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Abstract

This thesis investigates the effects of introducing terbium to indium tin oxide (ITO) and
aluminum zinc oxide (AZO) thin films on their electrical, optical and light emission prop-
erties. The films were prepared by radio frequency magnetron co-sputtering with active
cooling during deposition. The samples maintained a high optical transmittance in the ultra-
violet and visible spectral regions. ITO:Tb showed a low electrical resistivity ranging from
5x 1073 Q-cmto 0.3 Q-cm, whilst AZO:Tb resulted with a high resistivity which could not
be measured with the available equipment. Tb-related luminescence was obtained in ITO:Tb
after annealing at 470 °C in air at atmospheric conditions. Contrastingly, AZO:Tb showed
characteristic Tb luminescence in the as-grown state and further annealing treatments reduced
the Tb-related intensity. For both materials, the optical transmittance was measured at each
annealing temperature to track the changes in the optical parameters such as optical band
gap and Urbach energy. Additionally, exciton binding energy in the case of AZO:Tb was
also registered. Together with cathodoluminescence and photoluminescence (PL) measure-
ments, the compromise between the achieved light emission intensity, optical and electrical
properties was assessed for each material. Temperature dependence of the Tb-related lumi-
nescence and thermal quenching was assessed by temperature-dependent PL. measurements
from 83 K to 533 K under non-resonant indirect excitation. Thermal quenching activation
energies suggest an effective energy transfer mechanism from the host to the Tb ions. In
the case of ITO:Tb, it is assumed that a short-range charge trapping process and subsquent
formation of bound excitons to Tb ion clusters is occuring at low sample temperatures. This
indirect excitation mechanism is modeled using a spherical potential-well and a tight-binding
one-band approximation models. For AZO:Tb, a similar approach is carried out, although
the excitons are assumed to be bound to Tb ion clusters or Tb complexes that arise from the

coordination with AZO intrinsic defects.
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Chapter 1
Introduction

Over the past few decades rare-earth (RE) doped wide band gap semiconductors have attracted
great attention as efficient luminescent materials for optoelectronic applications, like photon
downshift, as well as down- and up-conversion systems [1, 2], optical amplifiers [3, 4],
electroluminescent devices [5, 6], lasers [7, 8], non-contact luminescent temperature sensors
[9-11], and photonic structures [12—14]. Recently, RE based down- and up-conversion layers
have been effectively integrated in solar cells [15—17]. This is attributed to two principal
features. First, a large band gap suppresses the thermal quenching effect at room temperature
and, in some cases, even at higher temperatures [18]. This allows RE-related light emission
output, for instance, in the visible spectral range covering the colors red (Eu*), green (Tb3*)
and blue (Tm3*) [18-20]. Second, RE-related light emission exhibits long fluorescence
lifetimes and narrow spectra, since they result from intra-4f electronic transitions, which
are weakly sensitive to the host atomic environment [21-23]. Furthermore, the host’s
semiconducting properties allow the tailoring of the electrical properties of the material

without dramatically compromising its optical properties and light emission capabilities.

These features make RE doped wide band gap semiconductors suitable for light emission
applications, as an alternative to direct band gap semiconductor based devices [5, 6], and
light conversion applications which can be integrated in solar cells [15-17]. However, the
RE-related light emission intensity is sensitive to the host environment, oxygen content,
disorder-induced states and other localized electronic states [5, 20-28]. In particular, it is
well established that not all the REs embedded in a host are active for light emission, but can
be activated through post-deposition thermal treatments [20-23, 28]. These treatments have
two effects that may enhance the RE-related light emission intensity. First, annealing may

induce the coordination of RE ions with neighboring host ions in a non-centrosymmetric



arrangement, thus enhancing the probability of intra-4f electronic transitions. Second,
electronic defects such as dangling bonds may also play an important role in energy transfer
mechanisms from the host to RE ions. In general, the density of localized states and host
related luminescent centers can be thermally enhanced or quenched, affecting the overall RE
light emission output [21-29].

In this context, little is known about the light emission features of RE-doped transparent
conductive oxides (TCOs) like, for instance, indium tin oxide (ITO) or aluminum doped zinc
oxide (AZO), among others. Functional light emitting materials like RE doped TCOs could
open applications, such as in low voltage direct current electroluminescent devices [6], or
energy-downshift transparent, anti-reflective, and electrically conductive layers. In contrast
to traditional wide band gap semiconductors, the electrical conductivity could be high enough
to still use the material as a transparent and luminescent electric contact. However, there
are only very few and recent published works where TCOs like ITO or AZO have been
doped with REs, and very low or no RE-related light emission intensity has been achieved in
these systems [26, 30—33]. In contrast, there are reports on the light emission of RE-doped
pure binary metal oxides such as zinc oxide (ZnO) [34-36], aluminum oxide (Al,O3) [37],
indium oxide (In,O3) [38, 39], and tin oxide (SnO») [40, 41]. These materials exhibit an
optical transparency suitable for light output from luminescent centers, and a wide band gap
capable of overcoming the thermal quenching effect at room temperature. Their optical and
electrical properties can be engineered for instance by tailoring the oxygen content during the
deposition process or by post-deposition annealing treatments, reducing or increasing in this
way the amount of oxygen vacancies, thus reducing (increasing) the electrical conductivity
whilst increasing (reducing) its transparency [42]. The absence of Tb emission in previous
reports from these ternary compounds might be related to an effective competition between
host related recombination centers and radiative recombination involving the REs, in addition
to an inhibited thermal activation of the REs due to the absence of a proper crystal symmetry

surrounding them.

This thesis addresses the impact of Tb inclusion and following post-deposition annealing
treatments on the optical, electrical and luminescent properties of ITO and AZO thin films.
Furthermore, it is also the aim of this work to shed some light on the capability of RE doped
TCOs to become optically active, while retaining important properties of the host material
such as a low resistivity and high optical transmittance in the visible spectral region. In order
to make these TCOs active luminescent materials that could make it feasible the improvement,
or even develop new, optoelectronic applications, such as in photovoltaics or light-emitting

devices, the first objective would be to achieve the characteristic Tb luminescence. And



consequently, investigate which are the conditions and consequences of enabling these
materials as luminescent RE hosts. Thus, the scope of this work covers the following: a
brief summary of Tb embedded TCOs (Chapter 1), a background theory covering the optical
models employed as well as the basics of rare-earth luminescence and its corresponding
excitation (Chapter 2), a description of the sample preparation, thermal treatments and
methods employed for sample characterization (Chapter 3), the results obtained and a
discussion of the results obtained for ITO:Tb (Chapter4) and AZO:Tb (Chapter 5) and the
conclusions of the work (Chapter 6).



Chapter 2

Background theory

2.1 Optical models for band-gap estimation in thin films

This section presents a brief summary of the optical absorption models used to determine
and describe the optical properties of the materials investigated in this work. Starting with
the Tauc-Lorentz model used to describe the dielectric function of a TCO and the band-
fluctuations approach which takes into account the variations at the band edges due to the
thermally- and structurally-induced disorder, these models are employed in order to estimate
the band gap and Urbach energy of the samples investigated. A further model enhancement
for excitonic materials is presented with the Elliot-band-fluctuations model in which the
Elliot model is convoluted with the band-fluctuations approach in order to take into account
the excitonic absorption enhancement. Finally, the Drude model is presented for the free
carrier absorption which has an impact on the dielectric function, mainly in the infrared

spectral region, and especially for high carrier concentrations.

2.1.1 Tauc-Lorentz model

The Tauc-Lorentz model has been used to model the dielectric function of amorphous
semiconductor [43] and, more recently, it has also been used to describe the dielectric
function of transparent conductive oxides [44—46]. In a crystalline semiconductor free of
defects, the absorption spectrum would abruptly end at the band gap energy. In amorphous
semiconductors, the absorption spectrum exhibits a tail that extends into the gap region and
stems from the disorder that is characteristic in these materials. This feature makes the
band gap difficult to estimate experimentally [47]. Tauc [48] proposed plotting the quantity

1/2

(hw-&,’”), where & is the imaginary part of the dielectric function, against the photon
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energy E = h for amorphous germanium in order to depict a linear region which can be

described by taking the positive square root of

( — o)’

Tauc __ s Tauc
= A E2 ,

& 2.1
where £2T 44¢ is the imaginary part of the dielectric function, E gT auc js the Tauc band gap, AT#¢
is a proportionality coefficient and E is the energy of the incident photon. Thus, EgT UE can
be estimated with a linear fit from the so called "Tauc-plot". A similar approach can be
used for direct band gap crystalline semiconductors where the quantity (A - 822) is depicted
against hw. Tauc’s model can be used to describe interband transition mechanism, but does
not take into account defect-related or intraband absorption which also take place [43]. The
Lorentz model presents a frequency-dependent description of the dielectric function which
arises from the classical depiction of an atom in which electrons are bound to the nucleus
by a restoring force similar to that of a spring. By assuming an infinite mass for the nucleus
and neglecting the small magnetic force due to the interaction between the electron and
the magnetic field of the light wave, the model yields a symmetric function for & [49].
Nonetheless, amorphous materials generally exhibit asymmetric shapes for &;. Jellison and
Modine [43] developed an enhanced model that can describe this asymmetric shape. The

model consists of a convolution of Tauc model and the Lorentz calculation for & that is

expressed by
2
AEoC(E—ZEgTL) L g>glt
ggL . (EZ_E(%) +C2E2 8
0 N

where the TL superscript represents the parameters in the Tauc-Lorentz model and the four
fitting parameters are the proportionality constant A, the peak transition energy Ey, the
broadening term C and the band gap EgT L

The real part of the dielectric function, €, has a more complicated expression and can be
calculated by the Kramers-Kronig relation. It is important to remark that it does not consider
the Urbach tail states and although this model was originally developed for amorphous

materials, it has been used for crystalline materials with direct gap as well [50].
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2.1.2 Band-fluctuations model

The band-fluctuations (BF) model describes the experimentally found shape of the funda-
mental absorption based on equivalently treated thermally-induced and structurally induced
band-fluctuations. These fluctuations arise from the disorder-induced local variations at the
energy band edges, the thermally-induced potential fluctuations (lattice vibrations), as well
as any other deviations from the ideal periodicity of the lattice. Although the absorption
tails arising from these deviations can be analyzed with the Urbach rule, which describe
an exponential dependence (eP) of the absorption coefficient for the tail region, the rule
does not account for the optical band gap. The BF model accounts for both the tail and the
band gap by introducing a weight distribution function that contains the underlying statistics
behind the fluctuations. The weight function is a sigmoidal function that has the Urbach
slope B (reciprocal of the Urbach energy Ey) as a width parameter. Then, the behaviour of
the fundamental absorption thus can be monitored via the estimation of the optical band gap
E, and the Urbach slope . A detailed description of the model can be found in Guerra et al.
[50]. The model was developed for direct and indirect electronic transition materials. For
ITO and AZO, the particular case for direct electronic transitions was employed. Following
the relationship between the absorption coefficient & and the imaginary part of the dielectric

function &, given by o = 7= &, the absorption coefficient can be expressed as

log |7 . ho—E,
(X(ﬁa)) = —E% ELII/Z <—eﬁ( - g)> 0 2.2)
Here Li; /5(z) is the polylogarithm function of order 1/2 of z. f8 is the Urbach slope, and o

is a coefficient proportional to the electronic transition matrix element.

The advantage of using this model for retrieving the optical band gap and Urbach energy
is based on the fact that materials with large Urbach tails will exhibit a bias on the band
gap when using traditional models. This is due to the large overlap of the Urbach tail with
the fundamental absorption onset. Typically, for values of Ey above 60 meV, a significant
deviation between the actual band gap and the retrieved E, 1s found [28, 50-53]. Furthermore,
in amorphous materials the band gap estimation is quite challenging due to the tails that
extends into the gap region. Since Eq. (2.2) takes into account Urbach tails, the retrieved
band gap is typically free of this bias [50].
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2.1.3 Elliot-Band-fluctuations model

When a photon is absorbed, the resulting electron in the conduction band and hole in the
valence band can be attracted to each other by the electrostatic Coulomb force. This attraction
correlates their motion and the electron-hole pair is called an exciton. When a photon interacts
with an exciton, a coupled state forms called exciton-polariton. The optical absorption in this
picture is the conversion of a photon into an exciton. A polariton is a coupled electromagnetic
and polarization wave travelling inside a medium. In this case, the electromagnetic wave
is associated to the photon, while the polarization wave to the electric dipole moments of
the excitons. As polaritons go through the medium they can excite other excitons by their
recombination and subsequent emission of electromagnetic waves. In principle, both waves
cannot be separated and, in this scheme, their energy will not be lost by photons when
getting through the medium. Thus, the energy would be converted from photons to excitons
and viceversa. It can occur that when going through the medium, the polariton does not
experience loss of energy resulting in no optical absorption inside the medium. For the
absorption to occur, polaritons must be scattered by phonons. After this inelastic scattering,
some excitons will recombine and their recombination energy will leave the medium in
the form of emitted photons with a slightly different energy [54]. Elliot calculated the
excitonic-enhanced band-edge absorption coefficient that allows the determination of the
exciton binding energy, although it lacks broadening effects [55, 56]:

o=

1/2 N _
AE, Z Eg —i—Eb/n ], O[E-F] 03

| — o 2™ /E,/(E—Eg)

here Ej, is the exciton binding energy, E is the photon energy, E, the band gap, A is a energy-
independent constant and ® is the Heaviside step function. The broadening due to phonon
interaction, thermal disorder and structural disorder in the material can be taken into account
by introducing the band-fluctuations approach described in the previous section. Thus, the
model is the result of a convolution between the Elliot formula shown in Equation (2.3) and
the band-fluctuations distribution described in the previous section. We use this approach
to calculate the free exciton binding energy, E; from optical absorption data. The extended

model has been developed within our research group [57].

2.1.4 Drude model

The presence of free carriers in a material have an impact in the dielectric function. In

particular, free carriers induce the optical absorption in the infrared region, depending
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on the carrier concentration and mobility. When a semiconductor has a high free-carrier
concentration (above ~ 108 cm™3), the excess carriers fill more states in the conduction
band (electrons) or valence band (holes). Thus, the Fermi level start shifting to a higher
energy inside the conduction band and the semiconductor exhibits metallic behaviour. When
the carrier concentration N of the semiconductor increases, the absorption coefficient of the
free carrier absorption (0rc4) also increases, so the optical absorption takes place with more

probability at low photon energies [58]. The dielectric function given by this model is

>
_ b
€=éa1- w2 —iol )’ 24)

where € is the high-frequency dielectric constant and @), is the plasma angular frequency
given by

) 1/2
w,,:( EN) . 2.5)

E0Ecim™

_¢_
m*’u7

is the electron charge, m* is the free carrier effective mass and p is the drift mobility of the

For semiconductors, ®), is in the infrared region. Finally, I is defined as I' = where e

carriers.

2.2 Luminescence of rare-earth ions

The rare-earth (RE) or lanthanide series is composed of 15 elements with atomic numbers
from 57 to 71. Within the periodic table, they are located in the first row of the f-block.
Following the Aufbau principle and Madelung’s energy ordering rule, the 4f orbitals start
being filled after the 5p and 6s subshell have been filled. Although these orbitals are part of
the valence configuration, they are shielded from the chemical environment by the 5s and 5p
orbitals that are already filled. This shielding occurs in their ground state as well as in any

higher oxidation state.
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Fig. 2.1 Partial energy diagram for the Tb>T ion. The main luminescent levels are the >Dj3
and > D, while the fundamental is ” Fg. Adapted from Baur et al. [59]

This implies that the chemical environment of the rare-earth ion has little impact on the
energy levels of the 4f orbitals. Every RE atom has a ground state as well as excited states.
These states are degenerate for a given electronic configuration of a 4f-configuration element.
Said degeneracy is lifted when electron-electron interactions and spin-orbit coupling are
taken into account, resulting in a large number of non-degenerate levels for each RE [60].

When introducing Tb in a host material, both Tb3>* and Tb** valence states can be present.

The latter is known not to give any emission and can also act as luminescence killer of
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Tb>* emission due to its broad and strong absorption in the visible region. Tb>T ions show
characteristic emission in the UV range but mostly in the visible range. Figure 2.1 shows the
energy levels corresponding to the Tb** characteristic transitions. The main excited energy
levels from which electronic transitions exhibiting luminescence are observed are >D3 and
>D,. The energetic differences between these two levels and their nearest energy level below
are wide in comparison to those located above the D3 and below the 7F, thus favoring

photon emission.

The spectroscopic levels described correspond to the electronic levels for the free ion in
a spherical symmetry. When a ligand bonds with this ion, the geometry is not spherical
anymore and depends on the symmetry of the surrounding coordination. The representation
of the ligands that are coordinated to the lanthanide can be thought as points around the ion
that generate an electrostatic ligand or crystal field surrounding the lanthanide ion. This
electric field further split the spectroscopic levels (those in Figure 2.1) into sublevels and

their fine structure will determine the corresponding symmetry around the ion [61].

2.2.1 Rare-earth activation

In general, there are three kinds of electronic transitions that can take place in rare-earths:
intra-4f level, 4f-5d and charge transfer transitions. Not all these electronic transitions are
allowed, thus making the RE ion inefficient at absorbing light. Nonetheless, the permitted
transitions are described by selection rules which, whenever the RE ion is under the influence
of a non-centrosymmetric crystal field, can allow the forbidden transitions. Laporte’s parity
selection rules says that electronic states with same parity are unable to interact with each
other via electric dipole interaction, thus making the f-f (intra-4f) transitions forbidden.
When the ion is affected by the crystal field, the interactions result in mixed opposite parity
electronic states, thus relaxing the selection rules and making the electric dipole intra-4f
transition partially allowed. Note that the terms "forbidden" and "allowed" transitions are not
exactly accurate, as they refer to the degree of probability for a transition to occur. A forbidden
transition is less likely to happen, while an allowed transition has a higher probability to
take place [62]. Overall, RE luminescence is influenced by its atomic environment within
the host where it is embedded. In turn, said environment can be influenced by thermal
treatments which could alter the structure resulting in a favorable condition for RE-related

light emission.
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2.2.2 Excitation of Rare-earth ions

The excitation of RE ions can occur directly, i.e. the energy matches an intra-4f absorption
transition, and indirectly involving another ion, electronic state, defect or compound, called
sensitizer. The sensitizer intervenes by absorbing light from the excitation source and
transferring it to the RE ion. Since the dipole strengths of intra-4f transitions are rather
small, direct excitation does not usually result in highly luminescent materials. In the
indirect excitation case, depending on the excited states of the sensitizer, the energy could be
transferred back from the RE ion to the sensitizer, thus acting as a luminescence quencher
[61].

Sensitization of a rare-earth ion in a solid host or matrix can be done by energy transfer
from a surrounding host ion in an excited state. This type of energy transfer is by means of
quantum mechanical resonance and, in the case of RE excitation, the host ion would be called
donor while the RE ion acceptor. This mechanism is known as Forster mechanism of resonant
energy transfer which relies on the Coulomb interaction and dipole-dipole coupling between
the acceptor and donor. The energy is transferred non-radiatively from the excited donor to an
electron in the acceptor. Dexter [63] extended this theory including higher order multipolar
and exchange interaction effects. In the former case, such as, for instance dipole-dipole or
dipole-quadrupole, the energy transfer probability will depend on the overlapping of the
donor emission and the acceptor absorption spectra. Thus, it will depend on the degree of
resonance between both. When emission and absorption transitions are of electric dipole
character, the Férster resonant transfer probability is proportional to R, where R is the
separation distance between donor and acceptor.

In the case of the exchange interaction energy transfer, also known as Dexter energy transfer,
the energy donor and an acceptor must be very close to each other so that their wavefunctions
overlap and the excitation energy is transferred from donor to acceptor due to a quantum
mechanical exchange interaction between both. The Dexter energy transfer probability is
proportional to a decreasing exponential of the separation distance R. As the exchange
interaction requires the overlapping of the donor and acceptor electron clouds, the acceptor
ion must not be farther than the second nearest site in the host matrix. Although this
interaction requires the spectral overlap for resonance as in the multipolar interaction, the
spectral intensities will not depend on it. If the acceptor ion is located next to the donor and
the emission or absorption transitions are electric dipole forbidden, the probability of the

exchange interaction transfer can be larger than for multipolar interactions [64].



Chapter 3

Methodology

This chapter presents the experimental methods and theoretical background employed to
investigate and analyze the impact of Tb introduction and annealing treatments on ITO and
AZO thin films prepared by radio frequency magnetron sputtering. Elemental composition
was estimated using Energy Dispersive X-ray spectroscopy (EDS). Structural properties
were studied by means of scanning electron microscopy (SEM) and X-ray diffraction (XRD),
optoelectronic properties via UV-Vis-NIR transmittance spectrophotometry, while lumines-
cence properties were studied via cathodoluminescence (CL) and (temperature-dependent)
photoluminescence (PL). Photoluminescence excitation (PLE) was also employed on a few

selected samples. Electrical properties were investigated by means of Van der Pauw method
and DC Hall effect.

3.1 Sample preparation and annealing treatments

One of the most used physical techniques to prepare transparent conductive oxides thin
films is sputtering. It consists of the removal of mass from a material (a target) by means of
collisions of energetic ion bombardment [65]. This provides the vapor influx of the material
to be deposited on a strategically positioned substrate surface. Among the different sputtering
techniques, one of the most used is radio frequency magnetron sputtering (RFMS) which is
particularly effective for non-conductive target materials. The samples studied in this work
were prepared with a RF magnetron co-sputtering system designed in our laboratories. An
schematic is shown in Figure 3.1 a). It shows the sputtering targets employed to prepare
the AZO:Tb films. The sample holder was rotated at a constant frequency and cooled

actively with a circulating water system set at 13 °C in order to reduce the temperature of
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Table 3.1 Sputtering and annealing parameters for the preparation of ITO:Tb and AZO:Tb
samples.

ITO:Tb AZO:Tb
90:10 wt% Iny03:Sn0O,  98:2 wt% ZnO:Al, O3
Targets Tb Tb
ITO 100 W AZO 100 W
Power Th 0 and 10 W Al 60 W
Tb0to65W
Substrates Fused Silica (FS) / Si
Base pressure ~1.0 x 1076 mbar
Ar influx 30 sccm
Working pressure 1.0 x 1072 mbar
Sample holder Temperature ~80°C
Sample holder Rotation frequency No rotation 4 min~!
Annealing atmosphere Air Air, Argon
Annealing temperature range 150°C - 650°C B 00 ¢ - 700°C

Si: 200°C - 1000 °C

the substrates. A similar approach was employed for the ITO:Tb films where only ITO and
Tb targets were used, while the sample holder was placed still to obtain a Tb gradient as
shown in Figure 3.1 b). For all the samples, high purity argon gas was employed as the
sputter gas and was constantly introduced at a working pressure of ~1 x 10~2 mbar during
the deposition process. An undoped set of ITO and AZO films were prepared and annealed in
similar conditions to be taken as reference samples in order to evaluate the effect of both Tb
inclusion and annealing treatments on their properties. In the case of AZO, an Al target was
purposely employed for all AZO and AZO:Tb samples as a way to increase Al concentration.
Full setup parameters employed for sample preparation and annealing treatments are shown
in Table 3.1.

In order to study the impact of post-deposition annealing treatments, the samples were
annealed inside a quartz tubular vacuum furnace at atmospheric pressure within air ambient.
One set of AZO samples and one set of AZO:Tb samples were annealed under argon ambient
at a pressure close to 4.0 x 10~! mbar. Temperature behaviour for ~60 minutes inside the
furnace is shown in Figure 3.2, monitored with a thermocouple at the point where samples
were to be placed for the treatments. The procedure was in thermal-shock, i.e. the tube was
introduced into the furnace after temperature stabilization was achieved. Heating rates were
estimated from the linear region of the curves between minutes 2 and 5. Annealing treatments

to the samples were done for 4 hours after the tube was introduced. Afterwards, the tube and
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Fig. 3.1 a) Schematic of the sputtering chamber for AZO:Tb sample preparation. Sample
holder and magnetrons were water cooled, the former being rotated during deposition. b)
Schematic configuration of ITO and Tb targets in order to obtain a Tb gradient in the samples.

samples were taken out of the furnace and soft cooled till room temperature (RT). Cooling
behaviour can be observed also in Figure 3.2. One set of AZO and one of AZO:0.8 at.%Tb

samples were annealed in argon ambient at 1.5 x 10~2 mbar for comparison purposes.

3.2 Elemental and structural characterization

In order to investigate the effects on the elemental composition of ITO and AZO films when
introducing Tb, energy dispersive X-ray analysis was carried out on samples in both as-grown
and annealed states. Their structural characteristics were studied by taking scanning electron
micrographs of the surface and cross-section, while X-ray diffractograms were obtained in

the Bragg-Brentano configuration in order to estimate their structural parameters.

3.2.1 Scanning electron microscopy

One way to investigate the structural properties of a material is by means of scanning electron
microscopy. This technique is based on the interaction between a beam of accelerated
electrons and the material to be investigated. This interaction produces different kind of
signals, as can be seen in Figure 3.3, such as secondary (SE), back-scattered (BSE) and Auger
electrons, as well as characteristic X-rays and cathodoluminescence (CL). The interaction
volume, generally described as "pear-shaped", and escape depth within the sample also vary

with the type of signal [66].

In this work, SEM images of AZO and AZO:Tb surfaces and cross-sections were taken

with a ZEISS Merlin scanning electron microscope equipped with a field-emission gun
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Fig. 3.2 Behaviour of the temperatures measured at the site of the sample during annealing
process. Approximate heating rate for each shown temperature can be observed at the left

side of the curves. Cooling region corresponds to the soft natural cooling of the samples after
taking out the quartz tube from the furnace.

provided by the Department of Perovskite Tandem Solar Cells at the Helmholtz-Zentrum
Berlin. Necessary adjustments to obtain the images were done to the gun current, electron
acceleration voltage and working distance. Samples on Si substrate were carefully prepared

for top, cross-section and 25° tilted cross-section views.

3.2.2 Energy-dispersive X-ray spectroscopy

Generated Characteristic X-rays can be detected with an energy dispersive spectrometer
(EDS). The incoming X-rays experience inelastic scattering in the detector generating
electron-hole pairs which are separated by an electric field inside. Typically, a silicon
drift detector (SDD-EDS) is used, where the separated electrons are collected in a central
anode. The energy of the X-ray photon is determined by the charge accumulated at the anode

and its value is assigned to a certain energy bin. The measurement is shown as a histogram
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where the horizontal axis is a series of energy bins, and the vertical axis is the number of

photons whose energy correspond to a certain bin. [66, 67].

Fig. 3.3 Schematic drawing of signals created and the corresponding information they give
from the sample (left) and of the interaction volume between incident electrons and the
material tested (right). The escape depth is also sketched with different colors. Both the
interaction volume and the escape depth define the spatial resolution of each signal.

Fig. 3.4 Monte Carlo simulation of the penetration depth and trajectories of secondary
(blue lines) and back-scattered (red lines) electrons in ITO:Tb (a) and AZO:Tb (b). The
corresponding acceleration voltages of 6kV and 4.5kV, respectively, were taken as the
acceleration voltages when measuring the samples. The simulation was made in the CASINO
program.

A penetration depth simulation was performed in the program Monte Carlo simulation of
electron trajectory in solids (CASINO v2.51) [68-71] in order to estimate the acceleration
voltages needed to obtain information from the film only. Figure 3.4 shows the penetration
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depth and trajectories in an ITO:Tb film (a) with a thickness of 350 nm, while (b) shows the
same in an AZO:Tb sample of 210 nm. Both thicknesses values correspond to the smallest
thickness of each set of samples, thus incident electrons will not interact with the substrate
when testing thicker film samples.

The elemental composition of the samples measured in this work was estimated using a
scanning electron microscope FEI Quanta 650 equipped with a tungsten filament and an
EDAX energy dispersive X-ray detector, provided by the Materials Characterization Center
at PUCP (CAM-PUCP). The quantification was made with EDAX TEAM EDS analysis
system, employing the standardless ZAF correction procedure [67, 72]. Electrons were
accelerated with 6 kV for ITO and ITO:Tb films, while 4.5 kV was applied to measure AZO
and AZO:Tb samples, and the magnification was fixed at x200.

3.2.3 X-ray diffraction

When X-rays passes through a material, they get scattered mostly by electrons within it.
Scattering power increases with atomic number (Z). For instance, Pb (Z = 82) is used as X-ray
shielding, while Be (Z = 4) is used in windows for X-ray transmission. By assuming a simple
model where the X-rays are scattered by parallel planes formed by atoms and each plane is a
source of scattering, the diffracted radiation features can be described as constructive and
destructive interference (Bragg’s law). Bragg’s law states that for constructive interference to
occur, the path difference between the scattered waves must be an integer multiple number

of wavelengths. For the nth order of diffraction, Bragg’s law can be written as

nA =2dsin6. 3.1

If X-rays with a known, single wavelength A irradiate the material, and the angles 6 are
measured at which diffraction peaks appear, the interplanar spacing d can be determined
[73]. There are different geometrical approaches to measure XRD from a sample. For
polycrystalline materials, most X-ray diffractometers are configured in the symmetrical or
Bragg-Brentano setup, which operating principle can be seen in Figure 3.5. As the sample
is not exactly on the circumference, the diffracted beam will be slightly defocused at the
detector, mainly due to the beams that come from around the center of the sample. Curved
samples would not be practical, thus a close approximation to these ideal condition can be
achieved by placing the sample as shown in Figure 3.5 or even tangent to the focusing circle
[74].
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Fig. 3.5 Operating principle of symmetrical or Bragg-Brentano configuration for low angle
(left) and high angle (right) of incidence. The source (S) and detector (D) can be moved
in opposite directions simultaneously along the arc centered on the sample surface. An
imaginary focusing circumference is also sketched and it can be seen that its size is reduced
when increasing the angle of incidence. The diffracted beam will be defocused at the detector
due to the sample being not aligned within the circumference.

To investigate thin films, using a fixed small angle for the X-ray source can be favorable due
to strongly reduced penetration depths and an increased size of the irradiated area on the
sample. This grazing incidence configuration is shown in Figure 3.6. The incident X-rays are
made parallel by means of a parabolic Gobel mirror which acts also as a filter. The detector
is continuously varied along the arc of the circumference centered on the sample to register
the diffraction peaks at each 260 position.

The structure of the ZnO, AZO and AZO:Tb samples in this work was investigated using
a Bruker D8 Discover in the Bragg-Brentano (BB) as well as in grazing incidence (GI)
configuration, measured at the Materials Characterization Center at PUCP (CAM-PUCP).
BB measurements were done using a rotatory sample holder with fixed X, Y, Z positions.
No rotation was applied for every measurement. The X-ray source was a Cu anode and a
Ni film was employed to filter the Cu-Kpg X-rays. Automatic slits were placed at both the
primary and secondary arms on the goniometer. GI measurements were carried out using a
XYZ sample holder, maintaining fixed X and Y positions, while changing Z according to a

Z scan correction procedure done for each set of samples. The beam was made parallel by
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EV { Flat sample -

Fig. 3.6 Operating principle of the grazing incidence configuration. The X-ray source is fixed
at a small angle (0.1 < ¢ < 3°) and the incident rays are parallel to each other. The 20 angle
is continuously varied by tracking the detector round the arc of the circumference centered
on the sample.

means of a parabolic Gobel mirror which also filtered the Cu-Kpg rays. Incident angle was

kept at 2° for all samples.

Diffractograms were analyzed by subtracting the background and identifying the peaks by
comparison with powder diffraction files, such as PDF 89-4598 for ITO and ITO:Tb and
PDF 36-1451, for ZnO, AZO and AZO:Tb. Afterwards, crystallite size in the samples was
estimated with the Scherrer equation,

KA

where 6 is angle of incidence, A is the X-ray wavelength, K is the Scherrer constant which is
a correction factor that accounts for the particle shape in the polycrystalline sample, and 8
is the breadth of the diffraction maximum. f3 can be defined as the integral breadth, which
is defined as the ratio of the diffraction peak area and the maximum intensity of the peak.
B would be the width of a rectangle with the same area and height as the peak [75]. The
Scherrer constant K can take values close to 1, for instance 0.89 for spherical crystallites and
0.94 for cubic crystallites. By using the integral breadth 3, the evaluation of equation (3.2) is
approximately independent of the distribution in size and shape and K can be assumed to be
1 [76].

Additionally, Rietveld refinements were carried out for the ITO, ITO:Tb, ZnO and AZO
samples with the software TOPASS5 from BRUKER. Initial parameters to carry out Rietveld
refinements for ITO and ITO:Tb were taken from the PDF 89-4598, while for pure ZnO and
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AZO films initial values were taken from the PDF 36-1451 [77]. This approach is similar
to that used in the literature to investigate ZnO, AZO and GZO [78, 79] where the original
model was taken from Abrahams and Bernstein [80] for ZnO.

3.3 Optical characterization by UV-Vis-NIR spectroscopy

When a sample is irradiated by light with a certain angle of incidence, the light goes through
its surface to interact with the volume of the sample. Thus, it is to be expected that its surface
and interfaces play an important role for its optical behaviour. Light could be absorbed at
the surfaces or in the volume, and afterwards it could leave the sample by being transmitted
through it. Light can also interact with the sample by being specularly reflected or diffusely
scattered at the surface.

Usually, the ratio of the intensity of these signals to the total incident light intensity (/) are
defined as

* Transmittance (T), ratio of the transmitted light intensity /7 and Iy, T = I[—g

» Specular reflectance (R), ratio of the specularly reflected intensity /g and Iy, R = 5—’;
* Optical Scatter (S), ratio of the intensity of scattered light /s and I, S = 5—3

* Absorptance (A), ratio of the absorbed light intensity /4 and [y, A = %.

The conservation of energy states that 7 +R+A+S = 1.

Measurement of the transmittance 7' could be one of the most simple methods to study the
optical properties of the material. To measure it, a spectrophotometer is used which can
detect in the UV, visible and part of the middle infrared spectral regions. An schematic of
the setup is shown in Figure 3.7. There are special attachments for the setup to measure the
specular reflectance and the backscattered light such as an integrating sphere, where the light

1s collected and measured with a detector [81].

Fig. 3.7 A simple schematic of a double beam dispersive spectrophotometer.
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For this work, single optical transmittance measurements were carried out to analyze the
optoelectronic properties of the samples. The measurements were perfomed using a Perkin
Elmer Lambda 950 double beam UV-Vis-NIR spectrophotometer. Analysis of the transmit-
tance spectra was made with a modified envelope method [82] to obtain the thicknesses and
optical constants suchs as refractive index, absorption coefficient and the complex dielectric
function. The band gap energy was estimated by modeling the absorption coefficient with
a band-fluctuations (BF) model for direct materials [50]. For the particular cases of both
ITO and ITO:Tb samples, a full spectrum analysis using Drude and Tauc-Lorentz oscillators
was performed to determine the charge carrier concentration and mobility by means of the
software SpectraRay from SENTECH instruments, considering that the Tauc-gap is not the
real band gap. The optical system was modeled by two layers with different Drude parameters
but same Tauc-Lorentz parameters. This approach was taken due to, first, the growth-induced
microstructure sputtered ITO layers exhibit, and second,the low penetration depth in the
high absorption spectral region where the Tauc-Lorentz oscillator has the most influence
[83—88]. Additionally, the absorption coefficients of ZnO, AZO and AZO:Tb samples were
modeled with a convoluted Elliot-BF model to take into account the excitonic interactions
that influence the photonic absorption near the band-edge.

3.4 Luminescence characterization

3.4.1 Photoluminescence

When a photon of a certain energy within the optical spectrum (UV, Visible or NIR) is
absorbed by an electron, it goes into an excited state. Photoluminescence occur when this
optically excited electron returns to its ground state by emitting new photon(s) with energies
also within the optical spectrum [89]. A schematic diagram of the setup can be seen in
Figure 3.8. The light source could be a lamp together with a monochromator to select the
excitation wavelength or only a laser beam. The light emitted from the sample goes through
a second monochromator which selects the wavelength to be analyzed and finally gets into
the detector. The main components are connected to a computer to monitor and control the
parameters. In the setup in which both excitation and emission monochromators are present,

two types of spectra can be registered:

- The emission spectrum, which is obtained by fixing the excitation wavelength of
the light source with the excitation monochromator (or just using a laser) and the
emitted light intensity from the sample is measured by sweeping through a range of

wavelengths with the emission monochromator.
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Fig. 3.8 A simple schematic diagram of a PL setup where both emission and excitation
spectra could be registered. Both the lamp and excitation monochromator could be replaced
by a laser as light source.

- The excitation spectrum, where the emission monochromator is fixed at a certain
emission wavelength of interest whilst the excitation wavelength is sweeped within a

spectral range.

To investigate the photoluminescent emission of the samples in this work, PL. measurements
were performed in a back reflection geometry using a Renishaw micro-Raman inVia spec-
trometer. The excitation wavelengths were 325 nm and 488 nm from an He-Cd and Argon
laser, respectively. The former as means to make a quasi-resonant excitation with the band
gap in the case of ITO/ITO:Tb and band-to-band excitation in the case of AZO/AZO:Tb,
while the latter was used to make resonant excitation with the D4 — "Fg transition of the
Tb> ion.

To further investigate potential excitation mechanisms of the Tb ions, temperature dependent
PL measurements were carried out using a Linkam cooling stage to control the temperature
with a liquid nitrogen inlet in the temperature range from 83 K to 533 K. The procedure
was to cool down the sample to the lowest temperature at first and then measure PL at each

temperature set-point with increasing steps of 20 K.
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Spectra analysis

In order to study the impact of annealing treatments on the Tb>* luminescence intensity
in both ITO and AZO, PL (and CL) spectra were analyzed by subtracting the baseline or
background from the full spectrum in order to get the Tb-related light emission spectrum.
In the case of ZnO and AZO, the near-band-edge or excitonic emission was also taken as
a separate region. For instance, Figure 3.9 shows a PL spectrum of AZO:Tb and ITO:Tb
and the corresponding areas or integrated emission intensities for the background (host-
related) in red and the Tb-related emission in blue. To investigate the behaviour of the
Tb-related luminescence with annealing treatments and Tb concentration, a normalization of
the integrated emission was done by taking the ratio of each area to the total area. Thus, the
normalized integrated background intensity is A1/ (A1 + A2), while the normalized intensity
corresponding to the Tb-related emission is A2/ (A1 + A2).

b) AZO:Th

Tb-related emission

PL intensity (a.u.)

A

Background emission

Wavelength (nm)

Fig. 3.9 Spectral intensity areas corresponding to the background (A1) and Tb-related emis-
sion (Aj).

3.4.2 Cathodoluminescence

In cathodoluminescence, the excitation source are highly energetic electrons, also called
"hot electrons", which are accelerated from the filament of a SEM cathode. As seen in
section 3.2.1, one of the signals that comes from the interaction between the beam of
electrons and the material tested is cathodoluminescent light, which is emitted by means of
different radiative electronic transitions. The fundamental principle behind the generation
of cathodoluminescence is based on the inelastic scattering of the incident electrons within
the material. The hot electrons reduce their kinetic energy by transferring it, for instance, to

weakly bound valence electrons, promoting them to the conduction band, thus generating an
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electron-hole pair. As there is a very high density of energetic electrons being scattered, the
excitation density is also very high in comparison with PL. In general, for a "pure" material,
possible energy transitions and resulting photon emission are given by its intrinsic properties
such as band gap energy (E) and defect energy levels, rather than extrinsic impurity atoms.
Electrons at the top of the valence band can receive a wide range of energies which will
depend on the details of the inelastic scattering process and, in turn, the spectrum registered
from the recombination of electrons and holes would result in a broad band CL emission.

Fig. 3.10 Schematic of possible CL transitions. The initial excitation is by inelastic scattering
of a hot electron to promote a valence band electron to the conduction band. Thermalization
of this excited electron to the conduction band edge could lead to a recombination with
a hole in the valence band followed by the emission of a photon with the corresponding
transition energy. The excited electron might find another way to return to the valence band
by transitioning non-radiatively (or radiatively) to an impurity level inside the band gap,
followed by a radiative recombination with a hole. The wide range of energies that can excite
electrons from the valence band could also promote them directly to these impurity levels,
after which a radiative recombination could follow.

When the material has extrinsic impurity atoms, energy levels will appear inside the band
gap, also known as donor or acceptor levels. Valence electrons could transition to these
well-defined impurity levels with a corresponding energy transferred from the hot electrons
scattering. The subsequent electron-hole recombination will create photons with a sharp, well-
defined energy which can be observed as a narrow peak in a CL spectrum. [67]. Figure 3.10
shows a schematic of the possible cathodoluminescence excitation and emission processes.
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Similarly, when an impurity is present with incomplete inner shells, such as a rare-earth or
transition metal ion, the excitation and radiative deexcitation of the inner shell transition

result in cathodoluminescent emission [66].

To investigate the cathodoluminescence of the samples in this work, CL. measurements were
carried out using a Horiba HCL-I312 spectrometer equipped with a parabolic mirror attached
to a FEI Quanta 650 SEM. The electron beam was accelerated with 5kV for ITO:Tb to reduce
the substrate signal. In the case of AZO:Tb films, 10kV was used in order to increase the
Tb-related intensity.

3.5 Electrical characterization

3.5.1 Van der Pauw technique

The Van der Pauw technique is widely employed to estimate the resistivity of a semiconduct-
ing thin film samples with arbitrary shape. The only parameter needed is the film thickness,
although there are a few additional conditions that the sample should comply: it must be
homogeneous, isotropic, and flat with no holes within. The four contacts should be point-like
and positioned on the periphery of the sample [90, 91]. The resistivity of the sample is
measured by driving a current through two adjacent contacts and measuring the voltage
between the other two. A typical Van der Pauw arrangement schematic can be seen in
Figure 3.11(a) for a square-shaped sample. By introducing a current through contacts 1 and
2 and measuring the voltage between 3 and 4, the resistance R, = Ry2 43 = V43/I12, can be
calculated. Analogously, R, = R23 14 = V14 /3 can be determined. Van der Pauw showed

that the resistivity p can be estimated from these two resistance measurements

. nd {Ra+Rb:|f (33)

P=1n| 2

where d is the sample thickness and f has to be obtained by solving the following transcen-

dental equation

R,—Ryp f 1 In2
———— = ~—arccosh{ —~exp— 34
R.+R, In2 {2 P 4)
For consistency checks on measurement repeatability and accuracy, ohmic contact quality

and sample uniformity, the measurement configuration can be permuted for each pair of
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contacts and the polarity of the current be reversed for each configuration [92], resulting in

the following averaged resistances

R — R12.43 +Ro134 + R3421 +Ra3 12
“ 4
R, — (R23,14 +R33.41 +Ra132 + Ri423 >
N 4

(3.5)

This will give a more accurate value for the resistivity in Eq. (3.3).

Fig. 3.11 Schematic of the Van der Pauw configuration for (a) resistivity and (b) Hall
measurements.

3.5.2 Hall effect measurements

For Hall effect measurements, the Van der Pauw configuration is as depicted in Figure 3.11(b).
The measurement is carried out with a magnetic field perpendicular to the sample, while
the current is delivered at opposite contacts, e.g. 1 and 3, and the Hall voltage is measured
at the other two opposite contacts, 2 and 4. Ideally, the Hall voltage contacts should be
placed on a equipotential line, but in practice this may not be the case. As a consequence, a
misalignment offset voltage appears when B = 0. This offset is usually corrected by repeating
the measurement with a reversed magnetic field direction. An additional constant offset
voltage occurs due to thermoelectric effects in the contacts. This constant offset can be
eliminated measuring the Hall voltage with a reversed current polarity [93]. The mean Hall

voltage between contacts 2 and 4 would be
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Vioa(By,iy) +Vioa(By i) +Vyoa(B— iy ) +Vioa(B— i)
4

Vioa = (3.6)
where B _ and i _ refer to different polarities for the magnetic induction and the applied
current [92]. Analogously, the mean Hall voltage Vj;3 can be obtained between contacts 1

and 3 by applying a current through 2 and 4. Thus, the Hall coefficient is

d (Via+ Vi3
Ry=—|——7F7—" 3.7
"B ( 2 G.7)
In general, the Hall coefficient can be defined by
r
Ry=+—=+rpu (3.8)
qn

where r is the Hall scattering factor, Ry > 0 for holes and Ry < O for electrons. It can be seen
that the majority carrier concentration n and mobility t can be obtained from Eq. (3.7) and
Eq. (3.8), while the sample resistivity p can be obtained as described in the previous section.
The Hall scattering factor r takes into account the energy-dependence of the scattering rate
and typically takes values r ~ -1/2—2 [92], depending on the dominant scattering mechanism
and the shape of the energetic bands of the semiconductor. Typically, the so-called Hall
mobility is defined by choosing r = 1. Accordingly, n would be defined as the Hall carrier
density [93].

Resistivity measurements of ITO and ITO:Tb samples on (10 mm x 10 mm) square fused
silica wafers were carried out in a homemade 4-probe setup in the van der Pauw configuration.
The setup consisted of a source measure unit Keithley 2450 which acted as current source,
voltmeter and ammeter, a multimeter Keithley 2701 together with a 7709 matrix module for
measurement permutation and a probe station. Four gold coated spring tips were used to
make electrical contact with the films. Uniform pressure on all four contacts was assessed by

means of current-voltage measurements, in which all samples showed an ohmic behaviour.

Resistivity and Hall effect measurements of ZnO and AZO samples were made with a
Lakeshore Model 8404 AC/DC Hall Effect measurement system in the Laboratory for trans-
port measurements, affiliated to the Department of Dynamics and Transport in Quantum
Materials at HZB. The system was controlled with a LabView script that allowed measure-
ments varying both the current into the sample and the intensity of the magnetic field. In

order to estimate the Ry, measured values of Vg were plotted against i - B, according to



3.5 Electrical characterization 28

Equation (3.7). Then, Ry was obtained from the slope of a linear fit on the data, considering
the thickness d estimated via transmittance measurements. Both ng and pgy were calculated
following Equation (3.8) with the previously determined value for p. Errors were estimated
by error propagation of the fitted uncertainties.



Chapter 4

Impact of Th incorporation on the optical,

electrical and light emission properties of
ITO

This chapter presents the effects of introducing Tb ions in I'TO on its optical and electrical
properties. These are also affected after post-deposition annealing treatments are carried out
in order to optically activate the luminescence of Tb ions. Luminescence was studied by
comparing the light emission intensity at each annealing temperature for different Tb concen-
trations. The electrical resistivity was compared to that of the pure ITO by analyzing the free
carrier absorption spectral region and by four-point probe measurements. To investigate the
excitation mechanism of luminescent Tb ions, the Tb-related emission intensity was assessed
against the sample temperature. The results suggest a thermal quenching process that can
be evaluated by means of an isoelectronic trap model, presuming an indirect excitation

mechanism by the formation of excitons bound to Tb>* clusters.

4.1 Elemental composition and structural characteristics

Knowledge of the elemental composition of each sample both before and after annealing
treatments provides insight about the impact of these treatments on the properties of the
material. In general, is known that rare-earths have great affinity to oxidize, thus it is expected
that for a higher RE concentration, the oxygen concentration should also increase, even
during the deposition. For the samples investigated in this work, a mass spectrometer detected

traces of oxygen gas and water vapour that could act as oxygen sources during the deposition.
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Figure 4.1 shows the elemental concentration (In,Sn,O) vs Tb concentration of the as-grown
(AG) samples and after annealing treatments for an undoped ITO film and a 0.86 at.% Tb
doped ITO film. The increase of oxygen in samples with increasing Tb concentration can be
noticed in Figure 4.1 a), where concentrations for all elements were estimated as described in
Section 3.2.2. Additionally, both In and Sn concentrations decrease when increasing Tb. This
might be due to a possible substitutional introduction of Tb into the ITO lattice by occupying
In b- or d-sites, which would also be occupied by substitutional Sn ions. In the case of pure
ITO (0 at.% Tb) there is oxygen deficiency in the sample. Oxygen deficient regions near
the surface have also been observed when depositing sputtered ITO on low temperature
substrates [94-96]. Figure 4.1 b) shows some variations in the atomic concentrations when
increasing annealing temperature in the case of pure ITO (open symbols). Particularly, at
~180 °C there is an increase in oxygen concentration that might be due to the air annealing
induced oxidation of Sn** into Sn**. For ITO:Tb (filled symbols), the elemental composition
does not seem to change noticeably, although there is a slight increase of oxygen when
increasing the temperature.
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Fig. 4.1 a) Atomic concentration of as grown Tb doped ITO thin films deposited on silicon
(open symbols) and fused silica (filled symbols) substrates, as obtained from EDS. b) Atomic
concentration of pure ITO (open symbols) and 0.86 at.% Tb doped ITO (solid symbols) films
versus annealing temperature.

Figure 4.2 shows that the AG pure ITO sample have a mixed polycrystalline and amorphous
state, whilst the sample with 0.86 at.% Tb present an amorphous structure. It should be noted
that the amorphous state in both cases might be induced due to the combination of active
cooling during deposition and the introduction of Tb ions. After the annealing process in air

at 550 °C, both pure and Tb doped samples show a noticeable crystallization. By observing
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I

Fig. 4.2 X-ray diffraction patterns of the ITO and 0.86 at.% Tb doped ITO samples before
and after annealing at 550 °C. PDF reference peak positions of ITO are also plotted. The
corresponding crystallite size and microstrain estimated with Rietveld refinement are sum-
marized in Table 4.1. Diffractograms were normalized and shifted for better visibility.

the diffraction peak widths of the annealed samples, it can be inferred that the crystallite size

of the Tb doped samples is smaller than that of pure ITO.

The crystallite sizes and microstrains of these samples were estimated by Rietveld refinement
of the diffractograms shown in Figure 4.2 and the results can be compared in Table 4.1. The
amorphous phase of the ITO:Tb sample for the AG state is expected due to a bigger ionic
radius of Tb>* ions in comparison to that of In**. Nonetheless, it can be noticed that the
diffraction peaks for the 550 °C sample correspond to the PDF lines and no peaks associated
to terbium sub-oxide (TbO,) crystallites was found [97-99]. This further supports the idea
that Tb ions are substitutional in ITO.

Thus far, the introduction of Tb in a quantity up to 11.5 at.% into ITO induces an amorphous
structure during preparation. Furthermore, as Tb concentration increases, the atomic compo-
sition of O increases, whilst that of Sn and In decreases. As both Tb and O concentrations
increases, ThO, might also increase, and as no related peaks were measured, their amorphous
phase could still be present. When post-deposition air annealing treatments are carried out,
the crystallinity of the material vastly improves and the elemental concentration does not

significantly change.
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Table 4.1 Crystallite size and microstrain of pure I'TO and 0.86 at.% Tb doped ITO lay-
ers, before and after annealing treatment at 550 °C. The values were obtained from a
Rietveld analysis of the diffractograms depicted in Figure 4.2. Retrieved lattice parameters
are 10.093(4) A and 10.092(3) A for the AG and 550 °C annealed ITO, respectively, and
10.095(2) A for the Tb doped ITO sample annealed at 550 °C.

Crystal size (nm)  Lattice strain (%)

Sample AG 550°C AG  550°C
ITO 36.5(55) 59.1(77) 1.41(6) 0.54(3)
ITO:Tb3* - 21.0(9) - 1.82(3)

4.2 Influence on the optical properties

One of the most important optical characteristics of ITO is its transparency in the visible
spectral region due its wide band gap from 3.5eV to 4.3 eV [100]. Furthermore, its degener-
ate nature due to the very high doping bestows an important IR photon absorption by the free

carriers.
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Fig. 4.3 Optical transmittance of as-grown Tb doped ITO thin films grown on fused silica
substrates for different Tb concentrations alongside the substrate transmittance (dashed gray
lines). Solid lines are fits using a modified Swanepoel method [82]. The corresponding
thickness and Tb concentration are denoted in nm and at.%, respectively (a). Refractive index
(b) and absorption coefficient (c) calculated from the optical transmittance measurements.
The absorption coefficient is plotted in the (ah®)? scale. Solid curves are fits using a band-
fluctuations model for direct semiconductors (Equation (2.2)). The dashed line highlights the
linear behaviour of the fundamental absorption in this scale, which is the behaviour expected
from theory for a direct semiconductor [54]. Only 60 data points out of 600 are plotted to
avoid visual clutter. Dotted lines in inset graphs are a guide to the eye.

Figure 4.3 depicts the optical transmittance and the corresponding retrieved refractive index

n(A) versus photon wavelength A, and absorption coefficient @(h®) versus photon energy
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hw, of the as grown ITO:Tb3* films for different Tb concentrations, covering the fundamental
absorption and transparent spectral regions. All samples exhibited a high optical transmittance
in the visible spectrum, independent of the Tb content or annealing temperature. A systematic
increase of n with increasing Tb concentration is observed, in agreement with the effect of
oxygen in the refractive index and material densification [101], whereas the variation of the
fundamental absorption is tracked by changes in the optical band gap (E,) and Urbach energy
(Eu), depicted in the inset graphs of Figure 4.3. The latter parameters are determined by fitting
the absorption coefficient with a fundamental absorption model for direct semiconductors.
The band-fluctuations model for direct materials described by Equation (2.2) was used. Table
4.2 summarizes the Urbach energies and band gaps calculated by fitting Eq. (2.2) to the
absorption coefficient. Additionally, the (ah®)2-gap for direct semiconductors is also listed
[54].

Table 4.2 Optical band gap E,, retrieved with Eq. (2.2), fundamental (o hiw)?-gap and Urbach
energy Ey of ITO with different Tb concentrations.

Tb (at.%) E, (eV) (ahw)? (eV) Ey (meV)
0 3.75(8) 3.73(3) 203.7(53)

1.5 3.82(14) 3.80(9) 218.8(71)
2.3 3.87(10) 3.85(7) 234.9(53)
3.7 3.89(48) 3.84(4)  262.5(100)

Here, the increment of E, and Ey observed with increasing Tb concentration is most probably
associated to the induced lattice distortion by the presence of Tb ions in the ITO host, the
formation of charged defects, and possible presence of suboxides species, even in form of
nanoclusters which are not measurable with XRD. The diffractogram of the 550 °C annealed
Tb doped sample in Figure 4.2 shows that the preferred growth direction is similar to that of
the 550 °C annealed undoped one. No peaks related to terbium oxide [97-99] were found
in the diffractograms, which could suggest that Tb ions are being incorporated into the
ITO lattice, occupying In>T or that they are being incorporated in the form of TbO, in an
amorphous state. Furthermore, it is known that RE clustering can occur when introducing
REs in a host [102, 103], and attempts to experimentally study them have been made in the
past [104—106]. In particular, for the case of 1.5 at.% Tb doped SiO, [106], Tb clusters tend
to form at temperatures equal or higher than 1000 °C with a size around 15 nm. At this point,
it is not clear whether these clusters are composed by Tb only or by a combination of Tb
oxides. In this case, clustering has not been observed. However, the presence of Tb or Tb

oxides clusters within the ITO matrix cannot be discarded. Besides this, Tb ions disrupt the



4.2 Influence on the optical properties 34

lattice, thus inducing strain, inhibiting the formation of larger grains during deposition and
inducing the formation of oxygen vacancies, all of which lead to a larger Urbach energy.
Since Tb addition promotes the formation of charged vacancies when disrupting the lattice
[84, 107, 108], an optical band gap shift attributed to the Burstein-Moss effect could be
expected. Nevertheless, the formation of Tb suboxides could also play a role in the band gap
widening. XRD patterns depicted in Figure 4.2 and lattice strain shown in Table 4.1 confirm
the Tb-induced lattice distortion. A similar distortion has also been reported for Cu doped
non-crystalline SnO, [109], and Nd, Eu and Tb doped In,O3 sol gel films [26].

Both Tb doped and undoped ITO layers exhibited an increase in the infrared absorption as
well as an increase of E, and Ey with increasing annealing temperature. Both features are
related to a annealing-induced increase in the charge carrier density, see Figures 4.4, 4.5 and
4.6. It has been shown that thermal treatments up to 350 °C increase the electrical conduc-
tivity of ITO layers when performed either in inert or reactive atmospheres [42, 110-112].
Nevertheless, for temperatures above 350 °C, electrical conductivity drops depending on the
annealing atmosphere used [112]. The reason behind this behaviour is a competition between
the thermally-induced activation/deactivation of charged defects along with a variation in the
electronic mobility, affecting the electrical conductivity. Typically, for annealing tempera-
tures below 350 °C, Sn ions change their oxidation state from Sn?t to Sn**, thus acting as
donors when occupying In** sites [113, 112]. On the other hand, annealing treatments in an
air atmosphere induce oxygen diffusion into the ITO matrix, therefore reducing the amount
of charged oxygen vacancies. This diffusion usually increases the oxygen concentration near
the surface of the ITO layer [42]. However, the extent of this diffusion will depend on the
available sites or vacancies for oxygen to bond. That is, for nearly saturated samples, oxygen
diffusion from the atmosphere will require more energy than in non-saturated ones to diffuse
into. Here, EDX analysis depicted in Figure 4.1 showed no major variation of the oxygen
content in Tb doped ITO upon annealing. Whilst, for undoped ITO, oxygen reaches the
saturation value after the first annealing treatment at 180 °C, from 53.5 at.% to 60.5 at.%, in

agreement with previous reports on samples grown in a similar fashion [42].

In order to assess and discern the impact of annealing treatments on the charge carrier density
and mobility, the complex refractive index 7 is described by a combination of Tauc-Lorentz
and Drude-Lorentz models depicted in Eq. 4.1, and fit to the optical transmittance of ITO

and ITO:Tb for each annealing temperature.
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Here, € and &, are the real and imaginary part of the complex dielectric function &, respec-
tively. v and E are the photon wavenumber and photon energy, respectively. 7 is the complex
refractive index. T is the Tauc-Lorentz dielectric function contribution, from which the
real part is obtained by a Kramers-Kronig transformation [43]. ® is the Heavyside function.

The fitting parameters in this expression are the Tauc-Lorentz oscillator strength A;, peak
central energy Ej;, broadening parameter C;, Lorentz oscillator strength €, ;, frequency
center £ ; and damping . ;, and Drude plasma frequency @, and collision frequency @;.
The last two being related to the charge carrier density N and mobility u by

Ne?
w, = 4.2
e 4.2)
and
e
w; = , 4.3)
Coumg

with &, e and mj the vacuum permittivity, elemental charge and electron effective mass,

respectively.

Sample layers had to be modelled as a two-film stack with the same Tauc-Lorentz and
Lorentz oscillators parameters, but distinct Drude parameters. This is typically attributed to
the growth-induced microstructure sputtered ITO thin films exhibit and the low penetration
depth in the high absorption spectral region where Tauc-Lorentz has the most influence [83—
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Fig. 4.4 Optical transmittance (a), charge carrier and mobility (b) and electrical resistivity
(c) of ITO thin films versus annealing temperature, as determined from the Drude model. r
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Fig. 4.5 Optical transmittance (a), charge carrier and mobility (b) and electrical resistivity (c)

of 2.3 at.% Tb doped ITO thin films versus annealing temperature, as determined from the

Drude modgl. r denotes the ratio between the electron effective mass and the electron rest
m
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Fig. 4.6 Optical band gap and Urbach energy versus annealing temperature for the undoped
(a)(b) and Tb doped (c)(d) ITO layers. Optical band gap versus Urbach energy for different
annealing treatments and Tb concentrations (e). The dashed line is a guide to the eye.
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88, 114]. The first layer, or bottom layer, exhibits poor electrical properties, whereas the top
layer is more conductive. According to Lee and Ok Park [86], the initial region within the first
~ 80nm is more resistive due to disordered growth. As the film grows thicker, crystallinity
increases inducing a resistivity reduction by the increase of the carrier density. Both Sn** ions
and oxygen vacancies have more probability to be located at thermodynamically favorable

sites in a well-ordered crystallized structure.

In most cases here, the optical transmittance fit is achieved by three Tauc-Lorentz oscillators
and one Lorentz oscillator. Figure 4.4 and Figure 4.5 depict the infrared analysis on the optical
transmittance of ITO and 2.3 at.% Tb doped ITO films for different annealing treatments,
respectively. N and u are calculated from @, and @; in terms of the electron effective mass
m;,. These are shown for the top ITO layer in the mentioned figures. In these systems, m; is a
fraction r of the rest mass of an electron m; = rm,, which is typically around r ~ 0.35 [115].
Two features are noted in these figures. First, Tb doped ITO has a higher resistivity than the
undoped ITO films. The charge carrier density of Tb doped ITO is significantly lower than
undoped ITO. Tb ions might be replacing Sn and/or In ions, inhibiting the formation of Sn**
and thus limiting the charge carrier density. Additionally, for annealing temperatures below
400 °C, the electron mobility is also smaller due to the induced lattice disorder. Second, the
charge carrier density of the undoped ITO sample exhibits a maximum value after 370 °C
annealing and drops for higher annealing temperatures. This effect is in agreement with the
formation of Sn** for lower annealing temperatures. The observed drop of N for higher
temperatures would be associated to oxygen diffusion into the film occupying vacancies
and the formation of Sn-O complexes deactivating donor Sn ions [116]. This behaviour
is typically accompanied with an increase in U, also observed Figure 4.4 and Figure 4.5
[117,118].

Finally, the effect of thermally-induced and Tb-impurity-induced structure variations on the
fundamental absorption are traced by Ey and E,. These are plotted in Figure 4.6, for different
annealing treatments and Tb concentrations. In this sense, Ey is used as an indirect measure
of the lattice distortion. It can be noticed that larger lattice distortions, either induced by the
presence of Tb ions or by thermal treatments in air, are correlated to a widening of the optical
band gap. This could be attributed to the increase of oxygen vacancies when introducing Tb
into the lattice. This would increase the charge carrier concentration inducing a blue-shift of
the optical band gap. On the other hand, the formation of Tb suboxides, together with the
increase of oxygen vacancies, would enhance the disorder reflected in the growth of Ey.
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4.3 Annealing induced luminescence activation
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Fig. 4.7 Room-temperature cathodoluminescence (a) and photoluminescence (b) spectra of
a 2.3 at.% Tb doped ITO thin film after annealing at 550 °C in air for three hours. The PL
excitation wavelength was 325nm. The corresponding coordinates in the CIE1931 color
space are also depicted (c).
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Fig. 4.8 Room-temperature photoluminescence spectra of 1.5 at.% Tb doped ITO after three
distinct annealing temperatures (a). Normalized integrated photoluminescence intensity for
both the Tb-related and host-related emission. Additionally the light emission intensity
evolution of an undoped ITO sample is included (b). The latter is shifted -0.5 for viewing
reasons only. The PL excitation wavelength was 325nm. CIE1931 color space denoting the
color shift of the Tb doped ITO spectra after each annealing treatment (c).

It is well established that not all the Tb ions embedded in a host are optically active for
emission and that these can be activated by post-deposition thermal treatments [20-22, 28].
The underlying mechanisms behind the thermally-induced activation and light emission
enhancement are typically associated to: (i) the coordination of Tb ions with neighboring
atoms in a non-centrosymmetric crystal field state, (ii) the thermally-induced promotion
of energy transfer paths from the host to the REs after excitation [21, 22, 27], (iii) and the

inhibition of back transfer energy processes. These establish a competition between the
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recombination in RE color centers and host-related radiative and non-radiative recombination
centers [21, 119].

Here, the highest Tb-related light emission intensity is achieved after annealing at 550 °C.
Figure 4.7 depicts the CL and PL spectra of 2.3 at.% Tb doped ITO under excitation by elec-
trons at a S keV acceleration voltage and 325 nm light excitation, respectively. Characteristic
Tb-related electronic transitions are identified. Additionally, the Commission International
del’Eclarige (CIE1931) colorspace coordinates are also depicted in this figure for comparison
purposes to track color differences.

Samples doped with 1.5 at.% and 2.3 at.% Tb are the ones exhibiting the highest emission
intensity. In order to try to avoid the impact of the concentration quenching effect, the
luminescence-activated sample used for further analysis is the one doped with 1.5 at.% Tb.
When increasing Tb concentration together with the number of activated ions, the probability
for luminescence quenching can increase (see Fig. 5.2.12. in Guerra [120]). Figure 4.8
depicts the variation of the PL light emission spectra with annealing temperature, where
a 325nm laser was used. Almost no emission associated to Tb ions was registered for
annealing temperatures below 470 °C. For these annealing temperatures, a strong host related
background dominates the emission. After 550 °C annealing, the Tb emission reaches a
maximum, with the D4 — ’Fs electronic transition (~545 nm), the most probable one. After
650 °C, host-related emission increases again. This is in agreement with an increased host
emission observed in the undoped ITO sample treated at the same annealing conditions, thus
suggesting a recombination competition between optically active Tb ions and host-related

recombination centers.

Notably, after 650°C annealing, the D4 — ’F, electronic transition (peak wavelength

~650 nm) emission intensity is increased until it is almost as high as the Dy — 'F5 (~545 nm),
shifting the apparent emission color to orange. Such unconventional variation of the 4f-shell

electronic transition probabilities suggests a modification of the crystal field surrounding

Tb ions, probably due to the presence of Tb ions in distinct crystalline sites with a non-

centrosymmetric crystal field. In the present case, a crystallization after annealing treatments

is observed, thus a variation of the crystal field could be expected. Tb ions would replace

In and/or Sn ions, see Figure 4.1, thus distorting the lattice and occupying b and/or d sites

in the ITO bixbyite crystalline structure. This might be the source behind the observed

unconventional emission after the 650 °C annealing treatment, depicted in Fig. 4.8.
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4.4 Concentration quenching effect

The impact of the Tb concentration on the Tb-related light emission intensity for the ITO
host is depicted in Figure 4.9. It shows slight variations in the relative intensities between the
spectra as the Tb concentration increases. These variations typically occur when the crystal
field surrounding the Tb>* ions changes. The concentration quenching effect can also be
observed, as the Tb-related light emission is quenched with the RE concentration increase
above a critical value. This is a consequence of the enhanced energy transfer probability
between Tb ions due to their proximity. This enhancement increases the probability of
back-transfer processes in which the recombination takes place in a localized state of the
host [121]. In this sense, whilst the Tb-related emission is quenched by the concentration

quenching effect, host-related emission is enhanced.
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Fig. 4.9 Room-temperature photoluminescence spectra of Tb doped ITO for distinct Tb
concentrations. Note the increase in the background emission associated to host-related
radiative recombination of ITO (a). Normalized integrated photoluminescence intensity for
both the Tb-related and host-related emission (b). The PL excitation wavelength for the
measurements was 325nm. CIE1931 color space denoting the coordinates of the spectra for
each Tb concentration (c).

In particular the ITO host has a peak around 600 nm with a broad emission at room tem-
perature. This was confirmed by measuring the PL spectrum of an undoped ITO sample.
Naturally, the presence of the host emission in the spectra will have an impact in the visible
color. The latter is depicted in CIE1931 colorspace in which a shift to a red color is observed
when increasing the Tb amount due to the involvement of the host emission.
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4.5 Thermal quenching and excitation mechanism of Th**

luminescent centers in ITO

Temperature-dependent photoluminescence measurements were performed on the 1.5 at%
Tb doped ITO sample annealed at 550 °C, in the temperature range from 83 K (—190°C)
to 533 K (260 °C). Figure 4.10 summarizes the variation of the emission spectra versus the
sample temperature. At low temperatures, well defined Stark splitting lines can be observed,

in agreement with the crystallization of the material after treatments at 550 °C.
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Fig. 4.10 Photoluminescence spectra of 1.5 at.% Tb doped ITO after annealing at 550 °C
at distinct sample temperatures and excited with a 325nm laser. Here, the spectra at eight
temperatures are depicted with vertical shifts and re-scaling for viewing reasons only (a).
Normalized integrated photoluminescence intensity for both the Tb-related and host-related
emission (b). Arrhenius plot of the Tb-related integrated photoluminescence (c). The fits
correspond to equation (4.4) for one and two activation energies. The best fit is achieved
when considering two activation energies.

The overall light emission intensity is quenched with increasing sample temperature, in
contrast to the reported behaviour for Tb doped crystalline AIN [18] and amorphous AIN
and SiN [22]. In fact, at temperatures above 373 K, the emission corresponds mainly to the
host, as can be seen from the integrated normalized emission in Figure 4.10.

An Arrhenius analysis is performed on the Tb-related integrated photoluminescence to assess
the activation energies of the underlying thermal quenching process. The integrated emission
is modeled by means of a single (N = 1) and dual (N = 2) quenching channel Arrhenius
equation [122, 123],

I(T) = . (4.4)
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Table 4.3 Best fitted parameters using equation (4.4) for single (N = 1) and dual (N = 2)
thermal quenching processes. The reduced x? is also shown for comparison purposes. Fits
were performed in a logarithmic scale.

Single Dual
Iy 1.424E5 4+ 8.5E3  1.57E5 + 7.6E3
Ti (K) 312.6 + 4.6 290.6 + 8.5
T (K) - 341.2 +10.6
el (meV) 34454149 152.0 4 38.0
€ (meV) - 453.9 £39.4
x° 0.036 0.014

Here kg is the Boltzmann constant, T is the sample temperature, £” are the thermal activation
energies, which can describe one or more possible thermal quenching channels. 7;, are related
to the relative ratios of the competing thermal quenching processes. The best fit parameters

are summarized in Table 4.3.

The estimated activation energies could be interpreted as binding energies of excitons that
are bound to Tb impurities. Thus, a brief description of isoelectronic traps will be described

and related to the energies obtained.

The observed Tb-related emission under 325 nm (3.81 eV) excitation could be the result of
an overlap of direct resonant excitation of 4 f-shell electrons from the ’ Fg to the D or °D,
enery levels, and host-assisted indirect excitation mechanisms. The former is considerably
limited by the 4 f-shell cross section, whilst the latter can be attributed to distinct energy
transfer processes. Indirect excitation mechanisms could be (i) Auger excitation of Tb ions
near neutral dangling bonds [29, 22], (ii) dipole mediated resonant energy transfer from
electron-hole (e — h) pairs [27], (iii) excitation by charge transfer from the host or a metal
(lanthanoid) ion with a different oxidation state [124—126] and (iv) excitation by energy

transfer from the recombination of bound excitons to Tb ions [18].

Auger excitation (i) requires the proximity of Tb ions to neutral dangling bonds. Moreover,
this mechanism is phonon assisted since a resonant energy transfer is not required and the
excess energy can be taken by phonons. Here, no enhancement of the Tb-related light
emission intensity is observed with the sample temperature, in contrast to the reported
behaviour for Tb doped AIN and SiN [18, 22], suggesting this is not the most relevant
mechanism for Tb doped ITO. On the other hand, dipole-mediated energy transfer (ii) is

of long-range interaction. However, it must be resonant, thus limiting the probability of
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this mechanism in contrast to the other ones. Additionally, photoluminescence excitation
spectra (not shown here) did not exhibit characteristic resonant bands when monitoring the
°D,4 — ’Fs5 emission band. Charge transfer (iii) requires a change in oxidation state and
is typically accompanied with an additional broad emission band [125, 127], which is not
observed here. Therefore, the excitation mechanism is attempted to be modeled by means of

(iv) energy transfer from recombination of bound excitons to Tb ions.

It is widely accepted that RE ions induce isovalent or isoelectronic cluster traps by substituting
atoms with the same ionization as the atom they replace. [128-131, 18, 132, 133]. There are
some features that can be taken into account for this, such as that the ionic radius of Tb3*t
(0.923 10%) is bigger than that of In3* (0.81 A), which it is assumed to be substituting, and
that Pauling’s electronegativity of Tb3* (1.2) is smaller than that of In3* (1.78) [134, 135].
Baldereschi [128] derived a simple electronegativity rule relating the pseudopotential depths
for the outer s and p states, both of which are lower for heavier atoms. If the isovalent impurity
is heavier than the host atom it replaces, the impurity is less electronegative than the replaced
atom. This difference in electronegativity will create a short-range potential surrounding the
impurity which is attractive to holes. Furthermore, the difference between the ionic radii
of Tb>* and In>T generates distortion in the ITO lattice. There is an additional potential
due to this distortion surrounding the Tb impurity that will increase the attraction of holes
[18]. Therefore, the isovalent trap will be positively charged due to hole trapping and will
afterwards attract an electron by long-range Coulomb interaction, creating a bound exciton.
There would be no charge transfer (h+) neither from In®* or Sn** lattice sites/interstitials
nor from generated e — A pairs to the Tb>* ion to form Tb**, which is known to be a

non-luminescent center and could also act as a Tb3* luminescence killer [136].

The binding energies of a hole bound to an isovalent cluster trap were calculated using
both the spherical potential-well (SPW) and the Koster-Slater (KS) models. Different from
the calculation done by Lozykowski [18] for RE doped thin films, both fitted energies
were used to calculate the parameters corresponding to each model, assuming the lowest
energy for n = 1 (singlet) and the largest for n = 2 (dimer), n being the number of RE ions
forming the cluster. Subsequently, these calculated parameters were employed to estimate

the corresponding energies for larger clusters, n > 3, see Figure 4.11.

In the SPW model, the binding of a hole trapped to a RE-cluster isovalent trap can be
described by a three-dimensional spherical potential-well with an effective depth —Vj and
radius p;. In the case of clusters with n > 1, the model assumes the cluster to contribute a
potential well with the same depth —Vj and an effectively enlarged radius, p, = n'/3 P1-
The binding energy of a hole bound to a n-cluster is given by [137]
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Here m* is the average effective mass. Baldereschi [128] suggested that for covalent materials
m* is 0.9 mg and for III-V compounds it 1.2 mg, mg being the free electron mass at rest. Since
ITO has a more covalent than ionic bonding structure, it is assumed that m* is simply equal
to mg. The parameters calculated with this model are shown in Table 4.4.

Table 4.4 SPW and KS parameters obtained from Eqgs. 4.5 and 4.7 using the activation
energies derived from the thermal quenching behaviour of the luminescence.

p1 (nm) 0.29 £0.02
Vo (eV) 1.67 £ 0.04
T (V) 5.08+0.35
J(eV) 1.79 £ 0.03

SPW

KS

The obtained small radius effectively suggests that there may be a strong localization of the
effective impurity potential. Oxygen atoms in the cubic bixbyite structure of ITO have four
different bond lengths with respect to the b- or d- sites that the Tb ion would occupy: 2.13 A,
2.18 A, 2.19 A and 2.23 A [138]. Furthermore, it has been suggested that the Tb-O bond
length is 2.35-2.57 Ain polymers [139], mononuclear complexes [140] and simulations [141].
Hence, the calculated effective radius of influence for this short-range impurity potential is
relatively close to these Tb-O bond length values.

For the KS model, a one-band one-site tight-binding approximation is employed, assuming a

Hubbard density of states [142]. This approximation requires only two parameters, i.e. the
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matrix element of the impurity potential J, and the effective valence band width of the host
T, see Eq. (4.6) forn =1 and Eq. (4.7) forn > 1.

2
e =1J (1 — %) (4.6)

4.7)

1n—1T1/2
INC B

The hole binding energies derived from these equations are approximately equal to binding
energies of excitons bound to the RE isovalent impurity, with respect to the free exciton
energy [142, 129]. Egs. (4.6) and (4.7) were used to calculate J and T values, with the

experimental binding energies obtained from the thermal quenching analysis.
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Fig. 4.11 Exciton binding energies calculated by the SPW and KS aproaches for different
cluster sizes. Experimental values correspond to those determined by the thermal quenching
effect. Dashed lines are a guide to the eye.
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The uppermost valence band width for ITO is around 6 eV, as estimated by both simulated
[143, 138] and experimental [144] methods. Our calculated value for 7', given in Table 4.4,
represents a good approximation.

Figure 4.11 depicts the exciton binding energies for distinct cluster sizes obtained from
the SPW and KS models by using the previously determined thermal quenching activation
energies. This is assuming the latter activation energies are the necessary energy to break
bound excitons and/or release trapped holes, and thus inhibit the RE excitation. Still, further
research is necessary to confirm if this indeed could be the main excitation mechanism in

this and other TCO materials hosting luminescent RE ions.

4.6 Effects on the electrical properties

All samples exhibited an ohmic behaviour when measured using four probes in the Van der
Pauw geometry. The effect of Tb incorporation and annealing treatments on the electrical
resistivity p of ITO is depicted in Figure 4.12. It is important to highlight that, contrary to
the resistivity shown in Figs. 4.4 and 4.5, the values shown in Figure 4.12 correspond to
the whole ITO system, i.e. the two layers with different Drude parameters. As-grown Tb
doped ITO exhibits its lowest p value for Tb concentrations around 0.5 at.%. Layers grown
with active cooling and for Tb concentrations below 1.0 at.% have an oxygen concentration
below 60 at.%. Thus, it is suggested, that in the as-grown state, a low Tb concentration can
enhance the electrical properties of ITO thin films grown with active cooling. At higher
Tb concentrations, lattice distortion plays an important role in quenching the electrical
conductivity.
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Fig. 4.12 Current-voltage curves of an as grown (AG) ITO sample for two permutations
passing the current trough the contacts 1 and 2, and then by the contacts 2 and 3 (a). Electrical
resistivity versus Tb atomic concentration without thermal treatments (b). Electrical resistivity
versus annealing temperature for the undoped and Tb doped cases (c).
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The dependence of the electrical resistivity of ITO and 2.3 at.% Tb doped ITO films with the
annealing temperature is depicted also in Figure 4.12. As annealing treatments proceed, p
decreases till 250 °C. For higher temperatures the resistivity increases again. This behaviour
is in agreement with that reported for ITO thin films annealed in air [145, 42, 111, 146]. At
first, annealing induces the formation of charged defects, improving the film conductivity.
However, after annealing at higher temperatures in air, oxygen diffusion inside the layer
may quench the number of charged vacancies [146, 42], and the formation of Sn-O and/or
Tb-O complexes prevent the promotion of Sn*t [146, 111, 116, 118, 117, 145] A similar
behaviour is observed in the case of Tb doped ITO films grown by sol-gel [30].

4.7 Summary

Tb ions have been embedded effectively in ITO thin films by co-sputtering. Samples were
grown by actively cooling the substrates during the deposition process in order to limit
grain sizes and induce an amorphous phase to subsequently allow the thermally induced RE
activation by means of post-deposition annealing treatments. This strategy proved useful
since Tb-related light emission was achieved for annealing temperatures above 400 °C. Under
these conditions, electrical resistivity measurements showed that Tb doped ITO thin films
exhibit a higher resistivity than that of pure ITO for concentrations above 1.0 at.%, whilst a
lower resistivity is observed for smaller Tb concentrations. On the other hand, the observed
behaviour of the resistivity of Tb doped ITO versus annealing temperature is similar to that
of the non-doped ITO film resembling the behaviour reported previously in the literature
[146, 111]. The behaviour of the charge carrier density depicted in Figure 4.4 suggests that
oxygen diffusion occurs at temperatures higher than 250 °C, whilst ITO crystallization takes
place at lower temperatures [42], both processes affecting the electronic properties of the
material.

The optical absorption edge is strongly affected by the Tb concentration. This is probably
due to the Tb affinity to oxidation, which enhances the formation of Tb-O complexes, and
to the induced lattice distortion increasing disorder related localized states. The effect of
thermal treatments and Tb concentration in the structure is traced by the Urbach energy
and optical band gap. Both increase with annealing temperature and Tb concentration,
suggesting, at least for samples with Tb concentrations below 1.0 at.%, an increase in the
charge carrier density caused by charged defect states, such as oxygen vacancies, that may be
responsible for the observed reduction in the electrical resistivity at this concentration regime
and for samples grown with active cooling. As Tb concentration increases, the probability for

oxygen to occupy those vacancies would be enhanced, as more oxygen might be introduced.
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Furthermore, higher Tb concentration would also lead to growth of smaller grains, thus

decreasing charge mobility.

Annealing treatments in Tb doped non-degenerate wide band gap semiconductors usually
do not induce an optimal Tb ion activation temperature [147, 29, 21, 148]. In these hosts,
predominant energy transfer processes change with annealing treatments at high temperatures
due to modifications in their structure, although at these temperatures more ions could be
effectively activated by occupying sites. [148]. In contrast to this behaviour, here the
light emission intensity versus annealing temperature suggests that there is an optimum
annealing temperature for which Tb ions are effectively activated to be excited. This might be
related to a competition between the energy transfer to Tb ions and host related luminescent
centers. Moreover, after annealing at 650 °C, the D4 — 'F, Tb electronic transition is
considerably enhanced, shifting the emission color to red. This unexpected enhancement
might be attributed to a particular crystal field surrounding Tb ions. A deeper analysis with
crystal field calculations is needed in order to get a better idea of the atomic environment
surrounding these luminescent centers. For instance, these activated ions may be occupying
an In b- or d- site substitutionally, or perhaps are situated in an environment corresponding

to a Tb or Tb oxide cluster.

Finally, temperature-dependent photoluminescence measurements on the 1.5 at.% Tb doped
ITO showed a continuous decrease of the Tb-related light emission intensity. Two activation
energies were determined from the luminescence thermal quenching. By assuming that the
main excitation mechanism is due to the recombination energy of excitons bound to RE-ion
isovalent traps being transferred to those RE-ions in the trap, the estimated activation energies
were used to determine the spherical potential-well and Koster-Slater models parameters.
The calculated singlet effective interaction radius (py) is slightly larger with respect to the
Tb-O bond length, whilst the effective valence band width (7') is in agreement with values
reported in the literature [143, 138, 144].



Chapter 5

Impact of Th incorporation on the
structural, optical and electrical
properties of AZO

This chapter presents the effects of introducing Tb ions in AZO on its structural, optical
and electrical properties. These are also influenced by post-deposition annealing treatments,
in particular the luminescence of the material. This property was studied by comparing
the light emission intensity at each annealing temperature for different Tb concentrations.
To investigate the excitation mechanism of luminescent Tb ions, the Tb-related emission
intensity was assessed by varying the sample temperature for selected samples. The results
suggest a thermal quenching process that can be evaluated by means of a trap model, also
presuming an indirect excitation mechanism by the formation of excitons bound to Tb>*

clusters.
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5.1 Effect of post-deposition annealing treatments

5.1.1 Elemental composition and structural properties

As in the case of ITO, Tb was introduced by co-sputtering in ZnO and AZO thin films and the
deposition process was carried out also by actively cooling the substrates during deposition.
The deposition conditions can be seen in Table 3.1. The elemental composition against Tb
concentration for the as-grown state samples measured with EDS can be seen in Figure 5.1.
Fluctuations in Al and Tb concentrations might be attributed to the deposition conditions
where a manually controlled impedance matching system was employed for the Al target and
was periodically checked in order to reduce the reflected power to the lowest possible value.
Al concentration was to be obtained around the range 2 at.% to 4 at.%. Notwithstanding,
an increase of Al can be observed up to 1.7 at.%Tb where it slighlty exceeds 4 at.%, after
which it decreases for the highest Tb concentration. The Zinc concentration gets reduced
when increasing Tb. This could be due to the occupation of the Tb ions in the ZnO lattice by
substituting Zn ions. Additionally, O concentration also noticeably increase with Tb. Notice
how for pure AZO (0.0 at.%Tb), there is an oxygen deficiency which is expected when
growing AZO without additional oxygen during deposition [149]. When Tb is introduced
incrementally, it can be observed how both Zn and O concentration shift oppositely. This

might be due to the very strong Tb affinity for oxygen [150].
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Fig. 5.1 Elemental composition of Al, Zn and O against Tb concentration for the air annealed
samples. The shaded region represents the expected values for Al concentration.
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Fig. 5.2 Elemental composition against annealing temperature for pure ZnO, pure AZO and
AZO:Tb with different Tb concentrations. Written values of Tb concentration correspond to

the as-grown samples.
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After annealing treatments, the elemental composition does not change considerably up to
700 °C for all samples, as can be seen in Figure 5.2. For higher temperatures, a slight O
concentration increase can be noticed for most of the samples due to the oxygen diffusion
towards oxygen vacancies. Thus a variation on the Tb, Zn and Al concentrations is also
observed. Furthermore, the impact of introducing Tb on the oxygen concentration can also
be noticed.

When ZnO and AZO are prepared by RF sputtering, usually there is a preferred orientation
growth that can also be affected by the substrate surface, deposition temperature, growth
atmosphere and working pressure [151, 152]. This preferred orientation is usually along
the c-axis, which is perpendicular to the film surface, and can be explained by the model
proposed by van der Drift, "survival of the fastest" [153]. This model states that the growth
starts with nuclei oriented towards different directions. Each nucleation center will have their
own growth rate that will be largest for those directions with the least surface energy. In
other words, the plane that has the least surface free energy will dominate the crystalline
structure of the film as crystals will grow the fastest along that direction. In ZnO, the (002)
plane (c-axis) has the minimum surface free energy [154], thus the growth direction would
be parallel to the c-axis. This can be noticed for both pure ZnO and pure AZO films in the
diffraction patterns in Figure 5.3. The only preferred growth direction is on the (002) plane.
To help identify the peaks observed, lines corresponding to the powder diffraction file for
wurtzite ZnO have also been drawn (PDF 36-1451).

Annealing treatments improved the crystallinity of the films by making the grain size bigger
after each treatment. This can be seen in Figure 5.4 where the crystallite size was determined
by Rietveld refinement described in Section 3.2.3. Additionally, the estimated microstrain
for both ZnO and AZO is also shown to decrease with the annealing temperature. Despite
the limited accuracy of the estimations due to the detection of only the (002) and (004) peaks,
the grain size and microstrain behaviour with the annealing temperature show a similar trend
in both sets of samples. SEM images presented in the insets of Figure 5.5 a) and b) show the
columnar growth along the c-axis perpendicular to the film surface.

Conversely, Tb introduction may affect the structure of ZnO by decreasing the grain size [34].
Boyn [155] reported that RE ions introduced in II-VI semiconductors can occupy lattice sites
by substituting the metal ions, and also interstitial sites where the impurity associates with an
intrinsic defect forming a complex. Due to the larger ionic radius of Tb>*, when the ions are
introduced in the lattice, either as a substitutional or interstitial ion, it will be distorted and
its crystallinity reduced. Furthermore, increasing annealing temperature could increase the

stress in the film [36]. It also may improve crystallite growth depending on the concentration
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Fig. 5.3 X-ray diffractrograms of pure ZnO in a), pure AZO in b) and AZO with different Tb
concentration in ¢)-f) for the as-grown state and annealing temperatures between 400 °C and
700 °C.
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of Tb in the sample [156, 157]. Reportedly, rare-earth ions in AZO increase (decreases)
the crystallite size when doped with Eu (Gd,Sm), while the opposite effect occurs with the
microstrain [32, 31, 33]. The samples containing Tb in this work suggest a nanocrystalline
structure as can be seen in Figure 5.3 c¢)-f). These diffractograms show broader peaks along
the planes corresponding to the ZnO wurtzite structure in comparison to the pure AZO

samples. No other peaks were detected.
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Fig. 5.4 Crystallite size and microstrain for a) ZnO and b) AZO at each annealing temperature
shown, estimated from Rietveld refinement of the diffractograms shown in Figure 5.3 a) and
b), respectively. Error bars correspond to the errors estimated from the refinement.

For the samples with 0.6at.% and 1.1 at.% Tb, there is no clear preferential orientation.
Similarly to the undoped cases, annealing treatments enhance the crystallinity of the films.
Contrastingly, the samples with 1.7 at.% and 2.9 at.% Tb do show a preferential orientation
along the (002) plane, although the intensity is rather low in comparison with the undoped
cases. Notice that for most diffractograms shown in Figure 5.3, especially in all the lower
intensity AG states, there are small peaks at around 42°. These peaks also appeared when
measuring the fused silica substrate alone. Overall, Tb introduction in AZO induces structural
disorder and the grains that show a preferential direction, for instance along the (002) plane,
seem to be fewer in comparison with pure AZO, where the intensities are much higher.

SEM images in Figure 5.5 show the top view of the 400 °C annealed samples. In a), pure ZnO
shows bigger, clearly defined grains. In the inset figure, the columnar growth perpendicular
to the surface is evident. However, small crystallites can be observed near the Si surface
which appear to have random orientations. In b), something similar can be observed for
AZO, although the smaller columns have a comparable orientation to those bigger crystallites.

These structural characteristic in both pure samples can be associated to the van der Drift



5.1 Effect of post-deposition annealing treatments 5§

Fig. 5.5 Top view and 25° tilted cross-section (insets) SEM images of pure ZnO in a), pure
AZO in b) and AZO with different Tb concentration in c) to f). All samples shown were
annealed at 400 °C.
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model where the more vertically oriented planes dominate the growth of the film after the first
intial stage where nuclei with different orientations are formed. For the Tb embedded samples,
taking the top-view images were more challenging as images appeared with white artifacts
that increased their intensity with time. These artifacts could be attributed to electrons being
accumulated at the surface. This might imply that samples containing Tb increase their
electrical resistivity. Hu and Peterson [158] proposed that doping ZnO with rare-earths such
as scandium or yttrium increase considerably the resistivity due to a phase segregation of
insulating rare-earth oxide layers located at grain boundaries that also slows grain growth.
The insets in Figure 5.5 c) to f) show smaller grains in comparison to the undoped cases,
which may be attributed to the effect of Tb oxide layer formation surrounding the oriented

grains that inhibit their growth.

5.1.2 Optical properties

Transmittance measurements together with optical models developed in our research group
were used to determine the thickness and optical constants such as the complex refractive
index (n), absorption coefficient (), optical band gap (E,) and Urbach energies (Ey ). These
models and methods were briefly described in Section 2.1. Experimental transmittance and
the corresponding fits can be seen in Figure 5.6 for ZnO in the spectral range from 250 nm
to 1350 nm. The figure also shows the estimated » (curves) and a (points in Tauc-plot) for
each annealing temperature. To describe the absorption coefficient, first we assume that the
band edge is at lower energies than the "shoulder"-like region and the band-fluctuations (BF)
model was used to describe the absorption coefficient in this region. The solid lines in the
Tauc-plot in Figure 5.6 are the fitted curves for each temperature. The insets show a decrease
of the estimated Ey and E, with the temperature.

However, these results do not take into account the characteristic excitonic behavior of ZnO,
i.e., the BF model alone does not consider the excitonic transitions that are responsible of the
shoulder-like section. To account for this transitions, a combination of the Elliot model and
the BF model (EBF) was used to describe . Figure 5.7 shows the absorption coefficient fit
(black curve) on the left, for the as-grown, 400 °C and 700 °C annealed samples. The red
curve is the continuum component and the blue, purple and green curves correspond to the
discrete components of first, second and third-to-tenth order, respectively. It can be noticed
that as the annealing temperature increases, the excitonic region is more noticeable. The
center figure shows the estimated band gaps in red and the exciton binding energies in blue
against annealing temperature. The band gap noticeably decreases when annealed at 200 °C
and then reduces slowly when further increasing the annealing temperature.
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Fig. 5.6 Transmittance fits for pure ZnO films (a), estimated refractive index (b) and ab-
sorption coefficients in Tauc-plot (c) for each annealing temperature. The band-fluctuations
model was used to describe the absorption coefficient as can be seen in solid lines. It can
be noticed that the band gap decreases with annealing temperature. The insets show the
estimated band gaps E, and Urbach energies Ey against annealing temperature.
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Fig. 5.7 Experimental and fitted absorption coefficient (a), band gap E, and binding energies
E}, against annealing temperature (b) and Urbach energies Eyy versus annealing temperature
(c) for pure ZnO.

The estimated binding energies are around 60 meV which is similar to the known value in
the literature [159, 160]. The figure on the right shows the decreasing Urbach energy for
the discrete (ED*“") and continuous (E{”™) components of the model. ED¢" accounts for
the contribution to the broadening from the lattice disorder related to the discrete states
transitions, whilst Eg”"’ for the broadening due the disorder related to the continuum states.
In the as-grown state both Urbach energies are highest, which seems reasonable as the sample
have shown a lower crystallinity according to the X-ray diffractogram (see Figure 5.3 a)).
Increasing annealing temperature reduces the Urbach energy which also correlates to the
behaviour with the diffractograms as the crystallinity is improved. Furthermore, it also

correlates to the enhanced excitonic transitions observed in the absorption coefficient.
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Fig. 5.8 Transmittance fits for pure AZO films (a), estimated refractive index (b) and ab-
sorption coefficients in Tauc-plot (c) for each annealing temperature. The band-fluctuations
model was used to describe the absorption coefficient as can be seen in solid lines. It can
be noticed that the band gap decreases with annealing temperature. The insets show the
estimated band gaps E, and Urbach energies Ey against annealing temperature.
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Fig. 5.9 Experimental and fitted absorption coefficient (a), band gap E, and exciton binding
energies £, against annealing temperature (b) and Urbach energies Ey versus annealing tem-
perature (c) for pure AZO. Errors were obtained from the fit and some of the corresponding
error bars are smaller than the symbol size.

Figure 5.8 (a) shows the optical transmittance of AZO in the as-grown state and the annealing
temperatures displayed. The estimated refractive index for each annealing temperature
is shown in (b), while the absorption coefficient (data points) diplayed in a Tauc-plot in
(c) depicts the red-shift of the absorption edge when calculated with the BF model. The
insets show the estimated Urbach energies and the band gap where both parameters tend to
decrease when increasing the annealing temperature. In contrast to the band gap behaviour
with the temperature for ZnO, the decrease is almost linear for AZO. Figure 5.9 (a) shows
the absorption coefficient for AZO (circles), the corresponding EBF model fit (black line)
and the model’s discrete (blue for first order, purple for second, green for third-to-tenth
orders) and continuum (red line) components. As the annealing temperature increases, the
excitonic band is more defined. This could be due to an enhancement of excitonic transitions

attributable to an improvement of the crystallinity of the film as can be seen also in the X-ray
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diffractograms in Figure 5.3 (b). The estimated band gap and excitonic binding energy for
each annealing temperature can be seen in (b). The band gap estimated with both BF and
EBF models decreases after each annealing step, while the binding energy remains around
68 meV up to 400 °C, after which it decreases with further increases of the temperature.
One possible source for the band gap reduction might be attributable to a reduction of the
carrier concentration with the temperature increase, following the Burstein-Moss effect, as
oxygen has a higher probability to occupy oxygen vacancy sites. A discussion on this with
the estimated Hall carrier concentration will be presented in Section 5.2.1. Another possible
source for the band gap decrease could be hinted at by the microstrain reduction presented in
Figure 5.4, which shows a similar behaviour as the band gap, especially for the ZnO films.
The decrease of microstrain could imply a reduced bonding strength thus reducing the energy
needed for an electron to make a transition to the conduction band, i.e. the band gap would
be reduced. Furthermore, the crystallite size reduction could also be correlated to the band
gap decrease [161, 162].

The exciton binding energy can be expressed as

4
32m2htelel  mo€?

E, -13.6eV 5.1
where U is the electron-hole pair reduced mass defined 1/u = 1/m, + 1/my, & is the vacuum
electrical permittivity, €. is the dielectric constant and e is the electron charge. Generally, the
hole mass is much heavier in most tetrahedrically bonded direct gap semiconductors [54],
thus the reduced mass is closer to the electron effective mass. &, values for bulk ZnO are
around 8-9 [163]. Films investigated in this work, both pure and with added Tb, &, have
shown a lower value between 3.6 to 4 throughout the annealing temperature range. Thus,
& would have a low impact on the magnitude of Ej;. In consequence, m, may have the
largest influence on E,. Annealing treatments could alter the band structure thus affecting the
electron effective mass. It appears that up to 400 °C, at which the binding energies remain
constant, the bands are not affected by the low annealing temperatures but further temperature
increase does have an impact as the binding energy is reduced.

The estimated Urbach energies associated to the discrete and continuum components can
be seen in (c), where both parameters decrease with the temperature increase. Similarly to
ZnO, this effect can be observed in the curves (a), at lower temperatures there is a wider
broadening for the discrete component, whilst in the continuum part the tail is broader. As
temperature increases, the broadening of both components is reduced which can be correlated

to the reduction of the Urbach energy.
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When Tb is introduced, the transmittance and estimated refractive indices do not change
considerably, as can observed in Figure 5.10. The absorption coefficient near the absorption
edge show a similar behaviour as in the pure AZO case. The Tauc-plot depicts a red-shift
of the band edge as the annealing temperature increases and it shows this tendency when
calculating E, with the BF model in the inset figure. The Urbach energies tend to decrease
also when increasing the temperature, indicating that the disorder in the film is reduced with
higher temperatures.
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Fig. 5.10 Transmittance data and fits (a) for AZO films with 0.6 at.% Tb, estimated refractive
index (b) and absorption coefficients in Tauc-plot (c) for each annealing temperature. The
band-fluctuation model was used to describe the absorption coefficient as can be seen in solid
lines. It can be noticed that the band gap decreases with annealing temperature. The insets
show the estimated band gaps E, and Urbach energies Ey against annealing temperature.
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Fig. 5.11 Experimental and fitted absorption coefficient (a), band gap E, and exciton binding
energies E;, against annealing temperature (b) and Urbach energies Ey versus annealing
temperature (c) for AZO films with 0.6 at.% Tb. Errors were obtained from the fit and some
of the corresponding error bars are smaller than the symbol size.

When the Tb concentration increases, the transmittance is still high in the visible range
as can be observed in Figures 5.12 and 5.14. The estimated band gaps with both models
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Fig. 5.12 Transmittance data and fits (a) for AZO films with 1.1 at.% Tb, estimated refractive
index (b) and absorption coefficients in Tauc-plot (c) for each annealing temperature. The
band-fluctuation model was used to describe the absorption coefficient as can be seen in solid
lines. It can be noticed that the band gap decreases with annealing temperature. The insets
show the estimated band gaps E, and Urbach energies Ey against annealing temperature.
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Fig. 5.13 Experimental and fitted absorption coefficient (a), band gap E, and exciton binding
energies E, against annealing temperature (b) and Urbach energies Ey versus annealing
temperature (c) for AZO films with 1.1 at.% Tb. Errors were obtained from the fit and some
of the corresponding error bars are smaller than the symbol size.

show a decreasing behavior with the annealing temperature, although the EBF model gives
higher values, similar to the pure ZnO and AZO cases. Tb addition to AZO may also
increase the charge carrier density in the same way as Al does due to its higher oxidation
state with respect to Zn>T. As previously mentioned, the fact that only peaks related to
the wurtzite ZnO structure are detected in XRD would hint that Tb ions are occupying Zn
sites in the lattice, thus increasing charge carriers. When annealing temperature increases,
the crystallinity is enhanced and oxygen would tend to occupy oxygen vacancy sites, thus
reducing the carrier concentration. In consequence, the band gap would decrease according to
the Burstein-Moss effect, similarly to the case of pure AZO. Tb suboxides (TbO,) formation
can not be discarded and could have an impact on the optical properties [164]. Although
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Fig. 5.14 Transmittance data and fits (a) for AZO films with 1.7 at.% Tb, estimated refractive
index (b) and absorption coefficients in Tauc-plot (c) for each annealing temperature. The
band-fluctuation model was used to describe the absorption coefficient as can be seen in solid
lines. It can be noticed that the band gap decreases with annealing temperature. The insets
show the estimated band gaps E, and Urbach energies Ey against annealing temperature.
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Fig. 5.15 Experimental and fitted absorption coefficient (a), band gap E, and exciton binding
energies E, against annealing temperature (b) and Urbach energies Ey versus annealing
temperature (c) for AZO films with 1.7 at.% Tb. Errors were obtained from the fit and some
of the corresponding error bars are smaller than the symbol size.

TbO, tend to have oxygen vacancies at the grain boundaries which can accommodate oxygen
by means of oxidation and adsorption [165], thus expecting an E, increase, Ej is still reduced
with the annealing temperature. An increase of the Urbach energies would also be expected
when introducing Tb into AZO. Nonetheless, in the AG state and at low Tb concentration,
the Urbach energy is less than that of AZO. This might be attributed to a local crystallization
induced around the Tb ions, similar to what is observed in Al doped a-Ge [166, 167]. For all
samples with Tb, Ey tend to decrease when increasing annealing temperature. This behaviour
is expected from the crystallinity enhancement seen in the diffractograms in Figure 5.3. The
most distinguishable change can be noticed in the binding energies estimated with the EBF
model. For the sample with 0.6 at.% Tb, the binding energy is around 60 meV up to 300 °C
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and then decreases. For the sample with 1.1 at.% Tb the binding energy stays at around
14 meV up to 500 °C where it starts to increase at higher temperatures. The only perceived
E}, increment is for the sample with 1.7 at.% Tb, where it decreases slightly down to 12 meV
at 300 °C and increases afterwards up to around 15meV. The dielectric constant, & in
Equation (5.1), for these samples take values from 3.6 to 4.6 around the excitonic absorption
energy, hence the effect on E;, would be negligible. Analogously to the case of AZO, the
changes described for E}, for each set of samples with Tb may be related to the changes in
the band structure, together with the introduction of Tb as impurities could contribute to
changes in the binding energy due to changes in grain size and their respective boundaries
[168—170]. It is suggested that the impurities may add electron or hole traps that can form a
bound electron-hole pair which in turn may affect the coulombic interaction of an exciton in

the surroundings.

5.1.3 Luminescence activation/deactivation

Zinc oxide is well known for its near-band-edge luminescence (NBE), mainly composed by
excitonic recombination, and defect-related luminescence. To study the effect of annealing
on the light emission properties of ZnO, AZO and AZO:Tb cathodoluminescence and
photoluminescence measurements were carried out on the samples. Figure 5.16 shows CL
spectra of ZnO and AZO for different annealing temperatures from the as-grown state up to
1000 °C.
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Fig. 5.16 Room temperature cathodoluminescence spectra of ZnO in a) and AZO in b) for
the AG state and different annealing temperatures.
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In the case of ZnO, we can notice that in the AG state, the main luminescence intensity
is in the green and red spectral regions. These are associated to the light emission from
recombination at certain point defects. There are some discrepancies in the literature as to
whether which defects are involved in said transitions. The emission band centered at 670 nm
might be due to recombination of electrons trapped at interstitial zinc sites Zn; and holes
trapped at interstitial oxygen O; sites, according to Ahn et al. [171], assuming the Zn; level is
0.22 eV below the conduction band minimum (CBM) [172]. However, the Zn; energy level
would be above the CBM according to the detailed first principles calculation done by Janotti
and van de Walle [160] for native point defects in ZnO. Furthermore, according to these
calculations, the NIR emission band centered at 760 nm is attributable to donor-acceptor
transitions between oxygen vacancies Vp and zinc vacancies Vz,, or also to transitions
between shallow trap levels near the conduction band and O; levels [173]. The band at
585 nm can also be attributed to recombination at O; [174]. As temperature increases, the
NBE emission at around 380 nm becomes more prominent up to 600 °C where the highest
intensity is comparable to the defect emission. When further increasing the temperature, the
defect-related emission again dominates the light intensity up to 900 °C. Notice that now the
defect-related band shifted to 550 nm, which can be attributed to transitions between shallow
trap levels and zinc vacancies Vz, [173]. At 1000 °C, again the NBE emission intensity
increases as much as the green band which is now centered at 525 nm, while the 760 nm NIR

emission band is noticeable again.
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Fig. 5.17 Room temperature cathodoluminescence spectra of AZO with 0.6 at.% in a) for
the AG state and different annealing temperatures. The normalized integrated intensities are
shown in b), corresponding to the host-related (background), Tb-related and NBE (excitonic)
emission.

In the case of AZO, a similar behavior on the defect-related light emission intensity is

observed up to 700 °C. It can be noticed the broad band is composed mainly by three bands
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centered at around 585 nm, 670 nm and 760 nm. The band at 585 nm has a higher intensity
up to 300 °C, after which the intensity of the 670 nm band gets slightly stronger. The NBE
emission intensity centered at ~380 nm is highest starting at 800 °C. At 900 °C and 1000 °C
the NBE emission dominates the luminescence, while the behavior of the defect-related

bands is similar to that shown by the pure ZnO sample.

When introducing Tb into AZO, characteristic Tb-related CL emission peaks appear along
with a background emission that can be assigned to the defect-related transitions in ZnO/AZO.
Figure 5.17 shows CL spectra of a sample with 0.6 at.% of Tb for different annealing
temperatures. The NBE (or excitonic) emission can be observed at a rather low intensity until
900 °C. At 1000 °C the spectrum has a very similar shape with a dominant NBE band as the
pure AZO annealed at the same temperature. In order to analyze the influence of the thermal
treatments on the Tb-related and host-related emission, the areas corresponding to Tb, host
(background) and NBE emission were integrated and normalized according to the procedure
shown in Section 3.4.1. The Tb-related intensity from the AG state up to 300 °C remains
similar. Afterwards, it increases as until 500 °C, which could be due to an increase of the
optically active Tb ions due to the thermal treatments. However, the Tb-related intensity
gets negligible as temperature increases until 1000 °C. On the other hand, the defect-related
emission intensity has the correspondingly opposite behaviour until 900 °C, after which it
drops due to a significant increase of the NBE emission at 1000 °C. The fact that there is
no increase of the NBE emission when increasing annealing temperature may imply that
the excitation mechanism of optically active Tb ions is of excitonic nature. This behaviour
can also be noticed until 800 °C in Figure 5.18 and Figure 5.19 for samples with 1.1 at.%
and 1.7 at.%, respectively. For higher temperatures there is a significant increase of the
NBE emission. In both cases and unlike the case for the 0.6 at.% Tb sample, it seems that

temperature increase of annealing treatments quenches the Tb-related emission.

Contrastingly, room temperature photoluminescence spectra obtained with an excitation
wavelength of 325nm (3.81eV) of the samples with 1.1at.% and 1.7 at.% presented in
Figure 5.20 show almost no characteristic Tb emission except those in the AG state and
annealed at 200 °C where a rather small band can be seen at 545 nm. Although there is
a small band corresponding to the NBE emission starting at 500 °C for both samples, it
seems PL band-to-band excitation mainly contributes to the emission from defect centers.
This would further strengthen the idea that excitons are involved in the excitation of Tb
ions. The bands located at around 760 nm for each spectrum (inside the shadowed region in
Figure 5.20) could be attributable to defect transitions as previously described. However, as

its intensity behavior is different as that shown in their respective CL spectrum and similar to
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the PL band at 380 nm, it is assumed to be a second-order diffraction peak of this band. In
the figure, these second-order peaks appear to be of higher intensity than their corresponding
first-order peak due to a feature of the measurement system that also increases the noise
at higher wavelengths. Other authors have also attributed this band to the second-order

diffraction peak when using a 325 nm or lower wavelength laser source [175, 176].
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Fig. 5.18 Room temperature cathodoluminescence spectra of AZO with 1.1 at.% in a) for
the AG state and different annealing temperatures. The normalized integrated intensities are
shown in b), corresponding to the host-related (background), Tb-related and NBE (excitonic)
emission.
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Fig. 5.19 Room temperature cathodoluminescence spectra of AZO with 1.7 at.% in a) for
the AG state and different annealing temperatures. The normalized integrated intensities are
shown in b), corresponding to the host-related(background), Tb-related and NBE (excitonic)
emission.
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Fig. 5.20 Room temperature photoluminescence spectra taken at room temperature of AZO
with 0.6 at.% in a) and 1.7 at.% in b) for the AG state and different annealing temperatures.
The spectral bands at around 760 nm shown inside the shadowed regions are the second-order
diffraction peaks of the 380 nm band.

5.2 On the excitation mechanism of optically active Th>*
centers in AZO

In order to investigate the possible excitation mechanism of Tb ions, temperature-dependent
PL measurements were carried out on samples annealed at 400 °C with the same 325 nm
excitation source. Again, this would be a band-to-band charge carrier excitation. In the
undoped AZO case shown in Figure 5.21, there is a broad band that red-shifts when the
sample temperature increases. There is also an intensity decrease as can be noticed from the

signal-to-noise ratio in the normalized spectra.

For the samples with Tb as shown in Figures 5.22 and 5.23, characteristic Tb luminescence
is obtained starting at 83 K. However, as sample temperature increases, both defect and
Tb-related emission decreases. After normalization of areas as described in Section 3.4.1,
the logarithm of the ratio between normalized Tb-related intensity /7, and its maximum
Itp,,,. Was plotted against the reciprocal of the sample temperature in an Arrhenius plot, as
can be seen to the right side of the figures. The observed temperature dependence of I7;,
show non-linear behavior and a weak luminescence quenching up to around 200 K. The
temperature regions which show an intensity decrease were fitted with an Arrhenius-like

expression shown in Equation (5.2). This expression differs from the one in Equation (4.4)
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Fig. 5.21 Temperature dependent PL of the 400 °C annealed pure AZO film. The step was
20K starting at 93 K but for better visibility the spectra is displayed every 40 K. The PL
excitation wavelength for the measurements was 325nm.

used for ITO:Tb due to the features shown which are similar to those found for rare-earth
doped AIN in the work of Lozykowski and Jadwisienczak [18].

- (5.2)

Here kp is the Boltzmann constant, 7 is the sample temperature, e‘,l,’ are the thermal activation
energies, which can describe one or more possible thermal quenching channels. A, are
independent amplitudes and 7, are related to the relative ratios of the competing thermal
quenching processes. For the sample with 0.6 at.% (Figure 5.22), two independent fits were
carried out for the decreasing regions. The lower temperature region was fitted with two
activation energies, whilst the higher temperature region was fitted with only one. Meanwhile,
for the sample with 1.7 at.% (Figure 5.23) the full temperature range was fitted with four

activation energies. The fitting results for each sample are shown in Table 5.1.
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Fig. 5.22 Temperature dependent PL of the 400 °C annealed AZO with 0.6 at.% Tb film. The
PL excitation wavelength for the measurements was 325nm.

Different excitation mechanisms of RE ions in a ZnO matrix have been proposed. For
instance, taking as an example the excitation spectra of ZnS:Tm, Boyn [155] mentions the

following RE excitation mechanism in II-VI semiconductors:

a) Direct excitation of 4f levels that may result in radiative or non-radiative transitions to

the initial level. Nonetheless, this excitation process is not efficient due to the small

4f-4f oscillator strengths.

b) Indirect excitation via non-radiative energy transfer to the 4f shell in which a number of
external impurity states may participate. As in the first case, this excitation may result
in radiative transitions to the initial level and with a higher intensity as the oscillator
strengths for the excitation of impurities are high. The optical transitions in this case

could be of three kinds:

1) Transitions within an impurity, also known as "sensitizing center”, which is

located apart from the RE ion.

ii) Transitions between donor-acceptor complexes, in which the RE ions can act
as donors due to their excess donated charge, allowing them to associate with
impurities that function as acceptors. The transitions between these complexes

involve the transfer of charge between the donor and acceptor.
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Fig. 5.23 Temperature dependent PL of the 400 °C annealed AZO with 1.7 at.% Tb film. The
PL excitation wavelength for the measurements was 325nm.

ii1) Transitions between donor-acceptor pairs in which a RE ion functions as donor
and any other kind of impurity as an acceptor. This would imply the transfer of a

charge from the acceptor state to a shallow donor state.

¢) Indirect excitation via electron-hole pair or exciton creation with a subsequent non-
radiative energy transfer to the RE ion. These generated excitons would be captured into
impurity states that contain RE ions or complexes, followed by energy transfer to the
4f level in a similar way described in the previous case. Although, it is mentioned that
the direct energy transfer from the exciton to the 4f states is less probable, especially
at low temperatures, at which the probability for the transferred energy to be absorbed
at an occupied 4f energy level is low due to a smaller spread of said levels.

Regarding the AZO:Tb films in this work, as mentioned in case a), the low probabilty of
direct excitation makes this mechanism less likely to be the main excitation process. For the
indirect non-radiative excitation in b)-i) involving ZnO/AZO intrinsic defects, the recombi-
nation energy at those defects should match the intra-4f transitions, mainly 7Fj — Dy and,
furthermore, there is a very weak interaction of the 4f-shell with the host states. Additionally,
for b)-ii) and b)-ii1) there must be a charge transferred to the 4f level which is unlikely due
to the low energy excitation source of ~3.81eV (325nm) [177]. Then, the focus in the
remaining part of this section will be on case c), where the Tb3* PL excitation process is
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due to the energy transfer from the recombination of an exciton that is bound to Tb ions or
complexes.

Table 5.1 Best fitted parameters from Equation (5.2) for the Arrhenius curves shown in
Figures 5.22 and 5.23. For the sample with 0.6 at.% Tb, single (N = 1) thermal quenching
process for the highest temperature region together with a dual (N = 2) quenching process
for the lowest temperature region were used to do the fitting. For the 1.7 at.% Tb sample,
quadruple (N = 4) quenching processes describe the intensity decrease throughout all the
temperature range. Errors shown were obtained from the fit.

AZO 0.6at.% Tb AZO 1.7at.% Th
N=1 N=2 N1
A =1
An A =270+19 =1 Ay =0.351+£0.054

A =0.580£0.047 A3 =0.105£0.043
A4 =0.141£0.017

Ty =78+4
Ty =783 T, =239+6
T.(K) Ty=454+4 ! 2
T, =230+3 T3 =356+13
Ty =499 +9
gb =58+25
b b
el =49+18 e =338+ 141
gl(meV) e} =871x61 | .
e =196+25 eb =642+413
€ =554 +66

Table 5.2 SPW and KS parameters obtained from Eqgs. 4.5 and 4.7 using the two lowest
activation energies derived from the thermal quenching behavior of the luminescence for the
AZO samples with 0.6 at.% Tb and 1.7 at.% Tb. Error values shown were calculated by error
propagation of the best fit activation energies presented in Table 5.1

AZO0.6at.% Tb AZO 1.7at.% Tb

g V) 09100018 1.84+0.76
T (ev) 2.8040.08 6.07£0.2.44
spw V0(V)  0.867+0.007 1.79+0.73
pi(nm) 039140011  0.260+0.053
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As in the previously proposed model for the excitation mechanism of Tb>* ions in ITO, the
activation energies estimated with Equation (5.2) for AZO:Tb could be associated to the
binding energies of excitons that are bound to Tb3*-related trap levels. These traps would
be due to and located near clusters of Tb ions or defect complexes that includes at least one
Tb ion [130]. The energy from the exciton recombination would be transferred to the Tb3*

exciting an intra-4f transition level.

T T T 1600 — - .
600+ a) AZO 0.6at% Tb § E 1400 b) AZO 1.7at% Tb
500+ A Experimental b 1200+ T
& KS §
O SPWM 1000+ T
~ 4001 o1 ~ 1
% $ %
£ £ 800
- 300+ = Q
a5 <5 600+
2007 3 1 4001 % +
100 9 200+ -
Ly 0l &
00— t t t t t t t t t
1 2 3 4 5 1 2 3 4 5
n n

Fig. 5.24 Exciton binding energies calculated with the SPW and KS models for different
cluster sizes. Experimental (green) values refer to the activation energies shown in Table 5.2
related to the thermal quenching effect.

Thus, both Koster-Slater and spherical potential-well models were used to estimate the host
parameters and the binding energies of excitons bound to the Tb complexes. The estimated
parameters using Equations (4.5) and (4.7) are shown in Table 5.2, while the binding energies
against the number of Tb ions are shown in Figure 5.24. For both cases shown in Figures 5.22
and 5.23 the two lowest activation energies were used to do the calculation. In the particular
case of the sample with 0.6 at.% of Tb, the third activation energy (871 meV, not shown in
the graph) may be associated to a larger cluster size. It also could correspond to another type
of quenching process that is occurring at higher sample temperatures.

In this way, the energy transfer mechanism from the bound excitons to the Tb* ion clusters
throughout the temperature range investigated is proposed to be as follows. At the lowest
temperature and under UV light excitation, excitons are formed and bound to the clusters
with n number of ions (n = 1,2,3...), after which they recombine and transfer their energy
non-radiatively to the cluster. A subsequent excitation of the Tb3T ion is followed and
de-excitation occurs by the characteristic photon emission from the ion. Increasing the
temperature dissociates first the excitons with the lowest binding energy and no recombination
occurs near the corresponding singlet cluster (n = 1), thus reducing the Tb-related intensity.

This can be observed in Figure 5.23 for the lower temperature range between 80 K and
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~150 K. Further increase of the temperature dissociate excitons with a correspondingly
higher binding energy that are bound to clusters with n = 2,3,... Tb>* ions and decrease

even more the Tb-related intensity as can also be observed in the figure.

5.2.1 Electrical Properties of AZO

The samples of pure ZnO as well as those with Tb are very resistive, thus measuring their
electrical properties with the available equipment was not possible. In the case of pure
AZO, the electrical resistivity, majority carrier concentration and the mobility are shown
in Figure 5.25. The resistivity increases with the annealing temperature, while the carrier
concentration decreases. Inversely, the mobility increases with the temperature. A similar
effect has been shown by other authors when annealing in air ambient [178, 179]. The
electrical transport in ZnO is mainly influenced by intrinsic defects such as oxygen vacancies
and zinc ions at interstitial sites which act as electron donors. Aluminum doping in ZnO
gives an additional charge as Zn sites are replaced by Al, giving an excess of electrons that
compensates the positive ionic charge [179]. The decrease of carrier concentration with
the increasing annealing temperature may be due to a progressively reduction of oxygen
vacancies as oxygen from the air ambient might be introduced into the structure [180].
Although a decreasing mobility may be expected due to the air annealing environment [181],
the opposite occurs in our samples. This increase could be due to the greater grain size that

each annealing step induces which reduces the scattering at the grain boundaries.
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Fig. 5.25 Pure AZO electrical resistivity in a) with a comparison of carrier concentration n
and mobility g in b) for each annealing temperature. For higher temperatures the data was
not reliable or the measurement could not be carried out due to a higher resistive sample.
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Although for higher electron concentrations the carrier-carrier scattering would reduce the
mobility [182], at the carrier concentrations of the samples investigated and especially for
those around 10'® cm™3, the main source of scattering would be due the ionized impurities,
while the grain boundary scattering would have less influence due to the bigger grains when
increasing the annealing temperature. For the lower values of mobility observed at lower
temperatures, the grain boundary scattering would have a higher influence. Nevertheless,

there could also be other sources of scattering that affect the mobility of the samples [183].
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Fig. 5.26 Dependence on the Elliot-band-fluctuations band gap E, of the electrical resistivity
p, charge carrier concentration n and charge Hall mobility tg.

The dependence of p, n and uy on the band gap E, estimated with the Elliot-band-fluctuations
model is shown in Figure 5.26. The increase of E, may be induced by the increment of carrier

concentration due to the Burstein-Moss (BM) effect [184, 185] following the relationship

s W (37°n) 23

_ 53
8n2 m* (5-3)

which considers a parabolic band for a degenerate n-type semiconductor [186]. Annealing

treatments could also modify the band structure of the material and consequently change the

density of states effective mass. Following the definition for the classical mobility yu = ;—T:,

where e is the electron charge, 7, is the mean scattering time and m* is the effective mass, it
can be seen that the mobility is affected by m*. From Figure 5.26 it can be noticed that the

Hall mobility uy decreases with Eg, while the opposite occurs with annealing temperature
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as seen in Figure 5.25. This increase of uy would also hint at a reduction of m* at higher
annealing temperatures, which would enhance the BM shift according to Equation (5.3).
However, the BM effect does not fully account for the band gap decrease with the annealing
temperature. Assuming the effective mass to be m* = 0.28m, [183], AEBM yalues are
between 5 meV to 60 meV.

5.3 Summary

The introduction of terbium into AZO by means of RFMS deposition while actively cooling
down the substrates has proved to be successful in order to obtain characteristic Tb lumines-
cence. The as-grown samples, regardless of Tb content, showed already this luminescence,
although it greatly affected the structural, optical and electrical. The crystalline structure of
AZO that showed a preferential growth direction along the (002) plane similar to that of ZnO,
was heavily influenced when Tb was introduced as different orientations were observed in
the diffractograms. As could be seen on the SEM images, samples with Tb appear to have
reduced grain size and further, it seems that a higher Tb concentration induces smaller grains.
Annealing showed an enhancement on the crystallization of pure ZnO and AZO. On the

other hand, it only showed slight crystallization enhancement in all samples with Tb.

Although all samples with and without Tb have shown a high optical transmittance, the
optical parameters estimated with the models employed in this work are strongly affected by
the introduction of Tb, as well as with the thermal treatments. Tb containing samples show
an slightly higher band gap in comparison to pure AZO. The Urbach energies estimated with
the BF model have smaller values at low Tb concentration, whilst with the EBF model the

opposite occurs as the largest values of Eyy were retrieved at the concentration of 0.6 at.% Tb.

All samples have a larger estimated band gap with the EBF model than with the BF model
alone. This is expected as the discrete levels are introduced to take into account the excitonic
transitions. However, for samples in the AG state, annealed at low temperatures or containing
Tb, the contribution from discrete states in the EBF model may not be of considerable
influence so that only the BF model could be considered for parameters estimation. Whether
to definitely use one model or the other to estimate the optical parameters will still require
more data evaluation and discussion from the materials investigated in this work, as well
as with other materials. Nonetheless, the EBF model allows the estimation of band gap
considering the excitonic transitions according to Elliot’s formulation and the Urbach energies
of both discrete and continuum states.
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For practical purposes, the EBF model would be used whenever the characteristic excitonic
absorption peak is noticed in the spectrum. Otherwise, the BF model would give reasonable

results.

As previously mentioned, characteristic Tb emission was obtained when excited with an
electron beam, and slightly enhanced at the annealing temperature of 400 °C for the sample
with 0.6 at.% Tb. Otherwise, the intensity always decreased with the increase of annealing
temperature. At room temperature (RT) the samples with Tb did not show characteristic Tb
emission when excited with 325 nm (3.81 eV), even though the excitation is band-to-band
and energetically higher than the 7Fj—>5D3 transitions. This effect is contrary to what
has been shown in the temperature dependent PL. measurements where after increasing
the temperature back to RT did show Tb-related peaks. This may suggest that raising the
temperature after cooling down or the prolonged exposure of the sample to the excitation
source may influence the competition of the radiative and non-radiative processes that could
be occurring between the optically active Tb ions and the host-related defects. Moreover, the
temperature-dependent PL. measurements allowed to determine activation energies that could
be associated to excitons that are bound to Tb ion clusters or Tb complexes that include at
least one Tb ion together with intrinsic host defects. These clusters or complexes induce trap
levels where the excitons are captured and their recombination energy is transferred to the
optically active Tb ion. These cluster-exciton or complex-exciton systems are modeled by
the SPW and KS models, where their associated parameters were calculated with two lowest
binding energies estimated from fitting the experimental data with an Arrhenius-like function.
Although the estimated parameters were not in agreement with those reported for AZO, it
allowed the prediction of binding energies for clusters with 3 or more ions. For the sample
with 1.7 at.% Tb this resulted in a good agreement with the experimental values obtained
with the Arrhenius equation.

Unfortunately, introducing Tb into AZO under the described conditions in this work, has
had a negative impact on the electrical conductivity. Notwithstanding the AZO:Tb films’
electrical properties could not be investigated, those of AZO could. The results have shown
low quality of the films, particularly regarding the resistivity as high values emerged from
the measurements. Low temperature (200 °C) annealing enhanced slightly the conductivity
but a further temperature increase was detrimental for the carrier concentration, even though

the mobility slightly increased.



Chapter 6
Conclusions

Transparent conductive oxides (TCOs) are used in a wide range of applications due to
their known excellent optical and electrical properties. Introducing a new property such as
rare-earth (RE) characteristic luminescence in order to take advantage of the TCO’s wide
band gap, could open a new pathway for applications such as in light-emitting devices or
photovoltaics. Nevertheless, by making TCOs host of RE ions, their structural, optical and

electrical properties might be altered.

This study has addressed the effects of introducing terbium in ITO and AZO films and also
how the post-deposition annealing treatments of the samples impact their physical properties.
Furthermore, it is depicted throughout how both materials differ when Tb is introduced as an

optically active luminescent center.

A common ground for both materials investigated were the deposition technique. Radio
frequency magnetron sputtering has proven to be a good way to prepare the materials,
particularly taking advantage of low temperature deposition by actively cooling the substrates.
In the case of ITO, it allowed for a thermal activation of Tb-related luminescence by post-
annealing treatments. For AZO, it allowed Tb ions to be optically active even in the as-grown
state. In both cases, the transparency in the visible range was very good, especially for
AZO:Tb. In both materials, the as-grown state showed a nanocrystalline or even amorphous

structure.

The increase of Tb concentration in ITO quenched the luminescence at around 3 at.% Tb. On
the other hand, Tb concentration in AZO was only around 2.9 at.% Tb at most, under the
deposition conditions. Post-deposition thermal treatments enhanced the Tb-related emission

in ITO starting at around 470 °C. These treatments also altered the shape of the spectrum in
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the sense that at each temperature the peaks due to the crystal field splitting had different
intensities. The most remarkable change was at 650 °C where the peak corresponding to
the °D4 — ’F, transition at 650 nm had a comparable intensity with the D4 — 'Fs transition
which is usually the most probable for Tb>T. In AZO, there were resolved peaks related to
the crystal field splitting. Furthermore, the increase of annealing temperature reduced the
Tb-related emission and increased the host’s defect-related emission at temperatures lower
than 700 °C, and at higher annealing temperatures the near-band-edge emission intensity
associated to the host’s excitonic transitions.

Fig. 6.1 Schematic of the proposed energy transfer mechanism between ITO or AZO and
the Tb3* ion cluster for a singlet (n=1) in a) and a dimer (n=2) in b). The absorbed photon
generates an electron-hole pair and the generated hole is trapped by the cluster at the
corresponding trap level. Subsequently, the hole attracts an electron from the conduction
band to form a bound exciton. The exciton recombines and the recombination energy is
transfered to the cluster. Additional relaxation mechanisms may take place to facilitate
radiative transitions from Tb>" ions. For instance, in a), two adjacent singlets can interact
to enable radiative transitions from the Dy level. In b), the two ions within the dimer can
interact to facilitate radiative transitions from >Dy.

It is proposed that the excitation mechanism of the optically active Tb ions in both ITO
and AZO is of excitonic nature. Based on the results from the temperature-dependent PL
measurements, the estimated activation energies were associated to luminescence quenching
processes that start to compete as the sample temperature increases. These energies were
associated to binding energies of excitons that are bound to clusters of Tb3* ions that act as
isovalent traps in the case of ITO and to clusters of Tb>T ions or Tb3* complexes formed with
host defects in the case of AZO. Figure 6.1 depicts the proposed energy transfer mechanism
that might be occurring at the clusters with one and two ions. The cluster introduce an energy
level that can trap a hole, which in turn can attract an electron to form a bound exciton. The

recombination energy from the bound exciton would be transferred to the cluster and further
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excitation of the Tb3* ions entails, with a subsequent characteristic emission. The emission

could involve relaxation processes that enable radiative transitions from the Dy level.

However, further studies should be carried out to assess the excitation processes in order to
have a clearer idea as to which are the competing radiative and non-radiative processes that
intervene in the Tb emission. In this way, an enhancement of the Tb-related light emission
from these hosts could be achieved by favoring the radiative processes while inhibiting those

non-radiative.

In both cases, the electrical resistivity was affected by the introduction of Tb. AZO was
made too resistive to measure the electrical properties with the available equipment, whilst
ITO did increase its resistivity in at least one order of magnitude when increasing the
Tb concentration up to ~2.3 at.% Tb and maintained a resistivity around 0.2 Q-cm when
annealed until ~400 °C. Further steps can be taken to control the resistivity by considering
the deposition conditions such as including hydrogen into the sputtering gas mixture, reducing

the working pressure or lowering the power plasma irradiation.
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