed to the
stretching vibration modes of Si-H, and C(sp®)-Hn, respectively [Bul87]. These bands

decay with increasing the annealing temperature as shown in figures 5.1.9 and 5.1.10.

Si-CH, 0sccm H,
Si-C : —— 5sccmH, 1
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3 Si-H 1
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Figure 5.1.8. IR absorbance spectra of the three as grown a-SiC:H, thin films with different hydrogen
fluxes during the deposition process. Three main bands are to be noted. The Si-C stretching mode at 790,
the Si-CH, 1100 cm™ and the Si-H stretching mode at 2100 cm™.

The Si-H, IR absorption band disappeared completely at 600°C in agreement with
[Vas11]. The bands at 790 cm™ and 1000 cm™ correspond to the Si-C stretching vibration
mode and Si-CH, rocking/waging modes [Bul87], respectively. Nevertheless, sub-
stoichiometric SiOy (x < 2) structural fragments are known to present a broad absorption
band at around 1100 cm™ [Kan05]. This band is actually composed by 4 bands from

which only and average resulting in two peaks at 1065 cm™ and 1190 cm™ are resolved.

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




After annealing at 700°C a Si-O bond related absorption band at 450 cm™ increase slowly
with the annealing temperature in the non-hydrogenated sample. This band appears after
800°C annealing in the hydrogenated samples, suggesting that the Si-O stretching modes
contribute in absorption near 1000 cm™ since residual oxygen contamination is
considerable during the annealing procedure (see figure 5.1.9). Nevertheless, this
contribution is very low compared to the main Si-C and Si-CH,, absorption peaks.
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Figure 5.1.9. Effect of the annealing temperature on the shape of the different absorption peaks in the IR
spectra of the three SiC:Hy thin films. The blue peaks are Gaussian fits of the corresponding vibrational
modes while the green curves denote Lorentzian peaks corresponding to the crystallization of SiC. The red
curves denote the peak sum. Notice the increase of a shoulder at 1190 cm™ in the non-hydrogenated case.
This shoulder does not appear in the hydrogenated samples, suggesting that the presence of oxygen
contamination is not measurable by this mean in the hydrogenated samples but in the non-hydrogenated

one.

It is well known that the area of the IR absorption peaks is directly related to the amount
of corresponding bonds in the sample [Kuz09]. In order to assess the above mentioned
variations on the vibrational modes and therefore on the chemical composition of the

samples under study, the bond density is calculated and plotted versus the annealing

S >
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temperature as shown in the figure 5.1.10. This calculation is performed by p [ a(v)/
vdv where p is the inverse absorption cross-section. The absorption coefficient a is
obtained from the Lambert’s law and the peaks fits shown in figure 5.1.9. The analysis
reveals for instance that after the Si-H, bonds are completely depleted at 600°C, the Si-

CH, bonds are quenched with the annealing temperature, whilst the Si-C bonds increase

[Guel6].
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Figure 5.1.10. Calculated bond densities for each absorption peak obtained from the FTIR measurements
of the a-SiC:H grown on c-Si with 0 sccm (&), 5 sccm (b), and 15 sccm (c) hydrogen flux during the
deposition process. The bond density corresponding to the Si-O vibrational mode centered at 1190 cm™
has been multiplied by 10* (filled blue diamonds) for viewing reasons (a). Note the depletion of hydrogen
related bond with the annealing temperature.

In the case of the hydrogen doped samples, the bandgap reaches its maximum value at
around the same annealing temperature for which the Si-H bonds are depleted. The
bandgap starts decreasing when the Si-CH, bonds decrease and consequently the amount
of Si-C bonds increase. This correlation may account for the bangap quenching of
a-SiC:H due to the out-diffusion of hydrogen and therefore the increase of Si-Si and Si-C
bonds. However, in the case of the non-hydrogenated sample no significant correlation
can be observed between the bandgap and the vibrational modes area. Note that we
cannot see Si’H correlated peak either. Therefore, we can assume the trend of at least two
different processes which quench the bandgap after a critical temperature in amorphous
hydrogenated SiC. The effect of the hydrogen related bonds depletion, and the bandgap
shrinking related to structural features of the material which are triggered with the
thermal annealing treatments. According to Kityk et al, the latter behavior is observed in

amorphous SiC [Kit00]. Kityk proposed and supported by ab initio simulations that the
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bandgap is affected by the formation of nano-composites clusters in the SiC matrix,
which occurrence are not uncommon. The bandgap is then crystallite and cluster size
dependent [Kit00]. Furthermore, Kityk calculated the bandgap versus the crystallite size
and versus the cluster size, predicting an increase and then, after a critical crystallite size,
a shrinking of the bandgap. Alternatively, the formation of Si-Si and C-C bonds is also a
common feature in these amorphous systems [Cui01, Lee00]. In fact, Raman analysis on
RF sputtered a-SiC and a-SiC:H revealed two features. First, a decrease and after a
critical temperature an increase of the disorder with the annealing temperature, observed
by measuring the FWHM of the Si-C related vibrational modes [Vas11]. Second, the
increase of C-C bonds with the annealing temperature in both hydrogenated and non-
hydrogenated a-SiC, reported by Vasin et al [Vasll]. In summary, these effects
contribute exhibiting the observed features in the bandgap versus the annealing

temperature.
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Figure 5.1.11. Average FWHM of the Si-C, Si-CH, and Si-O bond related IR peaks of the three SiC:H,
samples versus the annealing temperature (a). Urbach energy of the same samples versus the annealing
temperature (b). Notice the good correspondence of both parameters. Additionally, the Urbach energy of
the three samples is quite similar, thus the bandgap enhancement due to the hydrogen incorporation cannot

be attributed to the Urbach energy but to the increase of the energy separation of the mobility edges.

In agreement with the results reported by A. V. Vasin [Vasl11], the disorder of the SiC:H
samples studied here is reduced with the annealing treatments till a critical temperature,
and then an increase is observed. This effect has been measured by the Urbach energy

1/ and by the average FWHM of the absorption peaks observed in the IR absorbance

= < ' . X
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spectra (see figure 5.1.11). However, the fact that the Tauc-gap and the iso-absorption
gap exhibit a correlated behavior with the Urbach energy may actually be a consequence
of their definition. For instance, the E,, energy value in this case falls inside the Urbach
region, thus E,, is subjected to the Urbach energy through the equation 5.1.2, and any
increase of the Urbach energy causes a decrease of the bandgap and vice versa.

Furthermore, the shift observed on the E,, gap due to the hydrogen incorporation can be

translated to an increase of the constant (04)EF. Notice, that the disorder, or tails depth, is
pretty much the same in all three SiC:H samples. On the other hand, it is important to
emphasis that the Tauc model does not take into account the band tails (tail to tail and
band to tail transitions), nonetheless the band tails overlap considerably with the so called
Tauc-region. So even when the relations depicted by the equations 5.1.1 and 5.1.3 are not
met, any variation of the Urbach energy will affect the Tauc-gap value as well (see figure
3.1.9).

The shift in the bandgap observed in figure 5.1.6 is band-edge rather than band-tail

related. This fact is supported by the shift of the constant (04)EF depicted in figure 5.1.7.
The Tauc-gap and the E,, iso-absorption gap are subjected to two distinct physical
parameters: the mobility edges energy gap and the Urbach energy. The former can be
estimated by the parameter E, in the equation 3.1.23. Figure 5.1.12 depicts and compares
the parameters obtained through the Tauc model and the model depicted by the equation
3.1.13 (DiLog, band-fluctuations based model, which derivation was explained in chapter
3). The parameters E,, a, and B were estimated by single fits of each absorption
coefficient using the DiLog model. The main advantage of the latter model is that no
discrimination must be done between the Urbach and Tauc regions i.e. the admixture
region is also part of the fitting input. Notice from figure 5.1.12 that contrary to the Tauc-

gap, E, is not correlated to the Urbach energy.
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Figure 5.1.12. Bandgaps E, and Er4,. (a), scale factors a, and M2, (b) and Urbach energy (c), for the
SiC:H, samples grown with 0 sccm, 5 sccm and 15 sccm hydrogen flux during the deposition process.
Notice that the bandgap calculated with the DiLog model has no correlation with the Urbach energy.

Additional information concerning the electronic transition matrix element is recovered through a,,.

In summary, the effect of the isochronical thermal annealing treatments on the bandgap
of a-SiN, a-AIN and a-SiC:Hy has been examined. A reduction of the disorder with the
annealing temperature is observed by the decrease of the Urbach energy and increase of
the optical bandgap of the amorphous SiN and AIN matrices due to a thermal induced
structural relaxation of the matrices. The hydrogenated SiC case is treated separately
since the bandgap increases till a critical annealing temperature from which afterwards is
guenched with further annealing treatments at higher temperatures. The matrix relaxation
solely cannot account for such behavior nor the H, effusion from the matrix since the

behavior is also reported in the non-hydrogenated case. The Urbach focus energy E is
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found by the different linear relations presented. However, not all the linear relations are
met by the three materials. The bandgap of a-SiC:H increased with the amount of diluted
hydrogen, suggesting the effective passivation of dangling bonds and therefore the
widening of the band edges reflected in the increase of the Urbach focus energy Er. The
latter behavior can be understood by taking into account the shrinking of the average
lattice constant due to the passivation of the dangling bonds by hydrogen atoms which

occupy a smaller volume [Bul87].

The approach to explain the quenching of the bandgap of a-SiC:H turned differently to
what is typically found in the literature [Zha92, Kal94, CuiOl]. First the behavior
observed in Er,,. and Ey, Vversus the annealing temperature is attributed to the behavior
of the Urbach energy. While the increase of the bandgap with the annealing temperature
is mainly due to the matrix relaxation, disorder reduction and hence the reduction of
electronic band tails states, the decrease of the bandgap (increase of the Urbach energy)
cannot be only due to the hydrogen effusion but probably also related to the formation of
crystalline clusters in the matrix with the thermal annealing treatments [Lee00, Kit0O0,
Raj03]. In fact TEM and electron diffraction revealed that up to 600°C annealing
temperature the SiC:H matrix is predominantly amorphous, while after 1000°C annealing
temperature it becomes a polycrystalline structure embedded in an amorphous matrix (see
figure 5.1.13). Furthermore, the formation of C-C and Si-Si clusters is also a common in
these disordered systems therefore influencing the bandgap. As reported already by Vasin
an increase of C-C clusters with the annealing treatment could be a precursor of the
bandgap quenching [Vasll]. This latter effect has also been reported and characterized
by Bullot [Bul87].
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Figure 5.1.13. TEM images and electron diffraction patterns of a-SiC:H annealed at 600°C (a) and
1000°C (b). After 600°C the samples are still amorphous, whilst after 1000°C a polycrystalline structure
embedded in an amorphous matrix is observed.

The Urbach focus and the Orapunt & O’Leary analysis

As we have already reviewed and discussed in section 3.1, the optical absorption of an
amorphous material shows a near universal exponential energy dependence in the vicinity
of the bandgap energy, known as Urbach tail. The current agreement is that this region is
a measure of the shape of the electronic density of states near the band edge and the
nature of this broadening is closely related to the disorder of the material (see section 3.1)
[Str91, Ada04, Mor99]. The simple an empirical Urbach rule (equation. 3.1.14, here
renumbered as equation 5.1.4) describes very well this region.

E—EF>

2 (5.1.4)

a,(E) = apexp<

Here E, is the Urbach energy, ar and Er are both constants which will denote the
Urbach focus coordinate (Er, ar). The Urbach focus has been observed in several
amorphous materials already. In this work, the Urbach focus is reported in the three
materials under study SiC:Hy, AIN, SiN. In order to test the existence of the Urbach
focus, in other words: to prove that the Urbach focus existence is not biased by the
Urbach rule itself, we will follow up with the analysis proposed by Orapunt and O’Leary
[Ora04]. Furthermore, we will extend this analysis introducing also the equation 3.1.24
obtained previously in section 3.1, which predicts the non-existence of the Urbach focus,
but of another constant with a lower energy value [Guel3m, Guel6].
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In order to find the Urbach focus (Eg, ar), a global linear fit of the equation 5.1.4 in
logarithm scale is performed using various absorption coefficients of the same material at
different temperatures or treated at different annealing temperatures so as to vary the
electronic band tails. In this fit the parameters Ep and a are shared while E,, is left
independent. Notwithstanding, sharing the parameters (Ep,ar) may introduce a
numerical bias. For instance, three parallel lines can be easily fitted to 3 lines pivoted in a
common point and predict a fictive focus [Guel3m]. Therefore, to avoid the above
mentioned problem in this analysis, linear independent fits per absorption coefficient
spectrum are performed. The Urbach slope f = 1/E, and the intercept log(tp,;), are
calculated for each absorption coefficient independently using the equation 5.1.5, thus

avoiding any enforcing of the Urbach focus.

log(aﬂ) = log(lp[;) + BE (5.1.5)

log(yp) = log(ar) — BEF (5.1.6)
Subsequently, the Urbach focus can be recovered from the linear relation between the
intercept lOg(l/}[;) and Urbach slope . In order words, if and only if the Urbach focus
exists, the linear relation in equation 5.1.6 must hold. This asseveration is valid as long as
the Urbach rule is valid. That is, it is possible to isolate an exponential region of the

absorption coefficient.

In summary, the simple analysis proposed by Orapunt and O’Leary lead to a
straightforward calculation of the Urbach focus trough a linear fit of log(lpﬁ) versus f3.
The Urbach focus is then obtained directly from the slope and intercept of the equation
5.1.6. Although in the original paper the fits are actually performed without taking the
logarithm of the Urbach rule (linear scale), the results do not vary dramatically. Now let
us introduce the equation 3.1.24 here renumbered as 5.1.7 for the Urbach tail region only.
This equation is a semi-empirical result (see section 3.1). It is an extension of the
calculation of the fundamental absorption of amorphous materials obtained after

averaging the thermal fluctuations in the electronic density of states and then relaxing the
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conservation of the wave vector k. While this equation does not predict an Urbach focus

it does predict the disorder independent constants E, and «.

T E2 E —E,
aQ=——a0exp( G )
u

T (5.1.7)

In order to perform the same previous analysis, independent fits of the absorption
coefficient in the Urbach region are performed using the equation 5.1.8 which is the

logarithm of equation 5.1.7. In this case we write log(l/)ﬁ) = log(a,) — BE,. Note, that

the independent fits to acquire lOg(l[Jﬁ) and g are not truly linear.

log(ag) = log(yp) + BE — 2log(B) — log (gE) (5.1.8)

After the fitting, again if the linear relation between log(yg) and g holds, it is thus likely

that the constants E, and «, exist within the error of the fit of the equation 5.1.9.
log(p) = log(ay) — BE, (5.1.9)

In this way, we have shown that the Orapunt and O’Leary analysis can be applied to both
the Urbach rule and the extended Urbach rule proposed before. The former predicting the
disorder independent Urbach focus, while the latter predicts no Urbach focus but the

constants E, and «,.

Now, before continuing on performing the Orapunt and O’Leary analysis on the materials
under study, lets first apply it to the case of a-Si:H, reproducing the previous results of
Orapunt and O’Leary [Ora04]. We take the data of the absorption coefficient of a-Si:H at
several different annealing temperatures and for various temperatures published by Cody
[Cod81]. The global fits are performed minimizing the total Chi square

)(Z(ﬁl, s B aF/O,EF/O) defined as the sum of the Chi square of each absorption curve

i )(2(.31'; ar/o0 EF/O)-

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




Global fit Independent fits

164 L o 898K
________________________ o 873K
14l : |~ 848K
4 v 823K|T

798 K

124 , / i

log(a)

10+ i

a)

14 16 18 20 22 14 16 18 20 22
Photon Energy (eV)

Figure 5.1.14. Optical absorption edge of a-Si:H measured at a couple sample temperatures T,,, and
measured at room temperature after several annealing temperatures T,. Global fit (a) and independent fits
(b) using the equation 5.1.5. In the former case (a), the parameters Er and ay are shared and distinct
slopes B are retrieved for each absorption coefficient. Whilst in the in independent fits case (b) the Urbach

slope 8 and the intercept log( ) are obtained per each absorption coefficient curve.
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Figure 5.1.15. Optical absorption edge of a-Si:H measured at a couple sample temperatures T,,, and
measured at room temperature after several annealing temperatures T,. Global fit (a) and independent fits
(b) using the equation 5.1.8. In the former case (a), the parameters E, and «, are shared and distinct slopes
B are retrieved for each absorption coefficient. Whilst in the in independent fits case (b) the Urbach slope

B and the intercept log( ) are obtained per each absorption coefficient curve.
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Figure 5.1.16. Intercept log(lpﬁ) versus the Urbach slope g for both the Urbach rule and the extended

Urbach rule of the absorption coefficient of a-Si:H after different annealing temperatures (open symbols)

and for various temperatures (filled symbols).

Table 5.1.1: Urbach focus (Ep, ap) and (E,, a,) for a-Si:H obtained through a global fit and the

independent fits of the Urbach region in the absorption coefficient.

a-Si:H Global fit Independent fits
log(ar) 15.12 £ 0.40 14.21 £ 0.86
Urbach rule
Er 2.28 £ 0.03 eV 221+ 0.06eV
log(a,) 19.69 + 0.43 18.66 + 0.83

Extended Urbach rule
E, 2.15+ 0.03 eV 2.08 + 0.06 eV

The global and independent fits are depicted in the figures 5.1.13 and 5.1.14 for the
Urbach rule and the extended Urbach rule, respectively in logarithm scale. The resulting
fitted curves are pretty similar in both cases. Two main features are observed. First,
whilst the global fit shows a convergence point, no convergence point (no focus) is
noticeable in the independent fits. Second, even when the extended Urbach rule does not
predict an Urbach focus, the global fit shows that the curves seem to converge in a single
point or small region (see figure 5.2.15.a). Subsequently, the plots of the intercept

log(zpﬁ) versus the Urbach slope S are presented in the figure 5.1.16 for both the Urbach

rule and the extended Urbach rule. Notice the good linear relation in both cases

= < ' . X
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predicting the not biased constants E, and Er. The recovered Urbach focus (Eg, ar) and

the constants (Ey, ay) are summarized in the table 5.1.1.

We have reproduced the results of Orapunt and O’Leary [Ora04] using the Urbach slope
instead of the Urbach energy in order to obtain a simple linear fit. The analysis concludes
that the Urbach focus of a-Si:H does exist and is not biased by the Urbach rule itself.
Nevertheless, we have also performed the same analysis using the extended Urbach rule,
which does not predict the Urbach focus mathematically, resulting also in a good
agreement with the existence of the constants E, and «. It is important to remark that the
linear fits depicted in figure 5.1.16 actually predict an Urbach focus within a small region
defined by the confidence of the fitting procedure. Therefore the extended Urbach rule
allows the existence of the Urbach focus defined in such way. Before driving any further

conclusions let us apply the same analysis on the materials studied here.
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Figure 5.1.17. Global fit (a), linear independent fits (b) and linear relation between the intercept log(s)

versus the Urbach slope g (c) of the a-SiN thin film after various annealing temperatures. The colored

regions are the ones used for the fit.

Table 5.1.2: Urbach focus (Er, ap) and (E,, a,) obtained through a global fit and the independent fits of

the Urbach region in the absorption coefficient of a-SiN.

a-SiN Global fit Independent fits
log(ar) 11.97 + 0.06 12.01 + 0.60
Urbach rule
Erp 6.07 + 0.02 eV 6.08 + 0.28 eV
log(a,) 14.03 £+ 0.06 14.22 4+ 0.69

Extended Urbach rule
E, 5.33 +0.02 eV 5.40 + 0.29 eV
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Figure 5.1.18. Global fit (a), linear independent fits (b) and linear relation between the intercept log(z,bﬁ)

versus the Urbach slope 8 (c) of the a-AIN thin film after various annealing temperatures. The colored

regions are the ones used for the fit.

Table 5.1.3: Urbach focus (Er, ap) and (E,, a,) obtained through a global fit and the independent fits of

the Urbach region in the absorption coefficient of a-AlN.

a-AIN Global fit Independent fits
log(ay) 10.94 + 0.02 10.87 £+ 0.08
Urbach rule
Erp 6.01 £ 0.01eV 5.97 £ 0.06 eV
log(a,) 12.03 + 0.02 11.92 + 0.09

Extended Urbach rule
E, 484+ 0.01 eV 4,77 + 0.06 eV
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Figure 5.1.19. Global fit (a), linear independent fits (b) and linear relation between the intercept log(zpﬁ)
versus the Urbach slope g of a-SiC thin film after various annealing temperatures. The colored regions are

the ones used for the fit.
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Figure 5.1.20. Global fit (a), linear independent fits (b) and linear relation between the intercept log(zpﬁ)

versus the Urbach slope g of the a-SiC:H thin film grown with 5 sccm H, during the deposition process

after various annealing temperatures. The colored regions are the ones used for the fit.
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Figure 5.1.21. Global fit (a), linear independent fits (b) and linear relation between the intercept log(s)

versus the Urbach slope S of the a-SiC:H thin film grown with 15 sccm H, during the deposition process

after various annealing temperatures. The colored regions are the ones used for the fit.

Figures 5.1.17 and 5.1.18 depict the aforementioned analysis using the Urbach rule and
the extended Urbach rule, for the a-SiN and a-AlIN thin films, respectively. The results
from the global an independent fits are listed in the tables 5.1.2 and 5.1.3 for these two

materials. The analysis of a-SiC:Hy was performed for the 0 sccm, 5 sccm and 15 sccm

hydrogen flux cases. This analysis is depicted in the figures 5.1.19, 5.1.20 and 5.1.21 and

the results from the global and independent fits are listed in the table 5.1.4 for each case.
Since the fits using the Urbach rule and the extended Urbach rule look very alike only the
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former case is plotted. The linear relation between the intercept ¥z and the Urbach slope

B is plotted for both models.
Table 5.1.4: Urbach focus (Ep, ar) and (E,, a,) for a-SiC:H, obtained through a global fit and the

independent fits of the Urbach region of the absorption coefficient. The light grayed cells highlight the

increase of E, with the hydrogen incorporation.
Independent fits

. Global fit
a-SiC:H,
H, flux 0 sccm 5 sccm 15 sccm 0 sccm 5sccm 15 sccm
10.48 10.89 10.43 10.55 10.08 10.38
log(ar)
Urbach + 0.02 + 0.05 + 0.01 +1.17 + 0.47 + 0.27
rule £ 3.15 3.52 3.49 3.09 3.06 3.45
F +0.01eV +0.02eV +0.01eV +057eV +026eV +0.12eV
11.72 12.34 11.83 11.05 10.88 11.02
Ext. log(a,)
+ 0.04 + 0.02 + 0.02 + 1.54 + 0.65 +0.32
Urbach
2.33 2.75 2.73 1.98 2.09 2.35
rule E,
+0.01leV +0.02eV +£0.01eV +£062eV +0.29eV =+ 0.16eV

As observed from the above results, the E, energy value is fundamentally smaller than
the Urbach focus energy coordinate Er as expected after a close inspection of both
models. In the case of a-SiN and a-AlN, the parameters (Eg, @) and (E,, ay) don’t vary

considerably when retrieving them either by using the global fit or the independent fits.
On the other hand, in the particular case of a-SiC:Hy notice that hydrogen incorporation

has a measureable effect on these parameters. For instance the hydrogen incorporation
increases the energy of E,, see table 5.1.4. This effect accounts for the increase of the
optical bandgap calculated previously as depicted in the figure 5.1.6. Furthermore, the
fact that E, increases with the hydrogen incorporation strongly suggests the increase of
the valence and conduction mobility edges separation. Such increase is a consequence of

the passivation of localized states by hydrogen, resulting in a reduction of their
occupation volume and has no effect on the Urbach tails as typically stated for this

material [Zha92, Mag98, Kim02]. This behavior was treated in the previous section.

In summary, both equations the Urbach rule and the extended Urbach rule following the
previous analysis predict equally the constant pairs (Er, ar) and (E, a,) for the
materials presented here without any biasing from the formulas. A plausible explanation

<
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of this result is that the extended Urbach rule can be reduced to the Urbach rule always
and only if there is a low dispersion of the Urbach slope and thus the Urbach focus region
becomes sufficient small. The latter condition is found in most of the cases here shown.
Therefore, the Urbach focus can be interpreted also as a small region and not necessarily
a true constant [Guel3m]. Furthermore, there is actually still no agreement on the
meaning of the Urbach focus [Cod05, Guel6]. Nevertheless, it is well accepted that the
fundamental absorption and absorption edge contain information regarding the energy
separation of the band-edges and the disorder driven band shrinking reflected in the
Urbach tails, respectively [Mor99, Str91, AdaO4]. Here, the extended Urbach rule
provides direct information concerning the band-edges behavior not only through the
Urbach energy 1/ but also through the band-edges gap E,. For instance, in the case of
a-SiC:Hy and increase of E, is measured due to the hydrogen dilution. This effect is also
reflected in the Urbach focus. Finally, independent fits using the DiLog model provide
information of the behavior of the parameters «,, E,, B versus annealing temperature as
it was shown for the case of a-SiC:Hy, showing that even when the pair (E,, @) are
independent of the Urbach energy they are subjected to a thermal-induced modification
[Guel6].

5.2 Th* doped SiN, AIN and SiC:H light emission properties

The present work studies systematically the optical properties and light emission features
of Tb doped SiN, AIN and SiC thin films. The main objective is to correlate the effect of
thermal annealing treatments on the optical properties and light emission features when
doped with Th. In the following sections we will review the emission of the Th doped
amorphous SiN, AIN and SiC:H layers at room temperature under band-to-band electron
excitation (10 kV) and sub-bandgap photon excitation (488 nm). In order to assess the
different excitation pathways involved PLE spectroscopy measurements were performed
in the AIN:Tb and SiC:H:Tb samples. Then a systematic analysis of the concentration
quenching effect of Tb doped poly-crystalline AIN and SiC:H is presented. In the
subsequent section the optical activation of the Tb ions upon isochronical thermal
annealing treatments is presented and contrasted with the bandgap and Urbach energy

evolution of the host matrix upon similar treatments. Such activation is also evaluated for
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different concentrations. A systematic study of the thermal activation and its effect on the
shape of the concentration quenching curves is reported for the case of the Tb doped
amorphous SiC:H thin films. Finally in the last section, temperature dependent PL and
CL measurements are presented in order to shed some light on the excitation mechanisms

involved in the Th®" excitation.

The emission
- . 3+
The emission of Tb™ doped 404 =0
amorphous wide bandgap 5 [ 45
H, . ‘0 :
semiconductors like SiN, AIN, SiC, < G, *Ly- ' 5" Lo
£ sg Y AN .
GaN has been studied by different »2 b 5._1::\:—/- sDz (35
- b= _D >
excitation means [Lu02, Nyk06, i Gy * |so %
[22]
Wei06, Ada07, Zan07, Zan12]. & 204 D, |25 8
w L
Features of the emission spectra, -2.0
e.g. relative intensity of the 10 -1.5
emission lines and crystal field : -1.0
splitting vary depending on the = i F, OS5
0 ¢ L0.0

chemical and structural properties

Figure 5.2.1. Electronic transitions typically observed in
of the host, temperature and o | itions typically observed i

o Tb* doped materials. The thickness of the arrows
excitation means.

corresponds to typical relative transition rate.
Figure 5.2.1 depicts the energy levels configuration of Th*" and their typical observed
emission transitions. The arrows thicknesses account for the relative intensities observed
in the materials here studied. The °D, to Fs transition is the most intense line, as
observed in figure 5.2.2. The RE related relative intensity between the different
transitions is host and excitation source dependent [Lu02, Nyk06, Wei06, Ada07, Jam11,
Benl2, Guel3, Guel5]. For instance, in some cases even a blue emission corresponding
to the second excited level decay °Ds — F456 is observed with an intensity comparable
or even greater than the green emission corresponding to the first excited state decay °D.
— "F456 Upon impact excitation [Ada07, Loz07, Ben12]. Such blue emission may not be

observed even upon photon excitation in the same sample [Benl2, Guel3q]. These
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features for instance make the study of the optical emission properties of Th doped

amorphous wide bandgap semiconductors a difficult task.

CL, 10 keV i PL, 2 488 nm '

CL Intensity (a.u.)
o7 O
(3,
r E-N ~
C )
>
<
-
b-w
PL Intensity (a.u.)

JM SiC:H:Tb**

350 400 450 500 550 600 650 700 750 450 500 550 600 650 700 750
Wavelength (nm)

Figure 5.2.2. PL spectra (right) excited upon an Ar laser (488 nm) and CL spectra (left) excited by an
electron beam of a SEM (energy 10 keV and current 10 nA) of Tb*" doped SiN, AIN and SiC:H. The
measurements were performed at room temperature and after an annealing treatment for 15 min at 900°C

in an argon atmosphere.

The recorded spectra of the Tb doped SiN, AIN and SiC:H films exhibit quite similar
emission features, see figure 5.2.2. A closer look of the main electronic transition peak
(°D4 to "Fs) reveals a crystal field origin splitting of about 30 meV for the three materials.
This splitting becomes more evident at low temperatures since the peaks become sharper
due to the freeze out of phonons, see figure 5.2.3. The evolution of the emission and the
splitting under different temperatures will be presented in the last subsection of this
chapter. In figure 5.2.3 and example of the resolved splitting is shown for the main

transition peak in the case of the SiN and AIN samples upon electron excitation.
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Figure 5.2.3 °D, to 'F5 emission line of Tb doped AIN (a) and SiN (b) at 100 Kelvin upon electron
excitation. The crystal field splitting intensities exhibit different features for different hosts and
temperatures. The peak-widths are lower than 0.08 meV and 1.45 meV in the AIN and SiN samples,

respectively.

It can be noted from figure 5.2.2 that upon photon excitation a background emission
corresponding to the host matrix is recorded in the SiN and AIN samples with an
exception of the SiC:H layers. This background emission is usually attributed to the
radiative recombination of electron hole pairs in electronic defects different from the RE.
The excitation energy in this case is below the bandgap energy value (1,,. = 488 nm,
E, = 2.54 eV), so we may actually exciting electronic defects directly. On the other hand,
no background emission is recorded upon the electron excitation case (CL), suggesting
that a more efficient excitation path takes place. Furthermore, the PL of Tb doped
hydrogenated SiC does not exhibit any background emission upon photon excitation even
though SiC has a lower bandgap than SiN and AIN. Figure 5.2.4 depicts the PL-spectra of
a-SiC, a-SiC:H and a-SiC:H:Tb*" samples annealed at 800°C. As it was reviewed in the
last section, the hydrogen dilution on SiC effectively passivates dangling bonds with the
additional consequence of the bandgap increase by widening the mobility edges energy
separation. Therefore, the 488 nm photons (~2.53 eV) have a higher chance to excite
electrons in the bandtails of SiC than of SiC:H. In other words, the a-SiC:H seems to be

transparent to the 488 nm photons in comparison to the undiluted a-SiC.
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mechanisms have been reviewed [FOr59, Figure 5.2.4. PL spectra of Tb doped and undoped
Fuh97, Jan03, Chel0, Zan12]. Nonetheless, amorphous SiC:H and a reference SiC thin films
the fact that there is a host matrix emission ~annealed at 800°C.

directly below the transition lines of the Th®" ions, strongly suggest the possibility of a
defect related energy transfer pathway between the Th ions and electronic defects [Jan03,
Nyk06]. Moreover, it is also well accepted that the excitation with 488 nm photons of an
Ar-ion laser can excite the Tb ions directly by the resonant excitation of the ground state
"F¢ to the first excited level °D,. Therefore if an energy transfer pathway between the Th
ions and electronic defects exists, a back transfer process is also possible [Jan03, Chel0,
Zanl2, Guel3, Guel5]. This behavior, as we will see in the last section, can be monitored

by the effect of the sample temperature on the RE light emission intensity.

So far, from the shown spectra, some questions arise. First, what suppresses the radiative
electronic recombination in a defect and/or increases the probability of a radiative
electronic transition in the REs, therefore not exhibiting a background emission with an
intensity comparable to the RE as already reported for example in Er** doped a-SiO,:H
[Jan03]?. Second, why then the Th doped amorphous SiC:H samples do not show any
background even when the SiC:H has a lower bandgap than AIN and SiN?. And last, if
there is an energy transfer pathway between electronic defects and the Tb ions, why there
is no background emission in the CL spectra?. A glance to the answer of the first question

will be given in the last section through temperature dependent measurements analysis.
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Concerning the second one, the fact that the hydrogen passivates defects seems to be a
sufficient explanation, however a systematic characterization and understanding of the
relation between the emission intensity and host defect density is still necessary. For the
last question, the overall behavior surely is the result of an overlap of different excitation
mechanisms, which may compete depending on the excitation and host properties. Before
driving any further discussion we first shortly recall the different excitation processes for

RE doped materials.

The excitation of RE ions can be generally divided in two categories, direct and indirect
excitation mechanisms. The direct excitation process occurs with the selective excitation
of 4f" electrons in the core of the RE. This excitation can be resonant, by photons with an
energy matching an allowed electronic transition of the RE or by the direct collision with
hot electrons, e.g. CL and EL. On the other hand, the indirect excitation process occurs
by the energy transfer from host mediated centers to the 4f" electrons. Several non-
resonant processes can take place in which the host is excited first. These indirect
mechanisms involve the energy transfer of the recombination energy of electron-hole
pairs to nearby RE ions. For instance, the excitation of an electronic defect in which the
recombination occurs and then the energy is transferred to the RE is not an uncommon
process. In the latter case, a defect related Auger effect (DRAE) may well play a key role
in some RE doped amorphous semiconductors [Fuhs97]. In general, because of the
excess of positive charge, trivalent RE ions (as donors) form with acceptors donor-
acceptor pairs (DAP) or larger complexes. Under excitation, an electron is transferred
from and orbital localized on the acceptor to an orbital on the RE ion. Afterwards, the
DAP recombines transferring the energy to the RE ion [Bral0]. This excitation scheme is
the most efficient non-radiative indirect excitation mechanism. The recombination rate
and the energy transfer efficiency of the DAP depend on the spatial proximity between
the RE and the acceptor and the spectral overlap between the DAP and the RE absorption

spectra.
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Other indirect non-radiative RE excitation

paths are possible. These involve the
*RE> CTS

energy transfer of the electron-hole RE*+h

recombination to the RE as bound excitons

Energy —»
I

(BE). Additionally, free carriers can be
trapped by the RE or a nearby defect and

recombine without the previous formation

LMCT e

of an exciton. The RE excitation mediated

. . . RE™+ e’
by BEs is an extensively discussed v

excitation mechanism in several RE doped Configurational coordinate —-

semiconductors [Loz07, BralO]. REs can Figure 5.2.5. Configuration coordinate diagram of
the excitation by LMCT and CTS. After
excitation, an electron from the valence band is
promoted into the CTS by a LMCT process. Then

also be excited by a ligand-to-metal charge
transfer (LMCT) changing for a moment
the valance state of the RE [Dor03]. The a crossover of the CTS with an excited state of the
LMCT transition can be described as the  RE3+ takes place leading to the subsequent decay.

promotion of an electron from the valence

band to a RE ion changing its valence state RE3* to RE?* + h. Even though the hole is
delocalized over the ligand, is also bound to the RE?* core forming a charge transfer state
(CTS). If the CTS is close in energy to the 4f energy levels of the RE3* an intersystem
crossing to the 4f states will happen being followed by the 4f — 4f emission, see figure
5.2.5. However, in order to this process to be efficient, the excited state of the RE3* ion
has to lie below the RE?* + h CTS. Unfortunately, in the case of AIN, GaN and other
wide bandgap semiconductors the Tb divalent ground states lie within the conduction
band (resonant state), and thus the CTS is not stable since the electron will promptly
autoionize in the conduction band [Dor08]. A summary of these distinct excitation

mechanisms can be found in [Bral0].
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Figure 5.2.6. Possible excitation processes. Left: band to band excitation and generation of electron-hole
pairs (I). Thermalization of the charge carriers which end up in the band tails edge (I1). An electron from
the conduction band-tail is captured by a neutral dangling bond (D°) and transfers its energy to the RESI
(1). Excitation of the RESI by the recombination of an electron-hole pair in deep localized band tail
states (IV). Energy back transfer process from the RESI to the host matrix (V). Right: resonant direct
excitation of the 'F to the °D, energy level via an Ar-ion laser, or of the 'Fg to the D5 as shown in the
PLE spectra of figure 5.2.7. The energy levels depicted here are just a schematic representation. For

energy values of these levels please see figure 5.2.1.

As we already discussed in the present work we performed sub-bandgap excitation by
using photons with 488 nm wavelength of an Ar-ion laser. The band-to-band excitation
was performed by an electron beam with 10keV electrons. While the former excitation
source can excite electrons from the 'Fg level to the °Dy level directly as depicted in the
right scale of the figure 5.2.6, the latter excites band-to-band electrons leading to several
possible events before the excitation of the RE. The left diagram of figure 5.2.6 depicts
these events excluding the direct impact excitation with hot electrons. (I) First, an
electron hole pair is formed by the matrix excitation with energy above the necessary
threshold to produce the electronic transition. (I11) Second, he charge carriers thermalize
and lose energy by a cascade of multi-phonon process ending up in the band-tails states.
(1) Then it is possible that an electron from the conduction band tail is trapped by a

neutral dangling bond and then transfers its energy to the RESI through a DRAE [Jan03,
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Tesis publicada con autorizacion del autor 2 %
No olvide citar esta tesis



Fuh97]. (IV) Another possibility is that the RE is excited by a dipole mediated resonant
energy transfer after the recombination of an electron-hole pair in deep localized band tail
states [Jan03, Guel5]. (V) Finally, after the RE excitation, there exist the possibility of an
energy back transfer process, which increases the probability of a non-radiative

recombination.
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Figure 5.2.7. PLE spectra of Tb doped polycrystalline SiC:H and AIN annealed at 1000°C,
Jemi = 545 nm (2). Normalized PL under 250 nm excitation wavelength of the same aforementioned
samples (b). Comparable CL at 20 keV excitation energy, 10 nA and 50 nA beam currents for the SiC:H

and AIN cases, respectively (c). The distinct Tb related transitions are denoted by the numbers in colors.

In order to have a glance of the possible defect related energy transfer pathways, photo
luminescence excitation spectra (PLE) measurements were performed on Tb doped
amorphous SiC:H and polycrystalline AIN annealed at 1000°C with about 1 at.% of Th.
Notice that at these annealing temperatures TEM reveals a polycrystalline/amorphous
structure in the SiC:H samples (see figure 5.1.13). Figure 5.2.7 depicts the PLE spectra
along with the PL and CL spectra of the same samples. Different features are summarized

below:

i. The °Dy4 to Fg transition is stronger than the D4 to ‘Fs in the PL spectrum of
AIN:Tb (Lexc = 250 nm). This is not the case upon electron excitation of the same

sample, see figure 5.2.7.
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ii. The 'Fs to °Dy direct excitation of the Th ions is observed as a small peak at
around 488 nm for both samples in the PLE spectrum, see the inset graph of figure
5.2.7. This direct selective excitation seems to be much stronger in the SiC:H case
than the AIN one.

iii. The SiC:H sample exhibits the 'Fg to D5 direct excitation at around 376.5 nm
(~3.29 eV) in the PLE spectrum just below the bandgap ~3.33 eV. Whilst the PLE
spectrum corresponding to the AIN sample shows just a small shoulder at this
wavelength region.

iv. The direct excitation of the °Ly, °Dy10 and °Hs levels are noted in the PLE
spectrum of the SiC:H layer and not present in the AIN one. This result reveals the
effective excitation of the Tb ions in the SiC:H in contrast to the AIN host.

v. The AIN sample exhibits two dominant peaks in the PLE spectrum. These are
observed at 306.1 nm (~4.05 eV) and 260.1 nm (~4.76 eV). Lozykowsky reported
the PLE of AIN:Tb monitoring at A,,;s = 491 nm (°D4 to 'Fg transition) [Loz07],

exhibiting the same peaks in agreement with the present result.

Concerning the first feature (i), these relative intensities are typically observed in
crystalline and polycrystalline annealed Th doped AIN upon sub-bangap photo excitation
[Lu02, Ada07, Loz07, Benl3] but not in amorphous annealed Tb doped AIN upon the
same excitation means [Men06, Wei06, Guel5]. Lozykowsky suggested that this feature
may support the exciton mediated energy transfer to the Th ions [Loz07]. However, under
sub-bandgap excitation Tb doped AIN exhibits typically a host related background

emission, supporting the lack of an effective energy transfer from the host to the Th ions.

The direct photon resonant excitation of the ‘Fs — °D, transition with 488 nm photons
has actually a very low cross section. Therefore, the light emission efficiency concerning
solely this mechanism should be very low. This is observed for instance in the AIN case
by the fact that the resonant direct excitation is barely noticeable. In contrast to these
observations, SiC:H PLE exhibits the energy corresponding to the °Da3z210, "Lio, *H76
Tb* levels, see features (ii), (iii) and (iv). The latter observation suggests that possibly

the excitation of the SiC host reaches the Tb ions in some other way (since the direct
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excitation in the AIN host is not appreciable), perhaps through other electronic defects
and not only the resonant direct excitation of the Tb ions. As we will see in the last

section this result is supported by temperature dependent measurements.

Regarding the last feature (v), these two peaks have been also reported by Lozykowski et
al [Loz07] in Th doped AIN. Lozykowski argues that these two broad peaks are the result
of the creation of bound excitons to different RESI trap clusters. However, these peaks
can also be explained by the direct excitation of electronic defects and the subsequent
energy transfer to the Tb ions. For instance, these defects could be the aluminum vacancy
with one oxygen attached at ~4 eV (Aly — 0) [Bas09] and oxygen-vacancy complexes in
the range of 4.0 to 4.9 eV (Aly + Oy) [Bic10]. The peak around 4.8 eV is also present in
the PLE spectra of AIN doped with Pr¥*, Eu** and Tm*" supporting the host nature of this
electronic defect [Loz07].

In summary, the fact that even after the direct excitation of the second excited level D3 in
the Tb doped SiC:H case, see figure 5.2.7, no comparable emission from the °Ds level but
from the D, is observed, strongly supports the possibility of a non-radiative transition or
energy migration from the °D; to the °Dy levels. The energy difference between these
energy levels is about 0.75 eV and therefore a multi-phonon process is incapable to
explain the observed efficiency. A cross-relaxation between two nearby Tb ions is
another possible energy down-conversion mechanism. As depicted in figure 5.2.8, the
close energy match between the °D; — °D, and ’F, —» ’F, makes this process highly
effective. This would explain why the D, related emission lines are considerably more
intense than the °D, related ones after exciting with sufficient energy. Additionally, in
contrast to the SiC:H case, polycrystalline Tb doped AIN doesn’t exhibit a strong
resonant excitation of the 'Fg to °Ds energy levels nor the 'Fg to °D, direct excitation in
the PLE spectrum. The latter behavior could be attributed to the energy back transfer to
deep localized band tail states with a subsequent non-radiative recombination or even
simply the lack of host mediated centers that could effectively transfer the energy to the
Tb ions. Finally, it is well accepted that at these concentrations the interaction between

Tb ions is possible, see figure 5.2.8. The probability of non-radiative transitions after the
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direct excitation of the °D3 or °D, levels can be enhanced by the energy migration from
ion to ion. The host excitation and the subsequent energy transfer to the Tb ions is still

efficient enough to produce the observed emission lines in SiC:H.
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Figure 5.2.8. Cross relaxation process involving two nearby Th®" ions. An electron in the second excited
level °D; drops to the first excited energy level °D,. The energy of such transition is transferred non-
radiatively to a nearby Th*" ion promoting an electron to the 'F, level (I). The excited electron in the 'F
level will decay non-radiatively (11). While the electron in the °D, level will continue with the process

decaying to one of the 'F; levels radiatively or transferring its energy to another RE or to the host matrix

().

Concentration quenching

As we already reviewed in the last section, the ion interactions are a possibility even at
atomic concentrations about 1%. The probability of these interactions to happen is
proportional to the RE concentration (inverse to the RE interdistance) in the host matrix.
Furthermore, RE ions can create pairs and higher clusters. These clusters can be formed
between RE ions and other impurities, e.g. oxygen or transition metals [Jan03, Loz07]
and they occur more frequently than predicted by a statistical model [Loz07]. The
concentration quenching of the light emission of RE doped materials is a result of the
tendency of REs to interact with each other. While the light emission quenching by the
concentration is well accepted, there are only few characterizations of this process under

different excitation sources. Recently, S. Chen et al proposed a suppression of the

= < ' . X
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concentration quenching effect in Er doped GaN through CL upon a high excitation

power density [Chel0].

In the following section, we report the behavior of the CL and PL spectra of Th doped
SiC:H and AIN thin films under different Tb concentrations. The Terbium concentration
was measured through two complementary techniques. In the case of the AIN:Tb films,
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) which detects
only the metal elements, and X-ray Photoelectron Spectroscopy (XPS) that renders the
concentration of all constituents, were performed?®. In the case of the Terbium doped
SiC:H samples, Fourier Transform Infrared Spectroscopy (FTIR) was used. This
technique allows the calibration of the integrated area of the Si-C and Si-C:H, vibrational
modes with various XPS measurements. The PL spectra of the AIN samples in this
section were measured using 250 nm excitation wavelength from a monochromatized
Xenon lamp. The PL spectra of the SiC:H samples were taken under 488 nm excitation
from an argon laser. All the signals were measured in a reflection setup. More details can
be found in Chapter 4 and [Ben13].

Figures 5.2.9 and 5.2.10 depict the normalized integrated PL and CL intensities,
respectively of the Th®* doped SiC:H and AIN samples annealed at 1000°C versus
different doping concentrations. The calculation of the Tb ions mean distance from the
atomic percentage concentration can be found in the appendix A.4. Two regions can be
identified in these figures. First, the light emission intensity in the low concentration
region increases linearly with the Th amount. As we will see in the next section, the slope
of this linear growth varies with the RE activation degree. Second, the light emission in
the high concentration region shows an exponential decay. This decay is attributed to the
increased probability of a non-radiative electronic transition due to the interaction
between the Tb ions. This interaction becomes stronger when the mean ion inter distance
is reduced. The energy transfer probability can be described by an electrostatic dipole-
dipole interaction, i.e. Forster’s approach [FOr46]. Dexter generalized the theory to

higher-order interactions, including a quantum mechanical exchange interaction [Dex53].

? These measurements were performed by the group of Prof. H. P. Strunk of the University of Stutgart in 2012
[Ben13, Guel3].

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




Normalized Integrated Intensity

PL

-
o
1
T

o
©o
1
T

g
(<2}
1
T

o
H
1
T

o
N
1
T

o
=}

4 Th
no - - SiC:H:Tb
[T - & -AIN:Tb
! \
N
1 Ij\ \
s '
LA ‘'O
l? ) D\\\
5 2 \
[m] \ '
A \
A \

A
oy oy

i

-1.0

-0.8

- 0.6

-0.4

0.2

0.0

o

2 4 6 8
Concentration n, (atm. %)

Mean distance r (nm)

10 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70

Figure 5.2.9. Normalized integrated PL intensity of the °D, to 'Fg emission line of Th doped SiC:H and

AIN thin films versus different doping concentrations (left) and Tb ions mean inter-distance (right).
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Figure 5.2.10. Normalized integrated CL intensity of the °D, to 'Fs emission line of Th doped SiC:H and

AIN thin films versus different doping concentrations (left) and Tb ions mean inter-distance (right).

The maximum observed intensity is shifted to lower concentrations upon electron
excitation for both Th doped AIN and SiC:H samples. From about 3% down to ~1.2% in
the SiC:H samples and from ~1.5% to 1% in the AIN samples. The exponential decay
rate (x,) is faster upon electron excitation than upon photon excitation for the SiC:H
samples while is slightly slower upon electron excitation than photon excitation in the
AIN case (see figure 5.2.11 and table 5.2.1).
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Figure 5.2.11. Normalized integrated CL and PL intensities of Th doped SiC:H annealed at 1050°C (a).
Normalized integrated CL and PL intensities of Tb doped AIN annealed at 1000°C (b). Dashed lines are

simple exponential decay fits with decay rates x, summarized in table 5.2.1.

Table 5.2.1: decay rates of the PL and CL concentration

quenching curves shown in the figure 5.2.9.

Excitation Host Xo (atm. %)
AIN 1.14+0.10

PL )
SiC:H 2.33+0.27
AIN 1.33+0.12

CL )
SiC:H 0.71+£0.07

The shape of the curves shown in the figure 5.2.11 can be approximately described by the
equation 5.2.1 which is the result of a two levels rate equation model. Here ny;, denotes
the Th atomic concentration. P;,; is the interaction probability between luminescent
centers. A and B are constants that depend on the excitation probability, Einstein
coefficient and the non-radiative transitions probability. The derivation of the equation

5.2.1 can be found in section 3.2 (see equation 3.2.57).

A X Nrp
I = 2.1
(nro) 1+ B X Pipe(nrp) 6.21)

Even after annealing the samples in similar processes, the activation degree may not be

necessarily the same. The average environment of the Tb ions may differ from matrix to

= < ' . X
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matrix. For instance, a simple Monte Carlo simulation can demonstrate how the RE
activation degree affects the concentration quenching curves. For this we assume the

following:

i) Two interacting REs have a probability to lose the energy by a non-radiative
transition. In this simulation the probability of losing the energy after the
interaction is one. In this way we neglect the effect of the intrinsic host electronic
features. Nonetheless, the simulation can be extended to several energy transfers
before reaching a sink.

i) An optically not active RE is not able to participate in an energy migration
process. Therefore, a not active RE not only does not emit light but cannot
interact with other REs. If a RE is not optically active, it is reasonable to assume
that the electronic transitions involved are parity forbidden due to the lack of the
appropriate symmetry.

iii) The host matrix non-radiative paths are the same independently on the RE
concentration or activation degree. The quenching is solely influenced by the RE

interaction i.e. by the RE concentration and activation degree.

We performed this simulation by distributing the REs randomly in a 2D matrix.
Notwithstanding, this simulation can be easily extended to three dimension systems
[Ben13p]. For the sake of plainness and minimal computational resources the matrix
sizes used were 50 by 50 atomic cell units (c.u.). Thus, the interaction probability at short
range distances is given by the equation 5.2.2, obeying the Dexter’s approach for the
interaction of ions [Dex53]. However, the exponential interaction probability presented in
the equation 5.2.2 is normalized to a maximum interaction radii, given by 7,,,, = 25 c.u.
The minimum distance is 7;,,;;, = 1 c.u. and the used exponential decay rate was ry, =
10 c.u. Any two REs at the minimum distance interact (P; = 1), while any two REs
separated a distance equal or greater than r,,,, do not interact (P; = 0). The simulated
intensity is then calculated by counting the number of active and not interacting REs ions
in a finite matrix, see figure 5.2.12. The procedure is repeated 500 times for each

activation degree and then simply averaged.
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Figure 5.2.12 depicts the variation of the shape of the quenching curves upon different
activation degrees according to the above described simulation. Notice the shift of the
maximum achievable intensity upon increasing the RE activation degree. The linear slope
in the low concentration region increases with the activation degree while the exponential
decay becomes sharper. This behavior reflects a competition between the number of
active light emitting centers which are also available for interaction and therefore not

only enhancing the total light emission but also quenching it after a critical concentration.
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Figure 5.2.12. Simple Monte Carlo simulation of the concentration quenching effect in two dimensions
using a normalized interaction probability given by the equation 5.2.2. The solid lines are fits using the
equation 5.2.1 with P; = exp(ngg/n,) for simplicity (a). Simulated intensity versus the activation degree
for 3 different RE concentrations (b). The curves are not normalized, and the intensities are comparable.
Notice the increase of the slope and the sharpness of the exponential decay upon increasing the activation
degree.

In summary, the concentration quenching behavior of the light emission of the Th doped
samples here studied exhibit host matrix dependent features, such as the maximum
achievable intensity versus the Th concentration and the quenching exponential decay
rate. Therefore displaying the fact that the energy loss mechanisms are mainly host
material nature and the probability of a non-radiative transition is enhanced by the RE

concentration. The critical concentration value, before the quenching becomes
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appreciable, is not the same from host to host. These features are also excitation source
dependent. After the band-to-band excitation with electrons in both materials, the
concentration quenching effect is enhanced demonstrating the new paths for energy loss
which are not present after sub-bandgap excitation. That is for instance, reaching Tb ions
which are not active upon sub-bandgap excitation but upon band-to-band excitation and

therefore explaining the observed shift as depicted in the figure 5.2.12.

Thermal activation

It is well established that not all of the RE ions embedded in a matrix are active for light
emission. Furthermore, RE ions can be activated after thermal treatments. However, the
mechanisms of this fact are still controversy discussed [Guel3]. For instance, the
enhancement of the electronic properties of the host material, i.e. by reducing the
electronic defects, upon annealing treatments is a possible mechanism for the light
emission boost with the annealing temperature, mainly due to the reduction of non-
radiative recombination centers. Likewise, the improvement of the RE surrounding
atomic environment, for example by coordinating with oxygen atoms [Jan03], or the
rearrangement of the local structure around the RE ions [Men06, Wein06, Zan09] may
promote the RE activation. The study of the annealing behavior can provide information
concerning the underlying mechanisms for promoting the activation of RE ions in
amorphous matrices. However, detailed temperature dependence of the light emission is
often overlooked. Particularly, a critical annealing temperature between 400°C and
700°C at which the highest intensity is reached has been reported for Tb doped
amorphous/nano-crystalline GaN, AIN and SiC [Wein06, Men06, Zan09, Guel5]. This
behavior has been also reported in other RE doped materials. For instance in Er doped
amorphous hydrogenated Silica [Jan03], Er,O; sol-gel Silica [Abell, Ryu95], Er
implanted crystalline GaN [ODo010] and Eu doped Al,O3 [Ena08].

In this section, we review the variation of the light emission of Th doped amorphous SiN,
AIN and SiC:H upon isochronal thermal annealing treatments. The effect of the annealing
temperature on the shape of the so called quenching curves in the case of Tb doped SiC:H

is presented and evaluated.
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Figure 5.2.13. Normalized integrated CL and PL (/e = 488 nm) intensities of Th doped amorphous SiN,
AIN and SiC:H thin films, the curves are shifted for clarity reasons only (a). Optical bandgap (b) and
Urbach energy (c) of the undoped amorpous SiN, AIN and SiC:H thin films [Guel5].

The variation of the integrated intensity of the Tb doped samples here under study is
depicted in figure 5.2.13. The samples were doped with about ~1 at. % Th. The emission
intensity was taken upon electron and photon excitation. The Th doped SiN and AIN
layers exhibit a monotonically increase of the light emission intensity with the annealing
temperature. The optical emission of the Th doped SiC:H layer exhibited a critical
annealing temperature at which the light intensity reaches its highest value before
decreasing. If we compare this behavior with the variation of the optical bandgap versus
the annealing temperature, a similar shape between the integrated intensity and the Tauc-
gap is noted, see figure 5.2.13. This effect displays the fact that the thermal annealing
treatments enhance the light emission of REs by reducing electronic defects. Pointing out
that the amount of electronic defects, here measured by the Urbach energy, is responsible
for the non-radiative paths. Therefore, an increase of the electronic defects which is
translated in a decrease of the Tauc-gap, should develop a decrease of the light emission
intensity as shown in the SiC:H case. The fact that this correlation between the light
emission intensity and the optical bandgap exist, strongly supports that 1 at.% doping
concentration is suitable for a low lon-lon interaction and that the optical properties of
the film are not significantly altered by the doping. At any rate, the RE activation obeys
other mechanisms which are not related solely to the increase in efficiency due to the
reduction of non-radiative paths. For instance, the formation of RE structured isovalent

traps is an extensively well accepted model [Loz07, ODo010]. The formation of such
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structures can be promoted by the annealing treatments. Additionally, the site a RE
occupies in a crystalline matrix and the formation of RE clusters can also influence the

activation degree.
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Figure 5.2.14. Thermal activation of Tb doped amorphous SiC:H at different Th at.% (a). Quenching
curves of Th doped amorphous SiC:H after different annealing temperatures (b). Vertical colored lines in
panel (b) correspond to the intensities plotted in panel (a).

The variation of the RE activation degree in the simple simulation presented in the
previous subsection showed that the activation behavior of the emission intensity could
change completely from one concentration to another, see figure 5.2.12. The simulation
aim was to picture the emission intensity sensitivity under different concentrations and
activation degrees. Certainly, the considered assumptions do not meet the real case.
Notwithstanding, we can still obtain some reliable information such as the slope of the
low concentration region which increases with the activation degree. In this frame we
study the thermal activation behavior of Tb doped SiC:H at different Th concentrations.
Figure 5.2.12 depicts the variation of the integrated light emission intensity of the Tb
doped SiC:H samples at different Th at.% concentrations versus the annealing
temperature. Note that if we increase the Tb concentration the shape of the integrated
intensity versus annealing temperature curve changes dramatically. The activation curves
lose their correlation with the Tauc-gap (Urbach energy) by increasing slightly the Tb
amount, see figures 5.2.12 and 5.2.14. This effect can be attributed to the competition

between the recombination in non-radiative centers which in this case after about 600°C
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annealing temperature increase in number as revealed by the Urbach energy and the new

active luminescent centers.

After the thermal annealing treatments, the concentration quenching curves depicted in
the figure 5.2.14 still exhibit the previously described behavior: a practically linear
increase followed by an exponential decay after a critical concentration. Hence, three
main features that can be correlated with the annealing temperature can be recovered
from these curves. First, we have the slope of the linear increase in the low concentration
region. Second, the critical concentration at which the quenching becomes more
significant. And third, the quenching rate of the exponential decay in the high
concentration region. In order to extract these parameters we fit the quenching curves
using the equation 5.2.1. For the sake of simplicity, we approach the interaction
probability to exp(ny,/ng). Thus the decay rate is given by n,, the slope by A, and the
critical concentration by B’ = —log(B) X ny. The results of these fits are shown in
figures 5.2.15, 5.2.16 and table 5.2.2. Additionally, we calculate the slope M, by a direct

linear fit in the low concentration region.
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Figure 5.2.15. Integrated PL intensity versus the Th concentration for different annealing temperatures (a).
Solid lines are fitted curves using the equation 5.2.1. Inset graph corresponds to the slope A versus T,.

Arrhenius plot of the slopes M, and A exhibiting an activation energy of 105.28 meV (b).
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Figure 5.2.16. Effect of the annealing temperature on the parameter B’, revealing its close relation with the
host matrix electronic properties, the inset graph correspond the Urbach energy of SiC:H obtained earlier
(). Arrhenius plot of the exponential decay rate n, exhibiting a good linear behavior, the inset graph

depicts the decay rate in linear scale versus the annealing temperature (b).

Table 5.2.2. Best fitted parameters using the equation 5.2.1. M, is the best fitted slope of the linear
increase at the low concentration region. rg, and r, are the calculated mean distance (nm) based in the

values of B’ and n, (at.%), respectively. Details on the latter calculation procedure can be found in A.4.

Ta(°C) | Max10* Ax10* B’ (at.%)  rg (nm) N, (at.%) ro (NM)
AG 8.11+0.57 9.31+£1.28 3.85+0.06 0.44+0.001 0.28 £0.16 0.89 £0.11
300 9.86+0.75 11.06£3.27 2.88+0.40 0.47 £0.01 0.54 +0.32 0.73 £0.09
450 16.11+£1.09 18.83+£4.16 2.67+£0.30 0.48+0.01 0.57 £0.21 0.72 +£0.06
600 22.66+1.58 31.65+8.19 2.18 £+0.37  0.50£0.02 0.62 +0.18 0.70 +£0.05
750 26.05+0.68 33.42+9.08 2.18£+0.42  0.50£0.02 0.69 £0.19 0.68 £0.04
900 30.63+1.22 33.41+4.11 2.89 £0.21 0.47%0.008 0.67 £0.13 0.69 +£0.03
1050 32.20+£2.63 34.62+1.87 3.89+0.12  0.44%0.03 0.72 £0.09 0.67 £0.02

As described previously, the slope of the linear shape in the low concentration region of
these curves is directly proportional to the RE activation degree [Guel3]. Figure 5.2.15
also depicts the Arrhenius plot of the slopes A and M, for the different annealing
temperatures. Notice the good linear relationship for M, resulting in an activation energy
of E, = 105.3 meV. The slope A exhibits a similar activation energy, however the error is
much larger due to the low number of fitting points and a smaller linear region. This is

the first report of an activation energy obtained in this way for the activation of a Th

3
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doped wide bandgap semiconductor [Guel3]. The 105.3 meV value is in the order of the
optical phonons energy of the host matrix, thus suggesting that the transition process
might be phonon-assisted. We will come back to the latter idea in the last section of this

chapter.

Concerning the other fitted parameters shown in the table 5.2.2, i.e. B’ and no, since they
have concentration units (at.%), thus their mean distance counterparts rg- and ro are also
calculated. Figure 5.2.16 depicts the variation of B’ and n, with the annealing
temperature, both exhibiting the following behavior. First, the critical concentration B’
exhibits a similar shape to that of the Urbach energy. This behavior, which was already
observed in the Tb related integrated light emission intensity at concentrations around 1
at.%, is then recovered in B’. To understand this, let us recall that the parameter is
inversely proportional to the probability of a non-radiative recombination as we have
seen in section 3.2. That is: B X kyqqKexc/(Kemis + Knon raa) - Thus B’ behaves
inversely to B and it is not surprising that it exhibits a similar shape with the Urbach
energy of the host matrix. An increase of the Urbach energy is translated into an increase

of non-radiative recombination.

Second, the decay rate no presents a different behavior with the annealing temperature. It
increases with the annealing temperature reaching a saturation value around ~0.75 at.%,
making the quenching exponential decay less sharp with each annealing step. The
corresponding Arrhenius plot reveals a process with an activation energy of 30.16 meV.
This result shows certainly that the concentration quenching exponential decay becomes
slower when increasing the annealing temperature. The exponential decay rate n, is
directly related to the interaction probability between the Tb ions. Hence in the light of
the results presented in the figure 5.2.16, it seems reasonable that the interaction
probability is decreasing with the annealing temperature upon resonant PL excitation
with 488 nm. However, this result is limited by the rate equation model, and the over-

simplified RE interaction probability used to describe the curves.
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In summary, in this section the thermal activation of Th doped amorphous SiN, AIN and
SiC:H was reported for Tb concentrations around 1 at.% revealing the close relation
between the light emission intensity and the Urbach energy. The effect of isochronal
thermal annealing treatments on the behavior of the concentration quenching curves was
also reported for the case of Th doped amorphous SiC:H. Three different parameters were
recovered and related to the variation of the light emission intensity with thermal
annealing treatments: the slope of the linear increase in the low concentration region, the
critical concentration B’ = —log(B) % n, which denotes the inflexion point in the high
concentration regime, and the exponential decay rate n,. It was established previously
that the slope A is proportional to the RE activation degree and B is related to the non-
radiative recombination (k,,n_rqq) Which is in fact associated to localized states. Hence,
an activation energy of 105.3 meV was obtained from an Arrhenius plot of the slope Ma,
whilst the parameter B’ exhibited a similar behavior than the Urbach energy of the host
material. The latter behavior is somehow expected since the Urbach energy is also a
measure of the amount of non-radiative recombination centers. Finally, the exponential
decay rate exhibited a decrease till a saturation point around ng = 0.75 at.%, possibly
attributed to a diminution of the energy transfer probability between Tb ions upon
resonant excitation of the °D4 energy level, however this behaivor requires additional

confirmation.

Temperature dependent measurements

As we have seen already, different atomic environments give rise to slightly different RE-
related emission spectra, see figure 5.2.17. Besides the RE activation, thermal annealing
treatments can also improve the quality of the electronic properties of the host material
enhancing the light emission intensity of the RE by reducing the non-radiative
recombination paths. The special case of Th doped a-SiC:H revealed the increase of the
Urbach energy and the decrease of the Tb related light emission intensity after a critical
annealing temperature. The close relation between the RE-related light emission intensity
with the host matrix electronic properties are often overlooked [Abell, Guel5]. The
temperature quenching of the RE-related luminescence intensity has been studied on

different matrices and RE ions. For instance, Er-doped compounds exhibit distinct

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




temperature quenching values depending on the host matrix [Zan03, Jan03, Loz07],
whilst RE-doped AIN exhibit not only different temperature quenching values but

features at temperatures well below thermal quenching [Loz07].
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Figure 5.2.17. CL spectra (left) and PL spectra (right) of Tb*" doped SiN (upper group) and AIN (lower

group) for three different sample temperatures.

The role amorphous matrices play in the excitation processes can be examined under
temperature dependent analysis of the corresponding light emission intensity.
Temperature dependent PL and CL have been performed in order to assess the light
emission features upon photon sub-bangap and electron band-to-band excitation under
conditions where the interaction of the Th ions with phonons is low. Typically, the

decrease of lattice vibrations at low temperatures is expected to enhance the RE-related

N
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light emission intensity. This behavior is attributed to the reduction of phonon-assisted
processes and therefore the inhibition of the energy migration from the RE ions to the
host matrix [Zan03, Zan12].

However, a strong enhancement of the RE-
related light emission intensity with the
temperature has been reported previously for
Sm*, Tb*, Tm*" and Ce®*, even after up to
200 degrees above room temperature in
different amorphous and crystalline hosts
[Spo79a, Spo79b, Loz07, Zanl2, Guel5]. For

Iog([EICI_) [a.u.]

0.01

u I related to Eu™*

. . . 3 (CL
instance, figure 5.2.18 depicts the temperature vl relawd (0 Th™ $(CL)
i icci ll re]aled to Tm™
dependence of the RE related light emission ) ol " el toCLPr
intensity of different RE doped AIN layers in } l related to PL Pr™"
which an exponential increase of the Th CL 100 300500 700 1000
Temperature [K]

intensity i gmabse iy IBERlTIRERERIR 5.2 17 Figure 5.2.18. Temperature dependence of the
depicts the Tb** doped related light emission light emission of AIN doped with Pr**, Eu®",
spectra of the SiN and AIN hosts at three  Tb*, and Tm*, from [Loz07].

different temperatures, 40, 150 and 250 Kelvin upon sub-bangap photon excitation and
band-to-band electron excitation. Some features are noted. First, the Th-related emission
spectra intensity increases with the temperature in both CL and PL measurements.
Second, the PL background emission intensity related to the host matrix decreases
reciprocally with the temperature, whilst no background emission is recorded in the CL-
spectra. Third, both PL- and CL-peaks exhibit a slight variation in the line width of the
Th-related transitions at different temperatures. However, in the PL case this change is
not sufficiently substantial or appreciable to be quantified. Nonetheless, an increase of the
broadening with the temperature is measured in the CL-spectra in the whole temperature

range, with a modification in the relative intensities of the crystal field splitting lines.

In previous sections we have reviewed the different excitation mechanisms of RE-doped

amorphous semiconductors. It is important to recall that during the photon and electron
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excitation we have an overlap of these different excitation processes. The direct photon
resonant excitation with 488 nm excitation wavelength of the 'Fg to °Dy4 energy levels has
actually a very low cross section. Therefore the light efficiency concerning solely this
mechanism should be very low in comparison to other excitation paths. Nonetheless, as
reported previously, the light emission intensity is rather high upon this excitation source
in distinct materials [Wei06, Zan09, Zanl2, Guel3, Guel5]. In this sense, other
excitation paths beside the direct resonant excitation of the RE must play an important
role in the sub-bandgap photon excitation. A summary of the possible excitation paths
was presented in figure 5.2.6. Depending on the electronic structure and the energy level
location of the RE [Dor08], quasi-resonant energy migration from e-h pairs
recombination at defects like dangling bond states (path 11l in figure 5.2.6) or deep band
tail states (path IV in figure 5.2.6) to the RE is possible [Jan03]. The former may be
achieved by a defect-related Auger effect (DRAE). Nonetheless this process compels the
proximity of the REs to dangling-bond defect states [Fuh97]. On the other hand, the
energy migration from recombination at deep band tail states can be attained by a dipole-
mediated resonant energy transfer, which is efficient for larger distances [For60]. Since
the aforementioned processes depend on the host matrix, both may compete with

radiative (and non-radiative) recombination at defect sites.

It is likely that the sub-bandgap photon excitation, excites the matrix and depending on
the RE and the host matrix i.e. if the RE energy levels match suitable or not with the
defect states, it is possible to enhance or decrease the light emission intensity of the RE
with the temperature by a phonon-assisted energy migration between defects and RE
states [Guel5]. Electron band-to-band excitation would be a more efficient RE excitation
source since all the excitation paths are overlapped and thus the probability to excite a RE
ion is much higher. This behavior has been reported previously by Lozykowski for c-AIN
doped with Eu®*, Tb*, Tm® and Pr**, see figure 5.2.18 [L0z07]. In the case presented
here, at low temperatures the phonon-assisted energy migration is inhibited, and therefore
the direct excitation component and the indirect excitation through bound excitons are
present. The former has a very low efficiency due to the low cross section, while the

latter is only possible under band-to-band excitation. The host matrix background
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emission is rather high at these low temperatures due to the fact that even when the RE
ions are high efficient recombination centers, the electron-hole pairs recombine in the
defects or deep localized band tail states without the possibility to transfer the energy to
the Tb ions. Therefore, we can drive the statement that an increase of the Th-related light
emission intensity with the temperature strongly suggests a phonon-assisted energy
transfer mechanism between the host matrix and the Tbh ions, enhancing the radiative

recombination in the latter ones [Guel5].

Figures 5.2.19 and 5.2.20 depict the Arrhenius plot of the CL and PL integrated intensity,
respectively versus the sample temperature for the Th** doped AIN and SiN thin films. In
the CL case, the temperature ranged from 34K to 400K, whilst in the PL case the
temperature ranged from 10K to room temperature due to setup limitations. From these
plots the activation energies corresponding to the samples annealed at 900°C are
extracted and exhibited in the table 5.2.3. Note that the activation energies of the CL case

almost doubles that obtained from the PL measurements in both samples.
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Figure 5.2.19. Integrated CL intensity of Th doped AIN (a) and Tb doped SiN (b) versus the reciprocal of
the temperature after three different annealing temperatures. The dotted vertical lines denote the room

temperature at 293.6 K.
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Figure 5.2.20. Integrated PL intensity of Tb doped AIN (a) and Tb doped SiN (b) versus the reciprocal of
the temperature after three different annealing temperatures. Unfortunately, below 900°C annealing

temperature, the AIN:Tb samples didn’t exhibit sufficient signal.

Table 5.2.3. Activation energies after an annealing temperature of 900°C,
obtained from the figures 5.2.17 and 5.2.18.

Host Exc. Source Ea (MmeV)
) PL 175+ 2.56
SIN
Cl. 33.22+1.21
PL 5.88+0.43
AIN
CL 9.09+0.88

The crystal field at any point in the matrix is the result of the overlap over a large number
of neighboring atoms. Nonetheless, the disordered structure of an amorphous material
makes the crystal field parameters to vary between sites. These variations give rise to the
inhomogeneous spectral broadening observed previously. Furthermore, the energy of the
4f states of RE ions are relatively insensitive to the variation of the site parameters, thus
the observed extend of the broadening indicates large fluctuations in the field parameters.
In other words, the variation in the site geometry from one RE to another, in an
amorphous host matrix, give rise to an inhomogeneous broadening of the RE-related
emission spectra [Spe75]. The broadening is then also sensitive to the sample

temperature. As we have seen previously in the figure 5.2.3, the emission corresponding
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to the transition °D4 to 'F¢ is composed by three lines that are resolved at low
temperatures only. At higher temperatures, two apparent lines are only visible due to the
broadening. Figures 5.2.21 and 5.2.22 depict the emission spectra of the °D4 to 'Fg
transition for five different sample temperatures of the Th doped SiN and AIN samples,
respectively and after an annealing at 900°C. The frame (f) in both figures depicts the
width of the first peak (centered at ~539 nm) obtained from fits equivalent to the ones
shown in the figure 5.2.3. We take this peak as representative in order to assess the
variation of the width with the sample temperature. Moreover, both materials experience
the relative increase of the second peak, centered at ~547.5 nm, respect to the first one

when increasing the sample temperature.
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Figure 5.2.19. Variation of the emission peak shape of Th doped a-SiN with the sample temperature (a, b,

¢, d and e). Peak width versus the sample temperature (f).
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Figure 5.2.20. Variation of the emission peak shape of Tb doped a-AIN with the sample temperature (a, b,

¢, d and e). Peak width versus the sample temperature (f).

In summary, in this section we have reviewed the effect of the sample temperature on the
emission spectra of Th doped SiN and AIN bellow the thermal quenching. The emission
was examined upon photon sub-bandgap excitation and electron band-to-band excitation.
The results showed that the host matrix plays an important role in the excitation process
of the RE ions. We believe that the excitation by 488 nm photons not only excites the Tb
ions resonantly but also the matrix which can then transfer the energy to the Th ions by a
phonon-assisted energy migration process. Additionally, electron band-to-band excitation

proofs to be a more efficient excitation source than the photon sub-bandgap excitation.
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Summary and concluding remarks

In this work we have presented a comprehensive study of the effect of thermal annealing
treatments on the optical properties and luminescence features of Th doped amorphous
SiN, AIN and SiC:H. In this frame the RE thermal activation process and the effect of
temperature on the light emission intensity was evaluated. Furthermore, the concentration
quenching effect of Tb doped SiC:H upon different annealing temperatures lead to the
discrimination of the effect of the RE activation from the band-tails variation in the Tb
related light emission intensity upon thermal annealing treatments. In the present chapter

the main results are shortly summarized in three parts.

The optical bandgap and the Urbach focus

The optical bandgap of amorphous systems is typically calculated from optical data by
the Tauc-model. This model doesn’t take into account band-to-tail and tail-to-tail
electronic transitions. On the other hand, the band-tails considerably overlap on the
mobility edges becoming a significant and sometimes indistinguishable part of the
fundamental absorption in the typical optical measured range. Moreover, the capacity to
distinguish a linear region in the Tauc-plot becomes in most cases an arbitrary choice. In
this frame we proposed and presented a simple and analytical model based on the
previous works of O’Leary and Dunstan [OLe98, Dun83] from which the Urbach energy
and the bandgap in the absence of disorder are retrieved from single optical absorption
coefficient measurements [Guel3m, Guel6]. The first consequence of this model is
related to the Urbach focus constant. As we know, the absorption coefficient around the
mobility edges contains two classes of states which overlap, the localized band-tail states
and the extended states which start in the mobility edges. The band-tail states effect is
reflected in the Urbach energy, while the extended states effect is typically reflected in
the Urbach focus. Both contribute to the overall behavior of the Tauc-gap with for
instance the annealing temperature. However the meaning of the value delivered by the
Urbach focus energy coordinate is still under discussion [Cod05]. The model here
proposed reveals that the Urbach focus is actually a small region, and that the true
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constant is the mobility edges energy gap E,, thus giving a new meaning to the Urbach
focus. In order to test the existence of this constant and contrast it with the Urbach focus,
we performed the analysis of Orapunt and O’Learty [Ora04] on amorphous Si:H, SiN,
AIN and SiC:H. This analysis was performed using the traditional Urbach rule and the
asymptotic behavior of the model proposed here. The results delivered that both
equations predicted equally the constants pair (Er, ar) and (E,, a,) for the materials
under study without any biasing from the formulas. A plausible explanation of this result
is that the extended Urbach rule can be reduced to the Urbach rule always and only there
is a low dispersion of the Urbach slope. In such case the Urbach focus region becomes
sufficiently small. Another consequence of this model is the capacity to measure E, from
single measurements of the absorption coefficient. For instance, the Tauc-gap contains
information of both the Urbach energy and the band-edge energy gap, however the latter
is implicit and can only be retrieved through the Urbach focus. This fact becomes evident
in the case of a-SiC:Hy in which the Urbach energy decreases until a critical annealing
temperature to then increase again. In this case E, remained nearly constant while E; ...

behaved inversely to E,, [Guel6].

The amorphous SiN and AIN layers exhibited an enhancement of the Tauc-gap followed
by a reduction of the Urbach energy with the annealing temperature. Different linear

relations between the bandgap Erq.c and E,, with the Urbach energy E,, were found. In
this case, the constants ®YE,, T™9F, and ™ g, were attained with values in
agreement with the Urbach focus obtained directly by a global fit of the absorption
coefficient and by the analysis of Orapunt and O’Leary of each material. However in the

case of a-SiC:Hy only the (04)EF was retrieved. The linear relations between the Tauc-gap

and the Urbach energy or the Tauc-slope didn’t realize. Nevertheless, the obtained (04)EF
values were in agreement with the Urbach focus obtained by the global fit and by the
analysis of Orapunt and O’Leary. A shift enhancing the Tauc-gap and E,, iso-absorption
gap was observed upon increasing the hydrogen content during the deposition process.
The Urbach energy remained similar in all SiC:H samples. This shift is mainly attributed

to the widening of the band-edges due to the passivation of dangling bonds [Bul87] and is
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also reflected in the Urbach focus. As expected, this shift was also observed in the E,

parameter [Guel6].

Finally, the explanation of the quenching of the bandgap of a-SiC:H with the annealing
temperature turned differently to what is typically found in the literature [Zha92, Kal94,
Cui01] since the behavior is also observed in the non-hydrogenated sample. The increase
of the Tauc-gap with the annealing temperature is owing to the matrix relaxation.
However, the decrease of the Tauc-gap cannot be attributed to the hydrogen effusion
only. It is probably related to the formation of crystalline clusters in the matrix due to
thermal annealing treatments that may also increase the Urbach energy [Lee00, Kit0O0,
Raj03]. Additionally, as reported already by Vasin an increase of C-C clusters with the
annealing treatment could be also a precursor of the bandgap quenching [Vas11].

Rare earth thermal activation

The study of the annealing behavior can help elucidate the underlying mechanism for
producing the optically active Tb centers in the distinct host matrices. It has been
reported previously an optimum annealing temperature at which the luminescence
intensity reach its highest value. For instance between 400°C and 700°C annealing
temperature Th doped amorphous/nano-crystalline GaN, AIN and SiC reported this
behaivor [Wein06, Men06, Zan09, Mon13]. Additionally, around 850°C, Er doped
amorphous hydrogenated Silica [Jan03], Er,Os; sol-gel Silica [Abell, Ryu95], Er
implanted crystalline GaN [ODo010] and Eu doped Al,O3 [Ena08] also exhibit a peak in
the integrated intensity. Notwithstanding, the variation of the RE related light emission
intensity with thermal annealing treatments not only obeys the increase of luminesce
centers by activating more REs in the host matrix. The annealing treatments induce the
guench or enhancement of non-radiative recombination paths, thus increasing or reducing
the light emission intensity by energy migration between luminescence centers and the

host matrix.

In the present work, the thermal activation of Th doped amorphous SiN, AIN and SiC:H

was reported for Th concentrations around 1 at.% revealing the close relation between the
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light emission intensity and the Urbach energy. However as described above, it is not
possible to discriminate the effect of the RE activation from the electronic enhancement
of the material upon thermal annealing treatments only. In this frame, the effect of
isochronal thermal annealing treatments on the behavior of the self-quenching curves was
presented for the case of Th doped amorphous SiC:H. We used a two levels simple rate
equation to describe the behavior of the curves. Some parameters were recovered and
subsequently related to the variation of the integrated light emission intensity with the
annealing temperature. First, from the slope of the self-quenching curves in the low Tb
concentration regime, an activation energy of 105.28 meV concerning solely to the
activation of new luminescence centers is reported [Guel3]. This energy value is close to
the phonon energy threshold in SiC and might give some insights concerning the
mechanisms involve or necessary conditions for a RE ion to be optically active.
Additionally, the non-radiative recombination (k,.n—rqq) Which is in fact associated to
localized states is also recovered and contrasted with the Urbach energy, exhibiting a
good correspondence. This type of analysis is the first of its kind and reveals the

capability to discriminate both effects.

Temperature dependent luminescence

It is important to remark that during the photon and electron excitation and overlap of
distinct excitation processes take place. These processes may or not be phonon-assisted.
Furthermore, the direct photon resonant excitation of the ’Fs — °D, energy levels have
a very low cross section and consequently the light efficiency concerning solely this
mechanism is limited. However, as reported here and in [Loz07, Zan09, Zan12, Guerl3]
the light emission intensity upon this excitation source is rather high. In this sense, other
excitation paths may play a role in the sub-bandgap photon excitation. PLE analysis
reveal the efficient excitation of Tb doped polycrystalline SiC:H under sub-bandgap
excitation. However Th doped polyscrystalline AIN did not exhibit the same behavior. It
is possible that the sub-bandgap photon excitation, excites the matrix and depending on
the RE and the host matrix, the effective energy transfer between the RE and host
mediated centers can enhance or decrease the light emission intensity [Dorl3].

Furthermore, temperature dependent analysis of the light emission intensity revealed a
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phonon-assisted energy migration reaching the Tb ions in Th doped amorphous SiN and
AIN [Guel5]. More precisely, the Tb related light emission intensity is quenched by
decreasing the sample temperature. At the same time host related light emission is
enhanced. This result evidence that at low temperatures phonon-assisted energy
migration is inhibited, and therefore only the direct excitation component is present with
a very low efficiency due to its low cross section [Spe75, Spo79b]. The host matrix
background PL emission which is rather high at these low temperatures in comparison to
the Th emission follows the recombination of electron-hole pairs in defects and/or deep
localized band-tail states without the possibility to transfer the energy to the Tb ions. We
believe that an increase of the Tb related light emission intensity with temperature
strongly suggest a phonon-assisted energy transfer mechanism between electronic defects
and the Tb ions [Spe75, Spo79b, Jan03].
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Appendix

A.1 Optical constants and thickness determination of dielectric thin films from

single optical transmittance measurements

The accurate measure of wavelength dependent optical constants of dielectric thin films
IS an important issue for research and development of new materials and devices [Mac86,
Kiy04]. For instance, the charge carrier concentration of wide band-gap semiconductors,
like silicon carbide can be determined [WeiO1, Wei02] or their bandgap can be extracted
from the region of fundamental absorption. However, the optical constants cannot be
measured directly since the geometry of the thin film assembly affects strongly the
transmittance spectra. Therefore numerous methods to determine the optical constants

have been developed. A comprehensive review can be found in [Poe03].

In the present appendix we develop an improvement of the widely used envelope method
to retrieve with high accuracy and from a single transmittance measurement the thickness
and optical constants of dielectric thin films. This method has been used in all the UV-
VIS transmittance analysis previously presented in this thesis. Our method requires
modeling the refractive index with few fitting parameters only, while the absorption
coefficient is determined from the transmittance spectrum. The refractive index and
absorption coefficient as functions of wavelength can be obtained even from spectra that
have few interference fringes. We use the interference free transmittance curve
determined from the envelopes, because its construction is highly insensitive to how the
envelopes are defined and extracted from the measurement data. We have tested the
method against simulated and real data from thin films covering the spectral range of the
fundamental absorption. A comparison is made with the methods of Swanepoel [Swa83]
and Chambouleyron [Cha97, Cha98], and a confidence analysis is performed to assess

precision and accuracy.
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The thin film assembly
Our
expression of the spectral transmittance of

starting point is the standard
a thin homogeneous film on a thick non-
absorbing substrate for normal incident
light, considering multiple reflections
from the back part of the substrate (see
equation A.1.1 and figure A.1.1). Equation
A.1.1 is found, for instance using the
matrix description of optical filter systems,
after averaging the highly oscillatory
interference pattern (due to multiple
reflections inside a thick substrate) thereby
taking into account the finite spectral
bandwidth of typical spectrophotometers
[Barl0]. We the

nomenclature of the

adopt  mainly
Swanepoel:

coefficients R;, R, and Rz in equation

ﬁ//s“bsme © s)

Figure A.1.1. Thin film assembly: The incident
The

transmittance coefficient of the whole assembly is T,

beam passes air, film, substrate and air.
normalized to the incident beam Tqo. The pair (*, *)
indicates the extinction coefficient and refractive
index of the respective material in the assembly. The
optical constants are the extinction coefficient k and
refractive index n of the thin film, the refractive

index s of the substrate and the film thickness d.

A.1.1 are the Fresnel reflection coefficients of the interfaces air-film, film-substrate and

substrate-air,

respectively. Here, x is the absorbance and ¢ the phase shift of

monochromatic light. The refractive index, extinction coefficient and thickness of the

film are denoted by n, k and d, respectively. Equation A.1.1 is valid for the case n > k

[Swa83, Mac86].

Ax

T(A) =

B —Ccos¢px + Dx?

(A.1.1)

The coefficients A, B, C, D, Ry, R,, R5, x and ¢ are defined as follows:

A=(1- R1)(1 - Rz)(l - Rs)

B:1_R2R3
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C = ZﬂRle(l - R3)

D=R1(R2_R3)
1—n\? n — S\2
R = ,R = ]
1 (1+Tl) 2 (n-|—5)

R. = (&)2 x = exp(—ad)
37 \s+1/) ' ¢ =4nnd/2

The envelope method and our improvements
In this section we shortly review the envelope method after Swanepoel [Swa83] and then

show our improvements.

Step 1. Determination of the refractive index of the substrate: If the refractive index is
unknown it can be determined by measuring its transmittance T, without the thin film.

The following well known expression can be used:

1 1
S:S(){):F+ F—l

N S

Step 2. Determination of the transmittance coefficient: Measure of the spectral
dependency of the transmittance coefficient T = T(4) of the whole assembly (thin film
and substrate).

Step 3. Determination of the envelopes and interference free transmittance: The upper
(T,) and lower (T_) envelopes of the (in step 2) measured transmittance curve are
determined (see figure A.1.2). Swanepoel suggests the use of parabolic interpolation
between adjutants maxima (minima). This is the weak point of the method: any procedure
used to determine the envelopes is intrinsically arbitrary. Although we cannot remove
this arbitrariness, we can conveniently modify the procedure. The determination of the
envelopes is more accurate even for a low number of extremes using spline interpolation

in the energy representation of the transmittance coefficient. The envelope determination
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plays an essential role in Swanepoel’s for determining the refractive index and absorption
coefficient. In our method the envelopes are only needed as a preparative step to get a

trial function for the fitting procedure.

From the envelopes one calculates the interference free transmittance T, = /T, T- which

can be proved to be exact for our thin film assembly model. It is at this point where our

method starts to differ from Swanepoel’s. The latter continues with

Step 4. Determination of the refractive index: Using the refractive index of the substrate
determined in step 1 and the envelopes determined in step 3, the refractive index of the

thin film can be calculated by

n =n(l) Z\/N-i-\/NZ—SZ

with,

T, —T. s2+1
+
T, T 2

N = 2s

Note that in this step the refractive index depends highly on the interpolation procedure
of the envelopes.

Step 5. Determination of the thickness: The thickness can be either determined by
adjacent maxima or minima (labeled 1 and 2) using

W Ay

B 2(A44ny — Ayny)

d

or by fitting a straight line to the relation of the order number | and the number of

maxima m:

= 2d

N ~
NI
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Step 6. Determination of the absorbance and absorption coefficient: The absorbance x can
be determined in three ways, assigned here by x,, x_ and x,, respectively: from the

upper envelope T,, the lower envelope T_

E, - \/E+2 —(n?2-1)3(n? - s
(n—1)3(n —s?)

Xy =

8n?s
E+ = + (nz - 1)(7’12 - SZ)J
T,

_E_- \/E_2 — (n?2—-1)3(n% —s%)
B (n—1)3(n —s?) ’

8n?s

E_=
T_

+ (n? — 1D (n? —s?)

or from their geometric mean T:

\/Ea — \/Eaz — (n?2 —1)%(n? — s%)2

gz = (n—1)3(n — s2) ’ (A.1.2)
128n*s?
E, = —ae +n?2(? - 1)2(n? — 1)%2 + (n? — 1)?(n? — s?)?
a

Finally, the absorption coefficient is given by

a= —%ln(x) (A.1.3)

In our method we follow Swanepoels up to step 3 and replace steps 4 to 6 as follows:

Step 4°. Choose a model for the refractive index: In order to prepare a fitting procedure
and to overcome the difficulty of solving an underdetermined problem, we have to
introduce some constraints. For instance one can choose a model for the refractive index.

In our case (thin film of AIN or SiC) it is convenient to choose the Cauchy series
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A, A
n=dg+ 2+ te (A.1.4)

instead of a model for the absorption coefficient. This is appropriate since we know that
in these materials the Cauchy series are in good agreement with experiment and we are
interested in obtaining the absorption coefficient from experiment without modeling it.
However, note that this choice is not imperative, depending on the material one can also

change the model.

The model of the refractive index in step 4’ and the interference free transmittance
determined by the envelopes in step 3 are inserted in equation A.1.2 for the absorbance x.
This absorbance is finally inserted in equation A.1.1 in order to obtain a fitting function

for the transmittance:

Tﬁt = Tﬁt(A'AO'AZIAél-J d)

Note that this function depends on the wavelength and only four fitting parameters, i. e.
Ao, A2, A4 and the thickness d.

Step 5°. Fitting procedure: Now we can apply standard fitting procedures as, e.g.,

Levenberg-Marquardt’s to minimize an estimator like the x2 =) (Tmeasure(l) —

Tﬁt()t))2 with respect to the fitting parameters Ag, Az, A4 and the thickness d.

Step 6°. With the best fitted parameters obtained in step 5°, the refractive index and
absorption coefficient can be obtained from equations A.1.4 and A.1.3, respectively.
Note, that we have objective error bars given by the fitting procedure, which are absent in

the Swanepoel method.

In order to test the accuracy of the proposed method we compare it with the method of
Swanepoel (SWA) and the widely used method of Chambouleyron, implemented in the
software PUMA (Pointwise Unconstrained Minimization Approach) [Cha97, Cha98].

First, the three methods are compared by applying them to a simulated transmittance
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curve in order to recover the simulated parameters. Second, we repeat this procedure but
adding some noise to the simulation in order to test the confidence interval of the
recovered parameters. Finally, we also apply the above procedure to real thin to real thin
films of the widebandgap materials a-SiC, a-AIN and the compound a-(SiC)g53(AIN).47.

Simulation of the transmittance curve
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Figure A.1.2. Comparison of a simulation of the optical transmittance of a thin film with 250 nm
thickness on a transparent substrate of 0.5 mm thickness measured with a spectral bandwith resolution
AL =1nm (FWHM = 1.77 nm) and the equation A.1.1. The upper and lower envelopes calculated by
splines are shown as dashed lines (a). Notice that the difference between the simulation and the equation
1 is lower than 1% (b).

Since we are interested in the fundamental absorption region of amorphous
semiconductors we choose the Cauchy-Urbach model as a typical model to simulate the

transmittance curve, describing the extinction and absorption coefficient as

K = kgePE-E) o = qyEef E-Fo) (A.1.5)

We describe the refractive index using the Sellmeier model to first order

S >
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(A.1.6)

which in addition is expanded as Cauchy series in order to compare the parameters with
the recovered values. Notice that, while the simulation is performed using the equation
(A.1.6), the fit is carry out describing the refractive index by the Cauchy expansion in
order to avoid any possible biasing in the results. The optical parameters of the simulated
film-substrate assembly are given in table A.1.1 and the results are shown in figure A.1.2.
We chose typical parameters for a UV/VIS transparent glass substrate [Gon02].

Table A.1.1. Selected parameters for the simulation of the thin film substrate assembly.

Substrate Film
Cauchy Cauchy-Urbach Sellmeier Cauchy expansion
o, = 1.2 x 10*
Ay =149 cm‘leV‘lpl =149 Ay, =234
A, = 0 nm? E, =3.5eV p; =5x10*nm? A, = 4.79 X 10* nm?
A, = 10° nm* B =2eV? - A, = 2.15x 10° nm*

Recovery of the simulated transmittance and comparison of the three methods

The Swanepoel (SWA), the Chambouleyron (PUMA) and the here proposed methods are
applied to the simulation depicted in figure A.1.2. In order to apply the Swanepoel
method, we construct the envelopes through a spline algorithm reading off the extremes
from the transmittance spectrum in the photon energy representation. In this way we
reduce the separation between the extremes, thereby improving the envelope
construction. Our method uses the same envelopes as in the case of Swanepoel, however
only to obtain the T, curve (step 3). The starting values for the fitting procedures can be

estimated using the Swanepoel’s method.

The Levenberg-Marquardt fit with fitting parameters A, A2, A4 and d is performed with a
maximum of 500 iterations. The PUMA method runs in three stages consisting of 3000,
5000 and 50000 iterations, respectively. The thickness step search is of 20.0, 5.0 and 0.5

nm, respectively in the present application. No starting values but searching regions are
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used in the PUMA procedure, which in this case were chosen containing the simulated

values.
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Figure A.1.3. Transmittance fits using the PUMA method and the method proposed here, with the
respective calculated thicknesses, the fit of PUMA is shifted 0.05 units upwards for viewing reasons (a).

Relative difference between the fits and the simulated curve (b).

The resultant transmittance curves are shown in figure A.1.3. There is an excellent
agreement between the fitted transmittance spectra of our proposal and the PUMA
method. Also the Swanepoel method fits equally well. The latter has not been included in
the figure for clarity reasons only. The thickness agrees with the simulated value of 250
nm within error bars for all three methods, but the Swanepoel method shows the largest
uncertainty. This can be traced back to its critical dependence on the number of fringes in
the transmittance spectra [Poe03]. Since the PUMA method and the present one are
largely independent of this feature, the thickness determination produces more reliable
values with lower uncertainty. In the low wavelength region both methods depart the
most from the simulated spectrum. Nevertheless, our method shows less deviation, which
hints at a more reliable thickness determination and a lower overall error, as compared to
the PUMA method.
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Figure A.1.4. Calculated refractive index using the three methods (a) and their relative difference with
the simulation (b). Corresponding calculated absorption coefficients using the three methods (c) and

their relative difference between the logarithm of the obtained a and the logarithm of the simulated a (d).

In figure A.1.4, upper panels (a) and (c), we show the refractive index and the absorption
coefficient, respectively. These optical constants were calculated with the three methods
and are plotted along with the theoretical ones. The lower panels (b) and (d) show the
deviations of each method from the simulation. Note that the absorption coefficient is
plotted in logarithmic scale, revealing a strong deviation of all three methods in the long
wavelength region which cannot be seen in the respective transmittance curves (figure
A.1.3). This is due to the fact that the absorption coefficient is calculated from equation
A.1.3, thereby a small error in the vicinity of x near x — 0 or X — 1 tends to become a
large error in log(a) following Alog(a) = Ax d/(xlog(x)). This systematic error is
clearly considerable in the short wavelength and long wavelength regions. However, the
T, curve is exactly the measured transmittance for the regime x — 0 and therefore the
error in the short wavelength region is attributed to the error of the measurement plus the
difference between the transmittance equation and the experiment model and the error
incurred by using a simplified refractive index model. On the other hand, in the long
wavelength region (x — 1) the T, curve also contains the error carried along through the
estimation of the envelopes. Nevertheless ours and Swanepoel’s method come

significantly closer to the simulated curve in comparison to the PUMA method. We

= < . % 7 X
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attribute this to the fact that only the PUMA method models the absorption coefficient
which is obviously not optimized for very low absorption coefficients. We overcome here
also the Swanepoel method, since it fails when the number of fringes is low, as already
stressed.

Although we see a deviation in the retrieving of the absorption coefficient, even more
remarkable is the deviation in the refractive index. Here we see why it is preferable to
model the refractive index rather than the absorption coefficient and the related
advantages of our method. In the case of the Swanepoel method this is to be expected
since the strong absorption suppresses the interference fringes completely so that this
method (depending essentially on the fringes) exhibits a break down at short
wavelengths, as it is seen in the figure A.1.4.

Confidence analysis

For testing the reliability of the above mentioned methods, we added Gaussian white
noise with a standard deviation of o = 0.01 to the simulated transmittance spectrum
(not shown). In this way, our simulation mimics more closely a real measurement. We
simulated 48 transmittance spectra with same film parameters. The three methods were
applied to these simulations. Fits on the resulting refractive index and absorption
coefficient were performed, from which the Cauchy expansion parameters were obtained.
In the case of the absorption coefficient we recovered the parameters of the Cauchy-
Urbach model. Since it is not possible to determine o and Eo independently [Guell] we

rewrite equation A.1.5 in the logarithm scale as

Y = Yo + BE + In(E),

where

Y = In(a) and Y, = In(a,) — BE,.
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The intercept of this curve yq and the Urbach slope g are calculated through a fit. The
fitted parameters obtained from the calculated curves are used to compare precision and

accuracy of the methods.
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Figure A.1.5. Refractive index (a) and the absorption coefficient (b) parameters for each method, along
with the confidence regions at 95%. The high dispersion presented by PUMA is most likely due to the
number of data points used in the optimization process. While in our method the number of data points
used were 851, i.e. from 250 to 1100 nm with a step of 1 nm, PUMA uses a maximum of 200 points

equaled spaced only. The theoretical values are denoted by the intersecting dashed lines.

At this point it is important to remark that the maximum number of data points used in
the optimization process in the PUMA method is limited to 200. The authors recommend
the use of 100 points. In the case of the Swanepoel method the number of data points
used in the calculations is limited only by the number of points generated through the
interpolation of the envelopes. In the case of our method, the number of used data points
in the fitting procedure is limited only by the measurement itself. These features have an
impact when comparing the methods. For instance, the confidence regions become

broader if there are fewer points to fit.
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Figure A.1.6. Calculated thickness distribution for the 48 simulations (a). Cumulative relative error
histograms of the refractive index (b) and absorption coefficient (c). The histograms are generated after
applying the three methods to the 48 simulations. Additionally, for comparison reasons we apply the
here proposed method using the Sellmeier equation to recover the refractive index. Notice that even
when using the Sellmeier model, both the thickness and refractive index exhibit an off shift to the ideal

value of 0.5 nm and 0.25%, respectively.

The parameters corresponding to the Cauchy model fit and the Cauchy-Urbach model fit
with confidence regions of 95% are plotted in figure A.1.5. The dashed lines indicate the
expected parameters. The recovered values should be as close as possible to them. The
ellipses (closed lines) show the confidence regions at 95% confidence for each method.
The confidence in a method can be characterized by two indicators: First, the smaller the

area of the confidence ellipses, the more reliable is the method. Second, the confidence
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ellipses should be centered at the true value. It is evident that our method overcomes the
other ones, since it has the smallest confidence ellipses in all cases, especially for the
parameters of the absorption coefficient. Note that although our method is off-centered
for the model of the refractive index, it is still closer to the simulated value than in the
case of the Swanepoel method. It should be mentioned that the PUMA method can be
enhanced by augmenting the number of iteration loops. Nevertheless, the related increase
of calculation time makes this approach impractical. The iterations in the present work
corresponding to 48 fits where performed in a cluster of 48 cores (one fitting procedure
per core). It took 33 hours and 20 min. A lower number of iteration loops (e.g. 500, 2500
and 5000 for the respective stage) shortened the calculation time to 20 min
approximately, thereby reducing the accuracy of the calculation. The fitting procedure
here proposed takes no more than one minute. The main time-consuming part of the

proposed method is the estimation of the envelopes.

The results concerning the thickness calculation are depicted in figure A.1.6. Additionally
in order to go through the behavior of the displayed optical constants recovery shown
lines above, we construct histograms of the overall relative difference between the
calculated curves of the refractive index and absorption coefficient with their theoretical
counterparts (see figure A.1.6). The simulated thickness is 250 nm. Our and the PUMA
method are well centered at this value. Notice the achieved low dispersion of our method
in contrast to PUMA and Swanepoel’s. The latter even demonstrates clearly its
unreliability in the determination of the thickness, mainly due to the low number of
interference fringes to be used in the thickness calculation procedure. Furthermore, the
systematical bias of the method proposed here that was noted in figure A.1.5 is also

recovered in these histograms.

Final remarks
Finally it is important to remark the reliability of the three methods that have been
compared above, concerning their capability to measure the Urbach and Tauc regions of

the absorption coefficient. In order to do so we simulate the absorption coefficient using
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the equation 3.1.23 proposed in section 3.1 so as to distinguish the Urbach and Tauc

regions (see figure A.1.7).
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Figure A.1.7. Simulated transmittance in which the absorption coefficient was modeled with equation
3.1.23 (ap = 12 x 10°cm™t eV, 1/8 = 150 meV and E, = 2.5 eV) for three different thicknesses
(a). Recovered absorption coefficient shown in two scales in order to observe the compromise between
the thickness and the reliability of the methods to extract the absorption coefficient in the Urbach and

Tauc regions (b) and (c). The shadowed region denotes a fixed sensitivity limit (T > 1073).

Notice that for thicker samples the three methods are able to obtain the absorption
coefficient with a good reliability, however the sensitivity limit limits the spectral extent
of the measured absorption coefficient and therefore the fundamental absorption region is
screened by the absorbance of the film as it is shown by the shadowed region in figure
A.1.7. This behavior establishes a compromise between the thickness and capability to
measure the fundamental absorption of thin films. Thenceforth, if we reduce the thickness
of the film, the number of interference fringes is also reduced and therefore the capability
of the methods that take advantage of the fringes to calculate the thickness drops
dramatically (e.g. SWA). Moreover, the fitting methods, PUMA and the here proposed,
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can still calculate the absorption coefficient. However while PUMA calculates the
Urbach region robustly it fails in the fundamental absorption region contrary to the
obtained absorption coefficient by the SWA and the here proposed methods. In this sense
and based on what is exposed in this appendix we select the method proposed here to

measure the thickness and fundamental absorption region of the thin films under study.

A.2 Multiphonon transitions

The static interaction between 4f electrons and the surrounding ions give rise to crystal
field splitting. Additionally the dynamic crystal field with 4f-electrons produces
phenomena that should be considered. This interaction is partly responsible for the
occurrence of the 4f-4f transitions, and is the origin of most of the line widths observed in
optical spectra. An excited RE can decay via the emission of phonons instead of a
photon. Such transitions are called multiphonon transitions and are the result of the
modulations of the crystal field due to vibrations of the ligands. This electron-phonon
interaction was named H; in equation 3.2.1 and corresponds to the dynamic component
of the crystal field. While the static component was developed in section 3.2 and was
named H.p in the Hamiltonian, here is renamed H:p_gtqric @Nd we will focus on the

dynamic component Her—_gynamic = Hy,, See equations A.2.1 and A.2.2.

Hep = Hep—static + HCF—dynamic (A-Z-l)
v :
Her—aynamic = 20, + higher order terms (A.2.2)
5 4
l

In equation A.2.2 IV is the potential experimented by the electrons and Q; are the normal
vibrational modes. The first and higher order terms describe the modulations of the
crystal field due to the vibration of the ligands. This couples the motion of the electron to
the motion of the lattice allowing phonon transitions between electronic states see figure
A2l
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Figure A.2.1. Two level system showing the radiative electronic transition (a) and multiphonon
electronic transition (b). The phonon emission is denoted by a thick gray arrow. The energy difference
AE between states matches with the number n of emitted phonons. ky and k,, stand for the radiative

and multiphonon electronic transition rates, respectively.

In order to develop an expression for the multiphonon decay rate k,;» one may take the
first order to the nth term of the perturbation in equation A.2.2 or viceversa. In any case,
the result takes the form shown in equation A.2.3 where ¢ is a constant much less than

unity. Equation A.2.3 leads to the energy gap law (see equation A.2.4).

kyp(n) = kyp(n — 1)§ (A.2.3)

kyp(n) = ko exp(— € AE) (A.2.4)

In equation A.2.4, k, is a constant, AE is the energy difference to the next lowest state
and ¢ is a constant that describes the ion-lattice coupling strength and is determined
empirically. The energy gap law has been found to be valid in RE ions [Vij06, Web73].
Additionally, an alternative procedure for developing the description of the multiphonon
decay rate is to express a non-adiabatic interaction Hamiltonian in the adiabatic

approximation, leading to a similar energy gap law for the case of RE ions. The

N
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temperature dependence of this process is obviously related to the number of available
phonons in the host, in particular the high energy phonons. The high energy phonons play
the dominant role since fewer phonons are required, thus lowering the order of the
process. The average occupation number of phonons in the ith mode is N(v;) =
(exp(hv;/kgT) — 1)71, and the emission of a phonon is proportional to (N(v;) + 1).
The nth order multiphonon decay rate goes as (N(v;) + 1)™. This temperature

dependence has been verified [Vij06, Moo70].

Finally, observations have led to the following thumb rule for RE ions: if the energy
difference AE to the next lowest level requires seven phonons or more, the dominant
decay mechanism is radiative. Otherwise is more likely that the electronic transition

occurs non-radiatively.

A.3 Up-conversion

Up-conversion concerns to the processes whereby a system lets say excited with Aw;
photons emits photons with an energy Aw, > hw;. Figure A.3.1 depicts the possible up-

conversion paths. These are summarized as follows:

) The excited state absorption process (ESA) which involves a single ion. In this
process two photons are absorbed sequentially, the intermediate state should
remain sufficiently enough till the second photon is absorbed. Er®* is an example
of this process when excited with a high power density [Ken02].

i) Two-photon absorption (TPA). A single ion is also involved, and in this case, two
photons are absorbed simultaneously and the intermediate state is actually a
virtual one.

iii) Up-conversion by energy transfer (ETU). In this case the activator is initially in
an excited state and reach a higher energy state after the energy transfer from the
sensitizer (see figure A.3.1). Additionally there is the possibility of cooperative
energy transfer upconversion involving more ions, such process has been

observed but in general is very weak [Auz04].
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Upconversion processes are nonlinear due to the fact that they require the absorption of at
least two photons. ESA and ETU are the most common. Experimentally these two
mechanisms can be distinguished by examining the system’s response to pulsed laser
excitation. For instance, in the case of ESA-type upconversion, the rise time is within the
lifetime of the pump laser pulse. Whilst for the ETU-type the luminescence peak appears

after the laser pulse is over [Vij06].

ESA TPA ETU ETU

Y NY Y

RSP, /7

| [ l
S S

(a) (b) (c) (d)

Figure A.3.1. Possible upconversion processes: excited state photon absorption (a), two photon
absorption (b), two ions upconversion by energy transfer (c), and three ions cooperative energy transfer

upconversion (d).

A.4 On the conversion of atomic concentration of RE into average ion interdistance

An increase in the RE concentration in the host matrix can be translated into a decrease of
the mean RE ion interdistance. In order to calculate this average distance it is first
necessary to convert the atomic concentration in number density. Thenceforth, using the
number density and assuming a random distribution of REs in the solid the mean REs

interdistance is calculated.

On the conversion of the atomic concentration of REs into number density
The aim is to convert the RE concentration given in atomic % of a host solid with a

known stoichiometry into number density, that is the number of RE atoms per unit cubic
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cm. Let us take for example the SiC:Tb material and assume that the ratio of Si and C
atoms is 1:1 independently of the doping. p is the mass density of the doped film, m the
total mass within a finite volume V' of the film. Within this finite volume we have a total
number of N atoms which is the sum of the different particles, silicon, carbon and

terbium:

Dividing by N we obtain the atomic concentration of the individual species:
Ns; Nc Ny
Additionally, the total mass can be expressed as a sum of the individual atomic masses:

m = NSimsi + Ncmc + NTmeb (A43)

Now, from equations A.3.2 and A.3.3 we can write

b= m _ Nsimsi + Nemc + Nypymy

vV %4
_ Nsimsi + Neme + Npymo, N (Ad.2)
N %4
=p = (ngmg; + ncme + nyyMry) v
and thus the total number density
N
A== P (A4.5)

V  ngmg + neme + nppymy,

The terbium number density 7y, = i X nyy,. Finally by taking the stoichiometry
information, in this case the assumption of equal number of Si and C atoms we know that
Nsi/c = Nsiyjc/N = 1/2(1 — nyp) and we obtain the final form for the total and terbium

number densities shown in equation A.4.6.
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_ P
1/2(1 — ny,)mg; + 1/2(1 — ny,)me + nyymeyy,

p
1/2(1 — nyp)mg; + 1/2(1 — ny,)me + nrpyMyy o

i
(A.4.6)

Nty =

Distribution of the nearest neighbor in a random distribution of particles
The following section concerns with the
distribution of the nearest neighbor in a random
distribution of particles in a defined volume
[Cha43]. Per definition if we draw a circle with Q
center in the particle P and radius the distance
between the particles P and Q (see figure

I

A.4.1), Q is the nearest neighbor of P always

Q
=

and only that there is no other particle within the

circle. Make this geometric analysis for many ~ "'9uré A4.1. Schematic representation of

particles and write down the number of particles e g & PEMtIClE P-

within a distance r and r+dr. Relate this number to the unit line and this is the
distribution density p(r)dr of the nearest neighbor of a particle distribution. Notice that
p(r) is a line density and not a volume density, this makes sense for isotropic
distributions, e.g. random distributed particles, since the volume distribution can be

written as w(r) = 4mp(r).

The probability of finding at least one nearest neighbor particle within the ring with

radius r and thickness dr is given by p(r)dr. Whilst the probability of finding any
particle within the sphere of radius r is given by for dr'p(r") and the probability of

finding no particle within the same radius is 1 —for dr'p(r"). Additionally, from the

random distribution of particles follows that equal part of volumes are filled with equal
parts of number of particles, thus any volume ratio is equal to the number of particle

ratios:

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




Vshell _ Nshell

= Ad7
Vsphere Nsphere ( )

Therefore we can write the probability of finding at least one nearest neighbor particle

within the ring with radius r and thickness dr as shown in equation A.4.8, where fi,, is the

particle density (or number denstity of particles) defines as 7, = Nyppere/Vsphere:-

p(r)dr = (1 - f dT'PO")) Ngpen

r
Vshell
= 1—f dr'’ (r’))S—N .
< To ¢ Vsphere ipnere (A48)

T
= (1 — f dr’p(r’)> 4m(r? —r)dr i,
To

Canceling the term dr in equation A.4.8 we obtain the integral equation for p(r) as
shown in equation A.4.9. Notice that in the limiting case for the particle radius r, then

p(r = 1) = 4n(r? — r{)i,.

p(r) = <1 - frdr'p(r’)> 4mr®h,

P =1- J Tdr’p(r’)

P NG
An(rs —r5)f, )

(A.4.9)

In order to solve the integral equation shown previously, it is convenient to convert it into
a differential equation (by applying the operator d/dr on both sides) and perform the

following substitution:

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




d p(r) _ d r R
E(‘Ln(rz - roz)ﬁp> B a<1 B Jr dr'p(r )> = —p(r)

0

B p(r)
CAn(r? —rd)Hn, (A.4.10)

f(r):

d 2 _ 2\&
:E = —4n(r® —15)f,f

= f'+4n(r® —rdf,f =0

The standard differential equation can be solved by the procedures of separation of
variables. It follows as shown in the equation A.4.11, where the limit case f(r - 1) = 1

has been used.

f@) r
d d
sz —4n(r® —rP)f, = f sz —4mit, fdr r?
f(ro) To
f@) Y _ X
Iy~ 3R T (A4.11)

4
= £() = f(ro) exp (—gnﬁp(ﬁ : ré))

4
f(r) =exp (— §m’ip (r3 - r03))

Finally we obtain the unknown distribution as depicted in equation A.4.12. Notice that
this distribution is asymmetric, therefore the mean distance of the nearest neighbor does

not coincide with the most probable distance.

p(r) = 4m(r? —r§) fi, exp (—gnﬁp(r3 - ré’)) (A.4.12)

The mean distance is calculated as:

4
fzfdrrp(r)zjdr4nr3ne_§7mr = Ton
dmy 73 A.4.13
0 0 ( - ) ( )

~ 0.55396 ..n" /3
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While the most probable distance is calculated as the maximum value of the distribution

p(r):
1

Wn_% ~ 0.541926 ..n" /3 (A4.14)
2m) /3

Ep(r) =0 Typax =
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