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“De nuestros miedos nacen nuestros corajes

Y en nuestras dudas viven nuestras certezas

Los suenos anuncian otra realidad posible

Y los delirios otra razon

En los extravios no esperan los hallazgos

Porque es preciso perderse para volver a encontrarse”



Un enigmatico profesor.

Como cada mafiana aquel dia me levanté, tomé de la mesa mi portafolio al que observé por unos
segundos preguntandome si dentro se encontraban las copias del material que con dias de
antelacién habia procurado imprimir para las clases del dia, acto seguido me inundd el
pensamiento de que mi portafolio comenzaba a notarse gastado sintiendo la necesidad de
cambiarlo, a lo que automaticamente compensé de manera amigable, “bueno, sequramente es
un lujo gue no nos podemos dar aquellos que pertenecemos al gremio de pobresor hora-clase”, al
cerrar la puerta y recorrer las primeras calles rumbo a la facultad de derecho, mi cerebro, como
si de una funcion sobreyectiva se tratase comenzd a no dejar elementos por relacionar con las
cosas que habia pasado por alto antes de abandonar el recinto, como peinarme, el desayuno o la
locion, pero que fueron interrumpidos por la sutil emocion de que aquel mismo dia comenzaba el
curso de algebra superior para los alumnos de nuevo ingreso en la facultad de ciencias, “iEstaria
bien comenzar con la historia del nifio Gauss, un precoz de las matematicas?, éLes hablaré del
capitulo de las matematicas sobre el duelo de cubicas?, éDe la conjetura de Fermat?, sin notarlo
me encontraba ya en el aula de clases. Al terminar los alumnos se dispusieron a abandonar el

salén en pequefios grupos que sin notarlo formaban ndmeros primos, éEllos lo sabrian? élLo

habrdn hecho a propdsito?, quise por un momento comentarlo con el Ultimo de ellos, pero la prisa
con esa juventud le gana a cualquier simple observacién. Me dirigi por avenida Cuauhtémoc hacia
la Facultad de Ciencias, de reojo pude ver a aquel monticulo amarillo pasar a mi lado y comenzd
a surgir la creciente sensacién de tomarlo, de inmediato recordé que a estas alturas de la vida era
la Unica actividad que me mantenia en forma y se acercaba ya el medio maratén universitario,
iah! éCudnto tiempo habia pasado desde que habia tomado la decisién de no entrenar mas?, me
transporté de pronto a aquel olor a arcilla humeda y por unos momentos la sensacién de haber
cerrado una serie de 400m en 1:05 después de la sexta repeticion me recorrié el cuerpo, tanto
gue mis lentos pasos comenzaron a acelerarse y fueron tomando la forma de un ligero trote,
provocando una euforia tal que la sensacién me recordd al momento en que mis ojos habian
contemplado como Bekele habia conquistado aquél doblete y seguro de lo que mis ojos acababan
de presenciar me convenci de que tendria que pasar muchisimo tiempo para que otro ser humano
lo volviera a conseguir, no obstante unas semanas mas tarde me retractaria de tan fatal
afirmacién, con un amargo sabor de boca comun de aquellos que vemos sucumbir a nuestros

idolo ante el cansancio de ese extrafio sintoma al que llamamos edad, no obstante, cuatro afios

mas tarde volveria a generar una afirmacién de esa magnitud, que a la fecha no me ha hecho
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guedar mal. Entré por la facultad de ingenieria, como era habitual para cortar camino rumbo a la
facultad donde las bancas de madera en la explanada se avistaron. Las puertas corredizas se
abrieron para dar paso al pasillo blanco con esas escaleras al fondo, donde no tardaria en abrirse

la puerta verde del recinto que asomaba a la cancha de futbol.

El dia transcurrié normal, esa primera clase aproveché para mostrarles mis pasiones en esta vida
con el uso de una herramienta sofisticada de la teoria de conjuntos, el Diagrama de Venn,
invitdndolos a formar uno y compartieran cada uno el suyo conmigo, tal vez ellos no lo sabian
pero con este simple ejercicio se podrian ahorrar semestres de colegiatura en la facultad y no por
el hecho de dudar que pudieran culminar sus estudios, seguramente muchos lo harian, sino
porque asi podrian desenmascarar sus verdaderas pasiones. Encontrar respuesta a esa pregunta

tan simple es algo que tarde o temprano llega, ¢O tal vez no?

De espaldas a nosotros el plumdn comenzé a dibujar aquello que parecian ser tres circulos
sobrepuestos formando algo similar a una flor con tres pétalos. Escribid lentamente en cada uno
de los circulos Religion, Atletismo y Matemadticas, encerrd todo en un gran rectangulo con una
letra U inscrita en él y en el centro de esa flor a la cual aquel profesor le llamé interseccion,
sefialdndola con una voz rasposa dijo —ilusto ahi me encuentran a mil, ahora cada uno haga su

propio diagrama para poder compartirlo con los demas.

U

Religién Atletismo

Matematicas

The story of one among many geniuses.



The following story, which the reader may find simple but nevertheless brilliant, will be

fundamental to understand the balance of strengths that will be discussed in chapter 2.

There are fundamental facts in this life, things which by nature work that way, this is
commonly known as "law", one of many is the conservation of energy. Let's imagine now
that we have a little boy named Daniel*, this child has 28 blocks to play with which are
indestructible, one day his mother enters his room and only finds 27, but when she looks
under the bed she finds the remaining block, the next day she realizes that she finds 26
but when she looks through the open window she finds the remaining two. Something
disconcerting happened when one day she found 30 blocks, but it turned out that his

friend Gerardo was there and he had taken his two blocks with him.

Well, here the great Feynman explains that energy behaves like those cubes of Daniel,
when we see only kinetic energy and something is missing to complete those 27 cubes, it
must be out there in potential energy or spring energy, and why not? dissipated in heat.
Now, when Gerard comes to play with Daniel and brings his blocks with him, we should

not be concerned because some external factor is transferring energy to the system.

And that's how conservation of energy works.

*Feynman calls him "Dennis the Menace."

Chapter 1



Cerium Oxide.

Introduction

Over the last years, trying to find new materials for use in different science fields is not an
easy task by two main factors, the completely different features of the material as one

parameter such as size, doping-alloy concentration, growth temperature among others is
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modified and the extensive number of applications which have emerged nowadays

(photovoltaic, catalytic, sensing... ).

On thisregard, a compound that has taken incredible importance in recent years is cerium
oxide (CeO3), sometimes named just ceria, CeO; has been used in a variety of applications
for photovoltaic devices traditionally used as an interlayer between Sh,Ses and CdS and
in some specific thickness around 3 nm it increases the solar cell efficiency from 2.17% to
5.14% [1], Zhou Xing et al reach a 17.35 % by improving the back contact electronic
transport in a perovskite solar cell using a CeOx film [2], as well a 130 nm film of CeOais
employed as a buffer layer in a Bi,S3/PbS heterostructure increasing from 0.14% to 1.27%
the conversion efficiency [3]. In other applications, CeO, works as an electrolyte in Solid
Oxide fuel cells (SOFC) reaching a peak power density of 2 W/cm? at an operating
temperature from 600 °C to 650 °C [4]. In gas sensing, different sensitive elements based
on Ce0; have been used to detect CO,, NO; and CO. Rare earth (RE) doped CeO; solid

solutions show catalytic activity in CO and CeHsCHs oxidation reactions [5].

The applications mentioned before are possible by a crucial property, its electric
conductivity, this electric conductivity has two different contributions, electronic and
ionic, the first takes place by carrier transport and the second by the oxygen ions diffusing
through vacancies sites [6], ionic conductivity has been a point of interest by different
authors because of in CeO; and CeO; :RE can be separated by two contributions, a grain
interior (intragranular) and the grain boundary (intergranular) where the temperature is
important to promote this oxygen hopping [7] as well as the concentration of RE ions [6].
The specific concentration which produces a maximal value on ionic conductivity lies
between 0.1 and 0.2 for each trivalent ion depending on the synthesis method [8], to
understand why occurs this we have to understand a phenomenon that takes place when
adding trivalent ions to a CeO; lattice, the subsequent generation of oxygen vacancies

(OV).

11



Oxygen vacancies formation
Due to the different oxidation states of Ce, a reduction process from Ce** to Ce* always

takes place in CeQy, leading to a subsequent formation of OV in the lattice to maintain the
electrical charge. For this reason, it is common to see that this compound is accompanied
by Ce3* ions, one way to identify if we have in the lattice either Ce3* or Ce** bounded with
0% is through the Raman signal for this compound. The Raman spectra for typical CeO,
consist of a triple degeneracy active mode called F,g formed by one Cerium atom with
eight Oxygens surrounding it, the main phonon is located around 460 cm™ and there are

other phonons with less intensity around 550 - 600 cm™ [9], [10].

Photovoltaic applications.

In the frame of photovoltaic devices, CeO2 started to be used as a cushion layer increasing
considerably its fill factor (FF), open circuit voltage (Vy), and short circuit current (Ig¢)
values [3], has also been used for the fabrication of Dye-sensitized solar cells (DSSCs) with
different rare-earth dopings such as Europium, where Eu** nanocrystals promote dual
function through Photoluminescence (PL) photoluminescence [11]. The control of
Photoluminescence and doping properties are still under study, as well as searching for
materials compatible with their properties such as lattice constant, temperature and

growth method.

Dielectric function and F-centers.

The electrical properties of CeO; have also been studied extensively, Patsalas et al. have
used a double Tauc-Lorentz model to study the dielectric function, they found a beautiful
relation between the density and the refractive index, discussing the Gd,0s, Ce;0s
domains and their relation with the 4f and 5d levels [12]. Other authors have studied the

emission by defects within the 4f state, namely F-Centers [13], these defects are still being

12



studied, and recently, well-defined emissions have been found using micro

photoluminescence [14].

Magnetic properties.

Regarding the magnetic properties of the material, only few studies have been done on
CeO; films, doped with certain materials such as cobalt [15]. On the other hand, it is well
known that gadolinium has a ferromagnetic nature, and studies of the properties of Gd-

doped CeO; thin films are scarce [16].

Chapter 2
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Theoretical Frame

Homogeneous Deformation.
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To discuss the influence of homogeneous stress on the electronic energy levels, we will
first try to understand how they work in a semiconductor with a Zincblende structure and
then we will try to adapt it to the characteristic structure for CeO,, which has Fluoruite-
type structure with a triple degeneracy. Both structures are face-centered cubic (fcc), the
difference lies in the fact that in the first one, there is a subcube where only 4 of the
vertices are occupied by ions, while in the Cerium lattice the eight vertices of the cube are

occupied by ions.

In the absence of strain or spin-orbit splitting the valence-band edge at k=0 in zincblende
material is a sixfold multiplet with orbital symmetry I';5. The spin-orbit interaction lifts this
degeneracy into a fourfold degenerate (including spin)  Ps,multiplet (J = 3/2,
M;=+3/2,+1/2 anda Py, (] =1/2, M;=11/2) in spherical notation (Figure 1)

[I" ()]
?Em WW/
Eoll)
Eof3)
E°+A° Eof2)
J=3/2 vi ky

mJ=:3/a:|/2/—

Bt () /w\\ﬁ ‘\

Stress
Axis

Figure 2.1. Valence bands (J = 3/2, M;=+3/2,+1/2 anda Py, ] =1/2, M;=£1/2) and
lowest conduction band [r2,(r1)] in diamond- and zincblende-type semiconductors for unstrained

(left-band) and strained (right-band.
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The fundamental direct gap is the energy difference between Iy (I) and Iy (Ig),
conduction and valence bands, denoted as Ej. The spin orbit splitting is Ay and Ag+ Eg is
the transition energy between I'y (Is) and spin orbit splitting I'; (I';) . A strain with a
uniaxial component splits the J = 3/2 multiplet into a pair of degenerate Kramers doublets

(right side in Figure 1). The three valence bands are labeled v1, v2, and v3.

The total Hamiltonian for a system like this can be written as:
H=Hg +Hg + HO + HV + H® (2.1)

Where Hy, is the k - p perturbation approach, Hy, is the spin-orbitinteraction and Hél) +

ng) are the orbital-strain Hamiltonian and the strain-dependent spin-orbit Hamiltonian

which depends on the deformation potentials (a, b, d).

For wave functions that make H, diagonal, functions with the same transformation properties as
the eigenfunctions of the total angular momentum operator J(= L+S) i.e [], M,) with Lowdin’s
class and considerations of perturbation theory, The Hamiltonian matrix can then be written in a

8x8 matrix which at k=0 for a strain with a uniaxial component along [001] or [111] it reduces to

[Eo + SEf . 0 0 0 1

I 0 SEI, — SEM 0 0 I

l 0 0 —SE, + SEI' V2 (SEY™ J‘z'z’
0 0 V2 (6E5) —hDg — (BEf,)™

For the strained layers superlattices, the more relevant situation is for biaxial strain, &, in
the (001), (111) and (011) planes. In the former two cases the equation (2.2) remains the

same with

0Eyc=ac(2—2AM)¢,
0Ey, = (a1 + az) (2—AMe=a(2—2AM)¢

16



6E’H’17 = (al - Zaz)(z - Am)g = a, (2 —_ Am) £
6E§001) = —(b; + 2b,)[1 + /1(001)] e=—b[l + 2(001) B (2.3)
(SENPOD = (by — by)[1+ 2] e =—b[1 + 2OV ]e

(6E)§111) = — [(dl + Zdz)/Zﬁ][l + A(lll)] £ = — (d/Z\/g)[l + )l(lll) ] e

(65')§111) = [(dy — dy)/2V3][1 + A0] ¢ = — (@/2v3)[1 + 201V ¢

with
200 = 2C15/Cyq (2.4)
A = 2(Cy 4+ 2C1; — 2Caq )/(Ciq + 2C15 + 4Cyy)

Where a and a” are interband hydrostatic deformation potentials, € is the in-plane strain, and

the Cj; are the elastic stiffness constants, then the effect of strain is to create a hydrostatic

shift and split the degeneracy in v4 and vy like in Figure 1.

It is important to point out that the monitoring of the transitions E, , Ey+ A, as well as
the splitting of vq4 and v, is possible using techniques such as photoreflectance,
electroreflectance and photoluminescence. Two things are important here, the nature of
the band structure of the material and the instrumentation used to observe such
transitions. In general, three important aspects must be considered: the energy of the
incident beam, the proper polarization and the control of the stress applied in the desired

direction.

The band structure of CeO; is somewhat complex as pointed out in the introduction, so
the deformation potentials for this material have not been studied. However, the elastic
constants for the material are known theoretically as Tanju and Resul report them asC; ;=

386 C]_z: 124 C4_4_:73 [17]

These values play an important role when we start talking about the dielectric function.

17



Homogeneous deformation on g = 0 Optical phonons
Since at ¢ = 0 the CeO, phonon has I5" (I 5) symmetry, to understand the effects of

strain on its main F2g phonon [9] the case of a Diamond-Zincblende structure will be
presented first, for this reason, the first section was crucial because of we can use the
same approach (i.e. electronic valence bands at k=0) for Raman-active phonons ( g = 0

optical phonons).

In this case the Hamiltonian has as the following expression
He = [(p + 29)/60o](xx + €5y + £,7)
~ [ ~ O/ Qu[(L5 ~3L%)ex +cp] (2.5)

—(7”/0)0) [( LxLy + Lny)gxx + Cp]

Where p, g and r are deformation potentials that describe the changes in the “spring

—

constants” at g = 0 (k =0) optical phonons with strain, the quantity (p + 2q)/6w, =

—y is called the mode Grlneisen parameter and came from the shift due the hydrostatic

component of the strain [18]

As mentioned Cardeira et al., in absence of stress, the first-order Stokes-Raman spectrum
of a diamond-type material exhibits a single peak at g = 0 which is a single triple

degenerated optical phonon (Fyg, I',5") [19].

18



Diamond-Type Material.

In this case the Hamiltonian :

H= wy+H, (2.6)

And using the I';5" and the wave functions for X, Y and Z this Hamiltonian can be written
in a 3x3 matrix and for uniaxial strain along [001] or [111] directions, the matrix can be

easily diagonalized, and we have two cases:

e Thethreefold degenerated of the ¢ = 0 optical phonon is split into a singlet with
eigenvector parallel to the strain axis ({))

e A doublet with eigenvector located in the plane perpendicular to the strain axis

(Qq).
Fort these two cases the wavenumber of the phonon is given by:
Qs = wy + A0y + (2/3)AQ4

Qy =0y + 49, — (1/3)40, (2.7)

And the expressions for AQy and 4Qg in the case of an external stress T Il [001] and T |l

[111] have been given in [19],[20].

For these situations in which we have an in-plain strain (&) either (001) or (111) planes,

we have:
(001) strain

A0 = [((p + 2q)/6wp)][2 - 2*V]e

19



A0 = [((p + 29)/6wp)][1 + 1*V]e (2.8)

(111) strain
A = [((p + 29)/6wp)][2 — A41D]e
205 = [(r/wp)][1 + AV ]e (2.9)

Where 1000 and 2111 were given in (2.4).

For CeO, the triple degeneracy is known from experimental [21] and theoretical [9] [17] results,

Experimentally, no reports have been found on how the phonon dispersion curves (PDC) behave
for this material under applied stress. In Figure 2.2 we can see the PDC for different gadolinium
concentrations which were obtained based on the results of Swanand et al. for CeO, doped with

Neodymium (Nd) and Lanthanide (Ln).

20
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Figure 2.2. Phonon dispersion curves (PDC) for CeO, with different Gd concentrations

The results are summarized in Table 1. It should be noted here that trying to follow the F2g
mode from the spatial correlation model using equation 2.10 was not only possible by varying

the correlation length L and the full width half maximum (FWHM) Iy, it was also necessary to

12
qlL ) d3q

I((J)) = fe( 4 m (2.10)

modify the PDC (B1,B2 and B3 in Table 1.), which gives us an idea that some Strain is affecting the

lattice and that it comes from the gadolinium incorporation.
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Table 1. PDC (B1, B2, B3) obtained for Ce0,:Gd in glass substrates and parameter for the

correlation length and FWHM.

Gd concentration(X) L(A) Io(cm®) B1,B2,B3

0 45 18 506 -46.4cos(mq)
462.5- [165.2(q?)]
374+[82.5*cos(mq)]

0.2 24 18 503 -46.4cos(mq)
461- [165.2(¢2)]
368+[82.5*cos(mq)]

0.4 15 35 506 -46.4cos(mq)
462.5- [165.2(¢%)]
360.5+[82.5*cos(mq)]

With this last consideration it was possible to obtain the fit of Figure 3. using 2.10 for the F,,4
mode, and this helps us to understand that somehow for the CeO,:Gd spin-orbital interactions are
taking place due to the strain either coming from the substrate or by OV, and that deformation
potentials ( p,q ) could be obtained in this system with samples that present better growth

properties.
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Figure 2.3. F, 5 mode for different Gd concentrations, in solid red line the fit using eq 2.10 from

I'to Kalong B1,B2 and B3.
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A brief story of strain in crystals

Now we shall consider that a phonon is observed under an applied strength, we call to
this strength a perturbation, there are several factors that can shift this phonon either to
low or high wavenumbers (i.e., the lattice can be perturbed in different ways) and this
may be by temperature (/att), substituting atoms of other compound (bond), applying a
certain pressure (press), anharmonic processes that may take place (anh), among other

factors.

Now let's examine this situation in terms of newton's first law, if we only had inertia and
tried to observe the phonon as a function of any of the factors mentioned above, the

result would be something like that shown in Figure 2.4. where for practical purposes we

denote the perturbation as X and @y represents the wavenumber of the phonon

wQ QO O Q @

Intensity (arb. units)

Figure 2.4. Phonon without any external strength, Wy denotes the wave number and X

is a perturbation.
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Now we must remember Daniel's brief story, but this time we will imagine that instead of
blocks he has a field hockey puck with different ropes tied and assigned with the numbers
strictly as shown in Figure 2.5, for practical purposes we will assume that Daniel can move
the puck only in the direction in which the ropes are drawn and that his mother every day

returns the puck to the same position.

Figure 2.5. Daniel's room, the ropes (assigned with numbers from one to three) can pull

the puck strictly in the direction indicated, the arrow is only a reference position.

During the whole day he likes to play at dragging the puck around his room. When his
mother enters the room just as she sends him to sleep, she notices that the puck is in the
position it was in the morning (indicated as an arrow), so his mother assumes that he did

not pull any of the strings. Hence, we have the case of Figure 2.4.

25



On another day, something different happened, the mother found the field puck in the

position shown in Figure 2.6, and quickly realized that Daniel only played with the rope 1

é!

3

Figure 2.6. Daniel's room, pulling just the rope 1.

After a week, his mother entered the room six times at different hours during the day
(Denoted with Roman numerals) and noticed how the puck changed its position in the

room, which can be seen in Figure 2.7.
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Figure 2.7. Daniel's room at six different times of the day.

Here, the situation becomes somewhat complicated, because for Daniel's mom it is not
so evident which rope he pulled first, or the order in which he did it. For example, to get
to case Il, he could have first pulled string 3 a little and then pull rope 1, or he could have

pulled string 2 and then pull rope 1.

Something that could be evident to the mother, for example, is that for case VI Daniel

must have used string 3, otherwise with 1 and 2 it would be impossible to reach this state.

If we would now see Daniel's room in an image like Figure 2.4, we will get the following
case, where the position of the puck in the course of the day will be visualized as in Figure

2.8.
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1] v \Y VI
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Figure 2.8. Position of the disc observed by the mother during the course of the day.

Now let's do the following:

We shall assign a perturbation to each rope, we will call rope 1 temperature (Awyqst),

the second rope anharmonic processes (Awgyp) and the last one pressure (Awpy.ess).-

Thus, considering the initial position of the puck we would have the following equation.

Aw = Awge¢ + Awgnp + Aa)press (2.5)

Where Aw is the sum of all contributions (the experimental way that we see the

phonon).
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Normally in practice, depending on the material and phonon we want to study, we will
restrict the number of perturbations we have, some will be intrinsic to the material
while others will be externally influenced and other are just negligible, but Daniel's
mom's goal will always be to find out which ropes he pulled, the order in which he did it,
if he pulled two at the same time, which one he pulled more. However, she has to find

the last point where the puck was left at the end of the day.

In the CeO; case it turns out that we have the following expression.

Aw = Awstrain + Awbond (2.6)

Where Awgrqin if You keep reading these lines will be interpreted as a strain that is

caused by the substrate and an OV contribution.

Finally, to conclude this new story, remembering that Daniel's blocks satisfy the
conservation of energy, could it be demonstrated that a phonon and its perturbations

also satisfy it?.

For this it is enough to remember that a phonon comes from the excitation of a base
state to another by means of a specific beam (hvy - hv;), only seen in terms of wave
numbers (cm™), but that does not imply that it is not energy! Therefore, we say that

booth stories are the same just from different point of views. QED
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Dielectric function of the material.

A variety of models have been proposed to get a reliable fit of the real and imaginary part
of the dielectric function, some of them are useful depending on the behavior of the
material, if it is absorbing, semi-transparent or metal. In most of the cases the fitting
parameters used in the model are chosen because of their physical meaning, or they are
related with constants which have a physical meaning such as the energy gap Eg, the
plasma frequency w, equivalent to m, where n, is the carrier concentration,
e the charge of the electron, m* the effective mass and g, the vacuum permittivity. And
another important fact is that any model must have Kramers- Kronig consistency, it means

once the real or imaginary part has been found the other one can be inferred.

Among the different models the Tauc-Lorentz dispersion, which involves Tauc’s joint
density of states and Lorentz’s oscillator, works very well for dielectric amorphous or

polycrystalline materials.

Tauc-Lorentz model

AET(E-Eg)* 1

€2 = @ g +r262 £ E>E

g
SZZO,ESEg

And the real part is obtained by the Kramers-Kronig integration

2 [ £5,()
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Where g4, represent the contribution of optical transitions at higher energies and

appears as an additional parameter.
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B-Spline model

The B-spline of degree 0 is defined by

-1 t; < x<t
0 otherwise

BY(x) = {

The higher degree B splines are defined by a recursive definition
k X —t k Litk+1 — X k-1
Bf(x) = \—— ) BF()+|(—— B (x) (k=1
ti-k — & Litk+1 — tit1
To demonstrate that this expression is valid Cheney and Kincaid use induction to
demonstrate that is valid [22][23], as well the Kramers-kroning consistency is well known.
But here we have to remark that there are cases in which the induction is false even when

it seems to be mathematically consistent (it is like throwing a domino chain by pulling

from the second one, but the first one never fell).

In general, with ellipsometric models the same thing can happen, in the case where the
number of knots or Tauc-Lorentz blocks are too many and the model parameters do not

provide a valid physical interpretation.
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Anisotropies

Itis well known that there is a distinction between materials according to the way in which
their domains are arranged and they are usually assigned to one of the following three

sets: amorphous, polycrystalline and crystalline.

When a material is crystalline with preferred orientation and rotatation, we can see a
different plane with a different chain of atoms, we could say that the material is
anisotropic. On the other hand, if we have a polycrystalline material in which its domains
have different orientations (i.e. there is no distinction in reflectivity in seeing an average)
and when rotating it azimuthally the chain of atoms is the same, we will call it isotropic.
Note here that the nature of materials is so complex because of it could happen that the
same material has certain domains that make it appear anisotropic and when observed in

another region it would give the impression that it is isotropic.

To better explain the word anisotropy we will use Figure 2.9 and the Reflectance
Anisotropy Spectroscopy (RAS) technique, note that in Figure 2.9 a), by rotating 90° with
respect to the red line (0°) we find the same chain of atoms in both directions and after
subtracting the reflectivity, the signal is cancelled, i.e. there is no anisotropy, while in
Figure 2.9 b) when rotating 90°, the incident light gives us a different reflectivity, in other
words we would obtain a signal due to the different chain of atoms, in this case we have

an anisotropy.
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b)

Figure 2.9. Diagram for a) Isotropic case, b) anisotropy observed considering RAS signal
rotating from 0° to 90° in an azimuthal direction the cross circle indicate the direction of

the polarized electromagnetic wave.

RAS and SE have much in common despite having a different instrumentation, while for
ellipsometry a specific angle of incidence is used, RAS is almost at normal incidence, this
allows the possibility that by using the dielectric tensor we can fit the RAS signal. From the
propagation of light through several media, considering the phase change, it is possible

to get the complex reflectivity r using the following equation [24].

_ T'01+ T12 e_2151...

; 2.7
1+T'01T'12€_2l61... (2.7)
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Where r;;=(n; —n;)/(n; + n;) is the complex reflection coefficient at the interface
between the i and j media at normal incidence, §; is the phase factor given by §; =
2nn;d; /A, here n;, d; and A are the refractive index , the thickness of the film and the

wavelength respectively.

Using this reflectivity and the values obtained from the ellipsometric model, it is possible
to obtain RAS using equation (2.8), even to see and understand strain effects in

heterostructures below the Gap.

Ar 2td, 1 or T or Ar
—=A—"-—=An + B=-——= (28

A T@Sl T 6T12 T12

Magneto-Optic effect.

When light interacts with a material in the presence of a magnetic field, interesting
phenomena can occur according to the nature of the material, i.e. whether it is magnetic,
ferromagnetic or paramagnetic.

Among the ferromagnetic materials, those whose domains can be rearranged in the
presence of a magnetic field are Gadolinium and CeO, when working with valence number
3+.[25] [26] [27].

Light-matter interaction in the presence of a magnetic field is complex for several reasons,
including whether the material is anisotropic or isotropic. In general, 3 different
configurations have been distinguished for the direction of the magnetization vector M=
M,+ M,+ M,, (M, = Msinpcosy M, = Msingsiny M, = M cosy) and the plane
of incidence in spherical coordinates as shown in Figure 2.10.
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e Polar =0

e longitudinal ¢ =m/2 y =m/2

e Transversal p =m/2 y =0

-
<

Figure 2.10. Magnetization direction in spherical coordinates as in ref [28] .

Recently, Kerr rotation and Ellipticity have been studied for different magnetization
configurations, J. Zak, E. R. Moog, C. Liu and S.D. Bader have succeeded in reducing the
analysis to 2x2 matrices, facilitating the study of more specialized heterostructures [28]
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[29] . However, we are interested in the use of this theory for applying it in RAS
measurements made on Ce02:Gd/ Si(001) samples.

Starting with the magnetic field and electric field vectors

e [E9]
[=x] IE(i)l
P 4 R 0 I
|Hx| iEs(r)i .
L4, ] |£®|
p

Where Es(i) and E,S” are the perpendicular and parallel electric field components
respectively, and (i), (r) denote the incident and reflected waves, the medium boundary
matrix A is defined by F = AP that for two media, the following relation can be made
A,P; = A,P,, ). Zak et al solve the problem of wave propagation in a magnetic field with
this A matrix and boundary propagation matrix D. For a specific magnetization M in a
polar configuration, the dielectric tensor € is given by.

1 iQ 0
e=N?2|-iQ 1 0] (2.10)
0o o0 1

Here Q is the Voight parameter and there are different ways to obtain it [30].Following
this approach J. Zak et al. use this 4 and D matrixes which already contemplate the change
of sign due to the presence of a magneticfield in multilayers. From equation 6 in reference
[29], one may write P; = M Py where M is given by:

_ = G H
M = A7 [ A DmAmlAfz[I ]](2.11)

In this expression G, H,J and I are 2x2 matrixes and it can be shown that [29]
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Where r and t are the magneto-optical transmission and reflection coefficients, which we
can obtain Kerr- Rotation ¢’ and ellipticity ¢'* that for s and p polarizations we have:

T;
b, +ipy =2

TS S

! s N1 7,
¢s +igs =+ (2.13)
pp

It is possible to adapt this formalism (from the contour and propagation matrices) by
solving them numerically and with the help of SE.

For that we must have the following considerations and the correct experimental data.

The angle must be set to 5°, which is particular for RAS.

The main diagonal of equation 2.10 is the dielectric tensor if the material is isotropic, from
the model used in SE one can obtain the dielectric function of both the material and the
substrate (i.e. n and k).

The range in electronvolts (eV) will also be given by the selected range in RAS and SE.

The Voigt parameter, which is also a complex parameter, will be obtained by SE in the
presence of a magnetic field in polar configuration as in [31].

The program developed in Matlab can be found in Appendix I.
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Chapter 3
EXPERIMENTAL SECTION

38



Samples preparation.

The Ce0,:Gd thin films were prepared by a spin coating process starting with a solution

precursor made as follows:

Cerium(lll) Chloride heptahydrate (ClzsCee 7H,0)(0.2M) and citric acid (0.2) were mixed in
methanol, after 5 min under stirring Gadolinium (lllI) Chloride hexahydrate (ClzsGd e 6H,0)
(0.2M) was added in a x concentration to get Ce1xGdxO2/2 (x=0.0006, 0.00125, 0.0025,
0.005,0.01,0.05,0.1,0.2, 0.3, 0.4). The final solution was sonicated for 1h at 50°C, 37kHz

—70 W and finally left at room temperature for 24 h.

The films were deposited on glass, Sn,O:F commercial glass slides substrates (TCO), and
Silicon(001) substrates, by adding 90 ul in a 3 stages dynamic deposition program, 15 s at
100 rpm, 30 s at 2500 rpm and 15s at 100 rpm. At the end of the deposition the samples
were heated on a heating plate for 10 min at 90 °C or 270 °C, this process was repeated 5

times for all samples followed by a final annealing in air at 550 °C for 5 h.

The Sb,Ss thin films were prepared by chemical bath deposition according to the
procedure reported by Bindu et al. [14], 650 mg of antimony trichloride (SbCls) were
dissolved in 2.5 ml of acetone, in a 100 ml beaker. Subsequently, 25 ml of 1 M sodium
thiosulfate (Na2S,03) were added followed by 75 ml of water, introduced vertically into

the beaker and the solution was kept at 10°C for a deposit period of 2h.

P-type B-doped Si was deposited in a radio-frequency planar magnetron sputtering
system with a base pressure under 10~ % Pa. Two independent Ar (99.999%) glow
discharges were maintained to pulverize two 7.5 cm water cooled Si:B and Si (99.999%)
targets at a sputtering pressure of 1 Pa. The substrates were fixed to a molybdenum block,

which was placed 5 mm under a BN heater, with a target substrate separation of 5 cm. An
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applied power of 200 W and a substrate temperature of 500°C was used in the sputtering

experiments.

Spin-coati

Dried process

$190°C/10
O
Silicon (001) $2270°C/ 10
2500 rpm C @

Calcinated at 550 °C / 5h

Figure 3.1 Spin-coating process

Fabrication of the p-n junction

The diode heterostructures were made depositing Ce0;:Gd, as the n-type layer, on TCO
substrates. Afterwards, p-type Sb,Ss or Si thin films were deposited on CeO; and graphite

paint was applied on the sample surface with a subsequent layer of silver paint as
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electrical contact.  Thus, the obtained device heterostructures  are
TCO/Ce02:Gd/Sb,Ss/graphite/Ag (H1) and TCO/Ce02:Gd/Si:B/graphite/Ag (H2) displayed

in Figure 3.2.

. Sb,S;
Ce0,: Gd Ce0,: Gd
TCO TCO

Figure 3.2. p-n heterostructures for TCO/Ce02:Gd/Sh,Ss/graphite/Ag (H1) and
TCO/Ce0,:Gd/Si:B/graphite/Ag (H2).

The Raman spectra of the thin films were measured with a Horiba XploRA Plus microscope
at room temperature using a 532 nm DPSS laser through a 100X objective for an effective
1 mW power on the sample surface. The spectra were acquired with a 2400 grooves/mm
grating and thermoelectrically cooled CCD for 20 s in 3 accumulations. The X ray
diffraction (XRD) curves were measured using a Panalytical Empyrean diffractometer with
a Cu anode operating at 40 kV=30 mA in a grazing incidence (0.5 incidence angle)
configuration. Spectroscopic ellipsometry (SE) measurements were carried out with two
ellipsometers an Horiba (from 0.6 eV — 4.75) and a Woollam (from 0.734 to 6.477 ).
Scanning electron microscopy (SEM) images were acquired by a FEl-Inspect F50
microscope using 30 kV of acceleration voltage. Hall mobility and carrier concentrations
were determined using an Ecopia HMS-3000 system at 0.17 T in the van der Pauw
configuration. The Current-Voltage measurements were carried out using a Keithley

equipment under AM1.5 illumination.
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Chapter 4

RESULTS AND DISCUSSION

This chapter presents the results regarding the analysis of the Ce0,:Gd films grown onto
glass and Silicon (001) substrates. The evolution of the Raman spectra as a function of
the temperature is discussed as well as the starting temperature formation of the
polycrystalline phase found by temperature-Raman measurements, nevertheless,
differences between the two phases CeO; and Gd;0s are not evident by using XRD and
only a change in the lattice parameter takes place. This expansion is used to understand
the strengths of the lattice which were divided in two main components, strain and
bonding from which the behavior of the dielectric function was treated to be understood.
Finally, a device was fabricated to demonstrate the n-type nature of the material and the

analysis is shown in this chapter.
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XRD and in situ Raman measurements for Ce0,:Gd films.

One of the most common issues in Ce0;:Gd system arises from the complications of
identifying the Gd,O3 phase from XDR patterns, this compound has a lattice parameter of
1.08 nm the double of CeO; lattice parameter (0.541 nm). In Figure 4.1 the XRD patterns
for films grown on glass substrates with different Gd concentrations are shown, the peaks
correspond to the cubic structure Fm3m where eight oxygen atoms are bound to a metal
Ce** jon. At higher concentrations (x=0.4) only an increase of the full width at half

maximum FWHM is observed.

(a11)
(200) (220) (311) x=0.4

Intesnity (Arb. Units)

20 (degrees)

Figure 4.1. XRD patterns of Ce0,:Gd samples deposited onto glass substrates.
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From the center of the (111) diffraction peaks the lattice parameters were determined,

which we shall discuss in detail later. Complementary information about the cubic phase

can be obtained from the Raman spectra of CeO,, where a triple degeneracy of the Fyg

mode around 460 cm*® is evidence of this eightfold oxygen coordination as seen in Figure

4.2. Raman in-situ measurements as a function of temperature were carried out to

reproduce the annealing treatment. We can observe how around 250 °C the F,g mode

starts to appear, indicating a change between amorphous and polycrystalline phases,

below this temperature the contribution around 550 °C and 700 °C due oxygen vacancies

(OV) in the
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Figure 4.2. F,g mode a) as increasing temperature from 25 to 550°C b) after five hours of

treatment

lattice is observable, this is evidence that up to this point, some reduction process Ce** to
Ce3* have taken place, Ce-O bonds coexist in amorphous phase and with the annealing
procedure the crystallization process leads to the formation of 80-Ce structures with OV

around.

Strain in the CeO, lattice.

The lattice parameter obtained from XRD curves has a specific behavior which is shown in
Figure 4.3, the Ce1xGdxO22 system for small concentrations x < 0.005 has negligible
variations and the lattice parameter remains at 0.5407 nm, while for x>0.1 an expansion
is observed like that reported for other authors showing the crystallization and

substitution of Ce by Gd into the lattice.

It has been mentioned in previous works [32], that the behavior of the lattice parameter
doesn’t follow the Vegard’s rule, and this is because for every two Gd** incorporated in

the lattice, an oxygen vacancy is created.
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Figure 4.3. Lattice parameter as a function of Gd concentration.

This curvature is then the compensation of two components:

e A force caused by bond stretching i.e. a change in the bond distance due to the
replacement of Ce** by Gd3*
e Astrain produced by the generation of oxygen vacancies and in specific cases the

strain produced by the substrate.

Notice that this parabolic curvature is shown either if the samples are powders or films,
they have different annealing and sintering temperatures and are independent of the
synthesis method. Our samples have similar lattice parameters that are comparable with
the results from Artini et al. even when they use temperatures of 1200 °C for the thermal
treatment. Then we can interpret Figure 4.3 that these changes in lattice parameters may
be originated by different strain components due to dissimilar oxygen vacancies density

produced by the particular experimental conditions in each report.
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From this point of view, Raman spectrum contains information about the compensation
of these two components in terms of the shift produced in the before mentioned main

phonon for the crystalline structure in CeO3, the F»g mode.

Figure 4.4 a). shows the Raman spectra for different concentrations of Gadolinium. The
spectrum of cerium oxide has two characteristic main phonons, one close to 460 cm™
(F2g) corresponding to the fluorite structure and a weak contribution from 500 to 600 cm~
1 assigned to oxygen vacancies (OV). Different features of the Raman spectra give
information about the incorporation of Gd in the lattice, the first is an intensity increment
of the OV phonons, since as the Gd concentration increases in the lattice more vacancies
are formed, the second is a shift (blue or red shift) and broadening (in some works called
a hump) of the Fz phonon, and the third is the a contribution from 190 cm™ to 370 cm?
attributed to the modes Ag + Fgand (OV). At high Gd concentrations (x > 0.3), these three
factors have been reported and correlated to the generation of Gd,03 nanodomains [25].

On the other hand, at low Gd concentrations (x < 0.05), the F,; phonon wavenumber

decreases compared to that of CeO,.

These variations in the spectra can be explained by the spatial correlation model, which
accounts for the shift and broadening of a phonon lineshape induced by impurities or
defects, using the phonon correlation length (L) as a fitting parameter [28,29]. This length
should be infinity in a perfect crystal and is usually < 10 nm in doped semiconductors. In
the low Gd concentration interval, L = 6 nm for CeO; and it reduces to around 1.5 nm for
x = 0.0006, 0.00125, 0.0025 and 0.005, increasing to an average of 2.5 nm for x > 0.01.
Thus, the phonon shift is produced by Gd doping at low concentrations, but this effect
becomes negligible as Gd concentration increases and the shifts induced by bonding and
strain become dominant. The XRD and Raman results are consistent with a behavior of
the material as Gd doped CeO; (Ce0;:Gd) for x < 0.05 and as a compound (Ce 1xGdxO2/2)
for x > 0.05.

In a semiconductor compound, the shift of its main phonon, is given by Aw = Awppng +

AWgtrain, Where Awpnq is produced by the bond stretching due to the substitution of
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Gd3* by Ce* in the lattice, as a result of bond length variation. The variation Awggrgin
originates by the contribution of the substrate and oxygen vacancies. On the other hand,
the shift Awpong is proportional to the change Aa in the lattice parameter, and it can be
written as Awppng = — 3y wola /a, [10]. Here, w, is the Raman wavenumber of Ce0,, a,
is the CeO; lattice constant, and y is the Grlineisen parameter which depends on the CeO»
bulk modulus and on the shift of Raman frequencies with hydrostatic pressure. We used
the parameter value obtained by Sato and Tateyama of y = 1.24 [33]. With a linear fit of
Aw in the concentration interval x > 0.1 and following Ref 10 we obtain: Aw =-16.34x cm"
L Awpong = 28.66x cm™ and Awgrqin = -45x cm™. The contributions of opposite sign to
the total phonon shift are shown in Figure 4 b) dotted lines for clarity. If the oxygen
vacancy density could be controlled and quantified, which is out of the scope of this work,
Raman spectroscopy could be used as a tool to estimate the vacancy density in this

compound.
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Figure 4.4. (a) Room temperature Raman spectra of Ce1xGdxO2«/2. The spectra are

vertically displaced for clarity with increasing Gd concentration from bottom to top. (b)

Raman shifts of the Fg phonon as a function of Gd concentration. The dotted lines with

slopes of 28.66 and -45 cm™ indicate the contributions of atomic bonding and strain

respectively, for a

net shift of -16.34x cm™ , given as a solid line.
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Strain of CeO; films on silicon (001) substrates.

For films deposited on silicon, the Ce 1xGdxO2/2 system has a different behavior, in Figure
4.5 we can observe again the F,z phonon as was observed on glass samples but now the
phonon is accompanied with a signal around 430 cm™ (marked by an arrow on Figure 4.5)
not observed on glass samples, and the phonon for concentrations x>0.2 has three
Lorentzian perfectly separated in contrast with the previous ones where only a broad

phonon was appreciated

x=0.4
x=0.3

x=0.2
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Figure 4.5 Room temperature Raman spectra of Ce1xGdxO,x2 for different gadolinium
concentrations on Si(001) substrates. (it would be helpful to plot these spectra as in figure

4.4 from 100 to 800 cm-1, or what happens with OV in this case???)
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By changing the substrate is supposed that the strain component has a different
contribution, and this effect could be corroborated if we do the same analysis for the Fyg
mode for these samples. Figure 4.6 has a comparison of the Fyg shift as function of the Gd

concentration for samples on glass and silicon substrates.
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Figure 4.6. Raman shifts of the F,g phonon as a function of Gd concentration for different
substrates. The dotted lines with slopes of 28.66 cm™ and -45 cm™ indicate the

contributions of atomic bonding and strain respectively on glass, and in dashed lines.
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In black circles and dashed lines the Awg¢rgin aNd Awppna components for the samples

on Si(001) are shown, the values obtained were -71.23x and 32.67x respectively, if we

compare these results with the obtained on glass substrates Table 1. We could notice that

the strain component Awgtrqin iS changing by -26.23x while the Awyyng COMponent just

by -4.01x this corroborates the influence of the substrates and as well a change in the

substrate may modify the OV generation in a different way explaining why we can observe

the phonon around 430 cm™.

Table IV.l. Total shift components for Ce 1xGd«Oz+2 samples on glass and silicon

substrates.
Substrate AWgirqin(cm™) Awpong (cm™) Aw
Glass -45x 28.66x -16.34x cm™
Silicon (001) -71.23x 32.67x -38.56x cm™
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Rupture of symmetry of F,; mode.

In the literature the common Raman modes are around 500 cm™ and 600 cm™ which
always come aside of the F,g mode, and are called OV phonons, nevertheless a vacancy
is a space on the lattice which only helps to keep the charge due to the contribution of
Ce3* then it is not possible that a space in the lattice vibrates around an equilibrium
position. What occurs is that the F,; mode suffers a rupture of symmetry i.e the Ce*
suffers a different strength by changing the eightfold O coordination surrounded and the
modes observed up and below this main phonon came from different interactions with
more and less oxygen atoms. The way to obtain an interaction of oxygens either with
Ce** or Ce*™ have been done using greens functions [34] where they proposed different
configuration for a metal and a space in the lattice. In a simple way to understand the
mode around 430 cm™ we have used a simple Raman used before for SiGe [35]. We shall
consider that oxygen atoms are moving, and the Ce atom remains static (mo/mce — 0),

the F2g mode is produced by an eightfold O around Ce, in this case wy must be given by:

wp = (i) 8 ki=(ko/3me)(1+1+1+1+1+1+1+1) (4.1)

With an oxygen vacancy in the lattice, Figure 4.7, we have:

w? = (ko/3mee)(1+1+14+1+14+1+1) (42)
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Where:

w/wy=47/8=0.93

The wave number for F2g mode =~ 460 cm™ will be affected by this factor, throwing 427.8
cm, this corresponds to the mode at 430 cm™, dashed line in Figure 1 a), notice how
this mode intensity increases as more oxygen vacancies appear when Gd atoms are

added into the lattice

Ce 4+

O 2-

Figure 4.7. Diagram for Fyg rupture of symmetry assuming that (mo/mce — 0).
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X-Ray photoelectron spectroscopy (XPS).

The samples were analyzed by X-ray photoelectron spectroscopy (XRD) where the
stoichiometry can be analyzed as increasing the Gd concentration. For the whole range
XPS shows the O1s characteristic peak, the characteristic Ce 3d and Gd 3d core levels as

well as Ce 4s, 4p, 4d, 5p and Gd 4p, 4d are observed (Figure 4.8.)

Intensity (arb. units)
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Figure 4.8. X-Ray photoelectron spectroscopy measurements for CeO; and CeO,:Gd with

x=0.2 for samples dried at 90 °C.

55



To determine the amount of Gd and Ce in the lattice the Ce 3d and Gd 3d3 (was used
because of the coupling between Ce3p and Gd 3d5) peak intensities were compared with

O1s to know the amount of Ce*" and Gd3* the results are shown in Table IV.2.

Table IV.1I. Percentage of Ce and Gd from the ratio of intensities by XPS

Gd concentration x | [O]1s (%) [O]1s/[Ce]3d (%) [O]1s/[Gd]343 (%)
x=0 - - -
x=0.1 74.98 15.69 9.34
x=0.2 74.98 15.69 9.34
x=0.3 75.22 12.38 12.38
x=0.4 74.5 12.27 13.23

It is possible that Ce forms two different structures CeO; and Ce;03 and with the Gd
incorporation is possible as well Gd,0s3 nevertheless XRD doesn’t show peaks
contributions of this phases and from the Raman spectra we know that Ce3*is consumed

in oxygen vacancies.

One way to identify the amount of Ce3*that we have in the lattice is from the Ce 3d core
level. Burroughs et al. have labeled the contribution of the peaks of this level as follows

(36]

For Ce** U and V' result from the Ce3d” 02p° Ce4f? final states. The additional U, V, U”,
V" result from a mixture of Ce3d° 02p° Ce4f* and Ce3d” 02p? Ce4f? and the contribution
of the Ce3* to the spectra consist of two doublet pairs U’ V' and Up Vo and they came from
a mixture of Ce3d’ 02p° Ce4f? and Ce3d® O2p° Ce4flfinal states [37]. To determine the
amount of Ce**we used the [Ce(1l])] = Ce(1ll)/(Ce(lll) + Ce(lV)) [Feng Zhang Cerium
oxidation state] where Ce(lll)=Vo+V'+ Ug+ U and Ce(IV)=V+V”’ +V” + U+ U"+ U"”

are the sums of the integrated peaks area shown in Figure 4.10.
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Figure 4.9 XPS for 3d level a) in CeO; b)with a Gd concentration of 0.2, in in solid lines the

contribution by Ce** in dashed lines which came from Ce3*

57



The percentage of Ce* for the different Gd concentrations is displayed in Figure 4.10, it
is important to show the amount of Ce () reaches a minimal value for the concentration
of x=0.2, decreasing from 31.6 % to 25.5%, considering that for each two trivalent Ce3*
ions one vacancy should be generated, with this at least 15.8% should be spaces in the
lattice (OV) and the incorporation of Gd near x=0.2 give us 12.75 % a reduction in the OV
formation (contrary to the well-known property for these material and also contrary to
the Raman results (modes around 500 and 600 cm™) ) this phenomenon was first
observed by Holger Borchet et al. where they found that increasing the Gd content leads
to a decreasing of the Ce3*. And this argument can’t be supported because there is a

segregation due to the Ce** to Ce3* reduction process, observed by the decreasing in Ce-

Gd ratios [38], also seen in Table |. Then the Ce3* percentage could be underestimated.
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Figure 4.10. Percentage of Ce3* in the lattice as a function of the Gd concentration.
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The Gd 3d is observed in Figure 4.11, the main feature is that a and b-contributions are
affected as we increase the Gd concentration, another aspect here is that the a/b spin-

orbit splitting is composed by three Gauss-Lorentzian peaks in contrast with [39] where

they are completely separated
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Figure 4.11 Gd 3d level as a function of the Gd concentration.

The centers of the peaks are summarized in Table IV.IIl. in our case the main doublet a/b
has the peak 35/, centered in 1187.14 eV with a spin-orbit splitting of 33.73 eV, the
satellite features liesaround 1196.79 eV and 1200.55 eV, for the b’ and b”’ difference arise

in our results because as and bs have a different contribution in our spectra centered at
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1184.78 eV and 1215.85 eV respectively while a and b* have 1189.52 eV and 1220.82
eVv.

Table IV.lll. Peak centers for the Gd 3d level

Gd as A al a’ a”’ bs b bt
concentration (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)

(x)

0.1 1184.78 | 1187.14 | 1189.52 | 1196.79 | 1200.55 | 1215.85 | 1218.51 | 1220.82

0.2 1183.2 1185.97 | 1188.78 | 1196.27 | 1199.73 | 1215.73 | 1218.57 | 1220.49

0.3 1183.89 | 1186.22 | 1188.68 | 1196.57 | 1199.95 | 1216.18 | 1218.47 | 1220.46

0.4 1184.34 | 1186.61 | 1188.77 | 1196.34 | 1199.84 | 1215.56 | 1218.17 | 1220.34

F-Centers in Ce0,:Gd

In samples of Ce0,:Gd on glass substrates, it was found the formation of well-defined
crystals, such as those shown in Figure 4.12.These crystals have a specific concentration
of Gd, as shown by the behavior of the F,, mode Figure 4.12 c), also was found by micro-
photoluminescence emission by defects called F-centers, which were already discussed in
the introduction, only emphasizing that as the concentration of Gd in each crystal
increases the same emissions reported in [14] Figure 4.12 b) are observed. As the crystal
size decreases, i.e. in films around 255nm a simple splitting (inset graph in Figure 4.13),

and when measuring in thicknesses close to 100 nm, this splitting disappears. It is possible
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PL intensity [arb. units)

to appreciate in Figure 4.12 e) that each crystal grows with the specific concentration of
Gd which is corroborated by the phonon symmetry breaking, and in Figure 4.12 d) marked

with arrows we can see the emissions by F-centers promoted by gadolinium.
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Figure 4.12. a) Micro-Photoluminescence spectra from crystal with x=0, b) Micro-
Photoluminescence spectra from crystal with x=0.4 using an excitation source of Az =
532 nm at room temperature.
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Figure 4.13. PL spectra of CeO, sample, in inset micro-PL for samples of 250 nm of
thickness with different Gd concentration.



Dielectric function of Ce0,:Gd/Si(001).

Regardless the dielectric function of the material, the section was distributed as follows:

i) The analysis of the samples dried at 90 °C on Si(001) with a Woollam
ellipsometer in the range from 0.734 to 6.477 eV for two concentrations x=0,
and x=0.3 where two models where used a double Tauc-Lorentz and a B-Splain
to compare the dielectric function of the material at different Gd

concentrations.

i) The analysis of the samples dried at 270 °C with a Horiba-Uvisel ellipsometer

in the range of 0.6 to 4.75 eV

Dielectric function of samples dried at 90°C on Si(001)

In Figure 4.14 the Fourier coefficients pseudo dielectric function is shown for a Ce0;:Gd,
in dots the fit from a B-Spline model, the thickness of the films lies between 71.69 nm and
98.2 nm and parameters are compared listed in Table IV.IV to compare the consistency

with the doble Tauc-Lorentz model.
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Figure 4.14. Pseudo dielectric function for different Gd concentrations using a B Spline

model.
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Table IV.IV Parameters from both B Spline and double Tauc-Lorentz.

Gd B-Spline thickness 2Tauc-Lorentz thickness
concentration (hnm) (nm)
(x)
Eoo n |k Eg1 | Eor | Eg Ey,
0 1203 |15|0| 7545 |214 |548 |2917|3.932|78.27
x=0.3 199 |15|0| 98.12 |1.797|5.217 |2.886 |3.974|101.51

Dielectric function of samples dried at 270°C on Si(001)

A double Tauc-Lorentz model was used to fit the Fourier coefficients Is and Ic Figure 4.15
a) we used this model for all the Gd concentrations, the thickness for these films were
around 250 nm. The model shows the transition which corresponds to O2p - Ce4f around
3.2 eV, as we can see in Figure 4.15 b) for the & and ¢, extracted from the first Tauc-
Lorentz (TL1) (Dark filled and open circles), in Figure 4.15 c) we have the substrate

contribution.
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Anisotropies on CeO,:Gd.

Knowing that for concentrations 0.1 < x < 0.3 the material has an unusual behavior of its
properties and by means of the proposed model above we observed that strain and

bonding contributions can be separated, the samples were analyzed by RAS.

To understand the nature of the RAS signal, measurements with different Gd
concentrations were made for different in-plane angles: 0°, 45° and 90° with an
increment of 10°. Figure 4.16 shows the real (Ic) and imaginary (Is) part of the RAS signals
for x=0, x=0.3 and for a (001) Si substrate. The variations of the signal in the 2.2 eV to 4.3
eV range (region between dashed lines) is more evident in the sample with x = 0.3 and for
55° and 85° the imaginary part of the signal flips completely (remarked with arrows in

Figure 4.16 d) ) producing that the real part of the signal reaches positive values.

. . . ; 2
15} ) a)-
: A R
- * 5 15,
5 1.0F e 6 1
3 : . C | X X
Q ’.: s Si (001) . 85° 8-1 - . S
o 05} : kd : NS ) o .
% 1) ! * si(001) *
~ 0.0 >3t N % . 85°
o @ . 000
= c -« Si(001)
— _4 - A
S-05 18
4
E5y ]
10l sl . CeOZ ]
2 B . . }
- %, -—
15 1l i | 1 d)]
. &
™ o o .
v ot 4 - 0 D 0
|C—>| 1.0 X ;
X =-1 < 2 *
= D S 45
g 12, Fo x =
o4 (%) L. .+ 65
s - Si (001) . 75°
o 5 o
= c « 90°
3 At : - Si(oo1)]
x | & )
ES ]
x=0.3
6 _
1 2 3 4 5 6
Photon energy (eV) Photon energy (eV)

Figure 4.16. Real (Ic) and imaginary (Is) part of RAS signal for different in-plane angles a)

and b) for a concentration of x=0 c¢) and d) are for x=0.3, the flip of the signal is marked
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with arrows and the Si (001) substrate is displayed as a reference in a different angle

variation.

Anisotropies can be influenced by the following factors.

e Hexagonal phase clusters from gadolinium substitution.
e Strain induced by Si(001) substrate.

e By magneto-optic effect.

The first is supported by the XPS results where spin-orbital couplings are observed near
1200 eV indicating that the strain potentials are acting on the film and that both the
gadolinium substitution and the percentage obtained lie within the desired range of

concentrations.

For the second one we use a model proposed in [24], using equation (2.8) to fit the RAS
signal obtaining Figure 4.17. A comparison of different angle signals was done by
subtracting the spectra of maximum observed variation. Additionally, we used the specific
dielectric function of each concentration to get the complex reflectivity and plot the real
part of (AR/R) following equations 2.3 and 2.4. Figure 4.17 shows the fit using equation
2.8 with values A=1.5x10* and B=3 x10*, for x=0. We can observe how the signal around
3 eV is less intense when the lineshape comes from 65°-75° than the one from 45°-90°,
nevertheless signals above 3.2 eV are not observed for x =0. On the other hand, for x=0.3
a signal near 3.5 eV survives to the subtracting process in Figure 4.17 b). Finally in Figure
4.17 c) the signal was plotted with critical values of the constants A and B to separate the
lineshape from the substrate and from the film, this aid us to understand why some
transitions disappear completely in the range from 3.5 to 4 but they are observed when
A=3x10* and B=0 showing that in this range the signal has a high influence of the 4f

states.
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Figure 4.17. RD signal by subtracting critical angles, in solid lines the fit using equation 4
a) for x=0 of the Gd concentration b) for x=0.3 c) the fit of equation 4 for critical values of

the constants A and B.

70



The OA observed for x = 0.3 may be originated by anisotropic strain as the film relaxes
with the increment of Gd concentration and oxygen vacancies revealed by Raman
spectroscopy. On the other hand, the RAS of strained films with x < 0.1 do not exhibit

this behavior.

The third one will be discussed in the next section.

Anisotropies induced by magneto-optic effect.

RAS measurements were obtained on Ce02/Si(001) films with a neodymium magnet

(B= 0.3T) (Figure 4.18).

Figure 4.18. RAS configuration with an applied magnetic field using a neodymium

magnet.
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The line shape when the magnet is inverted and the sample is placed again produces a
change in the signal near the 4f level (Figure 4.19), from the dielectric tensor in equation
2.10 and obtaining the Voigt parameter with ellipsometry in presence of a magnetic field
it is possible to fit the RAS signal using the program shown in appendix |., The results are

displayed in Figure 4.20.
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Figure 4.19. Real part of RAS measurement for Ce0,:Gd/Si(001) film with x=0.2 with two

magnet orientation (MU and MD).

72



0.15 T T T T T T T T T T T T

—— CeO, ]
S o010k 4
)
—
ke
T 005 -
2
(7]
% i il
2 0.00
o
Y—
o
£ -005F -
T
o
8 010
g -0

-0.15 F -

N 1 N 1 N 1 N 1 N 1 N 1 N
0 1 2 3 4 5 6 7

Photon Energy (eV)

Figure 4.20. RAS Signal for CeO, with a Voigt parameter constant of Q =0.336x10* +
i0.0481x10%, using the dielectric function from the SE model.

Given the ferromagnetic nature of the Ce0,:Gd/Si system, the explanation of the decrease

in Ce3* concentration as we increase the gadolinium concentration will be as follows:

From XPS a decrease in the percentage of Ce3* is evident, which leads us to think that
there must be a decrease in OV, but the Raman results indicate the inverse (since for each
two trivalentions, an OV is generated), a reasonable explanation due to the ferromagnetic
nature of Ce®*, Gd** is that when electrons are ejected from the surface for detection in
XPS they tend to be retained by a magnetic field of these ions, by means of the Zeeman

effect, so that the Ce3+ concentration is not overestimated as discussed in [28].
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Gadolinium doping and photovoltaic applications.

The films at different Gd concentrations were measured by Hall effect, it is possible to see
in Figure 4.21 that for concentrations x<0.01 the carrier concentration increases from 10

cm3a 10 cm3.
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Figure 4.21. Carrier concentration for CeO; :Gd films onto glass substrates.
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Figure 4.22 shows the p-n junction of the heterostructures of the experimental section
Figure 3.2, where it is possible to appreciate the formation of the diode, Figure 4.22 a)
shows the activation voltage which corroborates the diode behavior and in Figure 4.22 b)

we see the photovoltaic effect with a Vo= 100 mV

Voltage (V)
.06 -04 -02 00 02 04 06 08 10 12
— I~_ T — 71 r 1 r 1 - 1 - 17
20 | a) \ f ]
15 | s
&~10 | .
E i
< [ R=12k0 .
= 0
2> N
.F} 5k —
2 | Ce0,:Gd/Sb,S, |
Q L 1 1 I P B N
0
e T T T Pyg
5 -
£25r b) Ce0,;Gdisi .-~ .
; | l ’r’/
0.0 et
25 L2 Ce0,:Gd/Sb,S, .
5.0 ] ] | |
-0.05 0.00 0.05 0.10 0.15
Voltage (V)

75



Figure 4.22. (a) Current density vs. voltage curves in darkness of the Ce0,:Gd/Sb,S3
junction (solid squares). The load solid line, using a resistance RL = 1.2 kQ), shows that the
forward diode voltage is Vp= 0.53 V. The dashed line is the plot of the implicit diode
equation using the parameters obtained from the experimental data. (b) Current density

vs. voltage curves under AM1.5 illumination for Ce0,:Gd/Si and Ce0,:Gd/Sh,Ss junctions.

In Figure 4.23 we can see how improves the values of the device after a 370°C at room

temperature and reaching a Voc = 220mV.
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Figure 4.23 Photovoltaic device Ce0,:Gd/ Sh,Ss after 370°C heating treatment for 3 min.
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Conclusions.

In summary, the optical and electrical properties of the Ce0,:Gd system on Si(001) and
glass substrates were studied. Using a Raman model supported by the modification of the
dispersion relations, it was possible to separate the strain and substitutional components,

where the strain potentials are acting with increasing gadolinium concentration.

Since we have an isotropic material for concentrations x<0.3 and at x=0.3 it is possible to
find anisotropies coming from clusters formed with specific concentrations of Gd3* and
Ce?*, therefore, the piezoelectricity recently found for this material at this concentration
has an anisotropic nature seen for first time in this material by RAS measurements. With
a homemade code specific for this technique, it was possible to fit the RAS data in the
presence of a magnetic field in polar configuration, The magnetic influence was observed
from 2 eV to 4 eV where the 4f transition and F-Centers emissions are found, so emissions
in this range could have magnetic influence, however by micro-photoluminescence it was

observed the crucial dependence of these emission centers as the thickness decreases.

At low Gd concentrations, the lattice parameter shows negligible variations and the
material behaves as Gd doped CeO; (Ce0,:Gd) with an electron concentration that varies
from 6.5x10% to 9.4x10'® cm3. The Gd doping of CeO2 was confirmed by current —
voltage measurements of two heterojunctions using Ce0,:Gd as the active n-type layer.
The diode and photovoltaic parameters were obtained showing the feasibility to use this

material as an active layer in pn junctions and Si based electronics
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Appendix |

$RAS-MAGO

clear all
Mat=dlmread ('Ce02 90 BSp.txt');
Subst=dlmread ('Subs CoE.txt");
En=Mat (:,1)"';
lamb=(1240./En) .*10;

nm=Mat (:,2)"';
km=Mat (:,3)"';

ns=Subst (:,2)"';
ks=Subst (:,3)"';

%plot (En,ns)
%$hold on
%plot (En, ks)
%$hold on

%plot (En, nm)

%$hold on

splot (En, km)
Ang=5;

phi=0:5:10;

gam=0;

SNm=2.87+ 11*3.36;
$lamb=6328e-10;

Qc=0.336*10"4+ 1i*0.048*10"4;

d=250e-10;

gN2=0.12+ 1i*3.29;



SS=zeros (1, length (nm)) ;

PP=zeros (1, length (nm)) ;
Nm=zeros (1, length (nm)) ;

I3

)
)
)
n

N2=zeros (1, length (nm
( )
rss=zeros(l, length (nm)) ;

rsp=zeros (1, length (nm
rps=zeros (1, length (nm
rpp=zeros (1, length (nm

’

)
)
nm) ) ;
Ang2=zeros (1, length (nm)
(nm) )
(nm) ) ;
(nm) )
(nm) ) ;

’

for a=1l:1length(phi)
for i=1: length (nm)
Nm(i)=nm(i) + 1i*km(i);

N2 (i)=ns (i) + li*ks(i);

Ang2 (i)=asind( sind(Ang)/ (real (Nm(i)) ;
$Ang2=sqrt(l - ( ( (sind(Ang(i)))"2)/((Nm)"2) ) ) 7

Al=[1 010

; 0 cosd(Ang) 0 -cosd(Ang); 0 -1 0 -1; cosd(Ang) 0 -
cosd (Ang) 01];

InAl=inv (Al);

aly=sind (Ang2 (i));
alz=cosd (Ang2 (i));

gi=alz*cosd(phi(a)) + aly*sind(phi(a))*sind(gam) ;
gr=-alz*cosd(phi(a)) + aly*sind(phi(a))*sind(gam);

$Matrix elements A (2, :)

Abl=(1i/2)* (aly/alz)*Qc*( (aly*gi) - (2*sind(phi (a))*cosd(gam)) );
Ab2= alz + (li*aly*sind(phi (a)) *cosd(gam)*Qc );
Ab3= (-11/2)*(aly/alz)*Qc*( (aly*gr) - (2*sind(phi(a))*cosd(gam)) );

Ab4= -alz + (li*aly*sind(phi (a)) *cosd(gam) *Qc) ;

Acl=(11i/2)*Nm(i)*gi*Qc;

Ac2=-Nm (i) ;
Ac3=(11i/2) *Nm (i) *gr*Qc;
Ac4=-Nm (i) ;

Adl=Nm (i) *alz;
Ad2=((Nm (1) *1i)/(2*alz))*gi*Qc;
Ad3=-Nm (i) *alz;
Ad4=-((Nm (1) *1i)/(2*alz)) *gr*Qc;



Am= [1 0 1 0;Abl Ab2 Ab3 Ab4; Acl Ac2 Ac3 Ac4;

IAm=inv (Am) ;
%$final matrix A--—————————-

Af=[1 0 1 0; O cosd(Ang2(i)) 0 -cosd(Ang2 (i
(

N2 (i) *cosd(Ang2(i)) 0 -N2

) ))
i) *cosd(Ang2(i)) 01;

’
’

Adl Ad2 Ad3 Ad4 ];

0 -N2 (1)

0 -N2 (1),

U=exp (-11i* ((2*pi)/lamb (i) ) *Nm (i) *d*alz) ;
Si=(pi/lamb (i)) *Nm (i) *d* (Qc/alz) *gi;
Sr=(pi/lamb (i) ) *Nm (i) *d* (Qc/alz) *gr;

LL=Am*D*IAm;
W=InAl*LL*Af;
G=[W([1 51);W([2 6])];
InvG=inv (G) ;
I=[W([3 7]1);W([4 8]1)1;

r=I1*InvG;

(U*sSi) 0 0; (-U*Si) U 0 0; 0 0 (1/U) (-(1/U)*Sr);0 O

((1/U) *Sr)
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SS(i)=(r(2,1)/x(1,1));

PP(1)=(r(1,2)/x(2,2));

end

RSS1l=real (SS);
RSS2=real (PP);

ISSl=imag(SS);
RD=RSS1-RSS2;

RPP1=(-1) *real (PP) ;
IPPI=imag (PP);

5 ————————— S ——m— ===
splot (En,imag(rsp)); %s Kerr rotation
%hold on

plot (En,RD); %s ellipticity
hold on
$figure

%plot (Ang,RPP1) %p Kerr rotation
shold on

sxlabel ()
%plot (Ang, IPPI) %p Ellipticity
shold on

end
fileOl=table (En',RD'");
writetable (file01l, "RAS-MAGOP.txt"');



Finally, to end this thesis | would like to recommend you a book “La conjetura
de Euler” whose end | didn’t understand until these days and | leave you the

following statement to conclude.

Entre todo el caos y con la precision que esta hecho nuestro universo,

comprendi que yo no tenia tanta fortaleza como pensaba, por lo tanto

Dios existe.
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