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General introduction

The interest in the knowledge of surfaces and interfaces derives as much from the desire
to understand fundamental problems as from the practical importance of their structures. Indeed,
the development and study of thin films, surfaces and interfaces are a very important axis both
from a fundamental point of view in materials sciences, as technological for various sectors of
industry. Any solid is limited by surfaces that are in contact with a vacuum or with some other
material. The existence of many practical applications of metals depend on the state of their
surfaces and the properties thereof (catalysis, semiconductors, anti-corrosion deposits, anti-wear
deposits,...). Recent technological advances have made it possible to develop and control the

growth of interfaces.

Nowadays you can make materials with new properties that are not found in nature. Itis a
question of describing the materials by theoretical models which can explain the experimental
observations, and especially to carry out modeling or "virtual experiments” and predicting the
behavior of materials and the way they adhere to each other, which have not yet been designed
due to the cost and difficulty of that and also allows us to know the directions and the number of
layers for good adhesion. Thus, the interest of modeling and simulation is to study the various
possibilities that present themselves, and to guide the industry towards the best choices with

minimum cost.

When we study the adhesion of a layer on a surface, we are interested in several details:
the geometry, the length of the chemical bonds with the surface atoms, the type of chemical bond
that is established. The question that arises, is there an adhesion between the copper oxide layer

and the aluminum?

To perform these calculations, we used the ab-initio calculation code based on the
pseudopotentials and plane waves method using gauntum espresso and SIESTA code. We have
described the effects of exchange and correlation by the generalized gradient approximation
(GGA) and limiting the study to the two interfaces Al(001)/Cu20 and Al(111)/Cu20. This

memoire consists of three chapters in addition to an introduction and a general conclusion.

In the first chapter we present generalities to the materials of the compound to be studied
represented in aluminum and copper oxide of all kinds while recalling the physical and

electronic and structural properties (which we need in what follows in our calculations).

In the second chapter we give a brief overview on the establishment of the density

functional theory as it can be used to describe the interactions between materials. It also give



access to the total energy of the system as well as to its electronic structure, and we will end by

giving an overview of the codes used during our work.

The third chapter is divided into three parts, the first part will be devoted to the study of
the structural properties of the materials and the calculations to estimate the cut-off energy and
the number of k-points needed to proceed and then unit cell parameters of both the metal and the
oxide which are essential to create the right the shape of the simulation box, then the second part
will study the adhesion of the copper oxide layer on the aluminum, while the last part will be to

analyze the electronic properties (PDOS) and interpret the results.

Finally, we will end with a general conclusion which brings together all the main results of this

work.






Chapter I: Bibliographic studies

I-Introduction:

Copper oxides are one of the most important semiconductor oxides as they are
compounds that have perfect properties that allow them to be used in a variety of
applications, especially thin films. Aluminum owing to the vertus such as earth-abundant
and cost effective has been regarded as a promising material for many applications. In this
chapter we will present some generalities about the two materials used in thesis our there

are three types of copper oxides and aluminum.

I1. Cuprite Oxide Cu,O:

The name “cuprites” of cuprous oxide Cu,O comes from the Latin “cuprum”, meaning
copper. Old miners used to call it “ruby copper”. Cuprites’ mineral has been a major ore of
copper and is still mined in many places around the world. Cuprites’ color is red to a deep red
that can appear almost black. Dark crystals show internal reflections of the true deep red inside
the almost black crystal. New applications of Cu,O in nanoelectronics, spintronics, and

photovoltaic’s are emerging [1].

Fig 1.1: Powder of Cu,0.

I1.1: Structural characteristics of Cu,O:

Cuprites crystallizes in a simple cubic structure which can be viewed as two sub
lattices, a face centered cubic (fcc) sub lattice of copper cations and a body-centered cubic
(BCC) sub lattice of oxygen anions. The oxygen atoms occupy tetrahedral interstitial
positions reltive to the copper sub lattice, so that oxygen is tetrahedrally coordinated by
copper, whereas copper is linearly coordinated by two neighboring oxygen’s [1], see

Fig 1.2.
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Fig 1.2: Crystal structure of Cu,O.

Cuprite Oxide Cu,O
Crystal System Cubic
Space group Pn3m
Unit cell (A) a=4.2696
Distances  Cu-O 1.84 A
0-0 3.68 A
Cu-Cu 3.02 A

Table 1.1: Crystal structural properties of Cu,0O [1].

11.2. Physical properties of Cu,O:

Cu0 is a semiconductor material with p-type conductivity and a band gap of 2.1 eV [2], it
does not dissolve in water [3], is widely used in numerous implementations due to high
absorption coefficient, excellent visible light photo catalysis properties and high performance
solar energy conversion [4-5], it can be prepared by thermal oxidation [6], by anodic oxidation

[7], by spraying [8] and by electrochemical deposition [9]. The electrical properties of cuprous
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oxide films vary considerably with the preparation methods, which result from the large

variation in the resistivity of Cu,O films [10].

In addition, it has interesting properties such as a rich exciton structure, which allows the
observation of a well defined series of excitonic characteristics in the spectrum absorption and
photoluminescence of bulk Cu,O [3], Cu,O has conduction and valence band capable of

reducing and oxidizing water into hydrogen and oxygen [11].

Cuprite Oxide Cu,O
Density (g.cm-3) 6.106
Volume (A3) 77.83
Molar volume (cm3.mol-1) 23.44
Molecular weight 143.092 g/mol
Fusion point 1235 °C
Relative permittivity 7.5
Band energy prohibited at room temperature Eg=2.09 Ev
Specific thermal capacity Cp=70J/(K.Mol)
Thermal conductivity (k) 5.5 W/(Km)
Thermal diffusivity (a) 0.015 cm2/s

Table 1.2: Physical properties of Cu,O [3].

11.3. Oxidation of copper to Cu,O:

Copper oxidizes to Cu,0 in air between 170 and 200 ° C [12-13]. The cuprite phase thus
obtained strongly depends on the temperature and the partial oxygen pressure [14]. When copper
oxidizes to Cu,0O, there is a modification of the structure, the insertion of oxygen and the
reorganization of the copper atoms leads to an expansion of + 65% in molar volume. This change

in volume can generate porosities or defects in the microstructure of the materials [15].
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I11. Cupric Oxide CuO:

Known as Copper oxide (secondary copper mineral) is a chemical compound of the
formula CuO, this compound is known as tenorite under a mineral form which is black
powder Fig 1.3 a rare earth metal and the most stable form of oxidized copper. We have
many methods can be used to prepare cupric oxide such as thermal oxidation, sintering,
precipitation, spraying and electrochemical deposition [16]. And most of its applications
are done in: Superconductor at high temperature, solar cells, gas capture magnetic holders,
variances and catalysis, antimicrobial activity, photo electrochemical cells and batteries
[17].

Fig 1.3: Powder of CuO.

I11.1. Structural characteristics of CuO:

Cupric oxide forms a much more complicated tenorite crystal. The monoclinic mesh
contains four CuO molecules. These network constants are: a = 0.47 nm, b = 0,34nm ,c =
0,51nm et B = 99,54° [19], the CuO belongs to the monoclinic crystal system, with a
crystallographic point group of 2/m or C2/c [18], this mesh contains Cu®** ions

coordinated by four (4) O% ions in an approximately square planar configuration [19].
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Fig 1.4: Crystal structure of CuO.

(The gray spheres represent the Cu2* ions and the black spheres represent the OZ* ions)

Cupric oxide CuO
Crystal System Monoclinic
Space group C2/c
Unit cell a=4.6837 Ab=3.4226 A ,c=5.1288 A
B =199.548°
a=1y=90°
Cell volume in 81.08 A
Cell volume in u.a 4 [CuQ]
Distances Cu-0 1.96 A
0-0 2.62 A
Cu-Cu 2.90 A

Table 1.3: Crystal structural properties of CuO [17,21].
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111.2. Physical properties of CuO:

CuO has attracted considerable attention because of its special properties, copper oxide
used as a base material in high temperature superconductors as the superconductivity in these
materials is associated with Cu-O bonds, as a p-type semiconductor CuO has a direct band gap of
around 1.2 eV [19].

CuO is also used as standard material in the study of the understanding of physical properties
different from that of the solid mass, properties generated by the transformation of the
morphology mainly due to the reduction of the size, thus there exist various methods of synthesis
of achieve nanometric size, the difference in the synthesis processes lies in the means of
controlling the size and shape of the nanostructured material prepared [19].

Cupric oxide CuO
Chemical name Copper oxide
Other names Copper monoxide
Cupric oxide
Oxocopper
Chemical formula CuO
Volumic mass 6.505 g.cms-
Density 6.32g/cms
Band energy prohibited at room temperature (EQ) 1.2ev
Fusion point 1134°C
Boiling point 2000°C
Formula weight 79.57 g/mol

Solubility

- Insoluble in: water — alcohol — ammonium hydroxide

-ammonium carbonate

- Soluble in; ammonium — chloride — potassium cyanide

Relative dielectric constant

12

Magnetic susceptibility

X =239.10-6 cm3/mol

Refractive index

Np = 2.63

Table 1.4: Physical properties of CuO [23, 24,25].
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111.3. Cu,O to CuO oxidation:

CuO is obtained by the oxidation of Cu,O from 300°C [11, 12]. CuO is always formed by
oxidation of Cu,O and never by direct oxidation of metallic copper. There is thermodynamically
an impossibility of coexistence of copper with CuO, because whatever the temperature, the
enthalpy of formation of Cu,O is always lower than the enthalpy of formation of CuO. There is
no intersection between the two curves of AG® [14]. The only observable systems are therefore
copper and Cu,0, and Cu,0O with CuO[22, 24].

IV.Paramelaconite Cu,Os:

Paramelaconite is a natural, and very scarce mineral, it was first described by Koenig
(1891), and more completely by Frondel (1941) [24]. The synthesis of bulk Cu4O3 through the
conventional chemical routes is rather challenging, because it is very difficult to stabilize the
Cu2+ and Cu+ ions simultaneously [25]. One of the versatile techniques to control the oxygen
and the reaction (plasma) energy is the reactive DC magnetron sputtering technique [26, 27].

Fig 1.5: Natural Cu,O3 forme.
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IV.1. Structural characteristics of Cu,0;:

Paramelaconite is an oxide of copper intermediate between Cu,O and CuO , has mixed
valency, with half of the Cu ions formally in the +1, and the other half in the +2 oxidation state
, its crystal structure (space group I41/amd) is built of inter-penetrating chains of Cu™-O and
Cu?*-0[25]. The Cu®' ions are planar coordinated to four O* ions, a three-dimensional
Patterson synthesis led directly to placing copper atoms in 8c and 8d and oxygen in 4a and
8e: (0 1/4 z) etc, with z =0.12 A [28]. See Table.l.5.

Fig 1.6: Ball and stick model of paramelaconite Cu,O3 with body-centered tetragonal lattice.

Both conventional cell (left panel) and primitive cell (right panel) are shown [28].

10
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Paramelaconite Cu,O;

Crystal System Tetragonal

Space group 141/amd

Unite cell a(A)=5.837, ¢ (A) =9.932, z ()= 0.12
Cell volume 338 A°

Z 4

Atom coordinates Cu(l) 8c X=0 Y=0 Z=0

Cu@2 81 X=0 Y=0 Z=1/2
O(l) 8 X=0 Y=1/4 Z=0.1173
0@2) 4a X=0 Y=14 Z=3/8

Table 1.5: Crystal structural properties of CusO3 [24].
IV.2. Physical properties of Cu,Oa:

CuyOs3 is shown as an insulator [10], and thin films of this metal (of thickness 265 + 5 nm)
are p-type semi-conductors (hole density 2.4 x 1018 cc—1 and Hall mobility 0.04 cm2 V-1 s—1)
and show a low resistivity (55 Q cm). They have a direct band gap of 2.34 eV and an indirect
band gap of 1.50 eV [27], Cu4O3 is good potential catalyst for oxidation [28]. An exact value of
the energy gap in Cu4O3 is not known [29].

Paramelaconite Cu,Os

Molar mass 302.18g/mol
Density 5.93g/cm”
Number of variables 21

Unit cell volume 3.38 *10-28 m3

Table 1.6: Physical properties of Cu,O3 [32].
V. Aluminum “Al”:

The name aluminum is derived from the ancient name for alum (potassium aluminum
sulphate), Al is a gray white metal, because of a thin layer of oxidation that forms quickly when

it is exposed to air Fig 1.7.

11




Chapter I: Bibliographic studies

The aluminum component is present in the earth's crust [30], it represents almost 8% of the
composition of the lithosphere after oxygen (42%) and silicon (28%) [32], which is incorporated
into mineral bauxite ore and is in the form of aluminum oxide (alumina AI203: is a brittle,
ceramic material that has a very high melting point of 1.773°C), and requires a large amount of
energy to extract aluminum from its ore, it contains a low level of impurities, usually much less
than 1% [30], very reactive metal [32], light in weight (2.700 kg.m-3) and melts at 660°C, and is
very rare in its free form [30], the most important applications of Al: aerospace, aeronautics,

automotive, cables electrical, food, nuclear reactors and building [31].

Fig 1.7: Aluminum“Al”.

V.1. Structural characteristics of Al:

Aluminum in its pure form has a face centred cubic crystal structure (fcc), with
coordination number 12 and four atoms to the unit cell [32], which is a close-packed
arrangement (the densest geometric packing of spheres attainable) with a layer sequence of
ABCABCA... . This is illustrated in Fig.1.8 bellow [34].

A
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Fig 1.8: (a). Crystal structure of Al. (b). The fcc crystal structure of Aluminum direction with
<001> pointing up exposes the ABCABCA stacking of close packed atoms. (c). Primary cell of
Al [32].
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-(b)- -(¢)- -(d)-

Fig 1.9: (a). The fcc crystal structure of Aluminum direction with <111>. (b). Aluminum in

direction x. (c).Aluminum in direction y. (d). Aluminum in direction z.

Aluminum “Al”

Crystal System face cantered cubic

Space group m3m

Unit cell a a<100-= 4.05 A
a=p=¥=90°

Unit cell aaki11>= 2.86A; b ajc111>= 4.96A;

C aic1115=7.01A

a=p=¥=90°

Z 13

Table 1.7: Crystal structural properties of Al [32].

14




Chapter I: Bibliographic studies

V.2. Proprieties physiques of Aluminum:

Aluminum used in the majority with a form of alloys, the main constituent of which is
aluminum, the additional elements being able to represent up to 15% of its weight. The strength

of the aluminum alloy is adapted to the required application.

Aluminum is an excellent conductor of heat and electricity, with the thermal conductivity is used
in many applications of heat dissipation, i.e. cooling (such as air conditioning systems in
vehicles). And for the same weight, aluminum offers an electrical conductivity twice that of
copper, which explains its privileged use in applications of high voltage electricity over long
distances [32].

Aluminum Al
Atomic mass 26.9815386 ¢
Maximum number of oxidation 3
Minimum oxidation number 0
Density at 20 ° C 2.7 g/cm3
Melting point 659.7-660.1 ° C
Volumic mass 2.7kg/dm3
Boiling point 2400-2450° C
Thermal conductivity at 20 ° C 272 W I m.K
Rayon de Van der Waals 0.143 nm
lon beam 0.05 nm
Number of common isotopes 1

Table 1.8: Physical properties of Al [35].
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V1. Conclusion:

One of our most important conclusions about this chapter is that the copper oxides are
transition-metal p-type semiconductors in general and high-TC superconductors in particular.
Aluminum is the most abundant metallic element on Earth. It is a light, odorless, tasteless,
nontoxic, non-magnetic material and has a high electrical conductivity. In the pure metallic state
it oxidizes readily in air to form a stable oxide surface that resists further corrosion. Because of
these properties aluminum and its alloys are used extensively in modern industry, technology

and everyday life.

In our work, we chose Cu,0O because its center-faced cube structure is close to the aluminum

structure, allowing for acceleration in calculation.
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Chapter 11 : Density Functional Theory (DFT)

l. Introduction :

The following chapter allows to lay the theoretical foundations of the calculations carried
out during this work. Understanding the different properties of materials involves studying the
system of electrons and strongly interacting nuclei that constitute it. The interactions between a
large number of electrons give a rise to the properties of solids. The calculation of the electronic
structure of molecules and solids is a discipline that arose during the last century. It has grown
tremendously over of the last years thanks to advances in computing and the increasing of
computing power in computers . For the calculation of electronic, structural and mechanical
properties...etc of the most complex systems using the ab-initio methods which have now

become a basic tool [1].

Ab-initio modeling is based on the first principles of quantum physics, as determined (in
our case) by the Schrodinger equation. The objective is to solve this equation in systems
containing a large number of electrons, cases for which there is no analytical solution, so various
approximations have to be used. One of the most used methods is the density functional theory
(DFT).

I1. Schrodinger’s equation:

The Schrodinger equation is a partial differential equation that describes the quantum
state change of a physical system that can be considered a single system consisting of light
particles (electrons) and heavy (cores) in their stationary state, this equation was formulated by
physicist Erwin Schrddinger in 1925 and published in 1926, where is occupies a special
importance in quantum mechanics and is the primary relationship to the dynamics of classical

mechanics [2]. Formulated as follows:
HY (R, r) = E¥ (R, 1) (11.1)

Y (R;, 1;): Represents the total wave function of the system, r; and R,: Spatial coordinates of the

electrons and nuclei respectively, E: total energy of the system.
YR, 1) =% (R, ..RY)Y, (7 ...7) (1.2)

H: Being the total Hamiltonian of the quantum system studied. In the non-relativistic case it is

written in the form:

Ar=Tn+Tet Vo e+ Voon+ Ve e (11.3)
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T, = %ZI V]-Z : Represent the kinetic energy of nuclei.
T =—2Y,; Vi :Represent the kinetic energy of electrons.

ZK] |e ZIZi The potential energy of interaction between the nuclei.
R1™ Ry

ZI#‘-‘ |

| : The potential energy of electron-nucleus attraction.

i~ RI

ZK j | | : The potential energy of repulsion between electrons.

This equation becomes as follows:

e? Z1Z) e? e?
Zlil ‘_)—_) Zl<] | (”-4)

ri RI‘

~ —h? ve
HT:T(ZI-'- Zi ) ZI<]

|R1 R]‘

The observable physical properties are all contained in this last equation (11.4). However
due to its complexity (equation with N + M particles) it is impossible to solve it directly, it is

therefore resorted to many approximations presented below [3].

I11. Born-Oppenheimer approximation:

As we know, the terminology of molecular spectra consists of parts of different sizes, the
greatest contribution comes from the electronic movement around the nuclei, followed by a
contribution from nuclear vibrations, and finally from the parts generated by nuclear cycles. It is
clear that the reason for the existence of such an arrangement is the size of the mass of the nuclei

in relation to the electrons [4].

Scientists Max Born and Robert Oppenheimer developed the first approximation we could make
[4] in 1927, they simplified equation (I1.1) and suggested that the movement of nuclei can be
separated from the movement of electrons, which is justified by the fact that the mass of the
nucleus is much greater than the mass of electrons. Thus, the speed of movement of the electron
is much higher than the speed of the nucleus (the nucleus is not mobile relative to the electrons)
[1, 5].

By adopting this hypothesis, we simplify the Schrddingerrop equation, especially Hamilton,

where the kinetic energy of the nucleus becomes zero T, = 0 and the reaction energy of the
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nucleus V7, - , =0 becomes constant (the spatial derivatives of the nucleus is zero), and we have a

new Hamiltonian in the equation as follows:

~

Hr=Tet+ Voot Ve e (11.5)
A —h? v’ 2z 1 2
Hpo =— Xi— — X = + S 2i<j — (11.6)
: 7=l 7%

He-0'Pe (Ry, i) = Ee¥e (R, ) (11.7)

LN A e?zi 1 e? .
— i~ Xxi - +5 i< Eol ¥e (Ri, 1i) = Eoe (Ry, 1)) (11.8)

¢ i~  R1 R1™ Ry

Y, : Is the electronic wave function describing the movement of electrons in the field of nuclei.

m

Ee: e(R) = Te + Ee-e"‘ Ee-n (11.9)

E.: It represents the electronic energy where the contributions of the kinetic energy Te. And
potential energies are collected due to the interaction between the E.. electrons and those
resulting from the interaction of the E.., electronic nucleus [6].

All Hamilton terms related to the nuclei are eliminated. However, this approximation alone is not
sufficient to solve the Schrodinger equation, due to the complexity of the electron and electron

interactions. So we resort to almost another.

IV. Approximation Hartree:

This approximation [7] is called the free electron approximation. We consider the
electrons to be independent, because each electron moves in an intermediate field created by the
nucleus and other electrons, and to each electron corresponds an orbital. The total wave function

is written as a mono-electronic wave function product [8], so that:
¥ (... ) =l () (11.10)

In this approximation, the global Hamiltonian is written as a sum of the monoelectronic

Hamiltonians. And Schrodinger's equation to an electron is written in the form [5]:
|-27 + U + Vi@ 0P = &P (1111)

@;(7): It is the effective electronic mono equation.
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U, =3 I o : It’s the potentials that produced by all nuclei.

Vl-(?j’ = [d3r ’zf _(:) Is the average potential produced by the other electrons, called Hartree

potential.
p(r7) = 31 ;.il@i(#)|? : Represents the electron density.
E=Ye —Ev+Ey (11.12)

E: Is total system energy (the sum of the ¢; relates to the N lower energy states, Ey is the

potential energy of nucleus-nucleus interaction, Ey is energy of Hartree :

PP 35 1373
(EV_Zf |j —)| d3 d3 ))

This approximation is based on the free electron hypothesis, which amounts to ignoring the

interactions between electrons and spin states [6]. This has two important consequences:

e First is the Pauli Exclusion Principle, which states that no two spin-orbitals in an atom
can be the same. This allows an orbital to occur twice, but only with opposite spins [9].

e Second, the metaphysical perspective of the quantum theory implies that individual
interacting electrons must be regarded as indistinguishable particles. One cannot uniquely
label a specific particle with an ordinal number, the indices given must be
interchangeable. Thus each of the N electrons must be equally associated with each of the
N spin-orbital’s [9].

To solve the electronic mono equation, it is necessary to know the shape (V;) which in turn
requires knowledge of density (p(r_”)), but there is no direct method that allows finding the

solution simultaneously [5].

We conclude that the solution offered by Hartree approximation is not completely compatible
with reality. The result is that the electrons represent identical, indistinguishable particles and
obey the Pauli Exclusion Principle [10]. Therefore, the overall wave function of the electronic
system must be asymmetric by contributing to the exchange of two electrons [5]. And the
problem also lies in finding the best spin orbits which give the lowest possible system power,
according to the shifting principle, this goal is achieved using a consistent Hartree-Fock method
[11].
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The main flaw in Hartree's equation is that it ignores the Pauli principle. If we bring in the Pauli
principle, we end up with the Hartree-Fock equation.

V. The approximation Hartree-fock:

In this new approximation known as the Hartree-Fock approximation, generalized the
concept by showing that the Pauli exclusion principle (which requires two electrons not to be
able to occupy the same spin — orbital) is taken into account, and proposed to write the total
wave function of the electronic system not as a direct product of the mono-electronic wave

functions, but as a Slater determinant [5]:

AGUDERAGC DI AGCD)

W Fof o ) = q)z(nm) wz(rznz) : <p2(:rnnn) (11.13)

%(Tﬂh) %(Tznz) . Qon(f)nﬁn)

Where 7 and 7j are the space and spin variables respectively.
With = The normalization factor, N: being the number of electrons.

We see that the determinantal form of the wave function respects the Pauli principle.

The effective electron energy can be found using the variation method. In this method, the best
wave function is sought by minimizing the effective electron energy relative to the parameters of
the wave function. Using this idea, Fock and Slater simultaneously and independently developed

what are now well known as the Hartree-Fock equations [12].

If we limit ourselves to closed-shell systems, that is to say without single electrons, the Hartree-
Fock system of equations will be simplified in the following form, which only takes into account
the space orbitals[12].

Fi(1) (1) = g¢;(1)
&i. is the energy of the orbital i.

Fi . is the Fock operator given by:
Fi=h(1)+X[2/;(1) — K;(1)] (11.14)

The term h (1) is the operator for an electron h (1) = —%\71 > 1 . This term takes into

account the movement of the electron and the interactions of the electron nucleus [12].
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The term J;(1) is the coulomb operator to which the coulomb integral corresponds.
Ji() = [ 05 @) ;@) (11.15)

K;(1) This is the exchange operator to which corresponds the following exchange integral:

K(Wee(D) = [ 952 7= 92y 0;(1) (11.16)
Coulomb and exchange integrals describe interactions between electrons [12].
The Hartree-Fock equation is written as in the following form [13]:
=27 + U + Vi@ + ()| 0iF) = e10i () (1117)
Where Vx(r_)’ is the nonlinear and nonlocal exchange potential introduced by Fock, it is defined
by its action on a wave function ¢, (#) [13]:

T 0; () @i @)

|77

437 (11.18)

AGER|

Using the variational method, we can calculate the energy of the system of "n" electrons E"*
(Hartree-Fock energy):

HF_ (P|H|¥)
T @l (11.19)
(W|¥) = 1 Because y is normalized, and therefore we obtain Efasa sequence:
EV (W |H|P) (11.20)
e =(w|-2v7|w) + @ U@ ) + (@) + (Pna) (11.21)

Hartree-Fock energy becomes the sum of the kinetic energy of the electrons, external energy,

Hartree energy, and exchange energy[13]:
EMF = Egin + Eext + Eq + Ex =2X7% , hy; + i@l — Kij) (1.22)

The difference between the exact nonrelativistic energy and the Hartree-Fock energy in a
full basis is called the correlation energy Ecor, it is @ measure of the error introduced by the

Hartree-Fock approximation and it is mainly due to the almost instantaneous repulsion of

electrons which does not take into account the Hartree potential V; (3[13].

Ecorr = Eexact - =ad (11.23)
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The Slater determinant therefore makes it possible to obtain an antisymmetric
multielectronic wave function respecting the Pauli rule. But, despite the very satisfactory results

obtained, this approach neglects the term of electronic correlation of the system [13].

Several methods have been developed to go beyond the Hartree-Fock method and take into
account electronic correlations, these are the methods based on the density functional theory [14]

which consist in describing the system in function of its mono-electronic density [13].

VI1.The Thomas-Fermi approximation (The beginnings of the DFT):

The fundamental concept of DFT is that the energy of an electronic system can be
expressed in terms of its density. This is in fact an old idea dating mainly from the work of
Thomas [15] and Fermi [16]. The use of electron density as a fundamental variable to describe
the properties of the system has always existed as a leitmotiv since the first approaches to the
electronic structure of matter but has only been proven by the proof of the two theorems of Kohn
and Sham [17].

Shortly after formulating the laws of quantum mechanics, Thomas and Fermi (1927) actually
attempted to express the total energy as a function of density, They used the local expression for
the kinetic energy, the exchange energy and the bonding of the homogeneous electron gas to
construct the same quantities for the heterogeneous system [13]. The Thomas-Fermi energy as a

function of density is:

Er_plpl = Tr_p(p) + Eext(p) + En(p) (11.24)

Er_plp] = 2 (302)3 [ p5 ()" + [ Vorr () p(r)dr + 1 f p(lr)_”r(|) drdr’ (11.25)

The Thomas and Fermi approximation is a local density approximation that ignores the
correlation of electrons, because it considers an inhomogeneous gas to be locally homogeneous.

Improvements have been made to this model by adding other effects such as [18].

The exchange effect introduced by Dirac which results in the addition of an additional term in
the Thomas-Fermi energy (Thomas-Fermi-Dirac model) [18].

Erpr = Erp(p) — fopg(f)dg’r (11.26)

The correlation effect proposed by Wigner [18]:

26



Chapter 11 : Density Functional Theory (DFT)

s
Ec(p) = —a [ 22D a3y (11.27)
b+p3(7)

Despite these improvements, this model is still inadequate.

VII. Density Functional Theory (DFT):

DFT is a quantum computation method used by researchers in the context of numerical
simulations in physics and chemistry, it makes it possible to reproduce the electronic structure of
complex systems in general faithfully and in a fairly short period of time thanks to the
development of computers, it is considered "ab-initio method" because it uses strict theories
("Hohenberg-Kohn", Kohn-Sham "...), so the results are not dependent on a modifiable
parameter by the user. However, the term interchange and correlation makes any an accurate
solution is impossible. As in the case of quasi-experimental methods, it is necessary to
approximate this function, this classifies it as a separate method (between quasi-experimental
and ab-initio) between methods of numerical computation. We start by evoking the history of the
development of this method. From the Schrddinger equation To the Cohn-Sham equations.

Density functional theory (DFT) is the most widely used method for studying molecular systems
of large size, it has been largely successful in describing structural and electronic properties in a
large class of materials ranging from atoms and molecules to simple crystals and more complex

molecular systems, and has been extensively researched from a global perspective.

The birth of the modern functional density theory (DFT) came with the publication of
two articles by Hohenberg and Kuhn in 1964 [19], and Kohn and Scham in 1965 [20], which laid
the foundations for this theory. The goal of DFT is to determine, using knowledge of only the
electron density p(r) r, the ground-state properties of a system consisting of a fixed number of
electrons, interacting with point nuclei. DFT constitutes an accurate theory of electronic

correlation effects.

VI11.1. Hohenberg and Kohn theorems:

The foundational principle of DFT can be summarized in two theories, first introduced by

Hohenberg and Kohn [17], and the latter aiming to make DFT an accurate theory of multi-body
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systems. This formula applies to any system of particles interacting with each other with an

external voltage V,¢¢(r).

Hohenberg and kohn's theories formulated in 1964 [19] made it possible to give a
Consistency with models developed on the basis of the theory eventually proposed by Thomas

and Fermi From the thirties. The two theories lie in:
a. Theorem 1:

"The total energy of the ground state E is a unique functional of the particle density p (r)

for a given external potential Ve (1)".

The consequence of this fundamental theorem of DFT is that the variation of the external

potential then implies a variation of the density:

Elp(r)] = Flp()] + Vae[p(r)] (1128)
E[p(] = Flp] + [ p(r)Vern ()dr (11:29)
Flo()] = Tlp@)] + 5 [ [ ZRE5> dPrd®r’ + Ev[p(r)] (11:30)

Flp (r)]: Is a universal functional of hohenberg and kohn and groups together all the terms

independent of the external potential.

V,.[p()]: Nucleus-electron potential energy.

T[p(r)]: The potential energy of repulsive electron-electron interaction.
E..[p(r)]: The exchange-correlation energy.

The first theorem [21] consists in giving a theoretical justification to the idea that at a given

electron density correspond a single external potential.
b. Theorem 2:

"The total energy functional of any multi-system particles has a minimum which

corresponds to the ground state and the density of ground state particles".

The energy of the ground state of an electronic system in an external potential is determined by

the variation method [23].

Ey = E(po) = min E(p) (11.31)
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To find py(7) corresponding to the ground state, we must minimize E(p), with the condition

[p(# d3®r =N:
% {E (p) = A [ p(™ d3r} =0 (1.32)

Unfortunately in this theorem the functional F[p(r)] is difficult to approach directly to obtain
quantitative results. It is thanks to a simple but ingenious idea of Khon and Sham who found a

solution to this termE (p).
VI1.2. Kohn and Sham's equations:

Kohn-Sham has developed a method which consists in paralleling the equation (11.23) with
the equation governing a system of electrons without interaction in an external potential Ve(r)
[22]:

SE[p] 6T,
5—;=8—;+Veff(r) =pu (11.33)

With the effective potentialV c(r):

(r)drr | 8Exc(p]
[r=r1| dp(p)

Vorf(r) = Vot (1) + [ 2 = Voxt (") + Hnartree(P) + Ve (T) (11.33)

Where V,..(r) is the exchange-correlation potential, functional derivative of E,..[p]. The previous
equation is exactly the same as that of Hohenberg and Kohn's theory for a system of non-

interacting electrons moving in an effective potential of the form of V, (¢ (r)[22].

By applying the variational principle, we then obtain a set of equations of the Hartree Fock type

which we solve by an iterative process:

=372 + Ve, (0] 0: () = 100 (11.34)
The electron density is then obtained by the summation:

p(r) = Xlo:(@ M (11.35)

We choose a test density from which we calculate an effective potential Ves(r). By injecting Vs
(r) into expression (11.34) we obtain a new electron density (11.35). Convergence is then reached

when the effective potential no longer varies.

The Hartree-Fock and Kohn-Sham quantum theories both lead to a system of mono-
electronic equations to be solved, but the Kohn-Sham formalism nevertheless allows part of the
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correlation to be taken into account, intrinsically. electronic(which the Hartree-Fock method
does not)[22].

Guess initial

A\ 4

p(r)

!

Calculate effective potential

Vers (1) = Vet () + Viareree (P)
+ Vee(1)

{

Solve K-S equation

1 2
|- 572+ Ve )] 011) = 210

Calculate electron density

p() = ) loi DI

.M Self consistent }

Output quantities

Potential energy, state structure, born

effective, charge ...... etc

Fig I11.1: Flowchart representing the principle of solving Kohn-Sham's equations by

diagonalization of the Hamiltonian matrix.
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This resolution is done in an iterative manner using a self-consistent cycle of iterations,

we summarize this cycle by the following steps [3] (See figure 11.1):

1. Start with a test density for the first iteration.

2. Calculate the density and correlation exchange potential for a point.

3. Solve the Kohn-Sham equation.

4. Calculate the new density.

5. Check the convergence criterion (by comparing the old and the new density).

6. Calculate the different physical quantities (Energy, forces,...), and of calculation.

V11.3. The exchange-correlation approximations:

The main problem with DFT is that the exact functionals for exchange and correlation are
not known except for free electron gas. However, Approximations exist and allow the calculation

of certain physical quantities.
a. Local density approximation LDA :

The local density approximation (LDA or LSDA) is based on the assumption that the
exchange and correlation term depends only on the local value of the electronic density p ( r). It

is then expressed in the following way:
EEPA = [ p(r)ey. [p (P]dr (11.36)
Where &, is the energy of exchange and correlation.

Using the LDA we implicitly assume that one can obtain the exchange-correlation energy for
an inhomogeneous system by considering the electron gas as homogeneous in infinitesimal
portions of it. The LDA method tends to underestimate the exchange term while it overestimates
the correlation term, which because of the compensation between these two terms gives a fairly
good result in the end. However, it does not describe well the systems where the density varies
abruptly.
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b. Generalized gradient approximation (GGA):

The GGA considered as the 2nd degree of approximation attempts to correct the defects of
the LDA, as this approximation consists in taking into account local variations in the electronic
density p (r) through its gradientVp (7). The inhomogeneity of the electronic density is thus

taken into account. The term of exchange and correlation is then expressed by equation :

Exclp(M] = [ p(r)exc [p (1), Vp (1)]dr (11.37)

Where Vp () is gradient of electronic density.

VI1II1. Pseudopotential:

Pseudo-potentials are an essential element in solid-state physics calculations due to the
great simplification they provide, and is the most important approach to reducing the
computational burden due to core electrons [23].

Core electrons are not especially important in defining chemical bonding and other physical
characteristics of materials, these properties are dominated by the less tightly bound valence
electrons. so it then the simplification of the calculations of electronic structures by elimination
of heart states. The strong ionic potential will be replaced with weaker pseudopotential which

gives identical valence electron wave functions.
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Fig 11.2: Illustration schematizes the potential of all-electron (solid lines), pseudo-electron

(broken lines) and their corresponding wave functions [24].
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Practically, the wave functions W (r) representing the valence electrons are replaced by
pseudo-wave functions Wps (r). The equality Wps (r) = ¥ (r) is imposed on the outside of a
sphere of radius (rc) around the atom and inside this sphere, the shape of Wps(r) is chosen so as

to remove knots and oscillations due to the orthogonality of the wave functions [25].

IX. Sampling of the Brillouin zone:

In the study of solids, it is very often necessary to calculate an average of a periodic

function of K (wave vector) over the Brillouin zone (ZB). Such calculations are often long and
complicated since in principle they require knowledge of the values of the function at any point
of ZB and because of the infinite number of electrons, an infinite number of k points are present
in this area. In practice, knowledge of the values of functions of a reduced set of points k in ZB
is sufficient to obtain the mean value of these functions across ZB. To achieve high accuracy in

calculations, it is generally necessary to know the values of the function of a sufficiently large set

of points. Many procedures exist to generate tilings for Points K, we can cite that of Chadi and
Cohen [26] and that of Monkhorst and Pack [27].

X. Cut off energy:

In principle, the plane wave base is complete but infinite (the number of vectors G is
infinite). However, the fact that plane waves of weaker kinetic energy play a more important role
than those with greater kinetic energy. In practice, we can therefore limit the base used to solve
the Kohn and Sham equations, and only take those which have a kinetic energy less than a
certain energy called the cut-off energy Ecut-of:

h(K+G)?
2m,

< E.y (11.38)

The cut-off energy depends significantly on the type of chemical element of the system
considered and therefore on the corresponding pseudo potentials, It plays an important role in the
precision and duration of the calculation, where if it is too low, the number of plane waves in the
calculation is not sufficient to represent the wave functions and charge density well, But the
computation time increases sharply with the value of E.,; we must therefore determine a realistic
E..t at the level of the computation time for which the total energy converges with the desired

precision [28].
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XI. Murnaghan’s equation:

Murnaghan’s equation of state comes from the assumption of a linear behavior of the bulk
modulus of a solid compressed to a finite strain with respect to pressure. For a fixed number of
particles at the temperature of absolute zero, the link between pressure P and volume V reads :

p(V) = 2 [(&)BIO — 1] (11.39)

B’O |4

Vo is the lowest-energy atomic volume. By is the so-called bulk modulus and B’y its derivative

with respect to pressure.

Furthermore, at zero temperature, the pressure may be written as a function of a volume only:

~dE(V)

p(V) =——— (11.40)

E(V) [29] Is obtained by a straightforward integration of Equation (I1.41)and assuming B, and

B, to be independent of the volume:

_ |, 4 BV [(Ve)0 _1 _ BoVo
E(V) =E;, + B (V) = + 1] B 1 (11.41)

Eo : the lowest energy per atom.

If the By and B’; parameters are supposed to be V-independent, then expression (11.41) is

possible solution for the system of Equations (I1.39)and (11.40) [30].

XIl. QUANTUM ESPRESSO:

Quantum Espresso is an acronym for open-Source Package, which is an integrated suite of
computer codes for electronic-structure calculations and materials modeling, based on density-
functional theory, plane waves, and pseudo potentials (norm-conserving, ultra soft, and
projector-augmented wave) [31]. As its acronym indicates Quantum Espresso is a free research
program suite for Research in Electronic Structure, Simulation, and Optimization, and the
program is licensed under the GNU GPL, it can also be used, both for metals and for insulators.
Self-consistent calculations are done using the PWSCF program and are done iteratively within

the program.
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XIII. The SIESTA program:

SIESTA (acronym for Spanish Initiative for Electronic Simulations with Thousand of
Atoms) [32] is a code (program) developed by Soler et al, in 2002, designates both a method,
and its numerical implementation for performing ab-initio electronic structure, and it is used
especially for the simulation of molecular dynamics of physical and chemical processes that

occur at the atomic scale.

It is based on the theory of the standard density functional with the local density (LDA) or
generalized gradient (GGA) approximation, in which it uses pseudopotentials with conserved
norms and a base made up of digitized atomic orbitals. However, instead of being developed on

a plane wave basis the wave function is developed on an atomic orbital basis.

XIV. Conclusion:

The density functional theory quickly established itself as a relatively fast and reliable
way to simulate electronic and structural properties for most of the elements of the periodic table

ranging from molecules to crystals.

In this chapter, we have presented the DFT theory and we have discussed mainly the
essential points and relating to our work. Nowadays DFT is a powerful tool which shows great
success in many applications. Within the framework of the DFT, there are techniques of
calculation of the electronic structure developed during the last decades are numerous, and in
particular, the ab-initio methods which have become today a basic tool for the calculation.
Electronic and structural properties of the most complex systems and also a tool of choice for the

prediction of new materials.

Ab-initio studies carried out on all existing materials are numerous, they have given

reliable results by comparing them with experimental measurements.
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Chapter I11: Results and discussions.
I. Introduction:

In this chapter, we will present the main part of our modeling and simulation results using
the ab-initio method, we made a structural study of aluminum and copper oxide, then built the
AlCu,O model. by changing each time the number of layers and the direction of Al, and
calculate the interaction energy between them and then an electronic structure study by mean of
the DOS and PDOS curves of the deposited aluminum on the copper oxide.

I1. Structural Properties:
I1.1. Optimization of calculation parameters:

Before we start the DFT based calculations, it is common to start by optimizing some
quantities used by the code and which differ from material to another. In most cases two

quantities have to be optimized:

11.1.1.The points-K number of the Brillouin zone:

The number of k points in the first Brillouin zone has a great influence of the time and the
precision of the computations. It is used to divide this region in the reciprocal space and calculate
different physical quantities by the DFT. We calculated the total energy by changing the number
of this points by giving three individual values in the axes (Kx Ky Kz) in the program Quantum

Espresso, for the Al and Cu,0.

s For Al:
We vary the values of points- k number, started from the value ((Kx Ky Kz)=(1 1 1) to the
value (Kx Ky Kz) =(25 25 25) in the input file, and we draw the curve which represents the total

energy as function of the number of points-K as it is indicated by figure:
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Fig 111.1: The total energy of Al mesh as a function of the number of points K.

We notice in the figure I11.1 significant fluctuations of the total energy for small values of
the number of points-k, and a convergence starting from a value of K=(12 12 12) where the
energy undergoes small variations. The value K=(15 15 15) will be used in all following
structural calculations that will be studied, because the curve is converged starting from this

value corresponding to the minimum energy value.

< For Cu,0:
We changed the number of points-k starting from the value (3 3 3) to the value (27 27 27)

in the file input, and extracted the results and put them on the next curve.
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Fig 111.2: The total energy of Cu,0 as a function of the number of points K.
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The curve (figure 111.2) represents the total energy of Cu20 as function of the number of points-
K.

Where we notice a decrease in the interval [4-10], and small fluctuation in the energy values
after the value 10 for the number of points-K. We choose the value (Kx Ky Kz) = (25 25 25) as

the working value.

11.1.2. Ecutorf  ENergy:

The cutting energy determines the basis the plane waves, and also controls the accuracy
and calculation time, it is associated with the kinetic energy of the electrons in the material. To
optimize this parameter we have to change the values of E¢u.off in the input file and for each
value we calculate the total energy and we plot the variation curve of the total energy as a

function of the cut-off energy for the Al and Cu,0.

s For Al:
We changed the energy E.u.off Values, from the value of 11 Ry to the last value of 50 Ry.
We recorded the results in the following curve:
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& n
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-5.0455 \.
—mn
] TE-m_ g — - m——E—m-m_m
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E-cut-off(Ry)

Fig 111.3: The total energy of Al mesh as a function of Ecyt.of.

We did notice in figure 111.3, that the total energy converges from the value 25 Ry of E¢yt.ofr. We

take Ecutorf =32 Ry. This value is used in all calculations of the studied structures.
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s For Cu,0O:
We changed the energy Ecu.ort Values from the value of 7.5 Ry to the last value of 40 Ry.
We recorded the results in the following curve:
-440
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~480
-500-. \
-520-.

-540-. ~,

-560 4

Energy(Ry)

5 10 15 20 25 30 35 40 45
E-cut-off(Ry)

Fig 111.4: The total Energy of Cu,O as a function of energy Ecytofr.

The curve (figure 111.4) shows that the values of the total energy of Cu,O is decrease in the
interval ~ [10-30] and constant after the value 30. This means that the value E¢u.0=30 Ry,
corresponding to the lowest value of the total energy of Cu,O is suitable for the future

calculations.

11.1.3.The lattice parameter :

Fixing the value of the Ecu.orf €nergy and the number of points-k, is not sufficient to give
the smallest value for the total energy, and on this basis the value of the lattice parameter for Al
and Cu,0 must be optimized by changing the cell parameter and calculating the total energy:

» For Al:
We recorded the results of calculation and placed them in the following curve:
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Fig 111.5: The total Energy of Al as a function of the lattice parameter ay;.

The curve (figure 111.5) represents the total energy values of Al unit cell as function of the lattice
parameter a. We take the value a,; = 4.01A4°, as a reference value at which the system reaches

its lowest energy, which agreement of experimental and theoretical values [1, 2].

% For Cu,O:

We recorded the results and placed them in the following curve:
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Fig 111.6: The total Energy of Cu,O as a function of the lattice parameter a.,,,0.

The curve (figure 111.6) represents the total energy of Cu,O unit cell as function of the

lattice parameter, where we note that the value of the lattice parameter a corresponding to the
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lowest total energy is a ¢,,0 = 4.363 A°, for accuracy this value is used in all calculations,

which agreement of experimental and theoretical values [3,4].

11.1.4. Fitting to Murnaghan equation of state:

The total energy of our material Cu,O and Al, is calculated as a function of volume. A fit
of these results according to the Murnaghan equation [5] was performed. From this fit, we were
able to determine the equilibrium lattice parameter ap, and the compression modulus By at zero
pressure. Our calculated values of these parameters are shown in the following curve for

aluminum and copper oxide:

s For Al:

m E(v)
E of Murnaghan

-49

504

Energy(Ry)

5.1 R e T T e e e
60 80 100 120 140 160 180 200 220 240 260
volum(aut3)

Fig I11.7: Total energy as a function of volume for Al.

In figure 111.7, we have plotted the total energy of the system as a function of the volume of the

cell.

The lowest energy state corresponds to the equilibrium state at Vo=433.324 au®. and The
minimum of the curve corresponds to the lattice parameter of the material at ap = 4.003 A°
(which is very close to that taken from the minimum of total energy vs lattice parameter), and it
is close to the experimental value (4.05 A°), and calculated in other theoretical works
(4.05 A°) [6]. The value of the bulk modulus (which expresses the compressibility factor of the
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material) B=55.6 GPa, it is close to the experimental value (81.13 GPa), and calculated in other
theoretical works (80.2 GPa) [6].

Note:

The PW code uses fcc symetry, so the unit cell volume is ¥4 of a°.

% For Cu,O:
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Fig 111.8: Total energy as a function of volume for Cu,0.

In Fig 111.8, we have plotted the total energy of the system as a function of the volume of the cell.
The lowest energy state corresponds to the equilibrium state at Vo=81.2668 A°3. The minimum
of the curve corresponds to the lattice parameter of the material at a,=4.332 A°(which is very
close to that taken from the minimum of total energy vs lattice parameter), and it is close to the
experimental value (4.27 A°) and calculated in other theoretical works (4.312 A°) [7].

The value of the bulk modulus p=90.815 GPa, it is close to the experimental value (112 GPa)
and calculated in other theoretical works (118 GPa) [8,9].

111.Modeling AI(001)/Cu,0(001) interface:

A model for this interface to be used as a unit cell has been created by DFT code. This unit cell
should contain the two substances that we intend to search for interaction energy between them. The
model is constructed as follows: a number of unit cells of aluminum are placed over another number
of unit cells of copper oxide so that the unit cell matches the first and last atoms of both materials, to

achieve this matching, a certain number of layers must be found for the copper oxide material, which
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must correspond to a certain number of layers of aluminum material, the presence of a large number
of layers increases the calculation time, in this case we resort to another method represented by a
small dilatation or reducing in the surface lattice parameter for the material that has a less
compressibility (the dilatation must be less than 10%), in order to be equal to the other lattice
parameter to reach the desired matching. As a result of this dilatation, the atoms of the material are
not in equilibrium state, a situation that must be corrected by finding the ¢ parameter by searching the

lowest energy of a dilated cubic fcc unit cell along and b directions.

ba __.

Al Cu20

Fig 111.9: An illustration of the expansion in the studied material.

111.1. The mismatch:
We calculate the mismatch between the surface atoms of aluminum Al and copper oxide

Cuz0 in the direction <001>. And this is by applying the following relation:
IaAlM — aCu20N| <0.1A4° (1)
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Fig 111.10: Mismatch of AICu,O in direction <001>.
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M and N represents the number of unit cells of aluminum and copper oxide. Respectively,
this must correspond to a given number to achieve the congruency (matching) relation.
In this case, we found that the previous relation (1) is achieved at M =12 and N =11 (large
number of unit cells), since the value of the aluminum lattice parameter a,; is not far from close
to the value of the copper oxide lattice parameter a,,o, We did a small dilatation in the lattice
parameter of the aluminum surface aa and ba so that they are to equal ac,,o (we chose
aluminum because it is easy to dilate since 5, < Bcy,0). Dilating the aluminum must be

corrected by finding the ¢ parameter by searching the lowest energy of a dilated cubic fcc unit

cell along and b directions.
I11.2.Lattice parameter cp :

We find ca by changing its values, and calculating the energy at each value. We put the

results in the following curve:
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Fig 111.11: The total energy values of the system as a function of lattice parameter c(A°) for the
model Al(001)Cu,0.

We note from the curve (figure 111.11) :
Decreases in the interval [3.60-3.73] and increases in the interval [3.73-3.80].
From the fit (the curve red), we extracted the equation of a second-degree polynomial, then we
derive it and found the value of c:
E = 1.72233c? — 2.9433c — 18.8957
Co = 3.7306 A°
This value corresponds to the smallest total energy of the system at which it reaches stability. It

is used for the rest of the following calculations.

111.3. The model Al(001)Cu,O (1 layer of Aluminum and 1 layer of Copper Oxide):
11.3.1.Interaction of system Al(001)Cu,O:

The next figure represents the model AICu,O in the direction <001> (1 layer of aluminum
and 1 layer of copper oxide).
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Fig 111.12: The model of AI(001)Cu,O (1 layer of Al and 1 layer of Cu,0).

11.3.2.The distance between of layers d:
We change the values of d (the distance between layers of Al and Cu20) to find a value for
the smallest total energy.

) @ €
000

Fig 111.13: The distance between the Al and Cu,O layers.

Where we calculate starting from the value d =1.65 to the value d =1.85 in a file input, then

extract the results from File output and put it in the following curve:
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Fig 111.14: The total energy values of the system Al (001)Cu,O (1 layer of Al and 1 layer of
Cu20) as a function of the distance between layers Al and Cu,O.

The curve (figure 111.14) represents the total energy values of the system AICu20 as a function
of the distance d, we notice that the total energy decreases in the interval [1.655-1.75] and

increases in the interval [1.75-1.85].

From the fit (the curve red), we extracted the equation of a second-degree polynomial, and then

we derive it and found the value of dg:
E = 1.49991d? — 5.24356d — 613.585

We find d,=1.748A° is the smallest possible for the total energy and the system is stable.

111.3.3.Adhesion energy E,q of the model AICu,O:

The energy of adhesion E,; is defined as the energy needed to separate the surfaces that

conform the interface in terms of surface area [10].
The energy of adhesion is expressed by the following law:

E . = (EAlCuZO - ECuzo —Ey)
ad —
2A

E,q: Adhesion energy

Ejicuzo: Energy total of system (AlCu,0).
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A: the surface contact area.
Ecu20:Energy of system (Cu,O+ vacuum).
E,;: Energy of system (Al+ vacuum).

After finding the value of d. We prove it and then build the model at this value, then calculate the

total energy of the system AICu,O where we find its value E4;¢,, 0 = —8410.574810116ev.

11.3.3.1.Interaction of system Al with vacuum:

Fig 111.15: Model (Al+vacuum) in direction <001>.

We calculate the total energy of the aluminum system with the vacuum (we canceling the

copper and oxygen atoms).we finds the energy value there E,; = —408.919085437¢v.
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111.3.3.2.Interaction of system Cu,O with vacuum:

Fig 111.16: The model (Cu,O+vacuum) in direction <001>.

We calculate the total energy of the system copper oxide with vacuum (we canceling the

aluminum atoms). Where we find the energy in it E¢,,o = —7996.017882043ev.

111.3.3.3.Calculate the energy of adhesion:

We substitute the previous values in the law. We find the energy of adhesion:

—8410.574810116+7996.017882043+408.919085437 2
E, =" ) —=—> [, =—0.148085 eV/A°
a 2%19.0358 a

We Note that E,4;; < 0. This indicates the presence of adhesion between the aluminum and
copper oxide layers.

111.4 . The model Al(001)Cu,0O (2 layers of Al with 2 layers of Cu,0):

111.4.1. Interaction of system Al(001)Cu,O:

The next figure represents the model AICu,O in the direction <001> (2 layers of aluminum
and 2 layers of copper oxide).
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Fig 111.17: The model of AI(001)Cu,O (2 layers of Al and 2 layers of Cu,0).

111.4.2. The distance between of layers d:

The next curve represents the total energy values of the system AICu,0O as a function of the

distance between layers Al and Cu,0.
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Fig 111.18: The total energy values of the system Al(001)Cu,O (2 layers of Al and 2 layers of
Cu0) as a function of the distance between layers Al and Cu,O.

We notice in figure I11.18 that the total energy decreases in the interval [1.65-1.75] and increases
in the interval [1.75-1.95].
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From the fit (the red curve), we extracted the equation of a second-degree polynomial, then we

derive it and found the value of d:
E = 14.9725d?% — 52.7363d — 12272.58299

We find dp=1.7611A° is the smallest possible for the total energy and the system is stable.

111.4.3.Adhesion energy E,q of the model AlCu,0O:

The energy of adhesion is expressed by the following law:

(Eaicupo — Ecu,o — Ear)
24

Eqa =

After finding the value of do. We prove it and then build the model at this value, then calculate
the total energy of the system AICu,O where we find its value E4;c,,0 = —12319.0702eV, then
we calculate the energy of the system copper oxide with vacuum (we canceling the aluminum
atoms) where we find the energy in it E¢,,,, = —11750.2706eV, and we calculate the energy of
the aluminum system with the vacuum (we canceling the copper and oxygen atoms), we find the

energy value there E;; = —560.8038eV/.
We substitute the previous values in the law. We find the energy of adhesion:
E, g — 0.10496 eV /A°?

We note that E,;, < 0. This indicates the presence of adhesion between the aluminum and

copper oxide layers.

We concluded that the adhesion is good in the model with two layers of aluminum and two

layers of copper oxide because E 4, < Egqq-

11 .5.The nearest neighbor to the Aluminum atom:

After constructing the model AlICu,O each aluminum atom is characterized by a the
nearest neighbors to it from the surface that expresses the extent of adhesion with copper oxide,
as this is determined based on the crystalline distance between the two aluminum and oxygen
atoms by estimating the smallest distance between them. The smaller the distance and greater the
number of nearest neighbors, the better the bond between the atoms and the better the adhesion

in the more layered model.
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We calculated the distance of the nearest neighbors and the number of nearest neighbors for the

two models with regarding to the oxygen atoms with the surface aluminum atoms.

¢ For the model Al/Cu,0 {2 layers of Al and 2 layers of Cu,0} in the <001> direction:

We found that the closest distance is the value d oy = 1.7611A° and that the number of nearest

neighbors is 1.

¢+ For the model Al /Cu,O {1 layer of Al and 1 layer of Cu,O} in the <001> direction:

We found that the closest distance is the value dai_oy = 1.748A° and that the number of nearest

neighbors is 1.

We observed a convergence in the values of the nearest neighbors between the two
models, while the nearest neighbors of the two-layer model must be less than the one-layer
models. However, we see that this difference is estimated to be 0.01A°, i.e. negligible in atomic
dimensions. This may be due to a error of calculations, or interpolation in the system, or due to

approximations used in the input file.

I\VV. Modeling Al (111)/Cu,0O(001) interface:

To create this model, we follow the same steps aforementioned, starting with:

IV.1. The mismatch:
Since the aluminum parameter is not cubed (a #b), the relation 1 will be calculated in both
directions:

» Direction x:
We found that:
N=13 and M=20 (large numbers). So we matched 3 layers of Aluminum and 2 layers of Cu,O
with a small dilatation of aluminum lattice parameter aa,, S0 that a5=2.91 A° .

» Directiony:
We found :
N=9 and M=8 (large numbers).

We matched one layers of Aluminum and one layers of Cu,O with a curtailment in the
aluminum lattice parameter b so that they are to equal ac,,, :
bai= acy,o =4.363 A°.

Thus, we achieved matching the interface of the model Al(111)Cu,0O(001).
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Fig 111.19: Mismatch of Al(111)Cu,0.

IV.2.Lattice parameter c:

In order to find the mesh parameters ¢ of our structure in a numerical way we start by
varying the parameter ¢ from 7.3 A° to 7.7A°.
The parameter c of the calculated network c are represented in Fig 111.20.
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Fig 111.20: Variation of the total energy as a function of c(A°) for the distorted aluminum.
from the curve:

We note decreases in the interval [7.3-7.467] and increases in the interval [7.467-7.7].
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From the fit (the curve red), we extracted the equation of a second-degree polynomial, then we
derive it and found the value of c:
E = 0.75109¢? — 11.3175¢c — 295.73904
Co = 7.467 A°
This value corresponds to the smallest total energy of the system at which it reaches stability. It

is used for the rest of the following calculations.

IV.3.The model Al(111)Cu,O (1 layer of Al and 2 layers of Cu,0):
IV.3.1.Interaction of system AICu,O:
The next figure represents the model Al(111)Cu,0O (1 layer of Al and 2 layers of Cu,0).

Fig 111.21: The model of Al(111)Cu,O (1 layer of Al and 2 layers of Cu,0).

IV.3.2. The distance between of layers d:
As we did in the previous models, we research for d the distance between the layers of Al
and Cu,0O, and then we represent in the curve the total energy of the system Al(111) Cu,0 as a

function of the distance d, show in figure 111.22.
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Fig 111.22: The total energy values of the system Al(111)Cu,O as a function of the distance
between Al and Cu,O.

From the fit (the red curve), we extracted the equation of a second-degree polynomial, then we

derive it and found the value of d:
E(d) = 25.4025d?% — 88.60925d — 24783.05477

We find dop=1.744 A° is the smallest possible for the total energy and the system is stable.

I\V.3.3.Adhesion energy E,q of the model AlCu,0:

After finding the value of do. We prove it and then build the model at this value, then
calculate the total energy of the system AICu,O where we find its value
Eqicu,0 = —24860.3822eV. Then we calculate the energy of the system copper oxide with
vacuum (we canceling the aluminum atoms) where we find the energy in it
Ecu,0 = —23500.5334eV. And we calculate the energy of the aluminum system with the
vacuum (we canceling the copper and oxygen atoms), we find the energy value there
E,; = —1345.8569¢eV. We substitute these values into the following law to find the energy of

adhesion:

E. ., = (EAlCuZO - ECuZO —Eq)
ad —
2A

Eqqs = —0.18367 eV /A2
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We note that E,;3<0 ,this indicates the presence of adhesion between the aluminum and copper

oxide layers.

From the comparison of the two models (Al(111) Cu,O with Al(001)Cu,0O (2 layers of Al
and 2 layers of Cu,0), we conclude that the adhesion in the Al (111)Cu,O model is better
(Egaz < Egq2)- The comparison do not include the Al(001)Cu,O (1 layer of Al and 1 layer of

Cu,0) because it contains less atomic layers for aluminum and copper oxide.

Fig 111.23: An illustration showing the atomic layers of aluminum and copper oxide for the two

models.

V. The electronic properties:

V.1. Density of states (DOS) and Projected density of states (PDOS):

The density of electronic states is a major factor in condensed matter physics and materials
science, and it is one of the most important electronic properties that tell about a systems
electronic character. It also allows us to know the nature of the chemical bonds between the

atoms of a crystal or a molecule.

In our case, we studied the PDOS qualitatively, by comparing between atoms orbitals and
comparing the two models (AI(111)Cu,O (one layer of Al and two layers of Cu,O) and
Al(001)Cu,0 ( two layers of Al and two layers of Cu,0), so whenever the greater the number of

congruent orbital’s, adhesion becomes better and the bond between the atoms stronger.
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From the curve of projected density of states (PDOS) we can know the Prevailing character

of each region as well as the electronic states that contribute to the peaks , as they are deduced

from the total density of state (DOS) projected onto the atomic orbits of each compound (s, p, d

states).

The 4s and 4p orbitals of the two Cu atoms do not contribute to the interaction between the
Al and Cu,0 layer. As a check, PDOS calculations were performed on the 4s and 4p orbits of the

Cu atoms, and found that all of these projections were very weak in intensity.

V.1.1. For Al(100)Cu,0 {2 layers of Al and 2 layers of Cu,0}:

00
@0
00
@ 0
14Al—> ? “WlSAl

130 _’U‘
11Cu

Fig 111.24: An illustration showing the interface atoms of the model Al(001)Cu,O(2 layers of Al
and 2 layers of Cu0).

We calculated the total and molecular density of the Al(001)Cu,O states in terms of energy

and were recorded in the following curves:
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Fig 111.25: Density of total states of the model Al(001)Cu,O(2 layers of Al and 2 layers of Cu,0).
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Since we have studied the qualitative curves of PDOS, we did resort to dividing the curve
of each orbit by its highest peak value in order to minimize the curve. We put Subdivisions

values in the following table:

Orbital PDOSmax[states/eV]
At. N° 13:0 2s 0.01
At.N° 13:0 2p 0.641
At. N° 15:Al 3s 0.095
At. N° 15:Al 3p 0.191
At. N° 15:Al 3d 0.345
At. N° 14:Al 3s 0.112
At. N° 14:Al 3p 0.175
At. N° 14:Al 3d 0.265
At. N° 12:Cu 3d 3.023
At. N° 11:Cu 3d 3.023

Table I111.1: Subdivisions values of orbitals position for the model AI(001)Cu,0O(2 layers of Al
and 2 layers of Cu0).

[—3,1] There is a match between the oxygen atom 13 for the 2p orbital with an aluminum atom

15 for the 3p orbital and an aluminum atom 14 for the 3s orbital.

[—3,—5]There is a match between the oxygen atoms 13 for the 2p orbital with an aluminum

atom 15 for the orbital 3s and for the aluminum atom for the 3s orbital.

[—3.5,—8] There is a match between the oxygen atom 13 for the 2s orbital with an aluminum
atom 15 for the 3p orbital and in the same atom for the 3d orbital with an aluminum atom 14 for
the 3p orbital and for the 3d orbital and for the 3s orbital.

[—3.5, —8] There is a match between the aluminum atom 15 for the 3p orbital with an aluminum
atom 14 for the 3p orbital and in the same atom for the 3s orbital and for the 3d orbital with an

copper atoms 11 and 12 for the 3d orbital.

[—5,—7.5] There is a match between the oxygen atoms 13 for the 2p orbital with an aluminum

atom 15 for the 3p orbital.
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[—7.5,—11.5] There is a match between the oxygen atom 13 for the 2s orbital and in the same

atom for the 2p orbital, with an aluminum atom 14 for the 3s orbital.

[—10,—13.5] There is a match between the oxygen atom 13 for the 2p orbital with an aluminum

atom 15 for the orbital 3s.

We Conclude from our analysis of the PDOS (001) curves that the two interval[—3.5, —8];
[—10,—13.5] include the highest and lowest orbitals from the Fermi level. This indicates the
existence of a strong atomic bond (the higher and farther the peak is from the Fermi level, the
better the bond between the atoms).

V.1.2. For Al(111)Cu,O (1 layer of Al and 2 layers of Cu,0):

Fig 111.27: An illustration showing the interface atoms of the model Al(111)Cu,O(1 layer of Al
and 2 layers of Cu,0).

We calculated the total and molecular density of the Al(111)Cu,O states in terms of energy

and were recorded in the following curves:
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Fig 111.28: Density of states of the model Al(111)Cu,O(1 layers of Al and 2 layers of Cu,0).
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Fig 111.29: Projected density of states of the model Al(111)Cu,O(1 layer of Al and 2 layers of

CUZO).
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Orbital PDOSmax[States/eV]
At. N° 13:0 2s 0.009118
At. N° 13:0 2p 0.607856
At. N° 26:0 2s 0.008387
At. N° 26:0 2p 0.632087
At. N° 27:Al 3s 0.074232
At. N° 27:Al 3p 0.159547
At. N° 27:Al 3d 0. 223555
At. N° 28:Al 3s 0.066420
At. N° 28:Al 3p 0.134556
At. N° 28:Al 3d 0.179355
At. N° 35:Al 3s 0.071894
At. N° 35:Al 3p 0.151907
At. N° 35:Al 3d 0.209533
At. N° 36:Al 3s 0.072587
At. N° 36:Al 3p 0.142281
At. N° 36:Al 3d 0.211990
At. N° 43:Al 3s 0.071879
At. N° 43:Al 3p 0.146368
At. N° 43:Al 3d 0.215499
At. N° 44:Al 3s 0.066294
At. N° 44:Al 3p 0.140810
At. N° 44:Al 3d 0.191035
At. N° 11:Cu 3d 2.966010
At. N° 12:Cu 3d 2.941020
At. N° 24:Cu 3d 2.946520
At. N° 25:Cu 3d 0.979400

Table 111.2: Subdivisions values of orbital’s position for the model Al(111)Cu,O(1 layer of Al

and 2 layers of Cu,0).
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[5.03,—1.32] There is a match at the peaks of the oxygen atom 13 for the 2s orbital with the
aluminum atom N° 35 for the 3d orbital and the aluminum atom N° 36 for the 3p orbital and the

aluminum atom N° 43 for the 3p orbital.

[2.96,1.27] There is a match at the peaks of the oxygen atom N° 26 for the 2s orbital with the

aluminum atom N° 36 for the 3s orbital and an aluminum atom N° 44 for the 3s.

[0.37,—1.80] There is a match at the peaks of the oxygen atom N°13 for the 2s and oxygen atom
26 for the 2s orbital with the aluminum atom N° 27 for the 3p orbital and the aluminum atom N°
28 for the 3s orbital and the aluminum atom N° 35 for the 3d orbital and the aluminum atom
N°36 for the 3p orbital.

[—1.85, —3.60] There is a match at the peaks of the oxygen atom N° 13 for the 2s orbital and the
oxygen atom N° 26 for the 2s orbital with the aluminum atom N° 27 for the 3p orbital and the
aluminum atom N° 27 for the 3s orbital and the aluminum atom N° 28 for the 3p orbital and the
aluminum atom N° 35 for the 3d orbital and the aluminum atom N° 36 for the 3p orbital and the

aluminum atom N° 43 for the 3p orbital and the aluminum atom N° 44 for the 3p orbital.

[—3.39,—6.26] There is a match at the peaks of the oxygen atom N° 13 for the 2p and oxygen
atom N° 26 for the 2p orbital with the aluminum atom N° 28 for the 3s orbital and the aluminum
atom N° 35 for the 3d orbital and the aluminum atom N° 36 for the 3s orbital and the aluminum
atom N° 44 for the 3s orbital.

[—4.55,—6.14] There is a match at the peaks of the oxygen atom N° 26 for the 2s with the
aluminum atom N° 27 for the 3s orbital and the aluminum atom N° 28 for the 3p orbital and the
aluminum atom N° 35 for the 3d orbital and the aluminum atom N° 36 for the 3p orbital and the

aluminum atom N° 43 for the 3p orbital and the aluminum atom N° 44 for the 3p orbital.

[—6.25,—9.75] There is a match at the peaks of the O atom N° 13 for the 2p and the O atom N°
26 for the 2p with the Al atom N° 27 for the 3p orbital and the Al atom N° 35 for the 3d orbital
and the Al atom N° 36 for the 3p orbital.

[—8.53,—10.75] There is a match at the peaks of the O atom N° 13 for the 2s and the O atom N°
26 for the 2s with the Al atom N° 28 for the 3s orbital and the Al atom N° 36 for the 3s orbital
and the Al atom N° 44 for the 3s orbital.

[—10.75,—12.77] There is a match at the peaks of the O atom N° 13 for the 2s and the O atom
N° 26 for the 2s with the Al atom N° 27 for the 3s orbital and the Al atom N° 28 for the 3s
orbital and the Al atom N° 35 for the 3s orbital and the Al atom N° 43 for the 3s orbital and the
Al atom N° 44 for the 3s orbital.
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[—12.82,—14.78] There is a match at the peaks of the O atom N° 13 for the 2s and the O atom
N° 26 for the 2s with the Al atom N° 27 for the 3s orbital and the Al atom N° 28 for the 3s
orbital and the Al atom N° 35 for the 3s orbital and the Al atom N° 36 for the 3s orbital and the
Al atom N° 43 for the 3s orbital and the Al atom N° 44 in the 3s orbital.

[—3.12,—7.84] There is a match at the peaks of the Al atom N° 27 for the 2p and the Al atom
N° 28 for the 2d and the Al atom N° 35 for the 3d orbital and the Al atom N° 36 for the 3p
orbital and the Al atom N° 43 for the 3p orbital and the Al atom N° 44 for the 3d orbital with
the Cu atom N° 11 and 12 and 24 and 25 for the 3d.

We Conclude from our analysis of the PDOS (111) curves that the two interval[—1.85, —3.60];
[—3.12,—7.84] have the highest and lowest coinciding orbitals below the Fermi level which

indicate a stronger interaction energy at the interface between aluminum and copper oxide.

VI1.Conclusion:

The most important results that we reached in this chapter are the following:

Three models were built AI(001)Cu,O (1 layer of Al and 1 layer of Cu,O) and
Al(001)Cu,0 (2 layer of Al and 2 layer of Cu,0) with Al(111)Cu,0 (1 layer of Al and 2 layers
of Cu,0), where we studied the adhesion energy between them, and we found that adhesion is

achieved in these models because E.q is less than zero.

We compared the two models Al(001)Cu,O (1 layer of Al and 1 layer of Cu,0) and
Al(001)Cu,0 x(2 layer of Al and 2 layer of Cu,0) , where we found that the adhesion is better in
the model with two layers of Al and two layers of Cu,O. This explains the effect of the number
of layers on the adhesion where the more we increase in a certain number of layers, the better

the adhesion.

The nearest neighbors affect the bonding between the atoms (O-Al), as we found that the
nearest neighbors distance for the aluminum atom in the two-layer model is better than the one-

layer model.

We also compared the two models Al(111)Cu,O (1 layer of Al and 2 layers of Cu,0) with
Al(001)Cu,0 (2 layers of Al and 2 layers of Cu,0). Because they have the same number of
layers, and we found that the adhesion is good in the Al (111)Cu,0 (1 layer of Al and 2 layers of
Cu,0) model. Then we interpreted this based on an electronic study of the PDOS curves, where

we noticed that the number of congruent peaks in the model Al (111) Cu,O (1 layer of Al and 2
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layers of Cu,0) is more than the number of congruent peaks in the model AI(001)Cu,O (2 layer
of Al and 2 layer of Cu,0).
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General conclusion

The perspective of this work, we conducted a study on the interface composed between
aluminum and copper oxide with the purpose of constructing a thin film by modeling and
simulations using the DFT (Density functional theory). It was implemented in two using
SIESTA and Quantum Espresso codes. The focus was on the structural and electronic study of

the system.
In this conclusion, we would like to confirm the following key points:

We studied the structural properties that characterize the stability of the aluminum and
copper oxide system. The different parameters needed in the calculations were extracted and it
was converged on the basis of the minimum values of the system energy, and compared with the
theoretical results. We found a good agreement in the values of the lattice parameters and the

bulk modulus (which measures the compressibility) for both aluminum and copper oxide Cu,0.

We constructed the AICu,O model with aluminum in the direction of <001> and changed
the number of layers. We compared then the two models AICu,O (2 layer of Al and 2 layer of
Cu20) and (1 layer of Al and 1 layer of Cu20) in terms of adhesion energy and found it better
in the model AI(001)Cu,0 (2 layer of Al and 2 layer of Cu20)

We found that the adhesion energy of the model AICu,O(001)(1 layer of Al and 1 layer
of Cu20) s less than that for the AICu,O(001)(2 layer of Al and 2 layer of Cu20). The distance
between the aluminum and copper however,remains constant a difference of 0.01A°, which is

negligible in atomic dimensions.

We constructed the model AICu,O(1 layer of Al and 2 layer of Cu20) with the change in the
direction of aluminum <111>, and we found that the adhesion energy of this model is better than
the adhesion energy of the model AlCu,O(001)(2 layer of Al and 2 layer of Cu20).

Regarding the study of electronic properties, we found from our analysis of the PDOS
curves of the two models AlICu,0(001)(2 layer of Al and 2 layer of Cu20) and AlCu,0(111)
(1 layer of Al and 2 layer of Cu20), that the higher the number of matched orbitals and the lower
the Fermi level, the more stronger the bonds between the oxygen and aluminum atoms and the

aluminum and copper atoms.

Finally, from our short experiments with the SIESTA and Quantum Espresso programs,

these two codes are very useful that allow prediction of all the physical properties of materials.
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As a perspective of this work,we hope in the future to model and simulate all other types
of copper oxides , taking in consideration the change in the number of layers of the metal and the
oxide and the direction of the materials, in the aim to find the number of layers and the direction
corresponding to the best adhesion energy thus achieving good physical properties to facilitate

experiments in order to guide them for industrial uses.
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Absteact:

The work presented in this memory consists of a study of the adhesion aluminum to copper
oxide using Quantum Espresso and SIESTA numerical simulation software. We performed
calculations based on the ab_initio elementary principles of the structural and electronic
properties of Al/Cu20 interface in the DFT famework using generalized gradient approximation
(GGA). We constructed the AICu20 model with the change in the number of layers and the
direction of Al then calculate the corresponding adhesion energy, where we found that the
adhesion occurs in all the models studied. The results obtained are annotated and interpreted with
PDOS curves. Certain the increase in the number of layers improves the adhesion and
Al(111)/Cu20 adheres better compared to Al(001)/Cu20.

Key Weords: Adhesion energy, DFT, ab_initio, model, simulation, Aluminum, copper oxide,
interface.

SIESTA Aol slSlaall el 5 Jlaninly a 5ialWl (sl 20T Glaaill 4l 50 G (35S0 35S0l 038 adiall Jaall
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Résume:

Le travail présenté dans ce memoire consiste en une étude de l'adhérence de l'aluminium a
l'oxyde de cuivre. A l'aide des logiciels de simulation numérique Quantum Espresso et SIESTA,
nous avons effectué des calculs basés sur les principes élémentaires ab_initio des propriétés
structurelles et électroniques d'l'interface Al/Cu20 dans le cadre DFT en utilisant
I'approximation du gradient généralisé (GGA). Nous avons construit le modele AICu20 avec le
changement du nombre des couches et de la direction de Al puis calculons I'énergie d'adhésion
correspondante, ou nous avons constaté que I'adhésion se produit dans tous les modeles etudiés.
Les résultats obtenus sont annotés et interprétés avec des courbes PDOS. Certes, l'augmentation
du nombre de couches améliore l'adhérence et Al(111)/Cu20 adhére mieux par rapport a
Al(001)/Cu20.

Mots clés: Energie d'adhésion, DFT, ab_initio, modele, simulation, aluminium, oxyde de
cuivre, interface.



