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Resumo

Este trabalho fornece caracterizagdo otica e estrutural de filmes finos compostos
por nitreto de silicio amorfo hidrogenado dopado com térbio (a-SiNx:H<Tb>) — crescidos
por deposicao quimica a vapor assistida por plasma gerado através de ressondncia
ciclotronica de elétrons (ECR PECVD) e por pulverizagdo catodica reativa em
radiofrequéncia (reactive RF-Sputtering) — com o proposito de avancar a investigacdo em
fabricacdo de novos materiais € dos mecanismos da emissdo de luz de ions de Tb quando
diluidos em materiais baseados em silicio. A fotoluminescéncia (PL) atribuida aos filmes de
a-SiNx:H<Tb> foi investigada em termos das condigdes de deposicao e correlacionadas com
suas propriedades estruturais e de recozimento pds-deposi¢do. Entre as propriedades
caracterizadas estdo: estequiometria, taxa de deposicdo, indice de refracdo, coeficiente de
extingao, bandgap 6tico Eo4, concentragdo de térbio e vizinhanca quimica presente ao redor
de ions Tb**. Concentragdes de Tb da ordem de 1.8 at.% ou 1.4x10?! at/cm3 foram
obtidas em amostras crescidas por Sputtering enquanto que concentragdes de 14.0 at.%, ou
da ordem 10?2 at/cm3, puderam ser obtidas em amostras crescidas por ECR PECVD. Em
Sputtering, a incorporagdo de Tb varia linearmente com a area recoberta por pastilhas de
Tb4O7 em pd, enquanto que em PECVD, a incorporagdo de Tb ¢ inversamente proporcional

e pode ser ajustada sensivelmente pelo fluxo de gas SiHa.

Forte emissdo de luz, atribuida as transi¢des eletronicas em Tb** (PL do Tb), foi
obtida em filmes ndo-recozidos que possuiam bandgap estequiométrico (Eos = 4.7 = 0.4 eV
and x = 1.5 = 0.2). Espectros de PL do Tb ndo mostraram mudancas significativas no
formato e na posi¢do dos picos de emissdo devido a alteragdes na temperatura de
recozimento, nas condi¢des de deposicdo ou entre amostras crescidas por diferentes técnicas
de deposi¢do. Entretanto, esses pardmetros influenciaram fortemente a intensidade da PL do

Tb.

Estudos da estrutura fina de absor¢do de raios-X (XAFS) em filmes crescidos
por sputtering mostraram a estabilidade da vizinhanca quimica ao redor dos ions Tb**
mesmo em altas temperaturas (1100°C). Investigacdes por sonda atdmica tomografica (APT)
ndo encontraram formacdo de nanoclusters envolvendo ou ndao Tb, mesmo apds

recozimentos em altas temperaturas. Isso sugere que a excitagdo de Tb** deve ocorrer



através da propria matriz hospedeira amorfa e ndo por mudangas no campo cristalino e,

portanto, na forca de oscilador das transi¢des eletronicas do Th**.

Caracterizacdo da densidade de ligagdes Si-H por espectroscopia infravermelha
a transformada de Fourier (FTIR) em filmes recozidos em diferentes temperaturas foi
relacionada com a intensidade da PL do Tb. Ela mostra que um decréscimo na densidade das
ligacdes Si-H, que esta relacionada a um aumento na concentragao de ligacdes pendentes de
Si (Si-dbs), resulta em filmes com maior intensidade na PL do Tb. Portanto, isso sugere que
a excitagdo de Tb>" parece acontecer através de transi¢des envolvendo Si-dbs e estados

estendidos, o que ¢ consistente com o modelo de excitacdo Auger por defeitos (DRAE).



Abstract

This work offers optical and structural characterization of terbium (Tb) doped
hydrogenated amorphous silicon nitride thin films (a-SiNx:H<Tb>) grown by electron
cyclotron resonance plasma-enhanced chemical vapor deposition (ECR PECVD) and
reactive RF-Sputtering with the purpose of advancing the investigation in fabrication of
novel materials and the mechanisms of light emission of Tb ions when embedded in Si-
based materials. Photoluminescence (PL) of a-SiNy:H<Tb> films were investigated and
correlated with the deposition conditions, structural properties, and post-deposition thermal
treatments (isochronal annealing under flow of N>). Among the characterized properties are:
film stoichiometry, deposition rate, refractive index, extinction coefficient, optical bandgap,
terbium concentration, and the chemical neighborhood around Tb ions. Tb concentrations of
about 1.8 at.% or 1.4x102?! at/cm3 have been achieved in Sputtering system while
concentrations of 14.0 at.%, or about 10%? at/cm3, could be achieved in ECR PECVD
samples. In Sputtering, Tb incorporation varies linearly with the covered area of the Si target
by Tb4O7 powder pellets, while in PECVD, Tb incorporation is inversely proportional to and
can be sensitively adjusted through SiH4 gas flow.

Bright PL attributed to Tb** electronic transitions (Tb PL) were obtained in as-
deposited films with stoichiometric bandgaps (Eos =4.7 +£ 0.4 eV and x = 1.5 £ 0.2). The Tb
PL spectra did not show any significant change in shape and in PL peak positions due to
alterations in annealing temperature, deposition conditions or due to the used deposition

method. However, these parameters strongly affected Tb PL intensity.

Studies of X-ray absorption fine structure (XAFS) in Sputtering grown films
show the stability of the chemical neighborhood around Tb*" under annealing conditions
even after thermal treatments at temperatures as high as 1100°C. Atom probe tomography
(APT) investigation also found no formation of nanoclusters of any type (involving Tb ions
or not) after high temperature annealing treatments suggesting that Tb*" excitation should
come from the amorphous host matrix itself and not by changes in crystal field and thus in

oscillator strength of Tb** electronic transitions.

Fourier transform infrared spectroscopy (FTIR) characterization of Si-H bond

density in films treated at different annealing temperatures were correlated with Tb PL



intensity. It shows that a decrease in Si-H bond density, related to increase in Si dangling
bonds (Si-dbs) concentration, results in greater Tb PL intensity. Thus, it suggests that
excitation of Tb*' happens through transitions involving silicon dangling bonds and

extended states, consistent with the defect related Auger excitation model (DRAE).
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1 Introduction

Silicon microelectronics, based on complimentary metal-oxide semiconductor
technology (CMOS), has had a fundamental role in the revolution that has taken place in the
last decades which is now present in almost every aspect of everyone’s life. The constant need
for higher data rates is pushing silicon microelectronics to its fundamental limitations
imposed by resistive-capacitive delays that come from downscaling and the constant increase
in interconnects lengths. To extend the lifetime of the existing silicon architecture, the use of
light, instead of electrons, seems to be the solution to further increase data rates while
avoiding those limitations. It would be ideal that this solution could also adhere to CMOS
fabrication standards. Being silicon the second most abundant element in Earth’s crust, this
solution could be cost-effective. It also has a good potential for large scale implementation
because it could take advantage of the already existing microelectronic fabrication facilities.

This is the promise given by what is known as “silicon photonics”.

Almost all photonics building blocks for an integrated silicon photonics circuit
have been proved experimentally in the last decades: silicon based optical waveguides [1]-
[4], tunable optical filters [5]-[9], fast switches [10]-[13], optical modulators [14]-[16],
photodetectors [17]-[19], and even the development of first Si-based CMOS photonic chips
[20]. The component that is still missing is an efficient, monolithic silicon-based light source

which requires convenient pumping mechanisms [21], [22].

In the visible light region, solid-state lighting and displays applications would
take great advantage of low cost silicon based light-emitting devices (LEDs). Most optical
components are still made from III-V-based compounds such as indium phosphide (InP) or
gallium arsenide (GaAs) [23] which can be considered exotic in the sense that they are costly

and require fabrication processes of difficult integration with CMOS infrastructure.

One of the fundamental issues for Si light emission is that crystalline bulk Si (c-
Si) is an indirect bandgap semiconductor. This implies that phonons always mediate radiative
transitions, a very inefficient process. In the so far best-case scenario, the electrical-to-optical
conversion in bulk Si systems is as low as 1% [24]. Several strategies and routes have been

proposed and explored over the years in the pursuit of overcoming this intrinsic limitation.
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Among them are porous silicon [25]-[29], silicon nanowires [30]-[33], silicon quantum dots

[34]-[37], and rare earth doping in amorphous silicon based alloys [21], [38]—-[43].

Rare earth trivalent ions when embedded in insulating solids have intense and
narrow intra-4f transitions whose precise energies depend very weakly on the host choice and
represent a signature of each element. Some ions, like Er** and Nd**, have transitions within
the infrared region, while others, such as Ce**, Eu**, and Tb*", have transitions in the visible

part of the electromagnetic spectrum.

Er** is definitely the most studied rare earth element for light emission purposes
[21]. Erbium-doped fibre amplifiers (EDFAs) are used for long-haul telecommunications.
This is only possible due to the efficient 1.54 um energy line - within the low loss window of
silica fibres. This case of success has driven much attention to Er doped Si based thin films
(porous [44]-[48], carbides [49]-[51], nitrides [52]-[54], oxides [55]-[57] etc.) and later
paved the way for the investigation of other rare-earths on those same solid hosts for a wide

range of different potential applications.

One element of the rare-earth family is Tb**. It has intense blue and green light
emission lines which are widely used in display and lighting applications. Nevertheless,
luminescence of Tb within silicon based thin films have received much less attention. A
thorough research on the available works on the topic reveals that the first studies date back to
late 1990s [45], [58], [59]. Although almost 20 years have passed, no more than 30 works
have been published in peer review journals which precisely investigated the luminescence
properties of Tb>" ions in silicon based materials. Starting timidly in the first years with an
average of one work per year, more interest about the topic slightly increased only after 2002,
concurrently with the development of in-situ incorporation techniques which allowed higher

amounts of lanthanide incorporation and better control of concentration over film depth.

Much of the research on Tb-doping in silicon based alloys have focused mostly on
silicon rich silicon oxides [60] and oxynitrides [61] exploring the excitation provided by
silicon nanocrystal engineering [62] and the influence of defect passivation on the
luminescence [63]. Little attention has been given, though, to nitrogen rich amorphous silicon
nitrides (a-SiNx:H). As it is well known, a-SiNx:H have large band gaps, ranging from 2.0 to
more than 5.0 eV [64]-[66], making it suited for hosting emissions in the visible range,

characteristic of terbium ions.
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There is still a debate regarding the different excitation mechanisms of Tb*" ions in
different Si-based materials. Different routes for Tb>* excitation may occur in silicon based
matrices. Some authors presented evidence that the band tails do not participate in excitation
[61]. Others claim that silicon nanoclusters [67]-[69] and/or rare earth silicate clusters [60]
are involved in the process. This view has been dominant for much of the work on Tb doped
silicon based materials. When embedded in a wide band gap amorphous network, clusters can
produce energy levels inside the gap which could resonantly transfer energy to one of the
higher Tb** energy levels. Other authors cite an alternative high yield excitation process from
the host’s extended electronic states to the high energy Tb*>" "D band [70], [71], a transition
associated with the promotion of one 4f electron to the 5d orbital — see Figure 1 for
photoluminescence excitation spectra. Nonetheless, there is very little discussion about the
role of deep levels and the silicon dangling bonds (Si-dbs) in the amorphous network itself. In
Er doped a-Si:H [72] and Nd doped a-SiNx:H [40], this is the main pathway for rare earth
excitation. In fact, for the specific case of Tb*", in a-SiNy, this was cited as a possible path for
Tb excitation by Yuan et al. [73], who also considered N; and N defects (Figure 2) as other
possible excitation sources. However, these defects are more common in the crystalline phase

of Si3N4 [74] and are not commomnly reported in amorphous materials.
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Figure 1: PL and PLE spectra of Tb doped SiO; films obtained by Sun et al. [75].
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Figure 2: Left - Absorption spectrum of undoped nitrogen rich SiNy. In the inset is its PL spectrum at room
temperature; Right - Proposed energy transfer process involving both Si and N dangling bonds. After [73].

1.1 Thesis Objective and Methods

This work was conceived to provide further investigation of Tb doped a-SiNyx:H
thin-films (or a-SiNx:H<Tb>) in view of the search for active materials that could make viable
silicon-based light-emitting devices in the visible region, with efficiencies comparable to
those obtained in III-V semiconductors. To achieve this goal, a clear understanding of the
underlying mechanisms responsible for light emission is required. It is expected that the
information provided in this thesis can offer helpful information towards the development of

new materials, applicable to new efficient devices.

The research presented in this thesis is a somewhat natural continuation of earlier
work at Laboratorio de Pesquisas Fotovoltaicas (LPF) in IFGW/Unicamp, that studied PL
properties of other rare-earth elements embedded in SiNx and SiOx hosts [38], [40], [76], [77].
Using reactive RF-Sputtering as the film fabrication method, the deposition parameters space
was widely explored and the best conditions of film deposition, for maximum PL of Tb**, and
the parameters of thermal treatment were determined. Samples of a-SiNx:H<Tb> were grown
and characterized at McMaster University using plasma enhanced chemical vapor deposition
generated by electron cyclotron resonance (ECR PECVD), a very different deposition
method. The characterization experiments were conducted at the Centre for Emerging Device
Technologies (CEDT) together with the Department of Engineering Physics at McMaster
University. With such an amount of data, a direct comparison of film characteristics grown by

two different methods could be done.
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The approach used for the investigation of the important parameters for Tb** light
emission was through chemical composition characterization, by Rutherford Backscattering
Spectrometry (RBS). Along with it, room temperature photoluminescence experiments were
conducted and optical constants film thickness determination were obtained by Variable-
Angle Spectroscopic Ellipsometry (VASE). As already mentioned, the samples were prepared
over a broad range of deposition parameters using the two different deposition methods: ECR
PECVD and reactive RF-Sputtering. Chemical vapor deposition (CVD) techniques, in
general, operate much closer to the thermodynamic equilibrium when compared to the
physical vapor deposition (PVD) techniques — in CVD, a chemical reaction requires energy
scales of the order of tenths to tens of eV, while for PVD, the energy scale is shifted to several
hundreds [78] —, so structural differences, and, notably, differences in the concentration of
defects in the amorphous network were expected and investigated. These energy scale
differences in the two methods are most prominent by the fact that Sputtering relies on the
vaporization directly from a solid precursor whose binding energies are elevated when

compared to the gas precursors used for CVD and Plasma enhanced CVD techniques.

A wide range of annealing temperatures was used to investigate the concentration
of defects in the matrix. The films were annealed for 1h in N> atmosphere. The defects are
represented by the Si-dbs. Fourier Transform infrared spectroscopy (FTIR) was employed to
determine how Si-dbs density affect the PL emission of Tb*>" in ECR PECVD grown samples.
One of the expected characteristics in the two groups of samples is a consistent difference in
dangling bond concentration in films with similar chemical compostion which offers a

framework for comparing Tb PL in the two sets of samples.

This work also includes a direct study of the chemical neighborhood of the Tb*"
ions in Tb doped a-SiNis:H grown by reactive RF-Sputtering films through EXAFS
absorption spectroscopy of the Lin absorption edge of Tb. This study was conducted for
samples which had undergone different annealing treatments (annealing with different
temperatures in an inert gas atmosphere). Regarding the causes of changes in
photoluminescence intensities from Tb ions caused by annealing with different temperatures,
one of our earliest hypothesis was of possible alterations in the chemical neighborhood
around Tb>" ions. As it will be discussed more in-depth in Chapter 2, the crystal field,
generated by the neighboring atoms, can vary the transition intensities changing the PL

spectrum.
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Moreover, it shows the first report of atom probe tomography (APT) studies in
this system. The APT data were used for an atomic 3-D spatial reconstruction of the film
composition. The measurements and characterization were made as a result of a collaboration
with Prof. Gianluigi Botton and were conducted by Brian Langelier of the Canadian Centre
for Electron Microscopy (CCEM) at McMaster University. The APT studies were conducted
in films with high and low concentrations of Tb which had undergone annealing at very high

temperatures (1200°C).
1.2 Outline

This introduction contextualized the importance of the research in novel silicon
based materials, compatible with CMOS processing, and directed the reader specifically to
rare-earth doping of a-Si alloys as a potential route for the development of active layers for
Si-LEDs. It also raised relevant information available about Tb doping in Si-based alloys. An
overview of the material studied and the methods employed was also provided. A more in-
depth description, with more details, will be presented on the subsequent chapters. The rest of

this section is dedicated to outline each of the chapters presented in this work.

Chapter 2 has some background information on the spectroscopic properties of
Rare Earth elements— their electronic structure, transition intensities and radiative and non-
radiative processes. In Chapter 3, the focus is directed towards general aspects of tetrahedrally
coordinated amorphous semiconductors and some electronic and optical properties of
amorphous silicon. The existent models for photoluminescence properties in rare earth doped

a-Si:H are also covered.

Chapters 4 and 5 presents experimental background information regarding the
growth systems’ specifications used in sample preparation and the characterization methods
employed. Along with it, details of the samples, such as optical characteristics and chemical
composition, are presented. A comparison of film properties between RF-Sputtering ECR

PECVD grown samples, is also provided.

The results and discussion were condensed in Chapter 6. Information regarding
the chemical environment around Tb*" ions and atomic distribution reconstructed from APT
are presented for samples submitted to thermal annealing at different temperatures. Effects of
concentration quenching of the Tb*" photoluminescence are presented. Emphasis is given to

the experimental data consistency with the defect related Auger excitation model, originally
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proposed for Er’* in a-Si:H, that resulted from studies of the Si-H and N-H vibrational

properties given by Fourier transform infrared spectroscopy.

Conclusions and perspectives are in Chapter 7.
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2 Considerations on Rare Earth Spectroscopy

Atoms from the lanthanide family form a subgroup of a slightly bigger family
denoted by Rare Earths (RE) — which includes yttrium and scandium [79]. When they are
embedded in insulators, they preferably ionize to their trivalent state [80], RE*". Their
optically active electrons are within the 4f shell, but, their valence electrons do not participate
in bonding because of the shielding from their neighborhood generated by the 5s, 5p and 6s
shells — see Figure 3. One consequence of this is the fact that Rare Earth ions emit narrow
lines due to their intra 4-f electronic transitions, which means that their electronic structure
can be described, in first approximation, through pure atomic physics, i.e., the system is first
treated as if the lanthanide ion was isolated. Nevertheless, the atomic transitions involve
initial and final states of the same parity which are electric dipole forbidden. This constraint is
partially relaxed when the atoms occupy non-centrosymmetric lattice sites. In this case, the
solutions to Schroedinger’s equation can be expressed as linear combinations of
eigenfunctions of the free ion and the transitions become partially allowed. The transition
probabilities depend very strongly on the detailed chemical environment of the RE** ions that

determine the symmetry of the sites and the local electrical fields - the crystal field.
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Figure 3: Radial Distribution Function for 4f, 5s and 6s electron shells calculated for Gd** using Hartree-Fock's
method. It is a textbook example of how well inside and shielded the 4f shell is. Adapted from [81]

In this chapter, a short review of RE spectroscopy is presented and then applied to

the case of trivalent terbium ion (Tb*"). More specifically I will present the electronic energy
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structure, the effective Hamiltonian applicable to the system, the eigenstates nomenclature
system, the Judd-Ofelt theory, some of the energy transfer mechanisms important for RE
excitation (sensitization) and the DRAE excitation model.

This section is based in standard texts like: G. Liu, “Electronic Energy Level
Structure” [82] and, more recently, in J. C. G. Biinzli and S. Eliseeva, “Basics of Lanthanide

Photophysics,” [79].

2.1 Electronic Structure of Trivalent Lanthanide Ions (RE*")

2.1.1 Free Ion

The Hamiltonian of the free N-electron atom, without considering relativistic

effects, many body interactions and nuclear movement can be written as [82]:

N N N N
Ho = i V2+zze2+ e2+z Li-S ()
o= i T LT . {(r)L;-S;
i=1 i=1 =1

i<j

where the first term is the kinetic energy of the electrons; the second is the electron-nucleus
attraction; the third is the mutual interelectronic repulsion between an i-j pair separated by a
distance ry; the fourth a is the spin-orbit term that can be interpreted semi classically as a
magnetic dipole-dipole interaction between orbital and spin magnetic dipoles mediated by the
{(r)) function.

This Hamiltonian obviously does not have an analytic solution for N>1 and must
be solved using approximations. In the first place, the problem is solved for each electron
separately, i.e., the solutions for the H atom are used for each electron. The energy is assumed
to be constant with time. The Born-Oppenheimer approximation is used: the nucleus is fixed
from the electron’s point of view. The perturbation method is used, that is, the diverse
interactions occurring in the electron-nucleus system are treated separately in decreasing
order of magnitude.

The most usual way of solving it is self consistently through the Hartree-Fock’s
method [83]. In this method, the central free ion Hamiltonian, without considering the L-S
term, is substituted by equation 2 where each electron moves independently under the action
of an average central field, U(ri), which depends over the i" electron and represents the

effective repulsion potential that is applied to it by the other electrons and the nucleus — eq. 3.
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! hz 2
Ho= ) —5m = U@ ©
i=1
i U 5 Ze? N 5 2
S S-S oL
i=1 i=1 i i<j rij (3)
Nevertheless, eq. 3 does not have all the interelectronic repulsion since [82]:
iZe2 . i e? @
= T =T

In this way, the third term in equation 1 is substituted by:

N N
we= Y-
C = —— —
i<y 4 i Y ()

This is known as the residual Coulombic interaction which is small enough to be
treated by the perturbation method.

Equation 2 operates in the N electron space which constitutes the atom, that
means, is an operator for the complete system. Because it depends upon a central potential,
which depends only on the i electron coordinates, it is possible to separate it into a collection
of monoelectronic hydrogen like equations — also called orbitals — and consider each electron
moving independently. To be more precise, the angular part of the solutions is solved exactly
and separated from the radial part which is constructed from a self-consistent method
(Hartree-Fock method). In this method, an initial wavefunction is guessed, usually takes the
form of a solution of the hydrogen atom and then used for computing the average central
potential. Using this potential, new wavefunctions are constructed which, in principle, are
closer to the true solution. With these new solutions, a new average potential is constructed
and the process is repeated until the obtained wavefunctions do not significantly change
within the calculations precision. For more details on the method, please refer to [84], [85].
Figure 3 gives some results of such calculations for the case of Gd**.

In this way, it is possible to use the solution for the H atom to construct the multi-
electron wavefunction. This function must obey Pauli’s exclusion principle and so is given by
a Slater’s determinant of the one-electron wavefunctions which are occupied in crescent order
of energy. This determinant is what gives the microstate of the atom and is related to what is
called the atom’s electron configuration; usually represented by the quantum numbers of the

last occupied orbital with the occupancy number — the number of electrons in that orbital. In
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the case of the trivalent lanthanides ions they would be represented only by 4f ™ [82], [86].
Table I illustrates the order of magnitude of different contributions to the electronic structure
[82].

Table I: Energy level splitting scale from different contritutions. Adapted from [82]

| Interaction Mechanism Energy (eV) \
Configuration 10
Residual Coulombic interaction 1
Spin-Orbit Interaction 0.1
Crystal Field Interaction 0.01

2.1.2 LS Coupling

To build the wavefunctions of the multielectronic atom is necessary to choose the
way the angular momenta of each electron couple together in each shell.

There are two special kinds of coupling schemes. Each one is best employed in
two different possible extremes: residual Coulombic interaction is bigger than spin-orbit’s and
the opposite. For the first case, the LS coupling, often referred to as Russel-Saunders scheme,
gives the best coupling. In this case, we count each orbital by the shell’s total orbital and spin
angular momenta and total angular momentum, J, is given by J = LL + S. For the latter, the
best coupling is the j-j in which each electron’s spin and orbital angular momenta couple
together and the total angular momentum is given by J = ¥~ | j;.

In the LS coupling, the multielectron states are represented by 6 quantum
numbers, |nltLS]M), where n and [ give electronic orbital configuration of the most energetic
state (or 4f, in the trivalent lanthanide ion fundamental level). It basically represents the radial
part of the wavefunction. The other quantum numbers are represented through the
spectroscopic notation *5*'L;, where J is the total angular momentum (J = L + S) and M its z-
component. The number t symbolizes additional quantum numbers necessary to individually

define the state (hyperfine structure). [87]

2.1.3 Crystal Field

In the previous sections, we made an overview of the electronic energy level
structure without considering the effects of the host medium. The common physical
interpretation of the main interactions of the Hamiltonian of the free ion was given. In this
section the basics of the interactions of the neighboring atoms that surround the RE** ion, the
crystal field contribution, will be developed. [81]

The crystal field is introduced in the form:

H = Hg; + Her
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where Hri, is the free ion contribution, already discussed in previous sections and Hcr, the

crystal field contribution. It is often expressed by:

k k), .
HCF = z B(g )C(g )(l)
T (6)

where the Yy q operators are irreducible spherical tensor operators that are, operating for the i

electron, defined by following expression with the spherical harmonics, Yiq:

4T
2k +1

cP @) = Yieq (65 )

They are often represented by the effective operator for the entire shell by:
k K) .
=P
i

The matrix elements, <nlSL]M |C,§")|nlS’L’M’>, of these operators are numerically

calculated and do not depend of the ion’s site symmetry. They are given in tables and
modulated by the complex crystal field parameters B”they completely describe the crystal
field interaction [81], [88].

One interesting property of the crystal field Hamiltonian is that it presents the
same symmetry as the site the RE** is embedded in. That means, it must obey the same set of
rotation, reflection, and inversion rules as the site the lanthanide ion occupies. Consequently,
some restrictions, beyond the selection rules given for the angular momentum, must be valid
to the Cék)operators. In practical terms, only a subset of the allowed values of k& and ¢ are

valid depending on the site symmetry. Consequently, that shrinks the number of

Btgk) parameters necessary for the full description of the system. Table II shows some

examples of non-zero values of Bék) for different site symmetries.[89]

As they are defined, the crystal field parameters depend on the orientation of the
reference axis and sometimes is very difficult to compare their values for different hosts. With
the purpose of overcoming the comparison problem an average, reference system orientation

independent, crystal field strength is defined by the expression [82], [89]:
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A summary of what has been presented in the last few sections is represented
schematically in Figure 4. It shows, for the specific case of Tb**how the different interactions

present in the RE*" system split the energy level structure.
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Figure 4: Rare Earth ion energy level structure for the Tb*" case — also representative of the Tb** energy level
structure. The energy levels between different contributions to the Hamiltonian are out of scale. [90]

Table II: Non-zero crystal field parameters for three different site symmetries of common occurrence in the
literature. R and E indicate respectively the real and imaginary parts of the parameters. [89]

k lq] Csv G Dan
2 0 R R R
2 2 - R, -
4 0 R R R
4 2 - R, -
4 3 R -- --
4 4 - RI R
6 0 R R R
6 2 - RI -
6 3 R -- -
6 4 - R.I R
6 6 R R,I --
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2.2 Transition Intensity: Judd-Ofelt Theory

When looking to the intensities of electronic transitions, a direct application of

Fermi’s Golden Rule is necessary. In the discrete level form, it can be written:

2 , 2
Wisp === [l |op)|" 6(E: — Ep — hv)
where W;_, ¢ is the transition rate between initial and final states; H' is the perturbation caused

by the light wave (whose photon energy is given by hv). In first order, the light wave
contribution if of electric dipole order (H' = Hgp), whose operator is given by:

Hgp = _ezri

L

According to this rule, the intra-4f transitions are electric dipole forbidden because
the matrix element the initial and final states have the same parity — given by the quantum
number / — and the electric dipole term is an odd term, that means, it couples only states with
opposite parity [91]. Nevertheless, when the crystal field is “turned on”, the centrosymmetric
condition is usually broken and these transitions are “less forbidden”. In other words, the
crystal field imposes a preferential direction, breaking the spherical symmetry of the other
interactions and, under the scope of first order time independent perturbation theory, it mixes
the 41N wavefunctions with wavefunction of opposite parity from higher order configurations
— like the 4154, for example. Under the assumptions of a static and free ion that has a
negligible configuration interaction, the intensity of the transitions between 4f levels can be
explained through what is known as Judd-Ofelt theory [92], [93]. Its strength resides in the
semi empirical approach capable of giving, within 10 to 15% error margin (for absorption
measurements), the radiative lifetimes which are usually very complicated to observe
directly.[94], [95]

Within the Judd-Ofelt theory, the absorption dipole line strength of the electronic
transitions, represented in equation 8, is given in terms of three adjustable parameters and in

terms of doubly reduced matrix elements for intermediate coupling.[79]

1
Spei = = pHeplwd2 = D 04 [AFVSLMUP|JafVs Ly M) (8)

2=2,4,6
In Equation 8, Hgp is the electric dipole component of the time-dependent
perturbation created by radiation; Oy or Judd-Ofelt parameters, depend only on the nature of
the free ion 4/ N wavefunctions and give the crystal field effect considering radial integrals

over 4f N wavefunctions and higher energy opposite parity states, divided by the energies
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separating these levels; the elements in double brackets with U™ are the reduced tensors for
the electrical dipole operator within the intermediate coupling scheme characteristic of the 41
wavefunction nature, thus crystal field independent — their values are found in diverse
tables.[96]

The three (2. parameters are usually considered as phenomenological coefficients,
which represent the crystal field influence upon the intra 4f transition probabilities, and are
experimentally determined from absorption and emission experiments through a least squares

adjustment.[94]

The dipole line strength is related to the oscillator strength, f,.;, through the

expression:

8m? + mc n? +2\° 9)
ffei === n Sfei
3hA(2J +1) \ 3n

where, m is the electron’s mass, n the refractive index of the matrix where the lanthanide ion
is embedded, measured at the average wavelength, 4, of the transition; /4 is Planck’s constant,
c light velocity and J the total angular momentum of the upper level excited state.
Experimentally, these transition intensity parameters can be obtained from
absorption measurements sensitive enough to get the absorption lines from the studied
lanthanide. The line strength can be obtained from absorption cross section through the

expression:[79]

_3a(2/ + 1) 3\ (10)
5= 8m3e2) n<n2+2> ,[]G(A)dll

The measured absorption cross section given by equation 10 can also be obtained
from emission spectrum. In that case, it is essential to have in the first hand, though,
information of the radiative lifetime (t) and of the branching ratio (). Equation 11 shows
how to obtain the emission cross section from emission experiments in an isotropic medium

[97]:

e ) (an
8men?(7,/B) [ 1(A)AdA

o(d) =
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2.3 Trivalent Terbium (Tb**) Energy Levels

Terbium (Tb) is the eighth element form the lanthanide family. Together with
ytterbium, its name is another tribute to the village of Ytterby, Sweden, one of the most
important stages for the RE discovery and initial science developments in the XIX" century
[98]. It is metallic when pure and assumes the [Xe]4f °6s® configuration, when in the trivalent
ground state though it loses the two electrons from the 6s shell and one in the 4fthus adopting
the [Xe]4f ® configuration. When diluted in insulators it emits strong green light under
excitation, emission that has been extensively exploited over the last century in lighting and
display applications [87]. Together with blue and red emission given respectively by divalent
and trivalent Europium in an Yttrium based phosphor it was very used in the, now old,
cathode ray tube technology for color television but it is still used in fluorescent lamps [99],

[100].

The intra 4-f energy levels of Tb®" are usually described within the L-S coupling
per the standard notation 25"'L;. In this notation, S is the total spin angular momentum of the
shell, so, with 2S+1 multiplicity; L is the total orbital angular momentum, written in
spectroscopic notation: S, P, D, F and so on. to indicate, respectively, L= 0, 1,2, 3, ...; and J
the total angular momentum which satisfies the angular momentum sum rules, | L—-S |[<J <L

+S.[101]t

The optical ground state is determined under the scope of Hund’s rule. [102]
According to this rule, for a given electronic configuration, the state with less energy is the
one with maximum S and maximum L. Besides, it must have minimum J value if the 4/ shell
is occupied with less of its full capacity, if not, the fundamental state is the one with minimum
J. Therefore, as Tb>" has 8 electrons in the 4f'shell the fundamental level must have Smax = 7 X
%2 — =3 € Lmax = 2.(3)+2+1+0-1-2-3 = 3 (thus represented by the letter F). As the 4fshell is
more than half-filled — 7 electrons — the J value for the fundamental level is the maximum S +
L = 6. So, the fundamental level is represented by the spectroscopic term “Fe. The first excited
states are the ones with decreasing J values — towards the highest energy within the 'F shell:

0. The next multiplet is the °Dy (J = 4, 3, 2, 1, 0) — see Figure 5.

'In fact, the most accurate coupling scheme to describe the RE*" wavefunctions is the intermediate coupling
which consists of a linear combination of pure L-S terms. This is because the spin-orbit interaction is of the same
order of magnitude as the interelectronic repulsion. In the intermediate coupling the spectroscopic notation is the
same as the one used for the L-S coupling for the dominant term.
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In summary, the energy levels of Tb®" consist of a 'F multiplet well separated
from the excited states composed by the *Dy multiplet. The D4 level, the first excited state is

2.5 eV apart from the fundamental level "Fé.
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Figure 5: Energy level diagram for Tb*" showing the °D and ’F multiplets.

2.4 Luminescence and Non-Radiative Processes

One of the main concerns in developing efficient luminescent materials based on
lanthanide luminescence is quenching. Lanthanide luminescence are characterized by long
lifetimes (of the order of milliseconds [80]) and natural lifetime of a transition can always be

described as composed by radiative and non-radiative contributions as follows [86]:

11,1 (12)
T Tr Tnr

One of the biggest quenching sources and, consequently, a big competing
mechanism for luminescence is multiphonon relaxation. In this process, instead of emitting a
photon, the transition is accomplished by the emission of several phonons. One general rule is
that the process is less likely to happen when more phonons are required to bridge the gap. It

states that, for absolute zero temperature, the non-radiative transition rate is given by [103]:

Wyr(T = 0K) = Baexp[~a(AE — 2hvpgy)] (13)
where the constant e contains electronic coupling information; AE is the energy gap between
the two participating levels of the considered transition, hvmax is the maximum phonon
energy, and a is a constant for the host lattice.

The temperature dependence for multiphonon relaxation rate is given by [104]:
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W(T) = W(0){1 + [exp(hv/kT) — 1]~1}? (14)
where p is the number of phonons related to the relaxation process, and is given by (AE/hv).
Therefore, multiphonon relaxation is a process that is most probable as less phonons are
involved, or, equivalently, when the energy separation between the energy levels are close

enough.
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Figure 6: Possible non-radiative ion-ion processes occurring between two neighboring Tb*" ions: co-operative
upconversion, cross relaxation and energy migration. From [105].

Ion-ion interactions, or non-radiative energy transfer between two neighboring
lanthanide ions is also an important nonradiative processes which is highly sensitive to the
lanthanide ion density. They are usually relevant at higher concentrations. Three processes are
predominant: energy migration, cross relaxation and co-operative upconversion. These three
processes are depicted in Figure 6. Energy migration, the simplest of the three, involves one

electron in a high energy metastable state while the other is its fundamental level. It is the
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non-radiative energy transfer from one excited electron to the fundamental level of another
ion promoting it to the excited state where the first electron was occupying. Despite
seemingly an event with no net impact, it does quench radiative emission as each event of
migration prevents one photon emission.

Cross relaxation is an event like energy migration but involves two neighboring
ions in excited states. One in a highly-excited level and the other in another state in such a
way that the two electrons end up at the same energy state.

Finally, we have the co-operative upconversion, which is basically the opposite
process of cross relaxation. Instead of the two electrons in the two ions ending up at the same
energy level, they start at this configuration. One electron decays to the fundamental state
promoting the neighboring one to a much higher energy level. Average Distance between

Randomly Distributed Ions

One problem of importance in this work’s discussion is the average distance
between two ions of the same species randomly distributed in a solid. As it will be shown
later, in the case of N-rich silicon nitrides, that is the case for Tb**. This problem, first
considered by Hertz was initially discussed by Chandrasekhar [106] but in this work it will be
applied a modified version, to account for the finite radius of Tb ions, not discussed in the
original work of Chandrasekhar’s, introduced by Benz, et al. [107]. In their approach, the
probability density for the presence of a nearest neighbor in a spherical shell between » and

r+dr can be found to be:
p(r)=(?— d%)nXe‘%”(rLdg) (15)
The required average distance is then:

_ fdoz drp(r)xr (16)
Jdrp()

where 7 is the atom density, dy is the minimum distance between two Tb** ions which can be

approximated to be two times its ionic radius.
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3 Amorphous Silicon

Different from its crystalline counterpart, amorphous silicon does not have
translational symmetry. This does not necessarily mean that the atoms are randomly
positioned in the matrix. In fact, the covalent bonds of Si atoms with other elements are, in
average, very much the same as it is expected from covalent bonds between Si atoms in a
perfect Si crystal having almost the same coordination number and bond angles - + 5° around
the full coordinated perfect sp* bond. Despite lacking the long-range order, characteristic of
the crystals, mostly due to this distribution of bond angles, amorphous Si still presents what it
is called short range order as their crystalline counterpart. The atomic arrangement nearby a
reference atom is very similar to the corresponding crystal. [108]—[110]

Disorder is very often represented by the atom pair distribution function, or radial
distribution functions (RDF), which is the probability of finding an atom in a spherical shell
of radius » apart from another one, in the shell’s center [111]. In phases of matter with true
random positioning of atoms, such as dilute gases, except for very short distances, we would
have the same probability to find another atom whatever the distance from its center — a
constant RDF. That is not the case in amorphous materials. As Figure 7 points out,
amorphous semiconductors still preserve atomic ordering in the first shells of neighbors, due
to the presence of peaks in the RDF function which share the same positions as the delta-like,

or well defined, atomic spacings present in a crystal.
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Figure 7: Radial Distribution Function (RDF) of both amorphous and crystalline Si at OK. The abscissa is in
units of bond lengths characteristic of a perfect crystal phase. It is noticeable that from the third peak on, the
RDF loses coherence. From [110].
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Amorphous silicon has as trait, beyond the lack of long range order, the presence
of weaker bonds; twisted and tensioned bonds. Moreover, there are the common presence
dangling bonds, when neutral, composed of one electron that is not shared with any other
atom. These are normally called defects in amorphous materials and can be passivated by
hydrogenation. Dehydrogenated films have higher density of defects which prevents any

characteristics that are desirable for a semiconductor intended for electronic applications.

3.1 Electronic Band Structure in Amorphous Semiconductors

The standard, and, often, first introduced approach in solid state textbooks for the
formation of bands and the existence of bandgaps in the electronic structure of solids
supposes translational symmetry, or periodicity in the lattice, as the most important
hypothesis. This is the base of the free electron theory and one of the consequences is the
Bloch’s wavefunctions as the one electron solutions for the problem. That is the main reason
why, historically, there was a debate of even whether an amorphous semiconductor had a

band gap at all! [109]

One breakthrough for a clear understanding of the presence of bandgaps and their
formation in amorphous semiconductors came out with Weaire and Thorpe’s work [112] who
described the solid using a tight binding Hamiltonian approach, taking into account only the

first neighbors. The Hamiltonian is represented in Equation 17:

H=Vi ) o gl + 12 ) |6}

J#j! i#jr (17)

The first term is the sum of interactions over sp> hybrid electronic wavefunctions
of the same atom, denoted by i. The second term, though, is a sum of interactions of the same
orbital from the same bond, ;. It does not suppose long range order. With this only, they could
show that, irrespective of periodicity, there is band gap formation if the ratio of the

interactions intensity, Vi/V2, is within specific intervals.

As the energy bands are more strongly influenced by the short-range order,
materials like amorphous SiO» are insulators just like their crystalline phase, a-Si is a
semiconductor and so on. That explains why the amorphous counterparts of known crystalline

materials preserve the bandgap. Figure 8 illustrates the method, for the special case of a-Si,
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showing the hybrid atomic orbitals that, can give rise to the bands and to the band gap in

amorphous semiconductors.
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Figure 8: Origin of valence and conduction band states from a tight binding point of view for a-Si. (a) In (i) are
given the pure s and p atomic orbitals; (ii) sp® hybrid states; (iii) bonding and anti-bonding states from sp* orbital
interactions, and (iv) broadening of bonding (o) and antibonding (o*) into valence and conduction bands as a
result of bringing the atoms closer (condensation). (b) Density of states (DOS) for such a scheme. There is a
presence of a tail from the mobility edge towards the gap for both valence and conduction bands. At the middle
of the gap, are the energy states corresponding to the neutral dangling bonds. The character of the extended
states near the top of the valence band are p-like orbitals while the character of the extended states at the bottom
of the conduction band is s-like. Adapted from [109].

In contrast, disorder and the lack of long range order has a very important
implication. Electron wavefunctions tend to be localized in space. The breakthrough that
allowed the understanding of the origins localization is the Anderson localization model — see
Figure 9. According to it, the crystal is described as a collection of potential wells, each of
them having the same depth and a width B. To describe the amorphous phase, a random
potential with a mean amplitude, Vo, is added to the potential of each site. He showed that, for
three dimensions, when the V/B ratio exceeds a critical point, the one electron wavefunction

is completely localized.

Alternatively, but still using Anderson’s model to illustrate, the origin of the
localization of the electron’s wavefunction can be intuitively thought of as the consequence of
multiple scattering from potentials with a distribution of depths. From crystal theory, it is
known that a small perturbation in the periodic potential, the presence of an impurity atom,

for example, causes scattering in the electron wavefunction, making the electron to change its
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momentum. Transposing it to the amorphous case, when the disorder is strong, these
wavefunctions would rapidly lose their phase coherence. That means they carry a large
uncertainty in their momentum, which, per Heisenberg’s uncertainty principle would mean
that the uncertainty in the electron position can not be infinite, or the size of the whole crystal.

In fact, the consequence is the confinement of the electron within few atomic distances.

The localized character of the electron’s wavefunctions in amorphous
semiconductors is recall of momentum conservation for electronic transitions. This means that
the wavefunctions can not be described by Bloch’s functions — known to be completely
delocalized. Considering Heisenberg’s uncertainty principle again, it means that, in a crystal,
presence of electrons with very well defined momenta. So, its use as the quantum number to
determine electron’s state within a band in a crystal. In this manner, we have importance of
knowing the E x k dispersion to describe the crystal’s electronic and optical properties. This is
not the case for the amorphous semiconductors though. Their electronic states are spatially
localized rendering momentum uncertainty of the same order of its momentum! Thus,
electronic transitions are not constrained to momentum selection rules. Consequently, the

distinction between direct and indirect semiconductors is also lost.

Crystalline
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Figure 9: Anderson model of potential wells. a) crystal case and b) the amorphous problem. Vj is a measure of
the disorder. From [109].

L



37

3.1.1 Mobility Edge and the Band Tails

The fact that amorphous semiconductors have localized electronic states, does not
necessarily mean that all states are localized. In fact, amorphous Si also have delocalized
states, or, in the jargon used in amorphous literature: extended states. These states arise from
fully coordinated near perfect tetrahedral Si sp® bonds which are more stable and energetic
than the tensioned, weaker bonds which come from the natural disorder of the amorphous Si.
So, the extended states always lie deeply inside the bands while the weaker, disordered bonds
go to the bandgap giving origin to band tails in the density of states (DOS) - depicted in Figure
10. If we use again the comparison with crystals, instead of having sharp band edges in the
DOS we would have a smooth distribution from the extended states towards the center of the
bandgap. More than that, the energy bands are also characterized by the presence of an edge
which separates the extended states from the tail states. This edge is called simply by
“mobility edge”. Because the states in the tails are localized then it is not expected any
electrical conduction at 0 K. That is expected only when the electrons belong to extended
states, with much better mobility. This energy line from which extended states are separated

from localized ones is the mobility edge. [110], [113]
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Figure 10: Density of states near the mobility gap separating localized from extended states. After [109].

3.1.2 Dangling Bonds

The atoms that compose amorphous semiconductors are, very often, not fully

coordinated. In the specific case of nitrogen rich a-SiNx:H, it means that a Si atom could be
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bonded with only three atoms, instead of four, or that a N atom would be bonded to just two.
These sometimes called “coordination defects”, or dangling bonds leave, in the neutral state,

an unpaired electron state that does not covalently bond to any other.

There are three possible types of Si dangling bonds (Si-dbs): D°, D* or D", that is,
neutral, positively charged or negatively charged dangling bonds. While the neutral Si-dbs lie
in the middle of the bandgap, positively or negatively charged can lie below or above
neutral’s depending on the material’s electron-phonon interaction magnitude (sometimes
referred to as U-effect [110]). For materials with weak electron-phonon interaction, D™ states
lie slightly above the neutral’s-dbs, while D" lie below. The opposite is valid when the

electron-phonon interaction is strong, which is the case for nitrogen rich a-SiNx:H [114]

3.2 Optical Properties

3.2.1 Absorption and Urbach Tail

Figure 11 represents the typical absorption coefficient of an amorphous Si based
thin film as a function of photon energy around the mobility edge region. As the log a curve
shows, there are three distinct regimes of photon absorption: A) the highest energy portion,
which is related to transitions between extended energy states; B) the mid portion, related to
the tail to extended states and, finally; C) the lowest energy portion, which represents

transitions between dangling bonds and the extended states.

In region B, the o dependency can be expressed by exp(hw/E.), where E,
indicates how abrupt the dominating band tail is: the Urbach tail [115].

A
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Figure 11: Absorption curve typical in amorphous silicon materials. It show three main absorption regimes: A, B
and C. Adapted from [110].
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3.2.2 E04 Gap

Usual gap definition for crystalline semiconductors don’t make much sense in the
case of amorphous materials. For crystals, it is very straightforward and directly means the
interval of energy values where there is total absence of energy states. This definition is not
very suitable for amorphous semiconductors because there is no such a region in their states

distribution in energy.

A suitable gap definition considers carrier conduction at 0 K. The mobility gap is
defined as the separation in energy between the mobility edges of the valence and conduction
bands. At OK carriers with energy below the mobility gap have zero mobility and thus cannot

transport charge.

Experimentally, though, it is not easy to determine the mobility gap. One obvious
reason is the difficulty of achieving temperatures near 0 K at everyday equipment used for
optical characterization. Nevertheless, it is experimentally verified and tested that this gap
definition is usually close to the energy of the photon for which the absorption coefficient is

10* cm™. That is precisely what is known as the optical gap or Eo4. [109]

Other common gap definition is Tauc gap. Obtained from the extrapolation of the
linear part of the (akv)"2 vs hv plot to the energy axis, this plot needs the quantity (a/4v)"2 to
be linear over at least one decade [116] for a completely unambiguous Tauc gap
determination. This condition is not very often found in the nitrides produced in this work

because they were very transparent.

Since the Eos4 gap is very strictly defined, we opted for using it as our gap

definition for the optical absorption description purposes.

3.2.3 Recombination and Thermalization

When a-Si:H is exposed to an external source of light, excess carriers are
generated initially populating the extended and localized states at the band edges. These
carriers interact among themselves and with the network giving origin to a series of different
phenomena of which one is the photoluminescence (PL). Its study, accompanied by

complementary techniques such as radiative lifetime measurements and excitation
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photoluminescence, for example, can give much information about the nature of the gap states

as well as the recombination mechanisms within the studied material.

The whole recombination process in solids consists of two different steps for

above gap excitation (as illustrated in Figure 12):

a) right after excitation, the carriers constantly lose energy by many transitions
within the band, at which they are located, losing small amounts of energy by emitting
phonons. As energy is lost, the carriers eventually fall in the localized states where the
transition rate decreases significantly. This process involves the emission of single phonons
when the carriers are still at the extended band states (with a time rate of the order of 1073 s);
tunneling when they are at the localized band (time rate in the range of 10®to 107 s) or even
multiple trapping, in which the carrier is excited to the mobility edge and then recaptured by a

different tail state. This whole process is often referred to simply as thermalization;

b) Large amounts of energy can often be released from carriers at localized states
when they recombine at the deep, and strongly localized, defects that are located at the middle
of the gap — recombination. It can occur either radiatively, by emission of one photon — which
has a much greater probability than by emission of two or more — or non-radiatively, with the
involvement of multiple phonons or even by an Auger process (which involves third carrier -

when the energy released by one e-h pair recombination excites another electron).
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Figure 12: Diagram illustrating the typical recombination process that takes place in amorphous semiconductors.
After R. A. Street [109].
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3.2.4 Photoluminescence Spectrum (PL)

The PL spectrum shape of a-Si:H is a featureless nearly Gaussian single peak that
it is somewhat 400 meV below the optical band gap and has a width of about 200-300 meV
[117]. Moreover, the emission peak redshifts when the excitation energy is reduced below the
bandgap energy by, approximately, 400 meV below the excitation energy [118]. Since the PL
spectrum does not have features, as compared to the crystalline Si, many models can be used
to fit the data. Historically, two models were of greater importance for interpreting the PL
spectrum: Stokes-shift model [117], [119] and a static disorder model [120], [121].

In the static model, the PL spectrum is given in terms of probabilities of
occupation multiplied by the probabilities of radiative recombination from a given state
determined by its energy, defined below the material’s bandgap [121]. The PL spectrum is the
result of a convolution between the density of carriers over the two band tails in states that are
the lowest in spheres of volume V, — within each is the maximum distance over which the
carriers can thermalize before they recombine radiatively. The density of such states is given
by:

P;(€) = No; exp(—pB;€) exp[—V.No;B; "exp(—p;€)] (18)
where, i indicates the band (valence or conduction), Ny; the density of states at the
mobility edge in band i, € the energy below the mobility edge, V. the volume of thermalization
and g; the inverse of the characteristic energy of the exponential density of states for band i,
identified with the reciprocal of the Urbach energy (1/E,).

The equation above has a slightly asymmetric Gaussian profile with maximum at

€max glven by [116]:
€max = Bi 'In(VeNoiBi ) (19)

The width of the curve depends only on the Urbach energy and is roughly equal to
[116]:

Ae; ~ 3 B7"

Equation (18) is, indeed, a good approximation of the PL band shape itself. Due to
differences in the characteristic energies for the two band tails, the density of states of the
valence band tail is much wider, typically of the order 3 times, than the conduction band tail

[122].
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3.3 Silicon Nitride, Electronic Structure, and PL

Given the basic concepts related to amorphous silicon outlined in the last sections,
focus will be now directed to the electronic properties of the material that was investigated in
this thesis: a-SiNx:H. There is plenty of literature covering most aspects of it, but some
aspects regarding its electronic properties and the states in the gap will be reviewed in the
next sections. All the material covered here was selected and adapted from five papers of

Warren, Robertson and coworkers [74], [114], [123]-[125].

The structure of a-SiNx:H alloys consists of a random network composed mainly
of Si—Si and Si—-N bonds. According to first principles calculations by Jarolimek et al. [126],
the short range order remains up to the second neighbor shell, very similar to the two
crystalline phases of Si3Ns, where the Si atom are bonded to 4 N atoms, defining tetrahedral
angles distributed around 109°, and N bonded to three Si atoms in a planar configuration with
angles around 120°. The presence of N-N bonds is very rarely found, especially in Si-rich
materials [126], so there is very little evidence of their existence. Their absence is attributed

to their low stability when compared with the triple bonds which form molecular nitrogen.

Hydrogen, as in the a-Si:H case, has an important role in the electronic properties
of the nitride alloys. It passivates both Si and N dangling bonds and thus lowers the density of
states associated with them. The Si-H bonds are more abundant in Si-rich samples while N-H
dominates N-rich samples. N-H bonds are the most responsible for raising gap size — up to
the point where it exceeds the stoichiometry point (x = 1.33) [125]. Hydrogen can also be
found in its molecular form inside micro voids spread across the film [126]. H incorporation
is very dependent on the deposition technique used and the precursor gases chosen (NH3, No,
H; and so on). Concentrations of up to 40 at.% (both bonded as non-bonded to Si and N) have
been reported [127].

The electronic structure of silicon nitride alloys has a lot of similarities with the
mentioned afore electronic structure of a-Si:H. It can be characterized by the presence of
extended and localized states separated by a mobility edge generally associated with an Eo4
gap. The density of states at the tails can also be considered approximately exponential
following an Urbach relation and there is presence of very localized defects in the middle of

the gap. Nevertheless, there are some important differences.
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Table I1I: Bond energies between elements which composes the network of a-SiNx:H. [125]

Bond Energy (eV)
N-N 1.70
Si-Si 2.34
Si-H 3.10
Si-N 3.45
N-H 4.05

The replacement of Si—Si by Si—N with increasing x in the films increases the
band edges distances and, consequently, the optical Eos4 gap, due to the higher binding energy
of the N related bonds — see Table IIl. According to Robertson et al. [123], this occurs very
slowly until x = 1.1. Then the optical gap increases rapidly up to a point where it gets

saturated around 5.5 eV.

The critical concentration of x = 1.1 (not 1.33) described above, is often referred
to as the percolation threshold of Si—Si in the SiNx network. Percolation here refers to
simplified lattice models of random system networks while the threshold is the critical
occupancy probability such that there is a big connectivity between the Si—Si bonds. This
threshold clearly separates two different electronic structures for the SiNx network. While x <
1.1, in unhydrogenated films the band tails are predominantly formed by Si—Si like states.
Above x = 1.3, the valence band tail is composed by N pr like states while we still have the

weak Si—Si antibonding c* states at the conduction band tail.

The opening of the bandgap is roughly symmetric around its center, depicted in
Figure 13. For Si-rich hydrogenated films, deep Si-H states, instead of Si—Si, composes the
conduction band tail, which makes Ey in general 0.8 eV lower than in the unhydrogenated
case. In the N-rich phase, with gap of the order of 5.5 eV, coincident with that of
stoichiometric Si3Ns, is only achieved for x > 1.5, a value significantly higher than the 1.33.

The PL band shape of amorphous silicon nitrides obeys roughly the very same
mechanism used to explain the PL of a-Si:H [128] — already described in section 3.2.4. Figure
14 illustrates the natural PL spectrum of PECVD grown a-SiNyx:H layers with varying
stoichiometry controlled by the relative gas fluxes of NH3 and SiHs4 used during growth. In

the picture is possible to see the quasi Gaussian emission band shape as well as the peak
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energy blueshifts with increasing stoichiometry, represented by the increase in the relative

amount of NH3 flow in respect to SiHa.
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Figure 13: Band edge energies with N/Si ratio calculated for a-SiN:H thin films. From [74].
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Figure 14: Normalized room temperature PL spectra of PECVD grown samples. R is the relative amount of SiHy4

in NH3 flow used for growth. (a) Measured PL spectra for samples with different compositions and; (b)
Predicted emission from the optical parameters using equation (19). From [128]
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3.4 Defect Related Auger Excitation Model (DRAE)

Originally formulated for the explanation of the excitation mechanism of Er** ions
in a-Si:H, the DRAE model [72] can be, in principle, applied to any rare earth ions in any Si
based alloy host whose dangling bond energy is consistent with the transitions of the RE. For
instance, it was used to describe the photoluminescence of Nd in a-SiNx:H [40]. According to
this model, a hole in the extended valence band is captured by a charged D™ defect, making it
neutral (D°). Followed by it, is the capture of an electron from the conduction band tail. The
RE*" ion is excited near resonantly from the matrix through an Auger process caused by the
recombination of an electron with a hole in a neutral silicon dangling bond defect (D).

The mechanism 1is explained using adiabatic potentials in a general
configurational-coordinate diagram, which basically represents, in one dimension, the change
in distance between the erbium and its neighboring atoms — see Figure 15. It considers an

electron-phonon interaction, i.e., local vibrations of the defect atoms.

|
1572

Figure 15: General configurational-coordinate diagram for the D° + e — D transition for the erbium case. The
initial and final states are represented respectively by i and f. Dashed curve represents the intermediate virtual
state (erbium excitation). Ay is the energy for Er excitation. &, the excitation energy (from [72]).
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4 Sample Characterization Techniques

In this chapter, the characterization techniques used in this work will be presented with
some considerations on their fundamentals. Each technique is presented by one section where

the experimental setup and conditions will be described.
4.1 Rutherford Backscattering Spectroscopy (RBS)

RBS is based on the spectroscopy of . (He") particles, with well-defined energy,
backscattered from a sample as a result of collisions with its constituent atoms. With RBS, it
is possible to determine composition of the samples and also elemental concentration depth
profiles.

During the collisions, energy is transferred from the incident particles to atoms of
the studied material. The ratio at which the incident beam energy is reduced as a result of
collisions with the film surface, often referred to as the K ratio (Equation 20), is a function of
the ratio between incident’s and target’s atomic masses. The backscattering of RBS can be
described by elastic, hard sphere collisions described by classical mechanics and the K ratio,
between the incident energy (Eo) and the backscattered beam (E) is given by: [129]

[ = (My/M,)? sin? 6)*/2 + (M, /M) cos 8] (20)
h 1+ M, /M,

K

where M is the mass of incident He" particles, M» the mass of the scattering atom and 6 the
scattering angle. Knowing the incident ion masses, it is possible to identify each element that
composes the film.

When the incident ion moves through the film, it also loses energy by collisions
with electrons inside the material. The energy loss is directly proportional to film depth so it
is possible to associate the total energy loss with the depth at which the collision occurred.

The technique is very well adapted to heavy elements, as is the case of the
elements of the Rare-Earth family. The differential cross-section can be written by [129]:

do  (Z,Z,e*\" 1
dQ \ 4E, ) (sin@/2)*

Thus, for heavier elements, the sensitivity of the technique can reach with
reliability even for concentrations of less than 1 at.%.

One disadvantage of the technique, though, is its low sensitivity to H. The use of
complementary techniques such as ERD (or Elastic Recoil Detection Analysis) or

spectroscopy in the Infrared region can give a full determination of the a-SiNx:H composition.
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Basically, the RBS spectrum is a histogram where the abscissa is energy lost by
the beam and the y-axis the number counts of the detector. The signal is calibrated in energy
and incident beam intensity with well-known reference samples for each laboratory. The
spectra are analyzed by iterative methods and software which allows RBS spectra simulation
for a given composition of the studied sample. In fact, one of biggest advantages of RBS is
low computational requirements for simulation of experimental results. The equations
involved use only classical scattering of central forces [130]-[132].

Figure 16 shows a typical spectrum of our Tb doped a-SiNx:H thin films.
Measurements were done using 2.2 MeV a-particles. The spectra were all processed using the
SIMNRA software [131], [133]. Since the low computation requirements, the data are usually
treated iteratively where the user guess an approximate composition based on the accumulated
experience he has. Once the model and the data are close enough it is possible use a Simplex

method to adjust the model to the data.
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Figure 16: Typical RBS spectrum encountered in our Tb doped a-SiNx:H thin films on Si substrates.

The RBS measurements were conducted at two different laboratories. Samples
grown by sputtering were measured at LAMFI (Laboratorio de Andlises por Feixes Ionicos)
of University of S3o Paulo (USP). Samples grown by ECR CVD were measured at the

Tandetron Accelerator Laboratory of the University of Western Ontario, Canada.
4.2 Atom Probe Tomography (APT)

Atom Probe Microscopy (APM) comprehends several nanostructures imaging and

microanalysis techniques through field ionization, emission, and evaporation of particles from
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the studied material. APM offers an analytic map in three dimensions with atomic resolution
and, as such, is capable to offer rich information about the structure and chemical composition
of the sample [134].

Atom probe Tomography (APT — see Figure 17), more specifically, refers to the
one that explores the field evaporation principle to remove atoms from a sample in a needle
shape and their detection with composition reconstruction purpose atom per atom. Field
evaporation process is achieved by very precise laser pulses which triggers the surface atoms
from the needle which are then ejected and ionized. These electrons are then accelerated by an
applied external electrical field towards a (X,Y) position detector. Once they hit the detector,

the mass-charge ratio of the ejected particles is determined by a time-of-flight technique.
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Field
evaporated
ions

eyant d—

Fasition
Sensitive
Detector

Figure 17: Schematic diagram of an APT system. (Adapted from <http://www.cameca.com/instruments-for-
research/atom-probe.aspx>, access in 29/03/2016)

More specifically, a micro tip is electrically charged at high voltage (3-15 kV)
right before the atom evaporation point. A high intensity laser is focused in the micro tip
trigger, precisely in time, the evaporation process which allows a very precise time of light
measurement between the beginning of the process and the arrival of the atom specimens at
the position sensitive detector. Therefore, it is possible to determine the m/q ratio of the
sample elements. The (X,Y) position is also determined which, together with some

assumptions on the evaporation process, allows the lateral and depth reconstruction of the tip.
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The atom reconstruction is done in two steps: first, the lateral coordinates, around
the microtip, are determined and at second place their depth. Some approximations are often
used for the reconstruction:

1) The evaporation occurs layer by layer, from outside in. The tip is approximated
by a hemisphere or radius R which is altered as the material is evaporated. That can be
measured through the penetration depth, d,, of the electrical field, F, with a surface charge

density, n., through the expression:

typically, in the picometers scale.

2) The electrical field distribution is assumed to be uniform around the tip.
Because the problem has cylindrical symmetry, that is, the ejected ions trajectories evaporated
from the material are in the same plane defined by a specific value of the polar angle.
Therefore, there is a direct relationship between the (x, y) coordinates of the atoms in the

sample with the coordinates in the detector according to the equations:

Xp

Y
x = and y=-—2
Mproj Mproj

where,

D L+&R L

d_ &R &R

Myroj =

is the magnification (Bas et al. protocol [135]) (see Figure 18). The ions trajectories are
assumed to be straight lines defined by initial and final points to simplify calculations.

The tip radius determination, also shown in Figure 18, can be done through two
distinct ways:

a) Through the applied difference in electrical potential, electrical field necessary
for evaporation in the specified material and from the reduction field, k¢, also know as field
factor — it reflects the studied tip shape and the electrostatic environment. The equation below

gives the relationship:
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Detector

Figure 18: Geometric parameters used in atom reconstruction of the punctual projection model. In this model,
the real atom paths are substituted by affective straight lines from their starting point at the surface up to the
detected position. éR is the reduction factor which gives the projection point onto the symmetry axis of the
particle’s trajectory. It reflects the electrical field strenght at the tip's surface.

b) Through sample’s geometry. If the shape of the sample is known in details,
given in terms of the inclination angle of the tangential line which connects the tip with the
direction in which the needle grows, through the expression:

dR 1—sina

dz =wr(2) =

The depth coordinate, z, can be determined considering the average atomic

sina

volume, Q, and measuring the evaporated volume, Voygp = Mepap{), in a sequential

evaporation hypothesis, through the equations:

G+1) _ (D)
Zy = Zyy dz
p Q
Z =
nw,(z)

where n represents the fraction of actual detected atoms, represented by 7n4, or ny = nn,y4p, and

w, (z) 1s a function that describes the analyzed volume growth:

Zmax
V:evap = f w,(2)dz
0

which can be estimated through many different protocols available:
Figure 19 and Figure 20 respectively show TEM images of sample preparation at

different stages and the fabricated micro tip made with the use of a Focused Ion Beam.
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Covering with Cr is necessary to enhance thermal and electrical properties of the microneedle
for a better mass/charge spectrum. Figure 21 shows a graph of the results of the atom

reconstruction for one sample grown by RF-Sputtering.

SiN Layers

Si Substrate ~
Adhesive

W Weld

Si Post

Figure 19: TEM images at different stages of the micro-needle preparation. Experiments conducted by Brian
Langelier from CCEM.
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Mag = 30.00 K X EHT=1500kV  FIBImage Probe = 10KV:E0pA Date :31 Jul2015

Figure 20: A TEM image of a micro-tip forged by a focused Ar" beam (30 kV). After being sharpened, the
needles are coated by a Cr layer (15 nm of nominal thickness) to enhance thermal and electrical conductivities.

SiN Ga Cr coat

300 250 200 150 100 50
z

Figure 21: Two-dimensional view of a 3D atomic reconstruction from an APT measurement for a selected a —
SiN,:H < Th > sample grown by Sputtering. Each pixel represents an atomic element.
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4.3 X-Ray Absorption Fine Structure (XAFS)

Information about the neighborhood around a Lanthanide ion can be obtained by
X-Ray absorption fine spectroscopy (XAFS). XAFS uses the photoelectric effect and the
wave nature of the electrons to gather this information. It consists on measuring the
absorption coefficient up to a few hundred eV above an absorption edge from one of the core
levels of the analyzed ions [136], [137]. As the photoelectron propagates from the core, the
neighboring atoms partially reflect it — see Figure 22. The absorption spectrum contains very
small oscillations (typically up to a few %) due to interference between the outgoing and
reflected wavefunctions. The interference condition depends on the wavelength associated
with the photoelectron which depends on its kinetic energy and is generally given in terms of

the variable % (E):

H(E) — po(E)

X(E) = A

where y(E) represents the actual absorption coefficient and (E) the absorption coefficient of

the isolated atom.

ﬁulgmnb wave Outgomng + backward
scattered wave

|fo) /o) = |fo) + |0

E, Energy E, Ener

L |

=
L

a b

Figure 22: Schematics of the interference process that takes place in the EXAFS phenomenon. From [138]
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The absorption spectrum at low energies, or next to the edge, is referred to as
XANES (X-ray Absorption Near Edge Structure) and may contain sharp peaks (often referred
to as white line) when the electronic X-ray absorbing transition is allowed, or involves
quantum states of opposite parity. The white lines have information about the ionization state
of the absorbing atom. In the first tens of eV above the absorption edge (long photoelectron
wavelengths) the oscillations are dominated by multiple scattering which makes structural
information determination very tricky. For higher photoelectron energies (shorter
photoelectron wavelengths) the neighboring atoms behave as point obstacles and contribute
each with a tiny wavelet in the so-called EXAFS (Extended X-Ray Absorption Fine
Structure). Understanding the interference is straightforward. Fourier analysis yields for each
neighbor sphere parameters such as average coordination, interatomic distances, and a radial

disorder parameter (the Debye-Waller Factor).

Since the Tb concentration is of a few at.% in films of thicknesses ranging around
500 nm, the fluorescence mode of absorption measurement was employed rather than
transmission. The films were measured at grazing exit limit, with ¢ — 0 in a right-angle
configuration (between the incident beam and the fluorescence detector) — see Figure 23.
With this configuration, elastic scattering of the incident beam by from the sample is greatly
suppressed and self-absorption effects become negligible. In this situation, the absorption

coefficient can be approximated to the expression:

Iy

n(E) « I
It is interesting to clarify the meaning of self-absorption here. It is not the
absorption of the fluoresced X-rays from the sample itself. The term, in the XAFS jargon,
usually means the damping in the XAFS signal caused by absorption of the element of
interest. The worst case is represented by a material composed purely of the element being
under study. XAFS signal changes the penetration depth of the X-rays but, essentially, the
escape depth of the fluoresced X-rays is much longer. Consequently, all absorbed X-rays

generate one fluoresced X-ray, damping severely the XAFS signal. [139], [140]

To attenuate the elastically scattered beam, a filter, consisting of a slab of Mn,

was placed between the sample and the detector. A collection of slits, referred to as Soller
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slits, are placed in the entrance of the detector to avoid the light emitted back from the filter

itself.

Fluorescence
Detector

Filter

Incident X-Rays

Sample

Figure 23: Fluorescence x-ray absorption measurement configuration: adopted for XAFS data collection of Tb
doped a-SiNy:H thin films. The X-rays generated by the synchrotron source are monochromatized by a rotating
Si crystal and then focused in the sample, oriented with an angle 0, with respect to the incident beam. The
detector is placed at an angle ¢, between the fluoresced X-ray and sample surface.

XAFS is normally measured in synchrotron light sources because of the
possibility of easily obtaining intense tunable monochromatic X-rays. The present EXAFS
measurements of this work were taken at the DO8B — XAFS2 line in Laboratorio Nacional de
Luz Sincrotron (LNLS) at Campinas—SP, Brazil). X-ray absorption at the L edge of Tb**
element, approximately at 7530 eV, was measured monitoring the Lo fluorescence line in the
thin film samples and by transmission in the reference oxides — in this case, the absorption
coeeficient is measured by u(E) = —In(I/1y)/t, where t and I stand for the thickness of the
prepared reference material and the transmitted beam intensity, respectively. Acquisition time
for each spectrum was typically one hour long. Fluorescence was measured by a 15 element

Si(Li) detector.

Figure 24 show one typical absorption spectrum, u(E), obtained through

fluorescence, of the Tb*>"’s Ly absorption edge.
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Figure 24: “White line” corresponding to the Tb*" Ly absorption edge obtained from one of our sputtered grown
films. Some oscillations in the absorption spectrum, which corresponds to the EXAFS signal, are visible
between 7550 and 7700 eV. The combination of RBS and VASE results were used to determine Tb
concentration in this sample. It represents the Tb’s area density, given by RBS divided by the thickness obtained
by VASE.

XH(E)

4.4 Fourier Transform Infrared Spectroscopy (FTIR)

One of the advantages of FTIR is the possibility of an easy and direct
characterization of bonded H to Si and N. The estimation of bonded H present in films is done
through the measurement of the spectral absorption coefficient of the Si-H and N-H
stretching vibration modes at ~2150 and ~3350 cm’!, respectively — see Figure 25. One of the
proposed methods was given by Lanford and Rand [141]. They used nuclear techniques
involving the direct count of hydrogen atoms bonded to Si and N in a series of a-SiNx:H films
with different concentration of H. In doing so they could establish the calibration constants,
given in eq. 21, for the FTIR signal for the to the before mentioned absorption peaks.

H/ 2= 136x10"x (1L4area N — H + area Si — H) 1)

where area is the integral of the absorption coefficient, obtained from transmission
measurements, of the two peaks, i.e., f A(v) dv, where v is the wavenumber (cm™) and A =

log(1/1,) is the absorbance.
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Figure 25 - Infrared absorption peaks typical in hydrogenated amorphous silicon nitride thin films for different
stoichiometries and their relationships with vibration modes between Si, N and H bonds. The “x” shown here
refers to an alternative formula used for nitrides: a-Si;.xNx:H.. From [127]

With bonded H information in the films, and consequently their density, since the
films’ thicknesses were determined by VASE, it is possible to correlate them with Tb** PL

behavior and find signs and evidence of the mechanisms behind terbium sensitization.

Infrared measurements were taken in a modified Bruker Vertex 80v FTIR. The
source used was a piece of heated globar for using a KBr beam splitter and detected by a

liquid nitrogen cooled Digitect InSb detector.
4.5 Variable Angle Spectroscopic Ellipsometry (VASE)
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Ellipsometry is a non-destructive optical technique specially designed for thin
films. It directly measures the change in the polarization state of light caused by reflection
from the analyzed sample. Based on some assumptions and models used to fit the
experimental data, it can determine the optical constants and film’s thickness among other
properties. The change in the polarization state of light (see Figure 26) is described in terms

of the W and A parameters, that represent the amplitude and phase change, defined by:

. r
tan(yp) et =p=-"L
rS

where 1p and 15 are the Fresnel reflection coefficients for parallel and normal components with
the incidence plane, respectively, which are directly related to the real and imaginary parts of
the refraction index of the studied film.

1. linearly polarized light ...
E pplane

s-plane 3. elliptically polarized light !

p-plane

s-plane

e/
2

2. reflect off sample ...

plane of incidence

Figure 26: Illustration of the basic principle used in ellipsometric measurements evidencing the s and p
components of the electric field. A linearly polarized monochromatic light beam is shined upon a reflective
surface. The elliptically polarized light beam reflected goes to a detector where each polarization component is
measured.

Common ellipsometers use the HeNe laser as a light source but one technique that
has become increasingly available is the Spectroscopic Ellipsometer where the W and A
parameters are measured as a function of wavelength of the incident light beam. To get more
data, so more reliable results, some available ellipsometry systems are designed to even
measure several different reflection angles. These systems are referred to as Variable Angle
Spectroscopic Ellipsometers (VASE).

Compared to a simple intensity transmission, reflection, or absorption
measurements, ellipsometers double the information content in a single shot since it measures

independently two different parameters. VASE is very sensitive in thickness determination.
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Particularly because of the A parameter in which the discontinuities in their dispersion
relations are very sensitive to film’s thickness.

Because it measures the polarization change due to reflection, VASE allows for
optical measurements using substrates that absorb at the wavelengths used.

A VASE M-2000 ellipsometer (from J.A. Woollam) operating in the wavelength
240-1700 nm range (or UV-VIS-NIR wavelength range) was used to determine the optical
constants and thicknesses of the films — Figure 27 depicts a photograph of the system that is
available in the optics lab of the Department of Engineering Physics at McMaster University.

Similarly to RBS data, VASE data (see Figure 28 and Figure 29) are treated using
some assumptions and models well know from the literature used for fitting. This data
analysis was performed using the ellipsometry software: CompleteEase™. The software has a
built-in database where it is possible to construct a model of the system under study. Based on
the model assumptions, the software can calculate the produced W and A parameters as a
function of the wavelength and directly compare it with the measurements.

For whole set of the a-SiNx:H<Tb> films studied in this work, the Cauchy and
Urbach dispersion models were very well suited for fitting of the experimental data points.

These dispersion relations are written as [142], [143]:

p=a+lil
n()_ AZ /14 (22)

k(E) = koexp[(E — E ) /Eo]
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Figure 27: Photograph of the J.A. Woolam's VASE instrument used for this work. Photograph taken by P.R.J.
Wilson.
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Figure 28: Typical VASE spectra found in Tb doped a-SiN;s:H films. The W and A parameters are measured for
5 different reflection angles, described in the inset of the picture. The red curves represent W while the green

ones represent A . The sample shown has thickness of 177 + 1 nm and n(A = 632,8 nm) = 1,76.
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Figure 29: Dispersion relations for the complex refraction index. The Cauchy parameters are: A = 1,738, B =
0,0092 nm? e C = 2,9x10** nm [133]. The imaginary part, given by an Urbach relation has as parameters: kq =
8,82x10%, E;t=1,61 eVand E =3.1 eV.

4.6 Photoluminescence Spectroscopy (PL)

When light hits a solid sample, part of it is absorbed and promotes carriers to
excited states. One way this excess energy gets dissipated is through the re-emission of light,

or photoluminescence. PL spectroscopy is a non-destructive method to access information of
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the electronic structure of a solid material under study. It measures the spectral composition
of this re-emitted light. From this experiment, important information of the electronic
structure of the studied material can be obtained.

The current understanding of the recombination and photoluminescence processes
and mechanisms in a-Si based materials was already presented in section 3.2.3 followed by a
description of the electronic structure specific for a-SiNx:H (section 3.3) and the DRAE model
for Er** excitation (section 3.4) in a-Si:H. This section will be focused in the description of
the PL spectroscopy experimental setups used for room temperature visible emission
characterization of the Tb doped a-SiNx:H thin films.

The visible emission of the films was characterized through room temperature
ultraviolet and visible-excited PL experiments using three laser excitation sources: a 325 nm
(3.82 ¢V) HeCd laser, a 375 nm (3.31 V) diode laser and the 488 nm (2.54 eV) line of an Ar"
laser. Two PL characterization systems were used. One for the 325 nm excitation, located at
the Department of Engineering Physics, in McMaster University, and another, for
characterizations in 375 and 488 nm excitation, located at Departamento de Fisica Aplicada,
in Unicamp.

For both systems, appropriate color filters were applied to avoid laser signal in the
spectra. The laser beam was directed onto a sample holder using free space optics and the PL

was collected by two different systems:

o For 325 nm excitation: a lens which coupled the light into a fiber optic
cable that was connected to an Ocean Optics S2000 visible charge-coupled device

(CCD) spectrometer — see Figure 30.

e For 375 and 488 nm excitations: luminescence was collected using f/1
optics, dispersed by a 500mm f/4 SPEX spectrograph, and detected by a Princeton
Instruments ST121 1340 column back illuminated liquid nitrogen cooled Si CCD —

see Figure 31.
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Figure 30: Photoluminescence spectroscopy experiment schematics used for HeCd 325 nm laser excitation used

at Dept. of Engineering Physics in McMaster University (Canada). The photoluminescence light is collected by a
lens that is coupled to an optical fiber that delivers the light to the spectrometer S2000.
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Figure 31: Photoluminescence spectroscopy experiment schematics used for 375 (diode laser, model n°
L375P20K01.A02) and Ar* 488 nm laser line excitation sources. Measurements were taken at Unicamp (Brazil).
The photoluminescence is focused directly to the spectrograph through free space optics. The detector is a liquid
nitrogen cooled Si CCD.
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S Sample Preparation

Samples were prepared using two techniques: reactive RF-Sputtering and ECR-
PECVD. This section reviews some of the main aspects of the two deposition techniques and
describes the conditions and protocols used for sample preparation. Some characteristics
(such as thicknesses, optical parameters, and chemical composition) of the a-SiNy:H films are

presented in function of the deposition parameters used for each deposition method.

5.1 Reactive RF-Sputtering

Sputtering is a thin film fabrication process which consists in the vaporization of a
solid material, the “target”, by the transfer of momentum from accelerated positive ions that
compose a plasma. There are at least two very commonly used sputtering setups: ion beam
and glow discharge. The main difference is the source of the accelerated ions. For the glow
discharge setup, shown in Figure 32, a parallel-plate configuration is commonly employed.
Moreover, the ions are accelerated out of the plasma by a voltage drop between the two
electrodes, so the ions impinge perpendicularly on the target. To prevent target charge build

up in insulator targets, a radio frequency power (RF) is also used [144] .

Cathode Anode

Ta rget

Plasma

Figure 32: Schematics of a glow discharge setup using a parallel-plate configuration for plasma generation in a
RF-Sputtering system used at the LPF in IFGW/Unicamp. Adapted from [144

—_

High vacuum, of the order of 10" mbar — or, approximately, 7.5x10™* mtorr — is
mandatory before deposition. Since the plasma is a very reactive medium, it is important that
the chamber where the process takes place is sufficiently clean to avoid contamination by

undesired elements.
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The reactive RF-sputtering system present at Laboratorio de Pesquisas
Fotovoltaicas — LPF — is a modified commercial Leybold Z400 and is schematically shown in
Figure 33. It consists of a 20 / chamber with an impedance matched RF source. Linked to the
chamber is a series of gas lines controlled with needle valves and a mass flow controllers. The
system is pumped by a 400 //min turbomolecular pump roughed by a dry mechanical pump.
Two independent sensors measure the pressure: an absolute capacitive membrane MKS
Baratron 270 B, and a Balzers IMG 060 B Ion Gauge. The Target and substrates (composed
of Czochralsk Si single crystal wafer pieces) are positioned inside the chamber respectively at
the cathode and the anode. The substrates can be heated to temperatures up to 300°C
measured by a chromel-alumel thermocouple.

The procedure adopted for the RF-Sputtering deposition of a-SiNyx:H films was
the following: with the chamber fully opened, the substrates were positioned in the substrate
holder (grounded anode) at the top of the chamber as schematically shown in Figure 33, the
target (75 mm diameter metallic disk of 99.999% pure Si) was then placed at the cathode;
TbsO7 (99.9%) powder tablets were placed above the target where they were properly covered
with float zone Si wafer pieces to prevent target contamination — see Figure 34; the chamber

was then closed and pumped down to a base pressure of 3.0x10°¢ mbar or less.
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Figure 33: Schematic drawing of the RF-Sputtering system used for depositions of nitrogen-rich a-SiNx:H at
LPF in University of Campinas. Adapted from [145].

Once the base pressure was established, Ar gas was introduced in the chamber

while the RF source was on. Ar gas pressure was then increased until plasma breakdown. Ar
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gas pressure is then maintained to a constant pressure of 8.0x10> mbar and a self-bias of -1
kV was applied to the target and maintained for at least half an hour — in this moment the
substrates were placed in another region of the chamber where there was no plasma, which
stayed confined between the two electrodes. This procedure is what I will call from now on as

“pre-sputtering” and was repeated every time the chamber is closed for deposition.

Silicon Target

~5cm

Tb,0, powder
chunks

Figure 34: Sputtering target configuration with Tb4sO7 compressed powder tablets for Tb incorporation in the
nitrides. Even though the work was intended to study Tb in nitrides, the option to work with the Tb4O7 was taken
due to two reasons: a) even if we worked with pure metal precursors, contamination with oxygen from the air
would always appear in the samples since the metals from the lanthanide family are very reactive to Oz; b) TbsO5
was readily available.

After the pre-sputtering procedures, the reaction chamber was again evacuated
and the deposition process started. The heated substrates were moved directly above the Si
target and a N> gas flow, 99.999%, was introduced and controlled by a needle valve. N> gas
partial pressure was set to pressures around 2.0x10 mbar using the Ion Gauge controller.
The offset for the capacitive membrane gauge was then calibrated and used for monitoring the
reaction chamber pressure for the rest of the deposition. The Ion Gauge is then turned off. H»
and Ar, also 99.999%, introduced. They are respectively controlled by a MFC controller and a
needle valve. After the system pressure was stabilized, the RF source was ignited and the
plasma generated. The plasma ignition used the same procedure for the pre-sputtering phase:
a momentary pressure raise in Ar pressure until plasma breakdown. Table IV shows all the
parameters kept constant for all samples grown by Sputtering depositions. All the deposition
parameters used for the fabrication of the samples using reactive RF-Sputtering are in

Appendix I.
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Isochronal 1h annealing was performed in a quartz tube under positive N2 gas
pressure within 300 — 1200°C range. A pre-annealing procedure was adopted to avoid film
deterioration due to the presence of micro bubbles of Ar and H». It consisted of an annealing
of 1h at 200°C as a step before the films receive another thermal treatment at higher

temperatures.

Table I'V: Constant parameters during reactive RF-Sputtering depositions.

Total pressure (mbar) 8.0x107
Bias (V) -1000
Substrate temperature (°C) 250
Deposition time (min) 120
Base pressure (mbar) <3.0x10°

5.1.1 Deposition Rate, Chemical Composition, and E¢4s Energy Gap

The films grown by sputtering presented a distribution of thicknesses that ranged
from 800 to 350 nm as the N> partial pressure (Px2) in the sputtering gas composition was
raised from 0.8x1073 to 6.0x1073 mbar. This corresponds to deposition rates ranging from
6.7 nm/min down to 2.9 nm/min, respectively. The variation in the deposition rate is due to
the reduction of the average mass of the gas atoms resulting in a lower sputtering yield. For
films deposited with of 2.0x1073 mbar N partial pressure, used in most of the depositions,
the thickness was around 650 nm (~ 5.4 nm/min) within a window less than 10% of this value
depending on other deposition conditions that were varied, such as H> gas flow and target

coverage by TbsO7.

The nitrogen to silicon ratio, X, of a-SiNx:H layers strongly depends on the gas
composition inside the reaction chamber [146]-[148]. A quantitative chemical composition
characterization given by RBS is shown Figure 35. In this Figure, N to Si ratios is given as a
function of the N> partial pressure in the reaction chamber used for each deposition. The N
incorporation increases monotonically up to 5.0x1073 mbar and seems to slightly decrease
above it, as shown at 6.0x1073 mbar. As pointed out by Signore ef al. (2012) [148], Ar gas
flux is the responsible for N> dissociation and ionization, so a concentration decrease of
nitrogen active species, Ny and N*, is expected at higher Px2, when the relative amount of N,
to Ar is bigger. So, if the N» content in the chamber is too high, as evidenced at 6.0x1073
mbar point, less active species available to react with Si are expected, and thus a decrease in

stoichiometry is obtained.
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Figure 35: Stoichiometry of the films, x = N/Si, as a function of the partial pressure of N, (Pnz) in the

chamber. The films shown here were prepared keeping the H, gas flow constant at 2.3 sccm. The total pressure
in the chamber was kept constant at 8.0x1073 mbar.
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Figure 36: Eo4 optical gap for the reactive RF-Sputtering system as a function of the N, partial pressure.

The Eo4 optical gap can be very easily controlled and is very sensitive to the N»
gas partial pressure in the chamber. The introduction of nitrogen atoms replaces less energetic
Si-Si energy levels by more energetic Si-N ones (see Table III) thus increasing the energy
separation between bonding and antibonding states and, consequently, the optical bandgap.
Figure 36 shows the characterization of the Eos gap for some of the reactive RF-Sputtering
grown samples. Eo4 increases from a-Si:H bandgap, around 1.8 eV when no N2 is introduced,
up to the stoichiometric films’ gap, around 5.3 eV when the gas partial pressure N> (Pn2) is
2.0x1073 mbar. According to Figure 35, this corresponds to x ~ 1.6 + 0.2, well beyond the

stoichiometric silicon nitride value of 1.33. This is a well-documented result and happens
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because of the presence of N-H bonds [74], not present in Si3N4, which raises the necessary

amount of N for stoichiometric energy bandgap.

RBS measurements also revealed the effect of the H> flux variation and the area
coverage by Tb4sO7 onto Si and N incorporation - Figure 37. The more H> in the forming
plasma gas, the less Ar is in the chamber and so it is expected Si active species in the forming
plasma. One would probably expect that less Si is being incorporated, and from that could
result a film with a higher stoichiometry. In the same manner, as the exposed area of the
silicon target to the plasma is reduced through the introduction of Tb4O7 pieces, less Si could
be sputtered to the plasma, so that could also result in less Si being incorporated in the films.
Figure 37 shows, however, that Si and N concentrations are “somewhat independent” from
these deposition parameters in the regions explored. So, the films show the same
stoichiometry, except, perhaps, for slight deviations in the higher values of H» flux and area

coverage — where a slight decrease in N incorporation is observed.
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Figure 37: Si and N atomic fractions in Tb doped a-SiN; 4:H thin films versus molecular hydrogen flux, A), and
the area of the Si target covered by TbsO7 powder chunks, B). The films were prepared using a constant partial

pressure of N, always equal to 2.0 x 103 mbar. The graphs show independence of films’ stoichiometry with the
other deposition parameters.

5.1.2 Terbium Incorporation
The sputtering yield is a function of several deposition parameters such as gas
composition, pressure, and bias voltage. Thus, it is expected that a variation of deposition
parameters such as H» partial pressure, the target covered area by terbium oxide (TbsO7) and

the partial pressure of N> in the chamber during deposition could influence the terbium
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incorporation. The quantitative characterization of the films’ H incorporation was done ERD
measurements.
The samples were grown using different H, gas fluxes and using different areas of
TbsO7 — this area is given in terms of the percentage fraction of the total area of the Si target.
In addition to other deposition parameters, for the Tb incorporation determination,
the samples were fabricated also keeping constant: the overall pressure inside the deposition

chamber and the partial pressure of Ny, respectively at 8.0 x 10~ mbar and 2.0 x 10 mbar.

Figure 38 shows how an increase in H> gas flux can change both Tb (in black) and
H (in red) incorporation. While no use of H> during deposition can produce films with [Tb] =
1.0 at.%, the introduction of H can slightly increase Tb level at low H> fluxes, at around 2.0

sccm, but monotonically decreases Tb incorporation as it is increased.
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Figure 38: H (in red, right scale) and Tb (in black, left scale) atomic fractions in the films as a function of H, gas
flow during deposition. The samples represented in this graph were prepared using partial pressure of N, equal to
2.0 x 10 mbar with the overall pressure constant at 8.0 x 10~ mbar. H, gas flux variation in different
depositions can almost double the Tb incorporation observed in the films while H atomic fraction monotonically
increases up to 15 at.% and probably reaches a saturation point after 8.0 sccm of H, flux.

In the case of H incorporation, ERD results show that it monotonically increases up to
8.0 sccm where, even though the graph does not explicitly show, because it does not go
further, H incorporation seems to saturate around 15 at.%. It should be noted that this result
refers to both bonded and non-bonded H atoms.

Figure 39 shows Tb incorporation characterization as a function of metallic Si target
covered area percentage by TbsO7 chunks. In this graph, the amount of Tb incorporated by the
films was corrected as if all the films were deposited using 6.0 sccm of H> gas flux. In the

region showed, below 20% of the target area coverage, the level of Tb concentration increases



69

somewhat linearly and can reach 2 at.%. This figure could be slightly higher if the Ha, as well

as the N», levels inside the chamber were lower.
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Figure 39 - Tb incorporation characterization of the Sputtering system in terms of the covered area by Tb4O7
tablets relative to the total area of the Si target. The data points are representative of a set of samples prepared
using partial pressure of N; equal to 2.0 x 103 mbar and flux of H of 6.0 sccm.

As Figure 40 shows, Tb incorporation in the films is very little influenced by the
amount of incorporated N. As more N> is introduced in the chamber, evidenced by more N
being incorporated, the amount of Tb in the films slightly diminishes. The data point shown
were corrected, based on the changes that the other parameters have in Tb incorporation, to
adjust to films grown using 6.8 + 0.4 % of target area coverage and 2.3 sccm of Ha gas flow.
The error bars shown are different from the ones found Figure 39 because they also consider

the uncertainties in the determination of the covered area and H» gas flow corrections.
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Figure 40 — Tb incorporation as a function of the incorporated N in the films. It was considered the influence of
the covered area and in H, gas flow in the chamber. The incorporation of Tb shown here was corrected by the H»
gas flow and area coverage by Tb4O7 as if they were grown using respectively a flow of 2.3 sccm and a covered
area of 6.8 £ 0.4 %.
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5.2 ECRPECVD

Chemical vapor deposition (CVD) is a thin film deposition technique that uses gas
phase chemical reactions taking place at the substrate, the desired growth surface. What gives
the precursors the necessary energy for film growth in classical CVD reactors is substrate
temperature (thermal energy). For some applications, the thermal budget required is so high
that plasmas are used instead as energy sources for the growth, removing the need for high
substrate temperatures. This is the essence of plasma enhanced chemical vapor deposition
(PECVD) technique. In PECVD, several different mechanisms can be used for plasma
generation. Among them there is electron cyclotron resonance (ECR) ion source. In an ECR
deposition system, the volume containing the low pressure gas is hit by microwaves at the
exact frequency which corresponds to the cyclotron resonance of the electronic motion,
defined by the magnetic field applied inside the volume [78]. Figure 41 gives a schematic

drawing of an ECR process.
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Figure 41: ECR plasma source driven by a waveguide. Electrons inside the gas chamber are accelerated
perpendicular to B by the E field and move in orbits around B field lines — perpendicular to it. If the microwave
angular frequency is the same as the angular frequency of the electron orbit, then we have the Electron Cyclotron
Resonance condition (B | = ®o me /qc). For the commercial microwave band frequency of 2.45 GHz used, a
magnetic field of 875 G is required to meet the resonance condition. Adapted of [78].

The ECR PECVD system used for this work is located at the Centre for Emerging
Devices Technology (CEDT) at McMaster University, in Canada. It is composed by a reactor

chamber coupled to a cylindrical chamber extension where the plasma is ignited, (see Figure
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42). This extension is capped with a quartz window to allow the entrance of microwave
radiation (at the commercial band frequency of 2.45 GHz) generated by an Astex HS-1000
magnetron head. The microwave radiation is conducted to the chamber through a waveguide
whose output power is generated by an air-cooled S-1000 power supply. A reflected power
detector monitor the power delivered back from the plasma to a water cooled dummy load
and avoid any damage to the magnetron head. To meet the resonance condition, an 875 G
magnetic field is generated by a helical electromagnet fed by 180 A generated by the high
current power supply EMS 20-125-2D [149].

The reactor chamber is pumped by a 300 /min Pfeiffer PMH 520 Turbomolecular
pump. The typical base pressure obtained for depositions is of the order of 10”7 Torr. A load
lock mounted above the main chamber, and separated by a gate valve, is used to reduce
contamination of the deposition chamber by room pressure and to facilitate sample transfer.
The gate to the reactor chamber is only opened after a minimum vacuum of 5x10° Torr is
achieved. The sample is then transferred to the reactor chamber where it is positioned at the
temperature controlled substrate stage. A Residual Gas Analyzer spectrometer monitored the

base pressure purity to ensure impurity recognition before each deposition.
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Figure 42: Schematic drawing of the ECR PECVD system used for depositions of nitrogen-rich a-SiNx:H at
CEDT in McMaster University. Adapted from [150].
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The insertion of Si, N, O, and H is controlled through the flux, using Mass Flow
Controllers, of SiHa, N, O>. All of them, with exception of pure N, are diluted in Ar. Two
main reasons justify the dilution: 1) safety: SiH4 and O, are very flammable and reactive
gases; 2) Ar dilution also allows better efficiency in gas ionization, and consequently in
plasma generation. Argon has low ionization energy and, due to its molecular weight, its
constant collisions with other ions that compose the plasma facilitates the ionization of other
molecules [78].

Ions from the lanthanide family are in situ incorporated from metalorganic
precursors, from the B-diketonate family. Solid at room temperature and pressure conditions,
they are contained inside a canister where the temperature can be raised and controlled. The
precursor is sublimated with a rate controlled by the heater cell temperature and by the flux of
Ar gas, here used as carrier gas. The precursor used for terbium, specifically, was the volatile
metalorganic  complex  B-diketonate = Terbium(IIl) tris  (2,2,6,6-tetramethyl-3,5-
heptanedionate)-Tb(III) or Tb(tmhd)’.

Tb-doped nitrogen rich a-SiNx:H thin films were grown in Czochralski Si single
crystal wafers. SiHs /Ar (30% SiH4 in Ar), N2> and N2/Ar (10% Nz in Ar) gas mixtures were
employed as silicon and nitrogen precursors, respectively. For better film homogeneity, an
even distribution of SiH4 /Ar flow was achieved by specially designed dispersion rings
containing pinholes through which the gas flows to the inside of the reactor chamber. Pure Ar
was also used to enhance plasma density in some depositions. The sample set was prepared
using SiH4/Ar gas flow between 0.6 and 14 sccm; N2 the gas flows between 5 and 20 sccm,
No/Ar gas flow between and 20 and 50 sccm and Ar gas flow between 0 and 15 sccm. For
better lateral uniformity, the substrates were rotated at 20 rpm. The terbium diffusion cell was
heated up to 190°C and the sublimated material introduced into the chamber alongside with
silane, using Ar as a carrier gas, at a constant flow of 5 sccm. The Tb precursor cell line and
the dispersion ring, located inside the chamber, through which the sublimated material was
transported into the chamber were heated to 210°C. This prevents the metalorganic complex
to re-solidify along its way to the reaction chamber. The substrate stage was heated up at a
constant temperature of 350°C, which results in a surface temperature of about 120°C [149].
Further details of the deposition system and film growth have been reported in [151].

All the deposition parameters used for the fabrication of the samples using ECR

PECVD are in Appendix II.
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5.2.1 Deposition Rate and Optical Parameters

Film growth in ECR PECVD is mainly conducted by the reactions of SiHy
molecules with the other constituents of the forming gas. Thus, it is strongly dependent on the
SiH4 flow rate. As shown at Figure 43, the increase in SiH4 forming gas flow increases the
deposition rate almost linearly, but at around 10 sccm the increase seems to be reduced. For
comparison with RF-Sputtering depositions, the films grown with the highest amount of N>
had deposition rates of the order of 2.9 nm/min, but could increase to more than 6.5 nm/min.

Figure 44 shows the dependence of the Eo4 optical bandgap on the SiHs gas flow
and the fraction N> flux to the Ar + N> gas mixture, as proposed by Alexandrov et al. (1998)
[152]. Except in the extreme cases, of high SiH4 flow and high amounts of Ar in the forming
plasma, the value of SiH4 flow used or the value of ratio Fy,/(Fy2 + F4,) have little
influence on (high) the optical bandgap of the films. This indicates that under the ECR-

PECVD conditions used the samples are nearly stoichiometric a-SizN4:H.
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Figure 43: Deposition rate dependence by SiH4 flow rate characteristic of the ECR PECVD system.
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Figure 44: Eos optical gap as a function of the SiH4 gas flow (left) and fraction N, flux to the Ar + N, gas
mixture (right).
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5.2.2 Terbium Incorporation

In ECR PECVD deposition, there are two main ways of controlling terbium
density in the films: a) controlling the precursor flow to the deposition chamber controlling
the heater cell temperature and b) controlling the SiH4 flow in the chamber.

Because the gas flow tubes are not uniformly heated, the vapor of the terbium
precursor can be condensed during its way to the main chamber if the cell temperature used is
too high, making the first method is very limited. Depending on the heater cell temperature
chosen for a specific deposition, and, consequently, the pressure of the sublimated material
along the line, the minimum temperature required to maintain the precursor in the vapor phase
can be very different and result in possible condensations.

Nevertheless, higher terbium concentrations of up to 10?? at/cm?® (equivalent to
near 14 at.%) in nitrogen-rich films can be achieved by decreasing the silane flow for a fixed
carrier gas flow. As it was shown in Figure 43, the deposition rate changes linearly in a
somewhat linear fashion with the SiH4 gas flow chosen to be operated. We decided to keep
the Tb precursor flow constant with fixed heater cell temperature and carrier gas flow. Thus,
the amount of Tb being incorporated in the films has a nearly reciprocal relationship with the
SiH4 flow. This is what is shown in Figure 45 below. Maintaining all the other deposition

parameters constant, the flow of silane was varied from 0.6 to 10.0 sccm.
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Figure 45: Terbium incorporation because of the silane flow change in the chamber during different depositions.
All samples shown here were fabricated using low Ar gas flux but the pure nitrogen gas flow was changed.
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5.2.3 Si-H Bonding

Bonded hydrogen densities were estimated using FTIR measurements of the Si—H
and N-H stretching absorbance peaks (~2150 and 3350 cm’!, respectively) over a wide range
of annealing temperatures using the method of Lanford and Rand [141].

Figure 46 shows the peak wavenumber of Si—H stretching vibration mode for
different amounts of N and H bonded to the Si. It illustrates the wavenumber increase when
more electronegative elements, in case N and H, are bonded to Si in the Si—H bond instead of

Si—Si bonds.
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[Fll?;e 46: Peak energy of all different arrangements of the Si-H bond stretching vibration mode. Taken from

Figure 47 illustrates the blueshift of the peak position of the stretching mode of
the Si—H bonds because of SiH4 flow increase between different samples — the region varied
was between 0.6 to 10.0 sccm of gas flow; no Ar was used and the N> content in the chamber
was kept constant at 8.0 sccm. The samples shown were characterized in as deposited
situation. They show that as more silane is introduced inside the chamber, the resultant film
will have less Si—-H bonds being formed at the expense of a greater density of Si—-N bonds
(evidenced both by the increase of the area of the peak centered about ~890 cm™ and by
blueshift of the peak position of the stretching mode of the Si—H bonds). In the nitrogen-rich
ambient, present inside the chamber during deposition, the breaking of the Si—H bonds in the
plasma is followed by formation of Si—N and N—H bonds, which are much stronger — Table

I11.
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Figure 48 shows the increase of N—H bond density as the Si—H bonds density

decreases. After this point, the density of N—H bonds slightly decreases while the area related

to the Si—N vibration mode continues to increase. This suggests that the increase of SiH4 gas

flow favor the formation of molecular hydrogen microvoids rather than bonding with Si.
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Figure 47: Evolution of Si—H bond peaks because of the increase of SiHs gas flow. All samples show here were
not annealed. The peak at ~2020 cm™ refers to Si—H stretching mode in which Si is bonded to other Si atoms;
The peak centered at ~2120 cm™ refers to Si atoms bonded to at least one N instead; At ~2200 cm™, there are
three possibilities of bonding in which the Si atom is bonded to more than one N or H.
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Figure 48: Evolution of Si-H bond density as result of SiHs variation between depositions. [Si-H] and [N-H]
bond densities were estimated using the Landford and Rand method.
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6 Study of Tb** Photoluminescence in a-SiNx:H

This chapter deals with Tb*" photoluminescence in a-SisN4:H<Tb> at room

temperature.

The photoluminescence spectra observed in a-SisN4:H<Tb> samples typically
consist of Tb** related transition lines (D4 — "Fy, J = 6, 5, 4 and 3) situated over a featureless
broad spectrum related to recombination of carriers from the tail states of the a-SisN4:H host
matrix — see Figure 49. The physics background and interpretation of the spectrum was

already covered in chapters 2 and 3.

To compute the total intensity of the Tb*"’s transition lines, (from now on referred
to as “RTPL”) the area of the emission spectrum attributed to the Tb** lines subtracted the

baseline the emission coming of transitions in the host.

Strong Tb*" lines are only observed in samples with high enough values of Eos
(typically of the order of 4.7 eV). Figure 49 is a clear illustration of it. For samples grown by
reactive RF-Sputtering, where the bandgap is more easily tuned, it shows, in the vertical axis,
the RTPL without normalization of sample thickness. In the horizontal axis, the N> partial
pressure used during deposition. In sections 5.1.1 and 5.2.1, it was showed how the deposition
parameters of the two growth methods vary the Eos optical bandgap. While in reactive RF-
Sputtering, the bandgap of the films depends very strongly, and almost exclusively, on the N»
partial pressure, saturating at 4.7 £ 0.4 eV for N partial pressures higher than 2.0x1073
mbar; in ECR PECVD, the samples have stoichiometric values Eo4 independently of the N> to

Ar gas flow ratios used.

Moreover, Tb incorporation depends weakly on the N> partial pressure used. It
seems to slightly decrease after 2.0x1073 mbar, where there is high incorporation of N
(Figure 40). So, the result shown at the graph of Figure 50 is related to the Eos bandgap
opening in the sample series indicating a clear preference for high Tb emission in near
stoichiometric samples. The subsequent decrease in RTPL with increasing N> pressure is
caused by the slight decrease in Tb incorporation (Figure 40) combined with the decrease in

the deposition rate, which, in turn, resulted in thinner films.
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Figure 49 - Typical room temperature PL spectrum of Tb doped a-SisN4:H (Eos = 4.9 eV) prepared by ECR
PECVD showing the distinctive terbium lines over a broad spectrum (in red) related to recombination of carriers
in the host. The shape of the host PL curve is distorted by the transfer function of the detection system that has a
cutoff at 3.3 eV. In fact, the spectrum extends up to 0.4 eV below the subgap excitation.
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Figure 50: Integrated room temperature photoluminescence (RTPL) of the Tb*" emission lines as a function of
the N> partial pressure used for films prepared by sputtering. The coverture of the Si target by Tb40O7 pellets was
6.7 = 0.5 %. The total deposition pressure was 8.0X10~3 mbar.

In section 3.2.4 for a-Si:H and, later, at section 3.3 for a-SiNx:H, the matrix’s PL
band shape was discussed. In the static disorder model [116], [121], [122] the PL band shape
is the result of a convolution of the carrier distributions in the band tails states. Sub gap
excitation truncates the PL band at approximately 200-400 meV below the excitation energy.
Figure 51 shows the room temperature PL of as deposited undoped a-SiNis:H (top) and Tb
doped a-SiN;s5:H (bottom) under three different excitation energies: 3.82, 3.31 and 2.54 eV.

The sample has a bandgap of 4.7 eV, so all spectra correspond to subgap excitation.
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Within the static disorder model, the carriers excited to the extended states

thermalize very fast down to the band tails, populating it in a quasi-static distribution.
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Figure 51: Room temperature PL emission of doped and undoped N-rich a-SiN;s:H under three different
excitation wavelengths (325, 375 and 488 nm). The inset shows the PL spectrum put at the same intensity scale.

6.1 Tb Environment — EXAFS Characterization

One explanation for the changes of Tb>" PL silicon based materials with annealing
is a possible change in the oscillator strength of the ion due to chemical neighborhood
changes around the ion [62]. This process is often refered to as “activation of the RE ion”.
Judd-Ofelt theory states that a change in the local crystal-field around the ion, such as a
change in the Tb’s site-symmetry, or in the crystal field strength, for example, can introduce
changes in the matrix element of the transitions which, in turn, result in a lower radiative
lifetime. This hypothesis was tested in our samples through EXAFS measurements. EXAFS
was measured for samples prepared by reactive RF-Sputtering with Tb concentrations ranging

from 0.8 up to 2 at. %.
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EXAFS is very sensitive to the nanostructure around an absorbing atom. In the
context of Rare-Earth doped amorphous silicon alloys, it allows us to know reliably some
details of the first coordination shell. To determine these details, the EXAFS signal, y(k) =
[u(k) — wo(k)]/uo(k), is fitted to the equation below [139] (see section 4.1):

N.S2f.(k e—ZRj//l(k)e—zkza]?
(i = 5 B30

W sin[2kR; + &; (k)]

J

If the scattering properties of the /™ shell are known from a hypothetical structure
believed to surround the ions, then the neighborhood characteristics can be determined. The
scattering properties are specific for each scattering element and are given in terms of the
scattering amplitude, fj(k), phase-shift, §;(k), and the mean-free path A(k). The chemical
neighborhood is given in terms of the distance to the first shell of neighboring atoms, R;, the
coordination number, N;, and the Debye-Waller factor, gj, which represents a mean-square
disorder in the neighbor’s distance. The parameter S,, known as the amplitude reduction term,
appears due to a relaxation of all the other electrons to the absorbing atom’s core level hole.

In Figure 52 are shown some steps of the EXAFS data treatment used for finding the Tb**

first shell of neighboring atoms information.

Although the host is a-SiNx:H, the fact that rare-earths in general are strong
reducers, Tb** tends to coordinate with any oxygen available. Because terbium in the samples
resulted from an oxide precursor, it is reasonable to expect this residual oxygen to compose

Tb’s chemical neighborhood.

The evolution of Rj,N;, and o; .with annealing temperature for a sample
containing 0.8 at.% Tb is represented in Figure 53. Annealing does not cause strong changes
to the Tb** neighborhood: it slightly and monotonically decreases the Debye-Waller factor
(indicating that the radial disorder of the first coordination coordination shell decreases with
annealing, as expected), the coordination, and the Tb-O interatomic distance. Oxygen is
always slightly closer to Tb than in Tb203 — calculated by FEFF software package. This is
probably due to the difference in electronegativity between Tb and Si or N that compose the
second sphere of neighbors. This situation is similar to that of Er doped a-Si:H and a-SiOx:H
[154]-[156].
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Figure 52 — A) The y(E) signal evidencing the EXAFS oscillations - calculated from the data shown in Figure
24 multiplied by the electron’s momentum squared (k? = 2m(E — E,)/h?); B) Fourier transformation of
k%y(k). In blue is the function modulus and in red its imaginary part. The blue curve represents, excluding a
phase-shift resulting from the electron’s wavefunction scattering, the distribution of neighboring atoms around
Tb*". In other words, the first peak is the first shell of neighbor’s radial distance shifted by some amount given
by a signal phase shift; C) Fourier transformation of the radial distribution relative to the first shell of atoms.
With a good hypothesis regarding the identity and coordination number of the neighboring atoms, the EXAFS
equation for the first shell can be fitted to this signal. With that, N, R and ¢ are determined.

Within the experimental error bars, nothing dramatic happens to the Tb
neighborhood with annealing. Although the average coordination may be slightly reduced
from 6 to 4 when the samples are annealed at 250°C, this is a very unlikely situation because
that is precisely the deposition temperature in RF-Sputtering — see Table IV with the
deposition parameters kept constant throughout the whole project. The error bars obtained in

the analysis are compatible with Tb*" being already coordinated to 4 oxygen atoms in average
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for as-deposited samples, so no changes in the atomic coordination number are observed even
for temperatures as high as 1100 °C. The Debye-Waller factor, however, decreases with
annealing temperature indicating, as expected, that annealing relaxes the network around the
Tb**. Thus, the reasons for the maximum photoluminescence intensity to occur for annealing
at 300/400°C [157] are most probably not related to a modification in the chemical

neighborhood around Tb** but is a result of modifications in the host.

Although the error bars are high - except for the average interatomic separation -
the trends are normally consistent with the expected effects of annealing. Parameter
correlation causes the high values of the error bars and are a limitation of the EXAFS

technique.
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Figure 53: Chemical neighborhood around Tb3' ions in a-SiNx:H thin films as a function of the annealing
temperature. N, AR and o? give respectively, the average coordination number, bond length average variation
(relative to Tb,O3) and Debye-Waller factor. The neighborhood around Tb** almost does not change with
annealing temperature.

6.2 Terbium Ions’ Spatial Distribution

Another hypothesis very used to justify Tb excitation from the Si host, is a
possible presence of Si nanoclusters (Si-ncs) or nanostructures which, resonantly, transfer
energy from the host to the Tb*" ions. Several reports account room temperature RE** PL
changes and enhancement due to Si-Ncs formation and/or RE clustering [60], [158]-[161] as

a result of specific thermal treatments.
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As a semi-quantitative clustering test, first neighbor’s distribution test of APT
results (or more often used, nearest neighbor distribution, NN) can be applied for chemical
elements of interest. NN techniques examine the interatomic separations in the immediate
vicinity around each atom [134]. While this method doesn’t identify specific clustering
formation, it is a good test to identify trends over clustering composed of an element of
interest. It does so by comparing the actual sample with a solid of randomly distributed atoms

of equivalent composition [134].

Nearest neighbor’s investigation can also be extended to higher orders, i.e., to
larger spherical shells, often referred to as kNN, where k designates the order. Figure 54
shows 1NN and 10NN distributions for a selected film grown by reactive RF-Sputtering and
annealed for 1h in N> ambient at 1100°C. Such an analysis makes clear that, within the
technique limitation and sensibility, there is no clustering in our films at high high annealing

temperatures.
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Figure 54: Nearest neighbor distributions of an ECR PECVD grown film. INN refers to the first shell of
neighbors and 10 NN to the 10% shell of neighbors around Si and Tb atoms. The ample was annealed for 1h
under pure N, flux at 1100°C. Note that the actual distribution resembles simulated random distribution of atoms
around the two centers.

6.3 Concentration Quenching

Concentration quenching is often referred to the decrease in the PL signal as a

result of the rare-earth trivalent ions concentration in the material. It is a very general attribute
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of rare-earth luminescence and is caused by an increase of cross-relaxation rate between two
nearby ions because of a decrease in the average ion-ion distance, as stated by the Forster-

Dexter mechanism.

This effect is expected in every rare earth doped material and appears for both sets
of samples studied in this work. Nevertheless, the effect was verified with more details in our
set of samples grown by ECR PECVD. It was verified that the Tb concentration for maximum
sub gap excited photoluminescence was 2.7 at.% or (2.1 + 0.1)x10?! at/cm®, which
corresponds, on average, according to a modified Chandrasekhar model [60], [159] for

random distribution of ions to an interatomic Tb-Tb distance of 0.49 + 0.04 nm - Figure 55.

Furthermore, as discussed by Benz et al. [161], the interaction between rare-earth
ions follows from Forster-Dexter mechanism which is eventually dominated by Dexter
electron exchange mechanism in the high concentration regime in which there is an

exponential dependence with Tb-Tb distances according to the equation:

- NA
1+ Bexp(—r/rp)

(22)

where N is the number of radiative centers and ro is an effective Bohr radius; A and B are

experimental constants related to the probabilities of cross-relaxation and radiative emission.
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Figure 55: PL intensity of the samples annealed at 400°C as a function of the average interatomic distance of
Tb3* ions as described by Benz et al. The blue curve shown has as parameters: NA = 13700, B = 23.8 and 1o =
0.027 nm.
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Even though Benz ef al. [161] suggests that for the low concentration region there
is a R dependency, this is not sufficient to describe the data in the full extent shown in
Figure 55. We believe, as it will be more evident in the subsequent sections, that this region is
characteristic of an increasing number of optically active Tb ions available coupled with the
defects. So, strongly dependent on defect density, or, indirectly, dependent on the conditions

of deposition and annealing treatments employed for film growth.
6.4 FTIR analysis and Th** excitation through Si-dbs

One possible way to directly explore the influence of the Si-dbs in the excitation
of Tb*" ions is through the analysis of the Si-H bonds. The Si-H bond density is changed with
different annealing treatments. The direct correspondence between Si-H bonds breaking to the
creation of Si-dbs in nitrogen rich a-SiNx:H is well known [125].

Figure 56 shows three samples grown by ECR PECVD with stoichiometries at
1.5, Eos bandgap at 4.7 eV, but with different Tb concentrations, each represented by one
column. A table of graphs is represented in each row of the table where it is shown the [Si—H]
bond concentration as well as the total room temperature PL Tb** ions, and the emission from
a-SiNx:H as a function annealing temperature. Row A) shows RTPL. Row B) shows the total
host emission. Row C) shows the [Si—H] bond density.

For the three samples shown, the number of Si—H bonds increases by a factor of at
least 2 with annealing temperature, from 300°C to 600°C. The annealing temperature that
optimizes the RTPL is around 300°C. At higher temperatures, the annealing procedures only
decreases the Tb** RTPL intensity coinciding with a rise in the [Si—H] bond density. At the
same region, as shown in row B), the total PL coming from the silicon nitride matrix increases
with annealing temperature. According to the Defect Related Auger Excitation model
(DRAE), Figure 57, originally proposed for Er in a-Si:H [72], the lanthanide ions are excited
resonantly from the matrix through an Auger process that involves the recombination of an
electron with a hole in a neutral silicon dangling bond defect. So, a decrease in the Si-dbs
density, indirectly observed through the increase of [Si—H], would excite fewer Tb*" ions. In
contrast, once there is less Si-dbs to compete with the radiative band tail recombination, this
process is favored resulting in an increase in the silicon nitride emission with annealing

temperature — as shown in row B.
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Figure 56: [Si - H] bond density, Tb and a-SiN;s:H room temperature PL (RTPL) as a function of annealing
temperature for three different concentrations of Tb*". Each sample, contain respectively 2.1, 2.2 and 2.5x10?!
at/cm’ and are identified by one column of graphs. Each row gives one of the investigated aspect of the film.
Row A) gives Tb room temperature sub gap excited PL; row B) the a-SiN s:H photoluminescence and; row C)
the [Si — H] bond density as a function of annealing temperature from as deposited, identified by the points near
100° C, the surface temperature during deposition, up to 600° C. As the [Si — H] bond density increases with
annealing temperature at 500 and 600 °C, Tb photoluminescence decreases substantially while the emission
coming from recombination between the band tails increases. This result supports the DRAE model, where
recombination at the Si-dbs, the trap centers, transfer energy to the Tb*" ions, and competes with the radiative
recombination between carriers at the band tails.
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Figure 57: Schematic representation of the DRAE Energy transfer mechanism adapted to the nitrogen rich a-
SiN; 5:H<Tb> films grown by ECR PECVD. An excited electron relaxes down to the bandtails where it
occasionally is trapped by a Si-db. Once in this energy position, the electron can recombine with a hole situated
at the valence extended band transferring near-resonantly its energy to promote the excitation of a nearby Tb>*
through an Auger process.

6.5 Deposition Method Comparison

Because PECVD methods of growth typically operate in energy scales smaller than
Sputtering methods [78], it is expected differences in the structure of the two sets of films. In
terms of concentration of Si-dbs, which was cited in last section, films prepared by ECR
PECVD are expected to have less defects than films prepared by more energetic methods such
as reactive RF-Sputtering.

For a comparison of the Tb RTPL (excited at 325 nm) between two sets of samples be
made it was necessary to isolate the other variables that may influence Tb emission, such as:
film thickness and PL signal modulation by interference fringes [162], Tb concentration, and
optical bandgap. Therefore, samples grown by ECR PECVD and by RF-Sputtering, were
chosen in the low Tb concentration region (each containing, 4.7X% 102° at/cm3 and 10x
102° at /cm3for PECVD; 5.9x 102° at/cm3and 9.0% 10%° at/cm3 for Sputtering) with the
same optical bandgap (Eos = 4.9 eV). Their thicknesses are in Figure 58. They were both
deposited over crystalline Si substrates but, due to the high transparency, no interference
fringes were observed. For such Tb concentrations, concentration quenching is not important.

Tb PL can be considered to depend linearly with Tb concentration. A linear relationship
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between thickness and light emission can be also assumed because the films are very
transparent (at 325 nm, the wavelength where the PL of the films were excited, the
penetration depth, 1/a;-325 nm , are of about 10* nm — much longer than film thicknesses).
So, PL spectra divided by both thickness and Tb concentration for the two films could be used
to compare the Tb PL for each deposition method.

A comparison of PL spectra of samples with similar compositions and properties, each
grown by one deposition technique, and corrected by Tb concentration and film thickness is
shown in Figure 58. Both sets of samples presented strong Tb** related emission lines which,
in shape (given by position and linewidth) are roughly the same except for their intensity.
They are over an emission related to the host silicon nitride which are very similar for both.
The Tb PL in the shown RF-Sputtering grown samples are significantly higher than for
samples grown by ECR PECVD. Given the results of last section, about the correlation
between Si-dbs density and Tb PL, we believe that Tb PL intensity reflects the Si-dbs density
present for each. In fact, a higher density of defects benefits Tb light emission because it can

excite more Tb** ions that can decay radiatively.
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Figure 58: PL spectra of samples with similar compositions grown by ECR PECVD, in red, and Sputtering, in
black, (all have Eos = 4.9 e¢V). The PL spectra were measured using a 325 nm HeCd laser source. The PL spectra
were divided by Tb density and thickness. For RF-Sputtering grown samples (Appendix I) the Tb concentrations
and thickness were: A) sample 17, 5.9% 102° at/cm3 and 509 nm; B) sample 27, 9.0x 10%° at/cm? and 614
nm. For ECR PECVD grown samples (Appendix II): A) sample 8, 4.7x 10%° at/cm3 and 95 nm; B) sample 53,
10x 10%° at/cm3 and 76 nm.
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7 Conclusions and Perspectives

This study was aimed at pushing further the debate regarding the excitation
mechanisms of Tb ions within amorphous Si-based materials. Moreover, this study had as
objective the provision of information on rare-earth doped Si-based thin films produced by
two independent deposition methods, reactive RF-Sputtering and ECR PECVD, and how they

compare to each other.

The films were prepared varying widely the deposition parameters — which can be
seen in Appendices I and II. Samples had stoichiometry, deposition rate, refractive index,
extinction coefficient, incorporation of terbium, terbium chemical neighborhood, sensity of

Si-H and N-H bonds and sub gap excited room temperature photoluminescence measured.

In sputtering-grown films, terbium incorporation is controlled by target
configuration and depends very weakly on the composition of the forming plasma. Tb
concentrations of about 1.8 at.% (or, roughly, 1.4x 102 at/cm3) were achieved when the Si
target had about 17% of its area covered by Tb4O7 powder pellets. The Eos bandgap of the
films increases somewhat linearly with the partial pressure of N> from 1.8 eV - for depositions
using almost no N> (a-Si:H like films) - and saturates at the stoichiometric value of 4.7 eV -
when the partial pressure of N> in the chamber is raised to 2.0X1073 mbar. Further increase
of N partial pressure in the forming gas result in films with the same stoichiometric value of

Eo4 bandgap but the deposition rate and Tb concentration decreased.

In ECR PECVD grown films, the incorporation of Tb can be easily adjusted
varying the SiHs flow used for growth while maintaining film the precursor flow constant.
The film stoichiometry corresponds to a-SizN4:H. Consequently, the Tb incorporation is
roughly inversely proportional to the deposition rate. Tb concentrations of about 14.0 at.% (or
1.0x1022 at/cm3) were achieved, using SiHs gas flow rate as low as 0.6 sccm. The films,
however, were all stoichiometric within the deposition parameter region explored — which
included wide variations in N> and Ar gas flow rates. No clear relationship appears between
Tb incorporation and N> and Ar gas flow configurations used in each deposition. The side
effect of the increase in SiH4 gas flow, however, is the increase in Si-N bond density while
decreasing Si-H concentration. For the conditions used in this work, N-H bonds density

increases very rapidly when the SiH4 gas flow reaches 2 scem. It decreases only after 8.0
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sccm 18 used.

Changes in the photoluminescence of the samples caused by post-deposition
annealing were also investigated. Annealing had no effect on the PL spectrum shape and the
position of Tb** transition lines, but it strongly affected the intensity of Tb** PL lines. The
annealing temperatures for the brightest PL of Tb*" ranged between 200 and 400°C in ECR
PECVD grown samples while it was a little bit higher (around 400 °C) in RF-sputtering
grown samples. This can be related to the different substrate temperatures in each deposition

system.

A definitive evidence of the stability of the chemical neighborhood around Tb
ions (in films produced by RF-sputtering only) was obtained by EXAFS spectroscopy.
Independently of the Tb concentration in the region between 0.8 and 2 at.% and the annealing
temperatures used, the Tb atoms were surrounded by a shell of first neighbors composed of 4
O atoms whose distances are very close to the Tb-O bond length in TboO3 (deviations of only
0.05 A). Despite not being directly measured, a similar result can be expected for the Tb ions
in ECR PECVD grown films because in the metalorganic precursors used for Tb it is in an

octahedral oxygen cage.

This thesis work also provide the first direct measurement of the random
distribution of Tb in a-SiNj s:H films even after post-deposition annealing at temperatures as
high as 1100 °C. The Tb spatial distribution was obtained through 3D atomic reconstruction

obtained from atom probe tomography results.

We also provide evidence for one probable way for Tb*" excitation through Si-
dbs. We found an inverse correlation between the density of Si-H bonds and the Tb emission.
The results are consistent with the DRAE model [72]. In near stoichiometric samples,
electrons trapped in these defects can recombine with holes from extended or shallow
localized states providing energies near to 2.5 eV which excite a Tb** ion through the D4 —

"F¢ transition by an Auger process.

Knowing that the Si-dbs are the main path for Tb*" optical excitation, it seems
clear that the main difference in Tb PL between films grown by PECVD and by RF-sputtering
is of density Si-dbs present in each film. Therefore, as shown by the comparison of the PL of

samples with similar characteristics and Tb concentrations - but each grown by one method -,
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RF-sputtering grown samples presented higher Tb** PL than ECR-PECVD grown samples.

Both samples have the same intensity of luminescence from the silicon nitride matrix.

Future work should investigate quantitatively the concentration of Tb and Si-dbs
which maximize Tb light emission, or, even better, in terms of the external quantum

efficiency.

With this work, we expect to have pushed further the knowledge about the
mechanisms of Tb>" emission in a-SiNx:H<Tb> films. We hope the information provided in
this thesis will be useful for possible future developments of Si-based light sources,

particularly for visible light applications.
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Appendix I — Deposition conditions used for

reactive RF-Sputtering grown samples

Table V: Parameters kept constant for all depositions of this work.

Base Pressure [mTorr] <2.2x1073

Total Pressure [mTorr] 6.0
Stage T [°C] 250
Bias [V] -1000
Dep. Time [min)] 120

Table VI: Deposition conditions of all the films produced by Sputtering. Rel. Area refers to the percentage of the
Si target area covered by TbsO7 powder pellets.

Rel. Area Px2 H: Rel. Px2 H:
Sample Sample Area
ID ID
% mtorr sccm % mtorr sccm

1 1.8 1.50 2.3 18 6.4 4.50 2.3
2 1.8 1.50 8.0 19 6.4 1.50 4.0
3 1.8 0.60 2.3 20 6.4 1.50 0.0
4 1.8 0.60 8.0 21 6.4 1.50 8.0
5 1.8 0.75 2.3 22 6.4 1.50 3.0
6 1.8 0.75 8.0 23 6.4 1.50 6.0
7 6.7 1.50 2.3 24 7.0 0.68 2.3
8 6.7 1.50 8.0 25 7.0 2.25 2.3
9 6.7 0.60 2.3 26 7.0 0.75 2.3
10 6.7 0.60 8.0 27 7.0 1.50 2.3
11 6.7 0.75 2.3 28 7.0 6.00 2.3
12 6.7 0.75 8.0 29 7.0 2.85 2.3
13 1.1 0.75 2.3 30 17.5 1.50 6.0
14 1.1 0.75 8.0 31 11.0 1.50 6.0
15 1.1 1.50 2.3 32 5.0 1.50 6.0
16 1.1 1.50 8.0 33 5.5 1.50 6.0
17 6.4 3.38 2.3 34 3.5 1.50 6.0
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Appendix II — Deposition conditions used for

ECR PECVD grown samples

Table VII: Deposition parameters kept constant for the first set of ECR PECVD grown films. The Ar flux in the
Tb row refers to the Ar line that carries the sublimated Tb precursor from the heater cells.

Base Pressure [mtorr] <4.0x10*

Stage T [°C] 350
Power 500-510

Plasma Power [W] Reflected 0-10

) [scem] 2.5

SiH4 flux [mtorr] 03
[sccm] 5.0

Tb Cell [mtorr] 06

Table VIII: Deposition conditions used for the first series of ECR PECVD grown samples. The first runs refer
to calibration samples where there is no terbium incorporation. The subsequent depositions were planned to
vary the samples’ optical gap through variation in No.

N2 N2/Ar Ar Tb Total
Sample ID (10%) Pressure
sccm mtorr sccm . mtorr sccm mtorr °C mtorr
1 15 1.5 0.0 0.0 20 3.6 0 3.7
2 20 2.0 0.0 0.0 15 3.6 0 3.7
3 25 2.4 0.0 0.0 10 3.6 0 3.7
4 10 1.0 0.0 0.0 25 3.6 0 3.7
5 10 1.0 0.0 0.0 25 3.6 190 4.3
6 20 2.2 0.0 0.0 15 3.7 190 4.4
7 20 2.1 0.0 0.0 15 3.6 190 4.3
8 0.5 0.0 0.0 30 3.7 190 3.8
9 0.5 0.0 0.0 30 3.7 0 3.8
10 20 2.1 0.0 0.0 15 3.6 170 4.3
11 20 2.1 0.0 0.0 15 3.6 150 4.3
12 15 1.5 0.0 0.0 20 3.6 0 3.7
13 10 1.1 0.0 0.0 25 3.7 190 4.3
14 20 2.0 0.0 0.0 15 3.6 210 4.3
15 0.0 0.0 20.0 2.1 14 3.6 190 4.1
16 20 2.1 0.0 0.0 15 3.7 220 4.3
17 15 1.6 0.0 0.0 20 3.7 190 43
18 25 2.5 0.0 0.0 10 3.6 190 42
19 20 2.1 0.0 0.0 15 3.7 190 4.3
20 30 2.9 0.0 0.0 5 3.7 190 4.1
21 27 2.6 0.0 0.0 8 35 190 4.1
22 23 2.4 0.0 0.0 12 3.7 190 42
24 25 2.5 0.0 0.0 10 3.6 190 42
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Table IX: Deposition parameters kept constant of the second set of ECR PECVD grown films. The Tb heater
cell temperature was kept constant at 190°C.

Base Pressure [mtorr] <4.0x10*
Stage T [°C] 350
Power 500-510
Plasma Power [W] Reflected 0-10
. [sccm] 2.5
SiH4 flux [mtorr] 03
[°Cl] 190
Tb Cell [sccm] 5.0
[mtorr[ 0.6

Table X: Deposition conditions used of the second series of ECR PECVD grown samples. The goal was to
explore the relationship of Tb incorporation and lower the bandgap with SiHy4 flow.

N2 N2/Ar SiH4 Ar Total
Sample ID (10%) Pressure

sccm mtorr sccm . mtorr scecm mtorr sccm mtorr mtorr

39 8.0 0.9 0.0 0.0 1.0 2.0 5.0 1.5 2.0
40 8.0 0.9 0.0 0.0 1.0 1.4 0.0 0.0 1.4
41 8.0 0.9 0.0 0.0 2.0 1.5 0.0 0.0 1.5
42 8.0 0.9 0.0 0.0 3.0 1.6 0.0 0.0 1.6
43 8.0 0.9 0.0 0.0 4.0 1.6 0.0 0.0 1.6
44 8.0 0.9 0.0 0.0 0.6 1.4 0.0 0.0 1.4
45 8.0 0.9 0.0 0.0 5.0 1.7 0.0 0.0 1.7
46 8.0 0.9 0.0 0.0 4.0 1.6 0.0 0.0 1.6
47 5.0 0.6 0.0 0.0 3.0 1.2 0.0 0.0 1.2
48 0.0 0.0 40 4.1 3.0 4.5 0.0 0.0 4.5
49 0.0 0.0 20 2.1 3.0 2.7 0.0 0.0 2.7
50 0.0 0.0 50 5 3.0 5.45 0.0 0.0 5.5
51 15 1.5 0.0 0.0 3.0 2.2 0.0 0.0 2.2
52 8.0 0.9 0.0 0.0 7.0 1.8 0.0 0.0 1.8
53 0.0 0.0 40 4.1 5.0 4.7 0.0 0.0 4.7
54 0.0 0.0 40 4.1 7.0 4.8 0.0 0.0 4.8
55 15 1.6 0.0 0.0 7.0 2.4 0.0 0.0 2.4
56 0.0 0.0 40 4.1 4.0 4.6 0.0 0.0 4.6
57 5.0 0.6 0.0 0.0 4.0 1.3 0.0 0.0 1.3
58 15 1.5 0.0 0.0 4.0 2.2 0.0 0.0 2.2
59 0.0 0.0 20 2.1 4.0 2.7 0.0 0.0 2.7
60 8.0 0.9 0.0 0.0 8.0 1.9 0.0 0.0 1.9
61 8.0 0.9 0.0 0.0 10 2.0 0.0 0.0 2.0
62 8.0 0.9 0.0 0.0 14 2.3 0.0 0.0 2.3
63 8.0 0.9 0.0 0.0 7.0 1.8 0.0 0.0 1.8
69 20 2.1 0.0 0.0 7.0 2.9 0.0 0.0 2.9
70 8.0 0.9 0.0 0.0 7.0 1.8 0.0 0.0 1.8
74 4.0 0.4 0.0 0.0 7.0 1.8 4.0 1.0 1.8
75 8.0 0.9 0.0 0.0 6.0 1.7 0.0 0.0 1.7

76 6.0 0.4 0.0 00 7.0 2.5 10 1.7 2.5



