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General introduction

The multiferroics are multifunctional materials with great potential for electronic applications.
Besides the attractive technological applications, the multiferroic materials are very interesting and
rich from a fundamental point of view due to the strong electronic correlations present in these
systems. The multiferroics possess several so-called ferroic orders: (anti-) ferromagnetism, (anti-)
ferroelectricity and/or ferroelasticity. The understanding of the mutual coupling between these
properties is the subject of a lot of research and development. Each new multiferroic is a challenge
in the interpretation of the microscopic origin of the ferroic mechanisms. In order to provide new
coupling mechanisms and tunable properties, the scientific work in the last two decades was
concentrated on artificial multiferroics as composite materials or as thin films, multilayers and
nanostructures. Giant room temperature magnetoelectric and magnetocapacitance effects were
found in perovskite TbMnOs by Kimura et al. Since then, an extensive study on perovskite-type
materials has been carried out. At the same time, the number of potential applications and devices
has increased. One of the most popular is the 4-state memory device, which is based on the control
of the ferroelectric polarization (P) by a magnetic field and, inversely, the switching of
magnetization (M) by an electric field. Therefore, four distinct memory states are possible (+P, -

P, +M, -M).

Motivated by these attractive properties, we have been interested in a representative member of
rare earth manganite (RMnOs3): YMnOs. This compound is multiferroic in both hexagonal and
orthorhombic (perovskite) structure below ~ 70 K and ~ 40 K, respectively. Although these
temperatures are too low for the technological applications, we may expect to be able to modify
these ordering temperatures. In fact, through the crystalline structure and microstructural

characteristics, the properties of the films are often tuned by the effect of the substrate.

During this thesis, both hexagonal (considered as stable) and orthorhombic (generally regarded as
metastable) YMnOs3 phases were investigated in the form of thin films. Initially, we have studied
how the non-epitaxial growth on silicon substrates affects the microstructure of the orthorhombic
and hexagonal YMnO:s films. Contrary to the literature general belief, we were puzzled to find that
the metastable orthorhombic YMnOs phase was easily obtained on silicon substrates by two
different deposition methods (MOCVD and PLD). Further, we put to the test the stability of the

orthorhombic YMnO3 phase by thermal annealing and we have observed that this phase in stable

1



in a particular temperature range. In a second stage, we have studied the epitaxial growth of the

orthorhombic YMnOj3 phase on different perovskite-type substrates (STO, LAO and LSAT).
The work during this thesis is organized in six chapters as follows:

Chapter 1 introduces the reader in the field of multiferroics, explains the main mechanism of
ferroelectricity and magnetism, the principal types of multiferroic materials with focus then on
rare earth manganites. A review on YMnOs is given with emphasis on the state-of-the-art on thin

films on both polymorphs.

In Chapter 2 are described the experimental methods and characterization techniques used during
this thesis. Firstly, the deposition (MOCVD, PLD) and the solid state synthesis techniques are
presented. Afterwards, the techniques used to characterize the structure, microstructure,

composition and magnetic properties are detailed.

The deposition conditions and their optimization are presented in Chapter 3, with emphasis on the

selective growth of either hexagonal or orthorhombic YMnO3 phase.

Chapter 4 is focused on the characterization from different perspectives of amorphous, hexagonal

and orthorhombic YMnOs films on silicon substrates.

In chapter 5 the results concerning the stabilization of orthorhombic YMnOs; phase are presented.
The phase transformation from amorphous to orthorhombic YMnOs3 films is illustrated by

temperature-dependent experiments and the results are commented.

The epitaxial growth of the orthorhombic YMnO3 phase on perovskite-type substrates is presented

in Chapter 6.

Finally, this work ends with the summary and the general conclusions of the thesis.
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This chapter covers the basics of multiferroicity, the magnetic and ferroelectric materials of
perovskite structure and their main applications. The stability of the rare earth manganese
oxides family is also discussed with a particular emphasis on YMnQO3 and its two possible forms:
orthorhombic and hexagonal. Moreover, the aim of this thesis being the growth of YMnO3 thin
layers, a literature review on this topic is presented, identifying the main properties of this
material.



Chapter 1. Introduction to multiferroic YMnO3

1.1 Context

The increasing demand for new functional materials, notably in the field of data storage and
spintronics, has led to an intensified research in the last two decades. One of the most attractive
candidates for this type of applications are the oxides, among which the ternary manganese
oxides of AMnOs type play a key role. Some of these materials possess two or more spontaneous
ferroic orders in the same phase and in the absence of external fields, called multiferroicity.
These forms of ferroic order are ferromagnetism, ferroelectricity and ferroelasticity which were
recently completed by ferrotoroidicity (spontaneous magnetic vortex) as new member in the
family. Ferroic materials are characterized by a spontaneous order, whose direction can be
switched by an external field: a ferromagnet is described by a spontaneous magnetization (M)
and displays hysteresis under an applied magnetic field (H), a ferroelectric has a spontaneous
polarization (P) and shows hysteresis under an applied electric field (E) and a ferroelastic possess
a spontaneous strain (g¢) and exhibits hysteresis under an applied stress (o). Figure 1.1
summarizes the couplings and cross-couplings existing in ferroics and multiferroics.
Magnetization, polarization and strain are controlled through the magnetic field, electric field
and stress respectively. In a multiferroic, the coexistence of at least two orders leads to additional

cross-couplings.

[

Figure I.1. Schematic diagram showing the control coupling in ferroics and multiferroics. Note

that ferrotoroidicity is not included (from [1]).

For example, the polarization can be controlled by a magnetic field or by stress; similarly the
magnetization can be tuned by electric fields or stress. In this manuscript, without further

specification, the multiferroicity will denote the coexistence of magnetism and ferroelectricity. In
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the following, a brief introduction on multiferroic materials is presented. The main goal is to give

an overview of the subject; the details can be found in the cited papers.

Another example of functional properties coexistence are in the magnetoelectric materials which
exhibit a coupling between magnetic and electric order parameters. It is important to note that,
although magnetoelectrics present a coupling of magnetism with ferroelectricity, they are not
synonyms with multiferroics. Two counter-examples are Cr»Osz, which is a magnetoelectric
antiferromagnet without electric ordering, and hexagonal YMnOs; which is a ferroelectric
antiferromagnet in which magnetoelectric effect is forbidden by symmetry. Thus, the
magnetoelectric coupling can exist independently of the nature of magnetic or electric orders.
Figure 1.2 epitomizes the relation between multiferroic and magnetoelectric materials. More
about multiferroics and magnetoelectrics can be found in the Eerenstein et al.’s [2] review on this

subject.

— Magnetically polarizable

== Ferromagnetic
Electrically polarizable

== Ferroelectric

> Multiferroic

2 Magnetoelectric

Figure 1.2. The relation between the properties of multiferroic and magnetoelectric materials
(from [2]).

Firstly conjectured by P. Curie and then reconsidered by P. Debye and L. Landau, the rigorous
theory of magnetoelectricity reaches its final form with the prediction of I. Dzyaloshinskii on
magnetoelectric effect in Cr203, experimentally proven a few months later by D.N. Astrov.
Comparatively, the history of multiferroics is more recent. The term multiferroic was first used
by H. Schmidt in 1994, although some multiferroic materials (previously named magnetic
ferroelectrics) have been known to exist from the 1960s [3]. Since then, scarce studies have been
made in the next decades mainly because of the limited choice of compounds, the lack of general

theoretical concepts and, finally, because of the insufficient perspectives regarding practical

J
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applications. The revival of the field started in the 2000s with some resonant publications as
those of Nicola A. Spaldin and Manfred Fiebig [1] as well as the corroborated efforts of the
scientific community. The interest in these types of ferroic materials is motivated by their
potential of exhibiting considerable coupling effects between the magnetic and ferroelectric state.
This may be the basis of new devices where the magnetic switching is controlled by electric
voltages and not magnetic fields [4]. Furthermore, thin films multiferroics have experienced a
progress in the growth, characterization and understanding of their properties which is a further
step toward their incorporation into practical devices [5]. Contrary to the bulk form, in
multiferroic films the properties are easy to tailor through epitaxial strain or atomic engineering

of interfaces and crystal chemistry.

The search and synthesis of multiferroic materials has proven to be a difficult problem, as the
ferroic orders seems to be mutually exclusive. Indeed, while a ferroelectric material must be an
insulator, a ferromagnetic material is generally a conductor. As far as the electronic chemistry of
the compound is concerned, there is also an antagonism: the magnetism requires the presence of
localized electrons, mostly in the partially filled d or f shells of transition-metal, while most of
ferroelectrics must have a d’-type electron configuration of transition ions. In regard to the
symmetry, ferromagnets need the broken time symmetry and spatial invariance. In contrast,
ferroelectricity possesses time invariance and broken spatial symmetry as a structural distortion
is necessary for the emergence of polarization. Furthermore, simultaneous presence does not
guarantee strong coupling, as the microscopic mechanisms of ferroelectricity and magnetism are

quite different [6].

These microscopic mechanisms governing the multiferroic coupling are complex and a lot of
research was done in this direction. The obtained results have permitted to classify the
multiferroics in two categories: type-I (known as proper multiferroics) and type-II (improper
multiferroics) [7] [8]. If the microscopic origin of magnetism is quite well understood and
basically the same for all magnets, i.e. localized electrons in partially filled d or f shells of the
transitional metals or rare earths, in the case of ferroelectrics things are more complicated.
Several different sources have been identified and have conducted to the previous classification.
Thus, in type-I multiferroics, ferroelectricity and magnetism have different sources and are

independent. This also implies different transition temperature (close or above room
6
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temperature) and usually weak coupling between the two (e.g. BiFeOs, hexagonal YMnOs etc.).
Ferroelectricity can be caused by the presence of transition metal with d empty configuration
(BaTi03), charge ordering, lone pairs (due to Bi**, Pb**) or geometric ferroelectricity by rotation
of rigid Mn-O polyhedra (YMnO3). There are several subtypes, depending on the mechanism of
ferroelectricity in them, assorted by group of materials [7]:

» Perovskites (BaTiOs, Pb(ZrTi)O3), in which ferroelectricity is caused by the off-center
shifts of the transition metal covalent bond with oxygen.

> Lone pairs materials (BiFeOs;, BiMnOs, PbVO;) in which Bi** and Pb** induce
ferroelectricity. The 6s electrons, that do not participate in the chemical bonds, have a
high polarizability and the ordering of these lone pairs in one direction give rise to
ferroelectricity.

» Charge ordering materials (LuFe>O4, (PrCa)MnOsz, Fe3O4, RNiO3) in which
ferroelectricity is often observed in compounds with different valences of transition
metals. The alternation of ions with different valences generates inequivalent sites and
bonds, and thus, a polarization.

» Geometric ferroelectric materials (YMnO3) in which ferroelectricity is due to rotations
and tilting of block structures. In the case of hexagonal RMnO3z materials, the MnOs
trigonal bipyramid tilts and rotates in order to ensure the closest packed structure. These
structural modifications result in loss of inversion symmetry in the structure and promote

ferroelectricity.

In type-II multiferroics, ferroelectricity and magnetism are strongly coupled because magnetic
order causes ferroelectricity, thus this type exists only in the ordered magnetic state. In 2003,
Kimura et al. [9] first reported in TbMnO3 the presence of spontaneous polarization when the
transition in the magnetized state occurs. A similar effect was observed for TbMn20Os by Hur et
al. [10]. Since then, a variety of type-II multiferroics materials showing this effect have been
discovered. Although presenting a strong coupling between ferroic orders, the application
potential of these materials is reduced due to the low coexistence temperatures. From the
generating mechanism point of view, improper type-II multiferroics are divided into spiraling

cycloid type and collinear type:
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» Spiral type in which ferroelectricity appears when a magnetic spiral cycloid phase
establishes. The mechanism, related to spin-orbit coupling is also based on symmetry
violation, required for ferroelectricity.

» Collinear type materials, where ferroelectricity is based on magnetostriction. A chain of
alternating charges with opposite structures, through magnetostrictive effect shorts the

(anti)ferromagnetic bonds, producing a polarization.

1.2 Introduction to RMnOs3 family. YMnOs as a rare earth
manganese oxide

Among all multiferroic materials, within the framework of this thesis we are interested in rare
earth manganites and, in particular, to YMnOs. In this section, the RMnO3; compounds family are

introduced and their structural properties and phase diagram are given with focus on YMnOs.

RMnOs3 (R= rare earth, Y or Sc) family crystallizes in two types of crystalline structures at
ambient conditions: orthorhombic or hexagonal. Note that yttrium has often been classified as a
rare earth element and behaves chemically identical to the lanthanide series, with a radius
between that of dysprosium and holmium. Hence, when referring to rare earth manganite,
yttrium (and scandium) manganites will be denoted too. The orthorhombic structure (Figure 1.5a)
of GdFeOs-type (space group Pnma or Pbnm, depending on the choice of symmetry axes) occurs
for large ionic radii of R (R= La-Dy). This structure is derived from the ideal cubic perovskite
structure of general formula ABOs, where A and B are large and small cations, respectively,

shown in Figure 1.3.

R Mn O

Figure 1.3. The ideal perovskite cubic structure (after [11]).
8
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Cubic perovskites are based on a cubic close packing of AOs; with B cations in octahedral
positions. Each A cation is equidistantly coordinated by twelve O anions and each B cation is
coordinated to six O anions, arranged at the corners of a regular octahedron. Thus, the O anions
are neighboring two B cations and four A cations. This network generates empty space around A
ions, which is surrounded by eight BOe¢ octahedrons. If the ideal perovskite structure is
characteristic for materials such as SrTiOs3, in the case of rare-earth manganites it is distorted.
This distortion is linked to the structural frustration as a result of different ionic sizes of R and
Mn. An indicator for the stability of a perovskite structure is given by the Goldschmidt tolerance
factor. The compatibility with the structure is achieved if the A radii matches in size with the O*"
anions to form cubic close-packed layers and B cations fit into the interstitial sites formed by O*~
anions in order to have a corner-shared BOg octahedra. Under this condition, the ionic radii of A,
B and O must satisfy the relation:

r,t+r,

rytr, = V2 (ry +1,). The Goldschmidt tolerance factor is defined as t = —=——
V2 (rg+1,)

[12]. For

an ideal perovskite =1, while for distorted perovskites (¢ < 1), other crystal geometries such as
orthorhombic or rhombohedral become favorable because A cations are too small to fully occupy
the BOg interstices. As a result, the octahedra will tilt in order to reduce the empty space inside
BOg interstices. If + > 1, A cations are too big to fit the BOg interstices and the structure
accommodates to other symmetries with different building blocks. As an experimental fact, the
Goldschmidt tolerance factor for almost all known perovskites ranges between 0.75 and 1. Due
to the fact that it is based on empirical concepts, the ¢ factor is not a sufficient condition for the
formation of the perovskite structure and exceptions from this rule exists even in the most
favorable range (see further).

The structure of rare earth manganite RMnOs is strongly affected by the size of the rare earth
element and the temperature (see Figure 1.4). A comparative structural description of
orthorhombic and hexagonal structures, illustrating the building blocks of each structure, is
shown in Figure 1.5.

Hexagonal structure (space group P63cm) is more energetically favorable, i.e. stable, for small
ionic radii of RMnOs family (R=Y, Ho-Lu). In this case, the BOs octahedra transforms into BOs

trigonal bypiramids. Each B ion is surrounded by three in-plane and two apical O anions,
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forming the BOs trigonal bypiramids which are separated by planes of A cations, 8-fold

coordinated.
LuYb ErHoY Dy Tb GdEuSm Nd Pr La
N T T I T T I N 3
1200 1
I RMnO;
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I Te 00
= 800 & 1
g 600 rQ ) 4
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Figure 1.4. Crystalline structure of the RMnQO3 depending on the ionic size of the rare earth

(from [13]) and the Néel temperature (Tn) and Curie temperature (Tc) .

In other words, the structure can be described by stacks of ABCACB dense oxygen planes.
Figure 1.4 summarizes the structural (lattice symmetry) and physical properties (Néel
temperature - Tn, Curie temperature - Tc) of the RMnOs; family depending on the size of the R
ion.

Although each crystal structure is itself very stable, small modifications in the A and B site, non-
stoichiometry, doping, synthesizing conditions etc. are sufficient to change the properties of the
compound. For example, the magnetic order changes from E-type to A-type (see Figure 1.13)
when increasing the ionic radius of A-site from Lu to La [14]. Similarly, the b and ¢ parameters
of the orthorhombic structure increase when increasing the size of the rare earth while the mean
tilting angle of the MnOg octahedra decreases [15]. In the following, a detailed description of the

structural and physical properties of YMnOs is given.

10
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MnOg MnOj;

Figure 1.5.a) Orthorhombic RMnQOs crystal structure with MnOs and RO 2 as building blocks; b)
Hexagonal RMnOjs crystal structure with MnOs and ROs as building blocks (from [16]) .

Among RMnOs3, yttrium manganese oxide or yttrium manganite (YMnO3) has attracted a lot of
interest, particularly in the last decade because of its potential applications in non-volatile
ferroelectric memories (Fe-RAM), spintronics, sensor, actuators etc. Although the integration of
YMnOs3 in commercial devices is not available in the present, the prospect of designing new
magnetic ferroelectrics based on it is explored and several patents are reported [17] [18].
Fujimura et al. [19] firstly proposed the use of thin films of hexagonal YMnO3 grown by rf
magnetron sputtering, as non-volatile memory devices. Since then, an extensive work was

carried out on YMnOs in bulk or film form. Figure 1.6 illustrates the evolution of research

11
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publication on YMnOs3 from the 60s up to the present date plotted as occurrence of the word

“YMnOs” in title, mainly on Science Web database.

35

Publications per year

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

Figure 1.6. Publications per year for which ‘YMnQ3’ appears in the title. Source: Web of Science
and Web).

1.3 Phase stability of YMnOs3

The Goldschmidt tolerance factor, used as an indicator for the stability and distortion of crystal
structures, is generally considered as the factor controlling the boundary between the hexagonal
and orthorhombic structures. From this perspective, the orthorhombic perovskite phase is stable
for ¢+ > 0.855, corresponding to rr > rpy while for # < 0.855 (rr < rHo), the hexagonal phase
prevails [20].

The transition from the hexagonal phase to the orthorhombic perovskite was investigated by
several authors by high pressure synthesis as the orthorhombic phase is the denser one [21], or

by substitution [22].

YMn, Fe O,

-

o

o
T

~
[$)]
T

—@&— Hexagonal
—0O= Orthorhombic

Volume fraction (%)
& 38

o
T

0.0 0.1 0.2 0.3 0.4 0.5

Figure 1.7. Volume fraction of hexagonal and orthorhombic phases of YMn.xFexOs (from [22]).
12
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An example of phase diagram stability with the substitution, is reproduced in Figure L.7. It is
observed that with the increase in the Fe doping, there is a progressive increase of the
orthorhombic phase against the stable hexagonal phase of the parent compound YMnOs. From a
thermodynamic point of view, the report of Graboy et al. [23] treating the stability of the two
phases, considers the Gibbs free energy of RMnOs3; formation from R>0O3 and Mn2Os at 900°C
and ambient pressure. Their findings are summarized in the graph of Figure 1.8. It is observed
that the transition between orthorhombic and hexagonal polytypes takes place around R=Ho,
which is in agreement with the results based on geometrical considerations (Goldschmidt
tolerance factor). By extrapolating the thermodynamic data as a straight line below the stability
boundary, they state that the metastable phase can be stabilized in the form of epitaxial films if
the difference between the formation Gibbs energies of two polymorphs does not exceed 10-15
kJ mol. In this case, the energy difference can be compensated by the energy of the film-
substrate coherent interface. However, the stability of the metastable polymorph depends on the
film thickness: more the energy gap is larger, less the amount (thickness) of the stabilized film is
important. Kaul et al. [24] have demonstrated for GAMnOs and EuMnOs films stabilized in
hexagonal phase, that beyond a critical thickness of about 70 nm the hexagonal phase can no

longer be stabilized.

25
30 T,
_ - extrapolated data
T -5 e
2 1 -
E -404 : =
o] 1
— 45 i
.= 50 : | i
(=5 exagonal
T =551 phase |
60+ i perovskite
65 I
-70 ! +
! La
=75 r ' : .
1.05 1.10 1.15 1.20

ionic radius B* (A)
Figure 1.8. Free RMnQOj3 energy formation from R203 and Mn203 at 900°C and ambient pressure
(from [23]).

A comparative description between hexagonal and orthorhombic YMnOs is presented in the next

sections.

13



Chapter 1. Introduction to multiferroic YMnO3

1.4 Hexagonal YMnOs phase

Firstly synthetized by the group of E. F. Bertaut from Grenoble in 1963 in the form of single
crystals [25], hexagonal YMnOs3 (h-YMO) was extensively studied and successfully obtained in
ceramic form [26] [27], thin films [28] [29] and nanostructures [30] [31]. As a reminder, the
structure of the hexagonal phase (space group P6scm with lattice parameters a=b=6.1453 A and
c=11.3714 A [32]) consists of ABCACB stacking of close packed oxygen layers with Mn>*
having 5-fold coordination and located at the center of MnOs trigonal bypiramids. These basic
MnO:s units build a layer by interconnection of their vertices to form a triangular tiling. The Y
cations, with 8-fold coordination, form a corrugated layer in-between these triangular tilings. A

brief review of the magnetic and electric properties is given in the following section.

1.4.1 Magnetism in hexagonal YMnOs phase

The magnetic structure of h-YMO has been studied since the early neutron-diffraction
measurements by Bertaut et al. [33]. According to their data, the magnetism in h-YMO can be
interpreted by two possible models of a and S types in which the Mn>* spins have a triangular

arrangement in the basal plane ab at 120°, as shown in Figure 1.9.

a Modei B Model

Mn O
Figure 1.9. Magnetic structure of hexagonal YMnQO3 showing the main models: a-type (left) and

[-type (right). The spin configuration is marked by arrows (after [33]).

The coupling between planes can be ferromagnetic (model a) or antiferromagnetic (model £), but
a distinction between the two was not possible. It turned out that even the recent neutron

14
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diffraction studies [34, 35] could not tell because of the high similarities in the patterns
intensities. This drawback was overcome by a new technique called optical Second Harmonic
Generation spectroscopy developed by Fiebig et al. [36]. The authors have determined that the
model a fulfills the symmetry requirements. The Néel temperature is Tn=72 K, but a spin
reorientation occurs below Tr=41 K where the change of magnetic structure goes along with a
90° spin rotation and a modification of the antiferromagnetic domain structure. The principal
magnetic interaction is based on antiferromagnetic superexchange between co-planar Mn-O-Mn,
while the Mn-O-O-Mn superexchange between adjacent planes is two orders of magnitude

weaker [37].

1.4.2 Ferroelectricity in hexagonal YMnOs phase

The mechanism of ferroelectricity in the h-YMO was described by van Aken et al. [38] as arising
from a structural transition (so called “improper” or “geometrical” ferroelectric in contrast with
“proper” ferroelectric where the polarization comes from the atomic displacements). They found
that a buckling of the MnOs polyhedra, combined with an unusual Y coordination and the
triangular layered MnOs network is responsible for the ferroelectric behavior. The paraelectric-
ferroelectric transition is associated to the transition from the centrosymmetric space group
P63/mmc to non-centrosymmetric P6scm without no re-hybridization or change in chemical
bonding between the para- and ferroelectric phases. In the paraelectric phase, all ions are bound
in planes parallel to the ab plane, whereas below the ferroelectric transition temperature, the
mirror planes perpendicular to the hexagonal ¢ axis are lost. Besides that, the buckling of the
MnOs bipyramids, results in a shorter ¢ axis which generates an in-plane shift of apical O* ions
toward the two longer Y-O bond and a vertical shift of the Y>* ions away from the P63/mmc
mirror plane, while keeping the distance to apical O constant. As a consequence of these shifts,
an asymmetric environment of the Y ions is produced and, thus, a net electric polarization (see

Figure 1.10). The Curie temperature found for the ferroelectric transition is around 914 K [39].
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Figure I1.10. Schematic view of the YMnOs in two enantiomorphous polarization states. The
directions of the atomic displacements moving from the centrosymmetric to the ferroelectric

structure is drawn by arrows (adapted from [38]).

1.5 Orthorhombic YMnOs phase

Less studied compared to the hexagonal analogous polymorph, orthorhombic YMnO3 (o-YMO)

started to present interest with the confirmation of the multiferroicity, which was not a priori

expected (the centrosymmetric Pnma group does not allow ferroelectricity). Figure IL.11

illustrates the percentage of publications dedicated to the o-YMO phase vs. h-YMO phase from

the total shown in Figure I.6.
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8.12%

77.6% 14.29%

Figure 1.11. Percentage of publications dedicated to the o-YMO phase vs. h-YMO phase.

As shown before, the structure of 0o-YMO (space group Pnma with the cell parameters a=5.8361
A, b=7.3571 A and ¢=5.2580 A [40]) consists of basic polyhedral units built up by Mn>* ions at
the center of MnQOg octahedra. These units are interconnected by sharing their vertices along
three perpendicular directions and Y cations occupy the holes between them. Alternatively, the
structure can be described by considering that Y>* and O% ions form an FCC close packed lattice

(ABCABC stacking) and Mn** occupy octahedral holes.

Mn#+ Mn3+*

Figure I1.12. Electron configuration of the 3d-electron states due to octahedral crystal field
(Mn**) and due to the Jahn-Teller effect (Mn>*) (from [41]).

The electronic structure of the Mn®* is [Ar]3d*. The incomplete d* levels are split by the

crystalline field (octahedral environment) in two energy sub-levels: a ty, triplet and an e, doublet
giving rise to the electron configuration tg’ge; according to Hund rule [42]. This degenerate

electronic configuration of the MnOs “molecule” is not energetically stable and the octahedra
will undergo a geometrical distortion, called Jahn-Teller, to lower its energy. For the Mn** ion

(in the case of mixed valence perovskites) the electronic configuration is 3d* and thus only the tag
17
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level is occupied. In this case, the Jahn-Teller distortion no longer takes place. The electronic
configurations of Mn** and Mn** are shown in Figure 1.12. This Jahn-Teller effect appears for

the entire RMnO3 family with orthorhombic structure (octahedral site).

1.5.1 Magnetism in orthorhombic YMnOs phase

Before starting to present the magnetic structure of 0-YMO phase we remind here a few notions
of antiferromagnetism. The antiferromagnetic order can be characterized as commensurate (the
periodicity of the spins repeats that of the crystal lattice) or incommensurate (no link between
spin arrangement and lattice). In turn, the commensurate magnetism can present several
arrangements (A-, G-, C-, E -type) depicted in Figure I.13a. The incommensurate
antiferromagnetism can exist in the form of sinusoidally modulated spin density waves or as

cycloidal order depicted in Figure 1.13b.

(a) (b)

Commensurate antiferromagnetic order Incommensurate antiferromagnetic order
=l =l et
— — g -
— = =
— P FEE—— — e — —> —
A-type G-type
typ P Sinusoidal
——f— ——gf—
-~ — —_—
/2N A\ 1/
— = =
< > _— Cycloidal
C-type E-type

Figure 1.13. Examples of a) commensurate antiferromagnetic order types and b)

incommensurate antiferromagnetic order types (adapted from [43]).

The magnetic structure of 0-YMO was studied with interest and its description was under debate
for a while. A short discussion of the important developments is given in the following. Note that

all results are expressed in Pnma notation.

According to the neutron diffraction measurements of Munoz et. al. [42], the o-YMO enters in an

incommensurate antiferromagnetic order state below Tn=42 K. The magnetic structure was
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found to be sinusoidally modulated with the magnetic moments of Mn** ions parallel to the
propagation vector k = (kx, 0, 0). An anomaly was observed at 28.7 K, later assigned to a lock-in
transition into a temperature independent wave vector [44]. The DC susceptibility measurement
performed by the same authors confirms the paramagnetic-antiferromagnetic transition at around
40 K. However, the AC susceptibility results show a maximum at 11 K, which was assumed to
correspond to the freezing temperature of a spin glass phase existing below 11 K. It may be
important to mention that these results are obtained on a polycrystalline o-YMO sample with
nominal formula YMnOs 04 which implies a Mn** amount and with a proportion of ~10% of
hexagonal YMO phase, both taken into account for the structure refinements. The
incommensurate magnetic order and the spin frustration are typical marks of orthorhombic
RMnO:s series in which the Mn-O-Mn bonds inside octahedra are close to 145°. They are mainly
due to a competition of ferro- and antiferromagnetic interactions, mediated by the superexchange
mechanism, between the Mn>* spins at nearest and next-nearest neighbor positions. This spin

configuration is shown in Figure 1.14.

Figure 1.14. Spins configuration in the ac plane. The Mn’* ions are depicted as big pink spheres

and the O% ions as small red spheres (adapted from [45]).

Recent publications, both experimental and theoretical, show that an E-type and a cycloidal spin
phases coexist below a certain temperature [46] [47] [48]. The results in [47] give a complex
picture of the 0-YMO magnetism. Thus, the antiferromagnetic transition takes place at Tn=45 K.
Between 40 and 45 K, a sinusoidal state with a spin canting along the b-axis is present. Below 40
K, the sinusoidal magnetic phase transforms into a cycloidal magnetic structure with
magnetization along b-axis. At temperatures lower than 35 K, the coexistence of the cycloidal
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and E-type state was observed. A schematic representation of these two configuration is shown

in Figure 1.15.

ab-cycloidal

Figure 1.15. Spin configuration in E-type and the ab-cycloidal states (adapted from [49]).

Slightly different transition temperature and ordered states were observed by Okuyama et al.
[50]: paramagnetic to sinusoidal transition occurs at Tn=42 K while the E-type structure sets up

below 30 K.

1.5.2 Ferroelectricity in orthorhombic YMnOs; phase

If the magnetic structure of the o-YMO seems intricate, the situation is equally complex for the
origin and modelization of the ferroelectricity. The ferroelectric polarization occurs at low
temperature (Tc ~ 30 K [16]), intimately linked with the magnetic order, thus the o-YMO is a
type-1I multiferroic. According to Fontcuberta et al. [51] ferroelectricity in the collinear E-type
state is driven by the asymmetric magnetostriction along the a- and c-axis which breaks the
center of symmetry of the lattice producing a characteristic finite polarization along the c-axis.
The atomic displacements (~ 10> A) associated with the formation of alternating structure of
Mn-O-Mn bond in ac plane give rise to electrical dipoles and thus ferroelectricity. This result
was confirmed by Okuyama et al. on o-YMO single crystal [50]. The ferroelectric atomic

displacements are illustrated in Figure 1.16.
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Figure 1.16. Schematics of the ferroelectric atomic displacements projected onto (a) the ab plane
and (b) the ac plane in the ferroelectric E-type phase. Dotted and solid arrows indicate the
directions and the relative atomic displacements of Mn and O, respectively. Note that the
displacements of O ions are doubled for the purpose of clarity. A unit cell is indicated by a
broken line. (c) Changes in the Mn-O-Mn bond angles and distances between the neighboring
Mn ions in the ab plane. In the ferroelectric phase (21 K), the E-type spin configuration is
represented by large arrows. Here we assumed the ferromagnetic (antiferromagnetic) spin

arrangement for Mn-O-Mn bond with larger (smaller) bond angle (adapted from [50].

1.6 Literature review in YMnOs thin films

1.6.1 Hexagonal YMnO:s films

The group of Norifumi Fujimura from Osaka is the first who has proposed h-YMO in the form of
thin films as a new candidate for nonvolatile memory devices [19]. Following this proposal, the

interest in YMO films has increased exponentially. Many substrates and deposition methods
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have been tested. The characterization methods, firstly focused on microstructure and
ferroelectric properties have expanded to magnetic properties, multiferroicity, exchange bias etc.
The films have been elaborated on different substrates: conductive, in order to measure the
electric properties, with hexagonal symmetry in order to force the epitaxial growth, on silicon for
the device integration or on other complex multilayered substrates for various purposes:
» AlO3(0001) [52] [53] [54]

Quartz [55]
GaN(0001) [56] [57] [58]
GalN/sapphire [59] [60]
GaN/AIN/6H-SiC(001) [61]
MgO

(100)-oriented [62] [63]

(111)-oriented [19] [64] [65] [66] [67] [62] [63] [68]
» Nb:STO

(001)-oriented [69]

(110)-oriented [69]
STO(111) [52]
NGO(110) [53]
Pt sheet [70] [71]
Pt(111)/(0001)sapphire [66] [64] [65] [72] [73] [74] [75] [76] [77] [ 78] [79] [80]
Pt(111)/MgO(111) [19]
Pt(111)/ZrO,/Si102/S1 [76]
Pt/Ti/S102/S1(100) [70] [81] [82] [83] [84]
Pt/TiOx/Si02/Si [85] [86] [87]
Pt/STO(111) [88] [89] [90] [91] [92]
YSZ

(111)-oriented [28] [93] [94] [95] [96]

(110)-oriented [97]
SiON/Si(111) [98]
» Si02/Si(100) [99]

YV V V V VY

YV V.V V V V V V V V

A\
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Y205(111)/S1(111) [76] [72] [100] [101] [102]
Y205/Si(100) [103] [104] [105]

Y205/Si(111) [106] [107] [108]
ZnO:Al/(0001)sapphire [19] [109] [110]
710.99Gag.010/(0001)sapphire [111]

Si

YV V. .V V V V

(111)-oriented [52] [70] [71] [81] [82] [100] [106] [110] [107] [112] [113] [114]

(100)-oriented [53] [55] [103] [115] [116] [117] [118] [119] [120] [121] [122]
[123] [123] [29] [124]
Like the substrates used, the deposition methods are also varied and the people working on this
subject are widespread over the globe. Figure 1.17 summarizes the growth methods for h-YMO

films as well as the location of the laboratory in which this was conducted.

PLD

rf sputtering Osaka, Taejon, Seoul, New Haven, Cali

MOCVD Grenoble, Taejon, Suwon, Colorado Springs
chemical solution deposition Seoul, Nagoya, Asan, Kaifeng, Hanoi

sol-gel Osaka, Tucson, Pusan, Seoul, Hong Kong

MBE Tokyo, West Virginia
reflux Osaka, Nagoya
ALD Helsinki

nebulized spray pyrolysis [l Bangalore

MOD Suwon

thermal decomposition Osaka

L) L) L} L) L} L} | L} L) L} L) L) L} L} L}
0 10 20 30 40 50
Number of publications

Figure 1.17. Deposition methods and working teams for the growth of h-YMO films.

It is obvious that the PLD method is the most commonly used method, followed by rf sputtering
and MOCVD. In our laboratory, hexagonal rare earth manganites have been successfully
deposited by MOCVD on YSZ(111) substrates during the thesis of I. Gelard [125]. On bare Si
(100)-oriented substrates the synthesis of hexagonal films was mainly performed by RF
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sputtering. Among the only two papers [29] [126] which deal with the MOCVD growth, the
second one is in Korean. In general, these papers focus on the structural and ferroic properties.
None of them treats the magnetism of h-YMO on bare Si(100). The crystallization and
microstructure was investigated by XRD and TEM techniques in [118] [120] [121] [122].

The results show that the h-YMO phase grows with the [0001] direction normal to the Si(100)
surface when deposition takes place in Ar+O; atmosphere. Random orientations for the h-YMO
phase are observed when using only Ar. An amorphous layer, assigned to YMnOs3 phase, and a
native SiO; layer form between the crystalline h-YMO and Si(100) substrate. Also, the
crystalline h-YMO is not uniform, but divided into two sub-layers: one polycrystalline YMO, on
the top of which is growing the second layer c-axis oriented YMO (see Figure 1.18a). They
explain the existence of this multilayer structure as due to a compensation mechanism of the high
stress induced by the c-axis oriented YMO layer. Using the rapid thermal annealing, the stress
was released by the formation of polycrystalline YMO, which also changes the aspect of the
sample from cracked to smooth surface. In [118], the formation of a Y203 layer (see Figure
1.18b) was proven to be caused by the difference in the oxidizing abilities of Y, Mn and Si but
also because of a Y/Mn non-stoichiometry in the bottom amorphous layer.
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Figure 1.18. HRTEM images showing: a) interfacial microstructure between the c-axis-oriented
h-YMO layer and the polycrystalline h-YMO layer (from [122]); b) h-YMO film on top of the
Y203 and amorphous layers (from [118]).
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The ferroelectric properties were also measured. The authors cited above have found different
ferroelectric behaviors depending on the film microstructure: purely c-axis films show very high
leakage current density, bi-layer structures (c-axis and polycrystalline) show relatively low
leakage, purely polycrystalline show the lowest leakage current density. The memory window of

the purely polycrystalline is 0.64 V but is even better when obtained from a bi-layered structure.

The reports on the magnetism of the h-YMO films are summarized in the following. Fujimura et
al. [65] have reported that the M(H) of h-YMO on MgO(100) substrate is identical with the
ceramic YMO (typical antiferromagnetic ordering at 5K) although the x(T) measurements do not
reveal any anomaly below 200 K (subtraction of the large diamagnetic moment of the substrate
makes it difficult). Kumar et al. [54] showed that, for h-YMO films grown on Al,O3(0001)
substrate, an antiferromagnetic transition occurs at 70 K, in agreement with the bulk one but the
magnetization does not decrease below 70 K, as one would expect for an antiferromagnetic
system. Singh et al. [111] reported an antiferromagnetic transition at ~ 30 K for h-YMO films on
Ga:Zn0O/0001-sapphire. h-YMO films on MgO(100), MgO(111) and YSZ(111) substrates
present an evolution of the antiferromagnetic ordering temperature with the strain states of the
films [63]. Also, in some cases, a second phase transition, associated with the superspin-glass-
like (SSQG) transition was observed at Tsg ~ 40 K in h-YMO/YSZ(111) sample and ~28 K in h-
YMO/MgO(100) sample). Posadas et al. [60] reported that the M(T) in ZFC-FC mode for h-
YMO on GaN/sapphire presents a cusp at ~ 45 K which is associated with the Néel temperature,

but without showing any data.

In the frustrated systems as hexagonal manganites, the spin-glass behavior is often seen (e.g.
ErMnOs [127]). Another example concerns a Mn-rich h-YMO ceramic (Y/Mn=0.9) which first
orders antiferromagnetically at 72 K and then undergoes a re-entrant spin-glass transition at 42 K
[128]. Similarly, h-YMO nanoparticles display the spin-glass features at 43 K [129].
Polycrystalline h-YMO shows a divergence of ZFC and FC curves indicating the presence of
overall weak ferromagnetism due to spin canting [130].

The temperature-dependent Raman phonons were investigated in [124] and a transition at 123 K

was observed which can be associated with the Néel temperature as suggested by the authors.
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1.6.2 Orthorhombic YMnO:s films
The growth of 0-YMO films was first proposed by Salvator et al. [131]. Their findings showed
that the o-YMO phase was synthetized by PLD on STO(100), LAO(100) and NdGaO3(110)
substrates to the detriment of the stable hexagonal polymorph. The immediate impact of their
publication was not visible because the multiferroic properties of bulk o-YMO were not well
known. Recently, the interest in 0o-YMO film has known a revival with the observation of large
magnetoelectric effects in orthorhombic YMnO3 and HoMnOs3 [44]. Since then, the o-YMO
films were grown by epitaxial stabilization on several perovskite-type substrates:
> LAO
(100)-oriented [131] [116] [115] [132]
(110)-oriented [133] [134]
» STO
(001)-oriented [115] [116] [131] [132] [133] [135] [136] [137] [138] [139] [140]
[141]
(110)-oriented [133] [142] [140] [141]
(111)-oriented [139] [140] [141]
» Nb:STO
(001)-oriented [143] [144] [145] [146] [147] [148] [149]
(110)-oriented [147] [148]
LSAT(100) [136]
LaNiOs/STO(001) [135]
NGO(110) [131]
YAIO3(010) [150] [47] [151]
The main growing method employed was PLD, except for a few examples of o-YMO films

deposited by MOCVD [132] or ALD [116] [115]. The STO substrates with different orientations

YV V V VY

and Nb doped STO, equally used as substrate and bottom electrode, were found to be the most
common choice when growing o-YMO films, as seen above.

The crystalline domain structure, the magnetic behavior and the ferroelectric properties have
been extensively studied during the Phd thesis of X. Marti [152]. The author found that o-YMO

grown on STO(001) substrates presents two equivalent crystal domains 90° in-plane rotated with
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the epitaxial relationship: [001]ymo//[110]sto and [100]ymo//[110]sto. The epitaxial strain of
these domains is anisotropic: the [001] direction is fully relaxed while the [100] and [010]
directions are contracted and elongated, respectively and can be controlled by changing the Po2
during deposition, the film thickness or by annealings. The strain state acts on the magnetism:
relaxed films are antiferromagnetic while strained films present additionally a weak
ferromagnetic component. A splitting of the ZFC-FC magnetization curves was observed (see
Figure I.19a and b).

A similar behavior has been seen for o-YMO films on LAO(100) substrates [153]. The authors
have not discussed the ZFC-FC splitting, neither the kink at ~ 11 K and they only mention the
antiferromagnetic behavior below 40 K (see Figure 1.19c).

The group of Y. Tokura [150] [47] [151] have deposited a single crystalline o-YMO film (010-
oriented) on YAIO3 which showed an antiferromagnetic (AFM) transition at Tn=45 K with
weakly canted moments below Tn (associated with the ZFC-FC splitting).

Hsieh et al. [133] showed that for [200]ymo//[110]Lao and [002]ymo//[110]sto films, an AFM
transition (Tn ~ 40 K) is observed regardless the orientation of the applied field. Additionally, a

second magnetic spin reordering is observed at Tsr ~16—-18 K.
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Figure 1.19. ZFC-FC curves for YMO films on STO substrates measured with the magnetic field
applied in-plane (a) and out-of-plane (b) (from [152] ) and for a YMO film on LAO substrate (c)
(from [153])
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This appears only when the field is applied along the c- and b-axis and is absent when measuring
along the a-axis. However, in [010]-oriented o-YMO films on STO(001) substrates the AFM
occurs at Ty=44 K and TSR at ~28 K (a-c plane) and 18 K (b-axis). The authors argue that the
features of the second reordering may originate from the strain-induced lattice buckling and
associated canting of Mn moments.

On polycrystalline o-YMO, Munoz et al. [42] showed the existence of a spin-glass behavior
below 11 K, which has been associated with the disorder of the lattice introduced by the presence

of Mn** ions.
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This chapter is dedicated to the description of the experimental techniques used during the
present thesis: elaboration methods, structural and microstructural characterization, chemical
composition measurements and physical characterization methods. First, the elaboration
methods of the samples are detailed. Then, the structural and microstructural characterizations
are presented. Afterwards, chemical characterization techniques are briefly discussed. Finally,

the magnetic characterizations methods are described.
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2.1 Elaboration techniques

2.1.1 Pulsed-Injection Metal Organic Chemical Vapor Deposition
Basic Principle
Metal Organic Chemical Vapor Deposition (MOCVD) is a widely used technique for materials
preparation, such as semiconductors, oxides, superconductors, etc. with wide applications in
solar cell, LEDs, lasers, FETs, photodetectors, etc. The principle of the technique is defined as
“synthesis process in which the chemical constituents react in the vapor phase near or on a
heated substrate to form a solid deposit” [1]. Volatile compounds (called precursors) containing
the chemical elements of the material to be deposited are transported in vapor form via a carrier
gas (O2, Ar, Nz, Hy) to a heated substrate. If the precursors are not in the gaseous state, an
evaporation system based on heating is required. When they are coming in contact with the
substrate, complex chemical reactions take place. The solid layer is formed and the gaseous
residues are evacuated by a pumping system.
The steps during a MOCVD synthesis can be summarized as follows [2]:

* introduction of precursors (forced flow or injection for MOCVD)

e transport of precursors

» evaporation of precursors (if necessary)

» diffusion of gases through the boundary layer

e adsorption of reactants

* reaction on the surface of substrate

e desorption of the organic radicals

* elimination of residues
Pulsed Injection Metal Organic Chemical Vapor Deposition (PI-MOCVD) is a variant of
MOCVD deposition developed at LMGP laboratory by J.P. Senateur and is the subject of a
patent [3]. The major characteristic of this method is the sequential injection of very small
amounts (few mm?) of a liquid solution of solid precursors diluted in a solvent. The injected
microdroplets are evaporated instantaneously (flash evaporation) and the precise quantity is
computer controlled by means of a high speed micro electro-valve. The metal organic precursors
and the mixture formed with the solvent is transported by the carrier gas (argon + oxygen) into

the reaction zone where they are decomposed. The chemical reactions occur on the substrate [4].
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A complete investigation of the physical and chemical phenomena taking place in a PI-MOCVD
process would be lengthy and outside the scope of this work. The main concepts are summarized

in Figure IL.1.
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Figure I1.1 Simple schematic representation of the PI-MOCVD process leading to the film

growth starting from precursors.

As indicated by the name, MOCVD uses metal organic precursors (usually in solid form) which
are diluted in a liquid solvent. To provide an adequate decomposition and thermal stability, the
metallic organic precursors must have a good quality. Such reaction is needed in particular for
the separation of the solvent used for dissolving the solid precursors.

In the reaction zone, an important role is played by the concept of boundary layer (see Figure
II.1). The flow velocity of the fluid (gas) drops to zero at the surface of the substrate. This region

is the boundary layer and its thickness is given by the formula [1]:

t= i,where Re:&
R, M

With

R. = Reynolds number (characterizes the flow of the fluid)
p = mass density of the fluid
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ux = flow density of the fluid
x = distance from inlet to substrate

= viscosity of the fluid

Within this boundary layer, there is also a temperature and a concentration gradient of reactive
species. The thickness of the boundary layer is an important parameter related with the
deposition rate and the thickness of film. During deposition, the reactive gases and the produced
gases diffuse in opposite directions through the boundary layer. A nucleus having reached or
exceeded the critical size will grow by capturing the isolated atoms arriving from the gas phase
or those which diffuse in the surface. Three types of growth are possible: 2D Franck van der
Merwe (layer-by-layer growth), 3D Volmer-Weber (growth by island) or mixed 2D-3D Stranski-

Krastanov (mixed layer-by-layer and island growth).

Although it is a chemical technique, many physical phenomena (fluid hydrodynamic phenomena,
thermodynamics or chemical kinetics) take place which allows the control of deposition rate and

quality of the film.

Compared to other CVD techniques, the PI-MOCVD has several advantages:
® A good control of the thickness through the total number of injections
e (Control of the growth rate and vapor pressure through the injected volume and injector
frequency
e Deposition of precise multilayers due to the simple control of different injection sources
(simultaneously)

¢ Good stability of precursors due to the injection as microdroplets

Experimental setup

The films studied in this thesis were grown in two PI-MOCVD devices: a horizontal reactor,
where the precursors are inserted on a moving tape perpendicular to the vertical substrate, and a
vertical reactor where the precursors are injected directly into the chamber and then guided by

the carrier gases from the bottom to the upper part where the substrate is placed upside down.
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Horizontal reactor
The deposition chamber is represented in Figure I1.2. This device has a horizontal quartz tube

which can withstand high temperatures and low pressures, necessary during the film growth.
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Figure I1.2. Schematic of the horizontal PI-MOCVD system used for film deposition.

The precursor’s micro-droplets are injected in a cold zone on a moving transport belt where the
solvent is instantly evaporated due to the working pressure and recovered by the pump system.
The quantity of solid precursor lying on the conveyor belt is mechanically carried out into an
evaporation zone where the precursor vapors are produced. The vapors are then transported into
the reaction zone where they are decomposed and the chemical reactions take place on the
substrate. The substrate is placed on a graphite hot-wall susceptor, heated by a high frequency
generator. In this PI-MOCVD setup, a computer regulates the opening time of the injector, the
frequency of injection, and the speed of the conveyor belt [5].

According to their functionality, the experimental setup can be divided into several parts, as

illustrated in Figure 11.2:
> Injection
» Transport

» Evaporation
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> Reaction
» Deposition
» Evacuation

A brief description of each part is given in the following.

Injection

In this part, the injection of the solution (precursors and solvent) is performed. An
electromagnetic injector, depicted in Figure I1.3, inserts a quantity of matter of about several mg

in the deposition chamber.

argon entry

reservoir

0
/|

/ .—injector

electrical

“——spray ti
connection praytip

Figure I1.3. Precursor injection system (from [6] ).

It is supplied with a voltage of 12 V, commanded by a computer through a microvalve which
determines the frequency and duration of the injector opening. An Ar pressure of 1.5 bar is
maintained inside the reservoir allowing for the solution to ascend into the injector. This type of
injector is identical to the modern car injectors used to inject fuel.
a. Transport

After the injection, the solution (precursor and solvent) droplets arrive into the deposition
chamber. The solvent evaporates instantly due to the low vapor pressure that exists inside. The
solid precursor reaches a rough stainless steel transport belt (conveyor) located below the

injector. At the extremity of the deposition chamber a mixture of Ar and O, called carrier gas, is
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introduced in order to transport the gaseous precursors to the substrate. A computer coordinated
engine, supplied with a voltage of 4 V, determines the moving rate of the tape and consequently
the amount of material that arrives in the evaporation zone.
b. Evaporation

The evaporation of the metal organic precursor is achieved via the temperature which should be
higher than the vaporization temperature of each separate component. The precursor
decomposition is ensured by two resistive heaters, one inside and one outside the quartz tube.
The interior heater is placed under the transport tape and is represented by a rectangular piece
made of stainless steel with dimensions of 3.3 cm x 8.3 cm. The exterior heater is spooled on a
quartz tube that glides on the outside of the main quartz tube. It ensures a resistive heating and is
powered at 220 V. A quartz nozzle is located at the end of the evaporation zone to accelerate the
reactive gas species transport after the thermal decomposition.

c. and e. Reaction and Deposition

In this type of PI-MOCVD device, the chemical reactions (see Figure II.1) are initiated and
maintained by the addition of thermal energy by a copper high frequency (HF) coil heater. The
gas flow together with the reactive species reach the substrate surface perpendicularly, which
rests on a circular stainless steel plate inside a cylindrical graphite susceptor. The plate is welded
to a steel rod inside of which is introduced the thermocouple for the substrate temperature
measurement. To ensure the thermal conduction between substrate and sample holder, silver
paste is used as gluing agent. The susceptor (and therefore the substrate) temperature is
controlled by a regulator linked to a HF power supply. As a result of chemical reactions activated
by temperature, the film is deposited on the substrate.
f. Evacuation

The reaction residues resulted from the deposition are evacuated through the pumping system.
These residues are mostly composed of carbonates, organic parts or precursor which did not
react, water, etc. The two pumping outputs are designed to collect the gases and to condense
them with the aid of a liquid nitrogen trap. The pressure is controlled by a primary pump (vane
pump) connected to a pressure controller (throttle valve) located at the pump inlet which

maintains a constant pressure during the deposition (5 Torr).
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Vertical reactor
The principle of the film deposition presented for horizontal reactor remains valid in the case of

the vertical reactor. A picture of the experimental device is shown in Figure I1.4.
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Figure I1.4 Picture of the vertical PI-MOCVD setup.

The precursor solution is injected at the bottom of the reactor with the same injector type, then
the solvent and the solid precursors are volatilized. The resulted gases are transported toward the
reaction zone by the aid of Ar and O2 flow which enters on the lateral sides of the injection zone.
The substrate, oriented perpendicularly to the reactive flow, is heated by a resistive heater. The
reaction residues resulted from the deposition are evacuated through the pumping system placed
at the top part of the reactor. Another pumping output is located at the other extremity (bottom)
of the reactor and is used to purge the system from top to bottom before and after deposition in

order to avoid the contamination of the film surface. The pressure regulation is carried out by a
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throttle valve located upstream of a vane pump. The pressure can be regulated between 7.5:107

and 10 Torr.

2.1.2 Pulsed laser deposition

In order to be able to do a comparison with our chemical deposited samples, a physical
deposition technique by PLD was employed for a few samples. The depositions were made at the
National Institute for Laser, Plasma & Radiation Physics (INFLPR) in Laser-Surface-Plasma
Interactions Laboratory (Lasers Department) in Magurele, Bucharest, Romania.

Pulsed laser deposition [7] is a physical vapor deposition process which consists in focusing a
pulsed laser onto the target material to be deposited. A typical PLD system is shown in Figure
ILS.

Incident laser beam vacuum gauge

mirror

substrate .
rotating target

AN N

substrate holder ta?get holder

gas inlet

Figure I11.5. PLD schematic setup [8].

Each laser pulse ablates a small quantity of the target material creating a plasma plume. The
ablation plume provides the material flow for the film growth. The stoichiometry of the target is
usually transferred to the film, making this technique very compelling for the deposition of
complex oxides. Generally, the phase of the target does not need to be the same as that of the
film (only the stoichiometry needs to be the same). As a main requirement, it is highly preferred
to have very dense target materials. To ensure a homogenous ablation, the target is rotated during
the deposition. Efficient ablation of the target requires the laser pulse to be short in duration, high

in energy density, and well absorbed by the target material. In PLD, a background gas is often
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introduced and serves, on one side, in the chemistry of the film, at the formation of reactive
species (e.g., O> for oxides), and on the other side to reduce the kinetic energies of the ablated
species as the interaction with the ambient gas slows the ablation plume expansion. Each ablation
pulse typically provides an amount of material for the deposition of a submonolayer of the
desired phase. However, the film growth rate (typically between 0.001 to 1 A per pulse) will
depend on multiple factors, including target—substrate separation, background gas pressure, laser
spot size and laser energy density. In some cases, the control of the film growth is done in-situ

using the reflection high-energy electron diffraction (RHEED) characterization.

In our experiments, a pulsed KrF excimer laser beam (A = 248 nm, 1=25 ns and 3 Hz) is
deflected, focused and guided into the vacuum chamber through a series of optical elements
(mirrors, focusing lenses, windows) and then onto a rotating solid YMO target at an angle of
incidence of 45° with a fluence of 2.5 J/cm?. The substrate is stick to the holder by silver paste or
by metallic clips and placed at 5 cm away from the target. The substrate temperature is set to 800
°C during the deposition (measured by a thermocouple placed in the heater block and regulated
by a PID system). The number of laser pulses, which controls the film thickness, was kept
constant at 10000 pulses for all depositions. The reaction chamber was evacuated to a residual
gas pressure between 10 and 107 Pa prior to deposition. During the laser ablation, followed by
the vaporization of the target material and deposition onto the substrate, oxygen is introduced

into the chamber.

2.1.3. Solid state reaction technique

The solid state reaction technique is the most common method used for the elaboration of
polycrystalline solids. Its principle is based on the solid state diffusion, (i.e. transport of atoms in
solid phases). The precursors (reagents) are solid materials which are weighed according to the
required amounts and then mixed. The mixing and grinding are either done manually (for small
quantities) with the aid of an agate mortar and a pestle or mechanically using a ball mill.
Sometimes, acetone or ethanol are added to facilitate the homogenization, then are afterwards
evaporated. The purpose of these processes is to obtain fine grain powders in order to maximize
the surface contact area between particles. The quantity of crystallites in intimate contact may be

increased by pelletizing the powders using a press. Diffusion is controlled by the Fick’s first Law
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dc
J=—-D—
ox

where J is the atom diffusion flux, D is the diffusion coefficient, ¢ is the concentration and x is
the position.

The reaction containers (crucibles) must withstand the high temperatures and to be chemically
inert to the reactants. They are usually made from alumina, silver, gold or platinum. The
atmosphere is also critical. Depending on the nature of the compound to be synthetized,

oxidative, reductive, inert, etc., a gaseous atmosphere or vacuum is needed.

The solid-state reaction route was used to prepare h-YMO samples (stoichiometric and non-
stoichiometric) as references for different measurements and h-YMO targets for PLD
experiments. Powder precursors of Y203 and Mn2O3 (99.99% purity) have been weighed out in
the required amounts and manually mixed in an agate mortar. Occasionally, some amount of
alcohol was added to the mixture to aid homogenization. After the complete homogenous mixing
of the precursors and volatilization of the liquid the powder was pressed into pellets applying
pressures up to 5 tons. Subsequently, the pellets were sintered in a furnace at 900 °C for 72 hours
and afterwards at either 1200°C or 1400°C for 48h or 96h in normal air. Black h-YMO samples

have resulted which were then characterized.

2.1.4 Single crystal growth
Single crystals of h-YMO, used as reference for Raman spectroscopy and magnetic

measurements, were grown previously by floating zone in LEMA laboratory at Tours.

2.2 Characterization techniques

2.2.1 Structural Characterization

2.2.1.1 X-ray diffraction

X-ray diffraction (XRD) is a non-destructive characterization tool which offers valuable
information concerning the crystallinity, the nature of the crystalline phases present in the films,
the preferential and epitaxial orientation, the lattice parameters, the grains size, stress, etc. The
principle of XRD is well known [9] and will not be discussed here. Essentially, XRD is based on

the constructive interference of a monochromatic X-ray beam scattered by a periodic
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arrangement of atoms in a crystal. The interaction X-ray — sample produces a constructive
interference when satisfying Bragg's Law (2d sin 8= n)) thus giving rise to a peak in the XRD

pattern. This peak corresponds to a family of planes, indexed by Miller indices.

A diffractometer is composed roughly of three parts: a X-ray source, a goniometer and a
detector. The X-rays are generated by a cathode tube, then filtered to provide a monochromatic
radiation, collimated and then directed towards the sample. The diffracted X-rays are then

detected, processed and counted.

An important application of the XRD is the identification of the phases present in a sample. Each
crystalline phase has a unique diffractogram because the line positions depend on the interatomic

distances and the line intensities depend on the arrangement of atoms in the crystal.
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Figure I11.6. XRD phase identification with EVA software.

The phase identification consists in comparing the experimental pattern, corresponding to

different d-spacing and intensities, with a powder diffraction reference data, existing in databases

(e.g. Joint Committee on Powder Diffraction Standards - JCPDS) [10]. This search was done, in

our case, with the "Diffrac Plus EVA" software (17.0) from Bruker. One example of phase
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identification is shown in Figure I1.6. The position of the diffraction peaks in the experimental
XRD pattern, marked in black, corresponds perfectly with the position of the diffraction peaks of
the compound existing in the database, marked in red. Also, it can be noticed that the
experimental peak intensities and those listed in the database match closely. Prior to data
processing, in the case of our films, the diffractogram is calibrated in 20 relative to the substrate
peaks. This avoids any x-offset or sample displacement in height (z-offset).

Another common application of XRD is the calculation of the crystallite size based on the profile
analysis of the diffraction lines. In theory, the diffraction lines should be extremely narrow, but
due to the instrumental contribution (finite size and monochromaticity deviations of the X-ray
source, axial divergence of the beam, etc.) and sample contribution (finite crystallite size,
microstrain, defects, etc.) these profiles present usually a width characterized by the full width at
half maximum (FWHM). The Scherrer equation allows the determination of the crystallite size L
(in nm):

L= B ,ZKC/Z;S 0

Where K is a constant (usually 0.9), A (A) is the radiation wavelength, Bi,2is FWHM (in rad) and
0 (in deg.) is the incidence angle.

Depending on the sample type and the desired information several scan types and geometries are

available.

0-20 scan

In the 0-20 geometry, as it is in our case, the X-ray tube is stationary, the sample moves by the
angle 0 and the detector simultaneously moves by the angle 20 (see Figure II.7). The distance
between the X-ray focal spot and the sample is equal to the distance from the sample to the
detector. In this type of configuration only the planes parallel to the sample surface are probed
(marked in green in Figure 11.7). In the case of crystalline powders, by scanning the sample
through the whole 20 angle range, all diffraction planes having different Miller indices are
diffracting due to the random orientation of crystallites. In the case of epitaxial or textured films,
the 0-20 scan reveals only some families of planes (i.e. those parallels to the sample surface). In
this case, complementary XRD measurements (e.g. grazing incidence, rocking curve) or other

techniques are necessary in order to have a complete picture of the sample.
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Figure I1.7. Schematic diagram of 8-20 scan setup.

The crystalline structure of the films was investigated using a Bruker D8 Advance diffractometer

with monochromatic CuKal radiation (A = 1.5406 A) and a LynxEye 1 dimension detector. The

measurements were done at 40 kV and 40 mA and were carried out between 10° and 90° in 20

range with a step size between 0.011° and 0.022° and a scan speed between 1s and 2s.

Grazing incidence XRD (GIXRD)

X-ray diffraction measurements of films using conventional 6-20 Bragg-Brentano geometry

generally provides a weak signal from the film and an intense signal from the substrate

especially if the film is very thin (see Figure 11.8).

— GIXRD
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Figure I1.8. Comparison between 0-260 scan and GIXRD geometry.

To overcome this issue, a 20 scan with a fixed grazing incidence angle (fixed 6), commonly

known as grazing incidence X-ray diffraction (GIXRD) can be more useful. The value of the
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fixed angle is generally chosen to be slightly above the critical angle ®. of the film material,
leading to total reflection. Besides the fact that the film/substrate signal is enhanced, this
geometry allows to probe the planes non-parallel to the specimen surface. For GIXRD
measurements, a 60 mm parabolic mirror was used in order to obtain a monochromatic radiation
(Acuko=1.54184 A) and a parallel incident beam (with a divergence less than 0.05° in 20
direction). The angle of incidence (in the range 0.325° - 0.5°) was set to maximize the signal of
the layer; a 2x2mm slit and a collimator (0.23° divergence) with a scintillator OD detector were
used to perform a scan in the 20 range between 15 — 90° with a step size of 0.06° and a counting
time between 47 and 87 s.

X-ray reflectivity

X-ray Reflectivity (XRR) is a technique which uses the scattering of X-rays at very small angles.
It permits the measurement of film thickness, roughness and density through the characterization
of the electron density profiles. For X-rays, the refractive index is slightly smaller than 1, which
gives rise to the phenomenon of total reflection for angles of incidence less than a critical angle
oc, called the angle of total reflection (in the range of a few fraction of a degree). Beyond ., a
part of the incident beam can penetrate into the medium and will be reflected by the different
interfaces giving rise to interference fringes. The period of the interference fringes is related to
the thickness of the layer (or layers in case of multilayers). The slope of the curve gives
information on the roughness of the interfaces, and the value of the critical angle is related to the
density of the material. The typical range for XRR measurements is between 0 < 6 < 5°. A
standard example of XRR profile and the corresponding characteristic parameters of the film is
shown in Figure I1.9.

The reflection of the X-rays from the surface of the sample is obtained with a Siemens D5000 X-
Ray Diffractometer (Cu X-ray source with Gobel parabolic mirror and scintillation detector).
The 26/ XRD measurements were performed between 0° and 6° (in 20 scale) with a step of
0.002° and 40 s by step. Aw (0-0) was kept at 0.044°. Using the simulation Leptos software
(6.02) from Brucker for the reflectivity pattern, an accurate calculation of thickness, roughness,

and layer density for both crystalline and amorphous thin films and multilayers can be obtained.
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Figure I1.9. Relation between the profile of the X-ray reflectivity and the corresponding
parameters of the film (from [11]).

The graphical user interface automatically fits measurements using sample models input [12].
Figure I1.10 shows an example of a Pt film on a Si substrate and how the thickness and
roughness variation affect the simulated curve shape (in blue). By changing the fitting

parameters (roughness, thickness) we can reach a good overlapping between the experimental

and calculated patterns.
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Figure I1.10. Experimental XRR curves (in black) and the fitting profiles obtained using the
Bruker Leptos software package for a Pt film on Si substrate [13].
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Reciprocal space mapping (RSM)

High resolution XRD coupled with Reciprocal Space Mapping (RSM) provides the most
complete set of information for the analysis of strained films. The resulting data is a 2D map of
the reciprocal space of the sample. These maps plot the diffraction intensity distribution using
multiple scans in order to observe both the film and substrate peaks. RSM were generally
measured (position and shapes of the reciprocal lattice peaks) by scanning the 260 and ® axes in
the scattering plane with fixed y and ¢ values (see Figure II.11) in symmetric and asymmetric

RSM co-planar geometry.

| - | Normal to sample surface
Asymmetric RSM :

- skew geometry- Asymmetric RSM
(tilted with y-axis) bl - co-planar geometry-
ik (tilted with w-axis)

W

Incident X-ray

ln-pl:ane RSM ‘
Figure 11.11. Schematic of the RSM geometry (from [14]).

The RSM data were measured with a RIGAKU Smartlab diffractometer equipped with a 9kW
rotating anode Cu source (45kV and 200mA). In order to obtain a monochromatic parallel x-ray
beam, a particular optics is needed before the sample: a 1D parabolic mirror, a Germanium
monochromator (400)-oriented with 2 reflections, a mask of 2 mm and a 0.6 mm slit. The
obtained beam (Akq1 =1.506 A) dimensions are about 2 mm x 0.6 mm. During acquisition, the
sample was fixed on the sample holder with a droplet of ethanol. After the interaction of the X-
rays with the sample, two 1.0 mm x 10.0 mm slits, a 2.5° Sollers slit, an automatic attenuator and
a point detector were used. Symmetric and asymmetric peaks were scanned as shown in Figure
I1.12. For example, the RSM of the 004 reflection (symmetric) was obtained from several 26-®
scans. These scans have different o offsets, ranging from -1° to 1° with a step of 0.05°, from the
symmetric position (0=26/2).
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Figure I1.12. Symmetrical and asymmetrical scan representation (from [15])

Rigaku 3D explore software version 3.0.1.0 was used for data processing and allows in particular

to convert 26-® maps in h-I1 maps.

2.2.1.2 Raman spectroscopy

Raman spectroscopy is a non-destructive spectroscopic analysis method. The basic principle of
the Raman effect is the inelastic scattering of the light. When the light (usually
monochromatic light from a laser) encounters matter, the photons are shifted in either higher
(Stokes shift) or lower energy states (anti-Stokes shift), depending upon the state of the molecule
under study (see Figure I1.13). This shift, measured in a Raman spectrum, provides information
about vibrational, rotational and other low frequency transitions in molecules. The major
applications of this technique in material science are: phase identification, including distinction
between polymorphic forms, crystallinity, phase transitions, stress characterization, superlattice

structure, distinction between bonds etc.

The Raman spectra in the present work were collected using a Jobin Yvon/Horiba LabRam
spectrometer. Experiments were conducted in the micro-Raman mode in a backscattering

geometry.
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Figure 11.13. Schematic diagram of the Raman effect showing the states involved in Raman
signal. The line thickness is depicted depending on the intensity of different transitions (from

[16]).

The Ar* ion laser beam (A=514.5 nm) - giving the best ratio for the film /substrate signal - was

focused on a 1 um?

area, with intensity close to 0.35 mW on the sample surface to avoid
structural transformations due to overheating. Spectra were recorded in unpolarized mode with
an instrumental resolution of 2.8 + 0.2 cm™ and were calibrated in wavenumber using the Si
spectrum at room temperature. The phase identification is mainly performed by comparison with
the existent data from the literature (few database are available). The Raman lines were fitted
with Lorentzian profiles using Origin software after subtraction of the baseline with the Labspec
software of Jobin Yvon/Horiba. The quantities fitted were: mode position, FWHM of the peak,

peak area and background.

2.2.2. Microstructural and surface characterization

2.2.2.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful surface characterization technique of
materials. Depending on its accessories, it can provide complementary information such as
chemical composition (energy dispersive X-ray - EDX), crystalline domain (Electron backscatter
diffraction - EBSD) or cathodoluminescent properties (CL-SEM). Its basic principle consists in
the emission of electrons from a cathode and the detection of signals from the interaction of
electrons with the sample (emission of secondary electrons, backscattered electrons and X-rays).

The electrons emitted by the cathode gun are accelerated from top to bottom and focused through
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a series of electromagnetic lenses and apertures to produce a convergent beam on the sample
surface. To avoid any collision, which would result in a decrease in energy and beam intensity, a
high vacuum is required along the path of electrons. Then the electrons bombard the sample
surface and penetrate to a certain depth into the material producing different signals (electrons,
photons) collected and sent to the detectors. The volume affected by the electrons depends on the
average atomic number of the sample elements and the electron energy (fixed by voltage). Two
signals are often used to generate SEM images: secondary electrons (SE), most valuable for
morphology and topography contrast, and backscattered electrons (BSE), most valuable for
composition contrasts in multiphasic samples. For SE the penetration depth is from 10 to 100 nm
while the BSE are emitted from much larger depths (~ 1 pum). Another common signal is
represented by the X-ray photons used for qualitative and quantitative elemental analysis

(EDX).

The morphology, chemical composition and thickness of the films presented in this work were
analysed in SE and BSE mode, using an environmental scanning electron microscope QUANTA

FEI 250 ESEM FEG, equipped with an EDX detector.

2.2.2.2 Transmission electron microscopy (TEM)

The TEM is a destructive technique for the local study of the crystallinity, topography,
morphology, and composition (EDX-TEM) of samples. Currently, TEM has the most powerful
magnification of all microscopes, over one million times and a resolution close to 1 A.

The principle, similar to optical microscopes, consists in using a high energy electron beam
transmitted through a very thin sample (<100 nm) to image the materials with an atomic scale
resolution. The electrons are accelerated at several hundred kV which give them a very small

wavelength (at 200kV A=0.025A).

Along their passage, before and after specimen, the electrons are focused with a complex system
of electromagnetic lenses and the image is captured by a CCD camera. All TEMs have two basic
operation modes: image mode and diffraction mode. Other modes are available depending on the
type of the microscope: high resolution TEM, bright-field/dark-field imaging (at intermediate
magnification), EDX, electron energy loss spectroscopy (EELS), annular dark-field imaging

(ADF) and scanning TEM (STEM).
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In the diffraction mode, the electrons are scattered almost elastically by the atoms (both electrons
and nuclei) of the studied material. In a way, it is similar to XRD, however, due to their small
wavelength, the scattering angles are very small comparing to those of XRD (0<6<2). The
obtained pattern depends on the d-spacing and composition of the specimen. If the sample is
made of an amorphous material (Figure II.14.a), then the ED pattern consists of one bright small
ring and two or three faint bigger rings (sometimes not visible at all). In the case of randomly
oriented (Figure 11.14.b) or textured polycrystalline (Figure II.14.c) samples, the pattern presents
well-defined concentric rings or arcs respectively. For single crystals (Figure I1.14.d), a regular
arrangement of spots satisfying the Bragg relation will result. Whatever the crystalline structure,
each ED pattern has a central bright spot representing the transmitted beam (in order to not
saturate the image, a beam stopper is used when needed). Selected Area Electron Diffraction

(SAED) is usually used to limit the diffracting sample volume by using diaphragms (small

aperture in the image plane of the low object lens).

Figure I1.14. Typical ED patterns obtained from: a) amorphous YMnQ3; b) polycrystalline Au;
c) textured YMnQO3; d) single crystalline Y467(Si04)30 grain.

In the present thesis, detailed structural characterizations of the films were carried out by TEM
observations with a JEOL 2010 microscope operated at 200 kV with a beam current of 110 pA
(0.19 nm resolution). The TEM was operated in several working modes: HRTEM, bright-field
and dark-field and SAED (with or without precession). A coupled EDX detector was used for
chemical quantification.

The Digital Micrograph software from Gatan Microscopy Suite was used for data acquisition and

image processing (thickness and d-spacing measures, image filtering, FFTs).

Diffraction ring profiler software was used for extracting 1D ED patterns from 2D ED profiles

(scattering vector or d vs. intensity) allowing direct comparison with 6-20 XRD patterns.
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Carlne software was used to compare the experimental data with simulated structures in real and
reciprocal space. It offers a 3D modeling of crystalline structures and analysis modules such as:
stereographic projections, XRD on powders and single crystals, reciprocal lattices in 3D and 2D,
a dedicated module to electronic diffraction, interactive bond and polyhedron searching, distance

indications etc.

For cross-section TEM analysis, the samples were prepared by mechanical polishing (tripode
technique) perpendicular to the film, using diamond lapping films to achieve a sample thickness
of around 10 pum. The final thinning was performed by the precision ion polishing system (with
milling angle £7° at 3.2 KeV) in order to obtain large electron transparent area, down to 100 nm

thick.

2.2.2.3 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a scanning microscopy which permits the topographical
analysis of samples with very high resolution (in nm laterally and in Ain height). AFM operates
by measuring the force between a sharp probe (tip) and a sample placed at a very short distance.
The probe is situated on the end of a cantilever which acts like a spring. The movement of the
probe above the sample surface is controlled using a feedback loop and piezoelectronic scanners.
When the probe’s tip is brought into the proximity of the sample surface, the cantilever is
deflected due to the forces between the tip and the sample. The deflection is measured via a
laser, reflected to a photodiode and then converted into the image. Depending on the nature of
the forces between tip and sample, there are several working modes:

-contact (repulsive force)

-non contact (attractive Van der Waals force)

-tapping (short-range repulsive and long-range attractive forces)

Our measurements were carried out on an AFM Nanoscope II Digital Instruments in tapping
mode with a Si3Ny tip probe. This has permitted us to observe the surface topography and to

measure the root mean square roughness.
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2.2.3 Chemical composition analysis

2.2.3.1 Energy-dispersive X-ray spectroscopy (EDX)

EDX is a chemical analysis technique used to measure (qualitatively and quantitatively) the
chemical elements of a sample. It relies on the interaction of the electron beam and the sample.
The EDX is performed in conjunction with Scanning Electron Microscopy (SEM) or
Transmission Electron Microscopy (TEM). When the electrons strike the surface of a sample
(SEM) or of a thin film (TEM), they generate X-ray emissions from the irradiated material. The
energy of the X-rays (emitted photons) is characteristic to each element present in the examined
material and gives an EDX spectrum characteristic of the sample.

In the case of an EDX-TEM spectrum, a special absorption correction is required due to the
small specimen thickness. The EDX-TEM quantification algorithm for thin materials is based on
the Cliff-Lorimer method and neglects the absorbance and fluorescence. For a bi-elemental
specimen, the Cliff-Lorimer equation [17] relates the compositions of the constituent elements
Ca and Cg to the measured characteristic X-ray intensities Ia and Ip as:

Cay In

c, "I,

where kap is the Cliff-Lorimer factor, which can be determined both theoretically and
experimentally. In this approach no reference material is needed.

Although the resolution of the EDX is around 150 eV, various factors limit the accuracy of the
final quantitative result: elements with overlapping peaks (e.g. Mn Kp and Fe K,), sum peaks
(e.g. Si at 2 Ka = 3.48 keV), sample nature (inhomogeneous or rough samples give lower quality
results), etc. It is important to note that light elements (Z < 11) cannot be routinely analyzed by
EDX.

EDX measurements were performed on either QUANTA 250 ESEM FEG (usually at 15 kV) or
JEOL 2010 (at 200 kV) microscopes.

2.2.3.2. Electron probe microanalysis (EPMA)

EPMA is a specialized technique of quantitative micro analysis. It works on both bulk and film
samples. Its concept, similar to EDX, consists in bombarding a few microns volume of a sample
with an electron beam and collecting the X-ray photons emitted by the elemental species

contained in the sample. The wavelengths of these X-rays are characteristic to each chemical
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element so the sample composition can be easily identified by wavelength dispersive
spectroscopy (WDS). WDS spectrometers are based on the Bragg's law of diffraction to separate
the X-rays. For a quantitative analysis, standards containing the chemical elements in the
samples are used. The accuracy of the EPMA technique is about 1% or in the range of ppm
depending on the atomic number Z of the element. Compared to the EDX method, the resolution

of the WDS system is far superior (see Figure I1.15)
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Figure I1.15. Spectral resolution and sensitivity of the WDS (in red) compared to EDX (in blue).

The overall atomic compositions and the thicknesses of the films were determined using a
CAMECA SX50 microprobe equipped with four WDS crystals and one EDX spectrometer from
the Materials Characterization Center of Grenoble INP (CMTC). Unlike the case of EDX
measurements, for which the samples do not require any preparation, in this case, the samples
were previously coated with a few nanometers of C layer and stick with silver conductive
adhesive on the sample holder. YPO4 and MnTiOs3 references were used for quantitative analysis
of Y and Mn or O respectively. Si, SrTiOs;, LaAlOs; and (LaAlO3)o3(Sr2AlTaOg)o.7 substrate
references were also used. Several areas were measured for each film at three different
acceleration voltages in the range 10 to 20 kV.

The commercial software STRATAGem was used for data processing. The conversion of
measured X-ray intensities to concentrations and thickness are performed by analytical (iterative)

algorithms. The calculation is based on modeling of the layers architecture (stacking, estimated
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thickness), previously defined by the user.

The technique requires measurements at different electron energies E and analysis of measured
K-ratios (ratio of the intensity Isample/Istandard) 1In order to eliminate instrumental parameters. For
the different acceleration voltages the electrons are penetrating more or less in the sample. Then,
the K-values are plotted against E and fitted by use of calculated K-values with the thickness and
composition as free parameters [18]. Figure 11.16 shows an example of the K-ratio vs. E plot for
a Bi-Sn-Ti-Se-O thin film sample on Si calculated with STrataGEM using intensities measured
at7,11 and 15 keV [19].
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Figure 11.16. a) Dependence on primary electron energy of measured K-values and b) sample

description used for the iterative algorithms for the Bi-Sn-Ti-Se-O layer on Si substrate.

2.2.4 Physical characterization: SQUID magnetometry

The superconducting quantum interference device (SQUID) detects and measures the magnetic
moment of the sample from which the magnetization and magnetic susceptibility can be
determined. The operating principle is based on the tunnel effect of the superconducting current
carriers (Josephson effect) subjected to a magnetic field through the insulating junctions. The
amplitude of this current is a periodic function depending of the magnetic flux in the junction.
The measurement is carried out by displacing the sample with a frequency between 0.5 and 1 Hz
along the longitudinal axis around which the detection coils are located. As the sample moves
through the coils, its magnetic moment generates an electric current variation (and thus an output

voltage) proportional to the change in magnetic flux.
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Magnetization measurements were performed at the Néel Institute (Magnetometry pole) on a
SQUID MPMS magnetometer from Quantum Design. This device can measure very low
magnetizations (10 emu), under external magnetic fields up to 5 Tesla and a temperature range

between 2 K and 400 K. A typical prepared sample is shown in Figure I1.17.

Figure I1.17. Prepared sample for SQUID measurements.

The sample is initially placed in plastic wrap and then inserted through the two cuts carried out
on both sides of a straw, parallel to its axis. The signal generated by the sample holder (straw and
plastic film) and the substrate has been subtracted from the total measured signal (when
possible). The remaining signal corresponds, thus, to the bare film. However, several precautions
have to be taken when removing the substrate contribution. The data acquisition was performed
as follows. The temperature dependence of the magnetization (M(T)) curves in zero-field-cooled
(ZFC) and field-cooled (FC) mode was studied in the 4-300 K temperature range with an applied
in-plane field of 500 Oe. The magnetization curves as a function of the magnetic field (M(H))

measurements were recorded between —50 and +50 kOe at 5 and 300 K.
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The growth of YMnOs films by MOCVD and PLD on Si, STO, LAO and LSAT substrates is
presented in this chapter. Among the large number of experimental parameters specific to the
deposition techniques, we have chosen to study in more detail the influence of the deposition
temperature, the composition of the solution, the film thickness and oxygen pressure (in the case
of PLD). In the purpose of optimizing the deposition conditions, the accurate determination of
the parameters was necessary. The methods used are compared and discussed. The complete

characterization of the YMnOs films will be studied in the following chapters.
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High-quality YMnOs films are essential for the integration into new devices, but also for the
fundamental study of the structural and physical properties. As seen in Chapter 1, the choice of
appropriate substrates is important in the selective growth of hexagonal or orthorhombic YMnOj3
phases and in the film epitaxy. In the case of YMnOs films deposited by MOCVD, several
additional factors are also important: the choice of deposition temperature, the composition of
the injected solution, the system pressure and atmosphere, the precursors, the evaporation

temperature etc. Some of them are discussed in detail in the following.

3.1 The choice of the substrate

In this thesis, the influence of the substrate on the structural and physical properties was among

the studied items. Therefore, several substrates were chosen in the deposition of YMO films.

On the one hand, non-constrained films were deposited on Si. From the applications point of
view, the YMO films on Si substrates have gained a particular interest since they have been
reported as new candidates for nonvolatile memory devices [1]. Moreover, the Si substrates have
the advantage of being low cost (compared to the perovskite-type substrates required for
epitaxial growth) making them very convenient for optimizing the deposition process. For this
reason they are used in a first step of elaboration. Si (100) wafers from Crystec (a= 5.43 A) were

cleaved into sections of approximately 1 cm x 1 cm and used as substrates.

On the other hand, epitaxial films with different strain values were grown on (100)-oriented

SrTiOs3 (STO), LaAlO3 (LAO) and (LaAlO3)0.3(Sr2AITaOe)o7 (LSAT) substrates from Crystec.

These substrates, with cubic perovskite structure (except LAO which is approximated with a
pseudocubic one), are widely used for growing rare earth manganese oxides and stabilizing the
orthorhombic phase, as previously seen in the state-of-the-art in Chapter 1. A lattice mismatch

less than 10% allows epitaxial growth with one or more domains.

The lattice constant of the substrates are 3.792 A for LAO [2] (pseudocubic), 3.872 A for LSAT
[3] and 3.905 A for STO [2]. The bulk lattice parameters of the 0-YMO phase are: a=5.8361 A,
b=7.3571 A and ¢=5.2580 A [4]. It can be observed that even though the cell parameters of the
substrates are very different from those of the o-YMO phase (direct comparison), it appears that
the value of the substrate unit-cell diagonal is close to either a or ¢ 0-YMO lattice parameter and

also b/2 o-YMO is close to the a lattice parameter of the substrates. According to these
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observations and to our experimental results, several orientation relationships are possible. Three

of them are illustrated in Figure III.1:

» orientation 1: [010]ymo//[100]st0, [101]ymo//[010]sT0
» orientation 2: [101]ymo//[100]st0, [10-1]ymo0//[010]sT0
» orientation 3: [101]ymo//[100]sto0, [010]ymo//[010]sto

Figure I1l.1 Schematic 3D representation of the orientation relationships of YMO on STO.

Orientation 2 and 3 correspond to 90° in-plane rotated domains and have equivalent mismatches.

Briefly, the orientations in Figure III.1 can be simplified as having bo-ymo in-plane (2 and 3) or

out-of-plane (1). The corresponding mismatch values along a given direction is calculated as

f=100- (dsubstrate-do-ym0)/do-ymo and are shown in Table II.1. For example, in the case of 0-YMO

films grown on LAO substrate the mismatch along the [010] of the film is fo10=100-(doo1LA0)-
do20cymoy)/do20cymo)=100-(3.792-3.6785)/3.6785=3.08%. It seems that the growth along b-axis (b

out-of-plane) is well accommodated for the STO substrate, while for the LAO substrate, the b-

axis within the in-plane direction is more favorable.

Substrate Lattice Substrate Mismatch (%)
parameter [A] diagonal (011) [A] b in-plane b out-of-plane
Jor Jio1 Ji00 Joor
LAO 3.792%* [2] 5.362 3.08 -2.93 -8.12 +1.98
LSAT 3.872 [3] 5475 5.26 -0.88 -6.19 +4.13
STO 3.905 [2] 5.522 6.15 -0.03 -5.38 +5.02

Table I11.1 Lattice mismatch between the STO, LAO (*pseudocubic) and LSAT substrates and

orthorhombic YMO phase (see definitions in the text).
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Several attempts have been made on cubic MgO and yttria-stabilized zirconia Y203 (15%): ZrO»
(111) (YSZ(111)) substrates from Crystec. These substrates are suitable for epitaxial growth of
hexagonal YMO phase (a=6.1453 A, c= 11.3714 A [5]). Indeed, YSZ(111) (a=5.12 A), has a
good lattice agreement with YMO (fo01=2.4%) with the following epitaxial relations [6]:
(0001)ymo//(111)ysz and (1-100)ymo//(1-10)ysz. In the same manner, YMO(0001) was grown on
MgO(100) (a=4.21 A) with a strain factor of -0.29% [7]. The results are shown in Appendix A.

The experimental protocol followed for all deposition processes involves the cleaning of
substrates with acetone and ethanol in an ultrasonic bath for 10 minutes each, and subsequently
their drying using a nitrogen flow. Note that after this step, a native oxide layer of SiOx exists on
the Si substrate. Because of the large lattice mismatch, which does not allow an epitaxial growth
of the YMO phase on Si, the removal of the native SiOx layer was not considered necessary. The
substrates thus prepared were glued with silver paste in order to ensure the thermal conductivity
with the sample holder. Because of the high temperatures used in the deposition chamber, silver
contamination, particularly on Si substrates, was sometimes detected by XRD, EPMA and EDX

analysis. All of these samples were generally disregarded for further characterizations.

3.2 MOCVD deposition

In this section, the influence of the deposition conditions on the quality of the YMO films grown
by PI-MOCVD has been studied, with regard to the parameters optimization. A particular

interest is given to the YMO films on Si substrates.

The previous theses conducted in our laboratory on the rare earth manganites [6] have allowed us
to conserve or adapt certain parameters. From the work of 1. Gelard [6] we have preserved the
type of precursors and solvent as well as their total concentration, the total pressure in the reactor
and the injection parameters (injector opening time and injection frequency). From the work of
C. Girardot [8] on the horizontal reactor, we have retained the evaporation temperature and the
in-situ annealing parameters (time and atmosphere). Other parameters have been changed

between the horizontal and vertical reactor and will be discussed later.

The metal-organic precursors were Y(tmhd); and Mn(tmhd)s, where tmhd=2,2,6,6-tetramethyl-
3,5-heptane-dionate, with formula YC33Hs5706 and MnC33H570s, respectively. The Y(tmhd)s; and

Mn(tmhd); precursors were solid white and black powders respectively at room temperature and
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were dissolved in monoglyme solvent (1,2-dimethoxyethane with formula CsHi0O2), in
concentration of 0.02 mol/L. Both precursors were mixed in a unique solution and sealed into the
injector reservoir. The solid metal-organic precursors of tmhd-type are often preferred due to
their stability at room temperature and non-toxicity compared to other liquid precursors or with
solid acac-type (acetylacetonate hydrate) precursors. Moreover, they are chemically compatible
between each other and with the solvent. The typical deposition conditions used in this work for
the elaboration of films are summarized in Table III.2. Each film growth in the horizontal PI-
MOCVD reactor was followed by an in-situ annealing at the same temperature as the deposition,
during 30 minutes in air with a supplementary O> flow to fully oxygenate the film. In the case of

the vertical PI-MOCVD device, no annealing was performed.

Parameter Horizontal PI-MOCVD Vertical PI-MOCVD
Substrates (100-oriented) Si, STO, LAO, MgO, YSZ*  Si, STO, LAO, LSAT, MgO
Substrate temperature (°C) 600 — 850 600 — 800
Evaporation temperature (°C) 230 250
Deposition time (min) 10—40 10— 80
Metalorganic precursors Y (tmhd); and Mn(tmhd)3 Y (tmhd); and Mn(tmhd)3
Y/Mn in the injected solution 05-2 0.25-1.33
Solution concentration (mol/l) 0.02 0.02
Transport gas Ar + Oz Ar + Oz
Ar flow rate (cm?/min) 300 300 - 1700
0> flow rate (cm?/min) 300 220 —400
Deposition total pressure (Torr) 5 5
Number of injections 450 —-2030 500 — 4000
Injection frequency (Hz) 1 1
Injection time (ms) 2 2
Annealing temperature (°C) 600 — 850 -

Annealing time (min) 30 -

Table I11.2. Typical deposition conditions used for YMO thin films grown by PI-MOCVD (*
(111)-oriented).

It was found that the substrate temperature and the Y/Mn atomic ratio in the injected solution
play a key role in the film crystallinity. Different number of injections and deposition times were
used in order to achieve various film thicknesses. Based on the several attempts to vary the argon
and oxygen flow rate as well as their proportion, we have concluded that at high flow rates the

films are highly inhomogeneous. An example of such film is shown in Figure IIL.2.
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Figure Il11.2. An inhomogeneous YMnQ3/Si film deposited at high flow rate.

Therefore, the main parameters that were varied during our depositions were the substrate

temperature and the Y/Mn atomic ratio in the injected solution.

3.2.1 Choice of deposition temperature

3.2.1.1 Horizontal PI-MOCVD setup

Series of films were deposited on Si(100) substrates at different deposition temperatures and
different Y/Mn compositions in the injected solution. The dependence of the crystalline structure

(as found by XRD) with these two parameters is displayed in Figure I11.3.
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Figure I11.3. Crystalline structure dependence on the temperature and Y/Mn atomic ratio in the

injected solution for the horizontal PI-MOCVD setup. See text for labels.
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The results show that the films deposited below 700 °C are amorphous (label a in Figure II1.3),
those deposited at 750 °C are 0o-YMO, and finally, above 800 °C the h-YMO phase is present in
most of the films. Secondary phases were also observed mainly when the atomic ratio Y/Mn in
the injected solution is either Y/Mn < 1 or Y/Mn > 1.4. In the region where Y/Mn > 1.4, Y203 is
formed to compensate the Y excess, while in the region where Y/Mn < 1, Mn-rich phases (e.g.

YMn;0s5) are formed.

Figure III.4a shows the XRD patterns of the YMO films deposited on Si substrate with Y/Mn=1
at deposition temperatures between 600 and 850°C. The effect of deposition temperature on the
phases present in the films can be clearly seen: at 600°C the film is amorphous (very narrow
peak near 26=33° in the XRD pattern is due to Si), at 700°C the film is o-YMO while at 800 and
850°C the films are mainly h-YMO (a secondary YMn2Os phase is present in the film deposited
at 850°C)
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Figure I11.4. YMO films deposited with Y/Mn=1 in the injected solution and temperatures
between 600-850°C: a) XRD patterns and b) SEM top-view images.

The morphology of the YMO films for a given composition is dependent on the deposition
temperature. In Figure I11.4b the corresponding top view SEM images in SE mode show distinct
morphologies. At 600°C, for the amorphous Y-Mn-O phase, the SEM image does not display
any sign of crystallization. At 750°C, the o-YMO film displays a dense structure with two types of

morphology: one corresponds to dome-capped grains and the other to dendritic aggregates of grains.
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At 800 and 850°C, the two YMO films, mainly of h-YMO phase present similar morphologies
with star-shaped grains on a regular matrix of dome-capped grains. Also, for the films deposited
between 750 and 850°C the grains tend to be oriented along certain preferential directions, indicating
a texture. The morphological features are compatible with an island growth type which generates

columns within the film (for further details see Chapter 4).

3.2.1.2 Vertical PI-MOCVD setup

In the case of the vertical PI-IMOCVD setup, the crystalline structure depending on the
temperature and atomic ratio Y/Mn in the injected solution for Si substrate is displayed in Figure
IIL5. It can be noticed that below 750°C the films are amorphous, while at 800°C the h-YMO
phase dominates. The same tendency of forming secondary phases was seen when working in the
Y-rich or Mn-rich regions. It must be pointed out that the depositions have been performed at
different pressure and growth rates by varying the gas flow, and thus, an accurate comparison
with the results from Figure III.3 is impossible. The unexpected result that at 750°C no
crystallized phase of either orthorhombic or hexagonal YMO structure is formed is certainly due
the nonstoichiometry of the Y/Mn ratio in the film, which is different from that of the Y/Mn in

the injected solution and which can block the crystallization (see section 3.3.1.2).
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Figure I11.5. Phase formation depending on the Si substrate temperature and atomic ratio Y/Mn

in the injected solution in the vertical PI-MOCVD setup.
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The films morphology depends mainly on the temperature and, to a lesser extent, on the
composition. Figure I11.6 shows the typical morphological features of the YMO films deposited
on Si substrate in the horizontal (left side of each figure) and vertical (right side) PI-MOCVD
device, depending on the crystalline structure. The results show that the amorphous YMO films,
independently of the MOCVD device used, have very similar morphologies, with small grains
and smooth surfaces as it can be seen in Figure III.6a. The crystalline YMO phase of hexagonal
symmetry (Figure III.6b) is characterized by two types of morphological features: one
corresponding to columnar grains and the other to dendritic aggregates of grains. This usually
happens in thick deposits where a uniform structure is more difficult to obtain [9]. In the Y-rich
region (Figure II1.6¢), the Y203 phase is formed in the bulk of the film (left side of Figure III.6¢c)
or as white precipitates (right side of Figure 1II.6¢). A distinctive surface morphology is observed
for the Mn-rich films in Figure II1.6d. Different shapes and types of grains are shown, which

arise from YMn2Os or Mn30O4 phase. Other examples are shown in Appendix B.

amorphous 2

de

Mnerich .~ - .

P

Figure I11.6. Morphology of the YMO films deposited on Si substrate: a) amorphous; b) h-YMO
phase; c) Y-rich region; d) Mn-rich region. The films on the left side of each figure were
elaborated in the horizontal PI-MOCVD device while those on the right side in the vertical PI-
MOCVD device.
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Surface morphologies of the YMO films deposited on STO and LAO substrates are shown in
Figure IIL.7. The images display homogenous and smooth surfaces, independent of the substrate
or MOCVD setup used for the depositions. Dome-capped columnar grains of small size are
typical for all YMO films (a-d). Compared to YMO/Si films, no precipitates or different types of
microstructure are observed. On the areas probed by AFM, the samples have a relatively smooth
surface with an average roughness of 4 A, which is less than a monolayer as illustrated in Figure

III.7e. Our results suggest that this type of morphology is associated to the epitaxial film growth.

rRms (Rg) 0.555 nm E
Mean roughness (Ra) 0.411 nm
500
Cc
250
0 500 nm

HV det | mag [

Figure I11.7. Morphology of the epitaxial YMO films deposited on STO (a and b) and LAO (c and

d) substrates in the horizontal (a and c) and vertical (b and d) MOCVD device; e) an example of

sample roughness as measured by AFM.

These results show that it is thus possible to control the nature of a MOCVD film structure by
carefully manipulating the deposition parameters such as the substrate temperature and Y/Mn

ratio.
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3.2.2 Choice of Y and Mn atomic concentrations in the injected
solution

One of the difficulties of the MOCVD growth of complex oxide is the control of the film
stoichiometry. In principle, the composition of the films is determined by the composition of the
precursor solution. However, in some cases, the composition of the film can be very different
from that of the solution. Since the precursors do not have the same decomposition rate at a
given temperature (see Table III.3) and, moreover, the different elements do not have the same
incorporation efficiency in the crystal lattice, it is necessary to find, for each compound, the
adequate composition of the liquid solution. The Y(tmhd); and Mn(tmhd)s precursors are
decomposing between 250 °C and 290 °C [10] with the total degradation of organic fragment a
few degrees below 600 °C [11] [12].

Melting point (°C) [10] | Boiling point (°C) [10]
Y (tmhd)3 173 - 175 290
Mn(tmhd);3 165 255
monoglyme -69 85

Table I11.3. Physical properties of the precursors and solvent used for MOCVD deposition.

Throughout our experiments, various syntheses have been performed varying the stoichiometry
in the precursor solution. Y/Mn ratios between 0.5 and 2 were used for the horizontal PI-
MOCVD setup and between 0.2 and 1 for the vertical PI-MOCVD setup. Structural
characterizations were carried out in order to investigate the effect of the stoichiometry on the
phases and crystalline quality of the films. The composition of films deposited on Si substrates
was analyzed by EDX and EPMA techniques. It has been observed that on thick samples
(submicronic) the chemical quantification by EDX overestimates the Y/Mn ratio by ~ 10-20%
compared to the EPMA technique. This is mainly due to the fact that the EDX technique is not
adapted to quantify thin films because absorption and thickness corrections are not

considered.The results are presented in the next subsections depending on the used reactor type.

3.2.2.1 Horizontal PI-MOCVD setup

Figure III.8 compares the Y/Mn ratios in the injected solution of precursors against those

measured by EPMA in the films, at a deposition temperature of 800°C. A linear behavior is
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observed, which demonstrates the capability to control the film composition by optimizing the

cationic ratio of Y and Mn in the injected solution.
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Figure I11.8. Relation between atomic ratios Y/Mn in the injected solution (x-axis) and in the

films (y-axis) grown at 800°C as measured by EPMA.

The optimal composition of the injected solution needed to obtain a stoichiometric ratio Y/Mn=1
in the film is close to 1.2 when working at 800°C. This difference leads to the conclusion that the
deposition rate of the Y(tmhd); is lower than that of Mn(tmhd); under the experimental
conditions used for the growth. When considering different deposition temperatures, an
important data dispersion was observed, suggesting that the optimal ratio is temperature

dependent. A similar behavior was observed when growing PbTiO3 on LaAlOs3 substrates [13].

3.2.2.2 Vertical PI-MOCVD setup

For the depositions in the vertical PI-MOCVD reactor, we have tried to keep the growth
conditions previously used in the horizontal reactor, including the atomic ratios Y/Mn in the
injected solution. Surprisingly, the composition of the films deposited with a ratio Y/Mn=1 in the
injected solution was very different from the stoichiometry (see Figure I11.9). This parameter
required, therefore, a new search and revaluation. Figures 1II.9a and b summarize the EDX
results on YMO films deposited on Si (a) and on STO, LAO and LSAT (b) substrates,

respectively.
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solution for the depositions at 800 °C on a) Si substrate and b) STO, LAO or LSAT substrates.

An almost linear behavior, observed for all substrates, shows that the film composition can be

tuned by optimizing the composition of the injected solution. According to EDX results the

optimal Y/Mn value necessary to obtain a stoichiometric film is close to 0.3, presenting,

however, small deviations when working with the different substrates. This value suggests that

the deposition rate of the Y(tmhd)3 precursor is much higher than that of the Mn(tmhd)3, contrary

to previous results from Figure III.8. This indicates a strong influence of the reactor geometry

(horizontal vs. vertical) and, in particular, of the different transport pathways of the precursors

(mechanically-carried vs. gas-carried).
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Figure I11.10. Atomic ratios Y/Mn in the film as measured by EDX and EPMA vs. Y/Mn in the

injected solution for samples deposited at 800°C on a) LAO and b) LSAT substrates.
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When comparing the EDX and the EPMA results from selected samples of YMO on LAO and
LSAT films (see Figure II1.10) it appears that the values obtained by EDX are systematically
overestimated. The Y/Mn ratio in the injected solution, required to obtain a ratio Y/Mn=1 in the
film, is closer to 0.5 rather than the value of 0.3 obtained previously. Despite this, orthorhombic

YMnO3 films were obtained in the entire range of compositions (see Chapter 6).

3.3 PLD deposition

The deposition temperature and atmosphere are among the most important parameters in the
oxide growth by PLD. To study the influence of a single parameter, we kept all values constant
between depositions, including the deposition temperature and we drastically varied the O>
pressure with a range of three orders of magnitude. Table III.4 summarizes the data regarding the

deposition conditions of the films prepared by PLD.

Parameter PLD deposition conditions
Substrates (100-oriented) Si, STO, LAO, LSAT
Substrate temperature (°C) 800
Laser KrF 248 nm
Fluence (J/cm?) 2.5
dtarget—substrate (Cm) 5
O; pressure (Torr) 0.105 —225
Preliminary pressure (Torr) 7.5103-7.5107
Number of laser pulses 10000
Pulse rate (Hz) 3
Pulse duration (ns) 25
Annealing temperature (°C) 800
Annealing time (min) 30

Table. I1l. 4. PLD deposition conditions

The dependence of the crystalline structure (as found by XRD) on the O; pressure and Y/Mn
ratio in the film (measured by EDX) is shown in Figure III.11. This representation is equivalent
to those in Figure III.3 and Figure II1.5 for MOCVD (crystalline structure vs. temperature and
Y/Mn in the injected solution). In the case of PLD the composition plays a minimal role (the
target composition does not vary) despite the EDX results which indicate that the composition in

the film depends on the Po2 (see dotted line).

It is obvious that on perovskite-type substrate, the stabilization of the 0-YMO phase is achieved
independently of the O» pressure or the film composition. On the contrary, the crystallinity of the

YMO films on Si substrate is influenced by the oxygen pressure. At low O; pressure the h-YMO

78



Chapter 3. YMnOs film deposition and process optimization

is formed, in the intermediate O» pressure range (0.01 — 0.1 mbar) an amorphous phase

dominates, while at high O» pressure the 0-YMO phase is stabilized.
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Figure Ill.11. Phase formation dependence on the O: pressure and atomic ratio Y/Mn in the

films deposited by PLD on different substrates at 800°C.

These results, comparable to those obtained by MOCVD, show that a selective growth of
amorphous, hexagonal or orthorhombic YMnO3 phase can be achieved by the suitable choice of

O; pressure during the deposition.

3.4 Determination of the film thickness and chemical
composition

In order to better optimize the deposition process, an accurate determination of the film
composition and thickness is necessary. As discussed in Chapter 11, the thickness of the film can
simply be controlled by the number of injections in the case of MOCVD or by the number of
laser pulses in the case of PLD growth. The determination of the thickness value has been made
by several techniques and compared. Cross-section SEM and TEM observations were used to
directly measure the films thickness, while EPMA and XRR data were employed to estimate it
by simulation algorithms. The XRR technique was employed when the size and the roughness of
the samples were in measurable ranges (small samples or rough and thick films over 50 nm

cannot be easily measured).
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Thicknesses with accuracy better than 1-5 % can be routinely obtained. The values obtained
from EPMA are comparable to those found by direct measurement (TEM, SEM). An example of
measurements obtained by SEM and TEM and calculated by EPMA on a YMO/Si film is given
in Figure III.12. Direct measurements by both SEM and TEM techniques show that the film is
369 nm thick. The EPMA estimation gives 355 nm, which is in good agreement with the direct

measurements.
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Figure I11.12. Cross section of YMO/Si films measured by SEM (a) and TEM (b). Inset of

b): Intensity histogram depending of the film thickness (yellow line) obtained with Digital
Micrograph.
Another example of the thickness determination by EPMA is shown in Figure III.13.
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Figure I11.13. The film thickness (determined by EPMA) vs. the number of injections for the YMO
films deposited on LAO and LSAT substrates.
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The YMO films deposited on LAO and LSAT substrates with the same Y/Mn ratio in the
injected solution (Y/Mn=0.325) and with a different number of injections (500, 1000 and 2000)
have similar thicknesses. Moreover, the thickness evolution with the number of injection
presents an almost linear behavior, which means that the film thickness can be controlled by
varying the deposition parameters. Regarding the thickness distribution across the films, this
appears to be very homogenous relative to the sample dimensions. An example of such
distribution is shown in Figure IIl.15a. The SEM determination of thickness in cross section

gives an average thickness of 82 + 7% nm.
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Figure I11.14. Average EDX-SEM (left panel) and local EDX-TEM (right panel) results of
chemical composition in a YMO/Si film. EDX-TEM composition of the three probed regions
labeled 10, 11 and 12 are given in the inset.

The chemical composition of the films was measured by EDX-SEM, EPMA or/and EDX-TEM
(see Figure I11.14 for EDX-SEM and EDX-TEM examples). When comparing these techniques,
it was found that whereas EPMA give accurate results, EDX-SEM give more approximate
values, especially when the film thickness is small. One of the major drawback for the precise
chemical quantifications in our YMO/Si films was due to the presence of an amorphous layer or
secondary phases (see chapter 4, section 4.1). The EDX-TEM method provides in general

reliable results, however in some cases the quantifications were not very accurate.

Figure III.14 shows the EDX-SEM and EDX-TEM quantification for a YMO film on Si

substrate with an initial ratio Y/Mn=1.4 in the precursor solution. The Y/Mn ratio in the film was
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1.33 and 1.05+0.07 as measured by EDX-SEM and EDX-TEM, respectively. The EPMA
estimation was Y/Mn=1.09, which is close to the EDX-TEM. EDX-TEM also shows that the
chemical composition distribution is quite homogenous across the films (see Figure 1I1.14b and

its inset indicating three probed regions marked with 10, 11 and 12).

A final example in Figure III.15 shows that good quality and homogenous films (regarding the
thickness, the composition and the surface smoothness) can be obtained by MOCVD. We present
on the one side SEM-EDX results of different probed regions as depicted in Figure III.15b (green
crosses). The values of the Y/Mn ratio (marked on the figure for each measured point) present
very small spread with respect to the average value that gives 1.33 + 3%. On the other side,

Figure III.15a shows a very homogeneous thickness distribution along the black line measured in

cross section after cleavage of the sample.

Figure I11.15. YMO film on Si substrate: a) thickness distribution (the values are given in nm) as
measured by SEM in cross-section (not shown); b) Y/Mn ratio distribution as measured by EDX-

SEM (top view).
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3.5 Summary and conclusions

The growth conditions of YMO films deposited on Si, STO, LAO and LSAT substrates by
MOCVD and PLD have been optimized leading to films of high-quality showing no significant

gradients in either thickness or composition and almost stoichiometric.

Two main deposition parameters were optimized for MOCVD: the deposition temperature and

the Y/Mn ratio of the precursors in the injected solution.

e Under the experimental conditions used, the Y(tmhd)s precursor does not react in the

same manner as the Mn(tmhd)s one. As a consequence:

-there is a difference of the Y/Mn ratio in the injected solution and in the film.

-the control of the film composition (one of the main challenges in the MOCVD growth

of oxides) is strongly influenced by the geometry of the experimental MOCVD device

-to a minor extent this composition is affected by the deposition temperature.

® Varying the two main parameters leads to a selective growth of YMO/Si film:

Samples near the optimized Y/Mn ratio deposited at 600°C are amorphous, those deposited

at 750°C are orthorhombic and finally those deposited in the range 800-850°C are hexagonal.

A similar selective growth is found as a function of O»_pressure (with a fixed temperature) for

the PLD. At low pressure the h-YMO is formed, in the intermediate O, pressure range an

amorphous phase dominates, at high pressure the 0o-YMO phase is stabilized.

On perovskite type substrates the deposition parameters (temperature, Y/Mn ratio, oxygen

pressure) have almost no influence and the orthorhombic YMO phase is stabilized by a strain

mechanism.

The structural, morphological and magnetic characterizations performed in order to investigate
the effect of the deposition parameters on the existing phases and the crystalline quality of the

films are discussed in the following chapters.
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In this chapter, the structural characterization and magnetic properties of YMnOj3 films grown
on (100)-oriented Si substrates by MOCVD and PLD techniques are presented. The chapter has
been divided into three parts that treat separately amorphous, hexagonal and orthorhombic
YMnOs phase, which have been grown under different conditions. A short analysis of the

magnetic properties is given for each section individually.
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4.1 Characterization of amorphous as-deposited YMO films

At low deposition temperature, i.e. 600 °C, all as-deposited YMO films grown by MOCVD
(mainly in the horizontal setup) on Si(100) substrate were amorphous whatever the Y/Mn atomic
ratio used in the injected solution. Table IV.1 summarizes the main characteristics of these films
and the growth conditions. The thickness was measured based on the SEM or/and TEM cross-
section images and EPMA estimations. A good agreement was obtained between these
techniques. The chemical composition of the films was measured by EPMA.

Label Ts (°C) | Y/Mnsolution | Y/Mntiim (epma) | Thickness (nm)

YMO-600-0.5 600 0.5 0.38 150
YMO-600-1 600 1 0.85 300
YMO-600-1.4 600 1.4 1.06 260
YMO-600-1-v 600 1 1.04* 100

Table IV.1. The main characteristics of the amorphous Y-Mn-O films. *this value was measured
by EDX and then extrapolated to EPMA in a sample that was deposited in the vertical PI-
MOCVD reactor.

4.1.1 Structural characterization of amorphous as-deposited YMO films

The deposition at 600 °C did not lead to any crystal phase detectable in the film by classical 6-20
XRD or GIXRD, as illustrated in Figure IV.1. None of the samples deposited at 600 °C present
diffraction peaks in the 0-20 patterns except those of the Si substrate. A typical 6-20
diffractogram is shown in Figure IV.1a for the YMO-600-1-v sample. In addition, the GIXRD
patterns, providing an enhanced film signal without the Si substrate peaks, present two broad
peaks, characteristic of amorphous materials. An example of a typical GIXRD pattern is
illustrated in Figure IV.1b (red line) for the YMO-600-1 sample. This pattern has been
superimposed on the 1D electron diffraction (ED) pattern (intensity vs. 20) of the YMO-600-1.4
sample. The 1D ED pattern is deduced from a SAED image (see Figure IV.2d) using the
Diffraction Ring Profiler software. Both diffraction patterns (X-ray and electrons) contain two
broad diffuse maxima centered at the same position (to be able to compare them, the background
of both patterns was subtracted and the GIXRD was smoothed). The maxima correspond to a

distance of d=2.8 A, which is similar for both amorphous samples.
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Figure IV.1. a) 6-260 XRD pattern of YMO-600-1-v sample; b) GIXRD pattern of YMO-600-1
sample overlapped with the transformed ED pattern into 260 range of the YMO-600-1.4 sample.

The amorphous character of the YMO films deposited on Si(100) at 600 °C was confirmed by
TEM observations. An example of a TEM cross-section image is shown in Figure IV.2a for the
YMO-600-1.4 film. The measured thickness corresponds to 260 nm, in agreement with SEM
observations and EPMA calculation, and is homogenous with regard to the TEM measurement
range. A relative smooth interface, between the film and the Si substrate (covered by a 3 nm of
native SiOx) is observed in the inset of Figure IV.2a. The columnar structure observed for all
amorphous samples appears to be a distinctive feature of the YMO films grown on Si substrate
fiisgs MOCVD. This indicates that during the deposition, the films exhibit a 3D-island growth
mode. In this case, the adatom-adatom interactions are stronger than adatom-substrate
interactions leading to the formation of 3D islands. The adatoms are incorporated gradually into
the nuclei and thus form the columns. The diameter of the columns, marked with dotted lines in
Figure 1V.2b, ranges between 15-20 nm. The HRTEM image in Figure IV.2c confirms that the
film exhibits a disordered atomic structure. The corresponding SAED pattern in Figure IV.2d
shows a circular halo (the second one almost invisible here, but visible in Figure IV.1b) which is

characteristic to amorphous materials.

87



Chapter 4. Structural and magnetic characterization of YMnOs films on Si(100) substrates

Figure 1V.2. Cross-section TEM observations of the YMO-600-1.4 film: a) low magnification

TEM showing the columnar structure (in the inset the substrate-film interface with the SiOy layer
in between); b) HRTEM image of the individual columns; c) typical HRTEM of amorphous YMO

structure d) corresponding SAED pattern of c).

The SEM top view images of the amorphous YMO films shown in Figure IV.3 present a regular
morphology (except some aggregates) with the features of a structure, which we will call in the
following, cauliflower. The surface morphology of these films does not change when modifying
the Y/Mn ratio and is a consequence of the MOCVD growth mechanism. This corresponds to the
columnar growing morphology (viewed from the top), shown previously in the TEM images of
Figure IV.2. The columns diameter ranges from 15 to 30 nm, in agreement with TEM
measurements. No sign of crystallization is observed, consistent with XRD and TEM

characterizations.
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Figure IV.3. Typical top view SEM morphologies of: a) YMO-600-0.5; b) YMO-600-1; c) YMO-
600-1.4 and d) YMO-600-1-v films.

Figure IV.4. AFM image of the YMO-600-0.5 film surface
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The morphology observed using the AFM scans is similar to the previous one shown in Figure
IV.3, so-called cauliflower. Figure IV.4 shows the AFM image of the YMO-600-0.5 film which
presents a relatively smooth surface, with an average roughness of 2 nm.

Complementary characterizations of the films were performed by Raman spectroscopy. The
resulting spectra are shown in Figure IV.5a (the reference spectrum of the Si substrate is shown

in Figure IV.5b).
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Figure 1V.5.a) Raman spectra of amorphous YMO films deposited with a different Y/Mn ratio in

the injected solution; b) Raman spectrum of the Si(100) substrate.

The main characteristic of the films is the presence of a broad peak located at ~ 650 cm™. An
amorphous material usually displays this kind of feature: a strong broadening of the Raman
mode which corresponds to the disordered state of the amorphous sample. The position of the
broad peak is close to the most intense peak for the crystalline h-YMO (681 cm™) and o-YMO
(618 cm™) phases. Except this broad peak, no other peaks are observed; the other modes are
originating from the Si substrate, in accordance with its Raman spectrum shown in Figure IV.5b.
In order to elucidate the detailed local structure or to assign a phonon vibration to the broad

Raman mode supplementary analyses (e.g. EXAFS) are required.

The presence of an amorphous phase at low deposition temperatures (below ~ 700°C) was
already observed for YMO thin films. Kim et al. [1] show that YMO films grown by MOCVD
on Si0»/Si substrates are amorphous in the deposition temperature range 450-650°C. Choi et al.
[2] confirmed by XRD that Bi(3-10%):YMnOs3 films grown on Y203/Si(100) substrates by PLD
are amorphous below 670°C. Similarly, YMnOs; films grown on Pt/Ti02/S102/S1 by PLD were
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Figure IV.6. HRTEM image of amorphous YMnOs3 film grown on top of a) Si (from [4] ) and
GaN (from [5]).

Furthermore, Balasubramanian et al. [S] have demonstrated by HRTEM images (Figure IV.6b)
that in the case of the PLD growth of YMO/GaN films, no crystalline phase could be obtained
below 700°C. ALD depositions between 250-300°C on Si, STO and LAO substrate have
produced amorphous films regardless of the substrate or their composition [6]. Also, amorphous
YMO powder was obtained at 200°C, based on glycine-nitrate method and crystallized between
600°C and 700°C [7]. YMO ceramics prepared by co-precipitation and sintered at 600°C was
also amorphous [8].

All these results demonstrate that the same amorphous YMO phase can be obtained in film or
bulk form. Except 6-20 XRD patterns and cross-section TEM images, no other technique was

reported in the characterization of amorphous Y-Mn-O films.

4.1.2 Magnetic characterization of amorphous as-deposited YMO films

The magnetization vs. temperature (M(T)) in the field-cooled (FC) and zero-field-cooled (ZFC)
modes, measured under a magnetic field of 500 Oe, for the amorphous YMO-600-0.5 and YMO-
600-1 films, is shown in Figure IV.7. The ZFC curve exhibits a maximum (Tf) at 19 K and 11 K
for YMO-600-0.5 and YMO-600-1 films, respectively, while the FC curve increases gradually
with decreasing temperature. Below these temperatures, the ZFC and FC curves are obviously
splitting, although no complete overlapping is present for the temperatures above Tt either. These
results indicate that a spin-glass behavior is present in the films with a possible superimposed

paramagnetic contribution.

91



Chapter 4. Structural and magnetic characterization of YMnOs films on Si(100) substrates

4.0x10° =
\ —=—YMO-600-0.5

3501004 —+— YMO-600-1

3.0x10°
2.5x10° 4
2.0x10° 4

1.5x10°

Magnetization (emu)

1.0x10°

5007 0 ' 2I5 ' 510 ’ 715 ’ 160 ' 155 ' 1;’:0 ' 1;5 ' Z(I)O ' 255 ' 2;0 ' 2;5 ' 3(])0
Temperature (K)
Figure IV.7. Temperature dependence of zero-field-cooled (ZFC, open symbols) and field-cooled
(FC, solid symbols) magnetization measured under a magnetic field of 500 Oe for the

amorphous YMO samples (film and Si substrate).

A similar spin-glass behavior was reported by Nakamura et al. [9] for BiFeO3; amorphous films.
It appears that a local clustering of spins occurs at low temperatures (< 220 K). The spins
undergo antiferromagnetic interaction with random bond angles resulting in a net magnetic
moment for each spin cluster, which therefore behave as a superparamagnet. The authors have
reported that as the temperature goes down, the fluctuation of the spin clusters becomes slower
and is finally frozen around 20 K. In this state, all spins are frozen into random directions with a
short-range antiferromagnetic (speromagnetic) order. The spin freezing state is very similar to

that of the spin glass.

Summary
The YMO films deposited at 600°C are amorphous, indicating that the amorphous phase is easily

formed and stable for the MOCVD growing conditions in a large range of compositions. This

phase forms prior to the crystallization of either o-YMO or h-YMO phases even if appropriate
substrates (STO, LAO, GaN) would favor the crystalline phases [5], [6]. Furthermore, the

formation of the amorphous YMO phase is independent of the synthesis method, initial

composition of the precursors or oxygen pressure.

The as-deposited MOCVD films follow a 3D columnar growth mode with columns diameter

between 15 and 20 nm and a cauliflower-like morphology. The Raman spectra present only a
large mode at around 650 cm’'. The magnetization measurements suggest a spin-glass behavior

with a maximum in the ZFC curve between 11 and 19 K.
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4.2 Characterization of hexagonal as-deposited YMO films

This section is devoted to the characterization of h-YMO films grown on Si(100) substrates by
MOCVD or PLD. The characterization results are grouped according to the experimental

deposition device used for the film growth.

4.2.1 h-YMO films elaborated in the horizontal PI-MOCVD setup
Different h-YMO films have been grown on Si substrates by MOCVD (Figure 1.3 summarizes

the optimal conditions for which the h-YMO phase is obtained). In the following we present only

those who have the most detailed characterization. The XRD results of these films are shown in

Figure IV.8 (see their label in Table 1V.2).
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Figure IV.8. XRD patterns of h-YMO films. The reflections of the hexagonal YMnOs phase
(JCPDS card No. 11-9577) are marked for each peak.

All peaks have been indexed with the h-YMO phase and are pure as far as the XRD is
concerned. The 0-26 patterns indicate that the films are textured (see Miller indices in Figure
IV.8 and powder reference pattern in Appendix C). In the case of the YMO-800-1-s1, YMO-
800-1-s2 and YMO-800-1.2 samples, the h-YMO film is c-axis textured, i.e. most of the grains
grow with the (000I) planes parallel to the Si surface. For the YMO-850-1.2 film, the growth of
the h-YMO phase along [11-21] is preferred.
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Regarding the literature results, for h-YMO films deposited by MOCVD on Si(100), Si(111),
Si02/Si(100), Y203/Si(111), YSZ(111) and Pt/Ti/SiO/Si substrates it was found that, in general,
a c-axis orientation is favorable to the growth of h-YMO phase, independently of the substrate. It
has been argued that the preferential orientation of the films depends on the substrate
temperature and oxygen concentration [1]. A change in the preferential orientation and a shift of
the peaks was observed when varying the Y/Mn ratio in the neighboring region of stoichiometry,
while in the Y-rich or Mn-rich regions, secondary phases, such as Y203 and YMn;Os,
respectively, were formed. These results are in agreement with our experiments.

The lattice parameters of the h-YMO phase, derived from XRD patterns, present some
differences when compared to the JCPDS card No. 11-9577. Table IV.2 summarizes the a and ¢

cell parameters of h-YMO values as well as the composition of the films.

Label Ts | Y/Mn | Film Film a*[A] | c¢*[A] | Thick-
[°C] | solution | composition & composition ness
(EPMA) (EDX) [10]
YMO-800-1-s1 800 1 Y0.9sMn 0260 Y1.1sMn Os66 6129(5) 11.353(3) 350
YMO-800-1-s2 800 1 Yo0.83Mn;O2.48 Y 1.06Mn;Os 78 6.11 1(4) 1 1.343(3) 300
YMO-800-1.2 800 1.2 - Y146Mn;Os3 | 6.189(5) | 11.422(3) | 325
YMO-850-1.2 850 1.2 - Y10oMn;Osz21 | 6.183(5) | 11.343(4) | 350

Table IV.2. The main characteristics of the h-YMO films (label, main deposition parameters,
composition, lattice parameters, thickness; * a = 6.1453 Aandc = 11.3714 A as in the JCPDS
card No. 11-9577).

As it can be seen, the film composition differs considerably from that of the YMO stoichiometric
phase. However, it is impossible to attribute a composition for the h-YMO phase present in the
samples because of the existence of an interfacial amorphous layer (see Figure IV.11). This
layer, of unknown composition, found between the h-YMO film and the Si/SiOx substrate is
included in the average formula given by EPMA or EDX. This amorphous layer has variable
thickness: 50-60 nm for the YMO-800-1-s1 sample and 25-35 nm for the YMO-800-1-s2
sample. As the EDX-TEM analysis indicates, it contains Y-Mn-Si-O, but the exact quantification

could not be achieved.
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Figure IV.9. The lattice parameters a and c of the h-YMO phase vs. the Y/Mn ratio (measured by
EDX) in the film (dotted lines represent the values from the JCPDS card No. 11-9577).

A representation of the a and ¢ parameters variation with the composition Y/Mn in the film is
shown in Figure IV.9. It is observed that the a and ¢ values increase with the increasing Y/Mn
ratio in the film except for the film with Y/Mnfim=1.92. These values are higher and lower
respectively than the reference values from the JCPDS card No. 11-9577 (see dotted lines). We
may believe that the films are sub- and over-stoichiometric but the scattering of the data in the
literature avoids further comparison (e.g. YMnOs3: a = 6.138(4), ¢ = 11.407(3) [11] ; a
6.1542(3), ¢ = 11.4031(2) [12]; YMnOz9:1: a = 6.137(9), ¢ = 11.411(2) [11]; YMnOzs: a
6.1728(2), ¢ = 11.4509(4) [12];YMnOzss: a = 6.1806(1), ¢ = 11.4545(4) [12]). Finally, what is

evident is the fact that the h-YMO phase can be obtained in a large range of non-stoichiometry of

the injected solution and the overall composition of the film.

A typical SEM image of the c-axis textured h-YMO film (see Figure IV.8) is displayed in Figure
IV.10a for the YMO-800-1-s1 sample. The top-view micrograph displays a dense structure with
two types of morphology: one corresponds to columnar grains (zone 1 in Figure IV.10a) and the
other to dendritic aggregates of grains (zone 2 in Figure IV.10a). They indicate two different
growing modes: columnar and dendritic. The column (individual grain) diameter is around 30
nm, while the total diameter of the aggregates ranges between 200 and 400 nm. It can be
observed that on small regions the columns seem to be tilted in the same direction (see zone 1
from Figure IV.10a). No difference in the chemical composition was observed for these two
morphologies of the h-YMO phase. The morphology of the YMO-850-1.2 film (see Figure

IV.10b), mainly [11-21]-oriented is different compared to the c-axis oriented films from Figure
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IV.8. However, one of their main features is present: the dendritic aggregates of grains. No
evidence of columnar growth and oriented grains is seen. This is in agreement with the XRD
results. It seems that a radial growth or a recrystallization process may have occurred in this case.
It is supposed that the observed differences in texture and morphology are mainly due to the
deposition temperature (850 °C), which is higher than the deposition temperature of the three

other samples (800 °C).

Figure IV.10. Top view SEM images of h-YMO films: a) YMO-800-1-s1 sample. Zone 1 shows a

columnar morphology, zone 2 displays a dendritic-like feature; b) YMO-850-1.2 sample.

Further microstructural characterizations using TEM were carried out on the cross-section of the
YMO films. The corresponding images for the YMO-800-1-s1 sample are presented in Figure
IV.11. The low magnification image of the h-YMO film (Figure IV.11a) shows three different
layers on top of the Si. From top to bottom they can be identified as follows: the uppermost one
(~300 nm thick) corresponds to the crystalline h-YMO film grown in the form of columns, in
agreement with the previous morphological results obtained by SEM. The intermediate layer
(~50-60 nm thick), in gray color in Figure IV.11a is amorphous and is observed between the
columnar grains in the YMO film (top layer) and the native amorphous SiOx oxide of the Si
substrate (bottom layer, 8 nm thick, with white color in Figure IV.11a).

The amorphous SiOx layer is commonly found when deposited on Si substrates even when a
chemical HF cleaning is performed. The oxygen atmosphere and also the organic precursors
favor the formation of this layer. It seems, thus, impossible to grow the YMnOs phase directly on

Si substrate by MOCVD.
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Concerning the intermediate amorphous layer, the precise identification of this layer was not
possible in the present work, it appears that similar amorphous layers were previously observed
when growing oxides on silicon substrate and were reported either as a silicate [1] [13] or as
amorphous YMO phase [14]. Considering these findings and our results, we have reason to
believe that this layer forms as a compensation mechanism for the non-stoichiometry. It is
uncertain if the amorphous layer forms during the deposition or as a result of the annealing. Our
attempts to crystallize this layer under the TEM electron beam were unsuccessful.

A typical selected area electron diffraction (SAED) pattern of a small region of Figure IV.11a

containing several columnar grains is shown in Figure IV.11b.

e —— e ——
B | SRTIAIT Y

Figure 1V.11. TEM images of the YMO-800-1-sl1 film deposited by MOCVD: (a) low

magnification cross-section TEM image showing three different layers on top of the Si film; (b)
SAED pattern of a small region of (a) containing several columnar grains; (c) HRTEM image of

a columnar grain c-axis oriented, (d) enlargement of (c) overlapped with structure simulation.

This pattern corresponds to a [-1100]-zone axis. It presents an alignment of 0001 diffraction spots
along the vertical direction of the figure (i.e. out of plane direction with respect to the Si
substrate) and thus the columnar grains extend vertically along the [0001 ]n-ymo (c-direction of h-
YMO). This result is consistent with previous XRD results indicating a textured sample with
grains preferentially oriented (i.e. [0001]n-ymo is parallel to [100]si). The splitting of some
diffraction spots in Figure IV.11b indicates a misorientation of a few degrees between columnar
grains. A good agreement is observed between the corresponding cell parameters (a = 6.11(3) A
and ¢ = 11.31(4) A) measured from Figure IV.11b and the results obtained by XRD (see Table
IV.2). The high resolution TEM (HRTEM) micrograph of a single columnar grain of the h-YMO
film is shown in Figure IV.11c and a partial enlargement is represented in Figure IV.11d. It has
the same orientation as the SAED in Figure IV.11b, corresponding to a [-1100]-zone axis. The

white dots aligned horizontally can be identified with the (000I) atomic planes perpendicular to
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[0001]n-ymo. The c-axis of the columnar grain, extending along the vertical direction of the
figure, is normal to the Si surface. The distance indicated by horizontal white lines in Figure
IV.11c represents the unit cell along the c-axis, corresponding to an interplanar spacing of
around 11.35(4) A of the (0001) planes. The projected structure (according to [15]) along the [-
1100]-zone axis superimposed to the image in Figure IV.11d shows a good agreement between
the white dots from the HRTEM image and the arrangements of Y (red) and Mn (green) atoms

derived from the structural model.

Complementary structural characterizations have been carried out by Raman spectroscopy. For
the h-YMO phase (space group P63cm) the theoretical results for I'-point phonon modes give a
total of 60 I'-point modes (10A1 + 5A> + 10B1 + 5B> + 15E1 + 15E>) among which 38 (9A1 +
14E1 + 15E>) are Raman active [16]. Depending on the measuring polarization configuration and
the crystal/film orientation, the number of the measured Raman active modes can be reduced.
The unit cell of the ferroelectric P63cm structure and the Y, Mn and O atoms label is illustated in
Figure IV.12. The corresponding vibration motion of each mode is given in Table IV.3. The A;
Raman line at 681 cm™, which is dominant in the spectra, corresponds to stretching vibrations of

O1 and O2 atoms along the ¢ direction.

@ 0 o @ O

Y1 Y2 Mn 03/04 O1/02

Figure 1V.12. The unit cell of the ferroelectric P63cm structure and the Y, Mn and O atoms label
(adapted from [17]).
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The position of the Raman modes of the h-YMO films shown in Figure IV.13 are in good
agreement with the previous measurements reported by Iliev et al. [17], and with our

experiments performed on h-YMO single crystals (last column in Table IV.3).

Mode Assignment Iliev et al. Our data
symmetry (single crystal) | single crystal ceramic

Ex +x,y (Y1) - x,y (Y2) 135 137 137
Al +z(Y1) — 2(Y2) 148 152 153
Ay Rot.xy (MnOs) 190 188 189
Ex +x,y(02,Mn) —x,y(01,03) 215 222 221
Al +z(Y1, Y2) — z(Mn) 257 258

A X(Mn), z(03) 297 298

E> 2(02)-z(01), x,y(04) 302 304 305
Ei +x,y (O1) - x,y (02) 376 375 376
Ei +x,y (O1) - x,y (02) 408 408 405
Al 2(04,03) — z(Mn) 433 437 439
A x,y(01,02) —x,y(Mn) 459 458 461
Ei x,y(03) —x,y(04) 632 639 639
A z(01)-z(02) 681 681 684

Table IV.3. Experimental values of Raman mode frequencies for h-YMO single crystal from [17]
compared to our data. The mode symmetries and the assigned vibrations are given in the first

two columns.

Small shifts in the mode position are observed when comparing to the single crystal data from
Table IV.3. The shift of the A; mode centered at ~ 684 and 685 cm™ for YMO-800-1-s1 and
YMO-800-1-s2 films is likely caused by the oxygen vacancies or Mn non-stoichiometry as this
mode corresponds to the O vibration in the MnOs bypyramid. The hypothesis is in agreement
with the EPMA results.

Furthermore, the spectra of the YMO-800-1-s1 film acquired in the two morphologically
different regions (corresponding to the c-axis oriented film and to aggregates formed by
randomly oriented grains) shown in Figure IV.10a, are almost identical. However, a difference in
the intensity is observed for the lines at 641 cm™ (see inset Figure IV.13): E; mode is more
intense in the aggregate zone and barely visible in the textured region of the film. Due to
symmetry reasons, the E; mode cannot be observed for the c-axis oriented films in the
backscattering configuration used in our experiment (laser propagation along the c-axis; see Fig.

2 in [17] for the polarized scattering configurations).
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Figure IV.13. Raman spectra of h-YMO films elaborated in the horizontal PI-MOCVD device.
Inset: A part of the Raman spectra collected in the two morphologically different regions (zone 1

and zone 2) of the YMO-800-1-s1 sample.

This clearly confirms that aggregates are formed by randomly oriented grains of the h-YMO
phase, in agreement with the EDX measurements.
The Raman frequencies of the YMO-800-1.2 and YMO-850-1.2 films are closer to the single

crystal values, indicating that these samples are close to the stoichiometric hexagonal YMnOs3

phase.
Mode YMO-800-1- YMO-800-1- YMO-800-1- YMO-800- YMO-850-
symmetry s1-zonel s1-zone2 s2 1.2 1.2
E: 138 138 138.5 133.5 136
Ai 153 153 148.5
Ei1 641
A1 684.5 684.5 685.5 680.5 681

Table 1V.4. Experimental values of Raman mode frequencies for h-YMO films (zone 1 and 2).

4.2.2 h-YMO films elaborated in the vertical PI-MOCYVD setup

The characterization results of h-YMO films grown on Si substrates by PI-MOCVD using the
vertical setup (Figure III.5 summarizes the optimal conditions for which the h-YMO phase is
obtained) are shown in the following. The representative samples and their principal
characteristics are given in Table IV.5. For this study, the only variable deposition parameters is

the Y/Mn ratio in the injected solution, all others being constant.
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Label Ts | Y/Mnsolution | ' Y/Mnfiim a (1&) c (A) Thickness
(°C) (EDX) (nm)
YMO-800-0.29-v | 800 0.29 1.05 6.063(4) | 11.296(3) 85
YMO-800-0.35-v | 800 0.35 1.22 6.090(4) | 11.306(3) 100
YMO-800-0.4-v | 800 0.4 1.57 6.131(4) | 11.326(3) 62

Table IV.5. The main characteristics of the h-YMO films (label, main deposition parameters,

composition, lattice parameters, thickness)

The XRD patterns of the h-YMO films (see their label in Table IV.5) are shown in Figure
IV.14a. The diffraction peaks are indexed on the basis of h-YMO phase (see indices in Figure
IV.14a). Their intensity indicates a growth mainly along the c-axis. The lattice parameters (a and
¢) derived from the XRD peaks increase almost linearly with the increase of the Y/Mn ratio in

the film as measured by EDX (see Figure IV.14b).
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Figure 1V.14. a) XRD patterns of YMO films indexed with the h-YMO phase (JCPDS card No.
11-9577); b) The lattice parameters a and c of the h-YMO phase vs. the Y/Mn ratio (measured by
EDX) in the film (dotted lines represent the values from the JCPDS card No. 11-9577).

They show a significant difference when compared to those from the literature (see JCPDS card
No. 11-9577) for the stoichiometric YMO. The cell parameters of the YMO-800-0.4-v film are

the closest to the reference data, suggesting that this sample is almost stoichiometric.
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Figure IV.15. Top-view SEM images of h-YMO films.

The SEM top-view images of the h-YMO films are shown in Figure IV.15. They reveal a dense
matrix microstructure and low porosity with an average grain diameter of 40 nm. This can
correspond to a columnar growth, although from the cross-section SEM image shown in the inset
of Figure IV.15 it is difficult to distinguish the type of growth. Many grains agglomerate in
aggregates of particles ranging from 100 to 200 nm. These morphologies are very similar to
those shown in Figure IV.10 for the h-YMO films grown in the horizontal MOCVD reactor. The

same growth mechanism is, thus, occurring.
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Figure IV.16. a) Raman spectra of h-YMO films; b) A1 Raman mode evolution with the Y/Mn

ratio in the film (the dotted line represent the reference value of the single crystal).
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The Raman spectra of the YMO films are characterized by the intense A; mode of the h-YMO
phase, whose intensity is related to the film thickness. As previously mentioned, this mode is
associated with the vibration of the apical oxygen atoms in the MnOs bypyramids along the c-
axis and should be very sensitive to any distortion (e.g. different bond lengths) or disorder in the
oxygen atom sublattice. As shown in Figure IV.16b, the position of the mode shows a linear
dependence with the Y/Mn ratio in the film (measured by EDX). The position of the A; mode at
~681 cm™! corresponding to the YMO-800-0.4-v film is almost identical with that in the single
crystal (see Table 1V.3), suggesting that this sample is the closest one to the stoichiometric
formula. Indeed, as we move away from the stoichiometric YMnO3; composition, due to the
MnOs bipyramidal distortions, the vibration modes become more energetic and a shift toward
high wavenumbers is observed. These results are in agreement with the previous XRD results of
cell parameter determination, which may be related to the presence of oxygen vacancies and/or

the Y/Mn substitutional disorder (cation vacancies).

4.2.3 h-YMO films elaborated by PLLD

Two representative samples, deposited at different O> pressures (see labels in Table IV.6), have

been chosen for characterization in this section.

Figure IV.17 shows the 6-26 XRD patterns of the two films. The intense peaks correspond to the
(11-20) and (11-21) reflections of the h-YMO phase. No other peaks are appearing, which

indicates that the films are textured.

When measuring the GIXRD pattern of the YMO-Si-1 film (see inset of Figure IV.17), a
relatively different pattern come out: beside the intense (11-21) and (11-21) peaks observed in
the 0-26 XRD pattern, other peaks, indexed as (0004), (11-22) and (30-30) appear. Using the
Scherrer’s equation to determine the crystallite size from the peak FWHM (see section 2.2.1.1),

we found crystallite sizes close to 20 and 37 nm for YMO-Si-1 and YMO-Si-6 respectively.
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Figure IV.17. 6-20 XRD patterns of h-YMO films deposited by PLD at different O pressures.
The Miller indices correspond to the reflections of the hexagonal YMnOs phase (JCPDS card

No. 11-9577. Inset: The GIXRD pattern of the YMO-Si-1 sample.

The cell parameters deduced from 6-20 XRD and GIXRD patterns are summarized in Table
IV.6. It can be observed that the values of the a parameter are close between each other and
higher than those obtained for both types of MOCVD films (Table IV.2 and 5) and in JCPDS
card No. 11-9577. In contrast, the ¢ parameter is either higher or lower than the c parameter
given in the reference card or obtained for MOCVD films. This shows that a drastic variation in

the oxygen pressure during the PLD growth greatly affects the lattice parameters of the h-YMO

phase.
Label T PO2 | Composition = a(A) c(A) Dscherrer (M)
(&) (bar) EDX
YMO-Si-1 800 | 107 Y18sMniO203 | 6.226(3) | 11.612(4) 20
YMO-Si-6 800 | 1.410* | YiMniOsss | 6.233(3) | 11.205(5) 37

Table 1V.6. The main deposition parameters of h-YMO films grown by PLD (label, main

deposition parameters, composition, lattice parameters, correlation length).

Figure IV.18 compares the a and ¢ parameter values obtained for all the h-YMO films deposited
by MOCVD and PLD as function of the Y/Mn ratio in the film.
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Figure 1V.18. The values of a and ¢ parameters obtained for the h-YMO films deposited by

MOCVD and PLD as function of the Y/Mn ratio in the film.

The SEM top-view images of the two PLD films are shown in Figure IV.19. The films surfaces

present a very dense microstructure, without cracks or aggregates. The grains are uniform and

tightly packed of about 90-150 nm in size, which is much higher than the crystallite size obtained

by Scherrer formula.

Figure IV.19. Top-view SEM images of h-YMO films deposited by PLD.

The existence of the h-YMO phase was confirmed by the Raman results shown in Figure IV.20.

Only the most intense A; mode of the h-YMO phase is present, together with several Raman

lines of the Si substrate. The values of the Raman shift for the A1 mode are 681 and 675 cm™ for

the YMO-Si-1 and YMO-Si-6 films, respectively. The first value is identical to the bulk value in
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agreement with a stoichiometric film, but in disagreement with the XRD and EDX results. For
the YMO-Si-6 film, the position of the mode is shifted toward lower energy at 675 cm,
suggesting strong vibrations of the MnOs bipyramid which implies a non-stoichiometry in the
Mn or O atoms. The Raman mode dependence of the experimental conditions (Y/Mn ratio,

oxygen pressure, deposition temperature etc.) is lacking in the existing publications.
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Figure IV.20. Raman spectra of YMO films deposited by PLD.

4.2.4 Magnetic characterization of h-YMO films

In addition to the structural investigations, magnetization M(T) and M(H) measurements were
performed for the h-YMO films. In order to compare them to their bulk counterpart, the same
type of measurements were performed on hexagonal YMO ceramic powders and single crystal.
The similarities and differences are discussed in the following.

A typical example of temperature dependence of the magnetization (M(T)) is shown in Figure
IV.21a for YMO-800-1-s1 sample. A splitting of ZFC-FC curves, with a maximum in the ZFC
curve at the freezing temperature Tr= 20 K, indicates a spin glass-like behavior.

As shown in the Figure IV.21b, an almost linear variation in the M(H) curve is observed at room
temperature for the h-YMO film as expected for a paramagnetic behavior. At low temperature, a

small hysteresis loop is observed, indicating an additional weak ferromagnetic contribution.
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Figure IV.21. a) Temperature dependence of the magnetization (M(T)) for YMO-800-1-s1 film.
Open (solid) symbols represent the M(T) taken in the ZFC (FC) mode; b) Field dependence of
the magnetization (M(H)) at 5 and 300 K. Inset: enlargement of the M(H) curve in the low

magnetization values.

The magnetization of hexagonal YMnOs3 films has been studied to a lesser extent. Fujimura et al.
[18] have reported a Néel temperature of 130 K in h-YMO grown on Pt/sapphire, which in our
opinion seems unlikely, especially as the authors do not have enough experimental results to
explain why the Néel point was so high. Other reports show the existence of a similar spin-glass
state for the bulk h-YMO phase [19], although it was found at different freezing temperatures (11
K and 56 K).

Our M(T) magnetization results in ZFC and FC mode on h-YMO single crystal, shown in Figure
IV.22, is dominated by an antiferromagnetic ordering with Néel temperature Tx= 70 K. The ZFC
and FC curves are overlapping, as expected for a proper antiferromagnetic behavior.
Furthermore, the inverse magnetic susceptibility (1/y) (see inset of Figure IV.22a) in the linear
region is fitted in order to obtain (by extrapolation) the Curie-Weiss temperatures. The negative
value is obtained for the Curie-Weiss constant (Bcw=-640 K) which indicates dominant

antiferromagnetic interactions between Mn>* spins.

These results, typical for hexagonal YMO crystals are in agreement with those in the literature
([20], [21], [22], [23], [11]). The Néel ordering temperature reported in all of these cases ranges
from 70 K to 75 K, in agreement with our results. Furthermore, the M(H) field magnetization

dependence, displayed in Figure IV.22b, shows a paramagnetic behavior at room temperature,
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which is above T, as expected. At low temperature (T=5 K), a linear dependence, characteristic

of antiferromagnetic materials can be observed, despite the fact that our data is a bit noisy.
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Figure IV.22. Magnetization measurements of h-YMnQOs single crystal: a) M(T) magnetization in
ZFC-FC mode. In the inset Curie-Weiss plot (y! vs. T); b) M(H) at 5 and 300 K. In the inset:

enlargement of the M(H) curve in the low magnetization values.

However, when observing the magnetization of hexagonal YMO ceramics, the picture appears a
bit different. Three different ceramic samples were elaborated with the following compositions:
Y1Mno.9503, Y0.95sMniO3 and YMn;Os. The temperature dependence of the magnetization for
these samples in an applied magnetic field of 500 Oe and between 2 and 300 K are shown in

Figure 1V.23.
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Figure IV.23. a) Temperature dependence of the magnetization for Y..Mni,O3 powder samples.
Open (solid) symbols represent the M(T) taken in the ZFC (FC) mode. Inset: enlargement of the
figure in the low magnetization values; b) Temperature dependence of ac magnetic susceptibility

for the YiMno.9503 sample. Inset: T vs. frequency of the maxima from b) (from A. Schulman).
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Y1Mno.9503 sample shows a different behavior when compared to the Yo.9sMni1O3 and Y1Mn03
samples. A split of the ZFC-FC curves occurs at T=40 K. This may indicate a spin-glass
transition. To further characterize the SG behavior of the YMno.9sO3 sample, we have performed
frequency dependent susceptibility measurements. Figure IV.23b shows the temperature
dependence of a.c. magnetic susceptibility at different frequencies (104, 324, 528, 738 and 997
Hz) in an applied field of 100 Oe for the YiMnoos03 sample. The peak position of the a.c.
susceptibility versus the temperature corresponding to the spin freezing (Tr) is almost unchanged
(however, a very small shift of 0.5 K toward lower temperatures is observed with increasing
frequency — see inset of Figure IV.23b). This behavior is not expected for a spin-glass,
suggesting that another type of interaction (e.g. superparamagnetic) may be responsible for the
trends of the M(T) curves. A similar behavior of the M(T) dependency is well known for Mn3O4
ceramics at 42 K [24]. Therefore, it is possible that small quantities of Mn3O4 impurity are
contained in the YiMnoosO3 sample, although it was not detected in our analysis (Rietveld
refinement of XRD pattern and Raman spectroscopy — see Appendix C). A kink in both ZFC and
FC curves is observed at around T= 85 K (see black symbols in the inset of Figure IV.23a),
which is close to the Néel temperature of the YMnOs3 phase.

The Yo0.95sMni103 and Y1Mn;O3 samples also show a splitting in the ZFC-FC curves at 70 and 65
K, respectively without a decrease in the ZFC magnetization curve as previously observed for

the film. This indicates a possible spin-glass behavior but further measurements are required.

Summary
The h-YMO films, grown by MOCVD or PLD have been characterized by several techniques
and the following characteristics are resulting:

¢ Orientation:

» the MOCVD films are mainly c-axis textured, strongly influenced by the deposition

temperature and to a minor extent the Y/Mn ratio in the solution

» the PLD films are mainly (11-20) and (11-21) oriented independently of the oxygen

pressure (basically, the c-axis texture is completely suppressed comparing to the
MOCVD films).

e (Cell parameters
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» Large variations in the cell parameter values are produced by the variation of the
Y/Mn ratio in the film (both XRD and Raman are sensitive to these variations). As a

consequence the h-YMO phase can be grown in a large range of non-stoichiometry.

Microstructure

» The MOCVD h-YMO films present a columnar growth, which is typical for the

MOCVD process with grain diameter between 20-40 nm.
» The PLD growth produces dense grains, mainly polygonal-shaped, between 90-150
nm in size

» An amorphous layer (10-50 nm) forms between the h-YMO films and the Si substrate

independently of the temperature or Y/Mn ratio.

Magnetism

» A spin-glass behavior characterized by a splitting of the ZFC-FC curve and a
maximum in the ZFC curve at Tr=20 K was observed for the h-YMO films. A weak
ferromagnetic contribution is present at 5 K in the M(H) curve. A splitting of the

ZFC-FC curves was observed for polycrystalline powders at ~ 65 (Y:Mn;O3) and 70

K (Y0.9sMni03), without maximum in the ZFC. On the contrary, the h-YMO single
crystal shows in both M(T) and M(H) curves a pure antiferromagnetic ordering at
Tn=70 K.
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4.3 Characterization of orthorhombic as-deposited YMO films

This part describes the structural characterizations of the o-YMO films grown on (100)-oriented
Si substrates by PI-MOCVD and PLD. They confirm that two parameters are important in the
stabilization of the 0-YMO phase on Si substrates: the temperature in the case of the PI-MOCVD
and the O pressure in the case of PLD.

4.3.1 0-YMO films elaborated by PI-MOCVD

A detailed structural analysis will be presented for two films deposited with the optimized

MOCVD parameters (horizontal device) as follows:
e a film deposited at T = 750°C, Y/Mn = 1 (hereafter YMO-750-1)

¢ a film deposited at T = 750°C, Y/Mn = 1.4 (hereafter YMO-750-1.4).
The XRD patterns of the o-YMO films are shown in Figure IV.24. They clearly indicate that the
0-YMO phase is present, as far as XRD is concerned, but the presence of amorphous or
nanocrystalline phases cannot be ruled out (see next paragraphs for TEM results). They also
indicate that the o-YMO film grows on the Si substrate without any particular orientation, having
the characteristics of a polycrystalline powder (see phase indexation). This confirms the

importance of the temperature as the main parameter for selective growth mechanism when

using PI-MOCVD.
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Figure IV.24. XRD patterns of o-YMO films: YMO-750-1 (black line) and YMO-750-1.4 (red
line): a) 6-20 patterns indexed with the o-YMO phase; b) GIXRD patterns indexed with the

Y2Mn207 phase for the YMO-750-1 film and with o-YMO phase for the YMO-750-1.4 film.
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In addition to 0-20 scans, corresponding GIXRD patterns are shown in Figure 1V.24b. The
patterns of the two samples are very different: the YMO-750-1.4 film contains only the o-YMO
phase, while the YMO-750-1 film exhibits only the Y>Mn>O7 pyrochlore phase. Since this phase
appears only in the GIXRD pattern, it can be assumed that it is found in a too small quantity to
be detectable by classical 0-26 geometry and/or it is not in a Bragg diffraction position. No clear
explanation is found for this point (a possible problem of texture may be inferred). It is
interesting to note that YMn2O7 phase is metastable under normal synthesis conditions. The
formation of the Y2Mn>0O7 was reported by several authors (Chen et. al. [25], Fujinaka et al. [26]
and Subramanian et al. [27]) under high oxygen pressure (3—4 GPa) and at high temperatures
(1000-1100 °C) or under hydrothermal conditions. These authors claim that after heating this
phase at 900 °C, it decomposes into YMnOs.

Sample Composition  a [1&] b [1&] c [1&]

JCPDS 16-1775 | YMnO;3; 5.8361 | 7.3571 | 5.2580

YMO-750-1 Yo0.82MniO239 | 5.780(2)  7.375(3) | 5.253(4)

YMO-750-1.4 | Y124MniO320  5.732(2) | 7.402(4) | 5.252(3)

Table IV.7. XRD lattice parameters of 0-YMO films compared to a reference bulk sample
(JCPDS card)

The film lattice parameters obtained from the XRD pattern (Pnma setting) shown in Table IV.7
present differences when compared to a powder diffraction standard (JCPDS card No. 16-1775
stoichiometric 0-YMO phase), mainly on the a and b lattice parameters. This can be due to
differences in sample composition but further comparison is not possible because of the scarce
data in the literature and the presence of the amorphous interfacial layer (and Y>Mn20O7) which
prevents the precise determination of the o-YMO phase composition in our films. The EPMA
measurement provides an average chemical formula of Yo8MniO239 for the YMO-750-1 film
and of Y124MnjO320 for the YMO-750-1.4 film (atomic values are normalized such that Mn
atomic ratio is 1). Note that the compositions given in Table IV.7 correspond to the average
composition of the films, including the amorphous interfacial layer and the Y2Mn»O7 phase (see

details in next paragraphs for TEM results).
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Figure IV.25. Top view SEM images of: a) YMO-750-1 film; b) YMO-750-1.4 film. Two types of
morphologies can be identified: columnar (zone I in (a) and (b)) and dendritic-like (zone 2 in (a)

and (b)). Cross-section SEM images of c) YMO-750-1 film; d) YMO-750-1.4 film.

The top-view scanning electron microscopy (SEM) micrographs of the o-YMO films are shown
in Figure IV.25a and b. For both films, the images display a dense structure with two types of
morphology: one corresponds to columnar grains (zone 1 in Figure IV.25a and b) and the other
to dendritic aggregates of grains (zone 2 in Figure IV.25a and b). They indicate two different
growing modes: columnar and dendritic, similar to the h-YMO films presented in section 4.2.
The column (individual grain) diameter is around 30 nm, while the total diameter of the
aggregates ranges between 200 and 400 nm. Cross-section SEM images (Figure IV.25c and d)
show a thickness of 350 nm (resp. 450 nm) for the YMO-750-1 (resp. YMO-750-1.4) films. No
difference in the chemical composition was observed for these two morphologies, indicating that

they correspond to the same o-YMO phase.
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Further microstructural characterizations using TEM were carried out on the cross-section of the

YMO films. The corresponding images are presented in Figures 1V.26-28 (YMO-750-1) and

amorphous [
Si !

Figure IV.26. Cross section TEM observations for YMO-750-1 film: a) medium resolution image
showing the different layers on top of the Si substrate and the columnar growth morphology b)
low resolution image showing the general aspect of the film with two types of morphologies; c)
high resolution image of an enlarged region of a) and the associated FFT (inset) indicating the

same growing orientation for two neighboring columns corresponding to o-YMO [10-1] zone

axis.

YMO-750-1 film
From the medium and low resolution TEM images in Figure IV.26a and b, it can be observed a

columnar growth of the YMO film, in agreement with the previous morphological results
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obtained by SEM. The diameter of the columns ranges between 20 nm and 30 nm and
corresponds to the small grains observed by SEM in zone 1 of Figure IV.25a. In addition, grain
aggregates of around 300 nm in diameter, are observed on the top part of the film, near its

surface. This corresponds to the morphology shown in zone 2 of Figure IV.25a.

Three different layers on top of the Si substrate are observed in Figure IV.26a, identified as
follows: the upper layer (~ 350 nm thick) corresponds to the crystalline o-YMO films grown in
the form of columns. The intermediate layer (~10 nm thick) is amorphous and is observed
between the columnar YMO film (top layer) and the bottom layer represented by the native
amorphous SiOx (5 nm thick). As for the h-YMO films, this layer forms as a compensation

mechanism of the non-stoichiometry in the o-YMO film.

The columnar grains of the o-YMO phase shown in Figure IV.26a and b can present similar
(preferential) orientation. An example of preferential orientation is shown in Figure IV.26¢
corresponding to an enlarged region of Figure IV.26a. From the fast Fourier transform of the
crystalline zone (inset of Figure IV.26c¢), we have deduced that the adjacent columns are
composed of 0o-YMO phase with similar zone axis [10-1] (Pnma setting). The {121} planes are
shown by the black/white contrast in Figure IV.23c. The interplanar spacing di21 measured on
the high resolution TEM image is 2.67 A, which is close to the theoretical bulk value (2.678 A)
and to XRD measure (2.668(4) A). The value of bo-ymo (deduced from the FFT of Figure IV.26¢)
is equal to 7.350(1) A, also close to the theoretical bulk value (bo-ymo =7.357 10%) and to the
measured XRD value (7.375(3) A).

These observations by HRTEM images showing that, on small regions, the grains have in
general the same orientation, are in agreement with the regular arrangements of columns seen in

the SEM images (zone 1 Figure IV.25a).

A close look at the interface between two adjacent columns (Figure IV.27a and b) shows the
presence of small misorientations. The same atomic planes observed on two or more columns
can have misalignments ranging from a few degrees (see Figure IV.27a) to tens of degrees (see

Figure IV.27b).
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Figure IV.27. High-resolution transmission electron microscopy image of o-YMO columns

showing different misalignments between neighboring columns.

These results were additionally characterized by bright-field and dark-field TEM images, shown
in Figure IV.28. The SAED image (inset of Figure IV.28a) displays the selected beam for the
resultant image: the direct beam is used to form the bright-field image, while a diffracted beam is
needed to form the dark-field image. Both selected spots are shown surrounded by red circles.
The diffraction spot corresponds to (121) planes. Thus, the dark-field image from Figure IV.28a
reveals all reflections of {121} planes coming from several grains, which appear as white areas.
It is seen that on regions of about 100 nm the grains have the same 121-orientation. However, it
seems that this orientation is not maintained all along the film section. Grains with different
textures are found at the film-substrate interface. Isolated regions of 121-orientation are spread
within the film. This confirms that the film is polycrystalline in average, with nanoscale

preferred-oriented zones, in agreement with previous SEM and TEM observations.
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Figure IV.28. Cross section TEM images of YMO-750-1 film: a) dark field mode; b) bright field

mode. Inset: Corresponding SAED pattern showing the transmitted beam and the 121 reflection.

In the bright-field image from Figure IV.28b, thick areas appear with dark contrast. It is observed
that the film is thicker at the interface, while it is thin near the surface. This effect is due to the
sample preparation, and in particular to the ion milling.

No observation of the Y2Mn20O7 phase could be made from the TEM images, but this is probably
because the analyzed regions are limited and, in addition, the presence of this phase is scarce.
YMO-750-1.4 film

The low magnification image of the YMO-750-1.4 film (Figure IV.29a) shows three different
layers on top of the Si. From top to bottom the layers in Figure IV.29a can be identified as
follows: the top layer (~450 nm thick) corresponds to the crystalline 0-YMO films grown in the
form of columns (dashed lines are given as guide for the eye), in agreement with the previous
morphological results obtained by SEM. An intermediate amorphous layer (~10 nm thick) is
observed between the columnar YMO film (top layer) and the native amorphous Si oxide of the
Si substrate (bottom layer) which is 4 nm thick. A typical SAED pattern of the o-YMO film is
shown in Figure IV.29b. One can clearly identify the regular array of intense reflections
originating from the Si substrate (highlighted by yellow rhombus in the figure). In addition, less
intense reflections originating from the columnar grains of o-YMO film are seen in Figure

IV.29b. These reflections appear to be distributed along certain circles corresponding to a
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polycrystalline o-YMO phase. Even if the intensity does not form a continuous and
homogeneous distribution along each circle — as expected for completely randomly oriented
distribution — it has a particular arrangement indicating several different orientations of the

grains (white arcs in Figure IV.29b).

Figure 1V.29. TEM results of the 0-YMO film deposited by MOCVD: a) low magnification cross-

section image showing three different layers on top of the Si substrate; b) SAED pattern of a
region of (a) containing several columnar grains and the Si substrate; c) HRTEM image of the o-
YMO film in a particular [121]-zone axis orientation. In the inset an enlargement overlapped
with the structure simulation; d) FFT of the HRTEM image from (c) showing that the orientation

corresponds to [121]-zone axis.

The HRTEM image of a columnar grain with a particular orientation (corresponding to [121]-
zone axis) is shown in Figure IV.29¢c and its enlargement is represented in the inset. The
projected structure (according to [28]) along the [121]-zone axis superimposed to the image in
this inset shows a good agreement between the HRTEM image and the arrangements of Y (red)
and Mn (green) atoms derived from the structural model : the most intense white dots
superimpose with Y atoms. The fast Fourier transform (FFT) image of Figure IV.29¢ shown in
Figure IV.29d indicates that the grain orientation is such that [1-11]o-ymo 1s almost parallel to the

[100]s;i (vertical direction in the figure).

Complementary structural characterizations have been carried out by Raman spectroscopy.
According to [16], there are 24 active Raman modes (74, + 5B1g + 7Bz, + 5B3,) for the o-YMO
(Pnma group) among which the most intense are given in Table IV.8. The position of the Raman
modes of both 0o-YMO films (see Figure IV.30) are in good agreement with the reference values
reported for powder o-YMO [16] and only small shifts are observed. These shifts are due to the

non-stoichiometry of the films.
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Figure IV. 30. Raman spectra of the o-YMO phase for YMO-750-1 and YMO-750-1.4 films.

Mode = Assignment YMO-750-1 = YMO-750-1.4 | Iliev et al. [16]

Ag(1) x(Y) 150.8 149.3 151
Ag(2) z(Y) 186.4 185.2 188
B2g(1) x(Y) 220.7 219.3 220
Ag(3) Rot. y(MnOe) 285.5 288.1 288
Ag(4) x(01) 323.1 321.3 323
Ag(5) Rot. x(MnOe) 398.6 401.0 396
Ag(6) Bend(MnOg) 497.0 499.0 497
B2g(2) Bend(MnOg) 534.9 532.5 537
B2g(3) | Strec. xz(MnOg) 620* 618* 616

? 652* 651* 653

Table IV.8. Wavenumbers of the o-YMO Raman modes for YMO-750-1 and YMO-750-1.4 films
and for a ceramic pellet reference. The Ag and B2g modes are numbered following their order of
appearance with increasing wavenumbers in the spectrum (* uncertain values due to the modes

overlapping ).

4.3.2 0-YMO films elaborated by PLD
A representative 0-YMO film grown by PLD on Si(100) substrate (at 800 °C and Po»=0.3 bar)

was chosen for the following characterizations.

Figure IV.31 shows the 0-260 XRD and GIXRD scans. Both patterns show only the peaks of the
0-YMO phase. No reflections of other phases were detected. The XRD peaks of the o-YMO
phase and their intensity suggest that the film has the characteristic of an almost randomly

oriented polycrystalline sample. The cell parameters derived from both XRD techniques
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(a=5.791(3) A, b=7.338(4) A, ¢=5.2370(4) A) are in relatively good agreement with those
reported in the JCPDS card No. 16-1775, although differences exist mainly when comparing the

a parameter.
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Figure IV.31. 0-20 XRD (black line) and GIXRD (red line) patterns of the o-YMO film grown by

PLD (P02=0.3 bar, T=800 °C).

A top-view SEM image of the o-YMO film grown on Si substrate is shown in Figure IV.32.

i L e ——

Figure IV.32. Top-view SEM image (secondary electrons) of the o-YMO film deposited on
Si(100) by PLD. Two types of morphologies can be identified: granular and dendritic-like.
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As in the case of o-YMO films elaborated by MOCVD (Figure IV.25), two types of
morphologies can be identified: granular and dendritic-like. The grains are around 20-30 nm in
diameter while the aggregates are ranging between 65 and 75 nm. The 20-30 nm grains may be
related to a columnar growth, but without further cross-section SEM or TEM observation, it
cannot be confirmed. The chemical composition measured by EDX gives the formula
Y136Mn103.11. Similarly to the MOCVD YMO films, an intermediate amorphous layer between
the film and the Si substrate is expected. Complementary TEM observations are needed to clarify
this issue. Finally, the Raman results confirm the presence of the o-YMO phase. A typical
Raman spectra of this 0-YMO film is presented in Figure IV.33. All experimental peaks can be
assigned to the modes of the 0o-YMO phase and the modes of the Si substrate, which were used
to calibrate the spectrum (the Si mode at 520 cm™ was the reference). The line positions of the o-
YMO phase are indicated on the graph. They match very well with those reported by Iliev et al.

[16] for a ceramic pellet.
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Figure IV.33. Raman spectra of 0-YMO film elaborated by PLD. The left part of the spectrum
was multiplied by 3 in order to have a better visibility when comparted with the right part. Inset:

in red, respectively green, the Lorentzian line shapes used to fit the B2g and “650 cm™” modes.

In blue, the resulting fit.

Experimental Raman peaks are fitted using Lorentzian profiles. The peak positions, the full

width at half maximum (FWHM), the peak area and the baseline are the free varying parameters.

1

Inset of Figure IV.33 shows an example of such a fit, in the 560-730 cm™ range. A perfect
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agreement between the experimental (in black) and simulated (in blue) spectrum has been
achieved. The fitted values are displayed in Table IV.9.
Peak 1 | Peak 2
Peak center (cm™) 617.60 | 650.00
FWHM (cm™) 13 70
Area 375305 | 383558
Background (counts) 600 600

Table 1V.9. Simulated Lorentzian peak parameters for the experimental Raman spectrum in the

560-730 cm™ range.

4.3.3 Magnetic characterization of 0-YMO films

Figure IV.34a shows the M(T) curves for the o-YMO film (sample YMO-750-1.4). A splitting of
the ZFC-FC curves, with a maximum in the ZFC curve at the freezing temperature T= 20 K,
indicates a spin glass-like behavior. Previous reports show the existence of a similar spin-glass
state for either bulk [29] or film [30] 0-YMO phase, although different freezing temperatures are
reported (11 K and 40 K). As shown in the Figure IV.34b, a linear variation in the M(H) curve is
observed at room temperature, as expected for a paramagnetic behavior. At low temperature, a
small hysteresis loop is observed in the inset of Figure IV.34b, indicating an additional weak

ferromagnetic contribution.
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Figure 1V.34. Temperature dependence of the magnetization (M(T)) for YMO-750-1.4 film. Open
(solid) symbols represent the M(T) taken in the ZFC (FC) mode; b) Field dependence of the
magnetization (M(H)) at 5 and 300 K. Inset: enlargement of the M(H) curve in the low

magnetization values.
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Summary
0-YMO films have been grown on Si(100) substrate by both MOCVD and PLD techniques

without any strain stabilization mechanism and free of the h-YMO phase (Y2Mn207 secondary
phase was obtained due to the nonstoichiometry of the precursor solution).
The main characterization results of the o-YMO films, grown by MOCVD or PLD are the
following:

¢ Qrientation

» The films are mainly polycrystalline.

» Regions of textured grains are observed at nanometrical scale by top view SEM.

e (Cell parameters

» Some variations in the cell parameter values are produced by the variations of the
Y/Mn ratio in the MOCVD film and of the PO; in the PLD film: from 5.732 to 5.791
A for a, from 7.338 to 7.402 A for b and from 5.237 to 5.253 A for c. As a

consequence the 0-YMO phase can be grown in a relatively large range of non-

stoichiometry.
e Microstructure

> A columnar growth is observed for the MOCVD 0-YMO films with columns

between 15-30 nm and aggregates ranging from 200 to 400 nm. Similarly, the PLD
growth produces grains of 20-30 nm in size and aggregates of grains between 65 and
75 nm.

> An amorphous layer of about 10 nm is formed at the o-YMO film-Si substrate

interface independently of the MOCVD initial Y/Mn composition.
e Magnetism
» Magnetic measurements indicate a spin-glass behavior, characterized by a splitting of
the ZFC-FC curves, with a maximum in the ZFC curve at T= 20 K. A weak

ferromagnetic contribution is observed at 5 K.
4.4 Summary and conclusions

To remind the reader the conclusions derived from each section, we reproduce below the
individual summaries:

4.1 Characterization of amorphous as-deposited films:
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The YMO films deposited at 600°C are amorphous, indicating that the amorphous phase is easily

formed and stable for the MOCVD growing conditions in a large range of compositions. This

phase forms prior to the crystallization of either o-YMO or h-YMO phases even if appropriate
substrates (STO, LAO, GaN) would favor the crystalline phases [5], [6]. Furthermore, the

formation of the amorphous YMO phase is independent of the synthesis method, initial

composition of the precursors or oxygen pressure.

The as-deposited MOCVD films follow a 3D columnar growth mode with columns diameter

between 15 and 20 nm and a cauliflower-like morphology. The Raman spectra present only a
large mode at around 650 cm’!. The magnetization measurements suggest a spin-glass behavior
with a maximum in the ZFC curve between 11 and 19 K.
4.2 Characterization of hexagonal as-deposited YMO films
The h-YMO films, grown by MOCVD or PLD have been characterized by several techniques
and the following characteristics are resulting:

e QOrientation:

» the MOCVD films are mainly c-axis textured, strongly influenced by the deposition

temperature and to a minor extent by the Y/Mn ratio in the solution

» the PLD films are mainly [11-20] and [11-21] oriented independent of the oxygen

pressure (basically, the c-axis texture is completely suppressed comparing to the
MOCVD films).

e (Cell parameters

» Large variations in the cell parameter values are produced by the variation of the Y/Mn
ratio in the film (both XRD and Raman are sensitive to these variations). As a

consequence the h-YMO phase can be grown in a large range of non-stoichiometry.

e Microstructure

» The MOCVD h-YMO films present a columnar growth, which is typical for the

MOCVD process with grain diameter between 20-40 nm.
» The PLD growth produces dense grains, mainly polygonal-shaped, between 90-150 nm
in size

» An amorphous layer (10-50 nm) forms between the h-YMO films and the Si substrate

independent of the temperature or Y/Mn ratio.

e Magnetism
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A spin-glass behavior characterized by a splitting of the ZFC-FC curve and a maximum
in the ZFC curve at T=20 K was observed for the h-YMO films. A weak ferromagnetic
contribution is present at 5 K in the M(H) curve. A splitting of the ZFC-FC curves was
observed for polycrystalline powders at ~ 65 (Y1Mn;0s3) and 70 K (Y0.95Mn;0s3), without

maximum in the ZFC. On the contrary, the h-YMO single crystal shows in both M(T)

and M(H) curves a pure antiferromagnetic ordering at Tn=70 K.

4.3 Characterization of orthorhombic as-deposited YMO films
0-YMO films have been grown on Si(100) substrate by both MOCVD and PLD techniques

without any strain stabilization mechanism and free of the h-YMO phase (Y2Mn207 secondary

phase was obtained due to the nonstoichiometry of the precursor solution).

The main characterization results of the o-YMO films, grown by MOCVD or PLD are the

following:

Orientation

» The films are mainly polycrystalline.

» Regions of textured grains are observed at nanometrical scale by top view SEM.

Cell parameters

» Some variations in the cell parameter values are produced by the variation of the
Y/Mn ratio in the film (MOCVD) and Po2 (PLD): from 5.732 to 5.791 A for a, from
7.338 to 7.402 A for b and from 5.237 to 5.253 A for ¢. As a consequence the 0-YMO

phase can be grown in a relatively large range of non-stoichiometry.

Microstructure

> A columnar growth is observed for the MOCVD o0-YMO films with columns

between 15-30 nm and aggregates ranging from 200 to 400 nm. Similarly, the PLD
growth produces grains of 20-30 nm in size and aggregates of grains between 65 and
75 nm.

> An amorphous layer of about 10 nm is formed at the o-YMO film-Si substrate

interface independently of the MOCYVD initial Y/Mn composition.

Magnetism

» Magnetic measurements indicate a spin-glass behavior, characterized by a splitting of
the ZFC-FC curves, with a maximum in the ZFC curve at T= 20 K. A weak

ferromagnetic contribution is observed at 5 K.
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As we saw in the previous chapter, we have succeeded in stabilizing the o-YMO phase on Si
substrate without a particular stabilization mechanism. We are now interested in the thermal
stability of this phase. Therefore, this chapter covers the phase transformations and the stability
of the o-YMO phase in the amorphous as-deposited films and o-YMO as-deposited films,
respectively. In-situ and ex-situ experiments have been performed in order to investigate the
transformation of amorphous as-deposited YMO films into the o-YMO phase and the behavior of
the 0-YMO film when increasing the temperature. Finally, the magnetic behavior before and after

the heat treatments was investigated.
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The structural changes resulted from the phase transformation have been studied by XRD, SEM,
TEM and Raman spectroscopy. Three samples were analyzed for this purpose: they are labelled
YMO-600-1 (Ts=600 °C and Y/Mn=1), YMO-600-1.4 (Ts=600 °C and Y/Mn=1.4) and YMO-
750-1.4 (T=750 °C and Y/Mn=1.4). A detailed characterization of these samples was already
presented in Chapter 4, section 4.1 and 4.2.1. We present here only the phase transformation and
phase stability studies performed by various heat treatments. On the one hand, the films were
subsequently heated (ex-situ) at different constant temperatures (750, 800, 850 and 900 °C) for a
short period of time (1h) under air atmosphere in a muffle furnace. On the other hand, in-situ
experiments were carried out as follows:

- Raman spectroscopy: a Linkam High Temperature Stage System (TS1500) was used in the
temperature range RT — 1100 °C under an Ar flow (RT=room temperature). The temperature was
increased in stages at a rate of 25 °C/min up to 600 °C and at 10 °C/min above this temperature.
Each stage was maintained for 5 min before the measurement was done in order to achieve thermal
stability. The data processing consisted in the fitting of each spectrum using Lorentzian profiles
after the subtraction of the baseline in order to find the mode positions.

- TEM: the sample was heated by using the electron beam of the transmission electron microscope.

5.1 Phase transformations in amorphous as-deposited YMO
films

5.1.1 Ex-situ heat treatments on as-deposited amorphous YMO films
As-deposited YMO-600-1 and YMO-600-1.4 films are characterized by an amorphous phase as

demonstrated by the previous structural characterization results in Chapter 4:

-the XRD patterns of the films (Figure IV.1a) contain no diffraction lines except those of the Si
substrate.

-the GIXRD pattern of the YMO-600-1 film (Figure IV.1b) contains a main broad peak
characteristic of amorphous materials.

-the HRTEM image of the YMO-600-1.4 film (Figure IV.2) does not present any evidence of
crystalline order; its SAED pattern is composed of circular halos characteristic of an amorphous
phase.

- The Raman spectra (Figure IV.5a) of both films contain only a broad band partially superimposed

on the Si Raman line.
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During the film heating, the crystallization of the amorphous phase takes place; an estimation of
the onset of the crystallization was obtained from XRD and SEM observations of the samples after

each intermediate ex-situ heat treatment at 750, 800, 850 and 900 °C.

Figure V.1 compares the XRD patterns of the YMO-600-1 (Figure V.la) and YMO-600-1.4
(Figure V.1b) films annealed at different temperatures in the 750-900°C range. The first clear
diffraction peaks, indicating the crystallization, are observed at 750 °C for YMO-600-1 and at 800
°C for YMO-600-1.4. At 800 °C, both samples present rather similar XRD patterns corresponding
mainly to the polycrystalline o-YMO phase (marked by full circles in Figure V.1) which remains
stable up to 900 °C. This temperature was the highest tested in these ex-sifu experiments. In
addition to the formation of the o-YMO phase, a Si diffusion with the subsequent formation of a
Y 4.67(S104)30 phase (pointed by full squares in Figure V.1) was observed: in particular, an intense

peak corresponding to the 200 reflection of the silicate phase emerges at 26=21.5° for both samples

after heating at 900 °C.
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Figure V.1. XRD patterns of the annealed YMO-600-1 (a) and YMO-600-1.4 (b) films under air

atmosphere for 1h at each step. The annealing temperature is indicated on each pattern.

The cell parameters calculated from the XRD reflections are: a=5.736(3) A, b=7.376(4) A,
¢=5.248(3) A for the YMO-600-1 film and a=5.786(2) A, b=7.360(4) A, ¢=5.243(3) A for the
YMO-600-1.4 film after annealing at 900 °C. These parameters do not present significant changes
during the annealings (see Figure V.1). This indicates that the o-YMO phase was formed in the
first stages of annealing and it is stable during the temperature increase. The stability of the o-
YMO phase was further confirmed in Figure V.2a which shows the temperature dependence of the

(121)o-ymo reflection (the most intense in both XRD patterns). In the 750-900 °C temperature range
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for the YMO-600-1 film and 800-900 °C for the YMO-600-1.4 film, the value of the interatomic
distance dj2; is constant and close to 2.670(3) A and 2.672(3) A, respectively, which is a bit lower
than the bulk value (di21=2.678 A). The small difference between these distances and the bulk
reference is due to a compositional effect (different Y/Mn ratio used). The correlation length (or
crystallite size) calculated using the Scherrer formula for the (121) reflection at each temperature
is represented in Figure V.2b. For both samples the crystallite size ranges from 50.5 to 52.5 nm.
Compared with the as-deposited o-YMO film (YMO-750-1.4), the correlation length is smaller (~
50 vs. 150 nm). When taking a closer look, we can see that these values increase slightly during
the annealing process between 750 and 850°C, which indicates a small improvement of the film
crystallinity. Then, between 850 and 900°C a decrease is observed, related to the observed silicate

impurity and to the degradation of the morphology (see Figure V.3 below).
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Figure V.2. Temperature dependence of a) the di2; distance and b) the crystallite size for the
YMO-600-1 (in black) and YMO-600-1.4 (in red) films.

The SEM observations in Figure V.3 indicate more precisely that the crystallization has already
started at 750 °C in both samples. Indeed, when compared to the as-deposited sample, they present
new crystalline grains with larger sizes. They have grown radially around several nucleation
centers spread over the films, resulting in the disk shape morphologies observed in the SEM
images. These disks are around 2-2.5 pm in diameter and each individual crystal is 40-80 nm in
width and 650-900 nm in length. The width of the individual crystals is in agreement with the
crystallite size found by XRD. Almost no change in the disk shape is observed as the temperature

increases indicating a quasi-complete transformation at 750 °C.
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as-deposited as-deposited

Figure V.3. SEM images showing the morphology evolution of the as-deposited films with
annealing temperatures of 750 °C, 800 °C, 850 °C and 900 °C: YMO-600-1 (a) and YMO-600-
1.4 (b).
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Some minor changes are observed in-between the disks where crystals with similar sizes to those
present in the disk are formed (see SEM observations at 800 °C). They probably correspond to
crystals nucleating from a center located in the bulk of the film. At higher temperatures (850 and
900 °C), the surface is damaged and cracks appear in the films due to the thermal stress induced
by the heat treatment. This fact and the presence of the Y4.67(S104)30 impurity phase identified by
XRD prevent any further SEM analysis at 900 °C.

Complementary Raman measurements for the YMO-600-1 and YMO-600-1.4 films were made at
room temperature, after the ex-siru annealings at 900°C under air atmosphere. The spectra are

displayed in Figure V 4.
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Figure V.4. RT Raman spectra of the YMO-600-1 (black line) and YMO-600-1.4 (red line) films
annealed at 900 °C. Inset: Raman spectra of the as-deposited YMO-600-1 (black line) and
YMO-600-1.4 (red line) films (see Figure IV.5 for complete spectra).

All the Raman lines are assigned to the o-YMO phase (see vibrations assignments in Table IV.8)
except the line at 520 cm™! originating from the Si substrate. The comparison of the Raman spectra
of the as-deposited film (inset of Figure V.4) and of the films annealed at 900 °C indicates that the
transformation from the amorphous to the o-YMO phase took place, as shown from the XRD and
SEM observations. The Raman modes of the crystalline phase are in good agreement with those
reported by Iliev et al. [1] for o-YMO (see Table.V.1). Both spectra are almost similar and only
very small shifts in the line positions are observed, intensity differences being mainly due to

different thicknesses and orientations of the probed micro-regions.
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Mode | YMO-600-1 | YMO-600-1.4 Iliev et al.
[1]
Ag(1) 151 151 151
Ay(2) 186 186 188
Bag(1) 219 220 220
As(3) 285 286 288
Ay(4) 322 323 323
B2s(2) - 341 341
Ag(5) 397 397 396
Ag(6) 497 497 497
B2,(3) 534 535 537
Bog(4) 620 618 616
? 652 651 653

Table V.1. RT Raman wavenumbers of the o-YMO phase for YMO-600-1 and YMO-600-1.4
films annealed at 900°C (this work) and for an o-YMO ceramic pellet [1]. The Ag and B2 modes
are numbered following their order of appearance with increasing wavenumbers in the

spectrum.

No Raman signal of the impurity phase could be detected. Note that the line at ~ 652 cm™' is not
a proper vibration mode of the 0-YMO phase although it was already observed in Iliev’s spectra
[1]. Concerning its origin, different possibilities were considered: defects [2], contributions from
zone-boundary phonons [3] and on-site Jahn-Teller mode [4]. The Raman results indicate that the

0-YMO phase formed in the two films have similar composition.

5.1.2 In-situ Raman experiment on as-deposited amorphous YMO film

The onset of the amorphous to crystalline phase transformation was investigated in-situ for the
YMO-600-1 sample by Raman spectroscopy (Figure V.5). When heating from RT to 675 °C under
Ar atmosphere, the broad band characteristic of the amorphous sample shifts gradually from ~ 650
cm! at RT to ~ 637 cm™! at 675 °C with a simultaneous intensity decrease and line broadening, as
expected from thermal expansion. A sudden change relative to the phase transformation is
observed in the spectrum with further temperature increase to 700 °C (see red spectrum in Figure
V.5 and Figure V.6). Indeed, at 700 °C, three Raman lines occur at ~ 306, 381 and 609 cm’™!; they
are assigned to the Ag(4), Ag(5) and B2g(4) Raman modes of the o-YMO phase reported in Table
V.1, respectively, taking into account Raman shifts due to thermal expansion. Their temperature

dependence in the RT-900°C range is shown in Figure V.6.
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Figure V.5. Temperature-dependent Raman spectra of the YMO-600-1 film in the temperature
range RT-900°C. The red spectrum marks the crystallization of the amorphous phase into the o-

YMO phase. Inset: spectra at 1000°C and after cooling down to room temperature.

It is observed that a continuous temperature dependency of the o-YMO modes occurs after the
transition at 700°C. This confirmed that no other phase transition takes place up to 900°C. The
thermal dependence of the E; mode at ~ 520 cm™! of the Si substrate from our data is in very good
agreement with the one reported in [5].

From 900 °C up to 1100 °C, the modes of the o-YMO phase disappear and only an enhancement
of the Si line intensity is observed (see blue spectrum in the inset of Figure V.5). The spectrum
remains unchanged when cooling down to RT as seen on the black spectrum in the inset of Figure
V.5. This indicates an irreversible change in the sample. It is related to the formation of a new

phase due to the Si diffusion in the film at high temperature.
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Figure V.6. Temperature dependence of the Ay(4), Ag(5) and B24(4) mode wavenumbers of the o-
YMO phase for the YMO-600-1 film. The thermal dependence of the E, mode of the Si substrate
~ 520 cm™ from our data (close symbol) and that reported in [5] (open symbol) is also given.

Inset: enlargement of the B2g(4) wavenumber evolution.

In order to obtain structural information about the phase formed during Raman investigation above
1000 °C, complementary XRD, SEM and TEM analyses of the film were performed after cooling
down to RT (Figure V.7). They reveal the formation of a silicate phase from the Si diffusion into

the film, as mentioned above.

More precisely, the hexagonal Y4.67(S104)30 phase (JCPDS card No. 30-1457) can be identified
by both XRD (square symbols in the pattern of Figure V.7a) and TEM observations: the HRTEM
micrograph of the Y4.67(Si04)30 phase and the corresponding SAED pattern in [011]-zone axis are
shown in Figure V.7b and its inset. The Y4.67(S104)30 projected structure along the [011] direction
is superimposed in Figure V.7c on an enlargement of the HRTEM micrograph of Figure V.7b.
Carlne software was used with the Y4.67(Si04)30 structural parameters given in the JCPDS card
No. 30-1457 as input. A good agreement between the white dots from the HRTEM image and the

arrangements of Y atoms (yellow) of the structural model is observed (Figure V.7c¢).
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Figure V.7. Structural characterizations of the YMO-600-1 film annealed in-situ (Raman
experiment) at 1100°C under Ar atmosphere and cooled down to RT: (a) XRD pattern indicating
the hexagonal Y467(Si04)30 silicate phase (JCPDS card No. 30-1457); (b) Cross-section
HRTEM image of the film showing the Y467(Si04)30 phase in the [011]-zone axis on top of the Si
substrate and its SiOx native oxide layer (3nm); the corresponding SAED pattern is given in the
inset; (c) enlargement of HRTEM image of the Y467(Si04)30 phase overlapped with the projected
structure along the [011] direction; (d) SEM top view of the YMO film surface.

The SEM image in Figure V.7d indicates that the film morphology has been modified when
compared to that of the as-deposited film and that of the film annealed at 900°C shown in Figure
V.3b. Much larger grains are observed for the silicate (up to 500 nm) and the resulting surface is
very rough with a high porosity between individual grains. Cracks due to thermal stress are also

visible.
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5.1.3 In-situ TEM experiment of as-deposited amorphous YMO film

TEM was used to study the local heating effect of the electron beam irradiation on the amorphous

phase, which allowed us to have a closer look in the first stages of crystallization.

The HRTEM cross-section micrograph of the as-deposited YMO-600-1.4 film shown in Figure
V.8a and its corresponding SAED pattern given in the inset are characteristic of an amorphous
phase: no periodic arrangement related to a crystalline material is observed in the image and the
SAED pattern presents circular halos. One can notice the columnar growth of the film (~15 nm
column diameter). The power density of the electron beam was increased by varying the focus on
the sample surface in order to induce a local recrystallization of the amorphous phase by heating.
The in-situ transformation was carried out in several regions and similar results were obtained (see
Figure V.8b-d). Whereas no change is observed in the image when a low power density is used,
the amorphous film starts to crystallize as independent nucleation centers growing simultaneously
after 3 min of electron irradiation when using a more focused beam (Figure V.8b). The irradiated
region consists of several crystallites of 10-20 nm average size formed simultaneously with the
disappearance of the as-deposited columnar structure. The corresponding Fast Fourier Transform
(FFT) shown in the inset of figure V.8b presents distinct diffraction spots typical of polycrystalline
samples. Increasing the irradiation time from 3 to 8 min (Figure V.8c) does not result in any
significant change in the crystalline and amorphous regions and the d-spacings from the FFT
pattern (inset of Figure V.8c) remain constant. The d-spacings can be assigned to the o-YMO phase
which gives evidence of the transformation of the amorphous phase into a nano-crystalline o-YMO

phase by heating under the electron beam for a short period of time.

The projected atomic structure of 0-YMO (CarlIne software, with minor modifications of the lattice
parameters of the JCPDS card No. 16-1775) locally well agrees with the HRTEM image in Figure
V.8d as shown in its top inset (d-spacings are indexed as dioo). The regions of agreement are
relatively small due to the presence of a large quantity of defects probably related to the irradiation.
Indeed, the beam impact can be observed on the irradiated surface, as shown in the bottom inset

of Figure V.8d.
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Figure V.8. In-situ TEM experiment on the YMO-600-1.4 film: (a) HRTEM cross-section image
of the amorphous as-deposited film (t=0 min), the corresponding SAED is given in the inset; (b)
HRTEM cross-section image after 3 min of heating by the electron beam irradiation showing the
crystallization of some amorphous regions into the o-YMO phase. Inset: corresponding FFT
with distinct diffraction spots with d-spacings matching the o-YMO phase; (c) same as (b) after
8 min of heating. No change compared to (b) is observed; (d) HRTEM image after 3 min beam

irradiation in a different zone. Top inset: enlargement of an o-YMO nanocrystal (square box in

(d)) in a particular [012]-zone axis orientation overlapped with the simulated o-YMO structure;

bottom inset: low resolution TEM image of the film showing the beam impact.
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5.2 Stability of the as-deposited 0o-YMO phase

5.2.1 In-situ Raman experiment on as-deposited 0o-YMO film

The stability of the o-YMO phase was investigated in-situ by Raman spectroscopy from RT up to
900 °C using the YMO-750-1.4 film. As shown in the Chapter 4 (see section 4.3), the use of the
corresponding deposition parameters (Ts=750 °C, Y/Mn=1.4) led to the deposition of the o-YMO
phase on Si (100) substrate. Figure V.9 shows the temperature dependence of the Raman spectrum
of the 0-YMO film in the temperature range RT - 900 °C: all Raman modes except the Si line can
be assigned to the o-YMO phase throughout the whole temperature range. Lineshifts toward low
wavenumbers, intensity decrease and line broadenings are observed with increasing temperature
for all lines, as expected from thermal expansion. The temperature dependence of the Ag(5) and
B2g(4) modes as well as the Si substrate is given in Figure V.10. The abnormal decrease in
wavenumber observed above ~ 750 °C for the A¢(5) mode can be related to the difficult fitting of
the corresponding weak broadened line at such high temperatures.

Si Bag(4) + 2

200 300 400 500 600 700 800 900
Raman shift (cm™)
Figure. V.9. In-situ Raman experiment on the as-deposited YMO-750-1.4 film: temperature-

dependent Raman spectra in the RT-900 °C temperature range under Ar atmosphere.
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Figure V.10. Temperature dependence of the Ag(5) and B24(4) modes of the o-YMO phase for the

YMO-750-1.4 film. The thermal dependence of the E, mode of the Si substrate ~ 520 cm™ from

our data (closed symbol) and that reported in [5] (open symbol) is given as reference.

No other change occurs, indicating that the o-YMO film is stable and undergoes no phase

transition in the investigated temperature range. Spectra measured during the cooling are identical

to those measured at the same temperature during the heating (see Figure V.11a); it is especially

confirmed by the spectra measured at RT before (i.e. as-deposited) and after the in-situ

temperature experiment in Figure V.11b (note that these spectra are measured outside the cell

temperature which explains the higher intensity than in spectra of Figure V.11a).
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Figure V.11. a) Raman spectra measured during the heating (red line) and those measured

Raman shift (cm™)

Raman shift (cm™)

during the subsequent cooling at RT, 700 °C and 800 °C; b) RT Raman spectra of the as-

deposited film and of the film annealed at 900 °C and cooled down to RT.
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XRD and SEM analyses of the YMO-750-1.4 film before and after annealing at 900°C confirm
the stability of the 0-YMO phase. XRD patterns in Figure V.12 confirm the o-YMO phase for both
films (as-deposited in black, after in-sifu annealing in red) in agreement with Raman experiment.
However, the annealed film presents additional peaks corresponding to an impurity phase probably
due to the diffusion of silicon, as previously observed for the YMO-600-1 and YMO-600-1.4

samples, although it does not correspond to the previously identified silicate phase.

Si — as-deposited

— heat-treated
e 0-YMO
+ impurity

3

2

2> Si

‘@

C

]

£

g °
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Figure V.12. XRD patterns of the as-deposited YMO-750-1.4 film (black line) and of the film

after in-situ annealing at 900°C under Ar atmosphere. Full circles and crosses indicate the o-

YMO and an impurity phase, respectively.

Figure V.13 shows the surface morphology of the annealed YMO-750-1.4 film. It exhibits a
granular structure with a single family of grains strongly intertwined with nanometer-sized pores
between them. They are distributed across the film as shown by the tilted top view image on the
border of the sample in the inset of Figure V.13a. The grain size increases from 15-30 nm in the
as-deposited film (Figure V.13b) up to 60-100 nm in the annealed film (Figure V.13a). Some
aggregates, generally round-shaped, can also be observed on top of the films (Figures V.13a and

V.13b).
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Figure V.13. Top view SEM images of YMO-750-1.4 film showing the morphology evolution of
the film after in-situ annealing (a), of the as-deposited film (b). An enlargement showing the

edge of the annealed film is shown in the inset in (a).

5.3 Magnetic characterization

The magnetic properties of the samples annealed by in-situ and ex-situ experiments are discussed
briefly in the following. The temperature dependence of the magnetization was measured at a field
of 500 Oe in both the zero field cooled (ZFC), and field cooled (FC) modes.

YMO-600-1 sample
Figure V.14a displays the temperature dependence of the magnetization of the YMO-600-1 film
annealed at 900 °C in both the ZFC and FC modes. The result corresponding to a similar
measurement on the as-deposited sample is shown in the inset of Figure V.14a (see section 4.1

from Chapter 4 for the complete description).
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Figure V.14. Temperature dependence of the magnetization in both the ZFC (open symbol), and
FC (filled symbol) modes for YMO-600-1 sample annealed a) ex-situ at 900°C; b) in-situ at

1100°C. Inset of a): temperature dependence of the magnetization for the as-deposited film.

The YMO-600-1 film annealed ex-siru at 900 °C exhibits a paramagnetic increase with the
decreasing temperature down to 32 K (Figure V.14a). At this temperature, a splitting in the ZFC-
FC curves takes place. Compared to the as-deposited film, for which T=11 K, the ZFC-FC
splitting temperature is higher in the annealed film. This behavior can be related to the formation
of the crystalline 0-YMO phase during the annealing in the 750-900 °C temperature range.

The M(T) magnetization curve of the YMO-600-1 film annealed in-situ at 1100 °C is shown in
Figure V.14b. The magnetization values of both ZFC and FC curves increase when decreasing the
temperature without other change. This is a typical paramagnetic behavior and suggests that the
silicate Y4.67(S104)30 phase is paramagnetic in the 5-300 K temperature range.

YMO-600-1.4 sample

The YMO-600-1.4 film annealed ex-situ at 900 °C shows a similar behavior in the temperature
dependence of the magnetization curves (Figure V.15a). The ZFC-FC curves increase with the
decreasing temperature down to 32 K as for a paramagnetic material. At Tr= 35 K a splitting is
observed between the curves, similarly to the YMO-600-1 film annealed at 900 °C. However, a

second increase in the magnetization occurs in the ZFC curve below 10 K.
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YMO-600-1.4 annealed film
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Figure V.15. Temperature dependence of the magnetization in both the ZFC (open symbol), and

FC (filled symbol) modes for YMO-600-1.4 sample annealed ex-situ at 900 °C.

YMO-750-1.4 sample
Figure V.16 displays the temperature dependence of the magnetization in the ZFC and FC modes
of the YMO-750-1.4 film before (in black) and after annealing at 900 °C (in red).
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Figure V.16. Temperature dependence of the magnetization in both the ZFC (open symbols), and
FC (filled symbols) modes for the as-deposited (in black) and annealed ex-situ at 900 °C (in red)

YMO-750-1.4 sample.
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Both as-deposited and annealed states of the film exhibit a pronounced irreversibility in the ZFC-
FC curves. The observed splitting in the ZFC and FC curves at low temperatures (Tr =21 K) is a
hallmark of spin-glass-like transition of the o-YMO phase. In addition to this, we have also
observed a sharp cusp at around 42 K in the ZFC and FC curves of the annealed film. This
transition is close to the transition temperature of the ferromagnetic Mn304 and can be due to the
presence of this phase as small quantity impurity in our films. However, no indication from any of
the characterization techniques used could confirm the presence of this phase. In conclusion, a
spin-glass like behavior was observed for the annealed o-YMO phase, independently of the as-

deposited phase.

5.4 Discussion and summary

The transformation from the amorphous to the 0-YMO phase and its stability were studied in detail
using XRD, SEM, TEM and Raman spectroscopy. Amorphous as-deposited YMO-600-1 and
YMO-600-1.4 films transform irreversibly to o-YMO phase in the temperature range 675-700 °C.

Once the 0-YMO phase was formed, it remained stable when heating up to 900 °C. The stability
of the 0-YMO phase in the RT-900°C range (during heating and cooling) was also confirmed by
performing a temperature in-situ Raman experiment using the o-YMO as-deposited sample

(YMO-750-1.4).

The present results explain the MOCVD selective growth mechanisms previously reported in

Chapters 3 and 4: films deposited on Si substrate below 700 °C are amorphous; they crystallize in
the pure orthorhombic phase when deposited in the 750-800 °C range, and in the hexagonal
structure for depositions above 800 °C. The amorphous YMO phase is the stable phase below 700
°C in agreement with the results from bulk samples prepared by a solution-based procedure via
complexation by citrates reported in [6]. In such a way, an inorganic amorphous oxide carbonate
has been obtained (final firing at 350—450 °C). This amorphous phase crystallizes mainly into the
0-YMO phase in the temperature range 700-900 °C in air or O atmosphere. Under N2 or CO»
atmosphere, the h-YMO phase is dominant, suggesting that the oxygen partial pressure has a large
influence on the yield of 0-YMO. These results seem very close to our MOCVD results and attest
that the growing mechanisms and process conditions to obtain the o-YMO phase are rather similar:

formation of an intermediate amorphous phase, low temperature annealing and oxidizing
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atmosphere. The small differences in temperature can be due to different amorphous states prior

to crystallization [6].

The parameters used in our work appear particularly interesting as no h-YMO phase is present in

the whole investigated temperature range, which improves the selectivity of the growing process.

We finally note that the expected transition of o-YMO into the stable high temperature phase h-
YMO was reported to occur near 1100 °C [6, 7]. This explains why no indication of this transition

has been obtained in our study, which was limited to 900 °C annealing, due to Si diffusion.

In conclusion, in-situ and ex-situ thermal annealings gave evidence of the crystallization of the

amorphous as-deposited films into the o-YMO phase at ~700 °C in a short period of time and

confirm the stability of this phase up to at least 900 °C. The o-YMO as-deposited film presents a

similar behavior: it is stable from RT up to 900 °C. At higher temperature, a Si diffusion from the

substrate into the film leads to the formation of a silicate phase. These results allow to consider a

MOCYVD selective growth (amorphous, orthorhombic or hexagonal) of YMO films by adapting

the deposition temperature according to the temperature stability region of the different phases.
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In this chapter we report on the structural and magnetic characterization of epitaxial 0-YMO films
grown on perovskite substrates (STO, LAO, LSAT). For nearly stoichiometric films, the epitaxial
character and its evolution with thickness are analyzed in details. At the end of the chapter the

influence of the non-stoichiometry is studied.
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For most technological applications, it is desired that the deposited multiferroic material form a
single-oriented crystalline layer.
Based on the free-energy increase due to the structural coherence at the film-substrate interface,
the epitaxial phase stabilization in which the nucleation process is controlled during the film
growth by the appropriate choice of the substrate, is a useful tool to stabilize new phases, despite
their instability in the bulk form.
In this way, extreme conditions (e.g. high pressure) commonly used for the stabilization of
metastable phases, are avoided. This method has been commonly used to stabilize hexagonal
RMnO:s phase for large rare earths or orthorhombic RMnO3 phase for smaller ones.
We have seen in the previous chapters that an epitaxial growth was not possible in the case of Si
substrates for either hexagonal or orthorhombic YMO (0-YMO) phases. In the case of the o-YMO
phase, the STO and LAO were the main substrates reported (see section 1.6.2 from Chapter 1) for
the epitaxial growth. Here, additionally to these substrates, we explore the synthesis of the o-YMO
phase on LSAT substrates.

150



Chapter 6. Epitaxial orthorhombic YMnOj3 films grown on (100)-perovskite substrates

6.1 Structural study of epitaxial o-YMO thin films

Table VI.1 summarizes different possible mismatches between the perovskite substrates used in
this chapter and the o-YMO phase obtained using high pressure synthesis. This o-YMO phase ([1],
JCPDS card No. 16-1775) has been considered as the bulk reference to estimate the mismatch
corresponding to different orientation relationships between the film and the substrate. In Table
VL1 the lattice mismatch along a given direction is calculated as f (%)=100- (dsubstrate-do-ym0)/do-
ymo. The values of the interplanar distances for the substrates (dsubswrate) are calculated considering
the following values of cubic (pseudocubic for LAO) cell parameters: 3.792 A for LAO [2], 3.872
A for LSAT [3] and 3.905 A for STO [2]. The values of the interplanar distances of the 0-YMO
(do-ymo) are calculated along different directions considering the Pnma setting with a=5.8361 A,

b=7.3571 A and ¢=5.2580 A cell parameters.

do-YMo[f&]
d100=5.8361 | do2o=3.6785 | doo1=5.2580 | dior=3.9064

o | din=3792 13.08 293
|3 [ dn=5362 .12 11.98
°L§ e | dion=3.872 15.26 20.88
; % [ don 5475 6.19 1413
3 o | din=3.905 16.15 20.03

% | do=5.522 538 +5.02

Table VI.1 Lattice mismatches, f (in %), between STO, LAO and LSAT substrates and the 0o-YMO
phase.

According to the mismatch values shown in Table VI.1, domains with different orientations are
possible. Some examples are represented in a schematic way in Figure VI.1.
The orange domains from Figure VI.1 have the b axis out-of-plane with respect to the substrate
surface (STO is represented in blue and the direction out-of-plane, i.e. perpendicular to the surface,
is [100]sto) and corresponds to two domains, 90° in-plane rotated, with the following orientation
relationships:

> [010]ymo//[100]sto and [100]ymo//[011]sTo0

» [010]ymo//[100]sto and [100]ymo//[0-11]st0
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Figure VI.1 Schematic 3D representation of the YMO domain structure on STO substrate (left
part of the figure: side view, right part: top view). In blue, the STO substrate (several cells) is
represented by cubes; in orange and green, YMO (individual cells) is represented by

parallelepiped.

These domains correspond to misfits of -2.93% (LAO), -0.88% (LSAT) and -0.03% (STO) along
the [101]ymo. The misfit is relatively small in the case of the STO substrate (the YMO cell is
represented by the orange parallelepiped in Figure VI.1.
The green domains in Figure VI.1 have the b axis in the plane of the substrate and correspond to
two domains, 90° rotated, that have the following orientation relationships:

» [10-1]ymo//[100]sto and [010]ymo//[010]sto

» [10-1]ymo//[100]sto and [010]ymo//[001]sT0
These domains correspond to misfits of +3.08% (LAO), +5.26% (LSAT) and +6.15% (STO) along
[010]ymo.

Considering the misfit values obtained in these examples, one would expect to have mainly b out-
of-plane domains for the films grown on LSAT and STO, whereas both b in- and out- of-plane

domains should be equally present in the films grown on LAO substrate.

In the following part, we will focus on the characterization of epitaxial o-YMO films grown on
top of STO, LSAT and LAO substrates by either MOCVD or PLD techniques using different
experimental conditions. The main characteristics of the MOCVD films and the experimental

growing condition are summarized in Table VI.2 and Table VL.5.
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Ts (°C) Y/Mnsolution/target | Po2 (bar) No. inj. Y/Mnfim/Thickness (nm)
STO LAO

750 1 3.33-10° 1000 0.997/12 -
1400 223 2/20

Table VI.2. Experimental conditions and main characteristics of the MOCVD YMO films on
(100) STO and LAO substrates (fEDX-TEM, ?unmeasured).

0-YMO films grown on STO substrates by MOCVD

Figure V1.2 shows the 0-20 XRD patterns corresponding to the two YMO films obtained by PI-
MOCVD and grow on STO substrate. In both cases, all peaks can be indexed with the (0kO)

reflections of the o-YMO phase.
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Figure VI1.2. 6-20 XRD pattern of two o-YMO films grown on STO substrate by PI-MOCVD, 12
nm (in black) and 23 nm (in red) of thickness.

The films are textured with the out-of-plane direction [010]ymo parallel to [100]sto. This is
compatible with epitaxial domains having [100]ymo//[011]sto and/or [100]ymo//[0-11]sto (orange

domains in Figure VI.1). No other reflections corresponding to either different domains or traces

of impurity phases have been detected.

The out-of-plane interplanar distances derived from the OkOymo peaks positions are doi10=7.409(3)
for the 12 thick film and do10=7.402(3) for the 23 nm thick film and are respectively ~ 0.71% and
0.61% larger than the bulk value (b=7.3571 A). These values observed for our MOCVD films are
close to those obtained by Marti et al [4] for YMO films deposited by PLD on STO(100) substrates.
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These authors show that depending on the oxygen pressure, the b parameter (i.e. do1o) can be almost
constant or present a small decrease (from 7.409 A (30 nm) to 7.389 A (120 nm)) with the
increasing thickness whereas the increase of a parameter is the most important variation (c¢
parameter being almost constant). In our case, the relatively small decrease of b parameter
(comparable to sample grown with Poo=0.3 mbar in [4]) gives an indication of the strain relaxation

with thickness.

A detailed investigation of the thickness of these films was carried out by XRD, XRR, and/or
TEM. The XRD FWHMs of the 040,-ymo Bragg peaks in Fig. V1.2 are equal to 0.8434° and
0.5236° and correspond to correlation lengths of 12 nm and 23 nm respectively (calculated from
the Scherrer’s formula). Considering that the epitaxial growth is maintained from the bottom to
the top interface of the film, these values can be associated with the film thickness. An excellent
agreement is obtained when comparing this value of the correlation length with the thickness found
by XRR and TEM (see below) in the case of the 12 nm thick YMO film. Figure VI.3 shows the
corresponding XRR results. A good overlapping between the experimental curve (in black) and
the simulated pattern (in blue) was obtained. The fitting parameters (thickness, roughness, density)

used in the simulated pattern are displayed in the inset of Figure V1.3.

YMnO, 11.8527 1.3832 5.24397
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Figure VI.3. Experimental XRR curve (in black) and simulated pattern (in blue) for the 12 nm

thick YMO film. Inset: the results of the fitted parameters (thickness, roughness, density).

The film roughness is around 1.38 nm and matches the results by AFM (see further Figure VI1.13).
The density is 5.24 g/cm?, which is smaller than the reported bulk value of 5.64 g/cm? form JCPDS
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card No. 16-1775. The calculated film thickness is equal to 11.85 nm and is in perfect agreement
with results obtained by other techniques (XRD, TEM). The thickness of the second film deposited
by MOCVD on STO was deduced from the correlation length and by comparing the XRD peaks
(integrated intensity in counts/s and FWHM) and the SEM-EDX counting rates for both films.
These estimations give 12 nm and 23 nm thicknesses for the two films and were in qualitative

agreement with the number of injections of the precursor solution used for the depositions.

Reciprocal space mapping (RSM) measurements have been performed on these two o-YMO films
grown on STO by MOCVD in order to access quantitative measurement of the in-plane strain state

by measuring both in-plane and out-of-plane cell parameters.

T T 1 —r—1—r-ﬁ— [s N 25 026 027 O l-; ,,7 29 =u =, 0.00
0 0.01 0.02

] T
-0.01 0.00 0.0
(001, o 10014

Figure VI.4. RSM for 12 nm (top part) and 23 nm (bottom part) thick YMO films: a) symmetric
reflection around 200sto; b) asymmetric reflection around 3 10sto; c) in-plane around 020sro

reflection.
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Two dimensional reciprocal space maps near the symmetric 040ymo and 200sto (Figure VI.4a)
and asymmetric 161ymo and 310sto (Figure V1.4b) Bragg reflections of the YMO film and STO
substrate have been collected. The corresponding results are presented in Figure VI.4a and b. The
vertical axis corresponds to the out-of-plane direction (parallel to [010]ymo and [100]sto), and the
horizontal axis correspond to an in-plane direction (parallel to [101]ymo and to [010]sto). The
values are expressed in 1/d units. The in-plane component of the 161 reflection represents the dio1
distance of the YMO film. All measurements are referred to the bright intense spots corresponding
to the STO substrate marked by white vertical and horizontal lines. This procedure was kept for
all RSM map analysis. The top spots on each map correspond to the Bragg reflections of the YMO

films, whereas the intense bottom spots correspond to the substrate.

The out-of-plane interplanar distances derived from the symmetric 040ymo peak positions are:
do10=7.409(3) and do10=7.401(3) for the 12 and 23 nm thick films, respectively. These values are

very close (equal within the error bar) to those measured by 6-260 XRD scans.

From the position of the 161ymo spot of the 12 nm thick film shown in Figure V1.4b, it can be
observed that its horizontal component (along [101]ymo direction) is the same than that of the
310sto Bragg reflection of the substrate i.e. both spots are perfectly aligned along the [100]sto
direction (white line in the figure). This means that the film is fully strained along the direction
[101]ymo (parallel to [010]sto). This is expected as the misfit along this direction is very small
(fi01= -0.03%) and thus clamping on the substrate cost relatively small energy. Contrariwise, for
the 23 nm thick film, the 161ymo spot is shifted toward the right side of the panel compared to the
STO substrate. This shift corresponds to a slight decrease of the YMO dio; distance. The in-plane
interplanar distances obtained from the 161ywmo reflection are di01=3.905(3) A and d101=3.862(3)
A for the 12 and 23 nm thick films, respectively. The value for the 23 nm film is slightly smaller
than that of the bulk (3.906 A) and of the STO substrate (3.905 A). This indicates that the relaxation
could occur toward a value slightly different than our choice of reference bulk value. As it will
become evident in next section one cannot, however, exclude an overestimation of the variation of

YMO dio1 due to the presence of 90° rotated out-of-plane domains.

To additionally clarify the distribution of domains in the MOCVD grown YMO/STO films, in-
plane RSMs have been realized on both YMO films around the 020sto diffraction spot of the
substrate (labeled in Figure VI1.4c). The vertical direction of Figure VI.4c corresponds to [010]sto
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and the horizontal direction corresponds to [001]sto. The interplanar distances derived from the
two spots of the YMO films are d=1.850(3) A and d=1.849(3) A. This distances can be identified
with do4o of 0-YMO corresponding to in-plane b-oriented domains. The corresponding doio gives

respectively bo-ymo=7.400(3) A and b, ymo=7.396(3) A for the 12 and 23 nm thick films.

Further characterization of the domain structure was carried out by radial in-plane scans along the
[010]sto, [011]sTo, [001]sTo, [0-11]sto and [0-10]sto directions of the substrate. The obtained
patterns for the 12 and 23 nm YMO films are shown in Figure VI.5a and b.
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Figure VL5. In-plane scans of 12 nm (a) and 23 nm (b) YMO films along the [010]sto, [011]sTO,
[001]sto, [0-11]sto and [0-10]sto directions. Directions are schematically indicated by arrows
for each scan and its orientation with respect to the STO substrate is given in the inset of (a). For
figure clarity the Bragg peaks of the substrate are marked in bold and only for [010]sro and
[011]sto scans. The YMO peaks are marked by normal font.

It can be observed from Figure VI.5 that both films have similar patterns along the corresponding
measured [hkl]sto directions of the substrate. This means that the in-plane domain structure is
similar. Four different domains orientations could have been discerned by this type of scans. They
are schematically represented in Figure VI.6. The orientation relationships, as they have been
discussed at the beginning of the chapter are the following:

» [010]ymo//[100]sto and [100]ymo//[011]sT0

» [010]ymo//[100]sto and [100]ymo//[0-11]st0

» [10-1]ymo//[100]sto and [010]ymo//[010]sto

> [10-1]ymo//[100]sto and [010]ymo//[001]sTo.
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Figure VI.6. Schematic representation of the domain structure: a) direct space showing the STO
substrate (blue squares) and the different YMO domains of the film (red and green rectangles);
b) direct space showing the angles between the domains from a); c) configuration of the domains
shown in a) in the reciprocal space (for clarity some YMO reflections have been omitted, the
corresponding distances of the YMO exaggerated and the planes indexation is given only for

STO,).

In order to compare the in-plane cell parameters of the two films, enlargements of the scans along
the [011]sto (around the Bragg reflection 01 1sto and 200ymo and 002ymo) and along the [001]sto
(around the Bragg reflection 001sto and 040ymo) are shown in Figure VL7. It is clearly seen that
the ¢ parameter is decreasing while the a parameter is increasing with the increasing of the film

thicknesses from 12 to 23 nm (almost no variation is observed for the b parameter).
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Figure VI.7. Enlargement of the in-plane scans from Figure V1.5 along the a) [011]stoand b)

[001]sro.

The values of the corresponding cell parameters derived from the experiments are listed in Table

V1.3 and their evolution is represented in Figure VI.8. The in-plane a, b and c lattice parameters
are measured from the 200ymo, 040ymo and 002ymo peaks respectively in the different geometries

used. It can be observed that all values are tending toward the bulk values. This indicates strained

films with a thickness-dependent relaxation mechanism.

Film thickness 12 nm 23 nm
Parameter a b c dio1 a b c dio1
b out-of-plane | 5.690 | 7.409 | 5289 | 3905 | 5.735 | 7.401 | 5.268 | 3.862
domains
b in-plane 7.400 7.398
domains

YMO films.

Table VI.3. Cell parameters derived from the in-plane radial scans and RSM of 12 and 23 thick

Our results are comparable with those reported by Marti et al. [4] on PLD grown YMO films at

different oxygen pressures and with various thicknesses on top of STO (100). The authors observed

the existence of two crystal domains, 90° in-plane rotated with the same out-of plane parameter:

[010] ymo//[100]sto and [100]ymo//[011]sto

[010]ymo//[100]sto and [100]ymo//[0-11]sTo.

159



Chapter 6. Epitaxial orthorhombic YMnOj3 films grown on (100)-perovskite substrates

d &)

4.15
4.10-' —— apC
4.05 ."ﬂ‘_ﬂ_ﬂ_ﬂﬂ.,f—~—~' ®bpe

] — a4 o
400 in-plane pC

1 =—dq01
3.95
3904 ® :
3,35_- in-plane .
3.80

] . N
3759 a_ inplane X

1 A /PLD
3.701 out-of-plane ° o
365 T T T A T

10 15 20 25 715 720 725

Thickness (nm)

Figure VI.8. In-plane and out-of-plane lattice parameters ( apcza/\/Z, bpe=b/2, cpczc/\/Z, )as a
function of the film thickness (12 and 23 nm) for samples grown by MOCVD on STO substrate.
The thick YMO films (720 nm) grown by PLD on STO substrates at two different oxygen

pressures are included. Horizontal dashed lines mark the bulk values for a, b and c cell

parameter of 0-YMO [1].

They observed that only one in-plane distance varies (dioo) while the other one (door) is almost

constant. Their results also show that the variation of the a-axis with the oxygen pressure is smaller

than the variation due to the film thickness. We reproduce below Figure 2 from [4] which

summarizes their findings.
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Figure VI.9. Lattice parameters of films grown at different pressures, ~30 nm thick (closed

symbols) and ~120 nm thick (open symbols): (a) a-axis, (b) b-axis and (c) unit cell volume.

Horizontal dashed lines correspond to the bulk values (from [4]).
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Although the results obtained by Marti et al. [4] are very similar to our results, they do not show
the presence of the two other domains with the b-axis in-plane that we have observed. We believed
that this is due to the fact that the reciprocal space zone chosen for the RSM measurements does

not permit to see the other types of domains.

Our PLD YMO films (see characterization details further) grown at two different oxygen pressures
and very thick (720 nm) can alternatively be used as bulk references. The b cell parameter is
represented in Figure VI.8. For the film deposited at 3-107! bar, the b parameter is very close to

the bulk value (b=7.374 A), while at 1.4-10" bar the b parameter has a larger value (7.535 A).

Complementary TEM microstructural characterization was performed on the thinnest YMO film
(12 nm) grown by MOCVD on STO. The cross section images show a dense thin film presenting
a columnar growth (see Figure VI.10) with the diameter of columns (marked between dotted lines)
ranging from 10 to 20 nm. These values are similar to those obtained for the YMO films on Si
substrates, indicating that the columnar growth is characteristic of the MOCVD process,
independently of the substrate used. From the images in Figure VI.10a and b it can observed that
the columns have the same orientation starting from the bottom interface through to the top
interface. Neighboring columns can have the same crystal orientation, the inter-reticular planes
continuing for over two or more columns or may have different orientations as shown in Figure
VI.11. This indicates a 3D growth mode with the formation of the individual columns from the
same nucleating center. A relative smooth interface between film and substrate is observed (see
Figure VI.10b) without amorphous or discontinuous layer as previously shown for YMO/Si films.
The atomically sharp interface indicates good initial growth conditions resulting in formation of a
thin and dense epitaxial layer. The measured thickness of the film was 12 nm in agreement with
the values obtained by XRR, XRD and AFM. The value of the roughness is between 1.59 nm and
3.70 nm (amorphization due to sample preparation makes the estimation of the exact value of

roughness difficult).
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Figure VI.10. Cross section high resolution TEM images of the 12 nm thick YMO film showing:
a) the columnar growth and b) the interface film-substrate.
Regarding the epitaxial domains, the TEM characterization confirms the previous XRD and RSM
results: most of the domains observed in HRTEM images for the o-YMO phase have the b-axis

oriented out-of-plane and same additional orientations are found with the b-axis in-plane oriented.
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Figure VI.11. Cross-section high resolution TEM image showing three domain orientations (in

the inset the corresponding FFTs).
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By analyzing the HRTEM image from Figure VI.11 and the corresponding FFTs for each region
marked in squares, we have determined that the o-YMO film exhibits three different orientations
that corresponds to different contrasts, as follows:
region 1: [010]ymo//[100]sto, [101]ymo//[010]sT0;
region 2: [101] ymo//[100]st0, [10-1]ymo//[010]sT0;
region 3: [101]ymo//[100]sto, [010]ymo//[010]sT0.
The orientation in the region 1 is seen in the 0-20 XRD pattern form Figure V1.2. Note that from
the TEM images and the corresponding FFTs, we cannot distinguish between [101] and [-101]
directions (corresponding to a 90° in-plane rotation of ac-orange domains in Figure VIL.1).
Therefore, we have arbitrarily chosen the [101] in the following interpretations. The other two
domain orientations, less abundant, could not be detected in the 0-260 scans probably due to slight
misorientations. In region 2 and 3 the b-axis is in-plane, i.e. perpendicular and parallel,
respectively, to the plane of the paper. In region 2, the [101] and [-101] directions could be
distinguish ([101] is out-of-plane and [-101] is in-plane with di01=d-101=3.88(6) A) and we found
the value of the angle between them of 85°, which is close with the value from JCPDS card No.
16-1175 of 84°. The domains in region 2 and 3 are 90° rotated compared from one to the other.
From the three regions in Figure VI.11, the out-of-plane and the in-plane lattice parameters as well
as the out-of-plane and the in-plane strain values have been obtained (see Table VI.4). The strain
in the films along a given direction could be expressed by the formula € = (d — do)/do, where d and

do are the strained and unstrained (bulk) lattice parameters, respectively, of the YMO phase.

Region | a(A) b (A) c(A) di01 (A) | Out-of-plane (f) | In-plane (//)
misfit (%) misfit (%)

1 7.46(6) T 3.85(6) // 1.40 -1.46

2 5.75(6) 5.283) 1 | 3.88(6)// | -1.48 and 0.42 -0.69

3 7.56(6) // 3.82(6) 1 -2.23 2.76

Table VI1.4.The in-plane and out-of-plane cell parameters derived from the TEM images for the
12 nm thick YMO film and the corresponding misfits.

Although the strain values for the in-plane dio1 parameter in region 1 and 2 given in Table V1.4
are negative (-1.46% and -0.69%), which corresponds to a compressive strain, they are in

agreement within the error bar with those measured by RSM. The b parameter suffers a tensile
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strain (2.76%) in order to accommodate to the substrate (2-asto=7.81 A). A closer look on several
zones of the sample, similar to region 3, shows that at the substrate-film interface the domain is
fully strained and the b-axis of the o-YMO phase perfectly matches the 2-asto value of STO
substrate. This can be observed in Figure VI.12a: at the interface, the substrate and film atoms are

aligned (yellow vertical lines are guides for the eyes), meaning that the growth is fully strained.

4 nm B 4nm 010

Figure VI.12. Cross-section high resolution TEM image at the interface for different domains

with different strain state: (a) rapid relaxation of the b-axis when moving away from the
interface with the STO substrate for domains similar to those of region 3 (dashed horizontal line

indicates the critical thickness of about 3.5 nm) (b) domains similar to region 1 show no
relaxation and remain fully strained (critical thickness equal to the thickness of the film). Yellow

lines are guides for the eyes.

As we move away from the substrate, the atom rows become distorted and the film interplanar

distance corresponding to b-axis increases, tending to the bulk value. The critical thickness, up to
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which the film is fully strained, is close to 3.5 nm (mark by a horizontal white dashed line). Above
this value, the film is progressively relaxing (the deviation from the vertical direction marked by

yellow lines is indicated by the white dashed line).

For domains similar to those contained in the region 1, the strain relaxation is not occurring (see
Figure VI.12b): the substrate and film atoms are vertically aligned throughout the entire film
thickness (the yellow vertical lines are guide for eyes) indicating a fully strained domain in
agreement with RSM results (see Figure VI.4 along [001]sto direction, equivalent to [010]sto
direction in Figure VI.12b ).

The chemical composition of the 12 nm thick film was investigated by EDX-TEM. The value of
the Y/Mn ratio was Y/Mn=0.99. This result suggests that the film is stoichiometric. However, as
the quantification of the oxygen was not possible, an oxygen excess/deficit cannot be ruled out.

The SEM images of the o-YMO films in Figure VI.13 show that the samples have an homogenous
surface, with nanostructured grains with an average size of 20 nm (compatible with previous TEM
results) and 40 nm for the 12 and 23 nm films, respectively. The morphology observed for the two
films is consistent with a columnar growth. The difference in the grain size may be due to the film
thickness and nucleation of different domains. The inset image from Figure VI.13a displays a top

view AFM scan of the 12 nm film.

HV det | mag B

Figure VI.13. Top-view SEM images of 0-YMO films on STO substrate with a thickness of: a) 12

nm (inset: the corresponding AFM image) and b) 23 nm; c) on LAO substrate with a thickness of
20 nm.
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The grain size determined by AFM was between 18 and 28 nm which is in agreement with the
value obtained by SEM and TEM (10-20 nm). In addition, the roughness deduced from AFM (4
nm) is close to the XRR result (1.38 nm).

0-YMO films grown on LAQO substrates by MOCVD

Preliminary investigations were carried out on a 20 nm thick YMO film deposited on LAO
substrate by MOCVD (see Table V1.2). Figure VI.14 shows the corresponding 6-20 XRD pattern.
All peaks can be indexed with the 202 reflections of the o-YMO phase and hOO reflections of the
LAO substrate ([101]ymo//[100]La0) indicating that b in-plane domains are dominant in this case,
contrary to what was observed previously for the YMO films on STO substrate. The interplanar
distance dio1 of the o-YMO phase derived from the 202 reflection is di01=3.886(4) A, which is
smaller than the bulk value (d101=3.906 A).

The Raman modes of the 20 nm YMO film on LAO substrate are shown in Figure VI.14 (see
Appendix D for bare LAO). They are in a good agreement with the reference values (see Table
VL.6), except for the A; mode at 186.5 cm’!, B3y at 341 cm™, Ag at 398 cm™ and By at 620.5 cm™
for which the bulk values are 188, 336, 396 and 616 cm™'. This indicates slight changes in the
vibration properties, in particular comparable to our previous finding for YMO films when using

Si substrate (see Table IV.8 —-MOCVD results, and Fig IV.30 —PLD results, in Chapter 4).
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Figure VI.14. 20 nm thick o-YMO film grown on LAO substrate by PI-MOCVD: a) 6-20 XRD
pattern; b) Raman spectrum. The deconvolution of the two Raman modes in the 620-650 cm™

range is shown in the inset.
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These changes could be related to the particular configuration of domains (mainly b in-plane),
non-stoichiometry of the 0-YMO etc. A possible strain effect was not investigated (TEM, RSM)

for this sample and further detailed investigation is necessary to fully understand these differences.

The morphology of the film, shown in the SEM image from Figure VI.13c is homogenous, with a
granular surface (the average size of the grains is ~ 20 nm) consistent with a columnar growth.
This morphology is very similar to that of the 23 nm YMO film on STO substrate (see Figure
VI.13b).

0-YMO films grown on STO, LSAT and LAOQO substrates by PLD

PLD elaborations were made at two different oxygen pressures with a strong variation between
the values: 1.4-10"* bar and 3-10"! bar which should permit to clearly see the effect of the oxygen
on the structural properties. Four films were deposited on STO, LSAT and LAO substrates (see
Table VI.5).

Ts Y/Mntarget Poz (bar) | No. pulses | Y/Mnfiim/Thickness (nm)
(°C)

STO LSAT LAO
800 1 1.4-10* 10000 1? 1.147/720
3-10" 1? 1?

Table VI.5. Experimental conditions and main characteristics of the PLD YMO films on (100)
STO, LAO and LSAT substrates ( ""TEPMA, ?unmeasured).

At low oxygen deposition pressure the 0-20 XRD patterns showed that on STO substrate the o-
YMO film is purely (010)-oriented while on LSAT substrate it is (101)-oriented with a secondary
(010)-orientation (see Figure VI.15a). Similar values of the b-axis, deduced from the 020 Bragg
peaks were found for the films on STO and LSAT substrates (7.535(3) A and 7.538(3) A,
respectively). The interplanar distance dio1 corresponding to the 101-oriented domains on LSAT
substrate is d0/=3.902(3) A. At high oxygen deposition pressure the 6-20 XRD patterns showed
that the films are purely (010) and (101)-oriented for STO (not shown) and LAO substrates (see
Figure VI.15b), respectively, with the corresponding spacings of 7.374(3) A and 3.897(3) A.
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Figure VI.15. 0-20 XRD patterns of the PLD 0-YMO films deposited on: a) LSAT substrate at
1.4-10% bar (inset: enlargement between 22°< 20<24° showing both b in-plane and out-of-plane

domains) and b) LAO substrate at 3-10" bar.

Fig. VI.16 summarizes the cell parameters of the films grown by PLD. Almost all the values are
close to the bulk values as expected for thick samples. However, a significant difference is
observed for the b lattice parameter obtained from the XRD patterns of the high and low Po2

deposited YMO films on STO substrates.
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Figure VI.16. Cell parameters for the YMO films grown by PLD on STO, LAO and LSAT

substrates at different oxygen pressures.

The bo-ymo value obtained from the film deposited at Po,= 3-10"! bar is very close to the bulk value

(b=7.3571 A), while it is 2.42 % larger when obtained from the film deposited at Poo= 1.4-10* bar
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(see Figure VI.16). Such an increase of the b-axis should lead the Raman modes to shift in
wavenumber, especially the B2g mode at 616 cm™ which corresponds to vibrations of the octahedra
along the b-axis. This is in agreement with the Raman observations. Indeed, for the YMO film
deposited on STO substrate at Po= 3-107! bar, the b-axis is close to the bulk value and the Bog
Raman mode is observed at 617 cm™!, which is close to the bulk position (616 cm’!). Contrariwise,
for the films deposited at low oxygen pressure (Po2= 1.4-10* bar), the B2, mode shifts toward
higher wavenumbers (620.5 and 619.5 cm™ for YMO/STO and YMO/LSAT, respectively). Table

VL5 summarizes the experimental data for the four films (see Appendix D for the spectra of bare

substrates).
Po2=1.4-10* Po2=3:10"! bar liev et al. [5]
YMO/STO YMO/LSAT | YMO/STO YMO/LAO
Ag/B2g 150.5 150.5 151
Ag 183 185.7 185 188
B2g 219.2 219.7 220
Ag/ Blg 284.4 285 284/288
Ag 323 322.3 323
B3g _ 337 336
Ag 397.3 396 396 396
Ag 492 494.6 496 496 497
Ag 517.7 517.7 518
B2g 532 533 536 536 537
B2g 620.5 619.5 617 617 616
650 653

Table VI.6. Raman wavenumbers of the 0-YMO phase for various YMO films deposited by PLD
and of the bulk o-YMO phase [5].

The microstructure and surface topography of YMO films prepared by PLD was investigated by
SEM. At both deposition pressures, the films generally have very smooth and homogenous
surfaces, except for a few isolated regions where spherical shaped particles are found (droplets
from the target as indicated in [6]). The morphology of the YMO films deposited at 1.4-10™ bar
on STO and LSAT substrates (Figure VI.17a and c) presents polygonal shaped grains of around
30 nm in size, very dense with grain boundaries almost invisible. The YMO films deposited at
3-107! bar on STO and LAO substrates (Figure VI.17b and d) exhibit the characteristics of a

columnar microstructure with well-defined round-shape grains with a diameter between 20 and 30
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nm. On small regions in the 100-200 nm range (marked by the dotted zones in Figure VI.17b), the

grains are aligned according to certain directions.

3-10" bar), LSAT ((c)- 1.4-10* bar) and LAO ((d)- 3-10"" bar) substrates.

6.2 Magnetic characterization

Figure VI.18 shows the M(T) curve in the ZFC and FC mode for the o-YMO film deposited by
MOCYVD on STO substrate with a thickness of 12 nm (see Figure VI.2). A kink in the ZFC curve

at T=50 K, followed by a drop in the magnetization indicate an antiferromagnetic behavior.

As shown in the Figure VI.18b, a linear variation in the M(H) curve (although not complete) is
observed at room temperature, as expected for a paramagnetic behavior. At low temperature the
M(H) curve is linear and confirms the antiferromagnetic ordering resulted from M(T) (the negative
slope is due to the diamagnetic contribution of the STO substrate - see Appendix D -, which was

not subtracted from the raw data).
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Figure VI.18. Temperature dependence of the magnetization (M(T)) for 12 nm thick YMO/STO
film. b) Field dependence of the magnetization (M(H)) at 5 and 300 K (enlargement of the M(H)
curve in the -5000 to 5000 Oe range).
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Figure VI.19 shows the M(T) and M(H) curves for the YMO/STO films deposited by PLD at two
different Poo: 1.4-10* bar (YMO-STO-6 film in black) and 3-10"! bar (YMO-STO-7 in red). A
splitting of the ZFC-FC curves, with a maximum in the ZFC curve at Tt= 28 K (YMO-STO-6) and
Tr= 42 K (YMO-STO-7), indicates a spin glass-like behavior. The differences in the ordering
temperatures are probably due to the different oxygen pressures during the elaboration. A
nonstoichiometry in the O, generates Mn** cations, beside the Mn>* cations. The coupling between

the Mn>* and Mn** is ferromagnetic (double exchange coupling).
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Figure VI.19. a) Temperature dependence of the magnetization (M(T)) for the YMO/STO films

deposited by PLD at two different Poz: 1.4-10* bar (YMO-STO-6 film in black) and 3-10" bar

(YMO-STO-7 in red); b) Field dependence of the magnetization (M(H)) at 5 and 300 K (in the
inset: enlargement of the M(H) curve in the -5000 to 5000 Oe range).

Figure VI.19b shows the M(H) curves for the two films at 5 and 300 K. It is observed that a
hysteresis loop is present at 5 K (see inset of Figure VI.19b) for both films, which indicates a

ferromagnetic contribution.

Figure VI.20 shows the M(T) and M(H) curves for the YMO/LSAT film deposited by PLD at
Poy=1.4-10"* bar (YMO-LSAT-6). Contrarily to the corresponding YMO film on STO substrate
(YMO-STO-6), the magnetization M(T) in the ZFC mode (see Figure V1.20a) does not show any
decrease and the signal is mostly negative indicating that the contribution of the film is negligible

compared to that of the LSAT substrate (see Appendix D).
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The M(H) curves at 5 and 300 K shown in Figure VI.20b display negative slopes, characteristic of

diamagnetic materials. A very small loop in the M(H) curve at 5 K indicates a small ferromagnetic

contribution.
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Figure VI.20. Magnetization behavior of the YMO-LSAT-6 film deposited by PLD at Po> =
1.4-10* bar: a) temperature dependence of the magnetization (M(T)) and b) field dependence of
the magnetization (M(H)) at 5 and 300 K (in the inset: enlargement of the M(H) curve in the -
5000 to 5000 Oe range).

6.3. Structural study of non-stoichiometric YMO films

We analyze hereafter the effect on structural properties of non-stoichiometric YMO films grown
by MOCVD on (100)-oriented STO, LSAT and LAO substrates. Non-stoichiometry was obtained
by using different Y/Mn ratios in the initial solution of precursors. A potential thickness effect on
structural properties and/or chemical compositions was also investigated. For this purpose, films
with different thicknesses were grown by using a variable number of injections at a fixed Y/Mn
ratio in the initial solution. Table V1.7 summarizes the experimental conditions and the main

characteristics of these films.

EPMA experiments show that samples deposited with increasing Y/M ratio in the injected solution
and with a fixed number of injections (4000) have a ratio Y/Mnsiim increasing from 0.52 to 0.75
and an average thickness of about 285 + 45 nm (if non reliable data is excluded). For the samples
with increasing number of injections (500 to 4000) and with a fixed Y/Mn ratio in the solution,
thicknesses increase from 20 to 370 nm and Y/Mn in the films has an average value of about 0.59

+0.1 (excluding non-reliable data). Figure VI.21 summarizes these results (this analysis was
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previously presented in Chapter III when discussing the optimization of the MOCVD growing

conditions; see Figure II1.9 and 10).

Ts Y/Mnsolution | No. Po2 Y/Mnfiim Thickness (nm)
O ). (bar) o S TISAT [LAO  STO | LSAT | LAO
0.25 4000 ? 052 1056 |7 320 240

800 0.3 4000 | 3.33-10% 2 066 063 2 260 | 120
0.35 4000 ? 075 | 074 |2 |330 | 290

1 4000 ? i ? 9 ?

500 7 046 061 |15 |30 20

800 0325 1000 | 3.33-10° 2 059 065 |2 70 50
2000 ? 065 074 2 130 | 100

4000 ? 9 0.64 |2 |2 370

Table VI.7. Experimental conditions and main characteristics of the YMO films grown by
MOCVD in the vertical geometry on (100)-oriented STO, LSAT and LAO substrates. Top: films
obtained with different Y/Mn ratios in the injected solution and fixed number (4000) of
injections. Bottom: films obtained from a variable number of injections and a fixed Y/Mn ratio
(0.325) in the injected solution. From left to right columns: MOCVD deposition temperature
(Ts), Y/Mn ratio used in the injected solution of precursors (Y/Mnsolution), number of injections
used in the deposition (No. inj.), deposition oxygen pressure used in the reactor (Poz) (mixture of
50 % O> and 50 % Ar), Y/Mn ratio measured in the film by EPMA (Y/Mnyim) and thickness of the
film deduced from EPMA. Green values correspond to reliable EPMA results while black values
correspond to unsatisfactory results (bad agreement in EPMA analysis). Question marks

correspond to unmeasured samples.

It can be observed from Figure VI.21a that the Y/Mn in the film increases with the increasing
Y/Mn in the solution. A variation of 40% of the Y/Mn in the solution generates almost the same
variation in the film. This indicates that a good control over the film composition can be achieved
by varying the Y/Mn in the initial solution. Similarly, the film thickness estimated from EPMA
increases with the number of injections (see close symbols in Figure VI.21b). This variation
deviates from a linear behavior at high number of injections. Although the Y/Mn in the injected
solution is constant (Y/Mn=0.325), the Y/Mn in the films shows a dependence with the films

thickness (see open symbols in Figure VI.21b). A similar dependence is observed for all the
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measured samples (on top of LSAT and LAO substrates). As the samples with a same thickness
(LAO, STO and LSAT) are grown at the same time, it appears that the composition variation is

related to either an experimental artifact or an imprecision of our EPMA analysis.
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Figure VI.21. EPMA results for YMO films on LAO and LSAT substrates. a) Variation of the
Y/Mngim as a function of the increasing Y/Mnsoiusion; and b) Evolution of the film thickness (close
symbols) and the Y/Mngm (open symbols) as a function of the number of injections in the

precursor solution.

The variation in composition is relatively high and comparable to that obtained for fixed number
of injections and varying the Y/Mn ratio. This behavior clearly shows that it will be very difficult
to discriminate between the thickness effect and the composition effect on the structural and
physical properties of the films deposited with injections between 500 and 4000. For this reason
they will not be analyzed in detail (only their composition dependence will be included) in the
following. Our analyses will be focused on the films obtained by varying the Y/Mn ratio in the
injected solution with a fixed number of injections. For these samples, the thickness presents some
variations which can be related to experimental artifacts (different batch of samples for each ratio,
different positions in the reactor, etc). However, this variation is relatively small and no systematic

errors are expected.

It can be observed in Table V1.7 that the average composition Y/Mnsim shows very large variations
from the stoichiometric formula YMnOs, which is a strong indication that secondary phases may
be present in the films. Indeed XRD, RSM and GIXRD results have identified two phases e.g. for
the films deposited with Y/Mnsolution < 0.35 0-YMO and YMn2Os are present (see Figure VI.22);
for the films deposited with Y/Mnsoluion=1, 0-YMO and Y>Os3 are observed. These results are in

174



Chapter 6. Epitaxial orthorhombic YMnOj3 films grown on (100)-perovskite substrates
agreement with the ideal composition discussed in Chapter 3 (Y/Mnsolution to obtain pure o-YMO
films is close to 0.5 for the vertical MOCVD reactor) from which it was expected that rich Mn
phase (as YMn2Os) will be present when Y/Mnsowtion < 0.5 and rich Y phase (as Y203) will be

present when Y/Mngolution > 0.5.
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Figure VI.22. GIXRD pattern of YMO film deposited on STO substrate (Y/Mn=0.325 and no.
inj.= 2000). The main peaks are indexed with the YMn>Os phase (the narrow peak at 20 = 54°

originates from multiple diffractions of the STO substrate).

As shown in the Figure VI.22 the identification of YMn20s secondary phase is clear when using
GIXRD (for film with Y/Mn=0.325 and no. inj.=2000). However, the corresponding 6-260 XRD
pattern (Figure VI.23a, bottom part Y/Mn=0.325, no. inj.=2000) performed on the same sample
do not show any evidence of secondary phase and reveals only the presence of epitaxial (010)ymo
domains, showing the limitation of the 6-20 XRD for identifying secondary phases. Indeed, only
scarce secondary phases are seen in these patterns. A few samples present additional peaks at
20=31° and/or 26=38° but they could be indexed with the 200 and 112 reflections of the o-YMO
phase (see Figure V1.23a and b). A secondary phase can be identified in the films deposited with
Y/Mn=0.35 and 1 on STO substrate and with Y/Mn=1 on LAO substrates (see additional peaks in
Figure VI.23a and c): it is the Y203 phase obtained by epitaxial growth on top of LAO substrate
([100]y203//[100]La0, see Figure VI.23c). The presence of Y203 is expected as an excess of Y is

present in the injected solution (the optimum ratio being around 0.5). The peaks observed for films
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on top of STO substrate (Y/Mn=0.35 and 1) were also assigned to this phase (as 222 and 433

reflections).
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Figure VI.23. 6-20 XRD patterns of o-YMO films grown on top of STO (a), LSAT (b) and LAO
(c) substrates. The patterns represented in the bottom part correspond to thickness varying
samples (Y/Mn=0.325 and No. inj. from 500 to 4000) and those in the top part to the varying
composition (0.25 < Y/Mnsoiiion < 1, No. inj. 4000) — see Table V1.7 for thicknesses and Y/Mnfiim.

The 0-20 XRD patterns performed on all YMO films on STO, LSAT and LAO substrates show
the 0-YMO phase with an epitaxial growth representing a fraction of the film. This fraction of o-
YMO phase grows mainly with (010)ymo domains for STO and LSAT substrates
([010]ymo//[100]sTonsat) and mainly with (101) domains for LAO substrate ([101]ymo//[100]La0).

No. inj. 500 | 1000 | 2000 | 4000
30 70 | 130
Thickness (nm)/Y/Mngim (EPMA) ?
0.46 | 0.59 | 0.65
YMO/LSAT Thickness XRR (nm) 15
Thickness from INet Area (NM) 8 20 50 80
Fraction o-YMO (%) 27 29 38

Table VI.8. Estimation of the fraction of o-YMO phase present in the film based on thickness
evaluation from XRD peaks net area (Inet Area)) EPMA and XRR.

From the net area of the diffraction peaks of the o-YMO films grown on top of LSAT substrate
(Y/Mnsolution=0.325 and no. inj. from 500 to 4000, see Table VI.7), the thickness of the fraction of
0-YMO phase was roughly evaluated and is represented in Table VI.8 together with the thickness
deduced by EPMA (XRR measurement, slightly different from EPMA results, on one sample is

also included).

176



Chapter 6. Epitaxial orthorhombic YMnOj3 films grown on (100)-perovskite substrates

log{Intensity (arb. units)]

0.000 0.007 0014 0021 0.028 0.033 0.042 0.049 0.036 0.063 0.070
=14 (4-1)

Figure VI.24. XRR pattern of the YMO film deposited on LSAT substrate (Y/Mnsolusion=0.323,

no.inj.= 500) showing the thickness.

It can be deduced that about 27 to 38 % of the films is made of 0-YMO phase. Note that this
evaluation is consistent when considering an average ratio of Y/Mnsim (EPMA) close to 0.6
(deduced for reliable data from the thickness series). The composition of the film can be
decomposed considering the presence of YMn,Os as secondary phase as Yo.sMni1Ox = 0.2YMnOy
+ 0.4YMn,0; that is 33% of YMnO3 and 66% of YMn20s. One should keep in mind that these
evaluations are limited by the fact that EPMA analysis was performed by considering a uniform
composition (i.e. single phase or phases with same composition) and in particular the exact

composition determination of the o-YMO phase is not possible without further investigations.

Despite these limitations we present in the following a characterization of the fraction of o-YMO
present in the non-stoichiometric films. Note that the chemical composition of the YMO films
obtained by EPMA and used in the following in our analyses, represents the average composition

of the films, including the secondary phases.

The out-of-plane lattice parameters or d-spacings (dozo for the films on STO and LSAT substrates
and dio1 for LAO substrate) deduced from the Bragg peaks in Figure V1.23 are represented in
Figure VI.25 as function of the Y/Mnam (the open symbols represent the films deposited at
constant Y/Mnsomtion and variable number of injections, the closed symbols represent the films with

constant number of injections and variable Y/Mnsolution)-
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Figure VI.25. Out-of plane dozo and dio1 spacings for films on STO (open and closed black
square), LSAT (open and closed red circle) and LAO (open and closed blue triangles) substrates
as a function of composition. Close symbols (resp. open symbols) are for films which present

mainly a composition dependence (resp. both a thickness and composition dependence).

It can be observed that the out-of-plane dozo distance for the YMO films on STO and LSAT
substrates ranges from 3.690 A (b=7.380 A) to 3.713 A (b=7.426 A). This range of values, groups
together films which present mainly a composition dependence and films which present both a
thickness and composition dependence without any particular tendency. A similar behavior is
observed for the dio1 distance for YMO films on LAO substrate (ranges from 3.860 to 3.907 A).
These results are not surprising considering the presence of secondary phases. Indeed, the
composition Y/Mngim 1S an average composition and not the composition of the o-YMO phase
and, thus, no direct correlation could be made. The small variations of the do2o and djo1 distances

indicate that a similar o-YMO phase, with regard to the stoichiometry, is grown on all substrates.

To further characterize the YMO films, RSM measurements obtained around the (200) symmetric
and (031) asymmetric reflections of the substrate and the (040) symmetric and (161) asymmetric
reflections of the film were performed on all films with Y/Mn=0.325 and number of injections
from 500 to 4000 (see Appendix E). The out-of-plane and the in-plane lattice parameters derived
from the RSM scans are plotted in Figure VI.26 for YMO films on STO, LSAT and LAO
substrates. Note that on LAO substrate only the YMO films with 500 and 4000 injections have
(010) domains. The do20 out-of-plane distances deduced from the (040)ymo RSM reflections (STO
and LSAT) are equal (within the error bars) with those derived from the 8-20 XRD patterns of the
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films with different Y/Mn ratio in the injected solution (0.25 < Y/Mn < 1) marked by the horizontal

dashed lines.
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Figure V1.26. Out-of-plane (dozo for films on STO and LSAT substrate and d o1 for those on LAO
substrate) and in-plane (do1 for films on STO and LSAT substrate and doxo for those on LAO
substrate) d-spacings extracted from RSM as function of the number of injections (Y/Mn=0.325).
Horizontal dashed lines show the variation of the out-of-plane cell parameters derived from the
0-20 XRD patterns of the films with different Y/Mn ratio in the injected solution (0.25 < Y/Mn <
1) on STO (in black), LSAT (in red) and LAO (in blue) substrates.

It can be observed from Figure VI.26 that the in-plane dio1 distance is similar (although some
minor differences exist) for the films grown on STO and LSAT substrates. The dio1 values decrease
from ~ 3.870 A (for 20 nm YMO films) to ~ 3.836 (for 370 nm YMO films) moving away from
the theoretical bulk value di01=3.906 A with the increase of the film thickness. This behavior is
not expected from a relaxation mechanism as it has been observed in Figure VI.8 for 12 nm and
23 nm films on STO substrates and it is a further confirmation that the film thickness does not play
any role in the strain mechanism; all the films are relaxed. The same behavior is observed for in-
plane do2o distance of the YMO films on LAO substrate. Furthermore, the variation of the out-of-
plane parameter due to the film thickness and that of the film composition has the same order of
magnitude, indicating that the lattice parameters differences are due to a non-stoichiometry of the

0-YMO phase.
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Finally, the intensity of the RSM reflection spots (040 and 161) corresponding to the YMO films
(see Appendix E) and the intensity measured in the 0-20 XRD patterns increase with the film

thickness.

Figure VI.27 shows the Raman shift evolution of the most intense Raman mode (B2g) with the
average Y/Mnsim for the YMO films deposited on LAO and LSAT substrates (see Appendix F for
raw data). The values for the YMO films on STO substrates are in the same range (for simplicity
and because of the uncertainties due to the intense substrate signal, they are not shown). It is
observed that for all YMO films on either LAO or LSAT substrates, the B2g mode is shifted toward
high wavenumbers in comparison with the bulk. All the values are in the range 620-623 cm’!,
suggesting that the o-YMO phases present in the films have similar compositions, different from

the stoichiometric YMnO3, in agreement with the previous XRD and RSM results.
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Figure VI.27. Composition dependence of the B2, Raman shift in YMO films on LAO and LSAT
substrates. Close symbols (resp. open symbols) are for films presenting mainly a composition
dependence (resp. both a thickness and composition dependence). The dashed line represents the

reference bulk value.
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Chapter 6. Epitaxial orthorhombic YMnOj3 films grown on (100)-perovskite substrates

6.4. Magnetic characterization of non-stoichiometric YMO
films

The magnetism of the non-stoichiometric films deposited on STO, LAO and LSAT substrates is
more complex as the secondary phases (e.g. YMn,0Os) are also magnetic and a discrimination of
these contributions is impossible to establish. The antiferromagnetic YMn2Os presents a transition
from paramagnetic to antiferromagnetic at Tn=45 K modulated by an incommensurate magnetic
ordering. A lock-in transition toward a commensurate magnetic phase takes place at T=39 K. The

magnetic structure experiences a transition into a different incommensurate phase at T=19 K [7].
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Figure VI.28. a); Temperature dependence of the magnetization (M(T) for the YMO/LAO films
deposited with no. inj.=4000 and at two different Y/Mnisolusion (0.35 and 0.30) corresponding to
Y/Mngiim=0.74 (in black) and Y/Mnyiim=0.63 (in red); b)The freezing temperature (Ty) as derived
from the ZFC curves for the YMO films on STO, LAO and LSAT substrates (the open symbols
represent the films deposited at constant Y/Mnsoiuion ratio and variable number of injections and

the close symbols those with constant number of injections and variable Y/Mniolusion ratio).

The M(T) magnetizations for all YMO films display a splitting of the ZFC-FC curves, indicating
a spin-glass ordering, with a maximum in the ZFC curve at different temperatures. Figure VI.28b
shows these maxima (T¢) as function of the Y/Mnsim ratio. A large spreading of the data is observed
between 25 and 50 K. In some cases two kinks are observed in the ZFC curve, which are associated
to both 0-YMO and secondary phases. An example is shown in Figure VI.28b for the YMO films

on LAO substrate (see Appendix G for more examples).
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Chapter 6. Epitaxial orthorhombic YMnOj3 films grown on (100)-perovskite substrates

6.5 Summary and conclusions

0-YMO films, grown by both MOCVD and PLD techniques present a dense microstructure and
homogenous surfaces, without aggregates of particles, independently of the substrate. The
MOCYVD produces a columnar growth with columns diameter between 10 and 20 nm and a smooth
interface film-substrate. The morphology of the films grown by PLD depends on the O> pressure:
very dense polygonal shaped grains, around 30 nm in size, are obtained at low Po2 (1.4-10 bar)
while at higher Po (3-107! bar) round shaped grains, between 20 and 30 nm and compatible with
a columnar growth are produced.
Epitaxial o-YMO films are mainly (010)-oriented on STO and LSAT substrates and (101)-oriented
on LAO substrate. Detailed studies on 12 nm and 23 nm thick YMO/STO films have shown, in
fact, that four types of domains are present. This is equivalent to having two types of domains, 90°
in-plane rotated, with the following epitaxial relationships:

» [010]ymo//[100]sto and [100]ymo//[011]sTo0

» [010]ymo//[100]sto and [100]ymo//[0-11]sto

» [10-1]ymo//[100]sto and [010]ymo//[010]sto

» [10-1]ymo//[100]sTo and [010]ymo//[001]sto0
The b and ¢ parameters are decreasing with the increase of the film thickness, while the a parameter
is increasing with the increase of thickness from 12 to 23 nm. All values are tending toward the
bulk values. The XRD and RSM analyses indicate strained films with a thickness-dependent
relaxation mechanism. The lattice parameters of the o-YMO films are strongly affected by the
oxygen pressure in the case of PLD growth.
TEM observations confirm the domain scenario for the 12 nm thick film. Additionally, high
resolution TEM images reveal that the film is fully strained within a boundary layer of ~3 nm.

Above this layer the film relaxes progressively.

Non-stoichiometric o-YMO films grown by MOCVD on top of (100)-oriented STO, LSAT and
LAO substrates by varying the Y/Mn ratio in the initial solution of precursors have been obtained
and their structural properties have been analyzed. Additionally, films with variable thicknesses

and/or chemical compositions were also investigated.

Because the deviation from the stoichiometric composition was too large, the YMO films are not

pure; they exhibit secondary phases such as YMn2Os for the Mn-rich region (0.25 < Y/Mnsoution <
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Chapter 6. Epitaxial orthorhombic YMnOj3 films grown on (100)-perovskite substrates
0.35) and Y203 for the Y-rich region (Y/Mnsowtion=1). Small variations in the lattice parameters
observed by XRD and RSM on one side and the Raman positions on the other side, indicate that
the 0-YMO phase present in most of the films is similar, but it is non-stoichiometric. Furthermore,
due to the secondary phases, the variation of thickness (from 20 nm to 370 nm) has no strain

influence and all the films are relaxed.

The variations in the lattice parameters or Raman modes of the non-stoichiometric films were close
to those in films presented in section 6.1, which suggests a similar composition of the o-YMO

phase (only the PLD films were different due to the O, variation during the deposition).

183



Chapter 6. Epitaxial orthorhombic YMnOj3 films grown on (100)-perovskite substrates

References:

1. Uusi-Esko, K., et al., Characterization of RMnO3 (R=Sc, Y, Dy-Lu): High-pressure
synthesized metastable perovskites and their hexagonal precursor phases. Materials
Chemistry and Physics, 2008. 112(3): p. 1029-1034.

2. Chen, J., et al., Tuning of transport and magnetic properties in epitaxial LaMnO3+x thin
films. Advances in Condensed Matter Physics, 2014. 2014: p. 5.

3. Lei, D.Y., et al., Spectroscopic ellipsometry as an optical probe of strain evolution in
ferroelectric thin films. Optics Express, 2012. 20(4): p. 4419-4427.

4. Marti, X., et al., Ferromagnetism in epitaxial orthorhombic YMnO3 thin films. Journal of
Magnetism and Magnetic Materials, 2009. 321(11): p. 1719-1722.

5. Iliev, M.N., et al., Raman spectroscopy of orthorhombic perovskitelike YMnO3 and
LaMnO3 Physical Review B, 1998. 57(5): p. 2872-2877.

6. Wenbin, W., K.H. Wong, and C.L. Choy, The role of energetic plasma in pulsed laser
deposition of epitaxial manganite films. Journal of Physics D: Applied Physics, 1999.
32(15): p. L57.

7. Chaudhury, R., et al., Pressure-induced polarization reversal in multiferroic YMn205.

Physical Review B, 2008. 77(22): p. 220104.

184



General conclusions

The main results presented in this thesis are summarized in the following. At the end, the future

prospects are proposed as a continuation of this work.

Optimization of the growing conditions. Selective growth mechanism

YMO films have been grown by MOCVD technique on (100)-oriented Si, STO, LAO and LSAT
substrates. An additional brief study concerns several YMO films grown by PLD on the same
substrates. We show that the growth conditions have to be carefully optimized in order to obtain
almost stoichiometric films of high-quality showing no significant spatial gradients in either

thickness or composition.

The two main deposition parameters to be optimized for MOCVD are the Y/Mn ratio of the

precursors in the injected solution and the deposition temperature.

A temperature dependent MOCVD selective growth of YMO/Si film is observed: samples near
the optimized Y/Mn ratio deposited at 600°C are amorphous, those deposited at 750°C are
orthorhombic and finally those deposited in the range 800-850°C are hexagonal.

A similar selective growth is found as a function of the O, pressure (with a fixed temperature)
for the PLD: at low pressure the h-YMO is formed, in the intermediate O> pressure range an

amorphous phase dominates, at high pressure the o-YMO phase is stabilized.

On perovskite type substrates the deposition parameters (temperature, Y/Mn ratio, oxygen
pressure) have almost no influence and the orthorhombic YMO phase is stabilized by a strain

mechanism.

Physico-chemical and structural characterizations of YMO films on Si(100)
substrate

Optimized conditions lead to almost stoichiometric films of high-quality showing no significant

spatial gradients in either thickness or composition. The obtained YMO films are amorphous or

mainly polycrystalline/textured on Si substrates (eventually a 10-50 nm thin amorphous layer

forms between the crystalline films and the Si). All the as-deposited MOCYVD films follow a 3D

columnar growth mode (columns of 15-40 nm in diameter depending on the samples), typical for

the MOCVD process, with a cauliflower-like morphology.
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The amorphous YMO phase in the films is easily formed and stable for the MOCVD growing

conditions in a large range of compositions. Variation in the stoichiometric composition is
observed for the crystalline YMO phases (indicated by the large variations in the cell parameters

values). This is mainly related to the change in the Y/Mn ratio in the injected solution.

The h-YMO films are mainly c-axis textured for the MOCVD growth and mainly (11-20) and

(11-21) oriented for the PLD growth. These orientations are strongly influenced by the

deposition temperature and to a minor extent by the Y/Mn ratio in the solution (MOCVD) and
are independent of the oxygen pressure (PLD). The PLD growth produces dense grains, mainly
polygonal-shaped, between 90 and 150 nm.

The 0-YMO phase is present in the films grown by both MOCVD and PLD techniques without

any strain stabilization mechanism and free of the h-YMO phase. The 0o-YMO films are mainly

polycrystalline. Beside the columnar growth characteristic of MOCVD, the o-YMO films

present aggregates lying on the surface of the film (200-400 nm in size). PLD growth produces

grains of 20-30 nm in size and aggregates of grains between 65 and 75 nm.

Phase transformations and stability

The investigations performed through ex-situ and in-situ thermal annealings in order to study the

stability of the 0-YMO phase have shown that an irreversible phase transformation from

amorphous to crystalline 0-YMO phase takes place in Y-Mn-O films deposited by MOCVD on

Si(100) substrate at an almost constant temperature (~ 700 °C) and in a short period of time (~

min). The 0-YMO phase thus obtained is stable at least up to 900°C. At higher temperature, a Si

diffusion from the substrate into the film leading to the formation of a silicate phase was

observed.

Physico-chemical and structural characterizations of YMO films on (100)-
oriented STO, LAO and LSAT substrates

0-YMO films, grown by both MOCVD and PLD techniques present a dense microstructure and
homogenous surface, without aggregates of particles, independently of the substrate. The
MOCYVD produces a columnar growth with columns diameter between 10 and 20 nm and a
smooth film-substrate interface. The morphology of the films grown by PLD depends on the O>

pressure: very dense polygonal shaped grains, around 30 nm in size, are obtained at low Po»
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(1.4-10"* bar) while at higher Poz (3-107! bar) round shaped grains, between 20 and 30 nm and
compatible with a columnar growth are produced.
Epitaxial o-YMO films are mainly (010)-oriented on STO and LSAT substrates and (101)-
oriented on LAO substrate. Detailed studies on 12 nm and 23 nm thick YMO/STO films have
shown that actually four types of domains are present. This is equivalent to having two types of
domains, 90° in-plane rotated, with the following epitaxial relationships:

» [010]ymo//[100]sto and [100]ymo//[011]sto

» [010]ymo//[100]sto and [100]ymo//[0-11]sTO

» [10-1]ymo//[100]sTo and [010]ymo//[010]sto0

» [10-1]ymo//[100]sTo and [010]ymo//[001]sto0
The b and ¢ parameters are decreasing with the increase of the films thickness, while the a
parameter is increasing with the increase of the thickness from 12 to 23 nm. All values are
tending toward the bulk values. The XRD and RSM analyses indicate strained films with a
thickness-dependent relaxation mechanism. The lattice parameters of the o-YMO films are
strongly affected by the oxygen pressure in the case of PLD growth.
TEM observations confirm the domain scenario for the 12 nm thick film. Additionally, high
resolution TEM images reveal that the film is fully strained within a boundary layer of ~3 nm.

Above this layer the film relaxes progressively.

Magnetic properties

The magnetic properties of the YMO films (amorphous, orthorhombic or hexagonal) indicate a
general spin-glass behavior. A weak ferromagnetic contribution is present at 5 K.

For the amorphous as-deposited films the magnetization presents a maximum in the ZFC curve

between 11 and 19 K.

The magnetism for h-YMO films is characterized by a splitting of the ZFC-FC curve and a
maximum in the ZFC curve at T=20 K. A splitting of the ZFC-FC curves was observed for
polycrystalline powders at ~ 65 (Y1Mn;03) and 70 K (Yo0.95sMn;03), without maximum in the

ZFC. On the contrary, the h-YMO single crystal shows a pure antiferromagnetic ordering at
Tn=70 K.
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The magnetic measurements on 0o-YMO films on Si substrates indicate a spin-glass behavior,
characterized by a splitting of the ZFC-FC curves, with a maximum in the ZFC curve at T= 20
K for the as-deposited 0-YMO films and at Tr= 32 K for o-YMO films crystallized after
annealings. Similarly, o-YMO films on STO, LAO and LSAT substrates, present the same
splitting behavior of the ZFC-FC curves with maxima in the ZFC curve between 26 and 50 K.

Future prospects

Several directions can be envisaged for the continuation of our study.
The stability of the o-YMO phase was investigated under the thermal treatments throughout
Raman experiments. A second step in the stability behavior of this phase would be to check the

effect of applying high pressure (transforming h-YMO powder into the 0-YMO phase and study

the effect of pressure on the 0-YMO phase) and to see if any transition occurs. Such a study was

not reported in the literature.

Another line of research can be the study of ferroelectricity in strained single domain o-YMO

films in order to have a complete picture of the multiferroic properties. This involves refining the

optimal deposition parameters and the appropriate substrate to produce single oriented and

stoichiometric 0-YMO films. Then, non-stoichiometric YixMn;xOsss thin films would be

interesting to study (strain, Raman, magnetism, ferroelectricity).
Among other properties existing in the YMO films it appears very interesting to investigate the

resistive switching properties. In a recently published paper [1] it is shown that YMnOs; thin

films present unipolar, nonvolatile resistive switching which might be a promising route for the
design and fabrication of novel resistive switching devices.

Finally, we propose the doping of the YMnOs; phase, in particular with Fe and the synthesis of

double perovskites (Y2MnXOg, X=Fe, Co, Ni) in the thin film or bulk form as the theoretical
calculations predict a multiferroic behavior [2] and experimental results reported a Néel

temperature of 328 K [3].
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Appendix A: YMO growth on MgO(100) and YSZ(111) substrates

YMO/MgO(100)

The XRD 8-20 pattern of the YMO film on MgO(100) substrate deposited with the vertical PI-
MOCVD setup (Ts=800°C, Y/Mn=1) is shown in Figures A.la. In this figure, the h-YMO
phase is identified by the (11-20) intense peak and (11-22) and (20-26) weak peaks. The
remaining peak is assigned to the 002 reflection of the MgO substrate. Thus, the h-YMO film
grows mainly along the [11-20] direction (11-20n-ymo//100Mmg0).

Figure A.1b shows the Raman spectrum of YMO film on MgO(100) substrate. It is observed
that the positon of the Raman lines is much higher than the values reported in [1] marked

between parentheses, which may indicate a large non-stoichiometry of the h-YMO film.
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Figure Al. YMO film on MgO(100) substrate deposited with the vertical PI-MOCVD setup:
a) XRD pattern; b) Raman spectrum in which the experimental position of each mode are
marked by bold numbers (in parentheses are given the values from lliev et al.[1]). The MgO

does not have any active Raman mode.

Figure A.2a shows the XRD 0-20 pattern of YMO film deposited on MgO(100) substrate in
the horizontal PI-MOCVD setup (Ts=800°C, Y/Mn=1). The results clearly indicate that the h-
YMO film is c-axis oriented (0001h-ymo//100mg0) as far as the XRD is concerned. This

orientation corresponds very likely to an epitaxial growth represented in Figure A.3.
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Figure Al. YMO film deposited on MgO(100) substrate with the horizontal PI-MOCVD
setup: a) XRD pattern; b) SEM top-view image in BSE mode.

The top-view image (BSE mode) from Figure A.2b shows a smooth surface, with no indication

of variable composition or agglomerates in agreement with the XRD results.
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Figure A.3. Schematic representation of a possible epitaxial growth between the h-YMO(001)
film and MgO(100) substrate (from [2]).

YMO/YSZ(111)

XRD pattern of the YMO film on YSZ(111) substrate deposited with the horizontal PI-
MOCVD setup is show in Figure A.4. The pattern presents only the 0001 peaks of the h-YMO
phase together with the 111 reflections of the YSZ substrate. The film is textured with the c-

axis perpendicular to the substrate. No other phase is observed in the film.
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Figure A.4. XRD pattern of the YMO film deposited on YSZ(111) substrate with the
horizontal PI-MOCVD setup.

These results show that h-YMO films can be epitaxially grown on MgO(100) and YSZ(111)

substrates.
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Appendix B: SEM images of non-stoichiometric YMO films grown
on Si(100)

Mn-rich YMO films

Secondary phases, such as YMn20s, are formed when using a Mn-rich solution of precursors
(Y/Mn <1). The formation of the YMn2Os phase, as observed from the SEM images in Figure
B.1 is promoted by agglomeration of Mn-rich particles (highlighted by white contrast). Then,
a dendritic 2D growth, starting from these particle occurs (see so called “flower” morphology).

The formation of the YMn,Os phase was observed between 800-850°C, although it appears

less well crystallized at 800°C (see Figure B.1d).

Figure B.1. Morphology of the YMO films deposited on Si substrate in the Mn-rich region by
PI-MOCVD (horizontal) in the following conditions: a)-c) Ts=850°C and Y/Mn=0.5. The
YMn>Os phase is forming as precipitates represented by the “flowers” with white contrast
(©images b and c are colorized as for NanoArt and FEI Image Contest); d) Ts=800°C and
Y/Mn=0.5; e¢) Ts=850°C and Y/Mn=0.5 (a different sample from the one shown at a)-c)).
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Y-rich YMO films

When working with Y-rich solutions of precursors (Y/Mn>1.4), a Y203 phase is forming in
order to compensate the Y excess of the film. Figure B.2 shows two examples of morphological

features found among these films.
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Figure B.2. Morphology of the YMO films deposited in the Y-rich region on Si substrate by
PI-MOCVD in the following conditions: a) T;=800°C and Y/Mn=1 (vertical MOCVD
geometry), showing the presence of the Y203 phase highlighted by spherical particles with
white contrast b) T;=800°C and Y/Mn=4 (horizontal MOCVD geometry), the Y203 phase can

be found on the entire surface.
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Appendix C: Hexagonal YMnO:s phase obtained as ceramic by solid

state reaction

Hexagonal YMnOs3, Y0.9sMnO3 and YMngosO3 have been obtained as powders by solid state

reaction in order to be used as complementary references for the h-YMO films.

XRD characterization

The XRD patterns of the hexagonal YMnO3, Y0.95sMnO3 and YMno.os03 powders are shown in

Figure C.1.
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Figure C.1. Experimental 6-20 XRD data (red symbols) for YMnOs3 (a), Yo.osMnO3s (b) and

YMno.9503 (b). The solid black lines represents the calculated pattern with hexagonal

(P63cm) symmetry. The blue lines in the figures indicate the difference between the observed

and calculated diffraction patterns. The blue bars indicate the positions of the Bragg peaks. R
factors for fitting are: 1.43 < y* < 1.86, 3.85 < R, < 4.18, 4.90 < R,y < 5.33, 4.06 < Rexp <

4.50 (credit A. Schulman).

The data were analyzed using Rietveld method and the refinement of the crystalline structure

was carried out using the FullProf software. As far as this technique is concerned, the samples
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are pure, without any impurities. The lattice parameters are in good agreement with the

literature data.

The experimental cell parameters of the h-YMO phase are listed in Table C.1.

Sample a(A) c(A)

YMnO3 6.1354 11.3944
Y0.9sMnO3 6.1479 11.4056
YMno.9503 6.1339 11.3926

Table C.1. Structural parameters (a and c lattice constants) after the Rietveld refinement of

patterns from Figure C. 1.

The electron diffraction pattern (ED) and TEM images confirm the XRD results: the YMO
phase of hexagonal symmetry with the lattice parameters in agreement with those obtained

from the Rietveld refinement. One example is shown in Figure C.2 for the YMnO3 sample.

h-YMO
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1 D
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0091 *

Figure C.1. ED pattern (a) in [1-100]-zone axis and corresponding TEM image (b)
overlapped with the simulated structure (Carlne) of a crystalline particle (see SEM image in

inset of b) from the YMnQO3 sample.

Additionally, the Raman spectra of the three samples, indexed with the h-YMO phase are

shown in Figure C.3.
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Figure C.3. Raman spectra of YMnO3, Yo0.0sMnO3z and YMno.9sO3 samples. The modes of the

h-YMO phase are marked on each peak.
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Appendix D: Raman spectra and magnetization of bare STO, LAO and LSAT
substrates

Raman

The determination of the position of the YMO modes has been performed by fitting the Raman
spectra using Lorentzian profiles, after wavenumber calibration with a Si reference spectrum
and subtraction of the baseline. The Raman spectra of bare STO, LAO and LSAT substrates

are shown in Figure D.1; the position of the lines is marked on each spectrum.
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Figure D.1. Raman spectra of a bare (100)-oriented STO, LAO and LSAT substrate.

As it can be seen, the Raman spectrum of the STO substrate presents very large modes and, in
general, the determination of the exact positions of the modes for the o-YMO phase was not

always possible as the weak Raman signal from the film is masked by the substrate signal.
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Magnetization

The temperature M(T) and field M(H) dependence of the magnetization of the bare LSAT

substrate (Smmx5mm) is shown in Figure D.2. A negative signal, ranging from -8.5 to -3-10

emu, characteristic of diamagnetic material is observed (the magnetization of the sample holder

(straw + plastic wrap) is also shown in Figure D.2). The M(H) data were recorded at 5 K and

room temperature with applied fields between -50 and 50 kOe. A linear behavior, with negative

slopes is observed at both temperatures confirming the diamagnetic nature of the LSAT

substrate. The STO substrate displays the same features.
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Figure D.2. Temperature dependence of the magnetization (M(T)) of bare LSAT and STO

substrates and of sample holder (straw + plastic wrap) and field dependence of the

magnetization (M(H)) for LSAT substrate.
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Appendix E: RSM of YMO films on STO, LAST and LAO substrates
S tero

Figure E.1. RSM for YMO films on STO (left) and LSAT (right) substrates with different
thicknessess (from top to bottom: 500, 1000, 2000 and 4000 inj.) at Y/Mn ct.
(Y/Mnisouion=0.325) around the symmetric reflection 040ymo and asymmetric reflection

161ymo.
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Figure E.1. RSM for YMO films on LAO substrate with different thicknessess (from top to
bottom: 500, 1000, 2000 and 4000 inj.) at Y/Mn ct. (Y/Mnsouion=0.325) around the symmetric

reflection 040ymo and asymmetric reflection 161ymo.
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Appendix F: Raman spectra of YMO films on STO, LAO and LSAT
Substrates
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Figure F.1. Raman spectra of YMO films on STO, LAO and LSAT substrates deposited with
different number of injections (from 500 to 4000) and constant Y/Mniolusion ratio (0.325) (left)
and deposited with different Y/Mnsoiuion ratio (from 0.25 to 0.35) and constant number of

injections (4000) (right).
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Appendix G: Magnetization of YMO films on STO, LAO and LSAT
Substrates

The magnetization measurements M(T) and M(H) of YMO films on STO, LAO and LSAT
substrates deposited with different number of injections (from 500 to 4000) and constant
Y/Mngolution ratio (0.325) and deposited with different Y/Mngolution ratio (from 0.25 to 0.35) and

constant number of injections (4000) are show below.
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Figure G.1. Films on LAO substrate. Temperature dependence of the magnetization M(T): a)
number of injections varying between 500 and 4000, Y/Mnsoiion=0.325; b) Number of
injections=4000, Y/Mnoiusion varying from 0.25 to 0.35. Field dependence of the

magnetization M(H): c) idem as for a); d) idem as for b).

203



—=— YMO-LSAT-500i

1.0x10° 4%

5 —+— YMO-LSAT-1000i
7x10 i —+— YMO-LSAT-2000i
1 4 —— YMO-LSAT-0.325)
6x10° i 2
o 1 ! s « || = 5.0x10% 4
3 o1 €
£ 5x10° 1 Al . 5 |
z /A . =
§ ax10°9 ¢ _ S 00
= {f % €u ; g ¢
N 3x10°, £ X% e 5
= bi ; 1 .
s N 2 -
2 ax10° ¢ / ' . g
k] X2 ol = -5.0x10%
1x10° 500 1000 1500 2000 2500 3000 3500 4000
| No. inj.
e o
0 -1.0x10°
L T J T L T X T L T ) T
0 50 100 150 200 250 300

1.2x10*
= 1.0x10*
5
~8.0x10°
j o=
S

Magnetizat

Temperature (K)

—=— YMO-LSAT-500i

—+— YMO-LSAT-1000i
+— YMO-LSAT-2000i

—— YMO-LSAT-0.325

5K

T T
20000 40000

0
Field (Oe)

B 1 ox10°
—a YMO-LSAT-0.25
— YMO-LSAT-0.30
'* —+ YMO-LSAT-0.325 1
- X —+ YMO-LSAT-0.35
i Ny 1| 5 5.0x10%
. 4 N 1 g
H 48 R o T )
. (™ ~ <
1 40 \\_
i L . ... |8
L g” ® 0.0
o N
[0}
2 g)
0 §
° : -5.0x10% o
Y oz o ok o o oM od
YIMn (% at)
S:—o-’—» r . . ]
e S eSS EEE e e e "
T T T T -1.0x10° e
0 50 100 150

Temperature (K)

T T
200 250

300

= YMO-LSAT-0.25
—— YMO-LSAT-0.30
—— YMO-LSAT-0.325
—+— YMO-LSAT-0.35

=
-40000

—T
-20000

6 20600
Field (Oe)

Figure G.2. Temperature and field dependences of the magnetization M(T) and M(H) for
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YMO films on LSAT substrate (a, b, ¢, d are the same as in Figure G.1).
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Figure G.3. Temperature and field dependences of the magnetization M(T) and M(H) for

YMO films on STO substrate (a, b, ¢, d are the same as in Figure G.1).
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Résumé francais

Croissance, caractérisation et
transformation de phase dans des
couches minces d’'YMnO;
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Introduction générale

La demande croissante de nouveaux matériaux fonctionnels, notamment dans le domaine du
stockage de données et de la spintronique, a conduit a une intensification de la recherche dans les
deux dernieres décennies. Parmi les candidats les plus attrayants pour ce type d'applications on
trouve les oxydes, dont les oxydes de manganese ternaires de type AMnOs3 qui jouent un role clé.
Certains de ces matériaux possedent deux ou plusieurs ordres ferroiques spontanés dans la méme
phase et en l'absence de champs extérieurs, appelé multiferroicité. Ces formes d'ordre ferroique
sont le (anti-) ferromagnétisme, la (anti-) ferroélectricité et la (anti-) ferroelasticité qui ont été

récemment complété par la (anti-) ferrotoroidicite (vortex magnétique spontanée).

N

Des effets magnéto-électriques géants et magnetocapacitance a température ambiante ont été
trouvés dans le composé pérovskite TbMnOs3 par Kimura et al. [1]. Depuis, une étude approfondie
sur les matériaux de type pérovskite a été réalisée. Dans le méme temps, le nombre d'applications
et de dispositifs potentiels a augmenté. Un des plus populaires est le dispositif de mémoire a 4-
états, qui est basé sur le controle de la polarisation ferroélectrique (P) par un champ magnétique
et, inversement, la commutation de 1'aimantation (M) par un champ électrique. Par conséquent,

quatre états de mémoire distincts sont possibles (+ P, -P, + M, -M).

En plus des applications technologiques intéressantes, les matériaux multiferroiques sont tres
intéressants et riches d'un point de vue fondamental en raison de fortes corrélations électroniques

présentes dans ces systemes.

Motivé par ces propriétés intéressantes, nous avons été intéressés par un membre représentant de
la famille des manganites de terre rare (RMnQO3) qui est YMnOs. Ce composé est multiferroique
dans les deux structures hexagonale et orthorhombique (pérovskite) en-dessous de ~ 70 ~ K et 40
K, respectivement. Bien que ces températures soient trop faibles pour les applications
technologiques, nous pouvons nous attendre a étre en mesure de modifier ces températures d’ordre.
En fait, a travers la structure cristalline et les caractéristiques de microstructure, les propriétés des

films sont souvent modifiées par 1'effet du substrat.

Au cours de cette these, la structure YMnOs3 a la fois hexagonale (considérée comme stable) et
orthorhombique (généralement considérée comme métastable) ont été étudiées principalement
sous la forme de films minces. Dans un premier temps, nous avons étudié comment la croissance

non épitaxiale sur des substrats de silicium agit sur la microstructure des films YMnOs3
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orthorhombiques et hexagonales. Contrairement a la croyance générale de la littérature, nous avons
constaté que la phase orthorhombique YMnOs métastable a été facilement obtenue sur des
substrats de silicium par deux méthodes différentes de dépot (MOCVD et PLD). Nous avons
également testé la stabilité de la phase orthorhombique YMnOj3 par recuit thermique et nous avons
constaté que cette phase est stable dans une plage de température définie. Dans un deuxieme temps,
nous avons étudié la croissance épitaxiale de la phase orthorhombique YMnOs3 sur différents

substrats de type pérovskite (STO, LAO et LSAT).

Les multiferroiques

Les matériaux ferroiques sont caractérisés par un ordre spontané, dont la direction peut étre
basculée par un champ externe: un ferromagnétique est décrit par une aimantation spontanée (M)
et présente un cycle d’hystérésis sous un champ magnétique appliqué (H), un ferroélectrique a une
polarisation spontanée (P) et comporte une hystérésis sous un champ appliqué électrique (E) et un
ferroélastique possede une déformation spontanée (&) et présente une hystérésis sous une contrainte
appliquée (o). L’aimantation, la polarisation et la déformation sont contrélées par le champ
magnétique, le champ électrique et la contrainte, respectivement. Dans un multiferroique, la
coexistence d'au moins deux ordres conduit a des couplages croisés supplémentaires. Dans ce
travail, la multiferroicité sera généralement considérée comme la coexistence de (anti)
ferromagnétisme et (anti-) ferroélectricité. A noter que les matériaux multiferroiques ne sont pas
équivalents avec les matériaux magnéto-€électriques. La Figure R.1 résume la relation entre les

propriétés des matériaux multiferroiques et magnétoélectriques.

— Magnetically polarizable

== Ferromagnetic
Electrically polarizable

== [Ferroelectric

3 Multiferroic

7% Magnetoelectric

Figure R.1. Relation entre les propriétés des matériaux multiferroiques et magnétoélectriques

(d’apres [2]).
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Les multiferroiques sont classés en deux catégories: type I (connu sous le nom multiferroiques
propre) et de type II (multiferroiques impropre) [3] [4]. L'origine microscopique de magnétisme
est bien connu et est relie aux électrons localisés dans les orbitales partiellement remplis d ou f des
métaux de transition ou de terres rares. Dans le cas des propriétés ferroélectriques plusieurs sources
ont été identifiées. Ainsi, dans les multiferroiques de type I, la ferroélectricité et le magnétisme
ont différentes sources et sont indépendants (température de transition différente et généralement
couplage faible, comme par exemple BiFeOs, YMnOs hexagonal etc.). Il existe plusieurs sous-

types, en fonction du mécanisme de la ferroélectricité [3]:

» déplacements hors centre du site B (BaTiO3, Pb(ZrTi)Os)
» doublet non liant (BiFeO3, BiMnO3, PbVO3)

» ordre de charge (LuFe;O4, (PrCa)MnO3, Fe304, RNiO3)
>

matériaux ferroélectriques géométriques (YMnO3)

Dans les multiferroiques de type II, la ferroélectricité et le magnétisme sont fortement couplés du
fait que l'ordre magnétique engendre la ferroélectricité. Du point de vue de mécanisme de

génération, les multiferroiques impropre de type Il sont divisés en:

» matériaux de type spiral

» matériaux de type colinéaire.
Manganites de terres rares RMnQ3s. Stabilité de phase

En général, la famille RMnO3 (R = terre rare, y compris Y ou Sc) cristallise dans deux types de
structures cristallines dans les conditions ambiantes: orthorhombique ou hexagonal. La structure
orthorhombique (Figure R.4a) de type GdFeOs (groupe d'espace Pnma ou Pbnm, selon le choix
des axes de symétrie) se retrouve pour les grands rayons ioniques de R (R = La-Dy). Cette structure
est dérivée de la structure cubique idéale des pérovskites de formule générale ABOs, ou A et B

sont grands et petits cations, respectivement, représentée sur la Figure R.2.

209



R Mn O
Figure R.2. La structure pérovskite cubique idéale (d’apres [5]).

Les pérovskites cubiques sont basées sur un empilement cubique compact d’AOs avec les cations
B dans des positions octaédriques. Chaque cation A est coordonné de facon équidistante par douze
anions O et chaque cation B est coordonné par six anions O, disposés aux sommets d'un octacdre
régulier. Ainsi, les anions O sont entourés par deux cations B et quatre cations A. Ce réseau génere
un espace libre autour de I’ion A, qui est entouré par huit octaedres BOg. Si la structure idéale des
pérovskites est caractéristique pour des matériaux tels que SrTiOs, dans le cas des manganites de
terres rares, elle est déformé. Cette déformation est liée a la frustration structurale causée par les
différentes tailles ioniques de R et Mn. Un indicateur pour la stabilité de la structure pérovskite est

donné par le facteur de tolérance de Goldschmidt.
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Figure R.3. Structure cristalline, température de Néel (Tn) et de Curie (Tc) de RMnOs en

fonction de la taille ionique de la terre rare [6].
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La compatibilité avec la structure est obtenue si la taille ionique de A correspond avec celle des
anions O* pour former des couches d’empilement compact et les cations B s’accommodent dans
les sites interstitiels formés par les anions O®~ afin d'avoir des octaédres de BOs liés par leurs
sommets. Sous cette condition, le rayon ionique de A, B et O doit satisfaire la relation:

vy + ¥y

\/E(rB +7r,)

Le facteur de tolérance Goldschmidt, utilis€ comme un indicateur de la stabilité et de la distorsion

rytr, = V2 (ry +1,). Le facteur de tolérance Goldschmidt est défini comme 7 = [7].

des structures cristallines, est généralement considéré comme le facteur déterminant la limite entre

les structures hexagonales et orthorhombiques.

+

MnO;

MnOy ‘%

Figure R.4.a) La structure cristalline orthorhombique RMnQO3 avec MnOs et RO;2 comme

éléments de base; b) la structure cristalline hexagonale RMnQO3 avec MnOS5 et RO8 comme

éléments de base ([8]).

Dans cette perspective, la phase pérovskite orthorhombique est stable pour t > 0.855,
correspondant a rr > rpy alors que pour t <0.855 (rr < rHo), la phase hexagonale prévaut [9] (pour
une pérovskite idéal t = 1).

Les deux structures et leurs éléments de base sont représentés dans la Figure R.4.
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Pour la structure hexagonale (groupe d'espace P6s3cm) (R = Y, Ho-Lu), l'octaedre BOs se
transforme en bipyramides trigonales de BOs. Chaque ion B est entouré d’anions O dont trois sont
dans le plan et deux sont apicaux, formant les bipyramides trigonales BOs qui sont séparés par des
couches de cations A (coordination 8).

La Figure R.3 résume la structure (symétrie) et les propriétés physiques (température de Néel - T,
température de Curie - Tc) de la famille RMnOs3 en fonction de la taille de 1'ion R.

Du point de vue thermodynamique, la stabilité des deux phases a été étudiée compte tenu de
I'énergie libre de formation de Gibbs de RMnOs a partir de R20O3 et Mn2O3 a 900 °C et a la pression
ambiante [10]. Les résultats sont présentés dans la figure R.5 et on observe que la transition entre
les polytypes orthorhombique et hexagonal se déroule autour de R = Ho, qui est en accord avec
les résultats basés sur le facteur de tolérance Goldschmidt.

En extrapolant les données thermodynamiques, la phase métastable peut €tre stabilisé sous forme
de films épitaxiés si la différence entre les énergies de formation de Gibbs de deux polymorphes

ne dépasse pas 10 2 15 kJ mol .
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Figure R.5. L'énergie libre de formation de Gibbs de RMnQO3s a partir de R20O3 et Mn203 a 900 °C

et a la pression ambiante ([10]).

Par exemple, les films minces de RMnO3 (R = Gd, Eu, Sm) de structure stable orthorhombique en
massif ont été stabilisés dans la forme hexagonale par épitaxie lors de la croissance sur des

substrats cubiques (ZrO2(Y203) orientés (111)) par MOCVD [11].
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La phase YMnO3 hexagonale

La phase de YMnOs3 hexagonale est généralement considérée comme stable et cristallise dans le
groupe spatial P6;cm avec les parameétres de maille a = b = 6.1453 A et ¢ = 11.3714 A [12].
Magnétisme dans la phase YMnO3 hexagonale

La température de transition de Néel de la phase YMnOs; hexagonal est Tn = 72 K. La structure
magnétique consiste en un arrangement triangulaire de spins Mn>* dans le plan basal ab & 120 °.
L'interaction magnétique principale est basée sur le superéchange antiferromagnétique entre les
Mn-O-Mn coplanaires, tandis que le superéchange Mn-O-O-Mn entre des plans adjacents est de

deux ordres de grandeur plus faible [13].

Ferroélectricité dans la phase YMnO3 hexagonale

La transition paraélectrique-ferroélectrique (température de Curie ~ 914 K [14]) est associée a la
transition de la structure centrosymétrique de groupe d'espace P63/mmc a la structure non-
centrosymétrique P63cm dans lequel les plans de symétrie perpendiculaires a I'axe ¢ hexagonale
sont perdus. En outre, le flambage des bipyramides MnOs génere un décalage dans le plan des ions
apicaux O” et un décalage vertical des ions Y>*. En raison de ces déplacements, un environnement

asymétrique des ions Y est produit et, par conséquent, une polarisation électrique nette.

La phase YMnO3 orthorhombique

La phase o-YMO est considérée comme métastable et cristallise dans le groupe d'espace Pnma

avec les parametres de maille a = 5.8361 A, b =7.3571 A et ¢ = 5.2580 A [15].

Magnétisme dans la phase YMnO3 orthorhombique

Le magnétisme dans la phase o-YMO est complexe. La transition antiferromagnétique a lieu a Tn
=45 K. Entre 40 et 45 K, un état sinusoidal avec une inclinaison de spin le long de 1'axe b est
présent. En dessous de 40 K, la phase magnétique sinusoidale se transforme en une structure
magnétique cycloidale avec 1I’aimantation le long de 1'axe b. A des températures inférieures a 35

K, la coexistence des états cycloidaux et de 1’état de type E a été observée.

Ferroélectricité dans la phase YMnO3 orthorhombique
La polarisation ferroélectrique se produit a basse température (Tc ~ 30 K [8]), intimement liée a
I'ordre magnétique, ainsi la phase 0o-YMO est un multiferroique de type II. D’apres [16], la

ferroélectricité dans 1'état colinéaire de type E est entrainée par la magnétostriction asymétrique le
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long des axes a et ¢ qui brise le centre de symétrie du réseau cristallin, produisant une polarisation
le long de l'axe c. Les déplacements atomiques (~ 107 A), associés a la formation d’une structure
alternée de liaisons Mn-O-Mn dans le plan ac, donnent lieu a des dipdles électriques et donc a de
la ferroélectricité.

Le dépot des films YMnO3 et ’optimisation du processus

La croissance des films YMO a été principalement réalisée par MOCVD (sauf quelques
échantillons déposés par PLD) sur des substrats de Si, SrTiO; (STO), LaAlOs (LAO) et
(LaAlO3)0.3(Sr2AlTa0e)o.7 (LSAT). Le choix des substrats appropriés est important pour permettre
une croissance sélective des phases hexagonales ou orthorhombique d”’YMnOs et une épitaxie des

films.

Dans le cas de films YMnOs déposés par MOCVD, plusieurs autres facteurs sont également
importants: le choix de la température de dépot, la composition de la solution injectée, la pression
et l'atmosphere du systeme, les précurseurs, la température d'évaporation, etc. Parmi ces
parametres, on a choisi d’étudier plus en détail l'influence de la température de dépot, la

composition de la solution, 1'épaisseur du film et de la pression d'oxygene (dans le cas du PLD).

Dans la littérature, les précurseurs organométalliques principaux utilisés étaient Y(tmhd)s et
Mn(tmhd)3, ot tmhd = 2,2,6,6-tétraméthyl-3,5-heptane-dionate, et avec la formule YC33H570¢ et
MnC33Hs70¢, respectivement, qui ont été dissous dans le solvant monoglyme (1,2-
diméthoxyéthane de formule C4H1002). Les deux précurseurs sont mélangés dans le réservoir
étanche de l'injecteur. Les précurseurs organométalliques solides de type tmhd sont souvent
préférés en raison de leur stabilité a la température ambiante et de leur non-toxicité par rapport a
d'autres précurseurs liquides ou solide de type acac (acétylacétonate d'hydrate). En outre, ils sont

chimiquement compatibles entre eux et avec le solvant.

Les conditions typiques de dépot utilisées dans ce travail pour I'élaboration de films sont résumées
dans le tableau R.1. Deux installation MOCVD ont ét€ utilisées, nommées horizontale et verticale,
avec les mémes principes de fonctionnement. Chaque croissance de couche dans le réacteur
MOCVD horizontal a été suivie d'un recuit in-situ a la méme température que le dépdt, pendant
30 minutes dans l'air avec un flux supplémentaire d’O2 pour oxygéner completement le film. Dans

le cas du dispositif PI-MOCVD vertical, aucun recuit n’a été effectué.
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On a trouvé que la température du substrat et le rapport atomique Y/Mn dans la solution injectée
jouent un rdle clé dans la cristallinité des films. Différents nombre d'injections et temps de dépot

ont été utilisés afin de réaliser différentes épaisseurs de film.

Parameter Horizontal PI-MOCVD Vertical PI-MOCVD
Substrates (100-oriented) Si, STO, LAO, MgO, Si, STO, LAO, LSAT, MgO
YSZ*
Substrate temperature (°C) 600 — 850 600 — 800
Evaporation temperature (°C) 230 250
Deposition time (min) 10—-40 10—-80
Metalorganic precursors Y (tmhd); and Mn(tmhd)3 Y (tmhd); and Mn(tmhd)3
Y/Mn in the injected solution 0.5-2 0.25-1.33
Solution concentration (mol/I)  0.02 0.02
Transport gas Ar + Oz Ar + Oz
Ar flow rate (cm?/min) 300 300 — 1700
O flow rate (cm*/min) 300 220 —400
Deposition total pressure (Torr) 5 5
Number of injections 450 —-2030 500 — 4000
Injection frequency (Hz) 1 1
Injection time (ms) 2 2
Annealing temperature (°C) 600 — 850 -
Annealing time (min) 30 -

Table R.1. Les conditions typiques de dépot utilisées pour la croissance des films minces YMO

par PI-MOCVD. *orientation (111).

Sur la base des plusieurs tentatives pour faire varier le débit de I'argon et d'oxygene ainsi que leur
proportion, nous avons conclu que a des débits €élevés les films sont trés inhomogenes.

Les substrats

D'une part, des films non-contraints ont été déposés sur Si (a = 5.43 A) en vue de I'intégration dans
des dispositifs. Des substrats de Si ont été utilisés dans une premiere étape d'élaboration pour

optimiser le processus de dépot ayant I'avantage d'étre peu coliteux.

D'autre part, les films épitaxiés avec différentes valeurs de contrainte ont été déposés sur des

substrats de STO, LAO et LSAT orientés (100).

Les parametres de maille des substrats sont 3.792 A pour LAO [17] (pseudocubique), 3.872 A
pour LSAT [18] et 3.905 A pour STO [17]. Les parametres de maille de la phase 0-YMO en massif
sont les suivants: a = 5.8361 A, b=7.3571 A et c = 5.2580 A [4].

Selon ces valeurs, les valeurs de « mismatch » le long d'une direction donnée calculées comme

f=100- (dsubstrate-do-ymo0)/do-ymo sont présentées dans le tableau R.2. Il semble que la croissance le
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long de l'axe b (b out-of-plane) est bien accommodée pour le substrat STO, tandis que pour le
substrat de LAO, l'axe b dans le plan (b in-plane) est plus favorable. Les orientations possibles

sont illustrées dans la figure R.21.

Substrate Lattice Substrate Mismatch (%)
parameter (10&) diagonal (011) (A) b in-plane b out-of-plane
Joro Jior Sioo Joor
LAO 3.792* [17] 5.362 3.08 -2.93 -8.12 +1.98
LSAT 3.872 [18] 5.475 5.26 -0.88 -6.19 +4.13
STO 3.905 [17] 5.522 6.15 -0.03 -5.38 +5.02

Table R.2. Le désaccord paramétrique entre les substrats STO, LAO (* pseudocubique) et LSAT

et la phase orthorhombique YMO (voir définitions dans le texte).

La température de dépot

L'évolution de la composition des films, la microstructure et la morphologie ont été étudiées pour
différentes températures et compositions. Il a été observé que sur les substrats de Si les échantillons
pres du rapport Y/Mn optimal et déposé a 600 °C sont amorphes, ceux qui sont déposés a 750 °C

sont orthorhombiques et enfin ceux qui sont déposés dans la gamme 800-850 °C sont hexagonaux.

Le rapport Y/Mn
Le contrdle de la composition du film est I'un des principaux défis de la croissance MOCVD

d'oxydes et donc une attention particuliere a été accordée a I'optimisation de ce parametre.

Dans les conditions expérimentales utilisées, le précurseur Y(tmhd)s ne réagit pas de la méme
maniere que le Mn(tmhd)s. En conséquence, il existe une différence dans le rapport Y/Mn dans la
solution injectée et dans le film. Nos résultats ont montré que le controle de la composition des
films est fortement influencé par la géométrie de 1'appareil de MOCVD expérimental et dans une

moindre mesure cette composition est influencée par la température de dépét.

Le rapport optimal Y/Mn dans la solution nécessaire pour obtenir un rapport Y/Mn proche de 1
dans le film sont compris entre 1 et 1.4 dans la configuration du MOCVD horizontale et autour de

0.5 dans la configuration du MOCVD verticale.

En dehors de ces compositions, des phases secondaire ont été formées afin de compenser 1'exces

de Y (Y203 pour Y/Mn>1.4 ou Y/Mn>0.5 dans le MOCVD horizontal ou vertical, respectivement)
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ou de I'exces de Mn (Mn304 ou YMn,Os pour Y/Mn <1 ou Y/Mn<0.5 dans le MOCVD horizontal

ou vertical, respectivement).

La variation des deux principaux parametres (température et rapport Y/Mn) conduit a2 une

croissance sélective des films d’YMO/Si comme illustré sur la Figure R.6.

22
55 ] amorphous h-YMO h-YMO 1.44 c-Y,0,
i (c¥,0,) (h¥,0,) u
c
S 1.8 4 g 1.2 4
= S
2 16 El a a c-Y,0,
a 0-YMO 0-YMO - 1.0 L] ] [
T 144 a-x . . o
B (h-YMO) h-YMO 8
Q1.2 . = 0.8 1
= £
= A 0-YMO h-YMO ® h-YMO
Q104 @ - - < u
= ] (0-YMnz0z) = 0.6 4
E 0.8 (c-Y>Mn;07) E
= E 0.4+ [
> 0.6 h-YMO  h-YmMO |> h-YMO =
0.4 - 4 (0-YMnz0s) (0-YMn;05) 0.2 a+ M”soA'
T J T " L T £ T ¥ T T v T T T T T T T
600 650 700 750 800 850 600 650 700 750 800
Temperature[°C] Temperature ( C)

Figure R.6. Dépendance de la structure cristalline en fonction de la température et le rapport

Y/Mn dans la solution injectée pour le réacteur PI-MOCVD vertical (a) et horizontal (b).

Une croissance sélective similaire est trouvée en fonction de la pression d’O> (avec une
température fixe T = 800 °C) pour le PLD. A basse pression, la phase h-YMO est formée, dans la
plage de pression d’O; intermédiaire une phase amorphe domine et a haute pression la phase o-

YMO est stabilisée.
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Figure R.7. La formation des phases en fonction de la pression d’O; et le rapport atomique

Y/Mn dans les films déposés par PLD sur différents substrats a 800 °C.
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Sur les substrats de type pérovskite les parametres de dépot (température, rapport Y/Mn, pression
d'oxygene) ont presque aucune influence et la phase orthorhombique YMO est stabilisée par un

mécanisme de contrainte.

Caractérisation structurale de films YMnO3 sur des substrats Si(100)

Caractérisation des films amorphes

Les films YMO déposés a 600 ° C sont amorphes dans une large gamme de compositions (0.5 <
Y/Mnsontion < 2), ce qui indique que la phase amorphe est facilement formée et stable pour les
conditions de croissance MOCVD. Cette phase se forme avant la cristallisation de phases soit o-
YMO ou h-YMO, méme si des substrats appropriés (STO, LAO, GaN) favoriseraient les phases
cristallines 0o-YMO ou h-YMO [19], [20].

La formation de la phase amorphe YMO est indépendante de la méthode de synthese, la
composition initiale des précurseurs ou la pression d'oxygene. Les films déposés par MOCVD
suivent un mode de croissance colonnaire 3D avec des colonnes de diametre compris entre 15 et
20 nm et une morphologie de “chou-fleur”. Un exemple typique d'une section transversale
observée au TEM pour un film amorphe déposé par MOCVD (T = 600 °C, Y/Mn = 1.4) est

représenté sur la Figure R.8.

Les images TEM en faible grossissement (Figure R.8a) illustrent la croissance colonnaire du film
YMO déposé sur le substrat Si couvert d'une couche d'oxyde naturel de SiOx de quelques
nanometres (voir encadré de la Figure R.8a). Les colonnes individuelles de 'ordre de 20 nm de
diametre sont mises en évidence dans 1'image HRTEM sur la Figure R.8b. Le SAED correspondant
d'un amorphe est caractérisée par la présence d'un anneau de diffraction, clairement visible dans

la Figure R.8d.

Les mesures d'aimantation (M(T)) ont été réalisées sur les films amorphes dans les modes ZFC
(refroidissement sans champ) et FC (refroidissement avec champ). Elles suggerent un

comportement de verre de spin avec un maximum dans la courbe ZFC entre 11 et 19 K.
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i v

Figure R.8. Observations TEM, en section transversale du film YMO-600-1.4: a) faible

grossissement TEM montrant la structure colonnaire (en encadré l'interface substrat-film avec
la couche SiOx entre les deux); b) l'image HRTEM des colonnes individuelles; c) HRTEM
typique de la structure amorphe YMO d) le SAED correspondant de c).

Caractérisation des films hexagonaux YMO

Les films h-YMO, déposés par MOCVD ou PLD ont été caractérisés par plusieurs techniques et
les caractéristiques suivantes en résulte:

e Qrientation

En ce qui concerne I'orientation, les films MOCVD sont principalement textures selon 1'axe c,
fortement influencée par la température de dépot et, dans une moindre mesure le rapport Y/Mn

dans la solution (voir Figure R.9a). Ainsi, les diagrammes de diffraction XRD sont caractérisés
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par des pics intenses (0002) et (0004) de la phase h-YMO pour les films déposés a 800 ° C (bien
que des petits pics (11-20) et (11-21) soient également observés). Les diagrammes de XRD des
films déposés a 850 °C sont représentés par le pic intense (11-21) et par de pics moins intenses de
la famille {0001} et (11-20).

D'autre part, les films par PLD sont principalement orientés (11-20) et (11-21), indépendamment
de la pression d'oxygene utilisée (1.4-10% < Po2 < 3-1071). Par rapport aux films MOCVD texturés,

dans les films par PLD l'orientation selon 'axe ¢ est completement supprimée (voir Figure R.9b).
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Figure R.9. a) Diagrammes XRD de films YMO indexés avec la phase h-YMO (JCPDS card No.
11-9577); b) les diffractogrammes XRD 0-20 de films h-YMO déposés par PLD a différentes
pressions d'Oz. En encadré: Le GIXRD de l'échantillon YMO-Si-1.

e [es parametres de maille

Des grandes variations dans les valeurs de parametres de maille sont produites par le rapport Y/Mn
dans le film (DRX et Raman a la fois sont sensibles a ces variations). En conséquence la phase h-
YMO peut étre formée dans une gamme large de non-stoechiométrie. La Figure R.10 résume les
valeurs de parametres a et ¢ obtenus pour les films h-YMO déposées par MOCVD et PLD en
fonction du rapport Y/ Mn dans le film mesuré par EDX.
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Figure R.10. Les valeurs des paramétres a et ¢ obtenues pour les films h-YMO

déposés par MOCVD et PLD en fonction du rapport Y/Mn dans le film.

La microstructure

Les films h-YMO par MOCVD présentent une croissance colonnaire (voir Figure R.11a), qui est

typique du procédé MOCVD avec un diametre de grain entre 20-40 nm. Une couche amorphe (10

a 50 nm) se forme entre les films h-YMO et le substrat de Si, indépendamment de la température

ou le rapport Y/Mn (voir Figure R.11a).

La croissance PLD produit des grains denses de forme polygonale, notamment, entre 90 a 150 nm.
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Figure R.11. Les images TEM du film YMO-800-1-s1 déposé par MOCVD: (a) image TEM a

faible grossissement en coupe transversale montrant trois couches différentes sur le Si; (b)

SAED d'une petite région de (a) contenant plusieurs grains colonnaires; (c) image HRTEM d'un

grain en forme de colonne orienté selon l'axe c; (d) élargissement de (c) superposé avec la

simulation de la structure.
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e Magnétisme
Un comportement de verre de spin, caractérisé par une séparation des courbes ZFC-FC et d'un

maximum dans la courbe ZFC a Tr= 20 K a été observé pour les films h-YMO. Une faible

contribution ferromagnétique est présente a 5 K dans la courbe M(H).
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Figure R.12. a) L'aimantation en fonction de la température (M(T)) pour le film YMO-800-1-s1.
Les symboles ouverts (pleines) représentent M(T) dans le mode ZFC (FC); b) la dépendance de
l'aimantation en fonction du champ (M(H)) a 5 et 300 K. En encadré: l'élargissement de la

courbe M(H) pour les faibles valeurs d'aimantation.

Une séparation des courbes ZFC-FC a été observée pour les poudres polycristallines de référence
a ~ 65 K (YiIMni03) et 70 K (Y095Mn;03), sans maximum dans la ZFC. Contrairement, le
monocristal de référence h-YMO présente (a la fois M(T) et M(H)) un ordre antiferromagnétique

puraTn=70 K.

E YMO_crystal_ZFC m ‘ = YMO_crystal_MH_5K ‘
1.6x107 o - - 1.0x10° |+ YMO_crystal_MH_300K| e
_ TNS70K YMO_crystal_FC /

S 15x107 g 5.0x10° -

= o

£ -

L €

— (0]

S 1.4x107 4 g 0.0

£ 5ot =

§ . aow0' E) %

3 2 sox’ N -

d S, v’ g s
= 250t 5253 L]
2 " \.\\ -2
1.2x107 7 ¢ -50 ] 50 100 150 200 250 300 \ -1.0x10" 7 e — ~ -
Temperature (K) S 2000 Fremnroex 2000 2000
T T+ 1T v T * 1 r T T~ T "1~ 1 7T 7T T T T T v T
0 25 50 75 100 125 150 175 200 225 250 275 300 -40000 -20000 0 20000 40000
Field (Oe)

Temperature (K)

Figure R.13. Les mesures de l'aimantation de monocristal YMnOs: a) L'aimantation M(T) en

mode ZFC-FC. Dans [’encadré la courbe de Curie-Weiss (y vs. T); b) M(H) a 5 et 300 K.
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Caractérisation des films YMO orthorhombiques
Les films 0o-YMO ont été déposés sur des substrats Si(100) a la fois par MOCVD et PLD sans
aucun mécanisme de stabilisation epitaxiale et sans la phase h-YMO (la phase secondaire
Y>Mn;0O7 identifiée dans la Figure R.14b a été obtenue dans certains cas, a cause de la
stoechiométrie de la solution de précurseur).
Les principaux résultats de la caractérisation des films o-YMO, déposés par MOCVD ou PLD sont
les suivantes:
¢ Qrientation
» Les films sont principalement polycristallins. Les diagrammes de XRD (8-20 et
GIXRD) sont caractérisés par la présence de tous les pics de la phase o-YMO avec
l'intensité des pics proche de celles du massif (Figure R.14).

» Des régions de grains texturés sont observées a I'échelle nanométrique par SEM et TEM

en vue de dessus (Figure R.15).
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Figure R.14. Diagrammes XRD de films 0o-YMO: YMO-750-1 (ligne noire) et YMO-750-1.4

20

(ligne rouge): a) les diffractogrammes 6-26 indexés avec la phase o-YMO; b) les
diffractogrammes GIXRD indexées avec la phase Y>2Mn207 pour le film YMO-750-1 et avec la
phase o-YMO pour le film YMO-750-1.4.

e [es parametres de maille

» Certaines variations dans les valeurs des parametres de maille sont produites par le

rapport Y/Mn dans le film (MOCVD) et Po; (PLD): de 5.732 a 5.791 A pour a, de
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7.338 27.402 A pour b et de 5.237 2 5.253 A pour c. En conséquence, la phase o-YMO
peut étre formée dans une gamme relativement large de non-stoechiométrie.

e La microstructure

» Une croissance colonnaire est observée pour les films 0o-YMO par MOCVD avec des
colonnes entre 15 a 30 nm et des agrégats de grains allant de 200 a 400 nm. De méme,
la croissance par PLD produit des grains de 20 a 30 nm et des agrégats de grains entre
65 et 75 nm.

» Une couche amorphe d'environ 10 nm est formée a l'interface film o-YMO - substrat

Si, indépendamment de la composition initiale Y/Mn.

amorphous
e — 2

Figure R.15. Observations TEM en section transversale pour le film YMO-750-1: a) image
montrant les différentes couches sur le dessus du substrat de Si et la morphologie de
croissance colonnaire b) image a faible résolution montrant l'aspect général du film avec
deux types de morphologies; c) image a haute résolution d'une région agrandie de a) et la
FFT associée (en encadré) indiquant la méme orientation pour deux colonnes voisines
correspondant a I’ axe de zone [10-1] de 0o-YMO; d) images MEB en vue de dessus du film
YMO-750-1.4: deux types de morphologies peuvent étre identifiés: colonnaire (zone 1) et

dendritique (zone 2).
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e Magnetisme
» Les mesures magnétiques indiquent un comportement de verre de spin, caractérisé par

une separation des courbes ZFC-FC, avec un maximum dans la courbe ZFC a Tt = 20

K. Une faible contribution ferromagnétique est observée a 5 K.
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Figure R.16. L'aimantation en fonction de la température (M(T)) pour le film YMO-750-1.4.
Les symboles ouverts (pleines) représentent le M(T) acquis dans le mode ZFC (FC); b) La
dépendance de l'aimantation en fonction du champ (M(H)) a 5 et 300 K. En encadré:

l'élargissement de la courbe M(H) pour les faibles valeurs d'aimantation.

Transformations de phase et études de stabilité thermique dans les films

YMnOs; sur de substrats Si(100)

Cette partie couvre les transformations de phase et la stabilité de la phase o-YMO dans les films
amorphes et dans les films 0-YMO, respectivement. Des expériences in-situ et ex-situ ont été
effectuées afin d'étudier la transformation de films amorphes YMO en phase o-YMO et le
comportement du film o-YMO lors de recuits thermiques. La transformation de 1'état amorphe a
la phase 0-YMO et sa stabilité ont été étudiées en détail en utilisant DRX, MEB, MET et la

spectroscopie Raman.

La Figure R.17 montre le diagramme de diffraction des rayons X des films YMO-600-1 (Ts=600
°C, Y/Mn=1, Figure R.17a) et YMO-600-1.4 (Ts=600 °C, Y/Mn=1.4, Figure R.17b) recuits entre
750 et 900 °C sous une atmosphere d'air pendant 1h a chaque étape. En comparaison avec les
diagrammes de XRD du dépdt initial, dans laquelle aucun pic n’a été observé (sauf le substrat en

Si), la Figure R.17 montre la présence de pics cristallins indexés avec la phase o-YMO.
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Plus précisément, les films initialement amorphes se transforment de maniere irréversible dans la
phase 0-YMO dans la plage de température de 675 a 700 °© C comme le montre I'expérience Raman
in-situ sur la Figure R.18. Les spectres Raman ont été enregistrés lors du recuit a partir de la

température ambiante jusqu’a 1100 ° C, sous atmosphere d'Ar.
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Figure R.17. Diagrammes de XRD des films recuits YMO-600-1 (a) et YMO-600-1.4 (b) sous air

pour 1h a chaque étape. La température de recuit est indiquée sur chaque diffractograme.

Lors du chauffage de la RT a 675 °C sous atmosphere d'argon, la bande large caractéristique de
1'échantillon amorphe se décale progressivement de ~ 650 cm™ 4 RT a ~ 637 cm™! 4 675 °C avec,
simultanément, une diminution de l'intensité et un élargissement des raies, comme attendu pour la
dilatation thermique. Un changement brusque par rapport a la transformation de phase est observé
dans le spectre avec augmentation supplémentaire de la température a 700 °C (voir spectre rouge

dans la Figure R.18).

A 700 °C, trois raies Raman apparaissent ~ 2 306, 381 et 609 cm™! et sont indexées avec les modes
Raman Ay(4), Ag(5) et Bog(4) de la phase 0-YMO, en tenant compte du déplacement du a la
dilatation thermique. Une fois que la phase o-YMO a été formée, elle reste stable pendant le
chauffage jusqu'a 900 °C.

Un changement irréversible dans I'échantillon a lieu a 1000 °C (voir 'encadré de la Figure R.18),

qui est liée a la formation d'une nouvelle phase en raison de la diffusion de Si dans le film.

La stabilit¢ de la phase o-YMO dans la gamme RT-900 °C (pendant le chauffage et le

refroidissement) a également été€ confirmée par la réalisation d'une expérience Raman in-situ (voir
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la Figure R.19) en utilisant 1’échantillon pour lequel la phase 0-YMO a été initialement déposée

(YMO-750-1.4, Ts=750 °C, Y/Mn=1.4).
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Figure R.18. Les spectres Raman en fonction de la température du film YMO-600-1 dans la
plage de température RT-900 °C. Le spectre rouge marque la cristallisation de la phase o-YMO
depuis ’amorphe. En encadré: les spectres a 1000 °C et apres refroidissement a la température

ambiante.

Tous les modes Raman a l'exception de la ligne Si peuvent étre indexés avec la phase 0-YMO sur
toute la plage de température. Un déplacement des lignes vers les faibles nombres d'onde, une
diminution de l'intensité et des élargissements de ligne sont observés lorsque la température
augmente pour toutes les lignes, comme prévu par la dilatation thermique. Aucun autre
changement ne se produit, indiquant que le film o-YMO est stable et ne subit aucune transition de
phase dans la gamme de température utilisée. En outre, les spectres mesurés pendant le

refroidissement sont identiques a ceux mesurés a la méme température pendant le chauffage.
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Figure R.19. L'expérience Raman in-situ sur le film YMO-750-1.4 initialement déposée: les
spectres Raman en fonction de la température dans la gamme de température RT-900 °C sous

atmosphére d'Ar.

Ces résultats expliquent les mécanismes de croissance sélective MOCVD déja signalés: les films
déposés sur le substrat de Si en dessous de 700 °C sont amorphes; ils cristallisent dans la phase
orthorhombique pure quand ils sont déposés dans la gamme 750-800 °C, et dans la structure
hexagonale pour des températures de dépdt supérieures a 800 °C. La phase YMO amorphe est la
phase stable en dessous de 700 °C en accord avec les résultats sur des échantillons en massif
préparés par une procédure fondée sur des solutions via complexation par citrates rapportés dans
[21]. De cette maniere, un carbonate d'oxyde inorganique amorphe a été obtenue (cuisson finale a
350450 ° C). Cette phase amorphe cristallise principalement dans la phase o-YMO dans la gamme

de température de 700-900 °C dans l'air ou en atmosphere d’O,.

Sous atmosphere de N2 ou de CO», la phase h-YMO prédomine ce qui suggere que la pression
partielle d'oxygene a une grande influence sur la proportion en o-YMO. Ces résultats semblent tres
proches de nos résultats MOCVD et attestent que les mécanismes de croissance et les conditions
de procédé pour obtenir la phase o-YMO sont assez similaires: la formation d'une phase amorphe
intermédiaire, le recuit a basse température et 1’atmosphere oxydante. Les petites différences de

température peuvent étre dues a différents états amorphe avant la cristallisation [21].

228



Les parametres utilisés dans notre travail semblent particulierement intéressants car aucune phase
h-YMO n’est présente dans toute la plage de température étudiée, ce qui améliore la sélectivité du

processus de croissance.

On doit noter que la transition prévue de la phase o-YMO dans la phase stable a haute température
h-YMO a été signalée pres de 1100 °C [8, 21]. Cela explique pourquoi aucune indication de cette
transition n’a été obtenue dans notre étude, qui a été limitée a 900 °C, en raison de la diffusion de
Si.

Les films épitaxiaux d’YMnOs déposées sur de substrats orientés (100) de type

pérovskites (SrTiOsz, LaAlOs et (LaAlQO3)o.3(Sr2A1Ta06)o.7)

Les films 0-YMO, déposés par les deux techniques MOCVD et PLD présentent une microstructure
dense et des surfaces homogenes, sans agrégats de particules, indépendamment du substrat (Figure

R.20).
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Figure R.20. Images MEB en vue dessus de films o-YMO sur: substrat de STO avec une
épaisseur de a) 12 nm (en encadré l'image AFM correspondante) et b) 23 nm; c) film YMO de
20 nm épaisseur sur substrat de LAO ; films de YMO déposés par PLD sur STO a d) 1.4-10 bar
etae) 3107 bar ; f) sur LSAT & 1.4-107 bar ; g) sur LAO a 3-107 bar.

229



Le MOCYVD produit une croissance colonnaire avec des colonnes de diametre entre 10 et 20 nm
et une interface substrat-couche lisse. La morphologie des films déposées par PLD dépend de la
pression d’O;: des grains de forme polygonales tres denses, environ 30 nm de diametre, sont
obtenus a faible Py (1.4-10 bar) tandis que a Po2 plus élevées (3-107! bar) des grains de forme
ronde, entre 20 et 30 nm et compatible avec une croissance colonnaire sont produits (Figure R.20).
Les films épitaxiés o-YMO sont principalement orientés (010) sur les substrats de STO et LSAT
et (101) sur le substrat de LAO. Des études détaillées sur des films d’YMO/STO de 12 nm et 23

nm d'épaisseur ont montré qu’en fait quatre types de domaines sont présents. Ceci est équivalent

a avoir deux types de domaines tourné de 90° dans le plan donnés par la relation épitaxiale

suivante:
[010]ymo//[100]sto et [100]ymo//[011]sTO
[010]ymo//[100]sto et [100]ymo//[0-11]sT0
[10-1]ymo//[100]sto et [010]ymo//[010]sTo0
[10-1]ymo//[100]sto et [010]ymo//[001]sTo0

STO[001]

STO[001] STO[011]

A

/ N -
YMO[1007\ A0[1on]\>

YMO[001 YMO[001] o110

STO[011]

STO[010]

Figure R.21. Représentation schématique 3D de la structure de domaine YMO sur le substrat de
STO (la partie gauche de la figure: vue de coté, partie de droite: vue de dessus). En bleu, le
substrat de la STO (plusieurs cellules) est représenté par des carrés; en orange et vert, YMO

(cellules individuelles) est représenté par des rectangles.
Les parametres b et ¢ diminuent avec l'augmentation des épaisseurs de films tandis que le

parametre a augmente avec I'augmentation de 1'épaisseur du 12 a 23 nm. Toutes les valeurs tendent
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vers les valeurs en massif. Les analyses de diffraction des rayons X et RSM indiquent des films
contraints avec un mécanisme de relaxation qui dépend de 1'épaisseur. Les parametres de maille
des films o-YMO sont fortement affectés par la pression d'oxygene dans le cas des films déposés

par PLD.
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Figure R.22. Les paramétres de maille dans le plan et hors du plan (ape=a/N2, bye=b/2,
cpe=c/N2) en fonction de l'épaisseur du film (12 et 23 nm) pour les échantillons déposés par
MOCVD sur le substrat de STO. Les films YMO épais (720 nm) déposés par PLD sur des
substrats de STO a deux pressions différentes d'oxygene sont inclus. Les pointillés horizontaux

marquent les valeurs du massif pour les parametres de maille a, b et ¢ de l'o-YMO [15].

Les observations TEM confirment le scénario de domaines pour le film d'épaisseur 12 nm. En
outre, les images TEM haute résolution ont révélé que le film est completement contraint avec une
couche limite de ~ 3 nm. Au-dessus de cette couche le film commence a se relaxer

progressivement.

Des films d”YMO non-stoechiométriques ont été déposés par MOCVD sur des substrats de STO,
LSAT et LAO orientés (100) en faisant varier le rapport Y/Mn dans la solution initiale de
précurseurs et leurs propriétés structurales ont été analysés. En outre, les films ayant des épaisseurs

et/ou des compositions chimiques variables ont également été étudiés.

Parce que 1'écart par rapport a la composition stoechiométrique était trop grande, les films YMO
ne sont pas purs; ils présentent des phases secondaires tels que YMn,Os pour la région riche en
Mn (0.25 < Y/Mnsonton < 0.35) et Y203 pour la région riche en Y (Y/Mnsowion=1). De petites
variations dans les parametres de maille observées par diffraction des rayons X et RSM d’un c6té

et les positions Raman de I'autre co6té, indiquent que la phase 0-YMO présente dans la majorité des
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films est similaire, mais est non-stoechiométrique. En outre, du fait des phases secondaires, la
variation de 1'épaisseur (de 20 nm a 370 nm) s’est révélée Etre sans conséquence et les films sont

tous relaxées.

SR R
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.. .

4 nm B 4nm 010

Figure R.23. Image TEM haute résolution en section transversale a l'interface pour différents

domaines avec différents état de déformation: (a) la figure montre un reldchement rapide de
l'axe b lors du déplacement loin de l'interface avec le substrat de STO pour les domaines
similaires a ceux de la région 3 (des lignes horizontales en pointillé indiquent l'épaisseur
critique d'environ 3,5 nm); (b) la figure montre que les domaines semblables a la région I ne
présentent pas de relaxation et sont entierement contraints (épaisseur critique égale a

l'épaisseur du film). Les lignes jaunes sont des guides pour les yeux.

Les variations dans les parametres de maille ou dans les modes Raman sont proches de films
MOCVD présentés a la section 6.1, ce qui suggere une composition similaire de la phase o-YMO

(seulement les films PLD étaient différents en raison de la variation O2 pendant le dépdt).
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Conclusions générales

L'optimisation des conditions de croissance. Mécanisme de croissance sélective

Les films YMO ont été déposés par la technique MOCVD sur des substrats de Si, STO, LAO et
LSAT orientés (100). Une breve étude supplémentaire concerne plusieurs films YMO déposés par
PLD sur les mémes substrats. Nous montrons que les conditions de croissance doivent étre
soigneusement optimisées afin d'obtenir des films presque stoechiométriques de haute qualité

présentant pas de gradients spatiaux significatifs soit dans I'épaisseur ou la composition.

Les deux principaux parametres de dépot optimisés pour le MOCVD sont le rapport Y/Mn des
précurseurs dans la solution injectée et la température de dépot. On observe une croissance
MOCVD sélective de films YMO/Si dépendante de la température: les échantillons proches du
rapport Y/Mn optimisé déposé a 600 °C sont amorphes, ceux qui sont déposés a 750 °C sont

orthorhombiques et enfin ceux qui sont déposés dans l'intervalle de 800 a 850 °C sont hexagonaux.

Une croissance sélective similaire est trouvée en fonction de la pression en Oz (avec une
température fixe) pour le PLD: a basse pression la phase h-YMO est formée, dans la gamme de
pression Oy intermédiaire la phase amorphe domine, tandis que a une pression élevée la phase o-

YMO est stabilisée.

Sur des substrats de type pérovskite les parametres de dépot (température, rapport Y/Mn, pression
d'oxygene) ont presque aucune influence et la phase 0-YMO est stabilisé par un mécanisme de

contrainte.
Caractérisation physico-chimiques et structurelles de films YMO sur substrat de Si(100)

Des conditions optimisées conduisent a des films presque steechiométriques de haute qualité
montrant aucun gradient spatial significatif dans soit 1'épaisseur ou la composition. Les films YMO
obtenus sont amorphes ou principalement polycristallins/texturés sur des substrats de Si
(éventuellement une couche mince amorphe de 10 a 50 nm se forme entre les films cristallins et le
Si). Tous les films déposés par MOCVD suivent un mode 3D de croissance colonnaire (colonnes
de 15 a 40 nm de diametre, en fonction des échantillons), typique pour le procédé MOCVD, avec

une morphologie de chou-fleur.

La phase amorphe dans les films YMO est facilement formée et stable pour les conditions de

croissance MOCVD dans une large gamme de compositions. La variation de la composition
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steechiométrique est observée pour les phases cristallines YMO (indiqué par les grandes variations
dans les valeurs des parametres de maille). Ceci est principalement li€¢ a la modification du rapport

Y Mn dans la solution injectée.

Les films h-YMO sont principalement texturés selon 1'axe ¢ pour la croissance MOCVD et orienté
principalement (11-20) et (11-21) pour la croissance PLD. Ces orientations sont fortement
influencées par la température de dépot et, dans une moindre mesure par le rapport Y/Mn dans la

solution (MOCVD) et sont indépendants de la pression d'oxygene (PLD).

La phase 0-YMO est présente dans les films déposés par les deux techniques MOCVD et PLD
sans aucun mécanisme de stabilisation épitaxiale et libre de la phase h-YMO. Les films o-YMO
sont principalement polycristallins. En plus de la croissance colonnaire caractéristique pour le
MOCYVD, les films o-YMO présentent des agrégats se trouvant sur la surface du film (200 a 400
nm en taille). La croissance PLD produit des grains de 20-30 nm en taille et des agrégats de grains

entre 65 et 75 nm.
Transformations et stabilité de phase

Les expériences menées par des recuits thermiques ex-situ et in-situ afin d'étudier la stabilité de la
phase 0o-YMO ont montré qu'une transformation de phase irréversible de 1'état amorphe a la phase
cristalline o-YMO se déroule dans les films Y-Mn-O déposés par MOCVD sur le substrat Si(100)
a une température a peu pres constante (~ 700 °C) et dans une courte période de temps (~ min). La
phase 0-YMO ainsi obtenue est stable au moins jusqu'a 900 °C. A température plus élevée, une
diffusion du substrat de Si dans la couche, conduit a la formation d'une phase silicate.

Caractérisation physico-chimique et structurelle de films YMO sur de substrats STO, LAO
et LSAT a orientation (100)

Les films 0-YMO, déposés par les deux techniques MOCVD et PLD présentent une microstructure
dense et des surfaces homogenes, sans agrégats de particules, indépendamment du substrat. Le
MOCVD produit une croissance colonnaire avec des colonnes de diametre entre 10 et 20 nm et
une interface substrat-couche lisse. La morphologie des films déposées par PLD dépend de la
pression d’Oz: des grains de forme polygonales tres denses, environ 30 nm de diametre, sont
obtenus 2 faible Poz (1.4-10* bar) tandis qu’a Po plus élevées (3-107! bar) des grains de forme

ronde, entre 20 et 30 nm et compatible avec une croissance colonnaire sont produites.
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Les films épitaxiés o-YMO sont principalement orientés (010) sur les substrats de STO et LSAT
et (101) sur le substrat de LAO. Des études détaillées sur des films d’YMO/STO de 12 nm et 23
nm d'épaisseur ont montré qu’en fait quatre types de domaines sont présents. Ceci est équivalent
a avoir deux types de domaines tourné de 90° dans le plan donnes par la relation épitaxiale
suivante:

> [010]ymo//[100]sT0 et [100]ymo//[011]sT0

» [010]ymo//[100]sto et[100]ymo//[0-11]sT0

> [10-1]ymo//[100]sto et [010]ymo//[010]sTo0

» [10-1]ymo//[100]sto et [010]ymo//[001]sTO
Les parametres b et ¢ diminuent avec l'augmentation des épaisseurs de films tandis que le
parametre a augmente avec l'augmentation de 1'épaisseur du 12 a 23 nm. Toutes les valeurs tendent
vers les valeurs du massif. Les analyses de diffraction des rayons X et RSM indiquent des films
contraints avec un mécanisme de relaxation qui dépend de 1'épaisseur. Les parametres de maille
des films o-YMO sont fortement affectés par la pression d'oxygene dans le cas des films déposés

par PLD.

Les observations TEM confirment le scénario de domaines pour le film d'épaisseur 12 nm. En
outre, les images TEM haute résolution ont révélé que le film est complétement contraint avec une
couche limite de ~ 3 nm. Au-dessus de cette couche le film commence a se relaxer

progressivement.
Les propriétés magnétiques

Les propriétés magnétiques des films YMO (amorphes, orthorhombiques ou hexagonales)
indiquent un comportement général de verre de spin. Une faible contribution ferromagnétique est

présente a 5 K.

Pour les films initialement amorphes 1'aimantation présente un maximum dans la courbe ZFC entre

I1et19 K.

Le magnétisme pour les films h-YMO est caractérisé par une division de la courbe ZFC-FC et d'un
maximum dans la courbe ZFC a Tr = 20 K. Une séparation des courbes ZFC-FC a été observée
pour les poudres polycristallines a ~ 65 (Y1Mn03) et 70 K (Y0.9sMn103), sans maximum dans le

ZFC. Au contraire, le monocristal h-YMO montre un ordre antiferromagnétique pur a Tn = 70 K.
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Les mesures magnétiques sur les films initialement 0-YMO sur des substrats de Si indiquent un
comportement de verre de spin, caractérisé par une séparation des courbes ZFC-FC, avec un
maximum dans la courbe ZFC a Tt =20 K et au Tr = 32 K pour les films o-YMO cristallisés apres
recuits. De méme, les films 0o-YMO sur STO, LAO et LSAT, présentent le méme comportement

de séparation des courbes ZFC-FC avec des maxima de la courbe ZFC entre 26 et 50 K.

Les perspectives futures

Plusieurs directions peuvent €tre envisagées pour la poursuite de notre étude. La stabilité de la
phase 0-YMO a été étudiée dans le cadre des traitements thermiques a travers des expériences
Raman. Une deuxieme étape dans I’étude de la stabilité de cette phase serait de vérifier l'effet de
lI'application de la haute pression (transformer la poudre h-YMO dans la phase o-YMO et étudier
l'effet de la pression sur la phase 0o-YMO) et voir si une transition se produit. Cette étude n'a pas
été rapportée dans la littérature.

Un autre axe de recherche peut étre 1'étude de la ferroélectricité dans les films monodomaines o-
YMO contraints afin d'avoir une image complete des propriétés multiferroiques. Cela implique
d'affiner les parametres de dépot optimaux et trouver le substrat approprié pour produire des films
0-YMO monodomaines et stoechiométriques. Ensuite, il serait intéressant d'étudier les films
minces non-steechiométriques Y 1-xMn1xO3x5 (contraintes, Raman, magnétisme, ferroélectricité).
Parmi d'autres propriétés existantes dans les films YMO il semble tres intéressant d’étudier les
propriétés de commutation résistive. Dans un article publié récemment [22] il est démontré que les
films minces YMnOs présenterent une commutation résistive unipolaire et non volatile qui pourrait
étre une voie prometteuse pour la conception et la fabrication de dispositifs nouveaux.

Enfin, nous proposons I’étude du dopage de la phase YMnOs3, en particulier avec du Fe et la
syntheése des pérovskites doubles (Y2MnXOs, X=Fe, Co, Ni) sous forme de film mince ou en
massif au vu de calculs théoriques qui prédisent une comportement multiferroique [23] et des

résultats expérimentaux qui ont signalé une température de Néel de 328 K [24].
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Abstract

Multiferroic YMnOs (YMO) films have been grown by MOCVD on (100)-oriented Si, STO, LAO
and LSAT substrates. The effect of the film thickness and the chemical composition on structural
and magnetic properties has been investigated. YMO can crystallize in two structure: hexagonal
(h-YMO) and orthorhombic (0-YMO), generally considered as stable and metastable phases,
respectively. Both phases, together with their amorphous precursor phase, are studied in this thesis.
On one side, a selective growth of the amorphous, 0-YMO or h-YMO phase is achieved on Si
substrates through the deposition conditions. An extensive study of the optimal conditions has
been carried out. An irreversible phase transformation from amorphous to crystalline o-YMO
phase takes place at an almost constant temperature (~ 700 °C) and in a short period of time (~
min). The o-YMO phase thus obtained is stable at least up to 900 °C.

On the other side, the 0o-YMO phase is epitaxially stabilized on perovskite type substrates (STO,
LAO, LSAT). The films on STO and LSAT substrates present mainly the (010) orientation while
those on LAO substrate are (101)-oriented. Secondary domain orientation are observe in particular
on STO substrates: (010) in plane with 90° rotation. Strained films are observed for small
thicknesses. The magnetic measurements show a spin glass behavior for either o- or h-YMO phase,
independently of the substrate.

Keywords: MOCVD; YMnO3; thin films; Si, STO, LAO and LSAT substrates; phase
transformation, epitaxial stabilization

Résumé

Couches minces multiferroiques d’YMnO3 (YMO) films ont été synthétisée par MOCVD sur de
substrats de Si, STO, LAO et LSAT orientées (100). L'effet de 1'épaisseur des couches et de la
composition chimique sur les propriétés structurales et magnétiques a été étudié. YMO peut
cristalliser dans deux structure : hexagonale (h-YMO) et orthorhombique (0-YMO), généralement
considérée comme les phases stables et métastables, respectivement. Les deux phases, ainsi que
leur phase précurseur amorphe sont étudiées dans cette these. D'un cOté, une croissance sélective
de la phase amorphe, h-YMO ou 0-YMO est réalisé sur des substrats de Si en ajustant les
conditions de dépot. Une étude approfondie des conditions optimales a été réalisée. Une
transformation de phase irréversible de 1'état amorphe a la phase cristalline o-YMO a lieu a une
température a peu pres constante (~ 700 ° C) et dans un court période de temps (min ~). La phase
0-YMO ainsi obtenue est stable au moins jusqu'a 900 ° C.

De l'autre c6té, la phase 0o-YMO est stabilisé par épitaxie sur des substrats de type perovskite (STO,
LAO, LSAT). Les films sur STO et LSAT présentent principalement 1’orientation (010) tandis que
ceux sur les substrats de LAO sont orientées (101). Une orientation secondaire de domaines est
observée en particulier sur des substrats de STO: rotation de 90 ° dans le plan du domaine (010).
A des faibles épaisseurs les couches sont contraintes. Les mesures magnétiques montrent un
comportement de verre de spin pour chacune de phase o- ou h-YMO, indépendamment du substrat.

Mots-clés: MOCVD; YMnOs;; couches minces; substrats de Si, STO, LAO et LSAT;
transformation de phase, stabilisation épitaxiale



